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ABSTRACT 
A series of multiple reversal direct shear tests have been conducted on both precut and intact undisturbed specimens of 
Little Belt Clay in order to investigate the post peak strain softening behaviour and to determine the drained residual 
strength properties of the clay. Little Belt Clay is characterised as a high plasticity heavily overconsolidated marine clay 
of Eocene age. Undisturbed samples were extracted from borings next to the Old Little Belt Bridge of 1935, which 
crosses the Danish strait Little Belt, in connection to the ongoing ground investigation for the Fehmarnbelt Fixed Link 
between Denmark and Germany. This paper presents the results together with previously unpublished results from an 
old series of direct shear test on Little Belt Clay which were conducted in connection to a similar ground investigation for 
the New Little Belt Bridge of 1970. The results are compared and discussed.  
 
RÉSUMÉ 
Une série de plusieurs tests de cisaillement direct inversé ont été menées sur des échantillons à la fois intactes et 
prédécoupée d’argile de Little Belt, afin d'étudier le comportement du ramollissement suite aux déformations post-pic, et 
de déterminer les propriétés de résistance résiduelle drainée de l'argile. L’argile de Little Belt est caractérisée comme 
une argile marine de grande plasticité fortement surconsolidée de l'âge Eocène. Des échantillons intacts ont été extraits 
de forages proches du vieux pont de Little Belt datant de 1935 qui traverse le détroit danois Little Belt, dans le cadre 
d’une étude de sols en cours pour la liaison Fehmarnbelt entre le Danemark et l'Allemagne. Cet article présente les 
résultats obtenus ainsi que d’anciens résultats non publiés d'une précédente série de test de cisaillement direct sur 
l'argile de Little Belt qui ont été menées dans le cadre d'une étude de sol similaire pour le nouveau pont de Little Belt 
datant de 1970. Les résultats sont comparés et discutés. 
 
 
 
1 INTRODUCTION 
 
Knowledge of the drained residual strength is relevant not 
only to classical slope stability problems in high plasticity 
clays in which reactivation of existing natural failure 
surfaces may occur. It may also be highly relevant in 
relation to the assessment of the stability and settlement 
behaviour of heavily loaded shallow foundations situated 
on top of high plasticity clays. This is particularly true in 
situations when the foundation is placed on a sloping site.   

The Old Little Belt Bridge of 1935 which crosses the 
Danish strait Little Belt is a classic example of a structure 
with heavily loaded shallow foundations. The bridge piers 
are founded on high plasticity Little Belt Clay and partly on 
a sloping seabed. Vertical movement of up to 75 cm have 
been recorded for the Old Little Belt Bridge up until today, 
and the bridge piers are presently settling at a rate of 
approximately 1-3 mm/year (Okkels et al. 2011). Large 
shear displacements are likely to have occurred in 
connection to the observed settlements, and hence it is 
likely that the clay in critical local shear zones below the 
bridge piers is experiencing strain softening towards a 
residual strength.  

However, as discussed by Skempton (1977) the 
overall stability of slopes that have not undergone 
previous sliding can in most cases be assessed using a 
mobilised shear strength which is significantly greater 
than the residual strength. In cases with progressive 
failure and reactivation of existing failure surfaces the 
mobilised shear strength may however approach the 
residual strength. Skempton (1977) found that 1-2 meters 

of displacement were required in field cases to reach 
residual state.  

Hence, knowledge of the strain softening behaviour 
and residual strength properties of the Little Belt Clay is 
essential in understanding the observed settlements and 
in the assessment of the stability of the bridge piers.  

In connection to the ground investigation for the New 
Little Belt Bridge of 1970, a series of direct shear tests on 
both precut and intact undisturbed specimens of Little Belt 
Clay were conducted approximately 50 years ago to 
determine the drained residual strength of Little Belt Clay 
(test series A, GEO 1964 and 1964b). Tests were carried 
out on samples that were obtained from both the site of 
the New Little Belt Bridge of 1970 and the site of the Old 
Little Belt Bridge of 1935. The two sites are situated 
approximately 1 km apart.  

