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Bjer_rum in 1973 prop~sed a theoretical description for strength anisotropy 
m normally consohdated clays apparently as an alternative to the one 

proposed in 1949 by Hansen and Gibson because according to him the 
range of variation in undrained shear strength predicted by the latter 
theory is relatively small compared to the experimental findings published 
in recent years. The author carried out a critical evaluation of the two 
approaches and has come to a conclusion that the one proposed by 
Hansen and Gibson in 1942, as modified by Duncan and Seed (1966a), is 
more versatile, simpler and perhaps gives a more reasonable prediction of 
the directional variation in strength than Bjerrum's theory proposed 
about 25 year later. 

Theoretical Basis for Strength Anisotropy in Normally Consolidated Soil 
of Hansen and Gibson 

Hansen and Gibson (1949) proposed a theoretical basis to show that 
a clay which is normally and anisotropically consolidated in nature has 
a strength dependent on the orientation of the failure plane. This theory 
is based on grossly simplified assumptions and employed the -'. theory 
proposed by Skempton (1948). The theory was derived for resistance to 
shear mobilised along different planes in the ground due to the insitu 
stress anisotropy. However, since cohesive soils lock within itself the 
stress anisotropy effect (Poulos and Davis, 1972) the anisotropy will reflect 
itself even in the tests conducted on extracted samples (Bhaskaran, 1975b) 
provided physical disturbance is a minimum (see also Duncan and Seed, 
1966b). In any case if tests are conducted simulating ground stress 

..!... conditions the influence of tress anisotropy will certainly be revealed. 
Hansen and Gibson's theoretical description for undrained strength which 
could be mobilised on a failure plane with any orientation, in terms of 
initial stress conditions and the Hvorslev parameters is based on the effect 
of reorientation of principal stresses. Duncan and Seed (1966a) have 
given an excellent treatment of the effect of reorientation of principal 
stresses. Duncan and Seed ( 1966a) have also rewritten Hansen and 
Gibson's expression in terms of the more familiar pore pressure parameter 
Af as follows. 
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where 
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cu = undrained shear strength 
p = consolidation pressure 

Ce = true cohesion-Hvorslev parameter 

tfoe = true angle of shearing resistance-Hvorslev parameter 
Ko = co-efficient of earth pressure at rest 

At = $kempton's pore pressure parameter A at failure 

a = angle between failure plane and insitu horizontal. 

The basic assumption made by Hansen and Gibson (1949) is that 
Hvorslev parame_!ers cc and q,. and the compressibility ratio 'A' (pore pres
sure parameter A1 in the above expression) are independent of the orienta
tion of the failure plane. If the angle of inclination of the failure plane with 
the base of the specimen is assumed to be independent of the orientation 
(i.e. direction of action of the major principal stress at failure with respect to 
the insitu vertical) of the specimen, then this equation can be used to obtain 
the value of cufp corresponding to any particular orientation by substituting 
in the equation the appropriate value of a. 

It would be worthwhile to study the extent to which the variation in the 
paremeters c., q,. and At influence the directional variation in strength as pre
dicted by this equation. Equation 1 has been rearranged into quadratic 
form, programmed and solved by means of a computer to obtain the varia
tion in ~trength with respect to direction for various possible values of cefp, 
q,, and At for a constant Ko = 0.5, assumping that the failure plane makes 
the same angle with the base of the specimen irrespective of the orientation 
(i.e. the direction of action of the major principal stress at failure in relation 
t_p the insitu vertical) of the specimen. The assumed values of c.Jp, 1'~ and 
At are as given in Table I. a is assumed as equal to 60°. 

TABLE 1 

Assumed Values of Parameters and Resulting Strength Ratios 

C'e/P q,. At Su,,/Su., 

Trial 1 0.14 24° 1.00 0.62 

Trial 2 0.14 24° 0.80 0.76 

Trial 3 0.14 20° 1.00 0.65 

Trial 4 0.14 15° 1.00 0.69 

Trial 5 0. 25 20° 1.00 0.71 

Trial 6 0.25 15° 1.00 0.76 

The values of Ce/p adopted are on the higher side considering most test 
re~ults, however, values as high as 0.4 have also been reported (Lo, 1962). 
Wtde ra~g~ ofyalues of tf• up to 40° have also been reported in the literature. 
The vanat10n m the raho of the undrained shear strength of horizontal 
sp~cimen to that of the vertical specimen, hereafter called as the strength 
rat10 Su~t/Suv predicted by Equation 1 is also given in Table I. The pattern 
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of variation in strength with respect to direction for the different cases is 
given in Figure 1. 

