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PREFACE 

This report deals with different methods for reduc ­

tion of the undrained shear strength of normally con­

solidated and s lightly overconsolidated clay accord­

ing to field vane tests or fall - cone tests. In Sweden 

a gradual reduction of the shear strength has been 

made on the basis of the cone liquid limit of the clay 

since the 1930-ties. In recent years a number of new 

reduction methods have been proposed and a comparison 

of these methods is therefore of interest. ~s the 

shear strength reduction is connected with the risk 

of failure and the factor of safety to be used in gee ­

technical design, the report also contains a dis­

cussion of the probability of failure and the optimum 

factor of safety. 

The author is grateful to Dr. Tech, L Andreasson , 

Head of the Swedish Geotechnical Institute, and to 

his colleagues at the Institute for fruitful dis ­

cussions during his 3 month~s stay at SGI in Linkoping 

in the fall 1976. Valuable information was also ob­

tained from field investigations and discussions with 

Prof. R Pusch and his colleagues at the Department of 

Geotechnology of the University of Lulea. Important 

conclusions have been drawn from case records and 

observations reported by a number of persons and the 

author is grateful for this valuable information . 

The investigations reported in this paper were spon­

sored partly by the Swedish Council for Buildiny Re­

search in Stockholm and partly by the Finnish Techni ­

cal Research Council in Helsinki . 

Linkoping May J977 

K.V. Helenelund 
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ABSTRACT 

Methods for reducing undrained shear strength of soft 

c lay 

Observations from failures of slopes and embankments, 

and loading tests show that the shear strength measured 

in field vane tests and fa l l - cone tests in organic and 

plastic clay has to be reduced in order to correspond 

to the real shear strength of the clay. In Sweden a 

gradual shear strength reduction has been made on the 

basis of the cone liquid limit, as soon as this ex­

ceeds 80%. In recent years several new methods have 

been proposed for the shear strength reduction. 

Some observations indicate that the reduction used to­

day has been in certain cases insufficient. A compari­

son between different reduction methods and the corre­

sponding risks of failure has therefore been made. 

The risk of failure has been analysed according to the 

scatter of the case records used by Bjerrum for deduc­

tion of his reduction factor and also according to the 

variations of the ratio of vane shear strength and 

effective overburden pressure (Tv/o~) in different types 

of clay. 
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SUMMARY 

Different methods for reduction of the undrained shear 

strength of soft clays according to field vane tests 

and fall - cone tests are presented a nd compared, paying 

special attention to the risk of failure associated 

with these reduction methods. Comparisons of the pro­

bability of failure according to case records and 

T~a~-ratios indicate, that there are cases, where the 

probability of failure will be remarkably high, if the 

shear strength reduction is made using the same curve 

or formula, for instance eqn (11) or (14) in all types 

of clays. 

A statistical analysis of Swedish clays indicates, 

that there is a difference between the probability of 

failure of fresh- and brackish-water clays and salt­

water sedimented clays, when the same strength re­

duction is used for both types of clay. Relatively 

high Tv/a~-ratios have been observed in fresh- and 

brackish-water clays, but the high Tv-values cannot 

be relied upon to the same extent as in marine clays, 

as the structure of fresh-water clays is more easily 

disturbed by shear displacements before rupture. 

Clays with high apparent Tv/a~-ratio, resulting from 

e.g. secondary consolidation, may thus need a greater 

shear strength reduction . In such clays the reduction 

could be based on the T~o~-ratio, using eqn (12) or 

Fig. 7. Another possibility is to reduce the shear 

strength on the basis of the overconsolidation ratio 

(Ladd & Foott 1974) . 

Instead of using different reduction factors for 

different clays an alternative method is not to re­

duce the shear strength at all, but to correct the 

theoretical factor of safety by dividing it with an 

empirical factor of safety at failure (Fsf). The 

liquid limit or T /a'-ratio used as a basis for the 
V 0 

correction should then be calculated as a mean value 
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for the critical slip surface. Thi s me thod gives 

satisfac tory resul ts in fai rly homogeneous soils , but 

it can lead to e r rors in non- homogeneous and layer ed 

soils , e . g . regardi ng location of the critical sl i p 

surface . 

The shear strength reduction recommended by SGI corre­

sponds approximately to formula (18), whereas that re ­

commended by Bjerrum (1972) and Pilot (1972) corre­

sponds to formula (14) and (14a) . Formula (14) leads 

to a stronger reduction for clays with wL = 50-90% 

than the SGI reduction , whereas Fig . 22 indicates that 

the risk of failure is greater in clays with wL > 90%, 

even after a shear strength reduction according to 

SGI . 

Customary factors of safety are associated with in­

vestigation and calculation methods used in engineer­

ing practice today and the introduction of new re­

duction factors may necessitate some alterations of 

the Fs- values to be used in geotechnical design. 

Determination of the relationship between the factor 

of safety and the probability of failure (eqn 32) 

makes it possible to calculate the optimum value of 

the factor of safety and in this way to find the best 

economic solution also when new reduction factors are 

used. 
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INTRODUCTION 

The reliability of stability calculations based upon 

undrained shear strength values measured in soft clays 

has been a matter of concern since the introduction 

of the fall - cone test by the Geotechnical Commission 

of the Swedish State Railways. The strength values ob­

tained in fall-cone tests were originally calibrated 

by the Secretary of the Geotechnical Commission, John 

Olsson, against the undrained shear strength calcu­

lated from loading tests on piles in soft clay, ob­

servations from failures of railway embankments and 

slopes, and results from unconfined compression tests. 

Direct correlations between strength values from fall­

cone tests and the undrained shear strength measured 

in shear box tests and punching tests were established 

by Skaven-Haug (1931) in Norway and by Hultin (1937) 

and Caldenius (1938) in Sweden. The difference between 

the relationships found in these tests was explained 

as a result of different grain size distribution and 

organic content of the clay. Skaven-Haug-s tests on 

relatively coarse-grained Norwegian clays gave higher 

shear strength values than the Swedish tests on more 

fine-grained and organic clays (Caldenius 1938, Jakob­

son 1946). 

The Swedish Geotechnical Institute adopted in 1946 a 

calibration formula for calculating the undrained 

shear strength according to fall-cone tests based 

upon mean values from the Norwegian and Swedish tests 

and recommended that the shear strength of organi c 

clay should be reduced by 20% and the shear strength 

of gyttja (ooze) by 40% (Jakobson 1946) . 

However, the development of new standard piston sam­

ples made it later necessary to correct the original 

calibration of the fall-cone test through the intro­

duction of a general reduction coefficient of 0.90 

in the old calibration formula (Svenska Geotekniska 

Foreningen 1962) . 
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After introduction of the field vane test it was as­

sumed the shear strength obtained from vane tes ts (Tv) 

would not require any similar reduction (Cadling and 

Odenstad 1950). However, as the Tv- val ues were gener­

ally close to the shear strength Tk determined by the 

fall -cone test, it soon became clear, that if special 

reduction coefficients has to be applied to the Tk­

values , similar coefficients should be used for the 

Tv-values , too . 

In 1969 it was concluded , that the same reduction co ­

efficients should be applied to both the vane test and 

the fall- cone test (Statens Geotekniska Institut 1970. 

The d ifference between vane test and fall - cone test 

results at greater depths is mainly caused by sampling 

disturbance and stress changes during the sampling 

operation) . 

