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PREFACE

This report describes procedures used in the seismc design of
waterfront retaining structures. Fundi ng for the preparation of this report
was provided by the US Naval Civil Engineering Laboratory through the foll ow
ing instrunments: NAVCOWPT Form N6830591WR00011, dated 24 COctober 1990; Anmend-
nment #1 to that form dated 30 Novermber 1990; NAVCOWPT For m N6830592WR00013,
dated 10 Cctober 1991; Amendnment #1 to the latter, dated 3 February 1992; and
the Conputer-Aided Structural Engineering Program sponsored by the Director-
ate, Headquarters, US Arny Corps of Engineers (HQUSACE), under the Structural
Engi neering Research Program Suppl enmental support was al so provided by the
US Arnmy Civil Wrks CGuidance Update Program toward cooperative production of
geotechnical seismic design guidance for the Corps of Engineers. Gener al
proj ect managenment was provided by Dr. Mary Ellen Hynes and Dr. Joseph P.
Koester, both of the Earthquake Engi neering and Sei snmol ogy Branch (EESB),
Ear t hquake Engi neering and Geosciences Division (EEGD), Geotechnical Labor a-
tory (GQ) , under the general supervision of Dr. WIliamF. Marcuson |11,
Director, QG. M. John Ferritto of the Naval Civil Engineering Laboratory,
Port Huenene, CA, was the Project Monitor.

The work was performed at the US Army Engi neer Waterways Experi nent
Station (WES) by Dr. Robert M Ebeling and M. Ernest E. Morrison,
Interdisciplinary Research Goup, Conputer-Aided Engineering Division (CAED),
I nformati on Technol ogy Laboratory (ITL). This report was prepared by
Dr. Ebeling and M. NMorrison with contributions provided by Professor Robert
V. Whitman of Massachusetts Institute of Technol ogy and Professor W D. Liam
Finn of University of British Colunbia. Revi ew conmentary was al so provided
by Dr. Paul F. Hadala, Assistant Director, G., Professor WIIliam P. Dawkins of
Ol ahoma State University, Dr. John Christian of Stone & Webster Engineering
Corporation, and Professor Raynmond B. Seed of University of California,

Ber kel ey. The work was acconplished under the general direction of Dr. Reed
L. Msher, Acting Chief, CAED and the general supervision of Dr. N
Radhakri shnan, Director, |TL.

At the tinme of publication of this report, Director of WES was
Dr. Robert W Whalin. Conmander was COL Leonard G Hassell, EN.



PROCEDURAL  SUMVARY

This section summari zes the conputational procedures described in this report
to conpute dynamic earth pressures. The procedures for conputing dynanic
earth pressures are grouped according to the expected di spl acenent of the
backfill and wall during seismc events. A yielding backfill displaces
sufficiently (refer to the values given in Table 1, Chapter 2) to nobilize
fully the shear resistance of the soil, with either dynanic active earth pres-
sures or dynanic passive earth pressures acting on the wall, depending upon
the direction of wall noverent. \hen the displacenent of the backfill (and
wall) is less than one-fourth to one-half of the Table 1 val ues, the term non-
yi el di ng backfill is used because the shear strength of the soil is not fully
nobi | i zed

The procedures for conmputing dynami c active and passive earth pressures
for a wall retaining a dry yielding backfill or a subnerged yielding backfil
are discussed in detail in Chapter 4 and sunmarized in Table i and Table ii,
respectively. The procedures for conputing dynam c earth pressures for a wall
retai ning a non-yielding backfill are discussed in Chapter 5 and sumari zed in
Table i.

The assignment of the seismic coefficient in the design procedures for
wal | s retaining yielding backfills are discussed in detail in Chapter 6 and
summarized in Table iii. The assignment of the seismc coefficient in the
design procedures for walls retaining non-yielding backfills are discussed in
detail in Chapter 8 and summarized in Table iii.



TABLE i

DETERMINATION OF DYNAM C EARTH PRESSURES FOR DRY BACKFI LLS

Yl ELDI NG BACKFI LL

1

DYNAM C ACTI VE EARTH PRESSURES

MONONOBE - OKABE
Equi val ent Static Formul ation (Arango)
Sinplified Procedure (Seed and Whitnan)

restricted to: vertical wall and |evel backfills.
approximate if: ¢ = 35°, k, = O

DYNAM C PASSI VE EARTH PRESSURES

MONONOBE - OKABE
approximate for & > 0.
i naccurate for some wall
geonetries and |oading conditions.

Equi val ent Static Fornul ation
approximate if: Kp(8*,0%) is conputed
using Coul onb’s equation, see above comments.
approximate if: Kp(B8*,0") is conputed using
Log- Spiral sol utions.

Sinplified Procedure (Towhata and ‘Islam
restricted to: vertical walls and | evel backfills
and § = 0°.

- approximate if: ¢ = 35°, k, = O




TABLE i - Continued

DETERM NATI ON OF DYNAM C EARTH PRESSURES FOR DRY BACKFI LLS

NON- Yl ELDI NG BACKFI LL

ifC

LATERAL SEI SM C FORCE

Wod's Sinplified Procedure
- restricted to: ki constant with depth and k, = O

Soil-Structure Interaction Analysis Using the Finite Elenent Method

TABLE i

DETERM NATI ON OF DYNAM C EARTH PRESSURES
FOR SUBMERGED OR PARTI ALLY SUBMERGED BACKFI LLS

Sel ect the appropriate technique for either yielding backfill or non-
yi el ding backfill with additional conputations as specified by one of the
followi ng procedures:

Restrai ned water case
Free wat er case

- restricted to soils of high perneability
(e.g. k > 1 cnlsee)




TABLE iii

DESI GN PROCEDURES - ASSI GNMENT OF SEI SM C COEFFI CI ENT

Yl ELDI NG BACKFI LL

Y

Presel ected Seismc Coefficient Mthod

The approxi mate val ue of horizontal displacenent
is related to the value of the horizontal seismc
coefficient.

Di spl acenent Control |l ed Approach

The seismic coefficient is conputed based upon

an explicit
per manent

choice of an allowable |evel of
hori zontal wall displacenent.

NON- YI ELDI NG BACKFI LL

Di spl acenent Of The Wall

Is Not All owed

The seismic coefficient is set equal to the peak

hori zontal acceleration coefficient, assumng
acceleration within the backfill -to be constant
with depth. Ot herwi se, consider dynanmic finite
el ement nethod of analysis
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CHAPTER 1 GENERAL DESI GN CONSIDERATIONS FOR WATERFRONT SI TES
1.1 Scope and Applicability

This manual deals with the soil nechanics aspects of the seisnic design
of waterfront earth retaining structures. Specifically, this report
addr esses

* The stability and movenment of gravity retaining walls and
anchored bul kheads.

* Dynami c forces agai nst subsurface structures such as
wal s of dry docks and U-frame | ocks.

The report does not address the seisnic design of structural frameworks of
bui |l di ngs or structures such as docks and cranes. It also does not consider
the behavior or design of piles or pile groups.

The design of waterfront retaining structures agai nst earthquakes is
still an evolving art. The soils behind and beneath such structures often are
cohesionless and saturated with a relatively high water table, and hence there
is a strong possibility of pore pressure buildup and associated |iquefaction
phenonena during strong ground shaking. There have been nunerous instances of
failure or wunsatisfactory perfornance. However, there has been a | ack of
detail ed measurenments and observations concerning such failures. There al so
are very few detail ed neasurenents at waterfront structures that have per-
formed well during major earthquakes. A smal |l nunber of nodel testing pro-
grans have filled in sonme of the blanks in the understanding of dynam c

response of such structures. Theoretical studies have been nade, but with
very limted opportunities to check the results of these calcul ations against
actual, observed behavior. As a result, there are still nmjor gaps in know

| edge concerning proper methods for analysis and design.

The nethods set forth in this report are hence based | argely upon
j udgenent . It is the responsibility of the reader to judge the validity of
these methods, and no responsibility is assunmed for the design of any struc-
ture based on the methods described herein.

The net hods make use primarily of sinplified procedures for evaluating
forces and defornations. There is discussion of the use of finite el enent
mdels , and use of the sinpler finite element nmethods is recommended in sone
ci rcunstances . The npst sophisticated anal yses using finite el ement codes and
complex stress-strain relations are useful mainly for understanding patterns
of behavior, but quantitative results from such anal yses should be used with
consi derabl e caution

This report is divided into eight chapters and five appendi xes. The
subsequent sections in Chapter 1 describe the limt states associated with the
seismic stability of waterfront structures during earthquake |oadings, the key
role of liquefaction hazard assessnent, and the choice of the design ground
mot i on( s)

Chapter 2 describes the general design considerations for retaining
structures, identifying the interdependence between wall deformations and
forces acting on the wall. Addi tional considerations such as failure surfaces
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passing below the wall, failure of anchoring systems for sheet pile walls, and
analysis of the post-seismc condition are also discussed

The procedures for calculating static earth pressures acting on walls
retaining yielding backfills are described in Chapter 3. A wall retaining a

yielding backfill is defined as a wall with novenents greater than or equal to
the values given in Table 1 (Chapter 2). These novenents allow the ful
nmobi | i zation of the shearing resistance within the backfill. For a wall that
noves away from the backfill, active earth pressures act along the soil-wal
interface . In the case of a wall that nmoves towards the backfill, displacing
the soil, passive earth pressures act along the interface

Chapter 4 describes the procedures for calculating seismc earth pres-
sures acting on walls retaining yielding backfills. The Mononobe- Ckabe theory
for calculating the dynanic active earth pressure force and dynam ¢ passive
earth pressure force is described. Two linmiting cases used to incorporate the
ef fect of subnergence of the backfill in the Mononobe- Ckabe nmethod of analysis
are di scussed: (1) the restrained water case and (2) the free water case.
These procedures include an approach for incorporating excess pore water pres-
sures generated during earthquake shaking within each of the analyses.

The procedures for calculating dynamc earth pressures acting on walls
retai ning nonyielding backfills are described in Chapter 5. A wall retaining

a nonyi el ding backfill is one that does not develop the linmting dynanic
active or passive earth pressures because sufficient wall novenents do not
occur and the shear strength of the backfill is not fully nobilized - wall

novenents that are | ess than one-fourth to one-half of Table 1 (Chapter 2)
wal | rmovenent values. The sinplified analytical procedure due to Wod (1973)
and a conplete soil-structure interaction analysis using the finite el enent
nmet hod are discussed

The anal ysis and design of gravity walls retaining yielding backfill are
described in Chapter 6. Both the preselected seismic coefficient method of
anal ysis and the Richards and Elns (1979) procedure based on di spl acenent
control are discussed

Chapter 7 discusses the analysis and design of anchored sheet pile
wal |'s

The anal ysis and design of gravity walls retaining nonyielding backfil
usi ng the Whod (1973) sinplified procedure is described in Chapter 8.

Appendi x A describes the conputation of the dynam c active and passive
earth pressure forces for partially subnerged backfills using the wedge
net hod.

Appendi x B describes the Westergaard procedure for conputing hydro-
dynanmi c water pressures along vertical walls during earthquakes.

Appendi x C contains a design exanple of an anchored sheet pile wall

Appendix Dis a brief guide to the several types of finite el ement
nmet hods that might be used when consi dered appropriate.

Appendi x E summari zes the notation used in this report.
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1.2 Linmt States

A broad | ook at the problem of seismc safety of waterfront structures
i nvolves the three general limt states shown in Figure 1.1 which should be
consi dered in design.

1) Goss site instability: This limt state involves lateral earth
novenents exceeding several feet. Such instability would be the result of
liquefaction of a site, together with failure of an edge retaining structure
to hold the liquefied soil nmass in place. Li quefaction of backfill is a prob-
I em associated with the site, nostly independent of the type of retaining
structure . Failure of the retaining structure mght result from overturning,
sliding, or a failure surface passing beneath the structure. Any of these
nodes might be triggered by liquefaction of soil beneath or behind the retain-
ing structure. There nmight also be a structural failure, such as failure of
an anchorage which is a common problemif there is liquefaction of the
backfill.

2) Unacceptable novenent of retaining structure: Even if a retaining
structure along the waterfront edge of a site remains essentially in place,
too nuch permanent novenent of the structure may be the cause of damage to
facilities immediately adjacent to the quay. Facilities of potential concern
i nclude cranes and crane rails, piping systens, warehouses, or other
bui | di ngs. An eart hquake-i nduced pernmanent novenent of an inch will sel dom be
of concern. There have been several cases where novenents as |arge as
4 inches have not seriously interrupted operations or caused material damage
and hence have not been considered failures. The level of tolerable displace-
nment is usually specific to the planned installation.

Per manent outward novenent of retaining structures nay be caused by
tilting and/or sliding of nassive walls or excessive deformations of anchored
bul kheads. Partial liquefaction of backfill wll nake such novenents nore
likely, but this limt state is of concern even if there are no problens with
i quefaction.

3) Local instabilities and settlenents: If a site experiences |iquefac-
tion and yet is contained against major |lateral flow, buildings and other
structures founded at the site may still experience unacceptabl e damge.

Possi bl e nodes of failure include bearing capacity failure, excessive settle-
ments , and tearing apart via local lateral spreading. Just the occurrence of
sand boils in buildings can seriously interrupt operations and lead to costly
cl ean-up operations.

Thi s docunent addresses the first two of these linit states. The third
limt state is discussed in the National Research Council (1985), Seed (1987),
and Toki matsu and Seed (1987).

1.3 Key Role of Liquefaction Hazard Assessment

The foregoing discussion of general linit states has enphasi zed probl ens
due to soil |iquefaction. Backfills behind waterfront retaining structures
often are cohesionless soils, and by their l|ocation have relatively high water
tables . Cohesi onl ess soils may al so exi st beneath the base or on the water-
side of such structures. \aterfront sites are often devel oped by hydraulic
filling using cohesionless soils, resulting in low density fills that are
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Figure 1.1 Overall linmit states at waterfronts




susceptible to |iquefaction. Thus, liquefaction may be a problem for build-
ings or other structures located well away from the actual waterfront.

Hence, evaluation of potential |iquefaction should be the first step in analy-
sis of any existing or new site, and the first step in establishing criteria
for control of newy-placed fill. Met hods for such evaluation are set forth
in numerous articles, including the National Research Council (1985) and Seed

Toki mat su, Harder and Chung (1985)

The word “liquefaction” has been applied to different but rel ated
phenonena (National Research Council 1985). To some, it inplies a flow fail-
ure of an earthen mass in the formof slope failure or |ateral spreading,
bearing capacity failure, etc. O hers use the word to connote a nunber of
phenonena related to the buildup of pore pressures within soil, including the
appearance of sand boils and excessive novenents of buildings, structures, or
sl opes . Situations in which there is a | oss of shearing resistance, resulting
in flow slides or bearing capacity failures clearly are unacceptable. How -
ever , sone shaking-induced increase in pore pressure may be acceptable, pro-
vided it does not |lead to excessive novenents or settlenents

Application of the procedures set forth in this manual nmay require eval -
uation of: (a) residual strength for use in analyzing for flow or bearing
capacity failure; or (b) buildup of excess pore pressure during shaking. As a
general design principle, the predicted buildup of excess pore pressure should
not exceed 30 to 40 percent of the initial vertical effective stress, except
in cases where nassive walls have been designed to resist |arger pore pres-
sures and where there are no nearby buildings or other structures that would
be damaged by excessive settlenents or bearing capacity failures. Wth very
| oose and contractile cohesionless soils, flow failures occur when the resid-
ual excess pore pressure ratio reaches about 40 percent (Vasquez and Dobry
1988, or Marcuson, Hynes, and Franklin 1990).% Even with soils |ess
susceptible to flow failures, the actual |evel of pore pressure buil dup
becomes uncertain and difficult to predict-with confidence when the excess
pore pressure ratio reaches this |evel

Remedi al neasures for inproving seismc stability to resist
liquefaction, the buildup of excess pore water pressures, or unacceptable
moverments , are beyond the scope of this report. Renedi al neasures are dis-
cussed in nunerous publications, including Chapter 5 of the National Research
Counci |l (1985).

1.4 Choice of Design Gound Mtions

A key requirement for any analysis for purposes of seismic design is a
quantitative specification of the design ground notion. In this connection,

* The word “contractile” reflects the tendency of a soil specinmen to decrease

in volunme during a drained shear test. During undrai ned shearing of a con-
tractive soil specinmen, the pore water pressure increases, in excess of the
pre-sheared pore water pressure val ue. “Dilative” soil specinmens exhibit

the opposite behavior; an increase in volunme during drained shear testing
and negative excess pore water pressures during undrained shear testing.
Loose sands and dense sands are conmonly used as exanpl es of

soils exhibiting contractile and dil ative behavior, respectively, during
shear.



it is inportant to distinguish between the |evel of ground shaking that a
structure or facility is to resist safely and a paraneter, generally called a
seismc coefficient that is used as input to a sinplified, pseudo-static

anal ysis .

1.4.1 Design Seisnic Event

Most often a design seismic event is specified by a peak accel eration.
However, nore information concerning the ground notion often is necessary.
Duration of shaking is an inportant paranmeter for analysis of |iquefaction.
Magnitude is used as an indirect measure of duration. For estimating
per manent di spl acements, specification of either peak ground velocity or
predom nant period of the ground notion is essential. Both duration and
predom nant periods are influenced strongly by the magnitude of the causative
earthquake , and hence magnitude sonetinmes is used as a paraneter in analyses.

Unl ess the design event is prescribed for the site in question, peak
accel erations and peak velocities may be sel ected using one of the follow ng
approaches :

(1) By using available maps for the contiguous 48 states. Such nmaps may
be found in National Earthquake Hazards Reduction Program (1988). Such maps
are avail able for several different levels of risk, expressed as probability
of non-exceedance in a stated time interval or nean recurrence interval. A
probability of non-exceedance of 90 percent in 50 years (nmean recurrence
interval of 475 years) is considered normal for ordinary buildings.

(2) By using attenuation relations giving ground notion as a function of
magni tude and distance (e.g. attenuation relationships for various tectonic
environnents and site conditions are summarized in Joyner and Boore (1988)

Thi s approach requires a specific choice of a magnitude of the causative
earthquake, requiring expertise in engineering seisnology. Once this choice
is made, the procedure is essentially determnistic. Generally it is neces-
sary to consider various conbinations of magnitude and distance.

(3) By a site-specific probabilistic seisnc hazard assessment (e.qg.
National Research Council 1988). Sei snmi ¢ source zones nust be identified and
characterized, and attenuation relations nust be chosen. Satisfactory accom
pli shnment of such an anal ysis requires considerabl e expertise and experience,
with input fromboth experienced engi neers and sei snpl ogi sts. Thi s approach
requires selection of a level of risk.

It is of greatest inportance to recognize that, for a given site, the
ground notion description suitable for design of a building my not be appro-
priate for analysis of |iquefaction.

Local soil conditions: The soil conditions at a site should be con-
sidered when selecting the design ground notion. Attenuation relations are
avai l abl e for several different types of ground conditions, and hence the
analyses in itens (2) and (3) mght be made for any of these particular site
conditions . However, attenuation relations applicable to the soft ground
conditions often found at waterfront sites are the least reliable. The maps
referred to under item (1) apply for a specific type of ground condition:
soft rock. More recent maps will apply for deep, firmalluvium after
revision of the docunent referenced in item (I). Hence , it generally is nec-
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essary to make a special analysis to establish the effects of local soil con-
ditions.

A site-specific site response study is nade using one-di mensional analy-
ses that nodel the vertical propagation of shear waves through a column of
soil. Avail able nodels include the conputer codes SHAKE (Schnabel, Lysmer,
and Seed 1972), DESRA (Lee and Finn 1975, 1978) and CHARSOL (Streeter, Wlie,
and Richart 1974). These prograns differ in that SHAKE and CHARSOL are for-
mul ated using the total stress procedures, while DESRA is fornul ated using
both total and effective stress procedures. All three conputer codes
i ncorporate the nonlinear stress-strain response of the soil during shaking in
their analytical formulation, which has been shown to be an essentia
requirenent in the dynanmic analysis of soil sites.

For any site-specific response study, it first will be necessary to
define the ground notion at the base of the soil colum. This will require an
establ i shment of a peak acceleration for firmground using one of the three
nmet hods enunerated above, and the selection of several representatives tine
histories of notion scaled to the sel ected peak accel erati on. These tine
histories must be selected with considerable care, taking into account the
magni t ude of the causative earthquake and the distance fromthe epicenter
Procedures for choosing suitable tine ‘histories are set forth in Seed and
Idriss (1982), Green (1992), and procedures are also under devel opment by the
US Arny Corps of Engineers.

If a site response analysis is nmade, the peak ground notions will in
general vary vertically along the soil colum. Dependi ng upon the type of
anal ysis being made, it may be desirable to average the notions over depth to
provide a single input value. At each depth, the largest notion conputed in
any of the several analyses using different time histories should be used

If finite el enment anal yses are made, it wll again be necessary to
sel ect several time histories to use as input at the base of the grid, or a
time history corresponding to a target spectra (refer to page 54 of Seed and
Idriss 1982 or Green 1992).

1.4.2 Sei sm c Coefficients

A seisnmic coefficient (typical synmbols are k, and k,) is a di mensionl ess
number that, when nultiplied tines the weight of sone body, gives a pseudo-
static inertia force for use in analysis and design. The coefficients %k, and
k, are, in effect, decimal fractions of the acceleration of gravity (g). For
sone analyses, it is appropriate to use values of k,g or k,g snaller than the
peak accel erations anticipated during the design earthquake event.

For analysis of liquefaction, it is conventional to use 0.65 tines the
peak acceleration. The reason is that liquefaction is controlled by the
anplitude of a succession of cycles of motion, rather than just by the single
| ar gest peak. The nost common, enpirical nethods of analysis described in the
Nati onal Research Council (1985) and Seed, Toki matsu, Harder, and Chung (1985)
presume use of this reduction factor.

In design of buildings, it is common practice to base design upon a
seisnmic coefficient corresponding to a ground notion smaller than the design
ground notion. It is recognized that a building designed on this basis may
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likely yield and even experience sone nonlife-threatening damage if the design
ground notion actually occurs. The permtted reduction depends upon the duc-
tility of the structural system that is, the ability of the structure to
undergo yielding and yet remain intact so as to continue to support safely the
nornmal dead and |ive | oads. Thi s approach represents a conprom se between
desirabl e performance and cost of earthquake resistance

The sane principle applies to earth structures, once it has been estab-
lished that site instability caused by liquefaction is not a problem If a
retaining wall system yields, some permanent outward displacement will occur,
which often is an acceptable alternative to significantly increased cost of
construction. However, there is no generally accepted set of rules for
selecting an appropriate seismc coefficient. The di splacenent controlled
approach to design (Section 6.3) is in effect a systematic and rational nethod
for evaluating a seismc coefficient based upon allowabl e permanent displ ace-
ment . The AASHTO seisnic design for highway bridges (1983) is an exanple of
desi gn gui dance using the seismc coefficient method for earth retaining
structures .* AASHTO recommends that a value of k,= 0.5A be used for nost
cases if the wall is designed to nmove up to 10A (in.) where A is peak ground
acceleration coefficient for a site (acceleration = Ag) . However, wuse o ky -
0.5A is not necessarily conservative for areas of high seismcity (see Witman
and Liao 1985).

Various rel ati onshi ps have been proposed for estimating pernmanent dis-
pl acenents, as a function of the ratio k,/A and paraneters describing the
ground notion. Ri chards and Elms (1979) and Wi tman and Liao (1985) use peak
ground acceleration and velocity, while Mkdisi and Seed (1979) use peak
ground acceleration and magnitude. Values for the ratio V/a,,, nmay be used
both for conputations and to relate the several nethods. Typi cal values for
the ratio V/a,., are provided in nunerous publications discussing ground shak-
ing, including the 1982 Seed and ldriss, and the 1983 Newnark and Hall EER
monographs , and Sadi gh (1983). Seed and Idriss (1982), Newmrark and Hal
(1983), and Sadigh (1973) report that values for the ratio V/a,., varies with
geologic conditions at the site. Additionally, Sadigh (1973) reports that the
values for the ratio V/ag,, varies with earthquake nmagnitude, the ratio in-
creasing in value with increasing magnitude earthquake.

Based upon sinplified assunptions and using the Witman and Liao rel a-
tionship for earthquakes to magnitude 7, k,values were conputed:

A=0. 2 A=0. 4
Di spl acenent < 1 in. ky, = 0.13 k,= 0.30
Di spl acenent < 4 in. k, = 0.10 k, = 0.25

These nunbers are based upon V/Ag = 50 in/see/g (Sadigh 1983), which applies
to deep stiff soil sites (geologic condition); smaller k,would be appropriate
for hard (e.g. rock) sites. The Whitman and Liao study did not directly
address the special case of sites |ocated within epicentral regions.

* The map in AASHTO (1983) is not accepted widely as being representative of
the ground shaki ng hazard



The val ue assigned to k, is to be established by the seisnic design team
for the project considering the seismotectonic Structures within the region
or as specified by the design agency.

1.4.3 Vertical Gound Accel erations

The effect of vertical ground accel erati ons upon response of waterfront
structures is quite conplex. Peak vertical accelerations can equal or exceed
peak horizontal accelerations, especially in epicentral regions. However, the
predom nant frequencies generally differ in the vertical and horizontal com
ponents, and phasing rel ationships are very conplicated. Where retaining
structures support dry backfills, studies have shown that vertical notions
have little overall influences (Witnman and Liao 1985). However, the Whitman
and Liao study did not directly address the special case of sites |ocated
Wi thin epicentral regions. For cases where water is present within soils or
against walls, the possible influence of vertical notions have received little
Study . It is very difficult to represent adequately the effect of vertica
notions in pseudo-static analyses, such as those set forth in this manual

The val ue assigned to k, is to be established by the seismc design team
for the project considering the seisnptectonic structures within the region
or as specified by the design agency. However, pending the results of further
studies and in the absence of specific guidance for the choice of k, for
wat erfront structures the followi ng guidance has been expressed in literature:
A vertical seismc coefficient be used in situations where the horizonta
seismc coefficient is 0.1 or greater for gravity walls and 0.05 or greater
for anchored sheet pile walls. Thi s rough gui dance excludes the special case
of structures located within epicentral regions for the reasons discussed

previ ously. It is reconmended that three solutions should be rmade: one assum
ing the accel eration upward, one assuming it downward, and the other assum ng
zero vertical acceleration. If the vertical seismic coefficient is found to

have a maj or effect and the use of the npbst conservative assunption has a
maj or cost inplication, nore sophisticated dynam ¢ anal yses shoul d probably be
consi dered



CHAPTER 2 GENERAL DESIGN CONSIDERATIONS FOR RETAINING WALLS

2.1 Approaches to Design for Various Classes of Structure

The basic elements of seismic de51gn of waterfront retaining structures
are a set of design criteria, specification of the static and seismic forces
acting on the structure in terms of ﬁagﬁitude, direction and point of applica-
tion, and a procedure for estimating whether the structure satisfies the
design criteria.

The criteria are related to the type of structure and its function.
Limits of tolerable deformations may be specified, or it may be sufficient to

assure the gross stability of the structure by spec1ty1ng factors of safety
against rotational and sliding failure and overstressing the foundation In
addition, the structural capacity of the wall to resist internal moments and
shears with adequate safety margins must be assured. Structural capacity is a
controlling factor in design for tied-back or anchored walls of relatively
thin section such as sheet pile walls. Crib walls, or gravity walls composed

of blocks of rock are examples of structures requiring a check for safety
against sliding and tipping at each level of interface between structural
components.

Development of design criteria begins with a clear concept of the fail-
ure modes of the retaining structure. Anchored sheet pile walls display the
most varied modes of failure as shown in Figure 2.1, which illustrates both
gross stability problems and potential structural failure modes. The more

restricted failure modes of a gravity wall are shown in Figure 2.2. A failure
surface passing below a wall can occur whenever there is weak soil in the
foundation, and not just when there is a stratum of liquified soil.

Retaining structures must be designed for the static soil and water
pressures existing before the earthquake and for superimposed dynamic and
inertia forces generated by seismic excitation, and for post seismic condi-
tions, since strengths of soils v be altered as a result of an earthquake.

Figure 2.3 shows the wvarious force components using an anchored sheet pile
wall example from Chapter 7. With massive walls, it is especially important
to include the inertia force acting on the wall itself. There are super-
imposed inertia forces from water as well as from soil. Chapters 3, 4, and 5
consider the evaluation of static and dynamic earth and water pressures.
ons and Forces Acting on the Wall
The interdependence between wall deformations and the static and dynamic
earth pressure forces acting on the wall has been demonstrated in a number of
tests on model retaining walls at various scales. An understanding of this
interdependence is fundamental to the proper selection of earth pressures for
analysis and design of walls. The results from these testing programs are
summarized in the following two sections.

The relationships between the movement of the sand backfills and the
measured static earth pressure forces acting on the wall are shown in Fig-
ure 2.4. The figure is based on data from the model retaining wall tests con-
ducted by Terzaghi (1934, 1936, and 1954) at MIT and the tests by Johnson
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(1953) at Princeton University, conducted under the direction of
Tschebotarioff. The backfill movements are presented as the movement at the
top of the wall, Y, divided by the height of the wall, H, and the earth pres-
sure forces are expressed in terms of an equivalent horizontal earth pressure
Eoertlclent, Kh. Ky, is equal to the horizontal effective stress, o', divided
b cal effective stress, o,’
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vertical (Y = 0) and away from the backfill, the horizontal earth Dressure

coefficient acting on the wall decreases from the value recorded prior to
movement of the wall. The zero wall movement horizontal earth pressure coef-
ficient is equal to the at-rest value, K,. When the backfill movements at the
top of the wall, Y attain a value equal to 0.004 times the height of the

s=Aa 17 Y

all, H, the earth pressure force acting on the wall decreases to the limiting
waluie of ha antdira aavil e e a . ) ~cs
vaiue oI tne active earth pressure force, P,, and the earth pressure coeffi-
cient reduces to the active coefficient, K,

In a second series of tests, the wall was rotated from ical in the
opposite direction, displacing the backfill. The horizonta rth pressure
coefficient acting on the wall increased from the K, value. When the backfill

movements at the top of the wall, Y, attain a value equal to 0.04 times the

vertical

)
N A
=3

height or the wall, H, the earth pressure force acting on the wall increases
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to tne other limiting value of the passive earth pressure f , Pp, with a
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required to develop active earth pressures.

With the soil in either the active or passive state, the magnitude of
the backfill displacements are sufficient to fully mobilize the shear strength

1/,
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W f backfill located directly behind the heel of the
he so wedge in a state of plastic equilibrium, P, or Pp may be
computed using either Rankine's or Coulomb's theory for earth pressures or the
logarithmic spiral procedures, as described in Chapter 3. The values for K,
and Kp measured in above tests using backfills placed at a range of densities

agree with the values computed using the appropriate earth pressure theories.

vit
...... ith

The test results show that the relationship between backfill displace-
ments and earth pressures varies with the relative density of the backfill
Table 1 lists the minimum wall movements required to reach active and passive
earth pressure conditions for various types of backfills. Clough and Duncan,
(1991) and Duncan, Clough, and Ebeling (1990) give the following easy-to-

remember guidelines for the amounts of movements required to reach the pres-
sure extremes; for a cohesionless backfill the movement required to reach the
minimum active condition is no more than about 1 inch in 20 feet (A/H = 0. 004)
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and the movement required to reach the minimum passive condition is no more
than about 1 inch in 2 feet (A/H = 0.04).

Table 1
Approximate Magnitudes of Movements Required to Reach Minimum
Active and Maximum Passive Earth Pressure Conditions
From Clough and Duncan (1991)
Values of Y/H?
Type of Backfill Active Passive
Dense sand 0.001 0.01
Medium-dense sand 0.002 0.02
Loose sand 0.004 0.04
= of wa equire o reach minimum active or maximum
*Y = movement of top of 11 required to reach mini t
passive pressure, by tilting or lateral translation.
H - height of wall.

2.2.2 Wall Deformations and Dynamic Earth Pressure Forces

The interdependence between wall deformations and the forces acting on
the wall has been extended to problems invelving dynamiv earth pressures in
tests on model retaining walls conducted at the Univ sity of Washington and

at research laboratories in Japan. The University of Washlngton studies
involved a series of static and dynamic tests using an instrumented model

retaining wall mounted on a shaking table, as described by Sherif, Ishibashi
and Lee (1982), Sherif and Fang (1984a), Sherit and Fang (1984b), and
Ishibashi and Fang (1987) The shaking table used in this testing program is
capable of applying a harmonic motion of constant amplitude to the base of the
wall and the backfill. 1In each of the tests, the wall was constrained either
to translate without rotation, to rotate about either the base or the top of

the wall, or some combination of translation and rotation. During the course

of the dynamic earth pressure tests, the wall was moved away from the backfill

in a prescribed manner while the base was vibrated. Movement of the wall con-

tlnued until active dynamic earth pressures acted along the back of the wall.
tatic tests were also carried out for comparison.

The active state during the dynamic tests occurred at almost the same
wall displacement as in the static tests, at a value of wall rotation equal to

_____ OLduL 1011 "

0.001 for the static and dynamic test results that are shown in Figure 2.5 on
dense Ottawa sand. This was also the finding in a similar program of testing
using a model wall retaining dense sand, as reported by Ichihara and Matsuzawa
(1973) and shown in Figure 2.6. The magnitude of these wall movements are in
general agreement ith those measured in the MIT testing program shown in

{ 2 1 lues reported in Table 1.
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dynamic passive case, however, the available results indicate that consider-
able wall movements are required to reach the full passive condition.
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The Table 1 values are used as rough guidance throughout this report,
pending the results from additional research into the relationships between
dynamic earth pressures and wall displacements.

2.3 Comments on Analyses for Various Cases
O ovantoot rmavie A 21l o e e - I _ Y a1 . 1 " .. ~ L.
14t pitateoste palt O LOlS reporc is daevotea to the evaluation oIl static
and dvnamic earth nd water nracciirac againat walla ArAd +ho sioa ~AF +haoa
) S8 TR WRLTL PLTOOULTO agaliioe wallios, aill e us€ OL uese
pressures in the analysis of the equilibrium of such walls. Such analyses are
presented and discussed in Chapters 6, 7, and 8. The examples and discussion

generally presume uniform and cohesionless backfills.

The soil strength parameters used in the analysis must be consistent
with the displacements. Large displacements, or an accumulation of smaller
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displacements tend to support the use of residual strength parameters, as
compared to peak values. Wall displacements must also be considered when
assigning the foundation to structure interface strength parameters.

There are two potentially important situations that are not discussed or
illustrated in detail in this manual. A brief treatment of these cases
appears in the following subsections.

2.3.1 Analysis of Failure Surfaces Passing below Wall

This situation may be a problem if soils of low strength exist below a
wall, either because the before-earthquake strength of this material is small
or because the strength of the soil decreases as a result of earthquake
shaking.

Such cases may be studied using principles from the analysis of slope
stability (e.g. Edris and Wright 1987). Figure 2.7 shows again the diagram
from Figure 2.1, and indicates the inertia forces that must be considered in
addition to the static forces. Evaluation of suitable strengths may require
careful consideration. Appropriate excess pore pressures should be applied
where the failure surface passes through cohesionless soils; see Seed and
Harder (1990), Marcuson, Hynes, and Franklin (1990). With cohesive soils, the
possibility of degradation of strength by cyclic straining should be
considered. A safety factor ranging from 1.1 to 1.2 is considered satis-
factory: provided that reasonable conservative strengths and seismic
coefficients have been assigned. With a smaller safety factor, permanent
displacements may be estimated using the Makdisi-Seed procedure (Makdisi and
Seed 1979) or the Sarma-Ambraseys procedure (Hynes-Griffin and Franklin 1984).

2.3.2 Analysis of Post-Seismic Condition

There are four circumstances that may cause the safety of a retaining
structure to be less following an earthquake than prior to the earthquake.

1. Persistent excess pore pressures on the landside of the wall. Any
such buildup may be evaluated using procedures described in Seed and Harder
(1990) and Marcuson, Hynes, and Franklin (1990). The period of time during
which such excess pressures will persist can be estimated using appropriate
consolidation theory.
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2. Residual earth pressures as a result of seismic straining. There is
evidence that such residual pressures may reach those associated with the
at-rest condition (see Whitman 1990).

3. Reduction in strength of backfill (or soils beneath or outside of
toe of wall) as a result of earthquake shaking. In the extreme case, only the
residual strength (see the National Research Council 1985; Seed 1987; Seed and

Harder 1990; Marcuson, Hynes, and Franklin 1990; Poulos, Castro, and France
1985; and Stark and Mesri 1992) may be available in some soils. Residual
strengths may be treated as cohesive shear strengths for evaluation of corre-
sponding earth pressures.,

4. Lowering of water level on waterside of wall during the falling
water phase of a tsunami. Estimates of possible water level decrease during
tsunamis require expert input

The possibility that each of these situations may occur must be considered,
and where appropriate the adjusted earth and fluid pressures must be
introduced into an analysis of static equilibrium of the wall. Safety factors
somewhat less than those for the usual static case are normally considered
appropriate.
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3.1 Introduction

Methods for evaluating static earth pressures are essential for design.
They also form the basis for simplified methods for determining dynamic earth

pressures associated with earthquakes. This chapter describes analytical
procedures for computing earth pressures for earth retaining structures with
static loadings. Three methods are described: the classical earth pressure
theories of Rankine and Coulomb and the results of logarithmic spiral failure
surface analyse The three failure mechanisms are illustrated in Figure 3.1.

The Rankine theory of active and passive earth pressures (Rankine 1857)

determines the state of stress within a semi-infinite (soil) mass that,
because of expansion or compression of the (soil) mass, is transformed from an
elastic state to a state of plastic equilibrium. The orientation of the
linear slip lines within the (soil mass) are also determined in the analysis.
The shear stress at failure within the soil is defined by a Mohr-Coulomb shear
strength relationship. The resulting failure surfaces within the soil mass

and the corresponding Rankine active and passive earth pressures are shown in
Figure 3.1 for a cohesionless soil.

omb (

i A
L1V

Co

=

-

ot -
DO b

- acg
cSSo

-

(=3
walli ()
=

n e g
m ct
" ot

wu
ume

W
v a

OEC)(‘D‘

n 11 long
thls plane Interface friction b
sidered in the analysis.

o included in this chapter (Figures 3.11 and 3.12).

Numerous authors have developed relationships for active and passive
earth pressure coefficients based upon an assumption of a logarithmic failure
surface, as illustrated in Figure 3.1. One of the most commonly used sets of
coefficients was tabulated by Caquot and Kerisel (1948). Representative K,
and Kp values from that effort are illustrated in Table 3 and discussed in
Section 3.5. NAVFAC developed nomographs from the Caquot and Kerisel efforts,
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for all values of interface friction between the wall and the backfill. The
accuracy of the passive thrust values computed using the wedge method
diminishes with increasing values of interface friction because the boundary

of the failure block becomes increasingly curved.
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The Rankine theory of active and passive earth pressures is the simplest
of the earth pressure theories. It is assumed that the vertical stress at any
depth is equal to the depth times the unit weight of the overlying soil plus

any surcharge on the surface of the ground. Horizontal stresses are then
found assuming that shear resistance is fully mobilized within the soil. The
forces and stresses corresponding to these two limiting states are shown in
Figure 3.2 for a vertical retaining wall of height H. The effects of sur-
charge and groundwater pressures may be incorporated into the theory.

The backfill in Figure 3.2 is categorized as one of three types, accord-
ing to the strength parameters assigned for the soil: frictional (¢ = 0, ¢ >

0), cohesive (¢ = S,, ¢ = 0) or a combination of the two (c > 0, ¢ > 0) Both
effective and total stress methods are used in stability analyses of earth
retaining structures. In an effective stress analysis the Mohr-Coulomb shear
strength relationship defines the ultimate shearing resistance, 7, of the
backfill as

where ¢ is the effective cohesion, o, 'is the effective normal stress on the
failure plane, and ¢ is the effective angle of internal friction. The effec-
tive stress, o', is equal to the difference between the total stress, ¢, and
the pore water pressure, u,

: (2)

soil skeleton. The internal pore water pressures, as governed by seepage
conditions, are considered explicitly in the effective stress analysis. For
the total stress methods of analysis, the strength of the soil is equal to the
undrained strength of the scil, S,
. (3)
N7/
T¢ =S

The internal pore water pressures are not considered explicitly in the total
stress analysis, but the effects of the pore water are reflected in the value
of S,.

—~1
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Active earth pressures result when the wall movements away from the
backfill are sufficient to mobilize fully the shearing resistance within the
soil mass behind the wall.

If the soil is frictional and dry, the horizontal effective stress at
any depth is obtained from the vertical effective stress, yZ, using Lhe active
coefficient Ku:

(L)
\ 7/

o, = Kyyz

[R]
(98]
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If there are zero shear stresses on vertical and horizontal planes, the
Rankine active earth pressure coefficient, K,, is equal to

K, = tan?(45 - ¢/2). (5)

&H

The variation in the active earth pressure is linear with z, as shown in
Figure 3.2 (a). A planar slip surface extends upwards from the heel of the
wall through the backfill, inclined at an angle a, from horizontal. For fric-
tional backfills, a, is equal to

=45+ $/2. (6)

P, is the resultant force of the o, distribution and is equal to

n

174
f = Ry

1[\)
e
~
~

1_
a7

acting normal to the back of the wall at one-third H above the heel of wall.
In these expressions, vy is the dry unit weight.

If the soil is saturated with water table at the surface, the foregoing
equatlons still apply but v is replaced by 7,, the buoyant unit weight.

1.

Equations 4 and 7 give the effective stresses and the active thrust from the
nineral sxéle“Oﬁ and water pressures must be added.

rth pressure coefficient for a dry frictional back-
from horizontal is determined by computing the
resultant forces actlng on vertical planes within an infinite slope verging on
instability, as described by Terzaghi (1943) and Taylor (1948). K, is equal
to

. . cosB - Jcos?B - cos?s (8)
K, = cos : ' NS
cosp + ycos?g - cos?

with the limitation that B is less than or equal to ¢ Equation 4 still

The distribution of ¢, is linear with depth along the back of the wall. Thus,
there are shear stresses on vertical (and hence horizontal) planes P, is
computed using Equation 7. It is inclined at an angle g from the normal to
the back of the wall, and acts at one-third H above the heel of the wall
3.2.2 Rankine Theory - Active Earth Pressures - Cohesive Soils -
General Case

For the cases shown in Figure 3.2 (b) and (c), the active earth pres-
sure, o,, normal to the back of the wall at depth z is equal to
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According to Equation 9, tensile stresses develop to a denth Z  at
top of the backf111 to wall 1nterface in a backfill whose shear strength is
either fully or partially attributed to the cohesion or undrained strength. A
gap may form within this region over time. During rainstorms, these gaps will

fill with water, resulting in hydrostatic water pressures along the back of

T

the wall to depth Z, Tensile stresses are set equal to zero over the depth
Z, when applying this theory to long term wall designs because c’ goes to zero
Jith time for ~lavavy cnile Aiie +a rhangao in watay rantant T ~1asratr hanls
oA i A AN e Va —aaa DJ SV LLD uuc (S ] Cliia 15CD PR DY watcy Cull A= B I ruiL l/.LCl_)’Cy vacnn
fills. retaining walls are desioned usine Terzachi and Peck'’s (1967) equiva-
g s are designed usin g Terza ghi and Peck’s (1967) equ

lent fluid pressure values rather than active earth preSSIYES because earth
pressure theories do not account for the effects of creep in clayey backfills

(Clough and Duncan 1991).

3.2.3 Rankine Theory - Passive Earth Pressures

Tha Aardiwratiarm ~Ff +#lan Dacnlrdon &b oo L o _Zoo o _oal e oo~ £.77T acan

4T uCLAIVvVauLluUil Ul Ul pdlilkllle LllCUL_y UL pasSsS1ive edlrlll PLCbbuLCb LOLL1LUWDS
the same steps as were used in the derivaticn of the active earth pressure
relationships The forces and stresses corresponding to this limiting state

are shown in Figure 3.2 (d), (e), and (f) for a Vertlcal wall retaining the
three types of soil backfill. The effects of surcharge and groundwater
pressures are not included in this figure. To develop passive earth
pressures, the wall moves towards the backfill, with the resulting
displacements sufficient to fully mobilize the shear resistance within the
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soil mass (Section 2.2.1). The passive earth pressure, Op normal to the
back of the wall at depth z is equal to

g =~ 7K 4+ Q¢ _ (10)
op = 7:2Kp LV¢RT
and the Rankine passive earth pressure cecefficient, Kp, for level backfill is
equal to
e 8
v _ e 2r7C 1 /9N (11)
Kp = tan®{4o + ¢/2) i)
A planar slip surface extends upwards from the heel of the wall through the
backfill and is inclined at an angle ap from horizontal, where ap is equal to
- n (19)
ap = 45 - ¢/2 N
Pp is the resultant force of the o, distribution and is equal to
L, n2 (13)
Pp = Kp —.ZYcH

for dry frictional backfills and is normal to the back of the wall at one-
third H above the heel of the wall. The PP and ap relationships for back-
fills whose strengths are defined using S an effective cohesion and

AL L nmntTarn mrmeal o A b manen ] £l A3 s mama ,-.q‘--n\.—. T D3 siiva 29
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This procedure is illustrated in example 2 at the end of this chapter.

Kp for a frictional backfill inclined at an angle B from horizontal is
equal to

~~
’-l
=~
e

with the limitation that 8 is less than or equal to ¢. Pp is computed using

Equation 13. It is inclined at an angle B from the normal to the back of the
vertical wall, and acts at one-third H above the back of the wall as shown in
Figure 3.3. With ¢ = 0, o, from Equation 10 becomes

—
[u—
wn

~r

g, = 7:2Kp.

The distribution of o, is linear with depth along the back of the wall and is
inclined at the backfill slope angle B, as shown in Figure 3.3.
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3.3 Coulomb Theory

The Coulomb theory of active and passive earth pressures looks at the
equilibrium of the forces acting on a soil wedge, assuming that the wall move-
ments are sufficient to fully mobilize the shear resistance along a planar
surface that extends from the heel of the wall into the backfill as shown in
Figure 3.4. Coulomb’s wedge theory allows for shear stresses along the wall
to backfill interface. The forces corresponding to the active and passive
states of stress are shown in Figure 3.4 for a wall with a face inclined at
angle +0 from vertical, retaining a frictional backfill inclined at angle +83.
The effects of surcharge and groundwater pressures are not included in this
figure.

3.3.1 Coulomb Theory - Active Earth Pressures

In the active case the wall movements away from the backfill are suffi-
cient to fully mobilize the shear resistance within a soil wedge. Coulomb’s
theory assumes that the presence of the wall introduces shearing stress along
the interface, due to the downward movement of the backfill along the back of
the wall as the wall moves away from the backfill. The active earth pressure
force P, is computed using Equation 7 and is oriented at an angle § to the
normal along the back of the wall '‘at a height equal to H/3 above the heel, as
shown in Figure 3.4. The shear component of P, acts upward on the soil wedge
due to the downward movement of the soil wedge along the face of the wall. K,
is equal to

cos?(¢ - 8)

sin(¢ + 3) sin(d - BJ
cos?0 cos (6 + 8) [1 * J cos (6 + 6) cos(B - 0)

K, =

(16)

for frictional backfills. The active earth pressure, o,, along the back of
the wall at depth z is computed using Equation 4 and oriented at an angle § to
the normal along the back of the wall. The variation in o, is assumed linear
with depth for a dry backfill, as shown in Figure 3.4.

