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1. DPurpose. This manual provides guidance for the safe design and economical
construction of retaining and flood walls. This manual is intended primarily
for retaining walls which will be subjected to hydraulic loadings such as
flowing water, submergence, wave action, and spray, exposure to chemically
contaminated atmosphere, and/or severe climatic conditions. For the design of
retaining walls which will not be subjected to hydraulic loadings or severe
environmental conditions as described above, TM 5-818-1 may be used for
computing the loadings and evaluating the stability of the structure.

2. Applicability. This manual applies to all HQUSACE/OCE elements and field
operating activities having responsibilities for the design of civil works
projects.
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CHAPTER 1

INTRODUCTION

1-1. Purpose.

a. General. This manual provides guidance for the safe design and eco-
nomical construction of retaining and flood walls. This manual is intended
primarily for retaining walls which will be subjected to hydraulic loadings
such as flowing water, submergence, wave action, and spray, exposure to chemi-
cally contaminated atmosphere, and/or severe climatic conditions. For the de-
sign of retaining walls which will not be subjected to hydraulic loadings or
severe environmental conditions as described above, TM 5-818-1 may be used for
computing the loadings and evaluating the stability of the structure.

b. Variations from Guidance. For the evaluation of existing retaining
and flood walls which have been loaded up to or above the design loads and
show no displacement problems or any other sign of weakening, consideration
can be given to reducing the conservatism of the criteria contained in this
manual. If variations from the guidance are necessary, justification for the
variations should be submitted to HQUSACE to the attention of CECW-E for
approval.

1-2. Applicability. This manual applies to all HQUSACE/OCE elements and to
all field operating activities having responsibilities for the design of civil
works projects.

1-3. References and Bibliography. References and computer program user
guides cited in this manual are listed in Appendix A. Additional reference
materials pertaining to the subject matter addressed in this manual are
included in Appendix B, "Bibliography." Computer program abstract
descriptions are shown in Appendix O.

1-4. Termg. Special terms used in this manual are explained in the glossary.

1-5. Scope.

a. Types of Walls. This manual presents design guidance for retaining
walls and inland and coastal flood walls. Retaining walls are defined as any
wall that restrains material to maintain a difference in elevation. A flood
wall is defined as any wall having as its principal function the prevention of
flooding of adjacent land. Not specifically covered in this manual are sea-
walls which are defined as structures separating land and water areas, primar-
ily designed to prevent erosion and other damage due to wave action. They are
freguently built at the edge of the water, but can be built inland to with-
stand periods of high water. Seawalls are generally characterized by a mas-
sive cross section and a seaward face shaped to dissipate wave energy.

Coastal flood walls, however, are generally located landward of the normal
high water line so that they are inundated only by hurricane or other surge
tide and have the smooth-faced cantilever stems shown in this manual.
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b. Types of Foundations. This manual describes procedures for the design
of retaining and flood walls on shallow foundations, i.e., bearing directly on
rock or soil. The substructure design of pile-founded walls is not included,
but is covered in EM 1110-2-2906.

c. Flood Wall Guidance. A flood wall is treated as a special case of a
retaining wall. Unless specifically noted, the guidance herein applies to
both retaining and flood walls.

d. Geotechnical and Structural Aspects. Both geotechnical and structural
aspects of wall design are included. Coordination between geotechnical
engineers, structural engineers, and geologists in the design of retaining and
flood walls is essential.
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CHAPTER 2
GENERAL DESIGN CONSIDERATIONS
Section I. Types of Retaining Walls

2-1. Common Types of Retaining Walls. The most common types of retaining
walls are gravity concrete, cantilever T-type reinforced concrete, and canti-
lever and anchored sheet pile walls. Gravity and cantilever reinforced con-
crete walls are covered in this manual and illustrated in Figure 2-1. Alter-
nate types of retaining walls, including mechanically stabilized backfill and
precast modular gravity walls, are covered in Chapter 10. An example of one
type of alternate retaining wall is shown in Figure 2-1. Counterfort and
buttressed reinforced concrete walls are less commonly used and are not spe-
cifically discussed in this manual. Much of the conceptual information and
the information in Chapters 3 and 9 is applicable to all types of walls.

2-2. Gravity Concrete Wall. A gravity wall (Figure 2-1) consists of mass
concrete, generally without reinforcement. It is proportioned so that the
resultant of the forces acting on any internal plane through the wall falls
within, or close to, the kern of the section. A small tensile stress capacity
is permissible for localized stresses due to extreme and temporary loading
conditions.

2-3. Cantilever Reinforced Concrete Wall. A cantilever T-type reinforced
concrete wall (Figure 2-1) consists of a concrete stem and base slab which
form an inverted T. The structural members are fully reinforced to resist
applied moments and shears. The base is made as narrow as practicable, but
must be wide enough to ensure that the wall does not slide, overturn, settle
excessively, or exceed the bearing capacity of the foundation. The bottom of
the base should be below the zone subject to freezing and thawing or other
seasonal volume changes. The T-type wall is usually the most economical type
of conventional wall and is more widely used than any other type for common
retaining wall heights.

2-4. Alternate Types of Retaining Walls. Retaining walls using mechanically
stabilized backfill (Figure 2-1) and precast modular gravity walls can be sub-
stantially more economical to construct than conventional walls (Leary and
Klinedinst 1984). However, a short life, serious consequences of failure, or
high repair or replacement costs could offset a lower first cost. In addi-
tion, the design engineer must assure the overall adequacy of the design since
the manufacturer of the wall may provide only that part of the design above
the foundation. Chapter 10 covers mechanically stabilized backfill systems
and precast modular gravity walls.

Section II. Types of Flood Walls

2-5. Common Types of Flood Walls. The most common types of flood walls are
cantilever T-type and cantilever I-type walls. Examples of these walls are
shown in Figure 2-2.
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R.S. L.S.

: HORIZONTAL BASE KEYED
HORIZONTAL BASE SLOPED BASE INTO STRONGER SOIL

NOTE: R.S.= RIVER SIDE (OR SEAWARD, UNPROTECTED SIDE)
L.S.= LAND SIDE (OR PROTECTED SIDE)

INVERTED T-TYPE CANTILEVER WALLS

T T\

" CANTILEVER I-TYPE SHEET PILE waALLS ¥

SHEAR CONNECTORS

BEARING PILES

PRESTRESSED CONCRETE SHEET
PILES WITH WATERTIGHT
JOINTS

BRACED SHEET PILE CCASTAL FLOOD WALL™

¥ Analysis of this type of wallis beyond
the scope of this manual

Figure 2-2. Types of flood walls
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2-6. Cantilever T-Type Wall. Most flood walls are of the inverted T-type
(Figure 2-2). These walls are discussed in detail in Chapter 7. The cross
bar of the T serves as a base and the stem serves as the water barrier. When
founded on earth, a vertical base key is sometimes used to increase resistance
to horizontal movement. If the wall is founded on rock, a key is usually not
provided. Where required, the wall can be supported on piles. A sheet pile
cutoff can be included to control underseepage or provide scour protection for
the foundation. T-type walls may be provided with a horizontal or sloped
base. The advantages of sloped and horizontal bases are discussed in
paragraph 7-5.

2-7. Cantilever I-Type Wall. I-type flood walls consist of driven sheet
piles capped by a concrete wall (Figure 2-2). I-walls are most often used in
connection with levee and T-wall junctions or for protection in narrow re-
stricted areas where the wall height is not over 8 to 10 feet, depending on
soil properties and geometry. The design of these types of walls is beyond
the scope of this manual.

