EARTH PRESSURE ON RETAINING WALLS
NEAR ROCK FACES
By Sam Frydman 1 and Israel Keissar 2
ABSTRACT: The present study examines the lateral earth pressure transferred
to a rigid retaining wall by granular fill confined between the wall and an adjacent rock face. The centrifuge modeling technique is used to test small models
in which rotation of the wall about its base can be controlled, thus allowing
observation of changes in pressure from the at-rest to the active condition. Janssen's silo pressure equation may be reasonably used for estimation of the atrest pressure, using an earth pressure coefficient, K = 1 — sin <E>. Significant
variations from the estimated pressure may occur next to the wall as a result
of small variations in placement conditions. A conservative approach may be
to use a decreased <£ value in calculating K. In the active condition, progressive
failure in the soil results in a decreased <J>, which should be used when estimating wall pressure. These estimates may be obtained from stress characteristic solutions, or from the silo pressure equation in which a K value compatible
with the values of $ and 8 (wall fraction angle) is used.

INTRODUCTION

The estimation of lateral earth pressure acting on a retaining wall built
close to a stable rock face, with granular fill placed between them, such
as that shown schematically in Fig. 1, has received very little attention
in the literature. The fill is partly supported by friction on the wall and
the rock face; consequently, the vertical stress in the fill and the horizontal stress acting on the wall are reduced. The design of these walls
using Rankine pressure distribution or Coulomb lateral force coefficients
(e.g., Ref. 7) may be expected to be overly conservative. One approach,
suggested by Spangler and Handy (14), is to estimate the lateral stress
distribution using Eq. 1, which is based on Janssen's arching theory (5)
and is commonly used for calculating silo pressure:
yb
2 tan 8

1 - exp ( -IK - tan 8

(1)

where b = the distance between the walls; z = depth from wall top at
which cr* is required; K = the coefficient of lateral earth pressure; 7 =
the unit weight of the fill; and 8 = the angle of friction between the
"walls" and the fill.
Spangler and Handy do not discuss the choice of the value of K to be
used in the calculation, although they show an example calculation in
which the Rankine active coefficient, Ka/ is used. Handy (4) suggests
the use of a coefficient Kw, which is related to 4> and o-2 a s described
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FIG. 1.—Schematic Representation of Retaining Wall near Rock Face

later. There would appear to be a case for assuming the K-value to be
related to the state of movement of the wall. It may at first seem reasonable to assume KQ for no wall movement, and Ka if the wall moves
sufficiently to induce active failure conditions in the fill.
Another obvious problem associated with the use of Eq. 1 is that it
requires adoption of a single value of 8 between both walls (i.e., the wall
and the rock face, in the present case) and the fill. In the present case,
different values of 8 could exist along the wall and the rock face, and
so an average value would need to be used.
For the active case, an alternative approach, which can take account
of the different 8 values, is to develop a statically admissible stress field
in the fill, which is based on slip lines (stress characteristics). As was
pointed out by Frydman and Baker (3), stress characteristics would be
expected to correspond to slip lines in the present active case, as compared to the passive case, in which velocity characteristics would correspond to slip lines.
Despite the availability of the preceding techniques for estimating lateral pressure on walls adjacent to rock faces, their confident application
requires some satisfactory verification from measurements on models or
full-scale prototypes. To the writers' knowledge, no measurements on
full-scale or model walls of the foregoing type have been reported. This
paper presents a study of the lateral pressures acting on such walls.
MODELS AND TESTING SCHEME

The use of small-scale models for the study of active earth pressure
problems is difficult due to the very small magnitude of the lateral stresses
that are to be measured. In the case of fill of limited extent behind the
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wall, which is discussed here, this difficulty would be expected to be
magnified, in view of the expected decrease in these stresses. In addition
to these difficulties, it is now well accepted (e.g., Ref. 2) that small-scale
models can lead to quite erroneous conclusions regarding soil-structure
interaction effects. Handy (4) compared measured values of earth pressures on three retaining walls of different heights to values predicted on
the basis of arching theory. He concluded that "the difference in behaviour of the three wall heights carries an interesting implication with
regard to modeling: That, since the soil stress-strain behaviour cannot
be scaled, experimentation should ideally be at full scale."
Both of these problems can be solved by centrifuge modeling, whereby
similitude is upheld and model stresses are of prototype level. This technique is used for the present study.
Centrifuge.—The centrifuge system employed has been described
elsewhere (8). It has a mean radius of 1.5 m, can develop a maximum
acceleration of 100 g, where g is acceleration due to gravity, and carry
a maximum payload of 5,000 kg-gravities. Fifteen slip rings are available
for transfer of electric signals. The model may be photographed in spin
using a short duration stroboscope flash triggered by a reed relay system.
Models.—The models are built in an aluminum box of inside dimensions 327 x 210 x 100 mm, as shown in Figs. 2(«-c). Each model in-

