MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH
ECHAHID CHEIKH LARBI TEBESSI UNIVERSITY -

-.\@"A TEBESSA
: % MINING INSTITUTE
- [ =] DEPARTMENT OF MINESAND GEOTECHNOLOGIE
it alall Sl 5 Aladl dailh 3515 L9
LUkniversite Larti Tebessi - Tebessa _M _ . .ax\ gsj‘)d\ . A - \ " :.n :tulé ersity
JRER

L o 535 gyl 5 anliall ou

L ecture notes

Advanced soill mechanics
Aaaiial) 4y i) diilSa B il pulalae

A8 gaa iada oY) Al

Dr. Yacine Berrah

University of Larbi Tebessi, Tebessa -Algeria.



COURSE AIM

The am of this courseis to give knowledge and understanding of advanced soil mechanics to the
class of Master 1 Geotechnics in the mining institute of Tebessa. This course includes severa
topics e.g., stress-strain behaviour of soils, steady state flow and flow nets, settlement analysis,
earth presures and slope stability.
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ADVANCED SOIL MECHANICS NOTES

Chapter 1. STRESS-STRAIN BEHAVIOUR OF SOILS
1.1 Thebehaviour of sands

In practice sands are usually sheared under drained conditions because their relatively high
permeability ensures that excess pore pressures are not generated. This behaviour can be
investigated in avariety of laboratory apparatus. We will consider the behaviour in smple shear
tests. The smple shear test issimilar to the shear box test but it has the advantage that the strain
and stress states are more uniform enabling usto investigate the stress-strain behaviour. The name
simple shear refers to the plane strain mode of deformation shown below:

(0}
| dx ¢ T
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For this deformation there are only two non-zero strain components, these are the shear strain, yx.
= dx/H, and the normal strain e; = dz/H. Thevolume strain, ey = €.

For sands the two most important parameters governing their behaviour are the Relative Density,
l¢, and the effective stresslevel, ¢’. The Relative density is defined by

- €

- Emax
la =
€max -~  €min

where €max and €min are the maximum and minimum void ratios that can be measured in standard
testsin the laboratory, and e is the current void ratio. This expression can be re-written in terms
of dry density as
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Sand isgenerdly referred to asdenseif Ig > 0.6 and looseif 14 < 0.3.
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ADVANCED SOIL MECHANICS NOTES

1.1.1 Influence of Relative Density

The influence of relative density on the behaviour can be seen in the plots below for tests all
performed at the same normal stress.
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The following observations can be made:

. All samples approach the same ultimate conditions of shear stress and void ratio,
irrespective of theinitial density

. Initially dense samples attain higher peak angles of friction (¢’ = tan (t/c’) )

. Initially dense soils expand (dilate) when sheared, and initially loose soils compress
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ADVANCED SOIL MECHANICS NOTES

1.1.2 Influence of Effective Sress Leve

Theinfluence of stresslevel can be seen in the plots below where the two dense samples have the
sameinitial void ratio, e; and similarly the loose samples both have the sameinitia void ratio e.

The following observations can be made:

. The ultimate values of shear stress and void ratio, depend on the stress level, but the
ultimate angle of friction (¢'ut = tan™ (t/c’) ur) is independent of both density and stress
level

. Initially dense samples attain higher pesk angles of friction (¢’ = tan™ (t/c")), but the peak

friction angle reduces as the stress level increases.

. Initially dense soils expand (dilate) when sheared, and initially loose soils compress.
Increasing stress level causes less dilation (greater compression).
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ADVANCED SOIL MECHANICS NOTES

1.1.3 Ultimate or Critical Sates

All soil when sheared will eventually attain aunique stressratio given by t/c’ = tan ¢'ut, and reach
acritica void ratio which is uniquely related to the normal stress. This ultimate state is referred
to asaCritica State, defined by

dr _ do' _ dg

- = —— = =0
dy dy dy

The locus of these critical states defines aline known asthe Critical State Line (CSL). This may
be represented by
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At critical states soil behaves as apurely frictional materia

¢ = ¢'ur = ¢'cs = constant = F (mineralogy, grading, angularity)
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ADVANCED SOIL MECHANICS NOTES

1.1.4 Stress-Dilatancy Relation

During a smple shear test on dense sand the top platen is forced up against the applied normal
stress. Work must be done against this externd force in addition to the work done in overcoming
friction between the particles. Thus the frictional resistance of the soil may appear to be greater
than ¢'ut. Another way to demonstrate thisisto consider a"saw-tooth" anaogy.
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ADVANCED SOIL MECHANICS NOTES

1.1.5 Peak Conditions

Thefailure conditions are normally expressed by a Mohr-Coulomb criterion using parameters c’,
¢". Thisisthe approach that we will be following in estimating the stability of soil constructions.
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However, this approach obscures the fact that ¢ is only an apparent cohesion. An dternative
method of presenting the results is to determine the maximum friction angle ¢" o« which in shear
box type testsissimply given by tan’(t/c"). The relation between ¢" o and effective stressis then
as shown below.
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The position of thelinesin this plot isafunction of the mineralogy and angularity of the soil.

Note that even loose sand can have ¢ pk > ¢ ut if the stress is low enough. This means that loose
sands may expand when sheared.
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ADVANCED SOIL MECHANICS NOTES

1.1.6 Implications for stability analysis

If you choose to use ¢'pk (Or ', ¢" with ¢'= 0) in stability calculations then you are saying that
everywhere on the critical failure surface the soil will bedilating at failure. In most practical cases
thisisunlikely to beredlistic. For instance consider the case of aretaining wall.

Wwall

C
. | Y

Itisconservativetousec” =0and ¢” = ¢ urt for stability analyses.

1.2 Behaviour of clays

The behaviour of clays is essentialy identica to that of sands. The data however is usualy
presented in terms of the soils stress history (OCR) rather than relative density.
To predict the behaviour of soil we need to combine the CSL with our previous knowledge
concerning the consolidation behaviour. Experience has shown that the CSL is pardld to the
normal consolidation lineand liesbelow it in avoid ratio, effective stress plot.
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ADVANCED SOIL MECHANICS NOTES
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We find that normally consolidated clays behave similarly to loose sands and heavily over-
consolidated clays behave similarly to dense sands. Asthe OCR increasesthereisagradua trend
between these extremes. The response in drained simple shear testswith 6™ constant is as follows
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ADVANCED SOIL MECHANICS NOTES

1.2.1 Undrained response

In an undrained test volume changeis prevented and therefore the void ratio must remain constant.
Because the soil aways heads towards a critica state when sheared it is possible to show the path
that will be followed in an e, o’ plot. Thisis shown below for normally consolidated (OCR=1)
and heavily over-consolidated (OCR>8) samples having the sameinitial void ratio. Oncethefina
states in this plot are known, so too are the final states in the t, ¢’ plot. Also if the final tota
stresses are known then the excess pore pressures can be determined.
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. Knowledge of the Critica State Line enables an explanation for the existence of
apparent cohesion (undrained strength) in frictiona materials
. It is dso clear that if the moisture content changes then so will the undrained strength,

because failure will occur at adifferent point on the CSL
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ADVANCED SOIL MECHANICS NOTES

2.3 Differences between sand and clay

When considering the behaviour of sands and clays we generaly use different parameters. For
sands stress level and relative density are considered to be the important parameters, whereas for
clays the parameters are stress level and stress history (OCR).

However, the broad patterns of behaviour observed for sands and clays are very smilar. To
understand why different "engineering” parameters are used it is useful to consider the positions
of the consolidation and CSL lines in the void ratio, effective stress plot.

0.1 1 10 100 logc’ (MPa)

TUTORIAL SHEET

1 A saturated sample of clay 50 mm diameter by 100 mm long was extracted from the
ground. The samplewasingalledin atriaxial apparatus without allowing drainage and a
cell pressure of 350 kPa applied. A back pressure of 200 kPa was set and the drainage
taps opened. After leaving it for some time the sample reached equilibrium with no net
flow of water into or out of the sample. The drainage taps were then closed and the sample
was sheared undrained to failure. The following data were recorded:

AF (N) 0 49 |74 |112 |150 181
Ah (mm) 0 1 2 5 10 |20
Au (kPa) 0 17 |27 |47 |75 |100

where AF, Ah, Au are respectively the changes in deviator load, axia displacement, and
pore pressure.

10
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ADVANCED SOIL MECHANICS NOTES

(a) Cdculate the deviator stressand axia strain
(b) Plot deviator stress versus axial strain and pore pressure versus axial strain (Note
that thisis the conventional way of presenting triaxia test results)

(c) Draw the total and effective stress Mohr circles at failure

(d) Determine the undrained strength s, and friction angle ¢~ assuming that ¢” = 0.

A specimen of clay has been compressed to a state where t =0, ¢’ = 150 kPa, u =0, and
thevoid ratio, e = 1.2. Determine the ultimate undrained strength, s, and the excess pore
pressure at ultimate conditions (a) if thetotal stress remains constant, (b) if thetotal stress
changes are such that At = Ac.

The Critical State Linefor thisclayisgivenbyt = ¢’tan¢’,e =T - Alnc’,and ¢’ =
21°,T' =20, »=0.20.

Two identical soil samples have been one-dimensionally consolidated in a smple shear
apparatus under an effective stress ¢’ = 300 kPa, with a void ratio e = 0.50. The two
samples were then subjected to standard teststo failure (keeping the total stress constant),
one drained and the other undrained, and the following information was recorded.

Drained Undrained
T (kPa) Yxy (%0) ev (%) T (kPa) Txy (%0) Au (kPa)

0 0 0 0 0 0
120 1 0.25 86 1 29
250 25 -0.5 150 25 20
225 5 -1.25 205 5 0
210 10 -15 225 10 -35
202 20 -1.6 240 20 -56

Estimate the critical state parameters¢’, I', A.

What can you deduce about the initia state of the soil, and suggest giving your reasons
what type of soil the samples were composed of .

4. Critical thonking

A lightly over-consolidated sampleistested undrained in asimple shear test, and at failure
the excess pore pressure is zero.

Sketch the shear stress, t, shear strain, vy, response and the volume strain, &y, shear strain
response you would expect an identical sample to follow in a drained test. Explain your
answer.

Assume that the total normal stress remains constant in both drained and undrained tests.

11
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ADVANCED SOIL MECHANICS NOTES

Chapter 2. SOIL STRENGTH

Soils are essentially frictional materials. They are comprised of individua particles that can
slide and roll relative to one another. In the discipline of soil mechanicsit isgenerally assumed
that the particles are not cemented.

One consequence of the frictional nature is that the strength depends on the effective stresses
in the soil. Asthe effective stresses increase with depth, so in general will the strength.

The strength will also depend on whether the soil deformation occurs under fully drained
conditions, constant volume (undrained) conditions, or with some intermediate state of
drainage. In each case different excess pore pressures will occur resulting in different effective
stresses, and hence different strengths. In assessing the stability of soil constructions analyses
are usualy performed to check the short term (undrained) and long term (fully drained)
conditions.

2.1 Mohr-Coulomb failurecriterion

The limiting shear stress that may be applied to any plane in the soil massis found to be given
by an equation of the form

T=C+ ontand

where ¢

¢

Thisis known as the Mohr-Coulomb failure criterion

cohesion (apparent)
friction angle

The parameters ¢ and ¢ are not generally soil constants. The Mohr-Coulomb criterion is an
empirical criterion, and the failure locusis only locally linear. Extrapolation outside the range
of normal stresses for which it has been determined is likely to be unreliable. The parameters
depend on:

e theinitial state of the soil
Overconsolidation ratio (OCR) for clays
Relative density (l4) for sands

o thetype of test
Drained - slow fully drained, no excess pore water pressures
Undrained - no drainage, excess pore water pressures develop
e theuseof tota or effective stresses
In terms of effective stress the failure criterion is written
T=C + ontan¢’
¢’ and ¢’ arereferred to as the effective (drained) strength parameters.

Soil behaviour is controlled by effective stresses, and the effective strength parameters are the
fundamental strength parameters. But they are not necessarily soil constants. They are

12
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ADVANCED SOIL MECHANICS NOTES

fundamental inthe sensethat if soil isat failurethe statewill always be described by an effective
stress failure criterion. The parameters can be determined from any test provided that the pore
pressures are known.

In terms of total stressthe failure criterion iswritten

T =20C + Gntanq)u = S

Cu, ¢u arereferred to as the undrained (total) strength parameters. These parameters can only be
determined from undrained tests.

The undrained strength parameters are not soil constants, they depend strongly on the moisture
content of the soil. The total stress criterion has limited applicability as it is only valid if soil
deformation occurs without drainage.

The undrained strengths measured in the laboratory are only relevant in practice to clayey (low
permeability) soils that initially deform without drainage, and that have the same moisture
content in-situ.

