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Conversion Factors, Non-SI to SI
Units of Measurement

Non-SI units of measurement used in this report can be converted to SI
units as follows:

Multiply By To Obtain

degrees (angle) 0.01745329 radians

feet 0.3048 meters

pounds (force) per foot 14.5939 newtons per meter

pounds (force) per square foot 47.88026 pascals

pounds (force) per square inch 6.894757 kilopascals

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter

square feet 0.09290304 square meters

V



1 Introduction

The following Phase II report for the U.S. Army Engineer Waterways
Experiment Station supplements the initial report entitled, "Evaluation of
Overturning Analysis for Concrete Structures on Rock Foundations"
(Shannon and Wilson, Inc., in preparation). The purpose of the Phase I
study was to review the overturning stability method presently used by the
U.S. Army Corps of Engineers. Apparent short-comings in this method of
analysis have resulted in computed safety factors of less than 1.0 for his-
torically stable structures. The topics to be expanded upon in this report
include the effects of strain compatibility and wall friction on the stability
of rigid concrete gravity structures. These areas were singled out for addi-
tional review because they are ignored in present methods of analysis.

1Chapter 1 Introduction



2 Summary of Findings

This report presents recommendations for modifications to the present
Corps of Engineers' stability analysis for concrete gravity structures.
These modifications are intended for use in conjunction with the current
analysis procedures for a more accurate assessment of the factor of safety
of existing structures. It is concluded from this study that the effects of
wall friction and strain compatibility are significant when the foundation
rock modulus is relatively low.

Strain Compatibility

The elastic rotation and translation of a rigid structure can be separated
to obtain initial estimates of deformations produced by external moments
and forces. Equations to compute these deformations are provided, and
once determined, they can be used to estimate the reduction in earth pres-
sure behind a wall that yields in the active sense. Although the equations
are valid only for smooth, translating retaining walls, it has been shown
that the influence of wall friction on earth pressures will be small and that
a translating wall should produce similar reductions as does a rotating
wall for the same deformation at the top of the wall.

No reasonable procedure is available for determining the partial pas-
sive pressure resistance of walls moving into a backfill. However, be-
cause usually only small heights of backfill are in front of a wall, this
resistance may be ignored and at-rest earth pressures used.

Wall Friction

The works of Potyondy (1961) and Goh and Donald (1984) have pre-
sented reasonable estimates of maximum wall friction values that can de-
velop as a function of the internal friction angle and cohesion of the
backfill soil. These estimated values compare favorably to actual field
and model test results at the limiting cases. For the present study, it is
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sufficient to assume that the frictional resistance provided by the wall will
be equivalent to the resistance through the soil on a vertical surface above
the base of the structure.

The development of wall friction versus time is difficult to determine.
From instrumented walls it appears that the development of the limiting
friction angle is linear up to slippage between the wall and soil from an
initial value. This initial value is dependent on the method of backfill
placement and the height of the wall. A tentative correlation in determin-
ing mobilized wall friction is provided. It currently appears, based on in-
strumented case histories, that this resistance can be counted on for
long-term effects. However, this point still needs consideration.

Case Study

The case study of a hypothetical concrete gravity structure is provided
to show how the effects of strain compatibility and wall friction can be in-
corporated into the current Corps of Engineers' analysis procedures. It
was concluded that the effect of these additional resistances is significant
when the foundation rock modulus is low and significant deformation of
the structure can occur.
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3 Elastic Movements of
Rigid Structures

From the theory of superposition, the solutions for elastic rotation and
elastic translation can be used for determining backfill deformations for
the overturning and sliding analyses, respectively. Whereas actual defor-
mations may result from combined rotation and translation, the separation
of these two forms of elastic movement will give conservative estimates
of backfill deformations for the appropriate case of analysis.

