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Contribution to discussion: Introduction to discussion
on soil reinforcement
Contribution a la discussion: Introduction a la
discussion sur le renforcement des sols

J.P.GIROUD, Chairman Technical Committee TC 9 ‘Geotextiles &
Geosynthetics’ of ISSMFE, GeoServices Inc. Consulting Engineers,
Fla., USA

SYNOPSIS: This is the first of a series of five papers
sponsored by the Technical Committee TC9 "Geotextiles
and Geosynthetics" of the ISSMFE and prepared for the
discussion session on Reinforced Soil Slopes and Walls
of the 12th ICSMFE (Rio de Janeiro, 1989).

1 INTRODUCTION

The Technical Committee TC9 "Geotextiles and
Geosynthetics" of the ISSMFE has been put Lln charge of
the discussion session on Reinforced Soil Slopes and
Walls of the 12th ICSMFE (Rio de Janeiro, 1989). The
Technical Committee TC9 recognizes the importance of
metal for soil reinforcement, and oral discussions
related to this technique are most welcome. However,
considering that many conferences and state-of-the-art
papers have been devoted in the past to metal
reinforcement, and because of the increasing use of
geotextiles and other geosynthetics in soil reinforcement
applications, the Technical Committee TC9 has decided
that the papers prepared for the discussion session will
be devoted to geosynthetic reinforcement.

Three topics were selected by the Technical Committee
TC9 for the discussion session: durability of
reinforcement materials, soil-reinforcement interaction,
and instrumentation and monitoring. Three papers on
these topics are presented hereafter. They are preceded
by a state-of-the-art paper on reinforced soil slopes and
walls. The senior authors of the state-of-the-art paper
and the three discussion papers were selected by the
Technical Committee TC9.

Since the state-of-the-art paper and the discussion
session at the conference are focused on reinforced soil
slopes and walls, it is appropriate in this introductory
paper to put these two types of structures in the broader
perspective of soil reinforcement.

2 SOIL REINFORCEMENT

Soil reinforcement 1Is one of the soil improvement
techniques, which also include: soil stabilization using
admixtures such as cement, lime, and other chemicals;
grouting and injection; static and dynamic compaction;
strengthening of soil by vertical elements such as stone
columns and root piles; etc. Soil reinforcement consists
of placing, into the soil, elements (often called
inclusions or reinforcing elements) which have tensile
strength (and, sometimes, bending resistance) and carry
stresses transferred from the soil to them by purely

mechanical interaction, i.e., friction, interlocking,
passive resistance, or confinement.
There are two ways to place inclusions in the soil. 1In

the case of soil nailing (which is not considered in the
four following papers), rods are driven into an existing
soil mass. In other cases, the reinforcing elements are
included in the soil mass as it is constructed. In those

cases, two types of reinforcement can be considered:
micro-reinforcement and macro-reinforcement.

Micro-reinforcement is achieved by mixing with the soil
small reinforcing elements such as short fibers,
filaments, yarns, and minigrids, which can be placed in
all directions or laid horizontally. This technique is
typically used with sands. Individual micro-reinforcing
elements influence a volume of soil that is on the order
of only a few times the soil particle size. Therefore,
micro-reinforcing elements must be closely spaced. As a
result, they are in contact with a large fraction of the
soll particles. This is analagous to soll stabilization
with admixtures where, ideally, every soll particle is in
contact with the stabilizing agent. However, there is a
difference regarding the mechanism of improvement: soil
strengthening associated with admixtures 1is due to
chemical reactions, whereas the effect of micro-
reinforcement is based on mechanical interaction.

Macro-reinforcement is achieved by placing into the
soil elements that are large compared to the soil
particle size, such as strips, grids (geogrids) and
fabrics (geotextiles), which are wusually placed in
horizontal layers. Individual macro-reinforcing elements
influence a volume of soil that is large compared to soil
particle size. Therefore, spacings in the 0.3m - 1.5m
range are typical between macro-reinforcing elements.

Two cases can be considered, depending on the location
of the reinforcing elements: distributed and localized
reinforcement, as shown in Table 1. In the case of
distributed reinforcement, the reinforcing elements are
located throughout the soil mass; this is always the case
with micro-reinforcement and it is the case with macro-
reinforcement when there are many reinforcement layers.
In the case of localized reinforcement (which exists only
for macro-reinforcement), no more than two or three
layers of reinforcement are used, and typically only one
layer is used, often located at the interface between the
considered soil mass and the foundation soil.

Localized reinforcement improves the structure, whereas
distributed reinforcement improves the soll (which, in
turn, improves the structure). In the case of
distributed reinforcement, one may therefore speak of a
"reinforced soil material”™ provided a volume of soil
including many reinforcing elements is considered. The
reinforced soil material is highly anisotropic in the
case of macro-reinforcement and 1s {isotropic or
anisotropic in the case of micro-reinforcement, depending
on the mode of placement of the reinforcing elements.

The classification of reinforced soil structures
presented in Table | shows that structures constructed
with distributed macro-reinforcement can also be
constructed with micro-reinforcement. The scope of the
four subsequent papers 1is restricted to macro-reinforced
soil slopes and walls, which are typical examples of
structures with distributed reinforcement.