The planar slip surface extends upwards from the heel of the wall
through the backfill and is inclined at an angle a, from horizontal. a, is
equal to

ap = ¢ + tan~! [—tan(¢ ~A) - ©1 (17)
| c2
where
c; =y[tan(¢ - B)][tan(s - B) + cot(s - 6)][1 + tan( + 6)cot(s - §)]
and

c, =1 +«[[tan(s + )] « [tan(é - B) + cot(s - 8)]].
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One widely quoted reference for effective angles of friction along
interfaces between various types of materials, §, is Table 2. Potyondy (1961)
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3.3.2 Coulomb Active Pressures - Hydrostatic Water Table Within Backfill and
Surcharge

The distribution of Coulomb active earth pressures for a partially sub-
merged wall retaining a frictional backfill and supporting a uniform sur-

charge, q, is shown in Figure 3.5. With a hydrostatic water table at height
Al sy =1 aco A PPOS T, . e s L)
H, above the base of the wall, the resulting pressures acting along the back
of the wall are egugl to the sum of (1) the thrust of the soil skeleton ac 2
Vi LiIAT waGai a Yyuwali Lu Lilc oSulll UL \i) Ll LilLudsuL vl LIl S5Ull SKELEeLUIl d5 d
I,S,,lt Qf its 'l_l_nit weight (7)Y the thriucet nf the cnil ckelatan a2c¢ a2 roacult+ AFf
~H2r \&«/ enAn LA VAL A A X A NS A A DIV AL LULL Qo a LACowueL o v
the surcharge, q, and (3) the thrust of the pore water. The effective weight
of the backfill, o'y, above the water table is equal to
o . s (18)
Ywt T T4 N
and below the water table, o', is equal to
< 710N
(L7)

Tue = Vet (H - H) + 7'z - (H-H)].

where vy’ is the effective unit weight at depth z. For hydrostatic pore water
pressures, 7' is equal to the buoyant unit weight, 7.
The buovant unit weicht ~ ie agual +a
PASLLAS L S "uLELIk—, 'b’ 4L O C\.lua.l. v
= (20)
T = Ve~ Yu- Ve
— A, “ o - < ~ < . .
Oa 15 equal to the sum of the thrust of the soil skeleton as a result of its
1Mit watoht+t anmAd Lo slice- v L 2l 2T 1V .
unit weignt and tne thrust of the soil skeleton as a result of the surcharge,

(21)

and is inclined at an angle § from the normal to the back of the wall. K, is
computed using Equation 16 for a level backfill (8 = 0) and a vertical wall

/N

face (§ = 0). The hydrostatic water pressures are equal to
u= 7, lz- (H-H)] (22)

and is normal to the back of the wall. The total thrust on the wall, P, is
equal to the sum of the equivalent forces for the three pressure distribu-

tions Due to the shape of the three pressure distributions, its point of
action is higher up the back of the wall than one-third H above the heel. The
orientation of the failure surface is not affected by the hydrostatic water
nregsures and is calculated using Fauation 17
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Table 2.
From NAVFAC DM-7.2

Ultimate Friction Factors for Dissimilar Materials

Interface Materials

Mass concrete on the following foundation materials:
Clean soUNd TOCKeeseseoovesevacasscccoaansaooscocce
Clean gravel, gravel-sand mixtures, coarse sand...
Clean fine to medium sand, silty medium to coarse

sand, silty or clayey graveliccecceesceccsccccsvcne

Clean fine sand, silty or clayey fine to medium
Saﬁd.I'll'................Q..'...............'.‘
Mo candu a{le Arnmnenlacrda 41 .
Lallc cauuy Sdidiy HNUNHPLAIOLAIL Jlddlbecsovoscscscscoscsosscecs
Very sciff and hard residual or preconsolidated

Clay-...--.-.....-.....-....--.............-....

Medium sctiff and stiff clay and silty clay.eecceee
(Masonry on foundation materials has same friction
factors.)
Steel sheet ;iles against the following soils:
Clean gravei, gravel-sand mixtures, vell-graded

rnnb FIT1T yirts o

TOCK Liaa Witi apalls.-ocoocou00.---:....--0-00'
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Silty saund, gravel or sand mixed with silt or clay

Fine sandy silt, nonplastic sSilticeececscccscccscce
Formed concrete or concrete sheet piling against the
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Clean gravel gravel—sand mixture, well-graded
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3.3.3 Coulomb Active Pressures - Steady State Seepage Within Backfill

This section summarizes the equations for determining the Coulomb active
eartn pressure forces and pore wate t of a wall

el
=
(D
P"{
[¢]

P
e B =a

n M n

c

(

as a drainage system con51st1 a gravel drain below the
sand backfill, w1th weep holes through the wall. Steady state flow may
develop during a rainstorm of sufficient intensity and duration. The result-
ing flownet is shown in Figure 3.6, consisting of vertical flow lines and

3

W L
rege lo
o -

(N
[e]

rizontal equipotential lines, assuming the drain has sufficient permeability
and thickness to be free draining (i.e. with zero pressure head within the
drain). Adjacent to the back of the wall, the flow net has five head drops.
With the datum at the base of the wall, the total head at the top of the back-
fill is equal to the height of the wall, H, and a total head is equal to zero

at the weep holes. The drop in total head between each of the five equipoten-
tial lines is equal to H/5. Neglecting the velocity head, the total head, h,
is equal to

h=h +h (24)
< 1 4
where h, is the elevation head, and h, is the pressure head equal to
b= 2. (25)
) Y

With the total head equal to the elevation head for each of the equipotential
lines, h, and the pore water pressure, u, are equal to zero. The seepage
gradient, i, at any point in the backfill is equal to
i=Ab (26)
Al

where ah is the change in total head and al the length of the flow
path over which the incremental head drop occurs. With horizontal

equipotential lines, the flow is vertical and directed downward (iy = i)

For steady state seepage conditions, the effective unit weight is equal to
I (27)
T b — Tw *y-

The seepage force is added to the buoyant unit weight when flow is downward

and subtracted with upward flow. For the example shown in Figure 3.6 with i

equal to positive unlty and directed downward, y' is equal to the total unit

weight, 7y. The effective weight of the backflil o'wt, is equal to

p = ~ e = ([~ + ~ ) o7 = . 7 (28)
Ywt LI \TIp Tw/ & Tt &
- avr Sy ~ + ~r o~ A ~ Ty ! ico 1
An alternative procedure for calculating o'y is using the total overburden
pressure, og,;, and pore water pressures, u By Equation 7, we see that with
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the pore water pressure equal to zero, this procedure also results in the
Equation 28 relationship (v' = 7v¢).

The resulting pressures acting along the back of the wall are equal to
the sum of (1) the thrust of the soil skeleton as a result of its unit weight
and (2) the thrust of the soil skeleton as a result of the surcharge. The
pore water pressure acting on the wall is equal to zero, with horizontal equi-
potential lines and the total head equal to the elevation head within the
drained backfill. 1In this case, the effective weight is equal to the total
weight. o, is computed using Equation 21, inclined at an angle é from the
normal to the back of the wall and equal to the sum of the pressures shown in
Figure 3.6. K, is computed using Equation 16, and a, is computed using Equa-
tion 17. Downward vertical steady state seepage in a backfill results in
nearly the same earth pressures as are computed in the case of a dry backfill.

In backfills where there is a lateral component to the seepage force or
the gradients vary throughout the backfill, the trial wedge procedure, in
conjunction with a flow net, must be used to compute P, and «,. Spacial vari-
ations in u with constant elevation will alter the location of the critical
slip surface from the value given in Equation 17. The trial wedge procedure
is also required to find the values for P, and a, when point loads or loads of
finite width are placed on top of the backfill. An example using the trial
wedge procedure for a retaining wall similar to that shown in Figure 3.6 but
with a vertical drain along the back of the wall is described in Section 3.4.

3.3.4 Coulomb Theory - Passive Earth Pressures

The forces and stresses corresponding to the passive states of stress
are shown in Figure 3.4 for a wall with a face inclined at angle +6 from ver-
tical, and retaining a frictional backfill inclined at angle +8. The effects
of surcharge and groundwater pressures are not included in this figure. To
develop passive earth pressures, the wall moves towards the backfill, with the
resulting displacements sufficient to mobilize fully the shear resistance
along the linear slip plane. Coulomb’s theory allows for a shear force along
the back of the walls that is due to the upward movement of the backfill as
the wall moves towards the backfill. The passive earth pressure force Pp is
computed using Equation 13 and oriented at an angle § to the normal along the
back of the wall at a height equal to H/3 above the heel of the wall, as shown
in Figure 3.4. The shear component of Pp acts downward on the soil wedge due
to the upward movement of the soil wedge along the face of the wall. This is
the reverse of the situation for the shear component of P,. Kp is equal to

cos?(¢ + 6)
2
cos?0 cos (8 - 0) {1 - \/sm(d) + 8) sin(® + B

Ke = (29)

cos (6 - 0) cos(p - 0)

for frictional backfills. The passive earth pressure, o,, along the back of
the wall at depth z is computed using Equation 15 and oriented at an angle §
to the normal along the back of the wall. The variation in ¢, is assumed
linear with depth for a dry backfill, as shown in Figure 3.4. The planar slip
surface extends upwards from the heel of the wall through the backfill and is
inclined at an angle ap from horizontal. ap is equal to
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. !tan(¢ B) + cg4

| Cy
L

(30)

i

uP——(,u+ can”

| S — |

cy =y[tan(¢ + B)][tan(s + B) + cot(s + 6)][1 + tan(é - f)cot(s + 6)]
and

c, =1 +[[tan(s - 6)) « [tan(4 + B) + cot(s + 8)]].

This procedure is illustrated in example 4 at the end of this chapter.

3.3.4.1 Accuracy of Coulomb’s Theory for Passive Earth Pressure Coefficients
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tion of the slip plane, op, so long as § is restricted to values which are
less than ¢/2 Coulomb’s relationship overestimates the value for Ky when §

is greater than ¢/2. The large shear component of Pp introduces significant
curvature in the failure surface. The Coulomb procedure, however, restricts
the theoretical slip surface to a plane. When 8 is greater than ¢/2, the
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ng Coulomb s equation for K based on a plane
spiral failure surface ana1y51s.

o
i for a series of
trial wedges within the backfill for the resulting earth pressure force on the
back of the wall. When applying this procedure to active earth pressure prob-
lems, the shear strength along the trial slip plane is assumed to be fully
mobilized. The active earth pressure force is equal to the largest value for
the earth pressure force acting on the wall obtained from the series of trial

cedure 1nvolves the solution of the e

wedge solutions The steps involved in the trial wedge procedure are
AocrnvrihoAd 11eaimne +ha vatadrine w9all mnrarhlam ohoanre L4 s+ 2 Q a mnr~hlam
MeOowL AT o Llls il LCl—aLllLllé wad L PL vwaicul Dl.lUWll .Lll L LE,\.LLU 2.7, a PLVULLIII
originally solved by Terzaghi (1943) and described by Lambe and Whitman
(1969). A 20 feet hlgh wall retains a saturated sand backfill with ¢ equal to

30 degrees and § equal to 30 degrees. The backfill is drained by a vertical
gravel drain along the back of the wall, with weep holes along its base. In
this problem, a heavy rainfall is presumed to have resulted in steady state
seepage within the backfill. The solution for the active earth pressure force
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on the back of the wall using the trial wedge procedure, is outlined in the
following eight steps
(1) Determine the variation in pore water pressures within the backfill. In

this example the flow net for steady state seepage is constructed graphically
and is shown in Figure 3.9.

79N A sy vy R N F-J TRE  TE IE T Y <N ~ AafFinineg tha anil
(£) Assume an 1nclinatlion IOor tne tridi S11lp Sullate, o, Uclilililiy tile SULL
wadoe ta ha analvuzad
wcusc (S v aliad LT,

(3) Assume sufficient displacement so the shear strength of the sand is fully
mobilized along the plane of slip, resulting in active earth pressures. For
this condition, the shear force, T, required for equilibrium along the base of
the soil wedge is equal to the ultimate shear strength force along the slip
surface.

T = ﬁ tang 3D

(4) Calculate the total weight of the soil within the trial wedge, W.

(5) Calculate the variation in pore wadter pressure along the trial slip sur-
face. Using the flow net, the pore water pressure is computed at a point by

. . . . LY} R T 2~ PRSI S,
first solving for hy,, using Equation 24, and then computing u using
Nessatd~m 08 A~ e Ta ~F +lhn Afict+trihiitian in 11 aloneg the trial <lin
Equation Z5 An example of the distribution in u aiong tne tria: silp
surface for o = 45 deorees is shown in Figure 3.9

u ce for o 4> degrees 1s shown 1n lrigur

(6) Calculate the pore water pressure force , Ugpatic-o» acting normal to the
trial slip surface, inclined at angle o to the horizontal. Ugaric-o 1S the
resultant of the pore water pressures calculated in step (5).

7=\ a “ 21 . - " 3 Fad 1 P (- SN cylt ag R SUp. g P ST e el a T h =Y
(/) AnalyzZe Tne Trlal wedge IOY The cOrresponaing erireciive edltil plessulc
Envnn D mntdmer ot cm oanmelas € — AN Aacveance +n t+tha narmal +A the hacrk of the
rorce, r, acting at an angie o = SU degrees L0 Line normai o e Dactk 0L UL
wall Using the eauations of eaguilibrium (Tp = 0 and TF,_ = 0) .—he Iesultlng
. g the equations ol equl.llbrium ()Iy L ), g
equation for the unknown force P is equal to
VA i 'n PR N S euay S 1 oinAa PPN
(W = Ustatic-o€0SQ@) Lanla ¥/) T VYstatic-a Z+HH (32)
P = L e e— T P g
Sinoe tania - ¢) + COSo
AT s 11 £ a1 . et o sl Foinn F1 g Avrainm alang +he hace of
NoTe tTnat because OI The presence OL the 1ree L1Owlily Uldlll 4ivlly tHE bat-iv Y-
+ho wall in whicrh +ha +a+a2l hoaad amiale the elevation head the nore water
Lilic wadl L L1l witiLwitl [ § S LvuLa.d iicau CLiLL(L.LJ L[5S § S w) CTALTVAQLiLULL iTas, (O § L wy | i
pressures are equal to zero along the back of the wall

(8) Repeat steps 2 through 7 for other trial slip surfaces until the largest
value for P is computed, as shown in Figure 3.9. The slip surface that maxi-
mizes the value for P corresponds to the critical slip surface, o4 = a and

- a¥ava) A L
P, = P. In this case, a, = 45 degrees, and P, = 10,200 pounds per fo or
LY 1 an A U ~ - ~ L5 ral1

wall and acts at 6§ = 30 degrees from the normal to the back of th WdlL

Consider the possibility is that the drain shown in Figure 3.9 does not
function as intended and hydrostatic pore water pressures develop along the
back of the wall as shown in Figure 3.10. For each slip surface analyzed

20
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using the trial wedge method the effective force P, acting at angle § to the
normal for the wall, is given in section A.2 of Appendix A as

f'w -0, .. cOoSsa ]Can( a - é/ ) /A A1

p=_t static-a : . v (A-21)

The hydrostatic water pressure forces acting normal to the slip surface and

normal to the back of the wall are Ugpatic-o and Ugpapic, respectively, and are
computed following the procedures described in section A.2.1 and A.2.2 of
Appendix A. Otherwise, the solution of the trial wedge analysis to compute
the active earth pressure force follows the same eight steps described

previously.

Using
the wedge tha

for the problem shown

o in Figure 3.10,

¢ : m P corresponds to the crltical slip
surface ay = 54 34 degrees, and P, = 4,113 pounds per foot of wall which acts
at § = 30 degrees from the normal to the back of the wall. Although P, for
the 1neffect1ve draln case (Flgure 3.10) is 6,087 pounds per foot less than
the total horizontal design load

’

208 pounds per foot of wall compared
-~ ) -~
[ D O

P T Y~ SV . DO b P B R APy £ +ln crm b nr e oiiTa
LO Lne exrlreculve dadral case aue to un utL 1011 I the water pressuice
force (Ugpatic = 12,480 pounds per foot of wall)

A closed form solution exists for this example, as P, may be calculated
using Equation 7, with K, computed using the Coulomb Equation 16. The corre-
sponding critical slip surface a4 is given in Equation 17.

3.5 Active and Passive Earth Pressure Coefficients from Log Spiral Procedure

A logarithmic spiral failure surface may be used to determine the active
and passive pressures against retaining structures when interface friction
acts along the back of the wall

Values for the active and passive earth pressure coefficients are
presented in Figures 3.11 and 3.12 and Table 3. Figure 3.1l provides values
for K, and Kp for walls with inclined faces retaining horizontal backfills.

Figure 3.12 provides values for K, and Kp; for walls with vertic

on a log sp1ra1 fallure surface The sign convention for the angles are shown
in the insert figures in Figures 3.11 and 3.12. Note that the sign convention
for 6§ is determined by the orientation of the shear stress acting on the wedge
of the soil. § is positive when the shear is acting upward on the soil wedge,
the usual case for active pressures, and negative if the shear acts downward

oL T N S 0 .. ~ s - e anA
on the soil mass, the usual case for passive pressures The values for K, and
Kp from these figures and this table are accurate for all values of § less
than or eaual to ¢

1 or equal to ¢

These procedures are illustrated in examples 5 and 6 at the end of this
chapter.
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3.6 Surface Loadings

There are three approaches used to approximate the additional lateral
earth pressures on walls due to surface loadings; (1) the wedge method of
analysis, (2) elastic solutions, and (3) finite element analyses.

T
)]

Trial woades analvcaa ne AdAaccvihaed in Section 1 4 u nerformed to
AL L a WL - GLLQLJDCD, ao UTOVL LUCG A LL L — Al e TT s y e Py aviaaca s
account for uniform and irregular surface load distributi for those walls
whose movements satisfy the criteria listed in Table 1. The wedge analysis

described in Section 3.4 is modified by including that portion of the surface
loading between the back of the wall and the intersection of the trial slip

surface and the backfill surface in the force equilibrium calculation for each

wedge analyzed. The resulting relationship for a vertical wall retaining a
partially submerged backfill (for a hydrostatic water table) is given in
aontinan A 2 Q2 AfF Annandiv A Tha AiFFirsnilt nart nf tha nrohlam i tno datar-
SrLwLAVIL N.o .V A nt}yclluLA ono. i1 LS R B B = pas v o LS 9w Pl =] s A AR Sl ey &
mine the point of action of this force along the back of the wall. The point
of action of the resulting earth pressure force for an infinitely long line
load parallel to the wall may be computed using the simplified procedure de-

scribed in Article 31 of Terzaghi and Peck (1967).

Elastic solutions of the type shown in Figure 3.13 can be used to calcu
te the increase in the horizontal earth pressure, o s

-

A e A 3
u UL a L
i l

n ct

t R
[ ]

..1.

4
nn

[P}

M

for surface 1oad1nzs to earth re

yielding (i.e. zero movement horlzontally) and zero shear stress induced along

the soil to wall interface (Clough and Duncan 1991). To account for the zero
wall movements along the soil to wall interface, the computed value for o,
using elastic theory is doubled This is equivalent to applying an imaginary

- . : ~

The finite element method of analysis has been applied to a variety of
earth retalnlng structures and used to calculate stresses and movements for

problems involving a wide variety of boundary and loading conditions. Some
Timce e e m e ~ L a1 R, I S L el . £t ) e el d o +hha anmalarades A
Key d4dSpecis 0L Lile 4dppllcdllolnl Ol Lile lLilllle elelelll meltlliou 1l tiie dllalysis U
N-frame l1ocke avravity wallg and bhacament walle are cummarized in Eheline

~ A A Caas AN NS,y 6L(1V Lb] wadlrlo, CALLNA Ao wa i aio L= D VALLMCR A L N A rs L o)
(1990) .
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CHAPTER 3 - EXAMPLES

Contentec

Example Problems 1 through 6.

Commentary

The following examples illustrate the procedures
described in Chapter 3. The results of the computa-
tions shown are rounded for ease of checking calcula-

tions and not to the appropriate number of significant
figures. Additionally, the values assigned to vari-
ables in these problems were selected for ease of
computations

=~
Tes



Example No. 1 Reference Section: 3.2.1

For a wall of height H = 20 ft retaining a dry level cohesionless backfill
with ¢* = 30 degrees and § = 0 degrees, compute K,, a,, and P,.

MOVEWENTS AANKINE
-~ /I—CTNE WEDGE
r'4 /
/. DRY COHESIOMLESS
BACKFILL

4 Y, * 120 pet
/ ¢ - 30° 8

K, = tan?(45° - 30°/2) (by eq 5)
Ky = 1/3
P, - %-%(120 pef) (20 £t)2 (by eq 7)
P, = 8,000 1b per ft of wall

7~
o
g
(]
Nin]
23
N

ay = 60° from the horizontal

hPA = H/3 = 6.67 ft
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Example No. 2 Reference Section: 3.2.2

retaining a dry level cohesionless backfill
degrees, compute Kp, ap, and Pp.

WOVEWENTS RANKINE

—_— PASSNE WEDCE
1Y a -

/y‘?. : 4 ,/,
: Yy - 120 pet ,/’
. - ;’
¢ - 30 L

7 5]
,r’ L]
P x

K, = tan®{45° + 30°/2) (by eq 11)
KP = 3 0
Pp = 3.0 « (120 pef)(20/)2 (by eq 13)
Pp = 72,000 1b per ft of wall
ap = 45° - 30°/2 (by eq 12)

ap = 30° from the horizontal

hep = H/3 = 6.67 ft
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Example No. 3 Reference Section: 3.3.1

For a wall of height H = 20’ retaining a dry cohesionless backfill with
¢’ = 30 degrees, § = 3 degrees, B = 6 degrees, and § = 0 degrees, compute K,,
ap, and P,.

_ MOVEMENTS  B=-6 -

7/ Y, = 120 pcf

e i ﬁ— Y t
. /7 .
. ~ ¢ - 30°
FE . 7
/-'. vo~sf8-0 \—mumus

= cos?(30-0)
AT : 2 (by eq 16)
cos? (0) cos(0+3)[1 . [sin(30+3)s1n(30-6) ] (by eq )
l cos (3+0)cos(6-0)
Ky = 0.3465
1 e —_
PA=0.3465-_;_(120 pcf) (207 )2 (by eq /)
P, = 8316 1b per ft of wall
¢, = V[tan(30-6)]{tan(30-6) + cot(30)] [1 + tan(3)cot(30)]
c. = 1.0283
\41 4 vVaLu o
c, =1+ [[tan(3)] « [tan(30-6) + cot(30)]]
c, = 1.11411
r A
a, = 30 + tan'll_tan(3(). - 6) + 1.0283| (by eq 17)
y 1.11411 J
., €7 Lo P o, B h VSRR R . |
ay = 57.6° from the horizontal

wu
—



Example No. 4

For a wall of height H

30 degrees, §
nd PP'

(V]

3 degrees, B = 6 degrees, and §

Reference Section: 3.3.

20 ft retaining a dry cohesionless backfill with ¢’

0 degrees, compute Kp, ap,

MOVEMENTS
—_————

. -7 Y, = 120 pef
/- " \.-./8'0. S~ . ¢ - 30°
R /_ - 77 N coutous
9 . s PASSWE
; / ) 5.3 - WEDGE
b " N -

e R (by eq 29)
2 - — S1II\JUTS3) S1I1{(5UTH)
cos?(0)cos (3 O)Ll J cos (3-0) cos(6-0) |
Kp = 4.0196
P, = 4.0196 - %(120 pef) (207 )2 (by eq 13)
Pp = 96,470 1b per ft of wall
cy =J[tan(30+6)] [tan(30+6) + cot(30)][1 + tan(3)cot(30)]
cy = 1.3959
c, =1 +[[tan(3)] « [tan(30+6) + cot(30)]]
c, = 1.1288
r . S |
ap = -30 + tan 1|tar1(5()+b1)n:nl.j959| (by eq 30)
L 1.1288 |
o = 32 0° fram tha Aarizontal
~P e X S EEP SRV SV CLIET liviL 14avilval

wn
N
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Example No. 5 Reference Section: 3.4

For the Example No. 3 problem of a wall retaining a dry cohesionless backfill
with ¢’ = 30 degrees, § = +3 degrees, B = +6 degrees, and § = O degrees,
compute K, using the log spiral procedure of Figure 3.12. Compare this value
with the K, value computed in Example No. 3 using the Coulomb relationship.

5

/b =
/Y

= +4+0.1 and B/¢ = +0.2

Ky, = 0.35 from Figure 3.12 with 8/¢ = +0.2 and using the curve for é§ = ¢.

This value for K, agrees with the value computed using Coulomb’s theory for
active earth pressures in Example No. 3 ( K, = 0.3465).

w
w



Example No. 6 Reference Section: 3.4

For the Example No. 4 problem of a wall retaining a dry cohesionless backfill
with ¢ = 30 degrees, § = -3 degrees”, f = +6 degrees, and § = O degrees, com-
pute Kp. Compare this value with the Kp value computed in Example No. 4.

CId o N1 and B4 ‘09
o/ = -U,lL ana p/¢ = +U.”

R (for 6/¢ = -0.1) = 0.52 and Kp (for B/¢ = +0.2) = 8 from Figure 3.12

Kp (for §/¢ = -0.1) = [R (for §/¢ = -0.1)] [Kp (for B/¢ = +0.2)]

=0.52 - 8

= 4.16
Ml wxrnlics e 7 T ammmaetar b o o e bin craTiin it tad sse s T PRSP IS TR R S
11l vVdlue 1071 I\P 1rS led L_y LIl Sdal daS Lile vdlue LUIIIPU.LCU le.l.lé COUuLOUOIID S LIle -
orvy fAar nacciva aar+th nroceativroees in Fvamnla Na L (W = /4 ND1A6)Y hacatica £ < A/9
AV J A\ A HHJJLVC Qi il PLCDDULCD i1l uAcuuy;.\, AN - \L\P - . \ILJU/ [ L el Y = AW S} w) v ~ (’J/ “
(Section 3.3.4.1). The resultant force vector Pp acts in the same direction
as shown in the Example No. 4 figure

* Note the difference in sign for § in the passive earth pressure solution
using the Figure 3.12 log spiral solution procedure compared to that used in
the Coulomb’s solution, with sign convention as shown in Figure 3.4.
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CHAPTER 4 DYNAMIC EARTH PRESSURES - YIELDING BACKFILLS

4.1 Introduction
Okabe (1926) and Mononobe and Matsuo (1929) extended Coulomb’s theory of

ive earth pressures to inciude the effects of i
TkA AAAAA Ko Nlrahao F‘-\lcnv—1r

i1 use coliz1ralll 11O 1£01Lal aecelel ad

a
tion in units of g, a, = kg, and a constant vertlcal acceleration in units
of g, a, = ky,'g, acting on the soil mass comprising Coulomb’s active wedge (or
passive wedge) within the backfill, as shown in Figure 4.1. The term k, is
the fraction of horizontal acceleration, k, is the fraction of vertical accel-

eration, and g is the acceleration of gravity (1.0 g 32.174 ft/sec/sec =

80.665 cm/sec/sec). In Figure 4.1, positive a, values act downward, and pos-
T3y o xralisacs ant+ -~ «1L. 1 L+ mL. cmnmalavatrias ~F +bn maao in +tha A5 van
lLLiLvVe dh valilueds 4CL L0 Llile jelo, 1l didcelcelallull Ul Uil Had>> 1l1i tLililc ujllLcoe -
tions of positive horizontal and positive vertical accelerations results in
tions of positive horizontal and positive vertical accelerations results in
the inertial forces ky'W and k,'W, as shown in Figure 4.1, where W is the

weight of the soil wedge. These inertial forces act opposite to the direction
in which the mass is accelerating. This type of analysis is described as a
pseudostatic method of analysis, where the effect of the earthquake is modeled
by an additional set of static forces, k,'W and k, W

. Lo ALalis +bamr meciimoe +haot +F=ls el o ave anffFicient+
ine ronomnobe-Ukabe tneory assumes tnat thne wali movements are suriicient
to fullv mobilize the shear resistance along the backfill wedge as 1is the
t uiLiy moblilze the shear resistance aiong the bacxrlli wedge, as 1s L(nhe
case for Coulomb’s active and passive earth pressure theories. To develop the

dynamic active earth pressure force, P,z, the wall movements are away from the
backfill, and for the passive dynamlc earth pressure force, Ppg, the wall
movements are towards the backfill. Dynamic tests on model retaining walls
indicate that the required movements to develop the dynamic active earth pres-
sure force are on the order of those movements requlred to develop the static

activ eartn Pressure Iorce as discussed in Section L 2. Z_
The Mononobe-QOkabe theory gives the net static and dynamic force. For
positive k, > 0O, P,z is larger than the static P,, and Ppg is less than the

static Pp.

4.2 Dynamic Active Earth Pressure Force

The Mononobe-Okabe relationship for P,z for dry backfills, given by
TTh S +mmen A A Nhaed 3 e /100NN e anisal =~
WIillL Lliliatl 4liU ulllistldil (L77V), 15 Equd.‘. LO
1 2
P,r = Kup o [7,(1 - k,)]H (33)
and acts at an angle § from the normal to the back of the wall of height H

he dynamic active earth pressure coefficient, K,g, is equal to

[9,]
wn
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72 (34)

%+ ) cos(B -

N N

(35)

| anes—

which the re-
is rotated from

In the case of a vertical wall (§ = 0) retaining a horizon-

tal backfill (8 = 0), Equation 34 simplifies to

d the inertial forces

vertical.

5

(36)

.
—9 |
]

(¢ + 6) sin(¢
cos(6 + )

sin

Figures 4.2 and 4.3 give charts from which values of K,g may be read

for certain combinations of parameters.

surface exten

sii

anar

(37)
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Figures 4.4 and 4.5 give ape as a function of ¥ for several values of ¢ for
vertical walls retaining level backfills.

A limited number of dynamic model retaining wall tests by Sherif and

Fang (1983) and Ichihara and Matsuzawa (1973) on dry sands show § to range
from ¢/2 to 2¢/3, depending upon the magnitude of acceleration.

The validity of the Mononobe-Okabe theory has been demonstrated by the
shaking table tests described in Section 2.2.1. These tests were conducted at
frequencies much less than the fundamental frequency of the backfill, so that

accelerations were essentially constant throughout the backfill Figure 4.6
gives a comparison between predicted and measured values of the seismic active
pressure coefficient Ky

An alternative method for determining the value of Kuz using tabulated
earth pressures was developed by Dr. I. Arango in a personal communication, as
described by Seed and Whitman (1970). Dr. Arango recognized that by rotating
a soil wedge with a planar slip surface through the seismic inertia angle, the

1 Ty

resultant vector, representing vectorial sums of W, k, W and k, W, becomes ver-
- =1 . DR B A.-_A_A__:A mmme =T o L mmeaZfarnal At s =l A atT A mvaAklAm ao
ticdlr, 4l wne adyridaiicC probiein becolmes ecyuivdiellt Lo Lile Statloe plrupiliel, as
shown in Figure 4.7. The seismic active pressure force is given by
1 2 (38
* -
[Ra(B*,0%) = Fpels 5 [ (1 - k) JH (38)
ewle e
wnere
H = actual height of the wall
B =B+
~t Py .
" =6 + ¥
and
2
FAF‘ - cos (9 + I,ZJ) (39)

i

cosy cos“d

¥ is computed using Equation 35. Values of F,z are also given as a function
of ¥ and § in Figure 4.8. K,(B8",0") is determined from the Coulomb static K,
values by Equation 16. An alternative procedure is to approximate K,(B8%,6")
by using the static values that were tabulated by baquot and Kerisel (1948)

. v ora* a*)
Da\p Vv )

®
ol
=
o
Q.
e
o

These procedures are illustrate in examples 9 and 10 at the end of this
chapter.
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The Mononobe-Okabe analysis procedure does not provide a means for cal-
culating the point of action of the resulting force. Analytical studies by
Prakash and Basavanna (1969) and tests on model walls retaining dry sands
(Sherif, Ishibashi, and Lee 1982; Sherif and Fang 1984a; Sherif and Fang

1984b; and Ishibashi and Fang 1987) have shown that the position of Pag along
the back of the retaining wall depends upon the amount of wall movement and
the mode in which these movements occur. These limited test results indicate
that the vertical position of P,z ranges from 0.4 to 0.55 times th
t hi

e
the wall, as measured from the base of the wall. P, acts at a high osi-
tion along the back of the wall than the static active earth pressure force
due to the concentration of soil mass comprising the sliding wedge above mid-
wall height (Figure 4.1). With the static force component of P,z acting below

mid-wall height and the inertia force component of P,z acting above mid- wall
height, the vertical position of the resultant force, Ppg, will depend upon
the magnitude of the accelerations applied to the mass comprising soil wedge.

£
(e 30



This was shown to be the case in the Prakish and Basavanna (1969) evaluation
of the moment equilibrium of a Mononobe-Okabe wedge. The results of their
analyses are summarized in Figure 4.9.

4.2.2 Simplified Procedure for Dynamic Active Earth Pressures

Seed and Whitman (1970) presented a simpl d procedure for computing
the dynamic active earth pressure on a vertical wall retaining dry backfill
They considered the group of struc tLres consist;ng of a vertical wall (4 = 0)
retaining a granular horizontal backfi (B = 0) with ¢ equal to 35 degrees,

= ¢/2 and k, equal to zero. P,z is deflned as the sum of the initial
static active earth pressure force (Equation 7) and the dynamic active earth
pressure force increment,

]
5
~
S
A

where

AP, = OK,p * %ytﬁz. (41)

The dynamic active earth pressure coefficient is equal to

174

)7 4 A1y
Rap = Ba + Ofgg

and

(43)

>
~
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Using this simplified procedure, K, is computed using Equation 16, and AK, is
computed using Equation 43. All forces act at an angle § from the normal to
the back of a wall, as shown in Figure 4.10. P, acts at a height equal to H/3
above the heel of the wall, and AP,z acts at a height equal to 0.6'H. Ps acts
at a height, Y, which ranges from H/3 to 0.6°'H, depending upon the value of
Ky .

PA-(_g) + AP,z+ (0. 6H)
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Seed and Whitman (1970) approximate the value for a,z as equal to ¢,
where ¢ equals 35 degrees Thus, for a wall retalnlng a dry granular backfill
~F T3 sl 1T =l e el a2 P S S B .__J‘- _____ PR R PO R o
Ui Lielgiit n, tile tleoretlcdl 4acltlve ldllure wedge WUUJ.U ilnncersecte tie Lop oL
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the wall (tan 35° = 1/1.5)

This procedure is illustrated in example 11 at the end of this chapter.

4.2.3 Limiting Value for Horizontal Acceleration
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and Elms (1979) show that Equations 34 and 36 are limited to
o - B) 1s greater than or equal to ¢ Substituting
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mobilized, and the backfill wedge verges on instability. Values of k," are
also shown in Figure 4.11

This procedure is illustrated in examples 12 and 13 at the end of this

oL Vad 1 n 1o 1 s 1 ~1 1 e 1 1 Fes

.3 Effect of Submergence of the Backfill on the Mononobe-Okabe Method of
o [=~4 (=]
alysis

The Mononobe-Okabe relationships for Pz, Ksz, and ¢ will differ from
those expressed in Equations 33, 34, and 35, respectively, when water is
present in the backfill. Spatial variations in pore water pressure with
constant elevation in the backfill will alter the location of the critical
slip surface and thus the value of P,z, similar to the case of P, that was
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discussed in Section 3.3.3. In addition, the pore water pressures may
increase above their steady state values in response to the shear strains
induced within the saturated portion of the backfill during earthquake shak-
ing, as discussed in Tokimatsu and Yoshimi (1983), Tokimatsu and Seed (1987),
Seed and Harder (1990), and Marcuson, Hynes, and Franklin (1990). The trial
wedge procedure of analysis is used to locate the critical slip surface within
the backfill and to compute P,r, following the steps described in Section 3.4
and including the excess pore water pressures due to earthquake shaking in the
analysis are described in Appendix A. In some situations, such as the case of
a hydrostatic water table within the backfill or the case of excess pore water
pressures equal to a constant fraction of the pre-earthquake effective over-
burden pressures throughout the backfill (r, = constant), modified Mononobe-
Okabe relationships may be used to compute Pug

4.3.1 Submerged Backfill with No Excess Pore Pressures

In this section it is assumed that shaking causes no associated buildup
of excess pore pressure. The most complete study of this case appears in
Matsuzawa, Ishibashi, and Kawamura (1985), Ishibashi, Matsuzawa, and Kawamura
(1985), and Ishibashi and Madi (1990). They suggest two limiting conditions
for design: (a) soils of low permeability - say k < 1 x 107 cm/sec where pore
water moves with the mineral skeleton; and (b) soils of high permeability -
say k > 1 cm/sec, where pore water can move independently of the mineral
skeleton. Matsuzawa, Ishibashi, and Kawamura (1985) also suggest a parameter
that can be used to interpolate between these limiting cases. However, under-
standing of case (b) and the interpolation parameter is still very incomplete.

Restrained water case: Here Matsuzawa Ishibaski, and Kawamura (1985)
make the assumption that pore pressures do not change as a result of horizon-
tal accelerations. Considering a Coulomb wedge and subtracting the static
pore pressures, there is a horizontal inertia force proportional to .k, and
a vertical force proportional to 7y,. Thus, in the absence of vertical accel-
erations, the equivalent seismic angle is:

1Yo Kn (46)

Y, = tan
el o

and the equivalent horizontal seismic coefficient is:

= Ty (47)
k‘hel 7b

Using kpe; in the Mononobe-Okabe theory together with a unit weight v, will
give Ppg, to which the static water pressures must be added.

If vertical accelerations are present, Matsuzawa, Ishibashi, and
Kawamura (1985) recommend using:
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This is equivalent to assuming that vertical accelerations do affect pore

pressures, and then it is not strictly correc
theory. However, the error in evaluating total thrust

t to use the Mononobe-Okabe

~11
>lid 1l 1

s
n
]

This procedure is illustrated in example 14 at the end of this chapter

Free water case: It is difficult to come up with a completely logical
set of assumptions for this case. Matsuzawa, Ishibaski, and Kawamura (1985)

suggest that the total active thrust is made up of:

(1) A thrust from the mineral skeleton, computed using:

k = 5 ko
n

and

1
., = tan'll _he?

——d

(49)

—~~
on
O

N~

where G; is the specific gravity of the solids. A unit weight of v, is used

in the equation for P,g.

797 Tha hudradsrnaminsa watrar nrocoit v Favan Far +ha Fran watrar wirhin +tha hanl-_
\L/ AllT u_)’uLuu ldallllC watcl PLCDDULC LULCLC LUL “il LiITCT wacltclL w Cilill viic vacin
fill P .. ie ogiven hv the Wecterocaard (1931) relationchin (Annendix R)
fill, Pu4, is given by the Westergaard (1931) relationship (Appendix B)
= ! 2 (51)

P.q '77'k£'7wH (01)
. | P . mn r2 b - . - 11
and acts at 0.4 H above the base of the wall
The total force behind the wall would also include the hydrostatic water pres-

sure. This procedure is not totally consistent, since
increased pore pressures is ignored in the computation

yAlosLalle wWalktld

the effect of the
of the thrust from the

mineral skeleton as is the effect of vertical acceleration upon pore pressure.

e
(o
[

This procedure is

ustrated in example 15 at the end of this chapter.

L 22 Cuihmarvaonsd RaalF3i11 -3+l Bunnece DPava Dracars T
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Excess pore pressures generated by cyclic shaking can be represented by
r, = Au/o,', where Au is the excess pore pressure and o,' is the initial

(e
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Mononobe-Okabe solution, the following approaches are suggested.
Restrained water case: Ignoring vertical accelerations, the effective
1mit vratoht AF A3 1 b
uiir . weuaglic UL 5011 vecoies
voa=7(l -1) (52)
red IpX\ u’
while the effective unit weight of water is
Ywz = Y t Tp* L, (53)
The thrust from the soil skeleton, Pz, is computed using
" _ e, (54)
Bhe3 T (24%)
Ye3
and
Y. = tan" ik .] (55)
Tes Lt""hes
tnoathay with a 11mi+ woaioht Fram BFatia+tian 59 Tha affFarntiva 11mit waiocht+ ~F
bv&\—\—LICL wi il A Will o WC.LsLIL 4L L Uil leiudbl.k}ll S L. 1l1c clLLTUULLVC willi o WCL&LIL VUL
water, Equation 53, is used to compute the "static" pore pressure. The effect
of vertical acceleration may be accounted for by inserting (l-k,) in the

denominator of Equation 55.

As r, approaches unity, b4 -> 0 and 74 = 7, so that the fully-lique-

fied soil is a heavy id. It would now be logical to add a dynamic pore
pressure computed using Equations 51 and 53

Alternate Procedure:

An alternative approach is to use a reduced effective stress friction
angle in which the effects of the excess pore water pressures are approximated

within the analysis using a simplified shear strength relationship In an
effective stress analysis, the shear resistance on a potential failure surface
is reduced by reducing the effective normal stress on this plane by the amount
of excess residual pore water pressure, assuming the effective friction angle
is unaffected by the cyclic loadin ng This is equivalent to using the initial,
static effective normal stress and a modified effective friction angle, ¢.,,
where

(56)

tanéQN = (1 - r. )tand’
boq = ( u) d

as shown in Figure 4.12. In the case of r, equal to a constant within the
fully submerged backfill, the use of ¢,, in Equations 34 and 38 for K, and
Ka(B*, 6") approximating the effects of ‘these excess pore water pressures
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Figure 4.12 Modified effective friction angle

within the analysis. Using kne;, ¥ner (Equations 47 and 46 in Section 4.3.1)
and ¢, in the Mononobe-Okabe theory together with a unit weight 7, will give

e B 1 P L T | . ~ £ el 2 i it alimcand -l s Ari A dtenag +ho
tailcuiations DYy tne autnors OLI LNls report snoweda tiat reduciny e
effective stress friction angle of the soil so as to account for the excess
pore water pressures when computing a value for P,z is not exact. Comparisons
between the exact value of P,pr, computed using 7.3, Kpes, ¥nes in the Mononobe-

Okabe theory, and the value computed using the ¢,, procedure shows this
approximation to overpredict the value of P,z. The magnitude error in the
computed value of P,z increases with increasing values of r, and increases

with decreasing values of k,. The error is largest for the k, equal to O
case.
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This procedure is illustrated in example 17 at the end of this chapter.

Free water case: The thrust from the mineral skeleton may be estimated using:

Koo =~ (57)
Ye3

where

Yd T+rw

To this thrust are added the dynamic Westergaard water pressure (computed
using <,) and a "static" water pressure computed using v,3; from Equation 53.

This procedure is illustrated in example 18 at the end of this chapter.
4.3.3 Partial Submergence

Situations with partial submergence may be handled by weighing unit
weights based on the volume of soll in the failure wedge above and below the
phreatic surface, as shown in Figure 4.13.

This procedure is illustrated in example 19 at the end of this chapter.
4.4 Dynamic Passive Earth Pressures

The trial wedge procedure of analysis may be used to find the orienta-
tion of the critical slip surface that minimizes the value of the earth pres-
sure force acting on the wall for the passive earth pressure problem shown in
Figure 4.1b. This minimum earth pressure force corresponds to the dynamic
passive earth pressure force, Ppz. The orientation of the inertial forces ky, W
and k,'W that minimize the value of Ppg is directed away from the wall and
upwards (Figure 4.1b). This corresponds to the case where the soil wedge is
accelerating towards the wall (positive a, values) and downwards (positive
a, values).

The Mononobe-Okabe relationship for Ppg for dry backfill, given by
Whitman and Christian (1990), is equal to

Po = Kpge 5 [7,(1 - k) JH2 (58)

and acts at an angle § from the normal to the back of the wall of height H.
The dynamic passive earth pressure coefficient, Kpg, is equal to

cos? (¢ -y + 0)

Kpp =

(59

2 _ 9 4 B sin (¢ + 6) sin (¢ - ¢ + B)
cos Y cos? fcos (Y -6 +6) |1 J o5 (¥ =) cos (F—1)
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Effective unit weight for partially
submerged backfills

In the case of a vertical wall (§ = 0) retaining a horizontal backfill
(B = 0), Equation 59 simplifies to
Kor = cos®(¢ - ¥)
FE T SV 72NN
T
Sl A o+ €Y einlhA — )
cosy cos(yP + §) Il - | St -9/ =»2 ¢ ¥/ |
cos(& + )
L N AN ¥/ B
The planar slip surface extends upwards from the heel of the wall through the
backfill and is inclined at an angle ap from the horizontal. apg is equal to
r q
o tan(¢ + B - ¥) * Copg | 61)
aps =Y - ¢ + tan’! | 3FE (
PE | I
CupE
L J
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where

capp = [ V[ tan(4+p-¥) ] [tan(p+f-y) rcot (p+f-y) ]+ [L+tan(6-6+p)cot(p+f-p)]]

and

cupp = 1+ [[tan(s - 6 + p)] o [tan(s + f - ) + cot(s + 6 - ¥)]].
Figures 4.14 and 4.15 give ap as a function of ¥ for several values of ¢.

This procedure is illustrated in example 20 and 21 at the end of this
chapter.

The Mononobe-Okabe equation assumes a planar failure surface, which only
approximates the actual curved slip surface. Mononobe-Okabe’s relationship

overpredicts the values for Ky and the error increases with increasing values
for X and 1/-

Rotating the passive soil wedge with a planar slip surface through the
seismic inertia angle, the resultant vector, representing vectorial sums of W,
ky,'W, and k, W, becomes vertical, and the dynamic passive earth pressure force
problem becomes equivalent to the static problem, as shown in Figure 4.16.

The seismic passive resistance is given by

Pop = [Ko(B*,8°%) «Fpple (v, (1 - k,) |H? (62)
£e [ N3 4 FLE 4 7; Rt
where
B = 8 -
P P ¥
6" =6 - ¢
and
e~ =270 £\
F.. = €os°(d - ¥) (63)
PE T ——————~
cosy cos“f
¥ is computed using E quatlon 35. Values of Fp; are also given as a function
of ¥ and § in Figure 4.17. Kp(B8",0") is determined from the Coulomb static Kp

values by Equation 29. The Coulomb formulation assumes a planar failure sur-
face which approximates the actual curved failure surface. The planar failure
surface assumption introduces errors in determination of Ky and the error
increases with increasing values of §. The error in slip surface results in
an overprediction of Kp. Thus the equivalent static formulation will be in
error since the product of Kp(B8*,0") times Fpg is equal to Kpz. An alternate
procedure is to approximate Kp(B8",8") by using the static Kp values tabulated
by Caquot and Kerisel (1948) or Kerisel and Absi (1990). Calculations show
Kpg values by the alternate procedure are smaller than Kpy values by Mononobe-
Okabe .

This procedure is illustrated in examples 22 and 23 at the end of this
chapter.
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Dynamic Problem

Equivalent Static Problem

.16 Equivalent static formulation of the Mononobe-
ve dynamic earth pressure problem

£ill in computing the value o £ - ample
of a fully submerged backfill, an effectlve unlt equal to v, is as
the backflll for the case of r, = 0 or Equation 52 with r, > 0. Kpg or

Kp(B*,8%) and Fpg are computed using an equivalent seismic inertia angle using
Equation 48 for the case of ry = 0 or Equation 55 with r, > 0.

ey
p=]
)

= 1

ure is illustrated in exampie 24 at the end of this chapter.

i n
Liiao P

4.4.1 Simplified Procedure for Dynamic Pasgive E
Towhata and Islam (1987) recommended a simplified approach for computin
the dynamic passive earth pressure force that is similar to the Seed and
Whitman (1970) procedure for the dynamic active earth pressure force. They
also considered the group of structures consisting of a vertical wall (4§ = 0)
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retaining a granular horizontal backfill (8 = 0) with ¢ equal to 35 degrees
6 equal to 0, and k, equal to zero. Equation 65 is presented as developed y
Towhata and Islam while Equations 64, 66, and 67 have been modified by the

authors of this report. Py is deflned as

where the reduction in the static passive earth pressure value P, due to
earthquake shaking is given by
L (65)
APpg = v H2eAKpg
PE = 77t
for a dry granular backfill. The dynamic passive earth pressure
coefficient is equal to
and
A1y 17 1 /6T N
A = . {(0/)
PE = "%

»—a-

Using this simplified procedure, Kp is computed using Equation 11
(Rankine), and AKpg is computed using Equation 67. The incremental dynamic
force APpg acts counter to the direction of Pp, reducing the contribution of
the static passive pressure force to Ppz . The resulting forces Pp (Equa-
tion 13) and APy (Equation 65) act normal to the back of a wall.

This procedure is illustrated in example 25 at the end of this chapter.

______ rocedt was developed fo
horlzontal backfllls w' h 5 = O. This simplifi
robl

applied to dynamic passive earth pressure p
due to the magnitude of the error involved.

o o

In a pseudo-static analysis the horizontal and vertical accelerations of
il mass during an earthquake are accounted for by applying equivalent
to the soil w edge whlch act counter to the
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nd Whitman (1970) and
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change in the K, value varied with both

the value of k., and ky, . Calculations with k, ranging from 1/2 to 2/3 of the ky
value show that the difference between the computed values of Ky with a

nonzero k, value and k, equal to zero is less than 10 percent. Seed and
Whitman (1970) concluded that for typical gravity retaining wall design prob-
lems, vertical accelerations can be ignored when computing K The k, value

—_ =l L.

has a greater impact on the computed value of Ppg than on the valdc of Pug.

Chang and Chen (1982) show that the change in the Kpg value varies with
both the value of k, and k,. The difference between the values of Kpg with a

nonzero K, value and k, set equal to zero increases with increasing magnitudes
of both k, and k;,. This dif
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equal to zero. The trend is reversed when the vertical acceleration acts
upward (-k, g). When Pp acts as a stabilizing force for a structure, vertical
accelerations should be considered in the computations of the value for Ppg.
An example is the soil region below the dredge level and in front of an
anchored sheet pile wall (refer to the design example in Section C.2 of
Appendix C).
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4.6 Cases with Surface Loadings

There are two approaches used to approximate the additional lateral
earth pressures on walls due to surface loadings; (1) the wedge method of
analysis and (2) finite element analyses.

In the case of a uniform surcharge q;, the value of the dynamic active
earth pressure force is computed using the modified Mononobe-Okabe relation-

ships listed in Figure 4.18 and Equation 34 (or Equation 36 for a vertical
wall retaining a horizontal backfill) for K,z. The point of appllcation of Pug

along the back of the wall is computed using the procedure outlined in Fig-
ures 4.19 and Figure 4.20. 1In this approximate procedure, the surcharge gs is
replaced by the addition of a layer of soil of height hs egual to gs/7.. The
resulting problem is analyzed by adapting the Seed and Whitman's simplified
procedure (of section 4.2.2) to the problem of a uniform surcharge loading as
outlined in Figure 4.20.

