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Publishers' Note 

The writer of the foreword to this book, M. H . Vidal, the French 
architect and civil engineer, is the grantee of various U K patents re
lating to the construction of R E I N F O R C E D E A R T H structures. 
Additionally, and subsequent to the grant of M. Vidal's principal 
patents, patents relating to the design and construction of intern
ally mechanically stablized earth structures have been granted to a 
variety of other people and organizations. 

A t the time of publication, R E I N F O R C E D E A R T H is the t rade 
name of Reinforced Ear th Company Limited, and the term R E 
I N F O R C E D E A R T H is the subject of a British t rademark appli
cation by that company which is M. Vidal's exclusive licensee in 
Britain. 

Finally, thanks are due to M. Vidal and his licensees for permis
sion to reproduce the following figures based on his and their 
published works: Figures Nos ' 2 , 22-27, 34-39, 57-66, 69-71 , 75 
and 76. 
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Preface 

Reinforced Earth is a composite construction material in which the 
strength of engineering fill is enhanced by the addition of strong 
inextensible tensile reinforcement in the form of strips. The basic 
mechanism of Reinforced Earth involves the generation of friction-
al forces between the soil and the reinforcement. These forces are 
manifested in the soil in a form analogous to an increased confining 
pressure which enhances the strength of the composite. Addition
ally the reinforcement has the ability to unify a mass of soil that 
would otherwise part along a failure surface. Reinforced Earth is 
potentially a very versatile material; however, the vast majority of 
applications to date involve walls in various forms. These struc
tures embody two basic components, namely engineering fill and 
reinforcement as well as some form of facing which prevents 
surface erosion and gives an aesthetically pleasing finish. In analys
ing these walls consideration must be given both to internal and 
external stability. The latter consideration presents no problem 
since the reinforced mass forming the wall may be considered as a 
gravity retaining wall whence conventional design methods can be 
employed to check bearing capacity, base sliding and overall stabil
ity. The assessment of internal stability is somewhat more compli
cated, however; in essence this involves designing the 
reinforcement against failure by either tensile fracture or pull-out 
from the main body of the fill. 
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P R E F A C E 

In the late fifties, Henr i Vidal, a French architect and engineer, 
investigated the frictional effects of reinforcement in soil with the 
aim of improving the mechanical properties of the soil in the direc
tion in which the soil is subject to tensile strain. As a result of these 
investigations Vidal launched a new civil engineering material 
known as Reinforced Ear th . Subsequently patents were granted to 
Henr i Vidal on his invention in many countries throughout the 
world. 

The subsequent years witnessed intensive worldwide research 
with particular emphasis on the performance of model and full-
scale walls. The first fundamental research of wall behaviour and 
design methods started at the Laboratoire Central des Ponts et 
Chaussees (LCPC) in 1967. Within 5 years similar research had 
commenced both in the United States of America and the United 
Kingdom. The end of 1976 heralded a bonanza of research with 
publication of the proceedings of the international symposium 
'New Horizons in Construction Materials ' , held at Lehigh Univer
sity, Pennsylvania. This was rapidly followed in 1977 by the inter
national conference T h e Use of Fabrics in Geotechnics ' , and the 
Transport and Road Research Laboratory (TRRL)/Heriot-Watt 
University symposium 'Reinforced Ear th and other Composite 
Soil'. Two international symposia took place in 1978: the American 
Society of Civil Engineers (ASCE) spring convention symposium 
'Ear th Reinforcement ' , held in Pittsburgh, and the New South 
Wales University/Institute of Technology symposium 'Soil Rein
forcing and Stabilising Techniques ' , held in Sydney. A further in
ternational conference, 'Soil Reinforcement ' , was held in Paris in 
1979. In the same year session eight of the seventh European con
ference on soil mechanics and foundation engineering was devoted 
to 'Artificially Improved Soils' with a speciality session 'Reinforced 
Ear th ' being incorporated in the sixth Panamerican conference on 
soil mechanics and foundation engineering held in Peru. 

The resulting deluge of information has prompted the publi
cation of this slender volume which seeks to review developments 
and applications as well as introducing design and construction 
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methods. Before this, however, an attempt is made to shed light on 
some of the basic mechanisms involved and to illustrate the poten
tial versatility of this phenomenon. 



1 
Mechanisms and Concepts 

Walking across a dry sandy beach soon reveals that soil is an 
inherently weak material. If the same beach sand is sealed in a 
simple jute sack it will resist the weight of several men without 
showing signs of failure. A similar observation was made by Henri 
Vidal, a French architect, who found that roughly formed mounds 

Figure 1 Fa i lure in u n r e i n f o r c e d soil 
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(after Vidal 1969) 

61 

Figure 2 T h e e f fec t s o f r e i n f o r c e m e n t 

of dry sand could be made to stand at a steeper angle after the ad
dition of horizontal layers of pine needles. The basic conclusion 
reached by Vidal (1966) was that when dry granular soil is com
bined with a rough material having tensile strength the resulting 
composite material is stronger than soil alone. 

THE WORK OF HENRI VIDAL 
In his early work Vidal (1966, 1969a, 1969b) accurately identified 
and explained a fundamental mechanism of Reinforced Earth. It 
was pointed out that unreinforced soil obeys the Mohr-Coulomb 
failure criterion which for a cohesionless soil may be simply defined 
by two linear failure envelopes inclined at +<|) and — <|> to the 
normal stress axis (Fig. 1, where is the internal angle of shearing 
resistance of the soil). If such a soil is loaded by a vertical principal 
stress o / then for the soil not to fail there must also be a lateral con
fining stress o 3' acting on the soil. The minimum value of o 3' con
sistent with stability is Kfii where Ka is the coefficient of active 
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earth pressure. This limiting condition is represented by the Mohr 
stress circle shown in solid line in Fig. 1. If the externally applied 
confining pressure o 3' is reduced to zero then under the action of 
Oi the stress circle, shown with a broken line in Fig. I, would fall 
outside the Mohr-Coulomb envelope, thus indicating failure in the 
soil. 

Vidal next considered the effects of introducing a strip of hori
zontal reinforcement of width b to an unconfined mass of soil (Fig. 
2). If a steadily increasing normal stress, a / , is then applied there 
would be lateral movement induced in the soil which would gener
ate a frictional force between the soil and the reinforcement. Con
sidering an element of reinforcement of embedded length 5/ having 
a coefficient of soil/reinforcement friction / the change in tensile 
force generated under the action of the normal stress is: 
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M E C H A N I S M S A N D CONCEPTS 

5T=2ol'bf8l (3) 

For there to be no failure by slippage between the soil and the rein
forcement: 

dT/lOi'bdlKf (4) 

Reference to Fig. 2 readily reveals that the quantity bT is simply 
the difference between the tensile forces Tx and T2 generated at the 
two ends of the element. A more general expression was later 
derived by Behnia (1972, 1973). 

As the action of loading the element of reinforced soil induces a 
tensile force in the reinforcement so there is a corresponding com
pressive lateral stress generated in the soil. This induced confining 
stress A o 3 ' is analogous to an externally applied confining pressure 
o 3 ' and provided that A o 3 ' KAo{

f there is no failure in the soil 
(Fig. 1). This concept may be more readily understood by refer
ence to Fig. 3. The left-hand stress circle represents an unrein-
forced soil under the action of a confining stress o 3 \ Failure occurs 
under a major principal stress o / . If the same soil were reinforced 
then during the process of loading the confining pressure increases 
to ( o / + A a 3 ' ) and failure occurs at a much higher stress level of 
( a / ) r Failure ultimately occurs by bond, that is slippage between 
the soil and reinforcement, or by tensile failure of the reinforce
ment. In later work Vidal (1972) digressed from his original notion 
and firmly subscribed to the 'anisotropic cohesion concept. ' 

THE ANISOTROPIC COHESION CONCEPT 
An experimental and theoretical investigation verifying the mech
anism of Reinforced Ear th was carried out at the Laboratoire 
Central des Ponts et Chaussees (LCPC) in a programme orga
nized by Henri Vidal and Francois Schlosser, reported in 1969. 
This investigation employed the triaxial apparatus in which cylin
drical samples of reinforced sand were tested under axisymmetric 
stress conditions. 
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Figure 4 R e i n f o r c e m e n t - i n d u c e d c o h e s i o n 

Several years later a similar investigation was undertaken at the 
New South Wales (NSW) Institute of Technology. Although both 
schools subscribed to the so-called cohesion concept it is con
venient to consider the resulting hypotheses separately. 

The LCPC test results 
In 1972 Long, Guegan & Legeay published the results of a series of 
triaxial tests carried out in the hope of defining the mechanism of 
Reinforced Earth. The tests were carried out on 100 mm dia. 
samples of dry Fontainebleau sand (d50 = 0-15 mm, U = 1-6), com
pacted to a mean dry density of l-67Mg/m3. Cell pressure was 
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(after Long et al 1972) 

0 I 2 3 4 5 6 7 8 9 
Axial Strain % 

F i g u r e 5 R e i n f o r c e m e n t - i n d u c e d br i t t l eness 

applied by compressed air. Samples were generally 200mm high; 
however some 300 mm high samples were tested to assess the 
effects of aspect ratio. The tests were comparative in as much as 
both reinforced and unreinforced samples were tested. Reinforce
ment was in the form of 100 mm dia. discs of 18 |im thick aluminium 
foil, with an ultimate tensile strengh of 1-5 kN/m width, which was 
placed horizontally at a constant vertical spacing, in any one sample. 
The effects of reinforcement spacing, h, were investigated, as well 
as the effects of reinforcement tensile strength, T. Reinforcement 
tensile strength was varied by varying the number of aluminium foil 
discs used to form each layer of reinforcement. 

Long et al. (1972) observed that above a certain threshold value 
of applied confining pressure there was a constant increase, Ao / , 
in applied vertical stress at failure in samples with reinforcement at 
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a given tensile strength and spacing (Fig. 4). Failure of the re
inforced samples was very brittle (Fig. 5), with a drastic decrease in 
strength past the peak. This brittleness was less severe at higher 
applied confining pressures or in less heavily reinforced samples. 
Post-failure inspection of dismantled samples consistently showed 
that the reinforcement had failed in tension. Similar examinations 
of samples failing below the threshold value of confining pressure 
showed far less sign of tensile failure in the reinforcement. In 
general the threshold value of confining pressure was found to be in 
the range 50-100 kN/m2. It was concluded that since, for tensile 
reinforcement failure, the failure envelopes of both the reinforced 
and unreinforced sand are parallel, and therefore exhibit the same 
angle of internal shearing resistance, the additional strength im
parted by the reinforcement could be represented by an apparent 
anisotropic cohesion c'. 

The LCPC cohesion theory 
An authoritative exposition of the LCPC cohesion theory is given 
by Schlosser & Long (1973). Firstly the failure envelope for the re
inforced soil is defined by equation (5), in which the second term 
relates to the improvement that is caused by the reinforcement: 

This expression was compared to the Rankine-Bell Equation for a 
c'—<j>' soil, equation (6): 

ox' = Kpo3' + A o i ' (5) 

' = ATpOV +2jKpc (6) 

Equating (5) and (6) leads to equation (7): 

c' = bai'/2jKp (7) 
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Schlosser & Long (1973) next considered the equilibrium of a re
inforced cylinder of soil subjected to axisymmetric loading (Fig. 6), 
cut by a failure plane inclined at a to the horizontal. In addition to 
the forces generated by the principal stress o 3' and o / there is a 
tensile force F developed by the reinforcements which acts on the 
failure plane together with a resultant force R. If the cross-
sectional area of the cylindrical section is A it follows from the tri
angle of forces (Fig. 6) that: 

F+ 03'Stance = ox' Ate^a - (j)') (8) 

Taking the sample to fail by breaking of the reinforcements it 
follows that the tensile force F is equal to the sum of the tensile 
forces T from each reinforcement cut by the failure plane. This 
summation is defined by equation (9) assuming the vertical rein
forcement spacing h is small compared to the height of the sample. 
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^ Atari cc _ 

F = — h — T (9) 

Combining equations (8) and (9) leads to equation (10): 
O i ' = (oy + r/A)tanacot(a -4>') (10) 

On differentiating it is found that the maximum value of o / occurs 
when oc = 45 4- cj>V2. For this value of a equation (10) reduces to 
equation (11): 

ax' = Kpa3' + KpT/h (11) 

Comparison of equations (5) and (11) leads to equation (12): 

AoV =KpT/h (12) 

This expression is in good agreement with the results of Long et al. 
(1972) which showed Ao/ to vary linearly with Tand the inverse of 
h. Subsequent substitution from equation (12) into equation (7) 
leads to an expression for the anisotropic cohesion, equation (13): 

A comparison of this theoretical relationship and the experimental 
results obtained by Long et al. (1972) shows excellent agreement 
(Fig. 7). 

Later tests by Bacot (1974), again using aluminium disc reinfor
cement, corroborated the results of Long et al. (1972) with the ex
perimental results being in good agreement with the predictions 
from equation (13). The efficacy of this expression was further, and 
somewhat surprisingly, bolstered by test results published by 
Saran, Talwar & Vaish (1978) who yet again employed cylindrical 
sand samples reinforced with foil. However these particular 
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F i g u r e 7 C o m p a r i s o n of theore t i ca l a n d e x p e r i m e n t a l resul ts 

samples, which were 38 mm in diameter, were reinforced with 
rings of aluminium foil with inner and outer diameters of 10 mm 
and 37-5 mm respectively, rather than the 'conventional' solid 
discs. Despite this innovation excellent agreement was found to 
exist between theoretical and experimental results using a slightly 
modified version of equation (13) where r is the ratio of the plan 
area of the reinforcing ring to the cross-sectional area of the 
sample. 

The NSW Cohesion Theory 
Quite independently of the LCPC work on Reinforced Earth a 
more unified anisotropic cohesion theory was postulated by Haus-
mann (1976). In fact two models were proposed, the so-called 
sigma and tau models, both dealing with bond and tensile failure. 
The sigma model assumes that the reinforcement assists the soil to 
resist lateral expansion. This effect is interpreted as an intrinsic 

h 2 (13a) 
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(after Hausmann 1976) 

Cr = 0-r'vT<p 
2 / 

j a3' / Ka a,' I 0 , 

_ _ 
t -———H a" 

F i g u r e 8 Fa i lure c o n d i t i o n s for c o n s t a n t o / 

prestress mobilized fully when the soil reaches a state of plastic 
equilibrium as defined by Rankine theory, that is o3' = Kpx'. In the 
case of a retaining structure the reinforcement is assumed to allow 
the lateral stress o 3' to reduce below the active stress by an amount 
or. In the tau model of the reinforcement is assumed to introduce 
horizontal and vertical shear stresses, xr, into the initially geostatic 
stress conditions. Since the end-result frpm the two models is very 
similar, consideration is limited to the sigma model. 

The sigma model 
Hausmann (loc. cit.) first considered the case of a constant 
prestress o / . This corresponds to conditions when failure of a re
inforced soil mass occurs by rupture of the reinforcement. Lateral 
expansion of the soil mass creates a prestress statically equivalent 
to the frictional force developed between the soil and the reinforce-
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ment with a maximum value determined by the tensile strength of 
the reinforcing material. For a constant prestress, o / , the increased 
strength is exhibited by adding a cohesion, cr, to the soil as shown in 
Fig. 8. Hausmann proceeds by equating minor principal stresses as 
shown in equation (14): 

oy + oy = A:aoy 04a) 

Whence: 

oy = Kpo3' + tfpoy (14b) 

Direct comparison between equation (14) and equation (6) yields 
equation (15): 

c r = o r ' V V 2 (15) 

Reference to Fig. 9 shows an element of soil reinforced with a strip 
of material of cross-sectional area A and ultimate tensile strength 
o. At failure the force in the reinforcement is oA \ this generates a 
stress in the soil given by equation (16): 

o r ' = oA/BH (16) 

Substitution for o/ from equation (16) into equation (15) leads to 
the expression 

c r = oA JKP/2BH (17) 

For a multilayered system equation (17) is identical to that derived 
by Schlosser & Long (1973). 

Before considering the sigma model for bond stress failure it is 
worth comparing the generic equation of Hausmann, equation 
(15), with that of Schlosser & Long, equation (7). The latter is a 
statement to the effect that Reinforced Earth is brought to failure by 

15 
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(after Hausmann 1976) 

expansion 
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H 

F i g u r e 9 R u p t u r e o f r e i n f o r c e m e n t in unit e l e m e n t 

increasing o / . Conversely the former is a statement to the effect 
that a / is held constant whilst a3' is reduced to a value less than the 
Rankine active pressure, that is Kp^ . Since both studies used 
granular soil this argument is fallacious, for if the lateral pressure 
did in fact drop below the Rankine active pressure there would be 
failure in the soil itself before the soil could induce a tensile failure 
in the reinforcement. 

For failure by slippage between the soil and reinforcement it is 
assumed that friction along the reinforcement is proportional to 
vertical stress. This leads to a variable prestress as defined by: 

This has the effect of increasing the friction angle, as shown in Fig. 
10. From equations (14a) and (18): 

= F o Y (18) 

o V / o ^ +F = Kt a (19) 

16 



M E C H A N I S M S A N D CONCEPTS 

F i g u r e 10 Fa i lure c o n d i t i o n s for var iab le o/ 

Using the suffix r to denote reinforced, it is convenient to write 

1 - sine))/ 
O 3 V 0 / = Kar = 

1 + sin<t>r' 
(20) 

Combination of equations (19) and (20) leads to equation (21): 

sin(j>'r = Ka-F- 1 
F - Ka - 1 (21) 

Reference to Fig. 11 shows how frictional resistance to lateral 
expansion is developed by the shear stress x acting between the soil 
and the reinforcement. The magnitude of this shear stress will 
depend on the angle of bond stress, 5, between the soil and the 
reinforcement as well as the relative movement between the soil 

17 



R E I N F O R C E D E A R T H 

expansion 

H 

L 

F i g u r e 11 S l i p p a g e o f r e i n f o r c e m e n t in unit e l e m e n t 

and reinforcement. It might be expected that the shear stress is 
zero at the midpoint and at the ends of the reinforcing strip, reach
ing a maximum value of oY tan5 between these two points. The 
effects of the uneven distribution of shear stress and imperfect 
transfer could be taken into account by introducing a reinforce
ment efficiency e. 

