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(ABSTRACT)

A retaining wall is subject to various limit states such as sliding, overturning and bearing
capacity, and it can fail by any one of them. Since a great deal of uncertainty is involved
in the analysis of the limit states, the use of deterministic conventional safety factors may

produce a misleading result.

The main objective of this study is to develop a procedure for the optimum design of a
retaining wall by using the reliability theory. Typical gravity retaining walls with four
different heights were selected in this study. The walls were designed first to satisfy the
conventional design criteria, and later the safety indices inherent in the walls were
computed by using Advanced First Order Second Moment method. With the safety
indices the probabilities of failure for the three limit states were calculated and the
probabilistically optimized design could be achicved by using the probability of failure.
The influence of the coefTicient of variation on the probability of failure was investigated.
The ratios of base width to wall height which lead to the optimum design were obtained

through a parametric study.
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1.1 GENERAL

A retaining wall is used to hold back an earth embankment or water in order to
maintain an abrupt change in elevation. An abutment is a particular type of

retaining wall which supports the end of a bridge superstructure.

A retaining wall and an abutment can be considered virtually the same in function
and behavior. Some have said an abutment is nothing more than a retaining wall
with a vertical load on top. When a retaining wall or an abutment is designed to
resist the loads from an earth embankment or bridge superstructure, reaction
pressures are developed across its foundation. The safety of the wall is determined
by the capability of the foundation to resist these reaction forces. When a wall is
founded on a spread footing on soil or rock, the bearing capacity and sliding
resistance of the foundation materials and overturning stability must be
determined. When a wall is supported on piles or drilled shafts, the axial and

lateral load capacities must be determined.



The current design practices for abutments and retaining walls are reviewed in
Chapter 2. This chapter presents a general overview of current design methods,
earth pressure estimation, stability criteria, design procedures and other design

considerations.

To provide background information and direction for the study, a questionnaire
was developed and distributed to the departments of transportation of the fifty
states and the District of Columbia. Its purpose was to gather information on
bridge abutments and retaining wall that had experienced unsatisfactory
performance. A similar survey was conducted forty-eight years ago by Peck et al
(1948). Chapter 3 provides the detailed survey result and comparison with the

former survey.

In the conventional design method, a safety factor has been used to measure the
safety margin of a structure. However, the reliability-based design method
invented a new terminology called ‘safety index’. In the reliability theory, the
safety index is used to estimate the probability of failure. The procedure to find
the safety indices inherent in the conventional design criteria is illustrated in

Chapter 4.



The traditional design optimization usually implies that the wall is designed to
minimize the initial construction cost while satisfying the design criteria. Since
the conventional design method does not directly consider the randomness of
design parameters, the current optimization concept may be misleading. A true
optimization in the long term may be obtained by considering not only the initial
cost but also the cost of failure which can be estimated by the reliability method.
Chapter 5 presents the detailed procedures on the optimized design and provides

examples.

A parametric study has been performed to find the ratio of base width to wall
height (B/H) which produces the probabilistically optimized design. Chapter 6
discusses on the procedure and the result in detail. Finally Chapter 7 concludes

this study and provide a suggestion for the future study.



2.1 GENERAL

The current design practices for abutments and retaining walls are reviewed in this
chapter. Types of retaining walls and abutments and the selection procedures are
discussed. This chapter also presents a general overview of current design
methods, estimation of earth pressures, stability criteria, design procedures, and

other design considerations.

2.2 TYPES OF RETAINING WALLS AND ABUTMENTS

Retaining walls and abutments have many different types for various design needs.
This section discusses several types of retaining walls and abutments, and a
number of considerations for selecting the most suitable type of retaining walls or

abutments.



2.2.1 Types of Retaining Walls

Retaining walls can be classified into two major categories: conventional retaining
walls and alternative (or innovative) retaining walls. The conventional walls, such
as gravity type of walls and reinforced concrete walls, have a long history of
successful use. However, several different types of innovative walls have been

developed during the last two decades and are used as alternatives for the

conventional walls.

The conventional retaining walls can be subdivided to two principal types: gravity
walls and cantilever walls. Gravity walls, as shown in Figure 2.1a, rely on the
mass of wall to resist the retained earth and water behind the wall. Cantilever
walls, as shown in Figure 2.1b, resist the forces exerted on them by flexural
strength. When the wall is so high that cantilever walls are not economical, a
counterfort or a buttressed reinforced concrete wall, as shown in Figures 2.1¢ and

2.1d, can be used.

A number of different types of alternative retaining walls have been developed in
recent years. Munfakh (1990) classifies the alternative retaining walls into two

major categories: walls retaining fill and walls supporting excavations. The first



(a) Gravity Wall

AN

(c) Counterfort Wall

(b) Cantilever Wall

AN/

%

(d) Buttress Wall

Figure 2.1 Typical Gravity, Cantilever, Counterfort and Buttress Wall



category of alternative walls includes embankment-type mechanically stabilized
walls (e.g., VSL retained earth, geotextile walls, geogrid walls, and welded wire
walls) and modular gravity walls (e.g., criblock walls, Doublewals, gabion walls,
and Evergreen walls). Some of the mechanically stabilized earth walls and a
precast concrete modular gravity wall are illustrated in Figure 2.2. The second
category of alternative walls are those that support excavations (e.g., soil nailing,
reticulated micro piles, soil doweling, sheet piles, soldier piles, secant piles, and

drilled shaft walls).

2.2.2 Types of Abutments
The 15th edition of the AASHTO bridge specifications (1992) divides abutments
into four types: stub abutments, partial depth abutments, full depth abutments, and
integral abutments. Peck et al (1974) classify bridge abutments in a different way:
gravity abutments, U-abutments, Spill-through abutments, and pile-bent
abutments. A gravity abutment with wing walls (Figure 2.3a) is an abutment
which consists of a bridge seat, wingwalls, backwall, and footing. A U-abutment
(Figure 2.3b) is an abutment whose wingwalls are perpendicular to the bridge seat.
The spill-through abutment (Figure 2.3¢) consists of a beam which supports the

bridge seat, two or more columns supporting the beam, and a footing supporting
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Figure 2.3 Various Types of Abutments (From Peck et al, 1974)



the columns. The columns are embedded up to the bottom of the beam in the fill
which extends on its natural slope in front of the abutment. The pile-bent
abutment with stub wings (Figure 2.3d) is another type of spill-through abutment,

in which a row of driven piles supports the beam.

2.2.3 Selection of Retaining Walls and Abutments
Selection of the most suitable type of retaining wall or abutment should be based
on a number of considerations, including:

1. Construction and maintenance cost

2. Cut or fill earthwork situation

W

Traffic maintenance during construction

4. Construction period

wh

Safety of construction workers
Availability and cost of backfill material

Superstructure depth

Size of wall

© e N o

Horizontal and vertical alignment changes

10. Area of excavation

11. Aesthetics and similarity to adjacent structures

12. Previous experience with the type of wall or abutment being considered
13. Ease of access for inspection and maintenance

14. Anticipated life, loading conditions and acceptability of deformations.
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Munfakh (1990) and Schnore (1990) have discussed the advantages and
disadvantages of various types of walls and abutments. They present decision
matrices which include many of the above factors. These tables can be very

helpful in selecting the proper wall or abutment for particular site conditions.

2.3 OVERVIEW OF CURRENT DESIGN METHODS

The last three decades have seen a trend away from Allowable Stress Design
(ASD) that incorporates factors of safety, and toward strength design methods that
incorporate limit states and reliability concepts. Examples of strength design
procedures are Load Factor Design (LFD), and Load and Resistance Factor Design
(LRFD). The 15th edition of the AASHTO bridge specifications makes use of
LFD as an alternative method for the design of superstructures. In 1994,
AASHTO released a new specifications which incorporate the LRFD method for
foundation design, so that engineers may use the same philosophy for design of

foundations that is used for the superstructure.

11



2.3.1 Limit States
If retaining walls and abutments fail to satisfy their intended design functions, they
are considered to reach “limit states”. Limit states can be categorized into two

types: Ultimate or Strength Limit States and Serviceability Limit States.

Ultimate Limit States

A retaining wall reaches an ultimate limit state when the strength of at least one of
its components is fully mobilized or when the structure becomes unstable. In this
ultimate limit state a retaining wall may experience serious distress and structural
damage, both local and global. In addition, various failure modes in the soil that
supports the wall can also be identified. These are also called ultimate limit states;

they include bearing capacity failure, sliding, overturning, and overall instability.

Serviceability Limit States

A retaining wall experiences a serviceability limit state when it fails to perform its
intended design function fully, due to excessive deformation or deterioration.
Serviceability limit states include excessive total or differential settlement, lateral

movement, fatigue, vibration, and cracking.
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2.3.2 Design Methods

Allowable Stress Design (ASD)

Allowable Stress Design is a method which ensures safety by restricting values of
stress obtained from elastic analysis to values that are not larger than some
allowable values. Values of allowable stress are generally selected as some

function of the yield strength of a material, and are determined by dividing the

yield strength by a global factor of safety.

Since the ASD method uses deterministic values for loads and resistances, the
random nature of the loads and resistances are not accounted for explicitly. The
ASD method therefore does not consider the different degree of uncertainty for
different types of loads; live load is treated the same as dead load, even though it
usually has greater variation during the life of the structure and greater uncertainty.
Another shortcoming of the ASD method is its inability to account rationally for
uncertainties in the strengths of materials and the ultimate resistances of structural

components.
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Load Factor Design (LFD)
Load Factor Design is a strength design or limit state design method. Unlike ASD,
this method takes into account the random nature of loads and resistances, and

different levels of uncertainty for different types of load.

The design loads are obtained by multiplying the normally expected values, called
"nominal" loads, by load factors typically larger than unity. The design strengths
or resistances are calculated by multiplying nominal strengths by resistance
factors, which have values smaller than unity. For an acceptable design, the
factored resistance has to be greater than or equal to the strength demand resulting
from the factored design loads for a particular limit state. A mathematical

statement of LFD is given as:

¢ R, = Effectof 3 y;Q; 2.1)
where ¢ = performance factor,

Rn = nominal resistance,

Yi = load factor for load component i,

Q; = load component i.
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In LFD the values of the load and performance factors are based on semi-
quantitative considerations of probabilities, judgment, and previous experience

with other design methods

Load and Resistance Factor Design (LRFD)

Load and Resistance Factor Design is also a strength design method and has the
same design format as LFD (Eq. 2.1). However, the manner in which load and
resistance factors are derived is different. LRFD formally utilizes reliability
theory. Loads and resistances are considered as random variables, and are
represented by their means and standard deviations. The load and resistance
factors used in LRFD depend upon the value of the safety index, which is directly
related to probability of failure. The safety index is chosen such that the
probability of failure of a structure or foundation is small. Probability density
functions for load and resistance are illustrated in Figure 2.4, and the relationship

between safety index and probability of failure is presented Figure 2.5.
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Figure 2.5 Definition of Safety Index
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2.3.3 Safety Factors, Load Factors and Performance Factors
Safety Factors
In ASD, a global safety factor is used to ensure safety of a structure or foundation.

Table 2.1 gives typical values of safety factors used in geotechnical engineering.

Load Factors
Load factors are applied to the loads to account for the uncertainties involved in
the process of selecting loads and load effects. The load factors used in the 15th

edition of the AASHTO bridge specifications (1992) are shown in Table 2.2.

Performance Factors

Performance factors are used to reduce various types of resistance to account for
uncertainties in structural properties, soil properties, variability in workmanship,
and inaccuracies in the design equations used to estimate the capacity. These
factors are used for design at the ultimate limit state. Suggested values of
performance factors for shallow foundations, for driven piles, and for drilled shafts

are listed in Tables 2.3 to 2.5.
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Table 2.1 Typical Safety Factors in Foundation Design
(After Meyerhof, 1984)

Shearing Earthworks 1.3t01.5

Earth Retaining

Structures, Excavations 151020

Foundations 20t03.0

Seepage Uplift, Heave 1.5t02.0
Exit gradient, Piping 20t03.0

* The lower values are used when uncertainty in design is small and consequences
of failure are minor; higher values are used when uncertainty in design is large and

consequences of failure are major.

19



Table 2.2 Load Factors and Load Combinations of AASHTO
Bridge Specifications (AASHTO, 1992)

Col.No. | 1 [ 2| 3 [3a [« ] s[ 6] 7] 8] 9] 10 11 [12] 13 ] 14
$ FACTORS
GROUP | v | D [L#D,IADJCF| E | B]| SF| W] WL| LF]R+&T[EQ[ICE | %
T (1.0 1| 1 |0 |1 |Pg| 1] 1] O] O] O 0 [0 0 | 100
1IAJ1o[ 1] 2 Jo Jo[ o[ of o] of ol of o [o o | 160
1o 1] o [1 [1 8| 1] 1] of of of] o [o] o | ==
el m[to[1[ o0 o Jo] 1] 1] 1] 1] 0] o] o [o| o | 125
Q[mJio[ 1T 1 Te (1 [Be| 1 1| 03] 1 1[ 0 (0| o 128
wl|V]rol 1] 1 o J1i[8g| s 1] o] of of v [o] o [ 126
O vlio[1] o0 [0 Jo| 1 [ 1] 1| 1| o] of 1 [o| o [ 140
sV io 1 1 6 (1P| 1] 1] 03 1] 1] 1 |o| 0 | 140
“T'vii[10] 1| 0 |0 |o[ 1| 1| 1] 0] o| o] o (1] o | 133
viit[10 [ 1| 1 o [1 [ 1 [ 1] 1] o] o] of o [o] 1 ] 140
X 1o 1 o Jo o[ 1 [ 1] 1] 1] o] of o Jo] 1 | 150
X [10][1| 1 |[o [o]|Be| of of o o of o [o] o [ 100] culvert
1T [13 |Ap|1679 0 (10| Pg| 1| 1] 0| O| D] 0 | O | 0O
2| 1A |13 Fp[220[ 06 [0 0| o] 0| o 0| o] 0 [o[ ©
O[B|13[sp; 0 [1 [10[Pg| 1| 1| o[ 0| 6] © [0 © .
a1t [13a]Pp] 0 Jo Jo e[ 1 1] 1[ o] o] o [o] o z
@fm[13]Bp] 1 [o J1[ee|] 1| 1] 03] 1] 1] o Jo] o 3
g[Ov |13 [fp| T [0 [1 [Pe| 1| 1| 0] 0] 0| 1 [0 o a
!5 v [128]|8p] 0 [0 [o | Be| 1 1 1 o] o 1 o| o <
<[V Bp| 1 [0 |1 |Bg| 1 1| 03] 1 1 1 [o] o 2
o vilis o] o 0 0 |Be| 1 1 0 0 0 0 1 0
<|vi|13[fp] 1 [o [1]pg| 23| 21| o] o] of o [o] 1
S[x[120|fp] © [0 [0 [B8g| T| 1| 1| o[ o o [0 1
X 10| 1 [167| 0 |0 |Bg| O O] O 0| 0| 0 [0 © Culvert

(L + D, - Live load plus impact for AASHTO Highway H or HS loading
(L + D), - Live load plus impact consistent with the overload criteria of the operation

agency.

* 1.25 may be used for design of outside roadway beam when com-
bination of sidewalk live load as well as traffic live load plus impact
governs the design. but the capacity of the section should not be less
than required for highway traffic live load only using a beta factor of
1.67. 1.00 may be used for design of deck slab with combination of
loads as described in Article 3.24.2.2.

Maximum Unit Stress (Operating Rating) x 100

Percentage = Allowable Basic Unit Stress

For Service Load Design
% (Column 14) Percentage of Basic Unit Stress

No increase in allowable unit stresses shall be permitted for members
or connections carrying wind loads only

Be = 1.00 for vertical and lateral loads on all other structures.

For culvert loading specifications, see Article 6.2.

Be = 1.0and 0.5 for lateral loads on rigid frames (check both load-
ings to see which one governs). See Article 3.20.

For Load Factor Design

Be = 1.3 for lateral carth pressure for retaining walls and rigid
frames excluding rigid culverts.

Be = 0.5 for lateral earth pressure when checking positive
moments in rigid frames. This complies with Article 3.20.

Be = 1.0 for vertical earth pressure

Bo = 0.75 when checking member for minimum axial load and
maximum moment Of maximum eccentricity ... .. For

Bo = 1.0 when checking member for maximum axial  Column
load and minimum moment . .................. Design

Bo = 1.0 for flexural and tension members

Be = 1.0 for Rigid Culverts

Be = 1.5 for Flexible Culverts

For Group X loading (culverts) the Bg factor shall be applied to verti-
cal and horizontal loads.
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Table 2.3 Performance Factors for Shallow Foundations

(Barker et al, 1991)

| ~ Type of Limit State

1. Bearing Capacity
a. Sand
Semi-empirical Procedure (SPT)
Semi-empirical Procedure (CPT)

Rational Method:
using ¢; estimated from SPT

using ¢ estimated from CPT

b. Clay
Semi-empirical Procedure (CPT)
Rational Method:
using shear strength in lab tests
using shear strength from
field vane tests
using shear strength estimated
from CPT data

c, Rock
Semi-empirical procedure

2. Sliding

a. Precast concrete placed on sand:
using ¢, estimated from SPT

using ¢; estimated from CPT

b. Concrete cast in place on sand:
using ¢, estimated from SPT

using ¢; estimated from CPT

c. Clay (where shear strength is less than
0.5 times normal pressure)
using shear strength in lab tests
using shear strength from field vane tests
using shear strength estimated
from CPT data

d. Clay (where shear strength is greater than
0.5 times normal pressure)

0.45
0.55

0.35
0.45

0.50

0.60

0.60

0.50

0.60

0.90
0.90

0.80
0.80

0.85
0.85

0.80

0.85
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Table 2.4 Performance Factors for Driven Piles
(Barker et al, 1991)
- Method / Soil / Condition
Ultimate Skin o - method
Bearing Friction B - method 0.50
Capacity A - method 0.55
of Clay 0.70
Single (Skempton, 1951)
Piles Sand
End (Kulhawy, 1983)
Bearing ¢¢ from CPT 0.45
¢; from SPT 0.35
Rock 0.50
(Canadian Geotech.
Society, 1985)
SPT - method 0.45
Skin Friction CPT - method 0.55
and Load test 0.80
End Bearing Pile Driving
Analyzer 0.70
Block
Failure Clay 0.65
o - method 0.60
Uplift B - method 0.40
Capacity A - method 0.45
of Single SPT - method 0.35
Piles CPT - method 0.45
| Load test 0.80
Group Sand 0.55
Uplift Clay 0.55
Capacity
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Table 2.5 Performance Factors for Drilled Shafts
(Barker et al, 1991)
Ultimate Side a - method 0.65
Bearing Resistance (Reese & O'Neill)
Capacity in Clay B - method 0.50
of (Stas & Kulhawy
Single Base Total Stress 0.55
Drilled Resistance (Reese & O'Neill) '
Shafts in Clay Effective Stress 0.45
(Stas & Kulhawy)
1) Touma & Reese See
Side 2) Meyerhof Discussion
Resistance 3) Quiros & Reese in Section 4.2.2
in Sand 4) Reese & Wright (Barker et al. 1991)
5) Reese & O'Neill
1) Touma & Reese See
Base 2) Meyerhof Discussion
Resistance 3) Quiros & Reese in Section 4.2.2
in Sand 4) Reese & Wright (Barker et al. 1991)
5) Reese & O'Neill
Side
Resistance Carter & Kulhawy 0.55
in Rock Horvath & Kenney 0.65
Base Canadian Foundation 0.65
Resistance Engineering Method
in Rock Pressuremeter Method 0.50
Skin Friction
and Load Test 0.80
End Bearing
Block Clay 0.65
Failure
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Table 2.5 Performance Factors for Drilled Shafts
(continued)

m—

Method / Soil / Condition
o - method (Reese & O'Neill) 0.55
Uplift Clay B - method (Stas & Kulhawy) 0.40
Capacity Belled Shafts (Reese & O'Neill) 0.50
of
Single 1) Touma & Reese See
Drilled 2) Meyerhof Discussion
Shafts Sand 3) Quiros & Reese in Section 4.2.2
4) Reese & Wright (Barker et al. 1991)
5) Reese & O'Neill
Rock Carter & Kulhawy 0.45
Horvath & Kenney 0.55
Load Test 0.80
Group Sand 0.55
Uplift Clay 0.55
Capacity "
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2.3.4 Design Loads and Load Combinations

Various combinations of different loads are used for the design of superstructures
and foundations. These loads include dead load, live load, lateral earth pressure,
wind load, earthquake load, ice load, and strain-related loads such as creep and
shrinkage in concrete. The 15th edition AASHTO load factors and load
combinations for ultimate limit states and serviceability limit states, which are

given in Table 2.2, are expressed in the following format:

Group N =y[BpD + BL(L+I) + BcCF + BEE + BB + BsrSF + pwW +

BWLWL + BLFLF + BrR(R+S+T) + BEQEQ + BicelCE] (2.2)
where N = loading group number,
y = load factor,
B = coefficient,
D = dead load,
L = live load,

I = impact due to live load,

E = earth pressure,

B = buoyancy,

W = wind load on structure,

WL = wind load on live load,

LF = longitudinal force from live load,

CF = centrifugal force,

25



R = rib shortening,

S = shrinkage,

T = temperature,

EQ = earthquake,

SF = stream flow pressure,

ICE = ice pressure.

2.3.5 Other Considerations

Backfill

Various types of soil can be used as backfill for walls and abutments. Free-
draining soils such as clean sands and gravels are the most desirable materials for
backfill. Clay soils cause many problems, including seasonal volume changes,
slow drainage, settlement, creep movements, and cracks due to shrinkage.

Shrinkage cracks that develop in clay may be filled with water so that the walls
may be subject to unexpectedly high lateral pressures. Because of these

disadvantages, clay soils are not recommended for backfill.

The backfill material should be compacted to minimize settlements due to self

weight and surcharge loads. Compaction increases the lateral forces exerted on the

wall, and these should be considered in design.
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Drainage

One of the major reasons for unsatisfactory performance of retaining walls is an
improperly designed or poorly constructed drainage systems. The main purpose of
a drainage system is to prevent excessive water pressures from acting against the
wall. Various types of drainage systems can be used based on the type of retaining
wall, the type of backfill material, the ground water condition, and possible frost
effects. An inclined drainage system is more effective than a vertical drainage

system located at the back of the wall.

A drainage blanket or a prefabricated drainage composite can be used as drain
material. Longitudinal drains within drainage blankets should be located at
adequate intervals to convey the released water from behind the wall to a free exit.
According to the Corps of Engineers (1989), even when a drainage system is used,
walls should still have a sufficient factor of safety to account for the possibility

that the drain system may not work properly.
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Frost

Water in soil expands when it freezes and ice lenses may develop, resulting in frost
heave in the frozen soil. Foundations should be built below the frost line to avoid
possible frost damage. The maximum frost depth can be estimated from local

experience, or from a frost-depth contour map.

Undermining of Abutments by Scour
Bridge abutments and piers in streams, flood plains, or adjacent to water are
subject to undermining by scouring action. This scouring action has caused many

bridge failures.

Three types of scour in a river are shown in Figure 2.6 (Sowers, 1962). The first
type of scour (a) is due to the lateral shifting of the channel. Continuous scouring
occurs at the outside of each bend in a meandering river due to higher velocity of
the stream, while sedimentation occurs at the inside of each bend. The abutment
close to the outside of a bend should be protected from undermining by placing
concrete or asphaltic mats over the river bank or by founding the abutment below

the greatest possible depth of scour.
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Scour

Sedimentation

(a)
/////%///////////////// //////
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(c)

(a) Lateral Shift of a Stream caused by Bank Erosion and Deposition
(b) Normal Bottom Scour during Floods
(c) Accelerated Scour caused by a Bridge Pier

Figure 2.6 Forms of Scour in Rivers (From Sowers, 1962)
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The second type of scour (b) is due to the erosion of the river bed which occurs
during periods of high flow. High velocity flow moves heavy bed materials, so
that the bed is lowered. The scouring action is especially large where the width of
the flow path is narrow. In general, this normal scour is proportional to the rise in
the water surface, and therefore the maximum depth of scour can be estimated by

observation of the river bed during periods of high flow.

