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ABSTRACT

A simplified procedure for the determination of the

probability of failure of earth retaining structures under static

and seismic conditions is presented. Four possible modes of failure

are examined (overturning, base sliding, bearing capacity, and over­

all sliding) and their combined effect is evaluated with the aid of

combinatorial analysis. Limit equilibrium is expressed as a function

of the soil strength parameters (random variables) that are present

in the development of the capacity (resistance) of the structure along

a particular failure mode. The seismic load is introduced in terms

of the maximum horizontal ground acceleration (random variable) deter­

mined through a seismic hazard analysis at the site of the facility.

A Bayesian formulation of the problem makes it possible to

account for observations on the safety of the wall in order to pro­

vide an improved measure for the predicted probability of failure under

seismic loading. This formulation permits (a) the derivation of an

expression for the seismic capacity of the wall, defined as the maximum

horizontal acceleration that can be experienced by the wall without

failure, and (b) the consideration of the damage incurred to a retain­

ing wall during an earthquake in safety predictions for future seismic

events.

The developed procedure is applied to an actual case study

involving the safety of a wingwall. The required information has been

xii



obtained during detailed investigations on sites affected by the

February and March, 1981,earthquakes in Greece. For the first time

ever, the actual magnitude of the movement experienced by a retaining

wall during a seismic event is available and compared with theoretical

predictions.

Among the conclusions' drawn from this study are: (a) the

probability of failure is a more adequate measure of safety than the

customary factor of safety; (b) a Bayesian formulation of the safety

of retaining walls provides an improved measure for the probability

of failure under seismic loading; and (c) when safety prediction is

made before construction (at the design stage), the probability of

failure is always greater than that predicted under static conditions.

When safety prediction"is made after the successful construction of

a retaining wall, the new predicted probability of failure under seismic

loading (posterior) is always smaller than that predicted before con­

struction (prior).

xiii





CHAPTER 1

INTRODUCTION

As earth retaining walls are among the most frequently

encountered geotechnical structures, the ability to predict their

safety under static or seismic conditions is of paramount importance

in geotechnical practice. The reliability of such a prediction depends,

among other factors, on the accuracy with which one can describe the

force system on a retaining wall. The latter is the result of the

interaction that takes place between the wall, on one hand, and the

backfill and foundation materials, on the other. It is therefore not

surprising that a considerable amount of research activity has concen­

trated on efforts aiming at a better understanding of the manner with

which wall and soil interact during loading.

Coulomb is recognized as the first to provide an analytical

solution to the problem. His pioneering study, conducted at a time

(1770's) when even trigonometric functions were not yet in use, was

based on a sliding wedge analysis and provided the limit value for the

total force on a (frictionless) wall at failure. Approximately eighty

years later, Rankine studied the state of stress within cohesionless

materials and the forces they exert on retaining structures. His

analysis was based on the observation that small deformations of the

soil are sufficient to bring about full frictional resistance and thus

produce "active" or "passive" state, depending on the direction of the

soil movement.

1
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The seismic effect on the force system on a wall was invest­

igated for the first time by Okabe (1926) and Mononobe (1929) who

provided a method for its description that is commonly referred to as

the Mononobe-Okabe procedure. This is basically the Coulomb sliding

wedge approach in which two additional forces are included: the hori­

zontal and vertical components of the seismic inertia of the backfill

material. A simplified version of the Mononobe-Okabe procedure was

presented by Seed (Seed and iVhitman, 1970), while Prakash and Basavanna

(1969) attempted to improve upon the method through an analysis that

would satisfy the additional condition of equilibrium of moments acting

on the sliding wedge.

A simple analytical procedure for the determination of the

pressure distribution along retaining walls by considering the wall

movement was proposed by Dubrova (1963). Although developed for static

conditions, the Dubrova method was later extended to provide the pressure

distributions that result from the occurrences of earthquakes (Saran

and Prakash, 1977). Additional theoretical studies on the seismic

safety of earth retaining structures were conducted, the difference

among these being mainly due to differences in the assumptions made about

the seismic response of the backfill material. Thus, they_~ay be distin­

guished into elastic, elastic-plastic, or completely-plastic approaches

in which the earthquake effects are introduced in a quasi-static or

dynamic manner. The results obtained from these studies have indicated

that important factors for the seismic safety of earth retaining struc-
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tures include the strength properties of the backfill and foundation

materials, the structural design of the wall, and earthquake character­

istics (Nazarian and Hadjian, 1979).

Finally, improved instrumentation and testing ability, including

tests on wall models using shaking tables under simulated earthquake

loads, have contributed significantly towards understanding the wall-soil

interaction and the resulting force system. In Table 1.1 is given a list

of model tests conducted with the aid of shaking tables together with a

brief summary of the conditions and the results obtained during each test.

1.1 Scope of the Present Study

The aim of the present study is to provide a probabilistic

approach to the safety prediction of earth retaining structures during

earthquakes. It is considered that the main source of uncertainty is

due to the randomness of (a) the strength parameters of the backfill and

foundation materials, and (b) the friction coefficients between the two

soil media and the wall. Safety predictions are made on the basis of

the probability of failure of a retaining wall rather than the customary

factor of safety.

Chapter 2 presents the findings of a detailed survey of field

observations on the damage that has occurred to earth retaining structures

during earthquakes together with a discussion of the main contributing

factors. Theoretical models that have been proposed for damage assessment

and prediction are presented in Chapter 3,while Chapter 4 provides the

procedure required for the determination of the probability of failure



TABLE 1.1

MODEL TEST RESULTS OF RIGID WALLS UNDER EARTHQUAKE-LIKE LOADS

Dimenaiona:
Material
Conditional

Dimenaions:
Material
Cond1tiona:

INVESTIGATORS

Hononobe nnd Matauo (1929)

Hatauo and Oharn (1960)

TEST CONDITIONS

Hodela of Retnining Walla
Appnratua: Metal lined box with a door hinged at baae

Preasure'gouge 4.5 ft. nbove boae
Hounted on a ahaking table
4 ft high, 9 to 12 ft long
Uniform clean dry aand
Horizontal acce1erntion~ 0.0 ~ ah ~ O.~g

Models of Quny Walla
Apparatus: Hetol- or gloas-lined box

Fixed or hinged nt bODe
Pressure cells on 101011 centerline at 3
heighta
Hounted on ohaking table
0.4m high, 1.Om long
Uniform clean sand, dry and oaturated
0.2g 5. 0h 5. 0.48

FINDINGS

1. Dynsmic forcn at
h

d
• 11/3

(hd measured fro~

wn11 baae)
2. Worst Coae:

a
h

toward wall

0v upward

1. Dynamic force at
hd :: 0.5511

.j>-



TABLE 1.1

(continued)

INVESTIGATORS TEST CONDITIONS FINDINGS

Ishii, Arai, and Tsuchlda (1960) Models of Retaining Walls 1.
Apparatus: Three boxes of different dimen-

sions, each with a door which
could be fixed or hinged at bottom.
Mounted on a shaking table 2.

Dimens ions: 30 em high, 82 em long
50 em high, 202 em long
70 em high, 400 em long

Material: Uniform clean dry sand
Conditions: horizontal oscillating acceleration,

lasting for 2 min, starting at
ah c 1 g and increased to
a maximum ah a 1 g

The pressure distribution after
motion ends is greater than
the initial static pressure

The dynamic pressure increment
differs in phase from the
table motion by a8 much 8S

one IHllt the period of motion

Murphy (1960) Model of Quay Wall 1.
Apparatus: Glass sided box built to

1:64 scale of the existing
prototype. Mounted on a
shaking table.

Material: Dry sand
Conditions: borizontal oscillating acceleration,

a
h

c 2 g

Inclination of the failure
plane much flat ter than
for static loading.

'l.I1

Observed phase differences
between wall motion and
wall pressures

1.Model of Quay Walls
Apparatus: A 3 meter high model wall, built

in an excavated pit, and backfilled
with sand. Excitation provided by
eccentric weights driven by
a motor, in a concrete lined exca­
vation several meters behind the wall.
3 m high, 5 m wide
Dry sand
horizontal ocsillating Acceleration
of 2 g

Dimensions:
Material :
Conditions:

Ntlm (1960)



INVESTIGATORS

Kurata, Arai, and Yokoi (1965)

TABLE 1.1

(Continued)

TEST CONDITIONS

Models of Sheet pile Walla 1.
Apparatus: A box mounted on a shaking table
Dimensions: 1.5 m high, 2 m long
Material: Uniform dry aand
Conditions: Horizontal oacillating acceleration

increased at approximately 3 g laec
to a maximum of 2 to 3 g
depending on the test

FINDINGS

Ohserved reduction in
lateral subgrade modulus
as wall rotation increased

Ishihara et al (1977)

Sim and Berril! (1979)

Models of Quay Walla
Apparatus: A soil bin with a moveable wall

. and mounted on a shaking table
Dimensions: 75 cm high, 200 cm long
Material: Sand. dry and saturated
Conditions: horizontal oscillating acceleration

of up to 6 g

Model of Retaining Wall
Apparatus: A box mounted on a shaking table
Dimensions: 0.45 m high. 2.44 m long
Material: Dry Brighton Beach gund
Conditions: ~orizontal oscillating acceleration

and scaled EI Centro time history
.05g ~ 0h ~0.4 g

1. Excess pore water preaaures
are involved by the inertia of
the water masa and alao by
deformation of the sond.

1. Total forces close to the
Mononobe-Okabe equation's
predictions

2. For pure translation. the
wall slides with respect
to the soil when the wall force
exceeds the base resiatonce

Lee (981) Model of Retaining Wall 1.
Apparatus: Plexigloss box with separate and

instrumented aluminum wall. Mounted
on a shaking table

Dimensions: 4 ft high. 8 ft long
Material: Ottawa sand. dry and saturated 2.
conditions: horizontal oscillating acceleration

ah ~ 0.5 g wall translation velocity
held at a constant vnlue

Wall movement required to
develop the active atate
decreases with increasing 60il
strength.

Total static plus dynamic force
at h

d
e .451l

'"



Dimensions:
Material
Conditions :

INVESTIGATORS

Prakash et a1. (1973) Hodela of
Apparatus

TABLE 1.1

(continued)

TEST CONDITIONS

Retaining 1010119
Hetal-lined vall inoide a box
8 prensure cells on vall fnce
Shaking table otruck by falling pendulum
1 m. high, 5 m. 10nB
Uniform clean dry sand
horizontal shock acceleration
3.Jg ~ 0h ~ 4.28

FINDINGS

1. O.361l~hd~O.444

2. Oynamic pressure ~

parabolic

3. Failure plon8 loco ted
ot acr < 45" + ~/2,

slip.htly concave

Noznrion et 01. (1979)

.---'

Reviewed previously done model tests, including thooe by
Nandokumaron and Joshi

1. h
d

increoseo

pnrabolically 00 6
decreooes

2. hd decreanes with B
J. h

d
increases with

nurcharge
4. hd increaoes linearly

with increasing 8
h

5". O. JJII ~ hd ~ b.6611

......



8

of retaining walls. A Bayesian approach for updating seismic safety

predictions is given in Chapter 5. This takes into account the perfor­

mance of retaining walls under static conditions,or the damage incurred

during an earthquake,in order to provide improved estimates for the

probability of failure. Chapter 6 presents an application of the

theoretical developments ~o an actual case study. The information required

for this purpose was obtained during detailed investigations on sites

affected by the February and March, 1981, earthquakes in Greece. A list of

references pertaining to the subject of this study is given in Chapter 7.

Chapter 8 presents a discussion of the assumptions made in developing the

present procedure,and of its applicability and limitations. Chapter 9

gives a summary of this study and together with some important conclusions.



CHAPTER 2

FIELD OBSERVATIONS ON SEISMIC DAMAGE

OF EARTH RETAINING STRUCTURES

This chapter presents the findings of a literature survey

on the damage reported to have incurred to earth retaining structures

during earthquakes. Because of differences in both design require­

ments and observed seismic behavior~ six types of such structures

may be distinguished~ namely:

(a) gravity retaining walls;

(b) force-governed retaining walls;

(c) bridge abutments;

(d) wingwalls of bridge abutments;

(e) quay walls: gravity type; and

(f) quay walls: anchored bulkhead type.

The findings for each type of retaining structure are as

follows:

2.1 Gravity Retaining Walls

Gravity retaining walls are generally located above the

water table and are designed in a manner so that their weights can

provide the resisting forces and moments required for their stability.

Relatively few cases of damage caused by earthquakes to this type of

retaining walls have been reported in the literature. This may be

attributed to the fact that, traditionally~ the primary concern of

9
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engineers has been the safety of other types of structures, such as

buildings, lifelines, etc. (e.g., Seed and Whitman, 1970). The few

reports in the literature on damage or collapse of such walls do not

necessarily indicate that they do not exhibit movements during earth­

quakes.

Nevertheless, some reportsJon damage incurred to gravity

walls during earthquakes do exist in the literature. Seed and Whitman

(1970) made reference to a gravity wall located at Frutillar, Chile,

that was damaged during the 1960 Chile earthquake. The wall suffered

severe damage along with a considerable relative displacement of the

two edges of the crack. No signs of excessive tilting were observed.

Damage to gravity retaining walls also occurred during the

San Fernando earthquake (Jennings, 1971). It was reported that, dur­

ing this earthquake, one wall of the Balboa water treatment plant fail­

ed as a result of increased lateral earth pressures.

Finally, a number of reports exist about unreinforced rock

walls that collapsed during the 1973 earthquake·at Honomu, Hawaii

(National Research Council, 1977) and the 1975 earthquake at Lima,

Peru (Moran et al., 1975).

2.2 Force-Governed Retaining Walls

Force-governed retaining walls include sheetpile, canti­

lever, and braced walls. They are commonly placed above the water

table and, in contrast to gravity walls, their weight alone cannot

secure their stability. Thus, of necessity, this must be achieved
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with the use of additional structural units which makes them more

vulnerable to earthquake induced forces and displacements.

This type of earth retaining walls are more frequently used

in geotechnical practice than the gravity type walls. As was the case

with the latter, very few records have been made of damage incurred to

force-governed walls during earthquakes.

