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Session 9: Geological aspects of geotechnical engineering
Séance 9: Aspects géologiques de génie géotechnique

Geologic aspects ot slope stability problems
Aspects géologiques des problemes de la stabilité

des pentes
S.CAVOUNlDIS, Consultant in Soils and Foundations, Athens,

Greece

INTRODUCTION

The topics chosen for discussion were 1) Side
(three-dimensional) effects in the stability of
slopes and 2)a) Effect of progressive failure
and b) Effects of oriented discontinuities. In
his introduction, the discussion leader pointed
out that the computational capacities of today
make possible the application of three-dimen
sional analyses to slope stability, and stressed
the fact that the strength back-analysed using
a 3-D analysis would be more on the safe side
than the strength deduced from a 2-D back
analysis, were it to be used in forward analysis
of a slope. With respect to progressive failure
the discussion leader considered it important
to examine the status of Bjerrum‘s (1967) model
today. He also noted that progressive failure
is not necessarily restricted to overconsoli
dated clays and clay shales but may take place
in soft, sensitive, normally consolidated clays.
With regards to discontinuities it should be
observed that in some instances discontinuities
may not be randomly oriented and in such cases
it is possible that they may trigger a progress
ive failure mechanism (see e.g. Sotiropoulos
and Cavounidis, 1981). The study of shearing
at an angle to discontinuities is a complex but
very interesting problem to analyse.

The contributions of the panelists are presented
in summary.

A. GENS ON SOME FEATURES OF 3-D SLIDES BASED ON
THE ANALYSIS OF CYLINDRICAL FAILURE SURFACES
WITH PLANE ENDS

Although all slope failures are three-dimen
sional, usually the analyses used are two
dimensional. However, it is often necessary to
consider possible three-dimensional effects in
the study of landslides, actual or potential.
A few examples are: high dams in narrow valleys.
geological or geometrical conditions varying
over short distances, loads of finite dimensions
applied near a slope, back calculations of
strength parameters from actual slips.

To investigate possible differences between
results obtained by applying a 3-D as compared
to a 2-D analysis, the undrained analysis of a
cylindrical slide bound by plane ends was
performed (Fig. 1). End shapes other than
planar could have been chosen (see e.g. Azzouz
and Baligh, 1978). It can be stated, however,
that the conclusions reached based on the plane
end analysis would be the same if other end
geometries were adopted although the numerical
values obtained would be somewhat different.

Critical surfaces for angle i=30°, depth factor
D=1.5, and various slide lengths, L, are shown
in Fig. 2. As expected, shorter slides tend to
be shallower but the variation of the slide
surface with slide length is not very large.
Fig. 3 shows the effect of slide length on the
possible type of failures. Three zones of
behaviour can be distinguished: 1) Zone Au only
toe failures occur, there is no influence of the
depth factor, 2) Zone I: slope and toe failures
occur, depth factor has a small effect, 3) Zone
C: slope, toe and base failures occur, depth
factor has an important effect. The angle of
transition between Zone A and Zone I is little
affected by the slide length. However, the
effect turns out to be significantly larger or
the angle of transition between Zones I and C.
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Fig. 1. Cylindrical surface with plane ends.
Undrained analysis.
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Fig. 2. Critical failure surfaces for
various failure lengths.
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Fig. 4. Critical depth factors vs.
ratio for various slope angles.
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An important consequence arising from the analy
sis is the existence of a critical depth factor,
Dcrit. for which the factor of safety is a
minimum. In Fig. U, the critical depth~factors
for various slope angles are plotted against the
length (L/H) ratio. Contrary to Taylor's two
dimensional analysis, for slides of finite
length the failure surface will not go below the
depth defined by Dcrit even without the presence
of a rigid layer.

For purposes of comparison. some field cases of
approximately cylindrical, first-time, short
term failures of cuts in soft saturated clays
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Fig. 5. Results of finite element solutions.
a) Soil deformations
b) Yield contours

were examined. It was concluded that the analy
sis predicted correctly the type of failure in
every case but there were still significant
differences between the observed and predicted
failure surfaces in many of the field slides.
Also, the range of F3/F2 for slopes 60° to 90°
was between 1.20 and 1.35 while for slopes 26°
to 34° it was 1.07 to 1.30. The mean value for
all slides examined was 1.20. Of course, these
figures would vary slightly if other end shapes
were used.

To mention just a possible practical consequence
of this type of analysis, the likely correction
due to three-dimensional effects when back
calculating the undrained shear strength based
on a typical slide would be of the same order
as the corrections routinely applied for aniso
tropy and rate effects. However, such a correc
tion is seldom applied, leaving the result on
the unsafe side.

M. BALIGH ON EFFECTS OF LONGITUDINAL STRESSES
ON SLOPE STABILITY

In an investigation of the stability of a 400 ft.
(approx. 120m.) high bluff eroded by the Missouri
River in Pierre Shale, the 1:3 slope was analysed
Neglecting pore pressure changes, conventional
two-dimensional slope stability analyses per
formed on the basis of effective stresses (i.e.
assuming that erosion took place while the slope
was submerged) for certain strength parameters
gave a factor of safety (F) of about 3.

Nonlinear finite element analyses yielded the
results shown in Figs. 5a and 5b. Figure 5a
shows the distorted grid due to erosion where.
for purposes of illustration, displacements are
magnified four times. Clearly, the slope distor
tions are very large (maximum horizontal disp.=
51 ft.) and are not compatible with a slope
having F=3. Figure 5b expkdns the reason for
this apparent contradiction by presenting
contour lines of yield ratio in the slope, this
being defined as the maximum shear stress in an
element divided by its shear strength. Thus a
value of above 1.0 for the yield ratio repre
sents an element which is yielded. It should be
noted that yield ratios in excess of unity were
obtained because all soils were assumed to strah
harden after yield with a ratio of plastic to
elastic moduli equal to 0.02. In interpreting
the mechanism of these yielded zones and probabk
causes of slope failure, it is crucial to recog



nize that the behavior is being influenced by
both the in-plane horizontal stress, |'h , and
the longitudinal stress, l'1. For the case con
sidered involving large values of Ko ranging for
the different materials between 1.5 and 2.1,
|'i remains large after excavation and becomes
the major principal stress and its magnitude is
a major factor controlling the shear stresses in
the slope. The same analyses were performed for
a Ko=1 throughout the slope. This showed a
significant reduction in the levels of soil
shearing and the size of the yielded zone. A
further reduction of K0 to 0.5 eliminated all
soil yielding.
Therefore in situations involving excavated
slopes initially subjected to large horizontal
stresses (high K ), the occurrence of slope
failures is likeIy to be due to a lateral
squeezing rather than the conventional limiting
equilibrium situation whereby the gravitational
forces in the slope exceed the shear strength
available. This explains why limiting equili
brium slope stability analyses gave high factors
of safety and no indication of slope failure.
It is also important to notice that stress
relief around a yielded mass in an elastic
plastic analysis causes a major reduction in ¢'h,
but little change in I' 1. This is quite easy
to understand, for as plastic movement of the
slope outwards into the valley takes place, the
¢'h stresses are obviously relieved, whereas
relief of the 1'l stresses due to this deformation is only possible due to the Poisson's ratio
effect. The reduction in these stresses is
therefore small.

Thus, when the slope failures postulated above
occur, the newly exposed slope would be subject
to high ¢'1 stresses whereas the in-plane 0'
and I V stresses would be reduced. This wouId
give a further yielded area and presumably
result in additional slope failures, whereupon
the entire process would be repeated. With this
scenario, a retrograde series of slope failures
would occur and the bluff slope would move back
wards. It also would be necessary at any given
time to assume that the existing slope contained
highly stressed and locally yielded material
which .could be in a state of imminent failure.