3 DISCUSSION

The state-of-the-art paper by McGown, Murray and Jewell
shows that a considerable amount of knowledge has been
accumulated on soil reinforcement with geosynthetlics. It
also shows that special attention of the design engineer
and further developments through research are required
for many design aspects. Among them, the following are
suggested as discussion topics: the definition of the
factor of safety, which is difficult because of the
composite nature of the reinforced-soil material; the
influence of time, because geosynthetic properties are
time-dependent; and the importance of taking into account
the construction method in the design.

In addition to the above, three topics are addressed in
the three discussion papers following the state-of-the-
art paper: durability, soil-reinforcement interaction,
and instrumentation and monitoring. Durability is a very
important matter at a time where questions are being
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Table 1. Classification of reinforced soil struectures - adapted from Bonaparte, Holtz and Giroud (1987)
REINFORCEMENT TYPE OF 1
LOCATION AND TYPE STRUCTURE TYPICAL APPLICATIONS } LOADING
Retaining walls
Bridge abutments
Interchange structures
Walls Embankments with vertical sides
Barrier walls (for noise, boulders ...)
Distributed Blast walls and military shelters
Dams, dikes and levees
(macro- or micro- Earth
reinforcement) Embankments with steep slopes Structures
Landslide repairs
Slopes Excavations (essentially
Military shelters distributed
Dams, dikes and levees loads, usually
mostly gravity
Sloped Soil Layers Clay liners and earth covers on slopes
Embankments on Embankments for roads, railroads, etc.
Weak Foundations Dams, dikes and levees
Soil Layers Clay liners on non-uniform soils
on Landfill clay covers over waste
Non-uniform
Foundations Road structures on non-uniform soils
Construction equipment pads
Localized Load-supporting Heavy vehicle access
Pads Fabrication yards and staging areas
(essentially Containerized freight transfer areas Load-supporting
macro- Structures
reinforcement) Paved roads and runways
Flexible Pavement Industrial storage yards (essentially
Systems Parking lots concentrated
Low volume high performance unpaved roads loads, usually
1ive loads)
Ballast Railroad track structures
Unpaved Roads Access roads
on Weak Haul roads
Foundations First layer of earthwork construction

rajsed regarding the durability of steel reinforcement,
and an objective evaluation of all types of reinforcing
materials should be made, regardless of commercial
interests; the discussion paper by Schneider provides
information on the change with time of geosynthetic
properties, whieh should be useful for the discussion.
Soil-reinforcement interaction fileld conditions are
difficult to simulate, according to Gourc and BReech,
which causes scattering of test results; also, while
specific tests should be conducted for large projects,
index tests should be developed for ordinary projects:

but, is this possible without misleading
oversimplificatiaon? Regarding instrumentation, as
indicated by Delmas, there are unsolved practical

problems with the measurement of strains in reinforcing
elements, and it is difficult to measure with precision
the reinforced-soil structure deformations, because they
are very small as a result of large unknown safety
factors built in the usual design methods, as explained
in the state-of-thae-art paper by McGown, Murray and
Jewell; this is consistent with monitoring data which
indicate that, 1in many cases, reinforcement strains
essentially result from the construction stage.

The four papers presented hereafter are essentially
meant to foster discussion. Due to space limitations,
they are not as complete as their knowledgeable authors
wished. Expanded versions of these papers will be
published in "Geotextiles and Geomembranes".
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Contribution to discussion: Durability of reinforcement
materials
Contribution a la discussion: Durabilité des matériaux
de renforcement

H.SCHNEIDER, Member of Technical Committee TC 9 ‘Geotextiles
& Geosynthetics of ISSME’, Polytelt Ges.m.b.H., Austria

SYNOPSIS: For the durability of Geosynthetic Reinforced
Structure there are results from about 14 years. Over

30 years experience is available on the ageing of polymers.
This paper summarises the existing experience on this field
and will give the basis for further discussions.

1 INTRODUCTION

All building materials used for reinforcement,
such as steel, concrete, wood, aluminium, natu-
ral fibres or plastic materials are in time
subject to a certain change. All geosynthetics
used in reinforced constructions are manufac-
tured out of polymers.

Over 30 years’ experience is available on the
ageing of these polymers, the ageing mechanism
as well as the long term behaviour of finished
products and their functional properties (Verdu
1986) . Experience with constructions reinforced
with geosynthetics dates back over 14 years
(Bell 1977), (Schneider 1981), (Puig 1977),
(Broms 1977). This experience has provided much

information but more experience can be expected
to be gained in the future.
The development of the mechanical properties

of polymers in time can be expressed in prin-
ciple by the equation (Verdu 1986)
1 1 1
Service life At = - . —_—— - —--
K M M
c o
where Mc - critical molecular weight
MO - initial molecular weight
Tensile strength plays a special role in rein-

forced constructions. In most engineering situa-
tions the strength requirement can be put into
the form of a standard safety factor format as
shown below (Koerner 1987)

FS =Crallow / Greq'd

where FS = factor of safety (which varies in
accordance with the critical point of the system

and, of course, with the design concepts invol-
ved)
G}e a = required strength (which results from
d from an appropriate design methodology
for the problem being solved)
a;llow = allowable strength (tensile strength,

puncture resistance, impact strength)
Furthermore { allow is related to the ultimate
strength of the geosynthetic material as a
function of a relative number of short or long
term application.

d-allow < Crult

where O ult = ultimate strength (as
in a short term laboratory test)
This value can be modified to an allowable value

determined

1
T -
FSID X FscR x FSCD b4 FSBD
CLllow = allowable tensile strength
ahlt = ultimate tensile strength
FSIP = factor of safety for installation da-
mage
FSCR = factor of safety for creep
FSCD = factor of safety for UV and chemical
degradation
FSBD = factor of safety for biological degra-
dation

Similar relations can also be drawn up for other

properties which must be considered in the cal-
culation, e.g. flow rate.

