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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (si)
UNITS OF MEASUREMENT

U. S. customary units  of measurement used in this report can be converted

to metric (SI) units as follows :

Multiply By To Obtain

inches 25.1~ m illimetres

feet 0.30148 metres

pounds (force) per square foot 147.88026 pascals
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Subm it ted to the Department of Civ il Eng ineer ing
on (August , 1974)  in p a r t i a l  f u l f i l l m e nt of the
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In this thesis , a probabilistic model is developed
to predict the reliability of an embankment constructed
on soft saturated clay . The model is based on a circular
arc method of ana lys i s , supplemented with a measure of the
uncertainty in the resisting and in the overturning moments.
The uncer ta in ty  in the overturning moment was considered
neqligible in this thesis. The uncertainty in the resis-
ting moment was considered due to the uncertainties of
bias , random testing error , and inherent soil variability.

Two case studies were analyzed in this thesis by
both the conventional method of analysis and the proba-
bility model. The results indicate that the uncertainties
in bias correction factors are the dominant sources for
both field vane testing and unconfined compression testing.

The basic probability model is then extended to in-
cl ude the e f f e c t of embankmen t length on the compu ted
failure probability . Two approaches are taken. The first
is a direct extension of the basic model , consider ing the
actual embankment length as a multi ple of the minimum em-
b,onkment length required to satisfy the assumption of
“plane strain. ” The second approach is a three d imens iona l
probabil ity model developed from a first passage failure
criterion .

Thesis Supervisors: Charles Cushing Ladd
Professor  of Civ i l Eng ineer ing

Er i k II . Vanmarck e
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Introduction

Probabilistic methods only recently have been intro-

duced into the field of geotechni,cal engineering. There

has been some skepticism as to the worth of probability

models in the field. The two main reasons for the

sk ep ti c i sm are:

1. Measureme nts of soil properties such as undrained

shear strength (S
u

) can be biased. The magnitude

of bias has to be eva luated if the results from

probabili ty models are to have meaning .

2. The scatter of soil property measurement is not

purely random . The geolog ic history of a soil

deposit can result in zones of soil having a

strength difference from the average for the

layer. The problem of test bias for the most

common strength tests (e.g. the field vane and

the unconf ined compression ) and the inherent

variability of soil properties are treated in a

ra tional manner .

Models developed from probability theory are subject

to limitations , as are all engineering models. Proba—

bility models do not replace “engineering judgement” .

Rather , they provide frameworks that allow the eng ineer

to exercise this judgemerit in a systematic manner.

Probabilistic models can assist one to evaluate both the

—11 —



limitations and consequences of design.

This thesis presents a probability model for

a n a l y z i n g  the undra ined  s t a b i l i t y  of ear th  embankments

cons t ruc t ed  on s o f t , sa tu ra ted  c lay . I t  consis ts  of f i v e

ch apte r s .

Ch aj~~er One p resen t s  the reasons why the conventional

safety f actor does not indicate the true reliability of

an embankment. It also presents in general terms the

a d v a n t a g e  of e x p r e s s i n g  the  s a f e t y  of an embankment  by i ts

probability of failure rather than its conventional safety

f a c t o r .

ch~~)ter Two introduces the basic concepts and tools that

wi ll be applied throughout this report. Then , a two-

dimensional probability model is developed for an embank-

m eri t on a homogeneous foundation . This is the case of an

(‘m bankrient having an assumed failure plane within a single

layer of uniform strength , of constant inherent vari4i -

b i l i t y ,  and uniformly tested. Next , the model is extended

to include layered soils. The chapter also includes a

presentation of the methodology for  de te r m i n i n g  the inpu t

for t h e  model.

er Three a n a l y z e s  cw;e studies wi th the probabi i i  t y

model  . It i the Intent of t h  I s  Hiapter to c l a r i f y  the

-1
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model  by a p p l y i n g  i t  to real  problems on w h i c h  typ ica l

soil data are available. Differences between the conven-

tional safety factor and the probability of failure also

are illustrated in this chapter.

Chapter Four contains an extentiori of the general two—

dimensional model. In this chapter the influence of

embankment length on t h e  probability of failure of an

embankment are evaluated. The examples ~n c h a p t e r  t h r e e

are used to illustrate this extension .

Cba,Rter Five presents the conclusions from the study

and makes recommendat ions for future research.

— 1 3—



I

C [1-q L 4 r l  Safety, Fa ctors and i’ ai1ure Probabi1itie~;

1 .1 General Faced with the responsibility of designing

an earth embankment against a shear failure , an e n g i n e e r

p r a c t i c i n g  the  c u r r e n t  d e s i g n  approach beg ins  by s e l e c t i n g

t h e  a p p r o p r iat e  method  of s t a b i l i t y  a n al y s i s .  S ince  the

p r o b a b i l i ty  model  developed in t h i s  t hes i s  is f o r  embank-

m e n t s  on so f t  s a t u r a t e d  c l ays , s t a b il i t y  d u r i n g  and

i m m e d i a t e l y  a f t e r  c o n s t r u c t i o n  is most c r i t i c a l .  As an

e m ban k m e n t ,  is c o n s t r u c t e d , p o s i t i v e  pore p r e sLu re s  are

induced  ~n the  s o f t  f o u n da t i o n  c l a y s .  As the  ~xcess pore

pr~- s su re  d i s s ipates , the  s t r e n g t h  of the f o u n d a t i o n

inc reases .  Th i s  means  t h a t  the  s a f e t y  of the  e m b a n k m e n t

improves  w i t h  t ime .

The a p p r o p r i a t e  method  of s t a b i l i t y  a n a l y s i s  f o r

the  above case is the t o t a l  s t r e s s  a n a l y s i s  (TSA)  . T h e

s t r e ngt h  pa rame te r  r e q u i r e d  fo r  a t o t a l  s t ress  a n a l y s i s

is the u n d r a i n e d  shear  s t r e n g t h , S u .

Once the method of a n a l y s i s  is a s c e r ta i n e d , th-

e n g i n e e r  seeks i n f o r m a t i o n  on the  soil  types  and 1ayer ~~nq

q eo r net ry  u n d e r  t h e  proposed embankment. This is

accomp l i s h e d  with sub surface exploration (and soil

cI
~~
ssification of recovered samples) at the site of the

~)r o [)o n c d  embankment. Hopefully, t he si te exp lo ra t ion i s

- r i d - d  by a knowledge  of t h e  geo logy  of the area .

N ’ •x , t h e  enq 1 neer  t r e ;  t 0 m e a s t i  re t h e  u n d r a  t r i e d

—1 4-



s trength w ith depth and embankment length along the

proposed embankment. The undrained strength can be

measured with either field tests or laboratory tests on

“undis turbed” samples. Current engineering practice

usually uses either field vane tests or unconfined

compression (or triaxial unconsolidated—undrained) tests

on representative “undisturbed” samples.

With the proposed embankment geometry , a series of

total stress stability analyses are performed to locate

the most critical failures-~plane. The most critical

failure plane is that which produces the minimum safety

( * )factor. The design engineer would compare this mini-

mum saf ety factor to a specified “des ign ” safety factor

and adjust the configurations of the section , if

necessary, un t i l  the s a f e t y  fac tor of the sect ion is

equal to or slightly greater than the “design ” safe ty

factor.

Historically, ranges of design sa fety factors have

been used to account for unknowns associated with

different types of foundation designs (Meyerhof , 1970) -

These design safety factors reflect values that have led

(*) The assumption of a circular failure mechanism is
made in this thesis. Based on this assumption the safety
~artor is generally defined as equal to the resisting
moment div ided by the overturning moment , i. e.

M*
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to satisfactory performance based on both stability and

d e f o r m a t i o n . The m a g n i t u d e  of the s a f e t y  f ac to r  in some

way r e f l e c t s  u n c e r t a i n t i e s  due to s i m p l i f i e d  soil and

e m b a n k m e n t  c o n f i g u r a t i o n s, s i m p l i f i e d  s t a b i l i t y  a n a l y s e s

and loads and resistances generated by a given structure .

A set of design safety f ac tors was proposed by

Terzaghi and Peck (1967) and is given in Table 1—i . The

lowe r and upper li mit s ref lect those that should be used

for maximum and average desiqn loads , respec t ively. Also

shown in Table i-i are the failure rates of the three

classes of structuresas estimated by Meyerhof (1970).

(Meyerhof ,1970)
Class (T&P , 1967) Approximate

Safety Failure Rates
Factor (per 1000)

Earthworks 1 .3 to 1.5 5

Earth Retaining Structures 1.5 to 2.0 1

Foundations 2.0 to 3.0 0.5

Design Safety Factors and Approximate Failure Rates

TABLE ~ - 1

1. 2 Limi t a t i on s  ot  (‘urrent Des 1
~,9,fi, Approach

The c u r r e n t  d e s i q n  app roach  f o r  a n a l y z i n I  t he

s tab i  i t y  of eart h e m ba n k m e nt s  on s o f t  s a t u rat e d  c l ay s

I twol yes th r e e  b a s i c  st  ‘p s .  ‘l’h ~ are :

I . Select  , in  ap pr op r  i at t ’  method of t o t a l  st r t S S

a n a l y s i s , the  s e le ct e d  method u s u a l l y  assumes

—1 6—
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e ither a c irc u lar arc or a wedge type f ai lure

sur face. These two types of failure mechanisms

have different definitions of safety factor.

2. Estimate the input parameters for the selected

method of analys is. The undra ined shear strength

is needed to calculate the resistance to failure .

The total unit weight of the embankment and the

foundati on geometry are needed to calculate the

overturning moment.

3. Subdivide the embankment length into sections of

simi lar s ubsurface conditions. A separ ate

des ign is made for each section .

There are fo ur basic limitations to applying the

current design approach. They are :

1. Uncer ta in t,~’in the method of analysis. There is

an uncert ainty as to the true meaning of saf ety

factors obtained from conventional methods of

analysis. This uncertainty is due to inconsis-

tencies  in the d e f i nit ion of sa f e t y  f ac to r  and

to simplifying assumptions made in developing

and applying conventional methods of analyses.

2 . Uncertain~~~Jri the R e s ist a n c e .  This uncertainty

i s  due to two sources .  F i r s t , u n c e r t a i n t y  i s

introduced in try i ri ’ j to measure the true in situ

-17-



strength of the foundat ion c’Ja ys. Uncertaint y

due to bias error , ra ndom testing error , and

i n h e r e n t  so i l  v a r i a b i l i t y  obscure  the  t r ue  or in

situ undrained strength. The second source of

u n c e r t a i n t y  l ies  in  w h a t  v a l ue  of s t r e n g t h  i s

impu t into the analysis. ~- ome engineers u~;e tic

mean v a l ue , w h i l e  o t h e r s  use reduced  m e a n s .

There  i a iso u n c e r t a  i n t y  as to whether t h e

s t r e n g t h  of f i l l  and  the  f i l l  c r u s t  s t ren q t h

should  be considered .

3. Uncertainty in the Load. This uncertainty is

due to uncertainties in measuring the total uni t

weight of the embankment material. Assuming

that the embankment is constructed on level

ground , the unit weight of the foundation clays

does not contribute to the net load - (;nce rt a i i t ’ ;

in th e load is also contributed by uncertainty in

the embankment configuration and in externally

applied loads .

4. Uncertaint~y due to_embankment length. The s a f e t y

factor of an embankment is generally independent

of its length. If two embankments of differ ent

l e ngt h s  are constructed to the same safety

factor on the same f o u n d a t i o n , t h e  lonqer  e m b a n k -

— 18—
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ment  w i l l  h~iv~ the h i ’j h e r  f a i l u r e  p r o b a bi l it y .

T H e  limit ations w i l l  be explained in greater detail

in  t h e  f o l l o w i ng s e c ti on .

~) e t e r r n i n i ng  the  safety f a c t o r  ( f  in earth embankne:-c

r e q u i r e s  s e l e c t i n g  a method  of a n a l y s i s , es t i m a t i ng  t he

loads and res is tance s , a n d  s u b d i v i d i n g  t h e  l e ngt h  of

embankmen t  i n t o  s ect i o n s  of s i mi l a r  s u b s u r fa c e  c o nd i t i o n s .

U n c e r t a i n t i e s  ir e  a s s o c i a ted  w i t h  each of these  s te ps .  I t

a quantitative evaluation of these uncertainties ,

t o g e t her  w i t h  the  embankmen t  sa f ety f a c t o r , that defines

the probability of failure of an embankment. The

u n c e r t a in t i e s  in  these  steps w i l l  be t r e a t ed  sep a r a te l y .

1.3 U n c e r t a i n t y  in  the Method of A n a ly s i s .

1 - 3. 1 Safety_ Factor Definition

U n c e r t a i n t y  as to the me a n i n q  of a s a f e t y  fac t o r  is

introduced with the definitions of safety factor. Con-

sider first an examp le of an embankment investigated by

the wedge method of analysis. Using the notation shown in

Figure 1-la , the safety factor against sliding is

generally defined as:

FS =
Da - Dp (1.3-1)

in which U = d r i v i n g  f o r c e ;  E~ 
— r e s i s t i n g  fo rce ; ~ r e f e r s

t o  the act lye wedqe; h refers to t h e  c e n t r a l  b l o c k ;  P

r e t  er ~ to t he passive wedge.

—l ~~~—



The safety factor for the wedge method of analysis

has been defined as:

F ~ = 
Ra + Rb +j ~p ~ Dp

01 (1. 3— 2)

Wh ether t he  term , Dp,  is placed in the  n u m e ra t o r  or i n

the denominator of the equation of the safety factor will

a difference in the calculated safety f a c tor of

an embankment. The calculated safety factor for the two

ei u i t l o n s  are the same only when the safety factor is

equal to unity.

\ similar inconsistency exists for the circular arc

method of analysis. Considering the same embankment and

the notation shown on Figure 1-lb . the s a f e t y  f actor i s

generally defined as:

F S =  SLr
W
1 
a
1 

- W2 a2 (1.3-3)

where S shear strength; L = failure arc length; r =

r i d i u s  of failure arc; a
1 and a 2 = moment arms ; W 1, ari d

weights of masses I and 2. However , the safety

t ie to r for the circular arc method of analysis was

ini t i a l l y  defined by Terzaghi and Peck (1948) is:

FS = 
SLr + W2 a2
W
1 
a
1 (1.3—1 )

-: A q i r n , the location of the term , W
2 a2, will result

in d i f f e r e n t  Va l UeS of safety factor for safety factors

1 r ’ 1 t r t h i n  u n i t y .  1~1so , there is no reason why the
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~; i f - t v  fa ct e-rs bea d on a c i r c u l a r  a r c  a n a ly s i s  s h o u l d

I t i i . s i t  e t  ‘; f a c t o r s  of a sliding wedge

( W r i  1 t i t  and D u n c an ,  1 9 7 2)  Thus , an embankm et

can  I i i .  -~~~ l i s t  t o u r  d~ f f e r e n t  s a f e ty  fact or s  d e p e n din g

on the sel ‘ t i  method of analysis and on the  d e f i ni t i o n

ot i f  et  ‘ .
- factor for that method of analysis.

Thi s i nconsistency in t he  definition of safety

t i e t o r  can  bt ’ m inim ize d in a probability model based on

c i t - u  a r i t - ~~~~~~~~~e t h~~J of d n a  lye i s. The probabi Ii ty model

P a i n s  w i t t  t b  defini tion of safety margin , M , or the

net resistin g moment.

M = safety margin = MR - Mo (1.3-5)

M = (SLr + W
2 
a 2) 

- W
1 

a
1 =

= SLr — (W
2 
a
2 

— W
1 

a
1

) (1.3— 6)

Wheth er t he  term ~2 a~ is considered as a negative over-

t i : r r i i n g  moment or a positive resisting moment does not

eli i np t h e  S i  f t  y mar gin.

I - 3 .2 ~ in~ -1 i H i r i g  Model Assunij t~~ons

S i  rr ~ i i  I y 1 rig issumpt i ot i s  made both in  developi  rig and

in i p p ly i n ;  st  i h i  i i  t y  an a l y s e s  r e s u l t  in methods  of

l i m i t e d  r e l i a b i l i t y .  Some of these assumptions are :

1 . Approximations of the embankment configuration ,

found it ion layering , and failure surface

shipe ire i ll  sources  of uncertainty.

— 21—
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2. The behavior of the embankment may not agri’.

with the assumptions of the mode l (plastic

deformations rather than rigid body motion ,

anisotropic versus isotrop ic strength , and

strain softening material).

3. The conventional methods of analysis assurr t-

plane strain conditions. Many observed failures

are bowl-shaped , f a r  from plane strain.