Alternatively it may be assumed that the plane
strain condition is not adhered to, and that
straining in the longitudinal direction will
accompany the slope failures and cause relief
in the ¢' stresses. Thus the stability of the
slope wilI be controlled purely by the gravita
tional forces and may be evaluated using conven
tional limiting equilibrium analyses.

Probably the actual field situation lies some
where between these two extremes, with local
relief of the |'1stresses near the slope but
with the full values still applying further
inside the bluff. Water erosion may be a likely
explanation for the formation of indentations
along the line of the bluff, but another possiwe
contribution is apparent from considering the
fact that the major principal stress within the
slope is usually l'1. Figure 6a shows an ideal
ized uniform bluff slope in plan and indicates
the orientation of the shear surfaces which
could occur if|'l=l'1 (the vertical shear planes
shown are for |'3=¢' ). These could possiblyresult in slope faiIures to give the type of
indented bluff indicated in Figure 6b. This
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Fig. 6. Possible Iailure mechanism for
overconsolidated clay slopes.

a) Shear planes in idealized
slope (Plan view)

b) lndented slope surface after
failure

results in a condition far removed from the
plane strain condition assumed in the computer
model and it would certainly permit some |'lrelief.

The importance of K in the analysis should be
recognized. Ko congitions in the bluff are
extremely important to stability, and any reduc
tion in K0 will tend to increase this stability.

K. KARLSRUD ON PROGRESSIVE FAILURE IN STIFF
OVERCONSOLIDATED AND SOFT SENSITIVE CLAYS

Overconsolidated Clays
After reviewing many slope failures described in
the literature, L. Bjerrum emphasized the import
ance of swelling to the mechanism, and actual
driving element, in causing progressive failure
(Bjerrum, 1967). He further emphasized that in
certain clay shales, the swelling potential may
be released long after formation of the slope.
due to a gradual weathering and breakdown of
diagenetic bonds. Such weathering and delayed
swelling may cause long term creep and the gra
dual development of localized shear bands in
slopes.

The mechanism of progressive failure envisaged
by Bjerrum is illustrated in a simplified form
in Fig. 7. The most important parameters enter
ing into this model are the horizontal stress/
peak strength ratio, the ratio of swelling strain
to strain at peak, and the peak/residual strenghi
ratio.

Analytical modelling of Bjerrum's progressive
failure model has been attempted for example by
Christian and Whitman (1969) and Palmer and Rice
(1973), but generally there has been a great
lack of direct field evidence and back analyses
with the exception of a thoroughly investigated
excavation in Oxford Clay reported by Burland
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Rig. 7. Progressive failure model
(based on Bjerrum, 1967).

et al (1977). During an advance of the face of
the excavation, the outer 20-30 m. closest to
the face moved as a rigid block with essentially5ll"h0rizontal strain localized in a narrow end
region. Burland et al's clear interpretation of
this is that advance of the face causes a pro
gressive development of a shear band along which
the shear strength was rapidly reduced to the
residual. The driving of the shear band is of
course closely related to the release of the
horizontal stress and the associated swelling,
along the lines suggested by Bjerrum's model.

Indirect evidence of delayed swelling caused by
weathering can be found by comparing natural
water content of weathered material to that of
intact material (Bjerrum, 1967). Such tendencia
for delayed swelling make the weathered material
much more susceptible to progressive failure
than the intact material, if a out is made.

When a natural clay is unloaded due to removal
of overburden, it is generally recognized that
the horizontal to vertical effective stress ratt
can become so large that passive failure occurs.
Tests show that when passive failure is reached
the clay may exhibit a pronounced tendency for
delayed or secondary swelling after the dissipaé
tion of any negative pore pressures. It is
suggested that such delayed swelling, enhanced
by passive failure, may reduce the shear strength
to the fully softened one of remoulded normally
consolidated clay, as defined by Skempton.

Soft Sensitive Clays
Many of the Scandinavian failures in sensitive
clays appear rather as monoliH1ic flake-type
slides than as purely retrogressive slides,
many of these show a very extensive "passive"
failure zone passing along nearly horizontal
ground.

and

A recent example of such a slide is the Vest
fossen slide which occurred in December 19Bb.
This slide was about 130m. wide and 120m. long.
and occurrred in a slope only 8m. high. The
slide was triggered by some minor filling
extending the brink of the slope a few metres.
Stability analysis, Fig. B, clearly demonstrates
that the critical minimum safety factor was low,
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Fig. 9. Forward progressive failure
(simplified, based on Bernander).

Table I
Computed Factors of Safety for Some Sensitive
Clay Slides in Norway (1,2,3 Forward Progressive
4,5, and 6 Backward Progressive)

Local Total Ft tCase Fmin Ftot Fmgn
1. Bekkelaget (1953) 0.87 1.32 1.512. sem (1974) 0.88 1.08 1.23
3. Vestfossen (1984) 1.15 1.90 1.65
4. Furre (1960) 0.81 1.11 1.265. Bastad (1979) 0.95 1.05 1.10
6. Rissa (1978) 1.10 (1.10) (1.00)

Fmin=1.1 to 1.2, whereas F including the entirefailure surface was much higher, Ft0t=1.8 - 2.0.

This high overall safety factor is of course
related to the large lateral extent of the
"passive" zone in an area where the ground
surface is nearly flat. In no way can this be
explained other than by a "forward progressive"
type failure mechanism as proposed in numerous
papers by Stig Bernander (see e.g. Bernander,
1983). This mechanism is illustrated in a
simplified form in Fig. 9, and is in many ways
very similar to the ordinary "backwards"
progressive failure illustrated in Fig. 7.
Table 1 presents the results from similar slides
in Norwegian sensitive clays. They all show‘mat



when the failures occurred there existed a local
minimum computed factor of safety (based on
undrained shear strengths from triaxial and
direct simple shear tests) which was close to
unity. On the other hand the overall factor of
safety including the entire actual failure sur
face was significantly higher, strongly suggest
ing some element of progressive failure.

Concluding Comments
Practical application of the progressive failure
concepts is generally lacking, possibly because
of the difficulty of applying such procedures,
especially in the case of complex geologic forma
tions. Still, we need to develop the progressive
failure models further and carry out parametric
studies with these models. Only when, through
the more complex models, the mechanisms at work
are understood will the use of simpler models be
justified. Otherwise it is unclear how, in a
specific case, one can make a rational choice of
which shear strengths to apply in analysis (peak,
fully softened or residual).

P. VAUGHAN ON QUESTIONS RAISED BY THE INVESTIGA
TIONS INTO THE CARSINGTON DAM SLIDE

Influence of Random Discontinuities on Shear
Strength
Random discontinuities are usually of geological
origin, but may be man-made. The rutting caused
by plant operating on the weak, plastic clay
core fill at Carsington caused numerous shear
surfaces to form. Such shears are quite common
in clay fills. They are formed rapidly, and
their strength is not reduced to the ultimate
slow residual (Lemos et al, 1985). At Carsingxn
the peak strength on the discontinuities was c'=
O, q'=16°, compared to the intact peak strength
of c'=15 kPa, '=21°. The influence of such
shears on the Iulk strength of the material is
complex, but a simple estimate can be made. If
a single element of soil contains a planar
discontinuity at angle 2m to the horizontal and
is loaded vertically under drained triaxial con
ditions, the deviatoric stress which the element
can resist is easily determined in terms of the
strength of the intact soil (c ', 9 p'), thestrength on the discontinuity Fc '=O, 9 '), the
value of(|1‘+ |g')/2=||n' at faiIure, ang theangle w. The ulk strength can then be taken
as the average strength of a large number of
elements, each containing a single planar discon
tinuity at a random angle. The average strength,
T a=( U 1 -13)/2 is given byT _Ta: ;P 2*-Siflql . ln
where

Tp= (cp'.cot9p' +|m‘) sinqp' (2)
sin 0 = sin¢s'.¢m'/f p. (3)

For the measured strengths of the intact fill
and the discontinuities at Carsington, the aver
age strength becomes, to a close approximation,
c'= 6 kPa, 9'=20°.

