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Soil Strengths from Back Analysis of Slope Failures
J. Michael Duncan!, F.ASCE and Timothy D. Stark?, A.M. ASCE

Abstract

The advantages and limitations of using back analysis to evaluate soil strengths
are discussed. It is shown that even under the simplest conditions it is not possible to
determine unique values of the shear strength parameters ¢’ and ¢' by back analysis.
Analysis of 24 landslides in the Orinda formation illustrates the use of back analysis to
determine regional strength parameters, and provides a basis for evaluating their
accuracy.

Introduction

strength can be made by performing what has come to be called a "back analysis."
Starting from the resulf -- that the factor of safety is equal to one -- analyses are
performed to determine what the strength of the soil must have been for the failure to
have occurred.

Determining soil strengths by back analysis avoids many of the problems
associated with laboratory testing, and is widely used, especially in connection with
landslide repair studies. ~This technique is an effective method of accounting for
important factors that may not be well represented in laboratory tests, such as the
structural fabric of the soil, the influence of fissures on the strength of the soil, and the
effects of pre-existing shear planes within the soil mass.
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A. Rotational Slide

B. Rotational Slide
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in Fill Slope

in Cut Slope

C. Slab Slide
in Long Natural Slope

D. Rotational Slide
in Long Natural Slope

Fig. 1 - Mechanisms of Slope Failures in Soil

In most cases the information regarding the conditions qn;ier »Ztt;ioc;xr:dsulécéz
occurred is incomplete to some degree, and this lack of complete mﬁo:xcloncemg ces
the reliability of the back calculated sn*engéhs._ Igtl;i éaicfk ﬂ?g ggen;;::; e ans o

iti time of failure is not extensive, di ; : '
ggnggt;?erésg; tlrcl)ial experience and good judgment, it is possible to gen\;n \galgl:;lg; 1cC
ang ¢' that are of value in analyzing thefstabxltl_ty (égnslt())epggcxél atn aiysae e Boooge
formation. Where many slides in the same formation e d veloped
iability of the back calculated strength parameter S can -

%fhitg1 6i:sr;zllllt;istlrz;tzd by back analysis of slides in the Orinda formation, in Contra Cos

County, California.



892 SLOPES AND EMBANKMENTS

x L iittions of Back Angles

Back analysis is an attractive procedure fi rmini i
avoids many of the problems associ procedure for determining soil strengths because i
advantages of back z?nal}'sis are: fated with laboratory and in situ tests. “The prir ‘Cipllet

(1) It avoids problems with disturb
C ance, be
representative of the soil in its natural Sm:ausc back caleulated strengths are

(2) It provides strength values that are representative of a failure

mman p : p
tesLy orders of magnitude larger than the failure plane in an

plane having an are,
y laboratory or in sity

(3) It gives a measure of the shear Str i
) é S en f th i
of soil fabric, fissures, and pre»cx%;}tlir?g sh:asro}l)llar?laez.s that reflects the tnfluences

( ) Ses Ty Or
/ S
4 In most cases it lllV()IVe a much longer time to fallulc tha-ﬂ labOIato 1n situ

(5) Studies have shown that, where iti i
that, conditions are simple and accurate]
strengths determined by back analysis are in good agrecmcr}xltk:/(i)tv{ln;':}ll::;

determined through very extensive |
Chandler, 1977; Early argd Skcngi)‘;gn,a?g'/lzazt)?ry vest programs (Chandler, 1970;

The principle limitation of back analysis i
ing t 2 ysis is the fact that, unliki
ttgcdscttl:rifﬁ c;;ngmons at the time of fa.llure_are not precisely known, anc? é:rt:ggz:tger{,ﬁg
ow shear strength varies with changes in effective stress. A slope failure

provides a single piece of data i inevi i
P eesa sing ¢'pby o of anafyixi]: assumptions are inevitably required to determine

Although back analysis has been fi

) ¢ I ound to be effecti iti

?ixggit; Zt:éilgcgz lg;ncc}:lglso?l(g 1&6)9%, Hutchinson, et al. ( 198(‘),)? Ivg?)r:eicloar:gdlt}[?allri::;:
s en 8 . ave sh i

tenuous when it is applied to complex or poo?l;vgetgzééhc%;gsiggrsxs?f back analysis are