It can be seen from Figure 1 that though there is a variation in the 
absolute values of Cu/P at any orientation for the different cases, the pattern 
of variation predicted is the same with maximum strength for vertical 
specimens and minimum strength for horizontal specimens and specimens 
at intermediate orientations having intermediate values of cufp. 

It may be seen from Table 1 that a decrease in At decrease in ,Pe and 
increase in ce/P result in an increase in the strength ratio Su,/Suv. The ratios 
Su,/Suv ranging from 0.62 to 0.76 observed for the different cases in the 
Table is very nearly equal to what has been reported for the different 
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FIGURE 1 : Directional strength variation- Normally consolidated soil (theoretical) 
loftueoce of C,fp, ,Pe a nd At(Ko = 0.5) 
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normally and lightly over consolidated soils by different investigators (Bbas
karan, 1975a, 1975b). For example, Khera and Krizek (1969) have reported 
a valu~ of t?is ratio .of equal to 0.59 for a laboratory prepared sample of 
Grund1te. D Appoloma (!972) bas observed a value of this ratio equal to 
0.6 for the Boston blue clay in the normally consolidated state and Lo 
(1965) and Parry and Nadarajah (1974) have observed a strength ratio rang
ing from 0.64 to 0.80 and 0.83 respectively for the Weiland clay and the 
Fulford deposit respectively which are lightly over consolidated (over con
solidation ratio approximately equal to 2.0). The col!!parison is remarkable 
considering the fact that the parameters cefp, rp and Ar may very well be 
different in these clays from what has been used in the analysis. 

Bjerrum's theoretical approach to strength anisotropy 

Bjerrum (1973) proposed a theoretical description of anisotropy wbic!I 
can be expected in a normally consolidated clay, based on a hypothesis 
proposed.earlier by Bjerrum and Kenney (1967) that strength amsotropy 
depends upon the ~agnitude and directi~n of actio.n o~ the extern~lly 
applied shear stress w1th respect to the magmtude and d1rect10n of a~t10n 
of the shear stress on different planes insitu. If a clay is brought to fa1lure 
under undrained conditions along a plane which carried a shear stress, the 
shear stress at which the clay fails will only amount to the sum of effective 
friction a lready mobilised by the initial stresses and the available effective 
cohesion. 

The critical shear stress on a certain plane to cause fa ilure has been 
stated to be as follows: 

rcr/Po = rrt.fPo + (crrt. /Po tan rpe-Trt. /Po) DM + KprfPo .. . (2) 
for the active case 

Tcr/Po = (crrt./ po tan rpe-r:rt.f po) DM + K pc/po ... (3) 
for the passive case (see editor's foot note in the paper of 
Bjerrum reprinted by Norwegian Geotechnical Institute-NGI 
Pn. No. 100). 

where 
-rcr = critical shear stresses at which failure takes place on a plane -4 

inclined at a to the horizontal 

po = effective overburden pressure 

cr
11 

= normal stress on a ny plane inclined at a to the horizontal 

rpe = angle of effective internal friction 

-r « = shear stress on a ny plane inclined at IX to horizontal 

DM = a parameter describing how large a fraction of effective 
frictional resistance mobilised in excess of "rt. 

K = Ce/Pe 
p, = preconsolidation pressure arising out of 'aging' 

Bjerrum has ~le.arly. stated tha~ this expression is valid only to predict 
the strength vanat10n m clays wh1ch have cohesive properties large enough 
to give th~m a brittle behaviour in undrained shear, so that they fail at 
small stram before there is any tendency for significant volume change. He 
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has given test data from simple shear tests, using specimens reconsolidated 
!o !he, sam~ sh~ar, stress as insitu f?r three typi.cal ~lays failed in the 
acttve and passtve cases (s~ear stres~ m the sam~ dtr~cho~ as the original 

shear stress and shear stress m~reas~d m the oppostte dtrectwn to original 
shea! stress) an~ compare~ It wtth the theoretical curve (the parameter 
DM m the tbeorettcal .expresswn being assumed such that the Equation 2 
gave a correct predtctton for shear strength on a horizontal plane where 
-ret = 0 and a = 0). Excellent agreement was noticed for the active case 
but ~he agreement in the passive case was unsatisfactory. This was 
explamed . as due to the fact that failure in the passive case took place at 
larger strams. 