2.2 Strength Tests

The engineering strength of soil materialsis often determined from tests in either the shear box
apparatus or the triaxial apparatus.

2.2.1 The Shear Box Test

The soil is sheared along a predetermined plane by placing it in abox and then moving the top
half of the box relative to the bottom half. The box may be square or circular in plan and of any
size, however, the most common shear boxes are square, 60 mm x 60 mm, and test specimens
are typically 20 mm thick. Larger boxes of 300 mm x 300 mm are used to test specimens with
larger particle sizes. The shear box is constructed in two separate halves (which may be held
together by locating screws so that the box can be filled with the soil to be tested).

A load normal to the plane of shearing may be applied to a soil specimen through thelid of the
box. Provision ismade for porous plates to be placed above and bel ow the soil specimen. These
enable drainage to occur which is necessary if a specimen is to be consolidated under a normal
load, and if a specimen is to be tested in a fully drained state. The soil specimen may be
submerged, by filling the containing vessel with water, to prevent the specimens from drying
out. Undrained tests may be carried out, but in this case solid spacer blocks rather than the

dx
dy

Horizontal displacement
Vertical displacement

porous disks must be used.

Notation

N = Normal Force

F = Tangential (Shear) Force

On = N/A = Normal Stress

T = FIA = Shear Stress

A = Cross-sectional area of shear plane

Usualy only relatively slow drained tests are performed in shear box apparatus. For clays the
rate of shearing must be chosen to prevent excess pore pressures building up. For freely draining

13
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ADVANCED SOIL MECHANICS NOTES

sands and gravels tests can be performed quickly. Tests on sands and gravels are usually
performed dry asit is found that water does not significantly affect the (drained) strength.

Provided there are no excess pore pressures the pore pressure in the soil will be approximately
zero and the total and effective stresses will be identical. That is, on = ¢

The failure stresses thus define an effective stress failure envelope from which the effective
(drained) strength parametersc’, ¢” can be determined.

Typical test results

Direct Shear Test Results - 2.5 inch Diameter Direct Shear Test
Isle of Wight Materials Co. - Gray Silty SAND (SM) - 17% Fines

=
g
(72}
7]
2
»
©
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 —
7]
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Horizontal Movement (in)
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c
= o2
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2
-—
§ S ot 15 psi
-
@
o
W™ oo
2
5
> 0.005
0 000
&‘*—-—/yg 0.1 0.15 0.2 0.25
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At this stage we are primarily interested in the stresses at failure. It is observed that for a set of
initially similar soil samplesthere isalinear failure criterion that may be expressed as

T=C + ontan¢’

From this the effective (drained) strength parameters ¢’ and ¢’ can be determined.

14
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ADVANCED SOIL MECHANICS NOTES

A peak and an ultimate failure locus can be obtained from the results each with different ¢” and
¢~ vaues. All soils are essentialy frictional materials and continued shearing results in them
approaching a purely frictional state where ¢’ ~ 0. Normally consolidated clays (OCR =1) and
loose sands do not usually show peak strengths and have ¢’ = 0, whereas, overconsolidated
clays and dense sands have ¢’ > 0. Note that dense sands (OC clays) do not possess any true
cohesion (bonds), and the apparent cohesion results from the tendency of soil to expand when
sheared.

Asasoil test the shear box isfar from ideal. Disadvantages of the test include:

o Non-uniform deformations and stresses. The stresses determined may not be those
acting on the shear plane, and no stress-strain curve can be obtained.

. There are no facilities for measuring pore pressures in the shear box and so it is not
possible to determine effective stresses from undrained tests.

. The shear box apparatus cannot give reliable undrained strengths becauseit is

impossible to prevent localised drainage away from the shear plane.

However, it has many apparent advantages.

. It is easy to test sands and gravels

o Large deformations can be achieved by reversing the shear box. Thisinvolves pushing
half of the box backwards and forwards several times, and is useful in finding the
residual strength of a soil.

. Large samples may be tested in large shear boxes. Small samples may give misleading
results due to imperfections (fractures and fissures) or the lack of them.

. Samples may be sheared along predetermined planes. Thisis useful when the shear
strengths along fissures or other selected planes are required.

In practice the shear box is used to get quick and crude estimates of the failure parameters. It is
sometimes used to obtain undrained strengths but this use should be discouraged.

2.2.2 TheTriaxial Test

The triaxial test is carried out in a cell and is so named because three principal stresses are
applied to the soil sample. Two of the principal stresses are applied to the sample by a water
pressure inside the confining cell and are equal. Thethird principal stressisapplied by aloading
ram through the top of the cell and therefore may be different to the other two principal stresses.
A diagram of atypical triaxial cell is shown below.

A cylindrical soil specimen as shown isplaced insgde alatex rubber sheath whichis sealed to atop
cap and bottom pedestal by rubber O-rings. For drained tests, or undrained testswith pore pressure
measurement, porous disks are placed at the bottom, and sometimes at the top of the specimen.
For tests where consolidation of the specimen is to be carried out, filter paper drains may be
provided around the outside of the specimen in order to speed up the consolidation process.

Pore pressure generated inside the specimen during testing may be measured by means of pressure

transducers. These transducers must operate with avery small volume change, sincefluid flowing
out of the specimen would cause the pore water pressure that was being measured to drop.

15
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ADVANCED SOIL MECHANICS NOTES

2.2.2.1 Sresses

F = Deviator load

o, = Radial stress(cdl
pressure)

o, = Axial stress

From vertical equilibriumwehave o, = o, + E

Theterm F/A isknown as the deviator stress, and is usually given the symbol q.

Hencewecanwrite g = 6a - 6r = 01 - o3 (Theaxial and radial stresses are principal
stresses)

If q=0increasing cell pressure will result in:
e volumetric compression if the soil isfreeto drain. The effective stresses will increase and
so will the strength

e increasing pore water pressure if soil volumeis constant (that is, undrained). Asthe
effective stresses cannot change it follows that Au = Ao,

Increasing q is required to cause failure
2.2.2.2 Srains
From the measurements of change in height, dh, and change in volume dV we can determine

Axia strain &5 = -dh/ho
Volumestrain ey = -dV/Vo

where hp istheinitial height, and Vo the initial volume. The conventiona small strain assumption
isgenerally used.

It is assumed that the sample deforms as aright circular cylinder. The cross-sectional area, A, can
then be determined from
16

Dr. Yacine Berrah



ADVANCED SOIL MECHANICS NOTES

1 + div
— VO _ 1 = SV
A= Ao dh | ~ A"[l : sj
1 + — a

h0

It isimportant to make alowance for the changing area when calculating the deviator stress,

g=o01- 03 =FA
2.2.2.3 Test procedure

There are many test variations. Those used most in practice are

UU (unconsolidated undrained) test.
Cdll pressure applied without allowing drainage. Then keeping cell pressure constant
increase deviator load to failure without drainage.

CIU (isotropically consolidated undrained) test.
Drainage allowed during cell pressure application. Then without allowing further
drainage increase q keeping o, constant as for UU test.

CID (isotropically consolidated drained) test
Similar to CIU except that as deviator stress is increased drainage is permitted. The
rate of loading must be dow enough to ensure no excess pore pressures devel op.

As atest for investigating the behaviour of soils the triaxia test has many advantages over the
shear box test:

. Specimens are subjected to uniform stresses and strains

. The complete stress-strain behaviour can be investigated

. Drained and undrained tests can be performed

. Pore water pressures can be measured in undrained tests

. Different combinations of confining and axial stress can be applied

17
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ADVANCED SOIL MECHANICS NOTES

Typical results from a series of drained tests consolidated to different cell pressures would be as
follows.

g

Increasing cell
pressure

W

=
ga

Thetriaxial test gives the strength in terms of the principal stresses, whereas the shear box gives
the stresses on the failure plane directly. To relate the strengths from the two tests we need to use
some results from the Mohr circle transformation of stress.

’EA

Q%
w
]
\/
Qq

2.3Mohr Circles

TheMohr circle construction enables the stresses acting in different directions at apoint on aplane
to be determined, provided that the stress acting normal to the planeisaprincipal stress. The Mohr
circle construction is very useful in Soil Mechanics as many practica situations can be
approximated as plane strain problems.

The sign convention is different to that used in Structural Analysis because for Soils it is
conventiona to take the compressive stresses as positive.

Sign convention: Compressive normal stresses are positive

Anti-clockwise shear stresses are positive (from inside soil € ement)
Angles measured clockwise positive

18
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Let us consder the stresses acting on different planes for an € ement of soil

o1 .
| sina

| cosa

(b)

(a) showsthe stresses on aplane a angle a. to the minor principal stress, and (b) showsthe relevant
lengths.

Now resolving forces gives

c,| = o;9nalsina + o;cosalcosa
G, = %(1— cos2a.) + %(1+ cos2a.)
+ —
6, = (01+9) (o GS)COSZOL
2 2
and similarly
Ta = —(Gl ; GS)SinZ(X

which define the Mohr circlereation

A
T

el

From the Mohr Circle we have

coa = P - Rcos2a
Ta — R sin 2a
where
19
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p = (Gl + 63) - (Uxx + Uzz)
2 2
R = lon- oo é os) - %\/(Uxx -02) + 415

and failure occurs on a plane a an angle o. from the plane on which o3 acts, and

20
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CHAPTER 3: SHEAR STRENGTH OF COHESIVE SOIL
3.1 Mohr-Coulomb Failure Criterion (Principal stresses)
Failure will occur when we can find any direction such that

|T0L| > C+ than(I)

T

e Han
}4 + O3 " Sk u
c cot ¢ P
At failure from the geometry of the Mohr Circle

Ya

R=sgn¢(p + ccotp) = psnd + ccosd

o1 = Ny os + 2C\ Ny
01 + CCOt¢ = —1 + S|n¢ = tan2 |:£ + ﬂ:l = N¢
os + ccot ¢ 1 - sng¢ 4 2

3.2. Mohr-Coulomb Failure Criterion for Saturated Soil
As mentioned aboveit isthe effective strength parameters ¢’, ¢’ that are the fundamenta soil strength
parameters. To use these parameters the Mohr-Coulomb criterion must be expressed in terms of
effective stresses, that i<

T=C + ohtan¢’

0’1 = Nyo's + 2¢ YNy

with N, = ﬂ
1-sn¢’
and the effective stresses are given by
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On=0n-U
G]1 =01 -U
G3 =03-U

Note that the difference between the total and effective stresses is smply the pore pressure u. Thus
thetotal and effective stress Mohr circles have the same diameter and are displaced dong the ¢ axis
by the value of the pore pressure.

3.3 Interpretation of Laboratory Data
It is helpful to distinguish between drained and undrained |oading.
3.3.1 Drained loading

In drained laboratory teststhe loading rate is sufficiently slow so that all excess pore water pressures
will have dissipated. From the known pore water pressures the effective stresses can be determined.

The behaviour of drained tests must be interpreted in terms of the effective strength parametersc’, ¢/,
using the effective stresses. It is possible to construct a series of total stress Mohr Circles but the
inferred total strength parameters have no relevance to the soil behaviour.

The effective strength parameters are generally used to check thelong term (that iswhen all the excess
pore pressures have dissipated) stability of soil constructions. However, for sands and gravels pore
pressures diss pate rapidly and for these permeable soils the effective strength parameters can aso be
used for assessing the short term stability. In principle the effective strength parameters can be used
to check the stahility at any time for any soil type, but to do this the pore pressuresin the ground must
be known and in genera they are not.
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3.3.2 Undrained loading

In undrained laboratory tests it is necessary to ensure no drainage from the sample, or moisture
redistribution within the sample occurs. In shear box tests this requires fast rates, but because of the
more uniform conditions in the triaxia test undrained tests can be performed more slowly simply
making sure that no water can drain from the sample.

The behaviour of undrained tests may be interpreted in terms of the effective strength parameters ¢/,
¢’, using the effective stresses. In atriaxia test with pore pressure measurement thisis possible. The
behaviour may also beinterpreted in terms of thetota strength parameters ¢y, du. However, if the total
stress parameters are being used they must be determined from Unconsolidated Undrained tests if
they are to be relevant to the soil in the ground.

Let us consider the behaviour of threeidentical saturated soil samplesin undrained triaxid tests. No

water is dlowed to drain and three different confining pressures are applied (Samples are
Unconsolidated). The Mohr circles at failure will be as follows

From thetotal stressMohr circleswefindthat ¢ = ¢u = O.

Because al samples are at failure the effective stress failure condition must also be satisfied, and
because al the circles have the same radius there must be a single effective stress Mohr circle. The
different tota stress Mohr circlesindicate that the samples must have different pore water pressures.