The third type of scour (c) is the localized and accelerated scour resulting from
such obstructions as bridge piers which cause contraction of the channel cross
section and generates higher velocity of flow. The depth of scour in this case
depends on factors such as the configuration of the pier, the angle between the
flow and the pier, the contraction of the waterway, and the volume of debris that

may be caught by the bridge.

The above considerations indicate the difficulty of assigning fixed numbers to

represent phenomenon that are highly variable. What is needed to represent their

variability are formulations based on reliability theory.
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2.4 _RELIABILITY METHODS

Engineering design specifications have been formulated with the recognition of
uncertainties that arise as a result of inherent variability of design parameters.
Examples of design parameters that are variable in nature are loading and resistance.
If the exact loads and load effects were known, safety could be obtained by supplying
a capacity slightly larger than the applied loads. However, due to the many
uncertainties involved in the actual circumstances, safety factors of two to four are
often provided. These safety factors were selected based on experience, tradition or
engineering judgment rather than based on a systematic analysis of uncertainties
involved in design. As a result, the current design practice which uses the safety
factors, applied only to the resistance, provides different level of safety for different

loading conditions and different failure modes.

During the last three decades, research has been conducted on probability theory to
systematically incorporate the uncertainties in engineering design. Examples of this
research can be found in the literatures of Cornell (1969), Tang et al (1976), Ravindra
et al (1978), and Ellingwood et al (1980). This research has resulted in a number of

reliability-based design codes such as the Ontario Highway Bridge Design Code

31



(1983), the Danish Code of Practice for Foundation Engineering (1985) and

American Institute of Steel Construction Specification (1986).

2.4.1 Probabilistic Design

In the probabilistic design, the design parameters are treated as random variables
rather than deterministic constants. Safety is measured by the probability of reaching
a particular limit state, which is defined as the probability that a system fails to
perform its intended function. While the deterministic safety factor is based on past
experience or intuitive judgment, the probability of failure can be computed from the
distributions of the load and resistance. Even though the probabilistic method
demands more complicated procedures than the deterministic method, it provides a
more consistent level of safety for different structures and materials.

Based on the level of complexity involved in the probability theory used, the
International Standards Organization (Oliphant, et al, 1988) categorized the design
procedures into three groups:

1. Level I: Semi-probabilistic method
2. Level II: Approximate probabilistic method
3. Level III: Fully probabilistic method.
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The Level III reliability method requires the exact shape of probability distributions
of each random variables. Since the fully probabilistic method is too complex and
the exact information about loads and resistance is hardly available, this method is

not practical for the design of retaining walls or abutments.

The Level II method requires no knowledge of the exact probability distributions of
the random variables but demands only the density functions of the load and
resistance variables. In the Level II method, the load and resistance are statistically
independent and the density functions can be approximated by an analysis of existing
data. One of the approximate probabilistic methods is the first order second moment
(FOSM) method, which uses the first two so-called moments, the mean and
coefficient of variation. A Taylor series expansion is used to approximate the first
two moments and only the first order terms in the series are considered. In this
method the safety is measured by the reliability or safety index, 8, which was
previously defined in Figure 2.5. Now that it can be analyzed from the first two
moments of the density function without knowing the exact shape of the distribution
functions, this method is more advantageous and applicable to the design of walls and

is utilized in this study.
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The semi-probabilistic methods (Level I) represents safety by separate load and
resistance factors, which are obtained from a second moment reliability analysis
(Level I). Since this method is convenient and simple, most of the earlier reliability-

based design code utilized its format.

2.4.2 Reliability Analysis

The level of reliability implied in a structure can be measured by a safety index or
reliability index, B. The reliability analysis used in this study is for calculating the
safety index based on a First Order Second Moment (FOSM) method. Before

introducing this method a few general comments on reliability methods will be made.

In the general reliability model, the load, Q and the resistance, R are treated as
random variables which may be represented by frequency distributions or probability
density functions. As shown in Figure 2.4, safety is ensured when the effects of the
load, Q is smaller than the resistance, R. However, due to their random variability,
sometimes the load effect, Q exceeds the resistance, R. The possible chance that such

a situation may occur is called the probability of failure and may be expressed as

pe = P(R<Q) (2.3)
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If the exact probability density functions for R and Q are known and R and Q are

statistically independent, then the probability of failure p; can be obtained by

Py = Tfu (r)ar -TfQ(q)dq (24)
0 0

or Pr = TFR(")‘fQ(CI)dq (2.5)
0

where fx(r) and fo(q) are probability density functions for R and Q and Fx(r) is the
cumulative distribution function of R. Since the actual density functions of R and Q
are often not available, approximate reliability methods such as the FOSM method

should be used.

The Mean Value First Order Second Moment Method (MVFOSM)
In this method, a failure function or limit state function g() is used to represent the
safety margin. If R and Q are assumed to be normally distributed, g() can be

expressed as:

g0=R-Q (2.6)

For lognormally distributed R and Q, the limit state function, g() is written as:

g0 = In(R) - In(Q) 2.7)
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In both cases, failure occurs when g() is less than zero.

The probability of failure for normally distributed R and Q can be obtained by

. ﬂ (2.8)

and for lognormally distributed R and Q,

8
Inl =
pf =1-F Q (2.9)

’ JV2 + V3

where R and Q are mean values of R and Q,

or and o, are standard deviations of R and Q,
Vi and Vg are coefficients of variations of R and Q (Vg and V; <0.3),

F,() is the standard normal distribution function.

Another method to express the probability of failure is to use the safety or reliability
index, . As shown in Figure 2.5, the reliability index, B is the distance measured in
standard deviations between the mean safety margin and the failure limit. For

normally distributed R and Q, the reliability index can be calculated from
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R-Q

B = —— (2.10)
,}cﬁ +0(2)

For lognormally distributed R and Q, the reliability index B is

(3
In| =
Q
JVE +V3

B = @2.11)

When R and Q are normally distributed, the reliability index has a useful relationship

with the probability of failure as

B = E'(1-ps) (2.12)

where F; ! () is the inverse normal function.

When R and Q are not normally distributed, the reliability index provides an
approximate probability of failure. Rosenblueth and Esteva (1972) found a consistent

agreement between the reliability index and probability of failure and suggested the

following relationship for lognormally distributed R and Q.

pe =460 43P 2<B<6 (2.13)
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Based on the above equation, Table 2.6 shows the relationship between reliability

index and probability of failure.

Meyerhof (1976) conducted a study to compare safety factors with the reliability
index for earth retaining structures, earthworks and foundations. The relationship
between safety factors and the reliability index, and typical coefficients of variation

are summarized in Table 2.7.

The limit state function formulated using the Mean Value First Order Second
Moment (MVFOSM) method is linearlized at the mean values of the design variables
rather than at a point on the failure surface. According to Hasofer and Lind (1974),
MVFOSM method has two shortcomings. First, due to the linearlization at the mean
values, considerable errors may occur when the limit state function is nonlinear.
Second, the MVFOSM method is not consistent for equivalent formulations of the
same physical problem. In other words, different values of the reliability index may
be obtained for the same problem, depending on how the limit state equation is

formulated.
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Table 2.6 Relationship between Probability of Failure P;
and Reliability Index

25 0.99 x 1072 10 1.96
3.0 1.15x10° 107 2.50
3.5 1.34 x 10™ 10° 3.03
4.0 1.56 x 10° 10 3.57
45 1.82x 10° 10° 4.10
5.0 2.12x 107 10° 4.64
5.5 2.46 x 10°® 107 5.17
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Table 2.7 Typical Reliability Indices for Geotechnical Facilities
(after Meyerhof, 1976)

Earth Retaining Structures

Earthworks

Offshore Foundations

Onshore Foundations

0.13

0.15

0.20

0.25

13t01.5

1.5t02.0

15t02.0

2.0t03.0

20t0 2.5

2.0t0 3.0

1.56t02.5

20t0 3.0
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Advanced First Order Second Moment Methods

In order to overcome the shortcoming of the MVFOSM method, advanced FOSM
methods have been developed by many researchers such as Diltlevsen (1974),
Hasofer and Lind (1974), Rackwitz and Fiessler (1978), and Ellingwood et al (1980).
Since the limit state function is linearlized at a point on the failure surface, a

consistent reliability index can be obtained regardless how the limit state function is

formulated.

In the Advanced FOSM method, the limit state function can be expressed in a general

format as

g(X) = g(Xy, Xz, ..., X5) =0 (2.14)

where X, X,. ..., X, are design variables of the system.
The limit state function, g(X) can be considered geometrically as an n-dimensional
surface which is the failure surface. The condition g() > 0 represents that the system

is in the safe state and g() < 0 means that the system fails. Figure 2.7 illustrates an

example with two variables.
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g >0 -"survival”

g<0 - "failure"

X
(a) Original coordinates

X2
4

(LAY

"survival " ‘y

. »

(xl.xz) ql =0

"failure"”

(b) Reduced coordinates

Figure 2.7 Safety Analysis of Two-variable Problem using the
Advanced Method in Reduced and Original Coordinates
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The first step in the reliability analysis is the transformation of the X variables to a

space of reduced variables with zero mean and unit variance using

x; = S -4 (2.15)

The limit state function in the reduced space is

g(x]s X2, een s xn) =0 (216)

As shown in Figure 2.7, the safety index is the shortest distance between the origin
and the failure surface. The point (x;, x;,..., x;) on the failure surface

corresponding to this shortest distance is defined as design or checking point.

The design point can be obtained by solving the following equations simultaneously

i aa)i
o; = - i 2.17)
2
agj
Z(G' X,
X, = -a,-f (2.18)
g(X], X3,y X3) = 0 - (219)

and finding the direction cosines, o; that produce the smallest reliability index, p.
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For random variables that are not normally distributed, Rackwitz and Fiessler (1978)
developed the equivalent normalization method. With this method non-normal
variables can be transformed into equivalent normal variables before solving

equations 2.17 through 2.19.

Ellingwood et al (1980) suggested a systematic procedure to obtain the reliability

index using the advanced FOSM method as follows:

Step 1: Define the proper limit state function, g(Xj, X, ..., X)) =0
where the X, X, ..., X, are the design random variables.

Step 2: Assume an initial value of reliability index, .

Step 3: Assume the point at the mean values (X,, X,, ... , X, ) to be the initial
design point (X}, X, ... , X,) for the first iteration.

Step 4: If variables are non-normal, compute the mean value (X)) and

standard deviation (o ) of the equivalent normal distribution.

where X! =X -o} -CD"[FY(XZ)]

N _ (p{d)'l[Fi(x:)]}
TR ()
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Step 5: Compute the partial derivatives ;Tg , using the values at the design point

1

X, X35 s X3).

Step 6: Calculate the direction cosines using

5o 2

Step 7: Find new design point values from
Xi' = XiN + aiBO'iN
and repeat steps 4 to 7 until the estimates of the direction cosines o;

stabilize.

Step 8: Obtain the reliability index, B corresponding to g(XI, X;, e s X;) =0.

Repeat steps 4 to 8 until the values of B converges with a designated

tolerance. The probability of failure, Psis ®(-f3).
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2.5 METHODS OF ESTIMATING EARTH PRESSURES

This section is concerned with the considerations involved in estimating static
earth pressures on retaining walls and abutments. Static earth pressures exerted on
a retaining wall can be classified into at-rest, active and passive. The stresses at
any point within a soil mass can be illustrated by Mohr circles, as shown in Figure

2.8, on coordinates which consist of effective normal stress, 6,' and shear stress, T.

The at-rest condition develops when any possible combinations of normal stresses
and shear stresses in a soil mass are within the limiting envelope (the dotted half-

circle in Figure 2.8).

Failure conditions, called states of limiting or plastic equilibrium may evolve as
the maximum shear strength is fully mobilized. These states are known as active
and passive conditions, and they occur when shear stresses reach the maximum

possible values due to lateral extension or compression in a soil mass.

Each of these earth pressure states corresponds to different conditions with regard

to the direction and the magnitude of wall movement, as discussed below.
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Figure 2.8 Mohr’s Circles for Earth Pressure Coefficients
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2.5.1 At-Rest Earth Pressure
Walls that do not move, or that move very little, are acted on by at-rest earth
pressures. At-rest pressures increase linearly with depth (see Figure 2.9) and can

be expressed as:

p,= Koz (2.19)

where  p = at-rest pressure (force/length?),
K, = coefficient of lateral earth pressure at-rest,
v = unit weight of soil (force/length3);

for depths below water table use submerged unit-weight, ¥',

z = depth below the surface of the fill (length).

For Normally Consolidated Soils

The coefficient, K, for normally consolidated soils can be estimated by the

following empirical correlation (Jaky, 1944):

Ko= 1-sin¢' (2.20)

where ¢' = drained friction angle of soil (degrees).
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Figure 2.9 At-Rest Earth Pressure Distribution, Homogeneous Soil
(After Clough and Duncan, 1991)
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Since Eq. 2.20 is based on level backfills, the following equation for sloping

backfills is recommended by the Danish Code (1978):

K= K, (1 +sini) 2.21)

where K,; = K, for sloping backfills,

K, = coefficient of earth pressure at-rest for normally consolidated soils

(Eq. 2.20),
i = the sloping angle of backfill (degrees).

For Overconsolidated Soils

Values of coefficient of at-rest earth pressure for overconsolidated soils can be

estimated using the empirical relationship (Mayne and Kulhawy, 1982):

K,y = K,(OCR)sIn ¢' (2.22)

where K, = coefficient of at-rest earth pressure for overconsolidated soils,

coefficient of earth pressure at-rest for normally consolidated

'

soils (Eq. 2.20),
¢' = drained friction angle of soil (degrees),
OCR = Over Consolidation Ratio, or maximum previous vertical

pressure divided by current effective vertical pressure.

50



Typical values of K, corresponding to various values of OCR are presented in

Table 2.8.

2.5.2 Wall Movements and Earth Pressures

The earth pressures that act on a wall vary with wall displacement. That is, when a
retaining wall moves away from the backfill, the earth pressure decreases (active
pressure) and when it moves toward the backfill, the earth pressure increases
(passive pressure). Table 2.9, obtained through experimental data and finite
element analyses (Clough and Duncan, 1991), gives approximate magnitudes of
wall movements required to reach minimum active and maximum passive earth
pressure conditions. Observations from the table can be summarized as follows
(Clough and Duncan, 1991):

1. The required movements for the extreme conditions are approximately
proportional to the wall height.

2. The movement required to reach the maximum passive pressure is about 10
times as great as that required to reach the minimum active pressure, for
walls of the same height.

3. The movement required to reach the extreme conditions for dense and

incompressible soils is smaller than those for loose and compressible soils.
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Table 2.8 Typical Coefficients of Lateral Earth Pressure
At-Rest (after Clough and Duncan, 1991)

Loose Sand 335 0.45 0.65 1.10 1.50
Medium Sand 36.5 0.40 0.60 1.05 1.55
Dense Sand | 40.5 0.35 0.55 1.00 1.50
Silt 295 0.50 0.70 1.10 1.60
Lean Clay, CL | 23.5 0.60 0.80 1.20 1.65
Hi%rl'g;":'c‘":ﬁc 20.5 0.65 0.80 1.10 1.40
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Table 2.9 Approximate Magnitudes of Movements Required
to Reach Minimum Active and Maximum
Passive Earth Pressure Conditions
(after Clough and Duncan, 1991)

Dense sand 0.001 0.01
Medium dense sand 0.002 0.02
Loose sand 0.004 0.04
Compacted silt 0.002 0.02
Compacted lean clay 0.01** 0.06*
compacted fat clay 0.01* 0.05 **

* A = movement of top of wall required to reach minimum active
or maximum passive pressure, by tilting or lateral translation

H = height of wall

** Under stress conditions close to the minimum active or
maximum passive earth pressures, cohesive soils creep
continually. The movements shown would produce active or
passive pressures only temporarily. With time the movements
would continue if pressures remain constant. If movement
remains constant, active pressures will increase with time,
approaching the at-rest pressure, and passive pressures will
decrease with time, approaching values on the order of 40% of
the maximum short-term passive pressure.
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For any cohesionless backfill, conservative and simple guidelines for the
maximum movements required to reach the extreme cases are provided by Clough
and Duncan (1991). For example, for minimum active pressure the movement is

no more than about 1 inch in 20 feet (A/H = 0.004) and for maximum passive

pressure about 1 inch in 2 feet (A/H = 0.04).

As shown in Figure 2.10, the value of the earth pressure coefficient varies with
wall displacement and eventually remains constant after sufficiently large
displacements. The change of pressures also varies with the type of soils, i.e., the

pressures in the dense sand change more quickly with wall movement.

The earth pressure coefficients shown in Figure 2.11 are for a backfill compacted
to a medium dense condition. Compared with the values in Figure 2.10, the curve
is shifted upward so that the required movement for the minimum active earth
pressure is increased and the required movement for the maximum passive earth
pressure is decreased. However, in spite of the effect of compaction, the
conservative guidelines of 1 inch in 20 feet for active condition and 1 inch in 2 feet
for passive condition still can be used to estimate the required movements for the

extreme earth pressure conditions.
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2.5.3 Methods for Estimating K, and K,

Coulomb (1776) and Rankine (1856) developed simple methods for calculating the
active and passive earth pressures exerted on retaining structures. Caquot and
Kerisel (1948) developed the more generally applicable log spiral theory. Where
the movements of walls are sufficiently large so that the shear strength of the
backfill soil is fully mobilized, and where the strength properties of the backfill
can be estimated with sufficient accuracy, these methods of calculation are useful

for practical purposes.

Coulomb's trial wedge method can be used for irregular backfill configurations,
and Rankine's theory and the log spiral analysis can be used for more regular

configurations. Each of these methods will be discussed below.

2.5.4 Coulomb Theory

The Coulomb theory, the first rational solution to the earth pressure problem, is
based on the concept that the lateral force exerted on a wall by the backfill can be
evaluated by analysis of the equilibrium of a wedge-shaped mass of soil bounded
by the back of the wall, the backfill surface, and a surface of sliding through the

soil. The assumptions in this analysis are:
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1. The surface of sliding through the soil is a straight line.
2. The full strength of the soil is mobilized to resist sliding (shear failure)

through the soil.

Active Pressure
A graphical illustration for the mechanism of active failure according to the

Coulomb theory is shown in Figure 2.12a. The active earth pressure force can be

expressed as:

2
= Ly cos” (9 - B)

—  (2.23)
cos’B-cos(B + &) {1 + \/Sin(‘bf + 8)-sin(¢¢ - i)J

cos(B + 8)-cos(B - i)

where P, = active earth pressure force (force/length),
=12yH2K,,
K, = coefTicient of active earth pressure

y = unit weight of backfill soil (force/length3),
H = wall height (length),

¢¢ = the internal friction angle of soil (degrees),

B = the slope of stem face (degrees),

O = the friction angle between wall and soil (degrees),
i = the slope of backfill surface (degrees).
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(a) Active Pressure Force

(b) Passive Pressure Force

Figure 2.12 Coulomb Theory for Active and Passive Earth Pressures
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Passive Pressure

The Coulomb theory can be used to evaluate passive resistance, using the same
basic assumptions. Figure 2.12b shows the failure mechanism for the passive case.

The passive earth pressure force, Pp, can be expressed as follows:

cos’(¢¢ + B) (2.24)

C052B'COS(ﬁ - 8) 1 - \/Sln(q)f + 5)-sin(¢f + 1)
cos(B - 8)-cos(p - i)

The basic assumption in the Coulomb theory is that the surface of sliding is a
plane. This assumption does not affect appreciably the accuracy for the active
case. However, for the passive case, values of P, calculated by the Coulomb
theory can be much larger than can actually be mobilized, especially when the

value of 6 exceeds about half of ¢f.

Wall Friction

Friction between the wall and backfill has an important effect on the magnitude of
earth pressures and an even more important effect on the direction of the earth
pressure force. Table 2.10 presents values of the maximum possible wall friction

angle for various wall materials and soil types.
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Table 2.10 Ultimate Friction Factors, Friction Angles and

Adhesion for Dissimilar Materials
(From NAVFAC, 1982)

FRICTION FRICTééL
INTERFACE MATERIALS FACTOR ANGLE, ¢
tan § (degrees)

Mass concrete on the following foundation
materials:
- Clean sound rock 0.70 35
- Clean gravel, gravel-sand mixtures,

coarse sand 0.55 to 0.60 29 to 31
- Clean fine to medium sand, silty medium

to coarse sand, silty or clayey gravel 0.45 to 0.55 24 to 29
- Clean fine sand, silty or clayey fine

to medium sand 0.35 to 0.45 19 to 24
- Fine sandy silt, nonplastic silt 0.30 to 0.35 17 to 19
- Very stiff and hard residual or

preconsolidated clay 0.40 to 0.50 22 to 26
- Medium stiff and stiff clay and

silty clay 0.30 to 0.35 17 to 19

(Masonry on foundation materials has

same friction factors)
Steel sheet piles against the following soils:
- Clean gravel, gravel-sand mixtures,

well-graded rock fill with spalls 0.40 22
- Clean sand, silty sand-gravel mixture,

single size hard rock fill 0.30 17
- Silty sand, gravel or sand mixed with

silt or clay 0.25 14
- Fine sandy silt, nonplastic silt 0.20 11

(1) § = friction angle between two dissimilar materials.
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Table 2.10 (Continued)

(1)

FRICTION FRICTION
INTERFACE MATERIALS FACTOR ANGLE, §
tan § (degrees)
Formed concrete or concrete sheet piling
against the following soils:
- Clean gravel, gravel-sand mixtures, ,
well-graded rock fill with spalls 0.40 to 0.50 22 to 26
- Clean sand, silty sand-gravel mixture,
single size hard rock fill 0.30 to 0.40 17 to 22
- Silty sand, gravel or sand mixed with
silt or clay 0.30 17
~ Fine sandy silt, nonplastic silt 0.25 14
Various structural materials:
- Masonry on masonry, igneous and
metamorphic rocks:
* Dressed soft rock on dressed soft rock 0.70 35
* Dressed hard rock on dressed soft rock 0.65 33
* Dressed hard rock on dressed hard rock 0.55 29
- Masonry on wood (cross grain) 0.50 26
- Steel on stee at sheet pile interlocks 0.30 17
INTERFACE MATERIALS SOIL COHESION, c ADHESION, c,
(psf) (psf)
Very soft cohesive soil (0 - 250) 0 - 250
Soft cohesive soil (250 - 500) 250 - 500
Medium stiff cohesive soil (500 - 1,000) 500 - 750
Stiff cohesive soil (1,000 - 2,000) 750 -~ 950
Very stiff cohesive soil (2,000 - 4,000) 950 - 1,300
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2.5.5 Rankine Theory
The Rankine theory is applicable to conditions where the wall friction angle (8) is
equal to the slope of the backfill surface (i). As in the case of the Coulomb theory,

it is assumed that the strength of the soil is fully mobilized.

Active Pressure
The active earth pressure considered in the Rankine theory is illustrated in Figure

2.13a for a level backfill condition. The coefficient of active earth pressure, K,,

can be expressed as:

. 2. 2
. COsS1 - \/COS 1 - COS
K, = cosi s (2.25)
cosi + \/coszi - c052¢f

When the ground surface is horizontal, i.e. when i = 0, K, can be expressed as:

_ 1- sind)f
a = ———

1+ sin ¢f (226)

The active earth pressure, P,, can be expressed as:

P, = K,yz - 2¢/K, (2.27)
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Figure 2.13 Active Pressure, Frictionless Wall
(After Clough and Duncan, 1991)
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where P, = the active pressure (force/length2),
K, = the active pressure coefficient,

y = the unit weight of soil (force/length3),
¢ = the cohesion (force/length?2),

z = the depth below the ground surface (length).

The variation of active pressure with depth is linear, as shown in Figure 2.13b. If
the backfill is cohesive, the soil is theoretically in a tension zone down to a depth

of 2-c/y/(Kg)'?. However, a tension crack is likely to develop in that zone, and

may be filled with water, so that hydrostatic pressure will be exerted on the wall,

as shown in Figure 2.13c.

Passive Pressure
The Rankine theory can also be applied to passive pressure conditions. The

passive earth pressure coefficient (Kp) can be expressed as:

K, = cosi cosi * ﬁOSZi - cos’dy (2.28)

p . .
cosi - \[COSZI - coszd)f
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When the ground surface is horizontal, Kp can be expressed as:

K = Ltsinér (2.29)
P 1- sin ¢f

The passive pressure at depth z can be expressed as:

P, = K,yz + 2c, /Kp (2.30)
where P, = the passive pressure (force/length2),

K, = the passive pressure coefficient.

