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Abstract
This paper discusses the shortcomings of the traditional Coulomb shear criterion and the direct
shear-box testing method used for clayey soil and presents a modified shear criterion that considers the elasto-plastic behavior of cohesive soil. This modified approach involves direct shear testing under constant volume, a method that has been developed by the author. A modified ring
shear apparatus and the theory behind the shear criterion and its implication for slope stability
analysis are then discussed and the results of investigated tuffitic clayey sediments are presented.
The results show that the presented new shear criterion does not consider the cohesion as material constant, but rather it depends on the void ratio. In this case, the stress state and the consolidation status and thus the elasto-plastic behavior of the clayey soil are considered.
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1. Introduction
Coulomb Shear Criterion is popular because it is simple and can be established by direct shear testing. However,
this criterion has severe shortcomings with regard to the behavior of cohesive soil, especially because it considers the cohesion as constant soil parameter. Prediction of the relevant behavior of soil and the evaluation of its
properties are a prerequisite for examining the economy and safety of earth structures. Although the evaluation
of the mechanical properties of soil has been primarily based on extensive laboratory tests, experience has
shown in the past that shear strength parameters, as determined in standard laboratory tests, can easily lead to
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incorrect assessments of the stability of deep cut slopes in clays. In some cases, this discrepancy can be eliminated by changing the conditions under which the laboratory tests are being carried out.
However, it is often the case that the shear parameters and theoretical criteria on which they are based are irrelevant to the problem. One of the major reasons is that the complex behavior of the soil has been described
through over-simplified models and mathematical equations. The behavior of clayey soil for example is neither
purely elastic nor fully plastic, but is rather elasto-plastic which may in some cases be very complex. Since only
the plastic deformation causes changes in the properties of soil, it is mostly this aspect that is of interest.
Shear box tests are still popular for establishing the shear strength parameters of cohesive soil, since they are
easy and economical to perform. However, as will be shown below, the current shear strength criteria based on
direct shear testing methods are not adequate, because they do not consider the elasto-plastic behavior of soil
and the changes of the mechanical properties associated with it. Against this background and in acknowledgement of the popularity of direct shear box testing, efforts were directed towards the development of more adequate shear strength criteria accompanied with a modified direct shear testing method. An account of these efforts is given in this paper.

2. Historical Development of Direct Shear Box Testing
Coulomb presented in 1776 a fundamental paper discussing the shear strength of soil [1]. He considered the soil
as a homogeneous, inelastic material, which breaks into rigid blocks. Coulomb attributed the shear strength
along a fracture plane to a normal-stress-dependent friction term and to a cohesion term. He established a linear
relationship between the normal force and the tangential force as reflected in Equation (1) and Figure 1.
Coulomb criterion:

τ =c + σ n ⋅ tan ϕ

(1)

Cohesion was defined by Coulomb as the part of shear strength, which is dependent upon the shape of the
fracture as well as the amount and size of the grains which are being separated during the fracturing process.
Later, in 1850, Collin investigated the influence of water content on the cohesion of the soil [2].
The predecessor of the modern shear box apparatus was designed and constructed in 1925 by Krey [3]. Using
the Krey-apparatus, Tiedemann carried out shear tests on clay specimens in 1932 [4]. Because of the fast shear
rate under which the tests were performed, these tests can be classified as CU-tests. The test results showed that
the shear strength of equally surcharged specimens fit on one failure envelope whilst the lines for specimens
with different surcharge pressures are parallel (Figure 2).
Tiedemann developed from his tests a new shear strength criterion:

τ=

(σ sur ⋅ tan ϕc ) + σ n ⋅ tan ϕ

for σ n < σ sur

(2)

with σ n is equal to actual normal stress during the shearing;
σ sur is equal to surcharge; max. past consolidation stress;
σ sur ⋅ tan ϕc is equal to cohesion.
Since ϕc is invariant for a certain type of soil, the cohesion is a function of the surcharge. That implies plas-