Clough and Fragaszy (1977) investigated the performance of

open channel floodway retaining structures during the 1971 San Fernado

earthquake. The floodway system is located in the Greater Los Angeles

area and consists of over 160 km of reinforced concrete U-shaped open

channels and buried culverts. It was observed that the open channel

section had suffered damage along a length of 1 km because of excessive

tilting of the retaining walls.

The above walls were designed to resist only static loads.

Although they were subjected to horizontal accelerations in the range

of 0.2 -0.65 g, the walls performed very well for values of the accel­

erations up to 0.45 g, where g is the acceleration of gravity. This

may be attributed to the ample safety margin provided by the safety

factors used in the conventional static design.

Damage caused by earthquakes to other reinforced concrete

flood-control channels (such as the Wilson Canyon Channel) has also

been reported in the literature (Wood, 1973; Nazarian and Hadjian, 1979).

2.3 Bridge Abutments

As the safety of bridge abutments is essential for the over­

all safety of the superstructure~ a considerable attention has been paid
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to the performance of the former under earthquake-induced loads.

Ross et al. (1969) conducted a thorough study on the damage

induced to foundations of bridges during the 1964 Alaska earthquake.

The structures examined were located within approximately 80 miles

from the epicentral region.

The authors reported that) in some cases, abutment backwalls
. J

cracked and the abutments exhibited severe deformations or movements,

such as rotations. A common characteristic in most of the cases was

the fact that the approach fill to the abutments experienced settlement

up to 2 ft relatively to the bridge deck. Moreover, the approach fill

spread away from the abutment ·faces and sides, toward the channels over

which the bridges extended. In a few cases, settlements in the abutments

themselves were observed. The most usual type of damage, however, was

caused by movements of the abutments toward the channels. The forces

which induced these movements must have been a very high magnitude as,

in many instances, compression and buckling of the superstructure had

occurred.

The movement of the abutments toward the channel has been

associated either with settlement of the backfills or with a general

movement of the natural channel banks toward the river, or both. In

the cases where liquefaction took place,it facilitated the movement and

c?used spreading and settlement of the backfills and severe differential

settlement of the abutments. The overall abutment behavior followed

the expected pattern i.e.) one that involves tilting toward the channel



13

and broken abutment backwalls. The latter is commonly due to the

restraints imposed by the superstructure.

Following the 1960 earthquake in Chile, a severe distortion

was observed of the structure of the Isla Teja Bridge, located in

Valdivia (Seed and Whitman, 1970). This was due to the movement of the

abutment toward the channel that was caused by high lateral earth pres­

sures induced by the earthquake.

The Inangahua, New Zealand earthquake of 1968 caused several

levels of damage to bridge abutments. Evans (1971) reported that, from

39 bridge abutments located in an area within approximately 30 miles

from the epicenter of the earthquake, 23 had moved considerably while

15 had been damaged. The overall behavior of these abutments involved

movements toward the channel, rotation about their top (due to restrints

imposed by the superstructure at that point), settlement of the approach

fill by an amount of 10 to 15 percent of its thickness, and high residual

lateral earth pressures (Richards and Elms, 1979).

The main cause of damage in the above case was considered the

underestimation of the earth pressures acting upon the abutments during

an earthquake. Back-calculations of lateral earth pressures (Richards

and Elms, 1979) have shown that while the earth pressures due to the

earthquake were ~to 4~ times greater than the static ones, the classi­

cal Mononobe-Okabe analysis provided earth pressures only 2~ times

greater than their static values.

The damage caused to bridge abutments by the 1970 earthquake

in Madang, New Guinea, was reported to Ellison (1971). The earthquake

had a magnitude of 7.1 in Richter scale. The observed damage was similar

to that caused by the Inangahu~New Zealand 1968 earthquake. Again, the
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performance of the abutments followed the expected pattern of behavior.

In total, 29 bridges were damaged and, in some of the cases, the

abutments exhibited movements up to 20 in.

The damage incurred to highway bridges during the June, 1978,

earthquake in Miyagiken-Oki, Japan, was reported by Kuribayashi et al.

(1979). The earthquake magnitude wa~ 7.4 in Richter scale. Many shear

cracks were caused to abutment faces, particularly at locations where
\

the cross-section of the abutment changed abruptly. The cracks were

especially apparent in the cases of very rigid substructures. Settle-

ments and displacements of the foundations were also observed as well

as settlements of the abutment backfills.

Finally, damage or failures that occurred to bridge abutments

during the 1960 Chile, 1964 Alaska, 1964 Niigata, 1968 Inangahua, 1970

Madang, 1971 San Fernanco, 1972 Managua, and 1974 Lima earthquakes were

reported by Nazarian and Hadjian (1979). Common in all these cases

was the settlement of the backfill and the movement of the abutments

toward the channel. The latter generated forces of large magnitude in

the longitudinal direction of the bridges which often caused buckling.

This study concluded that earth pressures of great magnitude generated

by the earthquakes were the major cause of damage to bridges.

2..4 Wingwalls of Bridge Abutments

Field observations on damage caused by earthquakes to wing-

walls of bridge abutments are very limited. Seed and Whitman (1970)

reported the occurrence of an outward movement of the wingwalls of the

Showa Bridge abutment during the 1964 earthquake in Niigata, Japan.
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A similar movement occurred to a wingwall near the town of

Plateas, Greece, during the February and March 1981 earthquakes. The

wingwall had developed a crack under static conditions and before the

occurrence of the earthquakes. This enabled the determination of the

exact movement experienced by thewingwall during the ground shaking.

Detailed information on the type and magnitude of damage caused to the

Plateas wingwall is given below in the Case Study (Chapter 6).

2.5 Quay Walls of Gravity Type

Quay walls are water front structures that commonly extend

below the water table and retain naturally or man-made backfill mater­

ials. Gravity type quay walls are those designed so that their weight

can provide the resistance required for their stability.

Walls of this type are of great importance in harbor facili­

ties. Consequently, a considerable amount of literature has accumula­

ted on their performance during earthquakes.

Amano et al. (1956) reported the damage that incurred during

several earthquakes to gravity type quay walls at harbors found in Japan.

A summary of the observed damage is as follows:

(a) Gravity type quay walls in Kushiro Port were damaged

during the 1952 Tokachioki earthquake that had an intensity equal to 5

on the Japanese Meteorological Agency scale. The damage included both

settlement and sliding of the quay walls toward the sea.

Cb) Gravity type quay walls in Uno-port were damaged by the

1946 Nakai earthquake. The incurred damage included base sliding of the

walls and a slight settlement. Excessive settlement was prevented by the
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piles used to support the wall.

The authors observed that the major cause of damage was

sliding along the base of the walls over a maximum distance of 26 ft

toward the sea.

Matsuo and Ohara (1960) reported that damage incurred to gravity

type quay walls during four great earthquakes in Japan; namely, the 1923

Kanto, the 1935 Sizuoka, the 1946 Nankai, and the 1952 Tokachi earthquakes.

The authors examined the performance of 23 damaged gravity type quay

walls and found that 16 walls had experienced only sliding along their

base while 7 had suffered both sliding and tilting. The greatest dam-

age incurred to quay walls with saturated fills.

Severe damage also incurred to gravity type quay walls during

the 1964 earthquake in Niigata, Japan. The length of these walls consti­

tuted 6 percent of the total length of the retaining structures in the

Niigata harbor (Rayashi et al., 1966). Either extensive settlement or

overturning or both were the major causes of damage.

The 1960 earthquake in Chile (of a magnitude 8.4 in Richter

scale) also caused considerable damage to gravity type quay walls (Seed

and Whitman, 1970). Such walls located in Puerto Mont consisted of

reinforced concrete in their upper sections while their lower sections

were made of caissons filled with soil. The earthquake caused a com­

plete overturning of both sections along an approximate length of 900

ft; and a complete overturning of the upper sections and an outward tilt­

ing of the lower sections along an approximate length of 700 ft. The

primary cause of damage was attributed to backfill liquefaction. This
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was also the cause of failure of another wall of this type that was

founded on medium density fine sand (Duke and Leeds, 1963; Emery and

Thompson, 1976).

Extensive damage to gravity type quay walls also occurred

during the 1964 earthquake in Alaska that had a magnitude equal to

8.3 in Richter scale (Arno and McKinney, 1973; Emery and Thompson, 1976).

The major cause of damage was attributed to the effect of tsunamis and

to liquefaction that resulted from the long duration of the shaking.

2.6 Quay Walls of Anchored Bulkhead Type

Quay walls of anchored bulkhead type serve the same purpose

as the gravity quay walls and are designed so that anchors can provide

the resistance required for their stability. Their performance during

earthquakes has also received a considerable attention in the literature

because of their importance in harbor facilities.

Amano et al. (1956) reported that anchored bulkhead type walls

in Shimizu harbor were damaged during the 1930 Kitaizu, the 1935 Shizuoka,

and the 1944 Tonankai earthquakes. In these cases, damage was due to

settlement and sliding along the base of the wall. Sheetpile bulkheads

were also damaged in Nagoya harbor during the 1944 Tonankai and the 1946

Nankai earthquakes that had an intensity of 5.6 in the Japanese Meterolo­

gical Agency scale. In this case, the major cause of damage was an outward

movement of the bulkhead due to poor anchorage. Another anchored bulk­

head quay wall, located in the harbour of Osaka, Japan, was also damaged

during the 1946 Nankai earthquake. The damage was due to a shear movement
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of the upper concrete blocks relative to the underlying sheetpile.

Again, poor anchorage was responsible for the movement of the concrete

blocks.

Hayashi et al. (1966) investigated the performance of anchored

bulkhead type walls during the 1964 Niigata earthquake. In Niigata

harbor, steel and concrete sheetpile anchored bulkheads constituted 7
J

and 8 percent, respectively, of the total existing length of retaining

structures. The observed damage ranged from slight deformation toward the

sea to complete collapse of these bulkheads and it was attributed to poor

anchorage and backfill liquefaction. The latter caused a further in-

crease in the lateral earth pressure of the backfill that resulted in

additional lateral movements and subsequent damage to adjacent structures.

Damage also occurred to anchored bulkhead tupe quay walls dur-

ing the 1960 earthquake in Chile. This involved outward movement (as

much as 3 ft) along an approximate length of 1250 ft of the bulkheads

that were located in Puerto Mont (Seed and Whitman, 1970). The outward

movement caused settlement of the backfill and severe distortion of rai1-

way tracks adjacent to the wall.

2.7 Factors Contributing to Damage of Earth Retaining Structures

In order to better understand the factors that contribute to

damage of earth retaining structures, the latter may be classified into

two types: (a) those which are built over, and (b) those which extend

below the water table or sea level. In the latter case, hydrodynamic

effects have an important influence on the response of the structure to

a seismic excitation.
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In genera1~ the seismic performance and possible damage of the

first type of earth retaining structures is a function of the follow­

ing factors (Amano et a1.~ 1956; Emery and Thompson, 1976; Thompson and

Emery, 1976; Nazarian and Hadjian, 1979):

(a) the stratigraphy of the site where the retaining

structure is built;

(b) the properties and the stability of the soil on which

the structure is founded;

(c) the soil-structure interaction;

(d) the type and the size of the structure;

(e) the properties of the backfill material; and

(f) insufficient (structural) response of the retaining

structure.

Most of the damage that occurred to this type of retaining

structure was due to increased lateral earth pressures and large addi­

tional inertia forces. Very often, a reduction in the strength of the

foundation soil contributed to the damage. The above factors are by

themselves, or in combination, the main cause that initiates overturning,

bearing capacity failure, or sliding along the base of a retaining struc­

ture (Emery and Thompson, 1976; Nazarian and Hadjian, 1979). Overall

sliding is usually due to the well known causes of slope instability.

In the second type of earth retaining structures, hydrodynamic

effects are very sigificant to their stability. For example, possible

reduction of water pressure may cause an increase in the applied loads

well beyond those that the structure can carry safely (Seed and
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Whitman, 1970). Very frequently, tsunamis generated by earthquakes may

also result in severe damage.

A study on the performance of gravity type quay walls during

earthquakes conducted by Emery and Thompson (1976) revealed that (a)

such walls were damaged when the magnitude of the earthquake exceeded

VII in the Modified Mercalli Intensity scale, and (b) their performance

depended on the stability of submarine slopes on which they were founded.

According to this study, overturning or sliding along the base of quay

type structures are the most frequent modes of failure. Overall sliding

also occurs, although somewhat less frequently.

Finally, Hayashi et al.(1966) have shown that severe damage

to earth retaining structures may be caused by a combined action of two

factors: (a) the use of small seismic coefficients in the design, and

(b) a change of the initial characteristics of the structure due to re­

pairs after its construction. The observed damage has been very slight

in structures for which the design values for the seismic coefficient

and the corresponding value of the factor of safety are relatively high.



CHAPTER 3

MODELS FOR DAMAGE ASSESSMENT AND PREDICTION:

A LITERATURE REVIEW

The ability to predict damage and economic losses expected

to occur to geotechnical facilities during earthquakes is of paramount

importance to their aseismic design. Several models of damage analysis

and prediction have been reported in the literature. There are mainly

concerned with structures, such as buildings and lifeline systems, and

very little has been done about damage assessment of geotechnical type

facilities.

Following Scholl and Kustu (1981), two types of models for

damage analysis may be distinguished, namely; (a) empirical models, that

correlate past records of earthquake-induced losses with either earth­

quake or structural characteristics or both; and (b) theoretical models,

that incorporate engineering characteristics of both the structure and

the earthquake.

The Spectral Matrix Method represents the first theoretical

approach on the subject and was developed by Blume (1967, 1977). The

method aims at the prediction of damage incurring to buildings by large

underground nuclear explosions or natural hazards, such as earthquakes.

According to this method, damage is determined with the aid of a damage

factor, defined as the ratio of the costof repair over that required for

the replacement of the structure at the time of the damage. The statis­

tical values of the damage factor are calculated on the basis of the

21
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probability distributions of the capacity and the demand of the struc-

ture.

