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Kurzfassung

In der Geotechnik ist die Anwendung des Bruchkriteriums nach Mohr-Coulomb zur
Untersuchung der Bdschungsstabilitat fest etabliert. Jedoch vernachlassigt dieses die
mittlere Hauptnormalspannung und fiihrt unter Umstanden zu einer konservativen
Lésung hinsichtlich des Sicherheitsfaktors. Diese Arbeit untersucht zum einen den Effekt
des Bruchkriteriums nach Matsuoka-Nakai auf den Sicherheitsfaktor. Zum anderen
werden der Spannungspfade der unterschiedlichen Bruchkriterien im dreidimensionalen
Hauptspannungsraum miteinander verglichen. Es wurden mehrere Modelle in einer
Displacement-Finite-Element-Analyse untersucht. Das Ergebnis des Sicherheitsfaktors
wie auch der Spannungspfad unterscheidet sich signifikant zwischen diesen

Bruchkriterien.






Abstract

Slope stability analyses in geotechnical engineering are generally based on a Mohr-
Coulomb failure criterion. However, this model neglects the intermediate principal stress
and leads in some circumstances to conservative results related to the factor of safety.
This thesis on the one hand investigates the failure criterion according to Matsuoka-
Nakai and its effect on the factor of safety by means of strength reduction. And on the
other hand compares the stress paths obtained with the different failure criteria. A
number of different models are studied using displacement finite-element analyses. The
resulted factors of safety, as well as the obtained stress paths, differ significantly

between the investigated failure criteria.
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1 Introduction

In geotechnical engineering a precise prediction about slope stability and the related
factor of safety is essential. A common practice to obtain the ultimate limit state is the so
called limit equilibrium method (LEM) by means of the method of slices. There the factor

of safety is obtained with the ratio between resisting forces and driving forces.

The method of slices applied on a cohesionless infinite slope is a quite simple and
mechanically clear method. However, it is shown in [1] and [2], that sometimes this

method overpredicts the FoS in slope stability analysis.

An approach which considers dilatancy effects (in combination with a Mohr-Coulomb
failure criterion) is proposed by [3]. However, this approach leads to conservative results
related to the FoS, due to the neglect of the intermediate effective principal stress .
For this reason, an advanced failure criterion according to Matsuoka-Nakai is introduced
by [4].

In previous studies [5] those approaches are based on the assumption of cohesionless
infinite slopes. It is of interest to investigate the factor of safety once a homogeneous
finite slope is considered. The present thesis studies the effect of two separate failure
criteria on the slope stability analysis by means of strength reduction. But also on the
development of the stress path. Therefore the finite-element code Plaxis [6] is used for

all calculations.

The divergences in the slope inclination at failure are compared using analytical results
and a displacement finite-element analysis. Furthermore, the stress paths of slope
stability analyses are generated in a three-dimensional principal effective stress space.
The findings should clarify the development of stresses during the calculation and should

reveal the importance of an appropriate failure criterion.

The following chapter introduces briefly some theories related to failure criteria. There,
the effective stresses o' are labelled accordingly. But, due to the fact that in the
subsequent chapters no water table is defined, this labelling has been deliberately

abandoned. Hence, the effective stresses o' are equal to the total stresses o.
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Conventional analyses isolate serviceability from ultimate limit state, where the former
relates to stiffness parameters and the latter refers to strength parameters. When dealing
with advanced numerical methods the soil is described by means of a constitutive model.
This constitutive model is also called material model and provides the required

connection between stresses and strains.

An elastic-perfectly plastic constitutive model simplifies the stress-strain behaviour. Real
soil characteristics such as hardening and softening are neglected and replaced by two
straight lines, reflecting the elastic and plastic region (see Fig. 1). The transition from
elastic to plastic behaviour is characterised by the yield function f, this differs depending
on the material model. An ideal soil (linear elastic-perfectly plastic) shows a linear elastic
behaviour until the yield stress is reached. This means a reversible behaviour for
unloading. In the elastic region the yield function is given by f < 0. If f = 0, irreversible
plastic deformation occur at a constant stress value which describes a perfectly plastic
material. In other words, f = 0 defines the stress point hitting the yield surface. At this
point a plastic stress state is reached and no further stress increment can be maintained.
Consequently, stress redistribution takes place. The direction of the plastic strain
increment at this point is controlled by the flow rule as explained later on. It should be
mentioned, that a stress state outside the yield surface is not admissible and therefore

f > 0 does not exist.

aA peak
-eld g \\\
v hardening/ >
softeniﬁg I >
residual
>
f——HF xo®
€ el & ol

Fig. 1 Linear elastic-perfectly plastic material
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2.1 Flow rule

According to the plasticity theory introduced by Hill [7] the direction of plastic strain
increment corresponds to the first derivative of the yield function. Consequently, the flow
rule is assumed to be associated where the plastic strain increment is perpendicular to
the yield function. In other words, an associated flow rule uses a dilatancy angle ' equal
to the friction angle ¢’. It is shown in literature [8], that this leads to an overestimation of
the plastic volumetric strain rate. For granular normally consolidated soil at shallow stress
points the dilatancy angle tends to be very small. In principle, the dilatancy angle strongly
depends on soil density and friction angle. With increasing depth and therefore
increasing density the dilatancy angle decreases. A detailed discussion about dilatancy
angle and its effect on slope stability is covered in chapter Fehler! Verweisquelle

konnte nicht gefunden werden..

Due to the fact that ¢’ # ', a plastic potential g is introduced. This governs the effect of
the dilatancy, which in turn influences the direction of the plastic strain increment.

Consequently a non-associated flow rule is given by g #f.

The approach of flow rule require in general coaxiality between principal stress and strain
rate [9]. The plastic strain rate vector can be divided in a plastic deviatoric strain rate éZ’
and a plastic volumetric strain rate é('j’ . Fig. 2 shows the difference between associated

and non-associated flow rule. Note the overrated plastic volumetric strain rate éﬁ’ for

associated flow rule (left).

q.& A q. & A

» »

p', évpl p', évpl
Fig. 2 Flow rule (left: associated; right: non-associated)

A variety of failure criteria have been developed but only two of them were used in this
thesis for the numerical stability analysis. The well-known Mohr-Coulomb model and the

Matsuoka-Nakai model.
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2.2 Mohr-Coulomb (MC)

The following content is based on [10], [11], [12] and [13].

The most frequently applied failure criterion for soils is the well-known Mohr-Coulomb
model (MC). It stands out from all other conventional failure criteria due to its simple and
clear application. An easy handling is also provided through the low number of
parameters.

e Young’'s modulus E’ and Poisson’s ratio v are responsible for soil elasticity.

e Friction angle ¢’, dilatancy angle 1)’ and cohesion ¢’ are responsible for soil plasticity.
The Coulomb failure criterion characterizes the state of yielding and can be written as
followed:

Tp =o0f-tang’' + ¢’ (1)

If the Coulomb failure criterion is expressed in principal effective stresses associated
with the Mohr’s circle of stress the reformulated Mohr-Coulomb failure criterion can be

obtained:
(01 —03) = (01 + 03)sing@’ + 2¢' cos ¢’ (2)

Failure occurs as soon as the Mohr’s circle hits the Coulomb failure line (see Fig. 3)
There, the relation o > o, > o3 is valid. In opposition to the usual mechanical sign
convention in geotechnical engineering compression often is signed positive and
extension negative as it is applied in this work too.

T

1 '

¢’ coto’ c, (o 4 of

Fig. 3 Coulomb failure criterion and Mohr-Coulomb failure criterion in o’-t’-plane [11]

Equation ( 2 ) neglects the intermediate effective principal stress o;. However, in FEA a
three-dimensional principal effective stress space is considered. The general

representation of the Mohr-Coulomb failure criterion is given by the six yield functions
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(Equ. (3 ) to Equ. ( 8)). With these a hexagonal cone is generated as shown in Fig. 4.
The right part of the figure displays a cross section through the cone (perpendicular to

p’). This plane is called -plane in literature.

fu= (o]~ 05) ~ (0] + 0} sing’ - 2¢' cos ¢’ (3)
fo = (o] = 35 = (0] + 03) sin @’ — 2¢' cos ¢! (4)
o = (0}~ 0}) = (o} + o) sing’ = 2¢' cos ¢’ (5)
fa= (05— 0}) — (o} + ) sing’ = 2¢' cos ' (6)
fo = (03 —03) — (03 + 03) sing’ — 2¢' cos ¢’ (7)
fr = (03 —01) — (03 + 01) sing’ — 2¢' cos ¢’ (8)

Kompression

O

l

(i) 0 \\ ‘
QN

o, Extension

Fig. 4 MC vyield function in the principal stress space for a cohesionless soil [11]

In order to describe the direction of the plastic strain increments a plastic potential g is
defined with six equations equal to the yield functions. Except that the friction angle is

substituted with the dilatancy angle as followed:

gq = (01 —03) — (01 + 03) sinyp’ — 2¢’ cos ¢’ (9)
gp = (0{ — 03) — (01 + 03) siny’ — 2¢' cos )’ (10)
gc = (03 — 01) = (03 + o) sinyp’ — 2¢" cos Y’ (11)
ga = (03 — 03) — (03 + 03) siny’ — 2¢’ cos Y’ (12)
ge = (03 — 03) — (03 + 03) siny’ — 2¢' cos P’ (13)
g5 = (03 — 0{) — (03 + 07) sinyp’ — 2¢’ cos Y’ (14)
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2.2.1 Interpretation of the stress state

As already mentioned, the failure criterion can be expressed by a Coulomb failure
criterion based on the relation between shear stress and normal stress. On the other
hand the failure criterion can also be described through the Mohr-Coulomb failure

criterion. This failure criterion can be displayed in various ways as indicated in Fig. 5.

, 6sing’
t g 3 -sin@’
q
b=c'cos¢’ P,
tano = sin ¢’
o
i & 6¢c’'cos @’
: g -
b i . 3 -sin@ p
¢’ cot’ ¢’ coto’ ¢’ cot’

Fig. 5  Different types of presentation of the MC failure criterion [11]

The chart in the middle presents the s-t-diagram, where s is the center of the Mohr’s

circle and t defines the radius of the circle.

, _01to03
s' = (15)
,_ 01— 03
== (16)

The third chart plots the principal isotropic effective stress p’ versus the principal

deviatoric effective stress q’ with:

, _(o1+0;+03)

P =0m 3 (17)
,_ J(a{ S R R R R (18)
In case of a triaxial stress state the above equation reduces to:
G (1)
q' =o0{—03 (20)
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2.2.2 Principal effective stress space

In FEA a three-dimensional principal effective stress state is considered. Therefore, it is
advantageous to display the yield criterion in a principal stress space by means of a p-
g-diagram (see Fig. 5). There the principal isotropic effective stress axes builds the space
diagonal of the three-dimensional cone (see also Fig. 4). The magnitude of p’ measures
the distances between origin and current deviatoric plane along the space diagonal. The
deviatoric plane named r-plane is perpendicular to the space diagonal and its shape is
controlled by the yield function. The triaxial compression point C as well as the friaxial
extension point E determine the cone opening. In order to clarify the following

mathematical relation a graphic illustration for cohesionless soils is presented in Fig. 6.

For cohesionless soils the magnitude of triaxial compression / extension at a specific

stress state is:

q , . , _, 6sing’
?_tanqocaac—ptan(pc—z?m (21)
¢ ’ ., , _, 6sing’

?_tanwe—wle—p tan(pe—’pm (22)

For cohesive soils Equ. (21 ) and ( 22 ) extends to:

a. =p'tang; +c; (23)
a. =p'tan g, + ce (24)
with:
_ 6¢"cos ¢’
CC_3—sin<p’ (25)
_6c'cos g’
Ce_3+sin<p’ (26)
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Fig. 6  MC failure criterion in principal effective stress space for cohesionless soll

Furthermore the location of an arbitrary stress state P in the deviatoric plane can be
determined with the help of invariants. The use of invariants provides independency of
the chosen coordinate system. Besides the isotropic effective stress p’ the second and
third deviatoric stress invariants are necessary to define a stress state in the principal
stress space. For completeness the first deviatoric stress invariant is listed in the
following (Equ. (27 ), (28 ) and ( 29)).

J1 = (01 — o) + (03 —0m) + (03 —0p) =0 (27)
1

J2 = ¢ llof = 03)* + (03 = 03)* + (03 — 01)°] (28)
J5 = (0 — o) (03 — 01y) (03 — 07) (29)

The distance of a stress state perpendicular from the space diagonal is derived by /3 - J,,
whereas the orientation within the deviatoric plane is given by the lode angle 6 which is

formulated as:

1o V2T s
9—§Sln —T' ]23 (30)

Now the stress state P is fully determined by means of p’, ,/3 -], and 0 (see Fig. 6). It
has to be noted that the lode angle ranges between -30° and +30°. Where 6 = —30°
corresponds to triaxial compression (Point C: g{ = 0, = g3) and 6 = +30° to triaxial

extension (Point E: g = 0, = 03).
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2.3 Matsuoka-Nakai (MN)

This chapter relates to a number of sources, notably: [14], [15], [16] and [4]

Unlike the Mohr-Coulomb material model Matsuoka-Nakai considers also the
intermediate principal stress o, (stress plane is named spatially mobilised plane SMP).
Theoretically, three different principal stresses lead to three possible Mohr’s stress
circles, namely betweena; > gy; 0, > 03 and o; > o3 [17]. Each of them create a
mobilised plane which indicates the onset of yielding. Note, the Mohr-Coulomb criterion

only takes the Mohr’s stress circle a; > a3 into account.

The application of the SMP enables a unique interpretation of the stress-strain relation
at yielding under three different principal stresses [4]. Additionally, the yield condition is
formulated in such a way that yielding occurs at a point where the shear-normal stress
ratio on the SMP reaches a certain value. The yield condition according to Matsuoka-
Nakai computed in the m-plane circumscribes the hexagon of the Mohr-Coulomb criterion
in a cubic way. At all corners of the m-plane, the yield surface of Matsuoka-Nakai is

identical with the Mohr-Coulomb which is illustrated in Fig. 7.

o A compression
+G1'

extension
- 63‘

0=+30"

Fig. 7  Matsuoka-Nakai criterion in three-dimensional principal effective stress space and -
plane.

2.3.1 Cohesionless frictional soil
At first the derivation of the yield surface for purely frictional (cohesionless) soils is

explained. The content of this chapter is based on [15]. Subsequently the equations for

cohesive soils are presented.

Institute of Soil Mechanics and Foundation Engineering 9



TU

Graz
Graz University of Technology

2 Linear elastic-perfectly plastic models

Generally, the yield criterion based on Matsuoka-Nakai can be formulated as followed:

LI, 9 —sin?""

By =i me——
MN = I, 7 1—sin?¢'tr

(31)

Where I, |2 and I3 are the first, second and third effective stress invariants, which are

computed with:

I, =01+ 0; + 03 (32)
I, = {05 + 0503 + g{03 (33)
I; = 010303 (34)

And ¢'t" stands for the friction angle measured in a triaxial compression test.
Accordingly the corresponding yield function forms to:
f =141 = ZKyy (35)

An issue of this thesis has been to compute the yield surface for the three-dimensional
principal effective stress space with Mohr-Coulomb, as well as with Matsuoka-Nakai. For
the first studies, attention has been paid on cohesionless soils only. Hence, below listed
calculation steps are exclusively valid for cohesionless soils and were implemented in
MS Excel.

As introduced in [15] the Matsuoka-Nakai yield surface can be expressed in terms of an
equivalent Mohr-Coulomb friction angle ¢,,. outlined by Equ. ( 36 ). This angle of friction
defines the intersection point with the Mohr-Coulomb surface for a certain stress state
and varies with the orientation in the m-plane. Applied to any lode angle between -30°and

+30° a smooth curve reflecting the Matsuoka-Nakai yield surface is obtained.

The equivalent friction angle ¢, is given by:
! -1 1
e = 2tan”(VR) =57 (36)
In order to calculate ¢,,. the formulation of a cubic equation:

a0+a1R+a2R2+a3R3:0 (37)

has to be solved for R.
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The corresponding coefficients are composed of:

ay =3+ 4V3tan6 + 3tan?6 (38)
a; = (15 — 2Kyy) — 2V3(Kyy — 3) tan 6 — 3 tan? 6 (39)
a, = (15 — 2Kyy) + 2vV3(Kyy — 3) tan 6 — 3 tan? 6 (40)
az =3 —4V/3tan 6 + 3tan?6 (41)

with K,y related to Equ. (31 ).

2.3.2 Cohesive frictional soil

Secondly the Matsuoka-Nakai failure criterion has been applied on cohesive soils, which
then is called extended Matsuoka-Nakai (E-MN). The derivation of the equivalent friction
angle ¢,,. is not as simple as above. The cohesion already has to be taken into account
at the material coefficient K, . However, Griffiths and Huang [16] suggest a method to

consider cohesion as follows:

9 —sin® ¢"t" _ [(o1 + 09) (03 + 09) + (05 + 0¢) (03 + 04) + (01 + 75) (03 + 77)]
1 —sin® @'tr (o1 + 04)(0y + 04) (05 + 03) (42)

Kun =

where:

!

o = —c' cot e (43)

For further calculations it is necessary to substitute the terms of Equ. ( 42 ) with:

L o1 ¢ cote'™"
(01+00):<0_3'+—03' ) (44)
. ba] ¢’ cot'tr
(02+c70)=<03,+1—b+0—35 (45)
_ ¢’ cot't"
o= (152 o

Note, the equations above (Equ. (44 ), (45 ) and ( 46 )) differs from the literature [16],

due to the difference in the sign convention.
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Now the material coefficient K,y only depends on the parameters a3, ¢’, ¢'*" and b. As
well as the lode angle parameter b defined by Bishop [18]. This parameter opposes the

three principal effective stresses relatively and varies between zero and one with:

_ (03 —03)

b=—"—77
(0-1_0-3)

(47)
b = 0 leads to triaxial compression which relates to a lode angle of 6 = —30°and b =1
belongs to triaxial extension with 8 = +30°. Equ ( 47 ) can be also formulated as a

function of 9 with:

b_\/§tan9+1

: (48)

If the values a3, ¢’, ¢'t" are given only the related g has to be obtained in order to create
the yield surface based on Matsuoka-Nakai. Thereby Equ. ( 48 ) is used in Equ. (45)
and Equ. ( 44 - 46 ) is substituted in Equ. ( 42 ), which then is solved for g;. Finally the
equivalent friction angle ¢,,. can be calculated for each lode angle (—30° < 6 < +30°)
with:

! ; —57 (49)

The friction angle based on the Mohr-Coulomb failure criterion is assumed to be constant
rather than dependent on the lode angle. On the contrary, the Matsuoka-Nakai failure
criterion varies the friction angle dependently from the lode angle. Moreover, the
cohesion affects the shape of the MN yield surface and thus also the equivalent friction
angle ¢.. The introduced formulas are verified with an example, presented in the
literature [16] based on a friction angle ¢’ = 30° and displayed in Fig. 8. There the
equivalent friction angle is dependent on the ratio of ¢’ /a3’ The plotted curves belong to
ratios of ¢’ =0, ¢'/a3' = 0.1, 1, 10 and o3' = 0. For this reason the cohesion was kept
constant with ¢’ = 10 kN/m? except of the first case, where ¢’ = 0 kN/m?2. It can be seen
that the generated curves (coloured) perfectly agree with the predicted curves (black in

the background) reported in the literature.
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c=2 c¢/d3=0.01

#'me
L)

c=2 c¢/o3=0.10

c=2 c¢/o3=0.10

c=2 03 =0.00

Fig. 8  Comparison of the equivalent friction angle with literature [16]

However, it has not been possible to provide a reasonable ¢,,. with stress states based
on arbitrary chosen stress points of a slope computed in FEA. This problem is discussed

in Appendix A.

Fig. 9 displays the MN yield surfaces (derived by the modified equation proposed in
Appendix A) at different values of cohesion and a corresponding friction angle of 25°.
Further illustrations including selected friction angles between 20° and 45° are reported

in Appendix B.

c=0 c¢/o3=0.00

c=3 ¢/a3=004

c=10 ¢/03=0.10

c=15 c¢/o3=0.15

c=20 c¢/o3=0.02

20 10 0 -10 -20 -30
6]

Fig.9  Determination of ¢,,.. for varying cohesion at ¢' = 25°
2.4 Shortcomings

Material models are an approximation of real soil behaviour. Simple failure criteria based

on linear elastic-perfectly plastic material behaviour entail some shortcomings such as:

¢ Real soil behaviour (related to stress-strain relation) is restricted. Hardening effects
in form of plastic strains below the yield surface are neglected as well as softening

effects after the peak value. This could lead to serious consequences.
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Overestimation of dilatancy if an associated flow rule is applied. This can be solved
by using a non-associated flow rule. Unfortunately a non-associated plasticity can
cause numerical instabilities in finite-element analysis. For detailed explanation see
chapter 4.1.1. Furthermore, the plastic potential with Matsuoka-Nakai cannot be
derived as easy as with Mohr-Coulomb. Due to the non-linearity of the failure criterion

a substitution of the friction angle with the dilatancy angle is not possible [19].

Influencing parameters like void ratio are excluded. Furthermore the friction angel is
kept constant over depth. In truth it is highly stress dependent and so a constant

friction angle can be problematic in some circumstances.

The stiffness modulus is independent of the stress level but an “averaged” constant.
Moreover, a linear elastic-perfectly plastic material assumes a un- / reloading
stiffness equal to the primary loading stiffness. For soils this is not a realistic
behaviour. In fact the stiffness depends on the stress level, the stress path and the
strain level. Besides, all listed material models above are based on the assumption

of isotropic material behaviour. That means the stiffness is independent of direction.

Failure surface is not affected by plastic strains and therefore fixed in space.

Despite these shortcomings it has to be pointed out, that the linear elastic-perfectly

plastic material model is still appropriate for certain boundary value problems. But a non-

associated flow rule has to be considered! Due to the manageable input parameters it is

commonly used in daily engineering practice.

14
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3 Soil Tests to obtain the effective friction angle

This chapter provides a rough overview about common soil tests to determine the friction
angle. In some literature [20], [21] or [22] it is investigated that the results of the soil tests
differ from each other. Due to differences in boundary conditions and measurement
conditions. In the following, the labelling of the effective stresses has been deliberately

renounced.

3.1 Interpretation of friction angle

The following chapter is focused on the distinction and definition of friction angles. Since
strength properties are the key parameters for calculating the factor of safety, the friction

angle should be selected carefully.