2.5.6 Log Spiral Analysis

The failure surface in most cases is more closely approximated by a log spiral
than a straight line, as shown in Figure 2.14. Active and passive pressure
coefficients, K, and K, obtained from analyses using log spiral surfaces are listed
in Tables 2.11 and 2.12 (Caquot and Kerisel, 1948). Values of K, and Kp for walls
with level backfill and vertical stem are also shown in Figure 2.15. These values

are also based on the log spiral analyses performed by Caquot and Kerisel.
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Log Spiral Failure Surface

Figure 2.14 Comparison of Log Spiral and Straight Line Failure
Surfaces for Active Conditions (From Clough and Duncan, 1991)
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Table 2.11 Values of K, for Log Spiral Failure Surface

(After Caquot and Kerisel, 1948)

§ i B éf
20 25 30 35 40 45
-10 0.37 0.30 0.24 0.19 0.14 0.11
-15 ] 0.42 0.35 0.29 0.24 0.19 0.16
10 0.45 0.39 0.34 0.29 0.24 0.21
-10 0.42 0.3 0.27 0.21 0.16 0.12
0 0 0 0.49 0.41 0.33 0.27 0.22 Q.17
10 0.55 0.47 0.40 0.34 0.28 0.24
-10 0.55 0.41 0.32 0.23 0.17 0.13
15 0 0.65 0.51 0.41 0.32 0.25 6.20
10 0.75 0.60 0.49 0.41 0.34 0.28
-10 0.31 0.26 0.21 0.17 0.14 0.11
-15 0 0.37 0.31 0.26 0.23 0.19 0.17
10 0.41 0.36 0.31 0.27 0.25 0.23
-10 0.37 0.30 0.24 0.19 0.15 0.12
¢¢ 0 0 0.44 0.37 0.30 0.26 0.22 0.19
10 0.50 0.43 0.38 0.33 0.30 0.26
-10 0.50 0.37 0.29 0.22 0.17 0.14
15 0 0.61 0.48 0.37 0.32 0.25% 0.21
10 0.72 0.58 0.46 0.42 0.35 0.31

I A S
77/ T s 77 777
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Table 2.12 Values of K, for Log Spiral Failure Surface
(After Caquot and Kerisel, 1948)

§ L ] 4t

20 25 10 3s 40 45

-10 1.32 1.66 2.05 2.52 3.09 3.95

-15 0 1.09 1.33 1.56 1.82 2.09 2.48

10 0.87 1.03 1.17 1.30 1.33 1.54
-10 2.33 2.96 3.82 5.00 6.68 9.20

0 ] 0 2.04 2.46 3.00 3.69 4,59 5.83
10 1.74 1.89 2.33 2.70 3.14 3.69

) -10 3.36 4.56 6.30 §.98 12.2 20.0

15 0 2.99 3.86 5.04 6.72 10.4 12.8

10 2.63 3.23 3.97 4.98 6.37 8.2

-10 1.95 2.90 4,39 6.97 11.8 22.7

-15 0 1.62 2.1 3.35 5.0¢& .99 14.3
10 1.29 1.79 2.50 3.58 5.0¢ 8.86

-10 3.45 5.17 8.17 13.8 25.5 52.9

-#E 0 0 3.01 4,29 6.42 10.2 17.5 33.5
-10 2.57 3.50 4 .98 7.47 12.0 21.2

-10 4.95 7.95 13.5 24.8 50.¢ 11.5

15 0 4.42 6.72 10.8 18.6 39.8 73.6

10 3.88 5.62 8.51 13.8 243 46.9
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2.5.7 Selection of Earth Pressure Coefficients
Selecting a proper earth pressure coefficient is essential for a successful wall
design. A number of methods previously discussed can be used to decide the

magnitude of the coefficients.

An alternative method is to use a hydrostatic fluid pressure which is equivalent to
the product of an earth pressure coefficient and the unit weight of the soil. A
decision on what type of earth pressure coefficient should be used is based on the
direction and the magnitude of the wall movement. Table 2.9, Figure 2.10 and

Figure 2.11 can be useful in this procedure.

The New Zealand Ministry of Works and Development (N.Z.M.W.D., 1979) has
recommended the following static earth pressure coefficients for use in design:

1. Counterfort or gravity walls founded on rock or piles 'K,
2. Cantilever walls less than 16 ft high founded on rock or piles  : 0.5 (K, + K,)

3. Cantilever walls higher than 16 ft or any wall founded on a spread footing : K,

N.ZM.W.D. (1979) also recommended that K, should be used for the types of

abutments that are not mentioned above. Earth pressures on integral abutments or
framed abutments may be higher than active due to thermal movements of the

bridge superstructure.
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2.5.8 Location of Horizontal Resultant

In conventional designs and analyses, the horizontal resultant is assumed to be
located at one third of total height from the bottom of the wall. However, several
experimental tests performed by many researchers including Terzaghi (1934),
Clausen and Johansen (1972), and Sherif et al (1982) have shown that the point of

application is above the lower third point.

According to a study by Duncan et al (1990), Terzaghi found that the resultant was
applied at 0.40H to 0.45H from the bottom of the wall, where H is the total height
of the wall. Clausen and Johansen found the same range of locations as
Terzaghi's, and Sherif et al recommended 0.42H for a wall in static active
condition. However, Duncan et al (1990) suggested that the location of the

resultant should be assumed to be 0.40H above the bottom of the wall.

2.5.9 Equivalent Fluid Pressure
Equivalent fluid pressures provide a convenient means of estimating design earth
pressures, especially when the backfill material is a clayey soil.

The lateral earth pressure at depth z can be expressed as:

ph = 'qu'Z (2.3 1)
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where  p, = lateral earth pressure (force/length?),
Yeq= equivalent fluid unit weight (force/length3);

unit weight of a fluid that would exert the same pressure as
the backfill soil,
z = depth below the surface of backfill (Iength).

Some typical equivalent fluid unit weights and corresponding pressure coefficients
are presented in Table 2.13. These are appropriate for use in designing walls up to
about 20 ft in height. Values are presented for at-rest condition and for walls that

can tolerate movements of 1 inch in 20 ft, and for level and sloped backfill.

2.6 EFFECT OF SURCHARGES

When vertical loads act on a surface of the backfill near a retaining wall or an

abutment, the lateral and vertical earth pressure used for the design of the wall

should be increased.
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Table 2.13 Coefficients and Unit Weights for Equivalent
Fluid Pressure (From Clough and Duncan, 1991)

Equivalent Fluid Unit Weights and
Pressure Coefficients

Level Backfill Backfill 2(H) on 1(V)

At-Rest A/H = 1/240 At-Rest A/H = 1/240

Type of Soil

Teq K Te K Te K e K
(pCt) (pcE) (pct (pct)
Loose Sand 55 0.45 40 0.35 65 0.55 50 0.45
or Gravel
Medium Dense 50 0.40 35 0.25 60 0.50 45 0.35
Sand or Gravel
Dense Sand 45 0.35 30 0.20 55 0.45 40 0.30
or Gravel
Compacted 60 0.50 40 0.35 70 0.60 50 0.45
Silt (ML)
Compacted 70 0.60 45 0.40 80 0.70 55 0.50
Clay (CL)
Lean 80 0.65 55 0.50 90 0.75 65 0.60
Compacted

Fat Clay (CH)

Ph=1eqz+qu

where 7eq = equivalent fluid unit weight,
z
K

dg = uniform surcharge pressure.

depth below ground surface,

horizontal earth pressure coefficient,
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2.6.1 Uniform Surcharge Load
A surcharge load uniformly distributed over a large ground surface area increases

both the vertical and the lateral pressures. The increase in the vertical pressure,

Ap, is the same as the applied surcharge pressure, q;. That is,

Apy=q, (2.32)

and the amount of increase in the lateral pressure, Ap, is

Ap, =K-q, (2.33)

where K = an earth pressure coefficient (dimensionless),

K =K, for active pressure,
K =K, for at-rest condition,

K =K, for passive pressure.

Because the applied area is infinitely large, the increases in both vertical and
horizontal pressures are constant over the height of the wall. Therefore, the
horizontal resultant force due to a surcharge load is located at mid-height of the

wall.
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2.6.2 Point Load, Line Load, and Strip Load
The theory of elasticity can be used to estimate the increased earth pressures
induced by various types of surcharge loads. Equations for earth pressures due to

point loads, line loads, and strip loads are presented in Figure 2.16.

2.7 LIMIT STATES AND DESIGN CRITERIA

2.7.1 Limit States

Retaining walls and abutments are subject to various limit states or types of
failure, as illustrated in Figure 2.17. Failures can occur within soils or the
structural members. Sliding failure (Figure 2.17a) occurs when the lateral earth
pressure exerted on the wall exceeds the frictional sliding capacity of the wall. If
the bearing pressure is larger than the capacity of the foundation soil or rock,
bearing failure (Figure 2.17b) results. Deep-seated sliding failure (Figure 2.17¢)
may develop in clayey soils. Structural failure (Figure 2.17d) also should be

checked.

2.7.2 Design Criteria
For design purposes, retaining walls on spread footings can be classified into three

categories (Duncan et al., 1990):
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(b) Bearing Failure Associated

(a) Sliding Failure
with Overturning

IIAN/7

(d) Structural Failure

(c) Deep-seated Sliding Failure

Figure 2.17 Failure Modes for Retaining Walls
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1. walls with clayey soils in the backfill or foundation,
2. walls with granular backfills and foundations of sand or gravel,

3. walls with granular backfills and foundations on rock.

For each category, design procedures and stability criteria for the ASD method and
the LFD method are summarized in Figures 2.18 through 2.20. The uniform
pressure distributions shown in the figures are based on the method presented by
Meyerhof (1953). Gravity walls are used in the figures, but the procedures and
criteria are equally applicable to semi-gravity, cantilever, and other types of
retaining walls or abutments that develop similar foundation pressures when

subjected to lateral forces.

2.8 DESIGN PROCEDURES
In both ASD and LFD, a series of steps must be followed to obtain a satisfactory
design. These are:

1. Select preliminary proportions of the wall.

2. Determine loads and earth pressures.

3. Calculate magnitude of reaction forces on base.
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Earth Loads:

Py and Py, based on experience,
with allowance for creep
y=04H

SR/

Stability Criteria:
ASD Method LFD Method

or

9 max W q max 9 max

(1) N within middle third of base (1) N within middle half of base
(@) RiQut/FS 2 Amax unfactored) (2 #R;Aut 2 Gumax
(3) Safe against sliding: (3) Safe against sliding:
Fr/FS 2 Ph (unfactored) g F, 2 ZITiPy;
(4) Settlement within tolerable limits (4) Settlement within tolerable limits
(5) Safe against deep-seated (5) Safe against deep-seated
foundation failure. foundation failure.

Figure 2.18 Earth Loads and Stability Criteria for Walls with Clayey
Soils in the Backfill or Foundation (After Duncan et al, 1990)
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(b) Forces on Vertical Plane
Through Heel of Wall

(@) Forces on Wall

N

a tan d
— Pa —_,r_ H H
y
Earth Loads
Pa and P, calculated using Coulomb active earth pressure theory
d or Pa estimated using judgement, with allowance for movement
of backfill relative to wall.
Stability Criteria
ASD Method LFD Method
9max
(1) N within middle third of base (1) N within middle half of base
(2) RiQu/FS 2 9pmay unfactored) (2 ¢R Ay 2 9ymax
(3) Safe against sliding: (3) Safe against sliding:
F/FS 2 Ph (untactored) gsFr 2 In P
(4) Settlement within tolerable limits (4) Settlement within tolerable limits

Figure 2.19 Earth Loads and Stability Criteria for Walls with
Granular Backfills or Foundations on Sand or Gravel

(After Duncan et al, 1990)
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Earth Loads
Pn based on at-rest pressure
v Ko : refer to Table 4.6
L_P“ —_— H Py estimated using judgement
y=04H
VIS4 Y
Stability Criteria
: LFD Method
qmax q max

(1} N within middle half of base (1) N within middle three quarters of base

(2) R[ qulg / FS 2 q max (unfactored) (2) ¢R 1 q ult 2 q u max

(3) Safe against sliding (3) Safe against sliding

Fr/FS 2 Ph(unfac(o(ed) ds Fr 2 Zl‘i Phi

Figure 2.20 Earth Loads and Stability Criteria for Walls with
Granular Backfills and Foundations on Rock

(After Duncan et al, 1990)
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4. Check stability and safety criteria:
(a) location of normal component of reactions
(b) adequacy of bearing pressure
(c) safety against sliding.
5. Revise proportions of wall and repeat steps 2 through 4 until stability
criteria are satisfied and then check:
(a) settlement within tolerable limits
(b) safety against deep-seated foundation failure.
6. If proportions become unreasonable, consider a foundation supported on
driven piles or drilled shafis.

7. Compare economics of completed design with other wall systems.

2.8.1 Step 1. Preliminary Proportions

Figure 2.21 shows commonly used dimensions for a gravity retaining wall and a

cantilever wall. These proportions can be used when scour is not a concern to

obtain dimensions for a first trial.

2.8.2 Step 2. Loads and Earth Pressures

Design loads for a retaining wall or an abutment are obtained by using group load

combinations described in Table 2.2. Methods for calculating earth pressures
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L7777

min. batter 1:50

05D10D | H
V77 N074
D H/8 to H/6
| H/3 10 HR
HR w23 H
(a) Mass Concrete Wall
8 10 12 in. minimum
7IRT77
min. batter 1:50
H
I7AN /S
Below Frost Depth

Ld-l-l/mb ol

B=04-07H

{b) Cantilever Wall

Figure 2.21 Preliminary Dimensions for Gravity Walls and
Cantilever Walls (After Clayton and Milititsky, 1986)
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exerted on the wall are discussed in Section 2.5. The use of equivalent fluid
pressures presented in Table 2.13 gives satisfactory earth pressures if conditions

are not unusual.

2.8.3 Step 3. Reaction Forces on Base

Figure 2.22 illustrates a typical cantilever wall subjected to various loads causing
reaction forces which are normal to the base (N) and tangent to the base (F,).
These reaction forces are determined by simple statics for each load combination

being investigated.

2.8.4 Step 4. Stability Criteria

(a) The location of the resultant on the base is determined by balancing moments
about the toe of the wall. The criteria for foundations on soil for the location of
the resultant is that it must lie within the middle one third for ASD and the middle
half for LFD. This criterion replaces the check on the ratio of stabilizing moment
to overturning moment. For foundations on rock, the acceptable location of the

resultant has a greater range than for foundations on soil (see Figure 2.20).
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Figure 2.22 Forces on a Typical Retaining Wall or Abutment
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As shown in Figure 2.22, the location of the resultant, X,,, is obtained by:

Summation of moments about point o
N

Xo = (2.34)

where N = the vertical resultant force (force/length).
The eccentricity of the resultant, e, with respect to the centerline of the base is:

e:

-]23 - X, (2.35)

where B = base width (length).

(b) Safety against bearing failure is obtained by applying a safety factor to the
ultimate bearing capacity in the ASD method or by applying a performance factor
to the ultimate bearing capacity in the LFD method. The ultimate bearing capacity
can be calculated from in situ tests or semi-empirical procedures as presented in an

engineering manual for shallow foundations (Barker et al., 1991).
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Safety against bearing failure is checked by:

InASD:  R;qu: / FS 2 Quax

In LFD: ¢RI qult 2 q umax

where q, = ultimate bearing capacity (force/length?2),
R; =reduction factor due to inclined loads,
FS = factor of safety,
¢ = performance factor,

q, = maximum bearing pressure due to unfactored

loads (force/length?2),

q_, = maximum bearing pressure due to factored

loads (force/length?2).

Shape of Bearing Pressure Distribution

(2.36)

(2.37)

The shape of the bearing pressure distribution for soil foundations can be treated as

a triangle, a trapezoid or a rectangle, and for rock foundations treated as a triangle

or a trapezoid (see Figures 2.18 through 2.20). Therefore, the resultant, N, will

pass through the centroid of a triangular or trapezoidal stress distribution or the

middle of a uniformly distributed stress block, as illustrated in Figure 2.23.
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(a) Trapezoidal Distribution

N 6Ne
Qmax= 7 * B2
B/2 B/2
B
(b) Triangular Distribution
2N
Amax = 75 Xo

(c) Rectangular Distribution

N
D max = 2 X,

Figure 2.23 Various Shapes of Stress Distributions and Maximum
Bearing Pressures
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Maximum Bearing Pressure

The following equations are used to compute the maximum soil pressures, qmax
and qumax (both indicated as q(yymax, Where (u) is not present in ASD), per unit

length of a rigid footing.

For a triangular shape of bearing pressure:

(i) when the resultant is within the middle third of base:

N(u) i 6N(u)e

Q(u)max = B B2 (238)
(ii) when the resultant is outside of the middle third of base:
2N
Guymax = )2‘;) (2.39)
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For a uniform distribution of bearing pressure:

N
dmax = 7y (2:40)
where Nq) = unfactored (factored) vertical resultant (force/length),

X, = location of the resultant measured from toe (length),

e = eccentricity of N, (length).

(c) Sliding stability is checked in the ASD method by satisfying the following

criteria:

> P, (2.41)

where FS = 1.5 for sands and 2.0 for clays whose shear strength is less than 0.5
times the normal pressure,

F, = frictional resistance (force/length) or,
=N-tan g, + ¢,'B,,
N = resultant on base required for vertical equilibrium (force/length),
O, = friction angle between base and soil (degrees)
= ¢ of base soil for cast-in-place concrete, or

= the values given in Table 2.10,
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c, = adhesion (force/length2),

¢ = cohesion of the base soil (force/length2),

B, = effective length of base in compression (length),

P, = horizontal earth pressure force causing sliding (force/length).

In the LFD method, sliding stability is checked by

‘bs l::ru 2 ZYi l:‘hi (2°42)

where  F, =N, tan J, + ¢, B,,
N, = factored vertical resultant (force/length),
¢; = performance factor for sliding

(values given in Table 2.3),

Yi = load factor for force component i,
= vyB; shown in Table 2.2,

Pp; = horizontal earth pressure force i causing sliding (force/length).

As shown in Figure 2.22, the lateral pressure, Py, causes the wall to slide and is
resisted by friction and adhesion between the base and foundation soil. According
to the proposed revision to the AASHTO Specifications prepared by D'Appolonia
(1989), the passive earth pressure, P, generated by the soil in front of the wall may
be included to resist sliding if it is ensured that the soil in front of the wall will

exist permanently, for example, if the wall is embedded deeply below a covering
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such as a sidewalk or pavement. When passive earth pressure is used, a safety
factor of 2.0 or larger is recommended by Lambe and Whitman (1969). However,
sliding failure occurs in many cases before the passive earth pressure is fully

mobilized. Therefore, it is safer to ignore the effect of the passive earth pressure.

2.8.5 Step S. Revise Proportions

When the preliminary wall dimensions are found inadequate, the wall dimensions
should be adjusted by a trial and error method. A sensitivity study done by the
authors shows that the stability can be improved by varying the location of the wall
stem, the base width, and the wall height. Some suggestions for correcting each

stability or safety problem are presented as follows:

Bearing Failure or Eccentricity Criterion Not Satisfied
1. Increase the base width.
2. Relocate the wall stem moving it toward the heel.
3. Minimize Py, by replacing a clayey backfill with granular material or by
reducing pore water pressures behind the wall stem with a well-designed

drainage system.
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4. Provide an adequately designed reinforced concrete approach slab
supported at one end by the abutment so that no horizontal pressure due to

live load surcharge need be considered.

Sliding Stability Criterion Not Satisfied
1. Increase the base width.
2. Minimize P}, as described above.
3. Use an inclined base (heel side down) to increase horizontal resistance.

4. Provide an adequately designed approach slab as mentioned above.

5. Use a shear key”.

* The main function of a shear key is to generate additional passive soil pressure to
increase sliding resistance. The considerations discussed earlier concerning the
amount of displacement required to mobilize passive earth pressure are also
important with regard to the resistance that can be achieved through the use of a
key. Depending on local experience or job conditions, the design engineer must

decide whether some passive earth pressure should be included or not.
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Settlement and Overall Stability Check
Once the proportions of the wall have been selected to satisfy the bearing pressure,
eccentricity and sliding criteria, then the requirements on settlement and overall

slope stability must be checked.

(a) Settlement should be checked for walls founded on compressible soils to
ensure that the predicted settlement is less than the settlement that the wall or
structure it supports can tolerate. The magnitude of settlement can be estimated
using the methods described in Engineering Manual for Shallow Foundations
(Barker et al., 1991). For a determination of the allowable settlement, refer to the
Engineering Manual for Estimating Tolerable Movements of Bridges (Barker et

al., 1991),

(b) The overall stability of slopes with regard to the most critical sliding surface
should be evaluated if the wall is underlain by weak soil. This check is based on
limiting equilibrium methods which employ the modified Bishop, simplified Janbu
or Spenser analysis. This subject is discussed in a number of design manuals and
papers including NAVFAC DM-7.1 (1982a) and a manual by the Corps of

Engineers (1989), and will not be covered in this study.
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2.8.6 Step 6. Consider Deep Foundations

Driven piles and drilled shafts can be used when the configuration of the wall is
unreasonable or uneconomical. Engineering manuals for driven piles and drilled
shafts (Barker et al., 1991) may be consulted with regard to design of deep

foundations to withstand vertical and lateral loads.

2.8.7 Step 7. Compare with Alternative Wall Systems
When a design is completed, it should be compared with other types of walls that
may result in a more economical design. Detail information can be found in

Section 2.2.1 and Section 10 of a manual by the Corps of Engineers (1989).
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3.1 INTRODUCTION

A survey was conducted by Peck et al. (1948) in 1945 to obtain information on
bridge abutments and retaining walls that had experienced unsatisfactory
performance. The questionnaire was distributed to the chief engineers of 77

railroads in the United States and Canada.

A similar questionnaire was developed by the author in 1993 and sent to the
departments of transportation of the fifty states and the District of Columbia to
gather similar information for highway bridge abutments and retaining walls. This
was done to determine if additional parameters should be included in the study of
limit states for retaining walls. The survey results compared with the results of the
previous one, provide a valuable source of new information for two reasons:

(a) The previous survey was conducted for railroad bridges. The results may
be different for highway bridge abutments and walls because vehicle loads
and design standards are different.

(b) After forty-eight years, another type of failure trend, which was not

detected previously, may now exist.
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3.2 SURVEY BY PECK ET AL. IN 1945

In the survey by Peck et al. (1948) about fifty-two percent of the engineers
surveyed responded and thirty-one percent reported no significant problems with
the behavior of abutments and retaining walls. The remaining twenty-one percent
reported some incidence of unsatisfactory experience with walls and abutments.
Based on their survey results and the fact that about eighty percent of the surveyed
individuals reported no problem or did not reply, Peck, et al. made a conclusion
that a majority of abutment and wall designs could be considered successful. A
companion conclusion was that the present design methods were probably

conservative.

As presented in Figure 3.1a, the height of unsatisfactory abutments and retaining
walls ranges from 5 ft to 60 ft and average height was about 25 ft. As shown in
Figure 3.1b, the majority of the abutments and walls reported as having failed or
performed in an unsatisfactory manner moved forward six to twelve inches. The
survey result suggested that movements less than about three inches could be

considered practically normal and tolerable.
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Number of Walls

1-5 6- 1- 16- 21- 26- 31- 36- 41- 46- 51- 61- 66-
10 15 20 25 30 35 40 45 50 55 65 70

Height of Walls (ft)

(a) Height of Walls and Abutments Reported

Number of Walls

B N e

0-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 2527 --- 88-90 Collaps
e

Forward Movement (Inches)

(b) Reported Movement of Walls and Abutments

Figure 3.1 Height and Movement of Walls and Abutments
(Peck et al., 1948)
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In Figure 3.2a, the walls are categorized according to the type of movement that
they experienced. More than half of the walls experienced a progressive outward

or tilting movement.