Elastic Rotation

The elastic rotation of a rigid structure under an applied unit moment
was presented in the Phase I report and is repeated here for completeness.
The angle of rotation cx is obtained from the solution below, where ot is in
radians:

CE = 4m (I _ IL2) )

zEb
2

where

m = Applied moment in units of moment per length

p = Poisson's ratio

E = Young's modulus

b = Half width of base of structure

This solution was obtained from Muskhelishvili (1954) for the moment
loading of a smooth, infinite strip on a semi-infinite mass (elastic half-
space). It is redefined below for the general cases where the base may not
be infinitely long:
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m (1- A2) J6 (2)
Qt = B2E

where

B = Width of base (equal to 2b)

le = Constant dependent on LIB

L = Length of base

It should be noted that for large U/B ratios, i.e., approaching an infinite
strip, the solution defined above is equal to the solution from Muskhelish-
viii. The factor 1O can be determined from the curve shown in Plate 1.

Elastic Translation

The translation of a rigid structure on an elastic medium acted upon by
an applied horizontal force is obtained from Barkan (1962). This solution
is not as rigorous as the solution for rotation. The average horizontal dis-
placement d of the base is computed by assuming a uniform distribution
of shear stress over the contact area and is given by:

d (- -2P ((LB)", 
(3)

where

P = Applied horizontal force in units of force per length

BX = Constant dependent on ji and L/B

The factor Bx can be determined from the curve shown in Plate 2 for gt
= 0.3.

Elastic Stresses Behind a Rigid Yielding Wall

Justification for the use of an elastic theory for stresses behind a yield-
ing wall comes from the widespread use of the theory for various other
analyses (settlement analysis, vertical pressure distribution, etc.). Finn
(1963) published an article dealing with the development of stresses be-
hind a rigid yielding retaining wall based on the theory of elasticity. Finn
hoped to determine the pressure exerted by a soil mass behind a wall when
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the boundary displacements were such that the classical plastic methods
would not apply.

Finn's analysis was based on the classical concept of the "trap door"
analysis, i.e., a soil mass with a yielding base. As the door is released
away from the boundary, the pressure above it decreases due to soil arch-
ing. Finn applied this "trap door" analysis to that of a yielding retaining
wall. He derived solutions for stresses developing behind rigid retaining
walls rotating away from the backfill about their top and translating away
from the backfill. He derived these solutions for cases where friction acts
along the base (perfectly rough) and where it does not act along the base
(perfectly smooth).

The pressure behind a smooth retaining wall that moves laterally away
from the backfill was derived by Finn and is as follows:

K,7z + 4zh2Ed (4)

(1 - 112) it (z + h)3 (z - h)

where

0r = Horizontal pressure at depth z

Ko = At-rest earth pressure

y = Unit density

z = Depth from top of soil backfill

h = Height of backfill

E = Young's modulus of soil backfill

d = Horizontal displacement

R. = Poisson's ratio

This equation can be integrated to determine the net force P acting on the
wall:

~ Z!K~2+ Edp= z 1o 2)
o 2 nI -•2

IIn h + I 1 (5)2 + +
1+ 20
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The resultant of this force can be determined upon further integration and
is stated below:

O'zKo13 + hU In +[2- 3+ I°z3 K0ý X,, - P 2) (2 + I) (I + •

P h (6)

where

Z7h = Ratio of the depth at which the pressure behind the wall
becomes negative to the height of the soil backfill
(Appendix A, Sheet 6)

A stress singularity (division by zero, see Equation 5) develops at the

point z = h where infinite tension develops in the backfill. However, be-
cause the backfill cannot take a net tension, the stresses are assumed to go
to zero below the depth where the tension adjustment to the earth pressure
exceeds the at-rest pressure. It should be noted that the above equations
are valid only for a backfill with a horizontal top surface and in which the

backfill is either dry or completely submerged. It should be further
pointed out that this equation is valid only for small displacements as is
usually understood in the theory of elasticity such that slip surfaces will
not occur.

Results from Finn's analysis generally show that when using elastic
pressure theory, the pressure distribution against the wall departs from its
linear shape with increasing deformation such that pressure shifts from
the bottom of the wall toward the center of the wall. This shift produces a
rise in the center of pressure above the lower one-third point. Finn's find-
ings are confirmed by results from both Terzaghi (1934) and Sherif,
Ishibashi, and Lee (1982) which show the center of pressure to be be-

tween 0.40 and 0.44 times the height of the wall above the base at the ac-
tive state.