Saito (1980) pointed out that reliabl
po e values of ¢’ and ¢’ ¢
(t:}érr:)dl;%l;&agc tgmgysm if the pore pressures used in the analysts rz::r}lggtl};::u:ﬁclll;'agg
onons a | t;l me of failure. _Leroueil and Tavenas (1981) showed for one case that
g phreatic surface in a 25 foot high slope was three feet higher than it

actually had been at fail : . c
calculated by back :n al:;llsilgc would result in a 50 percent increase in the value of ¢’

Cooper (1984) performed sensitivit i i

i . i y studies to examine the consequen f
1&(; rcb:)ce sfxzorrr; :cli the values of various parameters involved in back analyse‘:l Angf;sgs
Caloulations g (lilsmg ranges of assumed values of ¢!, ¢', and pore pressure.
quantitics on (or calocn? tocgg}tcnmne the effects of errors in the assumed values of these
Where a slope 1& stab';l'jgd : actor of safety after stabilization of the slope. In the case
8, or pore esus tl lti t;;' flattening, errors due to incorrectly assumed values of ¢',
the eatoulang enf fto e self-compensating, and have relatively small effects on
Stabilaa s draines of factor of safety after stabilization. In the case where a slope is
b scIf~com}};e nsatiﬁge’b errors due to incorrectly assumed values of ¢ or ¢' also tend to
compensatty i g, but errors due 1o 1ncorrectly assumed pore pressures are not self-
g, and can be quite significant. Assuming that the pore pressures were
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higher than they actually were at failure is unconservative, because it results in back
calculated strengths that are too high.

nuniquen f I 0

As noted previously, one slope failure provides only one piece of informaton —-
that the factor of safety was equal to unity for the conditions prevailing at failure. In
effect, this is the same as having only one equation to work with -- only one unknown
can be evaluated. To evaluate ¢' and ¢' by back analysis, one of these parameters must
be assumed before the other can be calculated.

Saito (1980) and Li and Zhao (1984) have suggested that the magnitudes of both ¢'and
¢' can be determined by considering the position of the actual slip surface together with
the fact that the factor of safety should be equal to unity.

Saito (1980) reasoned that, while the factor of safety for the actual slip surface
should be equal to one at failure, the factors of safety for slip surfaces slightly inside
and slightly outside the actual slip surface should be greater than one. He su ggested
that unique values of ¢ and ¢ (total stress strength parameters) could be back calculated
using trial and error to find values that satisfy this condition. He also suggested that the
same procedure could be used to determine unique values of ¢’ and ¢' by back analysis,
provided that the pore pressures at the time of failure were known.

Li and Zhao (1984) described a method of estimating the values of ¢' and ¢' that
involved using an estimated value of the average effective normal stress on the actual
slip surface, together with the condition of moment equilibrium. The actual slip surface
was approximated as a circular arc. They imposed the same requirement as Saito -- that
the factor of safety calculated for the circle representing the actual slip surface should be
equal to unity, and the factors of safety for circles with slightly shorter and slightly
longer radii should be larger.

If the position of the slip surface is controlled by the positions of strong or
weak layers within the slope, the principle used by Saito and by Li and Zhao does not
apply. For example, consider a case where a layer of weak soil overlies a layer of firm
soil or rock, and the actual slip surface is tangent to the top of the firm layer. If ¢’ was
assumed to be zero (not a reasonable assumption), a value of ¢’ could be found by back
analysis that would make the factor of safety for the actual slip surface equal to unity.
The factor of safety for a slip surface slightly inside the actual one would be higher,
because, for completely cohesive strength, the shallower the slip surface, the higher the
factor of safety. The factor of safety for a slip surface slightly deeper than the actual
one would also be higher than unity, because it would cut into the firm layer.

