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The use of soil reinforcement in highway schemes 

Utilisation du renforcement des sols dans les projets routiers 

L'utilisation des techniques de renforcement des sols est quelquefois tres avantageuse 
lorsqu'elle intervient dans la Dhase initiale de la conception d'un ouvrage important. Cette 
communication montre les modifications qui peuvent etre apportees aux projets et l'applica
tion des methodes de caleul classiques de stabilite de pentes au dimensionnernent des talus 
armes. 

The development of modern soil reinforcing 
techniques has been rapid, even so the bene
fits to be gained from their use have been 
demonstrated not only in the financial sav
ings achieved but also in their ability to 
produce novel solutions to construction 
problems. Even though the principles and 
benefits have been well researched, few 
practical applications of reinforced earth 
systems have been constructed in the United 
Kingdom although this trend is likely to 
change following the publication of Memor
andum BE 3/78 by the Department of Transport 

Due to the extensive lead times now involved 
in highway schemes it is probable that the 
first consideration of soil reinforcing sys
tems by many designers will be as an alter
native to a conventional solution. The di~ 
advantages of SUbstitution can be consider
able; contractors inexperienced in the tech
nique may tender high, short lead times for 
material delivery can cause logistical prob
lems and the lack of knowledge relating to 
specific subsoil conditions may create de
sign problems. The fact that reinforced 
earth can frequently provide financial bene
fits when used as a late alternative to a 
conventional design suggests that greater 
benefits could be obtained if the use of 
soil strengthening systems were considered 
at the conceptual design stage of any 
scheme. 

CONCEPTUAL DESIGN. 

Full benefit of soil reinforcing methods can 
only be obtained if the engineer is aware of 
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the advantages and limitation of the tech
nique and has access to the necessary ana
lytical, testing and estimating procedures 
required for design. An essential require
ment is a comprehensive soil survey which 
must have been planned with the understand
ing that soil reinforcing techniques could 
form part of the design solution. In par
ticular if finite element techniques are to 
be used in the analysis the conventional 
soil survey may need to be supplemented to 
provide information relating to the initial 
stresses in the subsoil. 

A study of the fields of use suggests that 
the most beneficial highway applications 
lie in the following areas: 

as retaining walls, bridge abutments 
or retained embankments, 
as a solution for environmental or 
special problems, 
as reinforced embankments, either as 
an aid to construction, or as a means 
of reducing land requirements. 

Walls, Abutments and Retained Embankments. 

The design and construction of conventional 
reinforced earth walls is now established, 
although the action of the complex mechan
isms involved are not properly understood. 
When viewed at the conceptual design stage 
of a highway scheme, reinforced earth walls 
present few problems, although their cost 
effectiveness may suggest vertical and hor
izontal alignments which could not be con
templated with conventional structures. 
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The general motorway or trunk road bridge, 
if constructed using abutments, will have a 
significant proportion of the cost of the 
structure invested in the sub structure. In 
Yorkshire split costs of decks and abutments 
have indicated substructure costs rising to 
70% of overall cost. Since reinforced 
earth has been shown to produce economies 
in abutment costs, significant reductions 
in total bridge costs are possible. The 
use of reinforced earth abutments cannot be 
accomplished without some change to the 
deck design, the span of which will almost 
certainly be increased at a cost dependent 
upon span and skew, Fig. 1. 
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The possibility of differential settlement 
with reinforced earth abutments raises con
cern over potential difficulties in articu
lation of the deck. However experience 
with bridges constructed in areas of active 
mining show that this problem can be resol
ved with the use of a low torsion beam and 
slab deck provided the twist does not ex
ceed 1 in 80.* Sims and Bridle (1966). 

The use of a low torsion deck does not nec
essarily introduce a cost penalty since pre
tensioned beams and an insitu slab deck oom
pares favourably with other forms of deck 
construction as is shown in Fig. 2 which is 
based upon Bergg's (1974) costs for bridge 
decks in Kent. 

The use of reinforced earth abutments in 
areas of low bearing capacity in which piled 
foundations would normally be used provides 
additional benefits, as the average cost of 
piling under abutments is high, 29% of total 
cost according to Bergg. The design con-
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~wa ~ane avell. bll.£dge. 
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cept in these ci~cumstances is similar to 
the procedure adopted in mining areas whece 
piled foundations cannot be used due to the 
problem of differentail subsoil strain 
caused by a moving subsidence wave or where 
past mining activities have resulted in the 
presence of migrating lense cavities.* In 
the Yorkshire coalfield one solution is to 
provide a substantial bearing pad, up to 7m 
thick, of compacted granular material under 
the abutment and to accept any residual dif
ferential settlement. The use of a thinner 
reinforced slab formed as an integral part 
of the reinforced approach embankment is a 
practical alternative which has the advan
tage of minimising the incident of differ
ential settlement which frequently occurs 
behind conventional abutments, Walkinshaw 
(1975). The same concept can be used under 
central piers of a two span structure, al
though a degree of sophistication may be re
quired in the analysis to permit the settle
ments of the abutments and the pier to be 
of the same order. 