Pseudo-static trial Wedge analyses may be performed to account
approximately for both uniformly and non-uniformly distributed surface
loadings, as described in Section A.2 of Appendix A for dynamic active earth
pressure problems. These analyses may be performed on walls whose movements
satisfy the criteria listed in Table 1. Such analyses will give the total

thrust against a wall. The effects of surface loading is included within the
wedge analysis by including that portion of the surface loading between the
back of the wall and the intersection of the slip surface and the backfill
surface in the force equilibrium calculation for each wedge analyzed, as

described in Section 3.6 for the static problem. The effect of the earthquake
is modeled in the pseudo-static trial wedge analysis by an additional set of
static forces, k,'W, k,W, k, Wy, and k, W, where W is equal to the weight of
the soil contained within the trial wedge and W, is equal to the WelEht of

thi a
surcharge contained within the region located above the trial wedge as shown
in Figure A.3 for the active earth pressure problem The difficult part of

~J
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CHAPTER 4 - EXAMPLES

Contents

Example Problems 7 through 26.

Commentary

The following examples illustrate the procedures

described in Chapter 4. The results of the computa-
tions shown are rounded for ease of checking
calenilatianeg arnd ot +a tha annvyanyiate —iimhbher £
Lailculactilivuvlils alilu JLO N (S V) wiie deJLUt)L lacLc Liulnucr L
significant figures. Additionally, the values
assigned to variables in these problems were selected
for ease of computations.
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Example No. 7 Reference Section: 4.2

For a wall of height H = 20 ft retaining a dry cohesionless backfill with

¢’ = 30 degrees, § = 3 degrees, B = 6 degrees, § = 0 degrees, k, = 0.1 (accel-
eration ki g away from the wall and inertia force ky W towards the wall) and
k, = 0.067 (acceleration k, g acting downward and inertia force k, W acting
upward), compute Kup, Pap, and oag.

_ B=6°  MVEMENTS
Y, = 120 pN :
1 \\ \ L4 - \
N oKW,

\ : :
couious /N Lo\
weoce — AN l KW,

-
gy
e )
7~
o
<
(¢
Nel
(OS]
n
Nt

b = 6.12°
K. = cos?(30-6.12)
Ak T - P (by eq 34)
cos(6.12)cos?(0)cos (6.12+3) |1+| 510(30+3)sin(30-6.12-6) |
[ J cos(3+6.12)cos(6) J
Kye = 0.4268
D -0 2268 « L1190 nef (1 - 0 0673 (20732 (by eq 33)
LAE V.HLUO ? LLLV P\‘L \ 4+ v.vuU s }J \&ev \ o 1
Pug = 9557 1b per ft of wall

Ciap = [J[tan (30-6.12-6)] [tan (30-6.12-6) + cot (30-6.12)]-

Po——

[1 + tan(3+6.12) cot (30-

[oa
st
No
~

[e)e}
n



Example No. 7 (Continued) Reference Section: 4.2

Coap = 1 + [[tan(3+6.12)] « [tan(30-6.12-6) + cot(30-6.12)]]

CZAE = 1.1’4144
b 230 - £ 19 4 pan-l |-tan(30-6.12 -6) + 1.0652 | (by eq 37)
AR - ~ e ¥ i I e -

[ 1.14144

co
N



Example No. 8 Reference Section: 4.2

Repeat Example 7 with k, = -0.067 (acceleration k, g acting upward and
inertia force k, W acting downward).

v = ta“'lE—rod—lmJ (by eq 39)

p = 5.35°
K. = cos?(30-5.35)
" cos (5.35)cos?(0)cos(5 35+3)(1 + 1513130*3)81W(§0~5.35—6)]2 (by eq 34)
’ ’ l « cos (3+5.35)cos (6) J
K_Aj == 0.4154
Py = 0.4154 %[(120 pef) (1 + 0.067)](20/)2 (by eq 33)
Par = 10,639 1b per ft of wall
Ciag = | VItan (30-5.35-6)] [tan (30-5.35-6) + cot (30-5.35)]-
[1 + tan(3+5.35) cot (30—5.35)]]
Ciag = 1.0588
Coag = 1 + [[tan(3+5.35)] « [tan(30-5.35-6) + cot(30-5.35)]]
a0 _1[-tan(30-5.35-6) + 1.0588 (by eq 37)
ase = 30-5.35 + tan | 13296
apg = 52.45°
Summary

Examples 7 and 8 show that when k, W acts downward (Example 8), in conjunction
with the weight of the backfill wedge, the computed value for P,z is about
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Example No. 8 (Continued) Reference Section: 4.2

11 percent larger than the value of P,y computed for the case when k, W acts
upward (Example 7).
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Example No. 9 Reference Section: 4.2

For a wall of height H = 20 ft retaining a dry cohesionless backfill with ¢’
35 degrees, § = 0 degrees, B = 5 degrees, § = 0 degrees, ky = 0.2 (accelera-
tion kg away from the wall and inertia force k,"W towards the wall) and k, =
-0.1343 (acceleration k, g acting upward and inertia force kW acting down-
ward), compute Kup, Pap, asg, and K,(8",0%).

B- 5° MOVEMENTS
A 120 pef

¢ .
COULOMB
ACTNVE
WEDGE

Y = tan’! 0.2 } (by eq 35)
P = 10°
Method 1 (Kug by Mononobe-Okabe)

2 _
Ky = cos?(35-10)

34
1+ sin(35)s8in(35-10-5) ’ (by eq )
\[ cos (10) cos(5)

cos (10)cos?(0)cos (10)

Kag = 0.4044
= 0.4044 - %[(120 pef) (1 + 0.1343)](207)2 (by eq 33)

Ppyg = 11,009 1b per ft of wall
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Example No. 9 (Continued)

Reference Section:

4.2

. [~ ——
Ciap = | V[tan(35-10-5) ] [tan(35-10-5) + cot(35-10)]-[1 + tan(10)cot(35-10)] ]

Coar = 1 + [[tan(10)] + [tan(35-10-5) + cot(35-10)]]
Cosg = 1 L2
Coag = 1.4423
aae = 35-10 + tan-l|"tan(35-10-5) + 1.1217 | (by eq 37)
A% 1.4473 |
~ _ B9 TJ90
Tap = 24.72
Method 2 (Equivalent static formulation with K, by Log Spiral Method)
B* = B + ¥ = 15 degrees
% = § + 3p = 10 degrees
- COSz(lO) /1o . 20\
Fap = N 4 (DY eq 57)
cos(10)cos?(0)
Fag = 0.9848
Ka(B",6%) = 0.41 (from Table 3)
Kap = [Ka(B", 6%) Fag] = 0.41 - 0.9848 = 0.404
— A 1 . 1 . P A
P,z = [0.404] + .5i1120 pcf) (1 + 0.1343)](207)2 (by eq 38)
P,z = 10,998 1b per ft of wall

Method 3

solution)
g% = 15° ]
L from Method 2 calculations
0* = 10° |

O
(@)

(Equivalent static formulation with K, from Coulomb Active wedge



Example No. 9 (Continued) Reference Section: 4.2

Kh(ﬁ.:e‘) = C

cos? (10) cos(10)

082
i _ 12 (by eq 16)
L

%) = 0.4106
Fag = 0.9848 from Method 2 calculations

Kpyg = [Ka(B*,8%) Fag] = 0.4106 - 0.9848 = 0.4044

B

P,p = [0.4044] « & [(120 pef) (1 + 0.1343)[(20")? (by eq

[N
[o%)
o0

N

«

Pyg = 11,008 1b per ft of wall

Summary

The values for K,z and P,z by Equations 34 and 33, respectively, are equal to
1 S e e e A e 17 * * A~ ATIatd A

the values for the product [K,(8",6") Far] and P,z (Equation 38)

el
'-_l



Example No. 10 Reference Section: 4.2

For the example 9 problem, compute the increase in magnitude for the dynamic
active earth pressure force above the static active earth pressure value,

AD
APpE.

cogl (1)
K, = COS \33)
* r : : 1z (by eq 16)
cos? (0) cos (O)|1 + /51n (35) sin (35-5)
L ¥ cos (0) cos (5) ]
Ky = 0.2842
P, = 0.2842 « 5 (120 pcf) (20/)2 (by eq 7)
Py = 6,821 1b per ft of wall
Pag = 11,008 1b per ft of wall (from example 9)

APAE = PAE - P.A.

>

Ry
&
I

11,008 - 6,821

APpg = 4,187 1b per ft of wall

=}
"

The dynamic active earth pressure force is 61 percent greater than the static
active earth pressure force for the example 9 problem.
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Example No. 11 Reference Section: 4.2.1

For a wall of height H = 20 ft retaining a dry cohesionless backfill with ¢° =
35 degrees, § = 17.5 degrees (= ¢/2), B = O degrees, § = 0 degrees, k, = 0.2
(acceleration k;'g away from the wall and inertia force k;'W towards the wall)
and k, = 0, compute K.z, P,z, and its point of action at elevation Y along the
back of the wall using the simplified procedure for dynamic active earth

TR ST\
S AP | %\
= Ppe N ‘Tj-:.%\\ T
h oy >‘rz~b .. —T n
- oo R R
N

- cos? (35)
= r E— B— (by eq 16)
sin (35 + 17.5) sin (35) ’
cos? (0) cos(17.5) ltl +"/ cos [17.5) cos (0) |
Ky = 0.246
n A g 1 ,-4n LN sroNnIN2 (hyv ea 7))
Py, = 0.2406 - ol (120 pect) (20°) \BYy €eq 7)
P, = 5,904 1b per ft of wall, acting at
6.67 ft (H/3) above the base of the wall.
AKAE=_Z . 0.2 (by eq 43)
AKA“ = 0.15
AP,z = 0.15 % (120 pef) (207)2 (by eq 41)

APsyr = 3,600 1b per ft of wall, acting at 12 ft (0.6 H) above the
base of the wall.

V_ -0 2% + 0 15 (by eq 42)
I\AE V.,V T UL, LU 4 a

Kag = 0.396
P.. =5 904 + 3.600 (by eq 40)
AE J’/V“' J’\IU\) ~

D — 0O [=ay) 11 oY £ -~ £ ~11

Pag = 5,5U4 1D per It of waill



Example No.

11 (Continued)

5904

Reference

W
=~

Section: 4.2.

(by eq 44)
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Example No. 12 Reference Section: 4.2.3

For a wall retaining a dry cohesionless backfill with ¢° = 35 degrees, § = 0O
degrees, B = 15 degrees, 6 = 0 degrees, and k, = - k;/2 (acceleration k,g
acting upward and inertia force k, W acting downward), compute Kk, , ¥, asg, Kag,
and Pgg.

Introducing k, = - k,*/2 and rearranging, Equation 45 becomes

K = 2 tan(¢ - B)
2 - tan(¢ - B)

For (¢ - B) = 20 degrees,
k¥ = 0.44494
and k, = - 0.22247

Note that the use of Figure 4.11 results in the same value for k,".

By Equation 35, ¢ = 20 degrees
By Equation 37, apg = 15 degrees
By Equation 34, K,z = 1.05
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Example No. 13 Reference Section: 4.2.3

Repeat example 12 with k, = + k;/2 (acceleration k, g acting downward and
inertia force k,'W acting upward).

Introducing k, = + k,"/2 and rearranging, Equation 45 becomes

. 2tan(¢_p)
kn = 2 + tan(¢ - B)

For (¢ - B) = 20 degrees,
ky,* = 0.307931
and k, = 0.153966

By Equation 35, ¥ = 20 degrees
By Equation 37, ap = 15 degrees
By Equation 34, K,z = 1.05

Summary

Examples 12 and 13 show that for the limiting case of (¢ - B) equal to ¥, the
magnitude of k;* is dependent upon the orientation of the vertical inertia
force. Both analyses result in the same values for ¥, Kz, and asg. For these
limiting cases the slip plane is orientated parallel to the slope of the back-
fill, apg = B. Additionally, when the inertia force k,'W acts downward (exam-
Ple 12) in conjunction with the weight of the backfill wedge, the value
computed for P,z is 44 percent greater than the value for P, when k, W acts
upward (example 13) due to the term (1 - k,) in Equation 33.
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Example No. 14 Reference Section: 4.3.1

For a wall of height H = 20 ft retaining a submerged cohesionless backfill
with ¢’ = 35 degrees, § = 17.5 degrees (= ¢/2), B = 0 degrees, # = O degrees,
kp, = 0.2 (acceleration ky g away from the wall and inertia force k, W towards
the wall) and k, = 0, compute the earth and water pressure forces acting on
the wall for the case of restrained water within the backfill. Assume a
hydrostatic water table within the backfill and r, = O.

,

Hydrostatic Water Pressure Force

Ustatic = 1/2 (62.4 pef) (20)?

Ugpatic = 12,480 1b per ft of wall acting
at Y, = 20'/3 = 6.67ft.

bo, = tan_ll 120 - 0.2J (by eq 46)
e -

Dynamic Earth Pressure Force

Yo1 = 22.62 degrees

Koy = 120 ]0.2=2.08-O.2=O.417 (by eq 47)

Method 1 (K,g by Mononobe-Okabe, K, by Coulomb)

cos? (35 - 22.62)

sin (35 + 17.5) sin (35 - 22.62) (by eq
cos(17.5 + 22.62) 36)

cos (22.62) cos (22.62+17.5) [1 +j'

0.624
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Example No. 14 (Continued) Reference

(120 - 62.4) (1 - 0)] (207 )2

Pz = 7,188 1b per ft of

(Pa)x = P

oo — £ Q86 1L -
LAE/x & AE (\,Ub 5) = 0,000 1D per

Determine Point of Application of P,

cos? (35)

r——
cos? (0) + cos (17.5)'1 +| sin
L

R, = 0.246

P, = 0.246 - % (120 - 62.4) (20)2

= 2,834 1b per ft of wall, acting at
6.67 ft (H/3) above the base of the wall.

PAE = PA + APAE

APAE=PAE_PA
APpg = 7,188 - 2,834 = 4,354 1b per ft of wall acting at
12 ft (0.6H) above the base of the wall.
(20)
2834 |+ 4354 (0.6 « 20)
. 3
Y = | |
7188
Y=9.9 ft. (0.49 H)

Method 2 - Simplified Procedure

Substitute k., for k, in Equation 43:

MK, = 2 + 0.417 = 0.313
AE = 7,
APy = 0.313 « L [120 - 62.4] (20/)2

98

Section: 4.3.1

(adapted from
eq 33)

(by eq 16)

(by eq 7)

(adapted from eq 40)

(by eq 44)

(adapted from Seed and Whitman 1970)



Example No. 14 (Continued) Reference Section: 4.3.1

APpr = 3606 1b per ft of wall, acting at
12 ft (0.6 H) above the base of the wall.

P, = 2,834 1b per ft of wall acting at
6.67 ft above the base of the wall.

Pae = 2,834 + 3,606 = 6,440 1b per ft of wall (by eq 40)
I
2834 (201 + 3606 (0.6 - 20) (by eq &4)
v - T Yy eq
(6450)

Y = 9.65 ft (0.48 H)

Summary

The simplified procedure of analysis underestimates the P, value com-
puted using the Mononobe-Okabe relationship by 10 percent due to the accuracy
of the simplified relationship for large ky, values (refer to the discussion
on page 134 of Seed and Whitman 1970)

Static pore water pressures must be added for both methods.
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Example No. 15 Reference Section: 4.3.1

For a wall of height H = 20 ft retaining a submerged cohesionless backfill
with ¢ = 35 degrees, § = 17.5 degrees (= ¢/2), B = 0 degrees, § =0 degrees,
kp = 0.2 (acceleration k, g away from the wall and inertia torce ky, W towards
the wall) and k, = 0, compute th arth and wa

o
Fh
"N
—
-

coiimes o ey -

1 > > O Tree w e W ne aCKkiliii Assiume a uyaroscatlc
water table within the backfill and r, = 0
v —_—
— [\ »
v lﬂﬂ-:— . PAF 8 -’.' \ :O
= 12U pcf o v
A Pog  —Lalt o, \ N
'-35 o\ IT xt -
G, - 2.65 Ustatic \ \§T El |
L R
Hydrostatic Water Pressure Force
Ustatic 1/2 (62.4 pcf) (20')2
Ustatic = 12,480 1b per ft of wall,
acting at Y, = 20'/3 = 6.67 ft
Hydrodynamic Water Pressure Force
7
2
Py = 1‘2 « 0.2 « (62.4 pcf) (20/) (by eq 51)
Pus = 2,912 1b per ft of wall, acting at
Yowa = 0.4 - 20" = 8 ft
Dynamic Earth Pressure Force
k., - .2'6f 0.2 (by eq 49)
khez = 0.32
rt\ an —I (b e 50)
Yo, = tan’! I”l_ﬁl y eq
Yl

Yez = 17.74 degrees
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Example No. 15 (Continued) Reference Section: 4.3.1

cos? (35 - 17.74)

[ I }2
]

cos (17.74) cos (17.74 + 17.5) |1 « | sin (35 + 17.5) sin (35 - (by eq
[ cos (17.5 + 17.74)
= 0.4965 36)
(adapted
) ) 1. , - o R R from
Pyg = 0.4965 - i.[(lZO pef - 62.4 pcf) (1 - 0)] (207)= eq 33)
Par = 5,720 1b per ft of wall
(Ppg)x = Ppr (cos §) = 5,455 1b per ft of wall
Determine Point of Application of P,g
From the Method 1 calculations in Example 14,
Ky = 0.246 and P, = 2,834 1b per ft of wall.
P.. = P, + AP (ea 40)
LAE = LA T AOCLAE \TYy =Yy

APAE = PAE - PA

APpg = 5,720 - 2,834 = 2,886 1b per ft of wall, acting at 12 ft
(0.6 H) above the base of the wall.

For the restrained water case (Example 14, Method 1), the total force
acting normal to the wall = Ppg(cosé) + Ugparic

= 6 855 + 12 480

= 19,335 1b per ft of wall.

For the free water case (Example 15), the total force acting on the
wall = Ppp(cosé) + Puq + Ugraric = 5,455 + 2,912 + 12,480 = 20,847 1b per ft of
wall

For this dynamic problem, the free water analysis results in an
8 percent larger total dynamic earth pressure force acting normal to the wall.

'——&
[
—



Example No. 16

Reference Section: 4.3 9

For a wall of height H = 20 ft retaining a submerged cohesionless backfill

with ¢’ = 35 degrees, § = 17.5 degrees (= ¢/2), B = 0 degrees, 6 = 0 degrees,
kn = 0.2 (acceleration k, g away from the wall and inertia force ky,'W towards
the wall) and k, = 0, compute the earth and water pressure forces acting on
the wall for the case of restrained water within the backfill. Assume a
hydrostatic water table within the backfill and r, = 0.3
= 17/
—— !
. =
vowopet P b A
1
RS bz
—
Ngnane” i
— ) Yor
Uefnnn o Yush
GIAIN, 7// r‘d
DK P 4 DN *
Hydrostatic Water Pressure Force
Linear pressure distribution with depth.
TT ; [s} Y2yl L
Ustatic 2 62.4 pef (207)
Ustatic = 12,480 1b per ft of wall
20’
acting at Y, = 3 = 6.67 ft above the base
Excess Pore Water Pressure Force
Linear pr ire distribution with depth for r, = constant
U 1
= e T « HY H
shear i {[7b ul } (adapted from
1 1 5 eq A-9)
Usnoar = = (120 pet - 62.4 pef)s 0.3) - (207)
Ushear = 3,456 1b per ft of wall, acting at
Yisn = 6.67 ft l%} above the base of the wall with H, = H and r, = constant.

=
=)
[\
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52)

i
w
N

54)

wn
wn
N

(by eq
36)

Example No. 16 (Continued) Reference Section:
Dynamic Earth Pressure Force
Vo3 = (120 pef - 62.4 pef) (1 - 0.3) .
(by eq
~ =50 27 ~AF
’e3 - KV 2L P\.L
Yuz = 62.4 pcf + (120 pef - 62.4 pcf) - 0.3 -
(by eq
v . =79 68 pof
,wa TS A8 t}\/‘_
K - 120 pcf 2
he3 7?0_3_2_—? pc . (by eq
Kyo3 = 0.595
Y., = tan"1[0.595] o
e ) by €g
Y3 = 30.75 degrees
Yed o
Ko = cos? (35 - 30.75)
. | T2
cos (30.75) cos (30.75 + 17.5) |1 + | Sin (35 + 17.5) sin (35 - 30.75) |
[ cos (17.5 + 30.75) |
K_A_E = 1.033
P =K ;lL. t1_1,\.||r_{2
AE AE © 7 [Te3 | ) (adapted from
eq 33)
Poo=1.033 » 114032 vef (1 - 0)] (2072 d )
Pag = 1.033 » 5 140.32 pef (1 - 0)) (207)
P._ 2 271 Th nary £+ AF wal1
LAE U, s i PCL LL UL wald Lo
(Par)x = Par(cos8) = 7,921 1b per ft of wall
Determine Point of Application of Pug
K = cos? (35)
A [ 12 (by eq
- - i b\i
cos? (0) cos (17.5) |1+ | 510 (35 + 17.5) sin (35) |
| ] cos (17.5) cos (0) ]
Ky = 0.246
o 1 . (adapted from
P, = 0.246 » > (40.32 pcf) (20’ )° eq 7)

e
(@)
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Example No. 16 (Continued) Reference Section: 4.3.2

v

H
-

7

Py = 1,984 1b per ft of wall, acting at 6.67 ft above the base of the wall.

———
| OR—

AP,p = P,z - P, (solve eq 40 for AP,p)

APpr = 8,331 - 1,984 = 6,347 1b per ft of wall, acting at 12 ft (0.6 H) above
the base of the wall.

Y = 10.7 ft (0.54 + H)

Summary

Excess pore water pressures within the submerged portion of the backfill
increased both the effective earth pressures and the total earth and water
pressures acting along the back of the wall

Pyr increased by 16 percent, from a value equal to 7,188 1lb per ft of
wall for the case of r, = 0 (Method 1, example 14), to a value equal to 8,331
1b per ft of wall for the case of r, = 0.3 (example 16).

The total force acting normal to the wall for the case of r, equal to O
(Method 1, example 14) = P,z (cos §) + Ugparic = 6,855 + 12,480 = 19,355 1b per
f+ aof wall
P S o) A\ N Wadld .l .

The total force acting normal to the wall for the case of r

= 23,857 1b per ft of wall.

The total force acting normal to the back of the wall increased by 23
percent from the case of r, equal to 0, in the case of r, equal to 0.3.

—
(=
£~



Example No. 17 Reference Section: 4.3.2

Repeat Example 16 using the reduced effective stress friction angle procedure
to account for excess pore water pressures within the backfill and using

r, = 0.3.

M”q

< A }

Y, - 120 pcf i 0 % , l
' - 35° U —>L/////A‘ ; . T4

SHEAR —X—*- ///;/%\:fy_ ,,L_ Y l

Ustatic

R S\ * PN }

Hydrostatic Water Pressure Force

From Example 16,

TT 19 0N 1L .. L Y i I | Ant+T
Ustatic = 12,480 1b per It ot waii, acti

Ustear = 3,456 1b per ft of wall acting at
Y., = 6.67 ft E&l due to r, = constant.
18y ljJ
Dynamic Earth Pressure Force
tang,, = (1 - 0.3) tan 35° (by eq 56)
¢;q = 26.11 degrees
~ eap | 120 0.2 ]
el (120 - 62.4) | (by eq 46)

< €
[
=
]
N
N
)]
o [
ar
®
o]
=
¢]
]
0"



Example No. 17 (Continued) Reference Section: 4.3.2
1(_ - = 120 . n ’)
hel T TTI0-62.4y (by eq 47)
Ko = 0.417
Ko = cos? (26.1 - 22.62)
AE = -

[ = I

cos (22.62) cos (22.62 +17.5) |1 + | 8in (26.1 + 17.5) sin (26.1 - 22 .62) | (p,
L J CcOS L/ .0 + ££.0L) eq
Kug = 0.928 36
1 ¢ 1 (adapted from
Ppg = 0.928 « - [(120 - 62.4) (1 - 0)] (20" )? eq 33)
Pyr = 10,690 1b per ft of wall
(Pap)x = Pap(cosé) = 10,196 1b per ft of wall
Summary
The value of P,y computed using the reduced effective friction angle is
28 percent larger than the value of P,z computed in example 16.
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Example No. 18 Reference Section: 4.3.2

For a wall of height H = 20 ft retaining a submerged cohesionless backfill

with (water content = 15%) ¢’ = 35 degrees, § = 17.5 degrees (= ¢/2), B =0
degrees, #§ = 0 degrees, ky = 0.2 (acceleration k, g away from the wall and
inertia force k,'W towards the wall), and k, = 0, compute the earth and water
nroacciira Farroe arting Aar tha wall €13 tha Ancn AF Fron watar within +ho
pPiLrTooulc LAVILUCCTOD qbl.,J_Lla uUlLL cllice wWall LOUL vl casc UL LiLCTCCT waulLcTlL WA LLllill clilic
backfill. Assume a hydrostatic water table within the backfill and r, = 0.3
Y f
« 120 pcf
t
' ° P V !
$'- 35 ., wd » - H-20
Y SHEAR 7 *
G, - 2.65 Usrm_"%:iy ,,MI ” ;’ l
o m o M |
Hydrostatic Water Pressure Force
Ustatic = 2 (62.4 petf) (207)
Ustatic = 12,480 1b per ft of wall, acting at
20’
Yoo = 3 = 6.67 ft
Excess Pore Water Pressure Force
17 _ 1 [/10:’\ e P N P~ SN q.l rone N2
Ushear = _2 L\.LLU pcrL - osZ.4 pCLj)e. U.JJ A AV
Ushear = 3,456 1b per ft of wall, acting at
[S200]
Y,op = 6.67 ft | ""I above the base of the wall with
()
H, = H and r, = constant
Hydrodynamic Water Pressure Force
. 7 PN PP oy remr D s N
P =713 (0.2) - (62.4 pcf) (207)° (by eq 51)
P = 2,912 1b per ft of wall, acting at
Ypwa = 0.4 - 20 = 8 ft

—
(@]
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Example No.

18 (Continued)

[§S]

Reference Section: 4 3.
Dynamic Earth Pressure Force
= 0 - A ) (1 -0.3)
Yoz = (120 pcf - 62.4 pef) (1 ) (by eq 52)
v - =40 1) nef
'ea Vv . J4 tl\aL
Yw3z = 0Z2.4 pet + (120 pct - 62.4 pcf) « 0.3 (by eq 53)
Ywz = 79.68 pef
with a water content equal to 15 percent,
T w
ve = 2290Pef _ 104 3 pet
“ 1 +0.1I5
K, = 104.35pcf o,
“hed 40.32 pct : (by eq 57)
Ko, = 0.518
rO .-,81
Yo, = tan’? tI;TTTYJ
Yoy = 27.38 degrees
K. = cos? (35 - 27.38)
Rag = r 12
cog (27 38\ cos {27 38 + 17 S\ |1 + [- Sin (35 + 17.5) Sin (35 - 27A38) I
c08 187,587 cos ( SRS R cos (17.5 + 27.38) | by«
] J
L 36)
KAE = 0.8136

P, = 0.8136 -

!
B
I

(PAE)x

I

[(40.32 pef) (1 - 0)] (207)2 (adapted from eq 33)

N

6,561 1b per ft of wall
Pse (cosé) = 6,257 1b per ft of wall

b=
(@]
o]



Example No. 18 (Continued) Reference Section: 4.3.2

Determine Point of Application of Pgg

Ky, = 0.246
P, = 1,984 1b per ft of wall, acting at
6.67 ft Ebl above the base of the wall.
()
AP.A.E = PAE - PA (SOlVe eq 40 for APAE)

APpg = 6,561 - 1,984 = 4,577 1b per ft of wall, acting at 12 ft
(0.6H) above the base of the wall.

O (1:) [
1,984 T7T| + 4,577 (0.6 « 207)
Y = ! ]
6,561
Y =10.4 ft (0.52 H) above the base of the wall
Summary
Far +tha roactrainead watar ~ace {avamns T~ 1T£0N +ha t+tatal FAarvan antino
L UL CELIT LTCouLiLallicu wacLclL cCaosc \CAQHIPLC J.U/ ) clic LuLal iLuLLCcc a. l..l.llE
normal to the wall

Ustatl.c + Ushaar
480

Pug (cosé) +
= 7,921 + 12,

= 23,857 1b per ft of wall

PY+s A

For the free water case (example 18), the total force acting normal to
the wall

AE static shear wd
Ve Lo W i J 1N 1 QN (s} I -4 n Nn1N
= 6,257 + 12,480 + 3,456 + 2,912
= 25,105 1b per ft of wall
For this problem, the free water analysis results in a 5 percent larger total
dynamic earth pressure force acting normal to the wall, as compared against
the restrained water case

s



Example No. 19 Reference Section: 4.3.3

For a wall of height H = 20 ft retaining a partially submerged cohesionless
backfill with (H, = 12 ft) with ¢’ = 35 degrees, § = 17.5 degrees (= ¢/2), B =
0 degrees, § = 0 degrees, k, = 0.2 (acceleration ky, g away from the wall and

inertia force k,'W towards the wall) and k, = 0, compute the earth and water
pressure forces acting on the wall for the case of restrained water within the
backfill. Assume a hydrostatic water table within the backfill and r, = 0.1
Y, - 120 pcf Pe v, N\
e v RN e\ l
¢'- 35 — Hd 2\ !
f — 1 o R\ i H -20r
— Y SHEAR " \“_ r !
Hy =12 u LI S N A ¢ |
STATIC 1
| v\ T S
cal AR |
TR T — R

b & SN

Hydrostatic Water Pressure Force °

Upp oo = % (62.4 pef) (127)2
static = 4,493 1b per ft of wall
v = I-Iw - 12, - /i F+
*ust T ) - I - 9 Lt
Excess Pore Water Pressure Forces

uffP . = (120 pef) (207 - 12) (0.1) (by eq A-7)
ustt?gar = 96 psf

P
o
(=]



Example No. 19 (Continued) Reference Section: 4.3.3

th- t',-Op 71N Vo 705 I3 EN//IS2NID TN
Ugpear = Yshear * (120 pef - 62.4 pecf) (127)(0.1) (by eqn. A-8)
ubet.. = 165.1 psf

Ushear = 1/2 (96 psf + 165.1 psf) (127) (by eq A-9)
Ushoar = 1,567 1b per ft of wall
v - (96 psf) (127) (12’ /2) + 1/2 (165.1 psf - 96 psf) (127) (127 /3)
tush = : . =
1567
Y . L7 ft from the base of the wall
Yush = 2 ft from the base of the wall
Dynamic Earth Pressure Force
Within the submerged backfill,
Yes = (120 pcf - 62.4 pef) (1 - 0.1) e eoy
v ey J4
7%3 = 51.8 pCf
For the partially submerged backfill,
£ , \z I- rd \2]
vo = 11221 (51.8 pef) + |1 - [22]7] (120 pef) (from Figure 4.13)
(20") L 29)]
Yo = 95.45 pcf
[ 120 pef 1(0 2)
kﬁe_'|95.55 pch ’ (adapted from eq 54)

(adapted from eq 55)

<
o
"

14.11 degrees

[
P
=



Example No. 19 (Continued) Reference Section: 4.3.3

Kiv = cos? (35 - 14.11)
AE p)
sin (35 + 17.5) sin (35 - 14.11)
cos (14.11) cos (14.11 + 17.5) ﬁ.+ J cos (I7T 5+ 151D (adapte
from
eq 36)
Kgg = 0.4254
Pyg = (0.4254) (1/2)[95.45 pef (1 - O)](ZO’)2 (adapted from
eq 33)
Pyg = 8,121 1b per ft of wall

Determine Point of Application of Par

From example 16,
Ky = 0.246
Determine P, and the point of application.

Find the vertical effective stresses slightly above the water table (CAMS
slightly below the water table (a;,)'WT and at the bottom of the wall (a§)mn.

O_Y - U = O_Y
Y, " Y, * 120 pc:f
(H - Hy) 17 17 (H - Hy)

‘WT'}

“ard =
Hy
):3- 51.8 pcf
TOTAL STRESS EFFECTIVE STRESS

112



Example No. 19 (Continued) Reference Section: 4.3,

Vertical Total and Effective Stresses Slightly Above G.W.T.

o, = 7, (H - Hy) = (120 pef) (207 - 127) = 960 pst
U = Usgatic * Ushear = O
(o)™ = 0, -~ u = 960 psf

Vertical Total and Effective Stresses Slightly Below G.W.T.

oy = v, (H - H) = (120 pcf) (20 - 127) = 960 psf
U = YUgtatic ¥ Yshear = 0+ Tt (H - “w) Ly

u =0+ (120 pcf) (20© - 12°) (0.1) = 96 psf
s '\EI'.‘I“'I.‘_ - GLD ~ ~ 7 ~ or r
(ay) =0y, - u =960 psf - 96 psf = 864 pst
Vertical Effective Stresses at the Base of the Wall

|tt—— L ———

[
[
(W]
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Example No. 19 (Continued)

= Ky(0,) ™= (0.246) (864 psf)

212.5 psf

_BOT BOT
Ya

\/

Ve
Da\v

o7 = 365.5 ps

Break the effective stress distribution

o
to find the magnitude of the resultant force and i

diagra

am

Reference

Section:

/
/

=1/2 ¢

944 .8 1b per

)& |

DW

/

/

+1/3 (H -H,) =12’ +1/3 (20’

14.67 ft above the base of the wall

il

1]

‘“T] H,

1/2 [o2°T -

8]

918 1b per ft of wall

p—

- 12

&~

)

4,



Example No. 19 (Continued) Reference Section: 4.3.3

1/3 (Hy) =1/3 (127)
Yg, = 4.00 ft above the base of the wall

E, = 0. (H,) = (212.5 psf) (127)

Ey = 2,550 psf

Yps = 1/2 (H,) = 1/2 (127)

Yg3 = 6.00 ft above the base of the wall

P, = E;+ E, + E; = 944.8 + 918 + 2,550

;‘d
¥

= 4,413 1b per ft of wall

Sum moments about the base of the wall and solve for:

_ By (Yg1) + E; (Yg) + E5 (Yg3)

Y., =
PA P,
Y (944 .8) (14.677) + (918) (4.00") + (2,550) (6.00")
FA 4,413
Yp, = 7.44 ft above the base of the wall
APpr = Ppag - Py (solve eq 40 for APsg)
APpp = 8,121 - 4,413
AP = 3,708 1b per ft of wall, acting at 12
ft (0.6H) above the base of the wall.
v - Py (Yp,) + AP4p (0.6H)

1%

v - (4,413) (7.44") + (3,708) (0.6) (20")
8171

=
n

9.52 ft (0.48H) above the base of the wall.
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Example No. 20 Reference Section: 4.4

For a wall of height H = 20 ft retaining a dry cohesionless backfill with

¢’ = 30 degrees, § = 3 degrees, B = 6 degrees, § = 0 degrees, k, = 0.1
(acceleration k,'g towards the wall and inertia force ky,'W away from the wall),
and k, = 0.067 (acceleration k, g acting downward and inertia force k, W acting
upward), compute Kpp, Ppg, and apg.
B
MOVEMENT y
-
/ 4
. 7y -0 pe !
/ . \"6 - O X Y E ¥ald
v . @ - o0
/ b\

H-20 . a4

/e [===p. \—COULOMB PASSNE WEDGE
VASLEEL bV R LN
R A %

Upg
b =tant |01 ]

Lm—cm : J (by eq 35)
¥ = 6.118°

cos? (30 - 6.12 + 0)

| S
—~
o

r 3 -
cos (6.12) cos? (0) cos (6.12 - 0 + 3)|1 - | 3in (30 + 3) sin (30 - 6.12 + 6)
L J cos (3 +6.12-0) cos (6 -0)

e
=3.785 5
D =12 796 71 /9\ 719N £\ 71 N NZTINTY sons N2
L = ./00 (1/2) (14U pPCL) (L - V.vUb/ (ZU “
PE T 2 / L P )] ) (by eq 58)
Ppg = 84,754 1b per ft of wall
cape = | V[tan(30 + 6 - 6.12)] [tan (30 + 6 - 6.12) + cot (30 + 0 - 6.12)]-
— — — — ]
(L +tan (3 -0 +6.12) cot(30 +0 -6.12)]J
Ccapg = 1.4893

[
—
N



Example No. 20 (Continued) Reference Section: 4.4

capr =1 +[[tan (3 -0 +6.12)] - [tan (30 + 6 - 6.12) + cot (30 + 0 - 6.12)]]
1.4547

C4PE

_ } -1 [tan (30 + 6 - 6.12) +1.4893
6.12 - 30 + tan T4547 (by eq 61)

R
]
1

I

apg = 30.9°
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Example No. 21 Reference Section: 4.4

Repeat Example 20 with k, = -0.067 (acceleration k, g acting upward and
inertia force k,'W acting downward).

= tan-! |r 0.1 1
¥ = tan [T (—0,067))J| (by eq 35)
¥ = 5.354°
P A Vo T -, W= AN
Kpp = cos gaur 3.35 + 0) _ B
PSS
CcOS (5 35) cosg? (0) cos (5 35 -0 + 3)l1 _ r sin (30 + 3) sin (3O -5.35 + 6) 59)
‘ ' |L l cos (3 +5.35 -0) cos (6 = 0) J
. = 3 815§
Kpp = 3.815
Ppgp = 3.815 (1/2) [(120 pef) (1 - (-0.067))] (20")2
(by eq 58)
Ppg = 97,695 1b per ft of wall

rl, -
Capg = [ V[tan(30 + 6 - 5.35)] [tan (30 + 6 - 5.35) + cot (30 + 0 - 5.35) ]«

~—
[
+
ct
v
3
~
W
i
=)
+
S
(W8]
(%]
o
(¢}
(@)
ot
~
w
(=)
+
o
|
(%]
(8]
wn
~—

-0 +5.35)] - [tan (30 + 6 - 5.35) + cot (30 + 0 - 5.35)]]

44

0O
&
o)
<]

1]
=

+
—

ct

[

o]
~

w

(]

Na]
(o)
=

N

0
apg = 5.35 - 30 + tan™? }
L

~
on
~d

[
=
[e]



Example No. 21 (Continued) Reference Section: 4.4

Summary
Examples 20 and 21 show that when the inertial force k, + W acts downward
(example 21) the computed value for Ppz is 15 percent larger than Py for the
case when k, + W acts upward (example 20).

(-
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Example No. 22

o
®
H
)
I
)
o]
gl
[
[97]
[}
(@]
t
bt
Q
o]
~

For a wall of height H = 20 ft retaining a dry cohesionless backfill with

¢’ = 35 degrees, § = 0 degrees, 8 = 0 degrees, f§ = 5 degrees, = 0.3
(acceleration ky g towards the wall and inertia force ky, W away from the wall),
and k, = -0.12 (acceleration k, g acting upward and inertia force k,'W acting

nresey o we A1\ ~ A

downward) compute Kpg, Ppg, and apg.

MOVEMENT

Y, - 120 pcf

H - 20 / \ BN d -0°
| /v P | T e, N UNEAR SUP PLANE
AR S

R — A v\

Method 1 (Kpg by Mononobe - Okabe)

[T - (—O.IZTIJ (by eq 35)

v cos? (35 - 15 +5)
RpE = - T . 12
cos (18) ancl 6§\ ~me £1C _ € ny 1 |_ sin (35 + O) sin (35 - 15 + 0) I
C0s (4iJ) cos® (5) cos (15 2 +U) L - “
| cos (0 + 15 -5) cos (0 -35) |
Koo = 2847 (by eg 59)
PE / \Vy By 27y
Ppg = 2.847 (1/2) (120 pcf [1 - (-0.12)]) (207)% B o
(by eq 58)
Ppg = 76,527 1b per ft of wall

[ —m—m———— —
cape = L V[tan(35 + 0 - 15)] [tan (35 + 0 - 15) + cot (35 + 5 - 15) ]~

[T+ tan (0 -5 + 15) cot(35 + 5 - 15)])

-

IS



Example No. 22 (Continued) Reference Section: 4.4

Capg = 1.1217

cipr = 1 +[[tan (0 -5 +15)] + [tan (35 + 0 - 15) + cot (35 + 5 - 15)]]
c,pp = 1.4420

. ) -1 [tan (35 +0 - 15) «1.1217
(15 - 35) + tan i T 777 (by eq 61)

Q
]
1

|

= 25.8505°

Q
g
t

i

Method 2 (Equivalent Static Formulation with Ky by Log-Spiral Method)

B =B -y =-15°
ot

it
>

!
€

]

I
-
o
-]

Ke(B*,6%) = 2.52 (from Table 3)

cos? (5 - 15)

Foo =
FE - Cos (15) cos? (5)
Fpg = 1.0117
- - - 2
Ppe = [2.52 (1.0117)] (1/2) [(120 [1 - (-0.12)])] (20) (by eq 62)
Py = 68,530 1b per ft of wall
Summary

The values for Kpg and Ppz computed using Mononobe - Okabe (by Equations 58 and
59) are 12 percent larger than the values for [Kp (B", 8") + Fpg] and Py by
Equation 62,
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Example No. 23

nt 0 ft (B =

=2 0 degrees,
backfill with ¢’

= 35 degrees,

t
6 is set equ

using the equivalent static formulation.

6 = ¢,
eration ky-g towards the wall and inertia force
-0.12 (acceLeratlon kV g actlng upward and

-

Reference Section: 4.4

6 = 5 degrees) retaining a dry

compute the value of P

Qb

PE
) determlned

MOVEMENT

AR

Y, = 120 pcf
¢’| - 350
UNEAR SUP PLANE

tan

—

—T1—
~N o
Fw
’—-‘

~~
’——l

15.00°

Lt}

Method 1

ﬂt - _150

A* ~1ne°

FR v

Ke(B*,6%) = 6.97

cos? (5 - 15)
cos (15) cos? (5)
1.0117

=
N
N

(Equivalent Static Formulation with K, by

o

el
w
wn

p—a

N
~A
~1

e
~~N

o

(from Table 3)



Example No. 23 (Continued) Reference Section: 4.
Pog = [(6.97) (1.0117)1 (1/2) [120 (1 - (-0.12))] (20)?2 -
(by eq 62)
Ppz = 189,546 1b per ft of wall
Method 2 (Kpg by Mononobe-Okabe Method)
Kow = cos? (35 - 15.0 + 5)
o f I
, [ sin (35 + 35) sin (35 - 15 + 0)
2 _ - i e At +- v
cos (13) cos® (3) cos (13 =5+ 3L = | =T 35+ 15 - 5) cos (0 = 5) |
Kpg = 11.507 (by eq 59)
Ppe = 11.507 (1/2) [(120 pcf) (1 - (—0.12))] (207 )2
i (by eq 58)
Ppr = 309,308 1b per ft of wall
Summary

The Mononobe-Okabe procedure over predicts the value for Ppz by 63 percent.
The accuracy of the Mononobe-Okabe solution decreases with increasing values

£
0oL o.
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Example No. 24

Reference Section: 4.4
For a wall of height H = 20 ft retaining a submerged cohesionless backfill
with ¢ = 35 degrees, § = 17.5 degrees (= ¢/2), B = 0 degrees, § = 0 degrees,
ky = 0.2 (acceleration k, - g towards the wall and inertia force ky + W away
from the wall), and k, = 0, compute the passive earth pressure force and water
Ky P P P
pressure forces acting on the wall for the case of restrained water within the
backfill. Assume a hydrostatic water table within the backfill and r, = 0.3
v
Y 120 pef = t
T 74 " 4V pCi
S . :
3 '« 35
I /o |l s—% @
l / ;‘V_ \ PPE H 'H_..'z _20«
I R S AN
Y } + /‘.’ - g U shear
i J . v —f———
I Yuc / .o o3 USTATK:
L e L
¥ A\ 7\ A\
Hydrostatic Water Pressure Force
Ustatic = 1/2(62.4 pcf) (20)2
- 15 san 11 - " . (7207 )
Ustatic = 12,480 1b per ft of wall, acting at Y, = |Z—[=6.67 ft
L |
Excess Pore Water Pressure Force
(refer to sections A.2.3 and A.2.4 of Appendix A)
nT s N
/FUSEM'V_\\
u BN =
= A r «{) / =
/1 )
H -t (1 Y
Ushear
=Y
\\; '\\\'>\/
EEAVAVAAN
SHEAR U
TOHEAK - Q
top ~
shear v
bot r¢120 £ &9 [ £ IN 1IN 2N s o
ushear = \+lvV pCL - 0L .4% pCL} LU [(VU.I) (by eq A'b)
bot
shear — 345.6 pst
bot 2 s N2
Ushear = 1/2(u_ ) (Hy)? = 1/2 (345.6 psf) (207)
S
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Example No. 24 (Continued)

Ushear = 3,456 1b per ft of wall
Yusn = 1/3(H) = 6.67 ft from the base of the wall

ithin the submerged backfill,

Reference Section:

4.

~v o= (120 vef - 62 .4 pef) (1 - 0.3)
(by eq 52)
Ye3 = 40.32 pcf
k.., - [ 120 pef (0.2)
° (40.327 pcf | (by eq 54)
Ky,s = 0.595
Y3 = tan™t [0.595]
(by eq 55)
$oa = 30.75°
el r2C AN Jc N
COS {20 — OVU./70 * U)
r
cos (30.75) cos?(0) cos (30.75 - 0 + 17.5) |1 [ sin G5+ 1 35 - 30.75 + 0)
"] s 0y cos (0 - 0)
3.518 (by
D — 1 81Q 71 /9\ s/N0N A0 £ (1 N1\ s/Nns N2 / 1 . 1 o cQ
Ppg = 3.518 (1/2) (40.32 pef {1 - O]) (207) (adapted from eq 58
Ppz = 28,369 1b per ft of wall
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Example No. 25 Reference Section: 4.4.1

For a wall of height H = 20 ft retaining a dry cohesionless backfill with ¢’ =
35 degrees, § = 0 degrees, f = O degrees, § = O degrees, k, = 0.2
(acceleration k, + g towards the wall and inertia force k, - W away from the

wall), and k, = 0, compute the value for Pp; using the simplified procedure
for dvnamic nacgive earth nrocarn oo
AL M HIQILL pPassS L Ve Taltlll prLeSsuLed
4 SN I
4 o Y e 170 nrf
//. v 120 pcf
S . 359
//v : P i N
) PE
AR S e
//‘, d-0°
. v y
NN PAZNA TR

Since § = 0, the Rankine equation gives the same result as the Coulomb
equation.

Kp = tan? (45 + 35/2) (by eq 11)

KP = 369

Pp = 3.69 (1/2) (120 pcf) (20°)2 (by eq 13)

Pp = 88,560 1b per ft of wall, acting at 6.67 ft (1/3 H) above the base of

the wall
AKpg = 17/8 (0.2) (by eq 67)
AKFE = O.A?_S
APpg = 1/2 (120 pcf) (20 )2 (0.425) (by eq 65)
APpg = 10,200 1b per ft of wall, acting at 13.33’ (2/3 H) above the base of
the wall.

Ppr = 88,560 - 10,200 (by egn 64)
Ppg = 78,360 1b per ft of wall
Summary

The value of Ppr computed using the simplified procedure agrees with the

value computed using the Mononobe-Okabe relationship (calculations not shown).
The simplified procedure is limited to values of § = 0, vertical walls
and level backfills,

|
N
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Example No. 26 Reference Section: 4.6

For a wall of height H = 20 ft retaining a submerged cohesionless backfill
with surcharge q; = 500 psf, ¢’ = 35 degrees, § = 17.5 degrees (= ¢/2), B = 0

degrees, § = 0 degrees, ky = 0.1 (acceleration k, - g towards the wall and
inertia force k, : W away from the wall), and k, = 0, compute the active earth
pressure force and water pressure forces acting on the wall for the case of
restrained water within the backfill. Assume a hydrostatic water table within
the backfill and r, = 0.1
Y . .
[
q. 1
hes —
s Y a « 500 nsf
p q,° 500 ps
Y u Y
f prom— P _ , v \
| - "E\< ) \
ry = Q1 5 ™~ v \
4 . '...~ Hy=H « 20
Y .120 pcf USHEAR_A‘__-.— v \ t w
. _ _—
b
@'« 35° Uiype ————d 9.0 %0 AT Ty
STATIC : S . \Y 7 ush
- \ = 4 '!' A
YA\ % )\ P\

Hydrostatic Water Pressure Force

Ustatic = 1/2 (624 PCf) (20,) 2

= 12,480 1b

Ustatic
Yyst = 20" /3 = 6.67° (H,/3) above the base of the wall.

Excess Pore Water Pressure Force

Linear pressure distribution with depth for r, = constant.

I
oL
1]
~~
c
~

=[qs+(H'Hw) 7t+Hw7b] Ty

i
(o)
aw]
U)
.+
(]
+
NS
~~
'—J
[N
(@]
jgo)
0
Hh
1
o
N
£
ge)
0
Hh
p—
—~~
(@)
r—-l
-

= 165.2 psf

[
N
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Example No. 26 (Continued)

Ve / TSR
t I bot I TOE
1 -~ sheor

- 165.2 psf

SHEAR COMPONENT OF PORE WATER PRESSURE

10’ above the base of the wall

.

