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CHAPTER 3. ANALYSIS OF WALLS AND RETAINING STRUCTURES
Section 1. INTRODUCTION

1. SCOPE. Methods of determining earth pressures acting on walls and
retaining structures are summarized in this chapter. Types of walls
considered include concrete retaining walls and gravity walls that move
rigidly as a unit, braced or tied bulkheads of thin sheeting that deflect
according to the bracing arrangement, and double-wall cofferdams of thin

sheeting to confine earth or rock fill.

2. RELATED CRITERIA. Additional criteria relating to the design and
atilization of walls appear in the following sources:

Subject Source

Application of Bulkheads and Cofferdams to

Waterfront Construction NAVFAC DM-25.04

Structural Design of Retaining Walls NAVFAC DM-2 Series

Section 2. COMPUTATION OF WALL PRESSURES

1. CONDITIONS. The pressure on retaining walls, bulkheads, or pburied
anchorages is a function of the relative movement between the structure and

the surrounding soil.

a. jctive State. Active earth pressure occurs when the wall moves away
from the soil and the soil mass stretches horizontally sufficient to
mobilize its shear strength fully, and a condition of plastic equilibrium is
reached. (See Figure 1 from Reference 1, i ini
Structures, by the canadian Geotechnical Society.) The ratic of the
horizontal component or active pressure to the vertical stress caused by
weight of soil is the active pressure coefficient (Kraq) . The active
pressure coefficient as defined above applies only to cohesionless soils.

b. Passiyve State. passive earth pressure occurs when a soil mass is
compressed horizontally, mobilizing its shear resistance fully (see Figure
1). The ratic of the horizontal component of passive pressure to the
vertical stress caused by the weight of the soil is the passive pressure
coefficient (Krpy). The passive coefficient, as defined here, applies only
the cohesionless soil. A soil mass that is neither stretched nor compressed
ig said to be in an at-rest state. The ratio of lateral stress to vertical
stress is call the at-rest coefficient (Ko ) -
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2. COMPUTATION OF ACTIVE AND PASSIVE PRESSURES. See Figure 2 for formulas
for active and passive pressures for the simple case on a frictionless
vertical face with horizontal ground suxface. Three basic conditions
required for validity of the formulas are listed in Figure 2. Under these
conditions the failure surface is. a plane and the formulas represent
pressures required for equilibrium~6f the wedge shaped failure mass.

The intensity of pressures applied depends on wall movements,~as these
control the degree of shear strength mobilization in surrounding soil. (See
Figure 1 for the magnitude of the movement necessary for active condition to
exist.) Wall friction and wall vertical movements also affect the

passive and active pressures.

The effect of wall friction on active pressures is small and ordinarily is
disregarded except in case of a settling wall where it can be very
significant. The effect of wall friction on passive pressures is large, but
definite movement is necessary for mobilization of wall frictionm. (See
Table 1 for typical ultimate friction factors and adhesion between wall and
backfill.) In the absence of specific test data, use these values in
computations that include effects of wall friction.

Unless a wall is settling, friction on its back acts upward on the active
wedge (angle {delta] is positive, see Figure 5}, reducing active pressures.
Generally, wall friction acts downward against the passive wedge (angle
[deltal is negative), resisting its upward movement and increasing passive
pressures. -

a. Upiform Backfill, No Groundwater. Compute active and passive
pressures by methods from Figure 2. :

b. .
Compute active and passive pressures by methods from Figure 3. Use Figure 4
to determine the position of failure surface for active and passive wedge.

c. Sloping Wall. Granular Soil With Wall Fxiction. Use Figure 5

{Reference 2,

, by Cagquot and Kerisel) to

compute active and passive earth pressure coefficients.

d. Sloping Backfill. Granulay Soil with Wall Friction. Use Figure &
{Reference 2} to compute active and passive earth pressure coefficient.

e. Upniform Backfill, Static Groundwater. Compute active earth and
water pressures by formulas in Figure 7.