1.4 Uncertainty in the Resistance

1.4.1 Measurement of In Si Stren~~~

Since this report is concerned with the  undrained

stability of an embankment construtted on soft saturated

cl ays , the soil property needed for calculating resistaric.-

is the undrained shear strength. Selecting the in situ

strenqth is usually a major source of uncertainty in

stability analyses. The uncertainty in measuring strength

w i l l  be illustrated with the field vane test as an

• example. The basic problems with other lab and field

te sts ire similar to those of the field vane .

The first problem with the fici d vane test is li - i ; ; .

~ t e st i. .i biased when it consistently overpr dict ;; 01
-
• i i i  i - r r di c t  i i  the value c~ f i n situ st reriqt h , reg a r d  less

ef th e numbe r of tests performed. There are six

( l 1 s i ( I V i ,t ages of the f teld vane te r - ; t U i i t  lead to b i T 0 ; i d
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;i i ; ; u r e r n i : i t -  (Ladd , 1 9 7 1 ) .  They are :

1. The st ress system during shear is unlike any

.‘pical s t r . ; ; s  sy s t em app l i ed  to so i l s .  Since

• h. c . 0 u n - - i  s t i n i t h  of a soil i s  dependen t

q i ( r .  t n  S t  ~~eS5 sy s t em  a t  f a i l u r e , t h e  f i e l d

‘ - c . -  ec; eel’: f i s e m i— e m p e r i c a l  m e a s u r e m e n t

‘ ‘ s r - r -  i ’ ;

2 .  u: ’~ ~e i i  ; t u r i  ceo during testing leads to an

r St imat ion of the in situ shear strength.

For a ser i e s  of tests on quick clay , field vanes

i t t  in the ground for one day after penetration

g ive substantially higher strengths than those

sli t- i red immediately after insertion . (Flaate ,

l9((), This is i measure of the disturbance due

to the method of testing.

3 . Th e presence of sand lenses . p ieces of wood ,

or shells can increase the scatter of field vane

tests and can increase the mean of the tests

s i g n i f i c ~ ntly. The field vane test is best

suited for “homogeneous ” soil deposits.

4. t;~ n~~ the test is performed in the field , close

supervisipn by the engineer is essential. This

w i l l  assure that the tests are performed in a

standardized manner regardless of the drill crew .

—2 3--
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~~~. The f i e l d  v ane  t n t  is not  applicable to very

s t i f f  c l a y s .

ii . P a r t i a l  dr ai nage may occur in performing t h i s

f i e l d  vane  tes t  t h u s  a l t e r in g  t h e  measured

s t r e n g t h .

These sources of bias can he considered in part for

by developing a correction factor. By correlating field

van m e a su r e m e n t s  to “in situ ” strengths back calculated

f r o m  e m ban k m e n t  f a i l u r e , a correction factor can be

o b t a i n e d  by relating the ‘in situ ” to the measured field

vane stre ngth (Bjerrum , 1972 ) - The product of the

measured strength and the correction factor yields the

best estimate of strength.

This allowance for test bias is essential to both

tla :i i; iv n tionil method of analysi s and the probability

Ifl ()df1. However , the convent ional method does not

e x p l i c i t l y  allow f or  the une rtainty associated with the

c l v ~~lopin, nt of a correction factor. The reliability of

such st r ngth correct ions can have a signi fi cant e f f  “ct

en th ( true prob ib i ii ty of f i  1 lure of an earth embankment.

Tu e second problem with the field v ine test is

random testing error. Even if b ia s  i s  completely

eliminated the individual test results will he scattered

ibou t~~ie mu ~ i t  S L ron ; t- h ~I u. f o test i rig e r ro r s  . I ncr ea s i r ig
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s c a t t e r  i m p l i e s  an i n c r e a s e  i n  the probability of failure

of u t i  eml u n k m e n t .  rf a test had no bias and no random

e r ror  i t  w o u l d  be a p e r f e c t  t e s t ,  exa ct ly measuring the

in situ strength at a point. For this case there would

l i e  no uncertainty in measured strength. In general , the

variability of test results from field vanes is high.

T h is  uncertainty can have a significant effect on

the probability of failure of an embankment , but can have

no direct effect on safety factor determinations.

However , some des ign engineers may use lower values of

strength than normal to accoun t for increased scat ter.

The third prob lem is soil va riab ility - how in situ

st rength varies with dimensions. This problem is due not

to the tyç . of test performed , but to the soil itself.

If the fie id vane test were i perfect test , having no

h i  i i ;  nor r.iridom error , the scatter of test results would

re flect i rr i rent soil v a r i a b i l i t y .  As inherent soil

vi  r i a P i  I i ty i nere e ses t h e  probib 1 1 it y of [a i lure

te n r e  I ly l i i i ’ r i s e , hut t h e  convent i ona I safe ty f a c t o r

‘ 1 r I  be ma e i t  • (1

The thr ee problems w i t h  f i e ld vane testing t h a t

j m t  ro l o- unco r t i i  nty i nt s tab i i t y ca l  ( ‘u l at  i o n s  I r e
ci

u t  i i  l u s t  rated ore Figu r 1—2 i ce d 1 — 3 .

I iq u t e 1—2 d e m on s t r i t e ’; t h e  g u i  1 i t a t  i vs. ’ i mportance
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ot random testing error and inheren t soil variabilit y .

l’he first case presents the determination of strength for

t 5 c  same subsoil by two different unbiased testing

rn t Pods - Flie same number of i ndependent tc:;ts were

petformed with each method . The mean strength is the

sam for both type tests , but the scatter is larger for

test B. The safety factors of an embankment constructed

on t h i s  foundation ~ire identi ca l for both strength det r-

m i n a  L i o n -; ; ieed on the  average Su . However , tic computa i

; t > l e l i i l i t y  o~ failure for method A is lower due to the ’

small r L ;c i t t e r  about the mean. This case illustrates

t~~; i mponta r ce of random testing error.

The second case demonstrates the determination of

st r e n g th  for different subsoils using a “perfec t” test

tor e ach. Again , the mean s trength i s the same fo r both

:;sls;ojls but the scatter is different. The embankmer te

• .n u t  h : ;u n i S ( ’  i is  wi 11 h ay .  the same safety factors , but

d i ’ t . ’ t . i O  -on pu te d  f a i l u r e  p r o t a i b i l i t i s s .  ‘P h i : ;  v i e . -

i . , - .  n t  t i  i m p i ; c a t e o n s  of i n h e r e n t  SQl I v i r i e h i  I it ’,’ .

I i g a  r - 1 — 3 i r( s e n t  s t ; t i . ’  i i f l ;J o  r t i n  ce 0 I t I c e  ; c - c  t L e t

u l eQi  s t  i e i i  f a c t o r  cc ,rr’la t jell s t o  ( - e ) m p s n : ; i t e -  f o r  bias.

‘I i i .’ x ra i r i of d a t e f o r  co ri c t  H ’f i  I i c - t o r  A were i r t i nk—

ci s i t  i 1 u t. -e on so f t  clays . Tb. so er bankmen t f e  i lure ;;

0 r i o t  r e n t  r i c t e d  to a particul ar geologic d. pen it.
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The sources of  d a t a  f o r  c o r r e c t i o n  factor B were r€ ’trict. P

to embankment failure :- ; on a particular geologic deposit

( . ;  Boston Blue (‘lay). The mean correction factors based

a r e  t h e  same n i rnber  of d a t a are identical , but the scatter

in developing correction factor A was larger than for B.

If ri embankment w e ’r e  constructed on Boston Blue Cl -i ’ ,’,

t i c  sa fet y factor would be identical regardless of which

( ‘ ( i  i ’ ( t ion fact or were  app 1 i e i  to the  measu red  s t r e ng t h .

lowe v ,r , i 3 p i ’ , l nc; correction factor A would result in a

h i g h e r  v o m ; u t e d  probability of failure than correction

f a c t o r  B. The d i f f e r e n c e  is due  to the uncertainty in

the  b i a s  c o r r e c t i o n .

1 .4.2 Inpeit V~ilue of Strg~~~th. Once all available’

;tr~~nqth data are gathered , the eng inee r  is fa ced w it h

th e decision of what value of strength to use in perform-

ir i q h i s  st a b i l i t y  analyses. Some eng i neers may select t o

a : ;  t h e ’  t rue i i  in of the d i  ta , assuming that the sat o t y

I act or w i l l  • el low for t he  s e t  ter of the data . Sowers

(1 ‘70) r ee r r : e - t e ln select ing e v a l ue  of  ntr . ngth for which

2 ’ ; i t ’ r n - : e t  ( i t  t h e  da t e  ~re lower  and 75 percent hig hs-i .

O t he , ’r , ‘; ;in ieei S may e s - b e t  t h e  lo we s t  ( ) h s ; ( ’ r v e d s t r e n g t h

fo r  ( IC ’S I

s-i
Cl r ’-i r l y , o n ly  by s t i r  t i n q  w i t h  t h e  ts’et s’st im ,it e

or me et St  i e ’ r a ( j t h  ( a s s u m i ng  no P i e S 01 i f t i c o r r e c t  i r e ; i t )
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can one arrive at the mean safety f ac to r . If  lower

s t r e ngt h  v a l u e s  ar e  assumed for  design , the true mean

safe ty Lictor of the embankment increases. For example ,

i t one designs an embankment for a safety factor equalled

to l.~ l and strengths selected were based on Sowers (1970)

r ecommenda t ion , the true me an saf e ty f a c tor could be

closer to 2.

Because t h e r e  is no universally accepted method of

se l e c t i ng  the i npu t  s t r e n g t h , the mean s a f e t y  f a c t o r  of

previously constructed embankments is uncertain. Also , a

set of fo undat ion strength data can have at leas t three

d i f f e r e n t  va lues  of inpu t s t r e ngth - the mean va lue ,

Sowers value and the lowest value of strength. For a

s p e c i f ie d  d e s i g n  s a f e t y  f a c to r  and the three d i f f e r ent

value:; of input strength , three different embankment

c , n I  a g u r a t i o n s  can be designed . All three would have the

:; i m e  sa f e t y  lactor , but the calculated failure probabil-

it i e s  would be quite different.

1.5 Iicirertain±y i n  the Load

1.5.1 Densit,y~~pd C o n fi~~~~~ tion Measurements . The soil

p rop e r t y  needed for load calculations is the total unit

we ight of t h e  soil. This property is potentially subject

t o  the same sources of uncertainty as is strength —

nam ely b i a : ; , random tcstinq error , and inherent so il
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v a r i ab i l i t y .  However , unit weight determinations are

~‘ons ii. rs ‘(1 to be unhi esed tests -

Also  r equ i red  f o r  calculating the load caused by

t h e :  u n ba l a n c e d  mass  of an e a r t h  e m b a n k m e n t  is the  conf ig -

u r i t i o n i  of t h e  embankment. For most man-made earth

s t r u c t u r e s  this configuration is well defined and varia-

tions in configurations are small.

1.5.2. External Loads. The uncertainty of external

sources of loading also affects the failure probability .

i l i . ’~~e external sources can be classified as dynamic and

~ t - i t i r . D y n a m i c  loads include those due to earthquakes ,

exp los ives  or impact. Both the magnitude and the

u n e ’r t . i i a t y  of these loads can be l a r g e .  These type

loads have uncertainty both in magnitude and in time of

oc - ci  r i  nc ’

Al though they may be of major consequence for certain

; l o p s ’ : , th. uncertainty of loading is usually much smaller

t h i n  t h u  o f  resistanc- . For the general case deve loped

ri t t i c ;  n ( n o r t , t h e  c i n e ’e ’ r t a i n t y  of t he  load i s  neglected

i i i  t h i  ‘ p robab i 1 it y mod -1 , i - e ’  • , I he load i s chosen t o LI

I t i i  ~ i n; t 1

I — e I ni 1 1 (1 ‘ r i ce ’  () I l~ fli~~ i 11 kin’ re t 1.s n.j t }i — ‘rh ‘ c:u r r i  nt d - s j gre

~eppro.ect doer; c i  low f o r  l e r i g t  Ii o h  t h e ,  e mb a n k m e n t  i n  one

r i g s - c t .  I f  n o t i c e a b l y  d i f f e r e n t  s o i l  p r o p c ’ r t i s r ;  or

— 2 9 —
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f o u n da t i o n  ;e o m e t iy  a r e  un c - ov er e 1 a l o n g  t h e  l e ng t h  of a

p r o ;) o se d e mb a n k m e n t , t he  e m b a n k m e n t  is d i v i d e d  i n to

a s - C t  io n s  h a v i n g  s i m i la r  s u b s u r f a c e  c o n d i t i o n s .  I n  f a c t ,

each :;ui,ci ivi sions should also be macic when  applying a

pnob b a l i t y  analysis to t h e  embankment.

l ie i s  : u b h i v  i n i on of embankment lencjt;h does not fully

r e e  t t he unce rt ci nity due to embankment length. Consider ,

L a  e x a m p le , t w o  e m b a n k m e n ts  d e s i g ne d  f o r  a s a f e ty  f a c t o r

. ‘ gu i l l e d  to 1 . 5 0 .  One e m b a n k m e n t  is one m i l e  l o n g ,  the

other is t e n  miles long. Assume that the subsurface

conditions were similar for both embankments and that the

embankment length was subdivided when necessary.

If both embankments were designed in a similar

manner and all other uncertainties were equal , the longer

em bankm ent would have a hi gher probability of a failure

( ‘- u r i n ;  somewhere along the embankment length . This is

t r u e  even t b o ugh  t he s a f e t y  f a c t o r s  are  e q u a l .  ‘Ih e

e f f e c t s  of embankment length will be developed in

C h a p t e r  4 of t h i s  t h e s i s .

1.7 Adv anta ge ’s of a Proba bility Model. There are two main

reasons why a probab ility model should supplement the

cur r e n t  is :  a rn approach. Ih i . first reason is to develop

i m t  m u l e  l o gy t h e i t  c a n  handle t h e  l i m i t a t i o n s  of t h e

conive t a t  i e r c u l  : ; i i e t  y t e c t c ) r  m e t  hod of analysis. The second
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a n d  mo st  im p o r t a n t  is to have  an ex p r e s s i o n  fo r  ar c e a r t h

enekiankinent f a i l u r e  probability that can be combined with

the costs associated with the structure to optimize desi gn.

The previous s ea t  i o n  stated the main limit ations ot

t h e  c u r r e n t  design app roach .  I t  i s  the ultimate goal ot

the  probability model to give a meaning to a l l  of the

important factors that influence the probability of

failure of a structure . The probability model will not

nc inirniz s the role of “eng i neering judgement”. Rather , it

f o rc , --’s t h e  eng c f lee r  to f u r t h e r  use ‘ enqi  neer i  ng j u d g em e n t

in  e ’v a l u a t i n y  pa r am e t e r s  such as s o i l  v a r i a b i l i t y ,  b i a s ,

and random error which are important for the ultimate

safety of a structure .

Once the safety of a structure is expressed in terms

of its probabil ity of failure , a design optimization

procedure can be developed. This  p rocedure  g ives  the

engineer i method of determin ing what probabilit y of

f a i l u r e  to de sign for, in th e past , design safety f ac t o r s

l ea v e  be - n i  n et  P a sc a l  on ir i t u i  t ivy judqement and past

- x p e r i  e’ncs ’. I n  n ones ’  ( ‘u SC ’S t h e ’  c -onsequ en ces  of fa  i

h ey ’ ’ Ie ’ s ’ri  ov e r  l o o k e d  - By ( ‘l i n t e l  i n n  n i t he  r Of l S( ’ q U( ’n c~~’:; of

, i i l u r e  w i th the ’ ;n o habil i t  y of  I i i  l u r e  a n d  the construe—

i o t l  c o st  S a log  i c - i l  dec r;iori can he made as to th e ,

r& ’qni i r e d n e  I t ’  t y of a structure.

— 3 1 —



Consider t h e  case of an earth dam analyzed for the

end oi~ construction stability . By evaluating the

possibility of failures for different assumed geometrys

and by estimatin g t h e  construction costs for each design ,

a p lo t  of c o n s t r u c t i o n  costs (cc) versus probability of

failure (pf) can be made , see f i g u r el -4 . The nex t  s tep  is

to estimate the mone’tary consequence of a failure (CF)

rhcni , plot the product of (CF) times (p f )  versus (pf) -

The I at ii expected costs (TEC) is equal to the sum of

( cc)  p l u s  ( C F )  t i m e s  (p f ) .  The recommended desi gn

p r o b a b i l i t y  of f a i l u r e  is t h a t  which minimizes the total

expected costs.