1/2(ufite: - ulB,) H, = 1/2 (165.2 psf - 50 psf) (207 )

£

1,152 1b per ft of wall

1/3 (H,) =1/3 (20")

-

6.67° above the base of wall
E, +E, = 1,000 + 1,152
2,152 1b per ft of wall

(E,

N

) (Ygy) + (Ep) (Yg,)
17
“shear

2

]

(1,000) (10”) + (1,152) (6.67")
2,157

8.22 ft above the base of the wall

= 51

[«)Y
Co

(120 pef - 62.4 pef) (1 - 0.1)

.84 pcf

2.4 pcf + (120 pcf - 62.4 pef) (0.1)

Y < of
.16 pcf
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Reference Section: 4.6

(by eq 52)
(by eq 53)



Example No. 26 (Continued) Reference Section: 4.6

k = (0.1)
he3
e pc (by eq 54)
1- - N N1 C
Khe3 = VU,L0L0
Y., = tan " (0.2315)
e3 (by eq 55)
Yoz = 13.03 degrees
~Ac2 728 _ 172 N)
K COUS \JJ 1do.vVoy
AE i‘ 2
cos (13.03) cos (13.03 +17.5) [1 + [ sin (35 + 17.5) sin CERELTRED i (adapted
| J cos (17.5 + 13.03) | from
Ky = 0.4069 eq 36)

[ el
2
P = Kz |1+ qu“ : % « (v45) [1 - Kk ] H? (adapted
N :Yea iJ from
_ . Fig 4.18)
P, = (.4069) |1 + 2 (500 psf) | . 1. (51 84 pef) [1 - 0] (207)2
4E || BT 8&pck) (20| 2
P,z = 8,288 1b per ft of wall

Determine Point of Application of PAE

K = cos? (35 - 0)
A r T2
c0s?(0) cos (0 + 17.5) |1 « | S1n (35 + 17.5) sin (35 - 0) |
L cos (17.5 +0) cos (0 -0) J (by eq 16)
K, = 0.2461

apnlication.
application.

Find the vertical effective stress at the ground surface.

=
N
O



Example No. 26 (Continued) Reference Section: 4.6

g, = q. = 500 psf

<

Ustatic = Y

1 = kP = 5n
“shear “shear -

pst
u = ust.atic + ushear = O + 50 pSf = 50 PSf

(09)*P = gy - u = 500 psf - 50 psf = 450 psf

(0,)P% = (0,)%%P + y . H, = 450 psf + (51.84 pcf) (207)

s " \bot. _ 1 r09 -
(Oy) = 1,40/ pst
Nat e Lo L _ .2 . 1 a2 oo P ; A 1 ] Fol s £opy
velreltiiiile uie norizontal active errective stress at the ground surrace (o, ),
and at the bottom of the wall (o,P°%).
+Aan .7 s
“Op top _—
0% = K,(0,)¥P = (0.2461) (450 psf)
PP _ 110 0 . F
T, = LiV.0 PSIL

o2 = Ky (0;)P°% = (0.2461) (1,487 psf)

a = 366 psf

Break the trapezoidal effective stress distribution diagram into a rectangle
and a triangle to find the magnitude of the resultant force and its point of
application.

TOE I
|

STATIC ACTIVE EARTH PRESSURE DIAGRAM
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Example No.

APux

APAE =

26 (Continued)

= g°P(H) = (110.8 psf) (207)

= 2,216 1b per ft of wall

= 1/2(H) = 1/2 (20")

= 10 ft above the base of the wall

=1/2 (o5°F

- o%°P) (H) = 1/2 (366 psf - 110.8 psf) (20’)

= 2,552 1b per ft of wall

=1/3 (H) = 1/3 (20%)

= 6.67 ft above the base of the wall

]

E, +E, = 4,768 1b per ft of wall

_ E1 (Yp) + By (Ygp) _ (2216) (107) + (2552) (6.67")

P, 4768

8.22 ft above the base of the wall

= Ppy - P, ~ 8288 - 4768

3,520 1b per ft of wall

Find the Point of Application of APAE

jon
]

YA PAE

Yapae

— qs - 500 pSf
Tt 120 pcf
4,17 ft

= 0.6 (H+ hg) = 0.6 (200 + 4.17")

= 14.5 ft above the base of the wall

_ Pa (Ypa) + APug (Yapar)

Reference Section: 4.6

(solve eq 40 for APpg)

(from Figure 4.20)

(4768) (8.227) + (3520) (14.5")

YPAE

P.r B g,288

10.89 ft (0.54 H) above the base of the wall
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CHAPTER S5 FEARTH PRESSURES ON WALLS RETAINING NONYIELDING BACKFILLS

5.1 Introduction

This part of the report describes two procedures that are used to com-
pute the dynamic earth pressures acting along the back of walls retaining
nonyielding back due to earthquake shaking. In p

0w

ra
A
a

ﬂ

s not
e s‘ff vvvvvvv
movements that are less than one- fourth to one-half of Table 1 wall movement
values. Because of this, earth retaining structures such as massive concrete
gravity retaining walls founded on firm rock or U-frame locks and dry docks
are sometimes referred to as structures retaining "nonyielding" backfills in

the literature. Two procedures for analyzing such cases are a simplified

mam o m Yo 2 Ll e A J DR, Yy /1T 077N\ ~— 1 e 2T v b v sy s g v 2 e
dlldlytlicCdl proceaure Llll_(:‘ to Wood (1L7/75) 4ana 4 coilplete SoOoli-sStrlucCiure lnterdo-
tion analvsics using the finite elament method (see Annendix D)

LAVl Quial yoslo WUoslilly LHT Lilll LT Cituitiilt Mo Liivu (ot Apprliiviasa vy

5.2 Wood's Solution

Wood (1973) analyzed the response of a wall retaining nonyielding back-
fill to dynamic excitation assuming the soil backfill to be an elastic

material. He provided normal mode solutions for the case of both a uniform
s T s e A 2 Viim mrmamrtm s TS Tos o2 el Aol Ciommes +hncn conliite3Aarme avao
moauius ana 4 moauius Vd.I.yL lg 1Ll ledLLy wl1lUtIll UCPLL[ O11Ce Lilede SULULLUIIS alc
Slowlv ocnnuvarcant favr nracrticral nrahlameg WUand 71972) nrecanted annroximate

] bvllv\,‘.&\all\— AL tJLa\a\—-L\aa.L PLUULCIIIO AAACA VAN 3 \ ey J/ tJJ_\./;J\/LL\,\.«\.I- ul—lt.l& AT PGS Ep § YL @ S VL W
procedures based on findings from the normal mode solutions. Wood showed that
a static elastic solution for a uniform 1l-'g horizontal body force gave very

accurate results for the pressures, forces, and moments on the wall under
harmonic excitation of frequency f (cyclic frequency) when dynamic amplifica-
tion effects were negligible. This occurs when O = f/f; is less than about

he f ion and f, = V,/4H is the cyclic frequency

In cases of wide backfills, the lateral seismic force against the wall
when 1 < 0.5 is given by

F. =y H? « Kk, (68)

acting at a height of 0.63'H above the back of the wall.

The normal stress distributions along the back of the wall were shown to
be a function of (1) Poisson’s ratio, v, and (2) the lateral extent of the
elastic medium behind the wall expressed in terms of the ratio of the width

of the elastic backfill divided by the height of the wall, L/H (see Fig-

sims BTN mo. A amel & L a1l o e 1 catiine £+ Lo e 2T 1A

ure o.1). LwO examples O1 tne variacior in CThe valLues I1I0Ir the normairizea
horizontal strecsces with normalized elevations above the base of the wall are
LIV L Laviivaa DLLCOOoCTO Wl Ll liviililialL L4acwu CiT Vauiluvllo ALV VO il aoco L LS & S w Wi oo La ™~
shown in Figure 5.2. A L/H value equal to 1 corresponds to a narrow backfill
placed within rigid containment and a L/H value equal to 10 corresponds to a

backfill of great width. The horizontal stresses at any elevation Y along the
back of the wall, o,, are normalized by the product of y'H in this figure.

o
w
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Figure 5.1 Model of elastic backfill behind a rigid wall

The resulting distributions for the horizontal stresses are parabolic, with
larger values computed along the upper half of the wall, as compared to the

values computed along the lower half. 1In addition, the results show oy to be
larger for wide elastic backfills, as compared to those values computed for
narrow elastic backfills. Figure 5.3 shows the corresponding resultant hori
zontal force, F;., along the back of the rigid wall and the corresponding

seismic moment about the base of the ri as a function of v and
L/H. Figure 5.3 presents the resultant force and moment in terms of their

U’Q
[N
[eN
£
']
'—J
I—‘
=
0
s

dimensionless values. F,, acts at a height
xr - Ms;‘ L0\
I, = T N

Lo

The stresses shown in Figure 5.2 and the forces and moments shown in Fig-

ure 5.3 result from the application of a l-g static horizontal body force.

The values for o, and F,, corresponding to other constant horizontal accelera-
tion values are computed by multiplying the o, value from Figure 5.2 and the
Fer valuc from Figure 5.3 by the ratio of the new acceleration value

Shaklng table tests bv Yong (1985) using dry sand hagkfill

______ sand b < a
i

procedure when the predominant frequency of shaklng is SLgnlflcantly less than
the fundamental frequency of the backfill. The measured forces exceeded by a
factor of 2 to 3 those predicted by the Mononobe-Okabe theory. The tests
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Pressure distributions on smooth rigid wall for 1-g static
horizontal body force

Figure 5.2

learly showed the limitations of Woods simplified procedure when this condi-

c
- - N -~ Vg a1

tion is not met If the dynamic response of the backfill amplifies the

accelerations at the level of the base of the backfill, the assumption of con-

stant acceleration is not met and much greater earth pressures can result.

Woods (1973) has given two approximate procedures for estimating seismic
soil pressures against walls retaining nonyielding backfills when dynamic
effects are important; typically when @ > 0.5. In one procedure the dynamic
response is represented by a number of low frequency modes together with a
pseudomode called a rigid body mode to represent the combined effects of the
higher modes.

Th Y of 1ivalent two mode system
with frequencies and damping ratios predefi ed to provide the best fit of the
full dynamic modal solution.

an equlvaltent

The

rocedure
I rocedu

"
(¢]

othe n
other procedure 1s based on

Effective use of these procedures requires at least a broad understand-

ing of Wood's general approach to the dynamic response of unyielding retaining
structures. Therefore, the reader is referred to Wood (1973) for details on
how to implement the approximate dynamic procedure

(1) vertical accelera-

Wood's simplified procedures do not account for:
(3) the

tions, (2) the typical increase of modulus with depth in the backfill,

[
(5]
(9]
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influence of structures or other loads on the surface of the backfill, (4) the
phased response at any given time for the accelerations and the dynamic earth
pressures with elevation along the back of the wall, and (5) the effect of the
reduced soil stiffness with the level of shaking induced in both the soil
backfill and soil foundation. These and many other factors are addressed in
the procedures used to simulate the dynamic response of earth retaining struc-
tures by a complete soil-structure interaction analysis.
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CHAPTER 6 ANALYSIS AND DESIGN EXAMPLES FOR

BACKFILLS

6.1 Introduction

Gravity walls generally are designed assuming that some permanent dis-
placement will occur during the design seismic event This assumption is
Timnlicit in nrarcdiivoas 1t0ig o caicminr renfFFiAaiontr ciognifFisrantly lTace +hian Lo
AP LlicCle 11l pPlLULTUULEDS UDL 15 ad Stloslice CLvrciLliicilirelliu Dlé lLirLivalicly LSOO Lilall ullie
acceleration coefficient corresponding to the design event., Newer methods,
such as the displacement controlled approach developed by Richards and Elms

(1979) explicitly consider such permanent dlsplacements. If permanent dis-
placements greater than about 1 inch per 20 foot height of wall (Y/H = 0.004,
see Table 1) are not permissible, the analyses described in Chapter 8 should
be used.

he procedures described in this chapter quantify the effect of earth-
auakes on the backfill bv means of inertial forcesg actine on the soil mass
quakes on the backfill by means of inertial forces acting on the soil mass
comprising the sliding wedge within the backfill using the Mononobe-Okabe
relationships for dynamic active and passive earth pressures. Where signifi-

cant permanent displacements do occur, it is appropriate to use the Mononobe-
Okabe theory to evaluate static and dynamic earth pressures. As discussed in
Chapter 4, there is ample evidence that this theory is correct for dry sand
backfills, altnough supporting evidence 1s very weak in the case of submerged

11ls gravity walls, the d I
c

dvnamlc earth pressures usually are not cruc1al The procedures outllned in
this chapter assume that all dynamic forces act simultaneously in the worst
possible direction. This assumption is likely conservative (Whitman 1990;
Anderson, Whitman, and Germaine 1987; Al Homound 1990), but is retained
pending more complete studies of case histories from earthquakes.

Dunamiec finite element analvees geldom are cuitahle for 1icse durine
U]llalll‘.\/ ALl VT CALCIUICTLL aila l oCOo ST ALUVIL ALl o LuiLLavic LV “wuo o \J\-ALLLA&
design of gravity walls, but will prove very useful for further research into

issues such as the phasing of the various earth and water pressures acting

upon a wall. When such studies are made, the wall should be modeled as mov-
able in response to the forces acting upon it, and not as a rigid, nondisplac-
ing wall.

The Mononobe-Okabe theory for computing P,z and Ppe is described in Chap-
- /. L2 ) P P o . B T DU 1l . 1. 1.£311 AL o PR, N -1 R -t s e
Ler « 11ie PLBb&llCC L wdtel WwWILLUIIIN e DdCKililll dl1l1ecCLs 10L O lL_)’ Lre Stacaid
nregcgurecg actine on the wall ag dicciiceed in Chanter 2 huut 2leo the dvnamic
pressures acting on the wall, as discussed in Chapter 3, but alsc the dynamil
pressures_ During n earthquake, the saturated portion of the backfill that

able may experience the development of additional pore
water pressures due to the shear strains that occur within the backfill during
earthquake shaking. These excess pore water pressures reduce the effective
stresses w1th1n the backflll resultlng 1n both a reductlon in the strength of

corre snonds to the llauefactlon of the backflll For those walls
that have a pool of water in front of the wall, the earthquake shaking results
in hydrodynamic pressures acting along the submerged portion at the front of
the wall. The Westergaard procedure is used for computing the hydrodynamic
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water pressures, which are superimposed on the static water pressure distribu-
tion along the front of the wall. The hydrodynamic pressure force acts to
destabilize the wall and acts counter to the direction of the static water
pressure force.

a1 +1 o Aaron mavaman
£ ngJ.d waiis tnat unaergo movements

during earthquakes is categorized as one of four types of analyses, as shown
in Figure 6.1 and as listed in Table 4. These categories include rigid walls
retaining dry backfills (Case 1), and three categories for rigid walls retain-
ing submerged backfills, depending upon the magnitude of excess pore water
pressures that are generated during the earthquake. They range from the case
of no excess pore water pressures (Case 2) to the extreme case which corre-
sponds to the complete liquefaction of the backfill (Case 4) and the interme-
diate case between the two (Case 3). In Figure 6.1, Ugparic corresponds to the

nnnnnn £ a1l A~ +hna hnAly ~AF o ~11 A
steady state pore water pressure 1iorce a\,\_Lu5 aiong the bacK oi tne walil ana

the water pressure force when a pool exists in front of the wall. Ug,,, cor-
responds to the excess pore water pressure force acting along the back of the
wall when excess pore water pressures are generated within the submerged por-
tion of the backfill during the earthquake. HF; . .;. corresponds to the
hydrodynamic water pressure force of a liquefied backfill. Procedures for
determining the potential for liquefaction within the submerged backfill or
the potential for the development of excess pore water pressures are discussed
in Seed and Harder (1990) and Marcuson, Hynes, and Franklin (1990).

Experience gained with the evaluation of the stability and safety of
existing Case 1 walls subjected to earthquake shaking over the last 20 years
have established the validity of both the conventional equilibrium method of
analysis and the displacement controlled approach for dry backfills. However,
most of the case histories reported in the literature are for walls retaining
submerged backfills that had liquified during earthquakes. The procedures
outlined in this section for the analysis of the stability of the Case 2
through Case 4 retaining walls are proposed extensions of the procedures used
for the analysis of walls retaining dry backfill.

The design of gravity walls generally begins with design for static
loadings. Then the wall is checked for adequacy during the design seismic
event, using the procedures described in the following sections. Adequacy for
post-seismic conditions should also be checked, considering the effect of
residual lateral earth pressures and any excess pore pressures as discussed in
Chapter 2.

6.2 Procedure Based upon Preselected Seismic Coefficient

The force equilibrium method of analysis expresses the safety and sta-
bility of an earth retaining structure subjected to static and/or dynamic
earth and water forces in terms of (1) the factor of safety against sliding
along the base of the wall, (2) the ability of the wall to resist the earth
and water forces acting to overturn the wall, and (3) the factor of safety
against a bearing capacity failure or crushing of the concrete or rock at the
toe in the case of a rock foundation. The ability of the retaining wall to
resist the overturning forces is expressed in terms of the portion of the wall
base remaining in contact with the foundation or, cquL‘v'aLeuLLy the base area
remaining in compression (Headquarters, Department of the Army EM 1110-2-2502,
Ebeling et.al. 1990; Ebeling et al. 1992). Recommended minimum static and
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Table 4 Section Numbers That Outline Each of the Two Design Procedures
for Yielding Walls for the Four Categories of Retaining Walls
Identified in Figure 6.1

SECTION NUMRER
Case 1 Case 2 Case 3 Case 4
Method Dry Submerged Submerged Liquified
of Backfill Backfill Backfill Backfill
Analysis with with
r, =0 r, > 0 (r, = 1)
Preselected
Seismic
Coefficient 6.2.1 6.2.2 6.2.3 6.2.4
Displacement
Controlled
Approach for
New Wall
Design 6.3.1 6.3.3 6.3.5
Displacement
Controlled
Approach
for the
Analysis of
Existing
Walls 6.3.2 6.3.4 6.3.6

dynamic factors of safety and minimum base contact areas are listed in
Table 5. Post-earthquake settlements should also be checked.

6.2.1 Stability of Rigid Walls Retaining Dry Backfills which Undergo Movements
during Earthquakes

Figure 6.1, is an exten51on of tradltlonal force eq u111br1um procedure that is
used in the evaluation of the stability and safety of rigid walls under static
loadings. The rigid wall is presumed to have undergone sufficient movements
so that the active dynamic earth pressure force develops along the back of the
The eight steps in the stability analysis of the displaced rigid wall

i in Figure 6.2 are as follows:

£
V)
’_‘
'—.l
] r-

(1) Select the k;, value

______ il “h Vv we

Chapter 1.

to be used in the analysis;

(2) Select the k, values to be used in the analysis; see Section 1.4.3 of
Chapter 1.

Seed and Whitman (1970) found that for typical gravity earth retalnlng
vwrall Ancdiorn mnralhl am e eed el 0 - £271Y 2. Lot L sl - 11 D P
all Ueslxlil pLUDILIClS wWiltil 110 Lo€e 1141 111 11001t O1fL Lthe wdill, rAE vaiues Vd.LJ.l;’U



Table 5 Minimum Factors of Safety When Using
the Preselected Seismic Coefficient Method
of Analysis

From U.S. Army Corps of Engineers EM 1110-2-2502 (1989)
Factor of Safety Factor of Safety
Failure Mode Static 7 Earthquake
Sliding 1.5 1.1 - 1.2
Bg/B 100% 75%
(50%-Rock)
Bearing* 3 >2
S —

*Check for settlements, including differential settlements.

by less than 10 percent (as discussed in Section 4.5). 1In other cases
vertical accelerations can contribute to the forces attempting to destabilize
the wall (e.g. slender walls) In general, k, values other than zero would be
included in the analysis when vertical accelerations impact wall stability

(3) Compute the dynamic active pressure force using the Mononobe-Okabe rela-
tionships as described in Chapter 4. P, is computed using equation number
33, with Ky given by Equation 34 and acting at the height as given in Fig-

ure 4.7. For a vertical wall retaining a horizontal backfill, P,z may be com-
puted directly or defined in terms of the static force P, and the incremental
inertial force AP,z. P, is computed using Equation 7 with K, given by Equa-
f'if\h 14 1meing tha Seaed and Whitman’cec cimnlified nrocedure and AP.. is com-
CiUll 10U, USilig Liic seed and wnlititman s simpllllied procedure, C LA ==

puted using Equation 41 with AK,z given by Equation 43. Pae is equal to the
sum of these two forces (Equation 40) with a point of action, Y, given by

Equation 44, as shown in F{gure 4.8. For most engineered granular backfills,
6§ equal to ¢/2 is a reasonable value. Table 2 provides a list of ultimate
friction angles for a variety of dissimilar materials that may interface with
one another.

(4) Compute the weight of the wall W and point of application, and using the
force P,z and its point of application as determined in step 3, solve for the
unknown forces N and T which act along the base of the wall using the horizon-
tal and vertical force equilibrium equations.

The force W is computed per lineal foot of wall by multiplying the unit
cross-sectional area of the wall by a representative value for the unit weight
of the section. The resultant force acts at the center of mass for the cross

At A~
> C L LOIL.

n

The total normal force between the wall and the foundation is equal to

) (70)

=
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Figure 6.2 Rigid walls retaining dry backfill which undergo movements
during earthquakes (case 1 in Figure 6.1)
where

weight of the wall
the vertical component of Pgg.
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The point of action of the force N, Xy is computed by summing moments

about the toe of the wall

W(Xy) + (Pyp)y (Xpag) = (Ppg) x (Ypug) = W(ky) Y (71)
= Ny
N N
where
(PAE)X = PAE COS( 5§ + 6 )
(PAE)Y = PAE sin( 5 + 4 )
Xpag = B - (Ypag) tan ¢
Ypag =
X4, Yy = center of mass for the wall, as measured from the toe of the
wall and the base of the wall, respectively.

The horizontal force T is the shear force required for sliding
equilibrium of the wall and is equal to

T = (P,g) x + Weky, (72)
where
W'k, = horizontal inertia force of the wall.
(5) Compute the factor of safety against sliding, F;.
F = ultimate shear force (73)
"8 shear force required for equilibrium
The ultimate shear force along the base, T,., is given by
T,;. = Netané, (74)
where
6, = the base interface friction angle
(6) Compare the computed factor of safety against sliding to the requ ed
factor of safety. Many retaining walls are designed using static active earth
pressures with a factor of safety of 1.5 against sliding along the base For
temporary loading cases, such as earthquakes, the minimum required factor of
safety is equal to 1.1 or 1.2 (Table 5). For a ductile wall to foundation
interface, as the value of F, approaches the minimum required value, the mag-

nitude of
decreases

small until the bond is ruptured (at F,

the translation of the structure will increase as the value of F;
(Newmark 1965). For a bonded interface, the displacements will be
= 1.0) and a brittle failure results.

l—l
~
o



(7) The overturning criterion is expressed in terms of the percentage of base
contact area B,/B, where B, is the width of the area of effective base con-
tact. Assuming that the bearing pressure varies linearly between the base of
the wall and the foundation, the normal stress is a maximum at the toe (q =
dmax) and a minimum at the inner edge (q = 0) as shown in Figure 6.3.

B, = 3%y (75)

An alternative assumption regarding base pressure distribution and contact
area was suggested by Meyerhof (1953). Meyerhof assumed a uniform distribu-
tion of pressure along the base, resulting in an effective base contact equal
to

B, = 2+xy. (76)

e

Meyerhof's pressure distribution has been used widely for foundations on soil
and is most appropriate for foundation materials that exhibit ductile mecha-
nisms of failure. The assumption is less appropriate for brittle materials.

Many retaining walls are designed using static active earth pressures
with full contact along the base, B,/B ( or B',/B), equal to 100 percent. For
temporary loading cases, such as earthquakes, this criteria is relaxed to a
minimum value of 75 percent, 50 percent for rock foundations (Table 5).

(8) For those structures founded on rock, the factor of safety against bearing
capacity failure, or crushing of the concrete or the rock at the toe, can be
expressed as

F, = Quit (77)

qmax

where qu;y is the ultimate bearing capacity or compressive strength of the
concrete or the rock at the toe and qg,, is the maximum bearing pressure at

the toe. For brittle materials like unconfined concrete, the ultimate bearing
capacity is equal to the compressive strength of the material. Building codes
are commonly used to obtain values for the allowable bearing stress on rock,
da11- Alternately, a large factor of safety is applied to the unconfined com-
pressive strength of intact samples. The maximum bearing pressure qu., is
restricted to an allowable bearing capacity q,;;. For ductile foundation
materials that undergo plastic failure, the ultimate bearing capacity is
greater than the compressive strength of the material, excluding those founda-
tion materials exhibiting a loss in shear resistance due to earthquake-induced
deformations or due to the development of residual excess pore water pres-
sures. In these cases, a conventional bearing capacity evaluation is
conducted to establish the post-earthquake stability of the structure.

In stability analyses in which the vertical accelerations are consid-
ered, the force acting downward through the center of mass of the wall that
represents the weight of the wall, W, in Figure 6.2, is replaced by the force
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W-(1l-k,) acting downward. The first term in Equations 70 and 71, W and WX,
are replaced by W (l-k,) and W-(l-k,)'X,, respectively. The direction in which
the vertical inertia force, k, W, acts is counter to the direction assigned to
the effective vertical acceleration, k., g. Vertical accelerations will also
affect the values for P,z (Equation 33) and K,z (Equation 34), as described in



Section 4.2. The stability should be checked for the possibility of k, acting
in either direction.

This procedure is illustrated in example 27 at the end of this chapter.

6.2 .2 Stahil

1
C.L. L [O28 NS S 4

ty of
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Movements Dur1 ng Ear thquakes - No Exces

The presence of water within the backfill and in front of the wall
results in additional static and dynamic forces acting on the wall and alters
the distribution of forces within the active soil wedge developing behind the
wall. This section describes the first of three proposed force equilibrium
procedures used in the evaluation of the stability and safety of rigid walls
retaining submerged or partially submerged backfills and including a pool of

: front of the wall T, fo & 1 T § Tveai Ancnrihad
water in front o tiie¢ wWaii, as sadwh in rigure o¢.4. 1ils anailysis, Gescrioed

as Case 2 in Figure 6.1, assumes that no excess pore water pressures are gen-
erated within the submerged portion of the backfill or within the foundation
during earthquake shaking. The evaluation of the potential for the generation
of excess pore water pressures during the shaking of the submerged soil
regions is determined using the procedure described in Seed and Harder (1990)
or Marcuson, Hynes, and Franklin (1990). The rigid wall is presumed to have
undergone sufficient movements so .that the active dynamic earth pressure force
develops along the back of the wall. Many of the details regarding the pro-
cedures used in the CLSHL steps of the bbabLlLby aﬁ&lybL; of walls LcLalﬁlﬁg
dry backfills (Section 6.2.1) are similar to those procedures used for sub-
merged backfills, and the explanations for these common steps are not repeated
in this section. The eight steps in the stability analysis of the displaced
rigid wall retaining submerged backfill as shown in Figure 6.4 are as follows:

(1) Select the k;, value to be used in the analysis; see Section 1.4 of
Chapter 1.

(2) Consider k,, as discussed in Section 1.4.3.

(3) Compute Ppr using the procedure described in Section 4.3. Ugiaeic is deter-
mined from the steady state flow net for the problem. By definition, only
steady state pore water pressures exist within the submerged backfill and
foundation of a Case 2 retaining structure (r, = 0). In the restrained water
case of a fully submerged soil wedge with a hydrostatic water table, Pu is
computed (Equations 33 and 38) using an effective unit weight equal to 7.

Kie (Equation 34) or K,(8",8") (Equation 38) are computed using an equivalent
horizontal acceleration, ky.;, and an equivalent seismic inertia angle, .,

T +hna nf 11 1Thm AknlrF111
given by Equation 47 and 48. 1In the case of a partially submerged backfill,

this Slmpllfled procedure will provide approximate results by increasing the

value assigned to the effective unit weight based upon the proportion of the

soil wedge that is above and below the water table. A more refined analysis

may be conducted using the trial wedge procedure (Section 3.4) for the forces
shown in Figure 6.4. For most engineered granular backfills, § equal to ¢/2

is a reasonable value (Table 2).

(4) Compute the weight of the wall W and point of applxcatlon and using the
fFavaea D Aarnd +tha nAadTemt AF Al Aanat i A Ao Aatavmina A 2 Alwrn Farvr thoe
.LUA.\,C 1 AE <Gliu viic PUL[[\- UL dPP.LLLaLLUll a> uc LCL“[.LllCU Lll DLC}J 2 s50.LVe iU LR

unknown forces N' and T which act along the base of the wall using the hori-
zontal and vertical force equilibrium equations.
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The force W is computed per lineal foot of wall by multiplying the unit
cross-sectional area of the wall by a representative value for the unit weight

of the section.

section.

Q

T

where

b

(Pap)y
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The resultant force acts at the center of mass for the cross

ctive normal force between the wall and the foundation is equal

N/ =W + (Pyg)y - Uy (78)

weight of the wall
the vertical component of P,

The point of action of the force N', Xy, is computed by summing moments

about

where

~~
J

<

~

~
)

B

=<

5
g
=]

the toe of the wall

ar T /s

XN’ _ Mw + Mpap - Ustati'ckxuft,) - Ub(xub) * Mpool (79)
) N
My = W(K) - W(k,) Y,

Mpap = (Papdy (Xpar) - (Papdx (Ypag)

Mpool = UpooL(Yu,p) = Uinertia(Yyi)
Ppyg cos( 6§ + 6 )
Pyg sin( 6 + 6 )
B - (Yppg) tan 6
Y
point of action of Ug,. ;. (from flow net)
point of action of Uy, (= Hy/3)
point of action of Ui .,t;, (see Appendix B)
point of action of Uy (from flow net)
center of mass for the wall, as measured from the toe

of the wall and the base of the wall, respectively.

—
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The horizontal force T is the shear force required for equilibrium of
the wall and is equal to
™ - /D _\ AT R 18 1 + 1] (80)
1 7 \Lap/x ™ WKy ) 7 Ustatic Ypool Yinertia N 4
where
Wl = harionantal Snmeartia Faven f tha wall
w Rh LIV 1L4ovilLa .l i via LULLCT v wliic wal .l
Ustatic = Tresultant steady state pore water pressure force along
the back of the wall.
Upoor = resultant hydrostatic water pressure force for the pool
Uinertia hydrodynamic water pressure force for the pool directed away
Fram +ha 11 I's a Arnmandive RY
Liwvil Lllc L L \ < nyycuuLA D).
(5) Compute the factor of safety against sliding, F;, using Equation 73. The
ultimate shear force along the base, T,,, is given by
T . =Netan§. (81)
T,ie = N/ -tanéy

(6) Compare the computed factor of safety

the effective base interface friction angle.

against sliding to the required

factor of safety of 1.1 or 1.2 for temporary loading cases (Table 5).

s
ssures with full contact along the bas
100 percent.

(Table 5).

(8) Check the stability

A3 s A T ot Q A Qan+3 A L 9 1
Ulrs>cusscu 111 DLCP (o] UL DQECL1OUILl O, 4., 1.

For temporary loading cases,
is relaxed to a minimum value of 75 percent,

or B D/B) equal to
such as earthquakes this criteria
50 percent for rock foundations

as

6.2.3 Stability of Rigid Walls Retaining Submerged Backfills which Undergo

Movements During Earthquakes -

Excess Pore Water Pressures

This section describes the second of three proposed force equilibrium
procedures for evaluatlng the Stablllty and safety of rigid walls retalnlng

1 or w1th1n the foundatlon during earthquake shaklng

The mag -

nitude and distribution of these excess pore water pressures depend upon sev-

eral factors,

=
W
ot

including the magnitude of the earthquake,

the distance from the



site to the fault generating the earthquake and the properties of the sub-
merged soils. The evaluation of the magnitude of the residual excess pore
water pressures within the submerged soil regions due to earthquake shaking is
determined using the procedure described in Seed and Harder (1990) or

[V I " Ty ] r\r\r\\

Marcuson, Hynes, and Franklin (1990). The rigid wall is presumed to have
imdaronmnae o3 FFI AT Aant metro o c o Lo+ =1 mmtdara Asrrama v oS av bl e o o Lo
uliue L gullic sSul il iClieric movements so tnat the active Uylldaiil e e4al il plessule Lorce
develonps along the back of the wall Manyv of the details regarding the

ps along the back of the wall Many of the details regarding the
procedures used in the nine steps of the stability analysis are common to the

Case 1 and Case 2 analyses. The nine steps in the stability analysis of
Figure 6.5 displaced rigid wall retaining a submerged backfill with excess
pore water pressures within the soil regions are as follows:

~

(1) Select the k, value to be used in the analysis; see Section 1.4 of
Mant+ar 1

UllachL .

(2) Consider k,, as discussed in Section 1.4.3.

(3) Compute Ppr using the procedure described in Section 4.3. The total pore
water pressures existing near the end of earthquake shaking are equal to the
sum of the steady state pore water pressures and the residual excess pore

water pressures. Ugp,pjc 1s determined from the st ady state flow net for the

am .
e . 11l

P 7T

)28
v
n
i

.
k=
r-‘!

fi
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and Frankl (1990). 1In the restrained water case of a fully submerged soil
wedge with a hydrostatic water table and r, equal to the average value within
the backfill, P,z is computed (Equations 33 and 38) using an effective unit
weight (Equation 52). K,z (Equation 34) or K,(8%,0") (Equation 38) is computed
using an equlvalent horizontal acceleration, kp.;, and an equivalent seismic
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An alternative arnroach is to compute P, using an effect
equal to v, and a modified effective friction angle, $oq (Equation 56). Kag
(Equation 34) or KA(ﬂ ,0") (Equation 38) are computed using an equivalent
horizontal acceleration, ki.;, and an equivalent seismic inertia angle, .,

given by Equations 47 and 48.
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A more refined analysis may be conducted
ing the trial wedge procedure (Sectlon 3. 4) for the forces shown in Figure
6.5. For most engineered granular backfills, § equal to ¢/2 is a reasonable
value (Table 2).

(4) Compute the weight of the wall W and corresponding point of application,
ees =1L &1, SR P UL, JUR. . A PP 2 ~am A el Sl S e Y o PRSI [ SR S, P =t
wWilUlLIll Lil€e 10I1Ces aedlermiliiea 11 st,ep 2 dlid tiell pollits 01 4dppllcdelion, sS04VEe
for the 1|'n'|(r\thrn fornes N’ and T whic art alang the hace of the wall ugineg the
for the unknow c hich act alcng the base of the wall using the
horizontal and vertical force equilibrium equations
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Figure 6.5 Rigid wall retaining submerged backfill which undergo
movements during earthquakes, including excess pore water
pressures (Case 3 in Figure 6.1)

The force W is computed per lineal foot of wall by multiplying the unit
cross-sectional area of the wall by a representative value for the unit weight

of the section. The resultant force acts at the center of mass for the cross
section.
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The effective normal force between the wall and the foundation is equal
to

N =W + (Pyg)y - Uy - AU (82)

where

AU = resultant excess pore water pressure force along the base
of the wall

The point of action of the force N, Xy is computed by summing moments
about the toe of the wall

X., = My + Mpg + Mpwp B AU(XDU) B Ub(xub) + Mpool (83)
N T N
where
My = W) - W)Yy,
Mpap = (Pap)y (Xpap) — (Pap)x (Ypap)
Mpoal = Upool(Yup) B Uinertia(Yui)
Mpwp = “Ustatic (Yust) = Ushear (Yusn)
and

(Pag)x = Pup cos( § + 6 )
(Pag)y = Ppg sin( &6 + 6 )
B - (Ypag) tan 4
Yppr = Y

£
I

Yush = point of action of Ugg,,

Xpy = point of action of AU

the wall and is equal to

T= (PAE)X + w(kh> + Ustat,ic + Ushear - Upool * Uinertia (84)
where
Ushear = resultant excess pore water pressure force along the back of
the wall.

Procedures for the computation of values for Ugar, Yusn, AU, and Xpy are dis-
cussed in Seed and Harder (1990) or Marcuson, Hynes, and Franklin (1990).

(5) Compute the factor of safety against sliding, F,, using Equation 73. The
ultimate shear force along the base, T, ., is given by Equation 81.

(6) Compare the computed factor of safety against sliding to the required
factor of safety of 1.1 or 1.2 for temporary loading cases (Table 5).
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(7) The stability against overturning is expressed in terms of the base area

v
in compression, B,. B, is computed ﬁ; either Equation 75 or 76, as described
in Section 6.2.1. Many retaining walls are designed using static active earth
pressures with full contact along the base, B./B ( or B',/B), equal to

100 percent. For temporary loading cases, such as earthquakes, this criteria
is relaxed to a minimum value of 75 percent, 50 percent for rock foundations
(Table 5).

(8) Check the stability of the wall against a bearing capacity failure, as
discussed in step 8 of Section 6.2.1.

(9) Additional stability considerations for the retaining wall are discussed
in Chapter 2. Some of the factors to be considered are the potential for
strength loss within looser foundation materials and the post-earthquake
redistribution of excess pore water pressures. Post-earthquake stability of
the wall and post-earthquake settlements should also be considered.

iii

is procedure is illustrated in example 28 at the end of this chapter.

6.2.4 Stability of Rigid Walls Retaining Submerged Backfills which Undergo
Movements During Earthquakes - Liquified Backfill

This section describes the force equlllbrlum procedure used in the eval-
uation of the stability and safety of displaced rigid walls retaining sub-
merged or partially submerged backfills and including a pool of water in front
of the wall, as shown in Figure 6.6 This analysis, described as Case 4 in
Figure 6.1, assumes that the submerged portion of the backfill has liquified

(ry = 100%) during the earthquake and that excess pore water pressures (ry, <
100%) are generated within the foundation during earthquake shaking. The
evaluation of the liquefaction potential for the backfill and the magnitude of
the residual excess pore water pressures within the foundation are determined

using the procedure described in Seed and Harder (1990) or Marcuson, Hynes,
and Franklin (1990). Many of the details regarding the procedures used in the
nine steps of the stability analysis are common to the previously described
analyses. The steps in the stability analysis of Figure 6.6 displaced rigid
wall retaining a liquified backfill with excess pore water pressures within
the soil foundation are as follows:

(1) Select the k; value to be used in the analysis; see Section 1.4 of
Chapter 1.

=< A~ = o 3 S 3~
1sider k,, as discussed in Sectio
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npute the forces acting along the back of the wall,
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HFst.atic = ) 7tH4

identified as HFg,..;. and HFpe,t;a in Figure 6.6. Upon liquefaction of the
backfill during the earthquake, the earth pressure forces acting along the
back of the wall are equivalent to a heavy fluid with a density equal to the

wall e
total unit weight of the backfill, 7y,. The inertial force of the heavy fluid
during shaking is approximated using the Westergaard procedure (Appendix B)
for the inertia force of a fluid as acting at 0.4'H above the base of the

wall.
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liquified backfill (Case 4 in Figure 6.1)

7
HFinertia = 1lvz'kh'yt,l’{z (86)

(4) Compute the weight of the wall W and corresponding point of application
with the forces determined in step 3 and their points of application; solve
for the unknown forces N’ and T which act along the base of the wall using the
horizontal and vertical force equilibrium equations.

The force W is computed per lineal foot of wall by multiplying the unit
cross-sectional area of the wall by a representative value for the unit weight
of the section. The resultant force acts at the center of mass for the cross

section.

The effective norm
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The point of action of the force N’, Xy is computed by summing moments
about the toe of the wall
M, + M. - AU(X..,) - U (X .) +M . PP
X, = W HE NTTUU/ b ""ub”/ “pool (55)
N NG
where
l'w = w(i’w) - w(kh>!!rw
MHF = _HFstatic(YHE‘S) - HFinertia(Yi)
M =17 (v - 171, A
“*pool ~pool V tup/ “Yinertia ' *ui’/
and
Yurs = t of action of HF_,.;. ( = H/3)
Y; = point of action of HFj,..t;. ( = O0.4H)

tion, the steady state flow net is used to compute the steady state pore water
nvacotiva FAvans TT alarmea e s ~€ +hn 2-11 mm A i n mvrma oo s trm e oo
piLeosouLT LUuLlLE Up al 15 Lile pDdase oL LIe WdJ.L, allu Llle €eXCebS PULC watel ples-
sure force AU is computed using the procedure described in Seed and Harder
(1990) or Marcuson, Hynes, and Franklin (1990). The horizontal force T is the
shear force requlred for equilibrium of the wall and is equal to
T = UF + UET + Wek -1 + 1 (89)
+ Histatic finertia WE B Ypool Yinertia
BN My e e £ e £ L o S e 13 A2 n cim s D42 o 77 T ~
\~Z) uwulpuire Lile 1LaciLorl OL saLeLy dgd I1IS UL bLLUng, g, USLlIilg LyudLlOonl /0. ille
ultimate chear Fnrco alonn t+the hacae T . ie given hv Fauation 81
[T N S T R e [=2 R ey =N v =~ 6 wilc vaoc, J.ult, 4O 6.LV\/11 IJJ U\.iuu\—;_vll oA .

(6) Compare the computed factor of safety against sliding to the required
factor of safety of 1.1 or 1.2 for temporary loading cases (Table 5).

(7) The stability against overturning is expressed in terms of the base area

in compression, B,. B, is computed by either Equation 75 or 76, as described
in Section 6.2.1 Many retaining walls are designed using static active earth
Nnrecaniraeg with F1:111 Annmtantr a1acsg +bhn haocas R /D [ A~ DI /DY Aariial
pLoeooulco wilil Lull CLulltate alv 15 Llle bbasc, D/ \ UL D /D), cyual Lo

100 percent For temporary loading cases, such as earthquakes, this criteria
is relaxed to a minimum value of 75 percent, 50 percent for rock foundations
(Table 5).

(8) Check the stability of the wall against a bearing capacity failure, as
discussed in step 8 of Section 6.2.1.
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6.3 Displacement Controlled Approach

The displacement controlled approach incorporates wall movements explic-

itly in the stability analySLS of earth retaining structures. It is, in
effect, a procedure for choosing a seismic coefficient based upon exp11c1t
choice of an allowable pernanent displacement. Having selected the seismic
coefficient, the usual stability analysis against sliding is performed,
including use of the Mononobe-Okabe equations No safety factor is applied to
the required weight of wall evaluated by this approach; the appropriate level

of safety is incorporated into the step used to calculate the horizontal seis-
mic coefficient. This procedure of analysis represents an alternative to the
conventional equilibrium method of analysis which expresses the stability of a

rigid wall in terms of a preselected factor of safety against sliding along
its base, as described in Section 6.2.

e
recognizes that for some limiting value of ho rlzontal acceleration, identified
as N"'g in Figure 6.7, the horizontal inertia force acting on a retaining wall
with no toe fill will exceed the shear resistance provided by the foundation
along the interface between the base of the wall and the foundation This

The analytical procedure that was developed by Richards and Elms (1979)

lovemer
of the wall and vice-versa. The relatlve movement commences at the point in
time designated as point a in Figure 6.8 and continues until the velocity of
the base is equal to the velocity of the wall, designated as time point b in
this same figure. The velocity of the soil base is equal to the integral over
time of the soil acceleration, and the velocity of the wall between time

points a and b is equal to the integral of the wall acceleration, which is a

* - -
constant N'-g. The relative velocity of the wall, v,, is equal to the
integral of the difference between the base acceleration and the constant wall

acceleration N"'g between time points a and b, as shown in Figure 6.8. The
relative dlsplacement of the wall is equal to the integral of the relative
velocity of the wall, which occurs between the two points in time labeled a
and b in Figure 6.8. Additional relative displacements occur for the wall
between the two latter points in time labeled ¢ and d in Figure 6.8, with the
residual relative wall displacements, d,, equal to the cumulative relative

displacements computed during the entire time of earthquake shaking.

This problem was first studied in detail by Newmark ( e
sliding block on a sloping plane analogy, with procedural refinements contri-
buted by Franklin and Chang (1977), Wong (1982), Whitman and Liao (1985),
Ambraseys and Menu (1988) and others. Makdisi and Seed (1978) and Idriss
(1985, Figure 47), proposed relationships based on a modification to the

Newmark permanent displacement procedure to allow for the dynamic response of

mbankments. The approach has been reasonably well validated for the case of
wall retaining dry backfills. The major problem is the selection of a suit-
able friction angle. This is particularly troublesome when the peak friction
angle is significantly greater than the residual friction angle It is con-
servative to use the residual friction angle, and this should be the usual

practice.



FALWRE SUP OOCURS WHEN gh,(ﬂ)N‘g
WEDGE - MOVEMENT
/

N\ \ .

\\ / / \ N
. /\
BACKFILL ‘\“ / / /\ \

sup
0y kg K OCCURS .—J LMITING ACCELERATIONS

From Whitman (1990)

Figure 6.7 Gravity retaining wall and failure wedge
treated as a sliding block

WAL c _ -
ABSOLUTE RELATIVE bec d
Ne.g—» VELOCITY  VELOCITY ! :
o S T T O Y T L ATIVE DISPLACEMENT
s N WO
7“‘&“1: ““““““““ B """
ol b :
SoiL : S| | / | [
ACCELERATION= | <\. | K | 5
<l = ___ .}___ A A de 4 __
&\\J ,’/V \\\ i
xcE‘ZEA?.LAr.'ON =/;‘:§\_ ?_ - S?’\{“/“} ______ ol 42 N N )‘i_"_ _
ty ty ty ty :

From Elms and Richards (1990)

Figure 6.8 Incremental displacement

The Richards and Elms procedure was developed using a sliding block
analogy to calculate the magnitude of wall displacements in sliding during
earthquake shaking. Whitman and Liao improved this procedure by using
statistical methods to address the several sources of uncertainty in the
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displacement controlled procedure. However, the reader is cautioned against
relying solely upon this simplified procedure for waterfront structures
located within severe seismic environments or epicentral regions, structures
with significant deformations, or critical structures. It does not include
wall displacements due to post-earthquake settlements or due to creep
displacements. The method has not yet been extended to take into account
tilting of walls; this matter is discussed by Whitman (1990).

Among the uncertainties are the effects of vertical and transverse
accelerations, including their influence upon the passive stabilizing force
for walls with toe fill. Results of studies by Sharama (1989), as described
by Elms and Richards (1990), indicate that the effect of the vertical
acceleration component is negligible. Other research as described by Whitman
(1979) indicated that the effect of vertical acceleration can be to increase
the total displacement by 50 to 100 percent for N'/A > 0.6. Whitman and Liao
(1985) determined that the detrimental effects of vertical accelerations on
wall stability were offset by consideration of other variables. Sharama
(1989), as reported by Elms and Richards (1990), determined that transverse
accelerations oriented along the length of the wall contribute to wall dis-
placement. Sliding block displacements must always increase due to transverse
accelerations. Displacement increases of 70 percent or higher for N"/A values
between 0.5 and 0.9 were found. These additional displacements are based on
analysis of a wall with no transverse support other than base friction. A
more sophisticated analysis is required to investigate, or to consider the
effects of k, (or vertical acceleration) in the deformations of waterfront
structures.

The stabilizing force for sliding resistance may be less than the full
passive earth pressure force because of insufficient wall displacements. A
conservative evaluation of this resistance should be used.

The displacement controlled procedure for the analysis of earth retain-
ing structures is categorized as one of four types of analyses, as was done
for the conventional equilibrium method of analysis. These categories, that
are shown in Figure 6.1, include rigid walls retaining dry backfills (Case 1)
and three categories for rigid walls retaining submerged backfills, depending
upon the magnitude of excess pore water pressures that are generated during
the earthquake. They range from the case of no excess pore water pressures
(Case 2) to the extreme case which corresponds to the complete liquefaction of
the backfill (Case 4) and the intermediate case between the two (Case 3).

This proposed procedure for submerged backfills is not applied to the case of
liquified backfills due to the complexity of the post-earthquake behavior
within the soil regions. In addition, the steps in the application of the
displacement controlled approach to the design of a new wall are distinguished
from the steps in the application of the displacement controlled approach to
the analysis of an existing wall. Table 4 identifies the appropriate Chapter
6 section that describes either the design of a new wall or the analysis of an
existing wall for the first three Figure 6.1 categories of displacement con-
trolled analyses.

6.3.1 Displacement Controlled Design Procedure for a Wall Retaining Dry
Backfill

This section describes the application of the displacement controlled
approach to the design of a wall retaining dry backfill identified as Case 1
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in Figure 6.1. Richards and Elms (1979) first applied this analysis procedure
to walls that retain dry backfill. The eight steps in the design of the earth
retaining structure shown in Figure 6.9 are as follows:

(1) Decide upon the value for the permanent relative displacement d, that is
acceptable for the wall. For most walls, displacements on the order of
several inches would be acceptable. The value for d, must be consistent with
the dynamic active earth pressure used in step 5 during the design of the wall
(see the discussions in Sections 6.1 and 2.2.2).

(2) Select the site specific average peak horizontal acceleration, A-g, and
the site specific average peak horizontal velocity, V, within the soil back-
fill comprising the dynamic active wedge and the retaining structure. Refer
to the discussion in Section 1.4 of Chapter 1.

(3) In typical earth retaining wall design problems, by Whitman and Liao dis-
placement controlled procedure, k, = 0.

(4) Calculate the maximum transmissible acceleration, N"'g, coefficient N*
using the Whitman and Liao (1985) relationship

. A o1 d - (A-g) 90
N* = A {0.66 g'hln{ 2 ]} (90)

where

A'g = base acceleration in units of in/sec?

V is expressed in units of inches per second
d, is expressed in units of inches

g = 386 in/sec?