Figure 1. Definition of the coulomb criterion.
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Figure 2. Definition of the Tiedemann criterion.

tic behavior for the soil. However, Tiedemann criterion describes the shear strength of soil intern of total
stresses. Later, in 1935 Terzaghi presented his concept of effective stresses:

σ=
σ eff + u
tot

(3)

with: σ tot is equal to total stresses;
σ eff is equal to effective stresses;
u is equal to pore pressure.
Another shear strength criterion was developed by Hvorslev in 1937 [5] [6]. He carried out shear tests on saturated and consolidated clay specimens in which time was allowed for full swelling before very slow shearing.
Therefore, the tests can be interpreted in terms of effective stresses. Hvorslev considered the water-content in
the shear plane before and after shearing. He established that normally consolidated specimens contract whilst
over-consolidated specimens dilate. Furthermore, the relationship of water content to effective stress after
shearing is of the same form as that before shearing (Figure 3).
Hvorslev found that the values for shear strength of specimens, which have equal water content after the
shearing can be plotted on one line in the shear diagram, whilst the lines were parallel for different water content
(Figure 4).
He presented a new criterion in 1937:

τ = σ n ⋅ tan ϕ0 + V ⋅ exp ( − B ⋅ w0 )

(4)

where σ n is equal to effective stresses;
wo is equal to water content;
B is equal to slope of the VCL (virgin compression line);
V is equal to constitutive constant.
This criterion considers the friction angle as a specific material constant and the cohesion as a function of water content. The soil behaves elasto-plastically.
Subsequently in 1949 Ohde modified the criterion of Tiedemann and presented a new criterion in two parts [7]:
(5)
=
τ tan ϕ s ⋅ σ n (normal-consolidated)

=
τ tan ϕ ⋅ σ n + χ ⋅ σ sur (over-consolidated)

(6)

where χ is invariant and equal to σ/σsur.
This criterion recognizes the fact that the soil behaves plastically and has two different angles of internal friction.
Ohde’s criterion has been applied ever since. Only a new sign for the effective stresses has been introduced by
Skempton and Bishop in 1951 [8]. They rewrote Equation (6):
(7)
τ=
σ n′ ⋅ tan ϕ ′ + c′

2.1. Shortcomings of the Traditional Shear Box Texting Method and Implication in Slope
Stability Analysis
According to the investigations of soil behavior carried out by Hvorslev, Roscoe, Scofield and Wroth, the soil
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Figure 3. Water content versus effective normal stresses before and after shearing.

Figure 4. Definition of the Hvorslev criterion.

behaves elasto-plastically under effective stresses. The cohesion of saturated soil is a function of its water content. But since the water content is proportional to the void ratio at saturation, the cohesion is also a function of
the void ratio. That means that two specimens with different degrees of over-consolidation have different void
ratios and thus their respective cohesions are varied. However, shear box tests have traditionally been carried out
without considering the state of over-consolidation of the clay. This introduces inconsistencies, which may be
illustrated by the following hypothetical example. Consider two soil specimens, which have been taken from the
same depth and are being tested in the shear box under different normal stress levels. Since both specimens were
surcharged equally, they have different states of over-consolidation during the testing. The results of such tests
are frequently used to define a single failure envelope. Since the specimens behave differently under these testing conditions, and thus have different values of true cohesion, fitting them on one line is contradictory. This
line will vary in relation to the testing conditions. Shear parameters, which are obtained from randomly distributed results of shear tests that depend upon contingencies are fictitious.
Results of shear tests carried out on partly saturated specimens can lead to additional errors when estimating
the shear parameters. Suction in pore water could occur during the testing. This suction feigns high shear
strength and falsifies the results.
Even if the actual shear parameters have been correctly obtained by accident for a particular stress state, the
implication of these parameters in the stability calculation could still generate errors. Since the stress and overconsolidation states vary, because of the geometry, at every point along the sliding surface of a slope, the cohesion varies too (Figure 5).
It is therefore clearly incorrect to characterize the clay soil by a single set of strength parameters for slope stability calculations.
Furthermore, estimating shear parameters of cohesive soil by back-calculating from actual slope failures is
also prone to error. In such calculations a substitute friction angle is obtained for every particular slice of the
slope. The average of all substitute friction angles is then reported as the angle of internal friction of the soil. But
since substitute angles depend upon σ n′ (Figure 6) for cohesive soil and because σ n′ varies at every point of
the sliding surface, the obtained internal friction angle of the soil is fictitious, It applies only for that particular
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Figure 5. Example of the implication of shear parameters in the stability analysis of slopes.