In 1972 Bjerrum (1972, 1973) published his recommen­

dation for reduction of the Tv- values , based upon an 

analysis of case records from failures of embankments , 

footings, loading tests and cuts in clay all over the 

world. According to Bjerrum the Tv-values should be 

reduced also in non- organic clay, where no reducti on 

is made according to the Swedish recommendation 

(Andreasson 1974) . 

Experience from l oading tests , embankments and cuts 

in soft organic, p l astic and varved clays indicate 

that the recommendations for reduction of the Tk- and 

Tv- values may sti l l require some modifications . 

Swedish Highway Authorities have, for ins tance , based 

upon experience with highway embankments on black or­

ganic clays and silts containing iron sulphide in 

northern Sweden recommended reduction coefficients 

down to or even smaller than 0.5 for such organic 

soils. Expe rience from failures during the construc­

tion of the Kimola and Saima canal s in Finland also 

indicate that the reduction methods used so far may in 

samecases give results which are on the unsafe side . 
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A total stress analysis using undrained shear strength 

has, of course, its limitations, and an effective 

stress analysis using the effective shear strength 

parameters c (or a = c/tan~) and ~ is in many cases 

more reliable, specially in problems involving long ­

term stability (Janbu 1970). Because of its simplicity 

the total stress analysis has, however, a very wide­

spread use in practice and it is therefore important 

to investigate the errors incorporated in this method 

and to develop correction methods or reduction factors 

in order to eliminate these errors. 

4 	 DIFFERENT METHODS FOR REDUCING UNDRAINED SHEAR 

STRENGTH 

4.1 	 Reduction of 'k according to Swedish State 

Railways 

The Geotechnical Commission of the Swedish State Rail ­

ways introduced a relative strength number H equal to 

the mass in gram of a 60° steel cone penetrating 4 mm 

into a clay sample when dropped from the surface of 

the sample (Statens Jarnvagars Geotekniska Komrnission 

1922). John Olsson, the Secretary of the Commission, 

calculated the undrained shear strength 'k f rom the 

formula (Jakobson 1946) . 

H3 
'k = c 	 (1) 

where c is a strength transferring coefficient and 

the index 3 refers to undisturbed soil samples (for 

remoulded samples the index 1 was used). If Tk is 

in kPa, C is about 4 for a non-organic clay. Olsson 

found, that the C-value had to be increased in or­

ganic clay and gyttja (ooze) and suggested that this 

reduction of Tk should be made on the basis of the 

cone liquid limit wF (which is approximately equal to 

the percussion liquid limit wL) determined by the 

fall -cone test (Fig. 1, Lindskog 1976). 
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Relationship between the cone liquid limit wF and 

the strength transferring coefficient C =H3/Tk 

according to John Olsson when H3 < 150 (H3 = rela­

tive strength number of undisturbed clay obtained 

in fall- cone tests , 'k =undrained shear strength 

from fall - cone test) . 

Later on more detailed curves we r e worked out giving 

C as a function of both wF and H3 (see Fi g . 5 in 

Osterman 1960). The strength number H3 can be con­

sidered to correspond to the ultimate bearing capacity 

of the undisturbed clay sample in rapid loading and 
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the coefficient C thus includes rate effects in trans­

ferring strength measured in rapid loading to normal 

loading rates in the construction of e.g. railway 

embankments. 

4.2 Reduction of Tk and Tv according to SGI 

Taking into account the experience and test results 

of Olsson , Skaven- Haug , Hultin and Caldenius the 

Swedish Geotechnical Institute recommended in 1946 

that the undrained shear strength Tk (in kPa) from 

fall-cone tests shoul d be calculated from the cali­

bration formula (Jakobson 1946) . 

3.6+0.0064 (2)H3 

but that the denominator in this formula should not 

be less than 4.0. In addition to this the undrained 

shear strength (Tfu) to be used in stability calcu­

lations should be reduced depending on the organic 

content of the clay. According to the recommendations 

the reduction factor ~ in the formula (3) 

( 3)Tfu 

should be ~ = 0.80 in organic clay and ~ 0.60 in 

gyttja (ooze) . 

Later on Hansbo (1957) deduced a new calibration for­

mula for the cone test: 

(4) 

where Q is the mass of the fall- cone (in gram), h is 

the cone penetration (mm) and K is a cone factor de-

pending on the angle of the cone and on the type of 

soil sampler. For the piston sampler SGI IV and the 

lOO gram 30° cone the cone factor is K = 10, when 

Tk is in kPa. 
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The introduction of new soil samplers made it necess ­

ary to recalibrate the fall-cone test and this was 

done using the field vane test. In this connection it 

was found that both tests were of a similar character 

and that an interpretation from one test to another 

did not necessitate taking into account the organic 

content (Hansbo 1957, Osterman 1960). If a special 

reduction factor ( ~ in equation 3) was used for the 

fall -cone test, a similar reduction factor thus had 

to be applied to the vane test. SGI recommended in 

1969 that the reduction factor is selected on the 

basis of the cone liquid limit wF as shown in Table 1. 

TABLE 1 

Reduction factors for the undrained shear strength measured in 

faZZ-cone tests or fieZd vane tests according to recommendations 

by SGI (Broms 1972). 

~one liquid limit Reduction factor 
wF% ~ 

80- 100 	 0.90 

100-120 	 0.80 

120-150 	 0.70 

150-180 	 0.60 

>180 	 0.50 

4.3 	 Reduction of 'k and 'v according to Swedish 

Road Authorities 

Based on experience from failures of highway embank­

ments on organic clays and other clays with high 

liquid limit the Swedish Road Authorities in 1968 de­

duced a formula for determination of the reduction 

factor ~ on the basis of the cone liquid limit wF. 

According to an investigation by Hansbo (1957) there 

exists for many Swedish clays an empirical relation­

ship between the ratio •v/a~ and the cone liquid limit 
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T /a ' = 0 . 45 w (5)
V o F 

where Tv is t h e undra ined shear s tre ng th measured in 

fi e ld vane tests and a ' is the effective overburden 
0 

p r essure in the same depth . Howeve r , according to the 

Swedi sh Road Authori ties, the undrai ned shear strength 

Tfu to be used in stability calculations should not 

be greater than a certain limiting value (Ol ofsson 

1976): 

Tfu < 0.40 a' 
0 

(6) 

This maximum value has been used in highly plastic 

clay from Mexico City and it agrees fairly well with 

the reduced T / a '-ratio according to Osterman (1960).
V 0 

As shown in Fig . 2 the upper limit Tfu = 0.40 a~ woul d 

give a reduction factor ~ = 0.89/wF. This value is re ­

duced by the Swedish Road Authorities to (Statens Vag­

verk 1974): 

~ = 0 . 80 ( 7)
WF 

which corre sponds to Tfu = 0. 36 a~ , when the cone 

liquid limit i s wF ~ 0 . 80 (80 %). 
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a 0.40 0.89 I 

1) IJ.=-=-- -- ; WF=89%b 0.45 WF WF 

0.36 0.80
2) 	

1

l.l.=-- ; WF =80% (a=0.36)
0.45 WF WF 

Fig 2 	 Derivation of the reduction factor~= 0,80/wF 

recommended by Swedish Road Authorities. 

Fig. 3 illustrates variations of the Tv/o~-ratio as 

a f unction of the plasticity index according to aster­

man (1960). The reduced Tfu/o~-curve suggested by 

Osterman (reduced in a way s imilar to the reduction 

used by Olsson) and a curve corresponding to the re­

duction factor recommended by Bjerrum are also shown 

in Fig. 3. 
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Fig 3 	 Ratio between shear strength (TV) f rom fieZd vane 


tests and the effective overburden pressure ra;) as 


a function of the plasticity index (I ) according to 

p 

Osterman (1960) . The reduced ratio according to 

Osterman and Bjerrum is aZso shown in the figure . 