A critical examination of the approaches of Hansen and Gibson and Bjerrum 

Bjerrum proposed this theory apparently because, as stated by him 
(Bjerrum, 1973), Hansen and Gibson's theory predicts lower anisotropy 
than what was observed from insitu tests either using vanes of different 
shapes or insitu direct shear tests and tests on samples reconsolidated 
anisotropically in the laboratory. It is worth observing that there is disagree
ment in the ratio of maximum to minimum strength observed for the three 
types of tests reported by Bjerrum. For instance, referring to his Table 3, 
(Bjerrum, 1973), it may be seen that the ratio of maximum to minimum 
strength obtained by the vane test, insitu direct shear test and triaxial test 
(compression and extension) are 1.5, 3.75 and 2.25 respectively for the same 
Manglerud quick clay. 

It will be shown little later, that both the pattern and range of 
variation in strength with respect to direction observed in at least two clays 
reported by Bje!rum, using th~.tech~ique of. reconsolidation of specimens 
to the same insttu stress condttwns m the dtrect sample shear apparatus, 
can be obtained by means of Hansen and Gibson theory. 

In order to examine clearly Bjerrum's theoretical approach it may be 
worthwhile to examine the basis on which it has been derived. Bjerrum 
and Kenney (1967) had suggested, on the basis of field direct shear tests 
carried out that anisotropy in strength is dependent upon the magnitude 
and directio~ of action of the shear stress causing failure in relation to the 
magnitude and direction of action of the shear stress existing on these 
planes. In the field shear test conducted they had observed .a wide varia
tion in the strength mobilised on 45o planes under two conditiOns, namely 
when shear was applied downwards and when shear was applied upwards. 
When shear is applied upwards the major principal stress at failure will be 
approximately hori~ontal and wh.en shear is applied downwards the major 
principal stress w1.11 ?e approximate!~ vertical. Theref?re,. purely from 
consideration of prmctpal stresses at fallure, the strength ts htgher when the 
major principal stress at failure ac!s in a ve.rtical dir~cti~n and l~w~r. when 
the maj or principal stress acts m a honzontal d1rectwn. This JS 1n fact 
exactly the p attern of varia tion predicted by Hansen and Gibson (1949) 
for normally consolidated soil. It may also be stated that the mechanism 
of failure (and the stress conditions during shear) is far too complex in the 
field shear apparatus co.nside~i~g that it is compl.ex even in the laboratory 
direct shear test where fatlure ts mduced on a honzontal plane. 

Taking the case of the resu.lts of the experi!Dents conducted by Soydemir, 
which has been used by BJerrum (1973) tn support of his theoretical 
approach, it may be seen that if orientation of principal stresses are consi-
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dered Soydem_ir's ~ata may describ~ a p~tte~n of variation predicted by 
~ansen _and G1bson s theory. The maJOr pnnc1pal stress at failure in a 
d1re.ct s1mple shear test is likely to be inclined at approximately 60° to 
honzontal (Duncan and Dunlop, 1969). Therefore, from consideration of 
th~ direction of action of major principal stress at failure the major 
pnncipal stress at failure will act in a vertical direction (in term~ of insitu 
vertical direction) in the 30° specimens of Soydemir (active case) and in the 
horizontal direction (insitu horizontal direction) in the 60° specimens 
(passive case), tested in the direct simple shear apparatus. Figure 15 of 
Bjerrum (1973) reveals that the 60° and 30° specimens respectively have 
given the lowest and the highest values of strength just as what is predicted 
by Hansen and Gibson's theoretical approach. 

It can now be shown that Hansen and Gibson's theoretical prediction 
of the ratio of maximum by minimum str eogth for at least two of the three 
clays tested by Soydemir (as report~d by Bj~rrum,, 1973) is. close to the 
experimental ratios, than that predicted by BJerrum s theoretical approach. 

Table 2 gives the values of maximum and minimum values of Tcr/Po and 
their ratios (experimental or theoretical values) for the. Ska~Edeby clay, 
Drammen plastic clay and Drammen lean clay presented m F 1gure 15 of 
Bjerrum (1973). Table 3 gives the values of the maximum and minimum 
values of strength in terms of cu/P and their ratios for various clays with 
certain assumed values of Cpjp, tfoe, Ko and At obtained from Equation I. 