The equations shown above are for the case of a perfectly smooth wall
translating away from the backfill. The results using a rough wall are sim-

ilar but will result in lower earth pressures. Although, later in this report,

wall friction will be shown to vary with deformation, its incorporation
into this model would present complexities that are not easily resolved.

Therefore, assuming a smooth wall will suffice for this study.

The model proposed by Finn is based on wall translation away from
the backfill. Finn proposes no method to compute stresses when a wall

rotates about its base. However, studies by Sherif, Ishibashi, and Lee

(1982) and similar results by Terzaghi (1934), as well as finite element

analyses by Clough and Duncan (1971), have shown that results produced

by rotation about the base are similar to results where translation occurs
for equal values of deformation at the top of the wall.
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Development of Passive Pressures in the
Elastic Range

Finn's work was restricted to wall movement in the active sense. A lit-
erature search was unsuccessful in finding a method that could easily pro-
vide theoretical solutions for partial passive resistance. There appears to
be no satisfactory method available to compute passive pressure resistance
as a function of deformation.

Based on model tests and finite element studies, it appears that a signif-
icant amount of passive resistance is mobilized by small deformations
(i.e., deformations sufficient to place the outer backfill into the active
state). Results from Terzaghi on model retaining walls and finite element
analyses by Clough and Duncan show that, in general, passive pressures
are mobilized at a much faster rate than active pressures for the same wall
deformation. Thus, this resistance may prove more beneficial in increas-
ing apparent stability where thick backfills are present than the reduction
of pressure on the active side. Future studies may be able to determine a
satisfactory elastic method for computing passive pressures.
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4 Wall Friction

Wall friction is mobilized any time shear deformations occur along the
contact between the wall and soil. This deformation occurs either through
relative displacement between the wall and soil backfill (in the case of a
rigid foundation this would imply settlement of the backfill) or through lat-
eral earth pressures inducing movement of the wall. The frictional resis-
tance that develops as a result of this displacement is dependent on the
type of backfill, the nature of the wall, and the amount of wall movement.

Interface Friction

The soil-structure interaction behavior between various soil types and
construction materials can be regarded as the initial step in understanding
the role of wall friction on the stability of concrete gravity structures.
The development of skin frictional resistance between a wall and soil
backfill is excluded from the present Corps of Engineers' stability analy-
sis. While skin friction is generally acknowledged as developing during
shear deformations along this contact, there is some question to the long-
term benefit of such a shearing force. Whether this force tends to dissi-
pate with time, as a result of the creep of cohesive soils or vibrational
effects on cohesionless soils, is currently unclear. Thus, for conservative
design analyses, this resistance is ignored in practice.

Even if it is possible to verify that friction is sustained for long periods
of time and during vibrations or cyclic loadings, the amount of wall defor-
mation necessary to fully mobilize this force must be determined. Theoret-
ically, the fully mobilized force should correspond to the initiation of
slippage between the backfill soil and wall. For typical rigid gravity struc-
tures founded on a competent rock foundation, it can be shown that elastic
deformations may be quite small. Thus, the wall friction may not be fully
mobilized, and it becomes necessary to develop a relationship between the
degree of wall movement and the mobilization of wall friction.

Previous investigators have generally incorporated the use of friction
between soil or rock and construction materials as developing as a percent-
age of the soil's or rock's shear strength. Along rough contacts, such as
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the base of concrete structures where concrete is cast directly against the
soil or rock, the sliding surface is acknowledged to occur just below the
base through the soil or on a joint just below the surface of the rock. This
is the case because the concrete enters the irregularities of the soil or rock
making this boundary surface stronger. Because the failure surface occurs
below the base, the full friction angle or cohesion of the soil or rock dis-
continuity is developed. The same does not hold true for backfill soils
placed against vertical concrete walls that are usually constructed by
forms. In this instance, the wall is relatively smooth and provides less
shearing resistance than a failure through the backfill material. Thus, the
weakest link is along this contact, and the vertical friction angle or cohe-
sion will be less than the maximum values the soil could develop.