. . ; :
Pressure. Use Figure 8 for sloping wall with friction and sloping backfill.

g. . When conditions
include layered soil, irregular :surcharge,.wall friction, and sloping
groundwater level, determine active pressures by trial failure wedge. (See
Figure 7.) Trial wedge is bounded by a straight failure plane or a series
of straight segments at different inclination in each stratum. Commence
the analysis with failure plane oriented at the angle shown in Figure 4.
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TABLE 1

Ultimate Friction Factors and Adhesion for Dissimilar Materials

Friction
Friction angle
Interface Materials factor, [deita]
tan [delta] degrees
Mass concrete on the following foundation materials:
Clean sound rock......aveees Cetstanssinanesaannas 0.70 35
Clean gravel, gravel-sand mixtures, coarse sand... 0.55 to 0.60 | 29 to 31
Clean fine to medium sand, silty medium to coarse
gand, silty or clayey gravel................ Chae 0.45 to 0.55 24 to 29
Clean fine sand, silty or clayey fine to medium
sand...... Craresateareeaennr ey .. 0.35 to 0.45 19 to 24
Fine sandy silt, nonplastic silt............... Ve 0.30 to 0.35 17 to 19
Very stiff and hard residual or preconsolidated
ClaAY.ustinasarannsasansnsanssccnavaonnnansa creaan 0.40 to 0.50 22 to 26
Medium stiff and stiff clay and silty clay...e..n. 0,30 to 0.35 17 to 19
{Masonry on foundation materials has same friction
factors.)
Steel sheet piles against the following soils:
Clean gravel, gravel-sand mixtures, well-graded
rock £111 with 8palls. ..t ienrsnsecsranenasnens 0.40 22
Clean sand, silty sand-gravel mixture, single size
hard rock fill....... Chs ket ererenasrsatar s nas 0.30 17
Silty sand, gravel or sand mixed with silt or clay 0.25 14
Fine sandy silt, nonplastic silt.......e00veeen 0.20 11
Formed concrete or concrete sheet piling against the
following soils:
Clean gravel, gravel-sand mixture, well-graded
rock Fill with 8SpallS...cvvviarssnssnnansacscrons 0.40 to 0.50 22 to 26
Clean sand, silty sand-gravel mixture, single size
hard rock £ill..c.ciiveronsrvansantansncsatonnnes 0.30 to 0.40 17 to 22
Silty sand, gravel or sand mixed with silt or clay 0.30 17
Fine sandy silt, nonplastic silt....veviivenccenns 0.25 14
Various structural materials:
Masonry on masonry, igneous and metamorphic rocks:
Dressed soft rock on dressed soft rock.......... 0.70 35
Dressed hard rock on dressed soft roCck.......... 0.65 33
bressed hard rock on dressed hard rock.......... 0.55 29
Masonry on wood (cross grain}....... Cerherrareaann 0.50 26
Steel on steel at sheet pile interlocks........... 0.30 17

Interface Materials (Cohesion)

Adhesion craq (psf} |

Very soft cohesive soil (0 - 250 psf)

Soft cohesive zoil (250 - 500 psf)

Medium stiff cohesive soil (500 - 1000 psf}
Stiff cohesive soil (1000 - 2000 psf)

Very stiff cohesive soil (2000 - 4000 psf)

0 - 250
250 — 500
500 - 750
750 ~ 950
850 ~ 1,300
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Kp VALUES ARE SATISRACTORY FOR 3% /3 BUT ARE UNCONSERVATIVE on 3>4/3 anp
THEREFORE SHOULD NOT BE USED.

FIGURE 8
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Compute resultant passive force by trial failure wedge analysis.
(See Figure 9). When wall friction is included, compute pressures from a
failing mass bounded by a circular arc and straight plane. Determine
location of passive resultant by summing moments about toe of wall of all
forces on that portion of the failing mass above the circular arc,
Depending on complexity of cross section, distribute passive pressures to
conform to location of resultant, or analyze trial failure surfaces at
intermediate heights in the passive zone. When wall friction is neglected,
the trial failure surface is a straight plane. Sece Figure 2.

(1} Simple Cross Section. For a simple cross section behind a
wall, analyze the trial failure plane extending upward from the lowest point
of the active zone on the wall. Determine the location of the active
resultant by summing moments of all forces on the wedge about toe of wedge.
Distribute active pressures to conform to the location of resultant.

{2) Complicated Cross Section. Por complicated cross sections,
analyze trial wedges at intermediate heights above the base of the active
zone to determine pressure distribution in more detail. Force acting on an
increment of wall height equals difference in resultant forces for wedges
taken from the top and bottom of that increment.