Figure 6. Definition of the substitute friction angle.

sliding surface.
By inference, the traditional shear box tests deliver results, which fit the Coulomb criterion from 1776 only.
Although a contradiction exists between the traditional direct shear-box testing method and its implication in
slope stability analysis, this method has lasted for a very long period of time.
Modified Direct Shear Testing Criterion under Constant Volume
Consolidation and shear tests on clayey specimens show that the soil deforms under the increment of load until
it commences plastic flow. In this boundary state the material flows without changing its stress state. The volume deformation under load may consist of two parts: an elastic deformation δ e , which will be recovered after
relieving the load and a plastic part of the deformation δ p which is permanent (Figure 7).
The plastic deformation energy is dissipated internally in the form of friction between the particles [9] and
thus it causes a change in the physico-mechanical properties of the material. This process is called hardening or
softening of material, also see [10]. Soil specimens sheared in the shear box under constant normal load experience a plastic volume deformation and a shear deformation. The total work done per unit area is:

dW p = σ n′ ⋅ dV p + τ ⋅ dγ (constant load)
V

p

(8)

is equal to plastic volume deformation;

γ is equal to shear deformation.

Depending upon the consolidation state of the soil, the volume deformation work is performed on or by the
external normal stresses acting on the boundaries of the soil. Thus the internal stress state changes. In this case
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the measured shear stress is related to the external normal stress. Hence, the measured shear stress could be divided into two components:

τ measured
= τ extern + τ intern

(9)

τ extern is the part of the shear stress which is related to the normal stress causing the volume deformation,
whilst τ intern is the shear stress component generated by the internal friction. τ extern may be positive or negative
depending upon the degree of over-consolidation of the soil. In the case where shear tests are being performed
under constant volume the total consumed work equals τ ⋅ dγ . The work is always positive during shearing:
dW p =µ ⋅ σ n′ ⋅ dγ > 0 (constant volume)

(10)

µ is equal to friction coefficient.
The influence of the plastic volume deformation shear strength, which is unknown, is eliminated in tests under constant volume. Figure 8 shows the relationship between τ , σ , γ in a shear test under constant volume.
For carrying out such tests under constant volume a special direct shear apparatus is needed. A modified ring
shear apparatus, in which shear tests can be carried out under constant load as well as under constant volume,
has been developed, built and tested by the author [11]. The testing procedure is relatively easy in this apparatus.
After consolidating the soil specimen, of course under constant load, the volume control is activated during the
shearing and the stress path ( σ n′ versus τ ) is plotted. Figure 9 shows an effective stress path of a ring shear
test under constant volume of a normally consolidated specimen. The stress path ends at the critical state line
(CSL), although the shearing continues. The material in the shear plane flows plastically in this state [12].

Figure 7. Deformation of soil under load.

Figure 8. Relationships between τ ,σ and γ in a shear test under constant volume.
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Figure 9. Effective stress path of a shear test under constant volume of a normally consolidated tuffitic specimen.

To establish the relevant shear parameters within this testing method it is necessary to investigate in particular
the compression and shearing behavior mathematically.
From the diagram 9b in which void ratio versus normal stress is graphed, the following relationship can be
identified:

 σ′ 
e = eλ o − λ ⋅ ln 

σE 

(11)

with: e is equal to void ratio at stress;
eλ o is equal to void ratio at unit load;
λ is equal to slope of the VCL (virgin compression line) is equal to compression coefficient Cc/2.3;
σ E′ is equal to unit stress.