FIG. 2.-—Model: (a) General Side View; (b) Movement Control System Top View;
(c) Movement Control System, Side View (Legend: A = Retaining Wall; B = Hinge;
C = Eccentric Disk; D = Motor Axis; E = Bushing; F = Motor Axis Support; G
= Motor Support; H = LVDT; 1 = Spring; / = Electric Wires from Pressure Cells;
K = Model Box; L = Wooden Simulation Rock Face)
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FIG. 3.—Model Retaining Wall

eludes a retaining wall made from aluminum (195 mm high x 100 mm
wide x 20 mm thick) connected to the base of the box by a hinge, allowing rotation of the wall about its base. The back of the wall is supported by a disk, eccentrically mounted on the axis of an electric step
motor; movement of the wall is controlled by rotation of the disk and
measured by a LVDT. Contact between the disk and the wall is through
a bushing, thus minimizing friction. Two load cells (Kyowa, LM-A series; see Fig. 3) are inset flush with the wall face, at 1/3 and 2/3 of wall
height. The rockface is modeled by a wooden block, which can, through
a screw arrangement, be positioned at varying distances from the wall.
The face of the block is coated with the sand used as fill, so that the
friction between the rock face and the fill is equal to the angle of internal
friction of the fill.
Rotation of the wall is affected by the electric motor-disk system. The
motor receives current in pulses of 1/10 sec duration; each pulse rotates
the axis by about 1°. The aluminum disk (70 mm diameter) is mounted
on the axis with an eccentricity of 5 mm. During setup of the model,
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the wall is vertical and the disk is aligned so that the distance between
the wall and the axis is a maximum. During placement of the fill and
run-up of the centrifuge, movement of the wall is prevented by the support of the disk. Controlled wall rotation is allowed during centrifuge
spin by applying a programmed number of pulses from a press button
controller in the control room. As a result of the 1° rotation of the disk
accompanying each pulse, the disk contact moves away from the wall,
and the wall, with the fill pressure on it, follows. The movement is monitored by the LVDT. In view of the fact that a wall top movement of the
order of 0.1% of its height is expected to result in development of active
conditions in the fill (10), a movement of about 0.2 mm would be required for the 195 mm model walls. The present system develops this
movement with about 20 pulses, making it possible to study the transition from the "at-rest" to the active condition.
Model Fill.—The granular fill between the wall and the rock face was
modeled by uniform fine sand from the Haifa Bay area. Particle size is
in the range of 0.1-0.3 mm, and the uniformity coefficient, Cu = 1.5.
Maximum density = 16.4 kN/m 3 and minimum density = 14.0 kN/m 3 .
The model tests were carried out with the sand placed at a relative density of 70%; simple shear tests performed on the sand at this relative
density gave values of the angle of internal friction 4> = 36°. Direct shear
tests between the sand and aluminum yielded a value of 20°-25°.
Calibration of Load Cells.—When pressure or load cells are used to
measure pressures acting in soil, arching in the soil next to the cell face
may lead to over- or under-registration of the cell; this effect is called
"cell action" (9,17) and must be accounted for in the calibration of the
cell. This is done by covering the cell face with a layer of the soil and
applying the pressure over the top of the layer (17). In the present study,
the load cells were calibrated using two different procedures, following
their installation in the model walls. In both cases, the wall was placed,
load cell face upwards, on the bottom of the model box and covered
with a layer of sand at the required density. In the first procedure, pressure was applied to the face of the sand through an air bag; in the second, the model box was placed in the centrifuge and run up to 50 g
with the centrifugal force normal to the load cell face. Excellent agreement was obtained between the two procedures, as shown in Fig. 4,