Generally, the friction angle is distinguished in a peak, critical state and residual state

value. Fig. 10 demonstrates the ratio between these friction angles with:
Op > Pev > Pres (50)

t/c

peak

/
\ critical state
- Pe

T ~—_ steady state
T 177(Pres

\J

~1% ~10% ~100% &
Fig. 10 Strength-strain relation with respect to the friction angle [23]

3.1.1 Peak friction angle ¢,

The peak friction angle ¢, indicates the friction angle at maximum shear strength, not to
be confused with the friction angle at failure ¢;. The latter is related to boundary
conditions (such as deformation and failure criterion). The friction angle at the maximum
stress ratio reduces with a decreasing relative density and an increasing mean effective
stress. Due to an increase in stress the dilatancy angle decreases. The effect of high

stress levels on loose and dense sands was investigated by Ortigao in [24] (see Fig. 11).
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Fig. 11 Behaviour of dense sand in triaxial tests [25]

Further characteristics influencing the peak value of the friction angle are proposed in
the literature e.g. [26], [27] and [28]:

o Relative density
e Pressure range
e Stress state

e Constitutive model

Anisotropy
Arrangement of the soil test
Grain distribution

Mineral composition

3.1.2 Critical friction angle ¢,

In contrast to the peak friction angle ¢, is a real soil parameter. Due to the fact that the
critical friction angle belongs to the mineral structure regardless of the relative density.

As shown in Fig. 10 the critical friction angle or friction angle at constant volume ¢,
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occurs at relatively large deformation ranged from 10 % to 40 % [23]. There, a kind of
plateau is reached by means of a constant stress ratio and no change in volume (void

ratio). The void ratio which does not change any further is called the critical void ratio e..

3.1.3 Residual friction angle @,

If large deformations (~100 %) [23] occur after reaching the critical state, the residual
strength at steady state is obtained. In contrast to the critical state, particles in the shear
plane are orientated in a statically constant structure [23]. In order to trigger such a
parallel orientation a sufficient clay content is required. For this reason, a small drop in
the stress ratio might be determinable. Consequently these implies cohesive soils with
medium to strong plastic deformability. Precisely, the steady state describes the critical
state based on velocity rates. That means next to the stress and volumetric deformation

rate also the velocity rate vanishes a critical void ratio [29].

3.2 Shear test

The evaluation of a shear test describes a general behaviour of soil under shear stress.
Generally speaking, the shear test is a boundary value problem and leads to an unknown
stress path during shearing (DSB test). Two common methods of shearing are presented

in the following.

3.2.1 Direct shear test (DSB)

The direct shear test consists of two frames placed on each other (shear box). The shear
box can be quadratic (Casagrande shear box [30]) or circular (Jenike shear cell [31]).
The upper as well as the lower half are filled with the soil sample. Hence, a plane (failure
plane) in the central of the shear box is prescribed. A vertical normal force N acts on the
top of the shear box, which is maintained constant during the test. Additionally, a
horizontal force T is applied on one of the frames in order to translate it relatively to the
other half resulting in a formation of the horizontal shear zone (see Fig. 12). Therefore,
T is increased incrementally in such a way that the shear rate is constant. It is of
importance to adjust the normal force and the shear rate with the soil type, the preloading
and the construction project. The required shear force is measured by means of a force
gauge. Whereas the shear displacement, as well as the reduction of the sample
thickness, are gained by a transducer. The ratio of those two forces is assumed to give

an average ratio of shear stress to normal stress acting on the shear plane.
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Fig. 12 Shematic representation of DSB

The evaluation of a direct shear test strongly depends on the test arrangement. As
explained above, the correlation of the normal force and the horizontal force are clearly
defined, which is not the case for the stress ratio. The conventional test arrangement
includes a top plate which rests freely on the soil sample. Due to this boundary condition
a non-uniform stress distribution develops on the shear plane in the soil. However, in
geotechnical engineering the shear strength is defined by stresses. Therefore it is of
importance to generate a uniform stress state. If the top plate is fixed with the upper half
of the shear box, it moves as a unit and therefore a more uniform stress distribution on

the shear plane is achieved. [20]

Unfortunately, the exact stress state within this shear zone is unknown. A shear test
belongs to plane strain condition and its interpretation is usually based on the Mohr-
Coulomb failure criterion. This leads to the fact, that the Mohr’s definition of failure is
equated with that of Coulomb. At this point it has to be mentioned that this statement is
disproved in chapter 4.2. The problem is also addressed in [22] by performing numerical
simulations of the direct shear test based on the Discrete Element Method (DEM). There
it is said: “The consequence of this assumption is that it is implied that failure planes
(Sshear bands) are planes of maximum stress obliquity, i.e. T/o is a maximum possible
value for the corresponding Mohr circle of stress.” However, a fully defined shear band
presents a line of zero extension (velocity characteristics, see [32]). The mobilised
shearing resistance acting on the plane (in the standard DSB test) is described by the
direct shear angle of friction %, which satisfies the Coulomb failure criterion. In the
literature the friction angle based on this criterion is also called Coulomb friction angle ¢,
so that ¢ = ¢. The Mohr-Coulomb failure criterion, however, is defined by the plane
strain angle of friction @P* and relates to the stress characteristics [20]. As evident from
Fig. 13 the formulation ¢S < PS is valid. A detailed difference between both failure

criteria is provided in chapter 3.4.1.
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Fig. 13 Differences of friction angle of plane strain and direct shear

3.2.2 Direct simple shear test (DSS)

The Direct simple shear test or also simple shear test provides an improved kinematic
arrangement and results in a fairly uniform stress state. Furthermore, the failure
mechanism of a direct simple shear test is closer to a slope failure than the direct shear
test since no shear plane is predefined. As well as for the DSB several test configurations
exist. For example the isochoric simple shear test (constant volume test). There the
distortion in all three direction is prevented by a fixed top plate, so that ¢,, = ¢, =
g,, = 0. This restriction causes constant volume where only shear strain is admitted.
Another type of DSS (constant load test) provides a moveable top plate which allows
deformation in upward direction, hence &,,, # 0. During the test run, a constant vertical
normal force N is applied and a horizontal force T deforms the specimen (see Fig. 14).
As in the DSB the forces are converted into stresses in order to plot the stress-strain-

relation (compare Fig. 15).

Although the test setup differs from a direct simple shear test, laboratory as well as
numerical experiments have shown that the peak and residual strength of this two test
types are almost identical [33], [34] and [35]. Hence, the friction angle of a DSS is equal

to that obtained in a DSB and relates also on the Coulomb failure criterion.
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Fig. 14 Shematic representation of DSS
3.2.3 Test results

The corresponding Mohr circle of the shear plane is unknown, since the acting normal
stress on this plane as well as the principal effective stresses are unquantifiable. For this
reason, in laboratory tests the strength parameters are evaluated by the peak stress ratio
assuming T/N = (t/0)max- Thereby, the measured friction angle is based on the
Coulomb failure criterion. If the test is continued after reaching the peak value, the
horizontal force reduces, provided that the shear rate is kept constant and the shear way
of the sample is long enough. At this point the critical state is attained, which implies no
change in the stress ratio. In other words, the shear deformation occurs under constant

volume. (see Fig. 15)

/G 4 A
K csL

/ 7;\7;\\\ . ””7 P e '

Fig. 15 Interpretation of a shear test

For both test applications the same soil parameters are observed. Those are:

o Effective cohesion ¢’
e Effective friction angle at peak ¢',

o Effective friction angle at critical state ¢’,,
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Although, in practice the exact determination of the peak and residual value is difficult
due to the restricted shear displacements. The problem can be solved by using a ring
shear test [36], which is not further discussed here. Moreover, it is challenging to
reproduce the in-situ stress state. However, the strength parameters are strongly stress
dependent and decrease with increasing stress level (depth). Additionally in a DSS, it is
possible to determine the dilatancy angle . Its magnitude highly depends on the relative

density but also on the friction angle.

It should be mentioned, that the results are restricted by some assumptions such as, a
zero extension line along the horizontal shear plane or coaxiality of the principal stresses.
Whereas it is indicated in [20], that the principal axis of incremental strain are ahead of

the principal axis of stress.

3.3 Triaxial test

In a triaxial test the stress path is defined, thus the test is stress controlled. The results
differs from that evaluated in a shear test. A shear test exhibits plane strain conditions
rather than triaxial conditions. However, in a triaxial compression test, an almost
homogeneous deformation is possible until the maximum stress ratio is achieved [37]. A
major advantage in comparison with the shear test is the measurement of the pore water

pressure, if an undrained test is performed.

3.3.1 Testing procedure

The surface of a cylindrical saturated soil sample is covered by an impervious
membrane. The top and bottom of the soil sample is bounded by porous stones. This
test construction is situated in a triaxial cell filled with water, so that the sample is under
hydrostatical pressure. There the soil sample is consolidated isotropically (g, = g, = g3)
or anisotropically (o; - K, = 0, = 03). The subsequent test procedure differs according to
its drainage type. Usually an isotropically consolidated undrained compression test (CU)
or an isotropically consolidated drained compression test (CD) is performed. In the
former case (CU) the drainage is prevented whereas in the latter case (CD) drainage is
permitted during load increment. Another test type is the unconsolidated undrained
compression test (UU), but due to its less frequently application it is not further discussed

here.

After consolidation the vertical load is increased until failure occurs. However, the cell
pressure is kept constant. Hence, the minor principal stresses o, and o3 are equal to the

surrounding fluid pressure and the major principal stress o, depends on the vertical load.
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At this point it should be noted that an intermediate principal stress g, greater than o5 is
not taken into account in the standard testing procedure. In order to control all three
principal stresses separately, the Hollow Cylinder Apparatus has been designed [38].
Due to this fact the resulted friction angle and cohesion in a triaxial test differ from tests
where plane strain conditions are assumed. Beside the principal stresses, axial

strains ¢;, as well as lateral strains &, = &5, are measured.

3.3.2 Test results

In normal practice stress states are illustrated with the help of the Mohr circle. During the
consolidation phase (g, = 0, = g3) no shear stress 7 is obtained (r = 0), only after an
additional vertical load application ¢; increases, consequently the shear stress t
increases. The critical state is reached as soon as no further stress increment is possible

with ongoing deformation (see also Fig. 16).

Shear plane

/ () /0 ‘
& O3 oy ©
+ev b -
Wmax v=0
v=0
- & 0 0 =45 @,"/2

Fig. 16 Interpretation of a triaxial compression test

Generally, in a triaxial test any stress path can be performed. In order to validate the
MS Excel worksheet a triaxial compression as well as triaxial extension test are
reproduced as shown in Fig. 17 and Fig. 18. In a triaxial extension test a cell pressure

greater than the amount of the vertical stress is applied.

Fig. 17 shows a triaxial compression test (63 = 0, < gy). The corresponding stress path
is plotted in the p-g-space. There the light blue arrow along the p-axis indicates the
consolidation phase whereas the orange arrow plots the incremental growth of the
vertical stress g; until it hits the MC failure line. This situation is also shown in the n-
plane, where the stress path moves from the origin to the upper apex (triaxial

compression point at 8 = -30°). The green line represents the yield surface of the
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Matsuoka-Nakai criterion, whereas the hexagon (black line) represents the yield surface

of the Mohr-Coulomb criterion.
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Fig. 17 Triaxial compression test in p-g-space and n-plane

Fig. 18 corresponds to a triaxial extension test (o3 < 0, = 0y). The procedure is similar
to a compression test with the difference that the vertical stress is reduced after the
consolidation and its notation is changed to g;. The corresponding stress path is plotted
in the p-g-space. There the light blue arrow along the p-axis indicates the consolidation
phase whereas the deep blue arrow plots the incremental reduction of the vertical stress
o3 until it hits the MC failure line. This situation is also shown in the m-plane, where the
stress path moves from the origin to the left apex (triaxial extension point at 6 = +30°).
The green line represents the yield surface of the Matsuoka-Nakai criterion, whereas the

hexagon (black line) represents the yield surface of the Mohr-Coulomb criterion.

Institute of Soil Mechanics and Foundation Engineering 23



TU

Craz 3 Soil Tests to obtain the effective friction angle

Graz University of Technology

i ol

Extension

- Aoy

e <4 Gy'= 6y'= const]

02 o3

90 !
r d MN at 6 = 30°

80 : MCat 6 =30°
Extension

70 ]
Extension:

60 o'3<d',=0",

50

40

30

20

10

0

0 10 20 30 40 50 60 70 80 90 100 110

Fig. 18 Triaxial extension test in p-g-space and r-plane
3.4 Approaches of friction angle determination

The way of deriving the friction angle is of importance for the determination of the factor
of safety. Since a shear test or a triaxial compression test will yield different friction
angles.

3.4.1 Direct shear vs. plane strain

This chapter summarizes different approaches with respect to the relation between the
direct shear angle of friction %S and the plane strain angle of friction ¢PS. If not specified

explicitly, then the terms are related to peak strength.
Rowe published in [21]:

tan % = tan @PS cos f) (51)
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Davis presented in [3]:

sin @PS cos Y

ds —
tang " 1 —sin @PS siny (52)

Assuming no change in volume, i.e. Y = 0 and ¢?° = ¢, Equ. (51 ) and Equ. (52 ) are

the same with tan ¢S = sin @Ps.
The equation above can also be reformulated for sin ¢P* to:

tan 45
cosy + siny tan @4s

sin @P¥ = (53)
Obviously, @PS is sensitively dependent on the dilatancy angle. Hence, an
underestimation of the dilatancy angle yields a significant overestimation of the plane
strain angle of friction [20]. It might be worth noting that typical sands of ¢, = 33° - 37°
have been investigated in [20]. There, tan @P* is predicted to be 20 % to 25 % greater

than tan 4°.

3.4.2 Direct shear vs. triaxial compression

Next, different approaches with respect to the relation between the direct shear angle of
friction ¢S and the friction angle at triaxial compression ¢'" are outlined. If not specified

explicitly, then the terms are corresponded to the peak strength.

With the horizontal shear plane as a zero extension line and assuming coincidence of
the principal axes of stresses and strains, Taylor introduced in [39] a correlation as

follows:
tan @ = sin @& + tany (54)

The equation above underestimates the peak angle of friction when the dilatancy angle

is underestimated. Therefore it is rather a conservative approach.
Equ. (52 ) introduced by Davis [3] is also used in triaxial compression:

sin @' cos

t ds —
ane 1 — sin @' siny (55)

In [21] it is noted, that % < ¢! is valid for loose sands but changes to 45 > ¢!" as
the soil density increases. In a loose state, where movements may be more crucial, ¢S

displays a more conservative solution and therefore might be preferred.
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3.4.3 Triaxial compression vs. plane strain

This chapter summarizes different approaches with respect to the relation between the
friction angle at triaxial compression ¢t and the plane strain angle of friction @?S. If not

specified explicitly, then the terms are corresponded to the peak strength.

According to [20] and [40], little or no difference between both friction angles is observed

for loose sands. Therefore it is assumed that:

Py =Py = Py (56)

This assumption implies, that the Mohr-Coulomb failure criterion is appropriate for very

loose soil as well as for the critical state conditions.

However for dense sands, the plane strain friction angle is 5 % - 14 % greater than the
friction angle predicted for triaxial compression [40]. In [40] it is proposed that the
differences between these two angles get smaller as go;;r decreases and tends to be zero
at the critical state. A linear relationship which describes this trend quite good is
presented by Schanz and Vermeer [26], which combines the empirical equations of
Bolton [41].

Empirical equation of Bolton [41]:
9y = @y +0.89 =5(Ip(10 —Inp) — 1) + ¢, (57)
@p" =3Up(10 —Inp) — 1) + g7 (58)

Combined equation introduced by Schanz and Vermeer [26]:

1
o5~z (30" +20c) (59)
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4.1 Classic derivation based on limit equilibrium consideration [42]

The factor of safety is derived from the method of slices. The acting forces on an arbitrary
slice of a cohesionless infinite slope are considered in order to compute a statically
admissible state. A stress field is classified to be statically admissible if the equilibrium,
the boundary conditions with respect to external loads as well as the yield criterion are
satisfied. Due to the fact that in the following no water table is defined, the labelling of

the effective stresses has been deliberately renounced.

The forces acting on this arbitrary slice are the gravity load of the soil G, the reaction

force Q (as a result of G) and the load due to the surrounding soil E (see. Fig. 19)
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Fig. 19 Method of slices [42]

Because of infinity, the line of action as well as the magnitude are equal for both earth
pressures (E; and E;). For this reason no additional moment is computed and the forces
cancel out. This means that the slope inclination at failure is calculated only by means of

G and Q. The related relation is derived below.

First the gravity load is divided in a stabilizing force G, and a destabilizing force G, .

G, =Gcospf (60)
G, =Gsinp (61)

Additionally Q can be split into a normal force N which acts perpendicular to the bottom
and a resistance force R which acts along the bottom plane. Where the magnitude of N
is equal to G, but acts in opposite direction. The resistance force depends on the normal

force and the effective friction angle at the slip face with:
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R=Ntang = Gcosftang (62)

Putting the resistance force R in a relation with the driving force G,, a statement about

the ultimate limit state in terms of a factor of safety is made.

FoS =
0 i
G/ (63)

According to that, limit state is reached as soon as R is equal to G,, and so the slope

inclination at failure computes to:
R=G,)-» GsinB=Gcosftang »tanf =tangp - f = ¢ (64)

As a result the slope inclination at failure is equal to a friction angle in plane strain
condition (see chapter 3.2.1). It has to be noted that this method does not take into
account the effect of the dilatancy angle. However, studies in [2] showed, that from a soil
mechanics point of view, it is advisable to use a non-associated flow rule to describe soil
behaviour. As presented in [1] this could yield significantly lower values of FoS. The

importance of the flow rule is discussed below.

4.1.1 Influence of the flow rule

Tschuchnigg et al. observe in [1] that especially for high friction angles (¢ = 35°) and
steep slopes the factor of safety with a non-associated flow rule diverges from that with
an associated flow rule. Generally, a non-associated flow rule leads to a lower factor of
safety. It is of interest to point out, that the Matsuoka-Nakai criterion leads to a higher
factor of safety as obtained with Mohr-Coulomb. This might be one reason, why
conventional calculated slopes with a slight inclination are still stable in practice, at least

for a dilatancy angle ¥ > ¢/3.

Moreover, it appears that cohesive soils are less dependent on the flow rule. This
confirms the big impact of the cohesion on the factor of safety as studied later on
(chapter 5.2.1).

If non-associated behaviour is considered, strong oscillations during the ¢-c-reduction
can occur. This makes it almost impossible to determine a unique factor of safety. The
instable calculation state is triggered by multiple possible failure mechanisms
(bifurcation). Those are consequences of multiple solutions in the boundary value
problem. Furthermore, the erratic behaviour is more pronounced with greater difference

between the friction angle ¢ and the dilatancy angle .
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The consequence on the slope inclination at failure based on a non-associated flow rule

is studied in the next chapter.

4.2 Simple shear mechanism

As already discussed in chapter 3, different soil tests result in different friction angle and
consequently also in different FoS. As illustrated in Fig. 20 the failure mechanism,

obtained with a simple shear test, is similar to that of an infinite slope.
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Fig. 20 Possible failure of an element of an infinite slope [5]

A collapse of the soil body is associated with a maximum in shear strain in the shear

plane. Due to the assumption of coaxiality, the shear stress has to be also maximum

(tmax)- Hence, the friction angle at failure according to a simple shear mechanism can

be expressed on the basis of the Coulomb failure criterion (see Equ. ( 1)) as followed:
Tmax pU Sinﬁ

ds = = =
tan ¢ & py,a0sh tan (65)

Where t,,,,, is the maximum shear stress in the slip surface and p,, indicates the vertical

stress on the sliding surface of an arbitrary soil element.

In reality, a friction angle at failure (obtained with a triaxial compression test (Mohr’s

failure criterion)) differs from the equation above in:

01 =03 Tmax _ Dy Slnﬁ

1 tr —_ —_
sme o4 + 03 On py COS 5 tan (66)
Equ. (66 ) in Equ. ( 65) results in:
tan f = tan 9% = sin " (67)

Obviously, the friction angle obtained from a shear test corresponds to the slope
inclination at failure. Whereas the friction angle of a triaxial test is greater (see also Fig.
21). It has to be mentioned, that the equations above assume a dilatancy angle of y = 0.

This is for example the case at steady state (critical state), where shear deformation
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occurs without any change in volume, i.e. ¥ = 0. However, it might be reasonable to
suppose that the steady state (critical state) is generally not reached in a soil body, which
is in limit state, since the required deformations do not occur. The determination of the
slope inclination at failure including a dilatancy angle unequal to zero is described in the

chapter below.

TA

~

< ds
//,/(Ptf \ ) | \, |

Fig. 21 Friction angle according to triaxial test and simple shear test [42]

4.2.1 Elastic-perfectly plastic MC model

The first approach is based on the Mohr-Coulomb failure criterion and holds for
cohesionless material. Under consideration of a non-associated flow rule with a dilatancy
angle greater than zero and smaller than the friction angle obtained in a triaxial test

following formula is outlined [3]:

sin @t cos Y

— ds —
tanf = tang S_l—singotrsinll) (68)

Note, the formula above is equal to Equ. ( 52 ). Moreover, fory = 0 Equ. ( 68 ) reduces
to Equ. (67 ). And for iy = ¢ Equ. ( 68 ) reduces to Equ. ( 64 ).

In an infinite slope lateral strains cannot develop and plane strain condition are present.
However, the Mohr-Coulomb failure criterion does not consider this increased mobilised

strength and leads to conservative solutions with respect to FoS.

4.2.2 Elastic-perfectly plastic MN model

The second approach is based on the Matsuoka-Nakai failure criterion and provides a
possibility to include the “additional” strength as a consequence of the intermediate

principal stress.
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The equation presented below was published in [5]. It is an approximation of a numerical
simple shear test under plane strain conditions based on an elasto-plastic Matsuoka-
Nakai failure criterion. However, reasonable results are achieved for a dilatancy angle
between 0 and ¢/3 (maxA¢@ = +5%).

_ sin(1.085¢"") cos i

_ d
tanf = tan 9 = 1 —sin @t siny (69)
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5 Slope stability analysis

Displacement finite-element analysis is a powerful software and finds increasing
acceptance in geotechnical practice. Not just because of a user-friendly interface but

also because of advantages related to stability prediction. Some advantages are:

Firstly, the failure mechanism or the slip surface has not to be assumed in advance but

is a result of the calculation.

Secondly, a displacement finite-element analysis allows the link between strength and

stiffness. In contrast to the approximate LEM discussed in chapter 4.

Thirdly, finite-element codes allow the use of advanced constitutive model to study
working load conditions. Those enable a consideration of a non-associated flow rule,
realistic stress-strain relation in terms of hardening and softening, creep for soft soil

conditions and so on.