To confirm the previous test results a series of multiple 
reversal direct shear tests (test series B) has recently 
been carried out to supplement the old test series. The 
recent tests were, as previously, conducted on both intact 
and precut undisturbed specimens of Little Belt clay. 
Samples were in the recent test series obtained from a 
boring at the site of the Old Little Belt Bridge of 1935, in 
connection to the ongoing ground investigation for the 
Fehmarnbelt Fixed Link (Fermern A/S 2014). The 
conducted direct shear tests forms part of a larger 
advanced laboratory testing program which has been 
carried out to investigate the strength and deformation 
characteristics of Little Belt Clay. A series of oedometer 
tests, direct simple shear tests and triaxial tests have also 
been carried out as part of the testing program (cf. 
BaneDanmark 2014 and GEO 2014).   



In the recent direct shear tests, the intact specimens 
were sheared to much larger displacements than done 
previously, to observe the gradual softening of the shear 
strength towards a residual value.  

This paper presents and compares the previously 
unpublished results from the old test series with the 
results from the recent tests and comparable findings from 
the literature.  

 
2 OBSERVED DRAINED RESIDUAL STRENGTH OF 

HIGH PLASTICITY OVERCONSOLIDATED CLAYS 
IN LABORATORY TESTS 

 
2.1 Post peak strain softening in intact overconsolidated 

high plasticity clays 
 
The shearing behaviour of intact overconsolidated high 
plasticity stiff clays is characterised by marked strain 
softening in the post peak region, as illustrated in Figure 
1a.  

 

 

Sh
ea

r 
st

re
ss

 

Shear strain 

Overconsolidated (OC) clay 

Constant normal 

effective stress 

A 

B 

At large strains 

(a) 

Residual state 

Peak state 

 
 

 

Normal effective stress 

Sh
ea

r 
st

re
ss

 

Peak strength 

envelope OC clay 

A 

B 

Residual strength envelope 

OC clay 

'oc 

'r 

(b) 

c'oc 

0 

 
Figure 1. Peak and residual shear strength for intact 
overconsolidated high plasticity clays (a) Typical stress-
strain curve showing strain softening (b) Failure 

envelopes showing the associated friction angle, ' 
 
The observed strain softening behaviour in the post peak 
region can generally be related to the breakdown of 
structure (interparticle bonding) and increase in water 
content as a result of dilatancy in the overconsolidated 

clay (Burland et al. 1996, Mitchell and Soga 2005). If 
straining were to continue to very large strains, as made 
possible e.g. by performing multiple reversals in a direct 
shear test or unidirectional continued shearing using a 
ring shear apparatus, the shear strength will reduce even 
further towards a residual value (Mitchell and Soga 2005, 
Skempton 1985, Bishop et al. 1971).  

From multiple reversal direct shear tests on intact 
clays Skempton (1985) showed that shear displacements 
greater than 100mm were required to reach a residual 
state. The residual state was for high plasticity clays found 
to be associated with sliding shear and a strong alignment 
of the platy clay particles on the shear plane parallel to the 
direction of shear, which is also typically linked to the 
appearance of a slickensided smooth shear surface. 

 
2.2 Drained residual friction angle 

  
The effective residual strength envelope is often assumed 
to be linear and with a zero effective cohesive intercept, 
as illustrated in Figure 1b. However, the residual strength 
envelope has for many clays been found to be highly non-
linear at low stress levels (up to around 200kPa). Hence, 
it follows that the secant residual friction angle will be 
stress dependent (Bishop et al. 1971, Chandler, 1984, 
Stark and Eid 1994). At higher stress levels the stress 
dependency generally seems to diminish and becomes 
negligible (Mitchel and Soga 2005).  

The drained residual friction angle of high plasticity 
clays is controlled by the mineral composition and clay 
size-fraction. Hence, several expressions can be found in 
the literature relating the drained residual friction angle to 
simple classification parameters such as the clay-size 
fraction, the liquid limit or the plasticity index (Mitchel and 
Soga 2005, Terzaghi et al 1996., Stark and Eid 1994, 
Wesley 2003). For high plasticity natural clays with liquid 
limit above 80% and clay-size fraction greater than 50%, 
the drained residual friction angle is typically found to 
range between 5° to 10° based on ring shear tests or 
multiple reversal direct shear tests (Mitchel and Soga 
2005, Stark and Eid 1994, Wesley 2003).   