It follows from Fig. 11 that: 

BHoT' = IxB'L' (22a) 

Whence: 

o r

f = o i ' tanblB'L'e/BH (22b) 

From equations (18) and (22b) 

F= tan 625'L 'e/BH (23) 

18 



The variation of <)>/, from equation (21), p t h Fis shown in Fig. 12. 
It is apparent that at low stress levels failure in a reinforced earth 

mass tends to occur by slippage, and at higher stress levels by 
rupture of the reinforcement. This is depicted in Fig. 13 where 
circles A and B define failure by slippage and rupture of the rein
forcement respectively. 

Hausmann tested his theories by conducting a series of tests on 
70 mm dia. samples of sand, both reinforced and unreinforced. 
These tests were interesting in as much as the diameters of the rein
forcing discs were varied with the largest disc being 66 mm in dia
meter. The smallest and intermediate size discs were of 8 mm and 
25-4 mm dia. respectively. In using these small reinforcements 
Hausmann arranged several discs in any one horizontal plane of 
reinforcement. The results for samples failing by rupture of the 
reinforcement did not show as good an agreement with the theory 
as the LCPC results. Conversely samples failing by bond showed 
quite reasonable agreement with the theory once a 'suitable' value 
for reinforcement efficiency had been chosen. 
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(after Hausmann 1976) 
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THE ENHANCED CONFINING PRESSURE CONCEPT 
The experimental work carried out at the LCPC and NSW Institute 
of Technology used sand. This is by definition a cohesionless soil, 
yet the theories propounded attributed a cohesion to such soil 
when combined with reinforcement. One basic assumption made 
in such an interpretation is that the externally applied stresses are 
both principal and uniform throughout the sample, yet it was well 
recognized long before the current spate of research that the in
ternal stress distribution in a cylindrical triaxial sample is far from 
uniform (Haythornthwaite, 1960). 

Analyses based on elastic theory have shown that even for 
unconfined compression of cylindrical samples with a height to dia
meter ratio of 2, compressive radial stresses are developed by the 
frictional effects of the end plattens (Filon, 1902; Pickett, 1944; 
D'Appolonia & Newmark, 1951; Balla, 1957,1960). However this 
effect is most significant in the top and bottom 25% of the sample 
which are closest to the plattens. A comparison of the distributions 
obtained from the theories cited is given in Fig. 14. Although these 
distributions vary from one another the basic theories unanimously 
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Figure 14 Comparison of induced radial stresses 

predict an increase in confining pressure. A particularly interesting 
analytical method has been presented by Perloff & Pombo (1969) 
who relate the development of the induced radial stress to axial 
strain. 
. Non-uniform stress distributions have been measured directly at 
the Waterways Experiment Station (Hvorslev, 1957; Shockley & 
Ahlvin, 1960) as well as indirectly by the measurement of non
uniform porewater pressure distributions (Blight, 1963; Barden, 
1963; Crawford, 1963; Barden & McDermott, 1965). The last ref
erence is particularly interesting in as much as high radial gradients 
were measured from the centre to the periphery of the sample. This 
tends to confirm the stress distributions determined by Balla (1960) 
and Filon (loc. cit.) (Fig. 14). 
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Figure 15 The LCPC interpretation 

It follows that the discs of reinforcement used by Long et al. (loc. 
cit.) and Hausmann {loc. cit.) cause a similar non-uniform stress 
distribution. The significance of this was first pointed out in a theo
retical study carried out at the Institut de Mecanique de Grenoble. 
A similar conclusion was drawn from contemporary work at the 
University of California - Los Angeles. 

The Grenoble Study 
In a general study of walls Chapuis (1972) rejected the assumption 
that vertical and horizontal stresses were principal stresses within a 
horizontally reinforced mass of soil. It was argued that since the 
horizontal reinforcement induced shear stresses in the soil the hori
zontal plane could not be a principal plane. Similarly, vertical 
planes within the reinforced mass could not be principal. The con
sequence of disregarding this fact is shown in Fig. 15 which depicts 
the Mohr stress circles for a reinforced and unreinforced sample 
tested at the same applied cell pressure. For the unreinforced 
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Figure 16 The Ao3' interpretation 

sample, with an aspect ratio of 2, the applied cell pressure equals 
the minor principal stress a3' which in this case does act on a verti
cal plane. The sample fails under a vertical major principal stress 
o / and the resulting stress circle is tangential to the failure envelope 
which passes through the origin. When the reinforced sample is 
tested at the same applied cell pressure it fails at a higher vertical 
stress level (o,')r (Fig. 15); however, the minor principal stress at 
failure is not equal to the applied cell pressure except at the periph
ery of the sample. If, however, the applied cell pressure is assumed 
to equal the minor principal stress the resulting stress circle passes 
through ( o 3 \ (Oi'X) (Fig. 15), and consequently falls outside the 
failure envelope. This was accounted for by the introduction of a 
pseudo-cohesion intercept c'. 

Chapuis (loc. cit.) appreciated that within the reinforced sample 
the minor principal stress (o 3') r was higher than the applied cell 
pressure o 3'. In fact, o 3' is increased by an amount Ao 3' approx-
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REINFORCED EARTH 

imated by equation (24) which may be derived by inspection of 
Fig. 9: 

Ao 3 ' =AO/BH= T/h (24) 

The magnitude of this expression is equal to that derived by Haus
mann {loc. cit.), equation (16); however Ao 3' is a stress increment 
whereas o / was taken to be a stress decrement. If the stress circle 
for the reinforced sample is redrawn using the 'true' value of minor 
principal stress it is found that it becomes tangential'to the true 
failure envelope which passes through the origin (Fig. 16). 

Several years later Chapuis (1977) reverted to the use of a 
pseudo-cohesion, and demonstrated that cohesion would vary 
according to the distribution of shear stress along the reinforce
ment. Although there may be substantial rotations of principal 
stress axes in reinforced samples, the failure surface, for samples 
failing by rupture of the reinforcement, still obtains the classical 
shape and inclination (Schlosser & Long, 1973). 

The University of California - Los Angeles (UCLA) study 
A contemporaneous experimental and analytical study was carried 
out by Yang (1972), again using triaxial tests on sand. In one series 
of tests Yang investigated bond failure using 2-7 in. (71mm) dia. 
samples with height to diameter ratios, hid, varying between 2-28 
and 0-29. The samples were mounted using heavy steel end plat-
tens which in effect acted as infinitely strong rigid reinforcing discs. 
As before it was found that as the reinforcement spacing 
decreased, that is as lower hid ratios were used, the compressive 
strength of the sample increased. Rather than attributing this 
increase in strength to an enhanced friction angle Yang assumed 
that the sand failed at constant effective stress ratio, i.e. o 3' = 
Kaox

f. The value of Ka was deduced from conventional tests. On 
this basis it was concluded that any increase in o / at failure in the 
'reinforced' samples was due to an enhanced confining pressure 
Ao 3', therefore, for an applied confining pressure o 3' 
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Figure 17 Variation of strength with aspect ratio 

oi' = * p o 3 ' + tfpAo3' (25) 

Thus for a measured value of 0 / and a known applied value of o 3' it 
was possible to evaluate Ao 3', equation (26): 

Ao 3 ' = t f a O i ' - 0 3 ' (26) 

A normalized plot of equivalent confining pressure (o 3' + Ao 3')/o 3' 
against aspect ratio, hid, is given in Fig. 17. The observed increase 
in equivalent confining pressure, and hence strength, with decreas
ing aspect ratio was confirmed by a series of finite element 
analyses. An initially unexpected result was that Ao 3' increased lin
early with applied cell pressure o 3' (Fig. 18). This follows from the 
fact that Oi increases linearly with o 3' which in turn increases the 
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frictional shear stress a / tan5 and hence Ao 3'. 
In a second series of tests use was made of samples, of the same 

unit aspect ratio, reinforced with orthogonal fibreglass netting of 
various tensile strengths. Again equivalent confining pressure was 
found to increase linearly with applied confining pressure; 
however, a value of applied confining pressure, termed the critical 
pressure, was reached above which the net failed in tension. 
Beyond this critical value the magnitude of Ao 3' was found to be 
constant. This value of Ao 3' would be expected to be that predicted 
by equation (24); however, there was poor agreement between pre
dicted and measured values. This is almost certainly due to the 
anisotropic tensile strength and frictional properties associated 
with net structures. 

A similar study was presented by Broms (1977) for samples re
inforced with fabric. Again the sample strength was found to 
increase with decreasing reinforcement spacing. A theoretical 
assessment was made, and this concluded that the strength of the 
sample is a function of a coefficient Kb relating non-principal hori
zontal and vertical stresses. 
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RANDOMLY REINFORCED SOIL (RRS) 
In the experimental and analytical investigations previously consid
ered cylinders, or cubes, of soil have been strengthened by the ad
dition of discrete layers of reinforcement. The resulting reinforce
ment geometry has been simple and therefore amenable to theor
etical analysis. If the reinforcement is introduced randomly in the 
form of discontinuous fibres or short strips the resulting composite 
defies theoretical analysis. Despite the apparently aloof nature of 
such material it is worthwhile considering the limited quantity of 
available experimental data in an attempt to define common 
mechanisms that relate regular and random reinforcement distri
butions. 

One of the earliest investigations was carried out by Lee (1969) 
with some of the results being made publicly available several years 
later (Lee, Adams & Vagneron, 1973). In this investigation Lee 
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(after Gray 1978) 

Normal Stress ksf 

Figure 20 Shear box test results 

used, amongst other things, medium sand reinforced with wood 
shavings 0-2 mm thick by 1-2 mm wide with lengths varying 
between 25 mm and 75 mm. Figure 19 shows triaxial test results for 
unreinforced sand and sand reinforced with fir wood shavings con
stituting 1-2% by weight of the sample. As can be seen the strength 
is increased by a factor of approximately 6, with a dramatic 
increase in deformation modulus. However, failure tends to occur 
at a slightly higher axial strain in the reinforced sample. This ten
dency towards increased ductility was noticed by Razani & 
Behpour (1970) who carried out a limited study of the effects of the 
addition of straw to adobe brick. It was found that the addition of 
straw actually decreased compressive strength, the strength being 
halved by the addition of 2\% by weight of straw. 

In an outstanding exposition Gray (1978) considered the role of 
woody vegetation in reinforcing soils and stabilizing slopes. Of par
ticular interest are results of 250 mm dia. direct shear tests carried 
out on reinforced and unreinforced dune sand (Fig. 20). The rein-
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forcement used was broom straw fibre with one sample reinforced 
with 20 mm long fibres and the other with 40 mm long fibres. As 
can be seen both failure envelopes show a distinct slackening of 
slope as the failure mode changes from slippage or bond failure to 
tensile failure of the reinforcement. At this transition point the ulti
mate fibre tensile strength, T, must equal the pull-out resistance of 
the fibre. Considering a fibre of length L and diameter d the limit
ing pull-out resistance is given by equation (27), assuming a co
efficient of soil/fibre friction of / and an ambient normal stress 
level o n. 

LndoJ=T (27) 

Taking all other things as being equal, it follows that the transition 
from bond to tensile failure is a linear function of normal stress 
level and fibre length. This is confirmed by Fig. 20 which shows the 
transition for the 40 mm long fibre occurring at a normal stress 
level of 1-7 Ksf (91 kN/m2) with that of the 20 mm long fibre 
occurring at 3-5 Ksf (187 kN/m2). 

A similar study was reported by Verma & Char (1978) who 
carried out a series, of triaxial tests using fine to medium sand, d50 = 
0-18 mm, and medium to coarse sand, d50 = 0-6 mm, reinforced 
with mild steel fibres. The fibres were either 1mm wide by 
0-16 mm thick by 2 mm long, or 1mm wide by 0-16 mm thick by 
5 mm long. Although up to 7% by volume of fibre was added there 
was no measurable increase in strength. Almost certainly this is 
due to the lack of development of soil/fibre bond stress. This is not 
surprising since as well as being very short the fibres are also very 
narrow when compared to the particle size of the sand employed. 
To some extent this hypothesis is borne out by test results reported 
by Andersland & Khattak (1979). In this study use was made of 
pulp fibres with a weighted length of 1-6 mm and a typical diameter 
of 0-02 mm; however, the soil employed was a kaolin clay with 
93% finer than 0-01 mm and 42% finer than 0-001 mm. The fibres 
and kaolinite were mixed dry with either 16% or 40% of fibre by 
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weight. The mixture was subsequently slurried and consolidated to 
form cylindrical samples suitable for triaxial testing. To enhance 
the range of the investigation samples of kaolinite and fibre alone 
were prepared. Two series of tests were carried out, namely 
consolidated-drained triaxial tests and consolidated-undrained 
triaxial tests with pore water pressure measurement. In interpreting 
the results it was assumed that the applied confining pressure 
reflected the true confining pressure. This led to problems in inter
preting the results of the consolidated-undrained tests since the 
effective minor principal stress a3' appeared to closely approach 
zero. Using the normal failure criterion of maximum stress dif
ference this leads to an apparent angle of internal shearing resist
ance of 80-4° for the 100% fibre sample. In view of this the results 
were interpreted using the maximum principal stress ratio failure 
criterion. This resulted in a maximum apparent internal angle of 
friction of 39°. The results for the two series of tests are given in 
Fig. 21. As can be seen, increasing quantities of pulp fibre give rise 
to increasing strength; however, this is associated with increasing 
ductility. 
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A most enlightening investigation was reported by Hoare (1979) 
who studied the effects of fibre reinforcement on soil 'comparabil
ity' as well as strength. The investigation was limited to the use of a 
sandy gravel, with particle sizes in the range 0-6-5 mm, reinforced 
either with strips of polypropylene/nylon fabric 7 mm wide by 
66 mm long, or with 50mm long twisted polypropylene staple. 
Hoare first carried out a series of compaction tests using several dif
ferent compaction procedures for samples reinforced either with 
fabric fibre or staple. It was found that increasing quantities of fibre 
or staple caused a linear increase in porosity for a given compaction 
method. In other words the addition of random reinforcement inhi
bits efficient compaction. This increase in porosity was very 
marked in the fabric fibre-reinforced soil where 0-75% of rein
forcement caused porosity to increase from typically 40% to 50%. 
This tendency was far less severe in the staple-reinforced soil where 
a similar quantity of reinforcement involved an increase in porosity 
from approximately 36% to 38%. When samples of the reinforced 
material were tested in the triaxial apparatus the fabric fibre-
reinforced soil showed a distinct decrease in strength with increas
ing fibre content. This is not surprising since in an unreinforced 
granular soil the strength, represented by the internal angle of 
shearing resistance, decreases rapidly with increasing porosity. 
From this it follows that the high porosity, and hence inherent 
weakness, imposed by the resistance of the reinforced soil to com
paction is not counteracted or surpassed by any strengthening 
effect of the fabric fibres when subjected to shear in the triaxial 
test. Conversely the staple-reinforced soil, which was only slightly 
resistant to compaction, showed a reasonable increase in strength 
with increasing staple content. The relationship was substantially 
linear and although the gain in strength was dependent on compac
tion method there was typically an increase in apparent angle of 
shearing resistance of 2-3° for the addition of 1% by weight of 
staple. Again it was found that increasing reinforcement content 
resulted in increased strain to failure. 
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THE LIMITATIONS OF LABORATORY STUDIES 
With one exception the laboratory and theoretical studies reported 
have indicated that the addition of reinforcement to soil results in 
enhanced strength. The mechanism of the strength increase can be 
expressed either as a pseudo-cohesion, in the case of tensile failure 
of the reinforcement, or as an apparent increase in the internal 
angle of shearing resistance when bond failure prevails. More reali
stically both of these modes of failure can be explained by an 
enhanced internal confining pressure. What must be borne in mind 
is that most of the experimental work reported has been carried out 
under axisymmetric stress conditions with effectively continuous 
sheet reinforcement, whereas under field conditions most struc
tures, such as walls and embankments, are likely to be stressed 
under plane strain conditions and be reinforced with much lower 
percentages of reinforcement - usually in the form of strips rather 
than sheets. When this divergence from the laboratory investi
gation conditions is compounded by the effects of the construction 
process, any resemblance between laboratory and prototype per
formance is likely to be coincidental rather than mechanistic. 



2 
Applications 

Reinforced Earth exhibits a versatility that is on a par with re
inforced concrete. In early publications Vidal (1966, 1969b) advo
cated the use of Reinforced Earth over a wide spectrum of 
structures including arches, tunnels and dams as well as in various 
forms of earth-retaining structures. Before considering such appli
cations in more detail it is necessary to move from the somewhat 
esoteric models used for mechanistic studies to a more appropriate 
form of Reinforced Earth. Inspection of Fig. 22 shows the three 
main component parts of a Reinforced Earth fill - namely earth fill, 
which is generally a selected granular fill; reinforcement, which is 
generally in the form of metallic strips; and finally some form of 
segmental facing unit which is fixed to one end of the reinforcing 
strips. The facing unit is not a vital component; however, it is 
necessary to prevent surface erosion and to give an aesthetically 
acceptable external appearance. These three components may be 
combined together in many forms; for example, reference to Fig. 
23 shows a simple retaining wall in which the Reinforced Earth 
mass acts as a gravity wall. 