which shows calibration curves for one of the cells. The calibration obtained using air pressure without a cover layer of sand is also shown.
The air pressure calibration is seen to lie above that obtained when a
soil layer covers the cell; this is in agreement with the findings of others
(e.g., Ref. 17). Several repetitions of the calibration procedures indicated
little scatter and very little effect of sand density on the calibration curves;
the maximum range for repeated tests, at relative densities of 70% and
about 0%, was 10%. This is within the accuracy range suggested by Trollope and Lee (17) to be obtainable at a measuring point at a sand boundary.
The hysteretic nature of the calibration curve raises the question as to
which curve is the relevant one for the problem under study. Although
it may appear, at first sight, that the unloading curve should be used
for the active earth pressure case, consideration of the source of the hysteresis indicates that this is not so. When load is applied to a soil element
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in contact with a pressure cell face, the element pushes against the cell.
The movement of the element is a function of the flexibility of the cell
and the stiffness of the soil. During this process, plastic strains develop
in the soil, so that when the load is released, and the cell-wall face is
not moved, the cell, which is elastics, rebounds more than the plastic
soil, pushes against the soil and over-registration of the cell results.
Clearly, in cases where externally applied load is being reduced next to
a fixed pressure cell, measurements should be interpreted using the unload calibration curve. In the case of active conditions, however, the cell
is moving away from the soil, and thus there is no cause for overregistration.
Effect of Side Friction.—Bransby and Smith (1) considered the effect
of side friction in model retaining wall experiments. They demonstrated
that the effect may be very significant in passive pressure problems, but
of little significance in active pressure problems. For sand with <J> = 35°
and a friction angle 8 = 30° between the sand and the model sides, they
found that the decrease in measured Ka would be less than 14%.
In the present study, the sand fill is confined between an aluminum
plate on one side and a glass plate on the other. Direct shear tests showed
values of 8 = 20°-25° between the sand and aluminum, and 8 = 12°-15°
between the sand and the glass. The effect of side friction may therefore
be assumed to be small in the present investigation.
Preparation Compaction Stresses.—The models were prepared by
compacting the dry sand in three layers to a relative density of 70%. As
a result of this preparation technique, residual compaction-induced earth
pressures acted on the wall following the completion of compaction. Obviously, these pressures would be expected to bear little resemblance to
those that would develop as a result of field placement and their existence in conventional small-scale models, tested at 1 g, would lead to
serious difficulties in interpretation of test results. This, in fact, is a further difficulty associated with the testing of small-scale models, where
such placement effects may overshadow those of other processes that
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are being studied. In centrifuged models, the significance of the residual
compaction-induced earth pressures decreases as the g level increases;
in the present investigation, their effect disappears at g levels of greater
than about 10-15 g, where lateral pressure applied due to soil weight
exceeds the residual compaction values. This phenomenon is discussed
by Leschinsky, et al. (8). By testing the models at g levels above 10-15
g, measured lateral pressures are those resulting from soil weight; if it
were desired to study compaction-induced earth pressures, a simulation
of the field compaction procedure should be applied to the model under
its raised g level.
ESTIMATED AND MEASURED PRESSURE DISTRIBUTIONS

Defining modified earth pressure coefficients, K'0 and K'a, as the ratio
relevant to at-rest and active conditions, respectively, Janssen's
arching theory, as expressed by Eq. 1, with K taken as K0 or Ka leads to
OV/CTZ

(2a)