Sutherland (1973) has shown that the use of 
retained embankments in place of viaducts 
offers considerable financial benefits, al
though in an urban environment the local 
severence caused by such structures may 
cause problems of access, Fig. 3. 

In rural conditions the use of viaducts is 
synonymous with bad ground conditions on 
which a conventional embankment cannot be 
constructed. In these conditions the use 
of earth reinforcing systems to improve the 
bearing capacity coupled with a reinforced 
earth retained embankment warrants special 
consideration. A design procedure for re
inforced embankments forms the second part 
of this paper. 

* Cavi~~e~ which oveh a pehiod 06 many 
lfeall.o move ~a ~he hUll.nace - hence ~he 
~e.hm mighate.. 

362 



I 
STRUCTURAL FORM. 

COST I 
MULTIPLIER 

1.0 DATUM ~ .: ..... ~-
==--~ 

EMBANKM~~ 2.8 - 3 __ 0 

RE • 2.0 
~ ~ 

,- .. 7' 

VIADUCT 
I I I I 5.5 - 7.5 

.L. 
~....,;-~ztt.~~ __ :..;:"~ 

'L CUTTING~ = r 3.3 - 5.5 

BUND/ ..,---. RE • 
CUTTING __ - ""';;......: 2. 5 - 3.0 

~.."".-~ --.. -, 
'. 

Ug. 3. COot Atte~nativeo 06 St~uetu~a~ 
FOJr..m-6. 

Environmental or Special Problems 

U.K. road desgin standards cater not only 
for the road user but also for the commun
ity and the environment. In particular 
the nroblem of noise pollution is taken 
very" seriously, and following the introduc
tion of the Land Compensation Act 1973 and 
the Noise Insulation Regulations 1973, high
way designers are obliged to consider noise 
in-the environment at the initial design 
stage of any scheme. Noise barriers have 
to be introduced, and noise insulation in
stalled on adjacent buildings if noise 
levels exceed 68dB(a). Dropping the high-
way into a cutting is one way of reducing 
noise pollution. The relative cost of a 
highway in cutting aginst that at datum can 
be high and a compromise solution is the use 
of reinforced earth environmental bunding 
in conjunction with a partially sunken road. 
y~7i th this solution not only is the noise 
pollution eased but the severence problem 
is less acute as bridge crossings of the 
sunken highway require relatively short 
climbs for elderly pedestrians, Fig. 3. 

The potential for using reinforced earth 
as a method of solving particular technical 
problems is extensive. The following ex
ample illustrates a unique quality with re-
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gard to bridge abutments in areas of mining 
subsidence. Bridges and other structures 
in an active mining area are subjected to 
both compressive and tensile ground strains. 
Designinq bridges to resist these strains 
is usually uneconomic, the solution is to 
oermit the abutments to "move together dur
ing the compressive phase of the subsidence 
wave, Sims & Bridle ("1966). Confirmation 
of this action has been obtained during 
active mining, Jones and Bellamy 0973). 
Designing the abutments to accommodate the 
lateral pressures needed to cause this move-
ment can add 25% to the cost. Reinforced 
earth structures can tolerate compressive 
strains and hence stresses without any major 
change in design, although care must be 
taken to ensure that the tension phase of 
the mining wave does not cause tension fail
ure of reinforcement. 

Reinforced Embankments. 

Reinforcement in an embankment can take sev
eral forms depending upon the nature of the 
problem to be solved. In Japan reinforcing 
the edge of railway embankments, using nets 
to combat the acute climatic conditions, has 
been reported by Iwasaki and ~7akanabe ("1978). 
The use of reinforcement clos...e to the face 
permits the operation of heavy compaction 
plant near the shoulder of the slope and 
encourages un"iforrn compaction throughout the 
embankment. Adoption of this construction 
technique on highway schemes could ensure 
the stability of the edge of the hard Shoul
der which is known to cause some problems, 
Fig. 4. 

Internal 
Reinforce ent;..,-. _____ -'L:;::orr Tyre. 

J:::E.=: -= Edge Rein-_:._ ~::~~~--=-~~=~~_-~=~~::~~:~~~ for c e men t . 

r_ ~:::'~T=-'::-'::-~ __________________ ~::=~". 

;1fv--=r---'---'-'-
Sub-soil Reinforcement. 