2-8. Other Types of Flood Walls.

a. Braced Sheet Pile Flood Wall. This wall consists of a row of vertical
prestressed concrete sheet piles, backed by batter piles connected to the
sheet piles by a cast-in-place horizontal concrete beam with shear connectors
as required to resist the vertical component of load in the batter pile (Fig-
ure 2-2). This type of wall has been used for coastal flood walls. It is
ideal for wet areas because no excavation or dewatering is required to con-
struct the wall. The disadvantage is that it is more indeterminate than other
wall types. The design of this wall is beyond the scope of this manual.

b. Less Commonly Used Types. There are various other types of walls that
may be used for flood walls such ag: buttress, counterfort, gravity,
cellular, and cellular sheet pile, some of which are shown in Figure 2-3.
These walls, except for the gravity wall, are beyond the scope of this manual.

Section III. Differences Between Retaining and Flood Walls

2-9. Purpose of Walls. A retaining wall is any wall that retains material to
maintain a change in elevation whereas the principal function of a flood wall
is to prevent flooding (inundation) of adjacent land. A floodwall is subject
to water force on one side which is usually greater than any resisting earth
force on the opposite side. A wall may be a retaining wall for one loading
condition and a flood wall for another loading condition. The flood loading
(surge tide, river flood, etc.) may be from the same or the opposite direction
as the higher earth elevation.

2-10. Seepage and Leakage Control Requirements. All water-retaining struc-
tures may be subject to seepage through, under, and around them. Inadequate
control of seepage may affect the stability of a flood wall regarding uplift
or loss of support resulting from erosion. Properly controlled seepage, even
if quantities of flow remain large, presents little or no hazard. Control of

2-4
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through-seepage is provided by water stops. Retaining walls rarely need seep-
age protection other than to relieve the hydrostatic load on the £ill side of
the wall. Water stops are used in retaining walls to prevent water passage
from the backfill through the vertical joints. Seepage control and water
stops are more fully discussed in paragraphs 3-23, 6-4e, 6-6, 7-4, and 7-13.

2-11. Wall Stability. Generally, it is more difficult to design stable flood
walls than retaining walls. By their very nature, flood walls are usually
built in a flood plain which may have poor foundation conditions. Uplift is
always a critical item with flood walls but seldom a problem with retaining
walls since the loads acting on a retaining wall are usually soil backfills.
The water load on a flood wall can be more severe, especially when wave load-
ings are applicable. When the ground-water surface is near or above the wall
footing, a common occurrence with flood walls, the allowable bearing capacity
of the soil is reduced. The reduction of stability, due to the erosion of the
earth cover over and beyond the base, must be considered.

2-12. Special Flood Wall Monoliths. Careful attention must be given to wall
monoliths that have loading, support, or other conditions that vary along the
length of the monolith. These monoliths, which may include closure structures,
pipeline crossings, corner structures, etc., must be analyzed as complete
three-dimensional entities instead of the usual two-dimensional unit slices.

2-13. Design Philosophy. Retaining walls are normally built as an appurte-
nance to other structures: dams, hydroelectric power houses, pump stations,
etc. The consequences of failure of a retaining wall are often lower than for
flood walls. Also, retaining walls are seldom more than a few hundred feet
long; if they are designed conservatively, the added costs are of limited sig-
nificance. Flood walls, on the other hand, are usually the primary feature of
a local protection project. They must be designed for the most economical
cross section per unit length of wall, because they often extend for great dis-
tances. Added to this need for an economical cross section is the requirement
for safety. The consequences of failure for a flood wall are normally very
great since it protects valuable property and human life. Thus, the design of
retaining and flood walls is a complex process involving safety and economy
factors, and design must be executed in a logical, conservative manner based
on the function of the wall and the consequences of failure. Design documents
should describe the decisions leading to the final degree of conservatism.

2-14. Stability Considerations. An adequate assessment of stability must
include a rational assessment of loads and must account for the basic struc-
tural behavior, the mechanism of transmitting compressive and shearing loads
to the foundation, the reaction of the foundation to such loads, and the
secondary effects of the foundation behavior on the structure.

Section IV. Coordination Between Disciplines
2-15. Engineering Team. A fully coordinated team of geotechnical and struc-

tural engineers, and hydraulic engineers where applicable, should ensure that
all pertinent engineering considerations are properly integrated into the
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overall design of a structure. Some of the critical aspects of design which
require coordination are:

a. Preliminary estimates of geotechnical and hydraulic data, subsurface
conditions, and types of structures which are suitable for the foundation.

b. Selection of design parameters, loading conditions, loading effects,
potential failure mechanisms, and other related features of the analytical
models.

c¢. Evaluation of the technical and economic feasibility of alternative
types of structures.

d. Constructability reviews in accordance with ER 1110-1-803.

e. Refinements of the preliminary structure configuration to reflect the
results of detailed site explorations, material availability studies, labora-
tory testing, and numerical analysis.

f. Modification to the structure configuration during construction due to
unexpected variations in the foundation conditions.

Section V. Geotechnical Investigations

2-16. Planning the Investigationm.

a. Purpose. The purpose of the geotechnical investigation for wall
design is to identify the type and distribution of foundation materials, to
identify sources and characteristics of backfill materials, and to determine
material parameters for use in design analyses. Specifically, the information
obtained will be used to select the foundation type and depth, design the
foundation, estimate backfill pressures, locate the ground-water level, esti-
mate settlements, and identify possible excavation problems. For flood walls,
foundation underseepage conditions must also be assessed. Detailed informa-
tion regarding subsurface exploration techniques may be found in
EM 1110-1-1804 and EM 1110-2-1907.

b. Review of Existing Information. The first step in an investigational
program is to review existing data so that the program can be tailored to con-
firm and extend the existing knowledge of soil and rock conditions.

EM 1110-1-1804 provides a detailed listing of possible data sources; important
sources include air photographs, geologic maps, surficial soil maps, and logs
from previous borings. In the case of flood walls, study of old topographic
maps can provide information on past riverbank or shore geometry and identify
likely £ill areas.

2-17. Foundation Exploration and Site Characterization.

a. Preliminary Exploration. Where possible, exploration programs should
be accomplished in phases, so that information obtained in each phase may be
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used advantageously in planning later phases. The results of each phase are
used to "characterize" the site deposits for analysis and design by developing
idealized material profiles and assigning material properties. For long,
linear structures like flood walls, geophysical methods such as seismic and
resistivity techniques often provide an ability to rapidly define general con-
ditions during the preliminary phase at a modest cost. In alluvial flood-
plains, air photograph studies can often locate recent channel fillings or
other potential problem areas. A moderate number of borings should be ob-
tained at the same time to refine the site characterization and to "calibrate"
geophysical findings. Borings should extend deep enough to sample any mate-
rials which may affect wall performance; a depth of twice the wall height
below the ground surface can be considered a conservative "rule of thumb."

For flood walls where underseepage is of concern, a sufficient number of the
borings should extend deep enough to establish the thickness of any pervious
strata.

b. Detailed Exploration. The purpose of this phase is the development of
detailed material profiles and quantification of material parameters. The
number of borings should typically be two to five times the number of pre-
liminary borings. No exact spacing is recommended, as the boring layout
should consider geologic conditions and the characteristics of the proposed
structure. Based on the preliminary site characterization, borings should be
situated to confirm the location of significant changes in foundation condi-
tions as well as to confirm the continuity of apparently consistent foundation
conditions. At this time, undisturbed samples should be obtained for labora-
tory testing and/or in situ tests should be performed.

c¢. Additional Exploration. In some cases, additional exploration phases

may be useful to resolve questions arising during detailed design, and/or to
provide more detailed information to bidders in the plans and specifications.