It may be noted that this simple relationship
recovers the known test data for the intact,
discontinuity and bulk drained strengths of

fissured London
for engineering
discontinuities
strength cannot

clay. It may well be adequate,
purposes, for soils with random
on a scale such that the bulk
be determined directly.

Lateral Load Transfer
An interesting question is the lateral load
transfer occurring in a slide which is wide inrelation to its depth and its length from toe to
crest, as in the Carsington Dam slide. The
development of this slide is described by
Skempton (1985). It involved an initial failure
on one side of the valley, passing through the
core and clay foundation, which subsequently
spread laterally by nearly 300m. across the
valley. Over part of this distance the failure
occurred through the embankment fill. The
lateral spread occurred over twodays, and involved failure of aslope varying in height from 35m.to 18m. It would ' be most
remarkable had all sections of such a slope of
differing heights and materials, reached a factor
of safety of unity simultaneously over such a
long length. Moreover, analysis of different
sections, making assumptions which explain the
initial failure, show that elsewhere the factor
of safety would have been at least 1.2.

Thus the mechanism involved in the lateral spread
of the slide must be considered. The Carsington
slope shows two important features. First, the
failure must be deep-seated, due to the geometry
of the core. Second, the materials involved are
all markedly strain-softening, with a residual
strength about half the peak strength. Thus. if
a section of embankment fails, it must move a
substantial distance before static equilibrium,
considered in two dimentions, is re-established.
The potential for lateral progressive failure is
illustrated in Fig. 1Oa. If block A is on a
weaker foundation than adjacent block B, and
fails, then it must exert a side force F on
block B. Either shear must occur on the vertical
plane between the two blocks, or the transferred
force will cause block B to fail also. The
supposed resistance/displacement functions for
the foundations of the two blocks are shown on
Fig. 1Ob. If block B reaches point X on Fig.
1Ob, then it itself becomes unstable and joins
the slide. The load transfer process now occurs
on the boundary between block B and C. and latend
progressive failure may continue.
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Fig. 10. Lateral progressive failure,

beam analysis

The process may be quantified if the slide mass
is considered as a triangular elastic/plastic
beam, lying on a base with differing displacenent
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softening force/displacement relationships, such
as those of Fig. 1Ob. The beam is acted upon by
a constant force Pa per unit length. representkgthe active force from the embankment centre. For
convenience the beam is considered to deform in
simple shear with a shear modulus G. The limidng
side force for shear to occur, FL, is taken as
the shear resistance on the cross plane if the
lateral stress is given by the coefficient of
earth pressure at rest, Ko. The equation for
continuity of the beam in the y direction in
terms of its area, A, and its displacement, 5, E

gg; = (S - Pa)/A.G (4)
The behaviour of the beam is then determinable
in terms of the base resistance function.

If an initial length of beam on a weak base (a)
just fails (point Y on Fig. 1Ob), then, with
assumptions appropriate to the Carsington secthln
it can be shown that the limiting side shear
force, FL, is generated if the length of failure
is about twice the height, H, of the beam. The
potential for the failure to propagate laterally
if the beam outside this length lies on a strutgr
base (b) can then be examined by supposing that
the maximum force, FL, is applied to it at the
boundary. The factor of safety of this length,
FS, is given by F5= Sp/Pa (Fig. 1Ob). The shear
modulus G can be expressed as G=FL/A.Yf, where
Yf=(d5/dy)f, the lateral shear strain at failure
The solution now becomes

F ’Yf
Es = 1 + éo’ -6%T;57§) (5)

The final deformed shape of the slide at Carsing
ton indicates that Yf :0.05. With reasonable
assumptions, the analysis indicates that failure
could have propagated laterally with F5 of the
order of 1.5. Thus there is no difficulty in
explaining the lateral spread of the Carsingtonfailure.

It is noteworthy that the lateral spread in one
direction terminated in a sharp outward shear on
the cross-sectional plane, leaving a near-verttal
surface on this plane about 5m. high. This point
was almost exactly the tangent point of a curve
of the embankment centre-line, of radius U0Om.
It is consistent with previous arguments if it
is supposed that lateral load transfer cannot
operate where the slope follows a convex curve,
as outward movement involves separation rather
than shear on the cross-sectional plane.

A further point may be noted. If a deep, wide
slide has occurred, and is back-analysed to
determine soil properties, it is important to
know where sliding first occurred. This section
is the only one where back-analysis in two dinen
sions can be presumed to give a correct answer.
This section may not necessarily be the deepest
one.

DISCUSSION

Many soils engineers contributed to a lively and
interesting discussion. Among them were E.E.
Alonso. M. Baligh, S. Bernander, T. Brekke, R.
Chowdhury, B. Fredlund, A. Gens, K. Karlsrud,
N. Morgenstern, F. Patton, and P.R. Vaughan.
Also, L.E. Vallejo was invited to present the
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main points of his paper to this conference on
fissure interaction and progressive failure.

The main points made during the discussion can
be summarized as followsn
1) There is little experience to assist engineer
ing judgement as to the validity and applicabiity
of 3-D stability methods in general and especialy
the effective stress methods. As a preliminary
proposal one could ask that a valid method comply
with the following: a) F3 be in general higherthan the corresponding F2 (although this still
remains to be rigorously proven) and b) the value
of the lateral stresses should have a significant
influence on F .
2) Although difficult, one should try to incorpor
ate in one's analysis the potential for progressrm
failure. When stresses remain pre-peak there is
no problem. If though part of the soil is expectw
to reach peak strength then scaling down in pro
portion to the brittleness index could be a first
approximation. One should be careful though

?ecause strengggoparametegg m?¥ vagy engrmogslye. . ‘ = , ' = a er mm. isp ace
meni ir?t§ga§hear bgx)e§nd small local failures
may trigger huge slides. Plastic analysis may
help deal with the problem but in general there
is roomfbr improvement both in analytical model
ing and in designing, taking into account pro
gressive failure.
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Discussion on ‘Geologic aspects of slope stability
problems'

C.Fi.l.CLAYTON, Department ol Civil Engineering, University ol
Surrey UK

M.C.MATTHEWS, Depaltment ol Civil Engineering, University of
Surrey, UK

Both Professor Skempton, in his report on the
Carsington Dam slide, and Dr. Von Thun, in his
report on the San Luis Drawdown Slide have
noted the lateral progression of the slope
failures along the slope. This observation has
also previously been made for first-time slides
on natural slopes (Matthews and Clayton (1984),
for the site which now underlies the University
of Surrey, about 30 miles to the south-west of
central London.