Fig. 4. Rein6o~eed Ea~th Embankment. 

Similarly the use of nets throughout the 
embankment per~its higher compaction to be 
obtained. The latter has been demonstra
ted on the Uetsu Railway line where Iwasaki 
and lA!akanabe have recorded the stiffness of 
an unreinforced earth embankment as having 
Standard Penetration Values (N values) av~ 
eraging N4 with a peak of N 7.5. The equiv
alent readin~s for a reinforced earth em
bankment of N 30 with a peak of N 60 permits 
the reduction of the embankment spread by 
steepening the slopes. The benefit of re
ducing the spread can be substantial.* 

*Sav~ng~ 06 £7,000 pe~ rn. exclud~ng land 
ean be demonht~ated 6o~ a 10m high embank
ment oteepefted 6~om 1:2 to 1:1 hituated in 
a ~ern~-u~ban env~hanrnent. 
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A further use for earth reinforcement is be
neath embankments situated on weak subsoils. 
The objective in this application being 
either to permit construction to take place 
by the creation of an artificial subsoil 
crust (the alternative being a viaduct 
tructure) or to enable the erection to 
proceed at a faster pace than the dissipa
tion of the pore water pressures would nor
mally allow, to this end the use of subsoil 
reinforcement may be used as an alternative 
or adjunct to expensive subsoil drainage. 

PRACTICAL DESIGN METHOD FOR 
REINFORCED EARTH EMBANKMENTS. 

The design of local edge stiffening is 
heavily dependent upon the development of 
suitable construction details, in particu
lar there is a need to provide a self sup
porting edge around which the reinforcement 
can be wrapped. The use of waste materials 
such as lorry tyres or redundant kerb stones 
can provide this function, Dalton (1977). 
The analysis of the edge stiffening condi
tion can be undertaken using empirical 
methods based upon the stability of wedges 
loaded by compaction plant, Iwasaki and 
1,rakanabe (1978) or against localised modi
fied Rankine lateral earth pressures, Broms 
(197R) • 

In the design of more extensive reinforced 
earth systems, such as where the embankment 
is to be stepped or where reinforcement is 
required beneath a major embankment, more 
detailed design procedures may be required 
based upon the predicted behaviour of the 
ernbankmenL and its supporting subsoil. The 
action of reinforcement embedded in Bolls 
in an area of tensile strain is to ani so
tropically suppress the natural dilation, 
Bassett & Last (1978). This conclusion has 
followed from extensive studies into the 
fundamental behaviour of simple soils and in 
particular their stress-strain characteris
tics as described by Roscoe (1970). Many of 
the findings of this work have implications 
to the designer of reinforced earth embank
ments. In particular the finding that for 
monotonically increasing stress the princi
ple axes of strain rate (increment) and of 
principal total stress coincide, together 
with the concept that slip planes or rup
tured surfaces (velocity discontinuities) 
coincide with the directions of zero exten
sion, (the a and S trajectories), can be 
used as the basis for a design method for 
embankment reinforcement. In an embank
ment structure the major principle stress 
( 01) and ( 0:3) are both usually compres
sive. However due to the dilation charac
teristics of a compacted embankment the 
minor principal strain rate ( £3) is tensile 
and the area of this tensile strain is bound 
by the arc formed by the a and S directions. 
Tensile reinforcement embedded in the soil 
contained in this arc will be effective. 

The problem facing the designer is one of 
determining or predicting the directions of 
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the compression strain trajections and the a 
andBzero extension lines. Failure to do 
this could mean placing tensile reinforcment 
in a position of compressive strain. This 
is not only ineffective but could result in 
a decrease in the overall strength of the 
system if the surface friction and adhesion 
of the soil - reinforcement was less than 
the soil itself and if the reinforcement was 
aligned close to a slip plane, Andrawes et 
al (1977). The directions of the compres-
sive strain trajectories and the a and S 
zero extension lines are readily obtained 
from model tests in which internal strains 
can be measured, Roscoe (1970), while 
Bassett & Horner (1977) have demonstrated 
that accurate predictions can be obtained 
from centrifuge tests. Model tests are 
not applicable to the embankment design 
problem in which gravitational stresses are 
dominant and although centrifuge tests meet 
all requirements their use is restricted due 
to the special nature of the facility. 

The answer lies in the use of mathematical 
soil models based upon the finite element 
method. These have been shown to produce 
accurate ,predictions of the behaviour of 
full scale structures, Jones and Edwards 
(1975), .'roth (1975). In practice only 
two models appear generally available for 
use, but between them reflect the two ex
tremes of approach to this form of mathe
matical modelling. CHRISTINA* is an 
elasto-plastic stress/strain model based 
upon the concept of critical state soil 
mechanics which includes realistic volumet
ric and shear behaviour for the soil. It 
can ~onduct analyses in terms of effective 
stress (it can model pore pressures) and 
covers the effects of stage by stage cdh
struction. Being based upon the modified 
Cam-Clay model, it is technically restricted 
to problems of normally or lightly over
consolidated cohesive soils, although linear 
elastic behaviour can be specified for any 
part of the problem. 