The explanation for the independence of the undrained strength on the confining stress is that
increasing the cell pressure without allowing drainage has the effect of increasing the pore pressure
by the same amount (Au = Ac,). There is therefore no change in effective stress. As it is the

effective stresses that control the soil behaviour the subsequent strength is unaffected. The change
in pore pressure during shearing isafunction of theinitia effective stress and the moisture content.
Asthese areidentical for the three samplesan identical strengthisobtained. Aswill be shown later
the fact that the moisture content remains constant isthe most important factor in having a constant
strength.
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In some series of unconsolidated undrained tests it is found that for different soil samplesfrom a
particular site ¢u is not zero, or cy is not constant. If this occurs then either

e thesamplesare not saturated, or

e the samples have different moisture contents

The undrained strength cy is not a fundamental soil parameter.

Thetotd stress strength parameters cy, ¢u are often used to assess the short term (undrained) stability
of soil constructions. It isimportant that no drainage should occur otherwisethis approach isnot valid.

Therefore, for sands and gravelswhich drain rapidly atotal stress anaysis would not be appropriate.

For soils that do not drain fredy this approach is the only simple way of assessing the short term
stability, because in general the pore water pressures are unknown.

Note however, that it is possible to measure an undrained strength for any type of soil in the triaxia
apparatus.

Example
In an unconsolidated undrained triaxial test the undrained strength is measured as 17.5 kPa.
Determine the cell pressure used in the test if the effective strength parametersarec” =0, ¢” =

26° and the pore pressure at failureis 43 kPa.

Analytical solution

Undrained strength = 17.5 = (%2~ ) _ (01 — %)

2
Effective stress failure criterion 0’1 = Nyo's + 2¢ YNy
¢=0 N, = 27N _ 556
1-sn¢’

Hence s, =57.4 kPa, 6, = 22.4kPa

and cell pressure (total stress) = ;" + u=65.4 kPa
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Graphical solution

26

AT
17.5
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TUTORIAL

1 Undrained triaxia tests with pore pressure measurement have been performed on three
samples of a particular soil, after consolidation to different cell pressures. What information
(strength parameters) can be obtained from the results given below?

Cell pressure Failure Deviator Failure Pore
Stress Pressure
(kPa) (kPa) (kPa)
24 31 12
48 76 18
72 104 30

Three identical specimens of clay having a smal ar void content were tested in
unconsolidated undrained triaxial tests and the following results obtained.

Axia stress at Cdll pressure
failure
(kPa) (kPa)
63 12
87 32
118 60

(@) Determine values of ¢y and ¢u from the results.

(b) What vaue of undrained strength would you predict for an unconfined (Cell pressure
zero) compression test using these values?

(c) What would the pore pressure at failure be in the unconfined test if ¢’ = 0, ¢' = 20°.

(d) Comment on the significance of the parameters cy and ¢, determined from these tests.

3. A saturated compacted gravel was tested in a large shear box, 300 mm x 300 mm in plan.
What properties of the gravel can be deduced from the following results?

Normal load Peak Shear Load Ultimate Shear
(N) (N) Load
(N)
4500 4500 3520
9200 7890 7190
13800 11200 10780

Dr. Yacine Berrah




ADVANCED SOIL MECHANICSNOTES

Chapter 4. EFFECTIVE STRESS
4.1 Saturated Soil

A saturated soil is atwo-phase materia consisting of a soil skeleton and voids, which are saturated
with water. It is reasonable to expect that the behavior of an element of such a materid will be
influenced not only by the forces applied to its surface but aso by the water pressure of the fluid in
the pores.

Suppose that a soil sample having a uniform cross sectiona area A is subjected to an applied load
W, as shown in Fig la, then it is found that the soil will deform. If however, the sample is loaded by
increasing the height of water in the containing vessdl, as shown in Fig Ib, then no deformation
OCCurs.

w

Soil Soil

Fig(1a) Soil loaded by an applied weight W Fig(1b) Soil loaded by water weighing W
In examining the reasons for this observed behavior, it ishdpful to use the following quantities:
Vertical Force

o, =Vertical Stress = D
Cross Sectional Area

and to define an additiona quantity the vertical effective stress, by the relation
oL =0, —u, (2)

L et us examine the changes the vertical stress, pore water pressure and vertical effective stress for
the two load cases considered above.

Dsv Duw Ds/
Case (a) 0

Case (D) 0

These experiments indicate that if there is no change in effective stress there is no changein
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deformation, or dternatively that deformation only occurs when thereis achangein effective stress.

Another situation in which effective stresses are important is the case of two rough blocks dliding
over one another, with water pressure in between them as shown in Fig 2.

N

Fig 2 Two pieces of Rock in contact
The effective normal thrust transmitted through the points of contact will be
J’"U” = N — t"a'l (39

where U isthe force provided by the water pressure

Thefrictiona forcewill thenbegivenby T=u N where m is the coefficient of friction. For soils

and rocks the actua contact area is very small compared to the cross-sectiona area so that U/A is
approximately equal to uw the pore water pressure. Hence dividing through by the cross sectiona
area A this becomes:

T = uo, (3b)
wheret is the average shear stress and sty isthe vertical effective stress.

Of courseit is not possible to draw a general conclusion from afew smple experiments, but there is
now a large body of experimental evidence to suggest that both deformation and strength of soils
depend upon the effective stress. This was originally suggested by Terzaghi in the 1920's, and
equation 2 and smilar relations are referred to as the Principle of Effective Stress.

4.2 Calculation of Effective Stress

It is clear from the definition of effective stress that in order to calculate its value it is necessary to
know both the total stress and the pore water pressure. The values of these quantities are not always
easy to calculate but there are certain simple situations in which the calculation is quite
straightforward. The most important is when the ground surface is flat as is often the case with
sedimentary (soil) deposits.
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4.2.1 Calculation of Vertical (Total) Sress

Consider the horizontaly "layered” soil deposit shown schematically in Fig.3,
Surcharge q

AAAAAAAAAARAARAAZA,

7

i 2

Fig 3 Soil Profil

2

If we consider the equilibrium of a column of soil of cross sectional area A it isfound that
Forceonbase = Forceon Top + Weight of Soil
Ao, Aq+Ayd +Ay,d; +Aya(z-d, —dy) (4)
q+ vd+ y.dy+  ys(z—d;—d,)

o,

- Calculation of Pore Water Pressure

Fig 4 Soil with a static water table

Dr. Yacine Berrah
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Suppose the soil deposit shown in Fig. 4 has astatic water table asindicated. The water table isthe
water level in aborehole, and at the water table uw = 0. The water pressure at a point Pis given by
u,(P)=v,H (5)

Example

A uniform layer of sand 10 m deep overlays bedrock. The water table is located 2 m below the
surface of the sand which is found to have a voids ratio e = 0.7. Assuming that the soil particles
have a specific gravity Gs = 2.7 cdculate the effective stress at a depth 5 m bel ow the surface.

Step one: Draw ground profile showing soil stratigraphy and water table

Fig 5 Soil Stratigraphy

Step two: Caculation of Dry and Saturated Unit Weights

W, = V, *y, kN
Voids | Yv=€ Vs Voids W, =0 Voids | =07%98kN
=0.7m? = 686 kN
Solid | V= 1m3 Solid | W=V TG | ogolig Ve VO Y
=1*27*98 kN =1*27*98kN
=2646 kKN =2646 kN

Distribution by Volume Distribution by Weight  Distribution by weight
for the dry soil for the saturated soll

Fig 6 Calculation of dry and saturated unit weight
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26.46 kN s
bttt - 1556 kN/m
Yary 170 m?
i (26.46 +6.836) KN 060 KN/ m?
1.70m

Step three: Caculation of (Total) Vertical Stress

(7)
o, =15.56x2+19.60x3 = 89.92 kPu (kN /m*)

Step four: Caculation of Pore Water Pressure

®
u, =3x98 = 2940 kPu

Step five: Caculation of Effective Vertica Stress

o, =0, —u, =8992 — 2040 = 60.52 kPa(9)

Note that in practice if the void ratio is known the unit weights are not normally calculated from
first principles considering the volume fractions of the different phases. This is often the case for

saturated soils because the void ratio can be simply determined from
e = mQ,

The unit weights are calculated directly from the formulae given in the data sheets, that is

, by

£odme T 1

L

+ e

(G, +e)y,
1 + ¢

>
Bl
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Effective Stressunder general conditions

In general the state of stressin a soil cannot be described by a single quantity, the vertica stress. To
fully describe the state of stress the nine stress components (6 of which are independent), as
illustrated in Fig. 7 need to be determined. Note that in soil mechanics a compression positive sign
convention is used.

GZZ
Gy
Z
S, A
GXZ
o /* Tyy
Y
a
Ty Xy
Oy X

Figure 7 Definition of Stress Components

The effective stress state is then defined by the rdlations

XX = GXX - u“ 2 G}"Z = Gyz
J _ . ! —

o, = o, -u, ; g, = o, (10)
' = 5. -1 ' -

77 77 W 3 Xy XV
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Example— Effects of groundwater level changes

Initidly a 50 m thick depogit of a clayey soil has a groundwater level 1 m below the surface. Due to
groundwater extraction from an underlying aquifer the regional groundwater level islowered by 2
m. By considering the changes in effective stress at a depth, z, in the clay investigate what will
happen to the ground surface.

Due to decreasing demands for water the groundwater rises (possible reasons include de-
industrialisation and greenhouse effects) back to theinitia level. What problems may arise?

ASsume

e  Qouk iSconstant with depth
e Ok isthe same above and below the water table (clays may remain saturated for many
metres above the groundwater table due to capillary suctions)

The vertica total and effective stresses at depth z are given in the Table below.

Initial GWL Lowered GWL
Ov Youlk - Z Youlk - Z
M yw.(2-1) yw.(2-1)
G'v Z.( ybulk = yw)- Pw Z.( youik = yw)+ 3. yw

At all depths the effective stress increases and as aresult the soil compresses. The cumulative
effect throughout the clay layer can produce a significant settlement of the soil surface.

When the groundwater rises the effective stress will return to its initial value, and the soil will swell
and the ground surface heave (up). However, due to the indastic nature of soil, the ground surface
will not in general return toitsinitial position. This may result in:

e surfaceflooding

e flooding of basements built when GWL was lowered

e uplift of buildings

e failure of retaining structures

e failure dueto reductionsin bearing capacity
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Chapter 5: EARTH PRESSURES (Rankine's M ethod)

5.1 Modesof failure

Some forceis required to support the soil. This force may be provided by
e friction at the base (gravity retaining walls)

e founding the wall into the ground (sheet retaining walls)

e anchors and struts

o externa loads

If the forceistoo small the soil behind the wall will reach astate of failure with the wall moving
away from the soil (active failure). If the force is too large the soil will reach another state of
faillure with the wall moving into the soil (passive failure).

Rankine' stheory alows the limiting pressures on retaining walls to be determined.

5.2 Rankine stheory

In Rankine' s method it is assumed that the wall isfrictionless. The normal stress acting on the
wall will therefore be a principa stress. If the wall is vertical and the soil surface horizontal,

the vertical and horizontal stresses throughout the retained soil mass will be principal stresses.
In this situation the vertical stress at any depth can be simply determined, as follows:

A

d, V1 .

X ;;;;;;;; oy, = y1d; + y,(z-4d;)
dp | T2
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The horizontal stress can then be calculated from the Mohr-Coulomb failure criterion. If short
term stability is being considered this can be achieved using undrained (total stress) parameters
whileif long term stability isbeing considered drained (effective stress) parameters must be used.

From Mohr-Coulomb failure criterion we can write for soil at failure

o1 = Ny oz + 2CN,

The implications of this expression are most easily investigated by considering the response of
soil adjacent to africtionlessretaining wall. Then we can identify two limiting conditions:

5.2.1 Activefailure

Thereis insufficient force to support the soil. Assuming that the vertical stressis given ssimply
by the weight of the overlying soil and does not change during deformation, the minimum
horizontal stress may be determined from

_ ov - 2C\/N—¢

N

G hmin

5.2.2 Passivefailure

The force on the wall is greater than the resistance provided by the soil. The horizontal stress
reaches a maximum value given by

omx = Ny ov + 2C/N,

In the Rankine method a stress state is found that is in equilibrium with the applied loads and
hasthe soil at failure. In plasticity theory this approach isreferred to as alower bound method,
amethod which can be shown to produce safe, conservative solutions.

The relation between active and passive states can be seen by considering the Mohr circles as
shown below.

"
T=C+ ctan¢

Ohmin ]

For agiven oy it isimpossible for the horizontal stresses to drop below chmin OF rise above Ghmax.
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5.3 Total Stress Analysis

Only appropriate if the soil remains undrained. In practice this implies that total stress analysis
can only be used to investigate the stability of clayey soils with low permesabilities.