The residual strength determined from direct shear 
tests on precut specimens has been found to be 
comparable with the field residual strength calculated from 
back-analysis of reactivated landslides (Mitchel and Soga 
2005, Mesri and Huvaj-Sarihan 2012). 

 
3 PROPERTIES OF LITTLE BELT CLAY 

 
Little Belt Clay is a stiff heavily overconsolidated marine 
clay of Eocene age. It can be characterized as a 
slickensided clay with a very high plasticity. Classification 
tests for Little Belt Clay are shown in Table 1. The table 
lists the classification parameters determined from the 
core selected for the recent direct shear test series (B), 
and the range of parameters found from a total of 5 cores 
taken in the same boring at interval from 8.5 to 40 meters 
below seabed. The natural water content of the clay 
samples is generally found to be slightly above the plastic 
limit.  

It is found that the ranges of classification parameters 
shown in Table 1 correspond fairly well to the typical 



variations expected within the Little Belt Clay formation 
(Hansen and Mise 1964, GEO 2014). Hence these may 
be taken to represent the classification parameters for the 
Little Belt Clay specimens used in the old test series (A). 
The mineral composition and the clay-size fraction have 
not been determined from the extracted cores. However, 
according to Hansen and Mise (1964) the mineral 
composition of Little Belt Clay is dominated by 
montmorillonite (20-40%), kaolinite (40-20%), illite (~30%) 
and to lesser extend chlorite (~10%), while the clay-size 
fraction is typically in the range 65-80%.  
 
Table 1. Classification parameters for Little Belt Clay

1 

 

Characteristics Core 

10-108048 

Boring 

10.A.802 

Specific gravity of soil solids [-] 2.80 2.79-2.95 

(2.83) 

Wet bulk density
 
[g/cm

3
]
 

1.78-1.82 1.73-1.90 

(1.82) 

Natural water content [%] 37.3 35-55 

(40.5) 

Liquid limit [%] 169 109-169 

(148) 

Plasticity index [%] 136 79-136 

(108) 

Calcium carbonate content [%]
 

3.6 0-6 

(3.4) 
1
from GEO (2013), the average values are shown in brackets 

 
The slickensided nature of Little Belt Clay is a common 
characteristic of many natural intact heavily 
overconsolidated high plasticity clays. The exact cause for 
the slickensided nature of the clay is not yet fully 
understood. However, previous substantial changes in the 
stress regime experienced during past glaciation and 
erosion events may be part of the explanation. 

 
4 TEST PROCEDURES 
 
4.1 Old test series (A) 
 
The old test series on Little Belt Clay consist of 8 single-
stage direct shear test using a standard Casagrande 
shear box apparatus.  

20 mm x 70 mm (height x diameter) specimens were 
prepared from undisturbed Shelby tube samples (70mm in 
diameter) taken at a depth of 30-33 m below sea level at 
the site of the New Little Belt Bridge of 1970 (test A1-6 
and A11), and at a depth of 42 m below sea level at the 
site of the Old Little Belt Bridge of 1935. 

In all tests the specimen was first consolidated 
vertically under a given normal pressure and then sheared 
to failure and beyond to approximately 15-20 mm 
horizontal displacement, corresponding to 21-29 % of the 
specimen diameter. 

Tests A1-A4 were carried out as ordinary direct shear 
test on intact samples, in which the shear surface is free 
to form, though guided by the horizontal movement and 
separation of the two halves of the shear box. In test A5-
A6, A11 and A13 the intact specimens were after 

consolidation precut by a wiresaw immediately prior to 
drained shearing. Test A13 was as the only test carried 
out on a specimen which was remoulded at the natural 
water content prior to testing.  

Tap water was used in the water carriage and the rate 
of displacement was generally 0.4 mm/hr. It should be 
noticed that the used rate of displacement in the old test 
series was significantly higher than what is usually 
recommended by e.g. BS1377-7:1990 to achieve fully 
drained conditions.  

Further details of the prepared specimens and test 
conditions can be seen in Table 2.  
 
4.2 Recent test series (B) 
 
The recent tests on Little Belt Clay consist of 3 multistage 
multiple reversal direct shear test using an automatic 
direct shear apparatus (Sheartrac II by Geocomp).  

25.4 mm x 63.5 mm (height x diameter) specimens 
were prepared from an high quality undisturbed rotary 
core sample (100 mm in diameter) taken at a depth of 18 
m below sea level at the site of the old Little Belt Bridge of 
1935, in connection to the ongoing ground investigation 
for the Fehmarnbelt Fixed Link.  