2-18. Testing of Foundation Materials.

a. General. Procedures for testing soils are described in
EM 1110-2-1906. Procedures for testing rock specimens are described in the
Rock Testing Handbook (U. S. Army Engineer Waterways Experiment Station (WES)
1980) . Much of the discussion on use of laboratory tests in EM 1110-1-1804
and EM 1110-2-1913 also applies to wall design. For wall design, classifica-
tion and index tests (water content, Atterberg limits, grain size) should be
performed on most or all samples and shear tests should be performed on
selected representative undisturbed samples. Where settlement of fine-grained
foundation materials is of concern, consolidation tests should also be per-
formed. The strength parameters ¢ and c¢ are not intrinsic material prop-
erties but rather are parameters that depend on the applied stresses, the
degree of consolidation under those stresses, and the drainage conditions dur-
ing shear. Consequently, their values must be based on laboratory tests that
appropriately model these conditions as expected in the field.

b. Coarse-Grained Materials. Coarse-grained materials such as clean
sands and gravels are sufficiently pervious that excess pore pressures do not
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develop when stress conditions are changed. Their behavior can be modeled for
static analyses (earth pressure, sliding, bearing) using parameters from
consolidated-drained (S) tests. Failure envelopes plotted in terms of total
or effective stresses are the same, and typically exhibit a zero ¢ value and
a ¢ value in the range of 25 to 40 degrees. Because of the difficulty of
obtaining undisturbed samples of coarse-grained foundation materials, the ¢
value is usually inferred from in situ tests or conservatively assumed based
on material type. Where site-specific correlations are desired for important
structures, laboratory tests may be performed on samples recompacted to simu-
late field density.

¢. Fine-Grained Materials.

(1) When fine-grained materials such as silts and clays are subjected to
stress changes, excess (positive or negative) pore pressures are induced
because their low permeability precludes an instantaneous water content
change. Undrained (Q or R) tests model such behavior. Shear strength envel-
opes for undrained tests plotted in terms of total stresses exhibit a non-zero
¢ parameter. However, if plotted in terms of effective stresses, the c
parameter is small (zero for all practical purposes) and the friction angle
will be essentially equal to that from a drained test. Reasonable estimates
of the drained friction angle ¢’ can often be made using correlations with
the plasticity index (Figure 2-4).
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Figure 2-4. Drained friction angle versus plasticity index
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(2) At low stress levels, such as near the top of a wall, the undrained
strength is greater than the drained strength due to the generation of nega-
tive pore pressures which can dissipate with time. Such negative pore pres-
sures allow steep temporary cuts to be made in clay soils. Active earth
pressures calculated using undrained parameters are minimum (sometimes nega-
tive) values that may be unconservative for design. They should be used, how-
ever, to calculate crack depths when checking the case of a water-filled
crack.

(3) At high stress levels, such as below the base of a high wall, the
undrained strength is lower than the drained strength due to generation of
positive pore pressures during shear. Consequently, bearing capacity and
sliding analyses of walls on fine-grained foundations should be checked using
both drained and undrained strengths.

(4) Certain materials such as clay shales exhibit greatly reduced shear
strength once shearing has initiated. For walls founded on such materials,

sliding analyses should include a check using residual shear strengths.

2-19. In Situ Testing of Foundation Materials.

a. Advantages. For designs involving coarse-grained foundation mate-
rials, undisturbed sampling is usually impractical and in situ testing is the
only way to obtain an estimate of material properties other than pure assump-
tion. Even where undisturbed samples can be obtained, the use of in situ
methods to supplement conventional tests may provide several advantages:
lower costs, testing of a greater volume of material, and testing at the
in situ stress state. Although numerous types of in situ tests have been
devised, those most currently applicable to wall design are the standard pene-
tration test, the cone penetration test, and the pressuremeter test.

b. Standard Penetration Test. The standard penetration test or SPT (ASTM
D-1586) is routinely used to estimate the relative density and friction angle
of sands using empirical correlations. To minimize effects of overburden
stress, the penetration resistance, or N value, is usually corrected to an
effective vertical overburden stress of 1 ton per square foot using an
equation of the form:

N/ = CN [2-1]

where
N’ = corrected resistance
CN = correction factor

N = measured resistance
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Table 2-1 and Figure 2-5 summarize the most commonly propcsed values for CN .
The drained friction angle ¢’ can be estimated from N’ wusing Figure 2-6.
The relative density of normally consolidated sands can be estimated from the

correlation obtained by Marcuson and Bieganousky (1977):

1/2
D = 11.7 +0.76 [|222(N) + 1600 - 53(p; ) - 50(cu)2|] [2-2]

p’vo = effective overburden pressure in pounds per square inch

Cu = coefficient of uniformity

Correlations have also been proposed between the SPT and the undrained
strength of clays. However, these are generally unreliable and should only be
used for very preliminary studies and for checking the reasonableness of SPT
and lab data.

c. Cone Penetration Test. The cone penetration test, or CPT (ASTM
D 3441-79), is widely used in Europe and is gaining considerable acceptance in
the United States. The interpretation of the test is described by Robertson
and Campanella (1983). For coarse-grained soils, the cone resistance qc has

been empirically correlated with standard penetration resistance (N value).
The ratio (qc/N) is typically in the range of 2 to 6 and is related to median

grain size (see Figure 2-7). The undrained strength of fine-grained soils may
be estimated by using a modification of bearing capacity theory:

= (2-5
k
where
p, = the in situ total overburden pressure
Nk = empirical cone factor typically in the range of 10 to 20

The Nk value should be based on local experience and correlation to labora-

tory tests. Cone penetration tests also may be used to infer soil classifica-
tion to supplement physical sampling. Figure 2-8 indicates probable soil type
as a function of cone resistance and friction ratio. Cone penetration tests
may produce erratic results in gravelly soils.
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Table 2-1

SPT Correction to 1 tsf (2 ksf)

Effective
Overburden
Stress

kips/sq ft)
.20
.40
.60
.80
.00
.20
.40
.60
.80
.00
.20
.40
.60
.80
.00
.20
.40
.60
.80
.00
.20
.40
.60
.80
.00
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.25
.87
.65
.50
.38
.28
.19
.12
.06
.00
.95
.90
.86
.82
.78
.74
.71
.68
.65
.62
.60
.57
.55
.52
.50

Peck
and Bazaraa
(1969)
P &B
2.86
2.22
1.82
1.54
1.33
1.18
1.05
0.99
0.96
0.94
0.92
0.90
0.88
0.86
0.84
0.82
0.81
0.79
0.78
0.76
0.75
0.73
0.72
0.71
0.70

Peck,
Hanson,
Thornburn
(1974)
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.54
.40
.31
.23
.17
.12
.08
.04
.00
.97
.94
.91
.89
.87
.84
.82
.81
.79
.77
.75
.74
.72
.71
.70
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d. Pressuremeter Test. The pressuremeter test, or PMT, also originated
in Europe. Its use and interpretation are discussed by Baguelin, Jezequel,
and Shields (1978). Test results are normally used to directly calculate
bearing capacity and settlements, but the test can be used to estimate
strength parameters. The undrained strength of fine-grained materials is
given by:

s = P1 = Prno [2-4]
v 2K,

where

pl = limit pressure

pho = effective at-rest horizontal pressure

Kb = a coefficient typically in the range of 2.5 to 3.5 for most clays.
Again, correlation with laboratory tests and local experience is recommended.