This chapter investigates the slope inclination at failure for cohesionless finite slopes
computed with the finite-element code Plaxis 2D [6] and compares it with a theoretical
approach according to [5]. Further analyses are performed to investigate the stress path

development based on the failure criteria Mohr-Coulomb and Matsuoka-Nakai.

Due to the fact that in the following subchapters no water table is defined, the labelling
of the effective stresses has been deliberately renounced. Hence, the effective stresses

o' are equal to the fotal stresses o.

5.1 Strength reduction method

In a strength reduction procedure the failure surface is incrementally decreased, which
enforces the system to stress redistribution until equilibrium can no longer be maintained.
This procedure is also known as ¢-c-reduction, which indicates the mathematical

relationship as followed:

tan ¢’ @
B = (70)

- [ 7
tan @ ymit  Cuimit

It should be emphasised that Plaxis 2D keeps the dilatancy angle constant as long as
@' >’ is valid. Once the friction angle is equal to the dilatancy angle both are reduced

simultaneously [1].
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From a soil mechanics point of view, the dilatancy angle belongs to “strength”
parameters. Since the factor of safety is derived by strength reduction, the dilatancy
angle should be reduced as well from the beginning on [28]. Therefore, performed
calculations to determine the limit state in Plaxis 2D, an iterative reduction of the

dilatancy angle is included.

5.2 Geometry and material set

This thesis focuses on simple homogeneous slopes in plane strain condition. The
dimension of the first model is indicated in Fig. 22, where L = 10 / tan . The slope has a
constant height of 10 m but the slope inclination varies between 20° and 50°. High order
elements associated with a sufficiently fine mesh are fundamental components for an
accurate estimation of the factor of safety. Therefore, a mesh with 15-noded triangles
and a relative element size factor r. of 0.5 is generated. In the area of the slope, where
large stress concentrations or large deformations are expected, the mesh is refined with

a coarseness factor value of 0.1.

| 15L | L | 15'— |

10

Fig. 22 General slope geometry

A soil under drained conditions is considered and no water table is applied. The unit
weight is assumed with y,,.c0: =17 KN/m?® and the Poisson’s ratio with v =0.3. All
required parameters associated with the individual material models are given in

Appendix C.

The earth pressure coefficient at rest (Jaky) is defined as:

Ky=1-sing (71)
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5.2.1 Effect of cohesion

Previous studies performed by [1] have shown an increasing impact of the cohesion with
decreasing slope inclination. Therefore it is of interest to evaluate its effect on the failure

mechanism and on the factor of safety.

The impact on the FoS with changing cohesion is studied with two different slope
inclinations and two different dilatancy angles. First, a necessary friction angle for
cohesionless material is found to obtain a FoS value of 1.0. Afterwards the cohesion is

increased in small steps to show the importance of choosing a sufficiently accurate value.

It can be identified from subsequent examples (Fig. 23, Fig. 25, Fig. 27 and Fig. 29) that
already a slight change in cohesion influences the failure mechanism. At low values a
non-uniform failure mechanism appears. On the other hand a growth in cohesion has a
“positive” effect on the erratic nature of the failure mechanism as evident from Fig. 30.
Though, an exception can be found in Fig. 29 with ¢ = 1.0 kKN/m2. A reason for this could
be the steep inclination of the slope connected with the ratio between friction angle and
dilatancy angle. Moreover, the slip plane gets closer to the toe of the slope and a circular
shape becomes more pronounced, if small values of ¢ are used in this FEA. Summarised

it can be said, the greater the cohesion the deeper and more unique the slip surface.

Additionally Fig. 24, Fig. 26, Fig. 28 and Fig. 30 illustrate the effect on the factor of safety.
As expected, a higher value in cohesion results in a greater FoS and provides a more
stable calculation. However the factor of safety increases almost 20 % by considering a

cohesion of ¢ = 1 kN/m? instead of ¢ = 0 kN/m2. This has to be kept in mind!

The examples below are classified due to the dilatancy angle and slope inclination, so

that the notation M_yy_bb used has following meaning:

e M: material model where M = not specified, MC = Mohr-Coulomb, MN = Matsuoka-
Nakai

e yy: dilatancy angle where phi_x means phi over x

e bb: slope inclination
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e M_phi-30_35
Fig. 23 represents a slope inclined 35° from the horizontal whereas limit state (FoS = 1.0)

arises with a friction angle of 37.6° along with ¢ = 0 kN/m? and y = ¢ — 30°.

c=0.1
FOS =1.02

c=0
FOS =1.00

c=05
FOS =1.12

c=1.0
FOS =1.19

Fig. 23 Incremental deviatoric strain at different cohesion levels on a 35° inclined slope
including ¢y = ¢ — 30°
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Fig. 24 FoS at different cohesion levels on a 35° inclined slope including ¢ = ¢ — 30°
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e M_phi_3_35
Fig. 25 represents a slope inclined 35° from the horizontal whereas limit state (FoS = 1.0)

arises with a friction angle of 37.3° along with ¢ = 0 kN/m? and y = ¢/3.

c=0
FOS =1.01

c=0.1
FOS =1.06
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FOS =1.12

c=1.0
FOS =1.19

Fig. 25 Incremental deviatoric strain at different cohesion levels on a 35° inclined slope
including Y = ¢/3

M_phi_3_35

1.25

1.20

1.15

IMsf []

1.10

1.05

1.00

Step

c=0

c=0.1

c=0.5

c=1.0

Fig. 26 FoS at different cohesion levels on a 35° inclined slope including ¢ = ¢/3
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e M_phi-30_40
Fig. 27 represents a slope inclined 40° from the horizontal whereas limit state (FoS = 1.0)

arises with a friction angle of 43.3° along with ¢ = 0 kN/m? and y = ¢ — 30°.

c=0
FOS =1.01

c=0.1
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FOS =1.21

Fig. 27 Incremental deviatoric strain at different cohesion levels on a 40° inclined slope
including Y = ¢ — 30°
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Fig. 28 FoS at different cohesion levels on a 40° inclined slope including ¥ = ¢ — 30°
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e M_phi_3 40
Fig. 29 represents a slope inclined 40° from the horizontal whereas limit state (FoS = 1.0)

arises with a friction angle of 43.4° along with ¢ = 0 kN/m? and ¢y = ¢/3.

c=0
FOS =1.02

c=01
FOS =1.04

c=0.5
FOS =1.14

c=1.0
FOS =1.23

Fig. 29 Incremental deviatoric strain at different cohesion levels on a 40° inclined slope
includingy = ¢/3
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Fig. 30 FoS at different cohesion levels on a 40° inclined slope including ¥ = ¢/3

The findings indicate an impact on the failure mechanism and on the FoS even for a
relatively small increase in cohesion. Fig. 31 summarizes the effect of the cohesion on
the FoS. For this reason it is important that ¢ = 0 kN/m?2. In some FEA ¢ = 0 kN/m? caused

numerical problems and an artificial value of ¢ = 0.001 kN/m? has been chosen (for

numerical reasons).
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Fig. 31 FoS dependent on cohesion

Later a user-defined soil model is used to work out the FoS, which provides a failure
criterion according to Matsuoka-Nakai. Due to numerical instabilities when using this
model (arising at steep slope inclinations), a greater artificial cohesion was necessary,
which ranges between 0.01 kN/m? and 0.05 kKN/m>.

5.3 Slope inclination at failure

One aim is to express the ultimate limit state for a predefined slope inclination. The
scatter of the factor of safety is defined in a range of 0.99 < FoS < 1.02 and the required
friction angle is determined by means of the strength reduction method.

Within the scope of this work the slope angle g is defined with 20°, 25°, 30°, 35°, 40°,
45° and 50°. In general clay soils tend to show less to non dilatancy, unless they are
over-consolidated. On the other hand, sands show various values of dilatancy. For
example quartz sands show a dilatancy angle about ¥ ~ ¢ — 30° [10] and for Hudson
sand a dilatancy angle from ¢/3 to ¢ /4 is observed [43]. Based on these suggestions

the dilatancy angle v is varied with ¢ /3, ¢ /4, ¢ — 30° and 0°.

5.3.1 Mohr-Coulomb criterion

The analysis performed in Plaxis 2D is structured in two phases. The /Initial phase and
the Safety phase. The former implies the calculation type Gravity loading. This type

applies the soil self-weight to generate an initial stress field which fulfils equilibrium.

The displacements calculated in the Initial phase are reset (Reset displacement to zero)
parameter is selected at the start of the Safefy phase. There the ¢-c-reduction
(chapter 5.1) is used with the Incremental multipliers loading type. This allows a

specification with a maximal number of steps in which the strength parameters have to

Institute of Soil Mechanics and Foundation Engineering 39



TU

Graz
Graz University of Technology

5 Slope stability analysis

be reduced successfully [44]. The maximal number of steps in the presented examples

is defined by 1000 steps with the purpose to ensure a “completed” failure mechanism.

In a first variation the Mohr-Coulomb material model is used, while the dilatancy angle is
not directly affected by the ¢-c-reduction but is constant with an initial input parameter

(see chapter 5.1). This implies that ¥, = Yinpue (@S loNg as @, > YVinpyr)-

In a second variation the dilatancy angle is reduced simultaneously with the friction

angle:

- tan winput
Yiimie = tan™! (F—os) (72)
In a third variation the dilatancy angle ;;,,,;; is related to the limit friction angle and varies
occasionally with @;imi:/3, @iimit/% ©umic — 30° and 0°. However, in the following
computations (chapter 5.3.3) the latter is preferred. Note, all quantitative results can be

looked up in Appendix D.

5.3.2 Matsuoka-Nakai criterion

After the investigation of the ultimate limit state with the Mohr-Coulomb failure criterion,
the more appropriate Matsuoka-Nakai failure criterion is applied in Plaxis 2D. Therefore,
two separate user-defined material models (DLL) are used. Preliminary, both models are

studied in order to point out potential problems.

One of the user-defined models is the so called “Generalised Hardening Soil” model
(GHS), which is a more advanced version of the original Hardening Soil model with
Small-strain stiffness (HSS) [45]. Configurations allow an individual application. One key
point of the GHS model is the consideration of the mean effective stress p’ in the stress

dependency formulation of stiffness:

ref p’ + Pc "
Eur = Eur Zpref ( 73 )

Moreover, the model contains the application of the Matsuoka-Nakai failure criterion.
However, after a number of trials it has not been successful to provide reasonable results
by means of strength reduction (see Appendix E). Because of this problem the GHS

model is not used in this work.
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Preliminary studies with the second user-defined model shows more satisfactory results.
Because of this, FEA discussed in the following are based on the latter user-defined

model.

Appendix C lists all input parameters, where also a parameter Model SW is highlited.
There the Matsuoka-Nakai failure criterion can be chosen by using a Model Switch
(Model SW) set to 2. Besides, a Model SW of 1 considers the Mohr-Coulomb criterion,
whereas a Model SW of 3 presents the Lade surface (which is not further discussed in
this work). The ratio of shear moduli Go/Gur is set to 1. As explained in the previous

chapter the dilatancy angle is a function of ¢.

Initially no equilibrium could be generated with the calculation type Gravity loading when
adopting the user-defined material model. Especially steep slopes were problematic.
Alternatively two methods are investigated to overcome this numerical issue. In the first
method the initial stresses are computed with a KO procedure followed by a plastic nil-
step, which forces the initial stress field (after stress redistribution) into equilibrium again.
A plastic nil-step is a plastic calculation step without any additional loading, which helps
to produce an admissible stress state. The second method includes a linear elastic LE
material during a Gravity loading calculation. Subsequently, a plastic nil-step combined
with a material change, from LE to MN, is defined. Finally a ¢-c-reduction is performed

for all methods.
An overview of the phase structure used in the individual method is listed below:

e MN-Gravity loading (MN-GR)
Phase Initial: Gravity loading with the user-defined MN material model

Phase 1: Safety phase by means of ¢-c-reduction

e MN-KO procedure (MN-KO0)

Phase Initial: KO procedure with the user-defined MN material model
Phase 1: Plastic nil-step
Phase 2: Safety phase by means of g-c-reduction

¢ MN-Linear elastic including Gravity loading (MN-LE)

Phase Initial: Gravity loading with a linear elastic material model
Phase 1: Plastic nil-step associated with a material change to MN
Phase 2: Safety phase by means of ¢-c-reduction
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In order to study the impact of each method on the FoS (as well as on the numerical
robustness) test runs were carried out with the user-defined construction mode but with
SW set to 1, thus using the Mohr-Coulomb failure criterion. A required reference is
performed by the material model Mohr-Coulomb, which is provided in the Plaxis 2D
material data base. In the following, this model (including Gravity loading to generate
initial stresses) is termed as MC-STD. Next to the individual methods the cohesion is
modified between 0.0, 0.1, 1.0 and 10.0 kN/m?2. For further analysis the results of the test
run, with ¢ = 0.0 kN/m2, is of interest and therefore outlined in Fig. 32 and Fig. 33. Fig.
33 illustrates the FoS for an associated flow rule (¢ =y = 37.3°). More results are

presented in Appendix F.

It appears that the method using a linear elastic material in the initial phase is more stable
and corresponds quite well with the standard procedure. For these reasons the method

MN-LE is applied on further computations.

MC-LE
FOS =1.00

MC-Ko0
FOS =0.99

Fig. 32 Incremental deviatoric strain on a slope with § = 35° and ¢ = 0 kN/m? based on the
user-defined material model
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MC-GR_c = 0.001

MC-LE_c = 0.001

MC-K0_c = 0.001

MC-STD-Associated_c = 0.0

Fig. 33 FoS of a 35° inclined slope with ¢ = 0 kN/m? based on the user-defined material model
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Based on a sensitivity analysis it has been found that the user-defined material model
has sometimes problems to undertake a ¢-c-reduction when MN-LE is used. After a
random step number, the occurring plastic points do not correlate with a plausible failure
mechanism (see Fig. 34). This behaviour is solved by a small increase in cohesion, which
does not influence significantly the factor of safety (see chapter 5.2.1), but provides a
more stable calculation. The magnitude of the cohesion is ¢ = 0.03 kN/m?2. It is suggested
to allow tensile stresses. Because of low cohesion values the tensile stresses do not
affect the factor of safety significantly as demonstrated in Tab. 1. In contrast, a high
accuracy is required by means of a reduced tolerated error (up to 0.1 %). To investigate
the effect of the tolerated error a parameter study was performed and will be discussed

later in chapter 5.4.

Phase 2 (Safety): ‘ Phase 2 (Safety):
Step 43 \

.y

Fig. 34 Stepwise development of plastic points with MN-LE

Tab. 1 Parameters of several trails analysing the effect of tensile stress

Trial
Parameter

Plaxis Model MC-LE | MC-LE | MC-LE | MC-LE | MC-LE

Material Model | LE/MC | LE/MC | LE/MC | LE/MC | LE/MC

Gravity | Gravity | Gravity | Gravity | Gravity

Calc. Type . . . . .
Loading | Loading | Loading | Loading | Loading

Eso™ | [kN/m?] | 1.80E+04 | 1.80E+04 | 1.80E+04 | 1.80E+04 | 1.80E+04
E, | [kN/m?] [5.39E+04|5.39E+04 | 5.39E+04 | 5.39E+04 | 5.39E+04
v [-] 0.3 0.3 0.3 0.3 0.3
0 [°] 37.3 37.3 37.3 37.3 37.3
c [kN/m?] | 0.01 0.01 0.01 0.01 0.01
v [°] 12.4 12.4 12.4 12.4 12.4
c, | [kN/m?| 0.0 1.0 5.0 10.0 100.0
m [-] 0.5 0.5 0.5 0.5 0.5
Pt | [kKN/m2]| 100 100 100 100 100
Re -] 0.9 0.9 0.9 0.9 0.9
Go/Gyr -] 1 1 1 1 1
Yo, [-] | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04
Model SW 1 1 1 1 1
Skempton 0.98 0.98 0.98 0.98 0.98
Erol [-] 0.01 0.01 0.01 0.01 0.01
FoS [-] 1.00 1.01 1.02 1.02 1.02
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Apart from the assumptions and problems discussed above one more matter needs to
be addressed. During the safety analysis, sometimes the criterion of maximal number of
plastic points has not been achieved. To mitigate this, the incremental multiplier Mss was
lowered from 0.1 (default) to 0.01. In the course of this a parameter study is done to

clarify its influence on the FoS (see chapter 5.5).

5.3.3 Results of slope inclination at failure

Fig. 35 gives the slope inclination at failure related to the effective friction angle
depending on the dilatancy angle. There, results of different computations are compared.
Those are computed with Plaxis 2D, the theory of direct shear mechanism (Equ. ( 68 )
and Equ. (69 )) and the classical derivation (Equ. ( 64 )).

Comparing Fig. 35 (a) to (d) it gets clear, that the flow rule and the dilatancy angle play
an important role. Because the lower the dilatancy the higher the required angle of
friction. For example, if a slope inclination of 40° is given and a cohesionless material
with ¥ = ¢ /3 is considered, a friction angle of 43.4° (MC-Plaxis) is required. On the
contrary, if the dilatancy reduces to y = ¢ /4 the effective friction angle should be at least
44 4° (MC-Plaxis) (see Fig. 36 (a)). Those friction angles change to an even lower
magnitude once the Matsuoka-Nakai failure criterion is taken into account. This means,

that the necessary friction angle for a slope inclination of 40° reduces to 39.0° (for

Y = ¢@/3)and 40.9° (for Y = ¢/4) (see Fig. 36 (b)).

A further detail might be worth to mention is the tendency of the MC-Plaxis-curve. It
seems that the corresponding limit friction angle at low slope inclinations tends to
converge more with the computation of Equ. (68 ), i.e. MC-DSS [5]. But if the slope gets
steeper, the limit friction angle moves closer to that of Equ. ( 69 ), i.e. MN-DSS [5]. Of
course the equations Equ. (68 ) and Equ. (69 ) do not consider a real failure mechanism,

but are valid for infinite slopes and are highlighted in Fig. 37.
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(a) (b)
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Fig. 35 Comparison of limit states for different computations and dilatancy angles - (a): ¢ =
@/3; (b)Y = @/4; (c): ¥ = ¢ —30% (d): Y =0°
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Fig. 36 friction angle at failure for § = 40°, ¢y =
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Fig. 37 Comparison of limit states for MC-DSS and MN-DSS with: (a): Y = ¢/3; (b): ¥ = ¢/4;

(€): ¥ = ¢ —30%(d): ¥ =0°[9]
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Regarding the comparison between MC-Plaxis and MN-Plaxis it seems that the
divergence grows the more the dilatancy angle deviates from the friction angle.
Observing a dilatancy angle of y = ¢/3 it can be identified that the friction angle obtained
with MN-Plaxis is about 10 % to 11 % lower than with MC-Plaxis. However, with iy = 0°
the difference is around 13 %. Tab. 2 lists the percentage difference between the MC

criterion and the MN criterion dependent on the dilatancy angle and the slope inclination.

Tab.2 Percentage difference of the FoS between MC and MN

AF0S =100 - (FOoSyc - FOSyn)/FoSyc [%]
B lyv=0/3 Yv=9/4 |Yp=¢—-30°| Pp=0°
[] (] [] (] ']
20 10.89 11.00 13.40 13.40
25 11.46 10.98 13.94 13.77
30 10.87 10.38 10.70 13.09
35 11.34 8.80 6.41 -
40 10.18 7.88 - -

Finally it appears, that in some circumstances the Matsuoka-Nakai allows even steeper
slopes as those considering an associated flow rule. Provided that the slope angle do
not exceed ~35°. Appendix D contains a full comparison of the results as well as the

evaluation of the percentage difference between MC and MN.

5.4 Effect of tolerated error

As mentioned above the folerated error &, is reduced in the MN-LE analysis. The
influence of &, on the FoS is studied in the following (using MC-STD). The slope has
an inclination of 35°. The corresponding strength parameters are assumed with ¢ = 40°
and Y = ¢/3 = 13.3° and ¢ = 0 KN/m?. Whereas &,,,; is varied from 0.001 % to 5 % as
listed in Tab. 3. Fig. 38 shows a noticeable decrease in the FoS combined with an

increase in the accuracy. But with respect to the oscillations no trend can be seen.
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Tab.3 Parameters of several trails analysing the effect of tolerated error (MC-STD)

Trial
Parameter L 3 . i 2
Plaxis Model MC-STD | MC-STD | MC-STD | MC - STD | MC - STD
Material Model MC MC MC MC MC
Gravity | Gravity | Gravity | Gravity | Gravity
Gale-Type Loading | Loading | Loading | Loading | Loading
E' [kN/m?] | 4.00E+04 | 4.00E+04 | 4.00E+04 | 4.00E+04 | 4.00E+04
Eoed [kN/m?] | 5.39E+04 | 5.39E+04 | 5.39E+04 | 5.39E+04 | 5.39E+04
\ [-] 0.3 0.3 0.3 0.3 0.3
® [°] 40.0 40.0 40.0 40.0 40.0
c [kN/m?] 0 0 0 0 0
W [°] 13.3 13.3 13.3 13.3 13.3
C, [kN/m?] 0 0 0 0 0
Etol [-] 0.05 0.01 0.001 0.0001 | 0.00001
FoS [-] 1.15 1.13 1.07 1.03 1.01

1.23

tol. error = 0.001%

tol. error = 0.01%

tol. error = 0.1%

tol. error = 1%

tol. error = 5%

0 50 100 150 200 250 300 350 400 450 500
Step [-]

Fig. 38 FoS over steps depending on the tolerated error (MC-STD)

5.4.1 Influence of ¢;,; using different constitutive models

Further investigations are made on slopes (Yynsat = 17 KN/m?) considering an inclination
of 23°, 27° and 30°. On the one hand a cohesionless soil is considered and on the other
hand a cohesion of ¢ = 5 kN/m? is applied. The friction angle is adjusted so that a factor
of safety of FoS = 1.05 is achieved for the 30° inclined slope. The used material sets are
given in Tab. 4. At the other two slope inclinations (23° and 27°), the values of the friction
angles are the same as for the 30° inclined slope (see Tab. 4). The analysis is performed
to assess the effect of the tolerated error not only on the elastic-perfectly plastic material
model (MC), but also on other constitutive models such as Hardening Soil model (HS)
and Hardening Soil model with Small-strain stiffness (HSS). All employed parameters

associated with the individual material models are given in Appendix C. The results of

48 Institute of Soil Mechanics and Foundation Engineering



TU

Graz
raz University of Technolo

5 Slope stability analysis 5

the 30° inclined slope are discussed in detail in the following. The calculations of the

other two are presented in Appendix C.

In Fig. 39 the charts are captured with (a) and (b), which imply the results considering a
cohesion of ¢ = 5 kN/m? and ¢ = 0 kN/m?. It could be assumed, that a higher accuracy
(low tolerated error) leads to a reduced factor of safety. However, this is not the case for

HS and HSS. There the factor of safety at high accuracy is greater than at low accuracy.