The University site is underlain by a large
landslip in the brown London Clay, with a width
along the slope of up to 700 m and a length
downslope of up to 160 m. The main features of
the landslip can be identified clearly on
vertical stereo photography, but much more
detail can be obtained from oblique photographs
taken with low sun angles. Searches made
through air photograph archives have produced
some forty black and white panchromatic oblique
air photograhs, spanning a period from 1949 to

1982. These photographs clearly show that this
is not a single landslip, but a series of
coalescing landslips of various shzes. A total
of six landslips have been positively
identified. Figure 1 shows the morphology of
the landslip complex; by studying the
intersections of the various components of theslip it is possible to detect their relative
age, and hence to determine the overall
sequence of instability events.
It can be seen in Figure l that instability was
initiated at the right flank (the east end) of
the complex and progressed to the west.
Examination of large-scale topographical maps of
the area, and cross-sections and contoured mapsrelating to the site conditions before
development, has allowed an estimate to be made
of the site topography before landslipping
occurred. Figure 2 shows contours of slope
angle in degrees for the estimated profile of
the site before instability. From this , it
appears that the initial slope failure (at 1 on
Figure 1) occurred on a slope of about 10
degrees to the horizontal. Due to lack of
lateral support the final slip to occur( at 6 on
Figure 1) was able to develop on a slope of only
8 degrees.

References
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Plastic clay seam in foundation of rockfill dam
Joint argileux plastique dans Ia fondation d’un barrage

en enrochement

JEAN HOUIS, Expert, Coyne et Beliier, Bureau
d'lngénieurs-Conseils, Paris, Franoe

JEAN BINQUEI lngénieur en Chef, Coyne et Bellier, Bureau
d'Ingénieurs-Conseils, Paris, France

SYNOPSIS During the reconnaissance works a
highly plastic clay seam was discovered in the
foundation of the MIDANKI dam in SYRIA. Design
of the dam has been adapted accordingly.

The scheme
core, 78 m high (fig. 1 and 4) founded on a bed
rock composed of alternate regular (0.3 to 0.51n
thick) beds of limestone and beige coloured
marly limestone, slightly dipping downstream at
1O°. This is an unfavourable condition for the
stability of the dam especially on the right
bank where the natural ground is parallel to
this dip.

includes a rockfill dam with a clay

Generally bedding joints were closed without any
clay filling. Between some beds five millimeter
and centimeter thick veins of yellow and greyish
silt (PI < 33%) were found, with an exception:
a very plastic clay (PI = 88%) in borehole S16
(see fig. 1, 2 and 3) at depth 15.3 m.

Mineralogical analyses revealed that all samples
including the S16 contained the same mineral
carbonates, attapulgites and smectites but with
a high content of smectite for the S16 which
could explain its high PI; but since this mate
rial is not fundamentally different on the mine
ralogical point of view from the other clayey
silty joints it can be thought possible that
there exists a continuous seam of this highly
plastic material in the foundation with the
same geometry as the general bedding.

Therefore the design of the dam has been adap
ted, taking two precautions:
1. A shear trench 8 m deep and 10 m wide, dug
in the foundation and filled with compacted
rock, underneath the downstream shell on the
right bank. This trench deepens eventual fail

increases the safety factor.ure lines, and
2. A 40 m wide berm will be built on the down
stream face of the shell, in the center and on
the right bank of the dam, in order to increase
the weight on the downstream toe.

The optimum dimensions have been found after
carrying out conventional limit equilibrium
analyses (see fig. 4).

Complementary reconnaissance works and labora
tory tests will be performed as a final check
ing of the design.
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SMR (Slope Mass Rating) classification method for
rock slope stability: Application to soft rocks

MROMANA, Prof. in Geotechnical Engineering, Polytechnical
University of Valencia, Spain

SMR (Slo e Mass Ratin ) has been recently (ROMANA, 1985)
lntro uce as a cassi rcation method for the preliminary
assesment of slope stability in rock, including very soft or
heavily jointed rock masses in which slope failures develop, in
a soil-like form, along continuous surfaces (often circular or
spiral) not related to the discontinuity planes (bedding,
foliation, joints...).
The value of SMR derives from RMR classification (see
BIEN , , for an actual appraisal), worldwide used
for the preliminary assesment of tunnels, through two
adjustment factors: for joints and for method of excavation.

SMR = RMR - (F_|_xF2xF3) + F5

RMR is computed as usual. Fl, F2 and F3 refers to parallelism
between joints and slope strikes, joints dip and relationship
between joints and slope dip. (See Table 1). Fa depends on

method of excavation (natural slopes + 15; presplitting +10;
smooth blasting +8; normal blasting or mechanical 0;
defficient blasting -B).
Weatherin cannot be assessed with usual classifications as it
depends mostly on mineralogical conditions and time.
Collected case histories (ROMANA, 1985) indicate a trend for
soil lilfe mass failures to happen with SMR values below 30. All
slopes with SRM values below 20 fail very quickly and no
slopes with SMR values below 10 have been recorded, indicating
probably the phisical impossibility to excavate them without
shoring.
For soils materials, exhibiting no joints, the RMR value cannot
be higher than 110 (RGD = 100%, completely dry) and usually
drops to 20 (RGD = 75 - 90%, wet). Failure depends on shear
strength which is not included in RMR and relates only indirectly
to RGD. SRM classification is not intended for soils, but, if
applied, does not use adjustment factors.

Supgrt methods for slopes with low SMR values are:
a) 11-20 : Reexcavation. Wall (gravity or anchored)
b) 21-30 : Reexcavation. Toe wall and/or corcrete

reinforcement. Sistematic shotcrete (with mesh,
bolts and drainage). Deep drainage.

c) 31-40 : (Reexcavation). Toe wall and/or concrete
reinforcement. Sistematic shotcrete. Anchors.
Drainage.

REFERENCES

- BIENIAWSKI, Z.T. (1986). "Rock Mech. design in Mining and
Tunnelling". Balkema Rotterdam. Boston. Ch. 5, pp. 55-95.

- ROMANA, M. (1985). "New adjustment ratings of Bieniawski
classification to slopes". Int. S m . on the role of Rock Mech.
in Exc. ISRM. Zacatecas, exico.
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Discussion Session 9B: Geological aspects in earth
dam engineering

K.SCHETELIG, Geological Institute ofthe Technical University of
Darmstadt, FRG

A.VAN SCHALK\NYK,`Geological Department, University of
Pretoria, South Africa and Texas A&M University USA

l. SUBMITTED PAPERS AND TOPICS OF DISCUSSION

For session 9B the following papers were submitted:

KAST, K. and BRAUNS, J:
"Influence of the Extent of Geological Disintegration
in the Behavior of Rockfill"

KLEINER. D.E.
"Siltstone and Claystone Foundations at the Bath County
Hydroelectric Pumped Storage Project"

MOUELHI. M. - VIGIER. G. - HUYNH. P. - RONDOT. E.:
"Adaptation du Projet de Sidi Salem 3 la Géologie"

SCHETELIG. K. - DANNENBERG. F. - SELLNER. R.
"The Suitability of Clay Slate Used as Embankment Mate
rial"

SCHOBER. W. - RAMMER. L.

"High Embankment Dams in Ravine-like Valleys"

The theme lecture for session 9 was prepared by

TER-STEPANIAN. G.:
"GEOLOGICAL ASPECTS OF GEOTECHNICAL ENGINEERING"

After a brilliant introduction concerning the history
and the scientific main objects of geomechanics since
the First International Conference in l936 TER-STEPA
NIAN dealt with

- GEOLOGICAL IMPACT ON GEOTECHNICS

- GEOTECHNICAL IMPACT ON GEOLOGY

and urged engineers and geologists to develop an in
tense inter-disciplinary collaboration for the future
main research subjects, e.g. application of back-analy
sis and observational method and monitoring in design
and construction.

with consideration to this general view and in agree
ment with the proposals of the organizing committee
TER-STEPANIAN named for the discussion session 9B the
general theme

"GEOLOGICAL ASPECTS IN EARTH DAM ENGINEERING"

From the proposed topics

l. Risk of erosion in the subgrade under high hydrau
lic gradients. Investigations and their interpre
tation.