σ′ 
ec = eco − λ ⋅ ln  c 
 σ E′ 

(12)

τ= µ ⋅ σ c′

(13)

From Figure 9(a)
with: µ is equal to friction coefficient.
∆ is invariant
and because the CSL is parallel to VCL (Figure 9(b)) for any given soil type, ln σ o′n − ln σ c′ =

 σ o′ 
ln σ o′n − ln σ c′ =
ln  n  =
∆ soil specific constant
 σ c′ 

(14)

Substitution of (14) in (13) yields:

τ
= µ ⋅ exp ( −∆ ) for normally consolidated soil
σ o′n

(15)

Because µ and ∆ are both invariant for normally consolidated soil, the ratio τ σ o′n from Equation 15 is
also a soil constant.
An over-consolidated specimen on SL (swell line) under σ o′ has the same void ratio as a normally consolidated one on VCL under the stress σ e′ . Since the cohesion is a function of the void ratio for saturated soil both
of these specimens have the same shear parameters. From Figure 10 the following equations are valid.

 OCR ⋅ σ 0′ 
e0 = e + k ln 

 σ 0′


551

(16)

R. Azzam

Figure 10. Void ratio versus normal stress.

and

 OCR ⋅ σ 0′ 
e0 = e + λ ln 

 σ e′


(17)

where: κ is equal to swell-coefficient in natural logarithm;
OCR is equal to over-consolidation ratio.
The parameters λ and κ can be determined according to consolidation/swelling tests on reconstituted clay [13].
From both equations:

ln =
σ e′ ln ( OCR ⋅ σ 0′ ) − κ λ ⋅ ln OCR

(18)

′ OCR (1− k λ ) ⋅ σ=
′ OCR ∆0 ⋅ σ 0′
σ=
e
0

(19)

or

∆ 0 is a specific soil parameter obtained from compression tests, the equivalent stress σ e′
Since (1 − κ λ ) =
is a function of the actual stress σ 0′ and the OCR. Analogous to Equation (12) the following equations are valid
for Figure 10:
 σ′ 
e0 = eλ0 − λ ⋅ ln  e 
 σ E′ 
 eλ0 − e0 

 λ 

′ σ E′ ⋅ exp 
σ=
e

(20)
(21)

From (21) is obvious that σ e′ is a function of the void ratio too and thus σ e′ is a function of the cohesion.
By standardizing the shear parameter obtained from shear tests carried out under constant volume over σ e′ and
plotting the results, a shear line, which describes the shear behavior of the soil is obtained (Figure 11). Figure
11 shows the results of constant shear tests carried out on specimens of tuffitic sediments near Bonn.
The shear criterion becomes:

τ = σ n′ ⋅ tan ϕ0′ + K ⋅ σ e′

(22)

K ⋅ σ e′ ; c =
f (σ e′ )  .
where K is equal to cohesion coefficient (specific soil parameter) and thus the cohesion c =
With Equation 22 only two specific soil parameters ( ϕ0′ and K) exist and the shear strength of the soil is a function only of the actual load and σ e′ independent of the consolidation state.
By substituting Equations ((19) and (21)) in Equation (22) the following equations are obtained:

τ = σ n′ ⋅ tan ϕ0′ + K ⋅ OCR ∆0 ⋅ σ 0′
or
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Figure 11. Standardized shear diagram of tuffitic soil.

 eλ0 − e0 

 λ 

τ = σ n′ ⋅ tan ϕ0′ + K ⋅ σ E′ exp 

(24)

Equation (15) is only valid for normally consolidated specimens. But since σ 0′n (Figure 9(b)) can be generally replaced by σ e′ (Figure 10) for over-consolidated specimens, σ 0′n of Equation (15) can be substituted by
σ e′ of Equation (19) for over-consolidated soil resulting in:

τ
OCR

∆0

τ

= µ ⋅ exp ( −∆ ) →
( general )= µ ⋅ exp ( −∆ ) ⋅ OCR ∆0
σ 0′
⋅ σ 0′

(25)

Because τ σ 0′n in Equation (15) is invariant for a particular soil, Equation (25) can be standardized:

τ
( general )
σ 0′
= OCR ∆0
τ
( nc )
σ 0′n

(26)

Equations ((25) and (26)) show that the quotient of the shear strength over the initial stress under which the
specimen has been consolidated and sheared is a function of the over-consolidation ratio OCR.
Equations ((22)-(24)) describe a criterion for shear parameters obtained from shear tests carried out under
constant volume. It is obvious that this criterion describes the actual shear parameters and the elasto-plastic behavior of soil at every particular stress state. Because of the comprehensiveness of this criterion only few tests
are required to establish the shear parameters. The stress paths of tests on normally and over-consolidated specimens can be arranged in a series with regard to the void ratio so that a 3-D structure is created. This 3-D
structure (Figure 12) describes the shear behavior of that particular soil.
Stress states outside this structure do not exist.

2.2. Direct Shear Testing Method under Constant Volume
Since direct shear testing methods are popular for establishing shear strength parameters of cohesive soil because
of several aspects, the author presents a modified direct shear testing technique and its criteria, which is adequate
to describe the shear strength with regard to its elasto-plastic behavior of cohesive soil. He showed that soil specific shear parameters as well as the influence of plastic deformation on shear strength of cohesive soil can be established from few direct shear tests, carried out under constant volume. Realization of such particular testing
conditions is beyond the capabilities of conventional box shear apparatus. However, efforts were directed towards
the construction and testing of a new modified shear apparatus, which allows a wide range of testing conditions,
including volume constancy. A ring shear testing principle was adopted, since it has some major advantages
compared with traditional shear box testing. In the shear box a high stress concentration occurs at the cutting edge
during shearing, whilst the stress distribution on the specimen is uniform in the ring shear apparatus. Furthermore,
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an infinite shear deformation can be implemented without decreasing the area subject to shearing.
The new modified ring shear apparatus utilizes state-of-the-art high technology including an electronically
controlled system to achieve flexibility in the testing conditions and a high degree of reliability.
In the following, a brief technical description of the new ring shear apparatus is given and the testing procedure outlined.

Technical Details and Description of the Apparatus
The general principle of ring shear testing is based on setting one half of a normal-stressed ring specimen of soil
in a rotary motion, whilst the other half is stationary. The shear force can then be easily established by measuring the torsion force (Figure 13).
Where shear testing of normally consolidated specimens is carried out under constant volume, a considerable
drop of the normal load occurs in the course of testing. Therefore, the increment of the associated shear force
can be very small. For monitoring such small increments without changes in volume, an accurate measuring
system and precise instrumentation are needed. A technical realization of this principle therefore is essential.
Against this background an electronic control system has been implemented in the design of the modified ring
shear apparatus to achieve a high degree of reliability in the functioning of the different measuring system.
Technically, the rotary motion has been procreated by using a divider head of which, the handle was replaced
by a gear motor. The revolution of this motor is monitored and controlled electronically. Thus, the shear rate of
the specimen is continuously adjustable between 0.05 mm/h and 85 mm/h.
The torsion force which is generated in the lower half of the tested specimen is measured by two precise
“weight transducers”. Since the measuring principle of these transducers is based on monitoring the deflectional

Figure 12. Paths of effective stresses versus void ratio (results obtained from tests on tuffitic soil specimens).