Figure 3.2b classifies the foundation and backfill materials of the wall which
experienced progressive outward or tilting movement. All of the walls subjected
to progressive movement were either backfilled with clay or founded on clay, and
in most cases clay was used in both. According to Peck et al., the walls founded
on clay or backfilled with clay probably have a lower safety factor than
conventionally believed. No failures were reported for walls founded on sand or
rock and backfilled with granular material. This result may indicate that the

conventional design methods for such walls must be quite conservative.

3.3 SURVEY CONDUCTED IN 1993

In the survey conducted for this study, thirty-seven responses out of fifty-one
requests have been received, which is a return of seventy-three percent. Among
thirty-seven responses, five indicated that records were not available and eleven
reported no failure. The remaining twenty-one (40%) reported a number of cases
of unsatisfactory behavior of walls. The cover letter and the questionnaire are

attached in the appendix. The states responded are summarized in Figure 3.3.
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. Complete failure;
Uncertain overturn

14% 0,
Settlement of backfill : . 186
4%
Movement soon after
construction: stable
afterward
11%

Progressive outward
or tilting movement
53%

(a) Types of Unsatisfactory Behavior

Backfill: Unknown

Foundation:
Unknown
24%
Backfill: Clay
Backfill: Clay Foundation: Clay
jon: . 43%
Foundation: Sand,
Gravel, Rock

8%
Backfill: Unknown

Foundation: CI
un 38;2 agackﬁll: Sand, Gravel

Foundation: Clay
17%

(b) Backfill and Foundation Materials
Walls Subject to Progressive Outward Movement

Figure 3.2 Types of Unsatisfactory Behavior and

Backfill and Foundation Materials (Peck, et al., 1948)
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About 125 walls and abutments which failed completely or experienced
undesirable movements were reported by the twenty-one states. The detailed
information on these structures is summarized in Table 3.1. Some of the responses
were not complete and limited to local jurisdiction rather than state wide. The
table displays height of walls, type of footings, type of backfill and foundation

materials, amount of movement, and type of unsatisfactory behavior.

Table 3.2 summarizes the total number of bridges and walls in each jurisdiction
and an estimate of the probability of failure. The total number of bridges listed is
that given by the states in response to the questionnaire. In many cases this did not

agree with the number given in National Bridge Inventory (1992).

The actual probability of failure for abutments was obtained by dividing the total
number of failed abutments (FAN) by total number of abutments reported (TAN).
Because states often did not indicate whether one abutment or both abutments
failed, it has been assumed that if one abutment fails this constitutes a bridge
failure. The actual probability of failure for retaining walls was also calculated by

dividing the total number of failed retaining walls (FWN) by total number of
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Table 3.1 Summary of Responses

Soil Type Amount of Movement (in.)
State | Wall [ Height| Footing Type of
or [ () | Type |BackfilllFouna| For(Back|Down UP 1 ynqppgtactory
Abut ward| ward | ward | ward Behavior
AK | W | 18 |spread| S | C | 6 4 PG
w 18 | spread S C 3 2 SB
W 15 | spread U R 12 PG
AR W 10 | spread U R 10 PG
W 20 pile U U 12 PG
A U U U U UN
A ) U U U UN
CT w U U U U UN
w U U U U UN
W U U U U UN
w U U U U UN
DE A U spread U U 6 PG
[ GA | W [ 15 [spread] S U PG
W 25 | spread C C 5 PG ]
KS wW 20 | spread S S SB
W 12 spread S C TF PG
W 20 | spread S C SB
MA | W U [spread] C C 15 PG
A 11 spread U U 25 MS
A U spread U U 1.8 MS
MD A 6 pile S C 3 MS
A 18 [ spread S C 0.25 MS
A U spread U U 0.25 MS
W | 13.5 | spread U U SB
A 16 spread U U 2.5 PG
A 13 pile Y) U 6 PG
A 10 pile S C 42 SB
MN A 12 pile S S 6 PG
A 12 pile S C 7 PG
A 9 pile S C 24 PG
A 9 pile S C 18 SB
A 30 pile S U [1.75 MS
A 16 pile U U 25 PG
W 25 | spread S U 2 SB
W 25 spread S C 5 SB
MS w 25 | spread S C 5 SB
W 32 | spread S C 19 10 PG
W 18 spread S C 5 PG
Where A: Abutment S: Sand PG: Progressive Outward or Tilting
W: Wall C: Clay MS: Move Soon after Construction; Stable Later
U: Unknown R: Rock SB: Settlement of Backfill

OT: Complete Failure - Overturning
ST: Complete Failure - Structural Failure
UN: Uncertain
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Table 3.1 - continued

Soil Type Amount of Movement (in.)
State | Wall | Height| Footing Type of
or | () | Type |BackfilllFound, For|BackiDowni Up 1,0 petactory
Abut ward| ward | ward | ward Behavior
‘NC A 10 pile U U TF 438 ST
A 30 pile C [9] 4 PG
A 6 spread S R PG
W 40 pile S S 8 PG
NV W 14 spread S S 12 PG
w 10 | spread S S 22 PG
W 16 | spread S S TF oT
W 8 spread S S TF oT
W 10 [ spread S S 12 MS
A U spread Y) U 12 PG
A U spread U U 12 PG
A U spread U Y] 24 PG
NY A U U U U 12 PG
A U spread Y) U 6 PG
A V] pile C C TF PG
A U spread S C 6 PG
W U spread U U 12 PG
A 22 | spread U U TF ST
A 23 | spread S R 2 PG
A 25 | spread S S 1.5 PG
PA W U spread U U UN
W U spread U U UN
W U spread V) U UN
SC W 10 | spread C C TF TF ST
A 16 | spread S S MS
A 5 pile C ] 12 6 PG
A 14 pile C C TF PG
A U pile C C TF PG
A U pile C C TF PG
A 14 pile C C TF PG
A 5 pile C 9] TF PG
A 6 pile C [¢] 8 PG
A 6 pile C C 8 PG
A 6 pile C Cc 8 PG
SsD A 6 pile ) S 6 PG
A 6 pile S S 6 PG
A 6 pile S S 6 PG
A 4 pile C S 4 PG
A 4 pile C S 4 PG
W 30 | spread S S MS
W 30 | spread S R 6 MS
w 10 | spread S S MS
W U spread C C PG
w 10 | spread S C TF 24 UN
W 15 | spread C C 24 PG
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Table 3.1 - continued

Soil Type Amount of Movement (in.)
State | Wall | Height| Footing Type of
For| Back|Down| Up .
A:L: () | Type |BackfillFound. ward| ward | ward | ward UnsB:t;;f;ztrory

Al U U U U PG
A U U U U SB
A U U U U ST
TN W U U U U PG
W U U U U SB
W V] U U U ST
TX W 29 | spread C C TF MS
A U 5] U U 6 MS
A U U U U 8 MS
VA A ) U U U 6 MS
Bristol A U U Y) U 8 MS
A U U U U 6 UN
A U U U U 55 PG
A 9 |spread| U R 7 1 PG
A 4 spread U Y] 12 oT
VA A 5 spread U U 5 PG
Salem | A 5 spread U U oT
A 7 spread U U 10 UN
A 5 spread U U 4 UN
A U pile U U 8 PG
A U pile U U 12 PG
A U pile U U 3 PG
VA A U pile U U 2 MS
Suffolk | A U pile U U 1.5 MS
W U pile U ) 12 MS
W U ~ pile U U 3 MS
A 15 | spread S C 15 30 PG
A 15 | spread S C 15 30 PG
A 18 spread S C 12 24 PG
VA A 18 | spread S C 12 24 PG
Staunton| A 18 | spread S C 12 24 PG
A 18 | spread S C 12 24 PG
A 11 pile S C 3 MS
W 16 | spread U U 2 MS
VA W 20 | spread V) Y) 3 SB
Nova | W 18 [ spread U U 1.5 MS
W 25 | spread S R 2 MS
WA w 15 | spread S R 2 MS
w 27 | spread S R TF oT
w 24 | spread C R 12 MS
wi wW 20 U U U PG
A U U U U MS
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Table 3.2 Probability of Failure of the Reported Walls and Abutments

Abutments Retaining Walis Both
Total No.| Total No.| Prob. of Total No Total No. | Prob. of
State of of Failed | Failure, of Walls‘ of Failed | Failure, FN
Bridges, | Abuts, FAN TWN | Walls, FWN TN
TAN FAN TAN FWN TWN
CA 11650 0 0 47 0 0 0
D.C. 280 0 0 102 0 0 0
FL 5611 0 0 287 0 0 0
ID 1700 0 0 100 0 0 0
IN 5562 0 0 120 0 0 0
No NH 3549 0 0 NA 0 - -
Failure OH 14946 0 0 NA 0 - -
Reported OK 6800 0 0 NA 0 - -
RI 750 0 0 200 0 0 0
VA, Rich. 2250 0 0 25 0 0 0
VT 2700 0 0 NA 0 - -
WYy 2800 0 0 NA 0 - -
AK 740 0 0 50 2 4.00E-02 | 2.53E-03
AR 6500 0 0 200 3 1.50E-02 | 4.48E-04
CT 4000 2 5.00E-04 250 4 1.60E-02 | 1.41E-03
DE 1222 1 8.18E-04 NA - - -
GA 14500 0 0 2000 1 5.00E-04 | 6.06E-05
KS 5000 0 0 500 5 1.00E-02 | 9.09E-04
MA 4500 0 0 NA - - -
MD 2400 5 2.08E-03 NA - - -
MN 3000 9 3.00E-03 NA - - -
Failure MS 5700 0 0 50 4 8.00E-02 | 6.96E-04
Reported NC 16970 1 5.89E-05 NA - - -
NV 887 2 2.25E-03 200 6 3.00E-02 [ 7.36E-03
NY NA - - NA - - -
PA NA - - NA - - -
SC 9000 0 0 NA - - -
SD 2000 15 7.50E-03 NA - - -
TN 18700 3 1.60E-04 NA - - -
TX 48000 0 0 2000 1 5.00E-04 | 2.00E-05
VA, Bristol 1852 6 3.24E-03 NA - - -
VA, Nova 1739 0 0 500 3 6.00E-03 | 1.34E-03
VA, Salem 2150 6 2.79E-03 NA - - -
VA, Staunton| 2400 7 2.92E-03 300 0 0.00E+00| 2.59E-03
VA, Suffolk 1170 5 4.27E-03 100 2 2.00E-02 | 5.51E-03
WA 3100 0 0 5000 4 8.00E-04 | 4.94E-04
WI 13000 1 7.69E-05 300 1 3.33E-03 | 1.50E-04
Total 227128 63 2.77E-04 | 12331 36 2.92E-03 | 4.13E-04
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retaining walls which has been reported (TWN). The overall probability of failure
was obtained by dividing the total number of failed abutments and retaining walls
(FN) by the total number of abutments and retaining walls reported (TN). Based on
the data reported by the states, the probability of failure of abutments appears to be
about 4 in 10,000 while the probability of failure of retaining walls is about 3 in

1000.

Figure 3.4 classifies the unsatisfactory walls and abutments based on their height.
The average heights of the abutments and the retaining walls were 11.9 ft and 19.0
ft, respectively. The height of the abutments and walls combined, ranges from 4 ft

to 40 ft and the average height is about 15.2 ft.

As shown in Figure 3.5, where failure occurred in retaining walls, spread footings
were more frequent than pile foundations while in abutments slightly more pile
foundations than spread footings were reported. The combined result indicates
that more spread footings than pile foundations were among the reported walls
which experienced undesirable behavior. Apparently, unsatisfactory behavior can

occur even if pile foundations are used.
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Height Abut Wall | Combined

(ft)

1-5 8 0 8
6-10 14 7 21
11-15 9 8 17
16-20 8 11 19
21-25 3 6 9

26-30 2 4 6

31-35 0 1 1

36-40 0 1 1
Avg.ht.] 119 19.0 16.2
[ sum 44 38 82

i
| | |
EAbut MWWall [OCombined ’
1 20 ‘
2 ]
‘©
; 15
L5
[o}
| .
Q
Kol
£ 10
-
Z
5_
6-10  11-15 1620 21-25 2630  31-35  36-40
Height of Wall (ft) \
. -]

Figure 3.4 Reported Heights of Unsatisfactory Walls and Abutments
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Abut Wall Combined
spread 28 40 68
pile 32 4 36
unknown 13 8 21

70

60

Espread M pile Ounknown

50

40

Abut Wall Combined

Figure 3.5 Types of Footings Under Unsatisfactory Walls and Abutments
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Figure 3.6 presents the magnitude of forward movement that the unsatisfactory
walls and abutments experienced. As previously shown in Peck et al.’s survey
results, the magnitude of the forward movement of a majority of the walls
considered unsatisfactory ranged from 6 to 12 inches. In the 1993 survey the
average movement considered unsatisfactory is 7 inches for abutments and 9
inches for walls. Using the average heights of abutments and retaining walls from
Figure 3.4, the A/H ratios become 0.05 to 0.04, respectively. Walls are considered

by those who responded as complete failures if they move more than 2 ft.

As shown in Figure 3.7, the abutments and the walls are categorized according to
the type of movements that they experienced. The most common type of behavior
appears to be the progressive outward or tilting movement (50 %). The trend is
more severe in abutments than in retaining walls as shown in Figure 3.8. The
percentages of progressive outward movement are 61 % for abutments and 35 %
for retaining walls. It is reported that about 8 % failed completely either by
structural failure or by overturning. It can be observed that a considerable number
of unsatisfactory walls were founded on piles. This result may imply that the use

of piles does not necessarily eliminate the excessive movement of the walls.
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Movement | Abut Wall | Combined
(in.) '
1-3 9 7 16
4-6 14 3 17
7-9 5 1 6
10-12 8 8 16
13-15 2 1 3
16-18 0 0 0
19-21 0 1 1
22-24 1 2 3
Collapse 8 7 15
Avg. in. 7.3 9.3 8.1
No. of Walls| 47 30 77

 e————

- excluding failures

BN

12

BAbut HEWall [OCombined B

Number of Walls

46
7-9
10-12

13-15

16-18

i - |

Forward Movement (in.)

19-21

22-24

Collapse

Figure 3.6 Forward Movement of Unsatisfactory Walls and Abutments
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PG | MS ] SB | UN | OT | ST ] sum
Pile 26 7 2 0 0 1 36
Spread 32 16 8 6 5 2 68
Unknown 5 5 2 7 0 2 21
Total 63 27 12 13 5 5 125
where PG: Progressive Outward or Tiliting Movement

MS: Movement Soon After Construction; Stable Afterward
SB: Settlement Under Backfill

UN: Uncertain

OT: Complete Failure - Overturning

ST: Complete Failure - Structural Failure

ST

ot 4%

SB

10% PG

50%

Figure 3.7 Type of Unsatifactory Behavior - Combined
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e case

PG| MS ]| SB | UN]J] OT | S
3
9

1

Abut 45 15
Wall 18 12

o]
w
N|w

MS
21%

(a) Abutments

ST
oT 4%

! MS
2 23%

(b) Retaining Walls

I

Figure 3.8 Type of Unsatifactory Behavior - Abutments and Walls
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Figure 3.9 presents the type of foundation and backfill materials of all of the walls
that experienced unsatisfactory behavior described in Figure 3.7. Unlike the
previous survey results, a considerable number of walls backfilled with sand and
founded on sand or rock were reported to experience unsatisfactory behavior. It is
observed that such walls experienced various failures with almost the same
percentage as the walls associated with clay. For convenient comparison with
Figure 3.2, Figure 3.10 was created as a subset of Figure 3.7. It shows the
foundation and backfill materials of the walls which experienced progressive

outward or tilting movements.

3.4 COMPARISON

Table 3.3 presents a summary of both surveys. Comparing the two indicates that

48 years elapsed between surveys and that different bridge types were surveyed.

The 1993 survey received more responses. In the railroad survey 21 % of those
surveyed reported problems while in the highway survey 41 % of those surveyed
reported some problems. Average height of railroad walls reported was higher

than the average height of highway walls. Tolerable movement for railroad walls

was 3 inches and 2 inches for highway walls.
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Backfill: unknown
Foundation: unknown
49%

Foundation: clay
14%

Backfill: sand, gravel
Foundation: sand,

Backfill: clay gravel, rock
Foundation: sand, 17%
gravel, rock
2%

Figure 3.9 Materials of Backfill and Foundation (Overall)
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Backfill: sand, gravel
Foundation: clay

Backfill: sand,| Backfill: sand, Backfill: clay Backfill:
Backfill: clay i
Foundation: gravel gravel Foundation: unknown
) Foundation: Foundation: sand, gravel, Foundation:
clay
clay sand, gravel, rock rock unknown
Numberof 17 23 21 3 61
Case
Percent 14 18 17 2 49
e - -~
|
i
Backfill: clay

18%




Backfill: sand
Backfill: sand, ! Backfill: clay Backfill:
Backfill: clay gravel .
. gravel . Foundation: unknown
Foundation: . Foundation: .
Foundation: sand, gravel, | Foundation:
clay sand, gravel,
clay rock unknown
rock
Number of
15 13 10 2 23
Case
Percent 24 21 16 3 36
é
| |
Backfill: clay
Foundation: clay
24%
Backfill: unknown
Foundation: unknown
36%
Backfill: sand, gravel
Foundation: clay
Backfill: clay 21%
Foundation: sand,
gravel, rock
3% Backfill: sand, gravel
Foundation: sand,
| gravel, rock
16%

Figure 3.10 Backfill and Foundation Materials
(Walls subject to Progressive Outward Movement)
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Table 3.3 Comparison of Railroad Survey and Highway Survey

Comparison Railroad Survey Highway Survey
1 Survey Year 1945 1993
2 Bridge Type Surveyed Railroad Bridges Highway Bridges
3 Total Number of Requests 77 51
4 | Total Number of Responses 40 (52%) 37 (73%)
No Significant Problems o 0
° Reported Among Responses 24 (31%) 11 @2%)
Some Indication of o
6 Problems 16 (21%) 21 (41%)
. No Problem or No 61 (79%) 30 (59%)
Response
8 Height of Walls (combined) 5ft-60ft 4 ft-40 ft
. . 16 ft (combined)
9 Avg. Height of Walls 25 ft (combined) 12 ft (abut), 19 f (wal)
10| ~ MostFrequent Forward 6in. - 12in. 4in.-6in.
Movement
up to 3in. upto 2in.
11 Tolerable Movement (A1H = 0.010) (&M = 0.011)
Progressive Outward or o . 50% (combined)
12 Tilting 53% (combined) 61% (abut), 35% (wall)
. . Considerable
Material of Walls Subject to AI.I associated w1th. clay number of walls
13 . .. | either backfilled with or . .
Progressive Outward or Tilting associated with
founded on
sand
Similar safety

14

Conclusion from No.13

Lower safety margin for
clay than sand

margin for sand and
clay
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The highway survey results show that abutments are much more sensitive than
retaining walls to progressive outward movement. However, the ratios of tolerable

movement to wall height in both surveys are almost identical (A/H = 0.01).

Since the 1945 survey, one could speculate that designers were aware that the
factor of safety was greater in granular soils than in clay soils and took measures to
reduce the conservatism. As a result, the 1993 survey indicates an almost equal
percentage of unsatisfactory behavior in granular and clay soils. On the other
hand, the reverse might be true, i.e., the safety factor applied to designs in clay
soils may have been increased. In any event, the result is that more unsatisfactory
behavior in sand, gravel and rock has been reported in 1993 for highway bridges

than that given for railroad bridges in 1945.
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4.1 GENERAL

This chapter presents the procedure for obtaining safety indices inherent in gravity
retaining walls. The walls are initially designed according to a conventional,
deterministic design method (ASD) and then analyzed by the reliability method
(Advanced FOSM) for the estimation of the safety indices. Gravity retaining walls
are taken as examples because there is general agreement on the mathematical
analysis to evaluate soil pressures against the wall. For the purpose of
presentation, three limit states are considered: Sliding, Overturning, and Bearing
Capacity. Safety factors used in the ASD method are 1.5 for sliding, 2.0 for
overturning and a minimum of 2.5 for bearing capacity. The heights of the gravity
walls evaluated for each limit state are 5 ft, 10 ft, 20 ft and 30 ft. For each height
of the wall, the top thickness and base width of the wall are adjusted by trial and
error to closely match the desired safety factors for each failure mode. As
Meyerhof (1976) presented, typical safety indices of 2.0 to 3.0 are anticipated from

this study for earth retaining structures when the safety factors are 1.5 to 2.0.
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4.2 ANALYSIS CONSIDERATIONS

A definition sketch of a typical gravity retaining wall, showing dimensions and
soil properties, is given in Figure 4.1. The basic random variables for a retaining
wall analysis used in this study are the unit weight of the backfill soil (y), the
internal friction angle of the backfill (¢), the internal friction angle of the
foundation soil (¢5), the friction angle between foundation soil and footing base
(3¢), and the unit weight of concrete (y.). The wall dimensions such as base width
(B), top thickness (t) and wall height (H) are assumed to be deterministic. It is
reasonable to assume that all the random variables are statistically independent of

each other.

4.2.1 Reliability Considerations

To avoid confusion and inaccurate results, it is recommended that the limit state
function, g() be expressed in terms of the basic random variables rather than in an
abbreviated format. For example, g() for the sliding limit state can be expressed in

a shortened format as

g0=Wc*p - P,=0 4.D
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Y, ¢
\\( Pa
\ A
\
o A \ n=0.4H
! \ !
Df | \
v [N /

Figure 4.1 A Typical Gravity Retaining Wall
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where

W, = weight of the concrete mass = vol. * y,

vol. = volume of concrete mass

Y. = unit weight of concrete

u = coefficient of friction between base and foundation soil = tan &¢
&¢ = friction angle between base and foundation soil

2
y H* K,

P, = resultant of earth pressure = %

a
v = unit weight of backfill soil
H = height of wall
K, = earth pressure coefficient from Rankine theory

1-sin ¢ )
1+sin ¢ 2

)

or tanz(ﬁ—
4

In this case, additional calculation procedures for obtaining the mean and standard

deviation for W, 1, and P, should be provided and a careful follow-up should also

be made throughout the whole procedure. For this reason, the limit state functions

used hereafter will be expressed in terms of the basic random variables, despite

their lengthy formats. Therefore, the previous limit state function for sliding (Eq.

4.1) should be restated as

1 /4
g0=vol. - yo-tan ¢ - 5y H? tanz(z—g) =0 (4.2)
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4.2.2 Methods and Theories Used to Estimate Forces
Rankine theory is adopted in this study to estimate the earth pressure generated by
the backfill. The resultant of the horizontal earth pressure is assumed to apply at

0.4 H measured from the base of the wall.

The methods currently practiced to predict the ultimate bearing capacity are based
on the superposition method suggested by Terzaghi (1943). During the following
years several investigators have developed their modified methods to estimate the
ultimate bearing capacity. A typical equation for the ultimate bearing capacity of

the shallow foundations can be expressed as

Que = 0.5yBN,S,d I, + yD¢N S, dg I, + cNe S, d. I, (4.3)

where y = unit weight of soil
B = footing width
D¢ = footing depth
¢ = cohesion
N; = bearing capacity factors
S; = shape factors
d; = depth factors

I;= inclination factors
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Table 4.1 shows various expressions for bearing capacity factors and other factors
proposed by Meyerhof, Hansen, and Caquot and Kerisel. The bearing capacity
factors, N, and N, for each equation are graphed in Figure 4.2 and Figure 4.3. As
shown in the figures, Terzaghi’s equation estimates the ultimate bearing capacity
too conservatively and is dropped from further consideration. The following
example is given to compare the ultimate bearing capacities estimated by the three

equations in Table 4.1.

Example 4.1
Estimate the ultimate bearing capacity using equations in Table 4.1.