According to Whitman and Liao, this relationship for the maximum transmissible
acceleration coefficient, N, ensures that there will be 95 percent confidence
that the prescribed allowable permanent displacement will not be exceeded
during an earthquake for the assigned A and V values. Equation 90 was derived
using 14 earthquake records. All but two of the records were for earthquakes
with magnitudes between 6.3 and 6.7. For severe seismic environments, struc-
tures located in epicentral regions, significant deformations, or critical
structures, additional calculations should be made using other relationships
(see Section 6.2).

(5) Compute the value for the dynamic active earth pressure force P, using
the Mononobe-Okabe relationship described in Section 4.2, or for vertical
walls and level backfills, in terms of P, and AP, using the simplified
Mononobe -Okabe procedure described in Section 4.2.2. When using the relation-
ships for ¥, Kuz, AKsp, and auz, N* is substituted for k,, and k, is set equal
to zero. Additional comments regarding these calculations are given in step 3
in Section 6.2.1.

(6) Compute the required weight of wall. Horizontal force equilibrium
requires that the shear stress required for equilibrium, T, (Equation 72) be
equal to the ultimate shear force along the base of the wall, T, (Equa-
tion 74). Setting Equation 72 equal to Equation 74, and introducing the
normal force N (Equation 70) and solving for W results in the relationship

161



Movements

SN o S S S
~. Y,
~. IS
T~ ]
Slip Occurs) \\\ ///// A
~
R VAV Y.,
(a) Slip planes
~N VAN
~ N"-g
\\\\ —_—
\\‘\ N°-g
g, =0 \\ -
' ~
\\
TR
" _ ()Y | fmiticmmn Amamalascad tm-
Is} ‘P N7 LW l\" ALLEICT UNIVII
— o D17
7 N P
VP ~_ €
QK WoNT N ! owew
A\ § ~ }
Y w 'Yw \\\ \/ "
$ § "0y = Ky 9 A£<
= 70E | ZZAN B\ [ S—
1 7 &'av K, g 1 T
N
_,‘ii 'Q_XN (~Y F Nn O it Wanll
c) Forces On Grovity Wall

Figure 6.9

Forces acting on a gravity wall for a limiting acceleration
equal to N*.g

162




(Pap)x - (Pap)y(tanéy)
tané, - N’

W= (91)

where
(Ppg)x = Ppg cos( 6§ + 8 )

(7) No factor of safety needs to be applied to the wall weight W computed in
step 6 when using Equation 90 (FSy = 1.0).

(8) Proportion the geometry of the wall so that the overturning criterion is
satisfied. This is expressed in terms of the percentage of base contact area
B./B, where B, is the width of the area of effective base contact, as
described in step 7 in Section 6.2.1. For a given trial geometry, the point
of action of the normal force along the base, Xy, is computed using Equation
number 71, followed by the computation of the value of B, using either Equa-
tion 75 or 76, depending upon the foundation material. This B, value is then
compared to the minimum B, value, which is equal to 75 percent of the base
width B for earthquake loading conditions (50 percent for rock foundations).

This procedure is illustrated in example 29 at the end of this chapter.

6.3.2 Analysis of Earthquake Induced Displacements for a Wall Retaining Dry
Backfill

This section describes the analysis of the earthquake induced displace-
ments of an existing wall retaining dry backfill, identified as Case 1 in
Figure 6.1. The four steps in the analysis of the earth retaining structure
shown in Figure 6.9 are as follows:

(1) Determine the value for the average site specific peak horizontal acceler-
ation, A'g, and the value for the average peak horizontal velocity, V, at the
site. Refer to the discussion in step 2 of Section 6.3.1.

(2) In typical earth retaining wall design problems by Whitman and Liao dis-
placement controlled procedure, k, = O.

(3) Compute the value for the maximum transmissible acceleration, N”g, coef-
ficient N*. An iterative method consisting of the following five steps is
used to determine the value for N".

(3-A) Using the assumed value for N", compute the value for the
dynamic active earth pressure force P,z using either the Mononobe-
Okabe relationship described in Section 4.2 or in terms of P, and
AP,z assuming the simplified Mononobe-Okabe procedure described in
Section 4.2.2 applies. When using the relationships for ¥, Kug,
AKag, and aug, N* is substituted for k, and k, is set equal to
zero. Additional comments regarding these calculations are given
in step 3 in Section 6.2.1.

163



(3-B) Calculate the value of the shear force required for equilib-
rium along the base of the wall, T, using Equation 72.

(3-C) Calculate the value for the normal force, N, using
Equation 70.

(3-D) Calculate the value for the ultimate shear force along the
base of the wall, T,;;, using Equation 74.

(3-E) If the value for T is not equal to the value for T,
adjust the value used for N* and repeat steps 3-A through step 3-D
until T = T,,. The resulting value for N* is equal to the limit
acceleration.

(4) Calculate the permanent relative displacement d, using the Whitman and
Liao (1985) relationship

@,a-fg) (92)

. 2
a - 49i.gv J . exp

where

N* g = maximum transmissible acceleration in units of in/sec?
A'g = base acceleration in units of in/sec?

V is expressed in units of inches per second

d. is expressed in units of inches

g = 386 in/sec?.

The value of d, must be consistent with those movements that are required to
develop the dynamic active earth pressure (used in step 3-A). Refer to the
discussion in Section 2.2.2. The actual earthquake induced displacement will
be of the same relative magnitude as the computed d, value.

This procedure is illustrated in example 30 at the end of this chapter.

6.3.3 Displacement Controlled Design Procedure for a Wall Retaining Submerged
Backfill - No Excess Pore Water Pressures

The displacement controlled approach was originally formulated by Rich-
ards and Elms (1979) for gravity walls retaining dry backfills. This section
outlines a proposed procedure for extending this method of analysis to prob-
lems involving walls retaining submerged backfills that do not develop excess
pore water pressures during earthquake shaking, the Case 2 structure of
Figure 6.1. A pool of water is also present in front of the retaining wall.
The same procedures that were described in the conventional force equilibrium
method of analysis to compute the effective earth pressures (P,z) and both
steady state pore water pressure forces, Ug,ic and Uy, and residual excess
water pressure forces, Ugn,,, and AU, acting on the wall, are used in the dis-
placement controlled design approach. The procedure used to evaluate the
liquefaction potential within the backfill and foundation and the magnitude of
the residual excess pore water pressures after shaking are described in Seed
and Harder (1990) or Marcuson, Hynes, and Franklin (1990).
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This section describes the application of the displacement controlled
approach to the design of a wall retaining submerged backfill, identified as
Case 2 in Figure 6.1. No excess pore water pressures result from earthquake
shaking. There are eight steps in the design of the earth retaining structure
shown in Figure 6.4. The first four steps are the same as those listed in

Section 6.3.1, with the first being the selection of the value for the perma-
ot valatstsra A3 ol i st o mammarmtahla Fawe 2o a1l
1I€1l1L L ©clauctlve ULbP.Lst:UIELlL Ur cilat 1S dLbUPL i 101 Ll wadldl

For steps (1) through (4), see Section 6.3.1.

(5) Compute the value for the effective dynamic active earth pressure force

Pag using the procedure described in step 3 of Section 6.2.2. When using the

relationships for ¥, K,z, and asz, N* is substituted for k,, and k, is set

equal to zero (a more sophisticated analysis is required to consider k).

6 quilibrium re-
r ] quation 80) be

jual to the ultlmate shear f g the wall, T,;. (Equation
1). Setting Equation 80 equal to Equation 81, and introducing the effective

normal force N’ (Equation 78) and solving for W results in the relationship

w _ (PAE)X (PAF‘> (tan6 ) + Uqraran - Upggl + Uinp_rf.ia + Ub
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81

VVVVVV 1 inertia b / \
= . { )
tanéb - N
where
(Pap)x = Ppg cos( 6§ + 0 )
(7)Y Nop actor of safety needs to be applie + t+the wall weiocht W comnuted in
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step 6 when using Equation 90 (FSy = 1.0).
| 4 o e \ W /

(8) Proportion the geometry of the wall so that the overturning criterion is
satisfied. This is expressed in terms of the percentage of base contact area
B./B, where B, is the width of the area of effective base contact, as

described in step 7 in Section 6.2.2. For a given trial geometry, the point
of action of the effective normal force along the base, xy,, is computed using
Teaiintian 7Q AT T arrnd ke 0 Ao atiarmn ~F +tha yaliia £+ R 11icing aithar
DL{UQLLU v 77, LOlLiuwEUu U_)’ Clilie hUI]lPuLdLLU I UL Llie vaiuc LUlL De UD LIy, T©itviici
Equation 75 or 76, depending upon the foundation material This B, value is
then compared to the minimum B, value, equal to 75 percent of the base width B
for earthquake loading conditions

With no residual excess pore water pressures generated within the back-

fill nor the soil foundation during earthquake shaking, there is no red’ tri-
- 1. ~
bution of excess pore water pressures after the earthquake. This implies that
+=lamn v1alTl AT arnd amAamacitce mrve Aiin vt taemnlar A St 3al AfFFaonte Asivirmea +ho aarth.
LI wWdll uprLdLClllUllLb dl e Jdue < 1L.LLCJ.)’ LU lilel tldl T©TLICULLS UUL Llly LT cal wid
quake (and not due to any post earthquake consolidation) Additional wall
movements would occur should the foundation ils exhibit creep behavior as

tio
discussed in Seed (1987) and Whitman (1985). Creep displacements are not
included in this procedure.

6.3.4 Analysis of Earthquake Induced Displacements for a Wall Retaining Sub-
merged Backfill - No Excess Pore Water Pressures
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This section describes the proposed procedure for the analysis of the
earthquake induced displacements of an existing wall retaining submerged back-
fill, identified as Case 2 in Figure 6. 1 No excess pore water pressures are

For steps (1) and (2), see Section 6.3.2.

(3) Compute the value for the maximum transmissible acceleration, N" g, coef-
ficient N*. An iterative method consisting of the following five steps are
used to determine the value for N*

(3-A) Using the assumed value for N*, compute the value for the
dyﬁamic act1 7e earth pressure force P,z using the procedure
described in step 3-A of Section 6.2.2 When using the relation-
ships for ¥,, Kag, AKue, and aae, N* is substituted for k,, and k,

is set equal to zero.

(3-B) Calculate the value the shear force requires for equilibrium
along the base of the wall, T, using Equation 80.
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(3-D) Calculate the value for the ultimate shear force along the
base of the wall, T,;., using Equation 81.

(3-E) If the value for T is not equal to the value for T,
adjust the value used for N* and repeat steps 3-A through 3-D
um ult- The resulting value for N is equal to the limit
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(4) Calculate the permanent relative displacement d. using Equation 92. The
value of d, must be consistent with those movements that are required to
develop the dynamic active earth pressure (used in step 3-A), as described in
Section 2.2.2. The commentary following step 8 in Section 6.3.3 also applies
1n this case.

6.3.5 Displacement Controlled Design Procedure for a Wall Retaining Submerge
Backfill - Excess Pore Water Pressures

This section describes the application of the proposed displacement
controlled approach to the design of a wall retaining a submerged backfill
that develops excess pore water pressures within the backfill or within the
foundation during earthquake shaking, the Case 3 structure of Figure 6.1. A

pool of water is also present in front of the retaining wall. There are nine
steps in the design of the earth retaining structure shown in Figure 6.5. The
first four steps are the same as those listed in Section 6.3.1, with the first
being the selection of the value for the permanent relative displacement d,
that is acceptable for the wall

For steps (1) through (4) see Section 6.3.1.

(5) Compute the value for the effective dynamic active earth pressure force
Pag using the procedure described in step 3 of Section 6.2.3. When using the
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relationships for ¥,,, Ks, and aup, N' is substituted for k,, and k, is set
equal to zero (a more sophisticated analysis is required to consider k,).

(6) Compute the required weight of wall. Horizontal force equilibrium
requires that the shear stress required for equilibrium, T, (Equation 84) be

equal to the ultimate shear force along the base of the wall, Tyt

{Equation 81) Setting Equation 84 equal to Equation 81, and introducing the

effective normal force N’ (Equation 82) and solving for W results in the

relationship

(P Yo = (P. Y. (tans.) + U 1 + U + U+ Al
W o= \VLAE/X \CAE/y \E8N0L ) + VYgpatic * Ushear ~pool ~ “inertia ~b =Y (94)

= - C AT *
Canob IN

N B

wlilelr e

(Pap)x = Pap cos( 6 + 6 )

(PAE)Y = PAE sin( 6 + 4 )

(7) No factor of safety needs to be applied to the wall weight W computed in
step 6 when using Equation 90 (FSy = 1.0).

y o e v i criterion is
_____ xpressed in terms of the percentage of base contact area
B /B, where B, is the width of the area of effective base contact, as
described in step 7 in Section 6.2.2. For a given trial geometry, the point
of action of the effective normal force along the base, xy., 1is computed using
Equation 83, followed by the computation of the value for B, using either

Equation 75 or 76, depending upon the foundation material. This B, value is
then compared to the minimum B, value, which is equal to 75 percent of the
base width B for earthquake lcading conditions.

(9) Compute the additional wall movements that occur as a result of the

dissipation of the residual excess pore water pressures. In this problem,
residual excess pore water pressures are generated during earthquake shaking
within the backfill and/or the soil foundation, resulting in a redistribution

of excess pore water pressures after the earthquake. The design wall dis-
placement selected in step 1 results from the inertial forces acting during
the earthquake and do not include the post earthquake settlements.

The cautions expressed regarding wall stability during the dissipation
of these excess pore water pressures as expressed in step 9 of Section 6.2. 3
remain applicable.

This procedure is illustrated in Example 31 at the end of this chapter.

for W

enl omaman - 5
splacements a Wall Retaining Sub
Qg re g

This section describes the proposed procedure for the analysis of the
earthquake induced displacements of an existing wall retaining a submerged
backfill that develops excess pore water pressures within the backfill or
within the foundation during earthquake shaking, the Case 3 structure of
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Figure 6.1. A pool of water is also present in front of the retaining wall.
The five steps in the analysis of Figure 6.4 retaining wall are as follows:

For steps (1) and (2) see Section 6.3.2.
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ficient N* \nn iterative method consisting of the following five steng are
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used to determine the value for N*
(3-A) Using the assumed value for N", compute the value for the
dynamic active earth pressure force P, using the procedure
described in step 3 of Section 6.2.3. When using the relation-
ships for ., Kug, AKup, and aup, N¥ is substituted for k,, and k,
is set equal to zero
(3-B) Calculate the value the shear force requires for equilibrium
along the base of the wall, T, using Equation 84.
(3-C) Calculate the value for the effective normal force, N',
using Equation 81.
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hoce Anf +hao wall T™ ricino RPAattatria~an R1
wvaoco A N CiicT wal.l, Lult‘, LJ.DL115 LA\.iua\-J.Ull UL
(3-E) If the value for T is not equal to the value for T,
adjust the value used for N* and repeat steps 3-A through step 3-D
until T = T,;.. The resulting value for N* is equal to the limit
acceleration.
{(4) Calculate the permanent relative displacement d, using Equation $92.
(5) Compute the additional settlements that occur during the dissipation of

the excess pore water pressures and add these computed values to the lateral
displacement value calculated in step 4. Note that this value of displacement
does not include any creep displacements that may occur within the foundation
soils. The resulting displacements must be consistent with those movements
that are required to develop the dynamic active earth pressure (used in

step 3-A), as described in Section 2.2.2

g af Section 6.2 33 alse a
J OI oSeclle 0.£.2 4180 &

n gte
[ il

ep

case.
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CHAPTER 6 - EXAMPLES

Contents

Example Problems 27 through 31.

Commentary

The following examples illustrate the procedures
described in Chapter 6. The results of the computa-

tions shown are rounded for ease of checking calcula-
tions and not to the appropriate number of significant
figures Additionally, the wall geometry and values
for the material properties were selected for ease of
computatlons

[
(o
\O



Example No. 27

For a wall of height H = 40 ft and base width B

retaining a dry dense sand backfill

6.2.

Reference Section:

32 ft founded on rock and
, determine if the wall satisfies the

stability criterion listed in Table 5 for a peak horizontal site acceleration
equal to 0.3 g. Assume the contact surface between the wall and the founda-
tion rock to be entirely frictional (no bond).
— 16 |
EEERSSERE AR /l 4 J
DENSE SAND BACKFILL \7{9!(‘?
7, = 120 pcf / H = 40
$'= 35° S
5 = ¢'/2 /. .
[ o r
= I ===
ROCK D
Step 1
Determine Seismic Coefficient kh
apy = 0.3 g
ky, = 0.2
Step 2
Determine Seismic Coefficient k
v
k, = 0.
Step 3
Step 3
Determine P,_ from Mononobe-Okabe relationships
hH = t -1 l 0.2 ]
¥ = tan [(TTTUTJ (by eq 35)
Y =11.31°
6 = tan‘lrlé]
|70
A S 7
§ =21.8°

r—l
(@]



Example No. 27 (Continued) Reference Section: 6.2.1

K. = cosg? (3 .31-21.8)
AE
[ f STE(35 T7 5Tsin(35-11. 3107 |
cos(11.31)cos?(21.8)cos(11.31+21.8+17. 5)[ 3(17_5+11.31+21.8)cos(0—21.8)J
Kue = 0.618 (by eq 34)
Pur = 0.618 (1/2) (120 pcf [1 - 0]) (407)? (by eq 33)
Pug = 59,328 1b per ft of wall
Determine Point of Application of PAE
K, = cos? (35 - 21.8)
2
o in(35 + 17.5) sin(35 - 0) ]
cos?(21.8) cos(21.8 +17.5) |1 + | _sinl2> * 27.0) sinti = 0) |
L J cos(l/.> + Z1.0) COS{V - £1.0)
(by eq 16)
Ky = 0.441
Py = (0.441) (1/2) (120 pcf) (40”)% (by eq 7)
P, = 42,336 1b per ft of wall, acting at 13.33 ft (1/3 H) above the base of
the wall
P_E=PA+AP£ (eq/+0)

AP,z = 59,328 - 42,336

-
-

N>
&~
Ll
(g
~~
(@)
N
~~
o]
o
C

AP = 16,992 1b per ft of wall, acting at
1
1

7

)

Y = (42,336) (13.33") + (16,992) (247)
59,528 (by eq 44)
Y = 16.4 ft above the base of the wall
Step 4
Determine the weight of the wall.

=
~
—



Example No.

27 (Continued)

Reference Section:

~—C - /5"

N
/

|
|
l
L—X...- ——

|
oy e

/
l
|
;
e 5.p

OF APPLICATION OF w,

Xy = 172(C)
Xyy = 8 FT
Y.. = 172(H)
Yiwi 172(H)

w ~

'w| "0 FT

POINT OF APPLICATION OF w,

Xwz = C + i/38 - ©
Xwz = 21.33 FT

Yuz = V3

Ywp = 13.33 FT

(407) (16”) (150 pcf)

56,000 1b per ft of wall
i Favak ohY
(1/2) (167) (40’) (150 pef)

48,000 1b per ft of wall

172

.2,



Example No. 27 (Continued)

Determine the Horizontal Point of Application of W

W, (X)) + Wy (Xyp)
% - W
X, (96,000) (8" ) + (48,000) (21.33")
" 144,000
X, = 12.44’ from the toe of the wall

Determine the Vertical Point of Application of W

Wy (Yip) + Wy (Yyp)
w W

96,000 (20”) + (48,000) (13.33")
142,000

17.78 ft from the base of

6{‘\‘t\‘/' #t? Ho%
[ )/ ‘
S/ T
l

Determine the total normal force between the wall and the foundation:

N = 144 000 + (59 1328) Ig
N F \27,248) (S

155,V 0V

n (17 5§
L/ .2

3
arl

+ 21 .8)1
Y L1.8)

N

181,577 1b per ft of wall

—
~J
(98]

(
\

b

Reference Section:

v
J

6.

e

a
1

2.1

70)



Example No. 27 (Continued) Reference Section: 6.2.1

T
/ Yope = Y
. (Pn:) / Xpag = B - (Yppe) TAN §
|/ o * 2044
L faxxv (Pae i = Pae COS B3+ &)
\",e ) —§_7_T Py ), - 45,910
/ rm_ - 164 (Pag )y = Pyg SIN @+ O
/ L (P ), - 37,577
| 1
I |< -
l ' PAE
fe— B - 32 —

Determine the Point of Application of the Normal Force (N)
(Pag)y = (59,328) sin (17.5° + 21.8°) (see Figure)
(Pag)y = 37,577 1b per ft of wall

Xpag = 32’ - (16.4) tan (21.8)

Zpap = 25.447
(Pag)x = (59,328) cos (17.5 + 21.8) (see Figure)
(Ppg)x = 45,910 1b per ft of wall

Ypur = Y

Ypag = 16.4” above the base of the wall

(144,000) (12.44%) + (37,577) (25.44° (45,910) (16.4) - (144,000) (0.2) (.

,577

—a

)
18

Ry =
Xy =

8.16’ from the toe of the wall (by eq 71)

Find the horizontal shear feorce (T) required for equilibrium of the wall
T = 45,910 + (144,000) (0.2) (by eq 72)
T = 74,710 1b per ft of wall



Example No. 27 (Continued) Reference Section: 6.2.1

Step 5

Find the ultimate shear force along the base (T,)

§y, = 35°, for clean sound rock. (from Table 2)
T,z = (181,577) tan (35) (by eq 74)
Tae = 127,142 1b per ft of wall
Compute the factor of safety against sliding (F;)

P oo 127,142
*s
74,710 (by eq 73)

(F.)..tua = 1.70

A 57 acuvual
Step 6
Compare the computed factor of safety against sliding to the required factor
AF aanfFatr
UL DGLCLJ
(F¢) regquires = 1.2 (from Table 5)

s) required
(Fs) actual > (Fs) requirea, therefore o.k.

Step 7

Determine the width of the area of effective base contact (B,)

B, = 3 (8.16") (by eq 75)
B, = 24 .48

For temporary loading cases, such as earthquakes, B,/B should be greater than
or equal to 0.5 (rock foundation, Table 5) to avoid overturning of the
structure.

] _ 24.48
B Jactual 32

)

I

J

0.765

Be/B) actual > (Be/B) requireas therefore o.k.

=



Example No. 27 (Continued) Reference Section: 6.2.1

Step 8

Determine the factors of safety against bearing capacity failure, or crushing
of both the concrete and rock at the toe.

Compute 9pax
Umax = (2/3) (W /Xy) = (2/3) [(181,577)/(8.16)] (see Figure 6.3)
max = 14,835 1b per ft of wall

Check Fb for concrete

Assume for concrete:
Quir = (4,000 psi) (144 in.?/ft?)

quit = 576,000 1b per ft of wall

(F) = Qu1t - 576,000
b/ concrete Qe I%,835 (by eq 77)

(Fb)concrete = 38.8

Values of F, for concrete is adequate.

Check Fb for rock

Calculations omitted.

Summary

The effect of vertical accelerations on the wall are summarized in the follow-
ing table.

Example 27 with varying k,
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Example No. 27 (Continued) Reference Section: 6.2.1

Case k., Pag Ypar Fy B./B Fy
Vertical Value Value % Value % Value % Value % Value %
Accelera-
tion

None 0 59,328 0 16.4 0 1.7 0 0.765 0 38.8 0
Downward +0.1 55,728 -6 15.89 -3 1.61 -5 0.751 -1 42.0 +8

Upward -0.1 63,128 +6 16.84 +3 1.79 +5 0.778 +2 36.2 -7

For structures with borderline values of Fy, B./B or F,, vertical accelerations must
be considered to correctly evaluate wall stability.
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28

Example No. Reference Section: 6
For a wall of height H = 20 ft and base width B = 20 ft founded on "weathered" roc
and retaining a partially submerged cohensionless backfill (Hy, = 12 ft), determine
the wall satisfies the stabil lity criterion listed in Table 5 for a peak horizontal
site acceleration equal to 0.3 g. Assume the contact surface between the wall anc
the foundation rock to act as a granular material (i.e. with no bond), r, is equal
0.1
I )
1 Yy 120 pef  fiow 0 il
2T TRNCE S
AvJ h'« 35° R I VS
, — ¢’ 35 : DL
H 'ZOT = o T T,
| R . 17¢ . .
0O = .o e T
Hy =12 SIS
WEATHERED ROCK — B - 20—
Step 1
Determine the seismic coefficient k,_
il
ay = 0.3 g
kh =0 2
Step 2

Determine seismic coefficient k_
4

(98]

Ppyp = 8,121 1b per ft of wall (see Example 19)
Ypag = Y = 9.52 ft (0.49 H) above the base of the wall (see Example 19)

cos (17.5)

(Pa)x = 7,745

(Pag)y = 8,121 sin (17.5)

(Pag)y = 2,442 1b per ft
Xpag = 20 ft

1b per ft of wall
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Example No. 28 (Continued) Reference Section: 6.2.3

Determine hydrostatic water pressure force

Uspatic = 4,493 1b per ft of wall (see Example 19)
Yyt = &4 ft (see Example 19)

Assume 80 percent of the base in compression (B, = 16 ft) with full uplift
pressures acting along 4 ft (B - B,) of the wall to rock interface.

(Uy) poet = Yo (H,) (B - B)) = (62.4 pef) (127) (20" - 16")
(Up) yoct = 2,995 1b per ft of wall
(Xp)reot = B - [(B - B,)/2]=20 - [(20 - 16)/2]
(Xup) rect = 18 ft from the toe of the wall
(Up)triangle = 1/2 7y H, By = 1/2 (62.4 pef) (127) (167)
(Uy) triangle = 9,990 1b per ft of wall
(X4p) triangle = 2/3 By = 2/3(167)
(Xub) triangle= 10.67 ft
Uy = (Up)rect * (Up)eriangle = 2,995 + 5,990
U, = 8,985 1b per ft of wall

(2,995) (18°) + (5,990) (10.67")
8,985

Xp = 13.11 ft from the toe of the wall

Xp =
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6.

Reference Section:

ontinued)

all

1

1 1 -~

1

-

cess pore water pressure force along the back of the w

)

)
N

—

>
@

W

w
~r

(see ex 19)
(by eq 82)

1,981 1b/ft

(see Example 19)
180

= 51,476

N/

W= H(B) 7y pe = (20”) (207) (150 pcf)
X, =B/2 =20’ /2 = 10’ from the toe of the wall

.1

uming redistribution of excess pore water pressure within the back

ar = 165.1 psf
AU = AUp .y + AU, ;, = 660 + 1,321

Yush = 5.47 ft above the base of the wall

M, = 480,000 1b - ft

Determine the pore water pressure force along the base of the wall

Ste




Example No. 28 (Continued) Reference Section: 6.2.3

Mpap = 2,242 (20°) = 7,745 (9.527)

Mpag = ~24,892

Mpool =0
Myp = —(4,493)(47) =~ (1,567) (5.47")
My = —26,544 1b - ft
x., = 480,000 + (-24,892 ) + (-26,544) - (1,981) (13.11) - (8,985) ( 13.11) + 0
v =
51,476
284,800 '
X = =770 (by eq 83)
Xy = 5.53 ft from the toe of the wall

Find the horizontal shear force (T) required for equilibrium of the wall.

7,745 + 60,000 (0.2) + 4,493 + 1,567 -0 +0

Te (by eq 84)
T = 25,805 1b per ft of wall
Step 5
Find the ultimate shear force along the base (T,)
§p = 31° (from Table 2)
Ty, = 51,476 tan (31)
1 (by eq 81)
Tuie = 30,930 1b per ft of wall
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Example No. 28 (Continued) Reference Section: 6.2.
Compute the factor of safety against sliding (F,).
F. = 30,930 _4 5 (by eq 73)
s T 7eiEos .
Step 6
(Fs)act'\ial =1.2 = (F's)req'a =1.2 o.k (from Table 3)
Step 7

Determine the width of the area of effective base contact (Bg)

B, =3 (5.53")
(by eq 75)
B, = 16.59"

R 1T s

De _ 16.59" _ , .

+ = —n— = 0.83>0.5req’d .. o.k.

s} Ly
Calculations show B,/B = 83 percent as compared to the initially assumed value
of 80 percent If the calculated B, value differed sufficiently from the
assumed value, it would be necessary to recompute the uplift pressure dis-
tribution and repeat the analysis.
Step 8
Determine the factors of safety against bearing capacity failure or crushing
of the concrete and the rock at the toe of the wall.
Compute ¢

ax
51,476 ) .
max = (2/3) (N /Xy ) = 2/3 {_S;SF_I = 6,206
Check Fb for concrete
Assume for concrete:
Quie = 576,000 1b per ft of wall (see ex 27)
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2.3

6.

Reference Section:

28 (Continued)

Example No.

)

~
~

(by eq

a
Mult

~

( Fb) concrete

U, LV

Hmax

for rock

o
]

—



Example No. 29 Reference Section: 6.
Design a rectangular wall of height H = 20 ft to be founded on "weathered"
rock and retaining a dense sand backfiil for a peak average horizontal site
arcnlaya+tian . 4 N 2 = 2l o oV amcmam e o ooV o Ta o Y e 1 2 S
atiociciadtivlil cjual o V.o g dllu d pedKk dVELd&B VBL()LLL)’ t:L{UdL LO 14 1n/5ecC.
Assume the contact surface between the wall and the foundaticn reck te act
a granular material (i.e ith no bond). Use the displacement controlled
design procedure for a wall retaining a dry backfill
] . o MRS
Ty = 120 pcf AR
o aoe .
¢ - 35 v :
H =20 ¢' v °-
8-7-875 'Ab: 'vvl
AVv TTnr
4 UL
S =
WEATHERED ROCK
le-8 « 7 —
Qtan 1 Narida 1iman o walwia FAr A
=2 A~ A AN A AT UpuULr a vadlwuc AvL Ur

Minimum value for d,.
wall retaining a dense sand backfill,

3.

To achieve active earth pressures behind a 20 ft high

0.24 inch (Y/H = 0.001 from Table 1).

A-g = 0.3:(386 in/sec/sec)

A=20.3

V =12 in/sec
Step 3

k, =0

184

116 in/sec/sec

the minimum wall displacement equals



Example No. 29 (Continued) Reference Section: 6.3.1

Step 4
N = (o.3)-{§.66 - 914 1n [0.5 i?; (116 inésecz)}}
. L ( in/sec) (by eq 90)
N* =0.227, [ﬁl - 0.76}
A
Step 5

k, = N* = 0.227

k, = 0

Use the simplified Mononobe-Okabe procedure, described in Section 4.2.2.

AKup = 3/4 (0.227) =0.170 (by eq 43)

APyp = (0.170) (1/2) (120 pef) (207)2% = 4,080 1b per ft of wall
Yppag = 0.6H = 0.6 (20’) = 12 ft above from the base of the wall
K. = cos? (35 - 0)

A

sin (35 + 8.75) sin (35 - 0)
cos (8.75 +0) cos (0 -0)

cos? (0) cos (0 + 8.75) E_+ J

(by eq 16)
K, = 0.2544
P, = (0.2544) (1/2) (120 pcf) (207 )2
s = ( ) (1/2) ( pcf) (207) (by eq 7)
P, = 6,106 1b per ft of wall
Pyr = 6,106 + 4,080
(by eq 40)
Pyg = 10,186 1b per ft of wall
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6.3.

Reference Section:

H

10,186

/

29 (Continued)

Example No.

—~~

<r
<F

o
[}

~,

-~

~r

(by eq 91)

(from Tab

compute B.

t,

W =28,135 1b per ft of wall

28,135

PR

e the required weight of the wall.
(Pag)x = 10,186 cos (8.75 + 0) = 10,068 1b per ft of wall

Ste
Comput

4.75 ft from the toe of the wall

9.5 /2

X, = B/2

Zppg =B = 9.5 ft from the toe

Ste

—~~
-
™~

jop
©
2
el

~r
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Example No. 29 (Continued) Reference Section: 6.3.

Xy = 28,500 (4.757) + 1,550 (9.57) ) (by eq

]
|

o
-
&~
—
Hh
ct

~l

=
N

Xy

The negative Xy value indicates overturning controls the design width of the
wall, not shear.

Try B = 12.5 ft. (B/H = 0.60)

J — H/R)~

w L\ \LJ Jeonc

W = (20") (12.5) (150 pcf) = 37,500 1b per ft of wall

£
[}
]
N
N
I

12.5" /2 = 6.25 ft from the toe of the wall

Yy = H/2 = 20’ /2 = 10.00 ft above the base of the wall

Xpag = B = 12.5 ft from the toe of the wall
e (37,500) (6.257) + 1,550 (12.5") - (10,068) (8.80") - 37,500 (0.227) (10.00’
N 39,050
Xy = 2.05 ft from the toe of the wall (by eq 71)
- a A A, . s o (h 79)
B, =3 (2.05") =6.15 ft \Dy €9 /2)
{Be} _6.15ft. _ s {Be} - 0.5 (from Table 5)
B 1757 B '
\B Jjactual : \B Jreq’d
Check Fy
Camnitta
UUIIIPM\’C \-"max
A 70 NCNA /0 NG 19 7NN 1L 7/ £+ (see Figure 63)
Jmax Z/3 (3Y,UdU/L4.VUD) = 1£,/UV 1D/ 1L \ST= 2 2o 7

—
o0
~J



Example No. 29 (Continued) Reference Section: 6.3.1

Check Fb for concrete

Assume for concrete:

Ju1e = 576,000 1b/ft (see ex 27)
(Fo) somorete = -2t = 276:000 - 45 (by eq 77)
""""" 9Qmax 1Z,/00

r Fp, for concrete is adequate.

Overturning stability governs the design of the gravity wall (refer to

step 7). It would be more efficient to make a gravity wall thinner at top
than at the base. Doing so lowers the center of gravity and hence the seismic
overturnlng moment. A T-wall may be more economical for structures of this

height. In contrast with gravity walls, the addition of reinforced concrete
to the toe of the T-wall increases the overturning resistance with a
relatively minor increase in mass (and cost) of the structure
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Example No. 30 Reference Section: 6.3.2

Compute the value of d. (Equation 92) for a rectangular wall of height H = 20

ft and width equal to 12.5 ft to be founded on "weathered" rock and retaining

a dense sand backfill for a peak average horizontal site acceleration equal to
0.3 g and a peak average velocity equal to 12 in/sec. Assume active earth

pressure forces ting along the back of the wall and the contact surface
hatrrnan +ha rwrall armAd e Friean At o il A ant Ao A ogvamiilar matarial {3 A
DELWEEIl UIlle Wdil d4drda crieé I1Iouraaciorn roc LU 4daCiL as 4da pgirdalidial lilatcliidadxl {i.&
with no bond).
1 h'd aenn —_=f 9‘ .T
7t 1LV pCi . v
y xc* © :
@ = 30 .
H 20 ¢ . v 0
3-%.875 SR
L 7 . JOE
== ==
WEATHERED ROCK
— B <125 =
Qa4 1
o) p__1i
A-g = 0.3g
o * o
A-g = 0.3 (386 in/sec?) = 116 in/sec?
A=20.3
V =12 in/sec
Step 2
k, =0
Step 3
——
it _n 957 (from example 29)
N™ =0.22/
Q+nr A_A
\J\—CH Rl L3
- A~ tor 1 o o P {gee e¥X 29)
Ppg = 10,186 1b per It or wall A= ’

P—A
o]
\O



Example No. 30 (Continued) Reference Section: 6.3,

Ypae = 8.80 ft above the base of the wall (see Ex 29)
C+ases 2_TD
o X9 E 2~ D
T = 10,068 (37,500) (0.227
T = 10,068 + (37,500) (0 ) (by eq 72)
T = 18,581 1b per ft of wall
Q+ne 2_0M
o % E P AY]
N = 37,500 + 1,550
N =37,500 + 1,55 (by eq 70)
N = 39,050 1b per ft of wall
Step 3-D
§p = 29° (from Table 2)
T,. = 39,050 tan (29)
(by eq 74)
Tuie = 21,646 1b per ft of wall
Step 3-E

Adjust the value used for N*

ky = N* = (N")o1q (F5) = (0.227) (1.165)
ky = N* = 0.264
Step 3-A 2nd JTteration
AK,g = 3/4 (0.264) = 0.198 (by eq 43)

N



Example No. 30 (Continued) Reference Section:

>
&

P,; = (0.198

g

(1/2) (120 pcf) (-
N7 VAN r VRN

~No

0’ )2

APyp = 4,752 1b per ft of wall

Re) r 1 ol

P, = 6,106 1b per ft of wall

=6,106 + 4,752

g"d

1]

1A Qg 1 - £ <yn11
1U,56006 LD per 1t OI waill

(Pup)y = 10,858 cos (8.75 +

(=}
~—
"

10,732

—

b per ft of wall

(Ppg)y = 10,858 sin (8.75 + 0) = 1,652 1b per ft of wall
Step 3-B  2nd Iteration
T =10,732 + 37,500 (0.264)
T = 20,632 1b per ft of wall

Step 3-C 2nd Iteration

N = 37,500 + 1,652
N = 39,152 1b per ft of wall
Step 3-D 2nd Tteration
Sb = 299

T”

1
Ui

s = 39,152 tan (29) = 21,702 1b per ft of wall

3-E 2nd Iteration

wn
ct
]
ie}

cnViim i m A Lo AT
vdliue used 10L N

2>
u
i
[+
n
t
ct
=
[¢1]
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~
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(by

(by

€q

m
e

eq

eq

®
£

®
"

eq

3.

41)

N
O
~

40)

~J
No
~

~No
\O
~—
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Example No. 30 (Continued) Reference Section: 6.3.2

F. = YT - ' =1.05=1.1

b>
gi’
|
w
<
2\
—~~
(@)
N
O
(@
e
1}
(@)
N
-
[e]
~

APpg = (0.218) (1/2) (120 pcf) (20°)2 = 5,232 1b per ft of wall (by eq 41)
P, = 6,106 1b per ft of wall (see ex 29)

Pz = 6,106 + 5,232

11,338 1b per ft of wall (by eq 40)

)x = 11,338 cos (8.75 + per ft of w

o

— =11
y =11,206 1b all

—~
d
&
~
[
i

11,338 sin (8.75 + 0)

1,725 1b per ft of wall

T = 11,206 + 37,500 (0.290)

flox o~ 70N
(by eq /4)
T =22,081 1b per ft of wall
Step 3-C 3rd Iteration
N = 37,500 + 1,725 = 39,225 1b per ft of wall (by eq 70)
Step 3-D 3rd Iteration
6, = 29° (see ex 29)
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Example No. 30 (Continued) Reference Section: 6.3,
Tyrr = 39,225 tan (29) = 21,743 1b per ft of wall (by eq 74)
Step 3-E 3rd Iteratiocon
Adjust the value used for N"
F = Tyrr 21,743 _ 0 985
S T 22’08]
Assume Tyr = T since Fy is less than 2 percent from a value of 1.0 and use
N = 0.290.
N* _ 0.290 _ g7
A 0.30 )
Step 4
5 _ [495 (12 in/sec)?] . 0.967) (bv ea 92)
Xp \~J he § 7/
L (116 in/sec?) I
d = 0.07 inches
d. = 0.07 inches
d, = Lot L ineh (1 inch = 0.001 - H |
77 |z ]
Check F.
b
Calculation omitted.
Summary

The calculated earthquake induced displacement (approximately 1/10 inch)

is less than 1/4 inch displacement,

the minimum value that is required to

develop active earth pressures in a dense sand backfill of 20 ft height (refer

~O

to Example 29). The computed d, value is less than this required minimum
xralein Aiin o~ £l £t el b b b I o€ s - h 2T 3y Attt AviArm aoainioe Ao Y -
vdiue uue Lo Lne 14dCu tidt Lo deLbLy Liie Ldabllltiy LLLLCLLUU dBdLub Uvci
turninge the reauntirad widr af tha oravity wall wag increaced The gdditinpal

g, the required width of the gravity wall was increased. The add
concrete mass increased the shear resistance along the base of the wall and
thus reduced the magnitude of wall displacement for the design earthquake
load.

Since the computed displacement of the rectangular gravity wall is less

than that minimum value required to develop active earth pressures

design earthquake by a factor of four, the procedure
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Example No. 30 (Continued) Reference Section: 6.3.

(walls retaining nonyielding backfills) would be used to compute the dynamic

earth pressure acting on the gravity wall. In general, the dynamic earth
pressures for "nonyielding backfills" are two to three times larger than the
dynamic active earth pressure force. Analysis and design of walls retaining

nonyielding backfills are discussed in Chapter 8.
If the wall had been made thinner at the top than at the base, as dis-

cussed in the summary to Example 29, then the necessity to design the wall to
retain a nonyielding backfill might be avoided.
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Example No. 31 Reference Section: 6.3.

Design a rectangular wall of height H = 20 ft to be founded on "sound" rock
and retaining a dense sand backfill for a peak average horizontal site accel-
eration equal to 0.275 g and a peak average velocity equal to 10 in./sec.

Assume active earth pressure forces acting along the back of the wall and the
At~ o mms hhatcem s 2 c2n11 acnA +ln FmrirmAatiAarn vyarlk arte ag a ovanitilar
colitdlC o buLLch DELWEEIlL uIil€e wWdlili d4dIla uiie 1LiulilUativll Lyl atito ao a gpiailuial
material (i.e. with nc bond) Use the displacement controlled design
procedure for a wall retaining a submerged backfill, with d, = 0.5 inches and
r, = 0.1.
T .
14 v
| y¢~120 pcf .
v, .
l o =% . 35 I I NN S,
H - 1 = ‘ o =
had 3-2.75 e
l Hy =12/ 2 . POOL
SR u -0.1 - T0E
' == ===
lew g - P
ROCK

Step 1
= —-F =

Specify a maximum allowable wall displacement d, equal to 0.5 inch.

Step 2
A .~ _ N N7C ~
n's— V.,.L7J 5

g = 0,275 (386.4 in./sec?) = 106.3 in./sec?

A = 0.275
V = 10 in./sec
Step 3
k, = 0
Step 4
Nx = 0.275 + D66 1 1, f€0.5in.) (106.3 in /sec?) ]
= - P. - n
P 9.4 1 (10 in./sec)? |
L L N 4 ’ J]
K, = N+ = 0.2 with [N* = 0.73]
: [& ]
Step 5

—
O
wn



Example No. 31 (Continued) Reference Section: 6.3.5
kpe = 0.251 (see ex 19)

(Pag)x = 8,121 cos 17.5° (see ex 19)

(Pag)x = 7,745 1b per ft of wall (see ex 19)
Xpar = B

(Pap)y = 8,121 sin 17.5° (see ex 19)

(Pag)y = 2,442 1b per ft of wall (see ex 19)
Ypar = Y = 9.52 ft (0.49 H) above the base of the wall (see ex 19)

Determine hydrostatic water pressure force

Ustatic 4,453 1b per ft of wall (see ex 19)

Yust = 4 ft from the base of the wall (see ex 19)

Assume full hydrostatic pressure beneath the base of the wall.

Up = (Hy) (v) (B) = (12) (62.4 pcf) B

U, = 748 .8 B

Xp = B/2 = 0.5 B

Determine the excess pore water pressure force along the back of the wall.

Ushear = 1,567 1b per ft of wall (see ex 19)
Yuen = 5.47 ft (see ex 19)

Determine the excess pore water pressure force along the base of the wall

Assume Be/B = 0.5

Assume the excess pore water pressure generated in the backfill during earth-

quake shaking will propagate under the wall at a constant value in the base

separation zone (B - B,). The pore water pressure in the base under

compression (B,) will linearly decrease from the maximum value to zero at the

toe of the wall.
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Example No.

31 (Continued)

Reference Section:

X NI
v v « v
H-20% = e N= 1T
i 13 v {
Hy =12 Usheor / < \ Ho <12
l IL . D' T0€E _T‘-Uincr\io l
_b/r | i} i
BOT '
Usess = 165.1 } A,
‘-“”uéi i
.

o

Ne]
~d

6.

3.

5



Example No. 31 (Continued) Reference Section: 6.3.5

L.bot
Yshear —

(AU) oo = ulpear (B = B) = (165.1 psf) (1/2) (B)

(AU),,,. = 41.28 B

AU=AU + AU - 0N £Cc o ) 58 © - 157 ~n
rect QUi ja 5 04.00 B + 41 .26 B =123.83 B

X = (82.55 B) [B, + ((B - B,)/2)] +41.28 B [2/3 B,]
DU 173.83 B

x.. = (82.55B) (0.75B) + (41.28 B) (2/3) (B/2) _ A
e 123.83 B o

@)
=
[
ot

Determine the hydrostatic water pressure force in front of the wall (due to

the pool)

U = 1/2 v. H2 = 1/9 (692 & nef) (19732
/ iw “*p /L \V&e .. pLay \i+c )

Upoor = 4,493 1b per ft of wall

Yop = Hy/3 = 12 /3 = 4.00° above the base of the wall

ertia force in front of the wall

1)
ct
o
o
r-‘l
o]

(see Appendix B)
D _ £ 77 /1N I a N B Y s r o 7 ~ s s N
Lya S \//12) (U.2) (bZ2.4 pet) (127)4
{U B
Uinertia = Pug = 1,048 1b per ft of wall I_L_t_l = 0.23|
l pool l
Y = 0.41% = (0.4) (12’) = 4.8 ft above the base of the wall

[
O
@]



Example No. 31 (Continued) Reference Section: 6.3.5

Step 6

Compute the required weight of wall.

fffff

=
I
o]
~~
T
N
<
o]
o]
3
o]

withW = W, B = 17,293
(20 (150) = T,744 5]

F A NnNnN 11 - L. ~ 11
= 4/,UUU 1D per IT OI wail

Hh
~

1T N
150 pe

~
—~~
N
[a»)
~
—~

]
o]
~~
o!
N
.4}
>
Q
=]
o
[
7~~~
’_..l
o

el
It
=g
~
N
I
[—d
=
s
NS
[
~J
-]
h
t

from the

t
-t

oe of the wall

<
1
o]
~
N
[
N
Q
~N
N
I

10.0 ft from the base of the wall

>
[
[
=
N
w
[0
w
[os
I

123.83 (147)

1,734 1b per ft of wall

0.6111 B

0.6111 (147) 8.56 ft from the toe of the wall

&
o (=]
1 I
~J
N
o
o2}
v 2]
I
~J
£
[04]
o
—~
P—
&
~—
I
—t
(@)
&
o
W
’_l
o
o)
[}
H
H
t
o]
=+
£
o
P-.I
=

]
-

o)

o
!

0SS (147Y = 7 00 f+ fyam the +
AN J /I UV LU LL [ [

=
l

42,000 + 2,442 - 748.8 (l4’) - 123.8 (1l4) (by eq 82)

=
0

32,226 1b per ft of wall

M, = 42,000 (7.0°) - 42,000 (0.2) (10.0°) = 210,000
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Example No. 31 (Continued) Reference Section: 6.3.5

Mpap = 2,442 (147) - 7,745 (9.52) = -39, 544

12,942

Mpoor = 4,493 (47) - 1,048 (4.8%)

~

Mpwp = =4,493 (&) - 1,567 (5.47) = -26,544
(b
x., = 210,000 + (-39,544) + (-26,544) - (1,734) (8.56") - (10,483) (77) + 12,942 22
N 37,276 83
Xy = 2.13” from the toe of the wall
B, = 3( 2.13") = 6.39 ft (by eq 75)
fn ) P fB 3
|D°| = 039t _ g 46 < | e| =0.5 (from Table 5)
v R B A ~r g *
P Jactual 15 Lt P Jreqe
overturning controls the design

The wall must be designed to resist overturning forces. Start from the mini-

mum overturning stability requirement,

N
(e}
(e}

N



Example No. 31 (Continued) Reference Section: 6.3,

3%
" =0.5
B
0.5B 1
Xy = =32 =_2 B
3 6

“w 4 conc conc o

V3 - [(H) (B) (’Yconc)] ro N N11Y _ /0N7s7 N T1EN ~~FY RDIDR /0 2Y 9N

Iy, = | 75 ILD-U.LHJ = (4U ) (1ov pCLl) DD \V.<L) LV
| )

M =1 SON MR /R _ /N

Llw i, vy D \v =+ )

Mpagp = 2,442 B = 7,745 (9.527) = (2,442 B - 73,732)

7 77

A - /07 7
Mogor = 4,433 (4

\ 1 n/ o 7 7 Q7 N\ - 19 [o WA ]
) - 1,048 (4 ) = 12,942

U, (Xg,) = (748.8 B) (0.5 B) = 374.4 B2

AU(Xpy) = (123.83 B) (0.6111 B) = 75.7 B2

N = (H) (B) (7Yeone) + 2,442 - 748.8 B - 123.83 B

Z
I
—~
N
O

<

) (150 pcf) B + 2,442 - 872.6B = (2,127.4 B + 2,442)

Solution continues on following page.