2. Stability of dam abutments and adjacent areas. In
vestigations and monitoring.

3. Soluble rocks (limestone. gypsum, salt) unter dams
at varying depths. General evaluation. Design and
safety concept.

4. Soil and rock of changeable strength and deforma
tion behaviour in the foundation, e.g. overconso
lidated clays. Suitability of such soils and rocks
as embankment and core material.

5. Disintegration of rocks. Suitability of disintegra
ted rocks as embankment material.

For the discussion session the topics l. and 5. were se
lected.

Due to sickness Prof. TER-STEPANIAN could neither read
the theme lecture (it was read by Mr. Shukow. Moscow)
nor participate in the discussion session. The partici
pants of the session 9B submit Professor TER-STEPANIAN
their cordial greetings and their sincere wishes for
recovery.

Contributions to the discussion session were mainly sub
mitted by following participants.

AMANN Germany (FRG)
ARZ Germany (FRG)
BAKER USA
BONAZZI France
BRAUNS Germany (FRG)
ELGES South Africa
den HOEDT Netherlands
PENMAN Great Britain

The contributions of ARZ. BRAUNS. and den HOEDT are pub
lished in the Proceedings.

2. TOPICS

RISK OF EROSION IN THE SUBGRADE UNTER HIGH HYDRAULIC
GRADIENTS.

INVESTIGATIONS AND THEIR INTERPRETATION

2.l General

Erosion is the most important risk in earth dam enginee
ring in view of the subgrade as well as in view of the
dam itself. Several dmages even during the last 20
years have demonstrated this fact.

About 6O years ago TERZAGHI found his well-known filter
criteria to evaluate the risk of erosion and to manage
these questions by means of appropriate filter layers.
In spite of the TERZAGH filter criteria up to present
many theoretical and practical problems rise about pro
per field investigation on this question and on a reli
able interpretation of the filter stability in natural
soils, in embankments and even in rock the joints of
which are filled with erodible sand and silt. Comparing
text books, the state of research and practical prob
lems mostly questions rise for the following reasons:

a. TERZAGHI'S filter criteria can be only applied, if
a sufficient confining pressure exists.

b. Ouestionable filter stability in some stratified
sedimentary deposits, mainly if gaps in grading
occur.
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Fig. 1: Hydraulic criterion for erosion along interface
of two adjacent granular soils, after BRAUNS

c. Dispersive clays.

d. General difficulties of predicting the maximum lo
cal flow velocities or hydraulic gradients. These
difficulties originate from the inhomogeneity and
anisotropy of the most sedimentary deposits, rock
masses or embankments.

2.2 Filter Stability in Stratified Sedimentary Depo
sits with Gaps in Grading

BRAUNS discussed the problem of internal erosion along
the interface between not filter stable layers in stra
tified fluvial sediments. He pointed out that the flow
law for seepage follows a binominal equation of FORCH
HEIMER

1=avF +bVF2

BRAUNS investigated the relationship between grain size
distribution of soil and filter and the critical hydrau
lic gradient and found the erosion can occur where the
gradient is as low as 0.1 (Fig. 1). It is therefore ne
cessary to calculate a critical filter velocity for the
materials in question and to implement the appropriate
measures to reduce flow velocity.

These questions are important for the alluvial deposits
of many large rivers. The problem rose with flood pro
tection measures and dam engineering along the Rhine.
Danube and Rhone river in Europe but it seems to be a
general sedimentological phenomenon in fluvial depo
sits.

Other speakers stated that internal erosion due to gaps
in grading had also been experienced in glacial till
and in residual soils derived from granite or basalt.

2.3 Dispersive Clays and their identification

Dispersion means the transition of a soil or a soil
suspension into a two-phase system in which the origi
nally solid particles are present as colloidal sized
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material. Although dispersion can theoretically occur
in any soil, we are mainly interested in dispersive
clays.

ELGES grouped the natural clays into two main catego
ries

a. ordinary clays which are relatively erosion re
sistant,

b. dispersive clays which deflocculate in the pre
sence of relatively pure water, they loose their
cohesion and are extremely susceptible against
piping.

The main parameters affecting the dispersibility are:

- mineralogical composition
- type and concentration of cations
- pH-value
- adsorption of anions

The question of dispersibility is of great importance
in case of leakages, for instance under dams. It is de
cisive for the maximum velocity up to which self hea
ling occurs. or from which velocity or hydraulic gra
dient piping has to be taken into consideration.

The dispersibility is tested mainly by the pinhole test
and by chemical tests. Other tests as SCS- or double
hydrometer or crumb test are less known.

At the pinhole test water is percolated through a 1 mm
pinhole under different heads of 50 - 180 - 380 mm and
the flow rate and turbidity are recorded. The revised
pinhole test is USBR standard.

In the chemical tests the Na-content compared with the
total dissolved salts (TDS) or the exchangeable Na-per
centage (ESP) are determined (see Fig. 2). Where free
salts are present, the sodium absorption ratio (SAR) of
the pore water is an appropriate parameter.

ELGES pointed out that the relationship between the
electrolyte concentration of the soil pore water and
the exchangeable ions in the clay's adsorbed layer is
pH-dependent. Due to this relationship the chemical
tests which are mainly used in Australia and South Afri
ca are more reliable. Finally. ELGES.stressed that all
samples should be maintained and tested at natural wa
ter content. No oven drying should be applied.



At any case the laboratory tests are to be supplemented
field observations regarding the dispersiveness

.g. morphology of valleys and creeks)
by
(e

An early identification of dispersive soils is very im
portant in order to ensure the incorporation of a pro
per filter system or other suitable measures in the
design (e.g. underground sealing, reduction of hydrau
lic gradientsL

2.4 Managing of the risk of erosion by underground
sealing

Beside appropriate filter and drainage layers under
ground sealing is the most applied measure to manage
high hydraulic gradients and the risk of erosion resul
ting therefrom.

Conventional Grouting:

ARZ described a grout curtain under the 185 m high
Oymapinar dam in Turkey. The bedrock is extremely
karstified up to several 10 m below the valley bottom.
The grout material was a conventional cement-bentonite
mixture with a water/solid ratio between 1.0 and 0.B.
Due to many open caves and wide joints as well as
strong karst springs in the foundation drilling and
grouting reached about 20 Z of the total Construction
Costs. The arch dam was completed in 1984 and up to
date very low seepage losses have been recorded.

Other contributors raised the following points:

Solution channels in karst systems are often filled
with debris material which prevents proper grouting.
This material tends to be washed out in time and requi
res regrouting. During the initial stages of reservoir
filling high gradients in pore or cavity air may deve
lop and result in disruption of impervious blankets or
joint fills.

Jet grouting

The modern technique of jet grouting or SOILCRETE (deve
loped by GKN Keller, Germany/Great Britain) was dis
cussed by BAKER. This method involves a high velocity
(100-400 bar) rotating water or air/water jet starting
from the bottom of a borehole and moving upwards to
erode pervious material. This operation is followed by
the injection of cementiceous material to fill the cavi
ty thus created (see fig. 3). The method is mainly used
in sandy, silty or fine gravelly soils. It does not
work well in clay, clayey silt. coarse gravel or boul
ders. Jet grouting offers a solution for underground
sealing or improvement (underpinning) where the voids
or joints of soil or weak rock cannot be penetrated by
cement and chemical grouting is considered unfeasible.

Chemical grouting as an alternative was discussed and
it was mentioned that the use of an organic hardener
could result in a ground water pollution hazard.