exp -2K 0 -b tan 8

KA = -

2 tan 8 z

(2b)
K' = 1 - exp -2Ka - tan 8
b
2 tan 8 z
Figs. 5(a-b) show the dependence of KQ and K'a on the ratio z/b for a
number of combinations of <E> and 8. The term K„ used in Eq. 2 is obtained from Rankine's expression (1 - sin <1>)/(1 + sin <i>); K0 is obtained
from the empirical approximation (1 - sin <£). It is appreciated that, in
fact, the value of 8 will vary both with rotation of the wall and with
location along the wall. In estimating lateral pressure, it is convenient
to assume 8 constant and this assumption is employed herein.
Figs. 6(a-b) show stress characteristic fields (13) for two limiting cases
of wall friction. Fig. 6(a) is for a wall friction angle, 8, of 25°, while Fig.
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6(b) is for 8 = 0. In both cases, $ has been taken as 36°, and the friction
angle on the rock face as 30°. Fig. 6(c) shows the distribution of K'a along
the wall, as obtained from the stress field analysis.
Tests were run on models with ratios of b/H (ratio of width of fill to
wall height) = 1.1, 0.3, 0.22, 0.19, and 0.1. In each test, the model was
spun up to an initial acceleration condition corresponding to 43.7 g at
the midheight of the wall, without any wall movement. Load cell readings taken at this stage yielded values of at-rest pressure and, consequently, of K'0. The wall was then allowed to rotate about its base while
load cell measurements were taken. The stress levels developed in these
models would be similar to those next to full-scale walls having a height
of about 8.5 m.
At-Rest Condition.—Fig. 7 shows the measured values of K'0 as a
function of z/b; the theoretical silo pressure curve for <£ = 36° and 8 =
25° is superimposed on the figure. The theoretical curve is seen to show
fair agreement with the experimental points, although considerable scatter is evident, reflecting the sensitivity of at-rest pressure measurements
to slight variations in placement conditions and local density variations
(17). It would appear reasonable to use Eq. 2 for estimation of at-rest
pressure.
Active Condition.—Fig. 8 shows the transition of K' from the at-rest
to the active condition in some of the tests. The overall pattern observed
in the tests is that for cases in which Kg is greater than about 0.25, where
K' decreases in the transition. When Kg is less than about 0.25, K' increases towards the active condition.
Noting that the value K' = 0.25 is close to the Rankine active pressure
coefficient of the sand, it is suggested that the increase in K' for initially
lower values results from partial breakdowfi of the arching mechanism
during movement of the wall. The fact that arching within a granular
mass degenerates as a result of such movement is discussed by Rowe
(8) to explain redistribution of active pressure on an anchored sheet pile
wall in which the anchor yields. Terzaghi (11), introducing his classical
presentation of the subject of arching, warned that
every external influence which causes a supplementary settlement
of a footing or an additional outward movement of a retaining wall
under unchanged static forces must also be expected to reduce the
intensity of existing arching effects.
In the present case, when rotation of the wall occurs, some of the arching associated with the at-rest condition of the wall is reduced. The atrest pressure is higher than the Rankine active pressure, which would
develop on rotation of the wall even if all the arching were destroyed,
then K' decreases when the soil is transferred from the at-rest to the
active state. However, when, as a result of significant arching, the atrest pressure is low compared to the Rankine active pressure, a pressure
increase may occur during wall rotation, as arching is reduced and K'
tends towards the Rankine value.
Some deviations are evident in the shapes and relative locations of the
curves in Fig. 8; the two curves for z/b = 3 and 3.3 are an example.
These curves would be expected to be similar but appear to be basically
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different; the former indicates an increase in K' during transition from
at-rest to active conditions and the latter indicates a decrease. In fact,
the Kd values in the two tests were 0.185 and 0.24, the difference presumably being due to slight differences in placement conditions. Despite
this difference, both models developed similar values of K'a (0.25 and
0.225, respectively), indicating the lesser effect of a slight difference in
placement conditions on active, rather than at-rest, pressures.
Fig. 9 shows the experimental variation of K'a with z/b, together with
theoretical silo pressure curves for <E> = 36° and 8 = 25° and 20°. In this
case, the theoretical curves clearly underestimate the measured values.
Underestimation also results from use of the stress characteristic solution, as seen in Fig. 10, which shows the pressure distribution for <£ =
36° and 5 = 25° on the wall and 30° on the excavation face.
The fact that measured lateral pressures considerably exceed estimated
values under active conditions may be a result of progressive failure in
the sand mass adjacent to the rotating wall, due to the fact that failure
is reached at different stages at different points in the mass. This phenomenon has been observed for the case of walls under passive con= 0"x/yZ
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ditions (e.g., Refs. 6 and 11), and for walls under active conditions and
bearing capacity problems (12), where the mean mobilized 4> value in
the rupture zone of dense sand fill, <fm, is between $ max and <!>„. A
stress characteristic pressure distribution, obtained by assuming $ = 32°,
is superimposed on Fig. 10. It is seen that most of the experimental points
are enclosed by the two curves corresponding to <1> = 36° and 32°. The
use of the silo pressure equation may similarly be improved by using a
decreased value of 4>. In addition, further consideration is given here to
the K value that should most reasonably be used in applying Eq. 1 to
the present problem. Fig. 11(a) shows a horizontal strip of soil located
between two vertical surfaces on which the friction angle is 8. In view
of the fact that an active wall is being considered, it is reasonable to
assume that the soil is in a state of failure. Fig. 11(b) shows the Mohr
circle of stress for element A adjacent to the wall. From trigonometry,
it can be shown that the ratio K = ux/az is given by
K=