Given conditions:  ¢r=39 deg, y =110 pcf, H = 5.962 kips, V = 16.931 kips,
B=9.251ft, B.=6.278 ft, L=501ft, Ds=3 ft, 6 =194 deg,
n = 1.23 (for Caquot & Kerisel’s equation, from AASHTO)

N, * (Sq*dg*I,) 42.573 26.245 37.691
N, * (S,*d,* L) 21.122 15.015 32.419
it 63.69 a126 | 701

Considering that the current AASHTO specifications adopted the equation
suggested by Caquot and Kerisel, it is reasonable to select Meyerhof’s equation,

which predicts the ultimate bearing capacity neither too high nor too low.
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Table 4.1 Comparison of the Various Bearing Capacity Factors

gmtand -tanz(45+%]

e fane -tan2[45+gj

gttané -tan2(45+%]

(N, - 1)+ tan(1.4¢)

1.5(N,- 1) « tan ¢

2N+ 1) tan ¢

el
(V+BLccot ¢)

(1 B H ]m—l
(V+BLccot ¢)

1+0.1%_tan2(45+gn 1+(§) sin ¢ 1+(§] tan ¢
1+ 013 tan? [45 + 9” 1- 0.4(Ej 1- o.4(§j
i 2 L L
1+03=L 1+2tan¢(1-sin¢)2& 1.0
e B,
1.0 1.0 1.0
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120.0 : : — T
Aol Pl fs | 3
- Terzaghi
100.0 Meyerhof
------ Hansen
80.0 — —— Caquot & Kerisel
N, 60.0
40.0 | —
20.0
0.0 ——-_‘1

20 22 24 26 28 30 32 34 36 38 40
¢+ (deg)

Figure 4.2 Various N, Values
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L 1 W e
------ Terzaghi
60.0 - , —_ Meyerhof
: Hansen
50.0 -
Caquot & Kerisel
40.0
Nq
30.0
20.0
10.0 !
///.
| 0.0

| 20 22 24 26 28 30 32 34 36 38 40
¢¢ (deg)

* N, values of Meyerhof, Hansen, and Caquot & Kerisel are identical.

Figure 4.3 Various N, Values
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4.3 A Detailed lllustration of the Procedures

To illustrate the procedures, the gravity wall presented in Figure 4.1 will be used.
For a given set of design parameters, the wall dimensions (t and B) are determined
to closely satisfy all the ASD stability criteria of a retaining wall. Once the wall is
optimized with the conventional design method, a safety index for each limit state
will be obtained with the Advanced FOSM method. The sliding limit state is
chosen to present the details of the procedure. For more convenient and systematic

analysis, a spreadsheet program named EXCEL is employed in this study.

4.3.1 Given Conditions for the Sliding Limit State Example

Wall dimensions and soil conditions of the design example are as follows:

Wall Height = 10 fi

Unit weight of concrete (y.) = 150 pcf

Backfill Internal friction angle of backfill (¢) = 35 deg.

Unit weight of backfill soil (y) = 110 pcf

Internal friction angle of foundation soil (¢5) = 35 deg.

Foundation Soil | Friction angle between base and foundation soil (8¢) = 30 deg.

Depth of soil in front of the wall (D;) = 3.0 ft
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4.3.2 Conventionally Optimized Design

The following calculations illustrate the steps necessary to obtain

an optimized conventional design.

Step 1. Select Preliminary Proportion of the Wall
From the recommendation of Clayton and Milititsky(Fig. 2.21),
t=H/12 = 0.83 ft
B =H/3 to H2= 33ftto 5.0 ft
After a number of trials, the following dimensions were found to closely
satisfy all of the ASD criteria.
t= 0.75 ft and B= 4.6 ft

Step 2. Determine Loads and Earth Pressure Forces

(1) Earth Pressure Force: P, = —;— K, yH 2

K, = 0.271 Rankine,

P,= 1.490  kips/ft
'h =04H = 4.0 ft

(2) Concrete Weight
vol. = 2675 cu. ft
W, = 4.013 kips/ft (N=W_,= 4.013 kips/ft )
X = 3.032 ft from the toe

Step 3. Calculate Reaction Forces (For details, refer to Figure 2.23)

N

9 max = 2%,
= 1.298 ksf
- h
= 1.546 ft
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Step 4. Check Stability and Safety Criteria

(1) Eccentricity Check:

e=BR2-x,= 0754 <

(2) Sliding Check:

N tan Sf -
Pa

S.F. =

(3) Overturning Check:

Le
Pa'h

S.F.= 2.04

(4) Bearing Capacity Check:

0
Qui = 37(B-2¢)? [I'W

where B-2e =

® = Arctan (H/V) =

N, = 34.61
Ng= 31.69

Thus, Qu:= 10.13 kips/ft
Quit = Quie/ (B-2e) =
SF.=qu/qmx =

131

1.55

€max=B/6=  0.767 o.k.
> 1.50 o.k.
> 2.0 o.k.

(using Meyerhof 's Equation)

2 )2 D
N. + yD (1-——) B—Ze(1+0.3 f ]N
) v *De(1-5g) ) B-2¢) ¢

3.092 ft

20.38 deg.
3.276 ksf
2.52 > 2.50 o.k.

(based on rational theory)



4.3.3 Find the Safety Index Value

Step 1. Formulate the Limit State Function

g() = vol-y., - tan 8¢ - ;—v[

Step 2. Prepare Statistical Data for Design Variables

1-sin ¢
1+ sin ¢

J.H2= 0

Values below are from Hoeg and Murarka (1974).

Var. H c ) Bias
Ye 0.158 | 0.0158 | 0.100 | 1.05
O¢ 0.524 | 0.0524 | 0.100 1.0

0.110 | 0.0110 | 0.100 1.0
0.611 | 0.0524 | 0.086 1.0

where
p = mean value
o = standard deviation
6 =covariance = /o

Bias = mean/ nominal

Step 3. Obtain Partial Derivatives for Each Random Variable

For the first trial, use mean values.

og
0Y ¢
og

—_— :a.’yc

05 ¢

= a .

tan.Bf

'SCCZ

3¢

1-sin¢
1+ sin ¢
cos
Y‘—.—¢—2
(1+ sin ¢)

= vol.

1

—H? =
2

= 26.8 ft3

50.0
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Step 4. Obtain Direction Cosines

(o) ag
B Y. aYc

a, = - A
og
_ ° 884

as, = - A
og
Gyg

a, = - A
og
G‘é&)v

(1¢ = -

Step 5. Find the New Design Point

Ye = pyc + ayc .GYC B
d¢ = us, + a5, -Op, P
= pu, +a,-oc,-B

' = ny+ g0y B

Step 6. Substitute the new design point into the Limit State Function
and Solve for B

. . e [1-sin¢
g) = a-y, -tandg - b-y {4‘1)*] =0
1+sin¢

Step 7. Repeat Step 3 through Step 6 until  Value Converges
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4.3.4 Iteration Procedure to Obtain the f Value

To illustrate Step 7, a detailed breakdown of Step 3 through Step 6
are given below.

1st Trial with Mean Values
Step 3. Obtain the Partial Derivatives

og g o8 og
. 03¢ oy 2%
15.44 5.618 -13.55 3.639

Step 4. Calculate the Direction Cosines

0.2432 0.2941 -0.149 0.191
[A = 0452]
e st % %
-0.538 -0.651 0.330 -0.42

Step 5. Find the New Design Point

Yo = py + a, co, B = 0.139
5 = s + as ‘O B = 0.449
Y =mu, +a,0,Bp = 0.118
) 0.563

¢ = Ky +(1¢'0'¢'B =

Step 6. Substitute New Design Point into g() and Solve for

g() = a-‘yc. .tansf‘ _b.‘y’.(%} = O
1+ sin ¢

CBi= 2179
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2nd Trial with Results from 1st Trial

Step 3. Obtain the Partial Derivatives

og o8 og (4
aYc aaf &Y a¢
12.90 4.584 -15.21 4241

Step 4. Calculate the Direction Cosines

og og og og
Cye — Osf — c, — Gy —
" ore " o8 "oy * o9
0.2032 0.2400 -0.1673 0.2220
| A = 0420 ]
Oye Osf Oy )
-0.484 -0.572 0.399 -0.529

Step 5. Find the New Design Point

Yo = My + ay oy B = 0.141
5; = ns, + a5 Cp P = 0.459
y‘ =p, +a,-0,B = 0.119
¢' = py + 0y Gy B = 0.551

Step 6. Substitute New Design Point into g() and Solve for 8

g(): a.'yc‘ .tansf‘ -by..(l__Ld)*J = 0
1 + sin ¢
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3rd Trial with Results from 2nd Trial

Step 3. Obtain the Partial Derivatives

og o8 og %8
O 08¢ oy o
13.227 4.697 -15.63 4382

Step 4. Calculate the Direction Cosines

og og og og
Cye T — Osf == Cy, — Gy —
" By, o 85 Y oy * ¢
0.2083 0.2459 -0.1719 0.2294
| A = 0431}

%y Ot % bt )
-0.483 -0.570 0.398 -0.532

Step 5. Find the New Design Point

Yo = w, + o, o, B = 0.141
§; = Mg + 05 G5 B = 0.459
Yoo n, +a,-0,-p = 0.119
: = 0.551

Step 6. Substitute New Design Point into g() and Solve for

. - [1-sin¢’
g() = a"YC . tansf‘ - b.'y [ﬁq)_*\] = 0
1+ sin ¢

2,151 |
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{th Trial with Results from 3rd Trial

Step 3. Obtain the Partial Derivatives

o8 Og og og
e 08¢ y E)
13.233 4.699 -15.64 4.384

Step 4. Calculate the Direction Cosines

g og og og
Oy — O8f o Sy — Op —
3. o 5, e * 5
0.2084 0.2461 -0.1720 0.2295
| A = 0432
e Ot % )
-0.483 -0.570 0.399 -0.532

Step 5. Find the New Design Point

yc* = py +a, 6, p= 0.158
5f = p‘ﬁf + asf .0'5f B = 0.524
Yoo m, + o, -c,-B = 0.110
¢ = py + 04 04B = 0.611

Step 6. Substitute New Design Point into g() and Solve for B

g():a.yc‘l .ta_naf‘l _b.'yi.(w_:_J = 0
1+ sin ¢

| Bs= 2.151 |Stop iteration at the 4th Trial.

Thus,
B=2.15
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4.4 SLIDING LIMIT STATE

Using the procedure presented in Section 4.3, analyses for various heights of the

wall are provided in this section. The limit state function for sliding can be

expressed as

g) =R -8
_ (vol. 7.) - (Ly.m.
2 1l+sin ¢
1-sin ¢]
= . —_— b.  —
(@) ( ¥ 1+ sin )
where a = vol.
b= LH?
2

)

Statistical data (from Hoeg and Murarka, 1974) for random variables are as below:

The results of the iteration process for each height of wall are presented in the

following sections.
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4.4.1 Sliding Limit State - 5 ft High Wall

Conventional (ASD) Optimized Design:
SF. =157 t=0.42ft B=228ft Ds=1.73 ft

Safety Index by Adva

Mean, o 0.158 | 0.
Std. Deviation, s | 0.0158 | 0.0524 | 0.0110 | 0.0524

O

= | 3897 | 1.4180 | -3.387 | 0.9097
Ist o,,—@ 0.0614 | 0.7420 | -0.0373 | 0.0476 | 0.114
lteration o,

a, -0.5400 | -0.6530 | 0.3280 | -0.419

x) 0.1390 | 0.447 | 0.1180 | 0.5620

1%,

;;;gf 3.2390 | 1.1510 | -3.8095 | 1.0628
2nd |, Z | 00510 | 0.0602 | -0.0419 | 0.0556 | 0.105
lteration &,

a, -0.4850 | -0.5720 | 0.3980 | -0.529

x,; 0.1410 | 0.458 | 0.1200 | 0.5500

o

gxg—_ 3.3250 | 1.1800 | -3.9182 | 1.0996
3rd ox,—@— 0.0524 | 0.0618 | -0.0431 | 0.0576 | 0.108
lteration ox,

a, -0.4830 | -0.5710 | 0.3980 | -0.531

e 0.1410 | 0.458 | 0.1200 | 0.5500

)

g‘? 3.3200 | 1.1820 | -3.9194 | 1.0995
th a,,fg 0.0524 | 0.0619 | -0.0431 | 0.0576 | 0.108
Iteration ox,

a, -0.4840 | -0.5710 | 0.3980 | -0.531

e 0.1410 | 0.458 | 0.1200 | 0.5500
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4.4.2 Sliding Limit State - 10 ft High Wall

Conventional (ASD) Optimized Design:

S.F.=1.55

!

t=0.75ft

Safety Index by Advanced FOSM Method:

B=46ft

0.110

Df=2.67 ft

Mean, 0.158 i 0.611
Std. Deviation, o 0.0158 | 0.0524 | 0.0110 | 0.0524
‘Z;gf 15.4440| 5.6180 |-13.5495| 3.6390
18 0.2 | 02432 | 02041 | -0.1490 | 0.1905 | 0.452
Iteration 23
a, -0.56380 | -0.6510 | 0.3300 | -0.422
x,” 0.1390 | 0.449 0.1180 | 0.5630
O
ggf 12.9000| 4.5840 |-15.2096| 4.2406
2nd . o, % 0.2032 | 0.2400 | -0.1673 | 0.2220 | 0.420
Iteration o,
a, -0.4840 | -0.5720 | 0.3990 | -0.529
x; 0.1410 | 0.459 0.1190 | 0.5510
% 13.2270| 4.6970 |-15.6262| 4.3817
3rd . O, % 0.2083 | 0.2459 | -0.1719 | 0.2294 | 0.431
Iteration X,
a, -0.4830 | -0.5700 | 0.3980 | -0.532
x, 0.1410 | 0.459 | 0.1190 | 0.5510
% 13.2330| 4.6990 |-15.6380| 4.3840
ath 5 ® | 52084 | 02461 | 01720 | 02295 | 0.432
Iteration Z3
a, -0.4830 | -0.5700 | 0.3990 | -0.5632
x,” 0.1410 | 0.459 0.1190 | 0.5510
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4.4.3 Sliding Limit State - 20 ft High Wall

Conventional (ASD) Optimized Design:

S.F. =155

t=1.5ft

Safety Index by Advanced FOSM Method:

0.524

B=9.2ft

Ds=3.93 ft

Mean, p 0.158 | 0.110 | 0611 |
Std. Deviation. o | 0.0158 | 0.0524 | 0.0110 | 0.0524
¥,
2> |61.7760{22.4800 | -54.1980 14.5556
1st X
oration | O+ a | 0-9730 | 1.1765 | 05962 | 0.7621 | 1.808
o, |-05380-0.6510] 0.3300 | -0.422
«. | 01390 | 0449 | 0.1180 | 05630
2? 51.5980 | 18.3350 | -60.8385| 16.9623
2nd | o & | 8127 | 0.9600 | -0.6692 | 0.8881 | 1.679
lteration &,
a, |-0.4840|-0.5720| 0.3990 | -0.529
x| 01410 | 0.459 | 0.1190 | 0.5510
17
25~ |52.9060 18.7890 | -62.5048 | 17.5266
drd 5 ® 58333 | 0.9838 | -0.6876 | 0.9177 | 1.725
[teration 3
@, |-0.4830|-0.5700 | 0.3980 | -0.532
i 0.1410 | 0.459 | 0.1190 | 0.5510
O
2> |52.9310{18.7970 |-62.5521| 17.5360
ah 5 & 58337 | 0.9842 | -0.6881 | 0.9182 | 1.726
Iteration X,
«, |-04830(-05700| 0.3990 | -0.532
<. lo1410| 0459 | 0.1190 | 0.5510
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4.4.4 Sliding Limit State - 30 ft High Wall

Conventional (ASD) Optimized Design:

SF.=157

0.158

t=25ft

Safety Index by Advanced FOSM Method:

0524

B=13.7ft

Df= 4.0 ft

Mean, g . 0.611
Std. Deviation, s | 0.0158 | 0.0524 | 0.0110 | 0.0524
% 140.296 | 51.0300 |-121.946| 32.7510
st 1 5 & | 20097 | 26719 | -1.3414 | 1.7148 | 4.004
Iteration ox,
a, -0.5400 | -0.6530 | 0.3280 | -0.419
x; 0.1390 | 0.448 | 0.1180 | 0.5620
% 116.694 | 41.4530|-137.080| 38.2365
Z”d. 0&2& 1.8379 | 2.1705 | -1.5079 | 2.0021 | 3.791
lteration o,
a, -0.4850 | -0.5730 | 0.3980 | -0.528
x; 0.1410 | 0.458 | 0.1200 | 0.5500
O
gf 119.761 | 42.5150 | -140.971| 39.5559
3“’. ox,ég— 1.8862 | 2.2261 | -1.5507 | 2.0711 | 3.900
Iteration ox,
a, -0.4840 | -0.5710 | 0.3980 | -0.531
x; 0.1410 | 0.458 | 0.1200 | 0.5500
% 119.821 | 42.5350 | -141.084 | 39.5784
4”‘. a,,ég— 1.8872 | 2.2271 | -1.5519 | 2.0723 | 3.902
lteration ox,
a, -0.4840 | -0.5710 | 0.3980 | -0.531
%, 0.1410 | 0.458 | 0.1200 | 0.5500
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4.4.5 Summary of Safety Indices for Sliding Limit State

The trend of convergence in the safety index of the sliding limit state is
shown in Figure 4.4.

The safety indices for sliding limit state are summarized in Table 4.2. It can
be observed that the safety indices are virtually identical to each other
throughout the various wall heights.

Table 4.2 Safety Indices for Sliding Limit State

5 2.28 0.42 1.57 2.19
10 4.60v, 0.75 1.55 2.15
20 9.20 1.50 158 2.15
30 13.70 2.50 1.57 2.19
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5 ft wall 230
Bl 2.230 '
B2 2.199 1
2.20
B3 2.191
B4 | 2191 210
10 ft wall 230 : :
Bl | 2.179 g
B2 2.151 2.20 | .
B3 | 2.151
B4 2.151 2.10
20 ft wall 2.30
Bl | 2.179 b
B2 | 2.151 220 §-
B3 | 2.151
B4 2.151 2.10
30 ft wall
Bl | 2.221
B2 2.191
B3 2.191
B4 - | 2.191

Figure 4.4 The Trend of Convergence in 3 of
Sliding Limit State
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4.5 OVERTURNING LIMIT STATE

Using the similar procedure described in Section 4.3, analyses of the overturning
limit state for various heights of the wall are provided in this section. The limit

state function for overturning can be expressed as

g0=R-S
_ _ 1 l-sing ., ]
—(vol. -yc-x) - (2}/.—_1+sin¢.H -(n-H)
—ay, - 1-sin ¢

'},.1+sin¢'n

where a = x-vol.

1.3
2H

Statistical data (from Hoeg and Murarka, 1974) for random variables are as below:

Ye 0.158 0.0158 0.10 1.05
) 0.6109 0.0524 0.086 1.00
Y 0.110 0.011 0.10 1.00
n 0.40 0.04 0.10 1.00

The results of the iteration process for each height of wall are presented in the

following sections.
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4.5.1 Overturning Limit State - S ft High Wall

Conventional (ASD) Optimized Design:
SF. =204 t=0.42ft B=228ft Di=1.73 ft

lndex by Advanced FOSM M

Std. Deviation, s | 0.0158 | 0.0524 | 0.0110 | 0.0400

og

Y 10.113 | 1.820 | -6.775 | -1.863
Ist 1 5 & 101503 | 0.0953 | -0.0745 | -0.0745 | 0.123
Iteration ox,

a, -0.7460 | -0.4460 | 0.3490 | 0.349

x; 0.1146 | 0.526 | 0.1240 | 0.4510

og

oy 10113 | 2681 | -9.350 | -2.571
2nd | & | 4503 | 0.1404 | -0.1028 | -0.1028 | 0.257
Iteration X,

a, -0.6190 | -0.5450 | 0.4000 0.4

x; 0.1226 | 0.509 | 0.1257 | 0.4570

17,

g,x—gf 10.113 | 2.839 | -9.860 | -2.712
3rd ox,—@ 0.1593 | 0.1486 | -0.1085 | -0.1085 | 0.266
Iteration ox,

a, -0.5980 | -0.5580 | 0.4070 | 0.4070

x; 0.1238 | 0.506 | 0.1260 | 0.4580

3

;if 10.113 | 2.863 | -9.935 | -2.732
4h 1 o & | 1503 | 0.1499 | -0.1003 | -0.1003 | 0.268
lteration 179

a, -0.5950 | -0.5600 | 0.4080 | 0.4080

% 0.1240 | 0.506 | 0.1261 | 0.4580
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4.5.2 Overturning Limit State - 10 ft High Wall

Conventional (ASD) Optimized Design:
SF. =204

t=0.75ft

B=46ft

Df=2.67 ft

Mean, 0.158 0.611 0.110 0.400
Std. Deviation, o 0.0158 | 0.0524 | 0.0110 | 0.0400
gx&- 81.096 | 14.556 | -54.198 | -14.905
1st . Ux,é& 1.2773 | 0.7621 | -0.5962 | -0.5962 | 1.710
lteration X,
a, -0.7470 | -0.4460 | 0.3490 0.349
% 0.1145 0.525 0.1240 | 0.4510
% 81.006 | 21.461 | -74.842 | -20.581
2nd . Gx,ﬁ 12773 | 1.1237 | -0.8233 | -0.8233 | 2.061
Iteration ;.
a, -0.6200 | -0.5450 | 0.3990 0.399
x, 0.1224 | 0.508 0.1258 | 0.4570
% 81.096 | 22.735 | -78.950 | -21.711
3rd i 0'1,.& 1.2773 | 1.1904 | -0.8684 | -0.8684 | 2.135
lteration e,
a, -0.5980 | -0.5580 | 0.4070 0.407
x, 0.1237 | 0.506 0.1261 | 0.4580
gf 81.096 | 22.932 | -79.552 | -21.877
4th ) CTX,.E& 1.2773 | 1.2007 | -0.8751 | -0.8751 | 2.146
Iteration o,
a,, -0.5950 1 -0.5600 | 0.4080 | 0.4080
X 0.1238 0.506 0.1261 0.4590
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4.5.3 Overturning Limit State - 20 ft High Wall

Conventional (ASD) Optimized Design:

SF. =204

t=1.5ft

Safety Index by Advanced FOSM Method:

B=92ft

Df = 3.93 ft

Mean T . 0.611 0.110 0.400
Std. Deviation, o 0.0158 | 0.0524 | 0.0110 | 0.0400
7,
?i% 648.767 1 116.4501-433.5841-119.236
1st 4
. a, 10.2181} 6.0972 | -4.7694 | -4.7694 | 13.678
lteration o,
a, -0.7470 | -0.4460 | 0.3490 0.349
X5 0.1145 | 0.525 | 0.1240 | 0.4510
gg_ 648.767 ] 171.690]-598.732|-164.651
2nd ) O'X,zg“ 10.2181] 8.9894 | -6.5860 | -6.5860 | 16.492
lteration &,
a, -0.6200 | -0.5450 | 0.3990 0.399
x, 0.1224 | 0.508 | 0.1258 | 0.4570
O
5ng 648.767 ] 181.880|-631.594|-173.688
3rd ) Gx,g& 10.2181] 9.5233 | -6.9475 | -6.9475 | 17.077
Iteration &,
a, -0.5980 | -0.5580 | 0.4070 0.407
x; 0.1237 | 0.506 0.1261 | 0.4580
17
gg_ 648.767 | 183.450|-636.409{-175.013
4th . O'X,é& 10.2181] 9.6055 | -7.0005 | -7.0005 | 17.167
Iteration ox,
a, -0.5950 | -0.5600 | 0.4080 | 0.4080
X, 0.1238 0.506 0.1261 | 0.4590
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4.5.4 Overturning Limit State - 30 ft High Wall

Conventional (ASD) Optimized Design:
SF. =204 t=25ft B=13.7ft D;=4.0ft

Safety Index by Advanced FOSM Method:

S i ) |
Mean, 0.158 0.611 0.110 0.400
Std. Deviation, o 0.0158 | 0.0524 | 0.0110 | 0.0400
% 2188.150| 393.010 | -1463.35 | -402.420
1st . o, ‘@ 34.4634 | 20.5780 | -16.0968 | -16.0968 | 46.145
Iteration X,
a, -0.7460 | -0.4460 0.3490 0.349

0.1146 0.526 0.1240 | 0.4510

_ﬂig_ 2188.150| 579.320 | -2020.39 | -555.607
X

2nd . o, 34.4634 | 30.3330 | -22.2243 | -22.2243 | 55.639
Iteration ,

a, -0.6190 | -0.5450 0.3990 0.3990

x, 0.1225 0.508 0.1258 0.4570

gxgv 2188.1501 613.670 | -2131.11 | -586.054
3rd ) o, ?g 34.4634 | 32.1318 | -23.4422 | -23.4422 | 57.613
lteration 2

a, -0.5980 | -0.5580 0.4070 0.4070

x,' 0.1237 0.506 0.1261 0.4580

'gxi_ 2188.1501 618.960 | -2147.31 | -590.510
4th : o, @ 34.4634 | 32.4085 | -23.6204 | -23.6204 | 57.913
Iteration o,

a, -0.5950 | -0.5600 0.4080 0.4080

: 0.1239 0.506 0.1261 0.4590
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4.5.5 Summary of Safety Indices for Overturning Limit State

The trend of convergence in the safety index of the overturning limit state
is shown in Figure 4.5.