The width of the retaining wall cannot be directly determined because
the resultant pore water pressure forces (both hydrostatic and excess) along
the base of the wall vary as a function of the base width. Pressure distri-
bution diagrams, for a specified value ot the ratio B,/B, are expressed as a
function of the width of wall B for both hydrostatic and excess pore

The design procedure is based on determining the weight of wall (using
Equation 94) which will satisfy base shear requirements. Values of N and Xy
are next calculated. The value of Xy defines the value of B,. B./B is used
to express the stability of the wall against overturning. If the value of

B./B is sufficient and consistent with the assumed uplift pressures used in

1. E R P PP T T
the calculations, then base shear would have controlled the design width. II
N /D fa A-A,A__,.ALJA fmee 2en V2 e mvamela) +han Atreviiivrning rantrale the de-
Bbe/b 1s not acceptable (as in tnis exampie) tnen overturning conirdis tae Co
sign width which must be increased such that the minimum value for B.,/B is
satisfied

N
[
=
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7.1 Introduction

This section describes the procedures for evaluating the stability and
safety of anchored sheet pile walls during earthquakes. Anchored sheet pile
walls are comprised of interconnected flexible sheet piles that form a contin-

uous and permanent waterfront structure. The free earth support method is
used to determine the required depth of sheet pile penetration below the
dredge level and the force the anchor must resist so that excessive sheet pile
wall movements do not occur during earthquake shaking The forces acting on
both the sheet pile wall and anchor during the earthquake include the static

and dynamic earth pressure forces, the static and hydrodynamic pool water
pressure forces and the steady state and residual excess pore water pressure
forces within the submerged backfill and foundation soils. Because anchored

“

walls are fiexible and because it is difficult to prevent some permanent dis-
placement during a major seismic event, it is appropriate to use active and
passive earth pressure theories to evaluate dynamic as well as static earth
pressures. The Mononobe-Okabe theory is used to evaluate the dynamic earth
pressures

There have been very few documented cases of waterfront anchored walls
that have survived earthquakes or of walls that have failed for reasons other
than liqu faction Hence uncertainty remains concerning the procedures out-

One of the few seismic design procedures for anchored sheet pile walls
is the Japanese Code, which is summarized in Section 7.2.1. Using the obser-
vations regarding the performance of anchored sheet pile walls during earth-
quake shaking (summarized in Section 7.2), the following improvements over
past practice are recommended:

(2) Larger seismic coefficients are required. They are to be assigned
with consideration of the seismotectonic structures as well as the
characteristics of soil and structural features comprising the wall, the
anchorage and its foundation.

o]
[0}
[N
1]
v

limitation upon the build-up of excess pore pressures in

The procedures outlined in this chapter are to be viewed as interim
guidance, an improvement over past practice. An anchored sheet pile wall is a
complex structure and its performance (e.g. displacements) during earthquake
shaking depends upon the interactions between the many components of the
structural system (e.g. sheet pile wall, backfill, soil below dredge level,
and anchorage), which 1mpact overall wall performance. The

1.



As a general design principle, anchored sheet pile walls sited in
seismic environments should be founded in dense and dilative cohesionless
soils with no silt or clay size particles. The proposed design procedure

presume this to be the case. Strength parameters are to be aSSLgned in
accordance with the criteria in Section 2.3. Additionally, the design
nroradiire 1ic limitad +A +ha ~oca whave Avesnacs mAYA Watay NTracciiyaa o Tace
| s ol iAo 4 Ll vTwu [ o) (93§ § = caosc Wil L < CTALTOOD lJULc wWaLecL VLCDDULCD ai LT DOD
than 30 percent of the initial vertical effective stress (see Section 1.3,
Chapter 1).
7.2 Background

Agbabian Associates (1980) summarize the performance of anchored sheet
pile walls at 26 harbors during earthquakes in Japan, the United States, and
Sout Amarica Theiry agurvavyv indicatoc that +tha catactranhicsr Failiiryrae Af cheot+
NS NA LA AL A Q. A liv L DAL VC] Lilvticaueco wiiaov LI \‘abaDLLutlLl.L\/ LAl iuarLco A\ . =2 § § = oy )
pile walls are due to the large-scale liguefaction of the backfill and/or the
foundation, including the foundation soil located in front of the sheet pile
wall and below the dredge level. For those structures that underwent exces-

sive movements but did not suffer a catastrophic failure, there was little or
no evidence of damage due to the vibrations of structures themselves. For
walls whose backfill and foundation soils did not liquify but did

. - ]

t excessive wall moments during the earthquake, the survey identified
/1Y o 1

ct
=3

.

]
= o
753

(o]

Q Fn

o o

T X
jors

movements as (i1, tne soil

=t @
o

1 5
ir i
dredge level moved outward (toe

F
f edge level moved outward t
lure), (2) the anchor block moved towards the pool (anchor failure), or

(3) the entire soil mass comprising the sheet pile structure and the anchor
block moved as one towards the pool (block movement). These three potential
failure modes w1th1n the backfill and the foundation soils are idealized in

Figure 2.1, g with the two potential structural failure modes durlng

.
o on

[
e O W

rh
]

pore water pressures w1th1n the submerged soils during the earthquake shaking,
(2) the action of the inertial forces due to the acceleration of the soil
masses in front and behind the sheet pile wall and the anchor block, and

(3) the hydrodynamic water pressures along the front of the wall during the
earthquake.

mLi. . T omom mom o | o PP PR B 5 SR D, IR | P . | o a - 1 . 1rs oo &= _ S, |

i€ Japadllese roris 4and droors colgnissionea a SLqu D)’ iidjimd 4dnu

T]h'rn]'\o (1Q70)Y t+A ciimmarioa tha navrfarmancra ~fF 110 Aviay walle Anivineg wvariniice
wabe {(19/9) tec summarize the performance of 110 quay walls during variocus

earthquakes that occurred in Japan during the past several decades. This
survey included a tally of both damaged and undamaged waterfront structures

and the dates on which the earthquakes occurred. Most of these waterfront
structures were anchored bulkheads, according to Gazetas, Dakoulas, and
Dennehy (1990). 1In their survey, Kitajima and Uwabe were able to identify the
design procedure that was used for 45 of the bulkheads. This is identified as

the Japanese code. Their survey showed that (1) the percentage of damaged
hitlbhonda woa ocrvaatar +hovn BN o noenne $emnleiiAdineg +thacs Aociogrned siodn +h A
vuilinicauo wad BLC(JLCL “ital AV PCL\,CIIL, .LllLl.uLLLllE LllUDC UCDLBL[CU U.D.L116 il
Japanese design procedure and (2) the percentage of bulkhead failures did not
diminish with time. These two observations indicate that even the more re-

cently enacted Japanese code is not adequate. To understand the poor perfor-
mance of anchored sheet pile walls during earthquakes, it is useful to review
the Japanese code that was used in the design of the most recent sheet pile
walls that were included in the Kitajima and Uwabe survey.
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7.2.1 Summary of the Japanese Code for Design of Anchored Sheet Pile Walls

Most of the case histories regarding the performance of anchored sheet
pile walls during earthquakes that were included in the Agbabian Associates
(1980) and the Kitajima and Uwabe (1979) surveys are for Japanese waterfront
structures. To understand the performance of these Japanese waterfrOﬁt struc-
turesg it 1ig tceful t6 rveview the Tanasnece desiesn procedures that were used
Lurco, i Lo uscrul LU 1LCViICw Lilce \dea o UCDLBIl PLULCUULCD LilatL wTilT uocu
for the most recently constructed waterfront structures included in the sur-
veys The Japanese code for the design of anchored sheet pile walls as de-

o
scribed by Gazetas, Dakoulas, and Dennehy (1990) consists of the following

five steps:

(1) Estimate the required sheet pile embedment depth using the free

earth support method, with the factor of safety that is applied to the
shear strencth of the <soil reduced from 1 for static leoadinegs to 1 2
olical DLLCllsLll VUL cliic SoU L L LCUU\,CU PP R LY - LUl 2 Lvau e J.VCI\.ALAI.BD A 4L . 4
for dynamic loadings. The effect of the earthquake is incorporated in
the analysis through the inertial forces acting on the active and pas-

sive soil wedges by using the Mononobe-Okabe method to compute P,z and
Ppg.

(2) The horizontal seismic coefficient, k;, used in the Mononobe-Okabe
relationships for P,z and Ppg is ‘a product of three factors: a regional
cat amt Aty Ennbn N 1IN 4+ N NCN w Famtmr vafFlanting +ha cithoanil ~AnrnAdd
bb‘Lblll.LLLL_y LdCLOL (V.1U L v, vU)), d LaClLOL ILellcClillly LIlE SUuUSULL Luliul =
tions (1 * 0.2), and a factor reflecting the importance of the structure
(1 £0.5).

(3) Design the tie rod using a tension force value computed on the
assumption that the sheet pile is a simple beam supported at the dredge
11ne and by the t1e rod connectlon Allowable stress in the tie rod

in a design for
AAAAAA ey i it

to 60 percent of the y eld stress in

,..\.

(4) Design the sheet pile section. Compute the maximum bending moment,
referred to as the free earth support moment, in the sheet pile using

the s
to ac
reduc

imple beam of step 3. In granular soils Rowe's procedure is used
count for flexure of the sheet pile below the dredge level. A
tion of 40 to 50 percent in the free earth support moment value is

a 1 . . . . 2 i P - 2 - 2 e e, A s oA Eam
not unusual. Allowable stress in the sheet pile steel is increased from
£N maoaveant oF +ha viald ctrvece ivm a decion far gtatic lagadince to
\OA VS lJCLL«CllL UL CilT y.LCJ_U DLLTOO Lll a UCDlel LuUL DLacie LUGU.L[LED v
90 percent of the yield stress in the design for dynamic loadings

(5) Design the anchor using the tie rod force of step 2 increased by a

facto

r equal to 2.5 in the design for both static and dynamic loadings

and assume the slip plane for the active wedge starts at the dredge

line.
Tram tha madoae oF £2iliiva shecarved in the Witaiima and wabe studv of anchored
I LOUlll Ll HUUES UL l4allulc OLsSclveu 1l tlie Rita jlilla 4allu Uwaptt oStuuy Ul aliblivii-ie
sheet pile walls that were designed using the Japanese code, Gazetas, Dakoulas
and Dennehy (1990) identified the following as the primary deficiencies in the
Japanese code procedure:

(1) The values for the seismic coefficients, k, and k;, used in the
Mononobe-0Okabe relationships for P,z and Ppg are not determined from a

site

response analysis but are specified within the Japanese code (k, =
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0, and k,, is within a narrow range of values for most of the waterfront
structures involved in the study).

(2) The resistance provxded by the anchor is over estimated because the
code allows the anchor to be placed too close to the sheet pile wall
ciin that +tha nacaiva woadoa that Aovalane in frant Af tha anchar intar_
[= AL TS “iia o il HQDDLVC WCUBC wiia o UCVC.LUPD Ak L L uvLiw L wiie CALLIN- LI L ALy
feres with the active wedge developing within the backfill behind the
sheet pile wall.

(3) The code does not account for the earthquake induced excess pore
water pressures within the submerged soils and the corresponding reduc-

P

LRSIl
[

n

LLLL

Gazetas,

Dakoulas,

n the shear strength for the submerged soil regions
vater pressure IOI'CGS and nyaroo.ynamlc Lorces acculg oIl Cne sneec
ru

nor the ex-

and Dennehy (1990) listed only one of the failures of

the sheet pile walls designed using the Japanese Code as a general flexural
the structural failure was attributed to corrosion of
the steel at the dredge level.

failure.

In this case,

noand Tn +Fha atana cod in tha Aacion ~fF
coocCcu L1l LLuc D\,CLJO wuocu L il UCDJ.5I.I v
e free earth support method of analysis as

7.2.2 Displacements of Anchored Sheet Piles during Earthquakes

In the Kitajima and Uwabe (1979) survey of damage to anchored sheet pile
walls during earthquakes, the level of damage to the waterfront structure was
ahaarre +=~ oo B S T - Ry ~F =l ~em AF Hln Salhant w3 1la Auiirving +tho
S1i0OWIii ¢0 D& 4 LUncCcTion o1 Thne lllUVUHlCllL UL Llle LUpP UL LlE Sl L plilc UUl lily o
earthquake, Kitajima and Uwabe (1979) categorized the damage as one of five
levels as given in Table 6 and renorted in Gazetas, Dakoulas, and Dennehy

(1990).
(4 inches) or less,

structures as a result of the earthquake shaking.

Their survey shows that for sheet pile wall dlsplacements of 10 cm
there was little or no damage to the Japanese waterfront

Conversely, the level of

damage to the waterfront structure increased in proportion to the magnitude of

the displacements above 10 cm (4 inches). U51ng the information on the
memm bl maan I L 2T 1Y PRSP PERL. [ ASSUN ) J. JUPURI. S —~— - TTo ..l /1 070N\ ~n A
dallClIVLEeUu Silieeu PLLB wdllS Sul Ve)’ LEPUL Lea 11l l\l. LdJ Llll ana uwaoe \1L7/7) 4aru
11cinag cimnlifFiad +hanvine and +han Fyran anr+rh ocriimnart mathad AfF analucecic
\-AQJ.[A& J.l.llltlJ.J-LJ.\au CALlC VL co (=3 Q4w il AL CTC ALl vl Dut)tJUL w e viivau A CJ.LL(A.‘_].JJ.&.) )
Gazetas, Dakoulas, and Dennehy (1990) showed that the post-earthquake dis-
placements at the top of the sheet pile wall correlated to (1) the depth of

sheet pile embedment below the dredge level and (2) the distance between the
anchor and the sheet pile.

Two anchored bulkheads were in plac

;?‘
KO R

e, during the very

3 1
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it displacement
stricted. There was
the backfill,

a
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ev1dence of

and tie rods may not

developed a permanent displacement

after the earthquake.

procedure with a seismic coefficient of 0.15,

This bulkhe

tion of the backfill are unknown.

of San Antoni
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have been preloaded. The second bulkhead
of 15 cm, but the quay remained functional
ad had been designed using the Japanese

but details concerning compac-

aua
by §

% &
i
n

206



Table 6 Qualitative and Quantitative Description of
the Reported Degrees of Damage

______ . eyt £ AAMIAIT MIQOL ASCLirarr
OEGREE OF PERMANEZING UlorLALEMEIN |
P AT TMAO M CUICTTO ™~
DAMAGE 1 (0F OF cnecziriLe
nESCRIPTION OF NAMAGE
b Wd st U 1 INJAY s Ll NIV INI A e
+ A + + B + CM INCHES
n Ma Anmmenma <2 <1
v U Jai ltlUU

[ Neglible damage to the
wall Itself; noticable

damage to related structures 10 4
(Le. concrete apron)

-

] 2 Noticable damage to wall 30 12

General shape of anchored
sheetplle preserved, but
significantly damaged

(&)

60 24

it

Complete destruction, no
recognizable shape of wall

YLl ddT >3 5 L=

+ A + Damaged Criteria Grouping by Gazetas, Dakoulas, and Denneby (1880).
+ Damage criterla Grouping by Kitajima and Uwake (1978).

@
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In the design of anchored sheet pile walls for static earth pressure and
water pressure loads, the free earth support method or any other suitable
method may be used to determine the required depth of sheet pile embedment
below the dredge level and the magnitude of the design anchor force required
to restrict the wall movements to acceptable levels. The interrelationship

between the changes in earth pressures, the corresponding changes in the sheet

pile displacements, and the changes in the distribution of bending moments
alasma +ha chaoant n31a maln +hhoy 4 Aarv+lh ciimTa T methnd Af analveie an attrac-
dLUll& Llie Slicce o l) 1€ [maKe L_llC irfee earcin buyPULL HmeLlivu UL alidal ysio atl abuwiL ot
tive design tool, as discussed in Section 7.4. Rowe's (1952) free earth sup-
port method of analysis assumes that the sheet pile wall moves away from the

backfill and displaces the foundation soils that are below the dredge level
and in front of the wall, as shown in Figure 7.1. These assumed displacements
are sufficient to fully mobilize the shear resistance within the backfill and
foundation, resulting in active earth pressures along the back of the sheet
piie WaLL and passive eartn pressures within the foundation in
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Figure 7.1 Decrease in failure surface slope of the active and
p

passive sliding wedges with increasing lateral accelerations

To begin the analysis, a factor of safety equal to 1.5 is applied to the

shear strength of the soil comprising the passive block in front of the sheet
pile wall, while active earth pressures are presumed behind the sheet pile
wall (factor of safety on shear strength of the backfill = 1.0). Equilibrium
of the moments for the active earth pressure distribution and the factored
passive earth pressure distribution about the anchor results in the minimum
required depth of sheet pile penetration. Horizontal equilibrium of the
active earth pressure distribution and the factored passive pressure earth

distrlbution results in the computation of the equilibrium anchor force. The
tribution of moments along the sheet pile is then computed using the earth

pféssu e distributions and the equilibrium anchor force.

1

owe's (1952) model studies showed that because of flexure in the sheet
pile below the dredge level, the free earth support analysis predicts larger
moments than those developing under working loads. According to Rowe’s work
the maximum moment to be used in the design of the sheet pile wall i

S
the maximum moment corresponding to the free earth suppo t analysis tim
correction factor; ry, where

Iy = the moment reduction factor due to flexure below the
dredge level, as developed by Rowe. r4 is typically
less than 1.0. Values for ry are given in Figure 7.2.
The value of ry is a function of the flexibility of the

sheet pile and the type and characteristics of the
foundation soil below the dredge level.
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characteristics of the foundation soil. The entire moment diagram is altered
due to incorrect earth pressure assumptions, idealized in Figure 7.3.

The corresponding design load, sheet pile displacements shown in
Figure 7.3 reflect the flexure that occurs below the dredge level. In sand
foundations the flexure below the dredge level increases with increasing den-
sity for the foundation sand. These reduced outward displacements along the
bottom of the sheet pile explain why the free earth support method over-
predicts the required design moment values for flexible sheet pile structures.
Note that the point of contraflexure is now above the tip of the sheet pile in
the case of the design loads.

For those anchored walls in which the water table within the backfill
differs from the elevation of the pool, the differences in the water pressures
are incorporated in the analysis. Terzaghi (1954) describes a simplified
procedure used to analyze the case of unbalanced water pressures and steady
state seepage. The distributions for the unbalanced water pressures along the
sheet pile for the case of no seepage and for the case of steady state seepage
are shown in Figure 7.4. 1In an effective stress analysis of frictional soils
are computed within these two regions, and the effective unit weights (Equa-
tion 27) are used to compute the active and passive earth pressures along the
sheet pile wall using the simplified relationship of the type described in
Section 3.3.3. The seepage force acts downward behind the sheet pile, in-
creasing the effective unit weight and the active earth pressures, and acts
upward in front of the sheet pile, decreasing the effective unit weight with
steady state seepage, and the passive earth pressures. For the case of no
flow, the buoyant unit weights are assigned to the frictional soils below the
water table to compute the active and passive earth pressures using the sim-
plified relationships of the type described in Section 3.3.2.

Various important load and material factors in common practice are as
follows: The allowable stress in the sheet pile is usually restricted to
between 50 percent and 65 percent of the yield stress of the steel (60 percent
in the Japanese Code). The allowable stress (gross area) in the tie rod steel
is usually between 40 and 60 percent of the yield stress, and the tie rod
force is designed using the equilibrium anchor force increased by a factor
equal to 1.3. The anchor is designed using the equilibrium anchor force in-
creased by a factor equal to between 2.0 and 2.5.

This design procedure for static loadings is extended to dynamic prob-
lems in the following sections.

7.4 Design of Anchored Sheet Pile Walls for Earthquake Loadings

The first step is to check for the possibility of excess pore pressures
or liquefaction (see Seed and Harder (1990) or Marcuson, Hynes, and Franklin
1990). The presence or absence of these phenomenon will have a major influ-
ence on design. The potential for excessive deformations is to be considered

Nacas o 1 )P S | 100CN
neseqdarccn uvoulniciri, 1700).

The proposed design procedure quantifies the effect of earthquake shak-
ing in the free earth support analysis of anchored sheet pile walls through
the use of inertial forces within the backfill, the soil below the dredge

level in front of the sheet pile wall and the hydrodynamic water pressure
force in the pool in front of the wall. These inertial forces are
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Figure 7.4 Two distributions for unbalanced water pressures
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ments are made to the load and material factors, as is detailed in the
ing sections, when earthquake loads are included in the analysis.

superimposed on the static forces along the sheet pile wall. Certain adj
fo

An important design consideration is the placement of the anchor. It

should be located far enough from the wall such that the active wedge from the
( i the bottom of the wall) and the passive wedge from the
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anchor do not intersect The inertial forces due to the acceleration of the
soil mass have the effect of decreasing the slope of the active and passive
soil wedge failure surfaces, as shown in Figure 7.1 and described in Chap-
ter 4. The slope angles au and apg for the slip planes decrease (the slip

planes become flatter) as the acceleration levels increase in value.

—
N

i Fm e s

(+ky g), the LuLLcmCHLdl increases in the eartk pressure forces above the sta-
tic earth pnressure forces Aenntad ac AP.. and AP._. 1 Fioure 7 1 are directed
tic earth pressure forces, denoted as APs;z and APpr In Figure 7.1, are directed
away from the backfill. This has the effect of increasing the driving force

behind the sheet pile wall and decreasing the stabilizing force in front of
the sheet pile wall. The effect of increased accelerations on the distribu-
tion of moments are twofold, (1) increased values for the maximum moment
within the sheet pile and (2) a lowering of the elevation of the point of

conflexure along the sheet pile (refer to Figure 7.3 for definition). The
annhAarad alhasat 3T 4 32171 31 tancote T Aviy carde hy Wisvat+ o Avas armd Valr~ 3
alltlivicu Slleel plilic wdll lHouelr LesSLsS LIl UL)’ Sallud D ANUulLata, nLait, atlu LURKU L
(1965) Steedman and Zene (1988) and Xitaiima and Uwabe (1979) have onfirmed
(1965), Steedman and Zeng (1988) and Kitajima and Uwabe (1979) have confirmed
this interrelationship, as shown in Figure 7.5 This type of sheet pile

response shows that as the value for acceleration increases, the point of

conflexure moves down the pile, and the response of the sheet pile (described
in terms of sheet pile displacements, earth pressures along the sheet pile and
distribution of moments within the sheét pile) will approach those of the free

earth support. This increase in the value of the maximum moment and the move-
Mot ~F Flha na ot ~AE it ETl mviinmrms mrrarde Flhha Attt ~F +la ol i1~ +1
HmeLlie vl Lile pulllt O1 CoIlitiallex e LOwWarusd Ll pucLLoull vl trie DLICCL PJ_LC WJ_LLI
increasing acceleration reflects the development of a fully active stress
state within the soil that is located below the dredge level and behind the

sheet pile wall. Thus, the value for Rowe’s moment reduction factor that is
applied to the moment distribution corresponding to the free earth support
method will increase in value, approaching the value of one, with increasing

values for accelerations. This effect is not taken into account directly in
the design. However, it is indirectly considered if the moment equilibrium
___________ P <IN TS - U: TSP T (R NP S P ST B R
LequLLemeuL OL Lile l1lree edIlll meLnoa requires 4 gL eate aepilil 0L cluabedumellic
when earthauake lagadings are included

when earthquake loadings are included

Another factor affecting the orientation of the failure planes and thus
the corresponding values for the dynamic earth pressure forces is the distri-
bution of total pore water pressures within the backfill and foundation. The
total pore water pressure is a combination of the steady state seepage and any
excess pore water pressures resulting from earthquake induced shear strains
within the submerged soils.

The proposed procedures for the seismic

n

t y anal ysis of anchorec
sheet pile walls that undergo movements during earthquakes are categorized as
one of three types of analyses, depending upon the magnitude of excess pore
water pressures generated during the earthquake (Figure 7.6). They range from
the case of no excess pore water pressures (Case 1) to the extreme case cor-
responding to the complete liquefaction of the backfill (Case 3) and the
intermediate case of residual excess pore water pressures within the backfill

In Figure 7.6, U, p, corresponds to the steady state pore water pres-
o ’ bdelL D J r Iy

sure force along the back of the sheet pile wall, Ug,i.-r the steady state
pore water pressure force along the front toe of the wall and Uy, the hydro-
static water pressure force exerted by the pool along the front of the wall.

In the case of balanced water pressures, the sum of Ug,picp 1s equal to Upgo
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and Ugiatic-t- Ujnertia corresponds to the hydrodynamic water pressure force
along the front of the wall due to earthquake shaking of the pool. Ugiear-y
and Uggar-t correspond to the excess pore water pressure force acting along

the back o the wall and along the front of the wall (Case 2). In the case of
ackfill, HFgtapje and HFjpertia-p are equal to the equivalent heavy

JE I TS PRV 2 1 IO i F R i S o R
a packKiiil ana tne inertia rorce due
1

An anchored sheet pile wall cannot be designed to retain a liquified
backfill and foundation, and hence Case 3 is only of academic interest. Site
improvement techniques (the National Research Council 1985) or the use of
alternative structures should be investigated in this situation. A procedure

"1
0]
~—~
U)
:5
~ o~
~
N

Hynes, and Franklln (1990) The de
to the case where excess pore water
initial vertical effective stress.

Flexure of the Sheet Pile Wall Below the Dredge Level:

Tivat+3I Fimnna+rinarn ~fF +Lo e ~F Datan ! o Amant yoadiiatrian Famrtar wraliiac
JuooLaiirLlilliaucaivlil UL Clice usc UL NNUWC o HUILLIC L O Lcuuc ceivuitll Lact uLulL VQ,LLJ.CD,
obtained from static fests (Rowe 1952) on dynamic problems, is empirical. The

damage surveys of anchored sheet pile walls that failed due to earthquake

1

shaking llsted one sheet pile wall that exhibited a general flexural failure
(Section 7.2.1). The structural failure of this wall, designed using the

Japanese Code, was attributed to corrosion at the dredge level. The Japanese
Code uses the Rowe'’s reduction factor values to reduce the maximum free earth
support moment in the design of the sheet pile section, thus relying on

1l aviivre afF +ha chant nila w3211 halavw +he Avedoce lTavel Aiiving carvthaialra chaleo
dAlTAWULT UL LilT oliccu PLJ_C all U LUWwW il uL CUB‘: LTVClI uulL Lllé \=X-98 Lllklual\c olLlian
ing. Flexure of the sheet pile below the dredge level is caused by several
factors, including the depth of penetration and flexural stiffness of the

sheet pile wall and the strength and compressibility of the soil (Rowe 1952,
1956, and 1957, Tschebotarioff 1973). 1In Rowe'’s procedure, the dependence of
the value of r4 on the soil type incorporates the dependence of the level of
moment reduction on the compressibility and strength of the soil as well as
the magnitude and distribution of sheet pile displacements below the dredge

P——|
,LEVBJ.

during earthquake shaking must be carefully evaluated prior to application of
Rowe'’'s moment reduction factor or any portion of the reduction factor. This
is especially true when analyzing the seismic stability of an existing sheet
pile wall founded in a contractive soil. A sheet pile wall founded in dense
granular soils is far more likely to develop flexure below the dredge level

The ability of the system to develop flexure below the dredge level

during earthquake snaxlng than one founded in loose soils. Dense soils that
A3 T a+ra Aisrdmnag clhhmnied e mamn Enr VT aca ciicmrant+-ihls 4 VTawogns Aol aonaomantas Aniring
Ulriailtc uul i 15 Slledlrl .Llls arLe l1dl 1LESS bubbcPLLULﬁ Lo LdLE,C U.Lbl.) ACCHICILILDS WUl 1iig
earthquake sbaking than are locse soils (Seed, 1987 and Seed, Tokimatsu,
Harder, and Chun 1985). Loose soils contract during shearing and are sus-

ceptible to 1arge dlsplacements and even flow failures caused by earthquake
shaking (National Research Council, 1985, and Whitman, 1985). As a general
design principle, anchored sheet pile walls sited in seismic environments
should be founded in dense and dilative cohesionless soils with no silt or
clay site particles.

N
=
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7.4.1 Design of Anchored Sheet Pile Walls - No Excess Pore Water Pressures

The presence of water within the backfill and in front of the sheet pile
wall results in additional static and dynamic forces acting on the wall and

alters the distribution of forces within the active and passive soil wedges
developing behind and in front of the sheet pile wall This section describ
the first of two proposed design procedures using the free earth support
method to design anchored sheet pile walls retaining submerged or partially
submerged backfills and including a pool of water in front of the sheet pile

wall, as shown in Figure 7.7. This analysis, described as Case 1 in Fig-
ure 7.6, assumes that no excess pore water pressures are generated within the
submerged portion of the backfill or within the foundation during earthquake

shaking. The evaluation of the potential for the generation of excess pore
water pressures during the shaking of the submerged soil regions is determined
using the procedure described in the National Research Council (1985), Seed,
Tokimatsu, Harder, and Chung (1985), Seed and Harder (1990) or Marcuso

Hynes, and Franklin (1990). Stability of the structure against block

i
movements, as depicted in Figure 2.1, should also be checked during the course
of the analysis. The ten stages of the analyses in the design of anchored
walls for seismic loadings using the free earth support method of analysis are
labeled A through J in Table 7. Appendix C contains a worked example. The

13 steps in the design of the anchored sheet pile wall retaining submerged
backfill as shown in Figure 7.7 are as follows

(1) Perform a static loading design of the anchored sheet pile wall using the
free earth support method of analysis, as described in Section 7.3, or any
other suitable method of analysis.

(2) Select the k;, value to be used in the analysis; see Section 1.4 of
Chapter 1.%
(3) Consider

g
i1 S2CC L1000 2 .5%. 2.

v
(4) Compute P,z using the procedure described in Section 4.3 and with the

shear strength of the backfill fully mobilized. Pug acts at an angle § to the
normal to the back of the wall. The pore pressure force Ugpapic-p 1S determined
from the steady state flow net for the problem. By definition, only steady

state pore water pressures exist within the submerged backfill and foundation
of a Case 1 anchored sheet pile wall (r, = 0) In the restrained water case
of a fully submerged soil wedge with a hydeostativ water table, P,z is com-
puted (Equations 33 and 38) using an effective nit weight equ al to the buoy-
ant unit weight. K,z (Equation 34) or Kay(B8*,0™) (Equatlon 38) is computed

using an equivalent horizontal acceleration, ky.;, and an equivalent seismic
inertia angle, ., given by Equations 47 and 46 (Section 4.3.1).

* The values for seismic coefficients are to be established by the seismic
design team for the project considering the seismotectonic structures within
the region, or as specified by the design agency. The earthquake-induced

displacements for the ancho sheet pile wall are dependent upon numerous
factors, including how corser“atively the strengths, seismic coefficients
(or accelerations), and factors of safety have been assigned, as well as the
compressibility and density of the soils, and the displacement at the
anchorage
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Figure 7.7 Anchored sheet pile wall with no excess pore water pressure
due to earthquake shaking (Case 1).

Stage of Analysis

Section 7.4.1
Design Steps

Description

A

Evaluate potential for liquefaction or
excessive deformations.

loe

m

ta gn: Provides initial depth
£ n H £ s 3
L B

Q

Determine the average site specific
acceleration for wall design.

and water pressure forces.

tx

Sum the moments due to the driving
forces and the resisting forces about

+ha +4 ad
réa

in rat+ -
(S 98— “icT

ala in
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Alter the depth of penetration and
repeat steps 4 and 6 until moment
equilibrium is achieved. The minimum
aeptn of embedment has been computed

caatiafia
sgcisiie

when moment equLLLurlum is

Q

Sum horizontal forces to compute the
tie rod force (per foot of wall).

ute the maximum bending moment

.
o
‘
5
»
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pply Rowe’'s moment reductlon factor
and size the flexible wall (if
applicable).

-
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11-13

Design and site the anchorage.
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In the case of a partially submerged backfill, this simplified
procedure will provide approximate results by increasing the value

assigned to the effective unit weight, vy,, based upon the proportion of
the soil wedge that is above and below the water table (see Figure 4.13
in Section 4.3.3) Pagp 1s CompuLeu (Equations 33 and 38) with vy, replaced
by 7.. Ks (Equation 34) or K,(8",6") (Equation 38) is computed using an
equivalent horizontal acceleration, k;.;, and an equivalent seismic

inertia angle, ¥,;, given by Equations and 46 in Section 4.3.1 with v,
replaced by vy,. A more refined analysis may be conducted using the trial
wedge procedure (Appendix A) for the forces shown in Figure 7.7.

To compute the point of action of P,z in the case of a partially sub-
merged backfill, redefine P,z in terms of the static force, P,, and the
dynamic active earth pressure increment, APs;, using Equation 40. This
procedure is demonstrated in Fighre 7.8. First compute K, and the static
effective earth pressure distribution along the back of sheet pile wall

using one of the procedures descrlbed in Chapter 3. P, is equal to the
resultant force for this static effective stress distribution along the
back of the wall, which also provides for the point of action for P,.
Solve for the force AP,z as equal to the difference between Py and P,.
Assume that AP, acts at a nelgnt equa to 0.6

(5) Compute Ppg acting in front of the sheet pile using the procedure
described in Section 4.4 (Chapter 4) and using a factor of safety, FSp,
applied to both the shear strength of the soil and the effective angle of

friction along the interfa 6 equal to ¢'/2 (Section 3.3.1) is a
reasonable value for dense frictional soils. In a static free earth sup-
port method of analysis, FSp; is set equal to 1.5, and in a dynamic earth
pressure analysis, the minimum value assigned to FSp is 1.2. Ugiapic-t 1S

determined from the steady state flow net for the problem. By defini-
tion, only steady state pore water pressures exist within the submerged
backfill and foundation of a Case 1 anchored sheet pile

. tang’

tang, = .__Jé— (95)
FSp

and
tané (56)

tané . (90)

FS;p

wall (r, = 0) In the restrained water case of a fully submerged soil

wedge with a hydrostatic water table, Ppg is computed (Equations 58 and

62) using an effective unit weight equal to the buoyant unit weight. For
low to moderate levels of earthquake shaking, assume that Ppg acts at a
height equal to approximately 1/3 of the height of the soil in front of
the sheet pile wall and at an angle §, to the normal to the face of the

219



:

(a.) Mononobe - OKabe Earth Pressure Forces I:E and PPE.

o e——— PA'CMB

DREDGE LEVEL

)
06 H ;

e 005 By

D

i\ L g

ot

(b.) HoerizontalForce Components. of P, and Py .

Figure 7.8 Static and inertial horizontal force components of the
Mononobe-Okabe earth pressure forces
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wall.* Kpg (Equation 59) or Kp(8",8") (Equation 62) is computed using an
equivalent horizontal acceleration, ky.;, and an equivalent seismic inertia
angle, Y., given by Equations 47 and 46. In the case of a steady state
seepage, this simplified procedure will provide approximate results by
decreasing the value assigned to the effective unit weight (Equation 27)
according to the magnitude of the upward seepage gradient (Equation 26).

Equation 59 for Kp; is restricted to cases where the value of ¢ (Equa-
tion 95) is greater than ¥,; (Equation 46). This limiting case may occur in
cases of high accelerations and/or low shear strengths. One contributing
factor is the submergence of the soil in front of the anchored wall, which
approximately doubles the value of the equivalent seismic inertia angle over
the corresponding dry soil case.

(6) To determine the minimum required depth of sheet pile penetration, the
clockwise and counterclockwise moments of the resultant earth pressure forces

and resultant water pressure forces about Figure 7.7 anchor are computed as
follows:

Counterclockwise Moment = P,pcoséy (Y, - Yap) + Ugiaricon® (Yo - YY)
(97)
+ Uinertia' (Ya - Yi)
and
Clockwise Moment = - Usoo1® (Y, - Y,p) — Ppgecoséd, (Y, - Ypg)
(98)

- Ustatic—t,' (Ya - Yut)

* In a static design by the free earth support method of analysis, a
triangular earth pressure is assumed along the front of the wall, with the
resulting force Pp assigned to the lower third point. Experience has shown
that reasonable static designs resulted when the appropriate strength
parameters and adequate factors of safety were used in conjunction with this
simplified assumption. A similar approach is used in the dynamic design.
The point of application of Ppz may move downward from its static point of
application for anchored sheet pile walls as the value for k, increases.
However, no satisfactory procedure was found for computing the point of
application of Ppz for this structure. In the interim, the assumption of Ppg
acting at approximately 1/3 of the height of the soil in front of the wall
is restricted to low to moderate levels of earthquake shaking (e.g. one
rough index is k, < 0.1) and with conservative assumptions regarding all
parameters used in the analysis. For higher levels of shaking and less
conservative assumptions for parameters, a larger value for FSp than 1.2
and/or a lower point of application would be assigned.
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where
6p = effective angle of friction along the backfill to sheet pile wall

interface
6y = effective angle of friction along the toe foundation to sheet pile
wall interface
U..... + = regultant gteadv ctate Bore water nrecctuire fFaorece sloans +he
“Ystatic-b LEoditallit stoaudy ostattc PULTC wattl pleossuUulce LULLe alVlly uile
back of the wall
Ugtatic-+ = resultant steady state pore water pressure force below the

dredge level along the front of the wall

Upoo1 resultant hydrostatic water pressure force for the pool

Uinertia = hydrodynamic water pressure force for the pool, directed away
from the wall (see Appendix B)

Y, = distance from the base of sheet pile to the anchor

Yag = distance from the base of sheet pile to Pug

Y., = distance from the base of sheet pile to Ug,icey, (from a flow net)

Y; = distance from the base of sheet pile to Uj,..t;. (see Appendix B)

Y,, = distance from the base of sheet pile to pool

Ypg = distance from the base of sheet pile to Py

Yyt = distance from the base of sheet pile to Ui, ;.-+ (from a flow net).
The value for the Clockwise Moment about Figure 7.7 anchor is compared to the
value for the Counterclockwise Moment, resulting in the following three
possibilities:

(6a) If the value of the Clockwise Moment is equal to the value of the
Counterclockwise Moment, the sheet pile wall is in moment equilibrium,
and the depth of penetration below the dredge level is correct for the
applied forces.

m Yoo e o - s e A < - e o A o am a - . — - 1 P g
(6b) If the value of the Clockwise Moment is greater than the value of
the Counterclockwise Moment, the trial sheet pile embedment depth below
the dredge level is too deep and should be reduced.

(6c) If the value of the Clockwise Moment is less than the value of the
Counterclockwise Moment, the trial sheet pile embedment depth below the
dredge level is shallow and should be increased.

repeated.

(7) Once the required depth of sheet pile penetration is determined in step 6,
the equilibrium anchor force per foot width of wall, Tz, is computed using
t

the equations for horizontal force equilibrium.

'—I.

-U (99)

Tres = Pppcoséy + Ugpapic-r * Upool = Uinertia ~ Papcoséy static-b

In some situations the value for Tpgs computed in a seismic analysis can
be several times the value computed in the static analysis due to the effect
of the inertial forces acting on both the active and passive soil wedges and
the pool of water. Large anchor forces per foot width of wall will impact
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both the selection of the type of anchorage, anchor geometry and the number of
rows and spacing of tie rods along the wall (see steps 10 through 12).

) i hin the sheet pile is computed from the
external earth pressures along the front and back of the sheet pile and from
the anchor force. To accomplish this, the earth pressure forces shown in
Figure 7.7 must be converted to equivalent earth pressures distributions. One

approach for doing this is to separate P,y into its static and incremental

dynamic components and corresponding points of action, as discussed in step 4
and shown in Figures 7.8 and 7.9. Figure 7.10 is used to define the variation
in horizontal stress with depth for the dynamic earth pressure force increment

AP,z At a given elevation, an imaginary section is made through the sheet

) - ™ 7 1N I B | LRSI | cbhnnrr Favena VU AarmAd Tt avaral
piie, as shown in rlgure /.1lU, anda Cthe 1nternal snear lorce V 4nd lintermnail
bending moment M are represented. The internal shear force V is equal to the
sum of earth pressures and water pressures and Tpgs acting on the free body
diagram of the sheet pile above Section A-A’. The internal bending moment M
is equal to moment of the earth pressures, water pressures about Section A-A’.

The maximum bending moment within the sheet pile is denoted as Mpgs. The
value for Mpps is determined by calculating the internal bending moment at the
elevation at which the shear is equal to zero.

(9) The design moment for the sheet pile, Mgesign, 1S equal to

0 = Mpps ¢ Iy (100)

the value of the maximum moment calculated using the Free Earth
Support Method, and ryg is the Rowe'’s moment reductlon factor discussed in
7.3. Using the currently available moment reduction curve shown in
Figure 7.2, the value of correction factor will change from the static case
only if the depth of penetration or the flexural stiffness, EI, of the wall

1

changes in order to meet moment equilibrium requirements for seismic loadings.
The ability of the system to develop flexure below the dredge level during
earthquake shaking must be carefully evaluated prior to application of Rowe's
moment reduction factor or any portion thereof. This aspect of the design is
discussed in Section 7.4

In a static design, the allowable stress in the sheet pile is usua}}y
restricted to between 50 and 65 percent of the yield strength. Higher allow-
able stresses may be considered for use in the design for dynamic earth pres-

sures, given the short duration of loading during earthquakes. The allowable
stresses for earthquake loading may be increased 33 percent above the value
specified for static loading. This corresponds to an allowable stress in the
sheet pile restricted to between 67 and 87 percent of the yield strength. The
effects of corrosion should be considered during the course of wall design for
static and seismic loadings.
(10) In a static design, the design tie rod force per foot width of wall,
Tdesign» 15 equal to
T =1.3-T (101)
design = - FES
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and the allowable stress in the tie rods is usually restricted to between 40
and 60 percent of the yield strength. The factor 1.3 is also recommended for

earthquake loading conditions The Japanese code restricts the allowable

Pl et e R o) e LN v - +1L -~ .. -1 PSR, Iy £ vl visalra 1T AaaAT o { onn -1, -
SLITCODHCEDS LU UV PULLtﬁ[lL UL Llilie —Y_LC.LU SLLe léLll 10L calr L,uqucu&c lUuaul 15 (See Lne
diccugcecion at the end of sten 9) The valiite of A0 narcent ig recommended
discussion at the end of step 9) The value of 60 percent is recommended.
The effects of corrosion should be considered during the course of wall design
for both static and seismic loadings

(11 The dacion anf +tha ancharace Far coiemirsr landince fnollaw t+tha annrnacrh
\J;L/ A LiC UCD-LEIL UL wilc allbllULdsc LUL DT LOILLV J.Uaua.u&o L UL LUWO (S ¥ § = uk)HL\)al—ll
that is proposed for the design of the flexible wall and differs from the
approach used when designing for static loadings. In the case of static

loads, the ultimate force (per foot width of wall) which the anchor is to be
designed, T,1t-a., 1s equal to

Torea = 2.5 Tegs (102)

and the static earth pressure forces P, and Pp on the front and back of the
anchor block are computed using the ultimace shear strength with § = 0° for
slender anchorage (refer to discussion in Section C.1.9 of Appendix C or to
Dismuke (1991). The proposed design procedure for seismic loadings is
described in steps 12 and 13. Seismic loads usually control the anchorage
design.

For th

ce nvn?‘nr'Fvnn
105 wWalerlro

il

o structures in i
concrete block, a major contribution to the forces resisting the pulling
force T,jt-o is prov1ded by the formation of a passive soil wedge in front of
the block, as shown in Figure 7.1la. In a seismic analysis, T,jt-, is set
equal to Tpgs. The Mononobe-Okabe equations 33 and 58 are used to compute the

dynamic active earth pressure force, P,z, and the dynamic passive earth pres-

sure force, Ppg, acting on the anchor block during earthquake shaking

V& nF SPN 7 1T1TRhY D 3o oAmmrress 1 _.2el +la alhhanr cbranagtrh ~AF +ha ha~L€3iT1T1T F211vw
\I‘.L&U-LC /.L1D )., I.'AE J_b LUlllpu eda witn drne SsSnear st b‘Ll&Lll O1L ulie pvaChRilil LrLulli
mn]\i1 1zc:r] anr] £ = N° fFar clander anchorasce and § < A/7 for mase concrete

N L P A= A v A4 PR NES 2 AT LINAC L ullbll\-’l.ub» (=S 93VA v -_— \"/ —~ EAV RN IO O LA A W
anchorage (Section C.1.9 of Appendix C). Py is computed using a factor of
safety FSp applied to the shear strength of the soil (Equation 95) and the

effective angle of friction along the interface (Equation 96). At a minimum,
FSp is set equal to a value between 1.2 and 1.5, depending on the allowable

displacement and on how conservatively the strengths and seismic coefficients
have been assigned. In general and with all parameters constant, the larger

~ =1 alra

the factor of safety, the smaller the anchorage displacement due to earthquake

Water pressure forces are not included along the sides of the block
because most anchor blocks are constructed on or just above the water table,
as idealized in this figure. If the water table extends above the base of the
block, these forces are to be included in the analysis.

The size of the block is proportioned such that
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(b) Slip Plane And Dynamic Forces.

Figure 7.11 Dynamic forces acting on an anchor block (for § = 0°)

Tult-a = P?E-cc’s(‘it - Pﬁ-cosé‘b - w-kh + N’{-tamSA (103)
where
N =W(l - k,) -U,. - Ppgesing, + Pppesing, (104)

When the magnitude of computed anchor block forces prohibit the use of
shallow anchor blocks, alternative anchorage systems are to be investigated.
These include the use of multiple tie rods and anchorage, A-frame anchors,
sheet pile anchorage, soil or rock anchors and tension H-piles. Discussions
of anchorage are readily available in numerous textbooks and sheet pile design
manuals, including the USS Steel Sheet Piling Design Manual (1969),

Dismuke (1991), McMahon (1986) and U. S. Army Corps of Engineers Manual
EM 1110-2-2906 (Headquarters, Department of the Army 1991).

By definition, no excess pore water pressures are generated within the
backfill (AU, = 0) for the Case 1 anchored sheet pile walls. U, is equal to
the resultant steady state pore water pressure force along the base of the
anchor. The orientation of a linear failure plane in front of the anchor
block, apg, in Figure 7.l1la is approximated using Equation 61.

(13) The anchor block is to be located a sufficient distance behind the sheet
pile wall so that the active failure surface behind the sheet pile wall does
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not intersect the passive failure surface developing in front of the anchor

during earthquake shaking.

The required minimum distance between the back of

the sheet pile and the anchor block increases with increasing values of

acceleration, as shown in Figure 7.1.
surface behind the sheet pile wall, ag,

orientation of the passive slip surface in front of

_.1..A_-,.1 19

PR 5 - P
calcuiated in step 1Z.

7.4.2

Desig \nchored Sheet Pile Walls -

This section describes the proposed procedure,

port method,

The orientation of the active slip
is calculated in step 4,

nd the

W1l An~ ~
L[lB dllLl‘UL ULUCK, Upg,

Excess Pore Water Pressures

using the free earth sup-

to design anchored sheet pile walls retaining submerged or par-

tially submerged backfills and including a pool of water in front of the sheet

pile wall, as shown in Figure 7.12. This analysis, described as Case 2 in
Figure 7.6, assumes that excess pore water pressures are generated within the
submerged portion of the backfill or within the foundation during earthquake
shaking. The magnitude and distribution of these exXcess pore water pressures
depend upon several factor including the magnitude of the earthquake, the

distance from the site to the fault generating the earthquake and the proper-

ties of the submerged soils. The evaluation of the

magnitude of these excess

pore water pressures is estimated using the procedure described in Seed and

Harder (1990) or Marcuson, Hynes, and Franklin (1990). This design procedure
is limited to the case where excess pore water pressures are less than
30 percent of the initial vertical effective stress. Stability of the
structure against block movements, as depicted in Figure 2.1, should also be
checked during the course of the analysis. Many of the details regarding the

procedures used are common to the Case 1 analysis.
of the anchored sheet pile wall retaining submerged
Figure 7.12 are as follows:

The 14 steps in the design
backfill as shown in

(1) Perform a static loading design of the anchored sheet pile wall using the
free earth support method of analysis, as described in Section 7.3, or any
other suitable method of analysis

(2) Select the ky value to be used in the analysis; see Section 1.4 of

Chapter 1.%*

(3) Consider k,, as discussed in Section 1.4.3.

(4) Compute P,z using the procedure described in Section 4.3 and with the
shear strength of the backfill fully mobilized. P,z acts at an angle § to the
normal to the back of the wall. The pore pressure force Ugiapic-p 1S determined
from the steady state flow net for the problem. The post-earthquake residual

excess pore water pressures are identified as Ugnear

in Figure 7.12 and are

determined using the procedures described in Seed and Harder (1990) or

*

The values for seismic coefficients are to be established by the seismic

design team for the project considering the seismotectonic structures within

the region, or as specified by the design

displacements for the anchored sheet pile

factors, including how conservatively the

(or accelerations) nd factors of
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Figure 7.12 Anchored sheet pile wall with excess pore water pressures
generated during earthquake shaking (Case 2)

Marcuson, Hynes, a (1990). 1In the restrained water case of a fully
submerged soil wedge with a hydrostatic water table, P, is computed (Equa-
tions 33 and 38) using an effective unit weight equal to the buoyant unit

equlvalent horlzontal acceleratlon, khﬁ, and an equivalent seismic inertia
angle, o3, given by equations 55 and 54 (Section 4.3.2). An alternative ap-
proach is to use a modified effective friction angle, $eq (Equation 56), with
ry, equal to the average value within the backfill.