The above procedure assumes that the consequences

of failure are only of an economic nature- . This means

that the risks of death or bod i ly injury and the major

environmental consequences should also be assigned costs.

It c-an be’ seen how t h e ’  c u r r e n t  design method can

ovi’ r 1.00k the  proc. ‘ss of Opt  i t i e  a ,. i t  a pn l v  cores i der  i rig c m i

( ‘ - i t t  P d c ; i . Ar c c art P il im a : ;  c a s c i , c l l y  h s ’ r ; i ; n i ( ’d  f o r  a sa f et ’1’

factor of 1.50 for b o t h  t h e  a t  t e l  c o n s t r u ct  l or e case and

t h e  ste ad y see’p iqe  cane’ . ~ i n n  a i c r Saf st y  factors imply

5 cmi i c r  f e  a lure probabi lit i ’ s . Howe ver , the consequences

of e dam f a i l i n g  d u r i n g  s te ad y  s s ’ ’p u g e  w i t h  i xeservoir

f u l l  of w a  t ( r  , e r e ’  orde rs of rc ~e gn  i tude larger than those

—



S t  i dam f a i l i n g  d u r i n g  c o n s t r u c t i o n .

By proceed i ng with a design optimization approach

t ISS LI on economic considerations , a logical decision

ca n be mcc abe as  to how safe a st ructure siao ;ald l , s . Iii ’

~ rob el i i i  t ;;codel assumes t h a t  a l l  e ar t h  s :n bina k aaera ts have

a c - c l c u l ab l e  p r o b a b i l i t y  of f a i l u r e .  By r e c o g n i z i n g  and

evaluating this probability, the  engineer is able to treat

it in a logical manner.

—3 3—
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C h a p t e r 2 The Probability Mode l

2 . 1  G e n e r a l .  As seen in  C h a p te r  1 , t h e  c o n v e n t i o na l

method of d e s i gn i n ;  t e r t h  m b , i n k m e n f  : -  has two main 1 m i  ta—

t i o m a s .  l t  i s  t b .  i n te n t  of t h i s  c h a p t e r  to p r o v i d e  an

answer to oSe of them , i . ’ . ,  its inability to incorporat-

the degre e of unreliability inherent in the decision—making

required for stability analyses. The probability mode l

w i l l  a l l o w  one to s valuate this unreliability and to in-

d uds - it as an input parameter.

In this chapter a two—dimensional mode l for slope

stability problems on a homogeneous foundation is developed.

It is followed by a discussion on how to evaluate the un-

certainty quantitatively. Finally, the model is extended

to handle stability analyses with layered foundations.

2 . 2  S t a t i s t i c a l  Tools. Before present ing  the p r o b a b i l i t y

model , some basic concepts -and tools are needed . First ,

i t  will he assumed that the soil properties used in the

moal l are normally distributed. A normal distribution is

a b ” l l - s : a i p ed  curve giving the distribution of the proba-

bility associated with the different va lues of th~ data.

‘rhL norma l distribution of soil properties of interest for

slope stability problems has been suggested by Lum b (1966).

A n y  random q u a n t i t y  X can be represented  by two

P d r a m ’ t . - r s  —— i t s  m e a n  v a l u e  ( X )  and i t s  s t a n d a r d  d e v i a t  a or ,

( I ’) ) or  c o ’ f  f i c i e n t  of v a r i a t i o n  (V ) . Assume t h at  a ~ e t
x x



of o h s€ ’r v e t  ions of x are  denoted by x x x .  . . . , x f li t -

1, 2 , i , n.

mean value of X can be estimated by the numerical average

( * )of the n data points , i.e.,

= :~x , / n  ( 2 . 2 - 1 )

The scatter of values around the mean va lue is measured li;

the v a r i a n c e  ( s x 2 ) ,  w h i c h  is es t imated  in the f o l l o w i n g
( * )way: 

‘—2
2 (x. — X )

= — — (2.2—2)
n

By d e f i n i t i o n , the standard deviation (s) is equalled to

the square root of the variance. Approximately seventy

percent of all data is contained within the one sigma

bounds (+a ) .
— x

The coeff icient of _variation (V ) of x .  is o b t a i n e d
x

by n o r m a l i z i n g  the s tandard  d e v i a t i o n  by d i v i d i ng  i t  by

the mean , ai iv en  as :
V = —

~~ ( 2 . 2 - 3)
x

The c o e f f i c i e n t  of v a r i a t i o n  iind the s t an d a r d  d”v i ,-ct i on

would both equal  zero for  da ta  h a v i n g  no s cat t e r  and would

increase with increasing scatter about the mean. Examples

of the above definitions are shown in Figure 2-1.

*Rc?presentinq the estimated variance of X with the n o t a t io n
sx 2 has been proposed by Benjamin and Conneil (1970).
The ir proposed notation for “true ” or theoretica l varia te ’ s ’
(s  2) was used i n  t h i s  r. ort for estima t ed values . Th in ;
no~~etion w~ s seleeted to avoid n o ta t i o n a l d i f f i c u l t  eec - ; ,
c ;e nce soil st.renqth is also expresse d by the l e t  t s n  ~~~~
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I f  paired b e t  a are available the c o r r e l a t i o n

between them can be measured  by ca icu l i t  i ng the  c o — V a r i a n c e ,

COV(x,y), estimate d as follows:

COV(x ,v) = — ~; (x.— X) (y. - Y) (2.2— 4)
i i

N o r m a l i z i n g  the co-var iance  by d i v i d i n c c  i t  by t h e  pr o d u c t

of the standard deviations of the two data (X and Y) yield s

the correlation coefficient, (r~~~) , g i ve n  a3 :

COV(x~y) (2.2—5)x ,y o
~ 

~~

The correlation coefficient can vary between +1 and

-1. Both extreme values indicate perfect correlation ,

pos iti ve and nega t i ve  respectively ,  between the sets of

data (Benja m in and Cornell , 1970). That is , the data w i ll

plot as a straight line on a natural scale plot. A corre-

latien coefficient equalled to one means that high values

of x imply high values of y, and vice versa . A correla-

tion coefficient equalled to negat ive one means high values

of x i mply low values of y , and vice versa. A correlation

coefficient equalled to zero indicates the data are uncor-

r e -I ated linearly. There mi ght , however , exist some hi ghe r

o r der  - or r e ’ l a ti o n  between the data that is undetected by

the corre:1et ion coefficient.

The correlation distance of a property (e ~~~) is a

m e asu re of how rapid the property changes in space . This

requires calculating the coefficient of corre la tion as a

—4 0—



function of distance apart. Plotting t h e  c o e f f i ci e nt  o t

correlation versus distance apart , the corr -~~i tion dis-

tance is defined as that dis tance hav i ng a co r r e l a t i o n

coefficient equalled to e ’ (Vanmarcke , 197 4) .  Lx amp les

of these definitions are illustrated iS F isure 2 2 .

2. 3 Basic P roba b i l i t y  Model

The probability model presented in th is thesis w a n

deve loped for the circular arc analysis of slope stability.

Assuming a circular failure mechanism , the ~ a f ’t ~~ of an

e a r t h  slope a g a i n s t  a shear failure can he defined by a

safety fact,or:

= 
Resis t~~~~j~om~~~t = 

M
R = stI r ( 2 . 3 - 1 )

Overturning Moment ~~
— -

~~~
---

0

where:

s mea n shear streng th along the assumed

failure arc.

L = a r c  l e n g t h  of assumed f a i l u r e  a r c.

r radius of curvature of the f a il a r s ’ a r - ,,’ .

W = weiqht, of the material wi thin the assume

failure.

a = horizontal distance from the center of

rotation to the center of gravity o f  the

failure mass.

For a description of thin e x p r e s s i o n  sf : ; e f  s t  y f a c t o r ,

Figure 2—3.
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The s a f e t y  of an e a r t h  slope a g a i n s t  f a i l u re  can ~1so

be defined by its safety margin (M) e q u a l l e d  to the excess

res is t ing momen t. Cons idering M
R 

and M to be random

variables, the safety margin is defined as:

M = (M
R 

— M )  (2. ~-2)

By expressing safety in terms of net  r e s i st a n c e, the p r c h - i ’m

of handling the passive driving force is eliminated. Th ~-

safety margin will be the same whether it is considered

as a pos i t i ve  r e s i s t a n c e  or as a n e gat i v e  l o a d .

The probability of failure (pf) of an earth slope is

equated to the probability tha t the safety margin is less

than  or equa l l ed to ze ro , express ed as:

pf = p (N 0) (2.3—3)

By subtr-sctincj the mean safety marg in from both sides of

th ai equality and dividing both sides by the standard

dev iation o~ the safety marg in , the probabili ty of failure ’

becomes: . — --
— M - Mp [ —a------ — 1 ( 2 . 3 4 )

m m

or: p f = p [ u  < -
~~~ (2. 3 - 5 )

wher ‘ :  u = Standardized ~~af ety Marqin =

= Reliabi lity I n d e x  

m

— 4  2 —
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Expanding Equation (2.3—5), the reli a bi l ity index becomes:

- — M — M
k— - R o 

-

2 ½(OM
R +oM

- 

M
R
/ M i

= “ (2.3— 6b)
M - cM

( R ) 2 
(

0
)

2 + ( 0
)

2
-

~ M M
0 0 0

FS - 1
2 ~~~~~~~~~~~~~~~~~~~~~~~ (2. 3—6 c)(i~ VM~ +VM

where FS = the mean safe ty fac tor

= the coe f f ic ien t of var ia t ion of

the resisting moment.

VM = the coef f ici en t of va riation of
0

the overt urn ing moment.

A s s u m i n g  the  r e s i s t i n g  moment  and  the  o v e r t u r nin u

moment  normally distributed , t h e  safety margin is norma lly

distributed. ~, then , is a mea sure o the number  of

standa rd devi-ations between the mean safety margin -and th e

safety marg in equal to zero ( f a i l u r e ) .  By eva luating 1’- ,

the probability of failur e can he obtained from a ( ; a u s s l - an

or norma l distribution table. A iraphical represent ati o n

of the reliability index and a p’ot of pf versus ~ are

shown in Figure 2-4.
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The,’ assum ption of n o r m a l i t y  of the distribution of

the standardized safety marqin can be critical. The larger

the value of ~~, the more cr’itical the assumption of the

distribut ;on type becomes. This is due to the greater im-

p o r t a n c e  of the  t a i l s  of the  d i s t r i b u t i o n s  at  g r e a t e r  value s

of ~~~. Ang (1972) concluded that the distribution sensi-

tivity is not too important for failure probabilities

greater th an one in one thousand. The a s s u m p t i o n  of n o r ma l

distribut ion: can lead to serious error for failure proba-

bil i ti€ s crt ’iter than 10

Inspec ting equation (2.3—6c), it can be seen that t h e

prob ability of ‘ ai lur e ’ of a n  earth embankment is not onl’1’

de ’pen -l s nt on the magnitude of the mean overturning and

resisting moments , but also on the uncertainty involved in

obtaining th em. Figure 2— 5 presents how the reliability

index , arid hence the probability of failure is affected lv

the’ magnitudes of the coefficients of variations of the

re si st ir ag and of the overturning moments.

Figure 2—Sa shows the relationship between the rel a a—

bili ty index and the mean safe-ty factor for diff erent (O ’’t

ficient s of va ri a tion of the overturn i ng moment w i t h  t h e

C 0 ( ’ f f j c i s ’ f l t  of variation of the resi stin g moment e T a - i l l - b

to zero. Since a s t r a i g h t  line relationship exists bs t wes’n

the two variab les , an embankment can he built to take any

unrel iabi1 ;t~. an t h e~ o v e r t u r n i n g  moment .  Th i s  is due to

the fact that the magnitude of resistance is ce r t a i n . The
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graph also indicates that variability in the overturning

moment can imply large variationsin the reliability index

for t h e  same value of safety factor.

Figure 2-5b shows the converse plot with VM
0 equa l l ed

t o  zero and VM
R 

a variable . This plot indi cates that the

v a l u e  of the reliability index approaches a maximuam value

equa lled to l/VMR 
as a l i m i t  . This  me ans th at for  a given

VM
R 

it may be impossible to design for a specified proba—

bi lit’ ; of failure by only increasing the central safety

factor . The plot also shows that variability in the resist-

ing ;‘iornent significantly affects the reliability index.

The above assumption cf VM
R 

as constant for increasing

central safety factors is conservative . With an increase

in  MR associated with an increase in the length of the

critical failure arc , VMR will decrease. The maximum value

cb t L  reliab ility in~ ex equalled to l/VMR 
is a lower bound.

Since the: uncertainty in resistance is usually much

la r i s - r  than the uncertainty in load , the assumption of VM

c-qua 1 led to ze ro is often made . For this cas e, the mini-

mum allowable value of the centr a l safety factor c a n  be

det erm in e d from Figure 2—5b if the f a i l u r e  prob abilit y

(and hence ~
) is sped fled and VM~ is f ixe-d .

It is interesting to note that when the ce atral

safety factor is equal to unity, the re l iab i l i ty index is

equal  to zero.  T h i s  va l ue of 1- - implies a probabil ity of

failure of orehaif in the case of the Gaussian probability
_45 ... 

—

- ~~~~~~~~~
‘ -



distribution. A true safety factor of one does not mean

th at an edrth slope will fail , rathe r that the slope has a

fifty - fifty chance of survival.

2.4 LoaJ and Resistance Uncertainty

As has been p r e v i o u s l y  shown , the uncertainties in

determining the resisting moment and the overturning moment

ire intimately linked to the probability of faLlure of an

e a r t h  slope. For the general case , the uncertainty ‘f tt. e

overturning moment is due to the scatter in the total unit

weight of the soil and to variations in embankment confiqu-

ration . For this case , the variabilit y of the overturninq

moment is usually much smaller than that of the resistinu

moment and will be considered equalled to zero. The equa-

tion for the reliability index now becomes:

(3 = 
~~~~~~~

— - -

~~ (2.4—1)
FS VMR

This section will present a method for determining the

coefficient of variation of the resisting moment that

should be used with equation (2.4—i).

Two different concep ts of mean strength and var iance

of strength have to be distinguished from one another. They

are the point mean and point variance and the spatial mean

and spatial variance- . The difference between the two is

best  iLlustrated with an example. Consider a “homogeneous”



soil deposit on which twenty-five strength measurements

were made . The mean and variance of these data can be cal-

culated by equations (2.2—1) and (2.2—2). Assume that the

mean and variance of the data were calculated to be 500 psf

and 10 ,000 psf , respectively. The standard dev iation equals

100 psf.

These numbers are the best es t imate  and uncer tainty

of the outcome if an additional test were performed. That

is , i f one add i t ional test were per formed , the best estimate

of the resulting strength would be 500 psf. Also , there

wo u ld be a seven ty percent chance that the result ing

s t r e n g t h  wou ld  be between 400 and 600 p s f .

The spatial mean and spatial variance reflect the

best estimate , and the uncertainty in the best estimate , of

the average strength of the soil deposit. If the streni~~h

tests ar. - uncorrelated , the spatial variance is:

2
• )  = = 400 psfn 25

and the spatial standard deviation becomes:

= 2~ 9__L~iY = 20 psf
/25

The spatial mean is equal to the point me an. Followin g up

on the examisle , th~,- best estimate of the average strength

of the soil deposit is 500 psf . There ’  is seventy percent

confidence- that the strength of the deposit is betwee n- 480

and 520 psf.
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The measured strength at a point in a “homogeneous ’

soil deposit can be expressed as a sum of contributions:

S S +~~~ +C (2.4-1)(meas)  ( true ) r b

whore :

S = the measured strength at a point.(meas)
S = the true in-situ strnegth at a point.(true )

r 
= the random testing error at a point.

b 
= the bias or systematic error at a point.

The measured strength at the ~th point is :

( i )  ( i )
S (~i) = S ( i )  

+E +€ (2.4—2)
(meas) (true) r b

The random error term has a zero mean and a variance ,

The bias error term has a mean equal tOC b 
and a var i ance

The point average or best estimate of strength at a

point can be expressed as the average of the contributions

to the raeasured strength:

~~(meas) 
= S (t ~~~~ 

+ Cb 
= 

~ 
+‘€ b 

(2.4-3)

The point variance of the measured str s ’ra ~~th is equ a l

to the sum of the variances of its contributions , given as:

VAR IS (~~~
’
~~)] 

= + + 
~
3tb 

(2.4- 4)

whe re : VAR [S = the point variance of the( rn eas)

measured stre ngth based on i independent tests.
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= the variance of th e t r n ’  strength , or scat s r

due to the inherent variability of soil.