3. EFFECT OF GROUNDWATER CONDITIONS. 1Include in pressure computations the
effect of the greatest unbalanced water head anticipated to act across the
wall.

a. - For a major structure, analyze seepage and
drainage effect by flow net procedures. Uplift pressures influencing walil
forces are those acting on failure surface of active or passive wedge.
Resultant uplift force on tailure surface determined from flow net is
applied in force diagram of the failure wedge. See vector U, the resultant
water force, in Figures 7 and 9.

b. i i » Compute water pressures on walls as shown
in top panel of Figure 10,

c. i - For cohesionless materials, sustained
rainfall Increases lateral force on wall 20 to 40 percent over dry backfill,
depending on backfill friction angle. The center panel of Figure 10
(Reference 3, i is. of i _ ‘
by Gray) shows flow net set up by rainfall behind a wall with vertical
drain. This panel gives the magnitude of resultant uplift force on failure

d. sggnaggqagngg;p_ﬂgll. See bhottom pranel of Figure 10 (Reference 4,

: 13 + by Richart and
Schmertmann) for correction to be applied to active and passive pressures in
cohesionless material for steady seepage beneath a wall,

4. SURCHARGE LOADING. For the effects of surcharge loading, see Figures 7
and 9.
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a. i - Use Figure 11 (Reference 5,
Bulkheads, based on the work by Terzaghi) to compute lateral pressure on
wall due to point load and line loads; this assumes an unyielding rigid wall
and the lateral pressures are approximately double the values obtained by
elastic equations. The agsumption of an unyielding rigid wall is
conservative and its applicability should be evaluated for each specific
wall,

b. i i - For uniform surcharge loading lateral stress
can be computed by treating the surcharge as if it were backfill and

pressure coefficient.

c. i : ing. For the effect of this
loading see Figure 12 (see Reference 6,
inni (o1 + by Goldherg,
et al.). If the construction procedures are such that the wall will move
during the application of live loads, then the pressure calculated from
Figure 12 will be conservative.

d. i i i - For design purpcses, it is common to
consider a distributed surface load surcharge on the order of 300 psf to
account for storage of construction materials and equipment. This surcharge
is usually applied within a rather limited work area of about 20 feet to 30
feet from the wall and is also intended to account for concentrated loads
from heavy equipment (concrete trucks, cranes, etc.) located more than about
20 feet away. 1If such equipment is anticipated within a few feet of the
wall, it must be accounted for separately.

5. WALL MOVEMENT. For the effect of wall movement on the earth pressure
coefficients, see Figure 1.

a. ion. When the actual estimated wall rotation is less than
the value required to fully mobilize active or passive conditions, adjust
the earth pressure coefficients by using the diagram on the upper right hand
corner of Figure 1. Relatively large movements are required to mobilize the
passive resistance. A safety factor must be applied to the ultimate passive
resistance in order to limit movements.

b. han. Wall uniform translation required to immobilize
ultimate passive resistance or active pressure is approximately equivalent
to movement of top of wall based on rotation criteria given in Figure 1.

c. i - Sheeting on cuts rigidly braced
at the top undergoes insufficient movement to produce fully active
conditions, Horizontal pressures are assumed to be distributed in a
trapezoidal diagram. {(See Section 4.) The resultant force is higher than
theoretical active force. For clays, the intensity and distribution of
horizontal pressures depend on the stability number Nroqy = [gamma] H/c.
{See Sectiocn 4.}

d. Ti +  Soil movement associated with prestressed tied back
walls is usually less than with internally braced flexible walls, and design
pressures are higher. (See Section 4.)

7.2~73



o o Oge—
m=0)
~ =+ . AN -
S L N . e - -
| . TSy
[} ] \\ mets Ty O \
m-arfz) L 'o"_ \ "
5 [ F '_‘.
:’os g ‘I' . e
5 2% oalscnl k]
p ;f _agﬂg== o 81,48 14
V4
%5 ) x ;
VALE oF o), ({1
et || Pmgon
] 'h:ﬁ-!-%
oM | Fy" OmQ,
M Sl
3 **"#ﬁ&-
ane
,L_.‘J_qu.- mEer)
PAESSURES FROM LINE LOAD O,

(BOUSAINESC BOUNTION MODIFED By EXPRERMIENT)

FIGURE [1
Rorizontal Pressures on Rigid Wall from Sunface Load

7.2"7‘




A

—)

#=03

« =BURCHANSE
L= LENSTH PARALLEL TOWALL
me -, nsf preuly B+ LENSTN PERPENOICULAR

.4

TR L B A | LA Bl aumn J LA . aams | err

T e AT T I Y P hinlherendie el e

PIGURE 12
Lateral Pressure on an Unylelding Wall dve to
Uniform Rectangular Surface Load

1.2-75




e. i « If a wall is prevented from even slight movement,
then the earth remains at or near the value of at-rest conditions. The
coefficient of eaxth pressure at-rest, Kroq, for normally consolidated
cohesive or granular soils is approximately:

Kroy = l-sin [theta]’
where: [theta]' = effective friction angle
Thus for [theta]' = 300, Krog = 0.5,

For over-consclidated soils and compacted soils the range of K ron
may be on the order of 1.0. 1In cohesionless soils, full at-rest pressure
will occur only with the most rigidly supported wall. 1In highly plastic
clays, soil may creep, and if wall movement is prevented, at-rest conditions
may redevelop even after active Pressures are established.