2 ANALYSIS OF STRESS-TYPES ON DURABILITY

Three phases of stress must be taken into

account with regard to the long term behaviour
of geotextiles.

Stress during storage

Stress during installation

Stress in the structure
The stresses during

storage and during

installation are mostly short term stresses but
can however considerably influence 1long term
behaviour.

2.1 Stress during storage

During storage, which can sometimes cover longer
periods of time (years), stress can appear due
to photooxidative and hydrolytic degradation.
Both reaction mechanisms run according to the
equation of Arrhenius

-Ea/RT

Kp = A . e

(constant reaction speed)
where
A = a constant
Ea = the activation energy
R~ = the gas constant
T = the absolute temperature

Due to the insulating effect of the lower layers
of the rolls overheating of the upper layers can

occur (Schneider 1988). The intensity of the
radiation at a distance x from the surface is
determined by the following equation:
- - £x
Ex = Eo . e

where

E° = the radiation entering at the surface (W/cm)
= linear absorption coefficient (cm-1)
Temperatures of over 100° C have been measured

(Schneider 1987). At these temperatures conden-

sation water can cause hydrolytic degradation.

Under proper storage conditions such problems do

not appear (Schneider 1981).
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2.2 Stress during installation

Geosynthetics can be damaged during installation
by construction equipment, stone penetration,
accidents and other undetermined factors.

Stress can also be caused by UV radiation
because of interruptions in construction
(Schneider 1982)

Stress in the structure
Mechanical stresses

2.3
2.3.1

The actual considered breaking stress in rein-
forced structures is much higher than the cal-
culated breaking stress as model tests have
shown (Werner 1986), (Resl 1988). Measurements
showed that the stress was in the order of
magnitude of 10% of the relative rupture
strength of the geosynthetics used (Werner
1986), (Resl 1988), (Wrigley 1987), (Wehr
1987) . In some cases the stresses were even 1%
to 2% lower. For these reasons no significant
change in the mechanical properties could be
determined in constructions or large scale mo-
dels during the relatively short observation
period (10 to 15 years). Experience of the frac-
ture behaviour of plastic materials under envi-
ronmental stress has been gathered over approx.
40 years (Howard 1959).

The polymers developed as a result are suited
to withstand such stresses.

Creep processes first begin to be recognisable
under a stress of over 10% of breaking stress.

It has been shown that there are considerable
differences between the behaviour of geotextiles
which are unconfined in isolation and those
which are confined in soil (Mc Gown, Fock 1897,
Werner 1986).

2.3.2 Hydraulic stresses

The importance of the permeability of geosynthe-
tics in reinforced earth-supporting structures
has been emphasised many times (Tatsuoka 1986,
Werner 1986).

The permeability of geotextiles or geosynthe-
tics measured in the laboratory methods can be
used as the starting point. The long term per-
meability can be impaired by various phenomena.
2.4 Influence of construction materials, conta-
mination, waste materials

Hardening concrete, lime, or agressive leachates
from waste containments can affect the durabili-
ty of geotextiles.

Regarding the influence of the pH of the water
on geotextiles, it is well known that low pH
values can affect polyamids while high pH values
can affect polyesters. Polypropylene and poly-
ethylene are quite stable to a wide range of pH
values. The action of water, temperature alka-
lines and acids on geotextiles produces diff-
erent results because each type of polymer has
varying compositions and structures. The
chemical degradation is in the most cases a
hydrolysis provoced by water vapour, alkalines
or acids. The reaction rate depends largely on
temperature and the law governing this type of
reaction is

In K = A + E_/RT

This reaction is 10 times faster than a thermal
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decomposition and 5 times faster than an oxida-
tive degradation (Schneider 1987).

The presence of 0, or oxygen can initiate
oxidative reactions.ogone degradation is avoided
by soil cover. This is the key for any type of
geosynthetic. It must be covered with soil as
soon as possible.

2.5 Biological degradation

The biological influence in reinforced earth-
works 1is complex. For this reason statements
and/or evaluation frequently are found to con-
trary.

No possible biological mechanism of degrada-
tion could be found. There is the possibility to
incorporate biocides in the polymere or in the
geotextiles structure. There is a considerable
lack of information in the biological degrada-
tion of geotextiles and related materials.

2.6 Cummulative Effects

In general geotextiles are subjected to combined
stresses and in practical testing the ratio of
one or the other of the kind of stresses is
difficult to define. 1In the end its always the
sum of stresses which are effective and which is
decesive for the durability - and for the civil
engineer.