4. 4 	 Reduction of 'k according to Bjerrum 

Bjerrum (1972 , 1973) deduced his relationship between 

t he reduction factor and the p l astic i ty index I from 
p 

an analysis of a number of case records from failures 

in soft c l ay in di f ferent parts of the world . In Fig . 

4 these case records are plotted i n a different way 

in order to obtain the factor of safety as a function 

of t he l iquid limit (Andreasson 1974) . Some of the 
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c a se records included in Bjerrum's paper are omitted 

from Fig. 4, because of lack of information about the 

liquid limit or because of other uncertainties. The 

small circles in the figure represent embankment 

f a ilures , the triangles are failures under footings 

and loading plates (V) or strutted excavations ( ~ ) 

and the small squares represent failures of cuts and 

uns upported excavations. 
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Fig 4 	 Theoretical factor of safety at failure (Fs~ as a 

function of the liquid limit of the clay according 

to ease records in Bjerrums General Report to the 

Moscow Conference in 1973 . The undrained shear strength 

has been measured by field vane tests (Andreasson 1974) . 
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On the basis of the streight line in Fig. 4 the curve 

in Fig. 5 has been drawn , giving the reduction factor 

~ as a function of the liquid limit of the clay. The 

reduction factor recommended by SGI (Table 1) is also 

shown in Fig. 5. As seen from the figure the differ­

ences between the reduction factors recommended by 

Bjerrum and SGI are important for clays with low 

liquid limit, but for clays with high liquid limit 

the difference is rather small. 

LIO UID LI MIT wl OR wF % 

50 	 100 150::i 10 

er: 
0 0.9I-
u 

0.8Lt 
z 0.70 ACCORDING TO 
I- BJERRUMS CASE RECORDS 
u 0.6 
::::> 
0 
w 0.5 
er: 

Fig 5 	 The reduction factor as a function of the liquid 


limit according to the case records in Fig 4 and 


according to SGI (Andreasson 1974) . 


4.5 	 Other reduction methods 

In a report on embankment failures in France Pilot 

(1972) analysed a number of case records and stated 

as a conclusion, that the theoretical factor of safety 

at failure increases both with the liquid limit and 

with increasing plasticity index of the soil. The 

empi rical equations for the factor of safety at fail ­

ure Fsf deduced by Pilot (1 972) are: 

F 
sf = 0.6 WL + 0.7 	 (8) 

= 0. 7 I + 0.9 	 (9)Fsf p 

where WL = liquid limit = wL %/100 and I plasticityp 

index = Ip%/100. 
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Equations (8) and (9) can be used to calculate the 

reduction factor ~ = 1/Fsf ' which should be applied 

to the shear strength values measured in field vane 

tests . Another possible procedure is to reduce the 

theoretical factor of safety by dividing it with the 

factor of safety at failure according to equation ( 8) 

or (9). The wL- and Ip-values in these equations 

should then be calculated as mean values for the most 

dangerous slip surface . 

A similar method has been applied by Aas (1976), who 

found a linear relationship between the factor of 

safety at failure Fsf and the ratio 'v/cr~. This re­

lationship can be expressed by the formula 

Fsf = 2.7 T / cr ' + 0.38 (10)
V 0 

where 'v is the mean (uncorrected) vane shear strength 

and cr~ is the mean effective overburden pressure in 

the critical slip line. (In a homogeneous soil the 

T / cr '-ratio can be determined at the center of gravity
V 0 

of the circular arc) . The method recommended by Aas 

(1976) is simple and practical and gives results which 

are generally on the safe side. This method will be 

discussed later in Chapter 2.6 and 3.2. 

A method for reduction of the she ar strenght of over­

consolidated clay samples has been worked out by Ladd 

and Foott (1974). The method is based on a non-linear 

relationship b e tween the ratio ' f l a ' and the over-
u 0 

c o nsolidation ratio cr ~/cr ~. This relationship is deter­

mine d from laboratory tests on undisturbed soil sam­

ples in each special case . The method of Ladd and 

Foo tt (1974) is thus more laborous than previous 

metho ds, but it gives apparently more reliable results, 

as the extrapolation to other types of clay is avoided. 

4.6 Compariso n of different methods 

The reduction factor proposed by Bjerrum (1972, 1973) 

can be expressed approximately by the formula 
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1.2 (11)~B 1 + Ip 

where the plasticity index Ip = Ip%/100. 

The linear relationship found by Aas (1976) between 

the factor of safety at failure (Fsf) and the ratio 

T~a~ 1 equation (10) 1 would on the other hand give 

the reduction factor 

(12) 

If the reduction factor is expressed as a function of 

the liquid limit using the empirical relationships 

proposed for Swedish clays by Hansbo (1957): 

T~cr~ = 0.45 wL (equation 5) and Osterman (1960): 

Ip = 0.82 (wL-0.20) 1 the reduction factor ~A and ~B 

would be approximately: 

2.5 (13)~A 

1.45 (14)~B 1 + WL 

For organic and plastic clays equation (13) gives 

considerably lower ~ -values than equation (14) 1 even 

if the last mentioned equation at high wL-values gives 

slightly smaller reduction factors than according to 

the curve in Fig. 5. 

If we calculate the relationship between the ratio 

T /cr ' and the liquid limit WL 1 which corresponds to 
V 0 

the case ~A = ~B 1 we find that this relationship dif­

fers from equation (5) . If we take the starting point 

(~ = 1.0) of the reduction in both cases at wL = 0.5 

(this assumption is also in accordance with Pilot-s 

formula 8) 1 which means that we take 

1.5 (14a)~B 
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the following approximate relationship is obtained 

(15) 

The AB-l ine corresponding to equation (15) lies about 

half- way be tween the 0 . 45 wL-line and the line rep­

resenting the reduced shear strength Tfu (Fig . 6). For 

clays with T /o ' = 0. 45 "'L a g reater reductio n factor 
V 0 

would thus have to be use d, if the same T fu/o~ -curve 

is assume d to apply also t o these clays: 

2 . 5 	 WL + 1 
. uB (16)4 5. WL 

2.5 WL + 1 
or (17 )

3 WL (wL+l) 

1v loo o.s -r--------------------------. 

0.6 

0.4 THE SGI 
RE DUC TION 

----------~----~------------
0.2 l:fu /00 

0 	 50 100 150 

LIQUID 	 LIMIT wl % (OR wF 

Fig 6 	 EmpiriaaZ and aaZauZated reZationships between the 

ratio Tv/o; and the Ziquid Zi mit. The SGI- reduation 

corresponds to the area between the AB- Zine and the 

horizontaZ Zine T~o; =0,30 . 
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A comparison of Figs. 2 and 6 shows that reduction 

according to the 'f /o'-curve in Fig. 6 would mean a 
u 0 

considerably greater shear strength reduction than 

according to formula (7) and thus also a much greater 

reduction than according to SGI. 