The safety indices for overturning limit state are summarized in Table 4.3.
Just like the sliding limit state cases, it is observed that the safety indices are
almost same each other for different heights of the wall.

Table 4.3 Safety Indices for Overturning Limit State

H B t Safety Safety
(v (fv) ) Factor Index

5 2.28 0.42 2.04 3.58
10 4.60 0.75 2.04 3.59
20 9.20 1.50 2.04 3.59
30 13.70 2.50 2.04 3.59
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5 ft wall

3.70

3.60

3.50 -

14.“‘"_:'_..‘ R

Bl

™=
N
=]
w

B4

3.70

3.60

3.50 +

B1 3.658
B2 3.581
B3 3.579
B4 | 3579
10 ft wall
Bl 3.658
B2 3.592
B3 3.590
P4 3.590
20 ft wall
Bl 3.658
B2 | 3590
B3 | 3590
B4 | 3.590
30 ft wall
Bl 3.654
B2 3.589
B3 3.587
p4 | 3.587

3.70

3.60 |

3.50 +

B1 B2 B3 B4

Figure 4.5 The Trend of Convergence in 3 of

Overturning Limit State
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4.6 BEARING CAPACITY LIMIT STATE

Unlike the two previous limit states, the procedures for the bearing limit state are
so complicated that it is difficult to program the long equation in one cell of the
spreadsheet and it is hard to verify the result. Therefore, the whole process will be
subdivided into several small calculation units, named Modules, for the purpose of
convenient programming. Another personal computer software,
MATHEMATICA is employed to verify the result. This math-oriented program
has a feature to generate the symbolic partial derivatives as well as the numerical
values for each partial derivative. The procedure for analyzing the bearing

capacity limit state will be detailed in the following sections.

4.6.1 Limit State Function for Bearing Capacity

The limit state function for bearing capacity can be expressed as
g() =R-§ = Quit = Qmax = 0 (46)

Using Meyerhof’s equation and rectangular shape of pressure distribution,

2 2
7 7 D¢
quh=y-xo-£1—zj ‘N, + }’-Df-(l—%) -(1+0.3ZXOJ-Nq 4.7)

W vol.) [y
= € | — || = 4'
max 2x, ( 2 )(XOJ (4.8)
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P-n-H

X, = X -
( 0 vol. -y,

0= Arctan[—P )
vol. -y,

where % P = ly~H2-tan2(£—$) (4.9)
2 4 2
Ng = e - tan ( ¢fj
4 2

N\ —
N, = (Ng - 1)-tan(14¢¢)
By substituting Eq. 4.9 into Eq. 4.6, the limit state function for bearing capacity is

fully expanded in terms of the basic random variables as

;y H?. tanz(ﬂ ¢J H\

20 _ 4 2
= X -
4 vol. -y,
4 \2
1 2(1 QJ
7 Hotant =5
Arc
vol. -y,
_ | omang o2 7 ﬂ)_ ,
1 Py (e tan ( R 1) tan(144; )
( )
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+y-D,-|1+ 03
f ! tanz(E itJnH

vol. -y,

2
1 2 2(E Q]
p ¥ H ant =5

vol. -y,

vol.] Y

- . ¢ 4.1
(2 l H? tan{E gJnH @
2! 472

vol. -y,

X -

Since the limit state function is too complex to handle, it is advantageous to
subdivide g() into several manageable sizes and express the function using not
only the basic random variables but also the intermediate random variables which
are in Eq. 4.9. (For lack of a better term, they will be referred to as the

intermediate random variables.)
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When qy; (Eq. 4.7) can be expressed as g = B, + By

then, g)=By+Bg-qmax =0

4.6.2 Algorithm of Analysis

g() is a function of the five basic random variables (y, ., n, ¢, ¢¢). It is, therefore,

required to obtain the partial derivatives for each random variables as follows:

2l
2
g
g
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Since B,, Bq and qna are functions of all basic random variables, five partial
derivatives for each term should be provided. The partial derivatives for B,, B,
and qua are fully expanded in terms of the basic random variables (y, v, n, ¢, ¢¢)
and the intermediate random variables (x,, 6, P, N,, Ng). The partial derivatives of
the intermediate random variables also should be expressed in terms of the basic
random variables. All the procedures are subdivided into several modules for
convenient analysis and summarized in Tables 4.4 through 4.8. Application of
theses modules in the determination of the safety index for a 30 ft wall are

illustrated in Example 4.2.

Example 4.2

Using the procedure in Section 4.3 and the modules in the Table 4.4, the safety

index is found for a wall with the following conditions.

Given conditions:

Wall height =30 fi,

Unit weight of concrete = 150 pcf,
Internal friction angle of bacfill = 35 deg,
Unit weight of backfill soil = 110 pcf,

Internal friction angle of foundation soil = 37 deg.
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Table 4.4 Modules used in the Spreadsheet Program

Ye.¥ .0, 0" b5
oP oP
P (y,9), — A
oy 00
Ng(0¢) N
fl T~
9 O ¢
N, (0¢) My
f) PV
i Ob¢
00 00 00
e (Y?¢1Y )1 ~ 9 Y~
¢ oy  0b Oy,
Ox 0x ox ox
XO (Y’¢’n’YC)’ 0! 0’ 01 0
oy o on aYc
5BY aBY 8BY 6BY 5BY
o & on’ o0 = Ob¢
an 6Bq an 6Bq an
aYC 9 ay 1 an 1 ad) ) a¢f )
04 max Omax 9%9max 99max  dmax
oY ¢ oy on oo Ob¢
0g Og Og Og Og
oy, Oy on’ 0p  Obs
og og ag og
Y:’ _'G‘Y b g 0-1’1 2 P ¢’ > ad) ¢f
A= Z
v.o %y Op> o> %y,
Yeo , I ¢ d)f
g():By+Bq‘qmax:O
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Table 4.5 Partial Derivatives in Module II (continued over)

P (v, ¢)

Ny (¢9)

N, (¢¢)

= - tan
o (cos‘b—f —sin ¢—fJ4

+ 1.4sec2(1.4¢f)-[e"w'¢f tanz(%+%)—l]

e (Y’ ¢’ YC)

37 1+( P )'(vol.-yc

0 = arctan
(vol.-“{c ]

00 1

1 ]_agz P vol.y,
oy y(P2 + (vol.-yc)z)

vol.y,

a0 _ (vol-y, )2 1 oP_  voly oP

9 (vol.-'yc)2 +p? vol. 3¢ (vol-y, )2 +p2 30

08 _ (voly,)* P [1)__ volP
e (vol:y,)*+P? vol (y2 (vol-y, )? + P2
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Table 4.5 Partial Derivatives in Module II (continued)

X (Y, ¢, 0, Yo) Xy = X - P-n-H
vol.y,
% _ % nH
oY B dy vol-y.
dxo _ 6P n-H
% 3 voly
ox, P-H
on —_vol:'yc
dx, P-n-H
aY(: - VOl.-'Yc2
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Table 4.6 Partial Derivatives of By in Module I11

B,(Ye, Y; Xo» 6, O9) o)
By =v-xo-|1-—| ‘N,

B, 0 0) &, 2x, 00 )
avc‘y'(l'EJ([l'E] M. O avc] N

Sl )
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Table 4.7

Partial Derivatives of By in Module III

Bq(ch Y’ Xos ea ¢f)

20 D;
B, =v-D 1-—| |1+ 015—
1 Ll ( 7‘) [ XOJ 1

oB
q:—'YDf (1_2) Nq
9. r

4 30 20Y .. _D; ax,
[;W;(l +015— xoj+(1——;)[015 2 aYc]

|

aB

20
=D, [1-Z| N, -
( n) a

DY, 20 4yd8) (, 20 Df ax,

)

20
1-2| N, -
n] 1

ox,
on

3B 02
Pa _ g5y Dt (
on Xg

oB
—q=—'y-Df (1_21 N, -
a2 T

430 20Y .. _D; ax,
+ 0.15— 1-— | 015—-
T a¢[ Xo ) ( T )( x2 90

D

/_\

o0¢

Xo f

oB 20 D. YoN
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Table 4.8 Partial Derivatives of gmax in Module III

qma.x(’Yc, Y> Xos e’ ¢f) vol. Ye
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Example 4.2 (continued)
Using a similar procedure to that described in Section 4.3.2, the wall dimensions

are determined as follows:

For a safety factor of 2.5, t=2.5 ft, B=13.7 ft and D;=4.0 ft.

The statistical data (from Hoeg and Murarka, 1974) for the random variables are as

follows:

Ye | 0.1575| 0.0158 | 0.100 1.05
0.110 | 0.011 | 0.100 1.00

0.400 | 0.040 | 0.100 1.00

¢ (rad) | 0.6109 | 0.0524 | 0.086 1.00
o (rad) | 0.6458 | 0.0646 | 0.100 1.00

An actual analysis printout of the spreadsheet program (EXCEL) for the first
iteration process is presented in Figure 4.6. Each cell of the spreadsheet is
programmed with the equations described in Tables 4.5 to 4.8. As shown in
Figure 4.6, Module I contains the basic random variables which begin with the

mean values in the first iteration. In Module II, the intermediate random variables
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BEAR-30.XLS

(i) 1st lteration with Mean Values

Mod |

Yo v n b b
0.1575 0.1100 0.4000 0.6109 0.6458
Mod Il |+« P = dP/dy dP/d¢.: N quId¢f
13.41 12195 -32.75 318.89
5@ deldy, - dofdys
0.34 -1.98186 2.84
Mod Ill | “=:By:s: - -:dBy/dy, « - dByldy /dé - dBy/dd;
6.42 118.25 -110.91 89.11
Bq: dBq/dy. dBq/dy::dBg/dn. - dBq/dé:. . dBq/dés
13.11 34.00 70.45 3.19 13.08 97.37
. gx daxdy. - dgx/dy  doxdn. dqx/d .  daxidé
3.99 3.13 31.77 8.74 -8.53 0.00
Mod IV _ doldy, y dgidn _ dg/d
149.12 -7222 -19.62 67.08 186.48
Mod V where s; = o; *dg/dx;
O - where  o;=s/A
-0.183
Mod VI
Y. = W, +a, o, -p = 01501
y' = p,+ o, -0, p = 01118
n" = u,+ a,c, P 0.4063
Mod VII P Ng*:
14.90 14.80 11.28
g)=Br+Bq-gx= 0
[. B1= 25741 |

Figure 4.6 An Analysis Printout of the Spreadsheet Program (EXCEL)
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and their partial derivatives are calculated. MATHEMATICA is used to verify the
values in Module III. For the purpose of illustration, actual printouts of the
analysis for B,, B; and qmax , and their partial derivatives are presented in Figures
4.7 10 4.9. Both results from EXCEL and MATHEMATICA are almost identical,

which ensures the reliability of the analysis using the spreadsheet program.

The procedures from Module IV to Module VII are similar to the one described in
Section 4.3. In the following sections, which illustrate the procedure for
determining the bearing capacity limit state, the calculations for the first three

modules have not been shown.
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Figure 4.7 By and the Partial Derivatives Calculated

from MATHMATICA

166



Figure 4.8 B, and the Partial Derivatives Calculated
from MATHMATICA
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Figure 4.9 gmax and the Partial Derivatives

Calculated from MATHMATICA
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4.6.3 Bearing Capacity Limit State - 5 ft High Wall

Conventional (ASD) Optimized Design:

S.F. =251

t=0.42ft

Safety Index by Advanced FOSM Method:

B=2.28ft

Di=1.73ft

Mean, p 0.400 | 0.541 | 0.593
Std. Deviation, o] 0.0158 | 0.0110 | 0.040 | 0.0524 | 0.0593
15)
gx&» 18.650 | 13.510 | -0.110 | 8.800 | 39.360
1st og
. «=—10.2938 | 0.1486 | -0.0045| 0.4608 | 2.3358 | 2.403
Iteration " O
a, |-0.1220( -0.0620 | 0.0020 |-0.1920| -0.972
x; | 0.1479 | 0.1066 | 0.4004 | 0.5607 | 0.3050
0
5}% 1.780 | -2.480 | -1.630 | 2.350 | 3.810
2nd og
. . =] 0.0281 | -0.0273 | -0.0650 | 0.1232 | 0.2263 | 0.269
Iteration " Ox,
a, |-0.1050( 0.1020 | 0.2420 | -0.4590( -0.843
x; ] 0.1503 | 0.1149 | 0.4421 | 0.5065 | 0.3762
0
gg 10.370 | -13.570 | -4.520 | 6.370 | 6.870
0
o . ,.—5 0.1633 | -0.1493 | -0.1810| 0.3333 | 0.4078 | 0.599
Iteration " Ox,
a, |-0.2720| 0.2490 | 0.3020 |-0.5560| -0.68
x;” ] 0.1403 | 0.1210 | 0.4483 | 0.4944 | 0.4320
0
2% 1 37.020 | -42.960 | -12.630 | 16.620 | 12.580
4th og
. . =] 0.5831]-0.4725|-0.5050 | 0.8705 | 0.7468 | 1.461
lteration b X,
o, |-0.3990| 0.3230 | 0.3460 |-0.5960| -0.511 382
X5 0.1335{ 0.1236 | 0.4529 | 0.4915 104774
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0
ag 119.20 | -128.70 | -36.40 | 45.80 | 26.70
1)
5th. ,.“g 1.900 | -1.400 | -1.500 | 2.400 | 1.600 | 3.988
Iteration " Ox;
a, -0.4710| 0.3550 | 0.3650 | -0.6020] -0.397
x;" 0.1296 | 0.1247 | 0.4550 | 0.4922 | 0.5047
0
gg 344.340| -357.75 | -100.09 | 122.930| 60.970
6th og
. a1 54233 | -3.9352 | -4.0040 | 6.4367 | 3.6182 | 10.75
[teration " Ox,
a, -0.50501 0.3660 | 0.3730 {-0.5990] -0.337
x5 0.1277 | 0.1251 | 0.4560 | 0.4931 | 0.5184
15}
= | 992.03 | -040.69 | -262.23 | 318.33 | 145.48
7th og
. . =1 14.522 | -10.348 | -10.489 | 16.668 | 8.633 |27.93
Iteration " Ox,
a, -0.5200| 0.3700 | 0.3760 |-0.5970| -0.309
e 0.1268 | 0.1253 | 0.4563 | 0.4937 | 0.5246
0
gg_ 2426.87| -2455.9 | -683.69 | 825.73 | 363.47
0
.l . ,.“g 38.223 | -27.015 | -27.350 | 43.235 | 21.569|72.62
lteration " Ox;
a, |-0.5260| 0.3720 | 0.3770 | -0.5950| -0.297
x; 0.1264 | 0.1253 | 0.4565 | 0.4939'| 0.5273

Therefore, the final safety index value is

B=3.75
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4.6.4 Bearing Capacity Limit State - 10 ft High Wall

Conventional (ASD) Optimized Design:

S.F.=251

t=0.751t

B=46ft

D, = 2.67 ft

Safety index by Advanced FOSM Method:

Mean, u 0.158 | 0.110 | 0.400 | 0.541
Std. Deviation, ¢ | 0.0158 | 0.0110 | 0.040 | 0.0524 | 0.0593
9
5xg— 41370 | 8.830 | -2.440 | 19.090 | 71.910
0
Ist =2 | 06515 | 0.0972 | -0.0076 | 0.9995 | 4.3927 | 4.554
Iteration i Ox;
s |-0.1430(-0.0210 | 0.0210 | -0.2190| -0.965 419
x; | 0.1481| 0.1090 | 0.4036 | 0.5627 | 0.3640
9
=5 | 5200 | -7.060 | -3.560 | 5310 | 8.220
;
0
. =2 | 0.0818 | -0.0776 | -0.1424 | 0.2780 | 0.5024 | 0.602
Iteration i Ox;
x |-0.1360{ 0.1290 | 0.2370 |-0.4620| -0.834 3475
x; | 0.1495 | 0.1153 | 0.4355 | 0.5202 | 0.4197
B
&& 18.290 | -23.710 | -7.970 | 11.300 | 12.700
0
. <5 1 0.2881 | -0.2608 | -0.3188 | 0.5917 | 0.7757 | 1.098
Iteration i Ox; :
x |-0.2630( 0.2380 | 0.2900 |-0.5390| -0.707 358
x ] 0.1427 | 0.1194 | 0.4416 | 0.5098 | 0.4563
0
=~ | 40.720 | -48.680 | -14.870 | 19.980 | 17590
1
0
ath 5 10,6413 | -0.5355 | -0.5947 | 1.0462 | 1.0747 | 1.817
[teration o
. |-0.3530| 0.2950 | 0.3270 |-0.5760| -0.591 3.50
x, | 0.1380 | 0.1213 | 0.4458 | 0.5054 | 0.4844

171




R
551_ 73.730 | -83.880 | -24.560 | 31.960 | 23.660
5th og
: « o | 1.1613 | -0.9227 | -0.9825 | 1.6733 | 1.4453 | 2.838
lteration 1 0x;
5 |-0.4090| 0.3250 | 0.3460 |-0.5900 | -0.509
x; | 0.1352 | 0.1224 | 0.4480 | 0.5038 | 0.5030
9
'axﬁ 110.77 | -122.30 | -35.19 | 44.88 | 29.70
i
6th og
: v 2 | 1.7446 | -1.3453 | -1.4076 | 2.3499 | 1.8144 | 3.956
Iteration 1 Ox;
« |-0.4410| 0.3400 | 0.3560 |-0.5940 -0.459
x; ]0.1335| 0.1229 | 0.4492 | 0.5033 | 0.5140

Therefore, the final safety index value is

B =3.46
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4.6.5 Bearing Capacity Limit State - 20 ft High Wall

Conventional (ASD) Optimized Design:
S.F. =250 t=1.5ft B=9.2ft D¢=3.93 ft

Safety Index by Advanced FOSM Method:
\‘Yc -

Mean, p
Std. Deviation, | 0.0158 | 0.0110 | 0.040 | 0.0524 | 0.0593
17
ng 90.71 -15.95 -9.01 4124 | 132.71
1st o = 1.4286 | -0.1754 | -0.3602 | 2.1595 | 8.3386 | 8.741
lteration ok, ’ | | ' | ’
a, |-0.1630| 0.0200 | 0.0410 | -0.2470| -0.954
x;” 1 0.1488 | 0.1107 | 0.4056 | 0.5673 | 0.4264
gng 14510 | -19.490 | -7.700 | 12.200 | 18.460
2nd . G,,z& 0.2285 | -0.2144 | -0.3082 | 0.6386 | 1.1598 | 1.395
lteration | * &,
a, |-0.1640| 0.1540 | 0.2210 | -0.4580( -0.831 3.12
x; | 0.1495 | 0.1153 | 0.4275 | 0.5361 | 0.4655
% 31.920 | -41.390 | -13.590 | 20.080 | 24.380
3rd ) ijﬁg_ 0.5028 | -0.4553 | -0.5436 | 1.0513 | 1.5319| 2.051
iteration &,
a, |-0.2450| 0.2220 | 0.2650 | -0.5130| -0.747
x, ] 0.1457 | 0.1175 | 0.4324 | 0.5288 | 0.4847
% 47.850 | -59.340 | -18.580 | 26.350 | 28.080
4th . Gx,ég* 0.7536 | -0.6527 | -0.7434 | 1.3796 | 1.7643 | 2.562
lteration Ex;
a, |-0.2940| 0.2550 | 0.2900 | -0.5390| -0.689
%) 0.1434 | 0.1185 | 0.4353 | 0.5251 | 0.4968
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O

2= | 61.100 | -73.940 | -22.610 | 31.360 | 30.880
St |5 2 1 09624 | -0.8133 | -0.9044 | 1.6422 | 1.9404 | 2.978
Iteration o,

a, |-0.3230| 0.2730 | 0.3040 |-0.5510] -0.652

< | 0.1421 | 0.1191 | 0.4368 | 0.5233 | 0.5041

2

22 | 7088 | -84.54 | 2554 | 34.98 | 32.83
Oth 15 Z | 11164 | -0.9299 | -1.0214 | 1.8317 | 2.0628 | 3.281
lteration " o,

a, |-0.3400| 0.2830 | 0.3110 |-0.5580| -0.629

<« | 01413 | 01194 | 0.4377 | 0.5223 | 0.5086

Therefore, the final safety index value is

B=23.03
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4.6.6 Bearing Capacity Limit State - 30 ft High Wall
Conventional (ASD) Optimized Design:

S.F.=250 t=25ft B=13.7 ft D= 4.0 ft
Safety Index by Advanced FOSM Method:
Mean, p 0.158 0.110 0.541 0.593
Std. Deviation, ¢ | 0.0158 | 0.0110 | 0.040 | 0.0524 | 0.0593
0
gf— 149.12 | -72.22 | -19.62 | 67.08 | 186.48
1st og
) A | 2.3487 | -0.7945 | -0.7849 | 3.5123 | 12.042 | 12.81
[teration i Ox;
5 |-0.1830( 0.0620 | 0.0610 {-0.2740| -0.94 2257
x,.* 0.1501 | 0.1118 | 0.4063 | 0.5739 | 0.4895
0
a—f— 31.400 | -42.170 | -12.760 | 22.010 | 32.670
2nd og
. « | 0.4946 | -0.4639 | -0.5103 | 1.1525 | 2.1097 | 2.549
Iteration i Ox;
X -0.1940{ 0.1820 { 0.2000 | -0.4520| -0.828 245
x,-* 0.1500 | 0.1149 | 0.4196 | 0.5529 | 0.5150
0
agf 47.950 { -62.610 | -18.250 | 29.340 | 38.220
0
srd x,—ﬁ 0.7552 | -0.6887 | -0.7299 | 1.5360 | 2.4679 | 3.167
Iteration i Ox;
v, |-0.2380{ 0.2170 | 0.2300 |-0.4850| -0.779 243
x‘.* 0.1484 | 0.1158 | 0.4224 | 0.549 | 0.5232
0
Exg_ 55.610 | -71.230 | -20.630 | 32.350 | 40.080
i
4th og
) « =1 0.8758 | -0.7835 | -0.8252 | 1.6941 | 2.5883 | 3.410
Iteration 1 Ox;
X -0.25701| 0.2300 | 0.2420 {-0.4970| -0.759 :2.43
x,-* 0.1477 | 0.1161 | 0.4235 | 0.5476 | 0.5265
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2
% | 59.010 | -75.020 | -21.670 | 33.670 | 40.870

> ;
. . > 28 1 0.9294 | -0.8253 | -0.8670 | 1.7629 2.6393|3.517
[teration i Ox;

-0.2640| 0.2350 | 0.2470 | -0.5010] -0.75
’ 0.1474 | 0.1163 | 0.4240 | 0.547 | 0.5279

Therefore, the final safety index value is

B =243
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4.6.7 Summary of Safety Indices for Bearing Capacity Limit State

The trend of convergence in the safety index of the bearing capacity
limit state is shown in Figure 4.10.

The safety indices for bearing capacity limit state are summarized in Table 4.9.
Unlike the two previous cases, it is observed that the safety indices differ from
each other for different heights of the wall.

Table 4.9 Safety Indices for Bearing Capacity Limit State

5 2.50 0.42 251 3.75
10 4.60 0.75 2.51 3.46
20 9.20 1.50 2.50 3.03
30 13.70 2.50 2.50 2.43
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4.7 SUMMARY AND DISCUSSION

Safety indices for sliding, overturning and bearing capacity limit states are
summarized in Table 4.10. For the height of 5 ft, 10 ft, 20 ft and 30 ft, the wall
dimensions, t and B were adjusted to closely match all the conventional design
criteria. When this goal was not achieved simply by changing t and B, additional
design parameters such as ¢; and Dy were modified. Since ¢ and Dy have effect
only on the bearing capacity, it is convenient to change t and B first to satisfy the
sliding and overturning criteria and then later modify ¢ and Dy to fine tune the

bearing capacity criterion.