Use undrained parameters cy, ¢u and total stresses 61, 63, 6v, Gh With

N _ 1 + sin ¢, c =
T 1 sng, “

Consider the undrained active faillure of awall in a saturated clayey soil

E -
Cu’ d)u’ Y sat i

Y sat H - 2Cu \/N¢

N

6

e ¢u=0 Thisimpliesthat the undrained strength s, increases with depth. It does not imply that
the soil is unsaturated; if thiswere true an undrained analysis would be inappropriate.

e Vauesof cy, ducan be measured for sands from undrained triaxid tests. However, these are
almost never relevant because of drainage

e Tension cracks. The analysis indicates negative, tensile, stresses at the surface. However,
soil particles cannot provide tension. The negative stresses have to come from suctions in
the pore water. It is difficult to rely on the tensile forces and they are usually ignored. The
tensile stressesreduce the force required for stability of thewall. Ignoring the tensile stresses
therefore gives amore conservative solution. The pressure distribution on the wall becomes
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where the depth of the tension region zg is given by

2¢, N,
sat

Z, =— 0

Y

If water is available it can fill up the tension crack and provide additiona pressures on the wall.
In this situation the pressure diagram becomes

Z

e Theposition of the water table is only important in asfar asit affects the total stresses.

5.4 Effective stress analysis

This is always appropriate, irrespective of the drainage conditions. But to perform an effective
stress analysis the pore water pressures in the soil must be known, and unfortunately they are
often unknown. In the long term a steady state will be reached where the pore pressures can be
detemined either from knowing the position of the static water table or from aflow net.

Use effective soil parameters ¢, ¢ and effective stresses 617, 637, 6v', on” with

1 + snd¢’ ,
Ne = ——=— c=¢c
1 - sny¢’
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Consider the active failure of awall in adry sandy soil

I

e C, ¢ arepesk strength values. It is generally more appropriate and safer to use the ultimate
or critical state parameters, ¢’ =0, ¢ = ¢uit’

e Thecritical state parameters require alarger active force to be provided to maintain the wall
stability, thus providing a safe, conservative, estimate.

e For passivefailure the critica state parameters give a smaller force on the wall than the peak
strength parameters. Again this gives a safe, conservative, estimate. In dry sand the limiting
passive pressureis given by

Oh = Yay ZN, + 2¢" /N,

e |t isimportant to remember to use effective stresses, ov” = oy - U when cdculating the
horizontal effective stresses on”. Then to calculate the total horizontal stress on the wall the
pore water pressure must be added to obtainon =on” +u

o |If the water leve is not the same on each side of the wall, water will flow. The pore water
pressures must then be determined from aflow net before caculating oy
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Example 1

A 10 m high retaining wall retains 5 m of clay which overlays 3 m of sand which overlays 2
m of clay. The water tableis at the surface of the retained soil. Calculate the limiting active

pressure immediately after construction.

A
c, = 20 kPa
5m Cla by = 57
y Vear = 15 KN/m3
A4
= c =0
3m  Sand ¢'= 35°
v Yoot =20kN/m3
A c, = 50 kPa
2m  Clay ¢, = 0°
Y Yoo = 15 KN/m?3
Layer 1: A clay layer so will be undrained in the short term. Will require atotal stress
(undrained) analysis
c =c, = 20kPa N¢=w=119
1 - sn¢,
Activefailurethus 6;, = o, and o3 = o,

From the Mohr-Coulomb failure criterion

Gy _2Cu\/N7¢ _ G, — 436

N, 119

Gh:

Atthesurface z=0, oy, =0, o =-36.6 kPa
At base of layer z=5m, oy, = 5x15, o = 26.4 kPa
This gives the following pressure distribution on the wall

-36.6
B
Z,=2.91m
-
26.4
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The analysis predicts tensile stresses between the soil and the wall. These are not likely, and a
tension crack may develop. Because the water tableis at the surface the crack will fill with
water, and a more pessimistic pressure distribution will be

9.81 x 2.91

26.4

Layer 2: Sand so excess pore pressures will dissipate rapidly. Therefore total stress analysis
cannot be used. For sand in short term assume fully drained. Must use effective stress

anaysis.
c=c=0 N, = TIN5
1 - sin¢’
Activefailureso ¢';= ¢’ , and ¢’ ; = o', and from the Mohr-Coulomb
criterion
o, —2c¢' /N '
o} = LA
N, 369
Z | ov U | cv=ov-U| ch=cv369 | U | on=chtu
5| 75 49 26 7 49 56
8| 135 | 78.4 56.6 15.3 78.4 93.7

Note that most of horizontal pressure is due to water

Layer 3: Clay, therefore total stress (undrained) analysis for short term

¢, = 50kPa N, = - TSN

c " .
1- sing,

When ¢, = 0the Mohr-Coulomb criterion reduces to

G, = o3 + 2¢,
6, = o, - 2¢C,
z Ov | ©Oh
8 | 135 | 35
10 | 165 | 65
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The final pressure diagram is then

2.91

285 Y

26.4
5| A

93.7 Y
35 A

65 Y

The force required to prevent active failure can be determined from the pressure diagram

F

0. 5x28. 5x2. 91

+ 0.5x26.4x2. 09

+ 56x3 + 0.5x(93.7-56)x3
+ 35x2 + 0.5x(65-35)x2
393.7 kN v
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Example 2

A 5m high retaining wall retains a clayey soil, which overlies a highly permeable sandstone. If
the water level remains at the surface of the clay in the retained soil, and is level with the top of
the sandstone determine the minimum force required to maintain the stability of thewall for short
and long term. The soil parameters are:

cu=37kPa, ¢pu=5°C =0, dur’ = 25° ysa = 19 KN/m®

Y%

Clayey soil 5m

Short term  undrained - total stress analysis
Minimum force for stability - active failure

G, —ZCUJN¢ _ o, 678

N 119

Gy, =
6

Atthesurface o, =-67.8kPa,andat5m o, =11.9kPa
Allowing for tension crack filling with water, pressures acting on the wall will be

z,=4.25m

4.25x 9.81

11.9

F - ;x9.81><4.252 + ;><12I.9><O.75 = 931kN/m
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Long term - Effective stress analysis
Pore pressures required - Have to be determined from aflow net

A

X

v

: bm
|

u= Yw(h - Z)
Taking the Datum at the base of the wall

Ho = head at the soil surface=5m
At X

h=h,- Ah=5- (5/3)x1 = 10/3
z=(2/3)x5=10/3

u=0

Effective stressanalysiswith ¢’ = 0, ¢ = 25°

o, —2c¢' N '
o = N, M 24;6
Now u=0, so o, = oy = Ysat 2
At wall base o, = o, = 386kPa
Hence F = 05x386x5 = 96.4KkN/m
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TUTORIAL SHEET

1. A vertical wall 9 m high retains soil level with the top of thewall. If the soil isasaturated
clay with ¢y = 20 KN/m?, ¢u = 0, ys2 = 19 KN/m3, use Rankine's method to calculate the
magnitude and line of action of the active earth force on the wall,

@ assuming the soil can providetension

(b) assuming the soil can provide no tension

(© allowing for rain water collecting in the tension cracks.
in each case sketch the pressure distribution on the wall.

2. The same wall asin Question 1 retains sand for which ¢ = 30°% ¢ = 0, yary = 18 KN/m?,
ysa = 20 KN/m®. Use Rankine's method to obtain the magnitude and line of action of the
active earth force on thewall, if the water tablelies:

@ at the upper soil surface

(b) below the bottom of the wall

(© half-way up the wall

In each case sketch the pressure distribution on the wall.

3. Thefigure below showsa8 m high seawall at alocation where4 m of sand overlieadeep
clay deposit. The water table in the soil is a the same level as the sea leve on the other
sideof thewall. Tests have been performed to determine the relevant soil properties. For

the sand yary = 17 KN/m?, ysx = 19 KN/m?®, and a series of shear box tests gave thefollowing
results at failure

Shear dress Normal stress
T (e}
(KN/m?) (KN/m?)
16 20
37 50
72 100

A series of triaxia tests were performed on samples of the clayey soil (ys1 = 16.5 KN/m?).
Thishasincluded 3 undrained unconsolidated testsin which pore pressures were measured
and one consolidated undrained test. The stresses at failure are given below.
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Test type Cdll pressure Deviator stress | Pore pressure
O3 01 - 03 u
(KN/m?) (KN/m?) (KN/m?)
Unconsolidated Undrained 0 50 -34.4
Unconsolidated Undrained 50 50 15.6
Unconsolidated Undrained 100 50 65.6
Consolidated Undrained 200 90 127.2

By determining the soil strength parameters calculate, using Rankine€'s method, the
minimum force required to maintain the stability of the wall:

@ in the short term

(b) in thelong term

n Sand
Sea Wat er
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Chapter 6: RETAINING WALLS

Retaining walls can be broadly split into two categories. Those that rely on their weight for the
stability of the wall (Gravity walls), and those that mobilise earth pressures in the ground to
provide resistance (Embedded walls). Within each category there are avariety of wall types. The
selection of the appropriate wall type depends on many factors that include:

Soil and groundwater conditions

Height and ground topography

Availability of suitablefill material

Congtruction congtraints (space, access, equipment, specialist techniques available)
Environment — appearance and impact during construction

Ground movements and their affects on adjacent structures

Underground obstructions and services

Design life and mai ntenance requirements

Cost

These notes are primarily concerned with the general design methods used for the two types of
wall. Further detailsof individua wall types and their advantages and disadvantages may be found
in many texts on retaining wall and foundation design. For retaining walls used to support
excavations particular attention should aways be given to the effects of groundwater. Failure to
consider this can lead to failure of the soil-wall system by mechanisms not ways considered in
standard design calculations. For instance, groundwater lowering will lead to settlements which
may damage adjacent services and structures, groundwater flow may lead to erosion and piping
at the base of excavations, and groundwater pressures may cause heave into an excavation.

6.1 Gravity Walls

Gravity walls are generally used to retain soil above the existing ground level. The simplest walls
rely on the mass of the wall for stability. These include walls made of mass concrete, concrete
with masonry facing, unreinforced masonry (bricks and stone), gabions (wire baskets filled with
stone), and crib walls (hollow crib formwork filled with soil). These types of wall are common
for small retained heights up to 3 m, and are rare for heights greater than 8 m. For walls between
3 and 8 m precast reinforced concrete (cantilever) wallsare very common. Thesewallsare usually
in the shape of an L or inverted T. Reinforced soil walls are also widely used. These use strips of
steel or plastic placed in the soil connected to facing e ementsthat retain the soil. Friction between
the reinforcing strips and the soil provides the resistance to hold up the facing elements. To
mobilise the soil resistance some movement must occur and reinforced soil walls are therefore
more flexible and require relatively large tolerances to ground movement. Soil nailed walls are
similar to reinforced soil but are used to support the soil face during excavation.

There are four principa modes of failure that need to be analysed for any gravity wall. These are

e Trandation
e Overturning
e Bearing capacity
e Overdl failure of the soil and wall
Inadditionitisgenerally necessary to check that thewall deformations and the ground movements
will not be excessive.
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6.1.1 Trandation

Active Earth
Pressures

Passive Earth
Pressures

/..,.

Trandation isthe mode of failure where the wall dides because the frictional force, F, islessthan
theforce dueto the differencein the active and passive pressures. The active and passive pressures
can be determined from either Rankine’s method or from alimit equilibrium method. It is found
that the factor of safety isvery dependent on any passive pressures developed in front of thewall.
Because of thisit is normal to ignore the upper 0.5 to 1 m of soil contributing to the passive
pressures. This reduces the possibility of inadvertent excavation leading to failure.

6.1.2 Overturning

If the wall height becomes large then there will be a significant moment due to the active earth
pressures. Inthelimit thewall will topple about thetoe, point A in the diagram above. At thislimit
the overturning moment due to the earth pressures must be balanced by the restoring moment due
to the weight of thewall.

6.1.3 Bearing capacity

If the stress due to the weight of the wall islarge there is the possibility that the underlying soil
will not be able to support it. Thisisknown as abearing capacity failure. Section 7 of these notes
discusses the bearing capacity in more detail. It should be noted that due to the earth pressures
acting on the wall there will be a moment (eccentricity of the normal load) and horizontal force
acting on the base of the wall. This moment and horizontal load will significantly reduce the
bearing capacity (vertical stress) that the soil can support. One method of allowing for these loads
is given in the Soil Mechanics Data Sheets (p74, 75). The generd bearing capacity formula
includes reduction factors that account for the load inclination (horizontal loads) and load
eccentricity. The moment is allowed for by using an effective foundation width B’ (= B — 2e),
where e isthe eccentricity of the load, in the correction factors for load inclination.
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6.1.4 Overall failure

A check is required on the overall stability of the soil and wall combined to check that afailure
surface will not occur in the soil. This may be analysed using the methods discussed previoudy
for ng slope stability. This may include checking arotationd failure mechanism as shown
above, and possibly a wedge mechanism if there are weak layers at some depth beneath the wall.

