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254 EARTH REINFORCEMENT

The remaining systems of reinforced earth and relieving platforms
are less conventional solutions which are remarkable for the extreme
diversity of their authors' styles of description. vidal (1969)
describes the action of implanting frequent horizontal layers of temsile
reinforcement in terms of the generation of a new composite material
vhich possesses 'cohesion!'. Vidal speaks of the whole reinforced mass
as 'the wall' and casts doubt on the relative importance of the role of
the front skin which is in contact with the soil. Tsagareli (1969) on
the other hand, describes the benefits of the rigid connection of one or
more relieving platforms in purely structural terms., He points out
firstly that the outward moments of the lateral earth pressure acting on
the wall above a shelf can be equilibrated at the joint by the inward
moment due to the weight of earth lying on the shelf. He also remarks
that if the earth was loosely filled, perhaps leaving a triangular gap
underneath the shelf, the weight of earth above the shelf would not rest

" on the moil beneath and would therefore not cause lateral pressure on the
portion of the wall beneath the shelf. Tgagareli's platforms can be seen
to reduce the pressures acting on the face of the wall and, of greater
importance, to be capable of altering the bending moment diagram for the
face of the wall to almost any desired shape, as shown in figure 2.

Our first objective in researching reinforced earth walls was to
attempt to clarify the function of Vidal's components in the same sort of
structural terms as those used by the designers of each of the
mn_waow.um..«wdm systems reviewed in figure 1. This seemed to be a necessary
pre-requigite if a designer was to be able to meke a rational option.

Our second objective was to review the design procedures of Schlosser

and Vidal (1969) and Lee et al (1973) based upon their many laboratory
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and fev field scale experiments. By conducting a number of centrifugal
model tests of small reinforced earth walls which approached some sort
of collapse, we hoped to be able to comment on the rational choice of
the proportions of such walls in practice.

Cen Modell.

The centrifugal model technique is ideally suited to the
clarification of the mechanics of new soil constructions such as
reinforced earth. The centrifugal modeller simply attempts to consiruct
a H\z scale model of some prototype field structure which interests him,
using the same materials in a similar geometry. He then observes the
model as it is accelerated up to N times earth's gravity. Pokrovski
and Fyodorov (1968 A & B) describe the development of the art and
science of centrifugal modelling in the USSR since its introduction by
Pokrovski in the 1930's. Avgherinos and Schofield (1969) set out the
requirements for similarity between model and prototype which have since
been used by research workers in the U.K. The central injunction is to
employ identical materials and geometries, within boundaries which are
themselves similar or so remote as to be negligible. The use of scale
factors N on

Length L =5 u\z

Acceleration g - -mu.z
with guffices m and p for model and prototype respectively, guarantees
that the vertical stress H.u \Ow mw in the prototype is equal to its
analogue radial stress H.I \OB wb in the model constructed in identical
materials ( O = .\Ou. etc.). From the equality of analogue vertical
gstress and the similarity of boundaries and landforms should flow the

equality of analogue horizontal siress and indeed every other stress
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component. If the changes of stress are correctly modelled, so should
the strain be, and therefore the rates of dilation and the mobilised
angles of shearing resistance. The tests to be reported concerned

only the statical equilibrium of dry sand in contact with metals, so
that the problems of dynamic similitude recently discussed by Bowe (1977)
do not arise. The models were also proportioned and oriented as showm
in figure 3 so as to reduce the errors in stress due to the non-
wniformity of the acceleration field to below 10% in the region of
interest.

The difference between nonﬂonﬁ.ﬁ. construction and wholistic
construction is as much a problem to the centrifugal modeller as it is
to the analyst or compuier modeller. It is inevitable that a model
constructed wholly at 1 g and then wholly accelerated up to Ng will
generate greater soil strains than if each layer of soil had been placed
at Ng in sequence on a partly deformed sub-structure. Strain path
mﬁ%ﬂwmg&%ggawuiw;ﬂwau&ubgugguﬁg
of models vhich were principally intended to offer data of collapse.

The Models

The interpretation of our data is exceedingly simple. Each model
in the present phase was constructed to the dimensions given: in teble 1
and explained in figure 4 and was then observed as it was accelerated up
to some acceleration ratio zunu which was noted in each case. It is
permissible to multiply every physical &.I.Bu.._.oﬂ of the model by a factor
N & B, . in order to arrive at a theoretically stable prototype at field
scale. In moat cases it is not necessary to imagine that the soil
graing themselves are modelling larger grains in the Q.&bm it is
Ego%»%gguuuoongwngéﬁwmga
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characteristically much smaller than the structural elements. Models
vhich collapsed at small values of N are axiomatically less sirongly
reinforced than those which collapsed at higher values: a supposedly
universal limit-state theory should be shown to be capable of predicting
any of these failures.