After placing the specimen in the direct shear 
apparatus a vertical (normal) stress corresponding to the 
estimated in-situ vertical effective stress was applied. 
Then the carriage was filled with a saline water solution to 
match the chemistry of the pore water fluid in the Little 
Belt Clay formation (GEO 2013b), and the build-up of the 
vertical swell pressure was observed under constant 
volume by fixing the loading piston in place.  

A vertical stress corresponding to the observed vertical 
swell pressure was maintained during the subsequent 
drained shear phase at slow rate of shearing. 

In test B1 and B3 after the initial drained shear phase 
the intact specimens were subjected to preshearing by 
performing several rapid undrained reversals of the 
shearbox in order to create a smooth failure plane. The 
specimens were generally sheared from the starting 
position by forward and backwards travel to an outermost 
position of maximum ±6.35 mm, corresponding to 10 % of 
the diameter. The accumulated horizontal deformation 
was exceeding 150 mm in all tests up to a maximum of 
270 mm. After rapid preshearing the specimens were 
resheared at a slow rate of shearing. 

In test B2 the specimen was precut to get a 
measurement of the shearing resistance on a well-defined 
smooth horizontal shearing surface. Precutting was 
carried out using a wiresaw after the initial consolidation 
and first shear fase. Subsequently, the two sides of the 
shear surface were smoothed against a glass plate. 
Finally, the two halves of the specimen were 
reassembled, load was reapplied, and the specimen was 
resheared at a slow rate of shearing after a period of rest 
of approximately 12 hours.  

In order to obtain the drained strength envelopes the 
specimens were in all tests subjected to multistage 
testing, in which the specimens were allowed to 
consolidate under two to three different normal effective 
stresses followed by slow drained shearing.    



Drained shear phases were generally carried out at a 
rate of displacement of 0.02 mm/hr in accordance with 
guidelines given by BS1377-7:1990 to avoid a build-up of 
excess pore water pressures, while rapid reversals were 
carried out at speeds of either 2 mm/hr or 360 mm/hr. 
Undrained phases with rapid reversals were always 
followed by a 24 hr period of rest before proceeding with 
drained phases of slow shearing to allow for dissipation of 
excess pore water pressures.  

Further details of the prepared specimens and test 
conditions can be seen in Table 3.  

It should be noticed that test series (A) and (B) 
differentiate in terms of selected shearing rates during the 
drained shear stages and chemistry of the water added to 
the water carriage surrounding the test specimen. 
However, the results, shown in the following, appear to 
show that the effects on the measured shearing 
resistance have been insignificant, or the effects may to 
some extend have cancelled each other out.  
 
5 TEST RESULTS 
 
The obtained test results are listed for the old test series 
(A) and the recent test series (B) in Tables 1 and 2 
respectively. 
  
Table 2. Old test results – single-stage direct shear test 
series (A) 
 

Test 
no. 

Water 
cont. 

initial
2 

[%] 

Water 
cont. 

after
3
 

[%] 

In-situ 
vertical 
stress  

[kPa] 

Normal 
eff. 

stress 

[kPa] 

Peak 
strength

 

 

[kPa] 

Min. or 
residual 
strength

 

[kPa] 

A1 39.1 45.5 452 523 281 126 

A2 38.6 43.2 452 406 267 80 

A3 34.9 45.5 141 198 114 56 

A4 37.1 40.5 150 497 255 138 

A5
1 

39.6 42 150 497 131 73 

A6
1 

40.6 45.3 171 302 86 46 

A11
1 

37.2 39.9 171 302 69 37 

A13
1 

38.8 34.8 1040 522 168 70 
1
 Pre-cut after consolidation 

2
 Initial water content of specimen before testing 

3
 avr. water content of specimen after testing and rapid unloading 

 

The peak strength is taken as the maximum drained 
shearing resistance in the test (typically found at 1-3 mm 
horizontal deformation in the first drained shear phase in 
test on intact specimens). It should be noticed that the 
peak values have little relevance in connection to tests on 
precut specimens, as they merely reflect irregularities in 
the shear surface after precutting.  