For retaining wall design, Huntington (1957) suggests using an angle
of wall friction 8 equal to two-thirds of the friction angle ý and a wall ad-
hesion value cA equal to two-thirds of the soil cohesion c for analysis at
the limiting equilibrium active and passive states. These values, although
widely neglected for conservatism, have been accepted for design.

Potyondy (196 1) performed a series of shear tests in both strain- and
stress-controlled shear boxes to determine the skin friction between vari-
ous construction materials and soil backfill types. Potyondy reported the
ratio of the angle of wall friction to the soil's angle of internal friction
(6/0) and the ratio of wall adhesion to soil cohesion (cA/c). Unfortunately,
there was no mention of the amount of shear deformation necessary to mo-
bilize these values nor of the long-term effects of this friction.

Goh and Donald (1984) expanded upon Potyondy's testing. They felt
that the direct shear device used by Potyondy contained numerous short-
comings in determining the value of skin friction and therefore modified
the NGI Direct Simple Shear Device to overcome these problems. The
new device was also able to reproduce the approximate shear mechanism
behind a retaining wall and the approximate compaction procedures that
would develop in the field. The results of these tests were fairly consis-
tent to the 8/0 vales obtained by Potyondy. However, the values of CA/C
were approximately twice as high in the latter study for the cohesive mate-
rials. The authors attributed this difference to the compaction of the cohe-
sive material against the concrete resulting in higher adhesive strengths.

A summary of the results of the above-mentioned tests for different
backfill soils against concrete walls, in terms of the ratio of maximum de-
veloped interface friction to soil friction (at slippage), is presented in
Table 1.

These results were compared with results from model retaining walls at
the active and passive states. Terzaghi (1934) obtained 8/0 values for dry
sand against a model wall that ranged from 0.65 to 0.85 at the active state
for four different testing conditions. Fukuoka et al. (1977) obtained a
value of /0/ equal to 0.8 for sand against a large-scale concrete wall that
yielded into the active state. Sherif, Ishibashi, and Lee (1982) obtained a
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Table 1
Wall Friction Values Between concrete Structures and Various
soil Types (after Goh and Donald 1984)

Soil Type 8/* CA/C

Sand 0.8

Uncompacted silt 0.5

Compacted silt 0.8

Non-swelling clay 0.7 0.4

Uncompacted cohesive granular 0.4 0.4

Compacted cohesive granular 0.6 0.8

value of 8/I of approximately 0.65 for a sand backfill that had developed
its active earth pressure against an aluminum wall (estimated range of 8/I
from Potyondy for aluminum of 0.54 to 0.76). For a cohesive granular
soil against a steel retaining wall, Fukuoka et al. (1977) obtained maxi-
mum wall friction values at the limiting active condition that resulted
from a combination of friction and cohesion. Although no attempt was
made to separate the individual contributions, the total force was found to
be in the range that would be estimated from Potyondy's values for steel
(8/I = 0.40 to 0.65, cA/c = 0 to 0.35). The results of the aforementioned
investigators suggest that the testings performed by Potyondy (196 1) and
Goh and Donald (1984) are reasonable for maximum wall friction values
which will develop at the active state for various types of construction ma-
terials. Therefore, the values presented in Table 1 are proposed as maxi-
mum friction values that can be mobilized against concrete walls.

Deformation Condition

Fukuoka et al. (1977) concluded from a 2-year study of an instru-
mented retaining wall that "the existence of wall friction is so large that it
could not be neglected in design." In order to rely on the full effects of
wall frictional resistance, however, sufficient deformation of the backfill
must occur. As tK_ soil stretches during movement of the structure, the
wall friction increases from an initial value to its maximum value. This
maximum value will develop at or before the initiation of slippage be-
tween the backfil; and the wall at the limiting equilibrium cases (i.e. ac-

tive and passive states). The initial value of wall friction is difficult to
determine as it depends on the properties of the backfill, the nature of