2-20. Backfill Materials. Selection of backfill materials is discussed in
Chapter 6. Every effort should be made to provide clean, free-draining back-
£ill materials. Density and strength parameters should be determined from
tests on laboratory-compacted samples over a range of densities consistent
with expected specification requirements. Development of a local data base
and correlations for the properties of locally obtained backfill materials may
significantly reduce the need for testing. Figure 2-9 provides typical values
of the friction angle for use in preliminary designs. The soil type codes are
taken from the Unified Soil Classification System, shown in Technical Memo-
randum 3-357, prepared by the U. S. Army Engineer Waterways Experiment Station
in 1960. The data for this figure were assembled from a wide variety of
design references.

2-21. Design Strength Selection. As soils are heterogeneous (or random)
materials, strength tests invariably exhibit scattered results. The guidance
contained in EM 1110-2-1902 regarding the selection of design strengths at or
below the thirty-third percentile of the test results is also applicable to
walls. For small projects, conservative selection of design strengths near
the lower bound of plausible values may be more cost-effective than performing
additional tests. Where expected values of drained strengths (¢ values) are
estimated from correlations, tables, and/or experience, a design strength of
90 percent of the expected (most likely) value will usually be sufficiently
conservative. In the case of rock foundations, the strength of intact rock,
the strength and orientation of discontinuities, and the orientation of joints
relative to the possible failure modes must all be considered in selecting
design strengths.
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CHAPTER 3
FORCES ON WALLS
Section I. Introduction

3-1. General. Retaining walls and flood walls accommodate a difference in
soll or water elevation over a typically short horizontal distance. On one
side of the wall, the driving side, lateral forces exceed those on the oppo-
site, resisting side; the force difference and resulting moment are accommo-
dated by forces and pressures developed along the base. Lateral forces may be
related to gravity, water seepage, waves, wind, and earthquakes. This chapter
presents methods for calculating pressures and resulting forces on the driving
and resisting sides of walls. These are necessary to calculate the magnitude
and location of the base resultant force for overturning and bearing capacity
analysis. They are also required for the design of the structural elements of
the wall.

3-2. Limit-Equilibrium Analysis. The forces and pressures acting on a wall
are in fact highly indeterminate. Static equilibrium equations are insuffici-
ent to obtain a solution for lateral forces; additional assumptions must be
incorporated in the analysis. For nonlinear materials such as soils, this is
commonly and conveniently done by assuming that a "limit" or failure state
exists along some surface and that the shear force along the surface corre-
sponds to the shear strength of the material. With these assumptions, equi-
librium equations can be solved. Hence, this approach is commonly called
"limit-equilibrium analysis." To assure that the assumed failure does not in
fact occur, a factor (safety factor or strength mobilization factor) is ap-
plied to the material strength. It should be noted that this solution ap-
proach differs significantly from that commonly used for indeterminate struc-
tural analysis, where stress-strain properties and deformations are employed.
This limit-equilibrium approach provides no direct information regarding de-
formations; it is implied that deformations are sufficient to induce the fail-
ure condition. Deformations are indirectly limited to tolerable values by
judicious choice of a safety factor.

3-3. Relationship of Forces to Sliding Analysis. Forces calculated in accor-
dance with this chapter are not always equal to those calculated in a sliding

analysis (Chapter 4). The methods in this chapter are intended to produce
reasonable and somewhat conservative estimates of actual forces operative on
the wall. They can be used to perform a quick check on sliding stability as
described in paragraph 4-15. The sliding analysis for general cases (para-
graph 4-16) considers shear failure along the bases of a collection of inter-
acting free bodies (or wedges) that include both the wall and surrounding
soll. Sliding failure is prevented by applying a factor of safety on shear
strength equally on all segments of the failure surface. The lateral forces
calculated in the sliding analysis are a function of the sliding factor of
safety.
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Section II. Earth Pressures and Forces

3-4. Cohesionless Materials.

a. Active Earth Pregsure. Cohesionless materials such as clean sand are
the recommended backfill for retaining walls. Large-scale tests (e.g.,
Terzaghi 1934; Tschebatarioff 1949; Matsuo, Kenmochi, and Yagi 1978) with
cohesionless (¢ = 0) backfills have shown that horizontal pressures are highly
dependent on the magnitude and direction of wall movement. The minimum hori-
zontal pressure condition, or active earth pressure, develops when a wall ro-
tates about its base and away from the backfill an amount on the order of
0.001 to 0.003 radian (a top deflection of 0.001 to 0.003h , where h is the
wall height). As the wall moves, horizontal stresses in the soil are reduced
and vertical stresses due to backfill weight are carried by increasing shear
stresses until shear failure is imminent (see Figure 3-1a).

b. Pasgsive Earth Pressure. If a wall is moved toward the backfill,
horizontal stresses increase and shear stresses reverse direction, first de-
creasing and then increasing to a maximum at failure (see Figure 3-1b). Be-
cause the horizontal stress component along the shear planes is resisted by
both shear stress and vertical stress components, higher horizontal stresses
can be developed than for the active pressure case. Development of the maxi-
mum possible horizontal stress, or passive pressure, requires much larger wall
rotations than for the active case, as much as 0.02 to 0.2 radian. It should
be noted that the deformation required to mobilize one-half of the passive
pressure is significantly smaller than that required for full mobilization.

c¢. At-Rest Earth Pressure. If no wall movement occurs, the lateral
pressure condition is termed the at-rest pressure.

d. Lateral Earth Pressure Coefficient K. The ratio of the horizontal
effective stress to the vertical effective stress in a cohesionless soil mass
can be expressed by the earth pressure coefficient K . Typical relationships
between the K value and wall movements are shown in Figure 3-2. The value
of K can be obtained for active (KA) and passive (KP) conditions using

limit-equilibrium methods. Empirical equations are available for the at-rest
value (KO) as described in paragraph 3-10.

e. Conditions Affecting Earth Pressure. For complicated backfill condi-
tions, at-rest earth forces can be estimated using the general wedge method
combined with factored soil strengths as described in paragraph 3-13. 1If the
mode of wall movement is other than base rotation, the earth pressure and its
distribution may differ considerably from any solutions herein and other anal-
ysis techniques are required (see paragraph 3-15g). Also, compaction of the
backfill behind a wall can produce horizontal pressures in excess of at-rest
pressures near the top of a wall as discussed in paragraph 3-17.
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3-5. (Cohegive Materials.

a. Strength Properties. So-called cohesive materials, typically fine-
grained soils such as clay, exhibit shear strength under zero confining stress
when loaded rapidly. The strength at zero confinement is expressed by the
parameter ¢ , or cohesion. Cohesive materials are usually saturated or
nearly saturated because their small pore diameter attracts capillary water.
When stress changes are imposed (such as by wall movement) the soil attempts
to change volume. If low permeability prevents volume change from keeping
pace with the external stress change, pressure changes are induced in the pore
water. What appears to be stress-independent strength (cohesion) is, for the
most part, the combined effects of frictional resistance between soil parti-
cles and induced pore pressure changes. Pore water tension at low stresses
permits vertical cuts in clay; however, such cuts eventually fail as negative
pore pressures dissipate and water content increases. Horizontal pressures in
cohesive materials are related to the soil’s permeability and pore pressure
response during shear in addition to wall movement. Therefore they are time
dependent.

b. Use as a Backfill Material. It is strongly recommended that cohe-
sionless materials such as clean sands be used for wall backfill materials.
Cohesionless materials have more predictable properties than cohesive mate-
rials, are less frost susceptible, and provide better drainage. However,
there are certain instances (such as walls adjacent to impervious clay cutoffs
in flood-control structures) where clay backfills may be unavoidable.