Model tests on arches and tunnels have given very encouraging 
results. Figure 24 shows a plane-strain model of an arch used in an 
investigation by Behnia (1972, 1973). Each voussoir of the arch is 
formed by a facing unit, acting as an arch lining, and two strips of 
reinforcement running back into the fill. The plane-strain effect 
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F i g u r e 22 R e i n f o r c e d E a r t h 

was achieved using small-diameter cylindrical metal rods to model 
the soil (Schneebeli, 1957). In this manner the 'soil' is restricted to 
two-dimensional movement with no strain occurring along the 
length of each cylinder. Successful three-dimensional models of 
tunnels have been demonstrated by Vidal (loc. cit.). In this case the 
voussoirs form a complete ring around a temporary cylindrical 
liner. Once sand backfill is placed around the facing units and rein
forcing strips the liner is removed, so leaving the facing units sup
ported by the reinforcing strips embedded in the surrounding soil. 
To date there has been no record of any prototype arches or 
tunnels; however, it is obvious that such techniques would be 
limited to 'cut and cover' construction methods. 

Another intriguing model was that of a Reinforced Earth beam 
(Vidal, 1969b); this consisted of a cylinder of cartridge paper, ap
proximately 50 mm in diameter, reinforced with a spiral of ordi-
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nary transparent sealing tape. The paper cylinder was filled with 
sand and then set upon supports approximately 300mm apart. Sur
prisingly this flimsy structure adequately supported the weight of a 
man. Again there is no record of a prototype construction. 

Although the two applications cited above are very embryonic 
they should not be discounted. Such possibilities have been 
brought to fruition in the United States of America where re
inforced soil bridges, using principles similar to Vidal's, have been 
constructed with individual spans up to 15 m (Watkins, 1973). 

More common applications of Reinforced Earth are in the form 
of walls. However, before exploring this aspect in detail, it is 
worthwhile considering other practical uses that have either been 
applied or are the subject of current research. 
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GROUND SLABS 
A most original application of Reinforced Earth was made on state 
route SR200 near Norristown, Pennsylvania (Steiner, 1975). A 
local realignment of SR200 had been planned; however, during 
very wet weather in January 1970 a hole some 4 m wide and 4 m 
deep appeared in the existing SR200. Despite the execution of stan
dard remedial works the size of the hole increased during succes
sive rainy periods, until in October 1970 the original hole was some 
23 m in diameter and apparently bottomless. Subsequent site in
vestigation revealed that surface and sub-surface water had eroded 
clay seams supporting the badly weathered dolomitic limestone 
formation. Similar conditions conducive to sinkhole collapse were 
found along the route of the proposed realignment. To stabilize 
the formation it was initially proposed to construct a two-way 
reinforced concrete slab under the proposed highway embank
ment. The slab designed was 0.9 m thick, 46 m wide and some 
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336 m long, with a capability of spanning a 15 m dia. cavity without 
significant deflection. Before finalizing a design the highway auth
ority approached the Reinforced Earth Company who developed a 
two-way Reinforced Earth slab comparable to the concrete slab yet 
some 25% cheaper. 

The slab was constructed in the form of a low wall approximately 
1 m high with semi-elliptical steel facing units forming the perim
eter of the slab (Fig. 25). Reinforcing strips were spaced at 127 mm 
horizontal centres in various lengths and were bolted end-to-end 
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until the width of the slab was covered. A 300 mm layer of selected 
granular backfill was placed over the strips whence a transverse 
layer of strips was placed. In all, two transverse and two longitudi
nal layers of steel were placed (Fig. 25). Although the Reinforced 
Earth slab was designed to span cavities up to 15 m in diameter it 
was decided to grout the limestone formation to minimize the 
possibility of a further occurrence. 

DAMS 
The first Reinforced Earth dam constructed was a 9 m high proto
type in the Bimes Valley which is situated in the south of France 
(Taylor & Drioux, 1979; Cassard, Kern & Mathieu, 1979). As may 
be seen from the typical cross-section in Fig. 26 the dam was con
structed with a vertical downstream face formed with interlocking 
precast concrete facing units. Reinforcing strips with a length equal 
to 80% of the height of the dam were connected to the facing units 
and ran back into the main earth fill which has an upstream batter 
of 1:2. The upstream slope was sealed with a bitumen impregna
ted, non-woven fabric. The crest of the dam, which has a width 
equal to 20% of the dam height, is depressed over the central 
section of the dam and capped with a concrete sill. By this means 
the dam functions like a weir with the sill acting both as spillway 
and overflow channel when overtopping is allowed to occur. Con-
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struction of the dam, which contains 2500 m3 of fill, was completed 
in 7 weeks. A similar, but slightly smaller, structure has been con
structed with non-woven fabric facing units (Kern, 1977). 

The success of the Bimes dam has invoked the client to plan the 
construction of a much larger Reinforced Earth dam at Estelle. 
This structure will have a maximum height of 29-5 m (Fig. 27), and 
will be of conventional design in the upstream slope which will 
incorporate normal impervious and filter zones. 

FOUNDATIONS 
Foundations have been arbitrarily differentiated from slabs by the 
fact that they are intended to support loaded areas that are small in 
comparison to the reinforced plan area. In comparison to walls 
very little research, and even less construction, has been carried 
out. This situation may reflect the possibility that foundations using 
earth reinforcement are not economically viable when compared to 
other modern processes such as lime piles or vibroflotation. When 
used in the context of a raft, earth reinforcement may not produce 
the degree of rigidity required to limit differential settlement. 

Several laboratory and analytical investigations have been 
carried out with possibly the most comprehensive being due to 
Binquet & Lee (1975a, 1975b). In the first phase of the investi
gation some 65 model footing tests were executed in a sand-filled 
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box 1500 mm long, 510 mm wide and 330 mm deep using a rigid 
strip footing 76 mm wide placed across the width of the box. The 
effects of soil reinforcement were investigated using three geologi
cal formations modelled in the box. 

(a) homogeneous deep sand - model A; 
(b) sand above extensive layer of compressible material simulating 

soft clay or peat - model B; 
(c) sand above finite size pocket of very compressible material 

simulating lens of organic soil or cavernous rock - model C. 
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The extensive layer of compressible material was modelled with a 
bed of foam rubber 57mm thick placed near the bottom of the box. 
Similarly the lens or cavern was modelled with a piece of foam 
rubber 150 mm wide and 50 mm thick placed centrally beneath the 
model footing. The deformation modulus of the compressible and 
very compressible material was 124 kN/m2 and 5 kN/m2 respective
ly, compared to 2100 kN/m2 for the sand alone. 

Reinforcement was in the form of 13 um thick aluminium foil 
strips 13 mm wide placed in layers with a constant vertical spacing 
of 25 mm. Each layer was reinforced with 17 strips, each 1-5 m 
long, thus occupying some 42% of the plan area of the box. The 
variables investigated were the distance d between the bottom of 
the model footing and the top layer of reinforcement, as well as the 
number of layers of reinforcement which were installed with a con
stant vertical spacing. For each of the three basic models datum 
tests were carried out with no reinforcement to determine the con
ventional ultimate bearing capacity q0. By this means the ultimate 
bearing capacity of the reinforced model, q, could be represented 
by a bearing capacity ratio factor q/q0. Similarly the depth to the 
top layer of reinforcement, d, is expressed as a depth ratio, d/B, 
where B is the width of the footing. The effects of depth ratio, for 
model A, are reproduced in Fig. 28a, which shows a maximum 
bearing capacity ratio occurring at a depth ratio of 1-33 for a range 
of values of settlement ratio b/B. As can be seen the reinforcing 
effect is more pronounced at low settlement ratios. The effect of 
increasing the number of layers of reinforcement is shown in Fig. 
28b where an almost linear increase in bearing capacity ratio occurs 
for up to six layers of reinforcement. Above this the improvement 
appears to tail off. It is interesting to note that for model A this re
lationship seems to be almost independent of the settlement ratio. 
Conversely the results for model B (Fig. 28c), show a marked de
pendence on settlement ratio. This tendency is even more pro
nounced for the model C results (Fig. 28d), where almost no 
improvement in bearing capacity ratio is measured if less than four 
layers of reinforcement are used. In the course of an analytical 
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study Binquet & Lee (1975b) concluded that two distinct zones 
were formed in the soil beneath the foundation. In the first zone, 
which exists directly beneath the footing, the loaded soil moves ver
tically downwards whilst outside the footing there are symmetrical 
zones which tend to move laterally outwards and upwards, the 
function of an effective reinforcement being to hold these two 
zones together. A similar observation was made by Kheang (1972) 
and reported by Schlosser & Long (1974) with further studies 
reported by Stefani & Long (1979a, 1979b). 

Yamanouchi (1970) and Yang (loc. cit.) have also reported 
enhanced bearing characteristics resulting from the use of reinfor
cement. Both of these investigators employed a single layer of con
tinuous mesh reinforcement, with Yamanouchi investigating the 
reinforcing effects on soft clay and Yang the effect on sand. A 
single layer of reinforcement was also employed in an investigation 
carried out by Andrawes et al. (1978); however, this study investi
gated the effects of reinforcement stiffness as well as roughness. 
Typical results are given in Fig. 29 for rough steel, smooth steel and 
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T140 which is a non-woven fabric. Several interesting features arise 
from this investigation. Firstly the observed variation between 
bearing capacity ratio and depth ratio is similar to that reported by 
Binquet & Lee (1975b); however the maximum bearing capacity 
ratio occurs at a depth ratio of 0-4 (Fig. 29), as opposed to 1-3 (Fig. 
28). This may be due to the use of continuous sheet reinforcement 
rather than a series of discrete strips. Secondly, at depth ratios 
between 0-8 and 1-8 the smooth steel is found to give a reduced 
bearing capacity ratio. This weakening effect is attributed to rein
forcement with inadequate interface friction properties having an 
orientation along, or very close to, the failure lines in the soil. A 
similar view has been expressed by Bassett & Last (1978) who 
advocate the use of discrete reinforcements installed at various 
inclinations (Fig. 30). This system - which is identical to the reticu
lated root pile, or pali radice system pioneered in Italy (Oriani, 
1971; Bartos, 1979; Lizzi & Carnevale, 1979) - has the great advan-
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tage that it can be installed beneath new or existing foundations, 
without need for excavation. 

EMBANKMENTS 
The potential saving in the use of reinforcement in embankments is 
enormous. For example in a 10m high embankment with side-
slopes steepened from 1:2 to 1:1 a saving of £1000 per metre run 
has been estimated (Sims & Jones, 1979). Reinforcement may be 
added to embankments to perform one, or all, of three main func
tions (Fig. 31): 
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(a) superficial slope reinforcement and edge stiffening; 
(b) major slope reinforcement involving reinforcement of the 

main body of the embankment; 
(c) reinforcement of weak embankment foundations. 

The use of superficial slope reinforcement was pioneered by the 
Japanese (Yamanouchi, 1975), and particularly the Railway Tech
nical Research Institute of Japanese National Railways. Reinforce
ment used by the Japanese is generally in the form of short lengths 
of Netlon, a polyolefin net, placed in horizontal layers near the face 
of the slope (Fig. 31a). Such reinforcement gives resistance to 
surface erosion and seismic shock as well as permitting heavy com
paction plant to operate close to the shoulder of the embankment, 
so effecting good compaction in this sensitive area (Iwasaki & 
Watanabe, 1978). 

Similar techniques have been employed in the United Kingdom 
(Dalton, 1977a, 1977b) and the United States of America where 
redundant car tyres have been used as reinforcement. This is 
achieved by slicing each tyre, in its plane, to give two rings; these 
rings are then joined by metal fasteners to give a chain-mail effect 
(Forsyth, 1978). 

Reinforcement of the main body of the embankment (Fig. 31b) 
has produced mixed results. A reasonable degree of success has 
been achieved by the Japanese, again using polyolefin net, to 
improve seismic stability (Uezawa & Nasu, 1973) and static stabil
ity (Iwasaki & Watanabe, loc. cit). In the latter case the enhanced 
resistance against lateral spread of the embankment during com
paction gave a nearly ten-fold increase in the standard penetration 
resistance of the material of the embankment. 

Reinforcement at the embankment/foundation interface has re
sulted in minor improvements in stability. Belloni & Sembenelli 
(1977) monitored the construction of two embankments on deep 
peat deposits. The first embankment was reinforced with a single 
layer of non-woven fabric with an ultimate tensile strength of 
18-6 kN/m and raised successfully to a height of 1-75 m. An identi-
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cal unreinforced embankment failed on reaching 80% of this 
height. Similar results were obtained by Volman, Krekt & 
Risseuw (1977), who monitored construction of two identical 
embankments over a deposit of soft silt and peat. One embank
ment was reinforced with a single layer of woven nylon fabric with 
an ultimate tensile strength of 60 kN/m and raised to a height of 
4-5 m before instability set in. The unreinforced embankment 
became unstable at a height of approximately 3-5 m. Somewhat 
poorer performance was observed by Bell, Greenway & Vischer 
(1977) during the construction of a 1-5 m high haul road embank
ment over muskeg, i.e. peat. The fabric was a highly extensible 
non-woven needle-punched material with an ultimate tensile 
strength of 13 kN/m attained at an axial strain of 100-200%. 
Although the fabric acted as a separating layer it had no effect on 
overall stability but did reduce localized bearing capacity failures in 
the muskeg. The investigators concluded that the fabric was far too 
extensible to generate any useful stabilizing force. An analytical 
study by Maagdenberg (1977) also advocated the use of a stiffer 
fabric capable of generating its potential restoring force at lower 
levels of induced deformation. 

Published applications of embankment foundation reinforce
ment generally involve comparatively substantial measures. Both 
Uesawa & Nasu {loc. cit.) and Wager & Holtz (1976) have used 
shallow continuous-sheet pile walls installed at each toe of the 
embankment with connecting tie rods running beneath the base of 
the embankment (Fig. 31c). Holtz & Massarch (1976) have clever
ly combined timber piles and geotextile reinforcement to similar 
effect. An alternative method involving the construction of a Re
inforced Earth base slab has already been cited (Steiner, loc. cit.). 

Various methods of analysis have been proposed; however, 
these mainly involve an adaptation of slip circle analysis with the 
reinforcement modelled as a cohesive layer (Volman et al., loc. 
cit.), or an equivalent tensile force developing an additional restor
ing moment (Phan, Sergrestin, Schlosser & Long, 1979; Christie & 
El Hadi, 1977). In executing these analyses the reinforcement is in-
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variably assumed to be arranged in horizontal layers. This configu
ration is eminently suited to standard embankment construction 
techniques where the fill is also placed in horizontal layers. 
However, it must be remembered that the reinforcement should be 
installed to efficiently resist tension, and as such needs to be orien
ted along, or close to, the lines of principal tensile strain (Bassett & 
Last, loc. cit.). This assertion has been borne out by laboratory 
tests reported by Snaith et al. (1979) and McGown, Andrawes & 
Al-Hasani (1978). In the latter investigation plane-strain tests were 
carried out on cubical samples of Leighton Buzzard sand re
inforced with a single sheet either of non-woven fabric or of alu
minium foil. Initial tests were carried out with the reinforcement in 
a horizontal plane and thus along the axis of principal tensile strain. 
At this orientation the fabric was found to impart a considerable 
increase in strength as reflected by the maximum principal stress 
ratio. However as orientation of the fabric was changed in subse
quent tests it was found that the fabric actually invoked a decrease 
in strength (Fig. 32). This decrease was most evident when the rein
forcement was close to, or coincided with, the prospective failure 
plane in the sand. The decrease in strength is largely attributed to 
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the angle of bond stress between the reinforcement and the sand 
being less than the internal angle of shearing resistance of the sand 
alone, thus creating a plane of weakness. 