The minimum strength represents the minimum 
drained shearing resistance measured after a horizontal 
displacement of approximately 15 mm in the old test 
series (A) and 150-270 mm in the recent test series (B) in 
test on intact specimens. In test series (B) in which 
multiple reversals were carried out the minimum shear 
strength is determined from the measured shear 
resistance during forward travels as close as possible to 
the zero position of the shear box.  

Finally, the drained residual strength is determined as 
the minimum shearing resistance measured after the 
initial rise in shearing resistance in test on precut 
specimens.  

There can generally be seen an increase in water 
content in the direct shear tests, apart from test A13 and 
B2, as a likely result of dilation of the overconsolidated 
clay during shearing. The use of a remoulded specimen in 
test A13 and the high consolidation stress used in test B2 
may explain why the water contents are observed to 
reduce in these two tests. 
 
Table 3. Recent test results – multistage and multiple 
reversal direct shear test series (B) 
 

Test 
no. 

Water 
cont. 

initial
2 

 [%] 

Water 
cont. 

after
3 

[%] 

In-situ 
vertical 
stress 

 [kPa] 

Normal 
eff. 

stress 

[kPa] 

Peak 
strength        

 

[kPa] 

Min. or 
residual 
strength

 

[kPa] 

B1
 

45 46.5 140 164 100
4 

44
4 

    300  70
4 

B2
1
 43.9 40.8 140 205 91 -

 

    205  34
 

    400  64
 

    600  95
 

B3 39.8 43.2 140 185 111 30 

    400  62 
1
 Precut after initial shear phase 

2
 Initial water content of specimen before testing 

3
 avr. water content of specimen after testing and rapid unloading 

4
 the shear strength is corrected for friction in the horizontal 

loading system (25kPa) – a likely result of slight misalignment of 
the shear box 

 
6 POST PEAK STRENGTH DEGRADATION 
 
Figure 2 shows the change in shear stress as a function 
of horizontal displacement (log scale) for test B3, in which 
the intact specimen was sheared by multiple reversals to 
approximately 210 mm horizontal displacement in the first 
shear phase under a normal effective stress of 185 kPa.  

The rate of horizontal displacement was initially 0.02 
mm/hr until 2.5 mm horizontal displacement. 
Subsequently, the rate was increased to 2 mm/hr until 
204mm horizontal displacement, and finally the rate was 
step-changed between 0.02 mm/hr and 2 mm/hr over the 
last 6 mm horizontal displacement to observe the 
influence of shearing rate.  

As explained later, it is likely that the measured 
shearing resistance in the outmost positions of the shear 
box does not reflect the true soil to soil shearing 
behaviour. Hence, in Figure 2 trend lines are plotted going 
through points that represents passing of the zero position 
of the shear box in phases of rapid shearing and multiple 
reversals.  

The plot in Figure 2 clearly illustrates the gradual strain 
softening of Little Belt Clay with increasing shear 
displacement in the post peak region. It is apparent from 
the results that strain softening continues to very large 
shear displacement and well beyond the equivalent strain 
levels usually achieved in typical laboratory strength tests, 



such as triaxial tests, single-stage direct shear tests or 
direct simple shear tests. 

The ratio of minimum shear strength to the peak shear 
strength is found to be around 0.27-0.35 for tests B1 and 
B3 in which the specimens were presheared to a 
horizontal displacement between 150 mm and 270 mm. 
While a somewhat higher ratio of 0.30-0.54 is found for 
test A1-A4, in which the specimens were sheared to only 
15 mm horizontal displacement. For comparison the ratio 
of residual shear strength to peak strength is found to be 
around 0.27 within the same normal effective stress range 
(160-520 kPa), as determined from the strength 
envelopes given by the best fit lines going through the 
residual strength points and peak points respectively, cf. 
Figure 5. 
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Figure 2. Strength degradation observed in multiple-
reversal direct shear test on intact specimen (Test B3, 
normal eff. stress = 185 kPa).  

 
The influence of step-changes in the shearing rate is 
shown in Figure 3, in which the shear stress is plotted 
against the horizontal displacement for the last stage in 
test B3. 
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Figure 3. Influence of rate of displacement on the shear 
stress against horizontal displacement curve after 
preshearing (Test B3, normal eff. stress = 185 kPa).  
 