However, instead of using a statistically weak rela­

tionship between the 'v;o;-ratio and the liquid limit 

(or plasticity index), it seems preferably to use the 

actual T /o'-ratio directly as a basis for the reduc­
v 0 

tion, according to formula (12) or by using the Tv/o~-

scale in Fig. 7. The relation between the wL-scale 

and the T / o '-scale in Fig. 7 is in accordance with 
V 0 

equation (15). If the actual T /o '-ratio is smaller 
V 0 

than according to equation (15) the reduction factor 

can be found using the wL-scale in Fig. 7, if the 

actual T /o'-ratio is greater, the ~-value should be 
V 0 

determined using the T~o;-scale. 

LIQUID LIMIT WL % (OR Wf I 

0 50 100 150 
1.0 

::1. 0.8 

0:: 
0 
I­ 1.5u 0.6 1) 

1-L = 1•wLLE 
z 
Q 2) 1-L: 2.6 • USE SMALLER IJ.-VALUE 
I- 0,4 1•7 "tv/Oo 
u 
::::> 
0 
L1J 
0:: 0.2 

0.1 0.2 0.3 0.4 0.5 

RATIO 1v/Oo 

Fig 7 Combined method f or determination of the reduction 

factor~ . If 'via~ 2 0, 10+0, 25 wL the ~-vaZue can 

be determined as a function of the liquid Zimit , if 

the T /o '-ratio is greater, the ~-value ahouZd be 
V 0 

determined on the basis of the aatuaZ 'v/o~-ratio . 
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The T fu/o~-curve in Fig. 6 appears to asymptotically 

lean up with the horizontal line, where this ratio is 

equal to 0 . 30. The reduction factor corresponding to 

this line is 

3 (18)
1 + 2.5 WL 

This ~-value represents a reduction of the same 

magnitude as the SGI- reduction (Fig . 8) . However, in 

order to avoid the scatter involved in the use of 

consistency limits it would be preferable also in this 

case to use the actual Tv/ o~-ratio as a basis for the 

reduction instead of the (cone) liquid limit. Instead 

of equation (18) we then obtain the following simple 

formula 

0 . 30 (19 )TOT
v / o 

which gives the reduced shear strength Tfu 0.30 o ' o · 

LIQUID LIMIT WF % (OR WL ) 

0 50 100 150 
1.0 

0.8 	 THE SG I REDUCTION
::1. 
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a:: 	 ......L-....:::...o;::----,
0 
I­ 0.30u 0.6 ll - --­

- (l:v/Oo )AB >...............__
it 
z 0.8 
Q 0.4 	 ll = ---w-F 
I-
u 
::::> 	 (SWEDISH ROAD AUTH ORITIES) 
D 
LLJ 
a:: 0.2 

0.1 
0.1 0.2 0.3 0.4 0.5 

RATIO 1:vjo'o 

Fig 8 	 Comparisons between the graduaZ reduction r ecommended 

by the Swedish GeotechnicaZ Institute (SGI) and the 

~-vaZues according to equations (18) and (19) . The r e­

duction factor recommended by the Swedis h Road Auth­

orities is aZso shown in the figure . 
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The "threshold value" 0.30 in formula (19) can appar­

ently be different in different types of clay (accord­

ing to Ladd and Foott it depends on the overconsoli ­

dation ratio and on the type of clay) . A more correct 

value may be found by using the ~T /~a'-ratio corre­
v 0 

spending to the Tv f(z) function in each special 

case. In this way we obtain the reduced shear strength 

~T
V a ' (20)Tfu = ~a ' 0

0 


where ~Tv is the shear strength increase corresponding 

to a certain increase, ~a ' of the effective over­

burden pressure a; . a ' 

Fig. 9 shows a comparison of different reduction 

factors for an organic sulphide clay at Kalix in 

northern Sweden. It may be mentioned that the un­

drained shear strength according to plate loading 

tests at a depth of 2 to 4 m was 8-9 kPa (Schwab 1976) 

and that a full-scale test embankment gave the result 

Fsf 1.30, when the (unreduced) shear strength from 

field vane tests was used (Holtz and Holm 1973). 
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Fig 9 Oomparison between different reduction factors in 

organic suZphide cZay at KaZix in northern Sweden . 

A comparison of the vane shear strength a nd the re ­

duced shear streng th ( tv = 0 . 40 o~ + 7 . 3 kPa a nd 

tfu = 0 . 40 o~ , respectively , Fig . 9) s hows , t hat re ­

duction according to formula (20) means a n elimina­

tion of the apparen t cohesion 7.3 kPa . Ch anges of the 

effective overburden pressure d u r ing the period of 

construction, due to excavation , pore-water pressure 

induced by heavy rainfall etc. can be taken into 
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account through the o~-value. Application of formula 

(20) means then in principle use of an effective 

stress analysis with shear strength parameters esti ­

mated from field vane tests (from the 'v(z)-line). 

If a step by step reduction is used, we obtain Table 

2 instead of Table 1. 

Table 2 

Reduction factors according to formula (19), when the actucal 

'vfG;-ratio is used as a basis for the reduction (instead of the 

liquid limit used in Table 1). 

Ratio T /o' Reduction factor jJ
V 0 

0.30-0.35 0.90 


0.35-0.40 0.80 


0.40- 0.475 0.70 


0.475-0.55 0.60 


0.55-0.65 0.50 


0.65-0.85 0.40 


>0 .85 0.30 


Table 2 gives JJ-values down to 1J = 0.30, correspond­

ing to T~o~-ratios over 0.85. The step by step re ­

duction is, however, rather crude, specially when 

1J < 0.50. It is generally simpler to assume 

o '. 
0 

It should be noted, that the curve for JJ = 0.8/wF in 

Fig. 8, used by the Swedish Road Authorities, does not 

correspond to the relationship 1J = 0 . 36/(T /o ' ) 
V 0 


(Fig. 2), but to the formula 1J 2/(lOT /o' - 1).

V 0 

http:0.65-0.85
http:0.55-0.65
http:0.475-0.55
http:0.35-0.40
http:0.30-0.35
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5 FACTORS AFFECTING SHEAR STRENGTH REDUCTION 

5.1 Time effects 

The influence of rate of strain on the shear strength 

measured in undrained tests has been discussed by many 

authors (see e.g. Bjerrum (1973), Hansbo (1972)). 

Fig. 10 illustrates the influence of time to failure 

(tf) on the undrained shear strength (Ttf) according 

to different authors. The curves representing Drammen 

and Lappo are from undrained triaxial tests, the lower 

curve from Ska-Edeby (Schwab 1976) shows the relati on­

ship between stress level and time to failure in screw­

plate tests, while the other curves represent vane 

tests with varying rate of rotation (t = shear strength
0 

at normal or standard rate) . 

1 min . 1 hour 1 day 1 month 

1.2 

1.0 

1.8 

0.6 

0. 4-+----..-----.-----..----.----...,....--~ 

0.1 	 10 102 103 104 105 

TIME TO FAILURE tf (min) 

Fig 10 	 Relationship between stress level and time to fai lure 


in different clays . 
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As seen from Fig. 10 there is a considerable varia­

tion in the influence of time in different clays. In 

organic clays and clays of high plasticity the rate 

effects are generally greater than in lean and silty 

clays. However, the clay from Tonsberg, which shows 

a remarkably high rate effect (Aas 1976), has rather 

low plasticity (wL = 37%, Ip = 13%). It is a slightly 

overconsolidated quick clay with high T~a~-ratio 

(0.4-0.7). High T /a'-ratios are usually found, except
V 0 

in highly sensltive clays, also in organic clays and 

sulphide clays (Hansbo 1957, Osterman 1960, Karlsson 

& Viberg 1967, Schwab 1976), which generally show 

great rate effects, too (the clays from Kalix and 

Lappa in Fig. 10 represent postglacial clays with 

organic sulphides, the test results of Korhonen and 

Leskela (1970) represent mean values of postglacial 

Littorina clays). 