If ¢' was assumed to be some small value greater than zero, the results of the
back analysis would be the same as described in the preceding paragraph. Thus for any
set of conditions involving a slide in a weak layer overlying a strong layer, there would
be a range of values of ¢’ and ¢', some reasonable and some unreasonable, which
would satisfy the condition that the factor of safety of the actual slip surface should be
lower than the factors of safety for neighboring slip surfaces. It is thus clear that the
procedures suggested by Saito (1980) and by Li and Zhao (1984) cannot be used to
determine unique values of ' and ¢' if the position of the slip surface is controlled by
strong and weak layers within a slope.
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i It slide i )

roced n n n cl ..
gvhm ‘t’;:cS:;:egclzsted by Saito (1980) and by Li and Zhao (Vlv9h§£,3 it is clear that the
these methods ca;ﬁris‘;fi%fgeertl:g §tren§1ths within a slope, it rem‘;?g;“:g%iappﬁcd
slope i rmine values of ¢' and ¢ uni . seen if
reaga];:dta:ﬂ; :11;1(]12 :tn; ti'gle lof soil. To explore this¢pg:sli(%)lfilg,n$:~°‘es where the
(1964}, ortholt, in London clay, which was described b“;'"stﬁgzjgve
on

The Northolt slide was consi
suggested ; sidered a good case for icati roced
suggested by Saito (1950) and by Li and Zhao (1984) bechuse the valuge Crossoures
iy e ad bec meetc;}gmedfby extensive laboratory tests and p,segio" and ¢’
surface were known. position of the phreatic surface and portions of the a‘:?“salb:lcill;

A cross- section throu i
_ > gh the Northolt slide i in Fi
excavat h ide is sho i
exes ;?e :(i tirtlhtgg?é ;wgsk Z:g:ggeg in 119<113c% ahnd failed in 19?2.1%25212& &elsglacbzvai
s § oncluded that the strength ithi "

was represented by ¢'= 140 ' Thase velues B it o

’ ' psf and ¢'= 18 d ihin the sare
of ¢’ and ¢’ values for London clay, which vaxc'ygrg:ts»;'egg (:1'51: ‘f,(;illllgev?rigé Yuﬁtm the range

st

¢'= 320 psf, ¢'= 20 degrees — peak strengths
c'=0, ¢'=16 degrees -- residual strengths.

Back analyses to determin

L : ' e values of ¢’ and ¢' i

ggxrllc'xplels outlined by Saito (1980), and by Li and th?o ?iegr&pcrfqrmed g e
circular slip surfaces. ) wing both cireular and

The r c
circle B was 3::;% Ofs :licr;alyses using circular slip surfaces are shown in Fig. 2A. Sli
portions of which ax}je o mpton as a reasonable representation of the actual sgll - 1p
and just outside cirdle C}>3Wn _xfr;l the figure. Slip circles A and C were chosen g Stu' a%a,
method of analysis (Bich . ¢ analyses were performed using Bisho 'sJN? :in?‘l cg
calculated factor of sa fet;?,pi: 1:9-?4())0 fBO)II' I(‘:?geza(;cd tria'ls, it was found that cgrcle g l’:aii a
C both had F = 1.02 for the same values of ¢' a%séyd)q? =24 degrecs, while circles A and

Thus th o :

Saito (1980) anfi‘l;ahfis CE%}? psf and ¢'= 24 degrees satisfy the criteria suggested b

are consisten w'thy - and Zhao (1984) for determining unique values of nd & that
o romstent. a.; " ot e g(:‘zmqn of the actual slip surface. However. t}?c o ar;ii LA
clay done by Skemrrtlgn 19\;14th the extensive studies of the shear st;engts}? (‘),f Iljgsdam
tests, & = 24 degrecpc; o (1964, 1977). As compared with the results of labo nt oy
above. tests havpo tz;r; tutrlllreasonably high value for London clay. As ind;éa(t)crg
1020 degrocs e reasonable range for ¢’ for London clay is 16 degrees

The results of anal i i
Slip surfag yses using noncircular slip surface in Fi
D oot \Scp;cwgrsad\xw?l Lilr.ough the observed slip sgrface locsat?giss h:n“énsllin Is:tlng'f oo
performed nsing Suon g S| inside and just outside surface E. T};e analp vere
Potnd thas fons * {)5 pscfr :nglgghjo% 5(Sdpencer, 1967). Using repeated trizillsscsitwvzz
1.03 and 1.02 for slip surfaces D and F'egrees, = 1.00 for lip surface E, while ¥ =
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F=1.020nsiip surtace ()
F = 1.00 on slip suﬂace for ¢ =24°, ¢ = 20 psf.