(sin2 * + 1) - V(sin2 * + l)2 - (1 - sin2 *)(4 tan2 8 - sin2 <D + 1)
(4 tan2 8 - sin2 * + 1)

(3)

Eq. 3 indicates that K is a function of $ and 8; the variation of K with
<t> for different values of 8 is shown in Fig. 12. Handy (4), who also
considered this problem, suggested the use of Kw = ux/(oz\v, where
(°z)av = the average vertical stress across the soil section at the depth
under consideration. Using H a n d / s analysis, it is found that vz and (txz)av
are expected to differ by less than 10% and so the K-values suggested
by the two approaches are similar.
For any pair of values <t>, 8, Eq. 2 may now be used with a value of
K obtained from Eq. 3 or Fig. 12, to obtain a distribution of K'a as a function of z/b. Such a distributionis shown in Fig. 13 for $ = 36° and 8 =
25°; also shown is the Rankine value of Ka = 0.26, corresponding to 8 =
0. It is seen that for z/b less than about 1, the horizontal stress estimated
using the silo pressure equation is greater than that corresponding to
Rankine distribution. Obviously this is unacceptable, indicating the inapplicability of the silo analogy to the top of the wall. In this zone, where
stress levels are small, the errors introduced by the simplifying assumptions of the model (e.g., that vertical pressure on any horizontal section
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through the fill is uniformly distributed) are likely to be more significant.
A more reasonable distribution may be obtained by assuming the silo
pressure curve to be limited by the Rankine pressure, resulting in a composite curve such as ABC in Fig. 13. Curves of this type have been drawn
for $ = 36° and 8 = 25° and for $ = 32° and 8 = 25°; these are shown
in Fig. 14 together with pressure distributions obtained from stress characteristic solutions for $ = 36° and 32° with 8 = 25° on the wall and 30°
on the rock face. Good agreement is observed between the two calcu= o-x/yz
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lation methods; the silo pressure curves are slightly higher at small ratios
of z/b.
Fig. 15 shows silo pressure distributions for K obtained from Eq. 3,
superimposed on the measured pressure values. The curves for <f> = 36°
and 8 = 32° are seen to reasonably include the results.
From an examination of Figs. 10 and 15, it appears that a calculation
based on both the stress characteristic solution and the silo pressure
equation may be used to estimate the lateral pressure distribution on the
wall, as long as suitable 4> values are employed. In practice, the use of
the silo pressure equation is much simpler.
CONCLUSIONS

The results of a study of the lateral pressure transferred to a rigid
retaining wall by granular fill confined between the wall and an adjacent
rock face are presented. It is found that Eq. 1, commonly used for estimating lateral pressure on silo walls, may be used to calculate the pressure for the no-movement (K0) condition, using a K value of 1 - sin <I>.
Significant variations from the estimated pressure value may occur next
to the wall, due to small variations in placement conditions (e.g., localized compaction effects, slight variations in density, etc.). A conservative approach could be to use a decreased $ value in calculating K, so
as to obtain an upper envelope to the expected pressure values.
The pressures acting on the wall, when it reaches an active condition
by rotating about its base, appears to be less sensitive to small variations
in placement conditions. Progressive failure, which occurs within the
soil mass adjacent to the wall during its rotation, results in a decrease
in $, and this decreased value must be used in estimating the pressure
acting on the wall. Reasonable estimates of wall pressure may be obtained either from a stress characteristic solution, or from application of
the silo pressure equation, in which a X-value compatible with the values of <t> and 8 (see Eq. 3) is used.
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