Bjerrum (1973) has shown, that secondary or delayed 

conso lidation under a period of hundreds or thousands 

of years will result in development of a quasi-pre­

consolidation pressure a~ > a~. Also the Tv/a~-ratio 

will increase with time as a result of a more stable 

clay structure due to secondary consolidation. How­

ever, only a part of this increase of structural 

stability and strength can be utilized in stability 

calculations, since the positive effects of secondary 

consolidation will be partly destroyed by plastic 

deformation already before rupture (when the upper 

yield limit is passed (Keinonen 1963, Murayama & 

Shibata 1964, Foss 1968). 

The Tv- value corresponding to the preconsolidation 

pressure can thus be regarded as an apparent shear 

strength, which should be reduced by multiplying it 

with the reduction factor~ < 1.0. The reduced shear 

strength Tfu is generally equal to or greater than 

a;K tan ~ ·, where a~ is the effective overburden 

pressure, K is the coefficient of earth pressure at 
0 

0 



30 

rest and tan ~ · is the coefficient of mobilized fric ­

tion . In the same way the apparent shear strength 

(t ) can be regarded as a function of the preconsoli­v 
dation pressure: tv = a~K0 tan ~ ·. The reduction fac ­

tor ~T taking into account the influence of secondary 

consolidation should then have the lower limit 

~ > a '/a' (21)
T- o c 

The quasi - preconsolidation pressure a~ resulting from 

secondary consolidation is generally less than 2 a;. 
The influence of the overconsolidation ratio of over­

consolidated clays can be taken into account according 

to the method proposed by Ladd and Foott (1974). 

As the time effects are different in different soils, 

these effects should be determined, if possible, in 

each special case (at least in important projects) , 

for instance by vane tests with varying rate of rota­

tion. Another possibility is to measure the upper 

yield limit ty and take ~T = ty/t v (Murayama & Shibata 

1964, Korhonen & Leskela 1970). It is, however, gener­

ally difficult to observe the upper yield limit in 

normal vane tests carried out with constant rate of 

rotation. Murayama and Shibata (1964) have proposed 

to measure the upper yield limit in controlled- stress 

tests on undisturbed samples in the laboratory. If 

the vane test has to be carried out as a controlled­

stress test, a constant torque should be applied and 

the angle of rotation should be measured after certain 

time intervals. 

According to Wiese l (1973) the time effects in field 

vane tests can be estimated on the basis of the modu­

lus of shear deformation G. Determination of the modu­

lus G would, however, requi re special laboratory tests 

or vane test equipment of the type used by Wiesel 

(1973). 
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5.2 Anisotropy 

Vane tests with vanes of normal shape (height/diameter 

ration H/D = 2) are mainly influenced by the shear 

strength in vertical planes. In normally consolidated 

soils with normal stress anisotropy (K < 1.0) the
0 

shear strength in a horizontal plane is generally 

greater than in vertical planes, and the shear strenght 

Tv measured in vane tests is then too small. Bjerrum 

(1973) has included the necessary anisotropy correc­

tion in his reduction factor. If we include possible 

effects of progressive failure, too, we may write 

= . . (22)~ ~T ~A ~p 

where ~T is a factor correcting for ilie effects of 

time, ~A is a factor correcting for an isotropy and 

Vp is a factor correcting for progressive failure . 

There are, however, cases where the shear strength 

is greater in vertical planes than in a horizontal 

plane and application of the combined reduction factor 

(see Fig. 9 in Bjerrum~s (1973) report) may then lead 

to an error on the unsafe side. This was for instance 

the case at the Saima canal, where the shear strength 

measured in normal vane tests was 14% higher than the 

shear strength calculated from failures (Slunga 1973). 

As the anisotropy factor varies along the slip sur­

face, depending on its inclination, and also depen­

ding on the direction of shear stress increment re­

lated to the shear stress before loading, it seems 

difficult to take the anisotropy effects into account 

simply by one single reduction factor. The influence 

of anisotropy should thus preferably be investigated 

in each special case , in the field by vane tests with 

vanes of different shape , and in the laboratory by 

direct shear tests and triaxial compression and exten­

sion tests on anisotropically consolidated undisturbed 

clay samples (Aas 1965, Berre & Bjerrum 1973, Ladd & 

Foott 1974). 
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If an empirical reduction factor is used, which is 

based on case records, this factor apparently also in­

cludes effects of anisotropy. Special attention to 

these effects should, however, be paid in case the soil 

has an unusual strength anisotropy, for instance if the 

shear strength in a horizontal plane is smaller than in 

vertical planes. The factor ~A in equation (22) should 

then be determined by vane tests with vanes of differ­

ent shape or other special tests. Bjerrum (1973) has 

estimated that the ~A-factor included in his case re­

cords is ~A = 1.0-1.2. If the shear strength in a hori­

zontal plane is smaller than in vertical planes, this 

factor may be of the order of ~A= 0.8-1.0. 

Aas (1976) has compared the empirical relationship be­

tween the factor of safety at failure (Fsf) and the 

ratio Tv/a~ from a number of case records (equation 10) 

with the relationship between the shear strength ratio 

T / TL and T / a ' (Fig. ll). The shear strength according
V V 0 

to laboratory tests (TL) has been calculated as the 

mean value of reconsolidated undrained active (TA) and 

passive ( Tp) triaxial tests and direct shear tests (T ).0 
In this way the effects of anisotropy are approximately 

incorporated in the TL-value (the TA-, T0 - and TP-val ues 

are assumed to represent each one third of the critical 

slip surface). As seen from Fig. ll the factor of safety 

at failure Fsf corresponds approximately to the shear 

strength ratio T~TL' which means that the reduction 

factor is 

(23) 

The T0 - value obtained from direct shear tests with 

horizontal failure plane is, according to Aas (1976), 

approximately equal to the mean value from active and 

passive triaxial tests, which means that 

(24) 
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(This would apparently give as a third approximation 

~ ~ T /Tv). Aas method for reduction of the shear0 
strength seems thus primarily to be based upon aniso ­

tropy effects, whereas Bjerrum-s method is based main­

ly on time effects. However, the time effects are actu­

ally incorporated in the equation (23) and (24) in 

such a way, that the time to failure in the laboratory 

shear tests is generally 1 to 3 hours, whereas the Tv­

value corresponds to a time to failure of only one or 

a few minutes. 
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Fig 11 Ratio of shear strength tpom field vane tests (T J 
V 

and laborator y undrained shear tests (TL) compared 

with the linear relationship between the factor of 

safety at failure F f and the ratio T /a ' according
S V 0 

to Aas (1976) . TL is calculated as mean value from 

active and passive triaxial tests (TA' Tp) and direct 

shear tests (T0J on undisturbed samples reconsolidated 

to the stress state in- situ. 
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5.3 Progressive failure 

I f the vari ations of the undrained shear s t r e ngt h in 

a soil l ayer are great, t he h i ghest strength values 

are often ignored and the Tfu- value to be used in a 

stabi l ity a nalysis is cal culated , not as an arith­

metical mean value , but as a reduced mean value , or 

even as a "mean minimum value" (Peck 1 967 , Zlatarev 

et a l 1 967) . The reason for this procedure is gener­

ally the assumption that a failure may start at points 

where the shear strength is lowest compared to the 

shear stress and then proceeds as a progressive fail­

ure to areas with higher shear strength. The risk of 

progressive fai l ure should be specially great in quick 

clay and other soils with high sensitivity and low 

residual strength. 