¢. Short- and Long-Term Analyses. Solutions are included herein for
earth pressures in the terms of the general case involving both the ¢ and ¢
parameters. Where cohesive backfills are used, two analyses (short-term and
long-term) are usually required with different sets of strength parameters in
order to model conditions that may arise during the life of the wall.
Strength tests are further discussed in Chapter 2, Section V.

(1) Short-Term Analyses. These analyses model conditions prevailing
before pore pressure dissipation occurs, such as the end-of-construction con-
dition. For these analyses, unconsolidated-undrained (Q) test parameters are
appropriate. Often these tests yield a relatively high ¢ value and a low or
zero ¢ value. Calculations may indicate that the soil is in tension to sig-
nificant depths and exerts zero pressure on the wall; thus, the short-term
analysis alone will seldom govern wall design. However, the zone of theoreti-
cally negative soil pressure may correspond to cracking and should be assumed
to crack as described in paragraphs 3-15f and 4-18. Water entering these
cracks may exert significant horizontal pressure on a wall. Therefore, short-
term stability analyses should include a check of the effect of water pressure
in tension cracks.

(2) Long-Term Analyses. These analyses model conditions prevailing
after shear-induced excess pore pressures have dissipated. (Dissipation
herein includes negative pore pressures increasing to zero.) For long-term

analysis, consolidated-drained (S) test parameters are appropriate. These
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tests usually yield a relatively high ¢ value and a relatively low or zero
¢ value.

d. Overcongolidated "Swelling" Clay Soils. For highly overconsolidated
and/or "swelling" clay soils, lateral pressures may be developed in excess of
those calculated using drained or undrained strength parameters. These pres-
sures cannot generally be determined using limit-equilibrium techniques (see,
e.g., Brooker and Ireland 1965). The use of such soils around retaining walls
should be avoided.

3-6. Pressures in Soil-Water Systems. Soil grains are able to transmit shear
stresses; water cannot. Consequently, effective pressures in soil may differ
on horizontal and vertical planes but water pressures cannot. Effective soil
pressures are therefore separated from water pressures in calculations. If
the value of K is established, horizontal effective stresses may be calculated
by multiplying the effective vertical stress at any point by the corresponding
K value (see Figure 3-3). To obtain the total horizontal pressure, the ef-
fective horizontal pressure is added to the water pressure. Where more than
one soil layer is present, vertical pressures increase continuously with depth
but the horizontal pressure diagrams may be discontinuous as shown. Combining
water pressures with effective earth pressures is further discussed in para-
graphs 3-15 and 3-18.

3-7. Design Earth Pressures and Forces, Driving Side.

a. Use of At-Rest Earth Pressures. The driving side of a retaining wall
or flood wall is defined as that side on which soil and/or water exerts a
horizontal force tending to cause instability. Designers have often assumed
active earth pressure on the driving side because movements required to de-
velop active pressures are small. However, several reasons exist to design
walls for at-rest pressures. Because designs incorporate factors of safety,
walls may be quite rigid and pressures may be greater than active. Hydraulic
structures in particular are designed using conservative criteria that result
in relatively stiff wall designs. Walls founded on rock or stiff soil founda-
tions may not yield sufficiently to develop active earth pressures. Even for
foundations capable of yielding, certain experiments with granular backfill
(Matsuo, Kenmochi, and Yagi 1978) indicate that, following initial yield and
development of active pressures, horizontal pressures may in time return to
at-rest values. Another reference (Casagrande 1973) states that the gradual
buildup of the backfill in compacted lifts produces greater-than-active pres-
sures as do long-term effects from vibrations, water level fluctuations, and
temperature changes.

b. Estimation of Operative Presgures. Design analyses require an esti-
mate of the expected "operative" (nonfailure) pressures on the wall for over-
turning and bearing capacity analyses and structural design. Therefore, walls
should be designed to be safe against overturning and bearing failure for at-
rest earth pressure conditions, and structural elements should be designed
assuming at-rest earth pressures on the driving side. The lateral soil forces
calculated using the multiple wedge sliding analysis described in Chapter 4
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are in the at-rest pressure range when a safety factor of 1.5 is obtained.

¢. Compaction and Surcharge Effects. Where significant compaction effort
is specified for the backfill, design earth pressures should be increased
beyond the at-rest values for depths above a "critical” depth as described in
paragraph 3-17. Where surcharges are expected above the backfill (in stock-
piles, rails, footings, etc.), the additional horizontal earth pressure due to
the surcharge should be determined as discussed in paragraph 3-16 and super-
imposed on the at-rest pressure diagram. Examples of these effects are given
in Appendix M.

3-8. Design Earth Pressures and Forces, Resisting Side.

a. Background. The resisting side of a wall is defined as that side
where soil and/or water provide a lateral reaction tending to resist instabil-
ity. The maximum earth force that can be developed is the passive earth
force. However, for a wall in equilibrium, the actual resisting-side force
will typically be smaller than the passive force as the forces on the driving
side, base, and resisting side taken together must satisfy static equilibrium.
The resistances to the driving-side force provided by the resisting-side force
and the base shear force, respectively, are indeterminate. Allocation of the
total resistance between these two forces is judgmental.

b. Estimation of Passive Resistance. A conservative and convenient de-
sign approach is to assume the resisting-side force is zero for overturning
and bearing capacity analyses and for structural design. However, in some
cases, such as walls with relatively deep foundations, it may be desirable to
consider some lateral resistance for these analyses. To justifiably assume a
non-zero resisting-side force, the material must not lose its resistance char-
acteristics with any probable change in water content or environmental condi-
tions and must not be eroded or excavated during the life of the wall. If
such assumptions can be justified, at-rest conditions may be conservatively
assumed on the resisting side. Resisting-side pressures and forces generally
should not be assumed to exceed at-rest conditions when calculating the base
resultant force and location and when designing structural components. How-
ever, if the driving-side earth force exceeds the sum of the resisting side
at-rest earth force (if present) and the maximum available base shear force
calculated using unfactored shear parameters, the additional required resis-
tance should be agsumed to be provided by additional resisting-side pressure.
In no case should the resisting-side earth pressure exceed one-half the pas-
sive pressure calculated using unfactored shear strengths for overturning and
bearing capacity analyses and structural design.

¢. Horizontal Force Allocation. To summarize, the horizontal force
allocation for overturning analysis, bearing capacity analysis, and design of
structural components should be computed as follows:

(1) Calculate the at-rest effective earth force on the driving side
(paragraphs 3-10 through 3-13). Superimpose surcharge effects if present
(paragraph 3-16). Add water pressures, if present.
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(2) Assume that the resisting-side earth force equals zero or calculate
and apply the at-rest earth force on the resisting side of the wall, if justi-
fied (paragraphs 3-10 through 3-13). Add water forces if present.

(3) Assume that the horizontal component of the base resultant is equal
to the difference between the horizontal forces from (1) and (2).

(4) If the maximum available base shear force is exceeded, assume that
the remaining horizontal force is resisted by mobilizing a greater fraction of
passive pressure so long as not more than one-half the available passive force
is used. (This may occur where the resisting-side soil is strong relative to
the driving-side and base soils.)

d. Sliding Stability Check. Sliding stability should be checked using
the single or multiple wedge methods found in paragraphs 4-15 and 4-16,

respectively.