2.5. Geofabrics

den HOEDT discussed the use of geofabrics as impervious
and nonerodible membranes for surface sealings to con
trol seepage. The hypofors membrane (ENKA), a bitumi
nous material reinforced with nylon fabric is commonly
used for dykes and small dams. The most critical as
pects are seaming, possible damage during construction,
connection to concrete or other structures as well as
gas uplift from the subgrade (for instance CHA. C02).

|1.1|I1|1l mi'
Filter cloths have been used extensively over the last
10-15 years but little is known about their actual per
formance with regard to clogging, especially under
greater loads. In several cases a certain reduction of
the permeability of the filter cloths was observed in
the beginning, but shortly a "natural filter" developed
around the cloth and a steady state of sufficient safe
ty was obtained.

3. TOPIC (5)

DISINTEGRATION OF ROCKS. SUITABILITY OF DISINTEGRATED
ROCKS AS EMBANKMENT MATERIAL

Economical and environmental factors often necessitate
the use of all excavated materials even though they may
possess changeable properties. In general such rock
tends to strong up to extreme disintegration already
during removal, transportation and placing. Standardi
zed testing techniques for such materials have not been
developed and need to be discussed in greater detail.

BONAZZI described the construction of the Vieux Pre
rockfill dam in France founded upon and filled with
Triassic alternating sequence of sandstone and shale
layers. Diamond drilling did not reveal sand-filled
joints at depth and the open joints at the flanks. In
addition BONAZZI reported the carefully cleaning of
joints in the core trench and placing of a concrete
layer covering the whole core foundation as well as the
grouting program amounting to 15 Z of the total cost of
the dam.

AMANN described the design and construction of the
Ahbach earth/rockfill dam in Germany. A Devonian clay
slate was used breaking down during the placement to
such an extent that the percentage of fines increased
from 5 to 25 Z. The permeability of the fill decreased
during placement and compaction from 1O'7 to 1O'9 m/s.

lherefore this material could be used as impervious
zone between coarser rock fill shells. The design was
changed from an original bituminous asphalt concrete to
a natural sealing.

PENMAN discussed the subdivision into earth and rock
fill dams. Due to the extreme disintegration of several
kinds of rock during handling at the construction site
the origin of the embankment material (from soil or
rocks) is not an appropriate parameter for the charac
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terization. PENMAN suggested a permeability value of l0
m/s to distinguish between compacted rockfill and com
pacted earthfill.

BRAUNS reported the difficulties associated with labora
tory testing of shear parameters of widely grained em
bankment materials. He presented the triaxial equipment
of the Technical University of Karlsruhe measuring 0.5
and 1,2 m in diameter and l,0 and 3.0 in height. But
all tests are very time-consuming. Therefore multi
stage consolidated undrained tests with pore water mea
surements were developed in order to reduce time.

4. CONCLUSIVE REMARKS

The papers submitted to the Conference and the contribu
tions to the discussion session have demonstrated that
during the last decade the theoretical fundamentals and
the managing of the problems of both topics have been
improved. On the other side the chairman expressed dis
appointment about the fact that several important
aspects could not be dealt with, e.g. the erosion along
joints in rock foundations or the use of rockfill mate
rial which is too strong to break down during placement
but could deteriorate with the time.

As future subjects of research are to be seen:

- more detailed knowledge of the real filter stabili
ty of natural or artificial well-graded soils of
rounded or angular grains. Self-healing, develop
ment of filter stable gradation around critical
areas or continuing erosion at high hydraulic gra
dients or high flow velocities. with respect to
specific soil/rock conditions and in dependence on
hydraulic gradient

- geological or constructional limitations for con
ventional or new methods for underground sealing.
Development of criteria on the suitability of the
different methods (e.g. grouting. jet grouting.
diaphragm walls) in view of different kinds of
soil and rock. Development of internationally
approved standards or codes of Practice as far as
necessary.

- collecting of practical experiences with geotex
tiles (membranes, cloths).

- Reconnaissance of the geological parameters for the
identification and evaluation of rock with change
able strength and deformation behaviour. Develop
ment of suitable testing methods for the investi
gation phase as well as design concepts and con
struction methods for foundation or the use as em
bankment material.

Prerequisite for successful research on these subjects is
the collaboration of soil mechanics and foundation
engineers and engineering geologists which has to be in
tensified. More im ortant will be a Continuinq introduc
tion of new scientiric results found at Universities or
other Institutions into design concepts ano into con
struction sites and vice versa the introduction of ex
periences optained during design and construction into
the scientific research programs.

In view of underground sealing the discussion session
has demonstrated that beside diaphragm walls also the
different grouting procedures have considerably pro
gressed. A remarkable example for the development of
completely new procedures is the Jet Grouting method
enabling the improvement of such subgrade which produ
ces technical difficulties at all other procedures. The
contributions and the discussions have also shown that
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-5 for the design and the selection of the most appropri
ate sealing method beside the geological data the ope
rational conditions at the construction site are of in
creasing importance. This is especially true for urban
areas where available space, waste disposal and pollu
tion hazard are decisive parameters in view of the tech
nical procedure to be taken into consideration.
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(all included in the proceedings)
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Oymapinar Arch Dam, foundation in the karstic
limestone, design and execution

FEARZ, Bilfinger & Berger, Mannheim, FRG

Between 1977 and 1984 Bilfinger + Berger, a large Ger
man civil engineering and construction company, con
structed a hydroelectrical power plant with a 185 m
high arch dam and turbine capacity of 540 MN for the
Ministry of Energy and Natural Resources of the Repub
lic of Turkey.

The natural form of the valley, a V-shaped gorge long
ago gave rise to the idea of constructing a hydropower
plant by erecting an arch dam across the gorge. First
investigations commenced in 1939. But it was not until
1963 that extensive geological investigations were car
ried out. A very large number of geological investiga
tions were made because the V-shaped gorge is placed in
a dolomitic limestone, flanked up- and downstream by
metamorphic schists. The limestone had intense karstifi
cations along subvertical joints of tectonic origin.
The karstifications consisted of faults, joints, cars
tic springs, and big caves. Nevertheless, the consul
tants Coyne & Bellier, Paris and Aknil Engineers Ankara
decided to place the double curved arch dam and the
underground power house in the limestone.

A detailed analysis of the geological conditions before
and a consecutive adjustment of the local conditions du
ring drilling and grouting works has conducted to a
grout curtain of more than 200.000 m _ A part of the
non-filled faults on the right and left bank were not
plugged but they were integrated in the main drainage
system. Drilling and grouting works have reached an
amount of about 25 Z of the total costs.

Due to the sealing against seapage as well as plugging
of the connection between the springs on the left and
right bank atan elevation of -100 m depth and due to a
drainage system which includes also natural faults the
water escaping during impounding to the final level was
generally at a low quantity.

Conclusions:

Even if the geological conditions - in our example kars
tified limestone - are not predestinated for an arch
dam it is possible to plan and erect it. One of the ma
jor conditions is to study and plan in advance a
detailed sealing programm and drainage system.
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Testing the mechanical properties of fills made of
siltstone/sandstone

Tester les propriétes mécaniques des remblais en
roche silteuse/gres

JOSEF BRAUNS, Dept. for Embankment Dam and Foundation
Engineering (Soil and Rock Mech. |nst.), University of Karlsruhe,

FRG

KARL KASI Dept. for Embankment Dam and Foundation
Engneenng(SohandRockMechJn§),UnWemhyolKanyuhe

FRG

In todays practice, even unfavourable rock
masses must often be used to construct embank
ment dams. Recently, the properties of a mix
ture of sandstone and soft siltstone were to
be investigated in regard to the use of such
material for an embankment dam. This contri
bution gives some information on the technical
and experimental needs for triaxial testing of
such material.

The nature of the material in question is
shown in its original state (borrow area) in
Fig. 1.