In the case of cohesionless material, the differences are even more striking as evident
from the right column in Fig. 39. The factor of safety decreases with decreasing tolerated
error, but once the cohesion vanishes the results are strongly erratic. The difference at
step 100 between ¢, =0.01 and &, =0.001 and 0.0001 are about 6 %. The

percentage difference of the factor of safety is computed with:

AFoS = |FoS; — FoS;| - 100 (74)

When comparing the factor of safety based on the HS model it seems that the FoS
computed with &;,; = 0.001 or &,; = 0.0001 is greater than a FoS computed with a lower
accuracy (~ 4 %). The difference according the HSS model is around 4 % too, however,

the factor of safety with &;,; = 0.0001 is lower compared to &, = 0.01.

Fig. 40 highlights the differences of a cohesive soil between the constitutive models for
(C): €01 =0.02 and (d): &;,; =0.001. The FoS is lower with the application of MC than

with HS and HSS. It seems, that this difference gets more significant as ¢;,; decreases.

Related to these findings it could be concluded that the tolerated error has an influence
on the factor of safety and the erratic nature of the solution. Nevertheless, no trend could

be found, thus further investigations are necessary to give a general recommendation.

Tab.4  Strength parameters for cohesionless and cohesive material

Parameter Co;zstfr?altless c,:ﬁ:teefgf Unit
© 34.5 21.4 [°]
W 0 0 [°]
c 0 5 [KN/m?]
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Fig. 39 Effect of tolerated error on FoS - (a): ¢ =5 kN/m?; (b): ¢ = 0 kN/m?
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Fig. 40 Comparison of constitutive models for ¢ = 0 kN/m? - (¢): &;,; = 0.02; (d): &,; = 0.001

5.4.2 Investigation of the failure mechanism

The impact of the tolerated error on the incremental deviatoric strain is investigated in
this chapter. For this reason a model based on [32] is chosen (which shows a highly
erratic behaviour). The slope has a height of 10 m and an inclination of 45°. The mesh
is generated with 1160 15-noded triangles. Again drained conditions are assumed,
including a material with ¢ =45°, ¢ = 6 kN/m? and y = 0°. Fig. 41 plots the FoS over

calculation steps conducted in Plaxis 2D. The incremental deviatoric strain is illustrated
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at step 500 and step 1000. Apparently, the lower the tolerated error the stronger the

erratic behaviour of the FoS.
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Fig. 41 FoS and incremental deviatoric strain depending on the tolerated error

Another point of concern is to show the occurrence of the erratic nature, even if the
strength reduction method is performed by means of a manual iteration. Therefore, a
FEA is computed with an initial phase (including Gravity loading) followed by a plastic
nil-step. The “strength” parameters (@;uput, Cinpur @aNd Yinpye) are reduced stepwise until

no admissible stress state is found in the plastic phase.

Fig. 42 provides an overview on the incremental deviatoric strain for varying tolerated
errors (0.01 % - 10 %). On the left side the results are based on a strength reduction
finite-element analysis (SRFEA) whereas the results on the right side are obtained with
the aid of an iterative strength reduction. In particular for high accuracy the erratic nature

gets visible.
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SRFEA Manual iteration
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Primic = 36.1° -

tol. error = 0.1% @ =36.6° @ =36.8° @=37°
tol. error = 0.1% tol. error = 0.1% tol. error = 0.1%

Puimic = 36.6° -

tol. error = 0.01% @ =36.7° @ =36.9° / @ =37.1°
tol. error = 0.01% tol. error = 0.01%, tol. error = 0.01%

Primic = 39.8° -43.0° Limit state

Fig. 42 Incremental deviatoric strain at limit state - manual iteration
5.5 Effect of incremental multiplier Ms¢

Additionally the effect of the incremental multiplier Ms is studied on a 30° inclined slope

as described in the previous chapter (same model as in chapter 5.4.1).

As shown left in Fig. 43 the factor of safety is not affected by the magnitude of Ms. A
lower Msr leads to a lower increment of the strength reduction of the first calculation
step [44]. Therefore, the peak in the first calculation step is less pronounced. Due to a
cohesion of ¢ = 5 kN/m? and a “moderate” slope inclination, the FoS is quite constant
over iteration steps. In contrast to a cohesionless soil, where the factor of safety highly
oscillates. There, it seems that the application of the HS and HSS model gives smaller

factors of safety as the cohesion tends to zero.

Fig. 44 highlights the differences between the constitutive models for (c): Msr = 0.1 and
(d): Mss=0.005. A comparison of MC with HS and HSS do not indicate a specific trend.
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Fig. 43 Effect of incremental multiplier on FoS - (a): ¢ = 5 KN/m?; (b): ¢ = 0 kN/m?

1.22
1.20
118
1.16
1.14 §
112
1.10
1.08

IMsf (]

1.06
1.04
1.02
1.00
0.98
0.96
0.94

900 1000

—MC —HS ——HSS —MC —HS ——HSS

Fig. 44 Comparison of constitutive models for ¢ = 0 kN/m? - (c): Msf= 0.1; (d): Msr= 0.005

5.6 Stress paths development during ¢-c-reduction

This chapter deals with the development of stresses during a ¢-c-reduction. Selected
stress points are investigated in a MS Excel worksheet. The stress paths are plotted in
the deviatoric plane (r-plane), as well as in the p-g-space. The development of the stress
path has been generated with the aid of the SoilTest option in Plaxis 2D and is reported

in Appendix G.
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Additionally, the difference between MN and MC is discussed by a normalised principal
deviatoric stress deviation Ag. Which is the normalised difference between the maximum
deviatoric stresses of the Matsuoka-Nakai failure criterion qun and the Mohr-Coulomb

failure criterion quc with:

_ (Gun — amc) .10

Aq
p

0 (75)
In this context the illustration presented in chapter 2.3.2 can be adapted to Aq (see Fig.
45). Fig. 45 gives the Aq (based on the modified equation proposed in Appendix A) at
different values of cohesion and a corresponding friction angle of 25°. It has to be noted,
that the modified equation includes difficulties in the generation of the yield surface at

low stress states. Further investigations are needed to determine the problem.

Additional illustrations including selected friction angles between 20° and 45° are
reported in Appendix B. It seems that Aq increases with increasing strength parameters

namely ¢ and ¢ (compare Appendix B).

25.00
X
— 20.00
g\. ---c=0
kE) -
& 15.00 c=1
= -=-c=3
&
= 10.00 —a—=5
o
N —e—c=10
5.00
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0.00 —eo— =20
30 20 10 0 -10 -20 -30
6 [°]

Fig. 45 Determination of Aq with varying cohesion at ¢ = 25°

First of all, a brief introduction to the structural set-up of the plots below is given in the
following. The stress path of a certain stress point is drawn in the m-plane (see Fig. 46).
The blue arrows display the stress path in the initial phase, whereas the red arrows
belong to the Safety phase. The yield surface drawn in solid lines displays the surface at
maximum principal isotropic effective stress pmax. On the other side, the yield surface
drawn with dashed lines shows the surface at the last calculation step (after ¢-c-
reduction). If the last step (step 1000) hits the yield surface the current stress point is a
plastic point, otherwise it is elastic. The present example (Fig. 46) shows a stress state

which plasticize under consideration of the MN failure criterion. Fig. 47 illustrates the
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stress path in a p-q space at the previously selected step (current step = step 1000). The
yield surfaces at a specific lode angle are reduced to a line (MC = black, MN = green).
The corresponding m-plane is perpendicular to the principal isotropic effective stress
axes (p’) as indicated in the figure.

ol

Last step MN — Prmax

MN — last step

MC - Pmax

MC — last step

Fig. 46 Introduction of the m-plane

Lode angle of
current step

18 A
current step Step 1000 TRX compression at J
0=-30°

16\ q . . o
A Failure line at triaxial 0% MN a
14 compression
. MCatf=5"°
12 ——
10
8 1-plane at m-plane
MN failure line at last step at Pmax
6 ) . Legend:
MC failure lineat  current step
4 current step —) Initial phase
2 — Safety phase |
p
0
0 2 4 6 8 10 12 14 16 18 20

Fig. 47 Introduction of the p-g-space
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5 Slope stability analysis

In the following, different slopes are studied using various material models. The
development of 8 over steps as well as the stress path tendency are discussed. In a last

example the factor of safety between both failure criteria is compared.

5.6.1 Example 1

Example 1 is a 35° inclined slope with two separated material sets. Material set 1 uses
the friction angle at failure under consideration of a MC failure criterion, so that ¢ =
Oucimic @nd Y = @ycuimic/3. Material set 2 gives the required parameters at ultimate
limit state with a MN failure criterion (¢ = @y 1imic @Nd Y = @yn 1imic/3 (s€€ Tab. 5)).
Any results presented below are related to a specific stress point SP 20145 (Fig. 48

indicates its position). Results of additional stress points are reported in Appendix H.

First, the stress path obtained with material set 1 is analysed, by means of MC-STD and
MC-STD-associated. For the latter, an associated flow rule is considered (i.e. ¢ = ¢ =
37.3°). Afterwards the user-defined material model is used, where MC-LE and MN-LE
calculations have been performed. Hence, for MN-LE a factor of safety greater than one
is reached. In order to investigate the stress path at failure when MN is used, material

set 2 is introduced. Afterwards, the corresponding lode angles are summarized.

Tab.5 Material set — example 1

Parameter | Material set 1 | Material set 2 Unit

® 37.3 33.1 ]
" 12.4 11.0 ]
c 0 0.01 [kN/m?]

Fig. 48 Position of SP 20145 (schematic representation)
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e MC-STD
Fig. 49 contains the zone of plasticity (left) as well as the incremental deviatoric strain
(right) derived by the computation with MC-STD.

Tab. 6 indicates the stress state at several steps calculated with the material set MC-
STD. The grey-shaded fields present the initial phase (Gravity loading). The fields with
orange background relate to the Safety phase (by means of strength reduction). During

the calculation the lode angle stays fairly constant with 8 = -21°.

In Fig. 50 (left) the deviatoric plane is plotted with the MC-hexagon and the
circumscribing MN yield surface. The table to the right of the deviatoric plane, contains
the measured distances between the stress state at the considered calculation step
(step 1000) and the yield surfaces. These values are expressed in terms of differences

of the principal deviatoric stress. There A(MC-Point) = 0.12 kN/m? is close to zero, which

verifies that the stress point SP 20145 is a failure point. In the p-g-space it appears that

r

the stress path moves along the MC failure line (Fig. 50 right).

MC-STD
Step 1000 - FoS =1.01

Fig. 49 MC-STD: plasticity zone (left) and incremental deviatoric strain (right)
Tab.6  Stepwise stress state with MC-STD — SP 20145

Step 0y 0, 03 p' q' @' c' 8

[kN/m?] | [kN/m?] | [kN/m?] [ [kN/m?] | [kN/m?] [l [kPa] []
Step 5 3.05 1.14 0.75 1.65 2.13 37.3 0.00 -20.9
Step 8 7.68 2.87 1.88 4.14 5.37 37.3 0.00 -20.9
Step 11 2235 | 835 543 | 1206 | 15.63 37.3 0.00 -20.9
Step 1 2215 | 829 547 | 1197 | 1546 37.3 0.00 -20.9
Step 127 16.48 | 6.28 4.47 9.08 | 11.22 37.3 0.00 -21.9
Step 253 1621 | 6.15 4.30 8.89 [ 11.10 37.3 0.00 -21.7
Step 379 1639 | 6.19 4.24 8.94 | 11.30 37.3 0.00 214
Step 505 1541 | 577 3.84 834 | 10.73 37.3 0.00 -21.0
Step 631 1428 | 5.35 3.56 7.73 9.95 37.3 0.00 -21.0
Step 754 1533 [ 5.75 3.82 830 | 10.68 37.3 0.00 -21.0
Step 877 15.47 | 5.80 3.85 837 | 10.78 37.3 0.00 -21.0
Step 1000 1872 | 7.02 466 | 1013 | 13.04 37.3 0.00 -21.0
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Stress Point at: Step 1000 // |
A (MC-Point) 0.12  [[kN/m2] Pl :
A (MN-Point) 150 |[kN/m?] L
A (MN - MC) 1.38  [[kN/m?]

18 qr Step 1000 TRX com >r<*1~> on at

0=
14 / ICatE = -21°
Step 1000

o N » O ®

Fig. 50 m-plane (left) and p-g-space (right) with MC-STD — SP 20145

e MC-STD-associated

At this FEA the dilatancy angle of material set 1 is replaced by a value equal to the friction
angel (¢ =y = 37.3°) which results in a factor of safety of FoS = 1.10. Fig. 51 illustrates
the obtained plastic zone (left) as well as the incremental deviatoric strain (right). Again

stress point SP 20145 is considered, which is definitely inside the zone of plasticity.

Tab. 7 indicates the stress state at several steps calculated with the material set MC-
STD-associated. The grey-shaded fields present the initial phase (Gravity loading). The
fields with orange background relate to the Safety phase (by means of strength
reduction). During the calculation the lode angle remains fairly constant with 6 = -22°.
The deviatoric plane illustrated on the left in Fig. 52 shows similar results as obtained
with MC-STD. Furthermore, the isotropic stresses at the particular steps are close to
those obtained with the MC-STD FEA. But, when looking at the table to the right of Fig.
52, a small increase in the deviatoric stress deviation of 0.63 kN/m? gets obvious. Hence,
under the consideration of an associated flow rule, SP 20145 is still an elastic point (do

not hit the yield surface).
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| ¢/ =0kPa | MC-STD-associated
13190 finite elements )= 33K Step 1000 - FoS=1.10

Fig. 51 MC-STD-associated: plasticity zone (left) and incremental deviatoric strain (right)

Tab.7 Stepwise stress state with MC-STD-associated — SP 20145

Step 0y 02 O3 p' q' @' c' 0
[kN/m?] | [kN/m?] | [kN/m?] [ [kN/m?] | [kN/m?] [’ [kPa] [’
Step 5 2.45 0.91 0.60 1.32 1.71 37.3 0.00 -20.9
Step 8 9.89 3.70 2.43 5.34 6.92 37.3 0.00 B2
Stepil 22.36 8.35 5.49 120/ 15.64 373 0.00 =209
Step 1 22.28 8.33 5.49 12.03 5457/ 37.3 0.00 -20.9
Step 127 18.79 7.18 5l5 10.37 12.75 SY/2S! 0.00 -22.1
Step 253 17.78 6.80 4.87 9.82 12.07 37.3 0.00 -22.1
Step 379 27.47 10.50 7.53 15.16 18.63 37.3 0.00 2251,
Step 505 17.32 6.62 4.74 9.56 11.75 37.3 0.00 -22.0
Step 631 16.58 6.33 4.53 9.15 11.26 37.3 0.00 -22.0
Step 754 14.21 5.43 3.89 7.84 9.64 37.3 0.00 -22.0
Step 877 15.34 5.86 4.19 8.47 10.42 37.3 0.00 -22.0
Step 1000 12.97 4.95 3.54 7.15 8.80 37.3 0.00 -22.0
Stress Point at: Step 1000 /Zﬁs |
A (MC-Point) 0.63 _[[kN/m?] 7
A (MN-Point) 1.57 |[kN/m?]
A (MN - MC) 0.94 [[kN/m?]
a Step 1000 W compression ot

0 2 4 6 8 10 12 14

Fig. 52 m-plane (left) and p-g-space (right) with MC-STD-associated — SP 20145

e MC-LE

For the following FEA the user-defined material model (Model Switch set to 1) has been
used. It includes a linear elastic material in the initial phase. Subsequently, a plastic nil-
step is introduced where the material is replaced by the MC failure criterion. Again
material set 1 is applied, which leads to a factor of safety of FoS = 1.00 where SP 20145
is indicated as a failure point. Fig. 53 displays the zone of plasticity (left) as well as the

incremental deviatoric strain (right).
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Tab. 8 shows the stress state at several steps calculated with the material set MC-LE.
The grey-shaded fields present the plastic phase (plastic nil-step). The fields with orange
background relate to the Safety phase (by means of strength reduction). The lode angle
is alike in the case of MC-STD fairly constant with 8 =-21°. It should be emphasised that
the high values of the stresses at step 4 result from the initial phase. As mentioned
before, the material has been changed from a linear elastic to a linear elastic-perfectly
plastic material model including a MC failure criterion. Note, step 4 to 26 (grey-shaded
fields in Tab. 8) belong to the plastic nil-step. At the end (step 1000), the isotropic stress
is slightly greater as in the models before. This is also shown in the p-g-space
representation in Fig. 54. Furthermore, A(MC-Point) = 0.12 kN/m? matches with that of
MC-STD FEA (see also Fig. 55).

@' =37.3"|
| ¢’ =0kPa | MC-LE
13190 finite elements W/=12.4%] Step 1000 - FoS = 1.00

Fig. 53 MC-LE: plasticity zone (left) and incremental deviatoric strain (right)

Tab.8 Stepwise stress state with MC-LE — SP 20145

Step 1 0, O3 p' q' @' c' 6

[kN/m?] | [kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] [’ [kPa] [’
Step 4 42.66 15.94 10.46 23.02 29.84 37.3 0.00 -20.9
Step 11 34.39 12.85 8.44 18.56 24.05 37.3 0.00 -20.9
Step 26 22.27 8.32 5.46 12.02 15.58 37.3 0.00 -20.9
Step 1 22.02 8.24 5.44 11.90 15.37 S:S) 0.00 -20.9
Step 127 15529 5.99 4.69 8.66 10.02 S 0.00 -23.5
Step 253 14.23 5.33 3.54 7.70 9.92 37.3 0.00 -21.0
Step 379 15.97 5.99 4.00 8.66 11.11 37.3 0.00 -21.1
Step 505 16.38 6.13 4.06 8.86 11.43 37.3 0.00 -21.0
Step 631 16.41 6.15 4.10 8.89 11.43 8723 0.00 =21.0
Step 754 16.31 6.11 4.07 8.83 11.36 /3 0.00 -21.0
Step 877 16.58 6.22 4.14 8.98 11.54 37.3 0.00 -21.0
Step 1000 17.15 6.43 4.28 9.29 11.94 37.3 0.00 -21.0

60 Institute of Soil Mechanics and Foundation Engineering



TU

aH i Graz
5 Slope Stablllty anaIySIS Graz University of Technolo:
o Stress Point at: Step 1000 el
A (MC-Point) 012 [kN/m? | 7 }
A (MN-Point) 1.39  [[kN/m?] —
A (MN - MC) 1.26  |[kN/m?]
TRX compression at
Step 1000 0=-30
|
Detail

/MNa/~21°

t6=-21°
Step 1000

=

Fig.

54 m-plane (left) and p-g-space (right) with MC-LE — SP 20145

- P

14

MN at 6 =-21°

M&a'rs=-21“/
Step 1000

13

12

/

9

8

75 8 9.5 10

Fig. 55 Detail: MC-LE — SP 20145

e Comparison of the lode angle using the MC failure criterion

Fig. 56 underlines the differences in the compared lode angle for each analysis.
Additionally the lode angle of MC-GR and MC-KO are given. For both FEA the user-
defined material model has been used (Model Switch set to 1). MC-GR considers the
calculation type Gravity loading including a linear elastic-perfectly plastic material model.
MC-KO uses the KO procedure in order to compute the initial stresses followed by a

plastic nil-step. Finally a ¢-c-reduction is performed for all methods.

Calculations performed with the MC failure criterion range between -26.6° < 6 < -20.9°.
Methods using Gravity loading show good correlation during the computation of initial
stresses. But during the ¢-c-reduction some deviations occur. In the final step MC-STD-
associated reaches a lode angle of 8 = -22°, whereas with MC-GR a lode angle of 8 =
-21.6° arises. However, there is an exception in the case of using MC-KO. The
corresponding lode angle already shows significant discrepancy at the initial phase.

Finally 8 is about 4.6° smaller than the lode angle derived by MC-STD. In contrast MC-
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LE shows a good agreement with MC-STD, which verifies its application on the user-

defined material model.

Stress point 20145
-20.0 —e— MC-STD

210 —— MC-GR
—e&— MC-LE
-22.0
—— MC-KO

-23.0 - - @ --MC-STD - Initial

240 --#--MC-GR - Initial

Lode Angle 6 [°]

-- @ -- MC-LE - Initial
-25.0
- - 4---MC-KO - Initial

-26.0 —&— MC-STD -ass

-27.0 - - @ --MC-STD-ass. - Initial
1 10 100 1000
log Step [-]

Fig. 56 Lode angle over steps in logarithmic scale considering the MC failure criterion

In the next step, the development of the stress state is analysed applying the MN failure
criterion. First the parameters of material set 1 are used, which lead to a factor of safety
greater than one. Afterwards, the parameters are changed according to material set 2.
Thus a MN failure criterion at limit state is investigated. In order to consider the
Matsuoka-Nakai failure criterion, a user-defined material model is applied. Due to the
findings discussed before (compare chapter 5.3.2) a linear elastic material is applied and
in a second phase the material is changed. This approach has also been validated in

chapter 5.6.1, where obtained results with MC show that its application is suitable.

e MN-LE-M1

This model uses parameters of material set 1 (M1), which lead to a factor of safety of
around FoS = 1.17. The zone of plasticity differs from that obtained with the Mohr-
Coulomb failure criterion (compare Fig. 53 with Fig. 57). Fig. 57 provides the zone of
plasticity (left) as well as the incremental deviatoric strain (right). The inspected stress
point SP 20145 at step 1000 does not reach the yield surface (MN), but is elastic related
to a distance of A(MN-Point) = 1.02 kN/m? (see Fig. 58).

Tab. 9 indicates the stress state at several steps calculated with the material set MN-LE.
The grey-shaded fields present the plastic phase (plastic nil-step). The fields with orange
background relate to the Safety phase (by means of strength reduction). It appears that
the lode angle of each step deviates substantially from the values calculated with the

Mohr-Coulomb failure criterion. In the latter phases the lode angle varies between

3.8° < 6 <21.8°. The deviatoric plane presented in Fig. 58 visualizes the lode angle at

each step. From the p-g-space it can be seen that the stress state ends close to the MC
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yield surface, more precisely with A(MC-Point) = 0.36 kN/m2. However, SP 20145 is in
the elastic region with a distance to the MN yield surface of A(MN-Point) = 1.02 kN/m=.