From test B3 it was found that a change in rate of 
horizontal displacement from 0.02 mm/hr to 2 mm/hr has 
the effect of increasing the shearing resistance by 

approximately 3 kPa corresponding to roughly 10 %. An 
upwards shift in the shear stress-displacement curve is 
seen upon an increase in the rate, cf.  Figure 3. Hence, 
the differences in shearing rate between the old test 
series (0.4 mm/hr) and most recent series (0.02 mm/hr) is 
expected only to have a minor influence on the results.  

Figures 2 and 3 also show that despite the general 
trend of reducing shear resistance with an increase in the 
accumulated horizontal deformation, the shear resistance 
in multiple reversal tests is consistently found to increase 
during forward travels after the initial shear stage. This 
occurs as the two halves of the shear box move from a 
relative position of -6.35 mm to +6.35 mm or from 0 mm to 
an outer position of +6.35 mm horizontal displacement, as 
is the case in the last stage shown in Figure 3. The 
observed behaviour may be explained by the combined 
effects of an uneven shear surface, stress non-uniformity 
and soil-steel contact in the outmost positions. Hence to 
minimize the influence of these factors the minimum shear 
resistance is generally determined around the zero 
position of the shear box in multiple reversal tests in 
series (B), and the residual strength is generally 
determined as close as possible to the zero position after 
an initial rise in the shear resistance in test on precut 
specimens. 

The observed volumetric change in multiple reversal 
direct shear tests, as measured by the change in vertical 
displacement, is generally found not to be reliable as it 
strongly reflects the loss of soil through the center gap in 
the shear box. Significant loss of soil is observed during 
all stages of rapid shear in all the recent tests. This is 
clearly reflected in the measurements of vertical 
displacement, as illustrated in Figure 4 which plots the 
vertical displacement against the accumulated horizontal 
displacement in test B3. It is uncertain whether this may 
also have been a problem in the old tests.  
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Figure 4. Volumetric change during shear stages in 
multiple-reversal direct shear test on intact specimen (test 
B3, normal eff. stress = 185 kPa) 
 

The overconsolidated clay specimen would generally be 
expected to show an increasing rate of dilation during the 
initial shearing stage towards the peak state. 
Subsequently the volumetric expansion should gradually 
cease towards the residual state. If the vertical 



displacement is corrected, by assuming a uniform loss of 
soil throughout the test, the measurements now indicate 
dilation throughout the test at a decreasing rate with 
increasing horizontal displacement, as seen from Figure 
4.  
 

7 DRAINED STRENGTH ENVELOPES 
 
Figure 5 shows the mobilised shear strength plotted 
against normal effective stress from all the tests in test 
series (A) and (B). Linear Mohr-Coulomb strength 
envelopes have been plotted based on best fit regression 
lines (the least squared method) through the data points.  

 
 

Figure 5. Test results. Peak and minimum shear strength 
of intact samples versus residual strength of precut 
samples  
 
Table 4. Derived effective strength parameters from direct 
shear testing – summary (series A and B) and additional 
strength parameters from triaxial compression and DSS 
test on Little Belt Clay.  
 

Strength 
envelope 

Friction 
angle  

' [°] 

Effective 
cohesion  
c' [kPa] 

Test 
no. 

Intact  

(peak, 1-3mm)
 

28
 

7 A1-4, B1-3 

Intact (15mm) 13.5 3 A1-4 

Intact (>150mm) 11 13 B1 

Intact (>210mm) 8.5 2 B3 

Precut 8.5 0 A5-6, A11, A13, B2 

Triaxial test
1 

23 2 - 

Direct simple 
shear

2
 

15 5 - 

1
 lower bound peak shear strength found by GEO (2013) at shear 

strains of 5-7 % 
2
 Characteristic post peak shear strength given by Banedanmark 

(2014) at a shear strain of approximately 30 %.  

 
In Figure 5 the residual strength envelope is shown as 
determined from tests on precut specimens (data from 
series A and B). Additionally, strength envelopes are 

shown corresponding to the peak strength (data from 
series A and B) and the minimum strength at 15 mm 
horizontal displacement (data from series B only) for intact 
specimens.  

The plot in Figure 5 also shows the results from the 
multistage tests on intact specimens (open circles), in 
which the specimens were sheared to very large 
displacement (150 mm to 270 mm horizontal 
displacement) in test series (B). 