placement (e.g., loosely placed as in siltation as compared with densely
placed by compaction) and the wall material.
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Results from Terzaghi (1934) and Sherif, Ishibashi, and Lee (1982) on
rigid retaining wall models resting on solid foundations and yielding in
the active direction show that a substantial initial value of wall friction
may be dependent on the method of backfill placement behind the wall.
For sands placed loosely behind a wall, Terzaghi presented experimental
data that showed the initial value of tan 8 is slightly less than the maxi-
mum value which it can attain. For dense sands, where density was
achieved by a heavy compactive effort, the initial value of tan 8 ap-
proached zero. Fukuoka et al. (1977) obtained similar results for both
loose and compacted dense sand behind a yielding rigid wall. Sherif,
Ishibashi, and Lee (1982) obtained an initial value of tan 8 that was
slightly less than one-half of its maximum value from using a shaking
table to obtain high densities of the sand.

The results above may be explainable in terms of the effects of the com-
pactive effort on the values of 5, ý, and K. The initial value of tan 8 will
usually decrease as a result of the compaction procedure for small walls.
Compaction of backfill against a rigid wall will lock in additional horizon-
tal stresses (as a function of the compaction-induced vertical stresses) that
do not relax after the vertical stresses are removed. This is especially true
for small walls (less than 25 ft1 in height) where the compaction effort
will have a substantial influence over the entire height of the wall. For
high walls (greater than 50 ft in height), the horizontal stresses from the
backfill overburden will be higher than the induced compaction stresses
over much of the wall and thus control the value of the wall friction, i.e.,
the compaction-induced stresses will have a smaller influence over the
height of the wall.

As the horizontal earth pressure increases from locked in compaction
stresses 8 tends to decrease if all other factors remain the same, thus, re-
ducing the value of tan 8 before earth pressure-related movement. This ar-
gument is strengthened by the results of Sherif, Ishibashi, and Lee (1982)
with tests using sand that was densified rather than compacted. In this
case, the locked in horizontal stresses are expected to be less significant
because a shaking table was used rather than heavy compaction equip-
ment. Thus, the initial value of tan 8 is expected to be lower and in this in-
stance approached one-half of its maximum value.

The above-mentioned investigations also show that, in general, the
value of tan 8 increases linearly with wall deformation towards its maxi-
mum value at or slightly before the active state is reached. Terzaghi's
(1934) limited data on movement toward the passive state show that this
movement has a small effect on the wall frictional resistance, and it is,
therefore, negligible.

A table of factors for converting non-Sl units of measurement to SI units is presented
on page vi.
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In summary, the initial value of the wall friction cannot be determined
accurately. However, from literature it appears that the tangent of the
wall friction angle generally increases linearly with increasing deforma-
tion of the wall for cohesionless soils. Thus, it is reasonable to account
for some frictional resistance by assuming that tan 8i varies linearly from
an initial value to its maximum value (determined as some percentage of
*) as a function of the amount of wall movement necessary to develop the
limiting equilibrium active case. Plate 3 is proposed, which takes into ac-
count friction angle development as a function of wall height and compac-
tive effort.

Only limited data are available on wall friction values of cohesive
soils; however, there is reason to believe that similar conditions exist.
Gould (1970) presented test results from numerous investigators that
showed an increase in the at-rest earth pressure with overconsolidation
pressure resulting from compaction-induced stresses. Thus, the wall fric-
tion value would be expected to decrease with the overconsolidation ratio
as the earth pressure increases. However, to be conservative, because of
only limited experimental data, the wall friction (or adhesion) should be
varied linearly from zero at the at-rest condition to its maximum values at
the active state regardless of the initial placement conditions.