‘r la c p o i n t  variance of the measured strength reflects the

cont a d s,-ra cu in the v a l u e  of s t r e n g t h  o b t a i n e d  f rom a s i n g l e

i fl~ i s  ~~~~~~~ nt  t es t .

As the number  of independent tests increases , the

uncertsinty in the effect of random testing errors decreases .

S i n ce r~in ’~ oni t ’sting errors fluctuate about the true mean

s t r e n g t h , tS:se errors will be self—compensating for l a r ge

numbers of t ests. This is not so for the bias error. Tes 5

bias is present when a particular type of testing device

consistently measures strength either too high or too low .

Th i s source of error cannot be reduced by increasing t h e ’

number of independent tests , but will be a constant sours’s ’

o’ r r o r  i n  trying to measure in—situ strength.

Thu point variance is not the variance of i r :~~ e r e - st  t o r

probability models. What arc needed are the me a r a and t h s

v a r i a n c e  of the  average’ of all points wi thin h’ rs- eion ut

m t  s - re s t , or the sp atial mean a n d  the  spat  i - e l  v a r i a n c e  o~ r :

tests p er  fo r m e d .  T h i s  will give a measure si conif i l ’ s ’ i n

~~f a e ’  v a l u e -  01 ave r - a g e st’ength obt aine d by t s ’ 5 f  iSq .

‘I ’he spii l i a  1 mean  or t h e m e an  of th i s p ~ a t  ia  1 a v e ra g e

a 11 po a rats wit h a ra the volume of in t e n ’ e f I s es ~Ua 1 t o t lie

p 0 1  f l t  me an , i • e ’  •

~
‘S ‘mean = ‘S ’t r i s ’  4 S 

~ 
(2.4—5)
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wh~’re

‘ S>meas = S dx dy dzvolume (x ,y, z)

The proper evaluation of the spatial variance , and

h ’ ~~ce t h e ’  spatial coefficients of variation , is a critical

issu e in determining meang ful value s of f a ilure p robab~-

litie -’s from probabilistic models of slope stability.

The spatial variance is shown in section (2.6—4)

s’aual to: 2 2

VAR [<S>measj 0
b

2 
+ _-

~~
--- + __

~~

-_ (2.4 6)

where : n = the number of independent strength tests

performed .

= the equivalent number of independent soil

elements within the d3sumed failure surface.

This number i s a f unct ion of the corr elation

coefficient of the soil and the area of the

failure surface.

The evaluation and implications of this spatial variance is

discussed in section (2.6).

2 . 5 Mode l Unc er ta,~~!,~,. As pointed out in Ch apte r One ,

t h e r e ~a r u  two m a i n  sources of u n c e r t a i n t y  due to  t a e ’  Sc ’~~ect —

ed ms ’t hoea of analysis. The first . is the u n c e r t a in t y  of the

model (circular a r c  versus ws’dg’) and  the ( l e f i  i i i . t i o n  01

sat e ’ty factor. The socond is the uncert ainty due to sim—

— 5 0 —



p l i f y i n q  a s s u m p t i o n s  made both f o r  l b s  mode l and f o r  t i e

p ro b l e m .  This model uncertainty will be handled in these

ways :

1. The probability model developed in this thesis

is only considered valid for circular arc type

failures . Wedge methods of analysis are excluded .

2. The safety of an embankment is defined in t ’rrn: ;

of safety margin instead of safety factor. This

eliminates the problem of the location of the

passive moment in sa fe ty factor definitions.

3. The bias correction factors used in this thesis

are developed from case histories of embankment

failures. The bias factor for strength will also

include bias (and uncertainty) due to the method

of analys is.

The corrected strength need not be the true in-situ

strength. It is , howeve r , the value of strength that makes

the c i rcul ar a rc  method of a n a l y sis wo rk —- t h a t  is , I r e ~-

dict a factor of safety equal to unity for a failed embank-

ment.

2 . 6  M e a s u r e m e n t  of Res i s tance  U n c er t a i n t y

Measuring the variability of the resist m g m o m e n t

r e q u i r s ’ s  e va l u a t i n g  the spatial unce rtainty due to bias

correction s , random testing errors , cind s o i l  v a r i a b i l i t y .

These sources of uncertainty will be discussed ne ’p ar ~a tel y.

—5 1—



a , . ~ H n ’ ~c t , a a n t ~ ’ Due to Bias

The det erri a nation of the means and

coe f f i c i e n t s  ot  var~~at ion of bias correction factors asso—

c i  ~a t s - d  w i t s  d i  ffer s nt m e t h o d s  of t e s t i n g  ( i . e . ,  f i e ld van e

and uncostinc’ (l compr essaon , among others) is difficult to

d s ’t er m i n e . A l t h o u g h  e m b a n k men t s  are  d e s i g n e d  f or a s~~. ’ ci-

f i c  s a f e t y  f a c t o r , the actua l safety factor of a sat i sfac—

torally performing embankment is unknown . It is o n l y whe n

an embankment fails that the true safety factor is knswr a .

For cases of embank men t f a i l u res , the true she-ar

strength can be back calculated by assuming the sat s ’t ’ ;

factor equal to unity. If soil tests are available - - at

these sites , a bias term ~~~ he determined by relating tb’’

true strength to the measured strength. Such a bias term

will include bias contributions from both testing ina -cura-

cies and model limitations. When a sufficient number of

independent bias terms have been deve’loped for the ’ s~ a m e ’

type strength test , an average or mean ce riectaon f,s”ter

can be calculated. By calculating the coefficient ot varia-

tion (Vb) about this mean with equat ion (2.2- ~
) , the uncer—

a i r a t  y in applying the mean corr s-ct a on factor is ~u~ r t  i f  i e i .

Such average correction factors have be er de velope d for

field vane tests and unconfined c mpression t e ’~~ t n . Thess’

w ill he presented together with the c, a s e  st uda s’ s.

_ r,; —
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In  aeve lop ing  a mean co r r ec t i on  f a c t o r  f i r  a p - i r ti cu—

la r type of str ength tes t, care must  be take n as to the

so urce of data. Ideally, correction factors sho u ld be

obtained trom test embankments purposely constructed to

failure , wi th prior strength tests available . If the cor-

rec tion factors are obta ined from embankmen t s  t h a t  were

constr uc ted to a reasonable safe ty factor based on prior

strer-aqth information , but failed , an erroneous correction

f a c t o r  would be developed . If the strength test used for

the design of the embankment is calibrated to the strength

of the failed embankment , the correction factor will equa l

the inverse  of the s a f e ty  f ac to r , neglec t ing  the strength

of the  embankment .  If the bias correct ion for  a g iven

embankment were greater than the inverse of the safety

factor , the embankment would not fail and no da ta on the

magnitude of the bias correction factor would be obtained.

The uncertainty due to only bias cannot be decreased

by increasing the number of independent strength tests at

an embankment site . Each individual test will be biased

and the average of all tests will also be biased . The

coefficient of variation of the correction factor data

(correction factors obtained from a number of independent

case studies of failures) about its mean value will be a

measure of t he  uncertainty in apply ing that correction

factor.
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I f  the coefficient of variation of the bias correc-

tion is large and if a large number of tests is performed

for a g iven embankment on a “homogeneous ” foundation , the

Un re liability of the bias correction will probabl y be the

dominant source of uncertainty , for this reaosn it seems

essential that su ch correction factors should be updated

whenever possible. This can be done by performing strength

tests at sites of embankment failures after the failure has

occurred. Each observed failure will results in another

point for cal ibrating the diff erent types of tes ts.

A l thoug h bias error cannot be eliminated by increised

t e s t i n g ,  i t  can be reduced by r e s t r i c t i n g  the a p pl i ca L i l : t ’~

of the bias correct ion. At tempts shou ld be made to d~’veI~~.

local correction factors and to evaluate their uncertainty.

For similar type sampling and testing on the same t y p e ’ soil ,

the coefficients of variation of the correction factors

• should decrease. Such an effort to calibrate a test like

the field vane at a local level will result in an increased

reliability of that test for design.

2.6.2 Uncertainty Due to Random Testing Error.

This error term is needed to allow for

• the error in predicting the spatial average strength cause,’d

by l imited soil testing . If all of the strength tests pe r—

f o r m e d are- far enough apart so that they can be conside red

u ne orr e l a ted  and i f  the sum of random e r rors  i s  expresse ’d  as:
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E
R C 

~~~~ 
+ ‘ ‘ ‘  (2.6 l)

wi th the mean and variance given below :

= (2.6—2a)R r

cE
R
2 

= n~~~~
2 

(2.6-2b)

By defining < C ’- by;

—
~~ (2.6—3)

then the spatial mean and the spat ial variance of

random tes ting error becomes :

< C >  = = n~~ /n (2.6—4a)

= 

~~r 
(2.6-4b)

and 
2

2 1 2
° ‘

~~r 
‘

~ 

= 
~ 2 

0
E 

= (2.6—5a)
R 2

2 n

r 
- — 

_____ (2.6—5bi
n

By taking the point variance due to random testing error

equal to that of the measured strength , equation (2.5—Sb)

becomes : 2

~ <E
r

2 T = ( 2 . a — 6 )

The coefficient of variation of the spatial mean

shear strength available is:
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2 ½ 2
( c c  - €  -‘ ) (1

V
~

C
r > = 

~~~~~~~~~ ~~~~~~~~~ 
(2.6-7,a)

V
v - C = —

~~~ 
( 2 . 6 - 7 b )r

The coefficients of variation of the spatial mean

shear strength due to random testing error is proportional

to the point coefficient of variation of the individual

data about the mean and inversel y proport ion al to the sq uare

reel of t :~~ numbe r of t e s t s  performed.

2. e~~~3 - ‘ ( - r ’ ~~~~a n ~~~~ Due t o  Inherent Soil Variability

bc/ s ’ : a  ~he m o st  uniform soils have some heterogenity

of str .’ngt l~. ~be- “ag raitude and rate- of this natural varia-

bility a i : a ’ ” s  the ’ ‘alculat€-d failure probability of an

- a r t s  erru - , a r ’ s n ’ - n f . What is needed is a measure of the un-

a a sty of e n c o u n t e r i ng  a zone of weak m a t e r i a l , s u f f i —

ci s  d y  la rge ’ for a failure to occur or to adversely affect

p .’rforma naca ’ . Such a measure is the spatial variance due

t o  soi l v a r i a b i l i t y  ( c
2

~~~~~~~
- . )  This spatial variance is a

funct ion ed t h e  point variance of the t rue strenqth , t h e

corrs’ lat 101 distance of the SO l  1 , and the a r e , a  a c t  the-

- a:asaar a s - d f , a  i l u r e  surface .

It ran b s -  shown that the spatiai ’variabi lit y of

strenagth c l u e  - to so i 1 , heteroqen i ty i s re l a t e d  to a ts point

— 5 s—
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variance through “var ian ce f u n c t i o n s ” . First , consider

concept of one-dimensional variation of a soil propert 1’,

e . g . ,  the variation of strength with depth in a borehole .

The spatial variance can be shown equa l to

= F (h )
2 ~~~ (2.6-8)

where :

= the spatial variance of strength

due to soil var i abi l i t y

h) 
= the var iance f unct ion

h = the length of the borehole considere’d

= the  po in t  va r i ance  of strength

If the correlation coefficient of strength bet we en

two points varies as a function of the d i s t ance  betwe e n

points in t~ae f o l lowi ng way : ,“
.- 

‘ 
-

0 = -
~ 

= 
— (x 7— x 1

) ~~~~~~~ h ’/~~~ ’

~ l~~2 
- ( h )  - 

-

( -
‘ .

where:

‘s = t he  c o r r el at  i o n  diSt ,irace ’ of the  str -ng t h

of soil considered .

Then , the var: a n e~ f u n c t  ion wi 11 e’qu,: 1

- 
- ‘s ’ h , h ~I ( h )  - ‘

~~~~~~ ~ 
- H) ~

(2. 6—10 )

w f a e  ‘ r ‘

2 x 2
(x) = t ~~- ~rror I~unct i o n ’ — ç c , ° ~ dii
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A plot of the vari ance function versus h/’s ~‘a r ’  shown in

Figure 2-6. The inverse of the variance function is defined

as t h e  equivalent number of independent soi .1. e l  eni~ n t  s ( n )

1
= 2 (2. 1— 1 1 )

C r (h)

I f  h i~ much l a r q e ’r t h a n  t he  cor r e l a t  ion J i s t an c ’ ,

:~ reduces to: ,

= 
c~~~ ‘~~~ = — ‘-‘f2’

~ 6-l~( h )  h n , - - “ 
‘

C

If h is mu ch smaller than the, e~frelation distanc’’,

equals  u n i t y .  Th i s  implies  tha t  the  p o i n t s  w i t h i n  t h e  l~~ci n t h

h i r e ’  fuil’~f
’
~~orrelated and that the spatial variance- is

- ‘equal to the point variance.

The concept of two d i m e n s i o n a l  s p a t i a l  v a r i a n c e  of

strength over a rectangular area can also he related to the

point variance through variance functions. The two-dimen-

sion al variance function is equalled to the product of the ’

orthogonal variance functions of the two lengths of the rec-

tangis.’ (h ,e ) .  The spatial variance can he expressed as:

= ~~2 (h, ~ )c ,~ (2.6—l3a)

= ~.2 (h) F 2 (2. )~~~ ( 2 .  6 - l3b )

where j
2 ( h )  and !

2 ( 1 ) are  the va ri ance f u n c t io n s i n the h

and - d i r e c t i o n s , r e s p e c t i v e l y .  Aga in , if h and - are much

larger than the correlation distances in their respective

directions , ~
“ 

‘h and ‘
~~~~ ) , then:
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t”~’ (h , 2 )  = ~~~~~~~~~~~~~ ( 2 . - 14 )

and : “

( 2 . 1 - 1 5)

The concept of one and two dimensional strength variabi li ’’.’

due to soil heterogenity is illustracted in Figure 2-7.

The equivalent number of independent soil el ’~mer ts

i n  a r e c t a n g u l a r  area of soil is proportional to the :arO~

of the rectangle and inversely proportional to the produc’~

of the orthogonal correlation distances. This relationshi :-

impl ies tha t as the corre lat ion of stre ngth in cr eases , tb’

l ikel ihood of encoun ter ing  a lar ge , uniformly weak zone of

soil also increases. But as the area of the rectangle in-

creases , the l i k e l i h ood of such a weak zo ne exi sti ng over

the whole rectangle decreases.

A simplified approach to estimating the equivalen t

number of independent soil elements in an assumed failure ’

plane (3-dimensional) begins with an idealization of the

failure plane . Such an idealization allows one to deal with

t he  t h r e e p r i n c i p a l  c o r r e l a t i o n  d i s t ances  in a s t r a ig h t

fc,r’.’i~ rcl manner. The failure plane is modeled as a series

of r e ctangular surfaces as shown in Figure 2—8 . Consider-

m g  the cross sectional view , the l eng th  of the f ai lu r e

surface and the depth of the failure are preserved . The

length in the third dimen sion , or length of emban kmen t
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a lerc j I he centerline , s select -d as three t i m e s thr- base’

width , B. This serves as a crude estimate of the third

-i ~m~’nsion to satisfy the plane strain assumption of the

a n a l y s i s .

The surface areas in the three principal planes are

then combined into three rectangular areas. The equivalent

number of independent  elements is calcula ted for each

: i a ’~~ by the equa tions presented in the prev ious  sec t ion .

The ;urs ot these calculated elements is an approximation

o~ the  number of independent soil elements for a three-

d i m e n s i o n a l  f a i l u r e  p l a n e  ( N ) .  By determi ing the point

v ar i a n c e  of s t r e n g t h , the spa t i a l  var iance  w i l l  be e q u a l l e d

to:
-, o

2
= s (2.6—1 6a)

< S >

w i t h  a s p a t i a l  c o e f f i c i e n t  of v a r i a t i o n  equal to:

v ,,~~ = ~~ ( 2 . 6 - l 6 b )

e

2.6.4 Combined Uncertainty

The variances of bias correction,random er ro r , and

soil variability can be added together to give t h e ’  t o t a l

variance in t he p red ic t  ion of strength:

VAR l~~s-’ , ~~~2 (J
,

mea s -~ . l)~’ ‘. ~r ’ 4’ ‘- 5->

(2. (— 17a)

or:
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VAR I’ s-’ ] o ’ + ( 2 . 6 - 1 7 b)meas n N
e

The sp atial coefficients of variation of the bias

correction factor , rindom error , and inherent soil vari a-

bility can be combined by taking the square root of th e ’

sum ref the squares of the ’ indivi ded coefficient of varia-

t ion :

V~~S - ’ = (Vb 2 + + ~~ 2) 2 (2.6-18)
n Ne

where:

V<S —’ is the spatial coefficient of variat ion of

strength.