The need for earthquake insurance of wooden frame houses in

California gave rise to an empirical method of damage prediction

(Steinbrugge et a1., 1969). This method is based on two relationships;

one between the Modified Merca11i Intensity and the damage incurred to
. )

houses located within a certain area; and, another, between the damage

that incurred during previous earthquakes and the estimated repair cost.

In accordance with this procedure, damage is classified into four types,

namely: slight; moderate; severe; and total loss.

The above empirical method was later extended in order to

include other types of buildings (A1germissen et a1., 1978a). Further

development led to formulation of an easy-to-use general procedure for

the estimation of earthquake-induced economic losses (A1germissen et

a1., 1978b).

Using a somewhat different procedure, Ross et al., (1969)

examined the inter-dependence among factors which contributed to the

damage that incurred to bridges and their foundations during the 1964

Alaska earthquake. In order to differentiate between bridge and found-

ation performance, two types of damage evaluation were used. The first

referred to bridges and included five damage levels, namely, total

collapse; severe deformation or partial collapse or both; moderate de-

formations of components; minor; and none. The second referred to

foundations and included four levels, namely, severe; moderate; minor;
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and nil. The limits of the damage levels are different in each type

of damage evaluation.

As was the case with the Spectral Matrix Method, the

Threshold Evaluation Method was initially developed by Blume (1969)

for the theoretical prediction of damage incurred to buildings by

large underground nuclear explosions (Scholl et al., 1981). Based

on a dynamic analysis, the method predicts the earthquake-induced

damage of buildings. The probaiblity of exceedance of a certain damage

level is determined by considering the relationship between the latter

and the seismic response of the building under investigation. The

acceptable probability of exceedance can be evaluated on the basis of

the magnitude of the seismic excitation and the consequences of possible

damage on the safety of the structure.

An additional study was conducted by Cornell (1970) in order

to develop measures of earthquake-induced damage for structures. Two

types of relationships between damage and peak ground acceleration were

provided: a (usual) functional and a stochastic.

In the first case, the probability density function of the

peak ground acceleration is obtained with the aid of a seismic hazard

analysis of the site of the structure. This is used for the computation

of the probability of exceedance of a certain level of damage. The

levels of damage associated with each earthquake are assumed to be either

independent, or dependent on the total accumulated damage. In the

former approach, total damage is cumulative. In the latter approach,

a Markov model is used for the prediction of damage.
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In the second case, a random vibration analysis is used for

the determination of the statistical values of the damage under a given

peak ground acceleration. The probability of exceedance of a certain

level of damage is computed with the aid of the probability density

function of the peak ground acceleration obtained from a seismic hazard

analysis. The total damage is the sum of the individual damages incurred

to the structure over a certain period of time.

As was the case with the Spectral Matrix Method and the Thres­

hold Evaluation Method, the Engineering Intensity Scale Method was ori­

ginally developed by Blume (1970) for the prediction of damage incurred

to buildings by underground nuclear explosions. The method estimates

the area in which buildings will be damaged during an earthquake and

evaluates possible levels of damage in terms of engineering intensities

that characterize each level.

In order to predict the seismic damage to high~rise buildings,

Czarnecki (1973) developed a theoretical method which uses a dynamic

structural analysis for a given earthquake load and establishes the re­

sponse pattern of the building. This pattern is then related to two

types of damage: structural and non-structural. The former type refers

to force bearing elements while the latter one refers to all other ele­

ments of the building •.

Scholl and Farhoomand (1973) studied low-rise buildings and

correlated their damage with ground motion data, as generated by an

underground nuclear explosion. The developed procedure also applies
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to the prediction of earthquake-induced damage, if it is coupled with

seismic hazard analysis. Similar procedures have frequently appeared

in the literature (Power, 1966; Blume, 1967; Blume, 1969, Nadolski,

1969; Blume, 1970). In the study by Scholl and Farhoomand (1973)

the damage incurred to buildings was determined in terms of three

factors: (a) the damage ratio, defined as the ratio of the number of

damaged buildings over the total number of buildings; (b) the complaint

ratio, defined as the ratio of the number of buildings from which com­

plaints were received over the total number of buildings; and (c) the

damage cost factor, defined as the ratio of the damage repair cost over

the value of the buildings.

A different approach to the prediction of damage incurred

to buildings by earthquakes is the one that makes use of damage prob­

ability matrices (Whitman et a1., 1973; Whitman, 1975). These matrices

provide the probability of occurrence of a certain level of damage,

given that an earthquake of a certain Modified Merca11i Intensity has

occurred.

The damage levels are defined in terms of both a sing1e­

word description and the central damage ratio. The latter is defined

as the ratio of the repair cost over that required for the replacement

of the structure. The mean damage ratio is then obtained as a weighted

average of the various central damage ratios and the corresponding

probabilities of occurrence for a certain Modified Mercal1i Intensity.
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Combining field data and theoretical methods, Culver, et al.,

(1975) developed a procedure for the prediction of damage of buildings

due to natural hazards, such as hurricanes, tornadoes, and earthquakes.

The procedure consists of three parts, namely, the field evaluation,

the approximate analysis, and the detailed analysis.

The first part evaluates the damage level in qualitative

terms on the basis of past records. The second part uses a dynamic

structural analysis of the building for the loading conditions men­

tioned above. The response of the building is subsequently related

to a certain damage level in a qualitative manner. The third part

analyzes the response of the entire structure in order to estimate

the expected damage level. Damage in this procedure is defined as a

percentage of the cost of replacement of both structural and non­

structural elements.

Using a procedure based on the structural response during

earthquakes, Rosenblueth and Yao (1979) presented a model for the

prediction of earthquake-induced damage to structures. The proposed

model accounts for damage due to past earthquakes. In order to predict

future damage, the model is coupled with seismic hazard analysis.

Additional models of a similar type are discussed by Yao (1978; 1979).

In contrast to the methods reviewed above, Borg (1979) pro­

posed a model in the form of damage contour charts. The model assumes

that the damage of a structure is a function of the site acceleration

and, in the provided charts, damage is directly related to the Modified

Merca1li Intensity at the site.
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In a more general approach, Kuribayashi et al. (1979)

used the individual loss ratio for the quantitative description of

damage incurred to various kinds of lifeline facilities during the

1978 Miyagiken-Oki earthquake in Japan. The loss ratio is defined as

the ratio of the earthquake induced-losses over the existing public

wealth in the damaged area, and it receives values that range between

zero to one.

A procedure for the prediction of damage to individual build­

ing was developed by Kustu (1979). This utilizes either records on

damage caused by past earthquakes or a dynamic response analysis of

buildings based on the results of seismic hazard analysis of the par­

ticular site. Damage is classified according to the cause or type

of building to which it refers and is measured in terms of the damage

ratio (i.e., the ratio of the repair cost over that required for

replacement at the time of damage).

A similar approach was developed by Del Tosto (1979) on

the basis of records on damage incurred to buildings during past earth­

quakes. The approach consists of three stages. The first involves

a correlation between the damage and the peak ground acceleration and

velocity. The second involves the determination of the distributions

for the peak ground acceleration and velocity with the aid of seismic

hazard analysis. The third involves the determination of the distri­

bution of the damage. In all three stages, damage is measured in terms



of the damage ratio.

Finally, in a somewhat different approach, Sauter (1979)

developed a method to determine the expected annual losses for

buildings of the same construction type. This method relates damage

to the Modified Mercalli Intensity and determines the probability of

exceedance of the latter using seismic hazard analysis. The peak
J

ground acceleration may also be used in the place of the Modified

Mercalli Intensity.
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CHAPTER 4

FAILURE CRITERIA AJIT) PROBABILITY OF FAILURE

4.1 Modes of Failure and Failure Criteria

Gravity-type retaining structures may fail in four

possible modes, as illustrated schematically in Fig. 4.1 These

are: (a) rotation around any point on the wall plane (overturn-

ing); (b) sliding along the base of the wall; (c) failure in bear-

ing capacity of the wall foundation; and (d) overall sliding, a

slope-type failure that can take along the wall and its founda-

tion.

Current design practice in geotechnical engineering

requires a separate evaluation of the safety of a wall against each

of the above four possible modes of failure. The safety measure

employed is the factor of safety FS defined as the ratio of two point

estimates: one, for the capacity C of the wall (i.e., its resis-

tance against failure) and another, for its demand D (i.e., the

forces or moments that tend to cause failure). That is,

C
FS =

D
(4-1)

Conventionally, a retaining wall is considered to be

safe in a certain mode when the resulting value of FS for this mode

is greater than its allowable value FS. The numerical value of the
a

latter is the result of the experience accumulated around the parti-

cular type of failure, and it depends on material conditions, applied

loading, etc. Typical values of FS are 2 to 3 for the case of aver­
a
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(a) Rotation

(b) Base Sliding

(c) Bearing Capacity

(d) Overall Sliding

..... (a)
......-

FIG. 4.1 THE POSSIBLE MODES OF FAILURE OF GRAVITY RETAINING WALLS

w
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turning, 1.5 to 2 for base sliding, 3 to 4 for bearing capacity, and

1.2 or higher for slope-type failure.

In a probabilistic formulation of the safety analysis of

a retaining wall, use is made of its safety margin SM. in mode i.
~

This is defined as the difference between the capacity C. and demand
~

D. of the wall in mode i; i.e.,
~

SM.
~

C.
~

D.
~

(4-2)

A wall is considered to be safe in mode i, if the numerical value of

the safety margin SM. is positive (i.e., SM. > 0); otherwise (i.e.,
~ ~

SM < 0), the wall is considered to be unsafe.

An alternative criterion of safety of a retaining wall

is the one that makes use of the concept of failure function (A-Grivas

and Asaoka, 1982). This represents a more general formulation of

safety as a failure function can be expressed either in terms of the

factor of safety or the safety margin or any other convenient measure

of safety such as the shear strength of soil, etc.

Thus, for example, if the failure function of a retain-

ing wall in mode i, denoted as H., is defined on the c-t plane (c =
~

cohesion and t = tan¢, where ¢ is soil's angle of internal friction),

and G represents the specific conditions of the wall (i.e., geometry,
o

material parameters, location of ground water table, etc.), limiting

equilibrium in mode i may be expressed analytically as

H.(c,t!G) = 0
~ 0

(4-3)
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That is~ for given geometry~ loads~ and other wall and soil parameters~

H. is a function of two random variables~ c and t = tan¢.
1

This is shown schematically in Fig. 4.2. If the available

values of c and t are such that the corresponding value of H. is posi­
1

tive (i.e.~ H. > O)~then the wall is considered to be safe under G
1 0

conditions; otherwise (i.e. ~ H. < 0)" the wall is considered to be
1. -

unsafe. Therefore~ failure in mode i is defined as

H.(c~tIG ) < 0
1. 0-

(4-4)

If the failure function H. is expressed in terms of the
1

capacity C. and demand D. of the wall in mode i~ i.e., H. = H.(C.~D.),
1 1 1. 1.1.1

then limiting equilibrium may be denoted as

H. (C. ,D.) = 0
11.1

(4-5)

Similarly, safety corresponds to the event whereby H. receives a
1.

positive value~ H. > O~ and failure to the event H. < O. In this
1. 1. -

case~ the expression for the failure function becomes identical to

that of the safety margin, i.e.,

H.
1.

SM. = C.
1. 1

(4-6)

Final1y~ if the factor of safety FS. in mode i is used
1.

as the criterion of limiting equilibrium~ then the corresponding

expression for the failure function becomes

H.
1

C.
FS1.' - 1 =~ - 1D.

1

(4-7)
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The analytical expressions for the capacity and demand of

each of the four modes of failure of a retaining wall that are employ-

ed in this study are given below.

4.2 Expressions of Capacity and Demand

4.2.1 Overturning

, J

In general, an earth retaining wall may rotate around any

point on its plane. Experience, however, accumulated through obser-

vations on walls that have failed indicates that the most likely

point of rotation is the front-end of its base. This is denoted as

point 0 in Fig. 4.3 in which also shown are the forces that act on

the wall under seismic conditions.

The capacity C of the wall is defined as the moment of

forces resisting overturning around the center of rotation 0 (Fig.

4.3), and is expressed analytically as follows:

(4-8)

in which B, h, B, h
A

, i are geometric quantities shown in Fig. 4.3,

FA = the total force acting on the wall, Ww = the weight of the wall,

o = angle of friction between the wall and the backfill material, and

ah, a~ = the horizontal and vertical accelerations experienced by

the wall respectively. In this study, ahand a~ are taken to be

maximum horizontal and vertical ground accelerations.

In the above formulation, the vertical acceleration of the

wall caused by a seismic event is taken to be directed downward as
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this represents the most critical loading condition.

The demand D on the wall is defined as the moment of the

forces that tend to cause overturning around its center of rotation 0

(Fig. 4.3). The analytical expression of D is as follows:

(4-9)

in which the various quantities are given in Eqn. (4-8) and are also

shown in Fig. (4-.3).

It should be noted that, in general, some additional resis­

tance to overturning is developed in the embedded front side of the

wall. However, this additional resistance is usually very small and

can be considered negligible, an assumption that will produce some­

what conservative results.

4.2.2 Base Sliding

The capacity C in base sliding is defined as the force that

resists sliding along the wall base. This is equal to the product of

the total vertical force at the wall base (force N in Fig. 4.3) times

the coefficient of friction between the wall and the foundation mater-

ial; Le.,

. C = [(1 + a~) Ww + PA sin(o + 8)] tan of (4-10)

in which of is the angle of friction between the wall base and the

foundation soil, and all other quantities are shown in Fig. 4.3.

The demand D is defined as the force along the base of the
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wall that tends to cause sliding. This is analytically expressed as

(Fig. 4.3).