TABLE 2 

Maximum and Minimum Values of Tcr / Po and Their Ratios (Theoretical and 
Experimental from Figure 15 of Bjerrum, 1973) 

Critical shear stresS/Po 

Theoretical Experimental 

Max. Min, R atio Max. Min. Ratio 

Ska-Edeby clay 
Du = 0.60, K = 0.14 0.30 0.21 1.43 0.30 0.25 1.20 
Ko = 0.75, t/>e = 11° 

Drammen plastic clay 
D u = 0.60, K = 0. 10 0.38 0.15 2.54 0.38 0.22 1.73 
Ko = 0.60, t/>e = 16° 

Drammen Lean clay 
DM = 0.35, K ~ O.ot 0.28 0.08 3.50 0.28 0.08 3.50 
Ko = 0.55, tPe = 27° 

Bjerrium has clearly stated that anisotropy is greater the lower the Ko 
value, the .lower the K pc/po a~d the larger the tan tfoe which is borne out by 
the test results. An exammat10n of Table 3 reveals that Hansen and Gibson 
theory also predicts a greater anisotropy, the lower the Ko value, the lower 
the value of Ce/P and the higher the value of tan tfoe. 
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TABLE 3 

Maximum and Minimum Values of cufp and Their Ratios as per Hansen and Gibson 
Theory (Equation 1) 

c, fp rf>~ Ko .4.r Cu/P 
Max imum Minimum Ratio 

0.00 !5° 0.5 1.00 0.168 0.103 1.63 0.7 0.80 0.208 0.170 1.22 

24° 0.5 1.00 0.286 0.144 1.99 
0.7 0.80 0.306 0.248 1.23 

30° 0.5 1.00 0.333 0.166 2.00 
0.7 0.80 0.361 0.292 1.24 

0.14 15° 0.5 1.00 0.30 5 0.211 1.45 
0.7 0.80 0.326 0.287 1.14 

24° 0.5 1.00 0.378 0.235 1.61 
0.5 0.80 0.396 0.299 1.32 
0.6 1.00 0.379 0 .264 1.44 
0.7 1.00 0.379 0.293 1.29 
0.7 0.80 0.409 0.351 1.17 

30° 0.5 1.00 0.414 0.247 1.67 
0.7 0.80 0.454 0.385 1.18 

45 

It is particularly noticed from Table 3 that A1 has a significant influenc~ 
on strength anisotropy and higher anisotropy is observed higher the A1 
value particularly at lower values of K0 • 

Comparing the experimental values of the ratios reported by Bjerrum 
(Table 2) with the values of the ratio predicted by Hansen and Gibson's 
theory (Table 3) it can be seen that for Ska-Edeby clay (K0 = 0.75, <foe = 11 o 

and K = 0.14) the ratio of maximum to minimum strength of 1.20 observed 
is in close agreement with the predicted value of the ratio for a clay_ with 
if>• = 15°, K0 = 0.7 and A1.= 1.00, o_f .1.1.4. Infor~a~ion. regarding A1 for 
this clay has not been furmshed but 1t !_S Itkely that 1t IS h1ghe~ tha~ 1.0 ( as 
usually all sensitive clays have high A1 va!ues). Therefore, m sp1te of t~e 
lower ,p,. of the Ska-Edeby clay the higher A/ values would have resulted m 
a prediction by Hansen and Gibson's approach closer to the experimental 
value of the ratio of 1.20. 

Similarly for the Drammen plastic clay also the predicted value of the 
strength ratio by Hansen and Gibson's approach is closer to the experi
mental values than the ratios predicted by Bjerrum's approach. Only for 
t~e case of Dr~mmen lean clay is the predicted value of strength ratio by 
BJerrums .th~oretJcal appro~ch in agreement with the experimental values. 
Here agam if the value of A, is available it might have been possible to show 
tb~t the experimental value of the ratio could be predicted by Hansen and 
Gibson's theory also. 

Conclusions 

The above stated facts indicate that Hansen and Gibson's theory, in 



46 I NDIAN GEOTECHNICAL JOURNAL 

spite of its simplicity and limitations is reasonably reliable for predicting 
the directional variation in strength in normally consolidated soils. 
Bjerrum's theory on the other hand is strictly applicable only to clays which 
will fail at small strains. Besides the parameter DM in the Bjerrum's 
theoretical equation has to be determined experimentally by conducting a 
direct simple shear test on a specimen with -r ct. = 0 and a = 0. It is far 
easier to use Hansen and Gibson's expressions in the modified form as given 
in Equation 1, because only material properties ar~ involve?-.the results are 
also represented in terms of the direction of actwn of pnnc1pal stresses at 
failure with respect to the initial consolidation stresses. 
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