3-9. Design Earth Pressures and Forces on the Base.

a. Calculation of Resultant Force on Base. The resultant force on the
base, its direction, and its location must be such that the wall is in static
equilibrium for the "operative" loads (see Figure 3-4). 1In Figure 3-4a, the
vertical component of the resultant is equal and opposite the summed weights
of the "structural wedge" and the horizontal component is equal to the differ-
ence of the driving-side and resisting-side forces. Figure 3-4b illustrates a
more complicated example including water and a sloping base with a key. The
vertical and horizontal components of the base uplift force are calculated
from base water pressures obtained from a seepage analysis. The remaining
vertical and horizontal forces required for equilibrium are provided by com-
ponents of the base shear force T and effective normal force N’ . An over-
turning analysis as described in Chapter 4 must be performed in order to
determine the effective normal force N’ and its location.

b. Computation of Base Pressures. The effective earth pressure on the
base is assumed to vary linearly and N’ is applied at the centroid of the
pressure diagram. When the resultant falls within the middle one-third of the
base, the effective base pressures g’ are calculated by the following
equation:

NOIEE

where
N’ = effective normal force on base of structure
B = width of base of structure
e = eccentricity of N’ from center of base
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This is shown in Figure 3-5, a and b. If the resultant falls outside the
middle one-third of the base, i.e., e is greater than B/6 , as shown in

Figure 3-5¢, the pressure distribution is triangular with a maximum pressure
equal to

L, 4 N
%nax ~ 3'(3 - 2e> [3-2]

The base will be in compression over a distance b from the toe computed as

b = -3- (B - 2e) [3-3]

Refer to Appendix N for example computations.

3-10. At-Rest Earth Pressure Equations.

a. Horizontal Backfill. For the special case of a horizontal backfill
surface and a normally consolidated backfill (no compaction or other prestress
effects) the at-rest pressure coefficient K can be estimated from Jaky’'s
(1944) equation °

R, =1-sing¢' [3-4]

and the lateral earth pressure computed by

Do = YIKOZ
where
¢’ = drained internal friction angle
Y’ = effective unit weight (moist or saturated above water table,

submerged or buoyant below water table)
z = depth below surface of backfill along a vertical plane

b. Sloping Backfills. For normally consolidated sloping backfills,
results of experiments to measure Ko are quite variable. The following

equation proposed by the Danish Code (Danish Geotechnical Institute 1978) is
recommended:

Kep = K, (1 + sin B) [3-5]




EM 1110-2-2502
29 Sep 89

|

—
g U

o [y Booe

a. Simple wall, resultant in middle one~third of base

G L @ (B-N'ze>
()6

b. Flood wall with sloping ¢. DPressure for resultant outside
base middle one-third

Figure 3-5. Base pressures




EM 1110-2-2502
29 Sep 89

Substituting Equation 3-4 in 3-5 gives:

KOB = (1 - sin ¢') (1 + sin B) [3-6]

and the lateral earth pressure computed by

Po = ¥'KepZ

where B 1s the slope angle from the horizontal. [ 1is positive for a soil
layer that slopes upward and away from the structure. Values for Ko and
KOB are given in Appendix E.

c. General Conditions. For walls with irregular backfill surfaces, non-
homogeneous backfills, surcharge loadings, and/or other complicating condi-
tions, empirical relationships for the at-rest pressure are not generally
available. For routine designs, an approximate solution for the horizontal
earth force may be obtained using Coulomb’s active force equation or the gen-
eral wedge method with values of ¢ and tan ¢ multiplied by a strength
mobilization factor (defined in paragraph 3-11). Because this is an empirical
approach, results will differ slightly from calculations using Equations 3-4
through 3-6 where companion solutions can be obtained. Appendix E includes a
comparison of Ko values so obtained for both horizontal and sloping back-
fills. Figure 3-6 shows a comparison of Jaky’s equation with Coulomb’s equa-
tion for a horizontal backfill.

d. Resisting Side. Jaky’s equation and the Danish Code equation may be
used to compute at-rest pressures for the resisting side for horizontal and
sloping soil surfaces, respectively. Example computations are shown in
example 7 of Appendix M and in Appendix N.

3-11. Strength Mobilization Factor.

a. Definition. The strength mobilization factor (SMF) is defined as the
ratio of the assumed mobilized or developed shear stress 1T along an assumed

slip surface to the maximum shear strength Te of the soil material at fail-

ure. If an appropriate SMF value is assumed and applied to ¢ and tan ¢ ,
it allows calculation of greater-than-active earth pressures using Coulomb’s
active force equation (paragraph 3-12) or the general wedge equation (para-
graph 3-13). Alternatively, the safety against sliding may be assessed by
calculating the average SMF along an assumed sliding surface from an equi-
librium analysis and comparing it to a recommended maximum value. These con-
cepts are illustrated in Figure 3-7. In equation form, the strength mobiliza-
tion factor may be expressed as:

L
Te

SMF = [3-7]




EM 1110-2-2502
29 Sep 89

9 Horizontal Back il

.7

N

Ko

5

4

’3

PHI

—8- Jaky

—%— Coulomb With
SMF = 2/3

Figure 3-6. At-rest earth pressure coefficients
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Figure 3-8. Mohr-Coulomb failure criterion

b. Developed Shear Stregs. According to the Mohr-Coulomb failure
criterion (Figure 3-8) the shear strength on the failure plane is defined as

t
= + —
Tg =0 tan ¢ + ¢ [3-8]
where
Gh = effective normal stress
¢,c = shear strength parameters of soil (where ¢ and c in the above

equation are drained strengths (¢ = ¢’ , ¢ = ¢’) for long-term
analysis and undrained (¢ = 0, ¢ = Su) for short-term analysis of

cohesive materials).

The failure plane is inclined 45 + ¢/2 degrees from the plane of the major
principal stress. For limit-equilibrium analyses to be valid, the assumed
slip surface must be inclined at this angle relative to the principal
stresses. In the Coulomb and general wedge methods, a plane slip surface is
assumed. Discontinuities in the backfill surface, surcharges, and wall fric-
tion all cause variation in the principal stress directions and induce

3-16
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curvature in the slip surface. Assuming that the plane slip surface approxi-
mation is valid and is properly oriented relative to the principal stresses,
the shear stress on it is:

T = SMF (c) + 0; SMF (tan ¢) [3-9]

Thus, the shear stress on a presumed slip surface is taken to be a function of
the shear strength parameters, the effective normal stress, and the strength
mobilization factor.

c. Developed Shear Strength Parameters. Multiplying the shear strength
parameters (¢ and tan ¢) by the appropriate SMF reduces them to the
"developed" values (cd and tan ¢d) assumed to be operative in equilibrium

conditions. The developed shear strength parameters, the actual shear
strength parameters, and the SMF are related as follows:

tan ¢d ~ Ei
c

SMF = tan e

[3-10]

To estimate at-rest pressures for design using Coulomb’s active earth pressure
equation or the general wedge equation, the SMF should be taken as 2/3
(0.667) . Ko values so obtained are compared with Jaky’s equation in Fig-

ure 3-6. The Coulomb equation with an SMF of 2/3 is compared to the Danish
Code and Jaky equations in Appendix E. It should be noted that as the ratio,
tan B/tan ¢ , exceeds 0.56, the lateral earth force computed by the Coulomb or
general wedge equations using an SMF = 2/3 will be increasingly larger than
that given by computing the earth force using a KO given by the Danish Code

equation, for those conditions where the Danish Code equation applies. There-
fore, computing at-rest earth loadings using the Coulomb or general wedge
equations for a sloping backfill when tan B/tan ¢ exceeds 0.56 will be con-
servative (see Appendix E).

3-12. Earth Force Calculation, Coulomb’s Equations.

a. General.