(4-11)

4.2.3 Bearing Capacity

Several analytical formulations are available in the litera-

ture that aim at the determination of the ultimate bearing capacity

of a foundation medium. For example, following Meyerhof (1953), one

has that for a footing with width B larger than the height Df of the

surcharge (i.e., B > D
f
), the bearing capacity C of the foundation is

equal to (Fig. 4.4)

in which

2 (45
¢o

N¢ tan + 2)'

N = N¢
7Ttan¢oe -q

N = (N - 1) tan (1. 4 ¢ ),
I q 0

N = (N - 1). cot¢c q 0

A 1 + B
0.2 L N¢,c w

{: if ¢o = 0°
A A =q y B

if ¢o > 0°+ 0.1 L N¢,
w

(4-12)
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d I +
D

f
/N¢'= 0.2 Bc

{I D
if <Po

00
d d = I + 0.1 Bf (N )1/2Y q , if <P > 00

<P 0

Al = (B - 2e) (L - 2e),w

Yf = unit weight of the foundation material,

a =inclination with respect to the vertical of the

force on the foundation,

e =eccentricity of the force acting on the wall base,

L length of the footing,
w

c f = cohesion of the foundation material,

<P f friction angle of the foundation material, and

B
<Po = (1.1 - 0.1 1:) <P f

w

The above expression for <Po may be used when <P f is deter­

mined from triaxial compression tests. If <P
f

is determined from

direct-shear tests, then <Po should be taken to be equal to <P f (Meyer-

hof, 1953).

The demand D in bearing capacity is defined as the sum of

the forces acting at the wall base, including the weight of the wall.

Thus, from Fig. 4.4, one has that the expressions for the vertical

and horizontal components of the demand, Dv and DR' respectively, are

equal to
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and the total demand D is

(4-13)

(4-14)

D [D + D ]1/2
v H (4-15)

4.2.4 Overall Sliding

This is a slope-type mode of failure in which the safety

of an earth retaining wall is examined as part of a slope stability

analysis that involves both the backfill and the foundation materials.

Any procedure from those available for slope stability analysis may

be used for this purpose, properly modified in order to account for the

changes in inertia forces of the wall and soil medium caused by an

earthquake.

In Fig. 4.5 is shown schematically the force system present

in the overall sliding mode of failure. This corresponds to the simple

method of slices, in which the seismic effect is taken into account by

introducing additional horizontal and vertical forces at the centroid

of each slice (Vlavianos, 1981). In this case, capacity C is defined

as the moment of the resisting forces around the center of the (cir-

cular) failure surface and demand D as that of the driving forces

around the same point. Their analytical expressions are as follows:

i=n
C = R I

i=l
Ie ~~i + {W.(l + a')}tan¢ case.]

1 v 1
(4-16)
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(4-17)

in which n is the total number of slices and all other quantities are

shown in Fig. 4.5.

4.3 Determination of the Probability of Failure

4.3.1 Static Conditions

Using the definition of failure given in Eqn. (4-4), the

probability of failure P
f

of a retaining wall in mode i under static

conditions (G ) may be determined as the probability with which the
o

failure function receives values smaller than or equal to zero; i.e.,

Pf . = P[Ri(c,¢IGo):: 0] (4-18)
1.

Furthermore, if ~(c,t) represents the joint distribution

of the two soil strength parameters c and t = tan¢, then for a given

pair of values taken by c and t, one has

-_ {OlPIR. (c,t!G ) < olc,tJ
1. 0 -

if R.(c,tIG ) < 0
1. 0

, if R.(c,tIG) > 0
1. 0

(4-19)

The total probability of failure Pf . (Go) of a retaining
1.

wall in mode i under G conditions can be found with the aid of the
o

total probability theorem (Rarr, 1977) as follows:

P
f

(G ) = ffp[R.(c,tIG ) < 0 I c,tJ~(c,t)dcdt
o 1. 0-

i
(4-20)

in which the indicated integration is performed along the c-t region
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for which H.(c,tIG ) < 0, i.e., the failure region (Region I, Fig. 4.2).
10 -

Introducing Eqn. (4-19) into Eqn. (4-20), the following expres-

sion for Pf . (Go) is obtained:
1

Pf . (Go) = JJ~(c,t)dcdt
1

in which the integration domain is the same as in Eqn. (4-20).

(4-21)

In the special case of a cohesionless material (i.e., c = 0),

Eqn. (4-21) is reduced to

P f. (Go) = J f t (t) cit
1

(4-22)

in which ft(t) is the probability~ensity_functionof t and the inte­

gration is performed along the region bitior which Hi(t!G
o

) SO. i.e.,

the failure-region'-(Region I, -Fig. 4.6).

4.3.2 Seismic Conditions

The effect of an earthquake on a retaining wall and the soil

mass comprising its backfill and foundation materials is introduced as

an increase in their inertia and is expressed in terms of the maximum

acceleration expected to be experienced at the site of the wall.

Let a denote the maximum ground acceleration and nG the

corresponding change in the wallis conditions because of the addi-

tional inertia, i.e., nG = nG(a). The expression for the failure

function for mode i in this case becomes

H.(c,t!G + nG) = 0
1

(4-23)
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and the wall is considered to be safe, if H.(c,t!G + ~G) > 0; and
l.

unsafe, if H.(c,tIG + ~G) < O. This is shown schematically in
l.

Fig. 4.7, in which Region I corresponds to failure and Region II to

safety.

The probability of

wall in mode i under seismic

failure Pf (G + ~G) of a retaining
i 0

conditions (G + ~G) can be determined
o

in a manner similar to that described for static conditions, Eqn. (4-21).

Its analytical expression is given as

Pf . (Go + ~G) = ffr,(c,t)dcdt
l.

(4-24)

in which the indicated integration is performed along the c-t region

for which H.(c,t G + ~G) < 0 (Region I, Fig. 4.7).
l. 0 -

In the special case of a cohesion1ess material (i.e., cO),

the expressions for Pf . (Go + ~G) is reduced to
l.

Pf . (Go + ~G) = fft(t)dt
l.

(4-25)

in which ft(t) is the probability density function of t and the indi-

cated integration is performed along the region of t for which Hi

(t \G +~G) ~ 0, 1. e'., the failure region (Region I, Fig. 4.8).
o

4.3.3 Total Probability of Failure

As a retaining wall may fail in four possible modes (Fig.

4.1), a system (or, combinatory) reliability analysis can be used to

arrive at an expression for its total probability of failure (Harr,

1977; A-Grivas, 1979). Such an equivalent system representation is

shown schematically in Fig. 4.9.



'46

c

C ----r--------~ma

Region I: Failure region

Region II: Safety region

@

H. (c,tIG +6G)=
~ 0

l::l
o

..-I
til
Q)

...c:o
c.J

Cfuin - - - - L..-. ~_ ___J

t .nun
t
max

t

FIG. 4.7 DEFINITION OF FAILURE FUNCTION
UNDER SEISMIC CONDITIONS



Region I: Failure region Region II: Safety region

,-------/\ /\.I II
-t •• I ~ t

H. (t IG +tlG) = 0
1. 0

FIG. 4.8 DEFINITION OF FAILURE FUNCTION UNDER SEISMIC CONDITIONS

..,..
'-.J



~+ode 1 I ~I mode 2 I 1mode 3 I 1mode 4 I ~
(rotation) (base (bearing (overall

sliding) capacity) sliding)

FIG. 4.9 EQUIVALENT SYSTEM REPRESENTATION OF A RETAINING WALL

.l::'
00



49

If P
f

' i = 1, ... ,4, denotes the probability of failure
i

in the i-th mode (under static or seismic conditions), and if the

four modes are assumed to be independent of one another, then the

total probability of failure P
f

of the wall is equal to

4
Pf = 1 -iUl (l-P

fi
) (4-26)

in which TI denotes multiplication of the quantities in parenthesis.

The complement of the probability of failure Pf . is defined
1

as the reliability r. of the wall in mode i; i.e.,
1

r
i

= 1 - P
f

(4-27)
i

Combining Eqns. (4-26) and (4-27), one has that the total reliability

r of the wall is equal to

4
r = 1 - Pf =i~l r i (4-28)



CHAPTER 5

SEISMIC SAFETY PREDICTION

5.1 Wall Performance under Static Conditions

Section 4.3 provided the expressions for the predicted

values of the probability of failure of a retaining wall in any

of the four possible modes of failure. These were given by Eqn.

(4-21), for static conditions (G ), and Eqn. (4-24), for seismic
o

conditions (G + 6G). The latter provided the probability of
o

failure during an earthquake without accounting for any informa-

tion that might be available about its performance under static

conditions (i.e., after the completion of the construction of the

retaining wall but before the occurrence of an earthquake). In

this sense, Pf{Go + 6G) represents the predicted value of the prob-

ability of failure when the prediction is made during the design

stage.

After the completion of the construction of the wall,

however, and prior to the occurrence of an earthquake, observations

made on the wall will provide additional information about its

safety under static conditions (G). This information may be expressed
o

in the form of two alternatives, namely; (a) the wall has failed

ugder static conditions, i.e., Pf(G
o

) = 1, in which case a prediction

of the probability of failure under seismic loading is irrelevant;

and (b) the wall is safe under static conditions, i.e., Pf(Go) = o.

As it will be seen below, this additional information obtained from

50
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wall performance under static loading can be used to arrive at an

improved prediction of its safety under seismic loading. The

approach is general and therefore applicable to any of the four

modes of failure.

5.2 Posterior Distribution of Soil Strength Parameters

Considering the definitions of failure function given in

Section 4.1, the observation Pf(Co) o may be interpreted to imply

that the soil strength parameters c and t under static conditions

(C ) produce a positive value for the failure function, H(c,t!C ) >
o 0

O. That is, c and t lie within the safety region, Region I, as illus-

trated schematically in Fig. 4.2. This observation may be used to

provide a modified expression for the joint distribution s(c,t) of

c and to

Let s'(c,t) denote the posterior (to the successful wall

performance under static conditions) probability density function

of c and t; i.e.,

s'(c,t) = s[c,tIH(c,tlC ) > 0] (5-1)o

A Bayesian analysis provides the following expression for s'(c,t):

in which

s'(c,t) =.kL(c,t)s(c,t)

s(c,t) = the prior distribution of c and t,

L(c,t) = the likelihood function, and

k = the normalizing constant.

(5-2)
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The likelihood function L(c,t) provides the probability

associated with the observation. In accordance with the intepreta-

tion of the observation given above, one has that L(c,t) is equal to

L(c,t)

if H(c,tIG ) > 0
o

, if H(c,tIG ) < 0
o

(5-3)

The normalizing constant k is needed so that ~'(c,t) is a

probability density function (i.e., its integral along the region of

its variation is equal to unity). Its analytical expression is

k = l/ffp[H(c,tIG ) > 0 c,tl~(c,t)dcdt
o (5-4)

in which the indicated integration is performed over the region in

which H(c,tIG ) > 0, i.e., Region I in Fig. 4.2.
o

Combining Eqns. (5-2), (5-3) and (5-4), it is found that

~'(c,t) =
~(c,t)

jJ ~ (c, t)dcdt (5-5)

The denominator of Eqn. (5-5) is equal to l-ff~(c,t)dcdt,

wheIE the integration is performed along the domain wherein H(c,t!G ) <
o

0, i.e., Region II in Fig. 4.2. Recalling that, in this case, the

integral is equal to the probability of failure under G conditions,
o

given in Eqn. (4-21), one has that Eqn. (5-5) can be written as

~'(c,t) (5-6)
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That is, the posterior distribution of the strength parameters is

equal to the ratio of their prior distribution over the complement

of the probability of failure under static conditions.

5.3 Posterior Probability of Failure

The observation that a retaining wall is safe under static

conditions can be used to provide an improved measure for the pre-

dieted probability of failure during an earthquake, In Bayesian

parlance, this is called the "posterior" probability of failure and

is denoted as Pf(Go + 6G); i.e.,

= Pf(G + 6Glsafe under G )o 0
(5-7)

Using the posterior probability density function ~'Cc,t),

given in Eqn. C5-6), A-Grivas and Asaoka (1982) have shown that Eqn.

C5-7) is reduced to the following expression:

PfCGo + 6G)-Pf CGo)
PfCGo + 6G) = I _ P CG ) C5-8)

The corresponding expression fof tHe case of cohesionless soils is

derived in Appendix A.

5.4 Seismic Capacity of a Retaining Wall

The posterior probability of failure PfCGo + 6G) of a

retaining wall is a function of the ground acceleration a; i.e.,

PiCa) C5-9)

Let R denote the maximum value of the acceleration that can be

experienced by the retaining wall without failure. In this sense,
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R represents the capacity of the retaining wall to undertake the

additional seismic load expressed in the form of an acceleration.

The probability density function fR(R) of R has been shown to be

equal to the derivative of Pf(a) in the respect to a, in which a

is replaced by R (Matsuo and Asaoka, 1978; A-Grivas and Asaoka,

1982); i. e. ,

dPf(a)

da la = R (5-10)

The predicted probability of failure Pf during a future

earthquake of maximum acceleration a is computed as follows

f fR(R) dR (5-11)

in which the integration domain is bounded by the lower limit of

the range of R and the maximum acceleration a.

5.5 Prediction of WallPerfotmance after the OccuTrence6f an

Earthquake

After the occurrence of an earthquake the retaining wall has

either performed successfully or has been damaged. Assuming that the

shaking was of magnitude M =1Df. and occurred at a distance L = )1,1'

the realized maximum horizontal acceleration a
l

at the site of the

wail is obtained from the following attenuation law provided by

Seismic Hazard Analysis (A-Grivas, 1978)
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b 2m
l

-b
3a l b1 e (Q,l + b

4
) s

or,

a
l

k
l

s

where
b m -b

k = ble 2 l(Q, +b) 3
1 1 4

(5-12)

(5-13)

(5-14)

The parameter S denotes the ratio of the observed to the

computed values for the maximum horizontal acceleration and follows

the lognormal distribution (Donovan, 1974). Since k
l

is constant,

the probability density function for a
l

can readily be determined

as follows (Harr, 1977)

fS[S = seal)]

dal
ds

(5-14)

Assuming that the seismic capacity R of the wall and the

maximum horizontal acceleration a
l

are independent variables, leads

to the following expression

(5-15)

If the wall performed successfully during the earthquake,

it is of interest to predict its behavior during a future earthquake.
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The same reasoning as previously and incorporation of Eqn.

(5-15) leads to the following prediction for the probability of failure

Pf of a retaining wall during a future earthquake

E[(l-F (R» F (R)]a a
l

E[F (R)]
a

l

(5-16)

in which, F (R) is the cumulative probability density function ofa
l

a l and Fa(R) is the cumulative probability density function of the

maximum horizontal ground acceleration provided by Seismic Hazard

Analysis.