The choice of models naturally limits the behaviour which is
observed. The global equilibrium of a heavily reinforced block has
been considered by Smith and Bransby (1976). The present tests however,
have been focussed on to the problem of the slippage or fracture of the
reinforcing strips in a fairly wide wall which was built on a medium
dense bed of sand, thereby minimising the likelihood of monolithic
collapse. The strips were buried flat in the dry sand and commected with
a simple folded joint through slits in a foil skin which was typically
0,05mm thick. Their strength and roughness was so chosen that the
typical model could be brought to a state of collapse either by slippage
of strong strips or by temsile failure of rough, weak strips. Table 1
shows that model characteristics are distributed about a norm which
corresponds at 50 gravities to a prototype approaching failure with a
10m height and 7.5m long strips at intervals of 1m vertically and 2.5m
horizontally.

By using models twice as long as the wall was high, and by employing
smooth end surfaces, the deformation of the wall was effectively
constrained to be plane. In order to validate any limit state analyses
it was necessary, therefore, to assess the strength of the well graded
coarse to fine sand fill in plane strain, The dry sand was placed in
the model in layers by free-fall from a suspended hopper and a density of
17.0 to 17.5 kii/a’ wvas achieved, corresponding to a relative density of
about 0.70 to 0.75 and a void ratio in the vicinity of 0.55. Tests were
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conducted using both 60mm squere shear box samples and 80m square :
plane strain compression samples, on the sand at this density. By
following Arthur et al (1977) in the assumption that the horizontal
plane through a direct shear box is a plane of maximum obliquity o.h
stress, and by analysing the Mohr circle of stress for the compression
test, it has been possible in figure 5 to amalgemate the data in order
to display the peak stress ratio. At a small normal stress of 20 En\am
the peak angle of shearing resistance is seen to be at least moo. but
this drope to 42° as the normal stress rises to 120 w..z\_uw. The ultimate
angle of shearing resistance corresponding to a critical state appeared,
both from the trend in shear box results after the peak and from loose
slope angles, to be in the region of 33° almost irrespective of stress.
Ponce and Bell (1971) are typical of recent amthors who report an
angle of effective shearing resistance increasing with the reduction of
stress. Cornforth (1973) establishes that peak angles will exceed
ultimate angles by up to 30 in a typical dense sand in plane strain.
Our own results may be considered typical of gramular fill, therefore.
Three types of reinforcement have been used in the UMIST research
programme: MS, mild steel welding rod 1.5mm diameter and copper-coated
to prevent corrosion; AL, aluminium foil of thickness 0.05mm; and SS,
stainless steel strip of thickness O.1mm. The first and third of these
cannot conceivably break in the cemtrifugal models but only slip, the
second was so proportioned that it could not break free by lack of
friction but would rupture according to various temsile tests at an
average noninal tensile stress of 70 N/am® having yielded at 50 N/mmc.
The friction between the stronger reinforcements and the sand was

subjected to close scrutiny. The chosen method was to extract 60mm
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lengths of the Gam wide model SS strips from their position, buried
horizontally in a shear box containing the sand at the appropriate
density. This, at model scale, corresponds to a carefully
instrumented pull-out test which might be attempted on a full-scale
structure. Figure 6 represents the results for stainless steel sirips
expressed as a coefficient of friction \> over a range of working
stresses. As with the sand alone, the stress was found to be an
important determinant of the angle of friction developed. The 1.5mm
diameter copper-coated MS rods were much more difficult to use in the
pull-out mﬁw&.«ﬂu due to their relative rigidity: figure 6 shows the
arbitrarily assumed relationship through the scattered data. The round
bars also afforded the problem of an unknown stress distribution,
vhereas the pull-out resistance of a flat strip B x L was taken es
NwH..\S.O\d. 1t was necessary to characterise that of the round bars by
Yt BL pa ( Y.qdv vhere Y.O\d represents the average strees normal to
the bar. FPigure 6 actually plots ( p+)\ ) messured at various vertical
stresses 0\4« it was assumed that both p and A would be shared by the
pull out test and the plane strain model test, so that it would not be
necessary to decouple them.