£. al L Balo i g. Pressure on walls below grade
may be computed based on restraining conditions that prevail, type of
backfill, and the amount of compaction,

6. EFFECT OF CONSTRUCTION PROCEDURES.

a. lon. As earth pressures are influenced by wall
movement, it is important to consider each stage of construction, especially
with regard to brace placement and its effects,

b. gCompaction. Compaction of backfill in a confined wedge behind the
wall tends to increase horizontal pressures beyond those represented by
active or at-rest values. For guidance on horizontal pPressure computations
associated with the compaction of granular soil, see Figure 13 (after
Reference 7, ain Pe AL Backfilling, by Ingold).

Ng. .l =

Clays and other fine-grained soils, as well as granular soils, with
considerable amount of clay and silt (>/=15%} are not normally used as
backfill material. Where they must be used, the earth pressure should be
calculated on the basis of “"at-rest® conditions or higher pressure with due
consideration to potential poor drainage conditions, swelling, and frost
action.

c. i - MActive pressure coefficients for locose hydraulic
fill materials range from about 0.35 for clean sands to 0.50 for silty fine
sands., Place hydraulic fill by procedures which permit runoff of wash water
and prevent building up large hydrostatic pressures. For further guidance
see discussion on dredging in DM-7,3, Chapter 3.

7. FEARTHQUAKE LOADING. The pressure during earthquake loading can be
computed by the Coulomb theory with the additional forces resulting from
ground acceleration. For further guidance on the subject see Reference 8,

i : ic » by Seed and Whitman.
A synopsis of some material from this Reference follows:
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CONCRETE QUALITY 31819

PART 11} — CONSTRUCTION REQUIREMENTS

CHAPTER 5 - CONCRETE QUALITY
500—Notation

f¢ = compressive strength of concrete (see Section 301)
F,, = ratio of splitting tensile strength to the square root of com-
pressive strength

501—Concrete quality

(a) For the design of reinforced concrete structures, the value f.” shall
be used in determining stresses in Part IV-A and strengths in Part IV-B.

(b) Al plans submitted for approval or used for any project shall
clearly show the specified strength, f/, of concrete at the specified age
for which each part of the structure was designed.

(¢) Concrete that is to be subject to freezing temperatures while wet
shall have a water-cement ratio not exceeding 6 gal. per bag and it
shall contain entrained air.*

(d) Concrete that will be exposed to sulfate-containing or other
chemically aggressive solutions shall be proportioned in accordance
with “Recommended Practice for Selecting Proportions for Concrete
(ACI 613)” and “Recommended Practice for Selecting Proportions for
Structural Lightweight Concrete (ACI 813A).7

502-—Methods of determining the proportions of concrete

(a) The determination of the proportions of cement, aggregate, and
~ water to attain the required strengths shall be made by one of the
= following methods, but lower water-cement ratios may be required for
1 conformance with Sections 501 (¢) and (d).

Method 1 -~ Without preliminary tests
Where preliminary test data on the materials to be used in the con-

TABLE 502{a)—MAXIMUM PERMISSIBLE WATER-CEMENT RATIOS FOR
CONCRETE (METHOD NO. I} :

: Méiximum .ﬁ.érmis;i-b'ie \;!atéri—cemenf rawtriré"
Specified Non-air-entrained concrete Air-entrained concrete
compressive S e et 1 s e
strength at © US. gal. per ;| Absolute U.S. gal. per Absolute
28 days, psi 94-Ib bag of ratio by 94-1b bag of ratio by
fe cement i weight cement weight
2500 T4 0.642 634 0.554
3000 Glo (0.576 y
3500 584 0.510
2000 5
’-'Inc]mi‘ing.free s'urr:face mois{ure on ag.’g.i:;aga{e:;...
*Detailed recommendations for quallly of concrete and requirements for air content for

various exposures are given in “Recommmended Practice for Selecting Proportiens for Con-
cretie” {ACI 613).