If the wall has been damaged during the earthquake, its

damage is quantified by the ratio of the cost of repairs over that

required for the replacement of the wall at the time of damage

repair cost (R.C.)
total replacement cost (T.R.C.) (5-17)

Damage D is subsequently connected to both the realized
r

maximum ground acceleration a l and the seismic resistance R of

the wall, as follows

(5-18)

where ~d is a coefficient to account for different design schemes.

It is noted that damage D , as given by Eqn. (5-17) varies between
r

o and 1. This means that the realized peak horizontal acceleration
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a l must have a value lower than the seismic capacity R. Had the

opposite occurred, that is u
l

> R, the wall would have failed.

Solving Eqn. (5-17) with respect to u
l

provides the follow-

ing relationship

-1
D (dl,R)u l

(5-18)

Furthermore, the same reasoning and Eqn.(5-l8) lead to the

following prediction for the probability of failure Pf of a retaining

wall during a future earthquake

(5-19)



CHAPTER 6

CASE STUDY

6.1 Description of the Facility

The developed probabilistic seismic safety analysis is

applied to an actual case study, the required information for

which was obtained during a site inv~stigation into the February

and March 1981 earthquakes in Greece. For the first time ever,

detailed information is now available on the type and magnitude

of the movement experienced by a retaining structure under earth­

quake loading.

The case study involves a concrete wingwal1 adjacent to

a small, massive bridge that is located near the town of P1ateas,

Greece, just two miles from the main ground rupture that was caused

by the earthquake. The wingwall provides support for the embank­

ment of the main road that leads to the town. In Fig. 6.1 is shown

a plan view of the wingwa11, the adjacent bridge (associated with a

torrent draining facility), the wall backfill and the supported

embankment. A front view of thewingwall used in the case study and

adjacent facilities is shown in Fig. 6.2. Characteristic cross­

sections of the torrent draining facility (Fig. 6.1, Position A-A)

and the wingwall (Fig. 6.1, Positions B-B and C-C) are shown in Figs.

6.3, 6.4 and 6.5.

The backfill and foundation media of the wingwa11 consist

primarily of a coarse-grained material with an admixture of silt.
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At the time of the site investigation (May 1981), the backfill was

in a dry condition, an indication that the drainage system of the

wingwall performed properly. From Figs. 6.4 and 6.5, it can be seen

that the inclination of the backfill varies along the wingwall.

6.2 Ground Motion Parameters
. )

In February and March, 1981, the site of the facility was

subjected to three major earthquakes that caused severe damage to

the town of Plateas and other towns in the vicinity of the facility.

In Table 6.1 are listed the dates of the earthquakes, and the magni-

tudes of the local intensities, measured in accordance with the

Modified Mercalli Intensity (MMI) scale. The latter were obtained

during a damage assessment in the region affected by the seismic

activities. In the same table are given the corresponding values of

the maximum horizontal ground acceleration Cth determined with the

aid of the following expression (Gutenberg and Richter, 1954):

I
log Cth = "3 - 0.5 (6-1)

in which I is the magnitude of the intensity (MMI) and Cth is measured

. / 2 d 1ln cm sec an g s.

6.3 Behavior of the Wingwal1 before the Seismic Activity

6.3.1 Description of Failure

During the compaction of the embankment and before the

occurrence of the earthquakes, a vertical crack was developed in



TABLE 6.1

CHARACTERISTICS OF THE SEISMIC ACTIVITY

DATE
LOCAL EPICENTRAL CLh CLh

MMI MAGNITUDE 2(in Richter's (em/sec ) (in g's)
Scale)

2/24/1981 7 6.6 68.13 0.07

2/25/1981 6 6.3 31.62 0.03

3/4/1981 8.5 6.2 215.44 0.22

(J'\

V1
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the wingwa11 near its joint with the bridge. The two structures,

though separated by the crack (the position of which is indicated

as Point F in Fig. 6.6), remained in contact without any visible

relative movement.

In Fig. 6.6 is shown schematically the distribution of the

vertical settlement that took place in the backfill, at the position

near the end of the pavement. The maximum value of the settlement

was equal to 1.15 ft (0.35 m) and occurred at approximately the mid­

point of segment AH (Fig. 6.6).

The cross-section of the wingwa11 at the position of the

crack is shown in Fig. 6.7. The magnitude of the crack along the hori­

zontal direction is 0.79 inches (2;01 cm), a value sufficiently large to

render segment FG (Fig. 6.6) independent of the remaining of the

facility. The separated segment of the wingwa11 was subsequently

considered to behave as a retaining wall of gravity type in contact

with a backfill material bounded by lines FE and GR, Fig. 6.6.

6.3.2 Cause of Failure

In general, the stress system developed within wingwa11s

depends on their ability to act together with the more massive

adjacent facility as a rigid structure. In accordance to current

design practice, wingwa11s are expected to behave as ordinary retain­

ing structures and, therefore, are designed for the critical case of

fully developed earth pressures within the backfill material (active

conditions). The latter produce shear forces and bending moments
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along the wingwall, the largest values of which are developed at the

section where the wingwall is connected with the adjacent (usually

more massive) facility. For the joint of the two structures to

perform successfully, simple horizonalreinforcement is required in

order to undertake the developed tensile stresses together with a

possible increase of the wall thickness.

Observations on the behavior of such structures (e.g.,

Peck, 1974) have indicated that, when wingwalls are rigidly connec­

ted to massive facilities such as bridge abutments, most failures

occur at or near their joints. This is due mainly to an inadequate

structural design at this critical section. In addition, if the

connection between the wingwall and the rest of the facility is

rigid, the mobility of the former near the joint is very limited.

As a result, active conditions at this location cannot be fully

mobilized and, therefore, the force system along the wingwall is

larger than the one an ordinary retaining wall can carry safely.

The above is considered to also be the cause of failure

for the Plateas wingwall. The excessive settlement of the embank­

ment overlying the backfill is an additional contributing factor.

This was probably due to the inadequate compaction of the fill and

produced a further increase in the load of the wall.

Nevertheless, the performed analysis has shown that, even

if the excessive settlement of the backfill material had not taken

place, the joint between the wingwall and the rest of the facility

was not adequately designed and it would have failed even if active
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conditions were only developed.

6.3.3 Representative Cross-Section and Material Parameters

Following the development of the crack, the reported section

of the wingwall was free of any lateral restraints. Therefore, its

subsequent behavior was assumed to be similar to that of a gravity type

retaining wall with active pressures Jacting along its entire length.

In Fig. 6.8 is shown schematically a representative cross-

section of the wall used in the stability analysis. As the height of

the wall varies along its length (Fig. 6.2), the representative section

has an average height of 20.29 ft (6.15 m) and is located at a distance

equal to 11.78 ft (3.5 m) from the left end of the wall. Its center of

gravity is determined in Table 6.2 while in Fig. 6.9 is shown a front

view of the wingwall indicating the location of the representative cross-

section.

Both the backfill and foundation materials are assumed to be

cohesionless (c

100 pcf (y = Yf

0). Their unit weight was estimated to be equal to

100 pcf) (15708.75 N/m3) while the mean values of their

angles of internal friction 40 0 (¢ = <P f = 40°). The unit weight of the

3wall concrete was equal to 144 pcf (22620.59 N/m ).

The angle of friction 0 between the wall and the backfill mat-

erial depends on the roughness of the back of the wall and the type of the

soil. A typical value for 0 is equal to 30° (e.g., Lambe and Whitman,

1969) and this is the value assumed for the present study. For coarse



71

1;·6~lft

(0.50 m)

z

I
I
I
I
I
I
I
11.14 ft
I
I
1(0.3 5 m)

I • G

I
I
I
I
I .j.,l ro-

I 4-l S
C"")

I C"") -.:t. co
0'>

.
I N.....,
I
I

I S2Sl

co
N 0

• 0
C"") •

r-l.....,

.j.,l ro-
4-l S
r-l

.j.,l r0-

O'>
1.1") 4-l S. r-l

'"
. co 1.1")

r-l
1.1") co r--......, ..

1.1")co
r-l

.....,

o

/

_ 3.28 f~

(1.00 m)

FIG. 6.8 REPRESENTATIVE SECTION OF WINGWALL USED
IN STABILITY ANALYSIS



TABLE 6.2

DETERMINATION OF CENTER OF GRAVITY FOR

THE REPRESENTATIVE SECTION OF THE WALL (from Fig. 6.8)

SIt}
Y I!· XG AREA A. Y. X. A.Y. A.X.

1 1 1 1 1 1 1

GIS::>.

16.56 ft 2 2.19 ft 6.73 ft 36.27 ft 3 111.45 ft 3

SECTION Sl 2 (0.67 m) (2.05 m)
3 3

(1.54 m ) (1.03 m ) (3.16 m )

55.46 ft 2 0.82 ft 10.10 ft 45.48 ft 3 ~ 560.15 ft 3

SECTION S2 2 (0.25 m) (3.08 m) 3 3
(5.15 m ) (1.29 m ) (15.86 m )

72.02 ft 2 81. 75 ft J 671. 60 ft J

- -
TOTAL SECTION 2 3 3

(6.69 m ) (2.32 m ) (19.02 m )

LA.Y. 3
1 1 81. 75 i!- = 1.14 ft (0.35 m)Y = = 72.02 2G EA. ft
1

LA.X. 3

'-.J

671.60 i!- = 9.33 ft (2.84 m)

N

1 1

Xc = LA. = 72.02 2
ft1
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grained soils with silt, a typical value for the coefficient of

friction (tano f ) between the wall base and the foundation material

is 0.45 (e.g., Peck et al., 1974). Therefore, the value for the

friction angle Of employed in this study is 24° (8 = 24°). A typical

value equal to 10% (Harr, 1977) for the coefficient of variation of

the friction angles of the backfill and foundation materials were

assumed.

The statistical values of the material strength parameters

are summarized in Table 6.3.

6.3.4 Static Force System along the Wall

A description of the force system along the retaining wall

under static conditions is made using the representative cross-

section shown in Fig. 6.8. The total height of the wall is H = 20.19

ft (6.15 m), the base width is B = 3.28 ft (1.00 m), the width at

the crest is c = 1.64 ft (0.50 m), the depth of the foundation is
r

D
f

= 3.28 ft (1.00 m) the inclination of the backfill material is

i = 5° and the distance between the backfill and the crest is 1.31 ft

(0.40 m).

The distribution of the earth pressures p(z) along the

depth of the wall under static conditions is determined using Dubrova's

mgthod (Harr, 1977; A-Grivas, 1979; Chang, 1981; Vlavianos, 1981).

The analytical expression for p(z) is as follows:



TABLE 6.3

STATISTICAL VALUES OF MATERIAL PROPERTIES

MATERIAL MEAN STANDARD COEFFICIENT
PROPERTY VALUE DEVIATION OF

VARIATION

Backfill friction

angles, <P
40° 4° 10%

Backfill friction

angle, 0 30° 3° 10%

Foundation soil

friction angle, 40° 4° 10%

<Pf

Wall-Foundation
friction angle, 24° 2.4° 10%

Of

75
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p(z) iZCOS(~-S) 2 {cos(~-B)-z ~~-{sin(~-B) +
cos Bcos(o+B)(l+~k)

- mtan(o+B)]}}

in which ~=~(z) is the mobilized shear strength along the depth z

of the backfill, y is the unit weight of the backfill, quantities

B,o,i are shown in Fig. 4.3, and

~ =k

m = do °=
d~ ~

(6-3)

(6-4)

As active conditions are developed along the entire height

of the wall, the mobilized strength ~(z) is equal to the total strength

available ¢; i.e.,

~ = ~(z) = ¢ (6-5)

Introducing Eqn. (6-5) into Eqn. (6-2), the expression for

the pressure distribution p(z) becomes

. 2
Yzcos (¢-f3)p (z) = --!..:::...:..:~~~---:-
2 2

cos Bcos(o+B)(l+~k)

(6-6)
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in which

~ = [sin(¢+o)sin(¢-i)]1/2
k cos(i-S)cos(8+B) (6-7)

i.e.~ the resulting distribution for p(z) is linear with depth z.

An integration of p(z) along the height ~ of the back­

fill provides the following expression for the total active force

P
A

on the wall:

(6-8)

in which AA is the coefficient of active earth pressure under static

conditions and is equal to

2
A =__c_o_s--,-(¢"---:..S-:..) _

A 2 2
cos Bcos(8+S)(1+~k)

and all other quantities are defined in Eqn. (6-6).

(6-9)

For the resulting hydrostatic pressure distribution, Eqn.

(6-8), the point of application of the active thrust is at a depth

equal to two thirds the height Bb of the backfill (2/3 ~). The

horizontal and vertical components of PA' P~ and P
Av

' respectively,

are equal to

P~ P
A

cos(f3+8)

(6-10)
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6.4 Behavior of the Wingwall during the Seismic Activity

6.4.1 Observed Wall Movement and Design Specifications

The seismic activity caused the wall to move relatively

to the much more massive adjacent structure. In Fig. 6.10 is shown

schematically the cross-section of the wall at the position of the

crack and the magnitude of the movement that occurred during the

shaking. At the ground level, the wall moved outward a horizontal

distance equal to 0.26 ft (0.08 m) while the outward movement at

the top was 0.49 ft (0.15 m).

According to the Greek Aseismic Code, the seismicity of

the wall site is characterized as Type II and the corresponding

value of the equivalent horizontal seismic coefficient depends on

the quality of the soil medium. Three types of soil qualities are

distinguished, namely: quality a, for "soil with small seismic

hazard"; quality b, for "soil with intermediate seismic hazard";

and quality .£' for "soil with high seismic hazard". The suggested

values for the horizontal seismic coefficient for these three types

of soil are given in Table 6.4.

Because the design details of the facility are not available

to the author at the present time, all three values of the horizon­

tal seismic coefficient are considered in the back-calculation of

the safety of the wall that is given below.