In the case of a partially submerged backfill, this simplified procedure
will provide approximate results by increasing the value assigned to the
effective unit weight, +,, based upon the proportion of the soil wedge that is
above and below the water table (see Figure 4.13 in Section 4.3.3). Py is

computed (Equations 33 and 38) with vy, replaced by v,. The unit weight
assigned to the soil below the water table is given by Equation 52 when using
the procedure descrlbed in Flgure 4.13 to compute the value of v,. Ky (Equa-

tion 34) or K,(B8",6") (Equation 38) is computed using an equivalent horizontal
acceleration, khw, and an equivalent seismic inertia angle, ¥.3, given by
Equations 54 and 55 in Section 4.3.2 with +v,3; replaced by vy,. For this case,
the excess residual pore water pressures are superimposed upon the hydrostatic
pore water pressures

To compute the point of action of P,z in the case of a partially sub-
merged backfill, redefine Pz in terms of the static force, P,, and the
dynamic active earth pressure increment, AP,;, as described in step 4 of

DD ict of safety FSp equal
to 1.2 to both the shear strength of the s01l and the effective angle of fric-
tion along the interface. Refer to step 5 of Section 7.4.1. The pore pres-
sure force Ug,yj.-¢r is determined from the steady state flow net for the
n the restrained water case of a fully submerged soil wedge with a

n . AN

water table, Ppg is computed (bquatlons 58 and 62) with v, re-

n front o

H WLt 0O H



ned

inertia angle, 3.3, given by Equations 54 and 55 in Section 4.3.2. 1In the
case of a steady state seepage, this simplified procedure will provide approx-
imate results by decreasing the value assigned to the effective unit welght

using an equivalent horizontal acceleration, ky.;, and an equivalent seismic

tion 26) For low to moderate levels of earthquake shaking, assume that Pgg
arnto at a hadald o aesa PP T Vs 1 /2 A +21n L3 ~le ~F +#hhinn c~<1 2 o 4
atis 4at a lielgplit cguatl Lo dppLU)&LllldLeLy L7202 OL LI lielyiit O1L thie 5011 in rrontc
of the sheet pile wall and at an angle §, to the normal to the face of the
wall.*

(6) To determine the required depth of sheet pile penetration, the clockwise
and counterclockwise moments of the resultant earth pressure forces and resul-
tant water pressure forces about Figure 7.12 anchor are computed as follows:

Counterclockwise Moment = P,pcosé (Y, - Yue) + Usiovicp® (Yo = Yp)
(105)
+ U e (Y. =Y. ) +U. e (Y. - Y)
snear-o N a utaup/ inercila NTa 17
and
Clockwise Moment = - U___,+(Y, - Y,.) - Pppecos6,+ (Y, - Ypp)
PooL - a up o N a oo
(106)
- U (Y. =Y ) ) (Y - Y N
“Ystatic-t \ *a ‘ut/ ~“shear-t \ *a “utaut/
where
Ughear-b resultant excess pore water pressure force along the back of
the wall
Ushear-t resultant excess pore water pressure force below the dredge
Tawal alang +ha Framt+ ~F +hao vwall
LT VT L aLUllB vLice LILUILlL UL il wal i
Yitaub distance from the base of sheet pile to Ug._...:
ucvaup r snear-o
Yyraut = distance from the base of sheet pile to Uggap-t

Values for Yiiaun, Ushear-b» Yutaut and Ugpear-y are computed using the procedure
described in Seed and Harder (1990) or Marcuson, Hynes, and Franklin (1990).

* In a static design by the free earth support method of analysis, a
triangular earth pressure is assumed along the front of the wall, with the

resulting force Pp assigned to the lower third point. Experience has shown
that reasonable static designs resulted when the appropriate strength
parameters and adequate factors of safety were used in conjunction with this
cimnlifFiad acciimntian A cimilayv annvyaarh 3¢ scad i +ho Auynamis~r decion
SllHlplLliiilcUu asosuldpiLiull 8 Siinilal dPPLUdLll 4S5 UuUScuUu 11t uLile U_)’lld.ll.l.b ucsSipil
The point of appnlication of Por mav move downward from its static point of

P pplicat on of Py may move downward from its static p
application for anchored sheet pile walls as the value for k; increases.

However, no satisfactory procedure was found for computing the point of
application of Ppg for this structure. In the interim, the assumption of Ppg
acting at approximately 1/3 of the height of the soil in front of the wall
is restricted to low to moderate levels of earthquake shaking (e. one
] ith conservative assumptions regar ing all
1

N
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rough index is ky



The value for the Clockwise Moment is compared to the value for the Counter-
clockwise Moment, resulting in one of three possibilities listed in steps 6a
through step 6¢c in Section 7.4.1. The sheet pile wall is in moment equili-

or only one depth of sheet pile penetration within the foundation. For
le penetration depths in which moment equilibrium is not

f sheet pile penetration is assumed, and step &

(7) Once the required depth of sheet pile penetration is determined in step 6,
the equilibrium anchor force per foot width of wall, Tggs, is computed using
the equations for horizontal force equilibrium.

Tpgs = Ppgcoséy + Ugpaeice + Ugy

c-t shear-t pool
(107)

17 - 11

- D - =
L b Ystatic-b Yshear-b

(=2}

n

-1 oo
Yinertia AE “V

Additional commentary is provided in step 7 of Section 7.4.1.

(8) The distribution of the moments within the sheet pile, Mpgs, is computed
using the procedure described in step 8 of Section 7.4.1.

(9) The computation of the design moment for the sheet pile, Mdesign, 18

described in step 9 of Section 7.4.1.

(10) The design tie rod force, T is computed using the procedure
design: , & k

described in step 10 of Sectlon 7.4,

1
(11) The design of the anchor block for seismic loadings differs from tbe

approach used when designing for stati loadings The reader is re f d to
the discussion in step 11 of Section 7.4.1

(12) For those waterfront structures in which the anchor consists of slender
anchorage or mass concrete anchorage, a major contribution to the forces re-

sisting the pulling force T, -, is provided by the formation of a passive soil
wedge in front of the block, as shown in Figure 7.1la. The procedure de-
scrlbed in step 12 of Sectlon 7.4.1 is used to compute P,p, Ppg, and opg

‘igure 7.11b). The size of the block is proportioned using Equation 103

1
ationship, where N’ is equal to

N =W(l - k,) - Uy - AU,. - Ppgesing, + Pypesing, (108)

The excess pore water pressure force along the base of the block is equal to
AU, (see Seed and Harder (1990) or Marcuson, Hynes, and Franklin (1990)).

An alternative procedure for incor
sures in the analysis is by using
friction along the base of block, §,.

Qratlpo residual excess pore water pres-

15 1e1duldl exXxCess pPeic wWalcl

5 (109)
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CHAPTER 8 ANALYSIS AND DESIGN OF WALLS RETAINING NONYIELDING BACKFILLS

8.1 Introduction

This chapter applies to design problems in which the allowable movement
of a wall is small - less than one-fourth tec one-half of Table 1 wall movement
valLes Typical situations include the walls of U-shaped structures such as
dry cks, walls of basements, and the lateral walls of underground struc-

tures. Under these conditions it may be inappropriate to base design upon
earth pressures computed using the Mononobe-Okabe theory, which assumes that
active stress conditions are achieved. Hence, earth pressures generally
should be computed using the theory set forth in Chapter 5.

Design criteria for such situations will involve permissible combined
static plus dynamic bending stresses within the wall. In many cases it may be

necessary to ensure that such moments do not cause yielding of the material
composing the wall. If the wall is free-standing, then avoidance of sliding
or overturning will be design criteria.

In many cases it may be appropriate to use Wood’s simplified theory to
compute the dynamic increment of stresses. In this case, a key decision will
be the choice of the horizontal acceleration coefficient k;. Important con-
siderations are

* If displacement of the wall is not permissible, the assigned peak
acceleration coefficient should be used. Use of a seismic coefficient less
than the peak acceleration coefficient implies that some displacement of the
backfill is acceptable during the design earthquake event.

* The acceleration at ground surface should be used tc define k. This
is a conservative assumption. If the peak acceleration varies significantly
over the height of the backfill, which may often be the situation when the

si

de walls of dry docks are 1nvolved consideration should be given
to the use of dynamic finite element studies (see Appendix D).

Use of finite element studies should also be considered when there are impor-
tant surface loadings. In many cases an elastic analysis us1ng soil moduli
and damping adjusted for expected levels o t

There may be cases in which it is nverly conservative to design struc-
tures using lateral pressures from the theory for walls retaining nonyielding
backfills. 1If the structure is founded upon soil with the same stiffness as
the backfill (see Figure 8.1), the structure itself will experience movements
that may be sufficient to develop active stress Conditions. Finite element

fo!
mp ed assum-

(a2
3 Hh @
t

If liquefaction is of concern, methods for evaluating residual pore
pressures may be found in Seed and Harder (1990) or Marcuson, Hynes, and
Franklin (1990). In principle it is possible to design walls to resist the
pressures from fully liquefied soil, including Westergaard's dynamic pressure
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Figure 8.1 Simplified procedure for dynamic analysis
of a wall retaining nonyielding backfill

increment based upon the total unit weight of the soil. However, in such a
situation the lateral pressures on a wall can be very high. Unless there are
structures (including cranes) adjacent to the wall, it might be possible to
allow values of r, in excess of 40 percent. 1If so, a check should be made for
post-seismic stability, using the residual strength of the backfill soil.

8.2 An Example

The application of the simplified procedure to the dynamic analysis is
demonstrated for a wall retaining nonyielding backfill founded on rock as
shown in Figure 8.la. A pool of water is included in front, of the wall in
this problem. The forces acting along the back, front, and base of the wall
include both static and dynamic incremental forces (Figure 8.1b). With
negligible wall movements, the value for the static effective earth pressure,
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Py, corresponds to at-rest earth pressures. For gravity earth retaining
structures founded on rock, K, usually ranges in value from 0.45 for com-
pacted granular backfills to 0.55 for uncompacted granular backfills (Duncan,
Clough, and Ebeling 1990). U, . ;. and U, are determined from the steady state

flow net for the problem. Uy, is equal to the hydrostatic water pressure
force along the front of the wall. Ujpertia 1S the hydrodynamic water pressure
Fareca fFor the naonl comnuitred ticing the Wactereosard nrocedure that is desceribed
1TLuLouvcC LUl wiic PUU-L LU[IIV\ALCU uDLll5 il WCDLCLBGQLU prvLcuur o iica o i o MMT Ol LuvuTu
in Appendix B Given the horizontal base acceleration value, ky'g, the
dynamic earth pressure force F,, is computed using Equation 68, acting at Y,

equal to 0.63'H above the base of the wall. The horizontal force T is the
shear force required for equilibrium of the wall and is equal to

T = Ph + Fsr + w'kh + Ustat,ic - U + U ia-* (111)

The effective normal force between the base of the wall and the rock founda-
tion is equal to

N =W -TU,. (112)
Tha 111+imate chaar farrcrae alaneg the hacae T ie oiven hv
LLLICT WL Laialiasc 2iicCal L UL LT Q.J_UI.IB “iicT UQDC, Lult” A D 6.!_\1\4;1 IJ]
- o/ . (113)
L,¢ = N tanoy
where
£ = tha affartive haca intearfacrcre friectinon anocle
Ub AS2 & 4 =3 CLLTOUVCLA VO vaoc< dilvTClLiaAavo AL L LA vl ullb;\,
The factor of safety against sliding along the base, F;, is given by
— ultimate shear force 1140
_ ultimate shear (114)
s shear force required for equilibrium
and comnared ta tha minimm valiiea of 1 1 ar 1 7 for temnorarv 1Qadin¢ cases
and compared to the minimum value of 1.1 or 1.2 for temporary 1 g
The point of action of the force N', xy., is computed by summing moments about
the toe of the wall
Wex,, = P,eY,, - F Y -U....Y .. -Weko oY, -~ U X, + M _, /11N
X = W h Pn sr sr static “ust n b“ub pool (L1i>5)
N N/
N
where

ar _ ~7 11 7
Mpoo1 = VYpoollup ™ Vinertialui

N
W
wn



th aa p01nt of action of P\_. YDk = 0.4H for a r‘nmn]pf‘a]v dr

itetely dary
or completely submerged backfill with a hydrostatic water table (Duncan
Clough, and Ebeling 1990) |

The overcurnlng criterion is expressed in terms of the percentage of

haca cantant+

uuuuuu ntact area B,/B, where B, is the width of the area of effective base

contact. Assuming that the knnv.“~
aAssuming that the bearing pressure varies Llnearly between the base

of the wall and the foundation fthe norma 1 atrece ic the toe
(9 = Quax) and a minimum at the inner edge (q = 0) as shown in Figure 8.2.
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An alternative assumption regarding base pressure distribution and contact
area was suggested by Meyerhof (1953). Meyerhof assumed a uniform distribu-
tion of pressure along the base, resulting in the effective base contact equal
to

Bl = 2. (117)

e

Meyerhof’'s pressure distribution has been used widely for foundations on soil,
and is most appropriate for foundation materials that exhibit ductile mechan-
isms of failure. The assumption is less appropriate for brittle materials.

Many retaining walls are designed using static active earth pressures
with full contact along the base, B./B ( or B',/B), equal to 100 percent. For
temporary loading cases, such as earthquakes, this criteria is relaxed to a
minimum value of 75 percent (50 percent for rock foundations, Table 5).

For those structures founded on rock, the factor of safety against bear-
ing capacity failure, or crushing of the concrete or the rock at the toe can
be expressed as

F, = —ult (118)
qmax

where q,;y is the ultimate bearing capacity or compressive strength of the
concrete or the rock at the toe, and qu,, is the maximum bearing pressure at
the toe. For brittle materials like unconfined concrete, the ultimate bearing
capacity is equal to the compressive strength of the material. Building codes
are commonly used to obtain values for the allowable bearing stress on rock,
qa11. Alternately, a large factor of safety is applied to the unconfined com-
pressive strength of intact samples. The maximum bearing pressure qup.x 1is
restricted to an allowable bearing capacity q,;;. For ductile foundation
materials that undergo plastic failure, the ultimate bearing capacity is larg-
er than the compressive strength of the material, excluding those foundation
materials exhibiting a loss in shear resistance due to earthquake induced
deformations or due to the development of residual excess pore water pres-
sures. In these cases, a conventional bearing capacity evaluation is con-
ducted to establish the post-earthquake stability of the structure.

In those stability analyses where the vertical accelerations are con-
sidered, the force acting downward through the center of mass of the wall that
represents the weight of the wall, W, in Figure 8.1, is replaced by the force
(1-k,) W acting downward. The first term in equations 112 and 115, W and W'x,,
are replaced by (l-k,)'W and (l-k,) W'x,, respectively. The direction in which
the vertical inertia force, k, W, acts is counter to the direction assigned to
the effective vertical acceleration, k,g. A k, W force acting upward destabi-
lizes the wall, while a kW acting downward increases the stability of the
wall.

This procedure is illustrated in example 32 at the end of this chapter.
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CHAPTER 8 - EXAMPLE

Content

Example Problem 32.

Commentary

The following example illustrates the procedures

described in Chapter 8. The results of the computa-

tions shown are rounded for ease of checking calcula-
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Example No. 32 Reference Section: 8.2

Design an "nonyielding" rectangular wall (i.e. no wall displacements) of
height H = 20 ft to be founded on rock and retaining a dense sand backfill for
a peak horizontal acceleration at the ground surface equal to 0.2 g. Assume a
frictional contact surface between the wall and the foundation rock (i.e. with
no bond).

)’1 - 120 pcf v .
. 4 - e i
@' = 35 v v
.Y s ®] _
4 .‘ _"vd . B Hp = 9
. b e .
r,=0 A-0.2g 3

== B=?———>l RJ)CK

Determine the horizontal acceleration

For Wood’s procedure:

ky, = A=20.2 (where A is peak ground
surface acceleration)

Determine the vertical acceleration

k, =0

Determine P, (at rest horizontal effective earth pressure) and the point of

application.

Find the vertical effective stresses at the ground surface (o,)™F, at the
water table (o})"T, and at the base of the wall (o§)"".

Vertical Effective Stresses at the Top of the Wall

(a;)TOP =0

Vertical Effective Stress at the Water Table

(o)™ = v, (H - H,) = (120 pcf) (20’ - 12°) = 960 psf
U = Ugtatic t Ushear = 0+0=20
(a5)" = 0, - u =960 psf - 0 = 960 psf
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Example No.32 (Continued) Reference Section: 8.2

o, — u = ay
7y / £ / Y =120 pcf ? }
1y|7/ 1VI7/ (H - H,)
v / / W v
=/ L% vl -wr 4 = H-20
/ 7 o
/ shear \ll\ / | e i / Y' =576 pcf
/ ‘/' '] Ystatlc / | !
TOTAL PWP EFFECTIVE
STRESS STRESS
Vertical Effective Stress at the Base of the Wall
(05)%0T = (o) + |y, (H,) - ulll,. - ulfl,,|
(0,)8%T = 960 psf + [(120 pef) (127) - (127) (62.4 pcf) - 0]
In'\BOT = QLN naf o 19N € _ £ /i A€ 71070
\Oy) 70U PSI + (12U pCIL 0.4 pcr) (LZ27)
(0,)B%T = 1,651.2 psf

Determine the horizontal at rest effective stress at the top of the wall o,T°F,
at the water table o,"T, and at the bottom of the wall 0,27,

a:mP =0
ot = K, (0,)"T = 0.45 (960 psf) = 432 psf

= K,(0,)BT = 0.45 (1,651.2 psf) = 743 psf

Break the stress distribution diagram into rectangles and triangles to find
+1
[

he magnitude of the resultant force (P,) and its point of application (Yp).
Ey = 1/2 o7 (H - H,) = 1/2 (432 psf) (20 - 127)

E; = 1,728 1b per ft of wall

<7 17 1 72 srr T o\ 1 P N <A - PR

g1 = Oy v L/5 (H - Hy) = 127 + 1/3 (207 - 127 ) = 14.67 tt
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Example No.32 (Continued) Reference Section: 8.

r9,%=0

v e ! .
o' El )
L~ Em—

F2 I :. - YE/

Fr
1'es

:

R
—
i

E; = (o) (H,) = (432 psf) (127)

™ c o

— 1 7z, bl
E, = 5,184 1

1

b per ft of wall

Yg, = 1/2 (H,) = 172 (127) = 6 ft

Es = 1/2 (0p®T - o7y (H,) = 1/2 (743 psf - 432 psf) (127)

(o]
[«
(2}
o
th
ct

@)

+h

a1
Wdll

o

gl
m
[

Yegs = 1/3 (H,) = 1/3 (12 ft) = 4 f¢t

Ph = El + Ez + E3 = 1,728 + 5,184 + 1,866

P, = 8,778 1b per ft of wall

Sum moments about the base of the wall and solve for:

[
g
o3

1}

7.28 ft above the base of the wall

N
&
i



Example No.32 (Continued)

Reference Section: 8.2

Determine water pressure forces acting against the wall

- v, v
e
—r—i———. v, LI S b _l_
He 20§ = /,_;_ S N\ \U!m.l-TH T?
Hu= 12 Ugaey/ |7 7w 5 NV ] ol
=] v .7 - e i — — —
I N . TOE N1 Rock | By
BESER ROCK [_ —f
Yust + Yo Y
F‘*wﬁ*
Uy
- 8
Determine the hydrostatic water pressure force acting against the back of the
wall
Ustatic = 4,493 1b per ft of the wall (see ex 19)
Yust = 4 ft from the base of the wall (see ex 19)
Determine the hydrostatic water pressure force acting against the front of the
wall
Upoo1 Ustatic = 4,493 1b per ft of wall
Yyp = Yyst = 4’ from the base of the wall
Determine the hydrodynamic water pressure force acting on the front of the
wall
(see Appendix B)
7 2 -
P, 7 K, v, Hp (eq B-5)
Pua = 7/12 (0.2) (62.4 pcf) (97)2 (by eq B-5)
Uinertia = Pya = 589.7 1b per ft of wall
YUi = 0.4 Hp + 37 0.4 (9’) + 3
Yy; = 6.6 ft above the base of the wall
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Example No.32 (Continued) Reference Section: 8.2

Determine the hvdrostatic water pressure force acting on the base of the wall

Assume full hydrostatic pressure beneath the base of the wall.

U, = Hy (7w) B

o)
o
I
~
r.—.l
N
Nt
~
(=2}
N
=~
L)
0
[
N’
o
I
~
~
0
o]
N
o=}
S~

i
o
»
o

X

Determine the dynamic incremental earth pressures (total stress based
calculation)

F., = (120 pef) (207)2 (0.2) (by eq 68)

iy
[

9,600 1b per ft of wall

»
1]
H

]

0.63 H=0.63 (20")

o]
«
[

It

12.6 above the base of the wall, ‘acting horizontally

W= (H) (B) (Veone) = (20°) (B) (150 pef)

W = 3,000 B
X, =B/2 =0.5B
Y, = H/2 = 20" /2 = 10

N = 3,000 B - 748.8 B = 2,251.2 B (by eq 112)

Determine the ultimate shear force along the base
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Example No.32 (Continued) Reference Section: 8.2
T - Tat _ 1,576.3 B
% = T =1,313.6 B

Solve Equation 111 for B required for shear force equilibrium

1,313.6 B = 8,778 + 9,600 + 3,000 B (0.2) + 4,493 - 4,493 + 589.7

B = 18,968 -9 g

I;gIB‘G '

Let B = 10’ for F, = 1.2.
Solve Equation 115 such that overturning criteria are met

Be - N c = mo1 PN

5 =0.5 ‘ (from lable 5)
B, = 3 Xy (adapted from eq 116)

3 Xy 0.5

B - .
0.5B 1
X = —3— =% B
My = WXy - Wk Y, = 1,500 B (B - 4) (see ex 31)
M2 = l‘:'ipcm]. - Ustatic (Yust‘.) = Upoo]. (YUp) - Uinertia (Yui) - Ustatic (Yust)
My = -Uinertia (Yy;) = -589.7 (6.67) = -3,892

My = -Pp, (Ypn) = -8,778 (7.28") = -63,904
My = -For (Ygp) = -(9,600) (12.6”) = -120,960

Ms = -Up, (Xpp) = -(748.8 B) (0.5 B) = -374.4 B2



Example No.32 (Continued)

My« My + My + M, + My

Reference

Section: 8.2

Xy =
N N/
X 1,500 B (B -4) - 3,892 - 63,904 - 120,960 - 374.4 B2
N 7 751.7 B
X, 1,125.6 B2 - 6,000 B - 188,756
N 7,251.2 B
N’ B,
B 1/6 B 1,125.6B% -6,000 B | -188,756 CALC, Xy 5
2,251.2
B
207 3.333 450,240 -120,000 -188,756 45,024 3.14 0.471
20.5 3.417 473,033 -123,000 -188,756 46,150 3.50 0.512
B
Since [_f] =0.512 = EE = 0.500.
B actual B assumed
Therefore select B = 20.5 ft

Check F

b

Compute 9 ax

Qnax = 2/3 (46»150/35) = 8,791 1b/ft

Check F, for concrete

b

Assume for concrete:

Quie = 576,000 1b/ft

9t _ 576,000

(F,) concrete = = =65.5

g! EI

qm ax

Value for F, for concrete is adequate.

Check Fpy for rock

Calculations omitted.
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APPENDIX A: COMPUTATION OF THE DYNAMIC ACTIVE AND PASSIVE EARTH PRESSURE
FORCES FOR PARTIALLY SUBMERGED BACKFILLS USING THE WEDGE
METHOD

This appendix describes the derivation of the dynamic active an

d
earth pressure forces for partially submerged backfllls using the wedge
method. The effect of earthquakes is incorporated through the use of a
constant horizontal acceleration,

a, = ky'g, and a constant vertical
acceleration, a, =

k, g, acting on the soil mass comprising the active wedge

(or passive wedge) within the backfill, as shown in Figure A.1 (and
Figure A.3).

passive
passive

m—l P._

/TN
@ —1 1

a #  MOVEMENTS'

.A‘_-' ——————————

1
| H* Tane
top t
\\\ Wek,, Y static us;;r
kv N\ Y A+

+ A+

/

BE

X
1T

0

n®
8¢
5+ 0
7\
E 3
\7

// K\<>\>3°“¢'§ ubot ) TCoNPONENT /

; / .

wh?t N4, XD “ROUCED -
~— N NS | cowpoNeNnt

Ground u

* HYDROSTATIC WATER TABLE
or ;CONSTANT WITHIN SUBMERGED BACKFILL

Figure A.1 Dynamic active wedge analysis with excess pore water pressures
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The earth and water pressure forces acting on the wedge are derived for
the case of restrained water within the backfill and a hydrostatic water
table. Any increase in the pore water pressures above their steady state

u

sponse to the shear strains induced within the saturated portion
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A.2 Active Earth Pressures

Flgure A 1 represents a free body dlagram for the derlvatlon which

o e
r—
c

The three forces acting along the planar slip surface are represented by
an effective normal force N’, a shear force T and the pore water pressure

force. Assuming a cohesionless backfill and full mobilization of shear
resistance along the slip surface, the shear force may be computed utilizing
the Mohr-Coulomb failure criteria as

T = Nr tan ’ (A'2)

- it

The total pore water pressures acting along the submerged faces of the soil
wedge are described in terms of the steady state pore water pressure component
and the excess pore water pressure component attributed to earthquake shaking.

A.2.1 Calculation of Water Pressure Forces for a Hydrostatic Water Table

T

A v e rres dmomme e ae oy m g ne -~ ol PRSP IR PR S LTINS e A \ 3 =
i1l1€ pule watel plLessSulre di Lie g,Luu 14 waterl Ldbilie \rj_guu:: A ) 1S
top (4-3)
u static 0

For a hydrostatic water table the pore water pressure distribution is linear
with depth, and at the bottom of the wedge is computed as

bot

Ustatic = Tw Hw (A-A)
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A.2.2 Static Water Pressure Forces Acting on the Wedge

The static pore pressure distribution immediately behind the wall is
triangular and the resultant force may be calculated as

-1y g2 (A-5)

u .
~ static 2 I w **wW

The static pore pressure force acting along the planar slip surface is also
triangular and the resultant force may be computed as

- _1 b2 1 (A-6)
Ustatic-a = Wi Tw fly Sino

A.2.3 Excess Pore Water Pressures Due to Earthquake Shaking with Constant r,
Excess pore water pressures due to earthquake shaking are computed
et am AL e a2 T 4 n o e Aa il ad e oot ioae LD With r
daSSuUlllily Llle restrdilined wdier cdse as uesclrlpeud 1l sSetuluil %004 With iy
constant throughout the submerged portion of the backfill the pressure
distribution is linear The excess pore water pressure at the ground water
table is computed as
top  _ TERTEN (A-7)
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The total pore water pressures are equal to the sum of the hydrostatic pore
water pressures plus the excess pore water pressures.
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ant excess pore water pressure force of a trapezoidal pressure
dlstrlbu ion acting normal to the back of the wall is equal to
U 1[ top , bot | (A-9)
shear 7 [ U shear U shear J Hw

The resultant excess pore water pressure force of the trapezoidal pressure
distribution acting normal to the planar slip surface is equal to

U _ 1 u bop +ub0t Hw 1 (A-IO}

shear-a ‘2‘ l shear shear J m

A.2.5 Equilibrium of Vertical Forces

Equilibrium of vertical forces

acting on the Figure A.1l soil wedge
results in the relationship

-Psind +W(1l-k,) -Tsina - N cosa

4

_(U

\ ~

U (A-11)
static-a ¥ Ushear-a )Cosa =0

Introducing Equation A-2 into A-11 results in

- Psind +W(1-k,) - N tang’sina

/e - \ (A _192)
- N cosa - ( Ustatic-a * Ushoar-a )Cosa =U N ReS

and solving for the normal effective force, N’ , becomes

;_ _p siné (1-k)

tand’ sina + cosa tang’ sina + cosa
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static-a + Ushear—a ) 3 3 (A'J.j)
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A.2.6 Equilibrium of Forces in the Horizonal Direction

j AP I R S 4 b} ~ L. i . o ~ - -
Equilibrium of horizontal forces acting on the rigure A.l soll wedge
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Figure A.2), Equation A-14 simplifies to
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Combining the N’ terms results in
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and simplifying becomes

- N ( - tan¢’ cosa + sina ) = + Psindtan( a - ¢’ )

-W(1l-k )tan(a -¢" )

+ ( Ustatic—a + Ushear—a )cosatan( @ - ¢, ) (A-17)
Substituting Equation A-17 into A-16 gives
Pcos§ + Psinftan( a - ¢* )
-W(1l-k,)tan( a - ¢ )
T 1 PR, s tr N L8] - N ( -18)
T \ VYstatic-a Yshear-o / COSQ@LANl @ = ¢ ) = WKy = U Ve
Combining terms results in
P [ cosé + sindtan( a - ¢’ )]=
Wi (1-k )tan(a~-¢" ) +k, ]
( U L + 17 . Yenentanl A~ - A7 ) (A'lg)
\ static-a ~shear-q /Yooy w ¥ /

0>
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Solving for the resultant force P which acts at angle §
MNRIQTANTT _ /NNCTANT (A'ZO)
P UUINO L AIN LAl LUINO 1L AIN LAZ

wnere
CONSTANT,, = W [( 1 -k, )tan( a - ¢~ ) + kh]

and

CONSTANT,, = (U Y cosatan( a - 4’ )

“““““““ \Ystatic-a Yshear-a/ “ Y2 AN ¥ /
The dynamic active earth pressure force P,y is equal to the maximum value of P
for the trial wedges analyzed and a, = a for this critical wedge, as discussed
in Section 3.4 and shown in Figure 3.10.

A.2.7 Surcharge Loading

The presence of an additional mass located on top of the backfill during
rthquake shaking can increase the magnitude of the dynamic active earth

pressures acting on the wall. The effects of an additional surcharge mass

idealized in Figure A.3, or a surcharge loading idealized in Figure A.4, may

be incorporated within the dynamic active wedge analysis of Section A.2.6 by

expanding Equation A-20. For each slip surface analyzed, that portion of the
S

surcharge loading contained within the wedge is included within the equations
of equilibrium of forces acting on the wedge. When the surcharge is
represented as a uniform pressure distribution q,, that portion of the

surcharge loading contained above the wedge is replaced by an equlvalent force

Ws acting at its center of mass. The uniformly distributed surcnarge pressure
) chaum imn Bigiivrae A /i 3o waemdlansad hee &b o2 o1 s £ o per £ _a _ £ ___171\
Ms 2HUWLL Ll LilpulT A% 1S5 Leplaced vy Lile egulivdlellt 101cCe PE LOOL OL We L)
= 21,
W, = q¢ 1, (A-21)
where
1, =1 = ((H/tana) - x) for 14 > 1 (refer to Figure A-4),
ntharerdi an
VLlLITLWwWLOCO
1 =1
1, 14
The variable 1, represents the effective length of the surcharge load.
Equation A-20 becomes
p . CONSTANT,; + CONSTANT,s, - CONSTANT,, (A-22)

>
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Figure A.3 Dynamic active wedge analysis including a surcharge
loading

where

CONSTANT,g; =W [ (1 -k, Jtan( a - ¢’ ) +k, |

and CONSTANT,; and CONSTANT,, are computed as in Section A.2.6 for
Equation A-20.

For surcharge loadings of finite length, a wide range of slip surfaces
must be investigated to ensure that the maximum value for P is calculated and
equal to P,g, corresponding to the critical slip surface a,z as shown in
Figures A.3 and A.4.

A.2.8 Static Active Wedge Analysis

In the case of a static wedge analysis with k, = ky; = Ugear-o = 0,
Equation A-20 simplifies to

P = [ W- Ustatic—acosa ]tan( a - ¢ ) (A-23)
cosé + sindétan( a - ¢~ )

with a restricted to values of a > ¢, since P > O.
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Figure A.4 Dynamic active wedge analysis including a surcharge

i 4 sulciidl

loading
n L s NP | ~ R N - - - - - = =
Fp = I anda ay = a ror the static critical wedge as well. For a
surcharge loading, Equation A-22 simplifies to

P = [w + ws - Ustatic—acosa ] tan( a - ¢’ ) (A-2[+)
cosd + sindtan( a - ¢~ )

where W; is computed using Equation A-21.

v rth Pressures

pete
@

A 2 P,
n.o d.bS

Figure A.5 represents a free body diagram that is used in the derivation
of the wedge procedure for computing the value of the dynamic passive earth

pressure force Ppz. The base of the wedge represents the trial planar slip
surface and is inclined at angle a to the horizontal. The top of the wedge 1is
defined by a horizontal ground surface, and the vertical face is located along
the interface between the backfill and the retaining wall.

The weight of the wedge acts at the center of mass and is computed using
Equation A-1. The three forces acting along the planar slip surface are the
normal force N’, the shear force T, and the pore water pressure force The
shear force T shown in Figure A.3 for the Da331ve case acts opp 1

0
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A.3.1 Calculation of Water Pressure Forces for a Hydrostatic Water Table

The total water pressure forces are equal to the sum of the steady state
water pressures plus the excess water pressures due to earthquake snal-clng
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A.3.2 Equilibrium of Vertical Forces

Equilibrium of vertical forces acting on Figure A.3 wedge results in the
relationship

Psind +W(1-k, ) +Tsina - N cosa

/ wv v \ ~ 7/ A - N C N
- ( Ustatic—a + Ushear—m ) cosa =0 (A=e2)
Introducing Equation A-2 into A-25 results in
P sins + W1 - k, ) + N’ tang’ sina

- N’ cosa - ( Ustatic-a * Ushear-o JCOSa = 0 (A-26)

and solving for the normal effective force becomes

N’ =P siné . + W ( 1- K’ )
- tang’ sina + cosa - tang’ sina + cosa
cosa )

- ( Ust.at.ic»oz + Ushear—a ) ,LU::' (A 27)

A.3.3 Equilibrium of Forces in the Horizonal Directicn

Equilibrium of horizontal forces acting on Figure A.5 soil wedge results
in the relationship

- N’ gi -1 1 \eing

PCOS5 N sSilno \ Ystatic-o + Vshear-o }eluu
- - A-28
Tcosa + Wk‘h + ( Ustatic + Us,hea,: ) =0 ( )

Substituting Equation A-2 into A-28 and with the horizontal components of the
water pressure forces of equal magnitude and opposite direction (refer to
Figure A.2), Equation A-28 simplifies to

Pcosé - N’ sina - N’ tang’ cosa + Wk, = 0 (A-29)

combining the N’ terms results in

—~
o
1

w
()
~—

Pcosé - N’ ( sina + tang’ cosa ) + Wk, = 0



Multiplying Equation A-27 (for N’) by [ - ( sina + tang’ cosa ) |
and simplifying becomes

- N ( tan¢’ cosa + sina ) = - Psinétan( a + ¢’ )

/
T \ Ystatic-a 7 Y

o, PURPUR. SRR S ™ _ o oa 2 A 21 - a A an : -
oubstltullng rLquation A-31 1nto A-J3U gives

Pcos§ - Psindtan( a + ¢’ )

“W( 1 -k Ytan{ o + 4" )
Wy 4 By J vany & & 7
+ ( Ugpatic-g * Ushear— ) COSatan( a + ¢’ ) + Wk, =0 (A-32)
Combining terms result in
DI mrcf o cinmfltanl/ ~ + A7 Y11=
£ | Coso Ssinotan{ a + ¢ =

W[(1l-k )tan(a+¢" ) -k, ]

noj

—(U +U cosatan(a+¢’)

static-a shear-a )

Solving for the resultant force P which acts at angle §

CONSTANT,, - CONSTANT,, (A
cosé - sindtan( a + ¢’ )

where

CONSTANTp, = (Ugparic-a * Ushearo) cOSatan (o + ¢ )

The dynamic passive earth pressure force Ppz is equal to the minimum value of
P for the trial wedges analyzed and ap = a for this critical wedge.

All



A.3.4 Surcharge Loading

The presence of an additional mass located on top of the backfill during

earthquake shaking can decrease the magnitude of the dynamic passive earth
pressures acting on the wall. The effects of an additional surcharge mass
idealized in Figure A.6, or a surcharge loading idealyzed in Figure A.7, may
be incorporated within the dynamic passive wedge analysis of Section A.3.3 by
expanding Equation A-34 For each slip surface analized, that portion of the
P
!
H -
- tan
N - x . | —
T ol I
: I W.\‘ ‘I‘('v
n Q.-0 .- . L IR
v et (90°-a) ] K 1
| —
, 5
Wt w7~
Ry / /
1 , vl
// pd Y
T - Y s/ / —
r———— Wk, / / —
P~y 7
\5{ l W ///\\
\; 1 N
,// s \\ \\ Ustoar - a
U —_——— /
statlc - )//T \ Ustatic - a
Ustear - o a, \
/4 \.
N N
a, = kyg /‘ N
-i*| /
R I
Al‘ﬂCl‘lggNA?'nnnn *a, = k.-g
ALLELERATION l M v
1

surcharge loading contained within

ing containe e i
of equilibrium of forces acting on the wedge. When the surc
represented as a uniform pressure dlstrlbutlon qs, that por tlon of the

surcharge loading contained above the wedge is replaced by an equivalent force
Ws acting at its center of mass. The uniformly distributed surcharge pressure

qs shown in Figure A.7 is replaced by the equivalent force (per foot of wall)

Ws, computed using Equation A-21 in Section A.2.7. Figure A.7 surcharge
pressure q; is equivalent to Figure A.6 case of a surcharge of weight Wy, and
Equation A-34 becomes

p . CONSTANT, + CONSTANTyg, - CONSTANT,, (A-35)
cosé - sindtan( a + ¢ )

—
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Figure A.7 Dynamic passive wedge analysis including a surcharge load

CONSTANTpg; =Ws[ (1 -k, )tan( @ + ¢’ ) -k, |

and CONSTANTp; and CONSTANTp, are computed as in Section A.3.3 for Equation
A-34.

For surcharge loads of finite length, a wide range of slip surfaces must
be investigated to ensure that the minimum value for P is calculated and equal
+a D__ carraenanding o the avitisral olin cnivrfFace o ae chaown in Fiourec A 6
o J.PE’ \-ULLCDHUlluLllE o wlilice L Lical DL.LP SuUuLiLacc uPE ao SLIUWILL L L1 s J.E,\.LL = o LA .V
and A.7.

A.3.5 Static Passive Wedge Analysis

Note that for static problems with k, = ky = Ugpear-« = O Equation A-34
simplifies to

[W-U

static-oCOSX ] tan( a + ¢" ) (A—36)

D = 3
N cos$ - sinftan (a + ¢" )

.
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with a restricted to values of ¢ > 0 and § < ¢/2.

For a surcharge loading, Equation

Pp = P and ap = a for this critical wedge.
: simplifies to

- [W + W, - Ugiatic-aCOSC ] tan( a + ¢’ ) (A-37)
* cosé - sinétan ( a + ¢” )
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APPENDIX B: THE WESTERGAARD PROCEDURE FOR COMPUTING HYDRODYNAMIC WATER
PRESSURES ALONG VERTICAL WALLS DURING EARTHQUAKES

This section describes the Westergaard procedure for computing the mag-
nitude of the hydrodynamic water pressures along rigid vertical walls during
earthquake shaking. The solution developed by Westergaard (1931) is for the
case of a semi-infinite long water reservoir retained by a concrete dam and
subjected to a horizontal earthquake motion. The fundamental period of the
concrete dam is assumed to be much smaller than the fundamental period of the
earthquake so that the acceleration for the massive structure is approximated
as the acceleration of the earthquake motion along the rigid base. This
allows the problem of a very stiff concrete dam to be simplified to the case
of a rigid vertical face moving at the same horizontal acceleration as the
base horizontal acceleration. Using the equations of elasticity of a solid to
describe the propagation of sounds in liquids (waves which propagate without
shear distortions) and with the water considered to be compressible, a solu-
tion to the equation of motion of the water was developed for a harmonic
motion applied along the base of the reservoir. This solution ignores the
effects of surface waves and is valid only when the period of the harmonic
eXcitation is greater than the fundamental natural period of the reservoir
(Chopra 1967). The fundamental period for the reservoir, T,, 1s equal to

S (B-1)
" C
where the velocity of sound in water, C, 1is given by
c= /K (B-2)
p

and the mass density of water, p, is given by

Yo (B-3)
g

p:

With the bulk modulus of elasticity of water, K, equal to 4.32 X 107 1b per
ft?, the unit weight for water, 7,, equal to 62.4 1lb per ft® and the accelera-
tion due to gravity, g, equal to 32.17 ft per sec?, C is equal to 4,720 ft per
sec. For example, with a depth of pool of water, H,, equal to 25 ft, T, is
equal to 0.02 seconds (47 Hz) by Equation B-1.

The resulting relationship for hydrodynamic pressure on the face of the
dam is a function of the horizontal seismic coefficient, k,, the depth of
water, Y,, the total depth of the pool of water, H,, the fundamental period of
the earthquake, and the compressibility of the water, K. The hydrodynamic
pressure is opposite in phase to the base acceleration and for positive base
accelerations the hydrodynamic pressure is a tensile. Westergaard proposed
the following approximate solution for the hydrodynamic water pressure distri-
bution: a parabolic dynamic pressure distribution, p,g, described by the
relationship

Bl
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Pud = 7 K Voullpe (B-4)

The resultant dynamic water pressure fo
P = 7 2 (B-5)
wd 7 K*\'Yw Hp
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Figure B.1 Hydrostatic and Westergaard hydrodynamic water pressures
acting along vertical wall during earthquakes

B.1 The Westergaard Added Mass Procedure

er requires that the nyaroaynamlc effects be accounted for durlng
ysis This requires that th

¥/ Y e
orated within the 1deallzed model for the pr

analyses do not include a fluid element in their catalog of elements The
Westergaard added mass procedure is one method that is used to incorporate the
hydrodynamic effects in the analysis for computer codes without a fluid ele-

ment formulation With the hydrodynamic water pressure on the vertical face
£
L

ture opposite in phase to the ground acceleration, these
eq‘ Ve
m 1
face of the structure. Fo
the pool, this additional mass of water is enveloped within the parabollc
pressure distribution given by Equation B-4 and the front of the wall. This
procedure is applicable when the period of harmonic excitation (i.e. the
eartnquaKe) is greater than the fundamental natural period of the reservoir

(Chopra 1967), which is the case for shallow pools.
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APPENDIX C: DESIGN EXAMPLE FOR AN ANCHORED SHEET PILE WALL

The calculations involved in the design of Figure C.1 anchored sheet
pile wall and its anchorage is described in this appendix for both static and

seismic loadings using the procedures described in Chapter 7. Assume ky =
0.2, k, = 0.1 and no excess pore water pressures are generated during earth-
quake shaking (ry = 0). The results of the computations shown are rounded for
ease of checking calculations and not to the appropriate number of significant
figures
[—SHEET PILE WALL
H-: ! 7
- ’
— TIiE ROD e <
. Y
_w \ Hp =3 v
= ] =
\— ANCHOR BLOCK
Hpog = 20°
DENSE SAND
Y, = 120 pcf
t v DREDGE LEVEL
¢'=- 35 degrees S
fy= O D-?
_

Figure C.1 Anchored sheet pile wall design
problem

Section C.1 describes the design of anchored sheet pile wall for static
loading and Section C.2 the design for earthquake loading.
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This section describes the design of Figure C.1 anchored sheet pile wall
for static loads using the free earth support method of analysis.

C.1.1 Active Earth Pressures Coefficients K,

Factor of Safety on shear strength = 1.0
Assume § =.$,
2
§ =17.5 degrees

@]
Pt



By Equation 16, K, = 0.246
Say Ky = 0.25

= 0.24

(=5}

Ky cos

C.1.2 "Factored" Passive Earth Pressure Coefficient Kp

Factor of Safety on shear strength = 1.5

tan ¢, = tan 35
' 1.5
¢; = 25 degrees
By Equation 96 with 6§ = ¢/2 and § = 17.5°,
tans tan(17.5)
L.5
5, =11.9

Using the Log-spiral solutions in Figure 3.11 for K, with

§/¢ = -0.5, R, = 0.808

K, (6/¢ = -1.0,¢4 =25 degrees) = 4.4

(6/6 = -0.5) =0.808 « 4.4 =3 56
Ky Lo/¢ 0.5) =0.80 ya .
K, coséy = 3.56 +cosl2® = 3.48
C.1.3 Depth of Penetration
Table G.1 summarizes the horizontal force components acting on Fi
C.2 sheet pile wall and are expressed in terms of the generalized dimen
Hry, Hrz, Hpeop, and D.  The horizontal forc components and their moment

the elevation of the tie rod are summarlzed in Tables C.2 and C.3. The
and moments are expressed in terms of the unknown depth of penetration,

C2
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Table C.2 Moments About Tie

Rod Due to Active

Earth Pressures

Distance Moment About
Horizontal Horizontal to Tie Rod
Force Force Tie Rod -CCW Moment +’ve-
Designation (1b per ft wall) (ft) (ft-1b per ft wall)
B} 1 4LL0D -0 1 LTS
i 41, v yU V., JJI 7/ J
E, 5,760 13 74,880
E; 2,765 16.33 45,149
E, 564 .5D 23 4 1 D 12,983.5 D + 282.3 D?
2
Es 6.91 (D)2 23 4 2 D 159.0 D% + 4.6 D®
3
=4 6 D3 + 441 3 D2 + 12 983 5 D +
Active . s LIPS
119,554
Table C.3 Moments About Tie Rod Due to Passive Earth Pressures
T
Distance Moment About
Horizontal Horizontal to Tie Rod
Force Force Tie Rod -CCW Moment +’ ve-
Designation (1b per ft wall) (ft) (ft-1b per ft wall)
Poor 100.2 (D)2 fa 2 o -66.8 D3 - 2 304 6 D2
105 723 + co.08 U L,2V5 .0 U
3
Vs o o -3 ~ EYaY) - 72
Mpassive = -66.8 D° - 2,304.6 D*
Equilibrium of moments about the elevation of the tie rod
(CCW moment +’ve) requires
ZIMt.ita rod = 0
0= IVIAct,:’Lve + MPassive
0= -62 2 N3 _ 1 862 2 N2 L 19 Q2 & N . 11Q 5&/
v L. L L i ,0V0 .0 U ny 44,2700 .0 UV T 117 24
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From the calculations summarized in Table C.4, D = 10.02 ftr for calculation
purposes (D = 10 ft for construction).
Table C.4 Calculation of the Depth of Penetration
Trial D Moment Imbalance
(ft) (ft-1b per ft wall) Comment
9 40,134 shallow
10 859 shallow
10.1 -3,473 deep
10.02 -1 exact
C.1.4 Tie Rod Force Tggg
PRS- SR | P ol PURSUURSNE I B SR I VAR o - “ . I - al RN
Horizontal force equilibrium {(refer to Figure C.2)
Z—h = O
El + EZ + Ea + El‘ + E5 PTOE - TFES = O
From the calculations summarized in Table C.5,
14 21 ¢ 1N NN n
19,0123 - 1U,UBU - 1pgg = U
TFES = 6,255 1b per ft of wall
B r
Table C.5 Horizontal Force Components for D = 10 Feet
Horizontal Horizontal
Force Force
Designation (1b per ft wall)
E, 1,440
E, 5,760
E N 97c
E; 2,765
_ Ey 5,656
o 07
Ls o4
Prog 10,060

(@)
wn




C.1.5 Maximum Moment Mggg

The maximum value of moment, Mpgg, occurs at the elevation of zero shear
within the sheet pile. First, determine the elevation of zero shear and then
compute the moment internal to the sheet pile by computing the moments of the
earth pressures and water pressures about the elevation of the tie rod (refer

to Step 8 discussion in Section 7.4.1) This usually occurs at an elevation
above the dredge level By modifying the relationships given in Table C.1,
the equilibrium of horizontal forces at a depth, y, below the water table is
eXpressed as
E; + Eax + Egx - Tpps = 0
- ~ Ao - ~ e~ 2 - ~ = - ~
1,440 + Zoo-y + 6.912 -y - 6,255 =0
6§ 912.v2 1+ 288y - 4 815 = 0
V. /44 T Louu ""UJ_J v
1288y + J(988Y2 _ 4 (6 Q19Y (4215
2(6.912)
y =12.79 ft below the water table
From the calculations summarized in Table C.6, the maximum moment internal to
the sheet pile at y = 12.79 ft belcow the water table is equal to Mg = 47,165
ft-1b per ft of wall.

Table C.6 Moment Internal to the Sheet Pile at y = 12.79 Feet Below the Water
Table and About the Elevation of the Tie Rod

Horizontal Horizontal Lever
Force Force Arm Moment

Designation (1b per ft wall) (ft) (ft-1b per ft wall)

E, 1,440 -0.33 -475

- - 55 © 1 ~ g

Eox 3,683.5 3+ 1 (12.79) 34,607 |

ng 1,130.7 3 4 2_ (1279) 13,033

3\ )

MFES = 47,165 ft - 1b per ft wall

Q
(o)



Refined Procedure for Computing Mpgs:

The computed value for maximum moment Mpps equal to 47,165 ft-1b per ft
of wall is greater than would be obtained using the US Army Corps of Engineers
(Corps) design procedure for static loading, as described in the U.S. Army
Engineers Manual EM 1110-2-2504 (Headquarters, Department of the Army 1992).
The Corps design procedure is a refinement to the procedure described in this
section with the value for the maximum moment Mpgs computed using a depth of
penetration with FSp in Equations 95 and 96 set equal to unity. The Corps
procedure avoids compounding factors of safety in the selection of the sheet
pile section. The value specified for depth of penetration for sheet pile
wall construction would be unchanged, equal to 10 ft in this example
(Section C.1.4).

Section C.1.6 Design Moment Myggign

The design moment, Myegizn, is obtained through application of Rowe's
moment reduction procedure that is outlined in Figure 7.2.