From an analysis of the failure of a test embankment 

on sensiti ve clay in Canada the authors (Dascal et al 

1972) concluded, that the theoretical factor of safety 

should be divided by a correction factor of 1.1-1.3 

taking into account the possibility of a progressive 

failure. It is also suggested, that the correction 

factor should be related to the liquidity index of 

the clay. On the basis of results from a test fill on 

very soft quick clay at Ellingsrud in Norway Bjerrum 

(1973) , on the other hand , concl uded that progressive 

failure is a factor of minor importance and he did not 

propose any special correction factor taking into 

account the risk of progressive failure . 

Progressive failure may in some cases be a factor of 

importance (Bishop 1967). Even if local overstressing 

does not necessarily result in a general shear fai l ­

ure, it may lead to local shear failure and greater 

displacements than what can be tolerated. This risk 

can be eliminated or reduced by using a "character­

istic shear strength", which can be regarded as re ­

presentative for the actual soil mass taking into 

account the amount and reliability of the geotechn ical 
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investigations and the stress-strain properties of the 

soil in each special case. One possible procedure for 

selection of the characteristic strength, used in con­

crete technology, is to take the mean value minus 145% 

of the standard deviation according to the shear 

strength measurements (Friis 1976). This would corre­

spond to a reduction factor of 

11 = 1 - 1.45 vs (25) 

where vs is the coefficient of variation of the un­

drained shear strength. The Vs-value of cohesive soils 

may be of the order of 0.1-0.2 (Lumb 1970), which means 

that the reduction factor incorporated in the charac­

teristic shear strength would be 11 = 0.71-0.86 (the 

corresponding Fs-value is about 1.15-1.40). More gener­

ally we may write 

11 = 1 - k · V (26)p s 

where kp is a coefficient depending on the desired 

probability of failure. 

Investigations by Vesic (1975) and Larsson (1976) indi­

cate that the risk of progressive and local failure 

depends on the compressibility and stress-strain pro­

perties of the soil. This observation is supported by 

the fact that the risk of local failure is specially 

high in very compressible soils like peat (Helenelund 

1975). 

The influence of the residual shear strength (Tr) may 

be analysed by using the brittleness index 

Ib = (Tfv - Tr)/Tfv (Bishop 1967), where Tfv is the 

peak value according to field vane tests, and the re­

sidual factor R = (Tf - Tf )/(Tf - T ) (Skempton
V U V r 

1964), where Tfu is the actual undrained shear strength. 

The corresponding reduction factor for progressive 

failure 11p is 

http:1.15-1.40
http:0.71-0.86
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(27) 

or (28) 

If there is no risk of progressive failure, we have 

R = 0 and ~P = 1, whereas for the case R = 1 (actual 

shear strength equal to the residual shear strength) 

we get ~P = Tr/Tfv· For the intermediate case R = 0.5 

we have 

(T + Tf )/(2Tf) etc. 
r V V 

5.4 Sampling disturbance 

The undrained shear strength measured on clay samples 

in the laboratory is usually too small, because of 

sampling disturbance. Scandinavian piston samplers 

used before introduction of the standard piston sampler 

caused a disturbance corresponding approximately to 

a reduction factor of ~ = 0.90 (Chapter 1). Because 

of changes in the state of stress the strength reduc­

tion due to sampling disturbance increases generally 

with increasing depth . The shear strength measured for 

instance in fall-cone tests can therefore not be equal 

to the strength measured in field vane tests, if the 

depth is not taken into account in the calibration of 

the fall-cone test (Kallstenius 1963). According to 

Ladd and Lambe (1963) the mean negative pore pressure 

measured in "undisturbed" clay samples was about 20% 

smaller than the pressure corresponding to the stress 

state in-situ. 

The field vane test is less influenced by disturbance 

effects. Pore pressure measurements indicate , however , 

that vane penetration causes important displacements 

and stress changes in the soil around the vane. The 

shear strength measured l day after installation of 

vane can be more than 20% higher than the shear 

strength obtained from ordinary tests, carried out 
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about 5 minutes after installation of vane (Torstens ­

son 1973). 

The effects of soil structure disturbance during 

sampling and transportation of samples to the labora­

tory are generally more important in silty clay than 

in plastic clay . Sampling disturbance can also be im­

portant in organic c l ay containing plant fibres. The 

effective shear strength parameters are generally 

less affected by sampling disturbance than the un­

drained shear strength. The influence of sampling dis­

turbance on the total stress analysis can be partly 

eliminated by the procedure recommended by Ladd and 

Foott (1974). 

6 PROBABILITY OF FAILURE 

6.1 Factors affecting risk of failure 

There are many factors involving uncertainties in 

stability calculations, which all have to be covered 

by an adequate safety margin. Except uncertainties 

regarding the real shear strength of the soil and its 

variations in horizontal and vertical direction, time 

effects, anisotropy and risk of progressive or local 

failure, there may be uncertainties concerning cli­

matic influences, pore-water pressures during wet 

seasons, variations of the ground water level , load 

variations depending on the method of construction, 

type of equipment, vibrations, assumptions regarding 

the unit weight, tolerances during excavation and 

filling , approximations in the stability analysis etc . 

In the following special attention will be paid to 

the influence of variations of the undrained shear 

strength and assumptions regarding the reduction fac­

tor ~. 

The probability of failure along a certain slip sur­

face can be expressed by the equation 
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p (29) 

where M is the resisting moment (mean value M ) and 
p - p 

Ma is the overturning moment (mean value Ma), which 

are assumed to be independent variables with normal 

distributions. The difference X= M - M has thus 
p a 

also normal distribution; its mean value is 

m = M - M and its standard deviation is
P a 

a~ = a~p + a~a, where aMp and al-1a are the standard 

deviation of the resisting and overturning moments, 

respectively (Slunga 1972, H~eg & Murarka 1974). 

The conditions under which the statistical factor of 

safety FP < 1 has the probability p % can be found by 

putting 

M M >.. a (30)p a p X 

from which we get 

M >.. ax ___E p- 1 (31) 
M Maa 


02
\)a~
p + M a or F 1 + >.. (32)

p p M a 

The coefficient >.. corresponding to the desired risk 
p 

of failure (p%) can be found from standardized tables 

for variables with normal density distribution. It is 

thus possible to calculate the factor of safety 

Fs FP when failure occurs (Fs 2 1) at a given pro­

bability p % by calculating the standard deviations 

aM and a M . If the number of observations (number of 

fi~ld vaneatests or tests on undisturbed soil samples) 

is small , the coefficient >.. p in equation (32) can be 

replaced by the coefficient tp' which can be found 

from tables for variables with t-distribution . The 

tp-value depends on the number of observations and 

on the desired r isk of f a ilure. 
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Because of the variations and uncertainties of the un­

d r ained shear strength the standard deviation OM of 

the resisting moment is generally much greater than 

oM . The coefficient of variation VM = OM /M may be 
a p p p

of the order of 0.1- 0.2 or smal l er. As the coefficient 

of variation VMa = oMa/Ma is smaller than VM , also 
p 

o /M = 'J o 2 + a 
2 1 

/M in equations (31) and (32) is 
x a V Mp Ma a 

generally of the order of 0.1 - 0.2. 