This  is a mea sure  of uncer ta inty  equa l to the uncer taint y

in t h e ’ re sisting moment for the case of an embankment on a

homgeneous  f o u n d a t i o n .

2.7 Probability Model for Layered Foundations

Extending the general probability model to ha n d l e

layered soils introduces a second aspect of soil variabil-

ity into the problem . That is the variability in the thick-

ness of the different layers encountered through subsurface

exploration. The thickness of a layer of soil is me -anu~ cd

by a direct observation of samples from boreholes. This

type of measurement is assumed to be unbiased and free

from random error. The snsatial variance of a layer thick-

ness (o 2~~~ ) is a f ine’ -rn of the point variance of layer

—6 1.—



hickness , ~ ) , and the correlat L On  d i s ta nc e ’  of l a . ’er

b i c ’ k n e :’ss , - an d  t h e ’ assumed area of an embankment fa: lu r e ’ .

- j~o m t  variance can to obtained be ra iculat ing

t h e  ~‘aria :c’- of el~seree ’l thicknesses from a series of

bor -ri o les .  ‘~‘t, e ’ point variance -’ will g ive an indica t ion as

I en w h a t  cft ’~ lee ’ the la s-’r thickness wil l vary a] cag

l e c c . ; t h  01 an e m b a n k m e n t .  The s p a t i a l  v a r i a n c e  of l a yer

t .~ ckness also can he related to t h e  p o i n t  v a r ian c e

d h r ola ghi vaiiance functions:

c ’ = F 2 (~~)F’ (w)o
’ = (~~.7-l )t 

‘ C

=

= the leca ith of the layer par il id to the e m —

aankment centerline included in t h e  assum ’l

failure surface~

w t he  w i d t h  of the  l aye r  c o n ta i n e d  w i t  h a n  t b -

assumed failure arc.

~~~~~~~~~ ) ,~~~
2 

I w )  = the horizontal variance funct ions

~ar aI lel t o  and  oe-rpendicular to t h e  e’TT1h.ank~

ment centerline , re’s~)ective 1y,

= t he  e q u i v a l e n t  numbe r -d ind cpen e le ’rat l . c y - - r

t h i c k n e s s e s  w i t h i n  - a n  a s sume d  t a m l u r s ’  i - l a s s ’ .

These v a r i a n c e  f u n c t i o n s  w i l l  be - a s s u m e d  to he o t

the t o r n :

- ‘- ‘2—



- ‘ 
- 

- 
- 

‘ 
‘ ‘ + 

2~
’
/ ~ rp~~ 

~C ,  
~~~~~~~~~~~~~~~

‘ e’f ‘ ~Tf )
r r

( 2 .  7 — 2 a )

:“ (~~) = ~‘r ’ L~’c ~

‘

~~~~~— ) 
+ 

~~~~~~~~

( 2 .7—2h )

w h . r e :

0 ~ are the  c o r r e l a t i o n  d i s t a nce s  of l a - i t h~~ck-
w

ness n ar a l l e l  to and :i ’r p e n d i  Ca l a r  to th e

r ’ n la n km e nt  ce n t e r  l i ne , r e s pe c t iv e l y .

As t he  r ,a~ 10 of  (~~~~~~~~~~ ) and ( 
~~~~‘ becomes l .:ar :e , :‘

~~w -— -- ( w )

- e ec ] I ’ b-h-re a - s - -n - u n i t y  and t h e  s p at i a l  v ar i a n c e  ap—

p r o a cr a s s ;  the vnnt ‘~ er l ance  as a limit.

As t he i a t  iOS bs -c e~~~’ s m a l l

~~~
( ‘ i,,) w (2. 7— 3 i )

T .

~ 
( 2 . 7 — 3b )

l i e -  s” e,atia l. v a r i a n c e  of i a ’ ,, ’ ’ :  t 5’iickr ae’ ~~s expr e-sne ’J i s :

= r ’ 2 j~ i i~~ = t ( 2 . 7 — 4 )
‘ t >  ( .~) (w) t

I i ’ s ’  s o , a t  i - a l  c o t  ficient of ‘- ‘.iriation of laysn r thickness

t i e  ‘Coin ’  :5

V - - 
= V .p’. N 1 (2.7—5)

TIM’ im p ] ir at ion of s p a t i a l  V a I  a i b i l i t y  ot layer

t ll ie ’k ’S’SS a r e -  i l l u s t ra t e d  in  F i g u r e -  2 — 9 .  Both e m b a n k m e n t

f ü u r a d a t  ion A and B contain a layer of weak soil. ‘ I ’ lae ’  mean
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1 , a ’ ,’ e ’ z  t l a i e ’krae’ss and the point coefficient of v a r i a t  ion of

l a y e r  t h i c k n e s s  are  the same for both cases. The corr ’-la-

t i o n  d i s tan c e s  for  case A ar e  much g r e e t e r  t han  those f o r

case B. The e x t e n t  of the assumed tailure surface is also

shown in F i c ur e  2 — 9  . For case A , the spatial coefficient

of ‘:a ria t ion  w i l l  be approximately equalled to the point

coefficient of variation. For case 13, the spat ~al coeffi-

cien t of variation will approach zero .

These results are reasonable. As the correlation

distances increase or as the area of the failure decreas~’s ,

the prcibabilitv of e~~~’o ‘n t (’ring a thick , weak layer over

the entire failur e area increases. As the correlation dis-

tances of isa’.’er thickness decreases or as the area of the

failure increases , the chances of encountering such a thick

weak layer over the entier failure area decreases. I t  the

layer thickrs,’ss fluctuates rapidly compared to the failure

area , an a ver a g i n g  e f f e c t  takes  place .

Once the spatial coefficient of variation of soil

st rength and layer thichness are’ measured , t h e  coefficient

of variation of the resisting moment cari be d e t e r m i n e d .

Based on the section in Figure 2— 10 , the mean resist ing

moment of a failure arc passing through n l ayers of soil i s :

M = r E~~.S. (2.7-6)
R
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‘rhe variance of the  is  si st i ng moment  dc ’~~~- r a d s  on t i c e  -

v a r ian c e s  of and t he  c o r r e l a t i o n s  among the products , ~‘ . s .

A s s u m i n g  t h a t  s t r e n g t h  and  l e n g t h  are both p e r f e c t ly cor-

r e l a t e d  w i t h i n  the 1 th l a y e r (whi ch would  be rea sonab l e i f

the  horizontal correlation distances are relatively l a r g e ’ )

and that they art ’ both uncorrelated from layer to layer ,

the variance of the resisting moment can be expressed as:

~ ( V t . :’ 2 
+ V ’ s . --’

2
H

2
~~. 2 ) 

-

2 2 a, —~~~~~~ (2.7 7)
e- 2]. (V’- ’t.> + V’s - 

2 
, -

1 1 ii

. s and V- 5 . > are the spatial coefficients of variation

of l a y e ’r  t h i c k n e s s  and soil s t r e n gt h .

~~~ . and  s .  are the  mean t h i c k n e s s  and shear  s t r e n g t h  of the
1 1

, t h
i layer.

The c o e f f i c i e n t  of variation of the resisting moment

i s  e k i t a i : a e ’ d  i c y  d i v i d i n g  both sides of e q u a t i o n  ( 2 . 7 — 7 )  by

t h e ’  mean  resisting moment squared , or:

= ] (v -  t . > 2 + V<s .~~
2
) L~~~

5
~~~

) 
+ 2~~(V

2<t . > + V2<s . >)~
s. 2

i i 
. (2 s )

( 2 . 7 — 8 )
(H-s )2
i i

The c,le riv at ani a of this equation is presenu”~t in

App e ndix A
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C~~~~~ter 3 Case S tu d i e ’ : ;

3. 1 (;~‘n eral

The i p : - l i c a t i o n  of the  p r ob a l i l i t 7  model  or e ’ s~--n tt ’d

~n the r ’v ~ T a s  c h a pt  or i s  i l l u s t r a t e d  w i t h  two ex i n ’n ’l e s

in  t h i s  c a p # e r  , ,i nr -b ab a l i s t i c  a n a l y s is  is  rra d f c r  ‘ - ~‘c

d i f f e r s - n t  e m b a n k m e n t  case s t u d i e s .  The r e su l t s  n b t a i n e d

f ron i  t he  o r o h a h al i s t i c  a n a l y s i s  a r e  compared  to thosc ’  f r - n’

a c o n v e n t i o n a l  s t ah i l i t ’ ,  a n a l y s i s .

3 . 2  Fore R i v e r  Test Secticn

3. 2 . 1  Conv n t i c r ~~1_~~nalysi s

The e mb a n k m e n t  a n a l y z e d  in  t h i s  chap t e r  was a t e s t

sect ion censtructed for the Maine Sta te ’ Hiqhw~a’; Cornnei ssio:i .

The i - ’or 0 ‘r~iver  Test Sect i cn  ( F R T )  was ( P s i  gned in ord r to

e v a l u a t e  t l e  e f f i ci e n c y  of sand d r a i n s  fo r  t h e  proposed

I — 2 b ~ h i : h w ay (Hale ’ and A l d r i c h , l9~ 7) . ~ p l a n  map f o r

this ~ ‘ - - ; t section is shown in Figure 3-l .

The 240 foot sduare t e st  section was constructed at

Po r t  l.a :a l , tC~’e m c - , over a tidal iiud flat. The natural g a o u n - 1

s u r f a c s ’ a t  ti ’ € si te of the t e st  s e c t i o n  was a p p r o x i m a t e l y

ho riso n t ,aI a nd at  E l .  — 3  fe e t , m s l .  The f i r s t  p hase  of

cons I r u c t .  ion r’ ‘ j ia i red pl acing qranular fill to t he sect io.

shown on Figur e- 1—2.

g a n i  dra i n s  then w e ’ ~ e t o  be i n ’ ;t a l  led  t h r o u g h  t t e e ’

—7 1 -



f i r s t  phase  of c o n3t r u c t i o n  i n t o  the f o u n d a t i o n  c la-~’ . Thi s

was  to be fo l lowed  by a d d i t i o n a l  g r a n u l a r  f i l l  to E l .  + 2 0

ft. However , shortly after construction of the first lift ,

an u n d r a i n e d  shear f a i l u r e  occur red  on the  N o r t h  slope of

the  t e s t  sec t ion .

The f o u n d a t i o n  f o r  the test section consisted of a

layer of soft gray organic silty clay with shells , sand

l e n s e s  and pockets , and wood c h i p s .  This  c l ay  l a y e r  e x -

t en d ed  to E l .  — 3 O f t , whe r e -~ s i l t y  sand and g rave l  was en—

coun t  ered .

The u n d e r l y i n g  sand deposi t  had a 5 foot  a r t e s i a n

head. The top of the sand was considered to be the l imit -

ing depth  of f a i l u r e .

The o r g a n i c  c l ay  was t e s ted  both be fo re  and a f t e r

t h e  s l ide  occurred . Before  t he  f a i la r c , a number of bor ings

w e r e -  made -Te nd f i el d  vane  t e s t s  were  pe r fo rmed . Four undis-

t c c r h o d  b o r i n g s  a l so  were  made w i t h  u n d i s t u r b e d  samples  ta ’-

ken , C t  s ou Te r i n te r v a i s .  Labora to ry  t e s t in g  of these  sam-

p les  in c l u d e d  visual classification , moisture content do-

t e rm i n a t i o n , A t t . n r t e r g  l i mi t s , and u n c o n f i n e d  compress ion

s t r e n g t h  t e s t s  ( t i C ) .

W i t h i n  two weeks a f t e r  the  s l i d e  occurred , s ix  a d d i —

t i ” )fl !l borings were made through the failed embankment

Fi eld ‘ f . e f l s ~ t e s t s  were p e r f or m e d  i n  t t m r ’ e ’ cL~ the se’ b o r i n g s .

tjn core fin ed compression t ’ g t- (1J ’ ) and unconso lidat ed ,
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undrained triaxial tests (UUC) were performed on undis-

turbed samp les recovered from the other thre e bor ing s .

Since the  f a i l u r e  occurred in an e s s e n t i a l l y  undra ined

s t a t e , these  s t r e n g t h  tests  w i l l  be considered as measu re s

of the und i s tur bed st ren gth pr io r to cons truct ion , supple-

ment ing the or ig inal strength data.

The f i e ld  vane streng th  data from tes ts p e r f o rmed

both be fo re  and a f t e r  the s l ide  are p lot ted  in F igure  3-3.

S i m i l a r  p lots  for  the u n c o n f i n e d  compression tes t  da ta  are

shown in F i g u r e  3-4 .  None of these p lo ts  i n d i c a t e  a d e f i n -

ite change in strength with depth; therefore , it was as-

sumed that the strength in the organic clay layer was con-

stant with depth. For the cases of field vane tests and un-

conf ined compress ion tests , the additional testing subse-

que -n t  to f a i l u r e  d id  not change  the  mean s t r e ng t h  si g n i f i -

cant l y .

Conventional circular arc and sliding wedge slope’

s tab i l i t y  ana lyses  were p e r f o r m e d  on the  tes t  sec t ion , con-

s t r u c t e d  to El +10.  The f o u r  mean strengths from Figures

3-3 and 3-4 were used for comparison . The c r i t  i c a l  f a i l u r e :

are: I c r  t he t e st  s e c t i o n  is shown in F i g u r e  3 — 2 .  The c a l —

e i i l , i t Od ‘ , e f e t ’ 1  factors t e , 1 5( ’ d  on I iejd v- ne ( l i l t  a and i i f l ’ O f l —

I t  i c e - - I  c t c p r -s s i r )n d a t a  wet ’ t h e n co re  ected for t,est ing and

m o d e - l i  nq h L a s  . Th i was done by mu l. t i p l y i n g  them P 1 cor-

rect ion factors proposed for the re spective typ ( ’  of s t r e n g t h

-
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test.

By back ca lcu lating the in si t u shear streng th at

si tes of embankment failures and by comparing it to the

me asured vane strength , B j e r r u m developed a corr ection

factor , ~i :