R ¢ =373
[ ¢ =0kPa MN-LE-M1
‘3190 finite elements P'=12.4° Step 1000 - FoS = 1.17

Fig. 57 MN-LE-M1: plasticity zone (left) and incremental deviatoric strain (right)

Tab.9 Stepwise stress state with MN-LE-M1 — SP 20145

Step 5t 03 O3 p' q' ¢' c' 0
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] []
Step 5 44.66 17.90 8.66 23.74 32.38 37.3 0.00 -15.7
Step 8 39.54 18.91 7.66 22.04 28.01 37.3 0.00 -9.6
Step 11 29.09 18.67 6.01 (Y92 20.02 e7/8 0.00 342
Step 1 28.57 18.58 5.96 17.70 19.63 37.3 0.00 3.8
Step 127 16.76 14.92 4.77 122315 {19 3723 0.00 21.8
Step 253 15195, 13.83 4.45 11.41 10.60 37.3 0.00 20.0
Step 379 15.85 13.78 4.37 11.33 10.59 37.3 0.00 20.3
Step 505 14.97 11.66 3.99 10.20 9.76 8743 0.00 12.9
Step 631 15.66 11.10 4.01 10.26 10.17 37.3 0.00 7l
Step 754 16.04 11.31 4.33 10.56 10.20 8723 0.00 6.3
Step 877 15.00 10.94 3.88 9.94 9.74 37.3 0.00 8.9
Step 1000 15523 11.10 4.01 10.11 9.82 37.3 0.00 8.7
Stress Point at: Step 1000 // i
A (MC-Point) 036 |[kn/m? | }
A (MN-Point) 1.02  |[kN/m?] —
A (MN - MC) 0.66 |[kN/m?]
TRX compr ion at
ql Step 1000 compi (‘:;:OW%[:
—
Detail
l\:AN atf=
Step 1000
P’
0 2 4 6 8 10 12 14 16 18 20 22 24

Fig. 58 m-plane (left) and p-g-space (right) with MN-LE-M1 — SP 20145
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Fig. 59 Detail: MN-LE-M1 — SP 20145

e MN-LE-M2

In a second variation the material parameters are changed to material set 2 (M2), so that

the factor of safety reduces to FoS = 1.00. All other settings are similar as previously

declared. It can be observed in Fig. 60, that the zone of plasticity (left) and the

incremental deviatoric strain (right) varies slightly from that, generated with MN-LE-M1.

Moreover, it is striking that the principal isotropic effective stress p’ as well as the lode

angle stay almost constant during the strength reduction procedure (compare Tab. 10
with Fig. 61). At step 1000 the difference between the stress point SP 20145 and the MN

yield surface amounts 0.19 kN/m? (see also Fig. 62). From this it can be deduced that

SP 20145 is very close to the yield surface, thus almost at failure.

:3190 finite elements

@' =331
¢/ = 0kPa|
Y =11.0°|

MN-LE-M2

Step 1000 - ‘FoS = 0.99

Fig. 60 MN-LE-M2: plasticity zone (left) and incremental deviatoric strain (right)

Tab. 10 Stepwise stress state with MN-LE-M2 — SP 20145

Step Oy 02 O3 p' q' ¢ c' 0

[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [’ [kpPa] [’
Step 3 43.02 19.05 10.24 24.10 29.39 33.1 0.00 -15.0
Step 11 32.74 19.39 7.87 20.00 21.56 33.1 0.00 -2.4
Step 25 19.43 15.01 5.09 13.18 12.72 33.1 0.00 12.5
Step 1 19.23 14.89 5.08 13.07 12.55 33.1 0.00 12.6
Step 127 18.19 14.39 4.99 12.52 11.77 33.1 0.00 13.8
Step 253 18.07 14.36 5.02 12.48 11.65 33.1 0.00 14.0
Step 379 18.06 14.35 5.00 12.47 11.66 33.1 0.00 14.0
Step 505 17.95 14.31 4.97 12.41 11.59 33.1 0.00 14.2
Step 631 18.05 14.35 5.00 12.47 11.64 33.1 0.00 14.0
Step 754 18.10 14.37 5.02 12.50 11.67 33.1 0.00 13.9
Step 877 18.01 14.35 5.04 12.47 11.58 33.1 0.00 14.1
Step 1000 18.28 14.42 5.01 12.57 11.83 33.1 0.00 13.6
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Fig. 61 m-plane (left) and p-g-space (right) with MN-LE-M2 — SP 20145
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Fig. 62 Detail: MN-LE-M2 — SP 20145

e Comparison of the lode angle using the MN failure criterion

Additionally, the lode angle obtained during FEA using the MN failure criterion is
summarized in Fig. 63. However, the resulted lode angles range from 6 =-15.0° to
0 = 21.8°, which are far away from the results detailed in Fig. 56. It should be noted

that o, already show a significant increase in the plastic phase, which is a reason for its
deviation to MC-LE.

Stress point 20145
220

18.0

14.0 e 0es
!
10.0 g
© 60
g
2 20
= 7
$ 20 o
9 ) MN-LE-M1
6.0
—e— MN-LE-M2
-10.0
MN-LE-M1 - Initial
-14.0 ’
°
-18.0 - - & -~ MN-LE-M2 - linitial
1 10 100 1000
log Step [-]

Fig. 63 Lode angle over steps in logarithmic scale considering the MN failure criterion
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5.6.2 Example 2

In Example 2 a 20° inclined slope at limit state is analysed, where a cohesive material is
considered (Tab. 11). The slope inclination in combination with a cohesion allows a
numerical stable calculation which enables the application of Gravity Loading on both
failure criteria. Therefore, no material change is necessary (see chapter 5.3.2). This
allows an evaluation of the differences of MN-GR and MN-LE. Tab. 11 lists the input
parameters and limit parameters based on the failure criterion. However, the dilatancy
angle which is stayed constant with:

Pinput
Yiimit = Vinput = Lr;pu (76)

In the following the stress path of the stress point SP 11725 is discussed. This stress
point hits the yield surface in both failure criteria and is situated close to the toe of the

slope as displayed in Fig. 64. Additional stress points are displayed in Appendix I.

At the beginning, SP 11725 is inspected using MC-STD. Afterwards the stress path is
analysed by applying the user-defined material model with the approaches MN-GR and

MN-LE. At the end, the corresponding lode angles are compared.

Tab. 11 Strength parameters — example 2

Parameter MC MN Unit

Primit 12.1 10.7 [°]

Duimic 7.7 .7 [’]

Climit 5.06 4.45 [kN/mz]
@ 11725

Fig. 64 Position of SP 11725 (schematic representation)
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e MC-STD

Fig. 65 displays the plastic zone (top) and the incremental deviatoric strain (bottom). Due
to cohesion a well-defined slip surface develops. Tab. 12 shows the stress state at
several steps arising from the MC-STD calculation. The grey-shaded fields present the
initial phase (Gravity loading). The orange coloured fields relate to the Safety phase (by

means of strength reduction).

During the calculation the lode angle develops from 6 =-28.6° to 6§ =-19.6°. Note, there
is no significant change to the stresses or the lode angle after step 127 (Safety phase).
This fact is shown also in Fig. 66 on the left, where the deviatoric plane is illustrated. The
rather symmetrical shape of the hexagon results from the ratio between friction angle
and cohesion. Theoretically, if ¢ tends to zero, a regular hexagonal cylinder is obtained
which then complies with the Tresca model. Whereas the Matsuoka-Nakai yield surface
creates a circle in the deviatoric plane if ¢ = 0° [46]. Obviously, SP 11725 belongs to a
failure point as A(MC-Point) = 0.03 kN/m2. Which is also observable in the p-g-space
(Fig. 66).

et = 1218

e VAVAVAV AT AYAVAVAVAVAVANAVAVAVAVAVAVAVAVANAVAVE AV oy 120
2807 finite elements : \VAVAVAVAVAVAVAV. A=A/ A\

MC-STD
Step 1000 - FoS =1.00

Fig. 65 MC-STD: plasticity zone (top) and incremental deviatoric strain (bottom)

Institute of Soil Mechanics and Foundation Engineering 67



TU

Graz
Graz University of Technology

5 Slope stability analysis

Tab. 12 Stepwise stress state with MC-STD — SP 11725

st 0y 0y [<5) p' q' @' c 0

¥ [n/m?] | (k7] | /] | /] | (kN7 | ]| [kpa) (]
Step 3 2.80 1.18 1.13 1.71 1.65 12.1 5.06 -28.6
Step 7 22.85 8.88 6.75 12.83 15.15 a2l 5.06 -23.0
Step 14 27515 11.01 9.55 15.90 16.91 12.1 5.06 -25.7
Step 1 26.63 10.88 9.65 15.72 16.40 112548 5.06 -26.3
Step 127 18.65 6.79 3.98 9.81 13.48 12.1 5.06 -19.6
Step 253 18.65 6.79 3.98 9.81 13.48 a2 4l 5.06 -19.6
Step 379 18.66 6.79 3.99 9.81 13.49 121 5.06 -19.6
Step 505 18.72 6.83 4.03 9.86 13.51 12.1 5.06 -19.7
Step 631 18.62 6.78 3.97 9.79 13.47 12.1 5.06 -19.6
Step 754 18.57 6.76 3.93 9.75 13.45 12.1 5.06 -19.5
Step 877 18.74 6.85 4.04 9.87 13.51 12.1 5.06 -19.6
Step 1000 18.69 6.82 4.01 9.84 13.49 121 5.06 -19.6

Display Stress Point: Step 1000 —47
A (MC-Point) 0.03  [[kN/m?] L

A (MN-Point) 2.03  [IkN/m2]
A (MN - MC) 2.00 [[kN/m2]

TRX compression at

s b Step 1000 8=-30

MN at 6 =-20°

Fig. 66 m-plane (left) and p-g-space (right) with MC-STD — SP 11725

¢ MN-GR

Due to the slope geometry in combination with the cohesion, the generation of initial
stresses with a linear elastic material can be avoided (see chapter 5.3.2). The amount of
points hitting the yield surface (plastic points) reduce significantly in this analysis (see
Fig. 67).

Tab. 13 is structured the same as before explained in MC-STD. It is of interest that the
lode angles in the first steps of the initial phase match quite well with that in MC-STD.
But during the ¢-c-reduction, the intermediate principal stress increases noticeably.
Whereas ¢; and o3 decrease slightly. Consequently a large change in the lode angle,

namely 8 = 5.4° (step 1000) is observed.

On the right side of Fig. 68 the p-g-space shows, that the stress path moves backwards
along the MN failure line. At step 1000 the difference between SP 11725 and the MN
yield surface amounts 0.13 kN/m2. Consequently, SP 11725 can be interpreted as a

failure point (see also Fig. 69).
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@' =10.7°

2807/finive \elemElts, N/ \NNNANNINININNNIN/N, DA b vAVY

MN-GR
Step 1000 - FoS=1.00

Fig. 67 MN-GR: plasticity zone (top) and incremental deviatoric strain (bottom)

Tab. 13 Stepwise stress state with MN-GR — SP 11725

: [eF1 [eF3 O3 p' q' [0} c' 5]
eP [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [ [kN/m?] [] [kPa] []
Step 3 2.20 0.92 0.87 1.33 1.31 10.7 4.45 -28.0
Step 7 11.83 4.53 3.25 6.54 8.01 10.7 4.45 -22.1
Step 14 27.00 17.68 9.22 17.97 15.40 10.7 4.45 -1.6
Step 1 26.50 17.64 C)alil 45755 15.07 10.7 4.45 -0.6
Step 127 26.50 17.64 9.11 17.75 15.07 10.7 4.45 -0.6
Step 253 26.49 19.19 9.03 18.23 15.18 10.7 4.45 5.4
Step 379 26.28 18.98 8.85 18.04 15.16 10.7 4.45 53
Step 505 26.35 19.03 8.94 18.11 15.14 10.7 4.45 5.3
Step 631 25.31 18.21 8.26 17.26 14.83 10.7 4.45 55
Step 754 25.09 18.01 8.10 17.07 14.79 10.7 4.45 5.5
Step 877 24.71 17.64 7.88 16.74 14.63 ilo)7/ 4.45 5.2
Step 1000 24.78 17.71 7.89 16.79 14.69 10.7 4.45 5.4
Display Stress Point: Step 1000 —‘—4’7
A (MC-Point) 1.79 |[kN/m?] e
A (MN-Point) 013 |[kN/m?]
A (MN - MC) 1.92  |[kN/m?]
g Detail
18 Step 1000 TRX compression at
8=-30°
16 /Mﬂﬁfg
\ [ —

Fig. 68 m-plane (left) and p-g-space (right) with MN-GR — SP 11725
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18
17 TRX compression at
8=-30°

16 ////
15 MN &t 6 = 5°

///"/Step 1000

L—

14

13 /—__MLE_{G=5°

12

16 16.5 17 17.5 18 18.5

Fig. 69 Detail: MN-GR — SP 11725

e MN-LE

Next, the impact on the initial stress state is studied, based on the differences between
MN-GR and MN-LE. Comparing Fig. 67 and Fig. 70 shows that the zone of plasticity as
well as the failure mechanism are identical. Which shows again, that the approach MN-

LE (see also chapter 5.6.1) is suitable.

Tab. 14 lists the stress state at several steps arising from MN-LE. The grey-shaded fields
present the plastic phase (plastic nil-step). The fields with orange background relate to

the Safety phase (by means of strength reduction).

The deviatoric plane as well as the p-g-space presented in Fig. 71 visualize the
development of stresses. Note, the difference between SP 11725 and the MN yield
surface is neglectable small with A(MN-Point) = 0.11 kN/m? and therefore indicated as a

failure point (see also Fig. 72).

@' =10.7°

VA VAN VAVAVAVAVAVAVAVAY NN/ 45 kPa
2 AT 1120 VAVAVAVAVAVAVAVAVAVAVAVAVAV VAVAV. TA=AY/A VAN

MN-LE
Step 1000 - FoS =1.00

Fig. 70 MN-LE: plasticity zone (top) and incremental deviatoric strain (bottom)
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Tab. 14 Stepwise stress state with MN-LE — SP 11725

st (51 (5} O3 p' q' @' ' <]
ep
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [l [kPa] [l
Step 3 24.82 10.39 9.06 14.75 15.14 10.7 4.45 -25.6
Step 7 28.48 15.76 10.06 18.10 16.34 10.7 4.45 -12.4
Step 14 28.09 18.83 9.74 18.88 15.89 10.7 4.45 -0.3
Step 1 26.65 18.44 9.16 18.08 4555 10.7 4.45 2.0
Step 127 26.51 19.19 9.06 18.26 15.18 10.7 4.45 5.3
Step 253 26.38 19.08 8.95 18.14 15.16 10.7 4.45 5.4
Step 379 26.30 18.97 8.87 18.05 15.15 10.7 4.45 5.3
Step 505 26.27 19.01 8.91 18.07 15.10 10.7 4.45 5.4
Step 631 26.39 19.09 8.96 18.14 1517 10.7 4.45 5.3
Step 754 25.92 18.67 8.65 1775 15.02 10.7 4.45 5.3
Step 877 24.89 17.86 7299 16.91 14.70 10.7 4.45 5.6
Step 1000 25.59 18.51 8.45 1752 14.92 10.7 4.45 5.7
Display Stress Point: Step 1000 _ 1ix7zs
A (MC-Point) -1.79  |[kN/m?]
A (MN-Point) 0.11 [[kN/m?]
A (MN - MC) 1.90 |[kN/m?]
' Detail
18 } 9 Step 1000 TRX compression at
6 =-30
16 M§
\ 14 %Zggem 00|
1| 12
i]10 /
." 8
6
o3 4
2 X
0
0 2 4 6 8 10 12 14 16 18

Fig. 71 m-plane (left) and p-g-space (right) with MN-LE — SP 11725

18

TRX compression at
17 ~ 6=-30°

-

MN at B =6°

15
,./’«{//; Step 1000

14

MCat §=6°

B

12
16.5 17 17.5 18 18.5 19

Fig. 72 Detail: MN-LE — SP 11725

e Comparison of the lode angle

Fig. 73 underlines the differences in the lode angle for previous discussed models (MC-
STD, MN-GR and MN-LE). It has to be mentioned that right from the start, 6 deviates
strongly from MC-STD. However, when performing MN-LE FEA the lode angle as well

as the stresses itself show good accordance with MN-GR. Except of the stress state in
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the first steps, which are unusual high, due to the linear elastic material model applied in
the initial phase. Calculations performed with the MC failure criterion range between
-28.6° < 0 <-19.6°. MC-STD and MN-GR show good correlation at the beginning of the
calculation. However, during the strength reduction 6 of MN-GR increases from -28° up
to 5.4°. Whereas with MC-STD a lode angle of 8 = -19.6° is computed. This means a
difference of 25° between MC-STD and MN-GR. On the other side, after some
calculation steps 8 of MN-GR shows good agreement with 8 of MN-LE.

Further studies on this slope have revealed, that the lode angle in the failure mechanism
derived with the MN failure criterion tends to a value around 5.3° (see Fig. 74). Based
on these findings an advice (for simple slopes, as considered here) could be carried out
to adopt the equivalent friction angle in order to maintain the less conservative FoS with
MC (see chapter 5.8).

10.0
5.0
0.0
— ,’
5 S ---- MC-STD - Initial
@ -5.0 J /’
o ) —e— MC-STD
2 -10.0 e
j ./ II --e-- MN-GR - Initial
4 1
T . /’
3 15.0 K ',’ —e— MN-GR
’ 1
-20.0 7t a --#-- MN-LE - Initial
II i
50 y Ai:, MhL —e— MIN-LE
L
-30.0
1 10 100 1000
log Step [-]

Fig. 73 Comparison of the lode angle

e Stress | Oyn-1r Ouc
point & 8]
7406 5.3 -21.6

8125 5.3 =222

8694 53 -16.3

8866 5.3 296
s 11725 5.7 -19.6

12006 53 -29.8

14928 53 -15.2

Fig. 74 Position of stress points
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5.7 Further studies — Influence of the Matsuoka-Nakai failure
criterion

This chapter deals with analyses of a homogeneous slope with factors of safety from
FoS = 1.1 up to FoS = 1.4. The following issues are addressed:

e Zone of plasticity

e Failure mechanism

e Size of slip surface

e Factor of safety - “Ms; vs. steps

e Stress paths

5.7.1 Geometry and material set

The dimension of the slope (Fig. 75) is based on the height with H = ¢/(yynsqt * 0.05)
and the parameters listed in Tab. 15 are used. Hence, a slope inclination of § = 26.6° is
modelled and the mesh is generated with 1004 15-noded triangles. More details about
the input parameters associated with the individual material models, are given in

Appendix J.

H/2

6H

Fig. 75 Slope geometry — detailed analysis of a stable slope

Tab. 15 Parameters — detailed analysis of a stable slope

Parameter Value Unit
Vunsat 160 | [kN/m?]
c 8.00 [kN/m?]
¥ 0.00 [°]
v 0.20 []
H 10.0 [m]
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5.7.2 Investigations related to the failure mechanism

In the following, the zone of plasticity as well as the failure mechanism obtained after the
@-c-reduction are compared (for both failure criteria MC and MN). Therefore, several
states of stability (values of FoS) are considered, which are controlled by a varying
friction angle. The corresponding cohesion and dilatancy angle are kept constant with ¢
= 8 kN/m? and y = 0°. Comparing Fig. 76 to Fig. 79 shows that the plastic points with
MC are almost similar in all calculations, which is not the case if MN is used. With the
Matsuoka-Nakai model the zone of plasticity reduces with increasing factors of safety.
The slip plane is well-defined and intersects the foot of the slope in all cases. Due to a
moderate slope inclination of 1:2 and a considerable cohesion it could be assumed, that
no erratic XMss vs. step curve is computed. A closer look at the XMss vs. step curve of the
model considering a MN failure criterion and a friction angle of ¢ =21.1° shows the
opposite (see Fig. 80). The factor of safety at each step is also marked in Fig. 80. It has
to be noted, that the change of the slip surface is associated with the rapid drop in the

factor of safety. A numerical problem in the current version of the MN model.

Serat-

x -’&-’E" 4
-1._‘2

| MC-STD

MN-GR
Step 500 - FoS = 1.28

MC-STD
Step 500 - FoS = 1.12

Fig. 76  Plasticity zone and incremental deviatoric strain at ¢ = 15° with MC (left) and MN
(right)

MC-STD MN-GR
Step 500 - FoS = 1.20 Step 500 - FoS = 1.36

Fig. 77 Plasticity zone and incremental deviatoric strain at ¢ = 16.7° with MC (left) and MN
(right)
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MC-STD MN-GR
Step 500 - FoS = 1.31

)

Step 500 - FoS = 1.51

Fig. 78 Plasticity zone and incremental deviatoric strain at ¢ = 19.2° with MC (left) and MN

(right)
--:b*'.ﬁ.?%‘;\ L ogeme
=2y o% . Pl "5
) -.'?%o‘o.‘:::' 9. n-.P:“"\

MC-STD —— MN-GR
Step 500 - FoS = 1.40

Step 500 - FoS = 1.62

Fig. 79 Plasticity zone and incremental deviatoric strain at ¢ = 21.1° with MC (left) and MN
(right)
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Fig. 80 FoS and incremental deviatoric strain for several steps with MN-GR and ¢ =21.1°

Institute of Soil Mechanics and Foundation Engineering

75



TU

Graz ape ;
Graz University of Technology 5 Slope Stablhty analys's

The reason for a diverging FoS is based on either the failure mechanism or the failure
criterion. For this reason, the size of the failure mechanism is compared. Therefore the
distance Al as indicated in Fig. 75 is worked out for different FEA. The measured
distances listed in Tab. 16 do not diverge excessively, consequently the difference in
FoS is only related to the different failure criteria.

Tab. 16 Measured distance of onset of failure at step 500 (¢ = 8 kN/m?)

Sample for ¢ Almc Almn 100 - (Alun - Almc) / Alun

[’ [m] [m] [%]

15.0 4.21 5.17 18.6
16.7 3.74 3.74 0.0
19.2 3.74 3.74 0.0
21.1 3.28 3.74 12.3

5.7.3 Factor of safety - *Ms¢ vs. steps

The represented results in Fig. 81 are based on a friction angle of ¢ =19.2° and a
cohesion of ¢ = 8 kN/m2. The FoS with a varying incremental multiplier Mss and modified
tolerated error €;,; settings are demonstrated. The left side deals with the effect of My
for three different constitutive models (MC, HS and HSS), whereas the right side shows
the effect of the tolerated error. As already indicated in chapter 5.5, various incremental
multiplier settings result in similar values of FoS regardless of the material model.
However, this does not hold for a change in the tolerated error. Although, the results
computed with a tolerated error of 0.02, 0.01 and 0.001 seem to show a reasonable

agreement, whereas the others do effect the factor of safety noticeably.
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Effect of Mst (a) and tolerated error (b) on FoS when ¢ = 19.2°

The influence of the ¢p-c-reduction for this slope with g = 26.6° is studied in regard to the

dependency of the friction angle and the cohesion. Therefore, the difference in the factor

of safety is calculated with:

AFoS = (FOSMN - FOSMC) -100

(77)

The results plotted in Fig. 82 point out that the AFoS at a specific cohesion grows almost

linear. Furthermore, it seems that with greater cohesion the difference of FoS increases.