3 CONCLUSIONS

There are many applications where
and related materials are used for reinforced
earth structures. There is a large number of
results on the durability of these materials.

However only in a few cases has this evalu-
ation been scientifically examined on the basis
of the physical and chemical laws that govern
the long term behaviour of polymer products. It
is possible to find a scientific interpretation
for the prediction of the long term behaviour
and the life span of geosynthetics when conside-
ring these laws.

geotextiles
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Contribution to discussion: Soil-reinforcement
interaction
Contribution a la discussion: Interaction
sol-renforcement

J.P.GOURC, IRIGM, University Joseph Fourier, Grenoble, France
J.F.BEECH, GeoServices Inc. Consulting Engineers, Atlanta, USA

SYNOPSIS: This paper identifies four modes of reinforcement
interaction and summarizes laboratory procedures commonly
used in their evaluation.

INTRODUCTION

The importance of soil-reinforcement interaction is
demonstrated by the large number of publications devoted
to it. This importance stems from the fact that soil
reinforcement technology is frequently used in the design
and construction of walls and steepened slopes, and
because of the complexity of its behavior. Soil-
reinforcement interaction is complex because of the
various modes of interaction. The interaction modes
considered here and depicted in Figure 1 are: (i) biaxial
compression (A); (ii) combined shear and bending of the
reinforcement (B); (iii) soil-reinforcement interface
friction (C); and (iv) pullout (D). The mechanical
behavior of reinforced soil can be understood by studying
each of these interaction modes. This paper presents a
state-of-the-art summary of procedures used to evaluate
soil-reinforcement interaction. A complete version,
containing all cited references, can be found in (1).

re 1. Reinf 1 fai S.
BIAXIAL COMPRESSION OF THE COMPOSITE MATERIAL

Biaxial compression (Mode A in Figure 1) treats the
reinforced soil as a homogeneous material, similarly to
what is done for a tri-phase (i.e., air, water, solids)
material such as soil. In many studies, first for
Reinforced Earth and later for geotextiles [Long, 1972,
1983; Broms, 1977; Blivet, 1979; Ingold, 1979], the
concept of axisymmetric compression was used. In which
case, regularly spaced layers of reinforcement are placed
in the direction of maximum extension, ¢, [Bassett, 1978].
Qualitatively, by doing so, "extensible" inclusions can
change a "strain softening” soil to one that is “"strain
hardening".

Biaxial Compression tests have been performed using
cohesionless soils, cohesive soils, and samples composed
of several layers of different soils [Saxena, 1982; Lun,
1986]. Tests have been performed under drained or
undrained conditions [Fabian, 1986] and various loading
conditions are considered, such as creep [Holtz, 1982] or
cyclic loading [Madani, 1979]. A limitation of biaxial
compression tests is that the specimen height usually does
not exceed 200 mm, which is less than the typical spacing
between reinforcement layers of full-scale structures.
Therefore, it is difficult to respect similitude criteria
and most tests specimens have an excessive density of
reinforcement, which overestimates the beneficial effects
of reinforcement. Only Fukushima [1988], using 2.4 m high
specimens, has obtained what appears to be reasonable
results. Also, plane-strain conditions exist in the field.
The axisymmetry and non-homogeneity of radial stresses of
the triaxial test makes it difficult to relate the results
to plane strain conditions. In addition, it is not
possible to vary the orientation of the reinforcement.
Only McGown [1977] has performed plane strain biaxial
compression tests.

COMBINED SHEAR AND BENDING OF REINFORCEMENT

Combined shear and bending of reinforcement occurs when
the slip surface intersects the reinforcement layers (Mode
B in Figure 1). This interaction mode can be qualitatively
modeled in the direct shear box by placing the
reinforcement at some orientation to the direction of
loading. However, the relatively small size of the box
and the fact it is difficult to apply complex boundary
conditions (such as tension at end of reinforcement to
simulate anchorage) makes it impossible to obtain
quantitative results. Radiographic and polarization
techniques have been used to show the localized change in
strain field [Jewell, 1980] and change in stress field
[Dyer, 1984] caused by the orientation and flexural
stiffness of the reinforcement. In addition to the direct
shear box, other apparatus have been used to model
combined shear and bending of reinforcement, including:
(1) octagonal box [Smith, 1979]; (ii) simple shear box
[Hayeski, 1988]; and (iii) half-box with membrane effect
[Gourc, 1986].

SOIL-REINFORCEMENT INTERFACE FRICTION

Modeling the soil-reinforcement interface friction is
fundamental because it makes it possible to simulate
sliding of the soil along the reinforcement (mode C in
Figure 1) and provides valuable insight into the pullout
behavior (Mode D of Figure 1). The results of soil-
reinforcement interface friction tests can be used in a
limit equilibrium analysis of a reinforced soil mass
[Beech, 1987], and for determining the interface
parameters for interface elements used in finite element
analyses [Kutaka, 1986; Luker, 1987]. Even though the
direct shear box is simplistic, it is appropriate to model
soil-reinforcement interface friction. The soil-
reinforcement interface behavior is a function of the
displacement of the reinforcement relative to the soil.
Initially there is a zone of high shear strains adjacent
to the reinforcement, on the order of 10 to 20 d., thick
for a sand [Desrues, 1984]. As displacement of the soil
relative to the reinforcement continues, failure planes in
the zone of high shear strains develop. These planes
ultimately result in a discontinuity at or near the soil-
reinforcement interface. If the interface is rough, then
the discontinuity will most likely occur in the soil,
while if it is smooth, the discontinuity can form by the
soil particles sliding on the reinforcement.