H = HTI + HTZ + HpOOl + D
H=7+ 3+ 20 + 10. = 40 ft (480.24 in.)

E = 30 x 10° psi
4
Flexibility number, p = %T

where
I = moment of inertia per ft of wall
o (480.24 in.)*
(30 x 10% psi).I
_1,773.0
S

The values of Myesig, are given in Table C.7 for four sheet pile
sections.

Table C.7 Design Moment for Sheet Pile Wall in Dense Sand

I P Mde51gn
Section (in.* per ft (in.?/1b per rq (ft-1b per
Designation of wall) ft of wall) (Figure 7.2) ft of wall)
PZ22 84,4 21.0 0.45 21,224
PZ27 184.2 9.62 0.68 32,072
PZ35 361.2 4.91 1.0 47,165
PZ40 490.8 3.61 1.0 47,165

c7




where Myggion = Ty *Mpes (by eq 100)
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ection of the Sheet Pile Section

Jallowable = 0.65- Oyield

for ASTM A328 steel sheet piling,

The allowable bending moment (Table C.8), M,jjowaple, iS given by

Mallowable = S * Oallowable Pe€r ft run of wall

%]
[

section modulus (in.® per ft run of wall)

Table C.8 Allowable Bending Moment for Four ASTM A328 Grade Sheet Pile
Sections (aallowable = 0.65 - oyield)

Section M.i:
a

llowable

S
Designation (in.3 per ft of wall) (ft-kips per ft run of wall)

o
N
N
N
'—l
(e¢]
'_l
w

8

PzZ27 30.2 64

y
NI
w
w
4_\.
o]
w
-
]
N

d
N
~
o
(o))
o
~
Pt
N
o]

Comparison of the design moment values (Mgesign in Table C.7) to the
allowable bending moments (M.jjowable in Table C.8) indicates that all four pile
sections would be adequate. The lightest section, PZ22, would be selected for

13

is design based upon static loading. Corrosion must also be addressed dur-
ing the couvrcse of +he chocat 13la wall Aacion ARAAT+3 A1 145 +}hn Aaflection of
4ily, Llle LUuUulSsSEeE UL Le sSheel plile wdll Jdeslpll. AudlLLlOldlIlLY, tne deriecclion oL
the anchored sheet nile wall would be checked (Dawking 1991)
the anchored sheet pile wall would be checked (Dawkins 1991).

C.1.8 Design Tie Rod
Tdesign = 1.3 Trgs
Trgs = 6,255 1b per ft of wall (from Section C.1.4)

T. _.
+design

C8



Assume

(a) 6 ft spacing of anchors

(HY 2 ONN

\UJ)  Uyijeld 36,000 psi

Oa11owable = 0.4 0Oyiara (40 % of vield)

airilWwaoie YieliQ N J /
Minimum area of rod 6 ft « 8,132 1b per ft of ~wall

SRR are B 0% +36,000 ps

Gross Area = 3.39 in 2

3

f 4 + Area _

[}
P
3
(]
o
oo
e
a
a

C.1.9 Design Anchorage

Tule-a = 2.5 *Tpgs (by eq 102)
wit
with
Tres = 6,255 1b per ft of wall (from Section C.1.4)
Tuit-a = 15,638 1b per ft of wall
Nataila v»oagarding +h o AA..:...A ~AF Al s o ~ ~ers AAd 3 miimAaraIio af
vcialils 1Tcrpallul 16 Lilce uﬂblsl U1l dlil bllULd&U are PLUVJ. U LIl lluierou LciL -
erences including Dismuke (1991) and the USS Steel Sheet Piling Design Manual
(1969). 1If the overall height of the anchor, h,, is not less than about 0.6
times the depth from the ground surface to the bottom of anchorage, designated
d, in Figure C.3, the anchor behaves as if it extended to the ground surface
h, > 0.6 -d,
ML £..717 I B Vg L3 Y ol r . . ~ h 3 k4 r 1 1
The full angle of interface friction, 6, used in computing Ky can only be
mahilized if the anchory hae cauffFiciant deasd waich+ ov irn gcerneral g
myuuwilridicu 11 LT alltliivl 1lldd DUl L it lelll Ubtdau woeilxplit Ul , Lt écllCLd.L, 1o
restrained against upward movement (Dismuke 1991) For a slender anchor the
ultimate capacity for a continuous anchor is required to satisfy the
expression
Tult a = PP - PA
with § = 0 degrees (refer to Figure C.3)

Cc9



/— ANCHOR PLATE
GROUND SURFACE /

X d if PAANG
1 oty
~"_Ewr‘\’ csSea, 5\ KpcosBeT,
A Yy Uy
i 4] LA“I’
a =Iu o NY
a h

<
e
||l‘< ‘

Figure C.3 Horizontal active and passive
earth pressure components acting on a
continuous slender anchor

For anchorage above the water table

i

Tult—a S' 72"Yt, (ha)z ° (KP - KA)

For ¢' = 35 degrees and § = O degrees,
K, = 3.69 (by eq 11)
K, =0.27 (by eq 5)

Tyre.a < ,13 «120 pef (107 )% +(3.69 - 0.27)

15,638 1b per ft of wall < 20,520 1b per ft run of continuous anchor

h, = 0.6 - 10’

c £
haZuLt.

Because the value of T, , is significantly less t

continuous wall, a series of separate anchorages would

3 e
to the procedures described in the USS Steel Sheet Piling Design manual,
1969) .

(@}
—
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the anchorage must be located such that the potential

To be effective,
active failure zone behind the sheet pile wall and the potential passive
i . Design criteria

failure zone in front of the anchorage does not intersect
The use of the estimated

for deadman anchorage is shown in Figure C.4

point of zero moment in the wall ( at = ; D ) accounts for the increased
1.5 used in the calculation of

depth of penetration due to the use of FSp

depth
the passive earth pressure force provided by the soil below the dredge level

(Dun&an 1985) .

AN y My
avcror [ AN b =
BLOCK T2 "
ANCHOR BLOCK VAN DREDGE LEVEL
SHOULD BE SITED pY
BEYOND THIS UNE— / l
D
P |959QD |

ESTIMATED POINT OF
ZERO MOMENT ABOVE / ¥

THE BASE OF THE WALL

(o) Simplified procedur
N Hry
N ¢ 25, D v
“\ 3 —_
A
/ \ Hopool
ANCHOR BLOCK N DR
SHOULD BE SITED EDGE LEVEL
BEYOND THIS UNE - A
(45° ‘q)/Z)/ ‘ D
ESTIMATED POINT OF / B
ZERO MOMENT ABOVE }

THE BASE OF THE wAllL

LR .

(b)Y Simplified-p
| nd bl o =

From NAVFAC DM 7.2

Figure C.4 Design criteria for deadman anchorage
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C.2 Design of an Anchored Sheet Pile Wall for Seismic Loading

This section describes the calculations involved in the design of Fig-
ure C.1 anchored sheet pile wall for earthquake loading using the free earth
support method of analysis (13 steps) described in Section 7.4.1 with r, = O.

C.2.1 Static Design (Step 1)

The static loading design of Figure C.l anchored sheet pile wall is described
in Section C.1. The calculated depth of penetration D equals 10.02 ft
(Section C.1.3).

C.2.2 Horizontal Seismic Coefficient, k, (Step 2)

Ir =0 9
Ny v, <L

C.2.3 Vertical Seismic Coefficient, k, (Step 3)
k, = +0.1, 0 and -0.1

according to Section 1.4.3. This appendix contains details regarding the case
for k, = +0.1 only due to the length of the calculations involved.

C.2.4 Depth of Penetration (Steps &4 to 6)

The depth of penetration, D, equal to 10 ft was found not to be stable
under earthquake loading. The required minimum depth of penetration is best
determined by the trial and error procedure of first assuming a value for D
and checking if moment equilibrium of the earth and water pressure forces
about the elevation of the tie rod is satisfied (steps 4 through 6).
his iterative procedure results in a minimum require
tration equal to 20.24 ft. The calculations involved in Steps 4 through 6 are
summarized in the following paragraphs for the case of D set equal to
20.24 fc,

1+ T
w <

e
1

Cl2



Unit Weight for the Partially Submerged Backfill

+n
(S0

1 o11ra
LEyuLc

A
4.1

) [ N
Ye = {—};—1}& <7t - 7w> + }} - {—1;—1}&} 7
with D = 20.24 ft
hy, = 40.24 ft
h = 50.24 ft
e ~ 2 [- rs ~ 7
[40.24 I - [40.24]7
6 = (120 pcf - 62.4 pef) + [1 - 120
°150.24) ) N B | (50.24 ] |
Yo = 79.97 pcf
Egquivalent Horizontal Seismic Coefficient 1r for the backfill
u\iv\lvu.‘.vl.i\— AiViL AL dviiLa.an (A Sy ) § I8 S OO vuUTLLLC L ) l\hel,
For the restrained water case with r, = 0
. e . . e o
Kpeyr = ;f -k, (adapted ftrom eq 4/)
Koy = =220 Pt 9 2 - 0.3001
Hed 79.97 pect
Seismic Inertia Angle, wel’ for the Backfill
[ k; ] (adapted from eq 48)
Y., = tan’? h_lfﬁ_l < P
vl
IO 3001
d’el = l
(1 -0.1]
Yo = 18.44°
Dynamic Active Earth Pressure, P o
with ¢* = 35°*%, § = ¢/2 = 17.5°% and ¥, = 18.44°, Ky = 0.512 (by eq 36)
* Strength parameters to be assigned in accordance with the criteria in

Section 2.3.
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H2 (adapted from eq 33)

~
>
!
[
(@]
w

12 - % [79.97 psf - (1 - 0.1)] (50.24" )2

P, = 46,506 1b per ft of wall
(Pap)x = Pag + cos§ = 44,354 1b per ft of wall

in

Horizontal Static Active Earth Pressure Component of P,
[2Y V)

With a hydrostatic water table and r, = 0, the horizontal static active

earth pressure force components of P,z are computed using the relationships in
Table C.1.

With ¢’ = 35° and 6§ = ¢/2 = 17.5°,

Ky = 0.246

~

N\
<
(1]
L
-
o
~

Ky - cos § = 0.235

Above the water table vy, = 120 pcf is used to calculate the effective

overburden pressure while below the water table 4 = vy, - vy, (= 57.6 pcf) is
used to calculate the effective overburden pressure with r, = 0. The result-
ing values for the five horizontal static force components E; through Es of P
are given in Table C.9 (forces shown in Figure C.2).

Table C.9. Five Horizontal Static Active Earth Pressure Force Components
of P, with D = 20.24 feet
Horizontal Force Horizontal Force Distance to Pile
Designation (1lb per ft wall) Tip (ft)
E, 1,410 43.57
E, 5,640 30.24
E, 2,707 26.91
E, 11,187 10.12
Es 2,772 6.75
(Pa)x = E; + E; + E3 + E, + Es
(Pp)y = 23,716 1b per ft of wall
v. - 1,410 - 43.57 + 5,640 - 30.24 + 2,707 - 26.91 + 11,187 - 10.12 + 2,772 - 6.75
A 23,716
Yps = 18.42 ft above the pile tip

Cla



Horlzontal Commonenr of the Incremental

X
(APpedx = (Papdx - (Pi)y (adapted from eq 40)
N aLns x N\ s \ /7 AN v 7/
(APgp)x = 44,354 - 23,716 = 20,638 1b per ft of wall
Ypapag = 0.6 - H = 0.6 - 50.24" = 30.14 ft above the pile tip.
Py .Y N
Yorr = Fadx YPA‘i(AFAE)x TapaE (adapted from eq 44)
o (Pap)x
v . 23,716 - 18.42 + 20,638 - 30.14
TpaE =
44 354
v = 27 Q7 £+ 1o Ll 27
.LPAE £L0.0/ LU dbove une pl.l.e Clp
Below Dredge Level
Equivalent Horizontal Seismic Coefficient, k hel’ Used in Front of Wall
e
Ay +hna vac+ratsna A cvatmir e Trd Al ae YaY
UL LT lJTollilallicu wdltl Cddse wililll Lu = v
: e - o
Kper = — * Ky (by eq 47)
o
_ 120 pef 9
Shed (120 pcf - 62.4 pch) o
Ky, = 0.4167
Seismic Inertia Angle, ¥ Used in Front of Wall
hd el’
r ]
b, = taq*J khﬂ=| (adapted from eq 48)
el ~ —
%]
- rO 41671
Yo = tant |14167
U

Yoy = 24.84°

"Factored” Strengths Used in Front of Wall

Ry eaquation 95 it e = 1 2 %
JJJ M\_iuulr‘.vll o 4 il LLIp L-L,
. 7 tan 35°
tang, = _1__2_
é. = 30.3°
Pt U .35

By equation 96 with § = ¢/2

CAn 3 £~ ~ -~
oee UL')LUbbLUIl 111 1LO0O0tLiloLte Lo
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"Factored" Dynamic Passive Earth Pressure Coefficient KPE

Method 1: Using the equivalent static formulation with K, by Log-Spiral
method (Section 4.4).

Re
I
o)
1
€
®
A
I
'
N
“:\
oo
L\

8 = 8 - Yoy = -24.84°

Ko (B* = -24.84, 6% = -24.84, ) 30.3, 6§ = -¢) = 3.56 and R = 0.746 from
Caquot and Kerisel (1948). For ¢ = 30.3° and § = -¢/2,

K, (B, 6", ¢, 6 = -¢/2) = 3.56 - 0.746
K. ((B 8% &4 & = -4/2Y = 2 66
P NN v s Vs v $/ Ly L .00
F oS00 (0 - ) (eq 63)
= e
PE cos 1 . cocl 4 d
cos ¥P,, cos® §
2 - (-
Fpg = 05 10 - (224.84)] _ 5 997
cos (24.84) cos? (0)
Kpp = K, (B*, 0%, ¢, 6§ = -¢/2) + Fpp (adapted from eq 62)
Kpg =2.66 - 0.907 = 2.41
1’4 Nneao £ = 9 /.1 ame= 12 hr AN A 19
Rpg COS 0y = £.41 Cos(ia.7/7) = £.255
--------------------------------- Reference-------occooo
Method 2 KFE bv Mononohbe-Qkahe
y onobe-0Okabe

with ¢’ = 30.3°, § = 14.7°, 4, = 24.84°, f = 0° and § = 0°

Kpg = 2.85 (by eq 60)

o
o

V__, cna S = 2 7&K
INPE LUS Uy — £.7V0

The value of Kpr by Mononobe-Okabe is 18 percent larger than the value
calculated using the log-spiral method. Use the values computed by the Log-

spiral method in the calculations that follow.

(@}
)
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"Factored" Horizontal Dynamic Passive Earth Pressure Force PP

PN 1 . . DN w9 fadamtad Fream om SO
(Fpg)x = Kpg * cOS 0y 7 vy « (L - K,) | D° \atap el Lioi =y 2oy

=2 13 L 0120 5ef - 67 4 5ef) - (1 - 0. 1)1 (20 24)2

L.35 _Z t\+4v pCL OZ.% pCiy 4 V.1, ] \LVv.L5)
(Pp), = 24,740 1b per ft of wall
NTERIX —_— r
Ypp = %, Dx = %, 20.24 = 6.75 ft above the pile tip.
Pool In Front of Wall

Hydrodynamic Water Pressure Force P4

/ 2 ' b B-5
Pwd = T kh7w( ool) ( Yy €4 -2)

’\2

AN, T <F s T AT~ WA
= -17 *U.L *0L.4 pCL (2 )

Pua = 2,912 1b per ft of wall

pwa = 0.4 + Hpoop = 8 ft above the dredge level.

Depth of Penetration

Equiilibrium of Moments About The Elevation of the Tie Rod
M = Y e« (H_+H - 3
2.tcow T \LaE/x ¢ \Opp * D1 1paE/

]
(o]
wn
\O

)(.
=<
it
W |

-+ D for illustration purposes only. See discussion in footnote to

O
|.—J
~



Ng
7
x

= 902,817 ft. - 1b per ft. of wall

DMy = _(PPE)X y (HTZ +Hyop +D - YPE)

’

+20" + 20,

[N

4 - 6.75)
3 Moy

Moment Imbalance = ZMqcy + SMqy

i}

1
O
(@)
N
~i
[ep}
w

ft-1b per ft of wall

= 54 ft-1b per ft of wall

+ wn

mall moment imbalance value so D = 20.24 ft for the case of ky = 0.2 and k, =
0 1
V. L

The two additional cases of k, = 0 and k. = -0.1

tional cases of k, nd k, 1l a

Table C.10. The required minimum depth of penetration is equal to 20.24 ft
(20.5 ft for construction).

Table C.10 Summary of Depth of Penetration Calculations

D D
Case ky, k, (ft) =
’ Dstatic
Static 0 0 10.02 1.0
Dynamic 0.2 -0.1 14.88 1.5
Dynamic 0.2 0 17.1 1.7
Dynamic 0.2 +0.1 20.24 2.0

Horizontal force equilibrium for the case of D = 20.24 ft with ky, = 0.2 and k,
= +0.1,
th':O
results in
= - adapted from eq 99
Tres = (Pag)x * Pua = (Ppp)y (adap q 99)
for a hydrostatic water table with r, = 0.

TFES = 44,354 + 2,912 - 24,740

Tpgs = 22,526 1b per ft of wall.

two additional cases of k, = 0 and k, = -0.1 are summarized in
1. The anchorage is designed using Tpgs = 22,526 1b per ft of wall.

@)
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Table C.11 Tie Rod Force Tgg

™ m m l
D LFES Lres '
MNacan 1, 1, £+ Th oy fF+ —_—
vaosc l\.h [\,v \LL,} L VCL PO T
Of wall ( FES)Static l
Static 0] 0 10.02 6,255 1
Dvnamic 0.2 -0.1 14 .88 20,819 3.3
Dynamic 0.2 0 17.1 21,368 3.4
Dynamic 0.2 +0.1 20.24 22,526 3.6
C.2.6 Maximum Moment Mpgg (Step 8)

The maximum value of moment internal to the sheet pile wall, Mpgs,
occurs at the elevation of zero shear within the sheet pile. First determine
+ha alatwrat+dac ~AF cmern chanes mend =l nen e +hhn mAamar AF aavrh aAanAd ot ar
LIIT TiT vatltiuvll UL LT LU Dlical alllua Lliiell LUHlPULC Ll lllUlllCLlL— (o318 TCaL il ailluw wacltci
pressure forces about the tie rod (refer to Figure 7.10)

Above the dredge level, at elevation y below the hydrostatic water table

(Pag)x + Pua - Tpgs = O
with
(Pagdx = (Pa)x + (APpp)y

(Pa)x above the dredge level (refer to Figure C.2)

(PA)x =E + E

(Pa)x = 1,610 + 282 y + 6.768 y,

AL/ X

distribution is given in Figure C.5 (adapted from Figure 7.9).

With (AP,z), equal to 20,638 1b per ft of wall, the equivalent stress

(BBgp)y = = + (Oyep + 0,) = (107 + )

APpr = -4.9035 y2 + 559.215 y + 6,082.5

Ft
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GROUND SURFACE
PN\

AP _ =20,
GE 20,638 b

0.6 H = 30.14 \\—_>
\——
on c TTD \
riLc hr \
O pot
/ AP\
O, 16| —£ ) - 6573 psf
F \ H /
//.\.P \
Opoi = OA.(\ HAE ) = 164.3 psf

[l

Q L*

Ty = 559.2 - 9.807 *y

Pwd = ‘1—,7 ¢ kh7w (y)z

P, = 7.28 vy?
wa J
Trgs = 22,526 1b per ft of wall
Above the dredge level
— P —_ N
(Padx + (APpg)x + Pug - Tpgs = O
becomes

9.1445 y2 + 841.215 y - 15,033.5

0

Distributions of horizontal stresses corresponding to AP.g

(adapted from eq B-5)

Yy =

-(841.215) +/(841.215)2 - 4(9.1445) (-15,033.5)

2 (9.1445)

y = 15.32 ft below the water table (above

9]
o




Table C.12 Moment of Forces Acting Above the Point y = 15.32 feet Below the
Water Table and About the Tie Rod

Horizontal Horizontal Lever Moment About
Force Force Arm Tie Rod
MNaciagnatsan /1 e £+ a1 1) { £+ -CCu 4+’ ve -
UCD.LélldL Ull \_LU PCL LU wWall) Ly Y v \A -
(ft-1b per ft
wall)
E, 1,410 -0.33 -465
Ejy 4,320 3+ 115 39) 46,051
ot "Z \ 4+~ el
E 1,588 7 2 1c a9 20,983
3x y 3+ 3 (15.32) ’
(APpg) & 13,499 4.68% 63,175
Pug 1,709 3+ 0.6 (15.32) 20,836
Mpgs = 150,580 ft-1b per ft wall
ot T b o I ~ [ e e 3z PENPNEE W U £ e < 1Cc 29 £+
* From Figure C.5 pressure distribution for y = 15.32 it
The maximum moment internal to the sheet pile at y = 15.32 ft below the water

e maxir mo
table is equal to Mpgg = 150,580 ft-1b per ft of wall.

The design moment, My.si,n, is obtained through application of Rowe's
(1952) moment reduction procedure that is outlined in Figure 7.2. The ability
of the system to develop flexure below the dredge level during earthquake
shaking must be carefully evaluated prior to application of Rowe's moment
reduction factor or any portion of the reduction factor (refer to the intro-
ductory discussion of Section 7.4).

H = Hp; + Hyp + Hpgey + D

H=7" +3 + 20" + 20.24" = 50.24 ft = (602.88 in.)

o an v 1n6 =2
L = 53U X 1V p 1
iy e H*
Flexibility number, p = =7
where
I = moment of inertia per ft of wall

©
0
|
i

The values of Myesign are given in Table C.13 for four sheet pile sections.
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Table C.13 Design Moment for Sheet Pile Wall in Dense Sand
I P Mdesign
Section (in.* per ft (in.%/1b per ry (ft-1b per
Designation of wall) ft of wall) (Figure 7.2) ft of wall)
PZ22 84 .4 52.2 0.38 57,220
pZ27 184 .2 23.9 0.46 69,267
PZ35 361.2 12.2 0.58 87,336
PZ40 490.8 9.0 0.74 111,429
where Mdesign = Ta - Mrgs (by eq 100)

In this design example, the maximum allowable stress within the sheet
pile for seismic loadings is restricted to

Jallowable — (1.33) -

0.65

for ASTM A328 steel sheet piling,

ineld = 39,000 pSi

Jallowable = 0.87

39,000 psi

ineld = 0.87

ine

34,000 psi

The allowable bending moment, M.jowable, 1S given by

where

S =

Mallowab le &

S * Oallowable Per ft run of wall

section modulus (in.? per ft run of wall)

1d

Comparison of the design moment values (Mgesipn in Table C.13) to the allowable
bending moments (M,)jowapie in Table C.14) indicates that the pile section would
be upgraded from PZ22 to PZ27 due to seismic considerations.
also be addressed during the course of sheet pile wall design.

Corrosion must

Table C.14.

Allowable Bending Moment for Four ASTM A328 Grade Sheet Pile

SECTIONS (0.310wapie = 0.87 Oyield)
S Ma11owable
Section Designation (in.? per ft of wall) (ft-kips per ft of wall)
PZ22 18.1 51.3
pPZ27 30.2 85.6
PZ35 48.5 137.4
PZ40 60.7 172.0

C22




For seismic loadings

Tdesign = 1.3 * Tpes

(by eq 101)

with Tpgs = 22,526 1b per ft of wall
L. 29 284 1h ner ft of wall
Tdesign 29,284 1b per ft of wall
Assume
(a) 6 ft spacing of tie rods
(b)  9yielq 36,000 psi
Tallowable = 0.6 Uyield
M3 o s f wq _ 6 ft, « 29,284 1b per ft of wall
LALiliuudll arLcca vl L w -
0.6 « 36,000 psi
Gross Area = 8.13 in.?
4eArea .
Minimum Diameter = [ = 3.22 inches

Table C.15 summarizes the required geometry of tie rod for the four load

cases.
Table C.15 Required Geometry of Tie Rod*
Tdesign Rod
D O a11owable (1b per ft of Area Diameter

Case Kn k, (ft) ‘;j;f;;_ wall) (in.%) (in.)
Static 0 0 10.02 0.4 8,132 3.30 2.08 |

Dynamic | 0.2 -0.1 14 .88 0.6 27,065 7.52 3.09

Dynamic | 0.2 0 17.1 0.6 27,778 7.72 3.13

Dynamic | 0.2 | +0.1 20.24 0.6 29,284 8.13 3.22

*Calculated for the case of

(a) 6 ft spacing of tie rods
(b) Oyiaig = 36,000 psi
\ 7 Yielda 1 r=+
(c) Tdesign =1.3 . TrEs

Q
MO
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Comparison of the minimum diameter of tie rod (Table C.15) required for seis-
mic loading to the diameter required for static loading indicates that for a
6 ft spacing, the diameter of the tie rods (0yie1qa = 36,000 psi) would be
upgraded from 2.08 in. to 3.22 in.

C.2.6

el
|w)

For seismic loadin

Tuit-a = Trgs (refer to discussion in step 11)

The dynamic forces acting on the continuous anchor wall are shown in
Figure C.6.

b\ Py I\NAF
(Pag-aly
Iy ) TN - + We kL
”a =(la=".3 ] a
(Faeadi™y (k)
M ———— = lult-a
| Y l ] (Pog-a),
__i_________ A W, v AN
i | (Fee-aly —
% Tooss™T— -
1.5 fN‘
1
tu,

Figure C.6 Seismic design problem for a
continuous anchor block

C.2.10 Size Anchor Wall (Step 12)

Assume that a continuous concrete wall is selected to be the anchorage
The "factored" dynamic earth pressures that develop in front of the anchor
wall provides nearly all of the lateral resistance to the pull force Ty j¢-a.
The anchor wall will be designed using é, and § tions n ue to

a%s v . i
the magnitude of Tu1t-a for seismic loading (equ c
value). The required depth and width of anchor wall is best determined by the
trial and error procedure of first assuming a value for d, and checking if

equilibrium of horizontal forces acting on the anchor (Equation 103) is

@]
N
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satisfied (step 12). Once the value of d, is determined, equilibrium of the
vertical forces acting on the anchor wall (Equation 104) will dictate the
minimum value of wall width b,. Refer to Section C.1.9 in this appendix for
additional discussion of anchorage design.

This iterative procedure results in a minimum required depth of
anchorage equal to 11.5 ft and a minimum width of anchor wall equal to 4.5 ft
The calculations involved in Step 12 are summarized in the following
paragraphs for d, = 11.5 ft and(t%)mul= 4.5 ft in Figure C.6

Dynamic Active Earth Pressure Force Ppp,

For the case of d, = 11.5 ft (the anchor submerged 1.5 ft below the
water table), the effective unit weight is equal to

Yo = 118.94 pcf
with h; = 1.5 ft and h = 11.5 ft in Figure 4.13.

The equivalent horizontal seismic coefficient ky,; is equal to 0.2018
(obtained by substituting vy, for v, in Equation 47). A value of ky. equal to

0.2 is used in the subsequent calculations.

For the case of ky,; = 0.2 and k, = +0.1

b., = tan-! Kie1 } (adapted from eq 48)
el ~ -

Yoy = 12.529°
With ¢’ = 35°, § = 17.5° and p,; = 12.529°
Kag = 0.3987

and
Kag rcos 6§ = 0.38

Ksgg 'sin 6§ = 0.12

With d, = 11.5 ft in Figure C.6.

(adapted from
eq 33)
(Pag-a), = Kag *cosé - % [Ye(1 - k)] (d,)?

(Paz-a), = 0.38 % [118.94 pcf (1 - 0.1) | (11.5")2

(Pag-a), = 2,690 1b per ft of wall
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by a similar calculation
(Pag-a)y = 849 1b per ft of wall

Dynamic Passive Earth Pressure Force Ppp,

With ¢’ = 35° and with FS, set equal to 1.2 in this example (see step 12
discussion regarding the relationship between anchorage displacement and FS;)
é. = 30.3° (by eq 95)
and § = 17.5°,
§y, = 14.7°
For ¢ = 12.529° (refer to Pug., calculations), ¢, = 30.3° and 6, = 14.7°
Koo = 4 06 (by eq 60)
Kep = 4.06
Kpg cos §, = 3.93
and
17 . C 1 N
Kpg sin 6, = 1.03
With d, = 11.5 ft in Figure C.6

\ . r 3/

5 - 1 . a2 (adapted from eq
(Pee-a)y, = Keg scosb + 5 [1.(1 - k)] (d,

) 58)

r B

1 ol 11

2o v ag1 1 N o
(Fpe-a), = 7,291 1b per ft of wall

Size Anchor

The depth of the continuous anchor wall is governed by the equilibrium

of horizontal forces. Ignoring the contribution of the shear force along the
base of the wall, Equation 103
m T 1.

S ») v\ _ /D \_r_
‘fult-a = \TPE-a), T \FAE-A)y T W'En

For Figure C.6 concrete wall, the weight W per foot run of wall with d, =
11.5 ft and vy.on = 150 pcf is given by
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W= Yoo * b, + dy = 1,725 «b,

a

Introducing this relationship for W and
ky = 0.2
Tuit-a = 22,526 1lb per ft of wall (k, = +0.1)
(Ppg-a)x = 27,818 1b per ft of wall
(Ppg-a)x = 2,690 1b per ft of wall

into the modified equation of horizontal equilibrium results in a maximum
value of b, equal to 7.5 ft for d, = 11.5 ft. Larger b, values would result
in excessive horizontal inertia forces acting on the concrete block, requiring
revisions of the previous calculations.

Mobilization of friction along interface between the front of the anchor
wall and the passive wedge requires that the wall have sufficient dead weight
to restrain against upward movement as it displaces the soil in front of the
wall (Dismuke 1991). The equation of ‘equilibrium of vertical forces acting on
the wall is used to compute the minimum width of anchor wall. With N° set
equal to zero, Equation 104 becomes

0 =W(L -k - Uy~ (Pea), * (Paz-a),

with
W=1,725 -b,

k, = 0.1

Uy = 62.4 pef 1.5 b, = 93.6-b,

a

(Ppg-a)y = 7,291 1b per ft of wall
(Pag-a)y = 849 1b per ft of wall

the modified equation of vertical equilibrium results in a minimum value of b,
equal to 4.4 ft or (b )pin = 4.5 ft.

Alternative Anchorage:

Other types of anchorages to be considered include slender anchorage,
multiple tie rods and anchorage, A-frame anchors, sheet pile anchorage, soil
or rock anchors and tension H-piles. Slender anchorage refers to a slender
wall designed using the procedure described in this section with § set equal
to O degrees.

€C.2.11 Site Anchorage (Step 13)

The anchor wall is to be located a sufficient distance behind the sheet
pile wall so that the dynamic active failure surface does not intersect the
passive failure developing in front of the anchor wall. Figure C.7 outlines
the minimum required distances for this design problem.
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Dynamic Active Wedge - Sheet Pile Wall

With ¢ = 35°, § = 17.5° and 4., = 18.44°

(from Section C.2.4, Step 4)
apg = 40.695° (by eq 37)
30.247 58
aE = cgn:aﬁ;_
CONTINOUS UNEAR
ANCHOR \suP pLane
WALL — \ - Druauic /— SHEET PILE
y \ CROUND SURFACE / WAL
d-nst | ST N —1ie roD_| Vo
[« Bl L2 *- =
R T I D < £ 2
L ee AN Hyoot = 20°
mﬁygﬁfu: \>\ y OREDGE LEVEL
“ornanie —~ N\ 1
DN D=20.24
_ _ LNy
e — o3 .
Figure C.7 Simplified procedure for siting a continuous
anchor wall
Dynamic Passive Wedge - Anchor Wall
with ¢f = 30.3°, 6§, = 14.7° and
¥e1 = 12.525° (Section C.2.10, Step 12)
apg = 18.27°

wall (= XAE + XPE.) .

(@)
(W]
(0]

{(by eq 61)



APPENDIX D: COMPUTER-BASED NUMERICAL ANALYSES

This appendix is a brief guide to issues that must be faced when making
a decision to utilize a computer-based numerical analysis and to the
literature concerning such methods. As discussed in the main body of this
report, there are circumstances in which analyses carried out by some such
method may be appropriate during design of a waterfront structure.

There exists a bewildering array of computer-based methods applicable to
analysis of the dynamic response of earthen mosses or soil-structure systems.
Table D.1 presents a partial listing of some of the better-known methods.
Most, but not all, such methods use a finite element formulation, and hence
somewhat incorrectly are referred to collectively as finite element methods.
Most methods were developed originally for applications other than waterfront
structures - especially problems related to nuclear power plants and
earthdams.

Some methods are relatively simple but approximate only one or two
aspects of soil behavior. Others, which can be quite complex and difficult to
use, simulate a number of different features of soil behavior quite well. All
must be used with care and judgment. A key is to select a method no more
complex than is required for the problem at hand.

Table D.1 Partial Listing of Computer-Based Codes for Dynamic Analysis
of Soil Systems

Reference Names of Code
Lysmer, Udaka, Tsai and Seed (1975) FLUSH
Earthquake Engineering Technology, Inc. (1983) SuperFLUSH
Hallquist (1982) DYNA2D
Finn, Yogendrakumar, Yoshida, and Yoshida TARA
(1986)
Provost (1981) DYNA-FLOW
Lee and Finn (1975, 1978) DESRA
Streeter, Wylie and Richart (1974) CHARSOIL
Provost (1989) DYNA1D
Li (1990) SUMDES
Schnabel, Lysmer, and Seed (1972) SHAKE
Roth, Scott, and Cundall (1986) DSAGE
Zienkiewicz and Xie (1990) SWANDYNE - X
Tai (see TIai and Kameoka 1991) ----
Earth Mechanics, Inc. of Fountain Valley, CA LINOS
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D.1 Some Ke
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For dynamic soil-structure interaction analysis related to heavy
buildings resting on earth, a concise summary of the various procedures
available is reported in the 1979 ASCE report by the Ad Hoc Group on Soil-
Structure Interaction of the Committee on Nuclear Structures and Materials of
the Structural Division. While in many ways out-of-date, this is still a
use erence concerning basic principles.

Several different finite element formulations are descr 11
Chapter 3, titled Geomechanics and written in part and edited . Finn
in the Flnlte Element Handbook, edited by H. Kardestuncer. The scope and type
of laboratory and/or field testing program used to characterize the soil model
parameters will vary among the computer codes, as discussed by Finn, the
Committee on Earthquake Engineering of the Natlonal Research Coun011 (1985),

~e A —~
ana ot

Whitman (1992) has Sngested a scheme for categorizing the various types
of methods, and has discussed the status of validation of various methods by
comparison to observations during actual earthquakes or to results from model
tests.

D.2 Principal Issues

According to the guidelines set forth by the ASCE Ad Hoc Group on Soil-
Structure Interaction of the Committee on Nuclear Structures and Materials of
the Structural Division 1979 report on the "Analysis For Soil-Structure

Interaction Effects For Nuclear Power Plants" and the ASCE Standard (1986), to
perform a complete soil-structure interaction analysis the analytical
procedure must (1) account for the variation of soil properties with depth,

(2) give appropriate consideration to the material nonlinear behavior of soil,
(3) consider the three-dimensional nature of the problem, (4) consider the
complex nature of wave propagation which produced the ground ﬂOtiOis, and

(5) consider possible interaction with ieighboring structures

The reference to a "complete" analysis results from the existence of two
distinguishable aspects of soil-structure interaction: (1) the relative
motion of the foundation of the structure with respect to the surrounding soil
as a result of the inertial forces in the structure being transmitted to the

compliant soil foundation and backfill and/or (2) the inability of the stiffer
structural foundation and walls to conform to the distortions of the soil
generated by the ground motion. The former is referred to as inertial
interaction and the latter is referred te as kinematic interaction. Both
features co-exist in most actual problems However, several analytical
procedures available to perform the soil-structure interaction analysis of
earth retaining structures take advantages of this separation of behavior in

their numerical formulation.

Specific feature that must be accounted for in some problems include
softening the soil stiffness during shaking, the ﬁaterial and geometrical
damping and the separation of portions of the backfill from the structure,
followed by recontact or "slap," that can occur during shaking. It may be
necessary to use special interface elements at boundaries between soil and
structure. It also may be necessary to model the actual process of

construction as accurately as possible.

n9
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D.2.1 Total versus Effective Stress

=

Analys

P

Effective stress analyses explicitly predict and take into account the
effects of excess pore pressures caused by the cyclic shearing of soil during

earthquake shaking. The generation of significant excess pore pressures
causes the stiffness of soil to degrade and may lead to a nearly-total lo of
shear strength. TARA, DYNAFLOW, DESRA, and DSAGE are examples of efLectlve
stress analyses. As a general rule, such analyses should be used if
significant excess pore pressures are anticipated

Total stress analyses do not explicitly account for the effects of
excess pore pressures, although some may consider this effect indirectly by
adjusting stiffness for the anticipated intensity of cyclic shear strains.
FLUSH and SHAKE are examples of total stress analyses. Total stress analyses

are appropriate when cohesionless soils are dry or very coarse, with most
cohesive soils, and for problems such as analyzing lateral earth pressures
caused by surface loadings

D.2.2 Modeling Nonlinear Behavior

Using an effective stress analysis accounts partially, but not fully,
for the nonlinear behavior of soils. In addition, it is necessary to consider
the effect of shear strain upon stiffness at a given effective stress.

As somewhat of an oversimplification, three ways of introducing such
non-linearity have been utilized. (1) By using a linear analysis in which
shear modulus is linked, via an iterative procedure, to a measure of cyclic

shear strain during shaking. FLUSH and SHAKE are examples of this approach.
(2) By introducing a nonlinear stress-strain law, such as a hyperbolic
backbone curve together with Masing rules for strain reversals. DESRA and
TARA are examples. (3) By utilizing concepts and principles from the theory

AT A TIT ATT 1.

of plasticity. DYNAFLOW is an example of this approach.

It is not really possible to say that one way is better than another.
All involve some degree of approximation. The choice involves a trade-off
between accuracy and convenience/cost, and perhaps the availability of a code

D.2.3 Time versus Frequency Domain Analysis

and SUMDES and the two -
and DYNA2D are examples of the time
domain procedure. The one—dlmen51onal computer program SHAKE and the two-
dimensional programs FLUSH and SuperFLUSH are examples of the frequency domain
solutions.

ot vt A xS =z P . =z TR, R s ~TTS e T -~ Sy ~

Frequency-domain techniques formerly favored owing to greater
computational efficiency However, the growth in the power of relatively
inexpensive computers has diminished this advantage

lw)
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D.2.4 1-D versus 2-D versus 3-D

Today it is, in principle possible to model the three-dimensional
aspects of soil response problems but seldom is the effort justified In

one-dimensional programs such as SHAKE, CHARSOIL, or DESRA. For most problems
involving retaining structures, a 2-D analysis (such as TARA, DYNAFLOW,
DYNA2D, or DSAGE) will be necessary The code FLUSH approximates some aspects
of 3-D response.

the most common procedures use ve
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D.2.6 Effect of Free Water

Consider the problem of a complete soil-structure interaction analysis
of the earth retaining structure shown in Figure D.la. The finite element
mesh used to model this problem includes the retaining structure, the soil
backfill and the pool of water in front of the wall, as shown in Figure D.1b.
The mass and stiffness effects are included within the analysis for both the
structure and the soil backfill by incorporating these regimes within the

finite element mesh that is used to model the problem. Most computer codes do
not include within their formulation a water element among their catalog of

te elements, so the Westergaard (1931) added water mass procedure is used
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D.3 A Final Perspective
The preparation time for developing the finite element mesh, assigning

material properties, selecting the ground motion, performing the analysis, and
interpreting the computed results is much greater than the time required for

performing a simplified analysis. However, the information provided by a
dynamic finite element analysis is much more complete and extensive The
computed results include: the variation in computed accelerations with time
and the variation in computed dynamic normal and shear stresses with time
throughout the wall and the soil regime(s). Thus, a complete soil-structure

interaction analysis, when done properly, provides much more accurate and
detailed information regarding the dynamic behavior of the earth retaining
structure being analyzed.

In a complete soil-structure interaction analysis, the total earth
pressures along the back of the wall at any time during the earthquake are
equal to the sum of the computed dynamic earth pressures and the static earth

and water pressures. At any elevation along the back of the wall, the
effective stress component (static + dynamic) of this total pressure is
restricted to range in values between the static active earth pressure value
and the static passive earth pressure value. Exceedence of these values may
occur where in actuality separation may occur during earthquake shaking.
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Figure D.1 Earth retaining structure,

otential

......... for liquefaction within

backf111 mav be computed using the equivalent values for the induced
stresses form the results of the complete soil-structure interaction
The residual excess pore water pressures are then computed using the
described in Seed and Harder (1990) or Marcuson, Hynes,
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APPENDIX E: NOTATION

GREEK LETTER SYMBOLS

a (alpha) Inclination from horizontal of a planar slip surface
extending upward through the backfill

ap (alpha) Inclination from horizontal of a planar slip surface
extending upward through the backfill, static active case

QR (alpha) Inclination from horizontal of a planar slip surface
extending upward through the backfill, dynamic active case

ap (alpha) Inclination from horizontal of a planar slip surface
extending upward through the backfill, static passive case

apE (alpha) Inclination from horizontal of a planar slip surface
extending upward through the backfill, dynamic passive case

B (beta) Inclination of backfill from horizontal

B" (beta) Inclination of backfill from horizontal, used in the
equivalent static procedure for computing Kug and Kgg

§ (delta) Effective angle of interface friction between the soil and
the structure

Sy (delta) Effective angle of interface friction between the base of
the wall and its foundation

Ah (delta) Change in total head

AKyp (delta) Incremental dynamic active earth pressure coefficient

AKpg  (delta) Incremental dynamic passive earth pressure coefficient with
§ =0

Al (delta) The length of flow path over which Ah occurs

APy (delta) Incremental dynamic active earth pressure force

APpg  (delta) Incremental dynamic passive earth pressure force with é = 0

AU (delta) Resultant excess pore water pressure force along the base of
a wall

Au (delta) Excess pore water pressure due to earthquake shaking

v' (gamma) Effective unit weight of soil

Tb (gamma) Buoyant unit weight of soil

Y4 (gamma) Dry unit weight of soil
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Ye

Ye3

Tt
Tw

Tw3
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weé
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(gamma)

(gamma)

(gamma)
(gamma)

(gamma)

(phi)
(phi)
(psi)
(psi)

(psi)

(psi)

(psi)

’
v-initial

(sigma)
(tau)
(tau)

(theta)

Effective unit weight of a partially submerged backfill for
the restrained water case

Effective unit weight of soil for the restrained water case
with r, > 0

Total unit weight of soil
Unit weight of water

Effective unit weight of water for the restrained water case
with r, > 0

Effective angle of internal friction for soil

Equivalent angle of internal friction for soil with r, > 0
Seismic inertia angle

Seismic inertia angle

Equivalent seismic inertia angle for the restrained water
case with r, = 0

Equivalent seismic inertia angle for the free water case
with r, = 0

Equivalent seismic inertia angle for the restrained water
case with r, > 0

Equivalent seismic inertia angle for the free water case
with ry, > 0

Total normal stress

Effective normal stress

Active earth pressure (effective stress)

Passive earth pressure (effective stress)
Vertical effective stress

Pre-earthquake vertical effective stress
Effective weight of backfill, excluding surcharge
Shear stress

Shear stress at failure

Inclination of the back of wall to soil interface from
vertical
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ROMAN LETTER SYMBOLS

A Maximum ground acceleration as a fraction of g (dimensionless)
-~ |V Q. S U SR S e PRy | e ) s - o~ R 4

ap lrldaxXimun noriZonidl gLuuuu dcelerdii1oll, h &

Amax Maximum ground acceleration, equal to A'g

a, Maximum vertical ground acceleration, equal to k,g

B Width of wall base

n NLL S Lo -2 el 1 1 Ly FatimmAdatT ~am
Dg Lrrecutive pdse wldill oL ne L lie LoullUat LuUll

cohesion
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I
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cq Constant used to compute a,

Cy Constant used to compute a,

Ca Constant used to compute ap

C, Constant used to compute ap

C1AE Constant used to compute oaug

CoaAE Constant used to compute aug

CapE Constant used to compute apg

O onctant nced to comnuite A

C4PE Constant used to compute apg

d, Maximum displacement

Fag Factor used in the equivalent static procedure to compute Kug

Fy, Factor of safety against bearing capacity failure of a wall

) . Facrtnry nicaed in +tha aantivalan comnuta e

LPL A QG LV A O T E S il c\.iu,l_va.x_cxx \a\JlAktI\.ALa\/ A\r‘b

Fy Factor of safety against sliding along the base of a wall

Fsr Lateral seismic force component by Woods procedure

FS, Factor of safety applied to both the shear strength of the soil and the
effective angle of friction along the interface when computing Ppg for
a sheet pile wall and the anch .

g Acceleration of gravity

o J

H Height of wall

e
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h Total head

h, Elevation head
hp Pressure head
Fetatic Static component of heavy fluid force behind a wall retaining liquefied
backfill

imertia Inertial component of heavy fluid force behind a wall retaining
liquefied backfill during shaking

i Seepage gradient, equal to Ah/Al
Ky Static active earth pressure coefficient
.m Dynamic active ecart Nnraccurae rnaffisciant

K Dynamic active earth pressure coefficient

Ky, Horizontal earth pressure coefficient

ky, Horizontal seismic coefficient as a fraction of g (dimensionless)

P . s e s - ~ - R . - . . o ~ . -

Ky, Limiting value for the horizontal seismic coefficient as a fraction of
g (dimensionless)

ko Equivalent horizontal seismic coefficient as a fraction of g
(dimensionless)

Khe1 Equivalent horizontal seismic coefficient as a fraction of g
(dimensionless) for the restrained water case with r, = 0

Khe2 Equivalent horizontal seismic coefficient as a fraction of g
(Aimancinnlaoaaca) Favr +ha Frnn wgatavr ~aca wri+rh —_ N
\ W LUCIIO LVIILTCO D ) AL “Llic iLicc watclL casc wWilLil Lu - v

kyeoa Equivalent horizontal seismic coefficient as a fraction of g
(dimensionless) for the restrained water case with r, > 0

| S Equivalent horizontal seismic coefficient as a fraction of g
(dimensionless) for the free water case with r, > 0
Qmom b f o T R ———— - - - ccze e a

np oLatll pdsslve edIl il pressure coeltiricilernt

Kpe Dynamic passive earth pressure coefficient

k, Vertical seismic coefficient as a fraction of g (dimensionless)

K, At-rest horizontal earth pressure coefficient
T e 2 R £ . 1 N s 11

Mdesign vesign moment Lor a sneet pile wall

Meeo Maximum moment computed uging the Free Earth Support method for a sheet
pile wall

N Total normal force between the wall and the foundation
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N* Maximum transmissible acceleration coefficient, as a fraction of g
(dimensionless)
P Resultant earth pressure force acting on a wall
Py Active earth pressure force acting on a wall for static loading
Pag Active earth pressure force acting on a wall for pseudo-static loading
Pp Passive earth pressure force acting on a wall for static loading
Ppg Passive earth pressure force acting on a wall for pseudo-static loading
Pua Westergaard hydrodynamic water pressure force
q Vertical surcharge stress
Qall allowable bearing pressure of rock
Qmax maximum bearing pressure below toe of wall
Qult ultimate bearing capacity or unconfined compressive strength of
concrete
MAamant+ yadiintinn Farntnr diie t+n NnuIo
L4 Il L TuUuult Li Ul 1Lac vl uuc LU O RNUWT
T, Excess pore water pressure ratio, equal to Au/o'y_jnitial
Sy Undrained shear strength of soil
. - - . - - r 1 O .
T Horizontal shear force along the base of the wall required fo
equilibrium
T. . Desion tie rod force for a sheet pile wall
Tdesign Design tie rod for f p
Tres Tie rod force computed using the Free Earth Support method for a sheet
pile wall
_ R . . . - o ~ 4 L1 1 P T U |
Tuit Ultimate horizontal shear force along the base of the wall
™ Ultimate force for which the sheet pile wall anchorage is to be
-'-u]_tra UltlilialLT 1LUlLLT 11U WELLU 11 Li1iT OSilico o lie wail 1=
designed
o
Uy, Resultant steady state pore water pressure force normal to the base of
the wall
- < < - ~ - 1 T VR [ e o 2 )
Ujnertia Hydrodynamic water pressure torce ror the pool, directed away from the
wall
Upool Resultant hydrostatic water pressure force for the pool
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Ustatic
17 .
Ystatic-b

Ustabic-t

Ustatic-a
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v
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Resultant ex

....... ant excess pore water pressure force due to earthquake shaking
acting normal to the backfill to wall interface

Resultant excess pore water pressure force due to earthquake shaking
acting normal to the backfill to sheet pile wall interface

Resultant excess pore water pressure force due to earthquake shaking
acting normal to the dredge level soil to sheet pile wall interface

Resultant excess pore water pressure force du
acting normal to planar slip surface inclined at

Resultant steady state pore water pressure force
backfill to wall interface
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Resultant steady state pore water pressure force
dredge level soil to sheet pile wall interface

Resultant steady state pore water pressure force
planar slip surface inclined at a from vertical

ater pressure

Maximum ground velocity

Weight of rigid body (e.g. wall or soil wedge)

Water content of soil
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