Studies carried out by Bassett & Horner (1977), Jones & 
Edwards (1975) and reported by Sims & Jones (loc. cit.) show that 
whilst principal tensile strain directions are substantially horizontal 
in the main body of an embankment they tend to fan out about the 
toe of the embankment in the embankment foundation (Fig. 33a). 
As a corollary to this, potential failure surfaces also exhibit hori
zontal sections in the embankment foundation (Fig. 33b) where the 
blind application of continuous horizontal reinforcement could 
well induce failure. This is not the case for vertical walls: Bassett & 
Last (loc. cit.) confirmed theoretically that a horizontal distri
bution of reinforcement should be employed. 
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REINFORCED EARTH WALLS 
Of all the applications of Reinforced Earth considered walls, in one 
form or another, constitute the largest portion. At the end of 1978 
Vidal's licensees had completed in excess of 2000 projects involv
ing 1-3 million m 2 of facing (McKittrick & Darbin, 1979). These 
applications have been extremely diverse, ranging from 
earthquake-resistant bund walls at an Alaskan oil terminal (McKit
trick & Wojciechowski, 1979) to blast-proof nuclear reactor con
tainments (Reddy et al., 1979). One of the most novel applications 
is Architerra, or Reinforced Earth houses (Levisalles, 1979). 
These dwellings are constructed on terraced mounds with a Re
inforced Earth wall, forming a quadrant in plan, acting as the back-
wall of the dwelling as well as a retaining wall for the terrace above 
it (Fig. 34). The front of each unit is furnished with a patio door 
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leading to a garden which is formed by the roof of the unit below. 
Other structures erected by Vidal's licensees include crusher 

unit tip-walls and similar ancillary works involved in the mining 
industry (Smith, 1979), together with bulk storage and handling 
units such as those constructed for the Dunkerque Harbour Auth
ority and Usinor of France (Fig. 35). The bulk storage and handling 
application has been much improved with the gravity-feed slot 
innovation now used in the United States of America for coal 
storage (Fig. 36). These structures are formed from long V-shaped 
trenches having sloping side-walls and a mechanical reclaim system 
at the base of the slot. The side-walls are formed by newly devel
oped Reinforced Earth facing panels which can be precast at any 
angle, typically between 45° and 75° (McKittrick & Darbin, loc. 
cit.). Amongst these industrial structures must be counted the Re
inforced Earth wall to the rock-crushing plant at Tarbela dam, this 
structure towering an incredible 26 m high (Price, 1975). 
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F i g u r e 3 6 T h e s lot s t o r a g e s y s t e m 

Reasonable success has been achieved in the construction of 
marine works; however, construction is hampered if carried out in 
deep water. In tidal water construction generally follows the 
sequence of erecting one lift of facing units followed by end-tipping 
of fill, so forming a causeway for construction plant. With struc
tures in tidal water consideration must be given to the possibility of 
migration of fines caused by the fluctuating water level. This 
problem is overcome simply by applying a flexible sealant or a suit
able filter fabric to all facing unit joints. Reinforced Earth seems 
particularly suited to situations subject to wave attack since the 
comparative flexibility and resilience of the structure permits dissi
pation of the wave energy without damage. In these circumstances 
it is not unusual to use a heavier facing unit; indeed this was the 
case for the Mont St Pierre sea wall where precast concrete units 
3-5 m wide, 1-5 m high and 250 mm thick were used (McKittrick & 
Darbin, loc. cit.). For less substantial marine structures it is pos
sible to carry out construction in fairly deep water. This was 
achieved at the Grande-Mott marina where panels of elliptical 
cross-section steel facing units were prefabricated in sections ap
proximately 10 m long and 5 m high. These sections, complete 
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(after Vidal 1970) 
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with reinforcement attached and temporarily rolled up, were 
lowered into position and then backfilled (Schlosser & Vidal, 
1969). 

By far the largest application of Reinforced Earth, in terms of 
surface area of facing units, is in the construction of highways and 
bridges. Reinforced Earth is particularly suited to economical 
highway construction in steep side-long ground. Some of the early 
examples of this include the Vigna wall (Fig. 37) on the French-
Italian motorway (Vidal, 1970); and the Autoroute de Menton 
(Darbin, 1970; Marec, Baguelin & Vincentelli, 1971). Extensive 
use has been made of Reinforced Earth by the US Federal 
Highway Administration (Walkinshaw, 1975), particularly in con
struction over steep ground subject to slope instability. A widely 
documented example of this is the Reinforced Earth wall and sta
bilizing earthworks (Fig. 38), constructed in 1972 on the California 

52 



APPLICATIONS 

(af ler W a l k i n s h a w 1975) 
0 .9m thick _ . 

Drainage Blanket Roadway 

Figure 3 8 Cal i forn ia r o u t e 3 9 - c r o s s - s e c t i o n o f r e m e d i a l s c h e m e 

Route 39, this being the first application of Reinforced Earth in the 
United States (Chang, Forsyth & Smith, 1972; Chang, Hannan & 
Beaton, 1974; Gedney, 1972; Chang, 1974). Similar treatment was 
accorded to the slip on Interstate Highway 40 in Tennessee 
(Royster, 1974; Scott, 1974) and the 'Heart o' the Hills' slide near 
Washington (Munoz, 1974). 

The resilience of Reinforced Earth has made it applicable to con
structions of abutments and wingwalls of simply supported or low-
tension bridge decks (Sims & Jones, loc. cit.). Early examples 
include quite large structures such as the bridge at Thionville 
(Price, loc. cit.); however, there is more widespread use in motor
way bridge construction. Typical of these structures are the abut
ments constructed on Interstate 80 in Nevada. As may be seen in 
Fig. 39 these consist of a simple Reinforced Earth wall capped with 
a reinforced concrete bank seat beam to take the bridge deck. 
These abutments were founded on deep deposits of soft compress-
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ible soil which were predicted to settle approximately l m 
(Gedney, 1975). Under these conditions the alternative of conven
tional piled foundations would have proven very expensive in view 
of the large negative skin friction forces generated by the superim
posed embankment fill. The resilience of Reinforced Earth was 
again demonstrated in the Sete Interchange in France where 
differential rotations of 1:100 were suffered without damage 
(Schlosser, 1973). In 1975 the LCPC in association with Vidal and 
his licensees completed a study of reinforced earth abutments 
which culminated in publication of the then definitive work by the 
Ministere de L'Equipment (1975). 
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3 
Research and Development 

From 1957 to 1962 Henri Vidal carried out a series of experiments 
and model tests proving that earlier observations on the stabilizing 
effects of pine needles in beach sand would have practical and sig
nificant applications to civil engineering. By 1962 Vidal had'com-
pleted his preliminary study, which culminated in the production of 
a thesis, and in due course filed patent applications. In 1966 Re
inforced Earth was considered for a major project on the proposed 
Nice-Menton Autoroute; consequently Vidal entered into dis
cussions with the LCPC who were the authority responsible for ass
essing and approving such innovations. A programme for verifying 
Vidal's designs and specifications was mutually agreed and in May 
1967 work began at the LCPC using model walls to investigate 
various failure modes. In 1968 the LCPC completed the work and 
approved Vidal's designs and specifications for use in major struc
tures on the Nice-Menton Autoroute. Within 5 years similar re
search had commenced both in the United States of America and 
the United Kingdom. The end of 1976 heralded a bonanza of re
search with publication of the proceedings of the international sym
posium 'New Horizons in Construction Materials' held at Lehigh 
University, Pennsylvania. This was rapidly followed in 1977 by the 
international conference The Use of Fabrics in Geotechnics', and 
the TRRL/Heriot-Watt University symposium 'Reinforced Earth 
and other Composite Soil'. Two international symposia took place 
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in 1978: the A S C E spring convention symposium 'Ear th Reinforce
ment ' , held in Pittsburgh, and the New South Wales University/ 
Institute of Technology symposium 'Soil Reinforcing and 
Stabilising Techniques ' , held in Sydney. A further international 
conference, 'Soil Reinforcement ' , was held in Paris in 1979. In the 
same year session eight of the seventh European conference on soil 
mechanics and foundation engineering was devoted to 'Artificially 
improved Soils' with a speciality session 'Reinforced Ear th ' being 
incorporated in the sixth Panamerican conference. Although these 
learned gatherings were intended as forums for all applications of 
soil reinforcing techniques the vast majority of the submissions 
involved walls. 

FRENCH RESEARCH 
Most of the research in France was carried out by the LCPC in as
sociation with Henr i Vidal, their research programme beginning in 
1967 with experiments on small-scale plane-strain model walls, 
using the Schneebeli roller technique (Fig. 40; see Guegan & 
Legeay, 1969; Long, Schlosser, Guegan & Legeay, 1973). This was 
followed in 1968 by investigations on full-scale walls built by 
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Vidal's licensees at Incarville (Schlosser, 1970: Schlosser & Long, 
1970), Dunkerque (Hulo, Ramery & Pouilly, 1972) and on the 
Autoroute de Menton (Baguelin & Bustamante, 1971). Further 
model studies were carried out at the Institut National de Sciences 
Appliquees (INSA) at Lyon under the direction of the LCPC 
(Lareal & Bacot, 1973). Although referred to as 'three-
dimensional' as opposed to the 'two-dimensional' Schneebeli 
model the INSA walls were also plane-strain models employing 
sand fill placed in rigid-sided tanks. A small amount of model wall 
work was carried out independently at the University of Lyon (San-
glerat, 1971; Chapuis & Prinquet, 1973; Bacot, 1974). 

Analytical studies of Reinforced Earth walls published by 
Schlosser and Vidal (1969) stated that design considerations fall 
into two main categories, namely internal and external stability. 
The problem of internal stability was associated with the reinforced 
mass proper, in which instability could be invoked either by tensile 
failure of the reinforcement or bond failure of the reinforcement. 
The latter mode of failure was not analysed at this stage; it was 
simply stated that the length of the reinforcement should be 80% of 
the wall height. In designing against external instability the re-
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inforced mass was considered to act as a rigid body, and as such was 
treated in the same manner as a gravity wall with checks being 
made on base sliding, overturning and bearing capacity failure as 
well as the overall stability of the wall and its environs. 

Several observations were made concerning internal stability, 
these being primarily concerned with quantifying the tensile force 
generated in the reinforcement. The first analytical method pre
sented was the so-called 'Coulomb force method'. Reference to 
Fig. 41a shows a Reinforced Earth wall of height H with n + 1 layers 
of reinforcement at equal vertical spacings 5V. The lengths of the 
reinforcement are sufficient to prevent bond failure. If the re
inforced mass is assumed to be cut by a failure plane, passing 
through the toe of the wall and inclined at an angle 6 to the horizon
tal, then the equilibrium of the wedge to the left of the failure plane 
may be expressed in terms of the weight of the wedge W and the 
sum of the tensile forces in the reinforcement XT per metre run of 
wall. Taking the unit weight of the soil to be y, whence 
W = ViytPcotQ, considerations of equilibrium lead to equation 
(28) where cj) is the internal angle of shearing resistance of the soil 
in the wall: 

Differentiation of 2 T with respect of 6 leads to a maximum when 
9 = 45 + <j>72. Substitution of this value into equation (28) leads to 
equation (29): 

Equation (29b) represents the sum of the reinforcement tensions. 
To determine the force in each layer of reinforcement Schlosser & 
Vidal (loc. cit.) assumed a triangular distribution with no tension in 
the top layer, i = 0, and the maximum tension in the bottom layer, 

Z r = | y / / 2 c o t e tan (8 - <j>') (28) 

Zr = |tan 2(45 - $'/2)yH2 (29a) 
(29b) 
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i = n. This maximum tension, per metre run of wall, is given by 
equation (30): 

^ m = -^KzjHSv (30a) 

Tm = -^jKiySv
2 (30b) 

With the tensile force in the ith layer being given by equation (31): 

i 
n~+l 7}= T — T * a Y # S v (31a) 

T'=^fjK^2 (31b) 

Thus to ensure internal stability it is necessary to check that the 
induced tensile force T{ is less than the ultimate tensile strength of 
the ith layer of reinforcement. 

A second analytical method, the 'Rankine force method', was 
developed to give the tensile force in the ith layer of reinforcement 
directly. Reference to Fig. 41b shows the ith layer of reinforcement 
resisting the horizontal thrust on a section of facing unit equal in 
height to the vertical reinforcement spacing 5V. The (i-l)th layer 
is subjected to a uniform vertical surcharge a'v, thus if it is assumed 
that the ith layer of reinforcement must resist the active thrust 
imparted to the facing unit between the ( i - l ) th and ith layer then: 

r ^ A T a O ' v S v + IATaYSv 2 (32) 

If the strips are long the vertical stress o v may be equated to the 
overburden pressure (i—1) ySv whence equation (32) becomes: 

Ti = ( i - i ) * a Y S v

2 (33) 

The maximum tensile force per metre run of wall again occurs in 
the bottom layer and is given by equation (34): 

Tm = (n - | ) * a Y S v

2 (34) 
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When n is large equations (30) and (34) yield approximately the 
same result - equation (35): 

Tm = nKaySw

2 

Tm = KayHSv 

(35a) 

(35b) 

Equation (35) may be expressed in the more general term given by 
equation (36): 

(36) 

In concluding their analysis Schlosser and Vidal considered the 
effects of the horizontal thrust generated by the fill on the back of 
the reinforced earth mass. Inspection of Fig. 42a shows a wall of 
height H with reinforcement of length L. The backfill may be con
sidered to impose an active thrust P a, acting at a height H/3 above 
the base of the wall, thus generating a bending moment of K^ytPfo 
about the centre of the base. At the toe of the wall the vertical 
stress a'v assumes a maximum value which may be evaluated using a 
trapezoidal stress distribution (Fig. 42c); equation (37): 

o'y = yH + KayW/L2 (37a) 
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o ' v = yH(l + K&H2/L2) (37b) 

Three years later Schlosser (1972) proposed a further analytical 
method based on the Meyerhof distribution (Fig. 42d); equation 

Equations (37) and (38) give the vertical stress at the base of a wall 
of .height //which maybe substituted into equation (36) to calculate 
the tensile force per metre width at that level. For intermediate 
reinforcement layers o' v may be calculated by replacing H by the 
depth of fill above the particular layer under consideration. For 
walls where the height approximately equals the length of the rein
forcement and good-quality backfill is used equations (37) and (38) 
predict a maximum vertical stress that is some 25% and 10%, re
spectively, greater than the simple overburden pressure. Where 
the reinforcement is long, as in the case of the model tests, then the 
vertical stress approximates to the overburden pressure (Fig. 
42b), whence equation (35) applies. 

Comparison of the theory and results obtained both from model 
and full-scale walls showed poor agreement. Interpretation of the 
model test results was made from equation (35b) which gives the 
maximum tensile force per metre run at the base of a wall of height 
H. For a model of width B equation (35b) becomes: 

The model walls were reinforced with aluminium foil of known 
equivalent tensile strength Tu*. Since the height of each wall was 
increased until it failed it was known that Tm = Tu thus equation 
(39) was rearranged to give the theoretical failure height H{, 
equation (40), which could be compared with the measured failure 
height Hm. 

* Tu = ultimate tensile strength per reinforcement x number of re
inforcements per layer per metre run of wall. 

(38): 
yH 

(38) 1 - KaH2/3L2 

Tm = K,yHBSv (39) 
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Figure 43 Comparison of theoretical and experimental results 

H{ = TJK^yBS, (40) 

The full-scale walls were not loaded to failure; however, the 
maximum tensile force generated in the reinforcements was 
measured as was the height of overburden above each 
reinforcement. Thus the measured tension could be used as a 
pseudo-ultimate tensile strength from which a pseudo-failure 
height could be calculated. This is then compared to the 'actual 
failure height' which is simply the measured height of overburden. 
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(af ter Sch loe te r 6 Long 1974) 

Figure 44 Distribution of reinforcement tensions 

Figure 43 shows a comparison between theoretical and experimen
tal results. As can be seen the model walls failed at heights 
considerably greater than those predicted, with this tendency being 
much more pronounced in the 'three-dimensional' models. This 
poor agreement is thought to be due to a combination of factors. 
Firstly the models are operated at very low stress levels with 
maximum wall heights less than 400 mm. Consequently if the soil 
has even the slightest tendency to dilate the internal angle of 
shearing resistance would increase, hence decreasing Ka and 
increasing H{. Since it appears that no appropriate low stress level 
testing of the soil was carried out this effect might pass unnoticed. 
Next there is the effect of the rigidity of the model facing units. 
Even with no internal reinforcement the facing units would be 
capable of supporting some finite height of fill which should be 
added to the theoretical height given by equation (40). There is 
also the problem of base friction in the model which tends to reduce 
the tensile force otherwise generated in the bottom layer of reinfor
cement. Finally there is the problem of side friction which is 
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peculiar to the 'three-dimensional' tests which were carried out in 
glass-sided tanks with a width to height ratio of approximately 0-5. 
Obviously for such narrow models the soil would tend to arch 
across the tank and therefore fail at heights significantly greater 
than those predicted. This influence possibly accounts for the sig
nificant difference in the results of the 'two' and 'three' dimension
al models. 

Quite reasonable agreement between theoretical and 
experimental results was found for the Incarville wall; however, 
poor agreement was observed for the Dunkerque wall results. 
Reference to Fig. 43 shows that the theoretical overburden heights/ 
pseudo-failure heights were approximately 100% higher than the 
measured values. This is almost certainly due to additional earth 
pressure, and therefore reinforcement tension, induced by 
compaction plant. 

Analysis of the reinforcement tension measurements from the 
full-scale walls showed some very interesting results. As is shown in 
Fig. 44 the reinforcing strip tensions did increase with depth but the 
distribution of tension along each strip was such that the maximum 
tension occurred some distance back from the facing unit. This 
distribution is very significant, as can be seen from equation (4): 

As the tension reaches a maximum the slope of the tension vs. 
length curve changes from positive to negative, implying a change 
in the sign of the shear stress acting on the reinforcement (Fig. 44). 
This leads to the conclusion that there are two well-defined zones 
within the reinforced mass: the active zone, adjacent to the 
facing units, and the restraining zone. The dividing line between 
these two zones is the locus of the points of maximum 
reinforcement tensions where the shear stress on the reinforcement 
is zero. As can be seen from Fig. 44 this locus is quite different from 

dT/2o'bdl=f 

Since o'f = x: 

(4a) 

2bi = dT/dl (4b) 
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the Coulomb failure plane. Later analytical work based on the 
finite element method (Corte, 1977) and photoelastic models, 
(Santini & Long, 1978) endorsed these observations. 