Long-Term Effects

The uncertainty of the long-term effects of wall friction subjects this
type of resistance to scrutiny. Terzaghi's early results showed that at inter-
mediate states (during displacement of the wall), if the wall was held con-
stant, there was almost invariably a decrease of the coefficient of wall
friction and an increase in the horizontal earth pressure. This phenome-
non was explained in terms of the rotation of individual grains into less fa-
vorable positions such that the force required to keep them in this position
decreases. In other words, the frictional resistance decreases, thereby in-
creasing the net vertical reaction. Because the horizontal earth pressure is
directly related to the vertical force, it also increases. Thus, as reasoned
earlier, the wall friction should decrease. This result may be one reason
for the current disregard of any wall frictional component. The decreases
Terzaghi referred to, however, were in general relatively small. Further-
more, model wall tests since have demonstrated sustained friction forces.

Instrumentation of the Port Allen Locks (Kaufman and Sherman 1964)
led the authors to the conclusion that substantial wall friction was avail-
able at small deflections. Although not actually measured, the wall fric-
tion was essential in obtaining realistic moment computations in
back-calculating forces. These forces were generated by filling and emp-
tying the locks and were measured through pressure cells installed on the
lock walls. Frictional forces were believed to exist over the 2 years in
which continuous monitoring was employed. Fukuoka et al. (1977) con-
structed a rigid cantilever retaining wall and backfilled it with clayey soil.
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For over 2 years, this retaining wall was monitored. Twice, the wall was
allowed to stand undisturbed for 9 months and 1 year, respectively. Both
times, the load cells measured sustained frictional values. As a matter of
fact, the frictional forces increased slightly throughout this period, most
likely as a result of backfill settlement.

Frictional forces are also used for other applications. As explained in
the Phase I report (Shannon and Wilson, Inc., in preparation), footing
foundations on clay and sand are designed with a factor of safety relative
to shear strength with no concern that these stresses will dissipate with
time. Also, friction piles are designed with long-term friction components
of resistance.
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5 Proposed Changes to
Methods of Analysis

It is proposed that the stability of concrete gravity structures be ana-
lyzed using earth pressures computed based on elastic theory and that ver-
tical friction between the soil and concrete also be included. Rotation and
translation may be computed based on earth pressure at rest as a first ap-
proximation. The earth pressures are then computed using the deforma-
tions from above and the equations developed by Finn (Part 3.13). The
deformations may then be recomputed for the revised earth pressure distri-
bution. Next, the amount of wall friction mobilized is estimated based on
the deformations and the relationships proposed in Plate 3. With these
forces defined, the rigid body equilibrium of the structure may be ana-
lyzed. An example calculation is provided in Appendix A and a discussion
follows.
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6 Practical Application of
Suggested Methods

Appendix A presents example calculations for a typical concrete grav-
ity structure (Plate 4) using the recommendations stated previously.
Plate 5 shows the forces acting on this structure. Assumptions for the soil
and rock properties are presented on page Al. Pages A2 and A3 show the
external forces and moments acting on the wall. Page A4 computes the
elastic rotation and translation of the structure from the influence of the
forces and moments. Note that these deflections would be considered tol-
erable. Sherif, Fang, and Sherif (1984) presented results which showed
that the active earth pressure was obtained, regardless of density or inter-
nal angle of friction of the backfill soil, at a horizontal translation of
0.001 times the height of the wall. From page A4 it can be seen that the
movement of the structure is less than this value. Therefore, slip should
not have occurred, and the deformation is small enough to use the theory
of elasticity.