As shown in Table 4.10, the safety indices for the sliding and overturning limit
states are consistent throughout the various wall heights. However, for the bearing
capacity limit state, different safety indices are estimated for different wall heights.
It is observed that the higher the wall height, the lower the safety indices which
means a less reliable system. The internal friction angle of the foundation soil (¢y)
is found to be the cause of the phenomenon. The bearing capacity limit state
analysis is very sensitive to the value of ¢y, but it has no effect on the other limit
states. This friction angle, ¢y, is the only basic random variable that was modified

mainly to satisfy the bearing capacity criterion. As the wall height increases, more
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Table 4.10 Summary of Analysis for Three Limit States

H (ft) 5 10 20 30
B (ft) 228 4,60 9.20 13.70

t (ft) 0.42 0.75 1.50 2.50

Design Ds (ft) 1.73 267 3.93 4.00
Parameters | ¢¢(deg) 34.0 35.0 36.0 37.0
¢ (deg) 35.0 35.0 35.0 35.0

5 (deg) 30.0 30.0 30.0 30.0

v (kef) 0.11 0.11 0.11 0.11

Yc (kcf) 0.15 0.15 0.15 0.15

n 0.4 0.4 0.4 0.4

Sliding SF 1.57 1.55 1.55 1.57

B 2.19 215 215 219

Overturning SF 2.04 2.04 2.04 2.04
B 3.58 3.59 3.59 3.59

Bearing SF 2.51 2.51 2.50 2.50

B 3.75 3.46 3.03 243
B/H Ratio 0.456 0.460 0.460 0.457
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solid foundation material with high friction angle is required. With a fixed
coefficient of variance (COV, d = ¢ / ), the value of the standard deviation
becomes larger as the mean value increases. In other words, as the internal friction
angle of the foundation soil (¢y) increases, the standard deviation increases, which
means that the dispersion is greater. When the dispersion is greater, the safety

index is smaller.

The last line in Table 4.10 is the B/H ratio of the wall dimensions selected to
satisfy all of the conventional ASD limit states simultaneously. These values are

nearly constant (0.46) for all wall heights.
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5.1 GENERAL

The conventional design optimization of a retaining wall usually implies that the
wall is designed to minimize the initial construction cost while satisfying all the

design criteria. Since the conventional design method does not directly consider
the randomness (or dispersion) of design parameters but uses the deterministic

values, the current optimization concept may be misleading.

In an effort to optimize the wall with a more rational concept, the costs of failure
as well as the initial construction cost are included in the total expected cost of the
wall. The probability of failure is employed to estimate the cost of failure. The
following sections will discuss the probability of failure, the probable costs of

failure and total expected construction costs.
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5.2 PROBABILITY OF FAILURE

When a safety index is obtained by the procedures described in Chapter 4, the
probability of failure (Ps) can be calculated using the standardized normal

distribution function as,

Pe = O(-p)=1-@(p) (.1

where ®(x) is the standardized normal distribution function, i.e.,

1 [ 1,
O(x) = EL“P(_EY )dy (5.2)

For example, if the random variables are normally distributed and the safety
index, p=2.19, then Py=1-d(2.19)=1-0.985738 = 1.43 x 10, In a similar
manner, the probability of failures for the three limit states discussed in the

previous chapter are computed and summarized in Table 5.1.

Table 5.1 Safety Indices and Probability of Failure for the Three Limit States

5 2.19 143 3.58 1.72 3.75 0.1
10 2.15 157 3.59 1.65 3.46 2.7
20 2.15 157 3.59 1.65 3.03 12.2
30 2.19 143 3.59 1.65 243 75.5
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If the random variables are lognormally distributed, an approximate equation

suggested by Esteva and Rosenblueth(1972) can be used as

P; = 460 P 2<B<6 (5.3)

According to Hoeg and Murarka (1974), the results from the normal distribution
and log-normal distribution are quite similar when the coefficient of variance
(COV) is less than 0.2 and the probabilities of failure computed based on normal

distribution would be valid for log-normally distributed random variables.

As shown in Table S.1, the probabilities of failure calculated for the sliding limit
state are the highest among the three limit states, which can be anticipated from the
use of the smallest safety factor. However, the probabilities of the bearing failure

are relatively high in spite of the largest safety factor among the three limit states.

As revealed in the survey conducted for this study, many of the unsatisfactory

walls have experienced the bearing capacity failure or excessive settlements. It
might occur due to a reason that the bearing capacity factors, N, and N, are very
strong functions of the internal friction angle of the foundation soil, ¢¢, and it is

difficult to estimate the value of ¢ with enough accuracy. For example, the safety
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factor of the bearing capacity in a 30 ft high wall described in Chapter 4 can jump

from 2.5 to 4.0 by a small change of ¢ from 35 degree to 37 degree.

Another possible reason that the probabilities of the bearing failure are relatively
high can be found in the strong influence of the standard deviation to the bearing
capacity. As mentioned in the previous chapter, the values of ¢ were adjusted to
match the required safety factor for bearing capacity (2.5). With the fixed COV
value of 0.1, the standard deviation (o) varies from 3.4 degree to 3.7 degree when
the values of ¢; varies from 34 degree (for 5 ft wall) to 37 degree (for 30 ft wall).
The probabilities of failure in the bearing capacity in Table 5.1 range from 1.03 x
107 to 7.55 x 10, The difference of 0.3 degree in the standard deviation

produced a more than seven hundred times higher probability of failure.

A parametric study was conducted for a 20 ft high wall to investigate the effect of
various COV values for the different parameters. One COV value for each design
parameter was changed at a time while the other four values remained the same.
The results are presented in Table 5.2. Based on the typical COV values suggested
by many investigators including Singh (1972), Schultze (1972) and Harr (1977),
three different COV values of 0.05, 0.10 and 0.15 were employed for each random

variable in the parametric study.
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Table 5.2 Sensitivity of Coefficient of Variation

For H =20 ft high

1.80 | 0.05 | 2.151 157.4 3.590 1.65 3.293 4.96

Os 36 360 | 0.10 | 2.151 167.4 3.590 1.65 3.030 12.20

(de0) | 540 | 045 | 2451 | 1574 | 3590 165 | 2332| 9850

1.756 | 0.05 | 2.386 85.16 4.030 0.28 3.394 3.45

) 35 3.50 0.10 | 2.049 202.30 3.403 3.33 2.867 20.70

(deg) 525 ] 015 | 1.712 434.50 2.802 25.39 2.345 95.10

788 | 0.05 | 2.352 93.4 4.119 0.20 3.148 8.22

Yo | 15756 | 1675 ] 0.10 | 2.151 157.4 3.690 1.65 3.030 12.20
(Ib)

2363 ]| 0.15 | 1.876 303.3 2.945 16.20 2.709 33.70

550 | 0.05 | 2.298 107.8 3.865 0.58 3.127 8.83

Y 110 11.00 | 010 | 2.151 167.4 3.690 1.65 3.030 12.20

(Ib) 16.50 | 0.15 | 1.972 2431 3.285 5.10 2.867 20.70

0.02 0.05 | 2.151 157.4 3.855 0.58 3.152 8.10

n 04 0.04 0.10 | 2.151 157.4 3.690 1.65 3.030 12.20

0.06 | 015 | 2.151 1574 3.285 5.10 2.849 21.90

1.50 | 0.05 | 2.455 70.5 3.590 1.65 3.030 12.20

& | 30 | 3.00 | 010 | 2151 | 1574 | 3.590 1.65 3.030 | 1220
(deg)

4.50 0.15 | 1.802 357.7 3.590 1.65 3.030 12.20
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With this parametric study, it can be observed from Table 5.2 how much an
individual design parameter can affect the probability of failure of each limit state.
For example, the internal friction angle of foundation soil, ¢¢, is very influential to
the bearing capacity but has no effect on the sliding or overturning limit state. The
design parameter n has no influence on the sliding limit state, while the friction

angel, 8y, affects the sliding limit state only.

For each COV value, the probability of failure is calculated, and the minimum and

maximum probabilities of failure are summarized in Table 5.3.

Table 5.3 Overall Minimum and Maximum Probabilities of Failure

Sliding 70.5 434.5 6
Overturning 0.2 25.4 127
Bearing 3.45 98.5 29
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Figures 5.1 to 5.3 illustrate the influence of the design parameters on the
probability of failure of each limit state. The random variables are omitted from

the graph if a change in COV values has no effect on the probability of failure.

As shown in Table 5.3, the ratio of the maximum P; to the minimum P; of the
sliding limit state is lower than the other two limit states, even though the sliding
limit state produces the largest probability of failure. On the contrary, the
overturning limit state has the smallest probability of failure, while it has the
highest ratio of the maximum Py to the minimum P;. In other words, the
overturning limit state is the most sensitive to the change in COV values, while the

sliding limit state is the least sensitive.

The internal friction angle of the backfill, ¢, is proven to be the most sensitive
random variable which affects all three limit states. The bearing capacity limit
state is influenced by the internal friction angle of the foundation soil, ¢, with
almost same degree of sensitivity as the internal friction angle of the backfill, ¢.
The unit weight of the backfill appears to be the least influential random variable

to all three limit states.
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Figure 5.1 Probability of Failure for Sliding Limit State
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Figure 5.2 Probability of Failure for Overturning Limit State
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5.3 OPTIMIZATION

To achieve a probabilistically optimized design, costs of failure must be estimated.
The cost of failure, CF, may be expressed as a factor, 1, multiplied by the cost of

construction, C.

CF=n+C 54

The total expected cost, E, is the sum of the construction cost and the probable cost

of failure of each limit state, i.e.,

E=C+ZPs*n;*C=C(1+XPs*n;) (5.5)

where Py is the probability of failure of limit state i and n; is the relative cost

factor of limit state i.

To obtain relative values for the total cost of a design, the construction cost is

assumed to be proportional to the volume of concrete in the wall and the volume of
compacted backfill. The natural ground behind the wall is assumed to be
excavated with a slope of 45 degree and later filled with the compacted backfill
material. The unit price of concrete is set equal to six times that of the compacted
backfill material. The relative cost factors for sliding, overturning and bearing are

assumed to be one, five and three times the cost of construction, respectively.
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For purpose of illustration, an example is provided as follows.

Example 5.1 Three cases of 20 ft high walls designed with different base width
will be investigated to find the optimum design. The construction cost and the
total expected cost for each case will be compared. The quantities of probability
of failure for each mode are selected by the procedure described in Chapter 4 and
the previous section. For this example problem, relative values of the construction
cost are used. Actual construction costs could be obtained by multiplying the
relative construction cost by a constant dollar value. However, for the purpose of
determining the base width with the minimum total cost, the use of relative

construction costs are satisfactory.

t

"

H=20ft

\ 45 deg

where Vol-c = Volume of Concrete = 1/2 (t + B)*H
Vol-b = Volume of Backfill = 1/2 H?
C = Relative Construction Cost = 6 (Vol-c) + Vol-b
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The probabilities of failure for each case are tabulated as below.

The construction cost, C, for Case 1 can be estimated as
C= 6(0.5 (t+ByH) + 1/2 H

= 6 (0.5 (1.5 + 8.5) *20) + 0.5 *20?

600 + 200 = 800

The probable cost of failure, that is P * CF, for each limit state in Case 1 can be

calculated as

Prgia * CF =Prgia* 1 gia *C = (100 x 10™) *(1.0) * (800) = 8.0
Prover * CF=Piover * Nover *C=(110x 10_4) *(5.0) = (800)=44.0

Pebear * CF = Ppear * Mbear * C = (200 x 107™) +(3.0) * (800) = 48.0

The total expected cost, E, for Case 1 can be obtained as

E=C+ZXZPgs+*n;+C=2800+(8.0+44.0+48.0)=900.0
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The construction cost and the total expected cost for all three cases are tabulated

1.5 ] 85 800 8.0 44.0 48.0 900.0
1.5 ]| 95 860 22 0.9 25.8 888.8
1.5 | 105 920 0.5 0.0 5.5 926.0

Even though Case 1 produces the smallest construction cost, Case 2 results in the
minimum total expected cost. Therefore, Case 2 is selected as the probabilistic

optimum design.

The procedure of the optimum design can be summarized as

1. Define the random variables of the wall.

2. Determine a trial design and calculate the construction cost.
3. Estimate the probabilies of failure for each limit state.

4. Repeat steps 2 and 3 for various prospective designs.

5. Define the failure costs for each limit state.

6. Calculate the total cost for each prospective design.

A more thorough parametric study to find the ratio of B/H which leads to the

reliabilistic optimum design will be discussed in the following chapter.
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6.1 GENERAL

The procedure to select the reliabilistic optimum design of a gravity wall will be
discussed in this chapter. Four different heights of a gravity wall (5 ft, 10 ft, 20 ft
and 30 ft) were investigated in this study. Forty-two cases with various top and
base widths for four different wall heights were evaluated to find the reliabilistic

optimum design.

The sensitivity of the wall dimensions to the safety factor and safety index were
observed through a parametric study. The detailed procedure to find the ratio of
the wall base to the wall height (B/H) that produces the probabilistic optimum
design will be discussed. Since a large number of computations were involved,
especially in the calculation to obtain safety indices, a computer program was
developed by employing the program language, Visual Basic, and the spread sheet

program, EXCEL.

196



6.2 SENSITIVITY STUDY

Forty-two cases with various top and base widths for four different heights of the
gravity wall were investigated to observe the influence of the geometric change of
the wall on the safety factor and safety index. For each case, the safety factors and
the safety indices of the three limit states were calculated using the method

described in Chapter 4. The results are summarized in Tables 6.1 to 6.4.

Each table consists of six groups assorted by the top width, t. Each group has
seven base widths, B, which vary with a fixed increment. In Table 6.1, for
example, the top width varies from 0.5 ft to 1.75 ft with an increment of 0.25 ft
and the base width changes from 1.5 ft to 3.0 ft with 0.25 ft increment. The top
and base widths given in Case 43 of each table are the dimensions taken from
Table 4.10, where the top and base widths were adjusted to closely match the

conventional design criteria.

6.2.1 Influence of t and B to Safety Factor and Safety Index

To observe the sensitivity of the top and base widths, the safety factors and the
safety indices of the forty-two cases for each wall height are graphed in Figures
6.1 to 6.4. For the safety factors, the bearing limit state appears to be the most

sensitive to the change of the base width, and the sliding limit state proves to be
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Table 6.1 Safety Factors and Safety Indices for 5 ft High Wall

1 )
| 2 050 | 1.75 1.31 1.28 0.65 1.40 1.38 1.90
3 0.50 | 2.00 1.45 1.64 1.45 1.86 2.55 2.82
4 050 | 225 1.60 2.03 2.53 2.27 358 3.75
5 0.50 | 2.50 1.74 2.47 3.85 2.64 4.48 462
6 050 | 2.75 1.89 2.96 5.36 2.99 5.28 5.51
7 0.50 | 3.00 2.03 3.48 7.01 3.30 5.97 6.04
8 075 | 1.50 1.31 1.04 0.35 1.40 0.40 1.00
] 9 075 | 1.75 1.45 1.37 0.96 1.86 1.72 2.23
10 0.75 | 2.00 1.60 1.75 1.84 2.27 2.87 3.10
11 075 | 225 1.74 217 2.97 2.64 3.88 4.02
12 0.75 | 2.50 1.89 2.63 4.29 2.99 4.76 4.97
13 075 | 275 2.03 3.13 5.77 3.30 5.53 5.48
14 075 | 3.00 2.18 3.68 7.37 3.59 6.20 5.94
15 1.00 | 1.50 1.45 1.09 0.53 1.86 0.63 1.24
] 16 100 | 175 1.60 1.45 1.21 2.27 1.97 2.46
17 1.00 | 2.00 1.74 1.85 2.14 2.64 3.12 3.31
18 1.00 | 2.25 1.89 2.29 3.27 2.99 4.12 4.25
19 1.00 | 2.50 2.03 2.77 4.57 3.30 4.99 5.08
20 100 | 275 2.18 3.29 6.01 3.59 5.74 5.53
21 1.00 | 3.00 2.32 3.86 7.56 3.85 6.39 5.83
22 125 | 1.50 1.60 1.12 0.66 2.27 0.76 1.36
v 23 125 | 1.75 1.74 1.50 1.39 2.64 2.14 2.51
24 125 | 2.00 1.89 1.92 2.33 2.99 3.30 3.45
25 125 | 2.25 2.03 2.38 3.45 3.30 4.30 4.38
26 125 | 2.50 2.18 2.88 4.72 3.59 517 5.02
27 125 | 2.75 2.32 3.43 6.12 3.85 5.91 5.42
28 125 | 3.00 2.47 4.02 7.62 4.10 6.54 5.71
29 150 | 150 1.74 1.13 0.74 2.64 0.81 1.43
Vv 30 150 | 1.75 1.89 1.53 1.49 2.99 2.23 2.48
31 150 | 2.00 2.03 1.97 2.42 3.30 3.43 3.52
32 150 | 225 2.18 2.45 3.52 3.59 4.44 437
33 150 | 2.50 2.32 2.98 476 3.85 5.31 4.92
34 150 | 2.75 2.47 3.54 6.11 4.10 6.05 5.29
35 150 | 3.00 2.61 415 7.56 4.34 6.67 5.58
36 175 | 1.50 1.89 1.12 0.78 2.99 0.76 1.39
VI 37 175 | 1.75 2.03 1.54 1.52 3.30 2.27 2.46
38 175 | 2.00 2.18 2.00 2.44 3.59 3.50 3.50
39 175 | 2.25 2.32 2.51 3.51 3.85 4.54 427
40 1.75 2.50 2.47 3.05 470 4.10 5.41 478
41 175 | 275 2.61 3.64 6.01 4.34 6.15 5.16
42 175 | 3.00 2.76 427 7.41 455 6.77 5.45

43 | 042 | 228 1.57 2,04 | 251 249 | 375
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Table 6.2 Safety Factors and Safety Indices for 10 ft High Wall

1 .
I 2 050 | 4.00 1.31 1.50 0.95 1.40 213 214
3 050 | 450 1.45 1.88 1.97 1.86 3.20 31
2 050 | 5.00 1.60 2.30 3.31 2.27 4.14 3.98
5 050 | 550 1.74 2.76 4.93 2.64 4.97 4.85
6 050 | 6.00 1.89 3.26 6.75 2.99 5.70 534
7 050 | 650 2.03 3.81 8.73 3.30 6.33 562
8 1.00 | 3.50 1.31 1.28 0.59 1.40 1.38 1.44
] 9 1.00 4.00 1.45 1.64 1.39 1.86 2.55 2.49
10 100 | 450 1.60 2.03 2.51 227 3.58 3.42
11 1.00 | 500 1.74 2.47 3.89 2.64 4.48 4.28
12 1.00 | 550 1.89 2.96 550 2.99 528 4.92
13 1.00 | 6.00 2.03 3.48 7.29 3.30 5.97 529
14 100 | 650 2.18 4.05 9.21 359 6.57 555
15 150 | 3.50 1.45 1.37 0.86 1.86 1.72 1.72
1] 16 150 | 4.00 1.60 1.75 1.75 2.27 2.87 275
17 150 | 450 1.74 2.17 2.91 2.64 3.88 3.65
18 150 | 5.00 1.89 263 4.31 2.99 4.76 4.41
19 150 | 550 2.03 313 5.89 3.30 5.53 4.89
20 150 | 6.00 2.18 368 7.63 3.59 6.20 522
21 150 | 650 2.32 4.27 9.49 3.85 6.77 547
22 200 | 3.50 1.60 1.45 1.08 2.27 1.97 1.90
v 23 200 | 4.00 1.74 1.85 2.02 2.64 312 2.92
24 200 | 4.50 1.89 2.29 3.19 2.99 412 378
25 200 | 5.00 2.03 2.77 4.56 3.30 4.99 4.41
26 200 | 550 2.18 3.29 6.11 3.59 5.74 4.83
27 200 | 6.00 2.32 3.86 7.79 3.85 6.39 514
28 200 | 650 2.47 4.47 9.60 410 6.93 5.39
29 250 | 3.50 1.74 1.50 1.23 2.64 2.14 1.99
Y, 30 250 | 4.00 1.89 1.02 218 2.99 3.30 3.00
31 250 | 450 2.03 2.38 3.34 3.30 4.30 3.80
32 250 | 5.00 2.18 2.88 4.68 3.59 517 4.35
33 250 | 550 2.32 343 6.18 3.85 591 4.75
34 250 | 6.00 2.47 4.02 7.82 4.10 6.54 5.05
35 250 | 6.50 2.61 4.64 9.56 4.34 7.07 5.30
36 300 | 350 1.89 1.53 1.30 2.99 2.23 2.00
VI 37 300 | 4.00 2.03 1.97 2.24 3.30 343 3.00
38 300 | 450 2.18 2.45 3.38 3.59 4.44 374
39 300 | 500 2.32 2.98 4.69 3.85 531 426
40 300 | 5.50 2.47 354 6.14 410 6.05 4.65
41 3.00 6.00 2.61 4.15 7.72 4.34 6.67 4.96
42 3.00 6.50 2.76 4.80
"43 | 075 | 460 | 185 | 204
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Table 6.3 Safety Factors and Safety Indices for 20 ft High Wall

t B
()| ()

1 1.00 | 7.00

| 2 1.00 | 8.00 1.34 1.50 0.91 1.40 2.14 1.78
3 1.00 | 9.00 1.45 1.88 1.96 1.86 3.20 2.72
4 1.00 | 10.00 1.60 2.30 3.39 2.27 4.14 3.53
5 1.00 | 11.00 1.74 2.76 512 264 497 413
6 1.00 | 12.00 1.89 3.26 7.11 2.99 5.70 4.54
7 1.00 | 13.00] 2.03 3.81 9.30 3.30 6.33 4.83
8 150 | 7.00 1.23 1.22 0.39 1.15 1.18 0.90

il 9 1.50 | 8.00 1.38 1.57 1.12 1.63 2.35 1.95
10 150 | 9.00 1.53 1.96 2.24 2.07 3.40 2.86
1 150 | 10.00] 1.67 2.39 3.69 2.46 4.32 3.62
12 1.50 | 11.00 1.82 2.86 5.44 2.82 513 4.16
13 1.50 | 12.00 1.96 3.37 7.41 3.15 5.84 454
14 150 | 13.00 ] 2.11 3.93 9.57 3.45 6.46 4.82
15 2.00 | 7.00 1.31 1.28 0.51 1.40 1.38 1.06

] 16 2.00 | 8.00 1.45 1.64 1.32 1.86 2.55 2.10
17 2.00 | 9.00 1.60 2.03 2.48 2.27 3.58 2.98
18 200 | 1000) 1.74 2.47 3.96 2.64 4.48 3.68
19 2.00 | 11.00| 1.89 2.96 5.70 2.99 5.28 418
20 2.00 | 12.00] 2.03 3.48 7.65 3.30 5.97 453
21 2.00 | 13.00] 218 4.05 9.78 3.59 6.57 4.81
22 2.50 | 7.00 1.38 1.33 0.64 1.63 1.56 1.20

v 23 2.50 | 8.00 1.53 1.70 1.50 2.07 2.72 2.21
24 2.50 | 9.00 1.67 2.10 2.69 2.46 3.73 3.06
25 2.50 | 10.00 1.82 2.56 4.18 2.82 463 3.72
26 250 | 11.00] 1.96 3.05 5.91 3.15 5.41 418
27 250 | 1200] 2.1 3.58 7.84 3.45 6.09 452
28 250 | 13.00] 225 4.16 9.94 3.72 6.67 4.79
29 3.00 | 7.00 1.45 1.37 0.76 1.86 1.72 1.31

\"/ 30 3.00 | 8.00 1.60 1.75 1.65 227 2.87 2.30
31 3.00 | 9.00 1.74 2.17 2.87 2.64 3.88 3.12
32 3.00 | 10.00 1.89 2.63 435 2.99 4.76 3.73
33 3.00 | 11.00] 2.03 3.13 6.07 3.30 5.53 418
34 300 | 1200) 218 3.68 7.98 3.59 6.20 4.51
35 3.00 | 13.00] 232 427 10.04 3.86 6.77 478
36 350 | 7.00 1.53 1.41 0.86 2.07 1.85 1.39