6.2 Embedded retaining walls

Embedded walls are generally used for construction from the ground level down. They can be
partly driven and then backfilled, or fully driven or constructed in-situ followed by excavation.
There arefour main construction methods: walls constructed of sheets of timber, steel or concrete;
soldier or king pileswith sheeting placed between the piles; bored pilewalls; and diaphragm walls.
Each wall type may act as a cantilever or be supported by one or more rows of anchors or props.
They can be used either as temporary supports during construction, or for permanent structures
such as quay or basement walls. The walls range from relatively flexible steel sheet piles to
relatively stiff digphragm walls. These walls are generally more expensive than gravity walls but
their cost isbalanced by the speed of construction and lack of temporary support. Cantilever walls
are only suitable for moderate retained heights, typicaly less than 5 m, but if a stiff reinforced
concrete wall is formed may be suitable to about 10 m. Significant ground movements can occur
behind cantilever walls, and they are generally unsuitable if services or foundations of adjacent
buildings are close. The use of anchors or props can reduce the required penetration length, the
ground deformation and the bending momentsin the walls

From the design viewpoint we can split these sheet pile walls into three groups
1. Cantilever Walls
2. Walls with asingle anchor or prop
3. Walls with multiple props
For any wall type we need to consider:
e Theoverdl stability of the soil/wall system
e Thedtructura strength of the wall

e The posshility of damage to adjacent structures, and services in the ground, due to wall
construction
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When designing sheet retaining wallsit isnormal to assumethat the effectivelatera stressesacting

on the wall are given by simple RANKINE active and passive zones. Friction on the wall is
usualy ignored as this leads to conservative (saf€) designs.

6.2.2 Rankine Active and Passive Pressures

The earth pressures acting on the wall are strongly dependent on the deformations in the
surrounding soil. When the wall moves away from the soil the stress on the wall drops reaching
aminimum, the ACTIVE pressure, with the soil deforming plasticaly. When thewall movesinto
the soil the stress increases, finally reaching a maximum, the PASSIVE pressure, when again the

soil isdeforming plastically.
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Active

Wall assumed frictionless - Then vertical and

horizontal stresses are principal stresses
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T=C+ ctan¢

Ghmin cSV Ghmax e)

c, = N,o, + 2¢c /N,

For most retaining wallsthe long term, fully drained, situation usually governsthe wall stability.
For the analysis of fully drained conditions the Mohr-Coulomb criterion needs to be expressed
interms of effective stress using the effective strength parametersc” and ¢”. For designitisaso
conservative to usethe critical state strength parameters, thatisc” =0and ¢” = ¢ . The effective
lateral stresses on the wall are then

! 1 - sing’

ACTIVE o = Sv _ 1zsné’ -y o
N, 1+ sing’
1+ sing’

PASSIVE o} = o)N, = ~ 2305 _ o
1- sin¢’

Kaand K, are known as the active and passive earth pressure coefficients. For soil at failure the

earth pressure coefficientsare smply related by K, = Ki .

p
For any vertical wall it is possible to relate the horizontal effective stress to the vertical effective
stress, determined from the vertical overburden, by an earth pressure coefficient. The coefficient
will depend on the slope of the soil surface and the wall roughness. Published values are available

for many situations.

6.2.3 Sabhility - Limiting Equilibrium

When assessing the stability it isnormal to assume triangular pressure distributions, and thisisin
fact quiteredidtic if thewall isrigid. For acantilever wall the stresses acting at failure will then
be as shown below, with thewall rotating about apoint just abovethetoe of thewall. The stability
of the wall depends mainly on the passive force developed bel ow the excavation.
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Pressure Diagram
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For design we need to determine the required depth of penetration for stability and then to sizethe
wall to resist the maximum moment. To determine the depth of penetration required for a given
height H we need to consider both moment and force equilibrium:
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Pas :%KaYd(X+H)2
1
Pey =§KPVdX2
1
P., :Kaydx(d—x)+§Kayd(d—x)2

1
Pr = Ky g (X H) (A = %) + DK, 7 (d = )7

From equilibrium

>F=0: Pai + P - Prr - Pa2 =0
This gives aquadratic equation involving termsin x? and d?

M =0: Taking moments about the point of rotation

X+ H d-x X d-x
PA1|: 3 j|+PA2|:Tj|zPP1§+PP2[ 2 }

This gives acubic equation involving termsin x3 and o.

We have 2 equations with 2 unknowns, X and d, and hence we can determine the required depth
of penetration for the wall. The equations can be solved graphically or by computer. Alternatively
simplifying assumptions about the forces below the pivot can be made to enable anaytica
solutions to be obtained as described in many text books.

0.7

06 | ¢ Force Equilibrium
Moment Equilibrium 05 - /

0.3
0.2 1
0.1 ¢

Asan illustration consider awall with H = 1.8 m placed in dry soil withya = 19 kN/mé and ¢" =
30°. For ¢" = 30° Kp = 3, K5 = 0.3333 and the required depth of penetration d = 1.767 m.

6.2.4 Serviceability - Design requirements

By considering the stability we can obtain the limiting stresses on the wall, but the wall would
have been considered to have failed from a serviceability viewpoint well before this, owing to
large settlements in the supported soil. The design approach isto factor the earth pressures.

There are two main design approaches which are both based on the knowledge that the earth
pressures acting on the wall are strongly dependent on the deformations in the surrounding soil.
The movements required to reach the active and passive conditions depend on the soil type and
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can be quite different. For example, for retaining walls of height H the movements required are
approximately:

SAND Active 0.001H
Passive 0.05H - 0.1H
CLAY Normally Consolidated Active 0.004H
Passive large
Over-Consolidated Active 0.025H
Passive 0.025H

Method 1 - Sands and normally consolidated clay

Assume that sufficient movement occurs to alow active (minimum) pressures to develop, then
factor the effective passive pressures by 2. Note that where insufficient movement of the wall
accurs the active pressures will not reach a minimum and higher pressures will act on the wall.
These must be allowed for in design asthey can influence the required structura strength.

Consider the same wall as above with H = 1.8, yg = 19 kN/m3, ¢ = 30°

The pressure diagram looks identical but the passive pressures are reduced by using a reduced
value of the passive earth pressure coefficient, K'p.

Where K’y =Kp/2 = 1.5 and K's = K, = 0.3333 as before.
Henced=294m
Thetotal depth of sheet pilerequired=1.8+294=4.74m

Some texts recommend increasing the depth of penetration by a further 10-20% to alow for
uncertaintiesin the analysis. Alternatively some design codes recommend assuming thetop 0.5m
of the soil beneath the excavation provides no restraining effect.

Method 2 - Over-consolidated clays

Here both active and passive pressures are devel oped for similar movementsand both are factored.
Thisis achieved by dividing tan ¢’ by a Factor Fy, and using the reduced angle of friction when
calculating the earth pressure coefficients K 'a, K*,. The factor Fy can bein the range from 1.2 to
1.5, depending on the alowabl e settlement and soil type, but is usually taken as 1.3.

Asfor method 1 it is assumed that the shape of the pressure diagram is similar to that at limiting
equilibrium, but in this case the passive pressures are reduced and the active pressures increased.
Using the same parameters as previously H = 1.8, ya = 19 KN/m?, ¢” = 30°
Cdculate ¢’ from tan¢ = tng’ _ ten(30)

F, 13
Henced =23.95°and K’y = 0.423, K'y = /K", = 2.366
Then the required depth of penetration becomesd = 2.46 m
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6.2.4 Sructural strength

Having determined the required depth of penetration, the next stage in design is to calculate the
maximum moment in the wall so that an appropriate wall thickness and strength can be selected.
The position down the wall of the maximum moment can be found by determining where the

shear stressinthewall iszero. (F = d—M)

dz
Consider afree body diagram of a section of the wall

?

— M

F = Ko @+ WY = 2K,7,7 = 0

(K, -K,))z*> = 2K,zH - K,H?* =0
p a a a

A quadratic equation that can be solved for z using appropriate (factored) vaues for K;, Ka.

22Ky (z e EEH)

Z__
Taf 3735 3

Then taking moments M = lK
2 p

With H=1.8, ya = 19 kKN/m3, ¢" = 30°and using K'p = K /2

z=1605m M =22.0kNm/m

Note that asthe factor of safety increases the maximum moment also increases.

The factor of safety can be dramatically reduced by surcharge loadings on the supported ground
next to the wall. For a uniform surcharge then the effective active pressure can be increased by
Ka os, while for a concentrated |oad from a footing the Coulomb method of tria wedges can be
used to determine the active force on thewall. In the latter Situation allowance must be made for
the fact that the point of application of the load will also change.

vy I

Pa

The force Pa can be estimated using the
G 47,2 — method of wedges. Theline of action
: d can be estimated using elastic solutions

Gh = Ka(Gs +’de)
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Consderation must also be given to the water pressures acting on the wall.

A 4 Water
Table

Effective stresses must be used in
evaluating the lateral stresses from
Rankine's method

o, = Ko,
Pore water pressures are the same on
each side of the wall so their effects
cancel when considering force and
moment equilibrium

Sheet
pillng

%507 Datom

Sheet
piling

o1 2 3 4 5

10m

Tota vertical stress, 6, =y, Z

Water pressures can be determined from flow net

Hence s, =oc,—u and

r !
o, = Ko},

Forces due to water pressures are different on the
two sides of the wall so their effects must be
included when considering force and moment

equilibrium.

For economic reasons cantilever walls are usually limited to excavations less than 6 m deep.

They are often used to support low banks of free draining sand and gravel soils.

They are not suitable for the long term support of soft clayey soils (clay or silt)

Corrosion can aso be a problem with steel sheet piles.

Dr. Yacine Berrah
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6.3 Anchored Walls
6.3.1 Sngle anchor (or prop)

When a cantilevered sheet wall is unsuitable, for example because the height is too great or
because the deflections need to be limited. Anchors may be used to improve the stability, with
the anchors often placed close to the top of thewall.

The anchor force introduces a further unknown into our equations, so that an assumption is
required. There are two main methods of anaysis:

1. Free earth support method The base of the pileis assumed to be free to rotate and move
lateraly

2. Fixed earth support method The base of the pile is assumed to be fixed in position and
direction

The appropriate method depends on the rel ative stiffness of the wall/soil system. For arelatively
rigid system (ie. a heavy wall section in aloose sand) the earth pressure distribution corresponds
closdly to the triangular active and passive conditions. If the wall isrigid the toe of the wall will
be able to move and rotate, and the free earth support method is appropriate.

As the gtiffness of the system decreases the pressure distribution altersin such away asto reduce
the bending moment in the sheet pile, and as a consequence, the wall section may be reduced as
compared with an infinitely stiff wall. The design procedureisusually to usethe free earth support
method and then use empirical moment reduction methods to determine the wall section required.

For avery flexible wall the fixed earth support method can be used. The andysisis more complex
than the free earth support method and will not be considered here.

6.3.1 The Free Earth Support Method

Deflected A
position T
of the —

Anchor or
Prop between
sides of
excavation

Pa

d B

Stepsin analysisfor%eﬁigg

e Determine the effective vertical stresses
e Determinethe effective lateral stresses assuming Rankine active and passive pressures
e Factor the lateral pressuresto limit the deformations - either by factoring Ky or by factoring ¢
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Add in water pressures if water levels different on two sides of the wall

Take moments about the anchor/strut to determine the required depth of the wall
Use force equilibrium to determine the anchor force

Design anchor to withstand the force

Determine maximum moment in the wall and check that section is acceptable

Anchors are typicaly spaced 2 - 3 m apart, and the load is distributed along the wall by walings
running either behind, or in front of the sheet pile walls and bolted to them.

Accurate analysis of sheet walls is complicated by the interaction between the soil and the wall.
In practice walls are not perfectly rigid as assumed in the free earth support method and it is
important to consider the effects of wall flexibility. If the wall deforms this will influence the
pressures mobilised between the soil and the wall and consequently the anchor force and moments
inthewall.

Rigid wall Flexible wall

; / Pressure distribution
' > > on flexible wall

Remember that it isimportant to ensure that the wall movements are compatible with the design
assumptions.

6.3.2 Multiple anchors

Where there are relatively deep temporary excavations it is common to support the walls during
construction by a system of bracing. This procedure is aso used for permanent structures with
the struts forming the floors of the basement. Alternatively the walls can be supported by multiple

anchors.

A wall with severa layersof strutsor anchorswill haveincreased restraint as each layer of anchors
is added. Consequently the lateral deformations are limited and the retained soil is unlikely to
attainfallure. Thesituation is statically indeterminate and anaysisis complex. The earth pressure

that acts on thewall will depend on:

o relative stiffness of soil and wall

e anchor/strut spacing

¢ |oad-deformation response of the anchor or strut

e pre-stress (if any) in the anchor/strut during construction

In practice empirical methods are used to estimate the pressures on the wall and forcesin the strut,
and these methods are based on actual measurements.
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6.3.3 Anchor design

Theanchor must be ableto provide resi stance equa to the required anchor force without excessive
displacement of the anchorage towards the wall.