These results instigated further thought on the problem of bond 
failure. One basic conclusion was that the bond length of the 
reinforcement, that is the length of reinforcement embedded in the 
restraining zone (Fig. 44), must be long enough to resist the 
maximum tensile force, Tm, generated in the reinforcement. A 
simple analytical method was proposed by Schlosser (1972). First 
consideration was given to one layer of reinforcement containing N 
strips of width b per metre length of wall. Taking the vertical stress 
on the reinforcement to be o'v and the coefficient of soil/ 
reinforcement friction to be / the limiting condition is defined by 
equation (41): 

U 

Tm= J 2 N 6 / o ' v d L (41) 

0 

If the vertical stress is taken equal to the overburden pressure yH 
equation (42) results: 

L a = TJINbfyH (42) 

If Tm is evaluated from equation (35) the limiting bond length 
becomes: 

L a = KaSy/2Nbf (43) 

This shows that to a first approximation the bond length is 
independent of the level of the reinforcing layer. A more 
meaningful calculation would involve consideration of the 
distribution of vertical stress along the length of the reinforcement. 
Somewhat simply the Meyerhof distribution was applied to give the 
expression: 
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a 2Nbf [ 1 - (KaH2/3L2) ] K ' 

It was pointed out that the limiting bond length L a must be 
increased by an amount equal to the width of the active zone to 
arrive at the total length of reinforcement at any given level. 
Having made this statement the LCPC then advocated the use of 
equation (43) to evaluate the total reinforcement length on the 
basis that dilation occurs in the vicinity of the reinforcement 
causing the vertical stress level to rise locally above the ambient 
overburden pressure, thus compensating to some extent for the use 
of such a simple expression. 

THE UCLA STUDY 
The earliest comprehensive study of walls in the United States of 
America was carried out at the UCLA under the direction of the 
late Professor Lee. The initial research was limited to model walls 
which were used to investigate static behaviour (Lee et al., 1972, 
1973; Vagneron, 1972), as well as behaviour under seismic loading 
(Richardson & Lee, 1974). Later research involved the construc
tion of a 7m high prototype wall again used to investigate both 
static and dynamic behaviour (Richardson, 1976). 

The study commenced by making the same initial assumptions as 
the LCPC; namely that active conditions would prevail giving rise 
to maximum tensile forces in the reinforcement occurring at the 
facing unit. Expressions were again derived for the maximum 
tensile force based on the Rankine method (R) and the Coulomb 
force method (CF). Additionally an expression was derived using 
the Coulomb moment method (CM) in which the sum of the 
moments of the reinforcement tensile forces about the toe of the 
wall are equated to the active earth pressure moment, also about 
the toe of the wall; equation (45): 

r m = [n2/(n2- \)]KayHSy (45) 
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Analytical investigations of pull-out, or bond failure, again 
considered the Rankine approach which results in a constant bond 
length L a projecting from the potential failure plane into the 
restraining zone. For this case the total length of each rein
forcement would increase linearly from a minimum at the bottom 
of the wall to a maximum at the top. It was pointed out that if the 
wall was to be constructed with reinforcements all of the same 
length then the minimum length would be dictated by conditions at 
the top of the wall (Fig. 45), where for a factor of safety Fb against 
bond failure: 

L = 

L = 

H 

tanG 
H 

tanG 2Nbf 

(46a) 

(46b) 

The study continued by drawing attention to the fact that the 
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Coulomb methods consider overall stability rather than local 
stability, as in the case of the Rankine method, and thus it is not 
necessary that all the reinforcements extend beyond the potential 
failure plane. To some extent this vindicated the assumption of the 
LCPC that the total reinforcement length could be expressed by 
equation (43). On this basis then the total maximum pull-out 
resistance, for the case in which all the reinforcements have a 
constant length L with only some of them extending into the 
restraining zone, was defined by equation (47) where P is the pull-
out resistance per unit length of wall and m is the value of / for the 
first reinforcement from the top to extend into the restraining zone: 

n 

P = 2ybfNSv (« - /)Svtan(45 - <J>72)] (47) 
/ = m 

The factor of safety against bond failure was obtained using the 
Coulomb force method by dividing equation (47) by total active 
thrust; equation (48): 

F b = ^ink ti[L-(n- 0Svtan(45 - <f>'/2)] (48) 

A corresponding expression was obtained using the Coulomb 
moment method; however, in this case the sum of the moments 
about the toe of each reinforcement pull-out resistance is divided 
by the total moment about the toe of the active thrust; equation 
(49): 

F b =

 12y?ifv2 S (« - i)i[L - (n - 0Svtan(45 - <t> 72)] (49) 
A a / 7 J / = m 

The required constant length of reinforcement, L, for a given wall 
height H was determined from equation (48) or equation (49) by a 
quick trial-and-error procedure. To facilitate comparison of the 
results for the three different methods calculations were carried out 
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using the dimensions and properties of one of the series of model 
tests. These results are shown graphically in Fig. 46a. The 
Coulomb force method computes the shortest length of 
reinforcement, whereas the Rankine method leads to the longest 
reinforcement and therefore is the most conservative. 

Following the analytical assessment model tests were carried out 
to investigate both tensile and bond failures. The apparatus 
comprised a wooden box 1220 mm long, 760 mm wide and 610 mm 
high, in which the model walls were constructed. Facing units were 
constructed of 0-3 mm thick aluminium foil formed to give a 
semicircular cross-section. The reinforcing strips, which were 
3-9 mm wide, were made of 0-013 mm thick aluminium foil giving 
an ultimate strength of 4-9 N per strip. A limited number of strips 
were instrumented with electrical resistance strain gauges. 
Although the length and horizontal spacing of the strips were 
varied from test to test the vertical spacing was maintained 
constant at 25 mm. The model walls were constructed in the same 
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manner as a full-scale wall with one facing unit and its attending 
strips being positioned and filled before placing of the subsequent 
facing unit. The fill, which was a fine uniform sand, was rained 
from a hopper to ensure a uniform density. During placement of 
the sand a thin layer of coloured sand was installed at alternate 
layers to act as a marker bed. To investigate the effects of density, 
tests were carried out with the sand at a relative density of 63%, i.e. 
medium-dense, or 20%, i.e. loose. The corresponding angles of 
internal shearing resistance which were measured using the triaxial 
apparatus, operating at appropriately low stress levels, were found 
to be 44° and 31°. Pull-out tests on the reinforcing strips indicated 
an angle of bond stress of 31° corresponding t o / = 0-6. The heights 
of the model walls were increased until failure was induced, when 
the models were dismantled to allow location of the failure plane, 
as indicated by the marker beds, and any tensile fractures. 

Typical results for walls failing by strip breakage are shown in 
Fig. 46b. As can be seen the test results for medium-dense sand 
are in reasonable agreement with the simple Rankine theory. 
Conversely the test results for the loose sand show greater failure 
heights than those predicted by theory; in fact these results were 
found to be very close to those for the medium-dense sand. This 
result may reflect the fact that no allowance was made for the effect 
of the backfill thrust on the distribution of vertical stress within the 
reinforced mass. Measurement of the distribution of tension along 
the reinforcing strips gave slightly ambiguous results. These 
indicated that the highest stress level occurs close to the facing unit; 
however, the overall stress levels seemed to be low suggesting that 
some of the stress was being taken by the strain gauge lead wires. In 
view of this, later models were fitted with strain gauges close to the 
face to minimize such interference. 

Typical results showing the variation of tensile stress with depth 
are given in Fig. 47a. As can be seen there is a trend involving the 
anticipated increase of tensile stress with depth; however, this 
trend is curtailed towards the base of the wall. This effect is almost 
certainly induced by base friction. On inspection after failure of the 
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( a f t e r L e e et a l 1 9 7 3 ) 

Figure 47 O b s e r v e d t ens i l e s tress a n d fai lure p l a n e 

wall the ties were found to have fractured at the facing unit, as 
predicted by the strain gauge measurements. These findings were 
contrary to those of the LCPC. However, later and more reliable 
measurements on the full-scale wall confirmed that maximum strip 
tensions occurred some distance back from the facing. 

Results for walls failing by pull-out of the reinforcement (Fig. 
46a), show fairly close agreement with the theoretical results from 
the Coulomb methods. As expected the Rankine theory was found 
to be conservative. For comparison Fig. 46a shows the LCPC rule-
of-thumb design which takes L = 0-8H. 

An extremely interesting result was obtained for the shape and 
location of the failure surface. Figure 47b shows a typical series of 
test results compared with the classical Coulomb failure plane 
inclined at (45 4- c|>72) to the horizontal. As can be seen the 
observed failure plane is slightly curved but emanates from the toe 
of the wall and finally converges with the Coulomb plane at the top 
of the wall. The original references did not make clear whether the 
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observed plane was associated with a tensile or bond failure mode. 
However, later work (Lee, 1976), states that in model walls loaded 
to failure, either in bond or tension, the outer boundary of the 
failure zone always approximates to the theoretical failure plane. 

This observation was found to be at variance with the subsequent 
full-scale wall investigation where the locus of the points of 
maximum strip tension fell along a curve very similar to that 
observed by the LCPC (Fig. 44). Further variance between model 
and full-scale applications was found in the magnitude of strip 
tensions with the field results being quite close to the 'at rest' 
distribution in the upper sections of the wall. A similar observation 
was made by Chang (loc. cit.) during his investigation of a full-scale 
wall on Highway 39. This result is not entirely unexpected since as 
explained by Schlosser & Vidal (1969) if the same distribution of 
reinforcement is used in each layer the reinforcement in the upper 
layers will be understressed and therefore suffer negligible strains 
thus giving rise to a KQ pressure regime. At depth the same 
reinforcement would be exposed to higher lateral pressures 
inducing higher tensile stresses and strains. If the strain is large 
enough there would be a corresponding lateral yield in the adjacent 
fill, ultimately leading to the development of an active pressure 
regime. 

THE DoE/TRRL STUDY 
The first Reinforced Earth wall constructed in the United Kingdom 
is situated on the Leith to Granton bypass near Edinburgh. This 
wall, which was constructed in 1972, is some 106 m long and up to 
7 m high with construction being completed in 5 weeks (Finlay & 
Sutherland, 1977; Finlay, 1978). This success was repeated on the 
Huntingdon-Godmanchester bypass and the Runcorn-Widnes 
bridge. In all three cases the Vidal concrete panel system was used. 
At about this time the Department of the Environment (DoE) 
started its own research and development programme with 
Banerjee of the DoE, assisted by Bolton at University of Man-
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C h e s t e r Institute of Science and Technology (UMIST) , appointed 
to carry out a theoretical study. Jones , of the West Yorkshire 
Metropoli tan County Council was responsible for devising a practi
cal construction system (Reina, 1975). These studies culminated in 
the production of two reports: Banerjee (1973) and Bolton (1972), 
together with the construction of a 100 m long prototype wall on 
the M62 in Yorkshire using the so-called 'York Method ' of con
struction (Jones, 1978). The first technical publication on this 
subject was by Symons (1973) of the D o E / T R R L , who briefly 
reviewed the LCPC and U C L A studies. This was followed by a 
state-of-the-art study sponsored by the then West Riding County 
Council (Mamujee , 1974). 

One year later Banerjee (1975) published a paper presenting 
principles of analysis and design. This extremely abstruse 
dissertation, which is based on the Coulomb force method, 
presents a general analysis involving a c'—<}>' soil and a uniform 
surcharge at the top of the wall. For simplicity the presentation 
here is confined to a purely frictional soil with no surcharge. 
Consideration was given to a wall of height H where the reinforced 
mass is cut by a plane inclined at (3 to the vertical (Fig. 41a). It 
follows that the sliding and restoring forces along the plane are 
given by equation (50): 

Sliding force = j y / / 2 s inp (50a) 

Resisting force = jy/ / 2 sinptanptan<|>' + ir(cosptan(J>' + sinP) 
(50b) 

Introducing a factor of safety, F , defined as the ratio of resisting 
force to sliding force, equation (51) is derived where X = IZT/yH1: 

F= tanptanc|>' + A^l + cotptancj)') (51) 

On the assumption that 2 T and hence X is not very sensitive to 
changes in P Banerjee obtained a value of p for the minimum factor 
of safety, equation (52): 
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The value of 2 7 will depend on whether all the bars fail in tension 
or bond. Thus if all the bars fail in tension: 

Conversely for bond failure Banerjee derived an equation identical 
to equation (47); however it was assumed that m = 0 whence the 
expression was summed over n terms to give equation (54): 

Z r = ybJNSw[(n2 + n)(L - //tan|3) + \(n2 + n)(2n + l)Svtan|i] 
(54) 

It was then argued that the value of (3 could only be determined if 
2 T were known. The statement was then made that 2Tis not very 
sensitive to the value of p, whence |3 was put equal to (45 - (J>72). 
This assumed value was then substituted into equation (54) to give 
a value of 2T. This value of 2 T was then substituted into equation 
(52), in the form of X, to give a 'more accurate value of P' which in 

tanp = \/X (52) 

2 r = / 2 r u (53) 

74 



R E S E A R C H A N D D E V E L O P M E N T 

1 0 0 

— 0-75 

U 
O 

£ 
in 
c 
£ 

„ 0 -50 cn O 
> o 
c 

9 

I 0 25 

0 
0 2 4 6 8 10 12 14 16 

Change in effect ive stress ( k N / m 2 ) 

Figure 49 Relationship between change in average tensile force and 
change in effective stress 

turn was substituted, with 2 j T , into equation ( 5 1 ) to finally give a 
factor of safety against bond failure. Although not stated, it follows 
that to derive a factor of safety against tensile failure equation ( 5 3 ) , 
in the form of X, is substituted into equation ( 5 2 ) to give (3 which is 
in turn substituted into equation ( 5 1 ) , with 2 T from equation ( 5 3 ) . 

To assess the veracity of this approach the theoretical results 
were compared with those obtained from a series of centrifugal 
tests on models, constructed using dry sand, with reinforcement 
lengths and spacings which were varied from test to test. The com
parison is shown in Fig. 48 in for form of a plot of factor of safety 
against non-dimensional tension X - TET/yH2. As can be seen 
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there is reasonable agreement between theoretical and experi
mental results with all models having a theoretical factor of safety 
of unity or less, either collapsing or suffering large displacements. 
There is only one anomaly, concerning test No. 6, in which the 
model wall collapsed at a theoretical factor of safety of approxi
mately 1-3. It is interesting to reflect on the theoretical value of the 
non-dimensional tension, equation (55), at failure. Assuming that 
active thrust is developed then = VzK^H2 whence X = Ka: 

X = ILT/yH2 (55) 

This is borne out by Fig. 49 where, for a factor of safety of unity, 
X = 0-26 which exactly equals the value of Ka for (j/ = 36°. 

To make some assessment of the likely reinforcement tensions 
under service conditions Banerjee (1973) carried out a finite 
element analysis in which the soil and reinforcement were assumed 
to exhibit linear-elastic behaviour. For vertical and horizontal 
reinforcement spacing 5V and 5 h the strip tension Ts at any depth d 
was defined by a further dimensionless parameter T/ydSvSh. It was 
found over a wide range of relative soil/reinforcement stiffness that 
the maximum value of this parameter was sensibly constant at 0-35. 
This value was subsequently recommended for design in 
association with a factor of safety of 3. 

The initial centrifuge work was extended under the auspices of 
the TRRL to include comparatively sophisticated models with 
instrumentation for measuring the distribution of tension in the 
reinforcing strips as well as the distribution of vertical stress across 
the wall base (Bolton, Choudhury & Pang, 1978a, 1978b). One of 
the main findings from these series of tests was that the vertical 
pressure distribution across the width of the models was not 
uniform with the stress at the toe of the wall being up to 25% above 
the theoretical overburden pressure (Choudhury, 1977). It was 
concluded that this variation of vertical stress could be quite safely 
modelled using the trapezoidal stress distribution advocated by 
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Schlosser & Vidal (1969). The sand used in the construction of the 
model walls proved to be strongly dilatant with the angle of internal 
shearing resistance varying from 50° to 42° over the normal stress 
range 0-100 kN/m2. This led to problems in correlating theoretical 
and experimental data, since for the range of ((>' the value of Ka 

increased some 50% from 0-13 to 0-20. 
The TRRL investigation which is concurrent with that at UMIST 

commenced with an analytical and model wall study. The model 
walls, which were l m high, showed a well-defined Coulomb 
wedge at failure as observed by Lee et al. {loc. cit.). Also there was 
a tendency for the lateral pressures, as backfigured from measured 
strip tensions, to be closer to the 'at rest' distribution in the upper 
reaches of the structure. Murray (1977) argued that this 
phenomenon could be induced by the mode of wall deformation; 
for example if the wall translates, as certain of the model walls did, 
then the resulting pressure distribution is not the familiar linear 
distribution associated with walls rotating about their toes. Simple 
Dubrova (1963) theory was applied to show that translation results 
in a parabolic pressure distribution with K^KQ at the top of the 
wall and K<Ka at the base of the wall. A further, and most 
revealing, result obtained from the model wall tests concerned the 
effect of factor of safety on the distribution of strip tension. For a 
comparatively high factor of safety of 2-5 the maximum tension 
occurred some distance back from the face of the wall; however, at 
a factor of safety of 1-1 the maximum tension occurred at the face 
of the wall as found by Lee et al. (loc. cit.). 

One of the prime objectives of the TRRL research was to 
investigate the use of cohesive backfill. This was achieved through 
the study of small scale models followed by the construction of pilot 
and full-scale walls. After successful construction of a 3m high 
pilot-scale wall backfilled with clay full-scale field trials were 
started in the summer of 1977 (Boden, Irwin & Pocock, 1978). The 
full-scale structure comprised a 6 m high embankment retained on 
three sides by vertical facing units (Murray & Boden, 1979). The 
main body of the embankment was 14 m wide and some 25 m long 
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with a construction ramp approximately 20 m long. The backfill 
was made up of three main layers, each layer occupying approxi
mately one-third of the height. At the lowest level was a sandy silty 
clay with liquid and plastic limits of 30% and 17% respectively. 
This fill was placed as wet as possible consistent with trafficability 
by the construction plant. The middle layer was a granular fill in
stalled to give a comparison between the performance of conven
tional and cohesive fills. The upper layer of fill, which was a silty 
clay - liquid limit 42%, plastic limit 21% - was placed at a moisture 
content of 18%. 