6.4.2 Back-Calculation of Wall Movement

The back-calculation of the permanent horizontal displace­

ment of the wall is performed using a semi-empirical expression
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FIG. 6.10 CROSScSECTION OF THE WINGWALL AT LOCATION p-P,ANQ
THE REALIZED MOVEMENT DUE TO THE EARTHQUAK.E



TABLE 6.4

DESIGN SEISMIC COEFFICIENTS SUGGESTED BY

THE GREEK ASEISMIC CODE (in g~s)

TYPE OF SOIL

Small Seismic Intermediate High Seismic
Seismicity of Hazard Seismic Hazard Hazard
Wall Site ~

a b c

II 0.06 0.08 0.12

00
o
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proposed by Richard and Elms (1979). This is equal to

d
p

0.087 (6-11)

in which dp is the permanent displacement, in inches, ~ (=ah g)

is the maximum horizontal ground acceleration due to an earthquake,

in in/sec2 , v is the corresponding maximum horizontal velocity, in

in/sec, and ~ is the maximum horizontal ground acceleration the wall

can experience without failure, in gls (i.e., ~ is the deterministic

seismic capacity of the wall).

Acceleration ~ can be expressed as (Prakash, 1981)

~ = wv

in which w is the circular frequency of the ground motion.

Solving Eqn. (6-12) with respect to v, one has

(6-12)

v (6-13)

Introducing the above expression for v into Eqn. (6-11), the latter

becomes

(6-14)

From the three earthquakes that took place at the vicinity

of the facility in February and March, 1981 (Table 6.1), the first

and third contribured to the movement of the wall while the second

shaking had no effect on the facility. The estimated value for the



equal to the observed value d
p
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predominant period of the first influential earthquake is T
l

= 0.3

sec while that of the second is TZ = 0.55 sec (Protonotarios, 1981).

The values of the horizontal permanent displacement of the

wall that correspond to the two earthquakes are listed in Table 6.5

for each design value of the seismic coefficient appearing in the

Greek Aseismic Code (Table 6.4). It may be noted that the total dis-

placement predicted for the case of ~ = 0.08 g is approximately
2

0.26 ft (0.08m), shown in Fig. 6.10.

6.4.3 Seismic Force System along the Wall

The distribution of the earth pressures p(z) along the

depth z of the wall under seismic conditions, found using Dubrova's

method of "distribution of pressures" (A-Grivas, 1979; Chang, 1981;

Vlavianos, 1981), is given as follows:

p (z)
yz(l+a )cos(1jJ-s-e) d,I,

v {cos(1jJ-s-e)-z~ sin(,I'-S-e) +
2 2 dz 'V

cosecos Scos(o+B+6)(l+~k)

(6-15)

in which 1jJ = 1jJ(z) is the mobilized shear strength along the depth

z of the backfill, y is the unit weight of the backfill, quantities

S,o,i are shown in Fig. 4.3, and

~ =k
(6-16)



TABLE 6.5

TOTAL HORIZONTAL PERMANENT DISPLACEMENT OF THE WALL

DESIGN HORIZONTAL DISPLACEMENT
SEISMIC

COEFFICIENT IN
GREEK ASEISMIC Is t EARTHQUAKE 2ND EARTHQUAKE

CODE (T
1

=0.3 sec, a h =0.07g (T2=0.55 sec, a
h

=0.22g TOTAL

1 2

k
h

= 0.06 g 0.0099 in -4 10.22 in 0.8525 ft
dn = (2.51xlO . m) d12 = (0.2596 m) dp1 = (0.2598 m)

1

0.0031 in -5 3.2337 in 0.2697 ft

~2
= 0.08 g d

p2
= (0.0822 m)d21 = (7.87 x 10 m) d22 = (0.0821 m)

0.006 in 0.6388 in 0.0537 ft

~3
= 0.12 g -4 d32 (0.0162 m) dp3 = (0.0164 m)d

31
= (1.52 x 10 m)

00w



-1 O'.h
e = tan (l+a. ),

v

O'.h = maximum horizontal acceleration

(in gls), and

0'. = maximum vertical acceleration
v

(in g IS).
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(6-17)

(6-18)

In Eqn. (6-17), O'.h is positive if it is directed toward the

wall while 0'. is positive if it is directed downward. Critical load­
v

ing conditions on the wall correspond to a positive value for e(e > 0).

As active conditions are developed along the entire height of

the wall, the mobilized strength W(z) is equal to the total strength

available ¢; i.e.,

(6-19)

becomes

Introducing Eqn. (6-19) into Eqn. (6-15), the latter

in which

p(z) =
yz(1+a..)cos

2
(¢-s-e)v ..

2 2
cosecos Scos(o+S+B)(l~k)

(6-20)

[sin(¢+o)sin(¢-i-e) ]1/2S =k cos(i-S)cos(o+s+B)

i.e., the resulting distribution is linear with depth z.

(6-21)

An integration of p(z) along the height ~ of the back-

fill provides the following expression for the total active force
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PA on the wall:

(6-22)

in which AA is the coefficient of active earth pressure under seismic

conditions and is equal to

2
It = __c:....;o-,s-=-,-(<P.!--....:..S_-_6..!.-.) _::_

A 2 . 2
cosecos Scos(o+$+e)(I+Sk)

(6-23)

The distribution along the wall under seismic conditions

given in Eqn. (6-20) is hydrostatic and, therefore, the point of

application of the total active thrust is at a depth dqual to two

thirds the backfill height Bb(2/3~).

6.5 Failure Analysis

6.5.1 Statistical Values of Safety Margin

For the purposes of this case study, the failure function

of the retaining wall for any mode of failure is taken to be equal

to the safety margin SM. This is defined in Eqn. (4- 2) as the

difference between the capacity C and demand D of the wall, i.e.,

SM = C - D

In section 4.2 are provided the analytical expressions

of C and D for each failure mode. It is seen that C and/or D, and

therefore SM, are functions of one or more of the material parameters
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that are introduced as random variables in this study, namely:

the friction angles of the backfill and foundation material, ~

and ~f' respectively, the angle of friction 0 between the wall

and the backfill, and the angle of friction of between the wall

footing and the foundation material. For given statistical values

of these random variables (obtained~)say, through an analysis of

laboratory test data), the corresponding statistical values of the

safety margin may be determined with the aid of the point esti-

mates method, proposed for the first time by Rosenblueth (1975).

The method may be summarized as follows:

Let, in general, y represent a function of N random

variables xi' i = 1,2, •.• ,N, i.e.,

(6-24)

If x. and V denote the mean value and coefficient of variation
l. x.

l.

of each x., respectively, and y and v the corresponding statis-
l. y

tical values of function y, then one has (Rosenblueth, 1975)

(6-25a)

(6-25b)

in which
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i.e., is equal to function y evaluated at the mean values ofYo

variables x.. The latter are determined with the aid of two point
J.

estimates, x
i

_ and x
i
+' respectively, depend on

X. = x. - 0
J.- J. X.

J.
(6-26)

x i + = x. +0
J. ·x.

J.

in which 0 denotes the standard deviation of x .• The expressions
x. J.

J.

for the mean value, standard deviation and coefficient of variation

of x. in terms of the point estimates x. and x.+ are
J. J.- J.

x. Z
J.

o
x.

J. 2
(6-27)

6.5.2 Determination of Probability of Failure

The probability of failure is determined as the probability

with which the safety margin receives values smaller than or, at most,

equal to zero, i.e.,

PISM :: OJ (6-28)

It is assumed that SM follows a normal distribution ex-

pressed in the form
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1f (8M) = _--:"---- exp [
°SMI21T---

in which 8M and 0SM are the mean value and standard deviation of

SM, respectively, which are found using Eqns. (6-25). If u denotes

the standardized normal variate, i.e.,

u

the numerical value of the probability of failure are obtained from

Eqn. (6-28) as

p = p[u < _ SM ]
f 0SM

(6-29)

in which ~( ) is the tabulated Gauss distribution (Harr, 1977) evalu-

ated at the quantity shown in the parenthesis.

6.6 Results

Using the procedure described above, the safety of the wall

shown in Fig. 6.8 is evaluated under both static and seismic conditions.

Three modes of failure are examined, namely, rotation around the wall

base (active case), base sliding and overall sliding. The safety of

the bearing capacity of the wall used in this case study cannot be

eyaluated as there is no complete information concerning the details

of its foundation (e.g., size of its footing, "smooth" or "rough"

foundation conditions, etc.).
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6.6.1 Static Conditions

In Table 6.6 are given the results found for the examined

three modes of failure under static conditions. It can be seen that

the obtained values of the central factor of safety CFS (defined as

the ratio of the mean value Cof capacity over that of the demand D,

i.e., CFS = G/D) are 1.04, 1.24 and 2.31 for the cases of rotation,

base sliding and overall sliding, respectively. The corresponding

values of the probability of failure, determined with the aid of

Eqn. (6-29) are 0.424, 0.130 and 0.71 x 10-3 , respectively. Listed

in Table 6.6 are also the statistical values of the safety margin

for each mode of failure considered.

6.6.2 Seismic Conditions

In Tables 6.7, 6.8, 6.9 and 6.10 are given the obtained

results for the case where the wall is subjected to an earthquake

with horizontal acceleration equal to 0.02g, 0.04g, 0.06g and 0.08g,

respectively. For each loading condition, the values are listed of

the central factor of safety, the mean, standard deviation and coeffi­

cient of variation of the safety margin, and the probability of fail­

ure of the wall in rotation, base sliding, and bearing capacity. In

all cases, wall rotation has the highest value while overall sliding

has the smallest value for the probability of failure. In Fig. 6.11

are shown schematically the details associated with the overall sliding

mode of failure.



TABLE 6.6

DETERMINATION OF PROBABILITY OF FAILURE: STATIC CONDITIONS

STATISTICAL VALUES OF SAFETY MARGIN
FAILURE CENTRAL FACTOR PROBABILITY

MODE OF SAFETY MEAN STANDARD COEFFICIENT OF FAILURE
CFS = C/15 VALUE DEVIATION OF VARIATION

760 (lbft/ft) 3956 (lbft/ft)

ROTATION 1.04 521% 0.424
3381 (nm/m) 17597 (nm/m)

BASE 1.24
776 (lb/ft) 690 (lb/ft)

SLIDING 89% , 0.130

11325 (N/m) 10070 (N/m)

OVERALL 2.31 1. 9xl06 (lbft/ft) 4.9x105(lbft/ft) -3
SLIDING 6 6 26% 0.71 x 10

8.3xlO (Nm/m) 2.2xlO (Nm/m)

1.0
o



TABLE 6.7

DETERMINATION OF PROBABILITY OF FAILURE:

SEISMIC CONDITIONS (ah ='O.02g, a' = 0)
v

STATISTICAL VALUES OF SAFETY MARGIN PROBABILITYFAILURE CENTRAL FACTOR
MODE OF SAFETY STANDARD COEFFICIENT OF FAILURE

e!i) MEAN VALUE
DEVIATION OF VARIATION

-29 (lbft!ft) 23107 (lbft!ft)
ROTATION 0.99 788% 0.500

-129 (Nm!m) 102785 (Nm!m)

BASE 645 (lb!ft) 735 (lb!ft) -
SLIDING 1.19 114% - 0.190

9413 (N!m) 10727 (N!m)

OVERALL . 8x106(lbft!ft)~.9x105(lbft!ft -3
SLIDING 2.18 6 6 28% 0.14 x 10

tJ .9 x 10 (Nm/m) 2.2 x 10 (Nm/m)

\0
f-l



TABLE 6.8

DETERMINATION OF PROBABILITY OF FAILURE:

SEISMIC CONDITIONS (ah = 0.04g, Uy = 0)

FAILURE CENTRAL FACTOR STATISTICAL VALUES OF SAFETY MARGIN
MODE OF SAFETY PROBABILITY

MEAN VALUE
STANDARD COEFFICIENT OF FAILURE
DEVIATION OF VARIATION

-838 (lbft/ft) 5348 (lbft/ft)
ROTATION 0.92 638% 0.562

-3728 (Nm/m) 23789 (Nm/m)

BASE
507 (lb/ft) 811 (lb/ft

SLIDING 1.14 160% 0.266

7399 eN/m) 11836 (N/m)

1. 7xl06 (lbft/f.t- ~. 9xl0~f(lbft/ft) -3
OVERALL

2.07
29% 0.28 x 10

SLIDING
7.5xl06(lbft/ft)

62.2xlO (Nm/m)

\.0
N



TABLE 6.9

DETERMINATION OF PROBABILITY OF FAILURE:
SEISMIC CONDITIONS (ah = 0.06g, av = 0)

FAILURE CENTRAL FACTOR STATISTICAL VALUES OF SAFETY MARGIN
MODE OF SAFETY

PROBABILITY

e/n MEAN VALUE STANDARD COEFFICIENT OF FAILURE

DEVIATION OF VARIATION

-1704 (1bft/ft; 3726 (lbft/ft)
ROTATION 0.93 219% 0.676

-7580 (Nm/m) 16574 (Nm/m)

361 (1b/ft) 978 (1b/ft)
BASE 1.09 271% ~ 0.356

SLIDING 5268 (N/m) 14273 (N/m)

OVERALL 1606966(1bft/ft 490805(lbft/ft)
-3

SLIDING 1. 97 31% 0.53 x 10
7148138 (Nm/m) 2183209 (Nm/m)

~

w



TABLE 6.10

DETERMINATION OF PROBABILITY OF FAILURE:
SEISMIC CONDITIONS (ah = 0.08g, av = 0)

STATISTICAL VALUES OF SAFETY MARGIN PROBABILITY
FAILURE CENTRAL FACTOR OF FAILURE

MODE OF SAFETY MEAN VALUE STANDARD COEFFICIENT
c/n DEVIATION OF VARIATION

-2614 Clbft/ft 3478 Obft/ft
ROTATION 0.90 133% 0.744

-11628 (Nm/m) 15471 (Nm/m)

BASE
207 (lb!ft) 1571 (lb/ft)

SLIDING
1. 05 758% 0.447

3021 (N/m) 22927 (N/m)

OVERALL 11s2344 (lbft/ft) 491935 (lbft/ft) -3
SLIDING 1.87 32% 1.31 x 10

KJ775 724(Nu!m) 2188235 (Nm/m)

'".l:'-
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The results of the Bayesian analysis are shown in Table 6.11.