There are many anchoring systems used in practice. They rely on a combination of bearing
pressures on the faces perpendicular to the anchor, and frictional forces between the anchor and
the soil. The simplest isthe vertical plate anchor.

i

i

T
7
i

i
£
i

,‘
25 i
it

S

i

o

T
+

i

S,

,‘
+++
£
i

_
+++ -
e

=
T
£

5

i

it

T

5

=
3
i

S,

,‘
+++
e

w
i
£3eSen

=
:1-
e

8

5

Ty
i
S

i

—

Passive Active
pressures pressures

s
s

s

5
3

5

5

““,‘
5
i

S,

It isassumed that the resistance can be determined simply from the difference between the passive
and active pressures on the two sides of the plate. For aplate of area, A, the anchor forceis
T=(K,o, - K,0,)A /mof thewall

However, to mobilise the full passive pressure significant movement of the plate would be
required. To reduce the movement the pressures should be factored as discussed above for the
wall.

If the area of the plate anchor islargeit will probably be more economic to use raked pile anchors.
By installing the anchor at depth the normal stresses and hence the frictional resistance will be
much gregter than at the surface.
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Example 1

Consder the limiting forces acting on asingle strut supporting awall retaining dry sand

Strut
Dry Sand
Analysis requires several assumptions
. Rigid wall
. Rigid (unyielding) strut
. Triangular active and passive pressures - no friction

sufficient wall movements

There are two possible modes of failure depending on the position of the strut.

Strut near the surface Strut near the base of the wall
deformed
position of
wall
active
passive

Consider the limiting equilibrium of the wall. To diminate the unknown strut force take moments
about the strut.

1 d d 1 2d
Strut at surface EKPYdel: Kayd1d272+§Kayd§ 32
1 d d 1 2d
Strut at base EKS’Ydel: prdldz?z_l_Eprdg 32

Noting that Ka =1/ Kpthen after rearrangement we obtain for the strut near the surface
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3 2
(8 oS
ch (o}
and for the strut near the base of thewall
3 2
CRE R
(o} ch

For ¢' = 30° we obtain solutions for d2/d; of 1.275 and 0.182, or if D isthetotal height of the wall
d:/ D of 0.44 and 0.85.

7y A A
0.44 D
b Wall will be stable
085D it grut iswithin
thisregion
v

In practice severd strutswould probably be used because of serviceability concerns. Asdiscussed
above it is difficult to accurately assess the loads on walls with many struts, and failure of
individual struts may occur. This ssimple analysis indicates where the struts could be positioned
to avoid progressive failure. For example, if 3 struts are used and placed at depths of 0.25D, 0.5D
and 0.75D then either the top two or the bottom strut can be removed without the wall failing.

In the analysis it has been assumed that the strut is unyielding, so that the wall rotates about the

strut. To determine whether this is a reasonable assumption we need to check the force in the
strut. For the strut near the surface and the wall at its limiting equilibrium

F = %prdf + K,yd,d, + %Kaydg

For the example with ¢' = 30° we have found d; = 0.44 D, d2 = 0.56 D and hence
F = 0425y D?
For aretained height of 2 m and y = 18 kN/m® we find F ~ 30 kKN/m

L et usassumethat we have a4 mwidetrench with strutsevery 4 m and that thebracing is provided
by steel (scaffolding) tubes 50 mm diameter by 5 mm thick.

Theforcein each strut will be F= 4x30 = 120kN
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F
AE

= 7x10™

and the strain €

and the displacement d = 28mm

Now adisplacement of this magnitude is sufficient to cause the stress to drop to active conditions

at the prop. The wall movements are thus not compatible with our initial assumption. The effect
will be for the point of rotation to move up the wall and for premature failure to occur.

4— actua point of rotation

4* position of strut

This is a simple illustration of the impdrtance of accounting for soil-structure interaction if
possible

Example 2

An underground development is planned adjacent to existing structures which can be considered
to apply auniform stress of 100 kPato the soil surface.

To try to minimise settlement of the surrounding structures it is proposed to construct rigid
diaphragm walls, 8 m deep in the uniform sandy soil which has propertiesc’ = 0, ¢’ = 30°, yay =
18 KN/m?, ys = 20 KN/m®. The water tableis at adepth of 5 m below the ground surface.

The proposed "top down™ construction procedureisto place adab at ground level to act asastrut
to support the wall, and then excavate afurther 3 m before placing the next floor dab. Determine
the horizontal force per metre in the lab at the ground surface when the excavation has reached 3
m, just before the next dab is placed.

Assumptions:

Rigid wall

Free earth support method

Triangular pressure distributions

Movements sufficient for active pressuresto develop
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Step 1. Determine the pressures acting on the wall

100 kPa
< VYVYVYY
*
3m
* 5m
. vy
5m -
—p>
SN Ka(s-1w) 3
Kp (vsat - yw) 3 / \— Kaya 5
Kas 100
Kpvd 2

Step 2 - Take moments about the strut

Moment equilibrium is required to find the factor applied to Kp. The factor is unknown because
thisis not the limiting case

Ka[100x8x4+%yd52§5+yd5><3><6.5+%(y% —7y)F ><7}

K,[1 .,13 1
= ?p[iydzz3 +702x3x65+ S (Y- vw)3zx7}

Given yg = 18, yw = 10, ysx = 20 kKN/m® and ¢ = 30°, K = 0.3333, Kp = 3
K

20067 = ?"1173

F = 1754

Step 3 - Force equilibrium to obtain strut force
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K
S = K,_[100x8+05x18x5° +18x5x 3+05x 10 x 3] —%[O.5><18>< 2% +18x 2x 3+05x 10x 3]
S = 123.3kN/m

Sheet Retaining Wall problems

1. A quay wall has been built from sheet piling and isto retain 8 m of sand which has strength
propertiesc =0, ¢' =33°, abulk unit weight of 16 kN/m?, and a saturated unit weight of
18 kN/m3. Thewall isanchored 1 m below thetop of thewall and has atotal length of 15
m. The water table on both sides of thewall isat alevel 4 m below the top of the wall.

Cargo isto be stored on the quay, which may be assumed to apply a uniform surcharge to
the surface of the sand. Determine the maximum magnitude of the surcharge loading that
can be applied by the cargo so that the factor of safety applied to the passive pressures
doesnot fall beow 1.3. It may be assumed that the wall movements are sufficient for the
active pressuresto be fully mobilised.

Calculate the maximum moment in the sheet pile wall when this maximum surcharge is
applied.

Explain why such alow factor of safety may give rise to problems with the quay.

2. For the quay wall described in question 1, calculate the factor of safety Fy (applied to tand’
affecting both active and passive pressures) if the surchargeis 25 kPa.

3. A cantilevered wall has been used to retain 2 m of a sandy soil, which has strength
properties ¢ = 0, ¢' = 35°, and a dry unit weight of 18 kN/m®. The wall penetrates 4 m
below the base of the retained soil, into the same sandy soil.

It is proposed to raise the level of the retained soil for a new development, by adding fill
with a dry unit weight of 14 kN/m®. Calculate the maximum height of fill that can be
added if the factor of safety against passive faillureis not to fall below 1.5. The fill may
be assumed to apply a uniform surcharge to the retained soil.

63
Dr. Yacine Berrah



ADVANCED SOIL MECHANICS NOTES

Chapter 7: SLOPE STABILITY
7.1 Circular failure mechanisms
When dopefailures are investigated it is often found that failure occurs by arotational dip along

an approximatey circular failure surface, as shown below. This observation provides abasis for
severa methods used to assess the stability of Sopes.

N

Shallow failure

Deep-seated failure

7.1.1 Factor of Safety

When performing stability analyses we generally are not interested in failure as such, failureis
afina limiting state that we do not want the soil to reach. We are usualy more interested in
the stability of the unfailed soil, and in determining a factor of safety, F, for the unfailed soil.
Factors of safety need to be considered carefully in soils. For example, in the design of retaining
walls for active conditions, as the factor of safety increases so will the force that needs to be
provided.

To determine the factor of safety we assume that only some part of the frictional and cohesive
forces have been mobilised, so that on the assumed failure plane the soil is not at a state of
failure.

At failure the stresses are given by the Mohr-Coulomb criterion as
T = C +otan¢

At stress states remote from failure the mobilised shear stress, tmob, IS assumed to be given by

C tand
e ol

or
Tob = Cn + Otang,,

mob m

where Cm (:%) is known as the mobilised cohesion
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dm (=tan™ [@}) isknown as the mobilised friction angle

Note that it is assumed that both components of strength are divided by the same factor F.

7.1.2 Short term stability of soilswith ¢y = 0

For clayey soils that remain undrained in the short term, and that have strength parameters ¢ = ¢,
¢ = ¢u =0, the analysisis straightforward. Consider the dope shown below and assume that the
shear strength has been reduced by a factor F, so that ¢ = c//F. Failure will then occur aong a
circular arc of radius R asindicated in the figure.

If the soil is homogeneous, then by considering moment equilibrium about the centre of the
assumed dip circle it can be seen that

_ 2
wx = R oc,
F
where 6 isthe angle subtended by the failure circle at its centre
w isthe weight of the rotating body
X isthe centre of mass of the rotating soil body.
rearranging we obtain
F o= R*6c, _ Resisting Moment
W x Disturbing Moment

e The factor of safety of the sope can then be determined by considering a range of failure
surfaces (dip circles) with different centres and radii to find the dip circle that gives the
minimum vaue of F.
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e Because this andysisis an undrained, tota stress anaysis, the possbility that tension cracks
may form, and that these cracks may fill with water must be considered. Water in atension
crack will provide an additiona disturbing moment and can significantly reduce the factor of
safety.

e Theanadysiscan be easily modified to account for non-homogeneous soil deposits.

e To obtain the minimum value of F computer methods are generally used. These methods
require the soil to be split into aseriesof dices. Thisapproach isa so used for the more generd
analysis discussed below.

7.1.3 The Method of Sices

For soils which have ¢ # 0 amore elaborate anadysis is required. The same genera method can
be used for both undrained (total stress) and effective stress analysis.

Let us consder the effective stress analysis of the dope shown below

Theforces acting onthei th dice are as shown below
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\ AX

Noting that the interna forces between the diceswill cancel when taking moments we obtain

Restoringmoment = R Y T,

Assuming a Mohr-Coulomb failure criterion the restoring moment can be written

Overturningmoment = R Y. W, sin o,
i=1
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The factor of safety F isthen given by

ot c/ Al, + N/tan¢/
Resisting Moment ;‘[ P (tang;]

- Overturning Moment -

Zn:V\/i siné,

i=1

When an undrained (total stress) analysisis being performed there are essentialy the same forces
acting on the dices. However, in atotd stress analysisthe forces due to the water pressures Ui, Uii
are not required and only the total forces E;, Ni need to be considered. The shear force on each
diceisgiven by the tota stressfailure criterion and the restoring moment can be written

To calculate the factor of safety the norma force must be known. By considering the force
equilibrium of the diceit can be seen that the force N will depend on the interdlice forces Xi and
E’i. Unfortunately N cannot be simply determined from consideration of equilibrium (the diceis
statically indeterminate) and it is necessary to make an assumption. There are several methods of
determining the factor of safety, each method involving different assumptions. The two smplest
and most commonly used methods and their assumptions are considered below.

7.1.3.1 The Swedish method of dices

In this method it is assumed that the resultant of the interdice forces acts in a direction
perpendicular to the normal force N.

Then resolving parallel to N we obtain

N, = N + U = W, cos 6,

where the force Ui = ui Ali and u is the pore pressure at the centre of the dice on the assumed
fallurecircle

Substitution of the expression for Ni into the equation for the factor of safety gives

> el + (W cos6, - Uj) tan §/]

Effective stressanalysis F = .
> W, sinb,
i=1
z [Cui Ali + V\/I COos ei tan d)ui]
Undrained anaysis F = 2

Zn: W, sing,

i=1
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Example - Swedish method

Determine the short term stability of the slope shown below, given that the slope was initially
submerged with water and that the water level has now been drawn down to the level of the top
of the sand.

Initially the centre and radius of the failure plane must be assumed. The calculations presented
below are for one such assumption. However, to find the factor of safety of the dope, a number
of centres and radii will need to be considered to find the combination that gives the minimum
factor of safety.