As can easily be seen, the sedimentary rock
consists ofseems of soft siltstone and harder
sandstones. After excavation for use in a
fill, the material is of the nature as shown
in Fig. 2.

The well graded mixture of silt, sand, gravel
and rock fragments is typical for materials of
that sort and also reveals from the gradation
diagram in Fig. 3. That figure includes some
data on the compaction behaviour: the maximum
dry density achieved in a Proctor test is lit
tle higher than o = 1.95 g/cm’ at an optimum
water content of Tittle less than w = 12 %.

Under conditions of optimum compaction as men
tioned above, the porosity of such material is
only 26 % and the degree of saturation reaches
nearly 90 %.

When such materials are to be used for embank
ments, the question of how to test the
strength properties comes up. Large samples
are required because of the coarse rock frag
ments, since scalping of the gradation may
lead to erroneous results. An adequate sample
size may be 50 cm dia; such a specimen is
shown in Fig. 4 before testing in our large
scale triaxial cell (vide Fig. 5), which - in
its original form - is in use since 1959 and
has been improved and further developed in
several stages since then.

From the gradation and the porosity of the ma
terial, it is clear that the permeability of
fill materials of this sort is very low, so
that excess porewater pressures cannot be ex
cluded in triaxial tests on samples of this
size.

In order to obtain clear testing conditions,
CU-tests on precompacted and carefully presa
turated specimens are to be preferred for such
materials. Such tests on large samples are
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Fig. l Series of siltstone and sandstone in
borrow area

Fig. 2 Nature of material after excavation
from borrow area; electrical tamper for com
paction of specimens for triaxial tests
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Fig. 3 Borrow material taken from sandstone/
siltstone layered rock



Fig. 4 Triaxial sample Fig. 5 Large scale
(H/D = 100/50 cm) before triaxial test appa
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very time consuming as will be shown by means
of Fig. 6.
The upper part of Fig. 6 shows, how much time
is required for the various stages of a single
test. Precompaction of the material in layers
to a preset value of dry density is done in a
few hours. The specimen is then partly satu
rated under low cell pressure by means of some
inflow of water through the lower porewater
port under very modest pressure, until dis
charge of air from the top port ceases. This
took 4 days in the particular test described
here. In the next step, the specimen is satu
rated under backpressure in steps while the
cell pressure is set such that the effective
lateral pressure is still small. This phase
ends when the degree of saturation, derived
from evaluation of the so called B-factor (re
lation of porewater response to changes in
"ell pressure), is sufficient, and required 1
day in our example.

Consolidation could be started now only, by
increasing the cell pressure to 0 L = bp +cC(bp = back pressure,o = consolfd%1ion pres
sure). The consolidatgon phase takes another 4
days or so, ending when no further settlement
or volume change is observed any more or when
- after closing the porewater system for such
a check - the porewater pressure does not in
crease any more under closed conditions.

All in all, preparation of such a sample for
testing takes around 10 days. The test itself
is then performed in the comparatively short
period of 1 full day (12 to 16 h).

The procedure of testing and the reaction of
the sample during a triaxial test with 03 =4 atm (0.4 MN/mf) effective lateral pressure
is shown in the lower diagram of Fig. 6.

Fig. 6 Performance of triaxial test

As experience showed, testing with constant
rate of deformation is not to be recommended.
because the specimen, though carefully satur
ted and consolidated, requires some time to
adapt to any change in the load conditions.
This clearly reveals, in the early stages of
the test performance, from the readings of the
porewater pressures. Electric pressure trans
ducers are provided at both top and bottom
porewater exits (which are closed at the end
of the consolidation phase). In the later sta
ges of the test, the porewater does not longer
change significantly, but the sample shows
creep deformations over a certain period of
time.

Thus, the sample is loaded in steps and observed after each load increment until the chan
ges in porepressure have more or less ceased
or the sample deformations come to a stand
still. Such a load step with adaption period
may have a duration of l to 2.5 h.
The result of a set of 3 of such tests is
shown in Fig. 7. As can be seen, considerable
excess porewater pressures developed under all
cell or consolidation pressures (2, 3 and 4
atm). The material behaves like in a virgin
consolidation state. Eventhough, a common
envelope in the p-q-diagram reveals some in
tercept on the q-axis, and the result is eval
uated towards the effective shear parameters
Q'/c' (37°/35 kN/m2).

In view of the cumbersome and time consuming
process of sample preparation, we have tried
to find out whether comparable results can be
obtained from a multi-stage-test on one sam
ple. In this test, a second consolidation
stage was provided after the first shear phase
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Multi-stage-test; D/H = 50/100 cm
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Fig. 9a Specimen after Fig. 9b Specimentriaxial testing, after triaxial tes
rubber sleeve strip- ting, broken toped off show inner structure

under the lowest of three effective lateral
pressures. After this second consolidation
phase, the porewater system was closed again
and the sample was sheared to yield condition
a second time in undrained condition (total el:10 % at end of second stage).

The same procedure was then repeated for a
third testing stage (total el = 14 % at end oftest series).
The results of this test, which - all in all 
took 22 days (instead of 35 days in the case of
3 single tests) are shown in Fig. 8. The dif
ferences in the stress strain behaviour, in the
porewater pressure development and thus in the
stress paths are interesting (compare Fig. 8
with Fig. 7). As regards the strength parame
ters obtained in this test series on one single
specimen, they were very similar to those ob
tained in the tests with individual samples.

This is our first comparison of the two methods
of testing as regards CU tests on well-gradedIt will be inmaterials of low permeability.
teresting to see whether such similarity in the
results holds in general. This would ease the
testing of such materials very much.

As for a round-off, Fig. 9a and b are given
which show one of the specimens after stripping
off the rubber membrane after testing (a), and
another specimen broken in two halves (b) in
order to demonstrate the inner structure of
such a material in well compacted condition.



Hydraulic criterion forfilter stability in stratified
granular sediments

Critere hydraulique pour la stabilité des filtres dans
des sediments stratifiés

JOSEF BRAUNS, Dept. for Embankment Dam and Foundation
Engineering (Soil and Rock Mech.lnst.) University ot Karlsruhe,

FRG

Every geotechnical engineer is aware of the fact
that fluvial sediments show a more or less
pronounced stratification (Fig. 1). This
stratification is obviously the result of
changes in the flow conditions during
sedimentation.

what seems not to be so well known to the prac
ticing engineers, is that the fluvial sedi
ments of big rivers very often show a cer
tain range of missing grain sizes in the
range between l and 5 mm. This has been re
ported not only foi the Rhine River sediments
(Brauns & Wibel 1985), but also for those of
the Rhone River in France (Cambefort 1951),
of the Danube River in Czechoslovakia (Jese
nak 1974 and Peter 1977), and seems to be a
general sedimentological phenomenon (compare
Fichtbauer 5 MGller 1970).

Detailed and careful subsoil investigations in
such sediments (using boring techniques with
continuous core recovery) reveal, that the
changes in grain sizes from one layer to the
next can be such that the adjacent materials
are not filterstable to each other along this
interface.

If embankment dams must be constructed on such
sediments, the question comes up, how much the
underseepage must be reduced in order to avoid
erosion along the interface between adjacent
non-filterstable soil layers. To answer such a
question, a hydraulic criterion for erosion
along interfaces is required.

Tests and some analytical investigations have
been performed in our laboratory at Karlsruhe
in order to determine and to quantify such a
Criterion. Fig. 2 gives a view of the testing
device used, a flume containing a sandlayer at
the bottom, overlain by a layer of uniform
gravel. The set-up is designed for pure hori
zontal percolation of the various soil com
binations tested.