Electric resistance strain ganges were used in a few later tests to
£ind the tensile stress at various positions on the model ties. Whole
bridge circuits employing 2mm gauges on the Gam wide stainless steel
strips have been shown to generate reliable results when calibrated in a
Hounsfield tensometer. A high proportion of breakdowns has had to be
accepted due to the extremely hostile enviromment in which the gauges
were placed. This led to our repeating a critical experiment many times
in order to accumulate sufficient information: models 19,20,27,33 and 36
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.5.3Hamn.ﬁ.owwoﬁmu«gggmgo&nwomuﬁonohgﬁ.ﬁum\
gauge bridges, Their design was chosen specifically to m.dox%“
so as to minimise the damage to the instrumentation: comparison with
test 22 shows that failure due to insufficiency of friction was quite
close. Choudhury (1977) shows a very close agreement between signals
emanating from the same location in models which were meant to be
identical. - An attempt has also been made to assess the distribution of
vertical pressure under the model reinforced-earth walls. Two total
stress transducers with 10mm diameter diaphragms were calibrated both by
air pressure and by disposing them under a uniform layer of the sand and
centrifuging them: they were then installed at various positions beneath
the model walls. All the instrumentation was restricted to the central
third of the wall, well away from its ends.
Tension Data

The instrumented tests can be used to generate some notions
concerning the distribution of stresses in a reinforced earth wall which
is on the verge of collapse. Of greatest concern to the designer is the
distribution of tension in the reinforcement, and figure 7 dépicts the
form of the data accumulated in models 19,20,27,33 and 36 which is
concentrated in the front zone of the reinforcement in order to locate
and quantify the maximum tensions. The line of maximum tension was
independent of acceleration and is roughly vertical and 40mm inside the
200m high face. The tensions must obviously drop to zero at the loose
ends, but they are also seen to drop quite steeply towards the joint at
the face, especially near the base of the wall. Each strand of
reinforcement serves a face area S_ S and it is therefore clear that the

v h
average lateral earth pressure acting on the face ( O\Vv can be computed



CENTRIFUGAL MODEL STUDY 263
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7

in the locality of a reinforcing strip whose tension at the face is
_H.Hvoo. simply by .
Oﬂy face = i3ge (1)
S S
. v 'h

Bolton et al (1977) demonstrated that
O = Taay
b max ﬂwﬂ (2)
is also a reasonable approximate relationship between the lateral
earth pressure and reinforcement tension at any depth in the zone of
maximum tension if this is only a short distance behind the face.

If equation 2 provides an acceptable way of estimating the lateral
earth pressures in a zone of maximum tension just behind the face of
the wall, it only requires a corresponding estimate of vertical earth
pressure in the same zone in order to turn the data of figure 7 into
a map of earth pressure coefficients. TFigure 8 displays data of
vertical pressure under the base of the models. As the acceleration
was increased there was little tendency for any change in shape of tlie
distribution, which was almost uniform and equal to the simple
overburden pressure ¥ H where the unit weight of the sand ¥ = NPg.
There was nevertheless, an increase of up to 25% in the base pressure in
the region previously identified as that of maximmm temsion. Closer to
the face, the pressure appeared to drop to at least 10% below the
average overburden pressure., Choudhury (1977) showed that an increase
of 30% in the base pressure was not umusual in the maximum-tension sone,
and that equal reductions in pressure frequently occurred at the buried
end of the base of the reinforced zone. It is necessary to attempt to
generalise this observation, and this is usually accomplished by

reference to the thrust of the backfill exerted on the buried side of the
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reinforced mass. It is very difficult to draw the 'free-body!'
diagram for the control volume of a reinforced earth mass, due to
its redundancy. As a guide, the prime requirement in structural design
is that components should be in equilibrium with the applied loads. &
second requirement is that no component should deform excessively: this
mey be guaranteed in rigid-plastic material if the yield criterion has
nowhere been approached. Figure 9 demonstrates that a simple
trapezoidal distribution of pressure at the base can be sufficient to
gatisfy the broad requirements of a 'plastic' design in which equilibriuvm
and the non-violation of the zowuvmoﬁos_d criterion are paramount. An
alternative uniform base pressure defies equilibrium of the control
volume by rotation about the mid point A of the base. An alternative
Meyexrhof~type distribution defies the Mohr-Coulomb criterion at the buried
heel of the reinforced mass with zero vertical effective stress. The
assumption of a horizontal thrust from the backfill is a pessimistic
gesture typical of Rankine's analysis of walls: the analyst damages the
backface of the mass by drawing a frictionless wound through it, before
analysing it. If the simple trapezoidal distribution be adopted, the
vertical stress at the front of the wall is increased to,

o = ¥EQ+x BAD)

v max
in order to counterbalance the overturning moment. A vertical stress
O, e = V2 Qe ZA% )

v max
may therefore be a reasonable and pessimistic estimate in gw,uoﬂm of
peak tension.
The data of hu.ms...um 7 can be used to assess the usefulness and
validity of equations 2 and 3. Figure 10 displays the estimated values

of O

h and OM in the zone of peak tension at each level and at each