The other available soil model is FELSTA~ 
which is based upon the non-linear elastic 
model proposed by Duncan and Chang (1970). 
This uses a hyperbolic curve to represent 
the results of triaxial tests of representa
tive samples of soil. The tangent of the 
hyperbola is used to provide an expression 
for an incremental deformation modulus, the 
increments giving an excellent representa
tion of step by step constructioD. The 
hyperbolic model does not allow for dilat
ancy and is sensitive to criticism regard
ing the rate of volume change. However a 
tangent modulus can be obtained to simulate 

* CHRISTINA - C~~t~eaL State F~n~te ELement 
P~og~am deveLoped bif the So~L MeehanJe~ 
G~oup 0& Camb~~dge Un~ve~~~tif. 

i FELSTA - F~nJte ELement Stab~L~tif AnaLif~JJ 
deveLoped bif «]e~t Yo~kJh~~e Met~opoLJt''" 
Countif Cou"e~L nO~ and on beha!n On the 
Vepa~tme"t on T~anhpo~t, (Edwa~d~ (1978)). 



chan~es in Poisson's ratio and this is in
cluded in FELSTA, Kulhanny and Duncan (1972). 
The FELSTA proqram was evolved from a range 
of structural finite element programs and 
includes linear elastic elements, elastic 
perfectly plastic elements and truss ele
ments, the latter are capable of passing 
through an element without adversely affect
in~ the idealisation of the shear strain 
properties of the system. As a result it 
can be used to simulate the interesting con
dition in which prestressed reinforcement is 
used. Since the action of correctly orien
tated tensile reinforcement is to supress 
the dilation of the soil, one of the main 
objections to the use of the hyperbolic 
model is removed and this model is used in 
the followin~ desi~n example. 

The form of the analysis is analogus to the 
finite element analysis used with many 
bridne decks in which the analysis is used 
to determine shears, bendin~ moments and ~
actions from which the necessary reinforce
ment is derived using Wood-Armer eq:uations. 
In the case of reinforced embankments the 
analysis has to be taken to'a second 
iteration: 

(i) an initial finite element analysis using 
incremental procedures (step by step 
construction) is used to derive the dir
ection of principal total stress for 
each increment, to~ether with the a and 
S zero-extension lines. Fig. 5. 

Step by Step Analysis. 

Principal compressive 
stress. 
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(ii) Additional elements are added to the 
-idealisation to represent the rein
forcement and the analysis is repeated. 
Fig. 6. (In view of the uncertainty 
in the use of any soil model it seems 
prudent to restrict the position of 
the reinforcement to the middle third 
of the tensile strain arc, practical 
considerations permitting). 

The second analysis is required to check 
that the reinforcement stresses do not ex
ceed lirnitinq values based on stress levels 
or adhesion characteristics derived from 
laboratory tests. The second analysis 
can also be used to demonstrate the re-
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of reinforcement. 
a, I 

\ / direction 
---~- of tensile 

I ' I \ strain. 
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aliqnment of the zero extension character
istic described by Bassett and Last (1978). 

In a cohesiveless soil the zero extension 
characteristic cannot be plotted directly, 
since the FELSTA analysis ignores volumet
ric strains. However tests at Cambridge 
have shown that a value for volumentric 
strain v =20 0 for dense sands holds over 
a wide stress range (covering the inter
nal stresses generated in embankments up to 
a heinht of 30 m.), Roscoe (1970). Using 
this the zero extension lines can be deriv
ed from 

where ~ 

dy 
dx 

tan ( ~ ± {1T _ V }) 
( -;-"2) 

direction of the major principal 
strain rate E. 

In the subsequent analysis in which reinfor
cement is included a value of v = Oseems 
more appropriate. 

In the case of reinforcement beneath an em
bankment cohesive soils are usually present 
and an analysis based upon undrained condi
tions is appropriate. Fig. 7 shows the 
a and S trajectories and the preferred 
positioning of the reinforcment. The 
distribution of the rupture surfaces show 
a pattern similar to that obtained from 
centrifuge tests. 

If reinforcement is applied across the com
pressive strain arc, Fig. 5, the other form 
of reinforced earth, namely a reticulated 
structure is obtained. Reinforcement for 
this form of structure must be capable of 
resisting compressive strains and is trad
itionally formed from small diameter con
crete piles. 
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