= ~su (~~n 
~~~~ (3.2—1)

su ( F V )

which is a factor of the plasticity index (P1) of the soil.

This cc rr -ctiofl factor has been updated based on additional

case studies by Milliqan (1972), Ladd(1973), and Flaate -ar-id

Prehe’r(l974). The in situ strength is calculated as the pro-

duct of the measured strength and ~c , k n o w i n g  the p l a s t i c i t y

index of the so i l .

The resisting moment for the FRT test section is al-

mos t d i r e c t l y  p r o p o r t i o n a l  to the shear s t rength of t h e :

organic clay layer. Then , multiplying the safety factor

le ased on t~~~e T measured strength by the revised Bjerrum fac-

t’)r yields ths ’ best estimate of the true (FV) safety fac-

tor. The revised Bjerrum correction factor is shown in Fi-

gure 3-5.

A s L m u i a r  correction factor was proposed b’1 W u ( l 1 7 4 )

for soft to  m e d i u m  clays. By relating the in situ shear

str ”r i iit h ~,bta  m e d  from embankment fai lures I a the S t e  ‘e r

s t r e - :;t h measu red  by unconfined compreT’ssion t e ’ ~~ t~~~ , t h e -  ~~ii

co rr e - ’tLon factor is W - f i n e c l  as:

—7 9—



s~~(in _ situ) ( 3 . 2 — 2 )
Su (ti c)

A qain , the best estimate of the true (tic ) s a f e t y  f a c t -  - r

at the FRT test section is the product of the measur ’J s,d e

te factor and the Wu correction factor. This correction

factor developed from 18 case studies has a mean valu e - of

1.10. The Wu correction factor is shown in Figure 3-’ .

The calculated and the corrected safety factors of

the FRT test suction for the four mean strengths ~ure s ho w n

in Tab l e  3-1.

CASE 3u FS CF(@PI=35) PS~-

FV(bcfore failure) 520 2.04 0.85 l.~~3

F V ( b e f o r e  & a f t e r  f a i l u r e )  520  2 . 0 4  0 . 85 1.7 3

UC(before failure) 210 0.82 1.10 0 . 90

U C ( b e for e  & a f t e r  failure) 205 0.80 1.10 0.88

STABILITY OF FRT TEST r MIlANK ~il-: NT

Table 3-1

‘l b .  r ’ ’ - T u l t  i n g s a f e t y f a c t ors  i n d i c a t e  t h a t  the t - s t . i : e q

a ft or f,ii lure measured the same u n d r . a  i n e d  S t r e ’n q t  h - a s  t h o : ; e ’

performed before the failure; the ’refor e- , the add i t ional

t e S t  a n g  c l i i  ecot change the computed safety f ,a et o r. Also ,

1 he c o r r e c t i o n  fa c t o r s  b rough t  the sa t  et y  t ‘ic t  rn  b , i S e  On

f i e l d  v a n e -  a n t  on u n c o n f i n e d  c o m p r e ssi o n  d a t a  c lose r t o —

S g o t  ‘r . t o w s  ‘V r , t he corrected re’sul ~ s Parc el on I i ( i d  v a n e ’

l e t  i n d i c a t e  r a t  i s f a c t o r y  p e r f o r m a n c e ’  (F ’S ‘ 73 p .r c c i t

h r ’ i h )  ; t h e e ’ corres’t ‘h  r e n a l  In based on u n c o j a f  H a l  e a l e t e e  ~~~~~~~~
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sion data still show the safety factor about 10 percent

too low .

Be fore  the occurr anc e of the f a i l u re , it was (hiffi-

cult to decide what type of strength was more reliable for

t h i s  tes t  s e c t i o n .  A number  of sources of bias con t ro l  the

reliability of the measured strength from both types of

tests (Haley and Aldrich , 1967) . For the unconfined com-

pression test , sample disturbance and inhomogeniety due to

sand lenses and shells would cause the measured strength

to F e  too low. On the other hand , the appl ied stress sys-

tem and the rate of strain to failure would cause the mea-

s i r e d s t r e n g t h  to he too h igh. The net result would pro-

bably be strengths a little too low . This trend is re-

flected by the Wu correction factor.

For the field vane test , sample disturbance wnnl.t

result in too low strength measurements - but not as low

is for uncont .ined compression tests. This would b ox—

o c t et , since the vane test is performed in situ , minimi—

zing samp le  d i  sturbance. The e f f e c t s  of the  appl  i E d  s t r e s s

syi ; t e m  a r e ’  e q  c oral I y unknown . Both the  a p p l i e d  rat e o~

s t r a i n  ( l 0~, [1( 1 second ) and t he: pre sence  of shells , n e a t

f ib ’i ’ t ; - ~ ri 1 Wood chip ;; would cause’ t ice measured stre ngth t e e

b e ’  t o o  h i g h .  The i e l  r e su l t  for  t he  f i e l d  vane  test would

1 ;r e W a b l y  Is strengths ton hig h .  Th a i; t r en d  is r e f l e c t e d  in

t h e  r ev i s e d  Bjorrum correction factor.

— 8 1 —



The design engineer is faced wi th the dec ision of

wha t  s a f e t y  factor to select. Such a decis ion is conven-

tionally based on experience and “eng ineer ing jud gemen t ” .

The following section will examine the implications of

these safety factors , considering the uncertainty involved

in their determination.

3.2.2 Probabalistic Analysis

The corrected safety fdctors presented in Table 3-1

a re the mean or centra l  s a f e t y  factors for  the four cases

based on the ava ilable streng th i n f o r m ation.  In order to

assess the fa i lure  p robab i l i ty  based on these different

states of knowledge , it is necessary to evaluate the un-

certainty associated with the number and types of test made

for each case. As previousl y descr ibed , the sources of un-

certainty are in the bias correction factor , random test-

ing error , and inherent soil variability. These sources

w i l l  he look ed a t sepera te l y.

BIAS Fi gures 3-5 and 3-6 present the revised B j e r r u m  cor-

re-c t ion factor and the Wu correction factor , repsectively.

The .- revi:-;, .’cl Bjorrum correction factor is the best fit or

fle e - an of the twenty-eight available case studies. The assump-

t ion was made that the standard deviation about th is mean

is a c o n s t a n t .  T h i s  implies tha t the coefficient of vari~a-

i on 0 1 t he correct ion factor is a var i aid e - and is a I u n c —

—82—
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tion of the piasticity index of the soil. The standard

deviation of the revised Bjerrum correction factor is

estimated at 0.15. This correction factor and its esti-

mat ed one s igma bounds are shown in Figure 3-5.

The orqanic clay foundation for the FRT test section

had an av erage  p l a s t i c i t y  index equa l to 35 p e r c e n t .  T h i s

plasticity index implies that a mean correction factor of

0.85 and a coefficient of variation (Vb) due to bias of

0.15/0.35 or 0.18 for the field vane test results.

The Wu correction factor for unconfined compression

tests is no t con sidered to be a f unct ion of soil property.

The mean correction factor is a numerical average of the

cor r ection fac tors of the eigh teen ava ilable  case stud ies

and is equal te e 1.10. The coefficient of variation (Vb),

of the Wu correction factor is equal to 0.30.

5e c~~ TESTING ER .~OR The coefficient of variation due

to random error was shown to be proportional to the  p o i n t

coefficient of variation , Vs , of strength and inversely

proportiona l to the square root of the number of indepen-

d s ’ r r t  s t r e n g t h  tests. The point . coefficient of vari ation ct nd

number of test:; performed for t he f o u r  mean strer-a e~ths u~~~~e l

in inal y ’i.inc j the FF~T t e st  :;ect  ion C a r e shown in Table’ 1—2 .

A l so Shown in  t h i s  t a h l ’ -  a r e  the spat ia l  c o e f f i c i e n t s  of

v . a r  i a t  ion ( V S/ v c fl ) , f o r  the f o u r  cases a n a l  y z e ’d .

—8 3—



The resulting coefficients of v a r i a t i o n  ind ica tc’  t h a t

the number of tests performed prior to failure was suf-

f ic ien t  for  bo th  f ield vane and un con f in ed compress ion

tests. Increasing the number of independent test neither

changed the mean strength significantly nor reduced the

uncertainly related to random testing e - r ~~ er measureably.

The results also show that although the standard de--

viation of strength based on field vane te’sting is [nor’ t t e r ,

twice that based on unconfined compression tests , th0

n o r m a l i z e d  s t a n d a r d  deviationsor the point coeffici en tr ot

variation are approximately equal. The spatial coefficients

of var i a t i o n , (Vs//~T) , due to random testing error ar e ’

twice as high for the unconfined comression tests as for

the field vane tests. This is a result of the greater num-

ber of field vane tests performed.

INHERENT SOIL VARIABILITY The coeffici ent of va riation du e

to inherent soil variability was shown to bo propor tion al

to the point coefficient of variation of stren gth and in-

versel y proportiona~ to the square root of the equivalent

number if independent soil e l e m e n t s .  The point coefficient

of vari ation of strength , (V 5) is shown on mable 3—2

for  the four  mean s t rengt hs u~~s ’d.

The number of equivalent soil elements was obtained

by first approximating the surface area of the failure sur-
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lace with perpendicular rectangles. The critical failure

arc was simplified into a rectangle , 30 fee t  hi gh and 80

fee t along the base.  The height  was selected equal  to the

maximum depth that the critical failure arc passesd into

the organ ic c lay  l a y e r .  The base wid th  was selected equal

to the d i f f erence in the f a i l u r e  arc length and twic e the

rec tangle hei gh t .

The a x i a l  leng th of th e cr i t ica l  f a i l u r e  su r f ace

was set equal to th ree t imes the base wid th , or 240 feet.

This length was selected to preserve the assumption of

“pl ane stra in ” . Th e r ectangles  in the thr ee p r i n c i pal

p lanes that  comprise the s impl i f ied  f a i l u r e  su r f ace  ar e

unfolded and shown in Figure 3-7.

The number of equivalent soil elements are a func-

tion of the dimensions  of these rectangles and also o

the correlation distance in the three principal directions.

A detailed s’~ud y of the correlat ion of soil propert ies

is currently underway at M.I.T . Although correlation dis-

t~anCC?S of soil strength have not been investigated to d a ter ,

those of related material properties have been measured .

Based on results of studies on total unit weight ,

moisture content , and maximum past pressure , correlation

d i s t a n c e s  of s t r e ng t h  equa l  to 5 fee t  v e r t i c a l ly and 100

feet horizontally we-r e selected . Using these typical val-

ue s - a ; ;  estim ates  of the cor rela tion di stances of so i l

—8~~-
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strength at the FR’l’ test section , the number of equivalent

s o i l  e l e men t s  c o n t a i n e d  w i t h i n  the s i m p l i f i e d  f a i lu r e  sur-

f ace  is determined from Figure 2—6.

erher number of equivalent soil elements is 2 for the

base (L x B) and il for the four sides (2LH + 2HB) . The

tot al number of equivalent (‘lements (Ne) is 13. This num-

ber is independent both of the number of tests and the type

of tests performed . Using an average point c o e f f i c i e n t  of

variation for the four cases equal to 0.21 , the spatial

coefficients of variation due to soil heterogeniety is

equal to 0.06.

A summary of the data pertinent to a prohabalistic

study of the FRT test section is presented in Table 3-2.

An important result is that the uncertainty of the bias

correct i nS  factor (Vb) , as mea sured by the c o e f f i c i ent

of variation of the bias correction , is the dominant sourc- ’

of uncertainty. This reflects the dilemma of the design en-

gins’~’r.

As a result of the quantity of strength tests pe r-

f o rmed , the design engineer is not much concerned wit h  the

quest ion of what is the ..av er 1c~ ’ measured s t re r ie ; t h .  h i o w e ’v s  - t

h e - is more concerned w i th the bias correction factor , or

which test , i f  e i t h e r , is measuring the in situ st re ’raqt h

c e r r  oct ly a f t e r  apply ing a mean bias c orrect ion fact er .

The- tot al uncertainty in predicting the ’ s p a t i a l

—8 6—
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averaqe shear strength for the FRT test section can be cal-

culated with the equation (2.6-18). For the field vane me-

thod of testing:

V5 VMr /~~~l5~ + 0 . 0 6 ’ + 0.021 = 0 .16

and for  the  u n c on f i n e d  compression t e s t i n g  method :

V~ = VMr /ö. 30 2 + 0.06~
’ 4’ 0 . ” 14’ = 0. 31

The fractional contribution of the bias term to the total

variance is 88 percen t and 94 percen t for  the f ield vane

test and the unconfined compression test , respectiv e l y .

flow that both the mean safety factors and the un-

certainties in the resisting moment are known , the relia-

bility index , 8, can he calculated from equation (2.4-1).

For th e f ield vane method of testing , 8 equals 2.64 regard-

less of which amount of tests is performed . This value of

;
‘
~ sugges t s  a f a i l u r e  p r o b a b i l i t y  of 0 . 4  pe r cen t .  For the :’

unconf ine d compre ssion testi ng method and a mean sa f e t y

factor of 0.89 , 8 equals 0.40. This value of v~ leads to

an e s t ima ted  f a i l u r e  p r o b a b i l i t y  of 65 percent. The c;r a-

ph ic a l represen tations of the re l ia bi li ty indices and

failure rerobabilities of both methods of testin g are shown

i n  F i g u r e  3-8.

The’ calculated fai lure - probability for t h e

fined testing method is high and would generally be (‘e )fl -

si de-red unacce ptable . On t lee other hand , th e prob~ah i lit v

of f a i l u re  based on f i e l d  v an e  t e s t i n g  is  rd - a t  iv’ !’,’ s m a l l

— H  7-’-



and nay be considered as an acceptable risk. The fact

t h a t  t he  test section a c t u a l l y  did f a i l  i l l u s t r a t e s  t h a t

even w i t h  a h i gh s a f e t y  f a c t o r , an embankment is still sus-

cep tab le  to f a i l u r e .

Also shown in Figure 3-8 are plots of failure prr baL~ 1-

i t y  ve r sus  s a f e t y  f a c t o r , a s suming  t h a t  the  u n c e r t a in t y

in the r e s i s t i n g  moment is cons t an t .

3.3 Atchafa laya Basin Test Section

3.3.1 Conventional Analysis

In order to further illustrate the probabilit y mo-

del , the st ~i bi l it y  of a flood levee is stud ied. The le vee

in q u e s t i o n  is p a r t  of the A t c h a fa l a y a  Basin  p r o t e c t i o n

system . A pair of gu ide  levees , each a p p r o x i m a t e l y  100

miles in length were erect �d form Morganza , Louisiana to

t h e -  Gulf of ‘lexico to help channel flood waters of the

Mississippi River. By diverting the excess flood water;:

down the Atchuflaya Basin Floodway, the area surrounding

t he  lowe r 280 miles of t h e  M i s s i s s ippi R i v e r  is I r o t e c t e - d

f r o m l ooe inq .

- const  r uc t  ion of t h er e  levees began i n  t h e ’ l~~30 
‘

) e i ’ ’ ‘ C) St  1~~e 1  1 it y and deformation problems , l a i q e ’  sectio n:;

o t  t he levees a r e  p r e s e n t  ly  be l ow e i e s i g n  e i r e -’s ler . I- ’oi t h i s

r e a S on eI fld tee ’eaUSe t hc  ( i s ’ S i c J n  f lowl m e  had been increased

f e )  i l l o w  for  s i l t a t i o n  i n  t he  B a s i n , se ver a l t e s t  embank—

~ R8 
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~ie nt 5  were constructed . These test sections straddled the ’

e x i s t i n g  embankment s  and were  b u i l t  t o  i n ve s t i g a t e  desi gn

alternatives for future construction. Two 1500 f t  long

test embankments , Test Sections II and I I I , were adjacent

sections that only differed in their design safety factors.

Test Sec t ion  II  was des igned  fo r  a s a f e t y  f a c t o r  equa l  to

1.1; Test Sec t ion  I I I  fo r  a s a fet y  f a c t o r  equa l  to 1 . 3

( U S CE , 1968). Test Section i l l  (TS I I I )  is a n a l y z e d  in  t I — i s

re Se er

e ;e ~ f ; ) r e  c o n s t r u c t i o n  of the  e x i s t i n g  levee b E g a n , t,P e

Or r i ; a l  ej o u r n d  s u r f a c e  was approximately horizontal and

a t  El. +Insl. The foundation materials were very soft to

medium clays to El. -l2Omsl. This thick clay layer ‘.vS :-;

underlain with sand . Geolog i c a l l y , the clay is divided

into three main deposits. From ground surface to El. -25msl

i s  a p o o r l y  d r a i n e d  swamp d e p o s i t .  Very  h i g h  m o i s t u re  con-

t e nt IS e ’flc ou flte ’r,’d between E l .  —5 and — 2 5 f t .  Beio ’.~’ E l .

• — 2 h f t  , t i e  C l e c y  consi , s t : ;  of l a k e  d e p o s it s  w i t h  a l ay e r

o~ w e ’ l l  dra ; n e- i swamp dep o si t  be tween  E l .  — 7 5  - a n d  — t O l  t

The  a .’x i s a ang 1C’,’e ’ e ’  was  m i t  i~a lly constructed w i r - ~

m a t e r i a l  e’x( ’,av,atecl t r n -  an ad.a~ cent borrow pit. The p i t

W e O  l O e ’ i t , ’ e l  dpl r o x lm a t e ’ e l l y  300ft t e e  t h e ’  flooclwa ’,’ s ail ’ w

the I evee’ C a n t  a - r i  i n ’ . Add i t  i o na l  1 i f  t ‘; e nsued uaa t ii, by

1 e ~~ç ,5 th e ’ leve r- was at El +l7 ft and ~he~ ec -rrow pi t at El

—2 O f t . A o l - r o S i n  a t e ’ l y  ~ f t  of  - o ’t t l e m e n t  u n d ’ r  t h e ’  ox i s —

‘- 89-
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iraq i ’ve : cent cr1 inc has been observed from the center-

line soil borings ri ede’ in 1964.

‘lhe sesuonce of construction of TS III is sho~’;. in

F’iqurr- 3—ti . E n l ar q i n q  the  e x i s t i n g  l E ’ c~eer i n v o l v e d  f i v e

bas i c  St ,J S

1. Construct cast fill dikes on both sides of the

existing levee to serve as retaining dikes for

the hydr aul ical i y placed berms.

2 .  P lace  sem i—compac ted , h a u led  f i l l  w i t h i n  t I e ’

m a in levee section to El. + l7m sl .

3. Pump in the hydra ulic fill berms.

‘1 . Place semi-compacted , hauled  f i l l  t o  t h e  i n t e r i m

gro ss gr ade.

5 .  At a later date , place semi-compacted , haulerei

fill to the final gross grade.

The construction operations wer e ’ monitor ed I - .- a - - I c ’ -

t i - a l e d  inst : orientation program including p m e - z u e :eLei ~~,

rlopc’ inclinom ete -’rs and se’ttlement plates a n t  ~~e i e 1 ’ i

zome’t n c  :‘Ieasurements t aken during c o n st r u c t  i o n  I l e t  - 
• ‘

that l i t  t Ic pore pressure e l i  S t  1 1) ’lt ion occuri (it .

c a n e ’ , th r; undrained slor e r ’ sta l e l i t y  a n a ly s i s

i’rlo r ten const ruct lot-i of ‘l ’ t ’; - ;t  Sect i - ~~: .

urhed soil borings We’ie made ’ to El. — 1 2

we-re - 1 oca ed at t h e  1 eV e - ’  - c e t at  ‘ a i : ., a ’

offse ts tee both -; a b s  at lie - ‘a
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stations. Continuous samples were taken with a 5-inch

d iameter  steel tube pis ton type samp l e r .  The labor atory

testing program included visual classification , At terbery

limits; unconfined compression tests (UC) , unconso l ida ted

undra ined  (UUC ) and isotropical ly consolida ted undrained

(d o) triaxial compression tests; consolidated drained (CD)

d irec t shear tes ts ; lab vane tests ; undra ined creep te sts;

and consolidation tests. The undrained shear strength was

also measured in the field with a 2-inch diameter hand

cranked vane test. Test holes were drilled adjacent to

each undisturbed boring . The vane strength tests were per-

formed at 5-foot increments of depth. Boring locations are

shown in Figure 3-10.

Due to the prox imity of the adjacent borrow pit ,

floodwayside stability is more critical than landside sta-

bil~~ty.  Therefor e, this case study will focus on the flood—

wayside stability of the main embankment at TS Ill. A

sharp increase in strength at El. -4Smsl was detected w i t h

the fie~ d vane. This increase was found to be the result

of an overconsolidated layer beg inning at that elevation

(Foott and Ladd , 1973). El. -45ms1 w ill serve as a limiti ng

dept h of assumed f~~i 1ure arcs .  On l y  st r e n g t h  measur ements

above this elevation will he used .

• The  analyse~; of Test Section III is subdivided into

t w o  qr oup s .  One group w i l l  be based s o l e l y  on f i e l d  vane

— 9 1 —



data , the other on only unconfined compression data . The

reliabil ity of the main embankment of Test Section III

w i ll be expressed in terms of safe ty  fac tor s and fa i lu re

probabili ties.

Figures 3-11 through 3-16 present the results of

str ength tes ts per formed on samples from the centerli ne ,

lO5f t .floodwayside , and i8Oft floodwayside borings. Fig-

ures 3—l i through 3-13 show the average results of field

vane testing ; Figures 3-14 through 3-16 show the average

results of unconfined compression testing . The strength

lines presented are the average of results over Sf t layers

from the six borings at each respective offset.

Based on these average undrained strengths , the sta-

bil i ty of the main (f loodwayside)  embankment was checked

wi th a c i rcu lar  arc method of analysis. The critical

mean safety factors for field vane and for unconfined com-

pression strength measurements are shown in Table 3-3.

Also shown in Table 3-3 are the critical mean safety fac—

tors corrected for bias by the revised Bjerrum and the Wu

correction factors.

CASE F’S CF (PI=70) FS x CF

FV 2.08 0.69 1.43

UC 1.42 1.10 1.56

STAI3ILI TY OF TS I I I  MAIN (FLOODWAY SIDE )
EMBANKMENT (Foott and Ladd , 1973)

Table 3-3

—92-
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From the results of conventional stability analyses ,

both methods of measuring strength predict satisfactory

performance . The corrected safety factors using field vane

tests and unconfined compression tests to measure strength

were within fifteen percent of each other. The critical

mean safety factor based on the unconfined compression

test , when corrected , was higher than that based on a field

vane teStS.The critical failure arcs for Test Section III

are shown in Figure 3-17 and 3-18.

3.3.2 Probabalistic Analysis

The corrected safety factors presented in Table 3-3

are the mean safety factors of the main (floodwayside) em-

bankrnent using two different methods of strength deter-

mination . The failure probabilities of this embarikmenL ,

calculated with the different strength measurements , are

dependent on the uncertainty of bias , random error and in-

herent variability .

BIAS The uncertainty of strength bias is measured by the

coefficient of variation of the two bias correction fac-

tors. For the unconfined compression tests , the Wu correc-

tion factor was used . This correction factor has a coeffi-

cient of variation V
b~ 

equal to 0.30, see Figure 3-6.

The clay foundation for Test Section III had an aver-

age plasticity index equal to 70 percent. From Figure 3-5 ,

—93— 