A range of different types of reinforcing strips were installed, 
including stainless steel, mild steel either galvanized or with plastic 
or aluminium coating, prestressed concrete planks, fibre-
reinforced plastic, and non-woven fabric. Several types of facing 
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unit were employed to assess the relative performance of large and 
small units, as well as to study the influence of the flexibility of the 
jointing between the units (Boden et. al.y loc. cit.). 

During construction alarmingly high excess porewater pressures 
amounting to 90% of the overburden pressure were developed in 
the lower layer of cohesive fill; however, there was no sign of bond 
failure of the reinforcing strips. Very small or zero excess 
porewater pressures were recorded at all times for locations less 
than 1 m distant from the facing. Contrary to what was originally 
anticipated the horizontal pressures acting on the wall did not 
reduce significantly as porewater pressure dissipated, but 
remained fairly constant. This behaviour was attributed to 
differential settlements caused by consolidation occurring more 
rapidly at the facing units which were backed with a drainage layer 
as well as to changes in mobilized interface friction between the soil 
and the reinforcement (Murray & Boden, loc. cit.). Although some 
evidence was put forward to substantiate the assertion that the 
mobilized friction and the tension which developed in the 
reinforcement was controlled by effective stress (Fig. 49) this 
appears to be at variance with the published tension distribution, 
for the same reinforcement, given in Fig. 50. One unequivocal 
observation was that compaction plant has a very significant effect 
on lateral pressures generated at shallow depths of fill. Figure 51 
shows lateral pressures recorded by a pressure cell located 1-125 m 
above the footing of the wall. As can be seen, until the depth of fill 
exceeded approximately 2-5 m the lateral earth pressures were 
dominated by the effects of compaction plant. The results of a finite 
element analysis incorporating such effects are also given in Fig. 
51. Above a depth of fill affected by compaction plant the 
measured lateral pressures were in reasonable agreement with 
those obtained using a Meyerhof distribution associated with KQ, 
the coefficient of lateral earth pressure at rest, rather than the 
coefficient of active earth pressure. The DoE study extended to the 
development of several construction systems, an investigation of 
reinforcement corrosion, as well as the publication of a formal 
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Figure 51 Relation between height of fill and horizontal pressure on wall 
for a cell installed 1-125 m above footing 

design manual. These developments will be considered in later 
sections. 

RECENT RESEARCH 
The years 1976-79 witnessed a mass onslaught of research with six 
major conferences and symposia being held during this short 
period. To review every contribution in detail is beyond the scope 
of this short text and would only result in a mere catalogue; there
fore consideration will be limited to the major innovations. With 
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few exceptions these fall into two main categories: namely investi
gations of failure modes and investigations of soil-reinforcement 
bond. 

Investigations of failure modes 
It has long been recognized that walls might fail through external 
instability, as might be suffered by a conventional gravity wall, or 
by internal instability invoked by either tensile or bond failure of 
the reinforcement (Schlosser & Vidal, loc. cit.). However, what 
was not recognized was that the density, distribution and in-service 
stress levels of the reinforcement might affect the location and 
form of failure surfaces within and adjacent to the reinforced mass. 
The formation of a failure surface other than that assumed in 
design could have catastrophic consequences. For example to 
guard against bond failure all design methods rely on the existence 
of a calculated bond length extending beyond an assumed failure 
surface into stable backfill. If the true failure surface deviates from 
that assumed the result is either an uneconomical design, or, even 
worse, an unsafe design. 

A most enlightening investigation of such possible deviations 
was carried out at Cambridge University using small-scale model 
walls constructed of sand and aluminium foil reinforcement 
(Smith, 1977). By using well-established radiographic techniques 
(James, 1973), it was possible to define rupture surfaces where the 
sand had dilated and thus become less opaque to X-rays. Three 
different reinforcement arrangements were investigated: (a) dense 
reinforcement; (b) short wide reinforcement; (c) long thin 
reinforcement (Smith & Wroth, 1977). The dense reinforcement 
was modelled by sheets of aluminium foil placed in such a 
concentration that the reinforced zone acted as a rigid body. 
Radiographs revealed what appeared to be a well-defined active 
zone developed at the back of the wall. A simple analysis revealed 
that the stability of the wall was governed by the HIL ratio and its 
effects on overturning (Smith & Bransby, 1976). This result would 
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not be entirely unexpected since the walls had very high HIL ratios 
in the range 5-10 compared with the more normally adopted in-
service ratio of approximately unity. The next reinforcement 
configuration investigated involved walls with short wide 
reinforcement where the ratio of the length to the total width of the 
reinforcement across the model wall was less than 10. In this case a 
substantially planar failure surface was found to pass through the 
toe of the wall within the reinforced earth mass. However, there 
was a distinct increase in the slope of the failure surface as it 
emerged from the back of the reinforced zone (Fig. 52). This was 
associated with a zone of high strain running up the back of the wall 
above the point of emergence of the failure surface. The final case 
considered long thin reinforcement where the ratio of 
reinforcement length to total width was greater than 10. For this 
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(after Smith 8 Wroth 1978) 

Figure 53 Inclination of failure surface to the vertical 

configuration the rupture surface again passed through the toe of 
the wall; however, the surface was substantially planar and steeper 
than those observed in the models with short wide reinforcement. 
From consideration of the equilibrium of the two blocks of soil 
shown in Fig. 52 a simple analysis was carried out to determine the 
value of 0 2 to give the minimum failure height for reinforcement of 
a known width B and length L. The experimental and theoretical 
results are shown in Fig. 53: as can be seen, as LIB increases the 
value of 6 2 decreases. The significance of the change in 0 2 can be 
seen by reference to Fig. 52. As 0 2 becomes smaller the failure 
surface ED becomes steeper; the kink at the back of the reinforced 
zone becomes less pronounced and disappears completely if the 
failure surface is entirely within the reinforced zone. If 0 2 becomes 
larger it eventually approaches 90°; the failure mechanism is then 
that of the reinforced zone overturning under the action of a 
Coulomb wedge behind it. It is interesting to reflect that in the 
model tests carried out to failure by Lee et al. (loc, cit.) the 
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Figure 54 Geometry of failure surfaces 

observed value of 9 2 of (45 — <j>72) was associated with reinforcing 
strips generally having L/B>20. 

A very similar result was obtained by Romstad, Al Yassin, 
Herrmann & Shen (1978) who developed a very simple analysis to 
determine the effects of reinforcement spacing and failure mode on 
the geometry of the rupture surface. This analytical investigation 
was limited to granular soils where failure is defined by equation 
(56): 

_ 2oy sin<t>' 
1 — siiup 

The analysis assumed a failure surface made up of two straight 
lines. The lower line, inclined at 0! to the horizontal, passes 
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Figure 55 Failure heights in terms of design parameters 

through the reinforced zone cutting the back of the wall at a height 
H2 above the base (Fig. 54). A second line extends from this 
point, inclined at 82 to the horizontal, up to the level of the top of 
the wall. By considering the equilibrium of the mass contained 
between the failure surface and the front of the wall a quadratic 
equation was derived in terms od HIL - tan 6, having coefficients 
that include the variables 0,, 02, Z77vL2 and an assumed lateral 
earth pressure coefficient K. For given values of Ql9 02 and assumed 
value of Sr/yL 2 and K, the equation became a simple quadratic in 
HIL. By fixing values of Q{ and varying 02 it was possible to find a 
critical value of 02 corresponding to a minimum value of HIL. 
The effects of the mode of reinforcement failure and spacing were 
modelled by two dimensionless parameters where A and o are 
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respectively the cross-sectional area and yield stress of a 
reinforcement: 

Ci == 2bfL/SvSh 

C2 = Ao/2bfyL2 

Solutions were developed for a range of the design parameters Q 
and C 2 to study failure heights and the geometry of the failure 
surfaces. In Fig. 55 the solution for HIL may be viewed by taking a 
given value of C2 and noting the increase in failure height as Ct is 
increased. This is equivalent to holding all reinforcement 
parameters constant and simply decreasing their horizontal and 
vertical spacing. Alternatively it is possible to hold Q constant and 
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consider HIL as a function of increasing C2. This is equivalent to 
holding all parameters constant except increasing the yield force 
capacity of the strips. As expected, the failure height increases with 
decreasing spacing or increasing yield capacity unless no strips 
reach yield at failure. The solution for any given value of Cl with 
increasing C2 becomes horizontal when pull-out becomes the 
mechanism of failure for all strips. 

Typical failure surfaces for combinations of Q and C2 are 
illustrated in Fig. 56. Generally, increasing the values of Cx and C2 

decreases the value of Qv For all values of Q = 1-0 and C2 > 1-5 the 
0 2 value was 90° and the same observation was noted for C2 = 1-0 
and Q > 1-5. In general, the larger values of Cx and C2 represent 
greater percentages of reinforcement relative to the contributing 
area of soil and the failures begin to represent merely a sliding of 
the entire reinforced earth mass as a monolithic unit. As pointed 
out by Romstad et al. (loc. cit.), laboratory tests would normally be 
designed for small values of Cx and/or C2 because of low 
overburden stress levels; hence they fail with the classical Coulomb 
failure plane while prototype walls are designed with larger values 
for Cj and C2 resulting in much different failure surfaces. 

Unfortunately Romstad et al. (loc. cit.) did not appear to 
investigate the effects of factor of safety on the geometry of 
potential failure surfaces. From results of the DoE study it would 
appear that this has considerable effect. For example Bolton et al. 
(loc. cit.) found that at high factors of safety the locus of the 
maximum reinforcement tensions was substantially a vertical line 
0-4// back from the face of the wall; however, in models taken to 
failure by tensile fracture of the reinforcement the fractures were 
found to occur along a classical Coulomb plane (Murray, loc. cit.). 
Similarly the TRRL model wall tests showed that for a factor of 
safety of 2-5 maximum tensions occurred well back from the 
facing, whilst for a factor of safety of 1-1 the maximum tensions 
occurred at, or very close to, the facing. 

The LCPC have long been aware that the locus for maximum 
reinforcement tensions does not coincide with the Coulomb plane. 
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Figure 57 shows the results for six full-scale walls presented by 
Schlosser (1978). As can be seen the loci are substantially vertical 
in the upper sections of the walls with a gentle curve in the lower 
sections bringing the loci through or close to the toes of the walls. 
However, it must be remembered that these results come from 
walls operating at their in-service stress levels at which there would 
be a factor of safety of at least 2 against failure. In the light of this 
LCPC embarked upon a theoretical analysis assuming a log-spiral 
failure surface which in the upper half of the wall is a substantially 
vertical line 0-3/f back from the face of the wall (Juran, 1977). The 
analysis further assumes that the toe of the wall rotates about the 
top of the wall (Juran & Schlosser, 1978). This assertion warrants 
additional investigation since many researchers have observed that 
walls consistently rotate actively about their toes (Lee et al., loc. 
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cit.; Finlay, loc. cit.; Al Hussaini & Johnson, 1978; Magyarne, 
Radnot i , Scharle & Szalatay, 1979). 

A possible explanation for the geometry of the in-service 'failure 
surface' was given by Bassett & Last (loc. cit.). It was argued that 
potential slip or rupture planes are coincident with so-called 'zero 
extension lines'. In the case of a rigid smooth wall rotating actively 
about its toe one family of zero extension lines coincide with the 
familiar planar failure surface inclined at 45 4- <J>V2 to the 
horizontal. However when horizontal reinforcement is introduced 
the comparative rigidity of such inclusions induces a family of 
horizontal zero extension lines. The conjugate family of zero 
extension lines are vertical and as such constitute the observed 
vertical section of the 'failure plane ' . Bassett and Last suggested 
that the curved lower section of the failure plane might be caused 
by yielding of the reinforcement. Such yielding would, of course, 
no longer qualify the plane of the reinforcement as a zero extension 
plane which on such yielding would rotate back to an inclination 
near to 45 4- <|)72 to the horizontal. 

Investigations of soil-reinforcement bond 
In designing a Reinforced Ear th wall it is necessary to make an 
assessment of the likely bond stress and hence effective length of 
the reinforcement consistent with adequate pull-out resistance. 
Since the fill generally used in Reinforced Ear th is of a granular 
nature the bond between soil and reinforcement is frictional and as 
such depends on the ambient normal stress level, o v ' , and the 
coefficient of soil-reinforcement friction, / . Early investigations by 
Vidal and his licensees made use of the conventional shear box 
with a sample of the reinforcement mounted flush with the shearing 
surface of one box and soil filling the other half of the box (Schloss
er & Vidal, loc. cit.). Figure 58 shows results that are typical of this 
type of test. As can be seen there is a linear relationship between 
the maximum mobilized bond stress and normal stress, giving rise 
to a constant angle of bond stress 5 where tan 5 = / . Results for the 
smooth reinforcing strip tested in a sand with (|) = 43° show a quite 
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Normal stress 

F i g u r e 5 8 S h e a r b o x tes t resul ts for b o n d stress 

modest angle of bond stress of 25°, / = 0-47. Conversely with the 
reinforcement machined with transverse grooves, approximately 
0-5 mm deep, there is a radical increase in 5 to 40°, / = 0-84. As a 
consequence of this the early Reinforced Earth design methods 
assumed that / = 0-4 for fill with less than 15% finer than 80um. A 
higher coefficient could only be used if substantiated by testing 
(Schlosser, 1973). On this basis the bond stress acting on a rein
forcement at a depth z was taken to be 0-4 yz. 

It was apparent that the simple shear box test did not model the 
behaviour of a strip subjected to a tensile load; thus a more realistic 
investigation was conducted through Vidal's licensees (Mevellec, 
1977). This involved pull-out tests on strips of reinforcement from 
a model embankment 600 mm high (Fig. 59). All of the reinforcing 
strips were led out through the shoulder of the embankment by way 
of a smooth plastic tube so that the gauge length of each reinforce
ment was acted upon by a constant overburden depth generated in 
the main body of the model embankment. Some of the strips had 
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(after Mevel lec 1977) 
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their free ends encased in a further smooth plastic tube embedded 
in the body of the fill; this ensured a constant exposed gauge 
length. The reinforcing strips, which were made of smooth bronze, 
were 0-2 mm thick, 150 mm wide and either 800 mm or 1000 mm 
long. Prior to conducting the pull-out tests the bond stress charac
teristics were measured in the shear box. Using a Fontainebleau 
sand at a dry unit weight of 17-3 kN/m3 the angle of bond stress was 
found to be 27°, tan 5 = 0-51, compared with (j) 1 = 47° for the sand 
alone, (Alimi, Bacot, Lareal, Long & Schlosser, 1977). The first 
series of pull-out tests was used to investigate the effects of soil 
density. In interpreting the pull-out test results the LCPC intro
duced an apparent coefficient of friction/*, equation (57), derived 
from knowledge of the pull-out force, F, the embedded length L, 
over-burden yh and reinforcement width b: 

The results of these tests are summarized in Table 1 for a 
reinforcement length 1000 mm under an overburden height, h, of 
150 mm. 

f* = F/yhlbL ( 5 7 ) 
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It was observed that at low density the peak value of / * was 
obtained at small displacements of typically 2 mm, whereas at high 
density the peak was obtained after much greater displacement, 
typically 160 mm. The most striking effect of high density was the 
greatly enhanced value off* which rose from 0-30 at a dry density 
of 1-56 Mg/m 3 to 2-50 at a density of l-76Mg/m 3 . This was at
tr ibuted to dilatancy effects. 

A further series of tests was carried out to determine the effects 
of strip width. The results were somewhat inconclusive since, 

Table 1 Results of pull-out tests 

D r y 
d e n s i t y 
( M g / m 3 ) 

tan <$> / 
( shear 
b o x ) 

r 
( p e a k ) 

z% 
( p e a k ) 

r 
(resi
dual ) 

e% 
(resi
dual ) 

1-56 0 -50 0 -34 0-30 0-2 0-17 10-0 
1-66 0 -70 0-38 0-54 0-6 0-30 11-0 
1-76 1-07 0-51 2-50 18-0 2-36 24-0 
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although for overburden heights less than 180 mm there was a well-
defined decrease in f* with increasing width, there was no 
discernible relationship for overburden heights above 180 mm. 
This tendency for/* to decrease with width was later confirmed by 
Bacot et al. (1978); see Fig. 60. 

Vidal's licensees also carried out full-scale pull-out tests (Alimi 
etal., loc. cit.) to investigate the effects of embedded length, over
burden and strip roughness. The influence of strip roughness has 
been studied in some 500 pull-out tests conducted by the Re
inforced Earth Companies in France and Spain. Two types of rein
forcement have been used in these tests (Fig. 61): 

(a) plain galvanized steel strips; 
(b) ribbed galvanized steel strips. 

Typical load-displacement curves are shown in Fig. 61. As can be 
seen the peak resistance for the ribbed strip is higher than .that for 
the smooth strip; however, this higher peak occurs at a 
displacement of approximately 50 mm compared to 5 mm for the 
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smooth strip. For both types of reinforcement the value of f* was 
greater than tan <$>' measured using a shear box. 

The effects of reinforcement length have been reported by 
several investigators (Alimi, 1978; Bacot et al., loc. cit.; Schlosser 
& Elias, 1978). 

Reference to Fig. 62 shows the results of full-scale pull-out tests 
on Highway 39 (Chang, loc.cit.) and the Satolas wall (Alimi et al., 
loc. cit.). As can be seen /* shows a well-defined increase with 
increasing embedded length. This relationship was corroborated in 
model tests carried out by Bacot et al. (1978); Fig. 63. No 
satisfactory explanation of this phenomenon was advanced by the 
reporters; however, an analysis presented by Naylor & Richards 
(1977), suggests that a considerable amount of slip occurs at the 
end of the strip subjected to the pull-out load. If this length is 
sensibly constant for a given set of soil and reinforcement 
parameters it follows that the apparent coefficient of friction, 
which is calculated from the total embedded length, would appear 
to increase for longer embedded lengths. It appears from the 
results for the Satolas wall that for embedded lengths greater than 
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(after Gui l loux et al 1979) 
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6 m the value of f* levels off. This is almost certainly due to local 
yielding in the reinforcement. 