Additionally, the factor of safety for each failure criteria can be observed in Fig. 83.
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Fig. 82 AFoS dependenton ¢ and c
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Fig. 83 FoSwmc and FoSwn dependent on ¢ and ¢

5.7.4 Stress paths

Finally, the stress paths for the two different failure criteria are compared with each other.
The examined stress point SP 927 is located in the slip surface of the slope presented
in Fig. 79 and Fig. 80, namely with ¢ =21.1°. There, a factor of safety with MC of
FoS = 1.4 and with MN of FoS = 1.62 is obtained.

Tab. 17 and Tab. 18 indicate the stress state at several steps calculated with the material
set MC-STD and MN-GR, respectively. The grey-shaded fields present the initial phase
(Gravity loading). The fields with orange background relate to the Safety phase (by
means of strength reduction). During the calculation the lode angle with MC-STD stays
fairly constant with about 6 = -25°. Whereas the lode angle with MN-GR tends towards
zero. From the deviatoric plane in Fig. 84 it can be recognized that the lode angle starts
to diverge strongly during the safety analysis. It should be noted, that the r-plane in red
(dashed lines) indicates the material set MC-STD and the blue one (solid lines)

corresponds to MN-GR.

The stress path with MC-STD shows a change in p’ of approximately 5 kN/m2. There,

inspected stress point SP 927 do not reach the yield surface (MC) at the last calculation
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step (step 500). But is elastic related to a distance of A(MC-Point) = 14.58 kN/m=.

However, the stress path obtained with MN-GR increases by further 19.5 kN/m? along

the p’ axis. At this approach the distance between the stress state at the considered

calculation step (step 500) and the yield surface (MN) is given with A(MC-Point) =

21.12 KN/m2. For the analysis follows, that the intermediate principal stress o, at step 500
is about 43 % greater than with MC-STD.

Tab. 17 Stepwise stress state with MC-STD — SP 927

Tab. 18 Stepwise

/MNGR
/" Step 500

o2

s oy o, o3 p' q' [0} c! Cl
P [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] []
Step 1 20.12 10.10 8.72 12.98 10.78 21.1 8.0 -23.66
Step 2 46.96 23.56 20.35 30.29 25.16 205" 8.0 -23.66
Step 3 79.83 40.04 34.57 51.48 42.79 25" 8.0 -23.65
Step 1 19197, 40.17 34.79 12.98 10.78 21.1 8.0 -23.75
Step 64 68.82 35.05 31.31 45.06 35979, 21.1 8.0 -24.81
Step 127 69.05 5l 31.43 45.21 35.89 21.1 8.0 -24.83
Step 190 69.31 3532 81559 45.41 36.00 251" 8.0 -24.86
Step 253 70.83 36.18 32.48 46.50 36.64 21.1 8.0 -24.98
Step 316 70.94 36.24 32.54 46.57 36.69 21°1 8.0 -25.00
Step 379 70.98 36.25 32.56 46.59 36.71 215" 8.0 -25.00
Step 440 70.91 36.20 32.52 46.54 36.69 21.1 8.0 -25.01
Step 500 70.92 36.22 32.53 46.55 36.68 21.1 8.0 -24.99
stress state with MN-GR — SP 927
O o, O3 p' q' @' c [¢]
Step
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [°] [kPa] [°]
Step 1 13.12 3.27 3.21 6.53 9.88 2l 8.0 -29.73
Step 3 51.56 16.39 13159 27.18 36.65 21.1 8.0 -26.20
Step 4 78.92 27.93 24.77 43.88 52.64 21.1 8.0 -27.02
Step 1 78.68 29133 27.04 6.53 9.88 2471 8.0 -27.74
Step 64 87.16 63.37 41.43 63.98 39.61 211 8.0 -1.34
Step 127 87.10 63.78 41.45 64.11 39.53 211 8.0 -0.71
Step 190 86.13 63.69 41.20 63.67 38.90 251} 8.0 0.03
Step 253 86.21 63.79 41.46 63.82 38.76 2kl 8.0 -0.07
Step 316 86.03 63.55 41.15 63.57 38.87 21.1 8.0 -0.05
Step 379 85.77 63.40 41.06 63.41 38.72 21.1 8.0 -0.02
Step 440 86.11 63.68 41.25 63.68 38.85 21.1 8.0 0.00
Step 500 85.82 63.52 41.09 63.48 38.74 21.1 8.0 0.09
ol MN-GR
Display Stress Point: Step 500
A (MC-Point) 13.77_[[kN/m?]
A (MN-Point) 2112 |(kN/m?]
A (MN - MC) 7.35 [1kn/m?]
MC-STD
Display Stress Point: Step 500
A (MC-Point) 14.58 [[kN/m?] ® 527
A (MN-Point) 18.33 [[kN/m?]
A (MN - MC) 3.75  [[kN/m?]
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Fig. 84 m-plane (left) and p-g-space (right) with MN-GR and MC-STD - SP 11725
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5.8 Adoption of the equivalent friction angle

It is of interest to formulate a possible advice for the prediction of the equivalent friction
angle ¢,,.. The magnitude of the equivalent friction angle depends on the lode angle,
the principal effective stresses and the cohesion. For this reason, the challenge is to
determine a compatible lode angle. It is assumed for the moment, that the required lode
angle can be derived from the zone of maximum deviatoric strain. This means, that the

evaluated stress point should be located in a pronounced slip plane.

Besides, numerical simulations of a direct simple shear test (SoilTest tool in Plaxis 2D)
have identified, that the lode angle at moderate to high initial stress states becomes zero,
independent of the failure criterion. Although, this is not applicable for low stress states

performed with MC. There, the lode angle tends to be -10°.

Based on these findings, the equivalent friction angle ¢,,. at 8 = 0° obtained in a MN-LE
calculation is used in a MC-STD model. Afterwards both FoS are set in relation according
to Equ. ( 77 ). This procedure is carried out for several slopes as listed in Tab. 19.
Although the results of the slopes (a) to (d) correlate quite well, the difference between
the FoS is slightly greater once the dilatancy angle reduces to zero (highlighted in red).
It should be noted, that the computation of MN is still needed in order to determine ¢,),..
Due to the fact that ¢,,. depends on 6, p’ and c’. For future work, it would be beneficial
to investigate an approach to determine the equivalent friction angle without the

necessity of a FEA with the Matsuoka-Nakai failure criterion.

Tab. 19 Comparison of FoS for several slopes

Before After
8 | o | ¢ | v |Fosuc|Fosuy| 2705 = FOSm| oo [@ucat] FOSuc=| AFOS = (FOSun-
Slope FOSyc) - 100 0=0| flomct FOSyc+) - 100
[°] | [°] [[kPalf [°] | [ [] [%] [] [7] [l [%]
(a) 35.0 [ 37.3(0.00|12.4] 1.00 1.18 17.60 20209]| 41.34 1.18 -0.30
(b) 25.0 1 25.0|5.00| 83| 146 | 1.68 21.20 7346 | 29.21 1.68 -0.80
(c) 20.0 | 10.7|4.45( 7.7 | <1.00| 1.00 - 8866 | 12.72 1.00 0.21
(d) 20.0 | 12.1|5.06| 40| 1.00 | 1.14 13.70 7561 | 14.41 1.13 0.30
(e) 26.6 [33.0/0.001 0.0 | 1.31 | 1.49 17.50 957 | 36.87 1.50 -1.80
(f) 26.6 [33.0/8.001 0.0 | 2.03 | 2.35 31.90 1215 | 39.03 2.40 -4.80
(g) 26.6 | 16.7|8.00| 0.0 | 1.19 1.38 18.20 927 | 20.27 1.36 1.30
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6 Conclusion and Outlook

Prior works have documented the effect of the failure criterion based on Matsuoka-Nakai
compared to Mohr-Coulomb e.g. [5]. There it has been shown, that a higher mobilization
of shear strength leads to a higher factor of safety. This thesis has mainly focused on
cohesionless slopes and results are compared with analytical approaches. Various
cohesionless slopes were analysed by means of a displacement finite-element method
in order to determine the strength parameters at ultimate limit state. It was found that for
small slope inclinations, the friction angle at failure based on Mohr-Coulomb fits quite
well with the approach developed by Davis [3]. Nevertheless, for steeper slopes and
decreased dilatancy angles these results are closer to the results obtained with the
empirical equation considering the Matsuoka-Nakai failure criterion developed by
Schranz et al. [5].

Another point of interest was to illustrate the development of the stress paths, not only
for cohesionless soils but also for cohesive materials. The stress paths were generated
based on results obtained with both failure criteria. Differences with respect to the lode
angle, the failure mechanism, the size of the slip surface as well as the factor of safety
are discussed. Due to the consideration of the intermediate principal stress it was
expected, that when using a Matsuoka-Nakai failure criterion the stress path differs from
the one obtained with Mohr-Coulomb. For simple homogeneous slopes it seems, that

the lode angle in the slip surface tends to a value between 0° and 5°.

Finally, an advice was proposed to adopt the equivalent friction angle for the Mohr-
Coulomb failure criterion (again for simple homogeneous slopes as discussed in this
thesis). But this approach still requires a computation with the Matsuoka-Nakai failure

criterion.

All discussed models in this thesis are computed in the two-dimensional space
considering plane strain condition. Eventually, this is an assumption which might not be
in accordance with reality. Therefore, the potential influence of different failure criteria on
the factor of safety should also be investigated in three-dimensional finite-element

analysis.
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The problem (described in chapter 2.3.2) is mitigated, when the minus in Equ. (49 ) is
substituted with a plus and then the whole term is multiplied with minus one, so that ¢,

changes to:

1 —
(pmcziﬂ_Ztan ! o) (78)

Previously, the third effective stress o3 of the current stress state has been taken into
account in order to derive g iteratively. Subsequently this approach has been modified
by determining o3 and o, at the triaxial compression state (o; > 05, = a3). Since p’ can
be computed with Equ.( 19 ) at triaxial compression and the position of the deviatoric
plane on the isotropic axis for a certain stress point is given by p’, the corresponding
effective stresses are determinable. There the deviatoric stress q’ is defined by a,

(see Equ.( 23 )) which can be reformulated to:

. 1(3(ac—cc) ,)
03 =5\ =~ (79)

tan @,

Where o is solved for following formula when substituting o3 with Equ. ( 79 ):

0=2tan™? - —Eﬂ—fﬂ' (80)

If the resulted value of o] is again employed in Equ. ( 79 ), the required o; can be taken
into account for Equ. (44 - 46 ). Finally the first effective stress o, associated to the yield

surface at any orientation (—30° < 8 < +30°) is computed as explained earlier.

Later investigations have shown difficulties in the generation of the yield surface at low
stress states once a cohesive material is applied. Both approaches are tested with the
aid of a numerical direct simple shear test in the SoilTest option in Plaxis 2D. Although
the original approach according to Equ. ( 49 ) coincides in the triaxial compression and
extension state, no stress state in between shows reasonable results. There the
equivalent friction angle ¢,,. is far too small. Hence the developing stress path would
exceed the yield surface, though this is unfeasible. The modified approach related to

Equ. (78) gives unreliable results at small stress states. But on the contrary if Equ. (78 )
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is applied, the stress path obtained in the numerical DSS with an initial vertical stress of
30 kN/m? and 100 kN/m? hits the yield surface. It could be that the unexpected result is
explainable by the computation of o{. Therefore it is suggested by the author to

investigate those uncertainties in future works.
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Fig. 85 Determination of Aq and ¢, for varying cohesion and friction angle
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Tab. 20 Input parameters of corresponding constitutive models

Parameter | symbol | value | unit Parameter Symbol | Value Unit
Applied to MC Applied to HS
Young's modulus E' |4.00E+04 | [kyma | |Reference secantstifinessin | pref | 7 4oE 05 | fnime)
triaxial test
Oedometer modulus Eoea  |5.30E+04 | [k/m?) | |REference tangent stifiness for | - gref | 7 40405 | fenme)
primary oedometer loading
Shear modulus G 1.54E+04 | [KN/m?] [ |Reference un-/ reloading ref .
Applied to MN stiffness E,; 2.22E+06 | [kN/m?]
Reference un-/ reloading ref o | |Power for stress-level 2
stiffness Eur 5.39E+04 | [kN/m?] dependency of stiffness m 05 [l
Reference secant sfiffness in EI¥  |1.80E+04 | [kN/m?]| |Reference stress for stiffness |  Prer 100 | [kN/m?]
triaxial test 50
Power for stress-level . .

i R A
dependency of stiffness m 0.5 [-] Failure ratio f 0.9 [-]
Reference stress for stiffness Pref 100 [kN/m?]| [Tensile strength oy 0 [kN/m?]

. . Poisson’s ratio for un-/

- V, -

Failure ratio Rs¢ 0.9 [ reloading ur 0.2 [[1
Coefficient of lateral earth

Tensile strength o o" [kN/m?] | |pressure for normally KJ¢ |1-sing’ [
consolidated stress state

Ratio of shear moduli Go/Gyr 1 [ Applied to HSS

Threshold shear strain Yor |130E-04| [ | [Reference secantstifinessin | pref |7 4oe .05 | kN/m?)
triaxial test

Skempton. coefficient B 0.98 [-] Rgference tangent stlffnfess for Eref 7.40E+05 | [kN/m?]

Model Switch Model SW 2 [] primary oedometer loading oed

Applied to LE - i
: pplied to Rgference un-/ reloading gl | 2.22E+06 | (kN/m?]

Young’s modulus [ E [4.00E+04[[kN/m7| |stiffness ur
Power for stress-level m 0.5 [
dependency of stiffness )
Threshold shear strain Yo7 1.50E-04 [-]
Reference shegr modulus at cref | 2.78E+06 | [KNIm?]
very small strain 0
Reference stress for stiffness Pref 100 [kN/m?]
Failure ratio R¢ 0.9 [
Tensile strength Ot 0 [kN/m?]
Poisson’s ratio for un- /
reloading Vur 02 [l
Coefficient of lateral earth
pressure for normally K¢ |1-sing’ | []

consolidated stress state

1)Only valid for the first runs. After a sensitivity analysis this value was increased to 10E+6

90 Institute of Soil Mechanics and Foundation Engineering



TU

Appendix C Glaz

Graz University of Technol

B =23°%c=0kN/m? B =23°%c=5kN/m?
MC MC
175 1.50
1.70
e 145
1.60 1.40
= 135 — ——
= 1as tol. error = 0.05 — 130 tol. error =0.05
T 140 = & J— -
Z i tol. error = 0.02 E 125 tol. error =0.02
w } ;g tol. error = 0.01 w120 ——tol. error = 0.01
115
120 tol. error = 0.001 tol. error = 0.001
115 110
110 tol. error = 0.0001 5 ——tol. error = 0.0001
Too 1.05
1.00 1.00
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Step Step
HS
1.50
1.40
130
1.20
- tol. error = 0.05 =110 ——tol. error = 0.05
k] tol. error = 0.02 Z 1.00 ——tol. error =0.02
= =
= tol. error = 0.01 ] ——tol. error =0.01
0.80
tol. error = 0.001 tol. error =0.001
0.70
tol. error = 0.0001 0.60 ——tol. error = 0.0001
0.50
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Step Step
HSS HSS
1.80 1.60
1.70 150
1.40
160 130
_ 150 tol. error = 0.05 _ 120 ——tol. error = 0.05
%0 o error =002 g — ot emor =002
" 130 tol. error = 0.01 ™ 0.90 ——tol. error = 0.01
1.20 tol. error = 0.001 0.80 tol. error = 0.001
. 0.70
110 tol. error = 0.0001 0.60 —— tol. error = 0.0001
1.00 0.50
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Step Step
B=27° c=0kN/m? B =27° c=5kN/m?
MC MC
138 1.30
133 125
128
_ 123 tol. error = 0.05 o ——tol. error =0.05
% 118 tol. error = 0.02 Z1as ——tol. error = 0.02
2 2 I
Z tol. =0.01 —tol. =0,
113 ol. error 10 tol. error =0.01
1.08 tol. error = 0.001 tol. error =0.001
103 tol. error = 0.0001 105 —— tol. error = 0.0001
0.98 1.00
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Step Step
HS
1.40
130
_ tol. error = 0.05 A2 ——tol. error = 0.05
Z tol. error = 0.02 % 110 ——tol. error = 0.02
> >
= tol. error = 0.01 = ——tol. error = 0.01
1.00
tol. error = 0.001 tol. error = 0.001
tol. error =0.0001 020 ——tol. error = 0.0001
0.80
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Step Step
HSS HSS
131
135 156
130 121
1.25 1.16 =7 i
. tol. error =0.05 . LA tol. error = 0.05
= W Sain
& 120 ——tol. error =0.02 & ——tol. error = 0.02
1.06
W ——tol. error = 0.01 o ——tol. error = 0.01
101
1.10 tol. error = 0.001 096 tol. error = 0.001
1.05 tol. error =0.0001 o tol. error = 0.0001
1.00 0.86
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Step Step

Fig. 86 Effect of tolerated error depending on the constitutive model, slope inclination and
cohesion
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Tab. 21 Limiting parameters of SRFEA
SRFEA - MC SRFEA - MN
Initial Wred = 100 - ( MC-
red =
= const. : =f{o} rea=T{®} MN)/MC
Material v tan 1(tanllr'input/FOS) Vel M Vil M 4
al o | w[Fos| o [ v |Fos| e W Fos | o | v |Fos| ¢ [ v [Fos A

ClCe e jerfer{eyg e r [] Cl )T ey e [%]
M_phi_20 ]20|20.0/20.0| 1.01 |20.0/20.0/1.01f 20.0 | 20.0 | 1.01 | 20.0 [20.0{1.01] - - - -
M_phi_25 ]25|25.0/25.0| 1.01 |25.0/25.0/1.01f 25.0 | 25.0 | 1.01 | 25.0 [25.0{1.01] - - - -
M_phi_30 ]30|30.0/30.0 1.01 |30.0/30.0/1.01f 30.0 | 30.0 | 1.01 | 30.0 [30.0{1.01] - = = =
M_phi_35 |]35|35.0/35.0| 1.02 |35.0/35.0/1.02f 35.0 | 35.0 | 1.02 | 35.0 [35.0{1.02] - - - -
M_phi_40 |40]40.0{40.0| 1.02 J40.0{40.0|1.02] 40.0 | 40.0 | 1.02 | 40.0 |40.0{1.02} - = = =
M_phi_45 ]45|45.0/45.0| 1.02 |45.0|45.0/1.02 45.0 | 45.0 | 1.02 | 45.0 [45.0{1.02] - - - -
M_phi_50 |50(50.0{50.0| 1.02 }50.0{50.0|1.02] 50.0 | 50.0 | 1.02 | 50.0 |50.0(1.02| - = = =

M_phi-30_20]20]25.0{ 0.0 | 1.24 J20.7| 0.0 | 1.00] 20.7 [ 0.0 1.00 | 20.7 ] 0.0 [1.00}17.9] 0.0 [1.01 13.40

M_phi-30_25]25|30.0| 0.0 | 1.13 }27.1] 0.0 |1.02} 27.1 | 0.0 1.02 | 27.1| 0.0 |1.02]23.3] 0.0 |1.02 13.94

M_phi-30_30]30]35.0f 5.0 | 1.11 |32.2| 5.0 |1.01] 32.2 [ 4.5 1.00 | 32.7 | 2.7 10.99]29.2] 0.0 |1.01 10.70

M_phi-30_35]35|40.0/10.0| 1.10 |37.4|10.0|1.00§ 37.4 | 9.1 0.99 | 37.9]| 7.9 [1.00§35.5|] 5.5 |1.00 6.41

M_phi-30_40]40|45.0(15.0| 1.09 |43.1{15.0|1.01] 43.1 [ 14.1 | 1.01 | 43.9 |13.9/1.01] - . - -

M_phi-30_45]45|50.0|20.0| 1.07 |48.7|20.0|1.01}] 48.7 | 19.1 | 1.00 | 49.0 |19.0|1.00f - = = =