Derived effective strength parameters from the two 
series of direct shear tests have been listed in Table 4, in 

terms of the tangent friction angle ' and the effective 
cohesion c'. The table also lists the effective strength 
parameters derived from triaxial compression tests and 
direct simple shear tests carried out on specimens of Little 
Belt Clay. The samples used for triaxial testing and direct 
simple shear testing have been extracted from borings at 
the site of the old Little Belt Bridge of 1935 (cf. GEO, 2013 
and BaneDanmark, 2013).  
 
7.1 Residual strength envelope 
 
As seen from Figure 5, the data from the two test series 
on precut specimens are found to be in very good 
agreement, and within the stress range 200 kPa to 600 
kPa normal effective stress the residual strength envelope 
of Little Belt Clay is found to approximately linear. The 
residual strength envelope may be expressed by a 

straight line of slope 'r = 8.5 ° passing through the origin.  
The residual angle of friction for Little Belt Clay is 

within the expected range of 5 ° to 10 ° as reported in the 
literature for clays of comparable liquid limits and clay-size 
fractions. Furthermore, it is found that the lack of stress 
dependency within the tested stress range is in 
agreement with the findings by Mitchell and Soga (2005), 
as stated previously.  

Despite likely differences in mineralogical composition 
and clay-size fraction of the tested specimens of Little Belt 
Clay from the two sites, the residual strength results are 
seen to be very similar. This support the findings by Stark 
and Eid (1994) that the residual strength envelopes for 
natural clays is only little affected by changes in the liquid 
limit above 80 % and clay-size fraction above 50 %. 

 
7.2 Peak strength envelope 

 
A larger spread is seen in the peak strength data 
compared to the residual strength data. This is likely to be 
a result of the natural variations in the structure and stress 
history of the tested intact specimens from the two test 
series. The peak friction angle is found to be 
approximately 28 ° from test on intact specimens, which is 
at the upper bound range of the values typically reported 
from triaxial tests on overconsolidated clays of similar 
plasticity (Sørensen and Okkels 2013). 

 
7.3 Comparison of results from different strength test 

 
The drained residual friction angle for Little Belt clay is 
seen to be significantly smaller than the peak friction 
angles of 23 ° and 28 ° which have been found from 
triaxial test and direct shear tests on intact specimens 



respectively. Whereas the post peak friction angle 
deduced from direct simple shear testing is seen to be 
situated in-between the peak and residual values. Despite 
differences in test types, test methods and stress and 
strain conditions at failure state the strength parameters 
deduced from direct shear test, triaxial test and direct 
simple shear tests on Little Belt Clay are largely in 
agreement when considering the difference in the 
imposed levels of shear strains in the different tests.  

The results of the different strength tests (direct shear, 
direct simple shear and triaxial tests) yield the principle 
form of the stress-shear strain curve under constant 
normal effective stress, as shown in Figure 6. The shear 
stress has been deduced from the effective strength 
envelopes given in Table 4 and a nominal normal effective 
stress of 200 kPa. To convert the measured shear 
displacement in the direct shear test to shear strains, it 
has been assumed that the peak strength in the direct 
shear test is reached at the same shear strain as found in 
the triaxial test at peak state (approximately 6 %). 
Moreover, it is assumed that the shear strain and 
horizontal displacement measured in the direct shear test 
are proportional. The residual state is expected to be 
reached at very large shear strains. A nominal shear 
strain to reach residual state of 630 % has been 
calculated, based on the horizontal displacement required 
in test B3 to reach the residual state (210 mm). The 
results are also shown in terms of the secant friction angle 
which is found to be approximately 1 degree higher than 
the corresponding tangent friction angle given in Table 4. 

 The stress-shear strain curve in Figure 6 clearly 
illustrate the strain softening behaviour of Little Belt Clay 
which results in a mobilised shear strength that is highly 
strain dependent. 

 

 
  
Figure 6. Principal stress-shear strain curve for Little Belt 
Clay under a nominal constant normal effective stress of 
200 kPa. Based on the results from direct shear test, 
direct simple shear (DSS) and triaxial tests 

 
The observed difference in the peak strengths determined 
from direct shear tests and triaxial tests on intact 
specimens may be explained by the differences in test 
conditions and the slickensided nature of the intact 
samples. In the triaxial test the shear surface is 
completely free to form. This is in contrast to the direct 
shear test, in which the shear zone is primarily confined to 
a narrow zone around the center gap in the shear box. 