Figure 13. The general principle of ring shear testing.
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strain caused by point load acting on one end, they can be used for measuring torsion force directly (Figure
14(a)).
To allow specimens being tested under constant volume to consolidate under constant load before testing, a
new feedback-controlled system has been developed and used. This system consists of three elements:
a) Stroke gear box driven by an electronically controlled motor;
b) Load transducer for measuring the actual normal load which acts through transmission shaft on the specimen;
c) Two precise “weight transducers” for measuring frictional forces generated between specimen and the
brass shear head by dilation or contraction of the soil during shearing (only for testing under constant normal
load). These forces act on or by the normal load.
The upper half of the shear head is carried by these two transducers, which are equipped with micrometer
screws for adjusting the shear gap between the lower and the upper half of the shear head [14]. Thus, the upper
half is floating with regard to the lower. In this case the frictional forces acting on the upper half can be monitored by the transducers directly (Figure 14(b)).
This feedback-controlled system may act as a constant-load and as a constant-volume system respectively. In
the first case the desired load level is compared with the actual load measured by the load-transducer. As long as
the feedback signal from the transducer is smaller than the required and adjusted signal, the motor of the stroke
gearbox remains activated and increases the load. Conversely if the actual load is greater than the desired load
the motor reverses and relieves the load. In this way a certain load level can be kept constant. Where testing is
carried out under constant volume the system monitors the changes in normal load.
The shear head is designed to accommodate two different sizes of ring specimens. A small specimen with an

Figure 14. (a) Photo of the ring shear apparatus; (b) A picture and a schematic drawing of the ring shear apparatus (numbers
are corresponding to Figure 14(a)).
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area of 20 cm2, (ID = 49.9 mm, OD = 71 mm), and a bigger one with an area of 40 cm2 (ID = 70 mm, OD = 100
mm). The lower half of the shear head and the divider head are rigidly joined together so that both can be set in
rotary motion, whilst the upper half is kept stationary by the weight transducers of the rotary system.
Metal filler on each side of the test specimen provides an effective drainage. To allow shear testing under water a perspex ring is placed round the shear head.

2.3. Testing Procedure
The modified ring shear apparatus is designed for testing of undisturbed as well as remoulded soil specimens.
A special device minimizes disturbance when undisturbed specimens are cut into rings and inserted into the
shear head. The consolidation of both remoulded and undisturbed specimens is carried out under water to
achieve a high degree of saturation. This is important especially for the testing of over-consolidated soil, since it
develops water suction during the swelling process.
The testing program usually depends upon the aim of the investigation. If only the shear strength parameters
of a certain soil are of interest, disturbed specimens are tested. In this case some few tests are carried out on
normally consolidated specimens (theoretically, one test is sufficient if the consolidation behavior of the soil is
known, otherwise two tests are needed) and a few tests on over-consolidated specimens (theoretically one is sufficient). The over-consolidation ratio is defined as the ratio of the maximum normal load to the load under which
the specimen is sheared. From the results of these tests the shear criterion can be established (refer to [11] [15]).
Where undisturbed specimens are tested, the over-consolidation ratio of every specimen can be established if, at
best, one shear test is carried out on remoulded and normally consolidated specimens of the same soil type. The
diagrams in Figure 15 should explain the relationships between the parameters.
By inference, the following points should explain the testing procedure when shear tests are carried out:
1) The disturbed soil should have water content of at least its liquid limit before consolidation;
2) A full consolidation must have occurred;
3) To achieve over-consolidation, specimens are to be stress-relieved to a smaller normal load under which they
are to be sheared. During the relieving process, saturation must be maintained. Shearing should not be commenced until the relieving process is complete;
4) All specimens should be tested under water;
5) Undisturbed specimens should be saturated under normal load before shear testing;
6) The shear rate should be small enough to avoid development of water pressure.

Figure 15. Relationships between the shear parameters.
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The stress paths of nc and oc specimens under different compression stresses and OCRs are obtained and can
be processed according to Figure 15. From this Figure all necessary shear parameters are obtained.