(1) Coulomb’s equations solve for active and passive earth forces by
analyzing the equilibrium of a wedge-shaped soil mass. The mass is assumed to
be a rigid body sliding along a plane slip surface. Design (at-rest) earth
pressures and forces may be estimated using developed shear strength param-
eters (Equation 3-10) corresponding to an SMF of 2/3 in the Coulomb active
earth force equation. The Coulomb equations have the advantage of providing a
direct solution where the following conditions hold:
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(a) There is only one soil material (material properties are constant).
There can be more than one soil layer if all the soil layers are horizontal.

(b) The backfill surface is planar (it may be inclined).

(¢) The backfill is completely above or completely below the water table,
unless the top surface is horizontal, in which case the water table may be
anywhere within the backfill.

(d) Any surcharge is uniform and covers the entire surface of the driving
wedge.

(e) The backfill is cohesionless, unless the top surface is horizontal,
in which case the backfill may be either cohesionless or cohesive.

(2) Although Coulomb’s equation solves only for forces, it is commonly
expressed as the product of a constant horizontal pressure coefficient K and
the area under a vertical effective stress diagram. Assuming the concept of a
constant K is valid, horizontal earth pressures can be calculated as the
product of K times the effective vertical stress. The variation of the
Coulomb solution from a more rigorous log-spiral solution is generally less
than 10 percent, as shown in Figure 3-9.

b. Driving-Side Earth Force.

(1) The total active force PA on a unit length of wall backfilled with

a cohesionless material (¢ = 0) is given by:

=1

1 2
sin 6 cos ¢ KAh [3-11]

and acts at an angle & from a line normal to the wall. In the above
equation (refer to Figure 3-10):

v’ = effective unit weight (moist or unsaturated unit weight if above the
water table, submerged or buoyant unit weight if below the water table)

© = angle of the wall face from horizontal (90 degrees for walls with a
vertical back face or structural wedge)

8 = angle of wall friction
K, = active earth pressure coefficient

h = height of fill against gravity wall or height of fill at a vertical
plane on which the force is being computed




EM 1110-2-2502

29 Sep 89
where
sinZ (6 + ¢) cos &
sin (¢ + &) sin (4 - B)
sin 6 sin (8 - 6)[1 + \jsm (® - & sin (o + B)]

Examples 1 and 2 in Appendix M and the examples in Appendix N demonstrate the
use of Equation 3-12.

(2) When wall friction is neglected (8 = 0), Equation 3-12 reduces to:
sin (6 + ¢)
K =

A 7
2 |sin ¢ sin (¢ - B)
sin 6[1 * \sin 0 sin (8 + B)

[3-13]

(3) For the case of is no wall friction (8 =

0) and a vertical wall
(6 = 90 degrees),

K = cos ¢

— [3-14]
A [1 + [sin ¢ sin (¢ ~ B) 2
cos B

(4) For the special case of no wall friction, horizontal backfill sur-

face, and a vertical wall, Coulomb’s equation for K, reduces to:

l-1sin ¢
K = e -
A 1 + sin ¢ (fS ) (3-15])
which is identical to Rankine’s equation for this special case.

(5) As stated in paragraph 3-1lc and demonstrated in Figure 3-6 and
Appendix E, a developed ¢ angle computed by Equation 3-10 using an SMF of

2/3 can be used in Coulomb’s equation to compute an earth pressure coefficient
close to that given by the Jaky or Danish Code equations.
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(6) For the horizontal component of the earth force acting on a vertical
plane, with no wall friction, the term (1/sin 6 cos 8) in Coulomb’s equation
is equal to unity. Thus, Equation 3-11 reduces to

1

2
=(L '
PAH (2) KAY h

[3-16]

(7) If total stress or undrained strength parameters are used and there
is a cohesion term ¢ it has the effect of reducing the active earth force

PAH
1 2 2c2
1 — ' -— — —
PAH = (2) KAY h ZCVKA h + 7 [3-17]

For a backfill with a horizontal surface, Kc given in Appendix H, para-
graph H-2c¢, equals fKA. The second term is the reduction in the active

force due to the effect of cohesion on the slip plane and the third term ac-
counts for the shortened length of slip plane due to the effect of a tension
crack. If the third term is neglected, and K is assumed constant with
depth, the active pressure can be obtained as the derivative of PAH with
respect to the depth from the top of the wall =z

= t — -
Ppg = KyY' 2 2cf1<_A [3-18]

Refer to examples 5 and 8 of Appendix M for examples involving cohesion.

(8) Estimation of at-rest pressures using the SMF concept with
Coulomb’s equation may give unreliable results for medium to highly plastic
cohesive materials. If these materials cannot be avoided in the area of the
driving side wedge, the at-rest pressure should be taken as the overburden
pressure times as empirical K value, such as from Massarsch’s (1979) or
Brooker and Ireland’s (1965) correlation of K with the plasticity index.
Because of the number of uncertainties about the behavior of cohesive mate-
rials, a degree of conservatism should be exercised in the selection of the K
values. Also, the effects of short and long term conditions (paragraph 3-5c)
and compaction (paragraph 3-17) should be included in estimating the at-rest
pressure.
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c. Resisting-Side Earth Force.

(1) The Coulomb and general wedge equations assume a plane slip surface.
However, wall friction effects cause the actual slip surface at failure to be
curved. For active pressure calculations, the magnitude of error introduced
by the plane surface assumption is not significant, as shown in Figure 3-9
(Driscoll 1979). Coulomb’s passive force equation, however, is grossly uncon-
servative where wall friction is present as shown in Figure 3-11 (Driscoll
1979) . - However, where & is less than about one-third ¢ , the error is
small. If wall friction is neglected, Coulomb’s equation is therefore accept-
able. The Coulomb passive pressure coefficient for the case of no wall fric-
tion (8 = 0) and a vertical wall (0 = 90 degrees) is:

)
[o{e]-] 5 {3_19]
_ |sin ¢ sin (¢ + B)}

1 cos B

1

For a horizontal backfill (B = 0), this reduces to

1 + sin 4’ 2 ( ° ¢) - 1
= T"sin ¢ 2) ",

(2) If total stress or undrained strength parameters are used and there
is a cohesion term c¢ , it has the effect of increasing the passive earth

force pPH :

1 2 _
Ppg = 3 KpY'h" + 2c/E’P h [3-21]

By differentiating Poy with respect to the depth from the top of the

resisting wedge 2z , the passive pressure may be obtained as:

Ppy = pr'z + 2/E; e [3-22]

3-13. Earth Force Calculation, General Wedge Method.

a. General. The general wedge method refers to a limit equilibrium
analysis of a set of assumed rigid bodies (soil and/or structural elements)
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termed wedges. The horizontal earth force on the driving or resisting side of
a retaining structure may be estimated by such an analysis employing properly
chosen strength parameters. Where the special conditions listed in para-
graph 3-12a(1) apply, the weight of the sliding mass and orientation of the
critical sliding plane are unique functions of the backfill geometry and soil
properties, and Coulomb’s equations provide direct solutions for the driving
and resisting earth forces. Where one or more of the variables in Coulomb’s
equation cannot be accommodated as a single value (such as the case with mul-
tiple soils where not all of the soil layers are horizontal, location of the
water table, irregular backfills or where nonuniform surcharges are present),
the critical inclination of the sliding surface and, in turn, the gravity
forces (weight plus surcharges) on the sliding mass must be solved in order to
calculate the horizontal earth force. 1In these cases, this requires a trial
and error solution using the general wedge equation.

b. Use in Practice. When used with unfactored soil strength parameters,
the general wedge equations yield the active and passive earth forces. When
¢ and tan ¢ are factored by an SMF value of 2/3, solution of the driving-
side wedge provides an estimate of the at-rest earth forces (see para-
graph 3-12). An SMF of 2/3 is not used to compute the resisting wedge force
for the overturning, bearing, and structural design of the wall since a larger
resisting force than is acceptable would be computed. See paragraph 3-8 for
the procedure recommended to determine the resisting force for overturning and
bearing capacity analyses and structural design of the wall.

c. Driving Side Earth Force, General Wedge Method.