Clay
bu=0
cu=25kPa
Ysat = 15 KN/m®
Sand
¢ =30°
c =0
st = 20 KN/m?®

Example calculaionsfor dice 6

1. Al =111m measured from figure

2. X =25m measured from figure

3.6 = sin!(25/5.83) =254° or measure from figure. Note that 0 ispositive for

dices giving positive overturning moments

4. W; = Ay =1x2x15 + 1x0.268x 20 = 35.36 kN/m

5 Ni = Wicos6 = 35.36co0s(25.4) = 31.94KkN/m

6. U = ywzAli =9.81x0.268x 1.11 = 2.92kN/m

7. N = Ni - Uy = 29.02kN/m

8. Wisn6 = 35.36sin(25.4) = 15.17 kN/m

9.Ti = Ci+ Nitan¢ =0 + 29.02tan (30) =16.75KkN/m
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Theresultsfor al the dices can be similarly evaluated and tabulated as shown below

0 Al u U w N N’ C Wsind | T
©) (m) (kPa) | (kN/m) | (kN/m) | (kN/m) | (KN/m) | (kN/m) | (knym) | (KN/m)
1 -254 | 1.107 | 2.628 | 2910 | 5357 |4.84 1.93 - -2.30 1.115
2 -149 |[1.035 |6.227 |6.646 | 12.70 | 12.27 |5.822 | - -3.77 | 3.362
3 -493 (1004 (7942 | 7974 | 2369 | 2360 | 1563 |- -2.03 |9.024
4 4.93 1.004 |7.942 | 7974 |38.69 |3854 |30.57 |- 3317 | 17.65
5 1489 | 1.035 | 6.227 | 6.646 | 42.70 | 4126 |34.81 |- 10.98 | 20.10
6 25.4 111 2.628 | 292 3536 | 3194 | 29.02 |- 15.17 | 16.75
7 36.87 | 1.250 | - - 2496 | 19.96 | - 3125 | 1498 | 31.25
8 5053 | 1572 |- - 10.62 | 6.755 | - 39.30 |8.20 39.30
where
U=uAl N =W cos6 N'=N-U

C=c Al inthesand (Effective stress analysis)

C=cu Al intheclay (Undrained, Totd stress analysis)
Forsand T=C" + N tan¢” but ¢ =0therefore T=N"tan ¢’
Forclay T=C + Ntan ¢u but ¢u = OthereforeT=C

>T

Resisting Moment

_ 13856 _ .,

DisturbingMoment > Wsin6 4454

If aload of 100 kN/m is placed on top of dice 6, only the calculations for dice 6 are affected and

these become

W = 3536 + 100x1 = 135.36

N = Wcos6 = 122.47
N'=N-U = 11936
Wsn6 = 58.06

T=Ntn¢ = 689

Fo 2]

1907

- > Wwsing

Dr. Yacine Berrah

T 8744

218

Sliceis1 mwide
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7.1.3.2 Bishop's smplified method of dices

In thismethod it is assumed that the vertical interdice forces, Xi, Xi+1, are equal.

0
—A
\
\ §
\ f
. :
\
\Xi
\
\
>\\ -« <
! ;
Uii Ei \ Ei’+1 Uii+1
v
N Xi+1
N
Al

— T
W

\o

W, = T sn6 + N/cos6, + u, Ax

Then resolving vertically we obtain

We know that the mobilised strength T is given by
T = c Al N N/ tan ¢;
F F
substituting thisinto the previous expression, noting that Ax; = Al; cos 6; and rearranging gives
N = W, - u AXx, - (1/F)c/Ax; tan 6,
' tan¢! tan 0, }

cosei{l +

Let M, (0) = cosei[1+tan9i@]
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Then substitution of the expression for N’ into the equation for the factor of safety, F, that is

c'Al. + N!tan¢’
Resisting Moment i;[ i A [ tan¢/]

- Overturning Moment -

Zn:V\/i sing,

i=1

gives

" 1
3 (¢ Ax, W, - u, Ax;) tan ¢]
F _ = (CI XI + ( I uI XI) an (I)I)|:MI (e):|

> W, sin 6,

i=1
Note that in the Bishop's smplified method the factor of safety appears in both sides of the
equation, asit isincluded aso in the M; (6) term. Thusto obtain solutions an iterative approach
isneeded. This meansthat you need to assume avalue for the factor of safety before evaluating
the summations to give a new factor of safety. It is found that the factor of safety converges

rapidly.

A chart isshown below (p 183 in Data Sheets) which simplifies hand calculation by giving vaues
for M for arange of values of 6 and ¢. Note that the sign of 6 isimportant, as noted above 0 is
positivefor dicesgiving positive overturning moments.

1.6 | | | | |
Note: 0is+ when slope of failure arcis
in same quadrant as ground slope 1.0
14 -
/ 0.8
2 12 —
— — T ———0.6
2 tand — B
& 0 F | .04
Y T = T~ 0.2
T 027 ™ N
' / 0.4/// 0
.6 m~>\
0.6 //// // : \
' 0.8
/40
0.4

-40 -30 -20 -10 0 10 20 30 40 50 60
Values of 0O

GRAPH FOR DETERMINATION OF M (0)
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For undrained (total stress) analysisthe procedure is ssimilar and the factor of safety becomes

Zn: (Cy A%, + W tan ¢ ) {1}

F = =1 - Mi (9)
Z W, sin 9,
i=1
where
I\/Ii (e) = COs 9i [ 1 + tan ei tanF(I)ui ]

When ¢y = 0, Mi (6) = cos 6; and Bishop's smplified method gives an identical answer to the
Swedish method. However, in genera the methods give different answers. Both methods tend to
underestimate the factor of safety estimated by more accurate analyses. Bishop’s method is the
more (theoretically) accurate and is more widely used.

7.1.4 Important points

e Numerical analyses are required to determine the most critical dip circle

¢ Both the Swedish and Bishop’s methods can be used for undrained (total stress) anadysis, and
for effective stress (usudly drained) analysis. In many situations the dope analysis requires
combinations of drained and undrained analyses. For instance, the short term stability of adope
containing layers of clay and sand would require atotal stress (undrained) analysisin the clay
and an effective stress (drained) analysisin the sand.

e In undrained (tota stress) analyses the undrained parameters cy, ¢u must be used in the
expressions for the factor F, and the pore pressure term isignored.

e Theeffect of vertical surface loads can be included in the analysis by adding the verticd force
on adiceto the weight of that dice.

e For submerged dopes, such as shown below, the water must be included in the analysis

Water

There are two basic options

1. Treat the water as amateria with no strength, but having a unit weight yw. Effectively the
water is providing avertica load onto the underlying dlices.
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2. Usethe submerged unit weight " (= ys2 - yw ) for all the soil below the surface of the water.
This approach can only be used in atota stressandysisif ¢y = 0.

e Thefactor of safety isvery sensitive to pore pressures in the ground. The pore pressures may
be determined from

1. A piezometric surface. The pore pressures are determined assuming that u = yw z, where z
isthe distance below the piezometric surface. Thisisexact when thereis no flow and when
the flow is horizontal .

2. A flow net. In numerical analyses agrid of pore pressure values can be set up.

Example - Bishop’s smplified method

For the same dope and dices as used before the calculations for dice 6 become

AXi =10m measured from figure

Xi =25m measured from figure

i = &nl(25/5.83) =25.4°  or measure from figure. Note that 6 is positive for
dices giving positive overturning moments

Wi = Ay =1x2x15+ 1x0.268 x 20 = 35.36 kN/m

W;sn6; = 35.36sin(25.4) = 15.17 kN/m
Ui = ywzZ = 9.81x0.268 = 2.628 kKN/m
CAX + (Wi —uAX) tandi = 0x 1 + (35.36 - 2.628 x 1) tan 30° = 18.9 kN/m Notethat it is¢
thefriction angle, not 0 in this calculation
Now assume a factor of safety, say F =3
Mi =c0s 6 (1 + tanBitan ¢i /F) = cos(25.4)x(1+tan(25.4)xtan(30)/3) = 0.986
Or read M; off the chart for 6 = 25.4 and (tan ¢)/F = tan(30)/3 = 0.19

Theresultsfor al the dices can be similarly evaluated and tabulated as shown below

0 AX u W Wsino | cAX T* =cAx + | M T*/IM
©) (m) (kPg) | (kN/m) | (kN/m) | (kN/m) | (W-uAX)tan
¢
(kN/m)
1 -254 |10 2628 |5357 |-230 |- 1.58 0.821 |192
2 -149 |10 6.227 | 12.70 | -3.77 |- 3.74 0.917 | 4.08
3 -493 |10 7942 |23.69 |-203 |- 9.09 0.980 |9.28
4 4,93 1.0 7942 |38.69 |3.317 |- 17.75 1.013 | 17.52
5 1489 | 1.0 6.227 |42.70 | 10.98 | - 21.06 1.016 | 20.73
6 25.4 1.0 2628 |35.36 |15.17 |- 18.9 0.986 | 19.17
7 36.87 | 1.0 - 2496 1498 [250 |25 0.800 | 31.26
8 50.53 | 1.0 - 10.62 | 8.20 250 |25 0.636 | 39.30

T*
F = z A/' = 1433 = 3.22. Then using the updated F=3.22 re-evauate M and T*/M
D> Wsing  44.54

until the solution converges. In this problem this gives F = 3.25.
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7.2 M ultiple wedge failure mechanisms

If the soil profile contains weak, usually clay, layers the failure plane may coincide with the
weak layer, and analysis of circular failure mechanisms may be inappropriate. In this situation
it isoften assumed that the failure mechanism consists of wedges of soil moving relativeto one
another. For example, with aweak horizontal layer the 2 wedge mechanism shown below is a
possible failure mechanism:

/Weak layer

In some cases more complex mechanisms need to be considered involving 3 or more wedges,
for example

Consider the two wedge mechanism shown below
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When the slope fails the strength mobilised between the two wedges is given by the failure
criterion of the soil. However, when the slope is remote from failure the mobilised strength
between the two wedges islikely to be different from the mobilised strength on the base of the
wedges. The mobilised strength between the wedges may range from zero to that given by the
parameters cm, ¢m, giving the mobilised strength on the base of the wedges.

For practical calculationsfor soil structuresthat are remote from failureit is often assumed that
amedian value between 0 and cm, ¢m IS appropriate, so that between the wedges

However, in the limit when F = 1, the mobilised strength must be the same everywhere. Itis
therefore convenient analytically to assume that the maximum mobilised strength is the same
on al the assumed failure planes.

Now if avalue of F is assumed the forces acting on the two wedges are as shown below

R1

The force polygons can then be constructed

e Rz

polygons a factor of safety was assumed. This assumption affects the
magnitude of the cohesion forces C1, C12, C2 and the mobilized angles of friction.
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If the chosen value of the factor of safety is correct the inter-wedge resultant forces (X1 and
X2) will be equal and opposite, as required for equilibrium. Because the initial value of F was
a guess, the inter-wedge forces are unlikely to be equal. To determine the correct factor of
safety the calculations must be repeated with different values of F and interpolation used to
determine the true factor of safety, for the assumed mechanism.

X1-Xo
A

\c\kz

Note:

. the calculated factor of safety is not necessarily the factor of safety of the slope. To
determine this al the possible mechanisms must be considered to determine the
mechanism giving the lowest factor of safety.

. In any analysis the appropriate parameters must be used for ¢c and ¢. In an undrained
analysis (short term in clays) the parameters are cy, ¢u With total stresses, and in an
effective stress analysis (valid any time if pore pressures known) the parameters are c’,
¢’ used with the effective stresses.

. In an effective stress analysis if pore pressures are present the forces due to the water
must be considered and if necessary included in the inter-wedge forces.

Example - wedge analysis

The figure below shows a slope that has been created by dumping a clayey sand (ybuk = 18
kN/m?) onto a soil whose surface has been softened to create athin soft clay layer. If the shear
strength parameters of the clayey sand arec” = 0, ¢~ = 30°, and the undrained strength of the
softened clay layer is 40 kPa, determine the short term factor of safety of the slope. Assume
that the failure mechanism is as shown below.
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1. Calculate aress:

A, = 86.6 M’ A,= 1156 m?
2. Assume Factor of Safety

F=2
3. Cdculate c, ¢ parameters

Wesk layer ¢, = c/F = 40/12 = 20kPa, ¢,,=0
Clayeysandc,,=0, ¢, =

4. Calculate known forces

W1 =86.6 x 18 = 1558.8 kN/m W2 =115.6 x 18 = 2080 kN/m
C1 =20 x 20 =400 kN/m

5. Draw force diagrams

For Block 1: Resolving horizontally gives X1€0s(16.1+30) = Cy
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X1=576.9 kN/m

For Block 2:  Resolving horizontally gives X2 c0s (16.1+30) = R> cos (16.1+40)
X2=0.80R2
Resolving vertically gives W, =X2sn(46.1) + R2 sin (56.1)

X2 =1186.9 KN/m

Repeat for F = 1.5 (cm = 26.67 kPa, ¢'m = 21.05°)
X1=848.5kN/m
X2=0.77TR:
X2 =1086.6 kN/m
Using linear interpolation/extrapol ation
F=118
7.3 Infinite Slopes

For long sopes another potentia failure mechanism is afailure plane, usualy at relatively small
depths, paralle to the soil surface. This situation is demonstrated bel ow.

