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Design of inclined reinforced fill stmctures 
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ABSTRACT : The main features of the design method, for the inclined reinforced fill structures 
which do behave as "coherent gravity" bodies, are outlined. Being backed-up by actual measure
ments and finite elements mQdels, the method represents the real behaviour of such structures, 
contrary to theoretical global analysis.  Overall stability is also considered, leading to conclusions 
which are commonly unsuspected. 

I FIELDS OF APPLICATION 

Since the first sloping Reinforced Earth ® 
structures were built 1 4  years ago (McKittrick) 
for V shaped coal storage slots -as much as 
30m in height and 1 65m in lenght- the use of 
this type of retaining structure extended to 
other fields of applications, such as soft-faced 
steepened embankments (Smith) or plantable 
walls built with open concrete units. They also 
use various types of reinforcements made ei
ther from steel or from geosynthetics accord
ing to the function, required service life and 
acceptable deformations. 

2 WEAKNESSES OF ROUTINE DESIGN 
METHODS 

Two types of methods are currently used for 
the design of such mechanically stabilized slop
mg embankments, as regards internal stability. 

The lSI type, simply taking its inspiration 
from the Reinforced Earth basic desi an 
method, considers any reinforced fill struct�re 
as a "coherent gravity wall" and derives all in
ternal stresses from the resulting effects of the 
external loads, including backfill earth pres
Sure. 
The 2nd group consists of an extension of 

methods of analysis -based on circular, non cir
cular or bi-linear potential failure lines- already used for checking the overall stability of 
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unreinforced embankments and natural slopes. 
In these computations the available resistance of 
the reinforcing layers, where intersected by the 
assumed failure line, is combined with the ' 
shear It,siSlallcl:' uf lhl:' fill lIlall:'rial 

2.1 Limitations of the coherent gravity method 

Using the coherent gravity method implies that 
the structure does behave as a reinforced fill 
body, where the backfill gains artificial cohe
sion from its 'interaction with the reinforce
ments. While this has been established for metal 
reinforcements, it is not the case with extensible 
materials : since the strain capacity of extensible 
materials is comparable to the one of the soil, 
they may stabilise it, or retain it, but not 
reinforce it. Hence the coherent gravity method 
is not applicable to all kinds of reinforcement 
technology, unless shown from experiments. 
It is moreover widespread practice, when using 
the "coherent gravity method", to calculate the 
earth pressure behind the inclined structure 
with the same coefficients as for concrete can
tilever walls or masonry gravity walls. It is 
obvious though that a wall such as shown on fig. 
1 can be quite stable before being backfilled, 
while the reinforced fill structure cannot stand 
without the presence of the backfill. Their in
teraction is not the same : the backfill simply 
pushes against the masonry wall, whereas it 
supports a part of the reinforced soil mass. 
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Fi�. 1 : Concrete wall compared to reinforced fill 
structure. 

Therefore earth pressure has to be calculated in 
a different way, as explained later on. 

2.2 Limitations of the potential failure line 
analysis 

Although this approach is likely more appropri
ate (and generally the only one available) for 
structures built with extensible reinforcements, 
i t has a number of drawbacks : 

al The reinforcements have to be first prede
termined by some other way. Then the global 
analysis only confirms that there is no risk of 
failure along any assumed potential line : it does 
not guarantee that the arrangement of rein
forcements is most appropriate. 

bl There is no reason for the computed criti
cal failure line to correspond to the locus where 
working loads are largest. Every different set 
of safety factors applied to the items contribut
ing to the stability (tensile strength, friction be
tween soil and reinforcement, shear resistance 
of backfill) leads to a different critical line. 
Hence this line is relative to the chosen set and 
has no intrisic physical meaning. 

cl The calculation assumes that all layers of 
reinforcements would either break or slip at the 
very same instant. This is unlikely and leads to 
an overestimated degree of safety where pro
gressive failure mechanisms are not checked. 

In fact these limit global equilibrium methods 
(which correspond to verifications rather than 
to design calculations) are essentially theoreti
cal; they do not reflect the in-service behaviour 
nor the actual ultimate state of the composite 
structure. 

3 DESIGN BASED ON ACTUAL BEHAVIOUR 

The practical design method described below 
on the other hand is backed-up by observed be-

haviour and measured stresses of in-service 
structures and models. It was developed by 
Terre Armee Internationale as the outcome of . 
research program combining 3D models, finit: 
element studies a�d full �cale monitoring 
(TAl). The method IS of the coherent gravity" 
ty�e and is currently . used for the design of 
Remforced Earth slopmg structures built with 
metal strip reinforcements. 