~~~~~..— - . . .-  - — -,-



the revised Bjerrum correction factor for this type soil

is 0.69. The coefficient of variation due to this bias is

equal to 0.22 for the field vane test results.

RANDOM TESTING ERROR The spatial coefficient of variation

due to random testing error is calculated by equa tion

(2.6-7h). The average point coefficient of variation of

s t r eng th, V~~, is equal to 0.32 and 0.28 as measured by un-

confined compression tests and field vane tests, respec-

tivel y .  The mean strength  from unconf ined compress ion tests

reflect the average of 239 tests; the mean strength from

field vane tests was determined from 178 tests.

The spatial coefficients for variation , v5//i~, due

to random testing error are equal to 0.02 for both methods

of testing . This source of uncertainty is small relative

to the uncertainty of the bias correction .

INHERENT SOIL VARIABILITY The spatial coefficient of

vari.ition due to inherent soil variability is calculated

by equation (2.6-l6b). The critical failure arc using

f ield vane strengths was approximated with three perpendi-

cuLir lines as shown in Figure 3-20. The lines were selec-

ted to preserve both the depth of failure and the length

of the failure arc. The axial length of the critical fail-

ure surface was set equal to three times the base width.

Based on the surface area of the simplified failure

pl ane and on correlation distances selected equal to 5

—94—
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feet vertically and 100 feet horizontally, the number of

equivalen t soil elements is determined from Figure 2-6.

The total number of equivalent elements is 82. For this

number of elements , the spatial coefficient of variation ,

Vs/VF~~, due to soil heterogeneity is equal to 0. 03.

Through similar calculations , the spatial coefficients of

variation due to soil heterogenetty using unconfined com-

pression strength is also equal to 0.03.

A summary of the data for Test Section III is shown

in Table 3-4. Again , the uncertainty of the bias correc-

tion is the main source of uncertainty. The total uncer-

tainty in the predicted average shear strength , and hence

the resisting moment , is equal to 0.22 and 0.30 for field

vane testing and unconfined compression testing , respec-

tively.

Based on the above uncertaintiQs and the safety fac-

tors shown in Table 3-3 , the failure probability with field

vane strength measurements is calculated as 9 percent

= 1.37) using equation (2.4-1). The failure probability

with unconfined compression tests is 12 percent (f~ = 1.20) .

The graphical representation of these failure probabilities

is shown in Figure 3-2]. Also shown in this fi gure ~re
4

plots of failure probability versus safety factor , assum-

ing tha t the uncertainty in the resisting rioment is con-

stant.



It is interesting to note that the safety factor

calculated from field vane data ~.s lower than that from

unconfined compression data; however , the probability of

failure calculated from field vane data is lower than that

from unconfined compression data. This is due to the in-

creased uncertainty in apply ing the Wu bias correction

factor.

To investigate the importance of failure arc length

on the calculated failure probability , a smaller failure

• arc having a higher safety factor based on field vane

strengths was checked . The comparative failure arcs are

shown in Figure 3-18. The uncertainties due to bias and

to random testing error are the same for both failure arcs.

However , the spatial uncertainty due to soil variability

increases from 0.03 to 0.04 ( N decreases from 82 to 54

due to the decrease in the failure surface size). This

change in uncertainty has a negligible effect on the total

uncertainty .

‘rho failure probability for the smaller arc is 7

percent (;~ 1.51). Although the critical failure arc

based on minimum safety factor does not necessarily define

the arc with the maximum failure probability , it qe n e r a l l y

does for the above examples due to the significance of

the uncertainty in bias. The data for the smaller failure

arc are shown in Table 3—4.

—96—
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Test Section III did not f4il. It did undergo large

deformations and cracking along the embankment crown.

These deformations indicate that the embankment was on the

verge of failure. This nearness to failure is not surpris-

ing in view of the high failure probabilities based on

both methods of strength measurements.

— 97 —
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Chapter 4

The Influence of Embankment Length

on Failure Probability

4.1 General. In Chapter 2, a basic probabi l i ty mode l fo r

analyzing the reliability of an embankment construc ted on

soft saturated clay was presented. This chapter attempts

to assess the effects of embank~~ nt length on the computed

failure probability . Before discussing the effects of

length , one must reflect on what the failure probability

computed from the basic model represents.

The basic model computes the failure probability , pf ,

at one “point” , which may be thought of as the center of a

segment (along the embankment centerline), whose minimum

leng th is selected to satisfy the assumption of “pla ne

strain ” . The model also assumes that all strength measure-

ments are made on the critical failure surface for the

j length , L. For the FRT test section , this minimum length

( *)is 240 feet , whereas for TS III , the minimum length of

( * )embankment is 810 feet

I f  the ac tua l  leng th of embankme nt cons tructe d , La ,

w”re equal to these selected lengths , then the compu ted

f.,i l ure probability would correctly estimate the embanl’m -nt
4 

__________________________________

*
The se minimum lengths were computed in Chapter 3. By mode l-

ing the ri tical failure arc with a rectangular su r f ~Ic1 , t he
minimum length was assumed to l~ • three times the ba~ t- w i d t h
of th e simplified failure surf~ice. These minimum 1cnqth~ , i i
presented in Figures 3 — 1  and 3— !~~.
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failure probability . However , if the actual embankment were

longer , the computed failure probability would tend to be

unconservative on account of the series system or “weakes t

l i n k ” concept of reliability.

Two approaches to handling length effects are pre-

sented in the following two sections. The first is an exten-

sion of the basic model based on system reliability theory .

The second is a three-dimensional model developed from a

“first passage ” failure criterion.

4.2 Series System Failure Criterion. As pointed out above ,

i f an embankmen t is constructed j u s t  long enough for  one

failure to occur , then the basic model gives a correct esti-

ma te of failure probability .

As the length  of the ac tua l  embankment , La , exceeds

the min imum length , L, the es t imated  fa ilure probab il i t y

will increase. Considering the actual embankment length as

a multiple of the minimum length (n = La/L) and by consider-

ing the adjacent lengths as independent events having the

same computed failure probability, the probability of a

failure occurring somewhere along the entire length can be

expressed approximately is (Benjamin 4Ind Cornell , 1970)

Pf 1 — (1 - f) (4.2-la)

or P n (if n ‘ 1) (4.2—lb)f pf r ) f
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_ _ _ _ _ _ _ _ _ _  - .4---— — - - - - - - . -~ --------~~~~~—..- - _ _
~~__.4~~~~~~~~~

_ —



where
P
f 

= the probability of a failure occurring

at some location along the entire em-

bankment length , La.

pf = the probability of a failure occurring

at one “point” , centered at the minimum

embankment length , L.

n the number of minimum lengths contained

( * )within the actual embankment length -

The implication of equation (4.2-1) can be shown by

reviewing the failure probabilities of the two case studies

presented in Chapter 3. Considering the calculations based

on field vane testing , the Fore River Test Section had a

computed failure probability of 0.4 percent for a minimum

length equal to 240 feet. Since the FRT test section was

itself approximately 240 feet square , n equals 4 for the

entire length susceptible to failure. The probability of a

failure occurring on one of the four sides of the test em-

bankment is calculated as 1.6 percent~ from equation (4.2-1).

This model is based on the assumption that the average
strengths in adjacent segments are statistically independent.
Since horizontal correlation distances (assumed equal to 100
feet for case studies in Chapter 3) are usually much smaller
than the minimum lengths, this assumption appears justified .

• **
The clay layer under two of the sides (South&West) of the

It test section is not as deep and consequently not as likely to
fail as the North and East slope. This effect of geometry is
not considered in this analysis. It is assumed that the
layer thickness is constant and equal to 30 feet.

—122—
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For the Atchafalaya Basin Test Section III , the con-

structed length was 1500 feet, while the estimated m in imum

length for a “plane strain ” failure was 810 feet. The pro-

bability of a failure occurring along the minimum length ,

based on field vane tests , was computed as 9 percent. This

is compared to a failure probability for the entire length

equal to 17 percent. The results of these two case studies

are shown on Table 4—1.

ase Minimum Actua l pf for L* Pffor La;tudy Length ,L Length ,La (%) (%)
(ft) (ft)

~RT 240 960 0.4 1.6

‘S III 810 1500 9 17

*Based on Field Vane Test

F a i l u r e  Probabilities Including Length Effect

TABLE 4-1

4. 3 “First Passage” Failure Criterion. An alternativ e ~o

the above method of introducing the parameter , embankment

length , into a probabilistic analysis of stability is deve l-

oped from a “first passage ” failure criterion .

For this analysis , the standardized safety margin ,

U(x) is now thought of as a stationary Gaussian random

process:

—123—
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M - M
U (x) 

= (x) (4.3-1)

where
M - M(x )  r ( x )  o ( x )

and
M

o 
= a “moving average ” of strength as a

function of position along the er~ba~~•--

ment  length.

M
o 

= a “moving average” of the load ,

assumed constant.

The definition of U(x) is illustrated in Figure 4—1. The

process U(x) begins and ends at a distance , L/2, from both

ends of the embankment. Therefore , at x = 0, the actual

embankment  length , La , is equa l to the minimum length re-

quired for a “plane strain ” failure to occur.

The probability of a failure occurring at some loca-

tion along a constructed embankment can be defined as the

probability that the standardized safety marg in l ies below

the reliability index at any point , or that the length to

first passage of the reliability index is less than  the

length of the process, U(x) expressed as:

P
f 

= p [ U(x) ~ 
= p [X~ ‘

~ X J (4.3-2)

where
X~ = the length to first passage of the

barr ier , —~ (failure).
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A widely  used approx ima tion (Vanmarcke , 1972), based

on the assump ti-~n tha t crossings of a s u f f i c i e n t l y  h igh

barr ier , -b , occur independen t ly according to a Poisson

process with rate , v~ is:

01 — p f) exp {—v 6
X } (4.3—3a)

= (1 - pf) exp {-v0X exp(-8
2/2)} (4.3-3b)

where
= the probability of complete surviva l of the

embankment.

pf = the p robab i l i t y  of a f a i l u r e  centered at a

randomly-chosen point.