T F =1.02 on silip surface ©

o —

e

15‘.‘ S“ﬁag/ London Clay
w=30%
LL=79
pPL=28

Observed portions of
actual slip surface

A. Circular Slip Surfaces

F = 1.00 on slip sur!ace@
F = 1.02 on sslip surface

F = 1.03 on slip surface @
for ¢ =25°,¢' =15 psi.

——

London Ciay
w = 30%
LL=78
— PL=28

————————————

\—— Observed portions of

actual slip surface

|

331t

B. Noncir cular Slip Surrfaces

Fig. 2 - Back Analysis © Match Observed Slip Surface for Northolt Slip

(Cross-secton from Skempton, 1964)
ircular slip surfaces are essentially the
same as those from analyses with circular slip surfaces: the value of ¢' found using the
criterion that the acmual slip surface should have a lower factor of safety than
neighboring slip surfaczes is unreasonably high as compared with laboratory tests.

discrepancy is that the Northolt slope
(1967) and Skempton (1964, 1977,

Thus the resuitts achieved using nonc

The writers beilieve that the reason for this

failed progressively ({Skempton, 1964). Bjerrum

1985) have shown that it is common for failure surfaces in overconsolidated clays to
develop progressively.. Bjerrum's studies suggested that failure surfaces around slopes
in overconsolidated c:iays propagate inward from the toe of the slope gradually over a
period of cme before failure occurs. As a result, the conditions that prevail when the
slip surface is deveitoping may differ from the conditions when the slide occurs.
Skempton (1977) inagicated that tens of years may be required for pore pressures to
equalize around an esxcavated slope in clay. Thus the slip surface at Northoit probably
began to develop whiiie the pore pressures within the slope were lower than they were
when the slip occurrezd. A change in pore pressures after part o all of the slip surface
developed appears t0 .explain why the actual slip surface is not consistent with all of the

conditions at the time- of failure.
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I TOm these ConSIdCI ation, y
s S S there Wlll be iew
1t seem Clca] that h
CIKCUmStanCeS Whelf' t.he pOSlthIl Of t.he Shp SurfaCC can be used to dctermmc

Table 1 provides typical val
; St ues of ¢’ for the full iti
g‘;s;g“alllgsggt):n%ﬂhcondmon. Following the recommg’nfi‘:xftti?nesdg? ré(}(mon o for the
; vionoy, Cfened shear strengths are appropriate where no sl (191?4 :
0g has

Table 1. Typical Values of ¢'
¢' for the Full
goftep;d and the Residual Strenll:;tl};
ondition, after Ladd et al. (1977) and

Mitchell (1976)
Plasticity Index Value of ¢' (degrees)
Full .

Softenyed Residual

0-10 30- 40 18- 30

10 - 20 25-35 12-25

20 - 40 20-30 10-20

40 - 80 15-25 7-15

Regional f lides in in Tmation

Another procedure for determinj
A : erminng values of ¢' ' ;
o v s e s (L5 156 ST vk s
of an area gﬂere Iﬂ?irma, lg highly prone to landsliding, and affords : g?)g’dm Com}'a
Radbruch and Weil 51 9“30 nique can be applied effectively. In the lexlamp y
Orinda formation. 1 f: ar6633)51tud1ed dt?:d landslides in an 8.5 square mile arceir“},'lm&ﬁsc
lon. ey stu is indi N6
that 195 landslides occurred in t%:js area in1 sal;edéccféegfct)a(t)h;cr:rip nFig.3. They found

haracteristics of the Ori ;

includes nda qumatlon. The Orind i :
incudesconglomerate, sandsione: gneand g et Plocene e
southeast tl‘endinoc arzla1 studied by Radbruch and Weiler is a érou oItZr rthwest.
formed paralle] to tl;ar el folds, which are offset by several faultsp Vallllonhwh“t-
Pablo Reseryorr Thee r;);:fsigf[}t]}ele folds, the largest being the one that cont?i]ris g:r?
a : 2 area 1s as much as i-di ;

re about equally numerous, and landslides occur on s?c?geicg;: bﬁtr}]lua-t(gglggg 4ip slopes

values of the strength o
parameters c¢' and ¢'. If th e . unique

control] d 9. e positi .
occurre;,d vgl}:xesg g? g zﬁg weak layers within the SloPg or i?r;’r%fgfel:Sis\ipfS?lrfm i
¢, $' calculated assuming that the actual slip surface z;gﬁdhgg R
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8.5 square mile area

of The Orinda Formation
studied by Radbruch and
Weiler (1963).