<—b—> Soil Surface

y Water Table

Assumed

/ failure

surface

If the failure surface is very long then the inter-dice forces must cancel out, and then considering
equilibrium we can write (assuming the unit weight is the same above and below the water table):

N = Wcosa = ybdcosa
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and the normdl stress, s isgivenby WV sino = ybdsina

The normal and shear stresses on the assumed failure plane are thus given by

N

S =} = ydcos® a
%OSOL
T .
T = ——— = ydsina.cosa

%OSa

The water pressure can be determined from consideration of the flow (from the flow net)
u = vy, dw cos a

and the force due to the water pressure on the failure surface is

U= u(%ow) = vy, bd, cosa

Because aflow net is being used an effective stress analysis is required and therefore the failure
criterion is given by

T = C¢ + o tan ¢’
or interms of forces by
T=C + N'tan¢’
and ¢’ =c-u=(yd-vy,d,)cos’a

If we define afactor of safety F by

E o= foo_ shear stress required for failure
T actual shear stress
then
F - ¢ * (yd- v, dw) cog o tan ¢’

yd sin a cos a
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It isusually appropriate to use the critical state parametersc' =0, ¢' = ¢'cs, SO that

F =

(vd- v, du)tandy _ (1_ vwdwjtan%
vd tan o vyd ) tana

If the soil is dry above the assumed failure plane then the factor of safety becomes

F o= tand/,
tana
If the soil isfailing F =1 then
Dry
For dry slopesthe friction angle is equal to the angle of repose. ¢'cs

If dw =d, that isthe soil is saturated and water isflowing paralld to the dope then at failure (F=1)

tano, = (1— V—thanq)'m
Y

Typicaly for sand ¢’ cs = 35° and ysx = 20 KN/m3 which gives o = 19.3° at failure.

Note that water reduces the stable angle by afactor of about 2.

7.4 Graphical solutions
Solutions are available for some common s ope geometries and ground water conditions.
7.4.1 Undrained (total stress) analyses

The stability of homogeneous slopes can be expressed in terms of a dimensionless group known
as the stability number, N.

c
yH

N =

Where ¢ = cohesion
v = bulk unit weight
H = height of the cut

If two slopes are geometricaly similar they will have the same factor of safety provided the
stability numbers are the same, that is
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7.4.1.1 Taylors chart — Infinite soil layer

A Chart presented by Taylor is shown below (see dso p29 in Data Sheets). The solutions assume
circular failure surfaces, and soil strength given by the Mohr-Coulomb criterion. They ignore the
possibility of tension cracks.

S\ ‘ . - (A)
DH=H . D=1 > I Typical cross section
' ’ = and failure arcin
Zone A Critical
0.30 Casel  DH (Case2) 1 circle passésl ]
Case 2 Case 3 * through toe and
(B) I stability number
Typical cross section showing various cases - Lep;elslelmed:m chart
considered in Zane B , y tull lines
Case 1: The most dangerous of the circles passing
through the toe, represented by full lines in chart. m
025 [~ Where full lines do not appear, this case is not ) ’<
LL appreciably different from Case 2 "\6; . é’
T Case 2: Critical circle passing below the toe, represented IN
by long dashed lines in chart. Where long dashed lines
i‘ do not appear, the critical circle passes through the toe I
o Case 3: Surface of ledge or a strong stratum at the . °
o 0 20 elevation of the toe (D= 1), represented by short Q
(0] . [~ dashed lines in chart y
lo! D
E ¢=0, D=
2 For ¢ = 0and 1<D<o
> see companion Fig.
= 0.15 |-
o)
%

0O 10 20 30 40 50 60 70 80 90
Slope Angle i (degrees)

Example

A dope has an indlination of 30° and is 8 m high. The soil properties are ¢, = 20 KN/m®, ¢, = 5°,
youk = 15 KN/m?. Determine the short term factor of safety if the clay deposit isinfinitely deep.

8m
30°

From the stability chart above for i = 30° and ¢ = 5° we obtain
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_° _on

YyHF
(o 20

hence F = = =15
YyHN  15x8x011

Regions on the chart indicate the mode of failure; whether it will be shallow or deep-seated. In
this example the failureisin zone B, indicating a deep-seated failure mechanism The zone on the
chart has no influence on the factor of safety determined provided that the soil layer is sufficiently
deep for the implied mechanism to occur.

7.4.1.2 Taylor’schart - soil layer of finite depth and ¢, = 0

The influence of afinite depth below the base of the slope can be determined from a second chart
produced by Taylor shown below (adlso on p29 in Data Sheets). This chart islimited to the case of

d)u:O.

0.19 | | | | | |

For i >54° use Companion Fig. with Zone A ¢=0

0.18

0.17

0.16

0.15

0.14

0.13

Stability Number ¢ /yHF

Case A. Use full lines of chart, _
0' 12 short dashed lines give n values
0.11 _|
i
010 Cace B. Use long dashed lines of chart |
0.09 ' '
1 2 3 4

Depth Factor D
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Example

A dope has an indlination of 30° and is 8 m high. The soil properties are ¢, = 20 KN/m®, ¢, = 0°,
Youk = 15 KN/m?. Determine the short term factor of safety if the clay deposit overlies rock which
lies 2 m below the base of the dope.

8m
30°

Calculate depth factor D fromDH =10m, H=8m. giving D =1.25
From chart for D=1.25 and i = 30° we obtain

% 0155
F

Yy H
and hence F = 1.075

Notethat if ¢ =0and D = then N =0.181 and F = 0.92

Thisindicatesthat for adeep seated failure reductionsin the depth of soil below the bottom of the
dope result in increases in the factor of safety

7.4.2 Effective stress analyses

A number of charts have been published for effective stress analyses but they are usually limited
to very specific conditions, such as for the construction of large embankments. One of the more
useful charts has been presented by Hoek and Bray for arange of relatively common groundwater
conditions. In deriving the solutionsit is assumed that:

acircular faillure occurs passing through the toe of the slope,

the soil is homogeneous,

avertical tension crack occurs either in the upper surface or in the dope face,
the soil strength is given by the Mohr-Coulomb criterion.

The approach isvery similar to that used by Taylor.
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Charted solutions are available for the following groundwater conditions

Groundwater Flow Conditions

Chart Number

Saturated slope subjected
to heavy surface recharge

1
Fully drained slope

2
Surface water 8 x slope
height behind toe of slope

3
Surface water 4 x slope
height behind toe of slope

4
Surface water 2 x slope
height behind toe of slope

5

For each groundwater condition a separate chart is available. Two are shown below

Dr. Yacine Berrah

85



tang/F

tan ¢/F

2.0

18

16

14

1.2

1.0

0.8

0.6

0.4

0.2

Dr. Yacine Berrah

ADVANCED SOIL MECHANICS NOTES

0 3 3 ¢ 4
2.0 . < & o
7 Wi > 8 S CIRCULAR FAILURE CHART NUMBER 1
1.8 / / @’ ’\? N
VA \ 7L,
b
e ]\ / y / . 'NV.&&« c¢/yH .tang
N
oy \uivaiv
|
1.2 o
[\ #
.| 4
90 .
0.8 I />\ Qc}ee\ = éw
| ININCE X X 90‘?6? «"*:0
o INNDXOP o, > 3
\L f L | LT /><\ A
I /o B — — N 10
> = | 1| | 80
“ W é% > i>/< 5 g e s s )
40 (] e e =
02 . 3QQ> §§fsj§/§§:i:15/:/:~ /——/—\r_ 12 50
10 5/§§/<;§> e e -O
0 ——= ~ S<_\<:>.<-_—>~_\_::__ 450
0.00 0409 007 005. 0,0& 0.\;0 0.\;9 2y 0'\76‘ 0,\,& 0,\;,0 0,\_.,9 0'97 0’«—”6\ Qe& 0"?0 0"99 0&7
c/ yHF
08 & & 4
e . g &
. ® 8 o CIRCULAR FAILURE CHART NUMBER 3
NI ar SOV
I N
v
/\/ /\ / \ . -”v&b c/yH.tan ¢
N
a X0
S
\ 7
/ %
\N NI S *
\L) \q ®
\ N . 2%
NN Tl D o
‘T\/‘ s(/\ §( )55( 5‘4‘ %"Qe N ‘AZQ
NIKOXUK 7% N\
I U - 70 XXX ] /////: | Y ".’{0
: oSS
Il 0SS 5&; N g//:://:/:::¥ i0
20 % N S/jﬁ/j;zﬁ/:/// /____/Jr 15
jé>/¥gég;’;</xﬂ::isz~ﬂ__ﬂﬂ,_ - 20
e e
% % %, %o % %o % % %y % % % % %% % % % %,
c/ yHF

86
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Example

To demondtrate the use of the charts consider the case of a Slope 10 m high with a dope of 20
degrees in a clayey soil with properties ¢, = 20 KN/m®, ¢u = 5° ¢’ = 2 KN/m?, ¢’ = 25°, ysa = 16
kKN/m3. In the long term the water tableis at the surface for distances greater than 40 m behind
the toe of the dope.

10 m
20°

When using Hoek and Bray chartsit isimportant that effective strength parametersc” and ¢~ are

used.

¢ Determine the appropriate chart from the known position of the water table. In this exampleit
isChart 3

2

e Cdculae ¢ =
yHtang  16x10xtan25

= 0027

e For dope angle 20° read off chart

c

ether = 00139
YyHF
or @ = 0518

e HenceF =~ 0.9 (Thedopewould fail)

Notethat in practiceit islikely in any detailed design that a computer slope stability program will
be used. However, the speed and ssmplicity of using charts such as these make them suitable for
checking the sengitivity of the factor of safety to arange of values of the soil parameters and slope
geometries.

For instancein the example aboveif the water tableislowered and chart 2 is appropriate the factor
of safety will increasetoF~ 1.1

Note also that chart 1 which is shown for a fully drained (dry) slope is equivalent to Taylor's
charts. That is chart 1 can be used for a totd stress (undrained) analysis. This is because in the
anaysisof adry dopethetota and effective stresses are the same. The anaysisisonly concerned
with thevauesof c, ¢, y. Solutionswill be dightly different to those from Taylor’ s chart because
dightly different assumptions are made in the two analyses.
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Slope Stability Problems

1. Use Taylor’s curves to determine the maximum height of a 70° slope in homogeneous
soil for which y = 16 kN/m® and ¢ = 20 kN/m? if
F2) ¢ =25° b) ¢ =10° C) $=0
What would be the answer in each case using Hoek and Bray’ s charts

2. Use Taylor’s curvesto determine the factor of safety and depth of critical circle of awide

cutting 12 m deep of 7.5° dopein aclay for which ¢, =0, ¢y = 40 KN/m? and y = 16
KN/m?. Assume

a) The clay extendsto agreat depth

b) Thereisahard stratum at 36 m below the top of the cutting

) A hard stratum at 22 m

d) A hard stratum at 12 m

e) A hard stratum a 6 m

Repeat cases ato e for anarrow cutting where the toes of the two slopes coincide

3 Determine the factor of safety against immediate shear failure along the dlip circle shown

in Figure 1 below:

(a) when the tension crack of depth z = 4.32 mis empty of water

(b) when the tension crack isfull of water

The soil properties are ¢, = 40 kKN/m?, ¢y = 0. The weight of the dliding mass of soil, W =
1325 kN/m, and the horizontd distance of the centroid of this mass from the centre of the
circle, d =5.9 m. Theradius of the dip circle, R = 17.4 m, and the angle 6 = 67.4° (You
do not need to use the method of dlices).

4 A wide cutting of slope 45° is excavated in a silt of unit weight ysx = 19 KN/m®. When
the cut is 12 m deep arotationa dlip occurs which is estimated to have aradius of 17 m
and to passthrough the toe and apoint 5.5 m back from the upper edge of the slope. Shear
tests on undisturbed samples give variable values for ¢c,. Assuming ¢y = 10° estimate an
average vaue of ¢, round the failure surface by using
@ the Swedish method of dlices
(b) Bishop’s simplified method of dlices

5 Shownin Figure 2 isthe cross-section of acutting that isto be madein apartially saturated
clayey sand which contains a weak clay seam that will be intersected by the face of the
cut.

Cdculate the factor of safety that the slope would have against a wedge type failure by
using the two wedges that are shown in the figure.

Properties of the materials are as follows:

Clayey sand:  youk = 18kN/m°, ¢'= 0, ¢' = 26°

Clayseam: ¢y = 45kN/m?, ¢u = O

6 Determine the factor of safety of along (infinite) slope as a function of the slope angle,
a, if the water flows horizontally out of the lope. Takec' = 0.

Calculate the limiting value of o if ¢' = 30°, and ysa« = 20 KN/m®.
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