M_phi-30_50]50|55.0(25.0| 1.04 |54.1{25.0|1.02] 54.3 [ 24.5 | 1.00 | 54.3 |24.3|1.00] - = - -
M_phi/3_20 |20|25.0f 8.3 [ 1.29 J19.9] 8.3 |1.00] 19.9 | 6.5 | 0.996 |20.20| 6.7 |1.01]18.0( 6.00 | 1.02 10.89
M_phi/3_25 | 25|30.0{10.0( 1.22 }25.3|10.0{1.00] 25.3 | 8.2 | 1.002 |25.30| 8.4 |1.01]22.4( 7.47 | 1.00 11.46
M_phi/3_30 |30|35.0{11.7| 1.17 | 31.0|11.7|1.00] 31.0 | 10.0 | 1.003 |30.90|10.3]|1.00]27.5[ 9.18 | 1.00 10.87
M_phi/3_35 | 35/40.0{13.3| 1.11 |37.0|13.3|1.02] 37.0 | 12.0 | 1.008 |37.30|12.4|1.01]33.1{11.02|1.00 11.34
M_phi/3_40 | 40|45.0|15.0( 1.09 |43.1|15.0{1.00f 43.1 | 14.1 | 1.009 |43.42|14.5]|1.02}39.0{13.00|1.00 10.18
M_phi/3_45 |45|55.0/18.3| 1.23 |49.3|18.3{1.02] 49.3 | 15.1 | 1.024 |50.10(16.7|0.99] - - - -
M_phi/3_50 | 50| 65.0|21.7| 1.47 |55.6|21.7|1.01] 59.7 | 17.7 | 1.005 |57.93|19.3|1.01] - = =
M_phi/4_20 | 20|25.0| 6.3 [ 1.28 | 20.0| 6.3 [1.00] 20.0 | 4.9 0.99 |20.00| 5.0 [1.00§17.8] 4.45 |1.01 11.00
M_phi/4_25 |25|30.0| 7.5 [ 1.20 | 25.7| 7.5 |1.02] 25.7 | 6.3 1.01 |25.50| 6.4 |11.01J22.7] 5.68 | 1.01 10.98
M_phi/4_30 |30|35.0| 8.8 [ 1.14 |31.9]| 8.8 |1.02] 31.9 | 7.8 1.01 |31.80| 8.0 [1.02]28.5| 7.13 [1.01 10.38
M_phi/4_35 |35]/40.0|{10.0| 1.10 | 37.4|10.0|1.00] 37.4 | 9.1 0.99 |37.50| 9.4 |1.01]34.2] 8.55 |1.01 8.80
M_phi/4_40 |40|45.0|11.3| 1.03 |44.3|11.3(1.02| 44.3 | 11.0 [ 0.99 |44.40(11.1]|1.00J40.9(10.23]|1.02 7.88
M_phi/4_45 |45|55.0{13.8| 1.11 |51.9/13.8|1.01] 52.9 | 12.3 | 0.99 |53.18|13.3|1.01] - = = =
M_phi/4_50 | 50|65.0|16.3| 1.11 |61.0|16.3[1.02| 60.9 | 14.3 | 1.01 |63.28(15.8|1.01] - - - -
M_0_20 20|25.0( 0.0 | 1.24 J20.7| 0.0 [1.00§ 20.7 | 0.0 1.00 ]20.67| 0.0 |1.00]17.9] 0.00 | 1.01 13.40
M_0_25 25)130.0/ 0.0 ] 1.13}27.0{ 0.0 [1.00f 27.0 | 0.0 1.00 }27.02{ 0.0 |1.00)23.3] 0.00 |1.02 13.77
M_0_30 30(35.0/ 0.0 [ 1.05 }33.6| 0.0 [1.01] 33.6 | 0.0 1.01 ]33.60( 0.0 |1.01}29.2] 0.00 | 1.01 13.09
M_0_35 35/40.0] 0.0 [<1.00}42.3] 0.0 [1.00} 42.3 | 0.0 1.00 ]42.31( 0.0 |1.00f - - - -
M_0_40 |40|45.0| 0.0 - |51.1{ 0.0[1.02) 51.1| 0.0 1.02 |51.10( 0.0 | 1.02} - = = =
M_0_45 45]55.0] 0.0 . - - = - - - = - = - . - -
M_0_50 50(66.0| 0.0 = = = = = = = = = = = = = =
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Tab. 22 Parameter study - GHS
v =0/3;B=20°
L Ui 1 P! 3 4 5 6 7 8 9 10 1 12 13
Plaxis Model MC - GHS | MC - GHS [ MC - GHS [ MC - GHS [ MC - GHS | MC - GHS | MC - GHS | MC - GHS | MC - GHS | MC - GHS | MC - GHS | MC - GHS | MC - GHS
e, e Grav_ity Grav_ity Gra\{ity Gravjtv Grav'ity Gravﬁty Grav'ity Gravfty Grav_ity Gravfty Grav_ity Grav_ity Grav_ity
Loading | Loading | Loading | Loading [ Loading | Loading | Loading | Loading | Loading | Loading | Loading | Loading | Loading
Eso [kN/m?] | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01
Eged [kN/m?] | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01 | 5.00E+01
Eu,'e' [kN/m?] | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02
Vur -] 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
© [ 35.4 35.4 35.4 35.4 35.4 35.4 35.4 35.4 35.4 35.4 35.4 35.4 35.4
@ [kN/m?] 0 0 0 0 0 0 0 0 0 0 0 0 0
W [] 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8
m [ 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Pref [kN/m?] 100 100 100 100 100 100 100 100 100 100 100 100 100
R¢ -1 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
o, [kN/m?] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Go'e‘ [kN/m?] | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02 | 1.88E+02
Y07 [ 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04 | 1.50E-04
Failure [-] 0 0 0 0 0 0 0 0 0 0 0 0 0
OCR [-] 1 1 1 1 1 1 1 1 1 1 1 1 1
POP [-] 0 0 0 0 0 0 0 0 0 0 0 0 0
Ko [ 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207 | 0.4207
Ko™ -] 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207 0.4207
Sress d.Stiffness 0 0 0 0 1 1 1 2 2 2 2 2 2
0 0 0 0 0 0 0 0 0 0 0 0 0
Plasticity Model 0 1 4 3 0 1 4 0 0 0 0 1 4
ess d. Fo a 0 0 0 0 0 0 0 0 1 2 3 0 0
Mg -1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Etol [-] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
FOS [-] 52.85 - 1001.00 237.50 486.10 | 12240.00
I failure (0:MC or 1:M-N) 0.000 I Choose material model:
ocR 1.000 0= MC
1= MN
POP 0.000
ko 0.6547 Stress Dependent Stiffness:
ko™ 0.6547 0 = Stiffness stays constant
v 0.000 1= Stiffness is constant during phase but based on the stresses at
- the beginning of the phase
M (internal) 0.000 2 = Updates ervery calculation step based on ,,Stress Dependency
K/ (internal) 0.000 Formula®
Gy ™ (internal) 0.000 - -
Strain Dependent Stiffness:
Stress Dependent Stiffness 1.000 0= HS model
Strain Dependent Stiffness 0.000 1= HSS model
Plasticity Model 1.000
Plasticity Model:
Stress Dependency Formula 0.000 1= only MC failure criterion

2 = shear hardening + MC failure
3 = cap hardening + MC failure
4 = shear + cap hardening + MC failure (HSS)

Stress Dependency Formula:
0 = based on o3 and strength parameters
1= based on o3 and pre-consolidation stress

2 = based on mean effective stress and pre-consolidation stress
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M_phi_3_35-c=0.1
Trial
Parameter 1 2 2 o 2 4 4
Plaxis Model MC-STD | MC-GR | MC-LE MC-KO | MN-GR | MN-LE | MN-KO
Material Model MC MC LE /MC MC MN LE / MN MN
Calc. Type Gravity | Gravity | Gravity KO + Gravity | Gravity KO +
Loading | Loading | Loading | Nilstep | Loading | Loading | Nilstep
E' | [kN/m?] | 4.00E+04 E 2 : 2 B -
Eoea | [KN/m?] | 5.39E+04 - - - : - B
Eu,'e' [kN/m?] = 5.39E+04| 5.39E+04 | 5.39E+04 | 5.39E+04 | 5.39E+04 | 5.39E+04
v [-] 0.3 0.3 0.3 0.3 03 0.3 0.3
¢ °] 37.3 37.3 37.3 37.3 37.3 37.3 37.3 MC-GR
cref | [kN/m3]| 0.1 0.1 0.1 0.1 0.1 0.1 0.1 FOS =1.04
i [E] 12.4 124 12.4 12.4 12.4 12.4 12.4
m [ - 0.5 0.5 0.5 0.5 0.5 0.5
Pref [kN/m?] - 100 100 100 100 100 100
R¢ [-] - 0.9 0.9 0.9 0.9 0.9 0.9
O [kN/m?] 0 0 0 0 0 0 0
Esﬂ'e' [kN/m?] = 1.80E+04 | 1.80E+04 | 1.80E+04| 1.80E+04 | 1.80E+04 | 1.80E+04
Go/Gy, [ - 1 1 1 1 1 1
Y0.7 [] = 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04
Model SW - 1 1 1 2 2 2
Skempton - 0.98 0.98 0.98 0.98 0.98 0.98
Initial Safety | Nilstep
FoS [-] 1.06 1.04 1.04 1.03 allyses || eatlrrse || @t

100

200

——MCSTD_¢ =0,

1 ——MCGRc=01

600

MCAE c=01

700

800

——MCK0_c=01

1000

MC-KO
FOS =1.03

Fig. 87 Analysis of the user-defined material model with ¢ = 0.1 kN/m?
M_phi_3_35-c=1.0
Trial B " : 2 2 . > MC-STD
Parameter FOS=1.19
Plaxis Model MC-STD | MC-GR | MC-LE | MC-KO | MN-GR | MN-LE | MN-KO
Material Model MC MC LE/ MC MC MN LE /MN MN
Cle e Gravity | Gravity | Gravity KO + Gravity | Gravity KO +
b IR Loading | Loading | Loading | Nilstep | Loading | Loading | Nilstep
£ [ [kN/m? [4.00E+04] - - - - - -
Ecea | [kN/m?] | 5.39E+04 - - - - - -
" | (kn/m?] - 5.39E+04 5.396+04 | 5.39£+04| 5.39E+04 5.39E+04 | 5.39E+04
v [-] 0.3 0.3 0.3 0.3 0.3 0.3 03
¢ 1 37.3 37.3 37.3 37.3 37.3 37.3 37.3
cref [ [kN/m?]| 1.0 1.0 1.0 1.0 1.0 1.0 1.0
W °] 12.4 12.4 12.4 12.4 12.4 12.4 12.4
m [ - 0.5 0.5 0.5 0.5 0.5 0.5
Pret | [kN/m?] - 100 100 100 100 100 100
Ry [ - 0.9 0.9 0.9 0.9 0.9 0.9
o | [kN/m?] 0 0 0 0 0 0 0
Esp* | [kN/m?) - 1.80E+04 | 1.80E+04 | 1.80E+04| 1.80E+04 | 1.80E+04 | 1.80E+04
Go/Gyr 1 - 1 1 1 1 1 1
Y0.7 [-] - 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 MC-LE
Model SW - 1 1 1 2 2 2 =
Skempton - 0.98 0.98 0.98 0.98 0.98 0.98 FOS=1.18
Initial Safety | Nilstep
FoS - ik ik Al ik 1.2
- t o 2 ] W Collapse | Collapse | Collapse
126
125
126
123
12
. MC-KO0
FOS =1.20
120
119
118
1
o 100 20 300 00 s00 600 70 500 000 1000
step
MCSTDLc=10  ——MCGRc=10 MCLEc=10  ——MCKOC=10
. . ) . . _ 2
Fig. 88 Analysis of the user-defined material model with ¢ = 1.0 kN/m
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M_phi_3_35-c=10
Trial
i 2 3 4 5 6 7
Parameter
Plaxis Model MC-STD | MC-GR | MC-LE MC-KO | MN-GR | MN-LE MN-KO
Material Model MC MC LE/MC MC MN LE / MN MN
Calc. Type Gravity | Gravity | Gravity KO + Gravity | Gravity KO +
Loading | Loading | Loading | Nilstep | Loading | Loading | Nilstep
E' [ [kN/m? [4.00E+04 - - - - - -
Eoeq [ [kN/m?] | 5.39E+04 - - - - - -
Eu,'e' [kN/m?] = 5.39E+04| 5.39E+04 | 5.39E+04 | 5.39E+04 | 5.39E+04 | 5.39E+04
v =] 0.3 0.3 0.3 0.3 0.3 0.3 0.3
[0) [°] 373 373 373 373 373 37.3 37.3
cref [kN/m?] 10.0 10.0 10.0 10.0 10.0 10.0 10.0
W °] 12.4 12.4 12.4 12.4 12.4 12.4 12.4
m [] - 0.5 0.5 0.5 0.5 0.5 0.5
Pref [kN/m?] - 100 100 100 100 100 100
Ry [ - 0.9 0.9 0.9 0.9 0.9 0.9
[ [kN/m?] 0 0 0 0 0 0 0
Esom [kN/m?] - 1.80E+04 | 1.80E+04 | 1.80E+04 | 1.80E+04 | 1.80E+04 | 1.80E+04
Go/Gur ] G 1 1 1 1 1 1
Y07 [] - 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04 | 1.30E-04
Model SW - 1 1 1 2 2 2
Skempton = 0.98 0.98 0.98 0.98 0.98 0.98
Initial Plastic [ Nilstep
s tl &0 B & D Collapse | Collapse | Collapse

——MCSTDc=10  ——MCGR_c=10

400 500

step -]

LG e T M

800

900 1000

MC-STD
FOS =1.90

MC-GR
FOS =1.89

Fig. 89 Analysis of the user-defined material model with ¢ = 10 kN/m?
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- o - o = p p = 5 150
e  pP—t ] AAG | o
P Tk /m] | (/] | 16/ | OV/m?) | N/ | €1 | [keal [l . Pl
Step 3 27.89 | 17.67 | 1367 | 1974 | 1270 | 107 245 “14.16 140 == Excel
Step 7 26.52 | 16.82 | 13.00 | 1878 | 12.07 10.7 4.45 -14.09 135
Step 14 2434 | 1501 | 11.80 | 17.05 | 1128 | 107 | 445 1576 | = 130
Step 1 2284 | 1299 | 1075 | 1553 | 1114 | 107 | 445 1995 | 125
Step 127 2370 | 1402 | 705 | 1493 | 1448 | 107 | 445 537 | o 10
Step 253 2428 | 1728 | 750 | 1638 | 1452 | 107 | 445 530 s
Step 379 24.49 17.42 7.69 16.53 14.61 10.7 4.45 s.21 )
Step 505 2449 | 17.42 | 774 | 1655 | 1456 | 107 245 513 &0
Step 631 24.28 | 17.26 | 7.58 | 1637 | 14.52 10.7 4.45 5.25 10.5
Step 754 2407 | 17.11 | 745 | 1621 | 1446 | 107 | 445 537 10.0
Step 877 2425 | 1721 | 756 | 1634 | 1451 | 107 | 445 517 14 15 16 17 18 19 20
Step 1000 2432 | 1731 | 761 | 1641 | 1453 | 107 | 445 533 o' [kPa]
Display Stress Point: Step 1000 —4,””“—
A (MC-Point) 175 |kN/m?]
A (MN-Point) 0.16 |[kN/m?]
A (MN - MC) 191 |kN/m?]
- TRX compression at

Step 1000

Fig. 90 Comparison with SoilTest — MN-LE (Example 2)

o1 5} o3 p' q' o' c [} 32
Step
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] (] [kPa] ] 31
Step 1 7626 | 4500 | 4500 | 5542 | 3126 | 107 245 30,00
Step2 7626 | 47.84 | 4500 | 5637 | 2994 | 107 245 2528 30
Step3 7626 | 5068 | 4500 | 5731 | 2884 | 107 745 2017 =
Step4 7626 | 53.53 | 4500 | 5826 | 27.99 | 107 245 “14.70 =29
Step 5 76.26 | 5637 | 4500 | 5921 | 27.41 | 107 245 8.95 o
Step 6 76.26 | 59.21 | 4500 | 60.16 | 27.11 | 10.7 2.45 3.00 28
Step7 7626 | 62.05 | 4500 | 61.10 | 27.11 | 107 245 301 . Plaxis
Step 8 7626 | 64.89 | 4500 | 6205 | 2741 | 107 2.45 8.95 --=>Excel
Step 9 7626 | 67.74 | 4500 | 63.00 | 27.99 | 10.7 245 14.71 %
Step 10 7626 | 7058 | 4500 | 63.95 | 2884 | 107 245 20.18 - - £g &0 & 61 &5
Step 11 7626 | 73.42 | 4500 | 64.89 | 2994 | 107 245 25.29 )
Step 12 7626 | 76.26 | 4500 | 6584 | 31.26 | 107 2.45 30.00 p' [kPa]
ol
Display Stress Point: Step 12
A (MC-Point) 0.00 |[kN/m?]
A (MN-Point) 0.02 |[kN/m?]
A (MN - MC) 0.02 |[kN/m?]
40
Step 12 Step 12 TRX compression at
- 8=-30
Step 12
30 P
25
20
15
10
02 o3 5
,
p
0

Fig. 91 Comparison with SoilTest — arbitrary stress path
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e SP 16986
Oy 0, O3 p' q' ¢' c 0
Step
[kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] [l
Step 5 4.91 1.91 1.46 2.76 3.25 37.3 0.00 -23.1
Step 8 1237 | 481 3.67 6.95 8.19 37.3 0.00 -23.1
Step 11 35.97 | 14.00 | 1068 | 2022 [ 23.80 37.3 0.00 -23.1
Step 1 36.09 | 14.02 | 1065 | 20.26 | 23.94 37.3 0.00 -23.0
Step 127 3371 | 1292 | 9.34 18.66 | 22.79 37.3 0.00 -22.2
Step 253 33.42 | 1276 | 9.13 18.44 | 22.69 37.3 0.00 -22.0
Step 379 36.49 | 13.69 | 9.13 19.77 | 25.39 37.3 0.00 -21.1
Step 505 36.75 | 1378 | 9.19 19.91 | 25.57 37.3 0.00 -21.1
Step 631 36.50 | 13.68 | 9.10 19.76 | 25.42 37.3 0.00 -21.0
Step 754 3554 | 1333 | 891 19.26 | 24.72 37.3 0.00 -21.1
Step 877 3351 | 1256 | 834 18.14 | 23.34 37.3 0.00 -21.0
Step 1000 3259 | 1221 | 812 17.64 | 22.70 37.3 0.00 -21.0
ol SP 16986: Failure Point P
Stress Point at: Step 1000 pe 1
A (MC-Point) 021 |kN/m3 | — :
A (MN-Point) 2.61 |[kN/m?]
A (MN - MC) 2.40  [[kN/m2]
' TRX compression at
30 )9 Step 1000 6=-30

Fig. 92 MC-STD: stress path of SP 16986

Step 0, 0, O3 p' q ¢’ c' 0
[kN/m?] | [kN/m?] | [kN/m?] [ [kN/m?] [ [kN/m?] [°] [kPa] [°]
Step 4 3276 | 1338 | 11.83 | 1932 | 20.19 37.3 0.00 -26.2
Step 11 3375 | 1355 | 11.43 | 1958 | 21.34 37.3 0.00 -25.1
Step 26 36.37 | 1411 | 1065 | 2038 | 24.18 37.3 0.00 -22.9
Step 1 3651 | 14.14 | 10.61 | 20.42 | 24.33 37.3 0.00 -22.8
Step 127 3259 | 1251 [ 911 [ 1807 [ 21.98 37.3 0.00 -22.3
Step 253 3199 | 1230 | 9.00 [ 17.76 | 2153 37.3 0.00 224
Step 379 3293 | 1249 | 871 [ 1804 | 2257 37.3 0.00 B0,
Step 505 3438 | 13.00 | 894 [ 1877 | 2367 37.3 0.00 S5
Step 631 3505 | 1336 | 948 | 1930 | 23.87 37.3 0.00 21.9
Step 754 3498 | 1346 | 9.88 [ 1944 | 2352 37.3 0.00 -22.4
Step 877 3509 | 13.77 | 10.82 [ 19.89 | 22.94 37.3 0.00 -23.6
Step 1000 3536 | 13.95 | 11.15 | 20.15 | 22.94 37.3 0.00 -23.9
ol SP 16986: Elastic Point ——
Stress Point at: Step 1000 //' 11'%6
A (MC-Point) 4.49 [[kN/m?] Y |
A (MN-Point) 6.83 |[kN/m?]
A (MN - MC) 234 |[kN/m2]
2q Step 1000 TRX compression ot ga -2a°
28
24
20

Fig. 93 MC-LE: stress path of SP 16986
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Step Oy 0, O3 p' q' o' c' 0
[kN/m?] [ [kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] [’ [kPa] [l
Step 5 32.62 13.35 11.89 16).22) 20.04 37.3 0.00 -26.4
Step 8 33.38 13752, 11.68 19.53 20.84 37.3 0.00 -25.6
Step 11 85815 13192 11.25 20.10 22.69 B8 0.00 -24.1
Step 1 35122 13193 11.23 20.13 22.76 37.3 0.00 -24.1
Step 127 37.51 14.17 9.37 20.35 26.07 37.3 0.00 -20.8
Step 253 36.00 16.73 8.79 20.51 24.23 37.3 0.00 -13.5
Step 379 35.97 16.97 8.76 20.57 24.17 37.3 0.00 -12.9
Step 505 35:51 18.15 8.79 20.82 23.48 37:3 0.00 -9.8
Step 631 3551 18.16 8.79 20.82 23.48 37:3 0.00 -9.8
Step 754 35.34 18.44 8.73 20.84 23.32 37.3 0.00 -8.9
Step 877 35.34 18.78 8.73 20.95 23.28 37:3] 0.00 -8.0
Step 1000 35.44 19.13 8.71 21.09 23.33 37.3 0.00 -7.3
ol SP 16986: Elastic Point e
Stress Point at: Step 1000 Ve T%
A (MC-Point) 0.03 |IkN/m?] — |
A (MN-Point) 2.46  [[kN/m?]
A (MN - MC) 2.49 |[kN/m?]
2,q Step 1000

MN at 6|=-7°

0 4 6 10 12 14 16 18 20 22
Fig. 94 MN-LE-M1: stress path of SP 16986
Step Oy 03 O3 p' q' @' c' 6
[kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] []
Step 3 32.67 13.36 11.87 19.30 20.10 33.1 0.00 -26.3
Step 11 34.10 13.63 11.35 19.69 21.70 B3l 0.00 -24.8
Step 25 36.93 14.24 10.54 20.57 24.75 33.1 0.00 -22.6
Step 1 36.99 14.30 10.51 20.60 24.79 33.1 0.00 -22.4
Step 127 39.26 15.46 10.09 21.60 26.89 33.1 0.00 -20.0
Step 253 39.94 15592 10.93 22.26 26.86 835 0.00 -20.7
Step 379 40.13 16.04 11.13 22.43 26.89 33.1 0.00 -20.9
Step 505 40.27 16.07 11.10 22.48 27.03 33.1 0.00 -20.8
Step 631 4036 | 16.12 | 1118 | 2255 | 27.06 33.1 0.00 -20.9
Step 754 40.39 16.12 11.17 22.56 27.08 33.1 0.00 -20.9
Step 877 40.46 16.14 11.14 22.58 27.18 gRidl 0.00 -20.8
Step 1000 40.54 16.18 Akl 2xl 22.65 27.19 335! 0.00 -20.9
ol SP 16986: Elastic Point e
Stress Point at: Step 1000 Pa '?m
A (MC-Point) 109 |[kN/m?] 7 I
A (MN-Point) 1.70  [[kN/m?]
A (MN - MC) 2.78  |[kN/m?]
TRX compression at
q' Step 1000 6=-30
28 MNat 6 =-21°
24
20

Fig. 95 MN-LE-M2: stress path of SP 16986
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e SP 17756
step oy 0, O3 p' q' @' c' 6
[kN/m?] | [kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] [7]
Step 5 3.39 1.39 1.24 2.00 2.07 37.3 0.00 -26.5
Step 8 8.53 3.50 Shils) 5.05 5.23 37.3 0.00 -26.5
Step 11 24.80 10.17 9.09 14.69 15.20 37.3 0.00 -26.5
Step 1 24.83 10.17 9.06 14.68 15.24 37.3 0.00 -26.4
Step 127 27.47 10.72 8.27 15.48 18.10 37.3 0.00 -23.3
Step 253 28.37 10.64 Yodlil 1’5837 1973 37.3 0.00 -21.1
Step 379 30.07 alil2l7/ 7.49 16.28 20.94 37.3 0.00 -21.0
Step 505 29.29 10.98 7.30 15.85 20.40 37.3 0.00 -21.0
Step 631 29.09 10.90 7.25 1'5%5 20.26 37.3 0.00 -21.0
Step 754 29.42 11.03 7.33 5893 20.49 37.3 0.00 -21.0
Step 877 2966 | 1111 | 739 | 16.05 | 2067 | 373 0.00 -21.0
Step 1000 2957 | 11.08 | 737 | 16.01 | 20.60 37.3 0.00 -21.0
o SP 17756: Failure Point B
Stress Point at: Step 1000 //' ™
A (MC-Point) 0.19 |[kN/m?] —
A (MN-Point) 237  |[kN/m?]
A (MN - MC) 2.18  |[kN/m?]
' TRX compression at
22 p 4 Step 1000 0 = -30'MNafd = -21°
2
e