San Pablo
Reservoir

Briones
Reservoir

San
Francisco

Oakland

180
Alameda

t—!280

Fig. 3 - Map of the San Francisco Bay Area, Showing the Part of the Orinda
Formation Studied by Radbruch and Weiler (1963)

Soil cover is sparse within the Orinda formation. In most locations the
weathered rocks of the Orinda are exposed on the hillsides. Weathering extends to a
depth of three feet to 20 feet. The weathered materials of the Orinda have very low
shear strengths. Although they are rocks from a geologic point of view, they behave
like soils, and the landslides that occur within them are of the types that take place on
slopes in soil. The weathered rock materials that are exposed on the hillsides are almost
always clayey, and they usuaily classify as clays of low to medium plasticity (CL) by
the Unified Soil Classification System. Typical values of the Atterberg limits are LL =

30 to 50, and PL = 15 to 25.
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. cHst ides § i ion, The materials of the
formation are highly prone to landsliding, as indicated by the fact that 195 landslides
occurred in an 8.5 square mile area of the Orinda in a two-year period. Many

slope, and the length of the slope is greater than the length of the slide. In many cases
1t is not possible to determine by inspection in the field whether a particular slide is a
slab slide or a rotational slide, because their surface expressions are virtually the same.

Of the 195 slides that were recorded by Radbruch and Weiler, a total of 39 were
suitable for back analysis. These include 24 slides on natural slopes, 10 slides on cut
slopes, and 5 slides on slopes in fills that were constructed using fill materials derived
from the Orinda formation. The characteristics of the slides are summarized in Table 2.

Table 2. Characteristics of Back Analyzed Slopes in the

Orinda Formation

Type of Slope Slide Length Slope Angle

Natural (24) Max = 600 ft Max = 35°
Min =201t Min = 16°
Ave =75 ft Ave =23 .5°

Cut (10) Max =2251t Max = 41°
Min =20t Min = 22°
Ave =701t Ave = 29°

Fill (5) Max =200Tt Max = 35°
Min=201t Min = 23°
Ave =60 ft Ave = 31°

The remaining slides were considered unsuitable because they involved more
than one type of materjal (natural, cut, or fill), because they had complex geometries
(variations in slope angle within the slide area), or because they were described by
Radbruch and Weiler as carthflows or rockfalls rather than slumps (which are termed
slab slides or rotational slides in this paper).

Analysis procedures for natural slopes. For purposes of analysis the slides on
natural slopes were assumed to be Totational slides of the type shown in Fig. ID. This
mechanism is considered to be more realistic than the infinite slope mechanism, which
neglects end effects at the head and the toe of the slide. Consideration of the end effects
results in values of ¢' that are somewhat smaller, for the same value of ¢', than would
have been calculated if the infinite slope mechanism had been used in the back analyses.
The analyses were done using the procedure shown in Fig. 4. The equations shown in
Fig. 4 were developed by analyzing a number of rotational slides on long slopes using
Bishop's Modified Method (Bishop, 1954), and relating the results to the expressions
for factor of safety from infinite slope analyses. It was found that the factors of safety
for rotational slides and for the infinite slope condition could be related through the
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adjustment factors C; and C, shown in Fig. 4. Both C; and Cy atfe cqu?l tcx)‘olté%% rfﬁﬁ

inijinitc slope conditions, an they have tl;:q vaiuei1 52?&2; tt(},lec allg:ll;c ct)}r]e otational
i long slopes. The expressions in Fig. 4 m s S)

:ggcet; (f)gr a g%ven%:opc, or to calculate the value of ¢’ for F = 1.00.