Fig. 12 shows a comparison of the safety factor and 

the probability of stability failure according to 

Meyerhof (1970) for normal and log-normal density 

distributions and for coefficients of vari ation be­

tween 0.1 and 0.3. For earthworks with Fs = 1.3-1.5, 

normal distribution and V= 0.1- 0.2 the probability 
-3 - 1 of failure varies about 10 - 10 (p = 0.1-10%) . As 

the risk of failure for instance for earthdams i s 

greater than the risk which can reasonab l y be toler­

ated, Meyerhof (1970) suggested that the minimum over­

all safety factor should be increased to about 1.7, 

especially in connection with cohesi ve soils, unless 

careful performance observations are made both during 

and after construction. 
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Fig 12 	 Comparison between safety factor and probabi~ity of 

stabi~ity fai~ure according to Meyerhof (1970) . 

6.2 	 Risk of failure according to case records 

The probability of failure which can be expected if 

no reduction of the undrained shear stre ngth is made 

is illustrated in Fig. 13, on the basis of the case 

records in Bjerrurn-s (1973) General Report to the 

Moscow Conference. According to Fig. 13 a factor of 

safety of 1.5 would correspond to a risk of failure 

of about 10 %, which is equal to the upper limit of 

the probability of failure in earthworks mentione d in 
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Chapter 4.1. The risk of failure is considerably 

smaller, if the shear strength measured in field vane 

tests is reduced according to SGI and even more, if 

the reduction is made according to Bjerrum. 
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Fig 13 	 Risk of failure according to Bjerruma caae records, 

when no reduction of the vane shear strength ia made, 

respectively when Tv is reduced aeeording to the 

method used by the Swedish Geotechnical Inatitute and 

the method proposed by Bjerrum. 

There are , however, a number of case records from 

failures showing greater variati ons (Pilot 1972, Ladd 

and Foott 1974). This is illustrated in Fig . 14, 

according to which specially case records from clays 

with high T /o '-ratio (e.g. organic and overconsoli­v 0 
dated clays: 1 = Kalix T~O~ = 0 . 53, 3 = Kimola and 

4 = Bara T /a ' = 0.47) show g r eater variations . The 
V 0 

variations appear to be smaller, if the theoretical 
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factor of safety a t failure Fsf i s expressed as a 


function o f the Tv/cr~-ratio (Fig. 15). 
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case recor ds representing cZays with hi gh 'v/a~-ratio . 
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Fig 15 Relationship between the factor of safety at failv~e 

and the T /a '-ratio . The linear relationship according
V 0 

t o formula (19 ) and that proposed by Aas (1976) are 

also shown i n the f igure . 
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Table 3 gives a summary of data for the case records 

in Figs 14 and 15. Most of the case records in Fig. 15 

seem to fit rather well to the empirical Fsf-line 

proposed by Aas (1976), whereas the line representing 

Fsf = 1/~ according to formula (19) lies a little be­

low most of the case records. There are , however , s ome 

case records from embankment failures which lie much 

below both lines and which apparently would fit bet ter 

to a Fsf (wL) function of the type suggested by 

Andreasson (1974) (Fig . 4). 

The ~-values recommended by Bjerrum and SGI may thus 

be too 	high in organic and plastic clays with high 

apparent Tv/cr~-ratio. This conclusion is supported by 

observations by e . g . Kankare (1969), Ladd and Foott 

(1974) , 	 Aas (1976) and Schwab (1976). 

Clays with high T /o ' -ratio , resulting from e.g . 
V 0 

secondary consolidation , may thus need a greater 

strength reduction than the normal one according to 

equations (14a) and (18). It is suggested, that the 

shear strength reduction in such clays is based on the 

'v/o~-ratio , equation (12) or (19), or using the 

Tv/o~-scale in Figs 7 and 8. The shear strength of 

overconsolidated clays can be reduced on the basis of 

the overconsolidation ratio according to Ladd and 

Foott (1974). 

6.3 	 Risk of failure according to variations of the 

T /o ' -ratio 
V 0 

The reduction method proposed by the Swedish Road 

Authorities (Chapter 2 . 3) gives an interesting possi ­

bility to investigate the influence of variations of 

the relationship between the ratio 'v/o~ and the con­

sistency limits in different types of clays. Fig. 1 6 

illustrates possible variations of the probability of 

failure in fresh- and brackish- water sedimented clays 

and salt- water sedimented clays according to an in­

vestigation of 'v/o~-variations in Swedish clays by 
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TABLE 3 


Data f or the case records in Fi gs 14 and 15 . 


No Site wF(wL)% Tv/a~ Fsf Rema r k s Refe r ences 

1 Kal i x 120 0 . 53 1.84 s c rew- p l ate Schwab (1976 ) 

2 " 145 0. 55 l. 30 embankment Holtz & Holm (19 73 ) 

3 Kimola 55 0.47 l. 74 canal slope Kankare (1969) 

4 Bara 35 0 . 47 l. 70 excavation Pusch (1968 ) 

5 ska - Edeby 120 0.50 1.50 test p l a t e Pusch , Hansbo (19 7 2 

6 " 120 0.40 1.40 screvr- plate Schwab (1976) 

7 umea 60 0.60 1.67 test plate -"­

8 Kramfors 50 0.30 1.03 embankment J e rbo & Sandegren 
(1962) 

9 " 48 0.55 l. 45 test plate Schwab (1976 ) 

10 " 50 0.55 l. 30 embankment - " ­

11 Korpika 88 0.42 1.40 embankment Author (LuH) 

1 2 " 122 0.57 2.20 slope & " -"­

1 3 Gota R 48 0 . 35 l. 29 river slope Lindskog (SGI ) 

14 " 55 0.28 1.12 river slope - " ­
15 " 47 0.31 1.18 river slope - " ­

16 Goteborg 65 0.30 1.25 excavation Alte (1976) 

17 Mo l ndal 80 0.38 1.16 excavation Andreasson (SGI ) 

18 Backa 75 0.39 l. 30 excavation Al te &Andreasson 
(1976) 

19 Kallered 80 0.31 l. 36 excavation - " ­
20 Saima 50 0 . 40 l. 31 canal slope Slunga (1 9 72) 

21 Bangkok 130 0 . 58 l. 46 embankment Eide & 
(1972) 

Holmberg 

22 " 130 0 . 58 1.61 embankment -"­

23 Maste myr 29 0 .24 1.02 e xcavati on Aas (19 76) 

24 Freia 37 0 .24 0 . 94 e x cavati on - " ­

25 Dr ammen 20 0. 1 0 0 . 67 e xcava t ion -" ­

26 Ellings r uc 25 0 .14 0 . 70 embankment -"­
27 On s oy 60 0 . 40 1.40 embankment Berre ( 1 976) 
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Karlsson and Viberg (1967). A clear difference seems 

to exist between different types of clays, resulting 

in a greater risk of failure in fresh- and brackish­

water clays than in salt-water sedimented clays. This 

means that it would be motivated to use different 

reduction factors in different types of clays. 