Its principle is based essentially on the 
knowledge of the v'ariations of the vertical 
stresses inside the reinforced mass on one hand 
and of the locus of the maximum tension in th� 
reinforcing layers on the other hand. The 
former were deduced mainly from FEM stud
ies, the latter from the monitoring of reduced 
scale models and full scale structures, also con. 
firmed by the FEM analysis. 

3.1 Variation of vertical stress 

The results of the finite element studies 
showed, as could be expected intuitively, that in 

. a steepened embankment with an horizontal top 
the vertical stress O"v at depth z increases 
from 0"0 (O<O"o<"{Z) behind the facing toyz 
well inside (fig.2). The ratio between 0"0 and 
"(Z varies with the slope angle 0. .  

The horizontal stress behind the facing would 
be : O"h=Ka yz from a macroscopic point of 
view, Ka being the coefficient of horizontal ac
tive earth pressure on a face inclined at an an
gle 0.. At the microscopic scale, we also have at 
the same point, in a soil with adequate defor· 
mation : 
O"h = Ka 0"0 where Ka = tan2(n;/4 - <1>/2) 

Hence : O"o=(Ka/Ka)"{Z 

I ( z eot a )[ 
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x 

Fig. 2 : Variation of (j v (horizontal top). 
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It was found (Bastick) that the following 
equation can be used for the variation of crv : 

[cry = 'YZ.�(u) = yz.th(au + b)1 
where : u =xl z 

a = 2 tan a Log[2Kal (Ka + KcJ 1 
1 

b =2: Log[(Ka + KcJ/(  Ka - KcJl 

Function �(u) (which is moreover remark
ably consistent with the results of the finite 
element studies) does satisfy three essential 
boundary conditions: 

I )  for x/z = 0 �(o) = K", / Ka 
2) when x --7 = �(=) --7 1 
3) the area between the curve and the 

asymptote is equal to that of the "missing" 
triangle between the facing and the vertical : 

yz I[l - �(u)l dx = � yz2 cot a 

o 

3.2 Case of a sloping surcharge 

The analysis can be extended to the case of a 
sloping wall with a sloping surcharge (fig. 3) 
with the following changes : 
ao =(K"p/Ka) 'YZ where K",p is the coef
ficient of horizontal active earth pressure cor
responding to slopes a and 13. 

The curve representing the variation of crv 
tends towards an inclined asymptot, cr'v, which 
does not depend on the inclination of the 
facing: 

a'v =(Kap/Ka) Y (z' + x tan 13) 

Kap being the coefficient of horizontal earth 
pressure for a vertical face and the slope 13. 
Thus the cry equation becomes : 

�v =(Kaa/Ka) Y (z'S(u) + x tanJ3) 
with : z· = z 0- cot a.tan 13) 
u =x/z' S(u) = th (ax/z' + b) 
a=2(tana-tanJ3)(Kap/Ka)Log[ (2Kapl (Kap+ K' "p) 1 1 
b = 2:  Log[(Kaa + K' o:)/(Kaa - K'aa)l 
K'"p = Kaa (1- cot a.tan 13) 
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Fig. 3 : Variation of (J v (sloping surcharge). 

3.3 Line of maximum tension 

Using the above equations, stress av is ca!cu
lated primarily at the point of maximum ten
sion, on the borderline between the active and 
resisting zones. For sloped structures with 
metal strips the shape of this line was deter
mined experimentally, from the consistent ob
servations on laboratory scale models, real 
structures and finite element models. The en
velope shape used for practical designs is 
defined in figure 4. 
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Fig. 4 : Shape of line of maximum tension. 

3 .4 Calculation of tensile force 

Then the maximum tensile' force In the 
reinforcing strips is given by : 
T m = K crh = Kcrv(Lo)(DoH/ n) 
where DoH is the vertical spacing of the layers, 
n the number of strips per unit of wall length 
and K is equal to Ka except towards the top of 
the structure, for the now familiar variation. 
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Fig. 5 : Vertical resultant without earth pressure. 
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Fig. 6 : Vertical resultant including earth pressure. 

3.5 Adjustment owing to earth pressure 

The value of cry, however, has to be adjusted 
before calculating the maximum tensile load 
Tm. Up to this point reinforcements of unlim
ited le?gth have been implicitly considered, 
forgettmg the effect of the earth pressure be
hind the reinforced mass. This pressure P, in
clined at angle 8 to the rear face of the struc
ture and calculated as explained below, first 
adds its vertical component to the weight W of 
the structure, then displaces the resultant 
through the overturning moment M. Once earth 
pressure is introduced the total vertical load 
changes from R' y to Ry (fig. 5 and 6) : 

L 

R'v = fy z S(x/z) dx 
o 

Ry = W - P cos (a + 0) 

It passes through a point with abeissa 
X=M/Rv instead of X'. The adjustment entails 
three successive affinities and we finally obtain 

I cr(x,z) = (RyX' /R' yX) yz S(x' /z) I (Fig.7) 

where, in the case of an horizontal top : 

L 

f [1 1 + e2v2 LJ R'v = crv(x)dx = yz2 - Log 2 - -. 0 a 1 + e Vo Z 
x' = (X' IX) x V2 = a(LIz) + b Vo = b 

412 

/ 

I; (..0 ... ) z 

x 

Fig. 7 : Adjustm�nt of cr (xl by means of 3 affiniti es. 