For each mode of failure considere~ the values are listed of the pre­

dicted prior probability of failure (before the successful construction

of the wall), Pf(Go+~G), and of the predicted posterior probability of

failure (after the successful construction of the wall), Pf(Go+~G).

In all cases, the latter is smaller than the former, i.e., P
f

(G
o
+6G)

< Pf(Go+liG).

The posterior probabilities of failure Pf(Go+~G) are used

for the determination of the statistical values (mean, standard devia­

tion, and coefficient of variation) of the seismic capacity of the wall

in each of the examined modes of failure. This is achieved with the

aid of Fig. 6.12, involving a plot of the standardized normal variate

u and its cumulative distribution ~(u), and Fig. 6.13, that relates u

to the seismic acceleration a
h

• The latter is determined by letting

Pf (Go+6G) = Pi(ah) become equal to ~(u), i.e., Pi(ah ) = ~(u), and per­

forming a linear regression analysis between corresponding values of

a h and u.

In Table 6.12 are listed the statistical values for the

seismic capacity R of the wall in the rotation, base sliding and over­

all sliding for the cases where the distribution of R is approximated

by the normal and lognormal models. Finally, the values of the pre­

dicted probability of failure as determined on the basis of the

seismic capacity of the wall are listed in Table 6.13.



TABLE 6.11

PRIOR AND POSTERIOR PROBABILITIES OF FAILURE

MODE PEAK HORIZONTAL GROUND ACCELERATION, ~ (in g's)
OF

FAILURE 0 6.0:2 0.04 0.06 0.08

Pf(Go) Pf(Go+tiG) Pf(Go+tiG) Pf(Go+tiG) Pi(G
o

+tiG) Pf(Go+tiG) Pi(Go+tiG) Pf(Go+tiG) Pf(Go+tiG)

Rotation 0.424 0.500 0.133 0.562 0.240 0.676 0.438 0.774 0.608

Base 0.130 0.190 0.069 0.266 0.156 0.356 0.260 0.448 0.365
Sliding --
Overall -4 1.4 x 0.72 x 2.8 x 2.1 x 5.3 x 4.6 x 13x 12.4 x
Sliding 0.71x10

10-4 10-4 10-4 10-4 10-4 10-4 10-4 10-4

\0......



u <p(u) %

98

3 99.9

2 97.7

1 84.1

0 50

-1 15.9

-2 2.3

-3 0.14

-3 -2 -1 0 1 2 3 u

FIG. 6.12 THE STANDARDIZED NORMAL VARIATE u
AND ITS CUMULATIVE DENSITY FUNCTION ~(u)



u ~(u) %

, )

3 99.9

2 97.7

1 84.1

0 50

-1 15.9

-2 2.3

u = A • a
h

+ B
-3 0.14

FIG. 6.13 DETERMINATION OF THE RELATIONSHIP BETWEEN u
AND a

h
WITH THE AID OF LINEAR REGRESSION

ANALYSIS
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TABLE 6.12

STATISTICAL VALUES OF THE SEISMIC CAPACITY

NORMAL LOGNORMAL

MODE
OF MEAN STANDARD COEFFICIENT MEAN STANDARD COEFFICIENT

FAILURE VALUE DEVIATION OF VARIATION VALUE DEVIATION OF VARIATICN
R SR VR R SR VR

ROTATION 0.068 0.043 63% 0.114 0.153 134%

BASE 0.096 0.053 55% 0.274 0.513 187%
SLIDING

OVERALL 0.320 0.079 25% 156.442 895.465 572%SLIDING

~
o
o



TABLE 6.13

PREDICTED PROBABILITY OF FAILURE ON THE
, J

BASIS OF THE SEISMIC CAPACITY OF THE WALL

MODE OF DISTRIBUTION OF CAPACITY

FAILURE

NORMAL LOGNORMAL

ROTATION 0.999 0.875

BASE
0.990 0.668SLIDING

OVERALL 0.103 0.005SLIDING
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CHAPTER 8

DISCUSSION

The procedure of safety prediction of retaining walls

under seismic conditions presented in this study was based on three

main assumptions, namely: (1) quasi-static loading conditions, in

which the seismic effect is introduced through the maximum horizontal

ground acceleration experienced at the site of the wall; (2) rigid­

plastic behavior of the backfill and foundation materials (limiting

equilibrium approach); and (3) the strength of the soil remains con­

stant during the seismic loading.

The assumption of quasi-static conditions renders the

developed analysis a simplified approach to the determination of the

probability of failure of retaining walls under seismic conditions.

This is considered to be sufficient for many encountered situations

and, in particular, when not much information is available about the

seismic environment of the site of the wall.

In Chapter 4, the state of limiting equilibrium (failure)

was expressed in general as a function of the soil strength parameters

c (cohesion) and t (t=tan¢, ¢=angle of internal friction). In the

case of a granular soil, the failure function depended only on the

t (=tan¢) parameter of strength. Both c and t are considered in this

study as random variables, the statistical values of which are deter­

mined through an analysis of available data. The latter are usually

given as the values of c and t obtained during commonly employed shear
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tests (i.e., triaxial or simple shear).

The assumption of constant strength during the seismic load-

ing is considered to be reasonable for a wide variety of soils. Both

experience and experimental evidence indicate that, in all well compacted

construction materials and in many natural soil strata, the dynamic

shearing resistance is about the same as the static shearing resistance.

This, however, is not the case for soils the resistance of which de-

creases drastically during the cyclic loading, e.g., the case of lique-

faction of loose saturated sands or very sensitive clays. '

In a Bayesian formulation of the safety of a retaining wall,

the time at which the safety prediction is made is of importance. In

this study, the first prediction was made during the design stage and

before the construction of the facility. This provided two values for

the predicted probability of failure: one, for static conditions (G )
o

and, another, for seismic conditions (Go + 6G), denoted as Pf(Go) and

Pf(G
o

+ 6G), respectively. The second prediction was made at a time

following the successful construction of the wall and before the

occurrence of the earthquake. This provided the posterior Cto the

successful construction) probability of failure, denoted as PfCGo +

6G). Subsequent predictions can be made at times following the occur-

ence of each earthquake and can he aocomodated foithe damage incurred

t9 the facility during each seismic activity.

The seismic capacity R of a retaining wall was defined as

the maximum acceleration that could be experienced by the wall during
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an earthquake without failure. As a retaining wall may fail in four

different modes (e.g., overturning, base sliding, bearing capacity,

and overall sliding), the employed Bayesian formulation enabled the

derivation of four expressions for the probability density function

fR(R) of R, one for each mode.



CHAPTER 9

SUMMARY AND CONCLUSIONS

A procedure was presented for the determination of the prob­

ability of failure of earth retaining structures under static or seismic

conditions. Four possible modes of failure were examined (i.e., over­

turning, base sliding, bearing capacity, and overall sliding) and their

combined effect was evaluated with the aid of combinatorial analysis.

Limit equilibrium was expressed as a function of the soil strength param­

eters (random variables) that are present in the development of the

capacity (resistance) of the structure along a particular failure mode.

The seismic load was introduced in terms of the maximum horizontal ground

acceleration (random variable) expected to occur at the site of the

facility. In a Bayesian formulation of the problem, it became possi­

ble to account for observations on the safety of the wall under static

conditions (prior to the occurrence of an earthquake) in order to provide

an improved measure for the predicted probability of failure under

seismic loading. This formulation provided an expression for the seismic

capacity of the wall, defined as the maximum horizontal ground acceler­

ation that could be experienced by the wall without failure. Introduc­

ing the concept of damage factor into the Bayesian safety analysis,

the posterior (to the occurrence of an earthquake) probability of fail­

ure for a wall was determined.

113
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The developed procedure was applied to an actual case study

involving the safety of a wingwall. The information required for this

purpose was obtained during investigations on sites affected by the

February and March, 1981, earthquakes in Greece. A detailed description

was provided of the behavior of the wingwall before and during the

seismic activity and predictions were made for its probability of fail-

ure.

On the basis of the analysis and the results obtained in

this study, the following conclusions are drawn:

(1) The probability of failure is a more adequate measure

of safety than the customary factor of safety. As earth retaining

structures may fail in four distinct modes, a system (or, combinatory)

analysis can provide a single estimate for the probability of failure

of such facilities.

(2) A Bayesian formulation of the safety of retaining walls

provides an improved measure for the predicted probability of failure

under seismic loading.

(3) When the safety prediction is made before construction

(at the design stage), the probability of failure under seismic con­

ditions is always greater than that predicted under static conditions.

When the safety prediction is made after the successful construction of

the retaining wall, the new predicted probability of failure under

seismic loading (posterior) is always smaller than that predicted

before construction (prior).
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(4) The seismic capacity R of a retaining wall in any

failure mode against a future earthquake is equal to the derivative

of the posterior probability of failure of the wall in this mode

with respect to the acceleration a, in which a is replaced by R.

(5) The presented Bayesian analysis can account for the

damage incurred to a retaining wall during an earthquake in order
, )

to provide an improved estimate for its probability of failure during

future seismic events.
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APPENDIX A

POSTERIOR PROBABILITY OF FAILURE FOR

THE CASE OF COHESIONLESS SOILS

In this case, soil strength is expressed in terms of only

a parameter, t = tan¢. The observation that a retaining wall is

safe under static conditions provides the following expression for

the probability associated with the failure function H:

, if

,if

H(t!G) > 0
o

H(tIG)<o
o

(A -1)

Using Bayes theorem, the posterior probability density

function of t, becomes equal to f'(t) = ftItIH(t!G ) > 0].
t 0

p[H(tIG »O!t] f (t)o t
f;Ct) = ]p[H(tIG »Olt]f (t)dt

o t

(A-2)

in which ft(t) is the prior probability density function of t, and

the integration indicated in the denominator is performed along the

region for which H(t!G ) > O.o

Introducing Eqn. (A-1) into Eqn. (A-2) , it is found that

f (t)
t

or,

(A-3)
1-ff(t)dt

117·
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in which the integration is performed along the region where

H(tIG ) < O. From Eqn. (4~22), onelhas that the integral appear­
o -

ing in the denominator of Eqn. (A-3) is equal to the probability of

failure under G condition, Pf(G). Therefore, Eqn. (A-3) may be
o 0

written as

(A-4)

The predicted probability of failure of a retaining wall

under seismic conditions (G + ~G), given that the wall was safe
o

under static conditions (G ), is equal to the probability with which
o

the failure function H(t!G + 6G) becomes negative. This is denoted
o

as

Pf'(G + 6G) = p[H(tIG + 6G) < OIH(tjG ) > 0]
00- 0

,A prediction on the safety 0.£ the wal1'under seismic

conditions provides the following expression:

Combining Eqns. (A-5) and (A-6),

(A-5)

(A-6)

Pf[Go + 6G] = fP[HCtIGo + ~G) 2.0IH(t!Go) > O;t]f~(t)dt

(A-7)

in which the integration is performed along the region of t that is

equal to the difference between the two regions that correspond to
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G + ~G and G conditions.
o 0

Introducing Eqn. (A-6) into Eqn. (A-7), it is found that

= Jf [t!H(t!G ) > O]dt
t 0

(A-8)

Finally, combining Eqns. (A-4) and (A-8), the expression for

Pf(Go + ~G) is found as

J

or,

Pf(Go + ~G) - Pf(Go)

l-Pf(Go)
(A-9)

since,

(A. -10)

The left hand side of Eqn. (A-9) provides the prior, to

a seismic event ~G, probability of failure.



APPENDIX B

COMPUTER PROGRAMS

Two computer programs were developed in the course of

this study. They are written in BASIC language for the Radio Shack

TRS-80 Microcomputer. A short description precedes each program and

an illustrative example shows the necessary input and the display.

The programs achieve the following two objectives:

(a) design of a gravity earth retaining wall under static

and seismic conditions, and

(b) evaluation of the mean value and the standard devia­

tion of a function of random variables with the aid

of Rosenblueth's method.

B#l Design of Gravity Retaining Walls

In this program, the earth pressures against a rigid retain­

ing wall are computed on the basis of the assumption that the wall

moves sufficiently for active conditions to develop. Three modes of

failure are addressed, that is, overturning, sliding and bearing capacity.

For each mode the program calculates both the safety factor and the

safety margin. In addition, the program is capable of doing both static

and pseudo-static seismic analysis and it can take into consideration

inertia effects on the retaining wall.

The present program is based on Sections 4.2.1, 4.2.2, and

4.2.3 and refers to the Fig. 4.3 and 4.4. The equations used in the

120-



program are summarized below.

(a) Computation of Lateral Earth Pressures:

It = co_s_2.....c('--i¢_-_8......;..:.S:.....)'-- _

A 8 28 (~..li)+8) [l+J sin(p+o) sin(¢-8-i)] 2
cos cos cos u~~ cos(o+S+8)cos(i-S)

121

(B-1)

(B-2)

8 (B-3)

(b) Analysis of Overturning:

Cl = (l+a')W ~+P (B-hAtanS)
v w AV

C = (l+a')W ~
2 v w

(B-4)

(B'-S)

(B-6)

(B-7)

(B-8)

(13-9)

(B-10)

(B-ll)



SMR2 = C2 - DZ

C2
=-

D2

(c) Analysis of Sliding:

D = a'W +Phw Ali

SMS = C - D

122

(B-12)

(B-13)

(8-14)

(~·-15)

(B-16)

(B-l7)

FSS
c

= -
D

(B-18)

(d) Analysis of Bearing Capacity:

C 1 2e a 2
q = -- = -(1- --)(1- --) Y BA d N +

Al 2 B ¢ f Y Y Y
o

a 2 a 2
(1 - -) YfDdA d N + (1- --) cAd N

90 q q q 90 fcc c

N = N e'ITtan<p o
q ¢

(N -l)tan(l. 4¢ )
q 0

(B-19)

( B-20)

(B-21)

( B-22)

A
c

B
1 + 0.2 L N¢

w
(B-23)

A = A = 1
q Y

if <P = 0
o

(~24)
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\1
B if ¢ > 10° (B-25)== d == 1 + 0.1 L N¢

Y w 0

d
D
fM (B -26)== 1 + 0.2 13 N¢c

d == dy 1 if¢ 0 (B -27)
q 0

D r;;d == d 1 + 0.1 B
f

, J

> 10°q Y if ¢o (B-28)

Al == (B-2e) (L -2e) if L < E99 (B-29)w w

Al == B - 2e if L == E99 (B-30)w

C == qA' (B-31)

(l+a~)Ww(B-~)+ahWwh+PAHhA+PAvhAtanB B (B-32)e == 2
(l+a~)Ww+PAV

-1 (XhWw+PAH
] (B-33)a == tan [

(l+a~)Ww+PAV

D == (l+a~)Ww+PAV (B-34)

BC - 8M == C - D (B-35)

Be - FS
C (B-36)== -
D

In the case that 0 <¢ < 10°, linear interpolation provides
o

the values for A ,A ,d and dv •
q y q I
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(e) Program Variables:

Execution of the program requi:Ees that-, the values of certain

variables be given as data. These variables are shown in Table B-1

in the order they appear in the sequence of data together with their

name in the program and a short description of them.