2.4. Results of the Tested Tuffitic Sediments
Four shear testing campaigns under constant volume have been carried out under different conditions to establish the described relationships. The results according to equation 22 are shown in Figure 16.
The stress paths for the specimens of the soils M3 and M6 as normal and over-consolidated specimens are
given in Figure 17.
For further processing of the results the standardized shear strengths are diagramed against the over- consolidation ratios for the soils M3 to M6 in Figure 18. From this relationship further parameters can be obtained.
If the shear strengths of over-consolidated specimens are standardize over the shear strength of normal- consolidated specimens for one soil and diagramed in a double logarithm graph, every soil type shows a typical
curve of its own (Figure 19).

3. Implication in Slope Stability Analysis
The shear parameters ϕ0′ and K of the presented criterion are specific soil parameters (true parameters), as
mentioned before. They are invariant for a given soil. For incorporating these parameters in calculations of slope
stability, a small modification of the equation is needed irrespective of which formula is being used, since K is

Figure 16. Standardized shear for the tuffitic soils M3 to M6 for nc and oc specimens.

Figure 17. Stress paths for the specimens of the soils M3 and M6 exemplarily.
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Figure 18. Relationship between standardized shear strength and over-consolidation ratio.

Figure 19. Standardized over-consolidated shear strengths over normal-consolidated shear
strength versus over-consolidation ratio for the soils M3 and M6.

the cohesion coefficient and not the cohesion itself.
The slope, which is subject to a stability calculation should be divided into areas with similar properties
and/or stress states, although this procedure is not needed if the slice-method is being used for the calculation.
Since the shear strength in every slice depends not only on the stress and the friction angle ϕ0′ , which is invariant, but also on the cohesion, the cohesion of every slice has to be calculated separately using the parameter K
and either σ e or OCR ∆0 ⋅ σ 0 (Equations ((22) and (23))). The use of an iterative computer program simplifies
this procedure. For more information about the choice of the method of stability analysis see [16].
An example should explain the procedure:
For the stability analysis after the cutting of the slope depicted in Figure 20 the well-known Janbu-Equation
and Equation (23) are being used to substitute the cohesion:

( G − ∆ub ) ⋅ tan ϕ ′ + σ ′ ⋅ K ⋅ b

=
η

0
e
∑ cos2 ⋅ϑ (1 + 1 η ⋅ tan
ϑ ⋅ tan ϕ ′ )

0
=
→η
∑ G ⋅ tan ϑ
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( G − ∆ub ) ⋅ tan ϕ0′ + OCR ∆ ⋅ ( G − ∆ub ) ⋅ K ⋅ b
cos 2 ⋅ ϑ (1 + 1 η ⋅ tan ϑ ⋅ tan ϕ0′ )
0

∑ G ⋅ tan ϑ

(27)
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Figure 20. Example of a slope.

From a few shear tests under constant volume the true parameters ϕ0′ and K are established for that particular soil. The parameter ∆ 0 can be calculated from Equation (26) or established from compression tests. For the
calculation of the stability of every slice the OCR can be determined from Equation (28).

OCR =

′
σ sur
σ n′

(28)

The actual weight of the slice before and after the cutting can be determined easily from the geometry of the
slope and is required in any case for the calculations. Equation (27) considers the stress state of every slice separately and calculates its actual cohesion.

4. Conclusion
The use of the cohesion in slope stability analysis determined in direct shear tests according to Coulomb shear
criterion may lead to over estimation since it does not reflect the long-term true behavior of clayey soil. Therefore many scientists suggest reduction of the cohesion for long-term determination of the safety factor. The criterion described in this paper considers the final cohesion under the actual stress state. Because the true shear
parameters are established from results of shear tests carried out on saturated specimens under effective stresses
and since the slope stability calculations are considering the actual stress state and thus the actual cohesion after
swelling at every point, long term changing of the stress state and cohesion of the soil due to load relieving and
swelling effects, after cutting the slope, which often leads to slope failure after some years, has been taken into
account and therefore the stability calculations are infinitely valid. An empirical reduction of the cohesion or the
safety factor for long-term stability, as has been recommended by authors in the past [17], is therefore not
needed.
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