Hence, the measured peak strength in the triaxial test will 
to a much higher degree be affected by the presence of 
existing weaker shear planes, whereas the measured 
peak strength in the direct shear test is expected to more 
closely reflect the intact strength of the clay.  

As shown in Figure 7 and discussed further in the 
following, the failure plane in the direct shear test on intact 
specimens is however not well defined. Hence, the stress 
conditions and therefore the interpretation of the results 
does contain a degree of uncertainty. This is also likely to 
have contributed to the observed scatter in the data.  

 

 
 

Figure 7. Photo showing the lower part of the shear 
surface in multiple reversal direct shear test (B1) on intact 
specimen after testing 

 
8 MEASUREMENT OF RESIDUAL STRENGTH 
 
The data in Figure 5 shows that single-stage direct shear 
tests on intact specimens may seriously over predict the 
residual strength, as only relatively small shear 
displacements (15 mm) can be achieved. Multiple reversal 
direct shear tests on intact specimens may on the other 
hand produce very variable results. Despite very large 
cumulative horizontal displacement (150-270 mm) the 
mobilised shearing resistance does not in some cases, as 
in test B1, reduce all the way to the residual strength.  
Test B3 nevertheless shows that multiple reversal direct 
shear testing on intact specimens, in other cases may 
produce results which are similar to the results obtained 
from tests on precut specimens.  

Figure 7 shows a photo of the lower half of the shear 
plane in test B1 which has been “freely” formed in the 
intact specimen after multiple reversal shearing to an 
accumulated horizontal displacement of approximately 
270 mm. An orientation of the particles in the direction of 
shearing is clearly observed. However, the shear plane 
though clearly slickensided in appearance is seen to not 
to be perfectly horizontal and planar. This is the likely 
result of inhomogeneity and existing shear planes in the 
specimen, which have contributed to a preferred shear 
plane that is not planar. Hence, this may to some extend 
explain why the measured shearing resistance in test B1 
is greater than the lower bound residual value.  

Generally, the results confirm that the problems 
associated with multiple reversal direct shear tests on 
intact specimens can be overcome by carrying out test on 
precut specimens. Precutting of the intact specimen 



allows for a proper alignment of the particles on both 
sides of the shear plane and the generation of a horizontal 
and planar shear surface. Hence, the measured shear 
strength will correspond to the minimum shearing 
resistance, i.e. the residual strength. In some cases, it 
may however be necessary to perform multiple reversals 
after precutting to get a measure of the residual strength, 
since the two intact blocks of clay might be slightly 
misaligned initially after reassembly.  

In addition, it has been found that multistage direct 
shear testing on precut specimens (test B2) appear to 
give results which are similar to the results of single-stage 
testing (A5-6, A11 and A13). Hence multistage testing on 
precut specimens is suggested as a suitable method for 
obtaining the drained residual strength envelope and the 
drained residual strength parameters from a single test. 
 
9 CONCLUSION 
 
Generally, the results of the recent and old test series on 
Little Belt Clay are in very good agreement, despite 
differences in testing procedures and location of sampling. 
The conducted tests show, as expected, a pronounced 
strain softening behaviour of the overconsolidated high 
plasticity specimens of Little Belt Clay.  

The results highlight that the minimum mobilized shear 
strength after large straining, as obtained in ordinary 
direct multiple reversal (residual) shear tests on intact 
specimen of Little Belt Clay may in some cases 
significantly overestimate the residual shear strength.  

The test results however confirm that the residual 
friction angle may reliably be obtained by carrying out 
multistage direct shear tests on precut specimens. The 
method is seen to produce very consistent results, and a 
drained residual friction angle of only 8.5 ° is found for 
Little Belt Clay. This value is in good agreement with 
findings in the literature for clays of comparable 
characteristics, and can be expected to correspond quite 
well to the field residual strength.  

In order to obtain a measurement of the peak strength 
for comparison with the residual values, it may be 
considered to carry out an initial shear phase on the intact 
specimen until peak is clearly defined. Precutting can then 
be carried out, and testing to determine the residual 
strength can subsequently be performed.   
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