Page A6 shows the earth pressure distribution (no water pressure
shown) for the elastic movements calculated above. For conservatism the
smaller value of the elastic deformation due to rotation and translation
was used. Also shown on this graph are the linear distributions for the at-
rest earth pressure and the active earth pressure, with no friction acting
along the wall. The distribution is seen to be non-linear and comparable
to results of Taylor (1948) and Terzaghi (1934). The resultant force and
location can be calculated based on equations derived from Finn and are
presented on pages A7 and A8. Two interesting points should be made.
First of all, the resultant earth pressure of 21,550 plf is between the active
and at-rest pressures calculated, which is expected. Second, the center of
pressure is located at 0.36 times the height of the wall. This finding con-
firms results of Terzaghi (1934) and Sherif, Ishibashi, and Lee (1982),
which showed the center of pressure of the active condition to be above
the one-third point, acting at 0.40 to 0.44 times the height of the wall (the
center of pressure for the example is lower than these values because the
full active condition has not been reached). It should be noted that the re-
sultant force acting on the wall and its location were obtained through inte-
gration from the top of the wall down to 39.5 ft where the pressure behind
the wall becomes zero.
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If further calculations are made, it can be shown that the resultant earth
force decreases non-linearly with increasing deformation of the wall away
from the backfill. This non-linear variation is such that the largest force
decreases occur under very small movements, after which only small
changes in the earthen force are experienced with further deformation of
the backfill up to the active state. This is consistent with the results of
Terzaghi (1934) and Clough and Duncan (1971). It can also be shown that
the center of pressure for the above case will increase to approximately
0.40 times the wall height if deformations of 0.001 times the height of the
wall occur, the resultant force will be approximately equal to the active
earth force as computed by the Coulomb theory for no wall friction. It
should be noted, however, that large deformations such as these are be-
yond the scope of the elastic realm.

Page A9 presents a summary of the procedure suggested to determine
the friction acting along the wall. Note that it is necessary to compute ini-
tial forces, moments, and deformations before calculating approximate
wall friction values. From Plate 3, the mobilized wall friction value can
be determined based on the suggested 8/1 value from Table 1. In this case
only 53 percent of the tangent of the wall friction angle is mobilized.
After computing an initial wall friction value, it is necessary to recompute
the forces and moments acting on the wall with the incorporated wall fric-
tion force. Pages A10 and AI I present a summary of these calculations.
Also, the elastic movements must be recomputed. Note that the change in
the elastic deformation for rotation is substantially smaller than the
change in deformation for translation. This is because of the long moment
arm effect of the wall frictional force. Note, however, that the design de-
formation is only slightly less than that used previously because the
smaller of the two deformations (from rotation and translation) are used.
For structure and loading configurations in which the translation deforma-
tion is the larger component, a more significant change in the design defor-
mation will be seen.

Pages A1 2 through A15 present calculations for the factor of safety
against overturning (in terms of the location of the base resultant) and slid-
ing (by using the limit equilibrium method of the Corps of Engineers,
ETL 1110-2-256) using current Corps of Engineers' procedures and by
modifying these procedures with the use of strain compatibility effects
and a wall friction force. This work is summarized in the table on page
A 16. Also shown are the tiedown forces needed for a tiedown installed
5 ft from the backfill edge at the top of the wall at a 20-deg angle in the di-
rection of the backfill. Note that the tiedown forces needed using both
cases are approximately the same for the sliding analysis. However, there
is up to a 30-percent change in the required remedial force in meeting
overturning requirements. Once again, this effect is a direct result of the
long moment arm for the friction force. It can be concluded that for over-
turning analysis, wall friction may have a significant influence on the loca-
tion of the base resultant and remedial forces needed to meet Corps of
Engineers' criteria.
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As a final point, it should be emphasized that the example calculations
in the appendix were based on a Young's modulus for the foundation of
100,000 psi, which is relatively low for a rock foundation. This low value
could indicate highly fractured rock or a very weak intact rock (possibly
weathered). For hard intact rock, modulus values of over 100 times the
value used in the example would be expected, and thus all elastic move-
ments would be negligible.

18 Chapter 6 Practical Application of Suggested Methods



7 Future Studies

The development of friction or adhesion between a cohesive backfill
soil and wall should be investigated further. It is probable that a substan-
tial wall adhesion value is available, especially for normally consolidated
material, which can increase apparent stability at movements that are not
sufficient to develop the full active pressure condition. Also, long-term ef-
fects of wall friction should be researched to confirm that they exist in the
field. Finally, the development of wall friction on curved surfaces or on
surfaces that are not vertical above the base should be investigated to de-
termine if higher resistances along these surfaces exist.

Future studies should also consider the development of passive earth
pressures, as these pressures would provide substantially higher resist-
ances for equal values of backfill height and backfill deformation than do
the active pressures. Because backfills on the front of a wall are usually
small or nonexistent, ignoring this development is usually insignificant.
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