= X_Yl}
A=|1-
[1 T Ym
1
tan ¢’ ! =
F=C1Aﬁ+ ZB\—(SF B cos?p tan B

Co=[1+36 sinp (If]

YmH{F-C Atan“

‘Tt tan p Ca=[ 15+ 10 ()"
H=cozl3

F = factor of safety o
¢ = effective stress angle of internal friction
¢ = effective stress cohesion intercept
Yn = moist (total) unit weight of soil
i i f water
N Moknoes of ini i sured normal to ground surface)
= thi f layer containing slide (measu
; - gi];?;:izsfr%m ghreatic surface to base of layer (normal to ground surface)

H = vertical distance from top of layer to base
B = slope angle

i

Fig. 4 - Analyses of Rotational Slides on Long Slopes

lopes for assumed
! F = 1.00 was calculated for eagh of the s ;
T?%Yil::g?ﬁg ff;)orm 20° to 40°. This resulted in 24 values of (ilrffoéeei(;l;
valuese((i) value of ¢". In these calculations, the position of the phreatic s adurin
assumCd to corres ﬁd to X/T =0.8. Landslides in th; Qrmda formation occml"l i Ogr
asililorgs ofoheavy Sa(i?nfall and the phreatic surfaces within t}léfrmlo%:sé arrezs]stl.sxz;nylgwcr
L : 1 f failure. Assuming =0.

rface at the time of fa X r
Szlagclshgfgg:cl;(ngalscuuki%z strength than would be calculated if it was assumed that X/T
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1.00. This can be seen in Fig. 4 where ¢' is expressed as a function of A, and A is
expressed as a function of X/T. Reducing the value of X/T results in a higher value of
A and thus a lower value of ¢'. The value of Tm Was assumed 10 be 135 pounds per
cubic foot, based on data from several sites.

Results of back analyses, The variation of the back calculated values of ¢' with
the assumed values of ¢' for natural slopes is shown in Fig. 5. As the assumed value
of ¢' increases, the pqck calculated value of ¢' decreases. The range between the

maximum and the minimum values of ¢’ is about 150 psf, a surprisingly narrow range
considering the variations in slope heights and slope angles among the 24 slopes.

200
24 Natural Slopes

150 F L j
'0‘8- 100 } Maximum
Sy
EX- Average
38
%g 50 Minimum
8¢
S 3 -100 }

-150 |

-200 F

-250 L L 1

20 25 30 35 40

Assumed Value of ¢' - degrees

Fig. 5 - Varitation of Calculated Value of ¢' with Assumed Value of ¢' for Failures
on 24 Natural Slopes in the Orinda Formation

Given the information shown in Fi g 5, two important questions remain:
(1) What are the best values of ¢' and ¢’ for analysis of slopes in the Orinda formation,
and (2) What minimum factor of safety should be used in conjunction with these values
of ¢ and ¢'?

To answer these questions, the factor of safety of each of the slopes was
calculated using each assumed value of ¢' and the corresponding average value of ¢'.
The results are shown in Fig. 6. The values of maximum safety factor shown in Fig. 6
provide a measure of the potential inaccuracy involved in using the average value of ¢'
in stability analyses. Because all of the slopes failed, the correct result in each case is F
= 1.00. Where values of F > 1.00 are calculated, the results are unconservative, and
the margin between the calculated value of F and 1.00 is a measure of the
unconservative error.
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2.0

[24 Natural Slopes ]

:\_ Maximum -

L uaem

-4
[

-4
(=]

\’.\1

Minimum

Using Average Value of ¢'

Factor of Safety Calculated
o
[$)]

L L

0.0 :
20 25 30 35 40

Assumed Value of ¢' - degrees

Fig. 6 - Varitation of Factor of Safety Calculated Using the Avcm'gc Back Calculated
" Value of ¢’ with the Corresponding Assumed Value of ¢

i would be to use the average value of ¢’ with the
correspoAnﬁsgoeztl)x}l: i(}s;g'?a%rgctzd:r{:ure that the calculated factor of safety is Ia;(%:i—
than the maximum value shown in Fig. 6. This should result in a safe design, provi .
the actual conditions are not worse than those assumed in the anal.)t;es. 'I;n;s :h :
maximum factor of safety shown in the figure provides guidance with regard to
value of F that should be used to achieve a safe and reliable result.