(1) Wedge Geometry and Forces. The geometry of a typical driving-side
wedge and its free-body diagram are shown in Figure 3-12. The angle of wall
friction and the shear force between vertical wedge boundaries are assumed to
be zero. The inclination of the slip surface o is that which maximizes the
earth force. Calculation of o is discussed in paragraphs 3-13c(2)
and 3-13c(4). If force equilibrium is satisfied, the forces on the wedge form
a closed-force polygon as shown in Figure 3-13. The equation for the effec-
tive horizontal earth force PEE exerted by a driving-side wedge on a wall or

an adjacent wedge is given by the general wedge equation as:

W+ V) (1 - tan ¢d cot a) tan ¢ U tan ¢d - ch

EE 1 + tan ¢d tan o + cos o ( 1 + tan ¢d tan o)

+ I{L - HR - Pw [3-23]
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where
PEE = effective horizontal earth force contributed by wedge or wedge
segment
W = total wedge weight, including water
V = any vertical force applied to wedge

0 = angle between slip plane and horizontal
U = uplift or buoyancy force acting on and normal to wedge slip plane
L = length along the slip plane of the wedge

H_ = any external horizontal force applied to the wedge from the left,
acting to the right

H, = any external horizontal force applied to the wedge from the right,
acting to the left

P_ = internal water force acting on the side of the wedge free body (PW
is equal to the net difference of the water force for wedge seg
ments with water on two vertical sides as shown in Figures 3-12
and 3-13.)

The developed strength parameters tan ¢d and ¢ are as defined in para-

d
graph 3-11. Equation 3-23 is derived for failure occurring from left to
right. All values are positive in the directions indicated in Figure 3-12.
Refer to Appendix M for examples using Equation 3-23.

(2) Critical Value of Slip-Plane Angle.

(a) The critical value of o for a driving-side wedge with a horizontal
top surface and a uniform surcharge or no surcharge is:

b
a = 45° + -2-51— [3-24]

(b) For the special case of a backfill with a planar (flat or inclined)
top surface and a strip surcharge V , the following equation can be used to
compute the critical o value:

2
c. +4jcT + 4
o = tan P\ 2 L 2 [3-25]
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EM 1110-2-2502
29 Sep 89

PR Peei-2
-

B i
PuL Peeq-2

-

NOTE: P FORCES SHOWN WITH
VERTICAL SEPARATION W
FOR CLARITY

AR

Force on driving side of
structuralwedge (slice 3)
is equaland opposite to
Pee-2) » The force Pge
added by the wedge is
(Pees-2» - Peeg-p ) and acts
to the right. The force
Py Ts equalto Pyr-Pw

and acts to the right.

Figure 3-13. Force polygon for wedge method on driving side

The above equation for o assumes that the backfill is completely above or
completely below the water table, but can be used when the water table is any-
where within the backfill with sufficient accuracy for design. The surcharge
V can have any arbitrary shape but must be contained entirely within the
driving wedge. The equations for c, and c, are:

(i) For a cohesionless backfill without a strip surcharge:

¢, = 2 tan ¢d [3-26]

tan B
<, 1 - tan ¢d tan 8 - (tan ¢d ) [3-27]
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(ii) For a cohesive or a cohesionless backfill with a strip surcharge:

4cd (tan ¢d + tan B) 4V tan 8(1 + tanz ¢d)

2
2 tan” ¢, + -

d T +4d) Y(hz _ di)

¢y = Y [3-28]
2c.(l - tan ¢, tan B) 2V tan? 6(1 + tan® ¢)
tan ¢, (1 - tan ¢, tan B) - tan B8 + d d + g 3-29
_ d ¢ YEFa) Y - &) [ ]
Cz Y
where

2cd(1 - tan ¢d tan B) 2V(1 + tan2 ¢d)

A=tan ¢, + [3-30]

Y+ d) B Y(hz _ d(z:)

These equations when applied to a cohesive backfill are subject to the limita-
tions described in paragraph 3-12b(8). The derivation of these equations is
shown in Appendix G. Examples using these equations are shown in Appendix M.

(c) For irregular backfills, obtaining the critical inclination of the
driving-side slip surface may require a trial-and-error solution. As a first
approximation, the backfill surface may be bounded by two inclined lines
originating from the top of the wall and the value of o may be calculated
using an "average" P value between the two bounding lines (Figure 3-14), or
by introducing a surcharge as shown in Example 9 of Appendix M.

(3) Limitations of Critical Slip Plane Equations. The equations for ¢
and c, are valid except when the strip surcharge V is too large or when

the slope of the top surface is too great. The maximum value for the strip
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>~ qug: B at x = 2h
~ _B=Bmax
~ h = Wall height
\\\ \\
Bzﬁcvg\‘\\\
ﬁ;: ﬁanﬁnzo .
A

2h

Bovg: B max ~ B min
2

Bmax calculated at
x = 2h

N

Criticalvalue of & is between o calculated
using Bmln and qux .Use Bavg for first trial

Figure 3-14. Wedge analysis for irregular backfill
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surcharge is determined by setting the denominator of the equation for ¢, or

1
c, equal to zero and solving for V . This value is:

Y(ﬁz - dz) tan ¢d + 2cd(h -d)(1 ~ tan ¢, tan B)

- c d

1ax 2 [3-3
2(1 + tan ¢d)

When V 2 Vmax the value of o 1is set by the location of the strip surcharge

as shown in Figure 3-15, and given by the equation

-1 h - dc + (S) tan B
|a| = tan 3 [3-32]

Even when V < Vmax , a check should be made to be certain that the entire

strip surcharge lies on the top surface of the wedge as defined by the

2
calculated value of o . Also, when c1 + 402 <0, o is indeterminate.
This is an indication that the slope of the top surface is too great to be
sustained by the developed strength parameters tan ¢d and cq - See

example 8 in Appendix M for a solution to this problem.

(4) Layered Soils. The wedge equations imply a single set of strength
parameters along the wedge base. For layered soils, the wedge must be divided
into wedge segments, each with its base in a single soil. The wedge base
inclinations o are theoretically different in every soil (Figure 3-16a);
calculation of an optimum solution (maximized earth force) for the set of «
values is tedious and cumbersome. Three approximate methods may be used:

(a) The critical inclination in each layer may be calculated according to
Equation 3-25 using the developed shear strength parameters for the soil along
the wedge base and using the slope angle B at the top of each wedge segment
(see Figure 3-16a).

(b) The wedge segment bases may be assumed to have a constant inclination
o through all materials and the critical value (corresponding to the maximum
driving side force) may be calculated by trial using Equation 3-23 (see
Figure 3-16Db).

(c) Alternatively, the critical slip-plane angle may be calculated (for
each layer below the top layer) by using the procedure presented in para-
graph G-7 of Appendix G (see example 6 in Appendix M).
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tan 0t~ tan 8
tan O = -h—-_—‘-j-‘?-+ tanB = h -de+ StonB
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|0z| - ton! -f(h -d