4 INTERACTION BETWEEN STRUCTURE 
AND BACKFILL . 

Co�,ing back .t? the question of "earth pres
su.re , the sta�lhty of the structure is analysed 
wIth the claSSIcal Coulomb's approach: behind 
the structure a wedge is formed, bounded by a 
plane inclined at 8 (::;a), along which acts the 
entire internal friction q>2 of the backfil l  
(fig.8). The structure is appropriately stable so 
long as the reaction of the foundation is 
inclined at less than 0/3, the permissible friction 
at the structure / foundation interface. 

The overall stability of the reinforced fill 
structure (divided into two "slices" Wa and 
Wb) is illustrated by the diagram of force vec
tors shown on fig. 9, where the vector repre
senting the interaction P between the backfill 
and the structure may be identified. Also shown 
i s  the "force between slices", P',  passing 
through the vertical boundary and inclined at 
an angle 8' to the horizontal. 

The inclination 8' is correlated with the dif
ference between Wa and R'v (defined above) at 
the base of the structure, as P'sino'=R'v-Wa. 

"'3 
Fig.S : Stability against sliding; forces between slices. 
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Fig.9 : Diagram of 
force vectors. 

This analysis (which cannot be described in this 
paper) leads to charts such as the one shown on 
fig. 10 for a flat top embankment and <j>t=36°. 
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Fig. 10 : Inclination 0 '  as a function of a and L/H. 
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4.1 Computation of the interaction diagram a � � � 
-:: l 0' being chosen, angle S is made to decrease 

from u up to the most unfavourable angle e*, 
corresponding to '1'3 maximum. This occurs 
when the distance h (fig.9) : 

h � C.1Nb + W2) tan(S - <j>2) 

I + tano' tan(S - <j>2) 

is itself at maximum (h*). Then one checks if 

tan 'V*3 = h*/(h* tan 0' + Wa ) 

complies with the allowable value. Inclination 0 
of the total pressure P, hence P itself, are 
finally derived from : 

cot (a + 8) � (Wb /h*) - tano' 
P = h*/ sin(a + 0) 

This allows a triangular pressure diagram (or 
a bilinear diagram if L / H <  cot a) to be 
constructed. 

4.2 Minimum LiH Ratio 

Checking 'V*3 allows to determine the minimum 
proportions which ensure the stability of the 
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Fig.l !  : Minimum L/H ratio in simple cases. 

structure, regarding sliding at the base. As 
shown on fig. l l  in the case of a purely fric
tional soil material, the reinforcements should 
be longest for a slope a of about 50° to 45°. 
This is easily confirmed by simple slip circle 
analysis where only circles outside the 
reinforced fill structure are considered. It is 
therefore important to bear in mind that, other 
things being equal, a sloping structure may be 
less stable than a vertical one. 

5 CONFIRMATION FROM EXPERIMENTAL 
AND F.E.M. RESULTS 

Shown in figures 12 to 15 in graph form are a 
few examples of the very satisfying agreement 
found between the results of the calculations 
made according to the theory explained here 
and the results obtained from either FEM 
models, measurements on lab-scale 3D models 
or monitoring of full scale structures. 
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Fig.12 : Function � (u). Agreement 
between theory and F.E.M analysis. 
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Fig. 13  : Line of maximum tension. Agree
ment between 3 D models and theory. 
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Fig. 14 -Maximum tensile loads. Agreement 
between theory and monitoring of real structu
re (during construction and after completion). 
Kyanite wall (USA) - H = 18,50 m - a. = 55 ° 
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Fig. IS : Maximum tensile loads. Agreement 
between F.E.M. model and theory 

6 CONCLUSIONS 

The design method used for Reinforced Earth 
s!oping structures is seen to be reliably con
firmed by both theory and experimentation. 
Even though it was substantiated specifically 
for metal strips, several aspects more or less 
also apply to other types of reinforcements : 

1/  The internal design method could be 
adapted to other "coherent gravity" structures. 
However the line of maximum tension, whose 
shape and location definitely depends on the 
type of reinforcements, should first be prop
erly established for each specific case. 

2/ The safety of sloping structures compared 
to vertical structures, as regards overall stabil
ity, is even more a concern with actually ex
tensible reinforcements since the structure does 
not benefit from the " coherent body" effect. 
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