Fig. 96 MC-STD: stress path of SP 17756

Fig. 97 MC-LE: stress path of SP 17756

20

Step 0y 0, O3 p' q' @' c' 8
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] [°]
Step 4 2503 | 1051 | 1001 | 1518 | 1478 | 373 0.00 283
Step 11 2461 | 1027 | 963 | 1483 | 1467 | 373 0.00 27.8
Step 26 2529 | 1030 | 9.06 | 14.88 | 1565 | 373 0.00 -26.0
Step 1 2534 | 1031 | 903 | 1489 | 1571 | 373 0.00 -25.9
Step 127 2812 | 1079 | 785 | 1559 | 1897 | 373 0.00 223
Step 253 26.79 | 1015 | 7.05 | 1466 | 1839 | 373 0.00 216
Step 379 2744 | 1028 | 682 | 1485 | 19.13 | 373 0.00 21.0
Step 505 27.04 | 1012 | 670 | 1462 | 1886 | 373 0.00 -21.0
Step 631 26.70 | 10.03 | 674 | 1449 | 1854 | 373 0.00 Bl
Step 754 26.27 | 1004 | 720 | 1450 | 17.82 | 373 0.00 221
Step 877 2526 | 971 | 742 | 1403 | 1699 | 373 0.00 224
Step 1000 2469 | 944 | 680 | 1364 | 1672 | 373 0.00 221
SP 17756: Elastic Point -
Stress Point at: Step 1000 //‘ IS
A (MC-Point) 1.27  |[kN/m?] _ i
A (MN-Point) 3.06 |[kN/m?] —
A (MN - MC) 1.79  |[kN/m?]
2\ Step 1000 e

i at 0= p

MC =72°

tep 1400

Ly

| et
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0y 0, O3 p' q' ¢ c' 0
Step
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] [’
Step 5 25.14 10.55 10.04 15.24 14.84 37.3 0.00 -28.3
Step 8 24.89 10.42 9.85 15.05 14.77 37.3 0.00 -28.1
Step 11 2551 10.38 9.50 15.00 {5819 87:3] 0.00 -27.1
Step 1 25.14 10.39 9.49 15.01 15.22 37:3] 0.00 -27.1
Step 127 26.65 10.46 8.21 15.10 17.43 373 0.00 -23.6
Step 253 27.50 10.57 7.75 15524/, 18.50 87:3] 0.00 -22.4
Step 379 27.72 10.65 7.79 15:39 18.67 37.3 0.00 -22.4
Step 505 28.00 10.68 7.58 15.42 19.06 37.3 0.00 -21.9
Step 631 28.19 10.71 7.51 15.47 19.28 37.3 0.00 -21.7
Step 754 28.35 10.73 7.43 15.50 19.48 37.3 0.00 -21.5
Step 877 28.45 10.82 7.36 15.54 19:59 87:3 0.00 -21.2
Step 1000 28.65 10.91 yas! 15.62 19.79 B7A3] 0.00 -20.9
o SP 17756: Elastic Point B
Stress Point at: Step 1000 //' ‘1‘77
A (MC-Point) 0.50 [[kN/m2] 7 ‘
A (MN-Point) 2.63  |[kN/m?]
A (MN - MC) 212 |[kN/m?]
v Step 1000

0 2 6 8 10 12 14 16
Fig. 98 MN-LE-M1: stress path of SP 17756
O, 0> O3 p' q' @' c' 6
Step
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] []
Step 3 25.10 10.54 10.04 15.23 14.82 2kl 0.00 -28.3
Step 11 24.67 10.27 57/ 14.84 14.76 2kl 0.00 -27.6
Step 25 25.63 10.38 8.95 14.99 16.02 33.1 0.00 -25.6
Step 1 25.73 10.40 8.94 15102 16.11 33.1 0.00 -25.5
Step 127 26.61 10.55 8.57 15.25 17.13 33.1 0.00 -24.2
Step 253 26.86 10.56 8.34 15.25 17.52 33.1 0.00 -23.7
Step 379 27.07 10.59 8.23 15.30 17.78 33.1 0.00 -23.4
Step 505 27.45 10.72 8.30 15.49 18.06 33.1 0.00 -23.3
Step 631 27.82 10.86 8.39 15.69 18.32 33.1 0.00 -23.3
Step 754 28.00 10.96 8.55 15.84 18.36 33.1 0.00 -23.5
Step 877 28.15 11.04 8.64 15.94 18.43 33.1 0.00 -23.5
Step 1000 28.33 11.09 8.64 16.02 18.59 33.1 0.00 -23.4
o SP 17756: Elastic Point _
Stress Point at: Step 1000 //' T
- ry |
A (MC-Point) 0.42 |[kN/m?] 7 |
A (MN-Point) 2.19 |[kN/m?]
A (MN - MC) 177 |[kN/m?]
TRX compression at
q' Step 1000 0--3
20 MN at 8 = -23°
ep|1000
16 M z.
12 ///
—
8 //
4 ////
// ,V
0
0 2 6 8 10 12 14 16

Fig. 99 MN-LE-M2: stress path of SP 17756
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Step 0y 0, O3 p' q' @' c' 6
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [°] [kPa] [°]
Step 5 0.43 0.16 0.11 0.23 0.30 37.3 0.00 -20.9
Step 8 1.03 0.38 0.25 0.55 0.72 37.3 0.00 -20.9
Step 11 2298 1.10 0.72 1.58 2.05 278 0.00 -20.9
Step 1 3.01 N3 0.74 1.63 2.10 3788 0.00 -20.9
Step 127 1.97 0.74 0.49 1.07 1.37 37.3 0.00 -21.0
Step 253 2.43 0.91 0.61 1.32 1.69 37.3 0.00 -21.1
Step 379 2.70 1.01 0.67 1.46 1.88 273 0.00 -21.0
Step 505 2.54 0.95 0.63 1.38 1.77 37.3 0.00 -21.0
Step 631 2.66 1.00 0.66 1.44 1.85 37.3 0.00 -21.0
Step 754 2.37 0.89 0.59 1.28 1.65 37.3 0.00 -21.1
Step 877 2.83 1.06 0.70 1.53 1.97 37.3 0.00 -21.0
Step 1000 2.39 0.89 0.60 1.29 1.66 37.3 0.00 -21.0
o1 SP 22267: Failure Point _
Stress Point at: Step 1000 /.//%/7 |
A (MC-Point) 0.02 |[kN/m?] — |
A (MN-Point) 0.19 |[kN/m?]
G eptboy’” A (MN - MC) 0.18 |[kN/m2]
26\ q Step 1000 TRX compression at
2.4 ] 30’
2.2
2 Nat § = 21°
18 M =-21°
16 Step 1000
1.4
12
1
0.8
0.6 /
0.4
a2 030§ P
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
Fig. 100 MC-STD: stress path of SP 22267
Step 03 0, O3 p' q' @' c 6
[kN/m?] [ [kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] []
Step 4 35.08 | 13.11 8.61 18.93 | 24.54 37.3 0.00 -20.9
Step 11 21.19 7.92 5.20 11.44 | 14.82 37.3 0.00 -20.9
Step 26 2.87 1.07 0.70 1.55 2.01 37.3 0.00 -20.8
Step 1 2.87 1.07 0.71 1.55 2.00 873 0.00 -20.9
Step 127 2219 0.82 0.55 189 1.53 37.3 0.00 -21.0
Step 253 1.84 0.69 0.46 1.00 1.29 278 0.00 -21.0
Step 379 2.26 0.85 0.56 1.22 1.57 37.3 0.00 -21.1
Step 505 2.29 0.86 0.57 1.24 1.60 37.3 0.00 -20.9
Step 631 2.32 0.87 0.57 1.25 1.62 37.3 0.00 -20.9
Step 754 2.32 0.87 0.58 1.26 1.62 37.3 0.00 -21.0
Step 877 2.34 0.88 0.58 1.27 1.63 873 0.00 -21.0
Step 1000 2.34 0.88 0.58 127 1.63 37.3 0.00 -21.0
SP 22267: Failure Point _
Stress Point at: Step 1000 /41 |
A (MC-Point) 0.01 |[kN/m?] | — _ |
A (MN-Point) 0.18 |[kN/m?]
A (MN - MC) 0.17 |[kN/m?]
B TRX compression at
28 ) 4 Step 1000 9=-3
24
20
16

o3 0 i Step 1000

0 2 4 6 8 10 12 14 16 18

Fig. 101 MC-LE: stress path of SP 22267
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0y 0, O3 p' q' @' c' 0
Step
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] []
Step 5 36.94 17.37 6.85 20.39 26.45 37.3 0.00 -9.9
Step 8 21.62 15.10 4.42 4371 15.04 37.3 0.00 8.0
Step 11 3109 2.84 0.72 2.22 2.26 37.3 0.00 24.5
Step 1 2.99 2.74 0.70 2.14 2.17 37.3 0.00 24.2
Step 127 2.04 1.96 0.58 1.53 1.43 Si/eS 0.00 27.2
Step 253 2533 1.80 0.61 1.58 1553] 37.3 0.00 12.6
Step 379 2.50 1.82 0.63 1.65 1.63 37.3 0.00 8.9
Step 505 2.46 1.81 0.64 1.64 1859 37.3 0.00 9.4
Step 631 2.52 1.82 0.64 1.66 1.64 37.3 0.00 8.6
Step 754 2.39 1.78 0.62 1.60 1.56 37.3 0.00 10.0
Step 877 2:53] 1.84 0.65 1.67 1.65 37.3 0.00 8.9
Step 1000 2.42 1.79 0.63 1.61 1.58 37.3 0.00 9.7
1 SP 22267: Elastic Point _
Stress Point at: Step 1000 . |
A (MC-Point) 0.05 |[kN/m?] W }
A (MN-Point) 0.15  |[kN/m?]
A (MN - MC) 0.10 [[kN/m?]
21 Step 1000

28

24

20

16

12

0

TRX compression at
6=-30

0 16 18 20
Fig. 102 MN-LE-M1: stress path of SP 22267
o, o, O3 p' q' ¢' c' 6
Step
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [] [kPa] []

Step 3 35.54 17.95 8.20 20.56 24.00 33.1 0.00 -9.4
Step 11 15.49 12.35 4.03 10.62 10.25 33.1 0.00 14.6
Step 25 2.34 2.02 0.64 1.67 1.57 33.1 0.00 20.0
Step 1 2.15 1.80 0.58 1.51 1.43 33.1 0.00 75
Step 127 2.32 1.81 0.62 1.58 1.52 33.1 0.00 13.0
Step 253 2.30 1.80 0.61 1.57 1.50 33.1 0.00 133
Step 379 231! 1.80 0.61 1.57 algsil 33.1 0.00 12.9
Step 505 2.36 1.81 0.61 1.60 1.55 33.1 0.00 12.2
Step 631 2.40 E1%79, 0.63 1.61 1.56 33.1 0.00 10.3
Step 754 2.40 1579, 0.63 1.61 1.56 33.1 0.00 10.3
Step 877 2.51 1.80 0.64 1.65 1.64 33.1 0.00 8.1
Step 1000 2.64 1.87 0.66 1.72 1.73 33.1 0.00 7.4

SP 22267: Plastic Point _

Stress Point at: Step 1000 // |

g N 2 wmer |

A (MC P0|.nt) 0.15 [[kN/m?] | — |
A (MN-Point) -0.02  [[kN/m?]
A (MN - MC) 0.13  |[kN/m?]

28 , TRX compression at
q Step 1000 8=-30

24

20

16

Z27; Step 1000

0 2 4

Fig. 103 MN-LE-M1: stress path of SP 22267
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e Comparison of the lode angle
Stress point 16986

—e— MC-STD
-13 —e— MC-LE
MN-LE-M1

—e— MN-LE-M2

Lode Angle 6 [°]
KR
~N

--®-- MC-STD - Initial

-23 - - @-- MC-LE - Initial

-25 -

5y MN-LE-M1 - Initial
1 10 100 1000  —e— MN-LE-M2 - Initial

log Step [-]
Fig. 104 SP 16986 - lode angle over steps in logarithmic scale

Stress point 17756

-20
-21
—e— MC-STD
. 22
; 3 —e— MC-LE
) IEs
?CD 224 MN-LE-M1
i -25 —o— MN-LE-M2
'§ -26 --®-- MC-STD - Initial
-27
- - ®-- MC-LE - Initial
-28
29 MN-LE-M1 - Initial
1 10 100 1000 —eo— MN-LE-M2 - Initial

log Step [-]
Fig. 105 SP 17756 - lode angle over steps in logarithmic scale

Stress point 22267

30
24
—e— MC-STD
_. 18
o —e— MC-LE
o 12
2 4 MN-LE-M1
&
< 0 —=e— MN-LE-M2
)
'§ -6 --e-- MC-STD - Initial
-12
--®-- MC-LE - Initial
-18
@ —-—®——— o & ¢ e 0e0ee° .
o ® -0 —-¢ MN-LE-M1 - Initial
1 10 100 1000 —e— MN-LE-M2 - Initial
log Step [-]

Fig. 106 SP 22267 - lode angle over steps in logarithmic scale
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« SP 7406
0y [ O3 p' q' @' c <]
Step

[kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] (] [kPa] [°]
Step 3 11.87 5.18 5.12 7.39 6.73 12.1 5.06 -29.5
Step 7 66.37 37.84 35.17 46.46 29.95 12.1 5.06 -25.6
Step 14 102.45 58.74 58.74 73350l 43.71 122,11, 5.06 -30.0
Step 1 101.48 | 60.52 59119 72473 41.64 12.1 5.06 -28.4
Step 127 111.44 | 65.43 64.55 80.47 46.46 12.1 5.06 -29.1
Step 253 82.43 51.05 45.61 59.70 34.42 25 5.06 -22.1
Step 379 82.45 | 51.06 | 45.62 | 59.71 | 34.43 12:1" 5.06 -22.1
Step 505 82.42 51.10 45.61 59741) 34.40 12.1 5.06 -22.0
Step 631 82.42 54847 45.61 594/3 34.37 11221 5.06 -21.9
Step 754 8239 | 51.22 | 45.58 | 59.73 | 34.34 12.1 5.06 -21.8
Step 877 82.44 bil182 45.62 59.80 34.32 12.1 5.06 -21.7
Step 1000 82.35 51.34 45.56 59.75 34.27 12.1 5.06 -21.6

SP 7406: Failure Point

1
° Stress Point at: Step 1000
TkN/m7] "o vios

A (MC-Point) 0.07
A (MN-Point) 2.99 |[kN/m?]
A (MN - MC) 293 |[kN/m?]
' Step 1000 TRX compression at
: 6 =-30

Step 1000

MCat 6 =-22°

Fig. 107 MC-STD: stress path of SP 7406

st (<1 0, O3 p' q' @' c' 0
* tin/m] | /] | fov/me] | /) [ Ov/me | 01| ikeal [
Step 3 8424 | 5091 | 50.06 | 61.74 | 33.76 10.7 4.45 -28.76
Step 7 9321 | 5855 | 5497 | 68.91 | 3658 10.7 4.45 2514
Step 14 101.66 | 70.02 | 57.88 | 76.52 | 39.15 10.7 4.45 -14.41
Step 1 102.15 | 75.41 | 57.69 | 78.42 | 38.77 10.7 4.45 6.68
Step 127 99.91 | 81.85 | 56.87 | 79.55 | 37.44 10.7 4.45 531
Step 253 102.62 | 84.15 | 5859 | 81.79 | 38.30 10.7 4.45 531
Step 379 102.95 | 84.40 | 58.73 | 82.02 | 38.46 10.7 4.45 5.31
Step 505 102.04 | 83.73 | 58.28 | 81.35 | 38.06 10.7 4.45 5.39
Step 631 102.45 | 83.99 | 5846 | 81.64 | 38.26 10.7 4.45 5.29
Step 754 102.03 | 8364 | 58.18 | 81.29 | 38.14 10.7 4.45 531
Step 877 101.86 | 83.49 | 58.09 | 81.15 | 38.07 10.7 4.45 5.30
Step 1000 102.31 | 83.88 | 5837 | 8152 | 38.22 10.7 4.45 531
o1 SP 7406: Failure Point
Stress Point at: Step 1000 i
A (MC-Point) -4.61 |[kN/m?] o
A (MN-Point) 0.09 |[kN/m?]
A (MN - MC) 453 [[kN/m?]
' TRX compression at
a Step 1000 0=-30

Fig. 108 MN-LE: stress path of SP 7406
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e SP 8866

[ o, 03 p' q' @' c' Cl
Step
[kN/m?] [ [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] [°] [kPa] []
Step 3 13.12 5.42 4.94 7.82 7.95 12.1 5.06 -27.0
Step 7 69.68 857/.28 37.33 48.11 32.34 12.1 5.06 -30.0
Step 14 105.12 | 60.48 60.48 75.36 | 44.64 il 5.06 0.0
Step 1 103.51 | 61.99 60.53 75.34 | 42.26 2.1 5.06 -28.3
Step 127 172.56 | 104.63 | 104.44 | 127.21 | 68.02 12.1 5.06 -29.9
Step 253 172.55 | 104.63 | 104.44 | 127.21 | 68.02 22, 5.06 -29.9
Step 379 172.56 | 104.64 | 104.44 | 127.21 | 68.02 12.1 5.06 -29.9
Step 505 172.57 | 104.69 | 104.45 | 127.23 | 68.01 12.1 5.06 -29.8
Step 631 172.51 | 104.71 | 104.41 | 127.21 67.95 12.1 5.06 -29.8
Step 754 172.53 | 104.78 | 104.41 | 127.24 | 67.93 122l 5.06 -29.7
Step 877 172.57 | 104.88 | 104.46 | 127.30 | 67.91 12.1 5.06 -29.7
Step 1000 172.46 | 104.89 | 104.38 | 127.25 67.83 12.1 5.06 -29.6
SP 8866: Failure Point
Stress Point at: Step 1000 o e
A (MC-Point) 0.21  |[kN/m?]
A (MN-Point) 0.24  |[kN/m?]
A (MN - MC) 0.03  |[kN/m?]
o Step 1000 e ¥
NifiaEB =50 Step|1000
Cat8=-30"

p
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Fig. 109 MC-STD: stress path of SP 8866
0y [+ O3 p' q' [0} c' <]
Step
[kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [7] [kpa] [
Step 3 89.27 | 5566 | 5244 | 6579 [ 3533 | 107 4.45 25.47
Step 7 96.05 63.20 55132, 552, 37.42 10.7 4.45 -19.49
Step 14 101.97 | 7190 | 57.86 | 77.24 | 39.04 | 107 4.45 -11.85
Step 1 102.40 | 7596 | 58.06 | 78.81 | 3864 | 107 4.45 -6.34
Step 127 102.92 | 8442 | 5883 | 8205 | 3835 | 107 4.45 531
Step 253 104.18 | 8547 | 59.60 | 83.08 | 3877 | 107 4.45 5.30
Step 379 105.21 | 8632 | 60.20 | 83.91 | 39.15 | 107 4.45 5.30
Step 505 105.70 | 86.82 | 60.66 | 84.39 | 39.18 | 107 4.45 5.32
Step 631 105.52 | 86.61 60.46 84.20 39.19 10.7 4.45 5.29
Step 754 105.28 | 86.40 | 60.29 | 83.99 | 39.12 | 107 4.45 531
Step 877 106.31 | 87.26 60.98 84.85 39.42 10.7 4.45 5.26
Step 1000 10598 | 87.01 | 60.76 | 8459 | 39.33 | 107 4.45 531
o SP 8866: Failure Point
Stress Point at: Step 1000 i. et
A (MC-Point) -4.75 |[kN/m?]
A (MN-Point) -0.08 |[kN/m?]
A (MN - MC) 4.66 |[kN/m?]
TRX compression at
q' Step 1000 0=-30

Fig. 110 MN-LE: stress path of SP 8866

0 5 10 15 20 25 30 35 40 45 50
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Tab. 23 Input parameters of corresponding constitutive models

Parameter [ symbol | value | unit Parameter | symbol | value | Unit
Applied to MC Applied to HS
Young's modulus E' [ 1.00E+06 | [kN/me | [Reference secantstifinessin | pres 17 406,05 | [kN/m?)
triaxial test
E 2 i
Oedometer modulus oed 1.61E+06 | [KN/m?] Rgference tangent stlffngss for Eref 7.40E+05 | [kN/m?]
Shear modulus G 3.70E+05 | [kN/m?] [ |primary oedometer loading oed
Applied to MN R.eference un- / reloading E | 2.20E+06 (KN/m?]
Reference un- / reloadin Fhifiness il
stiffness B ET¢S |2.22E+06 | [kN/m?]| [Power for stress-level m 05 1
dependency of stiffness
R.efe'rence Secant stifiness in Eref |7.40E+05 | [kN/m?]| |Reference stress for stiffness Pref 100 | [kN/m?
triaxial test 50
Power for stress-level . .
i R i
dependency of stiffness m 0.5 [l Failure ratio f 0.9 [l
Reference stress for stiffness Pref 100 [kN/m?]| [Tensile strength 9t 0 [kN/m?]
Failure ratio R¢ 0.9 [-] P0|sso_n s ratio for un-/ Vur 0.2 [-]
reloading
Coefficient of lateral earth
Tensile strength Ot 0 [KN/m?] | [pressure for normally K¢ [1-sing’ [
consolidated stress state
Ratio of shear moduli Go/Gy, 1 [ Applied to HSS
Threshold shear strain 150E-04 | [ | |Reference secantstifnessin | pref |7 406105 | kN/m?]
Yo.7 triaxial test
Skempton. coefficient B 0.98 [-] Rgference tangent stlffn'ess for £ f |7 40E+05 (kN/m?]
Model Switch Model SW 2 [-] primary oedometer loading oed
Rgference un-/ reloading gref | 2.226+06 | (kNm?]
stiffness ur
Power for stress-level m 05 M
dependency of stiffness )
Threshold shear strain Yo.7 1.50E-04 [-]
Reference shegr modulus at cref | 2.78E+06 | [Nm7
very small strain 0
Reference stress for stiffness Pref 100 [kN/m?]
Failure ratio R¢ 0.9 [
Tensile strength o 0 [kN/m?]
Poisson’s ratio for un-/
v A
reloading ur 0.2 [l
Coefficient of lateral earth
pressure for normally K§€ |1-sing'| [
consolidated stress state
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