Results from full-scale tests carried out by the Reinforced Earth 
Company to determine the effects of overburden pressure show 
staggering values off* for r ibbed reinforcement (Schlosser & Elias, 
loc. cit.). A comparison of typical results for ribbed and smooth 
reinforcement is given in Fig. 64. It can be seen that for an over
burden depth of 1 m o v ' = 21 kN/m 2 , the value off* rises to approxi
mately 2 for smooth reinforcement and 7 for ribbed reinforcement. 
McKittrick (1978) has at tr ibuted this to dilatancy. This is possible 
in the case of the smooth reinforcement where 5 is some 17° greater 
than 4>' for an overburden of 1 m. However , it seems highly unlike
ly that dilatancy would account directly for the 36° enhancement 
recorded for the ribbed reinforcement. This hypothesis is borne 
out by Cornforth (1973) and Ponce & Bell (1971) who attributed an 
increase in (j>cv of 17°, or less (Cornforth, 1961), as due to dilatancy. 
Following further studies by the Reinforced Ear th Company, a 
more feasible explanation of this behaviour was later offered by 
Guilloux, Schlosser & Long (1979) who suggested that dilatancy 
occurs in a comparatively small zone in the immediate vicinity of 
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the reinforcing strip. Arching occurs across the strip by which the 
ambient backfill suppresses the volumetric expansion normally as
sociated with dilatancy. This suppressed dilatancy results in a 
locally enhanced vertical stress (Fig. 65), which gives rise to an 
increased pull-out resistance and hence an enhanced apparent coef
ficient of soil-reinforcement friction. This hypothesis was con
firmed by the results from a series of constant-volume shear box 
tests on sand. The loading platten of the shear box was controlled 
by a servomechanism which automatically increased the vertical 
stress level to prevent volumetric.contraction. The results of these 
tests are shown in Fig. 66 together with the envelope of full-scale 
pull-out test results. As can be seen the constant-volume shear box 
tests corroborate the field test results. 

The vast majority of studies of soil-reinforcement bond have 
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been rather staid in so far as they have been limited to horizontal 
layers of strip reinforcement. Some refreshing and promising 
deviations from this path have been made by Chang et al. (1977a, 
1977b), Birgisson (1978), and Smith & Birgisson (1979). The 
former investigated the pull-out characteristics of steel mesh 
reinforcement obtaining the typical results shown in Fig. 67. 
Despite the fact that the tests were carried out in a granular soil a 
bond adhesion has been attributed to the reinforcement at low 
stress levels. This is obviously erroneous; however the tests do 
serve to illustrate that meshes are potentially much more efficient 
than strips in developing bond stress. Birgisson has carried out 
some very simple yet very informative model wall tests in which 
inclined reinforcement has been used. The observed variation in 
failure height with reinforcement inclination is reproduced in Fig. 
68. As can be seen the observed failure height obtained maxima for 
reinforcements sloping at 10° from the facing to the back of the 
reinforced zone. This simple amendment appears to give a 10-15% 
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increase in failure height, compared to horizontal reinforcement, 
as well as easing the problem of installing underground services at 
the back of the wall. 

CURRENT DESIGN AND CONSTRUCTION SYSTEMS 
Three proprietary systems are currently used in the UK: Re
inforced Earth, due to Vidal, the DoE or York system, due to 
Jones, and the Websol system, due to Price. The Reinforced Earth 
system is used universally: over 4000 structures have been erected 
by Vidal's licensees. The other two systems account for only a 
small number of structures with their use in the UK restricted to 
certain public sector applications, pursuant to a lump sum being 
paid under the licence agreement concluded between M. Vidal and 
the DTp in January 1980. The basic requirements are the same in 
all three systems with the need for a facing unit, to prevent surface 
erosion, a series of reinforcing strips or sheets, and suitable back
fill. Additionally, it is necessary to incorporate a mechanism which 
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permits the fill and associated reinforcing strips to settle without in
ducing unacceptable stresses in the facing units and the reinforcing 
strips. With the advent of the Depar tment of Transport technical 
memorandum a number of ad hoc systems have appeared; 
however , these tend to lack the finesse of the proprietary systems. 

Re inforced Ear th 
Vidal developed two systems for constructing Reinforced Earth 
walls and has been granted patents for both which when contested 
were held to be valid in the English courts. The first, shown in Fig. 
22, comprises semi-elliptical cross-section facing units, typically 
250 m m high, which have a locating slot formed along the bottom 
edge. Reinforcing strips are connected to the units by bolts passing 
through the strip and the interlocking edges of the facing units. The 
s tandard units are straight, measure up to 10 m long, and weigh 
115 kg. Shorter units and specials are supplied to form corners. 
Mild steel and galvanized mild steel are standard construction ma
terials, these being typically 1-5-3-0mm thick. These thicknesses 
are consistent with a vertical unit stiffness that allows flexure under 
vertical load. If the backfill and reinforcing strips suffer internal 
set t lement this vertical movement is reflected in the facing units 
which compress like a bellows. This obviates high stresses at the 
reinforcement connections that would otherwise be induced by dif
ferential sett lement between the fill and the facing units. 

The metal facing unit has now been largely superseded by a more 
substantial precast concrete unit (Fig. 69) which is cruciform-
shaped in front elevation. Standard units weigh approximately 1 
tonne and are 1-5 m by 1-5 m with a total thickness of 180 mm. All 
edges of the unit are rebated to obviate any straight-through joints 
with the rebates doubling as guide-rails to facilitate alignment of 
the units during construction. A further aid to alignment is in the 
form of a dowel bar extending from the upper and lower edge of 
one arm of the cruciform. These dowels are also used as pivot 
points for the construction of curved walls. Each unit is furnished 
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F i g u r e 6 9 Precas t c o n c r e t e fac ing uni t s ( R e i n f o r c e d E a r t h ) 

with four steel lugs, cast in situ during manufacture. These lugs, 
which are usually at 1 m horizontal and 0-75 m vertical centres, are 
drilled to take the reinforcing strip connecting bolts. During 
construction a strip of compressible filler, such as cork board, is 
laid on the back edge of the horizontal joints before the next unit is 
placed. Frequent use is made of temporary wedges to form an open 
joint and aid vertical alignment. These construction techniques 
allow the facing unit to compress vertically in sympathy with any 
internal settlement of the fill. 

The reinforcing strips are almost exclusively metal, usually 
galvanized steel. Up until 1975 plain strips 60 mm or 80 mm wide 
and 3 mm thick were in common use. These were subsequently 
superseded by ribbed strips 40 mm or 60 mm wide and 5 mm thick 
(Schlosser & Elias, loc. cit.). In extremely corrosive fill 
environments stainless steel may be used. The effect and rates of 
corrosion are still not totally predictable; however, recent research 
work suggests that the 5 mm thick galvanized steel strips offer a 
service life in excess of 100 years in all but the most aggressive 
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environments (Darbin, Jailloux & Montuelle, 1978). Suitable fill 
material is generally of a granular nature with a limit of no more 
than 15% finer than 80 /xm. The maximum particle size is 
restricted to 350 mm with no more than 25% of the fill being 
coarser than 150 mm (Long, 1977). 

The current design methods adopted by the Reinforced Earth 
Company have been set out in the papers presented at the 1978 
Sydney Conference by both Schlosser and McKittrick and are pre
sented formally in a design directive issued by the Ministere des 
Transports (1979) through the LCPC. 

For horizontal and vertical strip spacings 5 h and 5V the strip 
tension at any depth z is given by equation (58) where o v is the 
vertical stress calculated using Meyerhof s distribution and K is an 
earth pressure coefficient given by equation (59): 

Ts = Ko\ShSy (58) 
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(after McKittrick 1978) 
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F o r z < 6 m : 

K = KQ + z(Ka-KQ)/6 (59a) 

For z > 6 m: 

# = ATa (59b) 

This variation of K with depth was derived empirically from 
observation of several full-scale walls (Fig. 70). No indication was 
given as to appropriate factors of safety against tensile failure. 
However, in earlier work (Schlosser, 1976), a factor of safety of 3 
was applied to ultimate tensile strength for galvanized steel. 

In designing against bond failure the effective bond length is that 
projecting beyond the idealized 'failure surface' shown in Fig. 71. 
The coefficient of friction is taken to be 0-4 for plain strips and tancj)' 
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for ribbed strips (Schlosser and Elias, loc. cit.). For overburden 
heights less than 6 m/* is assumed to reduce linearly from unity at 
the free surface to tan<(>' at a depth of 6 m. Taking a factor of safety 
of 1-5 against bond failure the required bond length, L a, at depth z 
is calculated from equation (60) (Schlosser & Elias, loc. cit.): 

La=l-5Ts/2bf*yz ( 6 0 ) 

Having designed for internal stability the structure must be 
checked for external stability. Reinforced Earth may be designed 
to comply with DTp requirements set out in DTp Technical Mem
orandum (Bridges) BE 3/78. 

The York system - DoE 
This system, which was largely developed by Jones (1978) most 
commonly uses lightweight glass-reinforced cement facing units 
weighing 18 kg. The units take the form of a hexagon-based 
pyramid 225 mm deep and 600 mm across the flats. One pair of 
diametrically opposite flanges on each unit is drilled with large-
diameter holes which allow the unit to be threaded onto vertical 
guide poles (Fig. 72). The vertical poles, which serve as face rein
forcement, are made up of short lengths of 35 mm diameter PVC 
tubing with spigot and socket connections. In the finished wall 
these poles are reinforced with mild steel bars grouted in situ to 
render the vertical pole rigid. The reinforcement, which is again in 
the form of strips, is drilled with one hole at one end which allows 
the reinforcement to be threaded onto the vertical pole at the 
required vertical spacing. When any settlement occurs in the fill 
and associated reinforcing strips the 'attached' end of the reinforce
ment simply slides down its vertical pole, thus obviating any 
settlement-induced stresses at this connection. 

All aspects of the design and specifications for the component 
parts are clearly set out in BE 3/78. Permitted reinforcing materials 
include aluminium alloy, galvanized carbon steel, copper, and pro-
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Figure 72 The DoE York system 

prietary material, awarded an Agrement Board Certificate. Three 
reinforcing strips falling into this latter category are Fibretain, a 
glass-fibre-reinforced plastic, Paraweb, a linear composite of Tery-
lene fibre cores in an Alkathene sheath and the high adherence Re
inforced Earth galvanized steel strip. The allowance made for 
corrosion of the metallic reinforcement during the specified 120-
year design life is dependent on the class of backfill used (Table 2). 

Table 2 Corrosion allowances 

Material 

Thickness to be allowed for on each surface 
exposed to corrosion (mm) 

Material Frictional fill Cohesive frictional fill 

Aluminium alloy 0-15 0-30 
Copper 0-15 0-30 
Galvanized steel 0-75 1-25 
Stainless steel 0-10 0-20 
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Both frictional and cohesive frictional fill are limited to a 
maximum particle size of 125 mm; however it is specified that 
frictional fill shall not contain more than 1 0 % passing the 6 3 ptm 
sieve. Conversely the so-called cohesive-frictional fill may contain 
more than 1 0 % finer than this size provided that the liquid limit 
and plasticity index do not exceed 4 5 % and 2 0 % respectively. 
However the clay fraction, i.e. 2/xm and liner, is limited to a 
maximum of 1 0 % . The coefficient of friction between the soil and 
the reinforcement may either be measured directly using the shear 
box or taken from the expression /x = atan (j)' where oc is in the range 
0 - 4 6 - 0 - 5 0 for plain strip. For the more efficient Reinforced Earth 
ribbed strip, the Agrement Board recommend a value of 0 - 9 . The 
lengths of the various reinforcements are determined by calcula
tion; however, in no circumstance is the reinforcement length to be 
less than the greater of 0 - 8 / 7 or 5 m. 

The design method for checking internal stability is a very 
conservative composite involving both the Rankine and Coulomb 
methods. First a check is made on the stability of each layer by 
calculating the maximum tensile force, Tr per metre run of wall, to 
be resisted in the ith layer. This force is taken to be the sum of the 
tensions created by five possible loadings, equation ( 6 1 ) : 

T{ = Tx + T2 + T3 + T4 + T5 (61) 

where: 

Tx: due to overburden equals Kjz, 
T2: due to uniform surcharge q at top of wall 
T3: due to strip loading at top of wall 
T4: due to horizontal loading at top of wall 
T5: due to bending moment caused by external loading on wall. 

It is apparent from the expression given for T5 that the bending 
moment referred to is that generated by lateral thrust at the back of 
the reinforced earth wall. Having evaluated T{ a check is made to 
ensure against tensile failure and pull-out failure. The required 
reinforcement perimeter p per metre run of wall is calculated from 
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equation (62) which, somewhat oddly, incorporates the total 
length, L„ of each reinforcement in the ith layer. The factor of 2 is a 
factor of safety on /x = atancj)': 

IT 
Pi = T < \ x ( 6 2 > 

\iLi(yZ[ + q) 
Once the stability of each and every layer of reinforcement has 
been checked the overall stability of several trial wedges is checked 
using a graphical method. The proposed technique is illustrated in 
Fig. 73 for a simple wall loaded by a uniform surcharge q and the 
self weight of the backfill. As can be seen a family of potential 
failure surfaces are assumed to originate from the face of the wall at 
a depth z,. Several inclinations are assumed for the failure surface, 
i.e. p i ? P2 etc. For each value of P a triangle of forces is drawn to 
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determine T the total tensile force to be resisted by the 
reinforcements cut by the failure plane under consideration. By 
evaluating Tfor several trial values of (3 it is possible to determine a 
critical value of P associated with a maximum value of T. This 
maximum value of T is compared with both the allowable tensile 
and pull-out resistance of the reinforcing strips within the depth z,. 
In this case the length of each reinforcement considered is the 
effective bond length extending beyond the potential failure 
plane under consideration, equation (63): 

m 

T^^mLv(yZi + q) (63) 

Satisfied that stability is ensured at depth zi a further family of 
potential failure planes is investigated for another value of z,. In fact 
the memorandum implies that up to five locations be checked down 
the face of the wall. 

The Websol system 
This system differs from the two previously described in as much as 
it incorporates non-metallic reinforcement. However, since this 
system was judged in December 1981 to infringe Vidal's UK 
patents its use in the UK is limited to certain public sector applica
tions falling within the licence agreement previously concluded 
between Vidal and the Department of Transport. In this system the 
reinforcing strips are made from Paraweb, a material made by ICI, 
which comprises synthetic fibres encased in a polythene sheath, the 
strength of the strip being developed in the fibres whilst the sheath 
gives the strip its required form and shape. The strips are placed 
doubled so as to form a loop at the wall end with the loop secured 
by a short toggle bar passing through a pair of metal eyes cast into 
the back of the facing unit. The facing panels are of precast con
crete, 120 mm thick, and are T-shaped in front elevation with a face 



R E S E A R C H A N D D E V E L O P M E N T 

area of 3-2 m2. Settlement-induced stresses between the facing 
panel and the reinforcement, are relieved partly by local rotation 
between the Paraweb and its toggle bar fixing and partly by the pro
vision of compressible packing along the joints. It is understood 
that modifications to this system are currently under consideration 
by its proprietors, Soil Structures Limited. 

COHESIVE FILL 

In comparison to a great deal of on-site fill available in the United 
Kingdom the fill specified by the Reinforced Earth Company is of 
high quality and therefore likely to be expensive. To a lesser degree 
this is true of the fill material specified by the DoE. This may have a 
very significant effect on overall economy. A cost analysis carried 
out by Mamujee (1974) based on current prices for the third 
quarter of 1973, showed that walls employing the York system 
excluding backfill, were very approximately half the cost of con
ventional reinforced concrete cantilever walls, excluding backfill 
(Fig. 74). However when some allowance is made for the cost of fill 
a quite different result may emerge. Suppose for example that the 
on-site fill is a clay costing £l/m 3 to excavate, place and compact. 
This material may well be suitable only as backfill to a conventional 
cantilever wall in which case the York system may require a much 
higher grade of imported material. Again using very approximate 
prices for 1973 this fill would cost in the order of £4/m3 to transport, 
place and compact. The effect on the overall costs for the two types 
of construction and backfill are shown in Fig. 74. As can be seen, 
under these circumstances neither form of construction shows a 
clear economic advantage. Thus it would appear that to show con
sistent savings in the United Kingdom any system should be amen
able to construction using as-found cohesive backfill. 