1.6 
l.LVI 

>­
I-
w 1.4 
LL 
<
(/) 1.3 
LL 
0 1.2 
0:: 
0 
I-
u 
lt 1.0 

0,8 
0 10 20 40 60 

RISK OF FAILURE p % 

a; FOR F5 =1,30 P1=7%, P2 =11%, P3= 4% 

b; FOR p =10% ~1=1.24. ~2=1.32, ~3=1.16 

Fig 16 	 Possible variations of the risk of failure when the 

shear strength reduction is based upon one and the 

same empirical relationship between the ratio 'v;a; 

and the liquid limit in both fresh - and brackish­

water clays and salt-water sedimented clays with 

wF > 50% according to the statistical material of 

Karlsson and Viberg (1967) . 
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It is interesting to note that the difference between 

the curve for fresh- and brackish-water clays and the 

curve for marine clays in Fig. 16 corresponds approxi­

mately to the difference between the two alternatives 

1) and 2) in Fig. 2 and that the reduction factor pro­

posed by the Swedish Road Authorities, equation (7), 

thus is more suitable for fresh- and brackish-water 

clays. However, the different starting points for the 

reduction (w~ in Fig. 2) and the ~ -value according to 

this method differ from those proposed by Bjerrum 

(1973), which should be more suitable for marine 

clays . 

The difference between fresh- and brackish-water 

clays and salt-watersedimented clays observed by 

Karlsson and Viberg (1967) can be taken into account 

in equations (16) and (17) by using about 10% smaller 

~-value for fresh- and brackish-water clays. The con­

stant 3 in equation (17) should thus in these clays 

be replaced by 3.3. 

Even if there is a clear difference between fresh ­

and salt-water sedimented clays in a locally limited 

area, this may not be the case globally, because of 

the great variations in geological and climatic con­

ditions. Thesaltcontent of the pore-water may also 

decrease with time due to leaching, for insta nce in 

quick clays (Kenney et al 1967, Gardemeister 1975). 

Fig. 17 illustrates variations of the probability of 

failure according to the same statistical material, 

when three different reduction factors are used. 

Curve A corresponds to a reduction factor according 

to formula (13) and curve B gives a reduction similar 

to formula (14a) , whereas curve C means a stronger 

reduction, which would include even unfavourable 

cases like organic sulphide clays with high Tv/0~­

ratio (Fig 18a) • After a shear strength reduction 

according to curve B in Fig. 18b the risk of failure 
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at a safety factor of Fs 1.30 would still be rather 

high. 
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RISK OF FAILURE p % 

FOR F5 =1.30; PA = 5 %; p =11 %, Pc =1%9 

Fig 17 	 Possible variation of t he risk of failure in using 

different reduction factors based upon the cone liquid 

limit according to the same statistical material as 

used in Fig 16 (wF > 50%) . 
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Fig 18 	 a) Derivation of approximate equations for the reduction 

f actor for organic and plastic clays with different 

Tv/a~-ratio . 

b) Comparison of diff erent JJ- forrrrulas with the SGI­

reduction . 
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There is a remarkable difference between the proba­

bilities of failure according to Fig. 13 and Fig . 17. 

Fig. 17 indicates that there may exist cases with un­

favourable conditions not included in the case records 

used by Bjerrum (1973), for instance organic clays 

with high apparent 'v/o~-ratio. Variations and un­

certainties involved in the use of consistency limits 

may also introduce additional sources of error. If the 

most unfavourable cases including organic sulphide 

clays, which are of a more local interest (they occur 

mainly near to the Gulf of Botnia in northern Sweden 

and Finland, Schwab 1976) are excluded, the statisti­

cal risk of failure would be considerably smaller. 

This means that a reduction according to curve B in 

Fig. 18b would be sufficient in most cases and that a 

stronger reduction, for instance according to curve A, 

would be necessary mainly in local areas with more 

unfavourable soil conditions. 

7 OPTIMUM VALUE OF THE FACTOR OF SAFETY 

Determination of the relationship between the factor 

of safety and the probability of failure, equation 

(32), makes it possible to calculate the economic 

optimum value of the factor cf safety (Fopt). This is 

illustrated in Fig . 19, showing the increase of con­

struction costs (B) and the decrease of the risk of 

reconstruction (or repair-) costs (R), costs of dam­

ages on construction equipment (M) and possible human 

accidents (P), by increasing factor of safety. In this 

case the total costs have a minimum at a factor of 

safety of 1.50, which thus represents the optimum 

value F t • (The costs in Fig. 19 have been calculated op 
from the construction costs of the Saima canal and the 

costs of repair of slope failures during the period 

of construction (Slunga 1973) . 



51 

1000 

800 

E 
~ " 600 
E 

LL 

(/) 
f- B = Construction costs(/) 

0 
u 400 R = Risk of reconstruction costs 

B 
M = Risk of machine damages 

P = Risk of human accidents 

200+------r------~----~----~------~----~ 
1.3 1.4 1.5 1.6 1.7 1.8 1.9 

FACTOR OF SAFETY F
5 

Fig 19 Determination of the optimum fac tor of safety F t • op 
R- , M- and P- costs are proportional to the probability 

of failure . 

The R-, M- a nd P-costs can va r y within wide limi ts in 

d i fferen t t y pes of struct ures and also depend o n dur­

ing wh i ch p e r i od t he failu r e occurs . A failu r e of a 

canal s l ope during t he period of construction may 

only cause smal l repai r costs , but a failure after 

thi s period can g i ve r i se to ser i ous traffic disturb­

a ncies wi t h h i gh extra costs. A small slope fa i lure 

during t he constructi on of an eart h dam may not be 

too seri ous , but t he failure of an eart h dam late r on 

can cause disastrous f l oods and great losses of life 
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and property. This means that the optimum factor of 

safety for long- term stability may be much higher than 

the F t - value applied in a short- term stabilityop 
analysis. 

Fig. 20 illustrates the increase of the optimum factor 

of safety by increasing costs ratio (R+M+P)/B. Struc­

tures like draining channels, which are easy to re­

pair, may have a (R+M+P)/B- ratio of the order of 1.0 

and a F t-value around 1.20 during the period of con­
op 

struction (short-term stability), whereas the long­

term stability of an earth dam may correspond to a 

high costs ratio and the optimum value of the factor 

of safety may rise to 1.70 (Meyerhof 1970). The costs 

ratio may also include possible costs due to loss of 

prestige, reputation or public confidence of the 

client , consultant and/or contractor if a failure 

occurs (Kjellman 1940, H~eg & Murarka 1974). 
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Fig 20 	 Inf~uence of the costs ratio (R+M+P)/8 on the optimum 

value of the factor of safety Fopt (8 =f(F ) according
8 

to construction costs of the Saima cana~) . 
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Codes and standard specifications generally recommend 

minimum values of overall or partial factors of safety, 

which are based on methods of investigation and cal­

culation normally applied in engineering practice 

(Hansen 1967) . If these methods change, this also in­

fluences the factor of safety to be used in stability 

analysis. This fact is illustrated in Fig. 21, which 

shows economic optimum values of the factor of safety 

according to construction costs and costs of repair 

of a section of the Saima canal (at failure 2, Slunga 

1972). When the total costs (B+RH1+P) are taken into 

account, an optimum value of Fopt = 1.40 is obtained, 

which lies within the limits normally recommended for 

e a rthworks (Fs = 1.30-1 . 50, Fig. 12) . The anisotropy 

o f the varved clay in this area is opposite to the 

norma l stress anisotropy included in Bjerrums re­

duction factor ~' and if the shear strength is re­

duced taking both the time effect and the aniso tropy 

into account, t he optimum value wil l be F t = 1.15,op 
which is lower t h an the factor of safety normally 

recommended. 
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Fig 21 	 Inftuence of shear strength reduction on the numericat 

vatue of Fopt during the period of construction of the 

Saima canat (short-ter m stabiUtyJ. Note the low vatues 

of Fopt after the Tv-reduction . 
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