= the mean rate of upcrossing s (i.e., cross ings

wi th a positive slope) of a level , -
~~~

- , by a

stationary Gaussian process , U ( )

v = the mean rate of upcrossings of the level

“zero” .

X = the length or uuration of the process , U ()

equal to La - L.

These upcrossing rates and the length , X , are shown in

Fig ure 4- 1.

The probability of a failure occurring somewhere

along the embankment length is equal to:

Pf = i. — (4.3—4a)
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P
f 

= I - (1 — pf) exp {—v X exp(— (3~/ 2 ) }

(4. 3—4b)

or P f pf + v X  exp (—8 2/2), if sum ~~< 1 (4.3—4c)

By inspecting equation (4.3-4b) , it can be seen tha t  as X

equals zero (the actual embankment length , La , equals the

m inimum length , L ) ,  then

P
f pf (4.3— 5)

Th is result from the three-dimensional model is consistent

with the interpretation of the result of the basic proba-

bility model.

The major d i f f i c u l t y  wi th th is  approach to length

effects lies in the evaluation of v
0 

By def in it ion , is

a measure of how rapidly the standardized safety margin

fluc tuates with position along the embankment length. Con-

sidering the embankment load as deterministic and constant ,

soil strength and foundation geometry are the major sources

that cause the standardized safety margin to fluctuate.

Considering only the soil strength as variable , wha t

is important is the spatial average shear strength over the

cr itical failure surface (three—dimensional). This spatial

average shear strength should be highly correlated.

Referring back to Figure 4-1, the first possible

f.ii l u r e  surface with ~enqth , L , has some spatial average

~;h ’ - i r  ~
;
~ rt’nijth acting on i t .  This average shear strength

can be thought of as centered at point c Now consider

—1 26—
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another possible failure surface centered at some small

dist ance trom c and having the same minimum length , L.

The latter failure surface has nearly the same

spatial average shear strength as the former. This is true

since a large portion of the two failure surfaces are coxiunon

to each. It is this overlapping of individual failure sur-

faces whe n computing a “moving average” , together with the

large horizontal correlation distances estimated for

s t r eng th, that cause the spatial average shear strength to

be h igh l y correlated.

The mean rate of zero upcrossings of the average

process , U ( )  is linked to the correlation distance of the

spatial average shear strength (5<s> ) as averaged over

three—dimensional failure surfaces. If the coefficient of

correlat ion of this spatial average shear strength can be

con sidered to have the form :

11 = e
_
~c
2
1~ 5

2 (4.3—6)

then the rate of zero upcro ssings becomes :

2/~= — (4.3—7)
o 6<s >

Evaluating the correlation distance of the spatial

average strength is a difficult task and is not un der taken

in this thesis. However , to illustrate the application

equation (4.3-4b), different values of V are tried. The

Atchafalaya Basin Test Section III analysis is used as an

-127-
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example. The probability of failure of a minimum length of

this embankment (810 ft) had a computed failure probability

of failure equa l to 9 percent based on field vane testing .

Figure 4—2 presents plots of failure probability

versus embankment ler~gth. Curve 1 is based on the three-

dimensional extension presented in Section 4.2 (equation

4.2-1). Curve 2 is computed from equation (4.3—4b) with

v set to yield the same results as curve 1. Curve 3 is

also computed from equation (4.3-4b) with equal to l/L

for this case.

The results indicate that both methods of predicting

the effect of embankmen t length on failure probability can

be adjusted to yield the same results. From curves 1 and 2

on Fi gure 4-2 , doubling the emba nkmen t length roughly

doubles the failure probabil ity.

Curve 3 is b~ised on a mean rate of upcrossings four

times greater than that for curve 2. Using this greater

value of upcrossinç rate generally increases the failure

probability by a factor of two ove r those from curves 2 and

3.

At present , it cannot be said as t -  which approach

to length effect is better. More research is needed ,

especially in the area of sp a ti a l strength variability. Also ,

the effect of foundation geometry (e.g., natural variability

-1 2~~-

.4 -- - . —.4—— . . . - -- - ———-- -- --- .J_ ___ 
—



ot depth of clay), neglu ’tu d in t h i s  c h p ~ . r , may be a

major factor influencing failur e piok abi li t v v t r ~ us

length.
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Chapter 5 Conclusions and Recommendations

5 .1  Gen eral

A probabilistic approach to analyzing end-of-con-

struction embankment stability on soft saturated clay was

:)resented in this thesis. The model is proposed as a sup-

plement to the current design approach based on ~ = 0 ana-

lyses using the undrained strength of the foundation clay.

This chapter summarizes the conclusions drawn from this

stud y and also makes some recommendations for future re-

s ~ a r c h.

5 . 2  Conclus ions

5.2.1 Need to Recognize Uncerta ij~~~

Chapter one presents the limitations of expressing

the reliability of an earth embankment in terms of a con-

ventional safety factor. The pr i ncipal limitations lie L~

th’ inability of the current lu -’sl gn approach to account for

the uncertainty inherent in the approach and to express

the risk implied in design in iuantitative terms. The mag-

nitude ~ f the uncertainty in the prediction of stabi lity

is a critical issue in geotechnical engineering .

It i.s ti’e role of the geotechnical engineer to redur’-
4

unk .OwnS and t~~ evaluat and assess the degree of uncertain-

ty. The probability model pr -sent~; a systematic method of

~uali tat1v e 1y evaluating uncertainty. It provides the en—

— 1 32—
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a m  -r  with a m e c h a n i s m  t h a t  ~‘an inl  i cate where -id~ i t  1

i nv e -~t i q a t i o n  is needed t~ min im ize ri~;k .

The g e n e r a l  p r o b a b i l i t y  model developed in  t h i s  the-

s i s  r e c o g n i z e s  t h r ee  i n d e p e n d e n t  sources of u n c r - r t  i 1n~~y in

u n d ra i n e d  s t r e n g t h  -- b i a s , random t e s t i n g  e r r o r , a nd in-

her~~n t  s o i l  variability. By e v a l u a t i n g  each s o ir c e  or ~1ri -

c e r t a i n t y  i n d e p e n d e n t l y ,  the  eng ineer  is ab le  to see w h e re

the  m a j o r  source of u n c e r t a i n t y  l i e s  and concentrate  h i s

e f f o r t s  to m i n i m z e  i t .

W t t h o u t  r e c o g n i z i n g  and t r e a t i n g  u n c e r t a i n t y ,  the

t r u e  impl ica t ion  of saf ety factors are unknown . At best , the

safety factor can be a tool for ranking alternative embank-

ment designs according to relative reliability. The true

mean ing of the sa fe ty fac tor var ies depending on ma r.y fac-

tors , such as how s is measu red , number of determinations ,

how design s~ is selected rela tive to average s , and me-

thod of compu ti ng f ac tor of s a f e ty , etc .

ALtempts at quantif yi ng the u n c e r t a i nty involved in

analyzing embankments have only recently been made (Barba-

teu , 197 2; Yucemen e t .  a l . , 1973; Wu , 1974). Correction

factors have been published for both field vane tests

(l3 j~~r rum , l97~~) and uncoui fined compression tests (Wu , 1974)

These mean correction factors and the data from which they

were developed allow one to ovaluate the uncertainty asso-

cia ted with applying them .
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A study is currently underway at M.I.T . to evaluate

the spa t ia l  corre la t ion propert ies  of undra ined shear

stre ng t h .  Through such a s tudy , a better unders tand ing of

the uncertainty due to inherent soil variability will be

ava i lable .

Al though  more ref i n e m ent is , indeed , necessary , the

probability model is a step in the right direction. The

probability model does not eliminate any of the steps pre-

sent in the current design approach. But is does attempt

to standardize the approach and it introduces another se~

of parameters that truly enable assessments of reliab ilit~y

of analyses -- those that measure uncertainty .

5.2.2 Safety Factors as a Measure of Reliability

H istor i ca l ly ,  s a f e ty  factors have been used as mea-

sures of reliability. In order to decide how good safety

factors are at measuring reliability, it is necessary to

reflect on the decisions that influence the determination

of a safety factor of an embankment constructed on soft

saturated clay.

A design engineer makes decisions that dir ect ly in-

fluence the calculated safety factor of an embankment.

The se decisions include se lect ing an approp riate me t hod

of a n a l y s i s , planning tie site exploration , labora tory and

f i e l d  test ing proq rams, and sel’- ctinq the “desi~~n” s t ren gt h

for the analysis.

— 1 34 —

— 
—.—

~~~~
-.  _ —— —- — - _

~~~
- — -

~~~~
--_ _ _ -,- -.-

~~
-- —--- _,-.

~~ 
-‘.4—.— -—



These decisions generally do not follow a standar-

d ized  pattern. For a given embankment of soft clay , an

engineer may use a wedge or a circular arc analysis ; 2~~-

inch or 5-inch diameter undisturbed samp les ; field vane or

unconfined compression testing; and the use of mean

strengths or lower than mean strengths for design. Differ-

ent combinations of the above selections can result in a

very wide range of safety factors for the same embankment.

Consequently, the fact that one embankment has a computed

saf ety factor equal to 1.5 , while that of another equals

1.2 , may have little real significance regarding the true

‘sa f e t y ” or reliabili ty.

However , safety factors can be used to reflect rela-

t ive rel iab il i t y , at leas t for the same soil deposit, if

engineers or government organizations develop standar-

dized procedures for inves tigating the stability of embank-

ments. By building upon the experience of the eng ineer and

by adjusting the design procedure , an eng ineer can develop

a design procedure that can limit the number of actual

failures t~ an acceptable percentage. This usually entails

:. trial and error approach. As one procedure leads to too

many failures or too conservative of a design. one or a

number  of the steps are changed . This can ultimately lead

to ,i combinat ion of one method of .~nalysis , -a standardized

field investigation program , one type of test for strength
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determination , and one means of selec ting a design value

of strength. Such a combination plus a design safety fac-

tor can be successfully used as a semi-empirical procedure

for investi gating stability problems.

By standardizing the design procedure and by applying

it t o a particular geographic area , the uncertainty in the

procedure is approximately constant. If the uncertainty

(measure’~ in terms of coefficients of variation and safety

margin) is constant , the reliability index , and hence the

failure probability, is proportiona l to the safety factor.

For this case , the s a f ety factor can be used as an indica-

t ’ r of the reliabilit~’ of an embankment.

How eve r , there arc limitations to such semi—empir-

ical procedures. Although a design safety factor is used ,

the true i~afe ty factor of an embankment remains unknown .

Biases in strength measureme nts and the method of analys i s

are hidden in the steps of the procedure. The working pro-

cedure often involves an cancellation of errors.

If another method of determining strength were used

to better define the true in situ strenqth , the balance of

the i.rocedu; can he destroyed and the probability of fail-

o r e  w i l l  cha nge - even though the design s a f e ty factor is

constant. Also , a working procedure developed for a parti-

c ii l , i r geologic deposit , if extrapolated to different qeo—

l o g i c  areas , may prove to he i nef fec t ive .

—l 3~ —
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Al though a work i ng fac tor of safe ty procedure does

all ow a ranking according to relative reliability , s a f e t y

factors cannot be combined with the cost associated with

an embankment to optimize design. The effect on the fail-

ure probability by ra is ing or lowering the safe ty fac tor

ca nnot be evaluated without explicitly account ing for  th e

uncertainty entering into the analysis. Although increasing

the saf ety fac tor decrease s the probab ili ty of fa i lure ,

one is unable to answer the question “By how much?”

Wh i l e  the cu r r en t desig n approach has o f t e n  proved

t e  b~ an effect ive tool , a systematic consideration of un-

c rtainty can give better measure of true risk. With such

an assessment of true risk , the eng ineer is better equipped

to op timize the design and judge its acceptability.

5.2.3 The Uncertainty of Bias

The two case studies presented in this thesis m di-

cat that the bias inherent in field vane and unconfined

compression testing can be the major source of uncertainty

i n des ign . Depend ing on so il type and depth and type of

test , meaasured strength can be equal to , less than , or

greater than the true in situ undrained strength. Bias is

a persi~ .t.ant souice of uncertainty regardless of the numbe r

of i nW e -r i ole r i t ~;t rength tent s per formed .

Compar ing the uncertainty of the two correet ion
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factors used for the examples presented in this thesis ,

the correction factor for unconfined compression tests

showed the larger scatter about its mean. This would tend

to indicate that the field vane test is a better measure

of strength trends in space than the unconfined compression

tes t .

The reason for field vanes being better measures of

strength is that the field vane test introduces less (and

generally a constant amount of) sample disturbance. Vary-

ing degrees of sample disturbance are exhibited by uncon-

f ined compression tests by different size and type of sam-

pling tubes , different field and lab handling techniques ,

different type soils tested . It also tends to vary with

depth. The field vane tests minimizes sample disturbance

by performing the test in situ. It also generally involves

a more standardized test procedure.

There appears to be two different ways to reduce the

uncertainty due to test bias. The first involves restric-

ting the source of data for the correction factor . The

second way is to use a more rational method of measuring

strength.

By limiting the source of data to a particular geo-

logic deposit , the effect of soil type on the correction

factor will be approximately constant. By standardizing

both the equipment and the method of testing (i.e., strain
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rate , depth of penetration of the vane , s i ze of the vane ),

the bias due to these sources of error will also be ap-

proximately constant.

The effect of restricting the method of testing and

source of data for the correction factor was illus tra ted

i n Chapter 1. By limiting the source of case studies to

embankment failures in Boston Blue Clay and by performing

the field vane tes t in a standardi zed manner , scatter in

a corrrection factor developed from this information

should be smaller than that for the revised Ejerrum fac-

tor (developed from a wide variety of case studies).

Of course , one problem with developing local correc-

tion factors is that it takes time to accumulate a suffi-

cient amount of data. Performing strength tests at sites

of embankment failures after the fa i lures have occurr ed

would hasten the acquisition of local data .

The second way to reduce the uncertainty due to bias

is ~o improve on the conventiona l method of measuring soil

strength. Such a method has been proposed by Ladd and Foott

(1973) and has shown to be more effective in predicting un-

biased strength for uniform soil deposits. The Stress His-

tory and Normalized Soil Engineering Properties (SUANSEP )

method is based on the princi ple that stress-strain-

strength properties of clay Ire uniquely related t the

overconsolidation ratio (OCR). By recetisolidating a sample
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in the laboratory to the same stress ratio as in the f i - i d ,

one can obtain a sample having normalized properties simi-

lar to those in situ. By shearing the reconsolidated sam-

ple under the same stress conditions expec ted in the f ield

(p lane strain act ive , direct shear , plane strain passi ve)

norma lized strength parameters (undrained strength divided

by vertical effective stress) can be determined for a soil

deposi t.

The measurement o~ strength by the SHANSEP me thod

does not involve a direct measurement of in situ strength

at a point. Rather , normalized soil properties are ob-

ta ined for an entire soil deposit. The evaluation of the

u n c e r t a i n t y  of strength determined by SHANSEP requires an

evalua tion of the uncertainty in the steps followed to

measure normalized soil properties (total weight , pore

pressures , coefficien t of lateral earth pressure , max imum

pas t pressure , laboratory strength testing). Preliminary

studies in this area indicate that uncertainty in stress

hi story (especially maximum past pressure) is the dominant

source of uncertainty for strength measured by SHANSEP .

5 . 3  Recommendations

5 .3.1 Other Failure Modes

The prob ab ility model developed in this thesis as—

sumes onl y one mode of embankment fai lure , an undrained
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~ h e i i  ~a i i u r - . I t  n *q l e c ’ S ~ her pos s i b l e  mod -S of f i i  lure ,

such as e x c e s s i ve  o e n s o l i l i t ~~~n d C - f o r m a t i o n s , d e f o r m a t i o n s

due t o  ‘ i i i l r a  i ned ~~~~~~~ p ipin g , md ov e r t o p p i n g  or eros ion .

I f  ot her  mud s of f a i l u r e  ir e  t o  b~ co n s i d e r e d , an

assessment o~ the  p ro bab i l ity of f a i l u r e  f o r  each indivi-

dual m a d e  has to he made. Once the individual failure pro-

babilities are assessed , they can be combined using basic

pro ba bility to g ive  a f a i l u r e  p r o b a b i l i t y  r e s u l t i n g  f r o m

the  system of failure modes.

~-tore s tudy  on a p r o h a b al i s t i c  basis  i s  needed on

other modes of failure of earth embankments. Without a full

understand i ng of these other modes , th~~ ac tua l  fa i l u r e

probability is indeterminate . This area of study wou ld

a lso invo lve introducing another variable , t ime , into the

problem.

5.3.2 Spatial Variability

The uncertainty due to inherent soil variability was

shown to be proportional to the point coefficient of varia-

ion of in situ strength and inversely proportional to the

( - q u l v a l ( - n t  number of independent soil elements , N .  In order

t o  eva l u - i  te N , the  correl  a t . i o n  of in situ strength ha s t ‘

be measu red . D e t e r m i n i n g  the  c o r r e l a t i o n  of in S i t u  s t r e n g t h

w o u l d  g e n t - r a l l y  r eq u i r e  i close , well tested grid of borings

A study i s  c u r r e n t l y  underway at M .I.T. to evaluate
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strength correlation distances for various soil deposits.

More research is needed in this area of uncertainty in

order to better understand the true importance of inherent

soi l  v a r i a b i l i t y .

5.3.3 Other Measures of Strength

As previously stated , the Stress History and Nor-

malized Soil Eng ineering Properties approach has been ef-

fict ively used to measure undrained strength. A stud y of

the sources of uncertainty in the approach and a method

for mea: ;uring the uncertainty should be made.  Th i s  wou ld

a l l o w  fo r  the results from SHANSEP to be applied in proba-

b a l i st i c  s tudies  of embankment r e l i a b i l i t y. Also , more

s t u d i e s  of o ther  embankment f a i l u r e s , as wel l  as of satis-

factorily performing embankments , should be made . This will

prov ide a better feel fo r the resul ts of probabalistic

analyses .
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NOTAT ION

cc total costs of cons t ruct ion

CF consequences of fa i lure  expressed as costs

cxw covariance of x and y(x , y)

FS s a f e t y  factor

M safety margin

M overturning moment
0

Mo(x) a “moving average ” of the ove rturni ng moment

M
R 

resis ti ng momen t

MR ( ) a “moving average ” of the resisting moment

p f probability of failure at one “point ”

Pf probability of a failure occurring at some

location along the actual embankment length

s measured strength at point i(neas)

(i) - -true strength at point i

Su undrained shear strength

TEC total expected costs

standardized safety marg in at a “ p o i n t ’

U() 
standardized safety margin as a stationary

Gaussian random process.

VAR Var iance of x
(x)

d v,~ coefficient of variation of x

X length or duration of the process , V ( )

X mean of x
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X length to first passage of the barrier , -~~

reliability index

correlation distance of strength

random testing error at point i

bias or systematic error at point I

Bj errurn correc tion facto r

2 va r iance of x

0 standard deviation of xx
V Wu correc tion fac tor

v . mean rate of upcrossings of a level , -~~

mean rate of upcrossings of the level, zero
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