Research carried out at the LCPC does not bode well for the use 
of cohesive fill. Schlosser & Vidal (1969) argued that there would 
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be problems in developing the necessary reinforcement pull-out 
resistance. It was pointed out that when using granular backfill the 
bond stress is proportional to yztan and therefore increases with 
depth. For clay, however, it was argued that the short-term 
strength, C u , is independent of stress level, thus at very best the 
maximum bond stress would be C u. It was thought that this 
maximum bond stress would be insufficient to ensure stability using 
established techniques. This judgement seems very harsh since 
even very simple calculations indicate that if C u is fully mobilized in 
bond stress quite reasonable bond lengths result; equation (64): 
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For: 

y = 20 kN/m 3, C u = 40 kN/m 2 

/ / = 10m, S h = S v = 0-5m 
6 = 0-06m, F = l - 5 
L = 9-4m. 
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Consistent with the notion that cohesive fill should not be used the 
LCPC carried out a series of shear box tests on fully saturated 
mixtures of granular soil and clay to demonstrate the detrimental 
effects of high clay content (Schlosser, Mandagaran & Ricard, 
1971; Schlosser & Long, 1974). The tests involved the use of a 
standard 60 mm shear box with drainage top and bottom. In the 
first stage of the investigation a purely granular soil was tested at 
various normal stress levels to determine the effective angle of 
internal shearing resistance c|>'. Although a rapid rate of shear of 2% 
per minute was used the purely granular soil was sufficiently 
permeable to permit complete dissipation of porewater pressure, 
thus ensuring drained shear. This procedure was repeated; 
however, progressively increasing quantities of clay were added to 
the granular soil. The effect of this was progressively to decrease 
the permeability of the mixture and so, at this high rate of shear, 
progessively change the shearing conditions from drained to 
undrained. Of course, in the extreme case when the mixture was 
pure clay, the angle of shearing resistance was zero. Results for 
intermediate clay contents are shown in Fig. 75 for mixtures of 
Loire sand and Provins clay, and glass ballotini and Provins clay. 
Since the results were interpreted in terms of total stress the 
intermediate angles of shearing resistance are denoted (J>u. As can 
be seen, the Loire sand substantially performed as a saturated clay 
at clay contents above 50%; similarly the performance of the 
ballotini was transformed at a clay content of 70%. Commenting 
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(af ter Schlosser 8 Long 1974) 
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F i g u r e 75 E f f e c t o f c lay c o n t e n t o n ang le o f shear ing res i s tance 

on these results Simons (1975) pointed out that the tests were 
conducted at a very high rate of shear with failure resulting in less 
than 10 min under undrained conditions at the higher clay contents. 
It was argued that in the field the generation of porewater 
pressures could be controlled by construction rate and provision of 
suitable drainage layers. Combining this with an effective stress 
analysis, rather than the somewhat conservative total stress 
analysis, Simons saw no reason why cohesive fill should not be used 
successfully. 

This assessment was borne out by subsequent research work 
(Ingold, 1979a, 1980a), involving triaxial testing of both reinforced 
and unreinforced clay samples. It was found that the addition of 
reinforcement gave considerable improvement in strength 
provided that no excess porewater pressure was allowed to 
develop. This was achieved either by shearing the samples slowly, 
or by using permeable reinforcement which permitted rapid 
shearing with the reinforcement acting as a drainage layer allowing 
rapid dissipation of excess porewater pressure. If rapid loading was 
attempted with impermeable reinforcement it was found that the 
reinforcement actually caused a decrease in strength. This was 
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caused by the radial migration of high induced porewater pressures 
causing a reduction in lateral effective stress leading to premature 
failure (Ingold, 1979b). The TRRL have successfully constructed a 
6 m high experimental wall using alternate layers of cohesive and 
non-cohesive fill (Murray & Boden, loc. cit.; Boden et al., loc. 
cit.). To minimize porewater pressures induced during 
construction the base of the fill was furnished with a granular 
drainage blanket. The backfill was made up of three main layers, 
each layer occupying approximately one-third of the wall height. 
At the lowest level was a sandy silty clay with liquid and plastic 
limits of 30% and 17% respectively. Above this was a layer of 
granular fill which acted as a further drainage layer. The 
uppermost layer of fill was a more plastic silty clay with liquid and 
plastic limits of 42% and 21% respectively. To further aid drainage 
and dissipation of excess porewater pressures a vertical granular 
drainage blanket was constructed at the back of the wall during 
placement of the main body of fill. Despite these precautions very 
high excess porewater pressures were developed in the cohesive 
fill, especially in the lower layer which had been placed at a high 
moisture content. Although the wall proved quite stable certain of 
the facing panels suffered substantial movement. This is thought to 
be due to the excessively high lateral earth pressures induced by 
compaction plant (Fig. 51). Subsequent investigations of 
compaction effects have shown that they can be taken into account 
using simple analytical method (Ingold, 1979c). 

ECONOMICS 
At present there are insufficient data published to make a 
meaningful comparison between the relative costs of Reinforced 
Earth and conventional structures in the United Kingdom; 
however, wide application in France, the USA and Australia has 
indicated that Reinforced Earth structures can show a substantial 
saving in cost over traditional structures. Schlosser (1976) has cited 
savings in the range 25-65%, with the larger savings being made on 
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sites where conventional structures would require expensive piled 
foundations. It was found that the inherent resistance of Re
inforced Ea r th to damage by large total and differential settlements 
obviated the need for piled foundations in the corresponding Re
inforced Ear th structures. This is substantiated by experience in 
the U S A where comparative tenders to the Georgia Depar tment of 
Transpor t for Reinforced Ear th and convential reinforced concrete 
walls showed a saving of 2 7 % . Substantial savings were also repor
ted by the California Depar tment of Transport (Fig. 76). Over a 
wide range of soil types in Australia savings varied between 20% 
and 5 0 % with an overall average saving in walls and abutments of 
3 2 % . 

POLYMER REINFORCEMENT 
To date the vast majority of earth structures erected have been 
walls in one form or another . In this application almost exclusive 
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use has been made of metallic reinforcement by virtue of its 
strength, stiffness, cheapness and resistance to creep deformation. 
The one outstanding difficulty in designing such structures is the 
accurate prediction of rates of reinforcement corrosion likely to 
occur during the design life of the structure. Despite these difficult
ies the technical memorandum issued by the Department of Trans
port (1978), gives guidance as to the sacrificial thickness to be 
allowed for on each surface of the reinforcement exposed to corros
ion. For a 120-year -design life this thickness is typically 0-75-
1-25 mm for galvanized steel and 0-1-0-2 mm for stainless steel, 
depending on the nature of the backfill. 

Non-metallic reinforcements are almost exclusively made of 
one, or a combination, of the many polymers available with the 
strength and deformation properties of the resulting reinforcement 
being largely governed by the specific polymer and the 
manufacturing process used to form the end-product. However, in 
general non-metallics are less strong and more extensible than 
their metallic counterparts. One considerable advantage of 
polymers is that they do not suffer from corrosion as such; however, 
they are susceptible to attack by various other agencies. The 
degradation resistance of some of the more commonly used 
polymers is qualified in Table 3 (after Cannon, 1976). 

A less desirable property of polymers is the tendency to creep. 
Creep, which is a time-dependent phenomenon, is manifested by 
strain, at constant load, in excess of that caused by initial loading. 
The significance of creep in earth structures depends upon the 
design life of the system and the particular application. Obviously 
in temporary structures creep would cause little problem. In per
manent structures consideration must be given to the particular 
application; for example, in the case of embankments it is the rela
tive rates of consolidation and plastic yielding of the subsoil 
measured against the rates of creep in the reinforcement that deter
mine the reinforcing effect. Many unstable soil deposits, such as 
silts and peats, consolidate relatively rapidly and it is conceivable 
that materials exhibiting high creep would prove satisfactory under 
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Table 3 Degradation resistance of various synthetic fibres 

Types of synthetic fibres 
Resistance Poly Polypro
to attack by Polyester Polyamide ethylene pylene PVC 

Fungus Poor Good Excellent Good Good 
Insects Fair Fair Excellent Fair Good 
Vermin Fair Fair Excellent Fair Good 
Mineral 
acids Good Fair Excellent Excellent Good 

Alkalis Fair Good Excellent Excellent Good 
Dry heat Good Fair Fair Fair Fair 
Moist heat Fair Good Fair Fair Fair 
Oxidizing 
agents Good Fair Poor Good -

Abrasion Excellent Excellent Good Good Excellent 
Ultraviolet 
light Excellent Good Poor Good Excellent 

such conditions (Holtz, 1977). Alternatively for more rigid struc
tures, such as reinforced earth walls, long-term creep could have 
serious effects. Promising results have been published by Holtz & 
Broms (1977), who carried out tests on model walls reinforced with 
a woven polyester fabric. The creep coefficient of this material was 
found to be in the range 0-14-0-18. 

Creep is a function of stress level, temperature, and obviously 
material type. In general the total strain, e,%, at some time, t 
minutes, can be defined from knowledge of the initial strain e0% 
and the creep coefficient b which is defined in units of per cent per 
log (lOr) cycle (Finnigan, 1977); equation (65): 

e t = 8q + 61og(100 (65) 

Tests reported by both Finnigan and Van Leeuwan (1977) confirm 
that creep coefficients for polyester at approximately 50% of 
ultimate load are in the range quoted by Holtz and Broms. Further 
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Table 4 Basic forms of common synthetic polymers 

Form 

Composition Fabric manufacture Non-fabric manufacture 

Polyamide: nylon 
Polyester: Terylene 
Polyolefin: polypropylene, 

polyethylene 
Polyvinyl: acrylic, PVC 

Staple or tape 
Staple or tape 

Staple or tape 
Staple or tape 

Resin 

Plastic sheet or granules 

results published by both Finnigan and Van Leeuwan indicate that 
the creep coefficients for polyamide are in the range 0-22-0-36, 
whilst for polypropylene Van Leeuwan indicates a creep 
coefficient of 1-44. From this it is apparent that polypropylene 
would be unsuitable for use in reinforced earth walls where, based 
on a 50-year design life, creep strain would theoretically amount to 
some 12%. There is need for further investigation into creep; 
particularly creep in the soil reinforcement environment. 

The structure of polymer soil reinforcements 
On first encountering the world of polymer materials the civil 
engineer finds himself in a morass of unfamiliar terminology. To 
combat the resulting confusion it is useful to attempt an ordered 
classification of some of the more commonly used polymers and 
forms of polymer soil reinforcement. One basic division may be 
made between fabrics and non-fabrics. As the name implies, 
fabrics are textiles which are manufactured by weaving, knitting or 
bonding polymer fibre or yarn. The non-fabrics are generally in the 
form of polymer plastic nets, meshes or strips, the latter being 
reinforced with fibreglass or polymer yarn. Table 4, which is based 
on work by McKeand & Sissons (1978), lists commonly used 
synthetic polymers and their respective basic forms for subsequent 
use in the manufacture of fabrics and non-fabrics. 
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Fabrics 
Polymer fibres are the basic constituent in the manufacture of 
fabrics. These are either manufactured as staple, which are fibres 
between 20 mm and 200 mm in length, or as continuous filaments 
(McKeand & Sissons, loc. cit.). The actual manufacturing process 
falls into two main categories; namely woven and non-woven. The 
woven fabrics are generally manufactured using yarn which in turn 
has been spun from the basic fibre. Alternatively the fabric may be 
woven from polymer tape. Knitting is a further, but less common, 
process which tends to be grouped under the general heading of 
woven fabric. This classification is useful since it embraces the 
intermediate process whereby a comparatively weak knitted base 
fabric can be used as a support for a stronger warp which is woven 
into the base to give a strong unidirectional fabric. The majority of 
the non-wovens for use in civil engineering are produced either by 
felting or bonding. The most common form of felting is needle-
punching. In this process a series of rapidly reciprocating barbed 
needles is inserted into a web of loose fibre. The action of the 
needles is to cause the fibres to tangle and ensnare one other, so 
forming a dense coherent web. On the application of heat this web 
contracts to give a dense needle-punched felt. The process of 
bonding can be divided into three sub-categories: resin-bonding, 
melt-bonding, or stitch-bonding. In these processes a mass of 
staple or continuous filaments is made coherent by the respective 
actions of heat and a chemical bonding agent or heat alone which 
fuses the fibres at their contact points or by literally sewing the 
mass together. 

As might be expected, the manufacturing process has a very 
pronounced effect on the strength and deformation properties of 
the resulting fabric. These variations are reflected in the force 
extension curves reproduced in Fig. 77 (after Andrawes & 
McGown, 1977). As can be seen, the melt-bonded and needle-
punched fabrics tend to be very extensible with failure strains up to 
100%. These structures are also associated with relatively low 
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strengths. Resin-bonding appears to give a marginal increase in 
strength and a significant improvement in deformation modulus. 
By far the best performance is manifested by the woven fabrics, 
including unidirectional knitted/woven composites, which give 
much higher strengths and higher deformation moduli. The best of 
these fabrics mobilize ultimate strengths in the order of 100 kN/m 
at strains of approximately 10%. 

Non-fabrics 
This somewhat negative term applies to some of the more 
promising wall reinforcements. Since so few reinforcing materials 
fall into this category there is at present no real need for the 
classification into sub-categories. Two strip reinforcements which 
have been used in full-scale walls are Paraweb and Fibretain. 
Paraweb is a composite formed from continuous aligned high-
tenacity polyester yarns enclosed in a sheath of durable black 
polyethylene. This reinforcing material is formed in strips 75-
100 mm wide taking minimum loads in the range 10-100 kN per 
strip. Design loads vary between 3 and 33 kN. Fibretain, which is a 
fibreglass-reinforced plastic (FRP), is a composite of chemically 
resistant thermosetting resins and unidirectionally aligned glass 
fibres. The high strength and long-term stability of the glass fibres 
render this material less susceptible to creep. Again this material is 
manufactured in strips, with widths in the range 40-160 mm. Long-
term ultimate strengths per strip fall in the range 16-80 kN. Both of 
these materials are currently under test in the full-scale experi
mental wall construction at the Transport and Road Research Lab
oratory (Boden. et al., loc. cit.; Murray & Boden, loc. cit.). 
Additionally Paraweb has been used very successfully in associ
ation with the Websol system on several major projects. Another 
promising non-fabric is Netlon's Tensar, a high density polyethy
lene geogrid, which has recently been used in the construction of 
several large earth structures. 
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Bond stress 
As well as requiring sufficient tensile strength an acceptable 
reinforcement must be capable of mobilizing sufficient soil 
reinforcement friction to render economic bond lengths. 

Shear box tests carried out at the TRRL (Boden et ai, loc. cit.) 
indicated angles of bond stress for Paraweb and Fibretain of 22° 
and 28° respectively when tested in a soil with an angle of internal 
shearing resistance of 37°. Pull-out tests carried out by Ground 
Engineering Limited (Ingold & Templeman, 1979; Ingold, 1980a) 
have shown a wide range of values of angle of bond stress for 
various fabrics and non-fabrics tested, in sand (Fig. 78). Reference 
to Fig. 79 shows the angle of bond stress to be dependent on normal 
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stress level. Meshes appear to give excellent performance with the 
shear strength of the sand being fully mobilized; however, the 
fabrics tested showed a marked deterioration of mobilized bond 
stress with increasing normal stress level. 
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4 
Future trends 

At the time of writing there is active research being undertaken in 
numerous universities and research establishments throughout the 
world; thus it would be presumptuous to attempt to draw any firm 
conclusions. The foregoing chapters have given a necessarily 
limited account of the current state of the art which, in brief, 
centres largely upon the empirical design of walls using earth reinfor
cement. Later research has broadened significantly to encompass 
several well-defined trends. The first and possibly the most import
ant of these involves more profound investigations of the underly
ing mechanisms of Reinforced Earth with a view to promoting a 
much wider spectrum of application. One example of this is the use 
of reinforcement in embankments where it has been shown that the 
consistent use of horizontal reinforcement can lead to a local 
weakening of the embankment rather than strengthening. Simi
larly loss of strength can be induced when reinforcement is associ
ated with saturated clay subject to undrained loading. Other basic 
studies have introduced the notion that earth reinforcement 
operates through a strain-, rather than stress-, controlled mechan
ism. This approach is of special significance in designing structures 
such as reinforced embankments where large movements such as 
settlements may make it appropriate to use more extensible rein
forcement. Conversely in more rigid structures, for example retain
ing walls, the use of more extensible reinforcement would be 
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precluded on the grounds that unacceptably large movements 
would be necessary to mobilize the required reinforcing effect. 

Ano the r well-defined t rend is the search for alternatives to the 
now widespread use of reinforced concrete for facing units, and 
metal - generally steel - for the reinforcement. In particular there 
has been much debate on the validity of methods of predicting rates 
of corrosion, especially pitting of metallic reinforcement. This has 
led to extensive research and development of 'non-corrodable ' 
synthetic reinforcing materials including resin-bonded glass fibres, 
encapsulated polyester yarn, plastic meshes and a wide range of 
fabrics or so-called geotextiles. 

With the exception of the first two materials the desirous quality 
of high resistance to degradation is often associated with high creep 
coefficients. Al though creep deformation may be tolerated, 
account must be taken of long-term strength. This caution is reflec
ted by results from an experimental Reinforced Earth wall at 
Poitiers where Tergal , a woven polyester reinforcing strip, suffered 
a 5 0 % loss in strength over 11 years. It is almost certain that 
synthetics will play an important role in certain aspects of soil 
reinforcing, especially now that manufacturers are producing re
inforcements to specifications that are becoming progressively 
bet ter defined. Geotextiles in particular are expected to play a 
major role in the future, since as well as their potential as reinforce
ment they have added applications including separation, filtration 
and drainage. 

It is thought that now adequate empirical design rules have been 
established for Reinforced Ear th walls there may be development 
of other applications. Several of these, including Reinforced Ear th 
arches, beams and foundations, have been the subject of initial re
search. Others such as Reinforced Ear th slabs and soil bridges have 
already been been constructed as full-scale prototypes. There has 
to date been great flair shown in the application of walls to struc
tures that could not be economically constructed using reinforced 
concrete . These include the construction of Reinforced Ear th 
dwellings which have very useful applications to steep sites that can 
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be terraced, and slot storage systems. The latter is encouraging in 
as much as the provision of bulk storage facilities has been success
fully translated from one form and medium, namely reinforced 
concrete silos, to another mutually compatible form and medium 
with the added bonus of more economic construction. 
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