(f) Analysis Program:

The statements of the program are presented along with

a description of the memory contents in the following table under

the title "Retaining Wall".

(8) Illustrative Example:

In order to illustrate how the program works, the follow-

ing data has been considered: S = 0°, H = 20 ft (6.10 m), h = 7,619 ft

(2.32 m), B = 6 ft (1.83 m), ~ 3.9524 ft (1.20 m), hA = 8 ft (2.44 m),

ah= 0, a~ = 0, Of = 30°, cr = 1 ft (0.30 m), Yb = 150 pcf (23563.01

3 3N/m ), ¢ = 35°, Y 110 pcf (17279.54 N/m ), 0 = 29°, ah = 0.07,

av = 0, i = 0, ~ 20 ft (6.10 m), ¢f = 37°, Df = 3 ft (0.91 m),

3Y
f

110 pcf (17279.54 N/m ), cf = 0 and Lw E99. Corresponding

results are as follows: AA = 0.289, PA = 6361.09 1b/ft (92832.68 N/m) ,

PAR = 5563.5337 1b/ft (81193.28 N/m) , PAV = 3083.9171 1b/ft

(45006.17 N/m), SMR - 1 = 15495.462 1b.ft/ft (68926.91 Nm/m) , FSR - 1 =

1.348, SMR - 2 = 15495.462 1b.ft/ft (68926.91 Nm/m) , FSR -2 = 1.596,

SMS = 2279.149 lb/ft (33261.52 N/m), FSS = 1.410, BC - SM = 9208.746

1b/ft (134390.89 N/m) , and Be - FS = 1.68.

In detail, data is provided to the computer and results are

obtained as presented in Table B-2.



TABLE B-1

NAME AND DESCRIPTION OF PROGRAM VARIABLES
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VARIABLE NAME DESCRIPTION

S WI wall back inclination
, ;

H WE wall height

h COGH wall center of gravity height
from foundation level

B WE wall base

9- DL distance of wall center of gravity
from the front point of wall base

h APOPA application point of PAA

~ A1HSC inertia effect ~

a' A!VSC inertia effect a'
v v

Of WESFA base-foundation function angle

c WC wall crest
r

'Yb
WUW wall unit weight

¢ BFA backfill friction angle

'Y BUW backfill unit weight



TABLE 13 -1 (contd)

NAME AND DESCRIPTION OF PROGRAM VARIABLES
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VARIABLE NAME DESCRIPTION

0 WBCFA wall-backfill friction angle

ah
AHSC seismic coefficient ah

a AVSC seismic coefficient a
v v

i 131 backfill inclination

H-~ WBS wall-backfill step

CPf FSAIF foundation soil angle of
internal friction

Df
DF depth of foundation level

Yf GF foundation soil unit weight

cf CF foundation soil cohesion

L LW wall length
w



127

Title RETAINING WALL

Memory content Line number\ Statements

A 1 (3 Ndl 10 INPUT "WI = "; A, "WH = " .,
B 2 H <Pi B, "COGH =" . C, "WB ="; D,,
C 3 h Nn !lDL = "; E, !lAPOPA = !I. F, "A!H,

D 4 B SC = "; G, !lA!VSC = II. H,

E 5 )(, Ny 20 IINPUT !lWBSFA = "; I, "wc = fl.,

F S hA N J, "wuw = "; K, "BFA = "; L, "BUW
C

G 1 a l A 1- !I. M, l'WBCFA - "; N, !lARSC = ;
h C ) '

H B a l An = A.,,r 1
0

-~T

I 9 Of' Df
30 INPUT "AVSC = "; P, "BI = !I;

J 10 Cr Yf Q, "WALL-BACKFILL-STEP = "; U

K 11 Yb c f 40 R = ATN (0/(1 + P))

L 12 ¢ e 50 S - .5 *K*B* (D + J)

M 13 Y a 60 J = ~«SIN(L + N)*SIN(L -

N 14 0 d R - Q))/(COS(N + A + R) * COS(
C

0 15 ah d
q

= dy
Q - A)))

P 16 a q 70 K = (1 + J) 1'..2
v

Q 17 i 80 J = COS(R) *COS(A) * COS (A)

R 18 e,KA
A' *COS(N + A + R)

5 19 W 90 o = COS(L - R - A) *COS(L - R - A)
w

T 20 Pt>. LVJ 100 R = O/(J*K)

U 21 PHT 110 IPRINT "RA = "; R

V 22 PAV 120 T = .5 *M*(B-U)*(B-U)*

W 23 C (1 + P) * R

X 241 b 130 PRINT "PA = II • T,

Y 25 SM 140 LET B = U

Z 26 FS 150 U = T * COS (A+N)
_. 160 PRINT "PAR = "; U

170 V = T * SIN(A + N)

180 PRINT "PAV = "; V

190 w = ( 1 + H) *S*E + V* (D - F*
TAN(A))

200 X = G*S*C + U*F

210 y+w-x
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Title RETAINING WALL

Memory content Line number Statements

A 1 220 PRINT "SMR - 1 = "; Y

B 2 230 Z = W/X

C 3 240 PRINT "FSR - 1 = II. Z,

D .c 250 W = (1 + H) *S*E

E 5 260 I X = G*S*C+U*F-V*(D -

FIG F*TAN(A»

G 7 270 Iy=w-x

HI! 280 PRINT "SMR - 2 = " . y,

I 9 290 Z = W/X

~ 10 300 PRINT "FSR - 2 = "; Z

K 111 310 W = ((1 + H) *S+V) *TAN(I)

L 12 320 X = G*S + U

M 13 330 y = W - X

N 14 340 PRINT "SMS = II. Y,

0 15 350 Z = W/X

P 16 360 PRINT "FSS = H- Z,
Q 17 370 INPUT "FSAIF = "; B, "DF =

R 18 II. I, "GF = "; J, "CF = "; K,,

S 19 "LW = II. T,

T 20 380 M = (1 + H) *S* (D - E) + G*S*C

u 1211 + U*F+V*F*TAN(A)

V 122 390 N = ( 1 + H) *S + V

W 23 400 L = (M/N) - (D/2)

X 241
410 M = ATN((G*S +U)/((l

Y 25 + H) *S + V»

Z 26 420 X = (1 + H) * S + V

430 A = (TAN(45 + B/2»/\2

440 C = A * EXP(n*TAN(B»
450 E = (C-1)1:TAN(L4*B)

460 F == CC-1) /TANCB)
470 G = 1 + (. 2*D*A) /T

480 IF B = 0 LET H = 1

490 IF B < 10, LET H = 1 + C.0142
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Title RETAINING ,.,TALL

Memory content Line number Statements

A 1 *D*B)/T

B 2 500 IF B > = 10 LET H = 1 + (.1 *

C 3 D*A)/T

0 4 510 N := 1 + (.2 *1* iii) /D

E 5 520 IF B = 0 LET 0 = 1

F 6 530 IF B < 10 LET 0 = 1 + (.0119

G 7 *~*B)/D

H 8 540 IIF B > = 10 LET 0 = 1 + (.1 *

I 9 I * 'rA)/D

..J 10 550 U = (l-M/B)*(l-M/B)*(l-

K 11 2*L/D)*.5*J*D*H*O*E

L 12 560 V = (1-M/90) * (L-M/90 )*(J*

M 13 I*H*O*C + K*G*N*F)

N 14 570 P = U + V

0 15 580 IF T = E99 LET R = D - 2*L

P 16 590 IF T < E99 LET R - (D-2*

Q 17 L)*(T-2*L)

R 18 600 W = P * R

S 19 610 y - W - X

T 20 620 PRINT "BC-SM = II. Y,

U 21 630 z = W/X

V 22 640 PRINT "BC-FS = " . Z,

W 23 650 END

X 24

Y 25

Z 26

•..



TABLE B-2

DATA INPUT AND DISPLAY OUTPUT

DATA DISPLAY

RUN WI =

0 ENTER WH=

20 ft ENTER eOGH =

7.619 ft ENTER WB=

6 ft ENTER DL =

3.9524 ft ENTER APOPA =

8 ft ENTER AlHse =

0 ENTER A!VSe =

0 ENTER WBSFA =

30° ENTER we =

1 ft ENTER wuw =

150 pcf ENTER BFA =

35° ENTER BUW =

130



TABLE B-2 (contd)

DATA INPUT AND DISPLAY OUTPUT
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DATA DISPLAY

110 pcf ENTER WBCFA =

29° ENTER AHSC =

0.07 ENTER AVSC =

0 ENTER BI =

0 ENTER WALL-BACKFILL-STEP =

0 ENTER AA = 0.289

ENTER P = 6361. 09 1b/ft
A

ENTER P = 5563.5337 1b/ft
AH

ENTER PAV = 3083.9171 1b/ft

ENTER SMR - 1 ::: 15495.462 1b.ft/ft

ENTER FSR - 1 = 1.348

ENTER SMR - 2 = 15495.462 1b.ft/ft

ENTER FSR - 2 ::: 1.596



TABLE B-2 (contd)

DATA INPUT AND DISPLAY OUTPUT
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DATA DISPLAY

ENTER SMS = 2279.15 1b/ft

ENTER FSS = 1. 410

ENTER FSAIF =

3r ENTER DF =

3 ft ENTER GF =

110 pcf ENTER CF =

0 ENTER LW =

E 99 ENTER BC - 8M = 9208.75 1b/ft

ENTER Be - FS = 1.678
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B.2 COMPUTATION OF STATISTICAL VALUES

This program computes the mean value, the standard devia-

tion and the coefficient of variation of a function of random variables

on the basis of the assumption that the latter are mutually independent.

The program is based on Rosenblueth's method (Rosenblueth, 1975)

which is described in Section 6.7. For clarification purposes, equa-

tions that are used by the program are repeated here.

(a) Computation of Statistical Values

x = g (xl,x2""'~)

x' x' xNx 1 2=-
x x x x

0 0 0 0

03:-37)

(B -38)

(B -39)

(:5-40)

V,
X.

1

V
x

s
x

=-
x

S ,
X.

1=--

x. - S .
1 Xl

(B-45)

(B-46)
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,
+ X~

X~
xi +

~- (B-47)==
~ 2

Ix~+ - x~ I
S ~- (B-48)
x~

= 2
~

, ,
x i + - xi_I

V
x~

= lx~ + x~ (B-49)
~ ~+ ~-

(b) Analysis Program

The statements of the program are presented together with

a description of the memory contents in the following table under the

title "Statistical Values".

(c) Illustrative Example

In order to illustrate the use of the program, the follow-

ing data has been selected: N = 2, Xo = 1.5959, Xl == 1.6014,

S == 0.1183, V == 0.0739, x 2 = 1.6049, S == 0.1548, and V == 0.0964.
Xl Xl _ x 2 x2

The corresponding results are: X == 1.6104, S == 0.1960, and
x

V == 0.1217.
x

The data is provided to the computer and the results are

obtained as presented in Table B-3.



135

Title STATISTICAL VALUES

Memory content Line number Statements

A 1 N 10 INPUT "NO-OF-VARIABLES-

B 2 - ( , -N = tI; Axo-g x"x?, ... ,xN

C 3
,

rei +=g (xl' x2 ,Xi --'- ,x"'~ 20 INPUT "XO=G(MEAN-XI) + tI.,

0 ~ xi_=g(x, ,x?,x;_,~ B

E 5
, 30 ILET N = 1xi

F G SJ{~ 40 FOR K = 1 TO (A - 1)
J.

G 7 V , 50 N = N*B
Xi J

H B
-
X 60 NEXT K

I 9 Sx 70 H = liN

..J 1D Y 80 LET M = 1
X

K 11 COUNTER 90 FOR K = 1 to A

L 12 N 1 100 PAUSE "X(1)+, XI (1)+, .. 1. =
~o

M 13 " . K,

N 14 110 INPUT "X(I)+ = "; C

0 15 120 PAUSE tlXCI)-, XI (1)-, I =

P 16
n. K,

Q 17 130 INPUT "XCI)-= II. D,
R 18 140 E = (C+D)!2

5 19 150 Z = (C - D)!2

T 20 160 F = ABS(Z)

U 21 170 Z = FIE

V 22 180 G = ABS(Z)

W 23 190 H = H*E

X 24 200 M = M* (l+G*G)

Y 25 210 NEXT K

Z 26 220 PRINT tlAVE - X = ". H,

. 230 J = reM - 1)
240 I - J*H

250 PRINT liS - X = tI. I,

260 PRINT ''V - X = tI. J,

270 END



TABLE B-3

DATA INPUT AND DISPLAY OUTPUT
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DATA DISPLAY

RUN NO-OF-VARIABLES-N =

2 ENTER XO = G(MEAN - XI) =

1. 5959 ENTER X(I)+ =

1. 6014+0.1183 ENTER X(I)- =

1. 6014-0 .1183 ENTER X(I)+ =

1. 6049+0 .1548 ENTER X(I)- =

1.6049-0.1548 ENTER AVE-X = 1. 6104

ENTER s - X = 0.1960

ENTER V - X = 0.1217