Vi 37 3.50 | 8.00 1.67 1.80 1.78 246 3.00 2.37
38 350 | 9.00 1.82 2.23 3.01 2.82 4.00 3.16
39 3.50 | 10.00 1.96 2.70 4.49 3.15 488 3.74
40 350 | 11.00] 2.11 3.22 6.19 3.45 5.64 4.16
41 350 | 1200 225 3.77 8.07 3.72 6.30 4.49
42 350 | 13.00] 240 437 10.10 3.98 6.85

: 43 .} 1.50 | 9.20 1.55 2.04 250 | 215 | 359 |
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Table 6.4 Safety Factors and Safety Indices for 30 ft High Wall

1 100 | 11.00 | 1.16 1.23

I 2 100 | 1200 | 126 145

3 100 | 1300 | 136 1.69

4 100 | 1400 | 145 1.95

5 1.00 | 1500 | 1.55 2.23

6 1.00 | 1600 | 165 253

7 100 | 1700 | 174 2.85

8 150 | 11.00 | 1.21 1.27

i 9 150 | 1200 | 1.31 1.50
10 150 | 1300 | 1.40 1.75

1 150 | 14.00 | 1.50 2.01

12 150 | 1500 | 1.60 2.30

13 150 | 1600 | 1.69 2.60

14 150 | 1700 | 1.79 2.92

5 | 200 | 11.00 | 1.26 1.31

I 16 2.00 | 12.00 1.36 1.55
17 | 200 | 1300 | 145 1.80

18 | 200 | 1400 | 155 2.07

19 2.00 | 15.00 1.65 2.36
20 2.00 | 16.00 1.74 2.67
21 2.00 | 17.00 | 1.84 2.99
22 250 | 11.00 1.31 1.35

v 23 2,50 | 12.00 1.40 1.59
24 2.50 | 13.00 1.50 1.85
25 250 | 14.00 1.60 2.12
26 250 | 15.00 1.69 2.42
27 250 | 16.00 1.79 2.73
28 250 | 17.00 1.89 3.06
29 3.00 | 11.00 1.36 1.39

\'} 30 3.00 | 12.00 1.45 1.64
31 3.00 | 13.00 1.55 1.90
32 3.00 | 14.00 1.65 2.18
33 3.00 | 15.00 1.74 2.47
34 3.00 | 16.00 1.84 2.79
35 3.00 | 17.00 1.94 3.13
36 350 | 11.00 1.40 1.43

Vi 37 3.50 | 12.00 1.50 1.68
38 3.50 | 13.00 1.60 1.94
39 3.50 | 14.00 1.69 2.23
40 350 | 15.00 1.79 2.53
41 350 | 16.00 1.89 2.85
42 350 | 17.00 1.99 3.19
43 2.50 | 13.70 151 |

201



_— & — Bearing |

10.0

007

36

29

22
Case Number
(Safety Factor)

5

1

Case Number
(Safety Index)

Figure 6.1 Safety Factors and Safety Indices of

the Three Limit States for 5 ft Wall

202



1 8 15 22 29 36

Case Number
(Safety Factor)

10.0
9.0
8.0

7.0

Case Number
(Safety Index)

Figure 6.2 Safety Factors and Safety Indices of
the Three Limit States for 10 ft Wall

203




| —o—sliding

!
il

Case Number
(Safety Factor)

1 8 15 22 29 36

Case Number
(Safety Index)

Figure 6.3 Safety Factors and Safety Indices of
the Three Limit States for 20 ft Wall

204




10.0

Case Number
(Safety Factor)

Case Number
(Safety Index)

Figure 6.4 Safety Factors and Safety Indices of

the Three Limit States for 30 ft Wall

205




the least influenced. For the safety indices, the overturning limit state is the most

sensitive and the sliding limit state is the least affected.

The change of top width does not appear to significantly influence the safety
factors or the safety indices compared to the base width. Since the influence of the
top width is insignificant, it is recommended to set the top width first and then
determine the base width in the actual design of the wall. For the purpose of
convenient construction, the top width should be at least H/12. The top widths of

Case 43 in Tables 6.1 to 6.4 are close to H/12.

6.2.2 Safety Factor vs. Safety Index

The smooth transition of the graphs in Figures 6.1 to 6.4 can be an ev’idence that
the analysis results are reliable. As the base width increases, the safety indices as
well as the safety factors are observed to increase. However, it is found that the
gradient of the two values in this study are different from one limit state to
another. For example, the safety factors of the bearing limit state in Figure 6.2
respond more sharply to the base width change (SF = 0.3 to 9.5) than the
corresponding safety indices (B = 1.1 to 5.5). The opposite result occurs in the
overturning limit state, i.e., the safety indices (f = 0.9 to 7.2) react more

sensitively than the safety factors (SF = 1.2 to 4.8). In the bearing limit state, the
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safety index corresponding to a safety factor of 9.5 is found to be 5.5, but in the
overturning limit state the safety index corresponding to a safety factor of 4.8
proves to be 7.2. Consequently, there is no proportional relationship between the
safety factors and the safety indices. In other words, a statement that a safety
factor of 2.5 in a system is equivalent to a safety index of 3.0 may be misleading.
Some investigators such as Meyerhof (1976) provided a table that compares the
typical safety factors and the safety indices (Table 2.7), which may incorrectly lead

one to believe that there is a certain relationship between the two values.

6.3 SELECTION OF OPTIMUM DESIGN

A probabilistically optimized design can be achieved by using the procedures
described in Chapter 5. The same 42 combinations of t and B as described in
Section 6.2 were evaluated and the results are summarized in Tables 6.5 to 6.8.
The tables provide the information on the safety factors of the three limit states,
the ratios of B to H, the construction costs, the probable failure costs and the total
costs for each combination of t and B. As discussed in Chapter 5, the construction
cost (C) is proportional to the volume of concrete in the wall and the volume of
compacted backfill. The cost of failure (CF) is determined by multiplying the

relative cost factors (n;) by the construction cost. The probable failure cost of each
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Table 6.5 Selection of Optimum Design for 5 ft High Wall

19 1.00 | 2.50 2.03 2.77
20 1.00 | 275 2.18 3.29
21 1.00 | 3.00 2.32 3.86
22 1.26 | 1.50 1.60 1.12
Vi 23 125 | 1.75 1.74 1.50

27 125 | 275 | 232 343
28 125 | 3.00 | 247 4.02
29 150 | 150 | 1.74 1.13
\"/ 30 1.50 | 1.75 1.89 1.53

31 1.50 | 2.00 2.03 1.97

34 3.54
35 4.15

36 112

Vi 37 1.54
38 2.00
391 J 251

40 3.05

41 3.64

42 4.27

43 2,04
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Table 6.6 Selection of Optimum Design for 10 ft High Wall
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Table 6.7 Selection of Optimum Design for 20 ft High Wall

Sliding

1

1892.55

5
6
8 1.50 | 7.00 1.23 122 | 0.39 | 0.350 | 710.0 89.3 | 425.6 | 392.2 ] 1617.06
1 9 903.74
10 8!
. : 952.34
0.0 0.0 1010.85
0.0 0.0 1070.31
308.1 | 319.1 | 1427.25
L] 21.7 | 43.2 890.22
0.0 0.3 924.11
0.0 0.0 981.43
0.0 0.0 1040.51
. . : . 0.0 0.0 1100.19
22 250 | 7.00 1.38 1.33 | 0.64 39.4 266.5

29

1302.71

899.50

03 | 95259
0.0 | 1010.88
0.0 | 1070.31
0.0 | 1130.11
8] 2209.9] 1225.99
8.8 | : A7
25 | 926.48
03 | 98167
0.0 | 1040.55
0.0 [ 1100.19
0.0 | 1160.07
205.5 | 1183.79
9
23 | 954.69
03 | 1011.12
0.1 | 1070.35
0.0 | 1130.12
0.0 | 1190.04
- 31 | 859.07
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Table 6.8 Selection of Optimum Design for 30 ft High Wall




limit state is estimated by multiplying the probability of failure (P¢) by the cost of
failure. Finally, the total cost is obtained by summing the construction cost and the
probable failure cost (Ps+ CF). The combination of t and B that yields the least

total cost is considered as the reliabilistic optimum design.

6.3.1 Effect of Relative Cost Factors, (1;)

Since the relative cost factors, (1;) for each limit state can be different from one
situation to another, five different combinations of n values were examined in this
study. The combinations considered for the relative cost factors for sliding,
overturning, bearing limit states are 1:5:3, 1:3:5, 1:1:1, 3:3:3 and 5:5:5,
respectively. Figures 6.5 to 6.8 present the estimated total costs of each height of
the wall using all five combinations of m values. As observed in the figures, the
relative cost factors (n;) influence the total costs significantly in the cases where
the probability of failures are high. However, the cases that produce the low total
costs appear to be almost independent from the relative cost factors (n;). Since the
change of 1); values did not affect the conclusion of this study, 1:5:3 ratio is used
for the purpose of presentation, and the results are summarized in Tables 6.5 to 6.8

given previously.
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6.3.2 Optimum Design

Tables 6.5 to 6.8 presented earlier require additional explanation. They consist of
six large groups classified by the top widths. Each group contains seven cases that
have different base widths varied with a fixed increment. The shaded and bolded
cases in the tables indicate the combinations of t and B which produce the loweét
total cost in each group. The shaded and non-bolded cases in each group are those
which produce the lowest total cost, while satisfying all the conventional design

(ASD) criteria.

An interesting comparison can be made between Case 2, 3 and 4 in Group I of
Table 6.7 for a 20 ft wall, which is a typical example. Even though the
construction cost of Case 2 is lower than the other two cases, it produces the
highest total cost. The probable failure cost (Ps * CF) of Case 4 is smaller than the

other two, but the case yields higher total cost than Case 3 due to the higher

construction cost. Case 3 has the lowest total cost, and therefore it is selected as

the reliabilistic optimum design.

Through a similar procedure, it is found that the base widths that produce the

optimum design for each wall height range from 0.4H to 0.5H. For example, the
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optimum base width of 5 ft wall is 0.4H (2.0 ft) for all top widths, and the
optimum base width of 30 ft wall is about 0.47H (14 ft). Table 6.9 summarizes the
top widths and the base widths of the optimum design for all heights of the wall

and for all relative cost factors.

The change of the top width was shown not to significantly affect the total cost.

Even though the case with the narrowest top width generated the lowest total cost,
the minimum top width of H/12 should be used for construction purpose in actual
design of the wall. The top width in Case 43 in each height of the wall is close to
H/12, i.e., 0.42 ft for 5 ft wall, 0.75 ft for 10 ft wall, 1.5 ft for 20 ft wall and 2.5 ft

for 30 ft wall.

6.4 SUMMARIES

Forty-two cases with various combinations of top and base widths for four
different wall heights (total 168 walls) have been evaluated to find the
probabilistically optimized design. Analysis results were tabulated and graphed to
observe the influence of the wall dimensions to the safety factor and the safety
index. The base width proved to be very influential while the top width almost not

at all. As the base width increases, the safety factors and the safety indices
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Table 6.9 B/H Ratio of the Optimum Design

1 0.50 0.40 0.40 0.40 0.40 0.45

5 I 0.75 0.40 0.40 0.40 0.40 0.40
[ 1.00 0.40 0.40 0.35 0.40 0.40

\% 1.25 0.40 0.40 0.35 0.40 0.40

Vv 1.50 0.40 0.40 0.35 0.35 0.40

Vi 1.75 0.40 0.40 0.35 0.35 0.40

I 0.50 0.45 0.45 0.40 0.45 0.50

10 I 1.00 0.40 0.40 0.40 0.45 0.45
I 1.50 0.40 0.40 0.40 0.40 0.40

v 2.00 0.40 0.40 0.35 0.40 0.40

Vv 2.50 0.40 0.40 0.35 0.40 0.40

v 3.00 0.40 0.40 0.35 0.40 0.40

| 1.00 0.45 0.45 0.45 0.45 0.50

20 I 1.50 0.45 0.45 0.40 0.45 0.45
I 2.00 0.45 0.45 0.40 0.45 0.45

v 2.50 0.40 0.45 0.40 0.45 0.45

Vv 3.00 0.40 0.40 0.40 0.40 0.45

v 3.50 0.40 0.40 0.40 0.40 0.45

| 1.00 0.467 0.467 0.467 0.500 0.500

30 I 1.50 0.467 0.467 0.433 0.467 0.500
Il 2.00 0.467 0.467 0.433 0.467 0.500

v 2.50 0.467 0.467 0.433 0.467 0.467

Vv 3.00 0.433 0.467 0.433 0.467 0.467

VI 3.50 0.433 0.467 0.400 0.433 0.467
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increase. However, it was observed that there was no direct relationship between

the safety factor and the safety index.

The effect of the relative cost factors (n;) was examined by using five different
combinations of the factor. It was revealed that these factors did not significantly
affect the total costs of the optimum design, because the probability of failure of
the optimum design is generally low and accordingly the probable failure cost

becomes relatively small.

The ratios of the base width to the wall height (B/H) which produce the optimum
design range from 0.4 to 0.47. This compares well with the range from 0.42 to

0.58 as shown in Fig. 2.21 (Clayton and Militisky, 1986).

As mentioned in Section 6.2, the widths of t and B in Case 43 were determined to
closely meet the ASD criteria. It is observed that the total cost of Case 43 is very
close to that of the case which gives the reliabilistic optimum design. From this,

one may draw a conclusion that the conventionally optimized design results in the

probabilistically optimized design, as far as this study is concerned.
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7.1 GENERAL

A retaining wall is subject to various limit states such as sliding, overturning and
bearing capacity limit states, and it can fail by any one of them. Since a great deal
of uncertainty is involved in the analysis of the limit states, the use of deterministic

conventional safety factors may produce a misleading result.

The main objective of this study is to develop a procedure for the optimum design
of a retaining wall by using the reliability theory. Four typical gravity retaining
walls with different heights were selected in this study. The walls were designed
first to satisfy the conventional design criteria, and later the safety indices inherent
in the walls were computed by using Advanced First Order Second Moment
method. With the safety indices, the probabilities of failure for the three limit
states were estimated and the probabilistic optimized design could be achieved
using the probability of failure. The influence of the coefficient of variation on the
probability of failure was investigated. The ratios of base width to height of the

wall which lead to the optimum design were obtained through a parametric study.
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7.2 NEW FINDINGS

This section will briefly summarize the new findings achieved through this study.
The new findings include a new trend in the wall failure modes revealed in the
survey, the safety indices inherent in the conventional design, the concept of
probabilistic optimum design employing the probable cost of failure, and the ratio

of base width to height of the wall for the optimum design.

7.2.1 Survey on Highway Bridges

A survey was conducted in 1945 by Peck et al (1948) to obtain information on
unsatisfactory performance of railroad bridge abutments and retaining walls.
Forty-eight years later a survey for this study was distributed to the departments of
transportation of fifty states and the District of Columbia to gather similar type of

information on highway bridge abutments and retaining walls

The survey conducted by Peck et al (1945) received about 52 percent of responses
and the survey conducted for this study in 1993 received 73 percent of replies.
The average height of the walls in the railroad survey is 25 ft and the one in
highway survey is 15 ft. The ratios of tolerable movement to wall height in the

railroad survey and the highway survey are closely matched as A/H = 0.01.
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All of the failures reported in the 1945 survey were associated with clay soil.
However, the 1993 survey indicated an almost equal percentage of unsatisfactory
behavior in granular and clay soils. This phenomenon can be explained in two
ways. First, designers may have been aware, since the railroad survey, that the
safety margin was larger in sand than in clay and took measures to reduce the
conservatism. On the other hand, the safety factor in clay soils may have been
considered insufficient and it might have been increased. In any case, the 1993
survey result showed that more unsatisfactory behavior in sand, gravel and rock

was reported than in the 1945 survey.

7.2.2 Inherent Safety Indices in the Conventional Design of Wall

Safety indices inherent in gravity retaining walls were investigated. The three
limit states of sliding, overturning and bearing capacity were included in the
analysis for the walls with different heights of 5 ft, 10 ft, 20 ft and 30 ft. The walls
were initially designed according to a conventional method (ASD) and then
analyzed by the reliability method (Advanced FOSM) to estimate the inherent

safety indices.
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A detailed illustration was provided on the procedure for obtaining the safety
indices using Advanced FOSM method. The inherent safety indices for the sliding
limit state and the overturning limit state were consistent throughout the various
wall heights. The estimated safety index of the sliding limit state was about 2.15
for a safety factor of 1.55, and the safety index of the overturning was 3.59 for a
safety factor of 2.0. However, the inherent safety indices for the bearing capacity
limit state varied from 3.75 (H =30 ft) to 2.43 (H = 5 ft) for a safety factor of 2.5.
The reason why the different safety indices were obtained is that different mean
values and standard deviation values of the friction angle of the foundation soil

were used to closely match all ASD criteria simultaneously.

7.2.3 Probabilistic Optimum Design

The primary goal in the conventional optimum design is to minimize the initial
construction cost. Since the conventional design method does not directly reflect
the randomness of design parameters, a more rational optimum method which
employed the probability concept was introduced. The probable cost of failure
was included in the total expected cost of the wall to find the probabilistic

optimum design.
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A parametric study was conducted to investigate the effect of various COV values
of the design parameters. Three COV values of 0.05, 0.10 and 0.15 were used in
the study, because the typical COV values recommended by many researchers for
the design parameters employed in this study fell within the range. The
overturning limit state appeared to be the most sensitive to the change of COV
values and the sliding limit state proved to be the least sensitive. The internal
friction angles of the backfill and the foundation soil were found to be the most

influential random variables which affected the probability of failure.

Three design cases were presented to illustrate the-procedure of the probabilistic
optimum design. The total expected cost is the sum of construction cost and the
probable cost of failure of each limit state. The relative costs of failure for sliding,
overturning and bearing were assumed to be one, five and three times the cost of
construction, respectively. The illustration proved that the design which produced
the minimum construction cost did not necessarily yield the minimum total
expected cost. With a more precise set of the relative costs of failure for each limit

state, a designer can achieve a more reasonable probabilistic optimum designs.
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7.2.4 B/H Ratio for Optimum Design

A total of 168 walls with various combinations of top and base widths were
examined to find the B/H ratio that produces the reliabilistic optimum design. The
sensitivity of the dimension change to the safety factor and the safety index was
investigated. The change in the top width was found to be less influential to the
optimum design than the base width change. As the base width changes, the safety
factor and the safety index increase. However, the rate of increase of the two
values were found to be different from one limit state to another, which implies

that there is no direct mathematical relationship between the two quantities.

The influence of the relative cost factors (1);) was studied by employing five
different combinations of the factor. These factors were found not to affect the
total costs of the optimum design due to their relatively small probable failure

COsts.

The ratios of the base width to the wall height (B/H) for the optimum design were
discovered to be between 0.4 and 0.5. It should be pointed out that the ratios of
B/H for the reliabilistic optimum design happen to be very close to those of the

conventionally optimized design.
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7.3 FUTURE STUDY

A gravity retaining wall was employed in this study because there is general
agreement in the analysis to estimate the earth pressure applied to the structure.
The application of the probabilistic procedure to find an optimum design can be

extended to more complicated structures such as a cantilever retaining wall or an

innovative wall.

The B/H ratios which lead to the optimum design were found to range from 0.4 to
0.47. It may be interesting to check whether a different optimum B/H ratio would
be obtained when different mean values and COV values of the design parameters

are used.

The slope stability limit state may have to be included in order to make this design
optimization complete. The inclusion of actual case histories would add to the

practicality of the results.

Since the probabilistic approach requires a large number of computations and a
considerable knowledge on the reliability theory, many engineers are reluctant to
take advantage of it. It is wished that this study may stimulate further research on

the application of the reliability-based design.
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APPENDIX (First Letter)

vlrgl nla The Charles Edward Via, Jr.
I “I TEdl Department of Civil Engineering
VIRGINIA POLYTECHNIC INSTITUTE Blacksburg. Virginia 24061-0105
AND STATE UNIVERSITY (703) 231-6635 Fax: (703) 231-7532

Telex: (910) 333-1861

Mr. Steve Bradford

Chief Bridge Engineer

Dept. of Transp. & Public Facilities
3132 Channel Drive

Juneau, AK 99811

Dear Mr. Bradford:

I recently served as a principal investigator for the AASHTO-sponsored National
Cooperative Highway Research Program (NCHRP) Project 24-4, “Load Factor Design
Criteria for Highway Structure Foundations.” The results of this project have been
published in NCHRP Report 343, Manual for Design of Bridge Foundations, December
1991.

Since the completion of that study, a number of questions have been raised concerning
retaining walls and abutments and their failure modes. The primary question is, “Do they
ever fail?” (where failure is defined as no longer able to perform its intended function).
And if they do fail, “How do they fail? Sliding? Overturning? Bearing? Slope Stability?
Drainage? Structural? Movement?”

It would be most helpful in preparing design specifications to know the problem areas, if
any, so that attention can be focused in the direction of most importance. For the
information to be of benefit to the largest audience, I believe it must reflect the collective
experience of bridge engineers across the United States, and not be just one person’s
opinion. Therefore, we (I admit I have a graduate student working with me) need your
input and would appreciate your completing the enclosed questionnaire, or refer it to the
person in your organization who would best answer it. Results of this survey will be sent
to the person identified as the respondent at the tip of the questionnaire.

If you have any questions, or if you need more information, please do not hesitate to let
me know. You can reach me by phone at (703) 231-7143.

Truly yours,

RN B tbhe

Richard M. Barker
Professor of Civil Engineering

A Land-Grant University-The Commonwealth Is Our Campus
An Equal Opportuniry | Affirmative Action Institution
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RETAINING WALL AND ABUTMENT QUESTIONNAIRE

Name of Respondent

Mailing Address

Telephone

Please answer the following questions to the best of your ability.

1.a: How many bridges are there in your jurisdiction ?

b: Approximately how many retaining walls, not associated with abutments, are there ?

2. In the historical records of your department (going back to 19 ), how many bridge
abutments or retaining walls in the following categories have exhibited unsatisfactory
behavior ? (For a description of types of unsatisfactory behavior, see next page)

Abutments

Retaining Walls

3. For as many of the above abutments and walls as you have information, please complete

the next page.

4. Could we call you if we need more information on your response ? Yes _ No

If yes, please include telephone number above.
Please return this questionnaire and survey sheets to:
Professor Richard M. Barker

Department of Civil Engineering
200 Patton Hall

Virginia Polytechnic Institute and State University

Blacksburg, VA 24061-0105

Telephone: (703) 552-0540  Fax: (703) 231-7532
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Ret Il and abutment tionnai

Note: If more than seven cases, the following form should be duplicated.

A sketch of the failed wall or
abutment would be helpful in

interpreting this data.
If you would not mind including
one for as many cases as

you can, it would certainly be

appreciated. Thank you.
-RMB-
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(Follow-up Letter)

Vlr nla‘ The Charles Edward Via, Jr.
l!i‘zll TeCh ) . s ~_ Department of Civil Engineering
Q@ VIRGINIA POLYTECHNIC INSTITUT Blacksburg, Virginia 24061-0105
AND STATE UNIVERSITY (703) 231-6635 Fax: (703) 231-7532

Telex: (910) 333-1861

August 19, 1993

Mr. Steve Bradford

Chief Bridge Engineer

Dept. of Transp. & Public Facilities
3132 Channel Drive

Juneau, AK 99811

Dear Mr. Bradford:

Earlier in the summer, a questionnaire on abutments and retaining walls was
mailed to all of the state bridge engineers. We have received responses from
over one-half of the states, but would like to make the survey as complete as
possible. Therefore, we are enclosing another copy of the questionnaire and
asking that it be completed to the best of your knowledge.

If your agency has not experienced any problems with abutments or retaining
walls, that is important information, too, and all you need to do is return the
first page of the questionnaire. If the second page does not fit your
circumstances, feel free to respond in whatever manner you are comfortable
with.

Realizing that summer is a busy time for bridge engineers, we have extended
the deadline for response to the questionnaire to 17 September 1993. If you
have any questions, you can reach me at 703-231-7143. Thank you.

Truly yours,

K7} Barhar

Richard M. Barker
Professor of Civil Engineering

RMB/ac

A Land-Grant University-The Commonwealth Is Our Campus
An Equal Opportuniry | Affirmative Action Institution
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