The validity of the soil-reinforcement interface
relationship measured depends on the type of direct shear
apparatus. A number of different apparatuses exist,
however, the recommended characteristics are a box in
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which the cover soil (length, L) slides on the
geosynthetic (longer than L) in such a way that the
contact length L is independent of the shear displacement,
u. In this way, the relationship 7 = f(u) for a given
normal stress o can be determined. Factors to be
considered in interface tests are discussed below.

Support. A variety of support types exist, including
adhering the reinforcement to a flat, rigid support. In
the case of geogrids, a granular support is recommended,
because of the importance of soil particle penetration
through the geogrid apertures on the interface friction.In
general it is best if the support simulates the conditions
anticipated in the field.

Box Dimensions. In general, boxes used for interface
testing should meet the same requirements as traditional
shear boxes used for soil.

Compressive stress, 0. The magnitude and distribution of
the compressive stress transferred to the reinforcement
will depend upon whether or not the loading plate is
allowed to rotate [Weinik, 1979] and the percentage of
the compressive stress lost as friction along the sides of
the upper half of the box. Gourc [1989] proposed that the
compressive stress, o, be applied using an inflated
membrane and be measured in the central area.

Shear velocity 4. For granular media, a small variation
of Uwill not influence the shear strength. In contrast,
will have an influence on tests performed with clay,
because drainage is an important consideration for
cohesive soils. In general, tests should be performed
slow enough to guarantee drained conditions. The drainage
boundaries for a nonwoven geotextile is more complicated
because the transmissivity of the geotextile often allows
it to act as a drain [Fabian, 1987].

Cover soil. Most test results reported in the literature
were performed using uniformly graded sands (Buzzard,
Ottawa, Fontainebleau). It should be noted that in almost
all cases the friction index u = tang_/tang (where: ¢g =
interface friction angle; ¢ = soil friction angle) was
greater than 2/3. In addition, systematic studies on the
compatibility between soil average particle size (d.,) and
geosynthetic opening size (Q,;) have shown that g is
maximum for Oys/d;, = 3 [Jewell, 1984; Sarsby, 1985]. In
contrast, there are only a few tests on clay, and even
less on sand-clay mixtures. However, studies have shown
that interface strength is dependent upon clay content.

Reinforcement Type. The mobilized interface strength will
depend upon the reinforcement type. The following general
observations can be made: (i) the strength mobilized by
nonwoven geotextiles is generally greater than that
mobilized by woven geotextiles; and (ii) for geogrids the
relative displacement of the reinforcement to the soil
generates a passive resistance stress bulb in front of the
ribs, which provides greater resistance than that
generated by friction on longitudinal bars [Ingold, 1983].
The pullout test is better suited to study the development
of the passive resistance of the ribs [Milligan, 1987].

PULLOUT

If tension is applied within the plane of a reinforcing
element (of length, L ), then this tension is transferred
to the adjacent soil Sy friction acting along the surface
of the reinforcement (Mode D, Figure 1). This interaction
mode can be modeled through pullout testing, which
accounts for both the tension in the reinforcement and the
shear stresses along the soil-reinforcement interface.
The impact of confining stress on reinforcement tensile
properties and mobilization of reinforcement anchorage are
discussed below.
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Tension under confinement. Confinement by a granular soil
increases the tensile modulus of nonwoven geotextiles
while decreasing the amount of creep [McGown, 1981].
Performing tension tests under confinement can be
relatively complex. Several authors have proposed a
simpler procedure which consists of fixing one end of a
geotextile placed in a shear box between two layers of
soil and then pulling on the free end [E1 Fernaovi, 1982;
Leschinsky, 1987; Siel, 1987]. The hollow cylinder has
also been used to study the effects of confinement on
reinforcement tensile and creep properties [Shen, 1988].

Pullout Mechanism. Gourc, et al. [1988] has confirmed
analytically, the experimental results of Ochiai et al.
[1988] and Jarrett and Bathurst [1987]. These tests show
that the length and extensibility of the reinforcement can
influence the transfer of the stresses from the
reinforcement to the soil. Theoretically, the entire
reinforcing element is subjected to tensile stresses.
However, in reality, the entire length of the geotextile
does not displace enough to mobilize the full interface
shear resistance. At the present time, a complete
understanding of pullout mechanism does not exist, as
evidenced by discrepancies between results from small
scale tests, full scale tests, and theoretical models
[Ingold, 1983; Gardner, 1984; Finlay, 1988].