be seen that, for ¢’ = 25° and ¢’ = 40 psf, the maximum calculated factor
of safetI; (i:zsml.ti‘ For values of ¢' either smaller or larger than 25° the mam'n.:_ufs
calculated factor of safety is larger. These rqsults thus indicate: (1) Th; value%s c'= ;
sf and ¢' = 25° appear to be optimum choices. (Note that the maximum factor 3‘
I:afcty calculated using ¢' = 0 and ¢' = 30° is only very slightly higher than 1.4
therefore ¢' = 0 with ¢’ = 30° might be considered to be an equally good altematxvq.)
(2) If these values of ¢’ and ¢' were to be used for analysis of the stability of Slope&sx in
the Orinda formation, the minimum factor of safety should be somewhat larger than
1.4. A minimum value of F = 1.5 seems appropriate.

nalysi r ill St These same types of analyses
were also done for the 10 cut slope failures and the 5 fill slope failures, with the results
shown in Table 3.



902 SLOPES AND EMBANKMENTS

Table 3. Optimum Values of ¢' and ¢' Based on Back Analysis of Slope
Failures in the Orinda Formation.

Type of Slope c’ %' AveF | MaxF
Natural Slopes (24) 40 psf 25° 1.06 1.39
Cut Slopes (10) 10 psf 35° 1.01 1.30
Fill Slopes (5) 40 psf 30° 1.02 1.14

For convenience the same failure mechanism was used for analysis of the cut
and fill slopes as was used for the natural slopes. Although this mechanism is not as
representative of the actual failure mechanisms in cut and fill slopes, the results are

useful because they provide some interesting information about the reliability of back
calculated strength parameters.

The most significant aspect of the results shown in Table 3 is that the values of
maximum factor of safety for cut and fill slopes are smaller than those for natural
slopes. It might be inferred, therefore, that it would be appropriate to use smaller
factors of safety for cut and fill slopes, on the basis that the back calculated values of c'
and ¢' are more reliable. However, this is clearly not the case. The principle factor
influencing the value of the maximum factor of safety is the number of slopes analyzed.
If only two slopes were analyzed, using the same procedures, the results would seem
perfect -- the calculated factor of safety would be exactly 1.00 for both slopes. Thus,
to arrive at some measure of the uncertainty in this type of regional back analysis study,
it is necessary to analyze a significant number of slope failures. Clearly five is too
small 2 number. Ten also appears to be a little too small. The writers believe that the

minimum number of back analyzed failures that will provide a reasonable indication of
the reliability of the result is about 15 to 20.

onclusions

Back analysis is a useful procedure for determining soil strengths from slope
failures. Its advantages include the fact that it avoids problems with soil disturbance,
and that it gives a measure of the shear strength of the soil mass that is representative of
a large area, and which reflects the influences of soil fabric, fissures, pre-existing shear
planes, and long-term loading. Where soil conditions are not complex, and where the
conditions at the time of failure are known with some degree of accuracy, shear
strengths determined by back analysis have been found to be in good agreement with
values determined through extensive programs of laboratory testing

It has been suggested that the the magnitudes of both ¢' and ¢' can be
determined by considering the position of the actual slip surface within a slope.
However, if the position of the slip surface is controlled by strong and weak layers
within the slope, or if progressive failure has occurred, this is not true. The best
procedure appears to be to assume the value of ¢, using good judgment and whatever
experience can be brought to bear, and to calculate the value of ¢' that corresponds to F
= 1.00. Table 1 provides some guidance for estimating values of ¢". Attempting to
find values of ¢’ and ¢’ that make the actual slip surface more critical than any other
does not improve the results, and may in fact result in values of ¢' and ¢' that are less
representative of the actual strength characteristics of the soil.

Although back analysis is a useful procedure for estimating soil strengths, it
cannot provide unique values of ¢' and ¢' for the soil involved in a slide, and it cannot
be used without assumptions. A thorough understanding of the slope failures
analyzed, and the application of good Judgment in formulating the necessary
assumptions, are prerequisites for achieving reasonable and reliable results.
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