In order to interpret pullout test data, the following
is required: (i) observation of displacements at various
locations on the reinforcing element [Holtz, 1977;
Bourdeau, 1989]; (ii) the compressive stress, o, must be
uniformly distributed over the entire reinforcing element;
and (iii) the extremity of the reinforcing element which
is subjected to tension must be far from the face
[Romstad, 1985; Gourc, 1982] unless the face is eliminated
[Chang, et al., 1984]. Tests in a shear box must be
excluded for the reasons given above. Finally, recent
work by Kutara [1988] reveals that the result of pullout
tests in sand are not the same with constant rate of
displacement, and constant rate of pullout force
application. Therefore, interface creep is an area of
future investigation.
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Contribution to discussion: Instrumentation and
evaluation of reinforced earth structures
Contribution a la discussion: Instrumentation et
évaluation des ouvrages en terre renforcée

PH.DELMAS, Laboratoire Central des Ponts et Chaussées, Paris,
France

SYNOPSIS: This is the fifth of a series of five papers
sponsored by the Technical Committee TC9 "Geotextiles
and Geosynthetics" of the ISSMFE and prepared for the
discussion session on Reinforced Soil Slopes and Walls
of the 12th ICSMFE (Rio de Janeiro, 1989). All the
references are included in the expanded version of this
paper which will be published in "Geotextiles and Geo-
membranes".

1. INTRODUCTION

The evaluation of public work structures using
a calculation method presupposes that the me-
thod has been validated either by the experien-
ce which is incorporated in the art of the en-
gineer or, for new techniques, thanks to expe-
rimentations on instrumented structures.

Embankment structures reinforced with steel
reinforcements (Terre Armée, etc.) have been
currently used for over twenty years and have
formed the subject of numerous instrumentations
making it possible to validate the correspon-
ding design methods.

The most recent technique of excavation nai-
ling, although already incorporated in many
projects, is far from being so advanced as con-
cerns the validation of these design methods.
The experimental approaches used by Gudehus
(1981) or within the framework of the Projet
Mational Clouterre (France) have uncuestionably
enabled progress in knowledge on this type of
structure. However, design approaches currently
used (limit design methods) remain highly unsa-
tisfactory to the extent that they do not take
project phasing into account. Such an approach
involving a displacement method allowing for
nroject phasing is of great interest and should
be investigated further. However, to be valida-
ted, it will require the implementation of sui-
table in-situ instrumentation. As this experi-
mental approach is still young, little data is
currently available on the instrumentation of
"nailed" structures, and in particular on the
subject of phasing.

The geosynthetic reinforcement technique still
does not have a recognized design method and
though relatively recent has already formed the
subject of many instrumented experiments. It is
for this reason that the essential part of this
article will be devoted to the instrumentation
of slopes and cross-slopes reinforced by geo-
synthetic materials.

With regard to the study of the performance of
structures, we shall look into the instrumenta-
tion used for evaluating the overall behaviour
of the structure as well as performance on the
reinforcement level.

2 MEASUREMENT PRINCIPLES

It is possible to distinguish measurements ai-
med at characterizing the overall behaviour of
a structure and those concerned with the local
interaction between the soil and reinforcement
and with the geosynthetic material.
Instrumentation covering the entire structure
is based upon methods currently used in soil
mechanics for evaluating earth structures.
Mention may be made for example of topographi-
cal, vertical and horizontal inclinometer andé
settlement-meter measurements for evaluating
the novements of the reinforced mass.

We shall be concerned here more particularly
with local measurements, which make it possible
to hetter distinguish the behaviour of reinfor-
cements and of the soil near them.

2.1 Measurcments on the reinforcement

Tensions measurements: these are possible di-
rectly only with products in the form of strips
(Geostrin) and bars (Geogrids), which may be
replaceé locally by metallic substitution bars
on which strain gauges are glued (Boden et al.,
1978; Hollinghurst et Murray, 1986). With this
type of measurement may be associated those
carried out at the interface between the rein-
forcement and the facing when the latter is ri-
gid (John, 1986). These measurements do not
call for any particular comment and have the
precision of strain measurements on metallic
reinforcements.

Strain measurements: these are the most fre-
quent but still involve major problems of re-
presentativeness. One may distinguish measure-
ments conducted either by means of extensome-
ters over a distance generally greater than or
equal to 10 cm, or by means of gauges adhering
to the reinforcement.

In the first case the measurement may be car-
ried out either by means of a displacement
transducer, by cables, by vibrating-chord ex-
tensometers, or by magnetic detector. While
this measurement does not raise any particular
problem with respect to implementation, even if
it has the drawback of lacking accuracy due to
possible warping of the geosynthetic material
that cannot be measured by this process, and an
overall measurement that does not take into ac-
count the real deformations of the polymer, it
is nevertheless a reliable technique used by
many authors (John, 1986; Delmas et al., 1988;
Bathurst et al., 1988).

Strain gauges glued on the product are much
more delicate to use. The choice of a glue is
often very difficult owing to the contradictory
requirements that must be complied with by the
interface between the geosynthetic and the gau-
ge: low modulus so as not to modify locally the
behaviour of the reinforcement, high modulus to
prevent any creep and transmit entirely the de-
formations from the product to the gauge. To
this is added the problem of chemical compati-
bility between the glue and the polymer, as
well as the significant influence of temperatu-
re on the measurements. The use of this tech-



nique is not to be recommended unless a tho-
rough prior study in the laboratory has made it
possible to correlate the deformations of the
product with the response of the gauge. If
such is the case, one obtains reliable results
and good accuracy, as shown by the findings of
Wwichter L. et al. (1986).

Certain authors have attempted to correlate
overall and local deformation measurements on
geosynthetics (Blivet et al., 1988); Yako and
Christopher, 1988; Bathurst et al., 1988).
These studies show how delicate the transition
from overall behaviour to local behaviour is.
'inally, nany authors specify neither the type
of instrumentation used nor the accuracy of the
measurements, thus making it practically impos-
sible to validate the measurements in spite of
the realistic orders of magnitude of the measu-
rements obtained.

Pore pressure neasurements: although delicate
hbecause often carried out under nonsaturated
conditions, these measurements are comparable
to measurements in the soils.

2.2 Measurements in the soil

As regards local measurements in the soil, the
use of current strain, deformation and pore
pressure measurement technicues do not call for
any remarks specific to reinforced structures.

3 INTERPRETATION OF MEASUREMENTS

The purpose of measurements on structures |is
mainly the validation of design approaches
which hitherto consisted of methods using the
limit design approach. This means that inves-
tigations must either based upon failed struc-
tures, or at least that measurement data are
available on highly deformed structures.

From this viewpoint, studies on reduced models
are very valuable because they make it possible
to push the structure to these limits while al-
lowing good control of parameters. llowever,
they have the drawback of not checking all the
similitudes (which makes the interpretation of
measurenents difficult) and in most cases using
loacding modes which are not highly representa-
tive of real conditions (loading by a founda-
tion at head in particular). It will however
be noted that these investigations are of pri-
mary importance for understanding the general
mechanisms of the behaviour of structures allo-
wing the evaluation of distributions of stres-

ses in the structure (McGown, 1986) or of
strains for major displacements (Matichard et
al. 1988). .

As concerns approaches based on measurements on
real structures, apart from the problems rela-
tive to the the measurements themselves (Para-
graph 2), it will be noted that few real struc-
tures have reached failure or even significant
deformations. For this reason the conclusions
obtained by Yako and Christopher (1988) on
about 40 instrumented projectsin in North Ame-
rica may be extended to most of the projects
inventoried: the measurement of lateral move-
ments and settlements of an overall nature are
not very significant, as the measured values
often remain within the range of precision of
the measurements. Further, the measurement of
reinforcement deformations, to which the same
remarks apply in most cases, furnish results
varying with the structures as a function of
the highly varied conditions of the instrumen-
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ted structures, hence making their use diffi-
cult.

In addition, the interpretation of results in
the field is made even more difficult by the
extent of the construction phase in the loading
of geosynthetics. Let us note the interesting
approaches used in this area by Delmas et al.
(1988) or Nakamura et al. (1988), illustrating
the mobilization of forces in geosynthetics du-
ring construction as well as the importance of
the construction mode.

Finally, the method used for loading the struc-
ture under real site conditions is often quite
different and more complex than that used in
the experimental models. Some authors have at-
tempted to approach realistic 1loading condi-
tions as well as possible; examples are the in-
teresting approaches of Tatsuoka et al. (1988)
or Yamaoko et al. (19388) who investigated the
behaviour of embankments under realistic loa-
ding cCue to rainfall, traffic and even ear-
thquakes - Nakamura et al. (1988). These
stressing modes do not necessarily make the in-
terpretation more cdifficult, but are certainly
liable to be fruitful, provided suitable ins-
trumentation is used.

4 CONCLUSION

Concluding, while all the authors unanimous in
acknowledging the value of the instrumentation
of retaining structures reinforced by means of
geosynthetic materials, it should be pointed
out that, owing to the particularity of this
type of reinforcement, the instrumentation of
these structures should:

- be very closely suited to the measurements
(in marticular, as regards the measurement of
strains, a local measurement device specific to
geosynthetics remains to be developed),

- take into account all the loading phases of
the structure and in particular the application
phase,

- allow repetition on a very large number of
structures well documented on the conditions of
application and use,

- allow extension to some experimental structu-
res brought to high deformation levels, as well
as to some reduced models in order to detail
the failure mechanisms, with special care being
given to the representativeness of the loading
mode.
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Discussion

F.TATSUOKA, Institute of Industrial Science, University of Tokyo,
Japan
O.MURATA, Railway Technical Research Institute, Japan
M.TATEYAMA, Railway Technical Research Institute, Japan

A reinforcing method for earth retaining walls as
illustrated in Fig. 1 has been developed under the
following requirements: (1) It should be applicable
to near-vertical slopes. (2) It should permit the
usage of any on-site soils including cohesive soils
as the backfill, which are often available from ex-
cavation work in inland areas in Japan. In this
case, it would be a large cost saving to use such
cohesive soils to construct a reinforced slope or
wall, while the usage of cohesionless soil would be
much more expensive. (3) It should be relatively
inexpensive so that it could be used for railway
embankments of large lengths.

Based on the experiences from three previous clay
test embankments (Tatsuoka et al., 1988), the fol-
lowing techniques were adopted to satisfy the above
requirements: (1) Planar geotextile sheets are used
to increase the contact ares with the backfill,
thus, to reduce the required anchorage length. Fur-
ther, the geotextile could facilitate dreinage when
a cohesive backfill is used. (2) Relatively short
reinforcement is used. This method is needed pear-
ticularly for reconstruction of embankments (Fig. 2).
This measure also reduce the construction cost. (3)
A continuous rigid facing is used to increase the
stability of the wall and to reduce the settlement
at the crest of the backfill and the deformation of
the wall face. Model tests in the laboratory (Ta-
tsuoka et al., 1989) has shown that such a wall
having a rigid facing is very stable despite the
small length of the grid-type reinforcement used.
(4) A stage construction technique is used to elim-
inate potential demage to the connection of the
reinforcement with the back face of the rigid fac-
ing due to their relaetive settlement. The wall is
constructed with the aid of gabions placed at each
construction lift (Plete la). After the mejor set-
tlement of the backfill has occurred, a unrein-
forced conctrete slab is placed directly on the
slope face which was wrapped around by geotextile
sheets so that the slab would not be separated from
the slope face (Plate 1b).

Two full-scale test embenkments were constructed
from the end of 1987 through the beginning of 1988.
The first one used a sand backfill having a mean
diameter of 0.2 mm and & fines content of 16 ¥ and
was reinforced with a grid-type reinforcement. The
second one used a volcanic ash clay backfill having
a water content of about 120 % and a degree of sat-
uraton of about 90 %X. In the clay embankent, two
test segments were reinforced with a grid-type geo-
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Fig. 8 Deformastion of test sand slopes with a rigid
facing and with a discrete-panel facing.
textile with gravel drainage layers, two others

with a non-woven geotextile and the other two with
a composite of non-woven geotextile and woven geo-
textile. Among the twelve test segments, eleven had
continuous rigid fecings and one in the sand enm-
benkment had a discrete-panel facing.

The behavior of the slopes has been monitored
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Fig. 4 Deformation of test clay slopes with a
composite reinforcement

continuously with displacement transducers, pore
water pressure tansducers, earth pressure cells and
straln gages in reinforcement layers (denoted as DI,

U1, P1, E1 and so on in Flgs. 3 and 4). Al]l the
test segments having continuous rigid facings exhi-
blted very good performance with a settlement on
the crest of only about 1 cm about two years after
the construction (Figs. 3 and 4). On the other hand,
the test segment with a discrete-panel facing exhi-
bited a relatively large deformation (Fig. 3).
These results are well in accordance with the find-
ing from the models tests in the laboratory (Tatsu-
oka, et al., 1989). [t is particularly important
that the clay test embankment has been very stable
despite several times of natural heavy rainfslls.
Reference:

Tatsuoka F. and Yamauchi, H. (1988): A Reinforcing
method for steep clay slopes with a non-woven geo-
textlle, Geotextlles and Geomembranes, 4, 241-268.

Tatsuoka, F., Tateyama, M. and Murata, 0. (1989):
Earth retaining wall with a short geotextile and a
rigid facing, Proc. 12th ICSMFE, 2, 1311-1314.
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Discussion

R.J.FANNIN, University of British Columbia, Vancouver, B.C.,
Canada (Formerly: Norwegian Geotechnical Institute, Oslo,
Norway)

The General Reporter has mentioned the long-term per-
formance of geosynthetics and raised important concerns
regarding strain compatibility and the potential for
creep. Strain compatibility refers to the relationship
between strain in the soil, strain in the reinforcement,
and the resultant mobilized force in the reinforcement.
Creep is the continued straining of the reinforcement at
constant load. They are two important considerations in
design which field measurements from the instrumented
slcpe (Fannin and Hermann, 1989) specifically address.

Tensile stiffness of the reinforcement governs strain
compatibility. Independent measurements of strain in
the backfill soil and strain in the geogrid reinforce-
ment have shown good agreement, with similar magnitudes
of strain recorded in the grid and adjacent soil. The
strain which is necessary to mobilize the required force
for equilibrium is small: if the characteristics of the
geosynthetic are such that stiffness is not significant-
ly compromised by any creep strains, then confidence in
the long-term behaviour of the structure is enhanced.

Creep of geosynthetics is well-recognized. Field
monitoring of strain in the grid reinforcement has
continued and data for the period of surcharge loading
have now been analyzed to June 1989, nearly two years
after completion of construction in July 1987. Through-
out the period of permanent surcharge loading the force
in the reinforcement has been steady, though not con-
stant. Corresponding measurements of strain show a
development of mean strain with time which is relatively
small (Fannin, 1989). The field data indicate creep is
taking place and that the magnitude of creep strains is
compatible with characteristi¢s of the material supplied
by the manufacturer, as defined by isochronous strain
curves from laboratory creep tests. A controlling
factor in this observed behaviour is the low ratio of
mobilized force in the polymeric reinforcement compared
to the ultimate tensile strength of the material.

Fannin, R.J. and Hermann, S. (1989) Some soil and rein-
forcement parameters for design. Proceedings of the
12th International Conference on Soil Mechanics and
Foundation Engineering, Rio de Janeiro.

Fannin, R.J. (1989) Field data on the creep of poly-
meric reinforcement. Soil Mechanics Series No. 133,
Dept. of Civil Engineering, University of British
Columbia, Vancouver, Canada.
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