The tests with various soil combinations sho
wed that there exists a clear and well defined
hydraulic condition to cause erosion of the
finer material along the interface with the
coarser one, as long as Terzaghis filter ratio

dl5F N1 1 zo (1)
aa5B

(combination not filterstable)

l

Fig. l Stratified sediments of the Rhine River
(example)

Q) FLUME @ WATER ENTRANCE

@ E|LrER-so||_ @ WATER EXIT

@ BASE -so||_

Fig. 2 Flume for erosion tests

dl5F = 15%-grain size of filter material
dB5B = 85%-grain size of base material
The experiments showed that those filtervelo
cities in the filter material were "critical",
which gave a certain constant Froude-number in
the following form
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v . /nFl';rit = -L = 0.7 (2)l

VYS d50B/ Dw

critical filter velocity in filter
vFCrit material
nF = porosity of filter
Y; = specific buoyant weight of basematerial

d5OB = 50%-grain size of base material
OW = density of water
in order to calculate critical hydraulic gra
dients from the critical filter velocities in

ilvp [slcm]
0.05

the coarse filter materials, Darcy's law could
not be applied because of pronounced non-line
arity in the v vs. i-relationship. But a
binominal law cogresponding to that of Forch
heimer proved to be very useful here (Brauns
1985).

As for an example, the diagrams in Fig. 3 show
for one of the soils used, that the flow law
for seepage through such coarser sediments is
in fact of the binominal form:

i = a ° VF + b ~ V; (3)
On the basis of further analytical expressions
for the factors a and b in equ. (3) (see witt
mann 1981 for this), the critical hydraulic
gradient causing erosion along an interface of

san. ra 0, =2o.s201m 'Frrll d.f=5mff\o.os- _ o.e' _ Prnt' =0.55 =consl._ 5; , 1_5 =16.5 kNlm°0.0L b =0.0ILm `: . 0_5 _ "F :Djs1n= 0,3111 1._ Lf "0103 * 1: *, 0.L - _F -f|.qp» .. 7.5-,__;__;¢V'‘o.o2- I ' _ ,_ :Me 0_3 _l n : D_]B 10
¢ n = 0.350.01 0_2 _ 12.5, 15°=°-°°5 'ni 17.50 ~ I I I I I 20o | 0_5 1.o 1.5 2.0 2,5 :1.o 3.5 0.1 - f 25v, [cm/sl f "I 0 7 YI l I I I0 0.1 0.2 0.0 0.0 0.0 0.0 0.1F dsoa lmml

Fig. 3 Non-linear law of flow through gra
nular material

Fig. 4 Hydraulic criterion for erosion along
interface of two adjacent granular soils

_‘_ évmaxwuler level H ,
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55 6,5 5° lo 0| .0 d505|fT\|'I'I) 0.13 0.1 0.08
01 S ___®  V dwplmml 7 6 7(=d|5)

s,: 15 I ami, 0.11 0.12 oosS ..f»JS_____® 0 I J'
_'_ on 0.06 112 o.s 2 e Sotmnfc:

Fig. 5 Dam with upstream blanket on stratified sedimentary foundation

2832



a non-filterstable combination of soil layers,
can be explicitely given. This formula, the
general form of which is

iFcrit = f(d5°B' dwr) (4)
d50B = 50%-grain size of base material
d = effective hydraulic grain size ofwF , .filter material

is a bit complex and, therefore, omitted here
(see Brauns 1985 for details).

In fact, the results can easily be shown in
graphical form, as is done in Fig. 4.
The diagram of Fig. 4 gives the relation be
tween critical gradient and grain size of
base material in motion (represented by mean
diameter d50 ), for a couple of effective
grain sizes Qdw) of the coarser layer (filter).

As can be seen from the diagram in this fig
ure, erosion of the fine-grained layers
through the coarser material can occur under
very low hydraulic gradients. So for instan
ce: even a coarse sand of d5OB = 0.7 mm canbe washed along the interface against a gra
vel with dwF = 25 mm under a hydraulic gradient of 1 _ = 0.1 only. In fact, the
small critiggflgradients are due to the very
high flow velocities in coarse grained soils,
even under such low gradients.

In order to demonstrate a possible use of the
results obtained in this study, a simplified
example of application may be shown in
Fig. 5, and I apologise for the necessary
over-simplification necessary in this con
text.

A dam be founded on deep layered sediments.
The soils in contact in points 1, 2, 3 are
described through gradation curves in the
grain size diagram. Characteristic values
dw , d50B) are given in the table in Fig. 5.Wigh these values, critical hydraulic gra
dients also given there can be figured out
from Fig. 4. These gradients, being in the
order of magnitude of 0.1, show that the
length of the sealing blanket should be
1 = 200 m or more, in order to reduce under
seepage to a degree that erosion along
non-filterstable interfaces between persistent
layers may be prevented.

In view of the relations shown and the figures
presented, the needs of detailed investi
gations of the foundation conditions under
neath dams is again clearly pointed out.
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The use of reinforced bituminous membranes in dams
G.DEN HOEDT Enka Research Institute, Arnhem, Netherlands

The use of geomembranes in general,and of reinforced bi
tuminous geomembranes in particular, is widely accepted
in geotechnical and environmental engineering for provi
ding impermeability. Many projects have been carried
out during the last l5 years with geomembranes as a li
ning material in a.o. large water basins. canals and
waste disposal sites.

An interesting application of the geomembrane Hypofors
was executed in 1977/1978. for the purpose of increa
sing the conceivable path of seepage at the Kinzig dam
in the Federal Republic of Germany.

At the interior foot of the dam the geomembrane was con
nected to the inside dam lining consisting of asphaltic
concrete. and was extended horizontally over a length
of 40 m.

For this type of application the following membrane spe
cifications are to be met:

- a good impermeability, especially on the joints. also
when settlements occur.

- an excellent flexibility. by which a good membrane 
soil contact is guaranteed. So after ballasting no
cavities or channels exist under the membrane.

- an adequate surface roughness.This reduces the risk
of piping directly underneath the membrane consider
ably.
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Composition of Hypofors membranes.

The composition of hypofors is given in the figure. Joi
ning of the 5 m wide tracks is performed by pouring hot
bitumen in the 0.5 m wide overlap.
The layers of bitumen guarantee the required flexibili
ty. whereas the sand in the surfaces provides the re
quired roughness.
Up to now no problems have been met. an the system func
tions accordingly to design.
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Problems in areas with special geological conditions:
Foundation problems in arid zones

AMOS KOMORNIK, Prof., Discussion Leader

As Prof. Ter Stephanian wrote in his theme lecture.
soils in areas with special geological conditions
have different properties and composition - their
physical properties and geological histories are
connected functionally. with change in environmental
conditions these soils and their properties change
as well.

The variation in climatic and environmental conditions
will cause deformation to occur in the foundation
soil (settlement, collapse, swelling, underground
cavities, thawing, etc.) which will be reflected in
damage to structures, canals, pipe lines, slopes
etc.

Attempts at minimizing changes in the environmental
conditions have been limited in their success. In
order to cope with the variability in the changes
of soil properties, studies of field behavior of
soil and structures, in conjunction with laboratory
testing of soils, models and special field testing
must be carried out. The development of new theories
to cope with these special changes in soil parameters
with development of special technics to measure the
various parameters, will help in understanding the
behaviour of structures founded in these areas and
thus will reduce foundation failures.

In preparing this special session it was quite clear
that the scope is too wide as can be seen from the
17 papers submitted by authors from 14 countries.
Trying to select them in groups of common nature or
subject show the complexity of organizing the discu
ssion session:

A. Theme lecture - General Aspects of Geotechni
cal Engineering.

B. Soft soils.
C. Rock.
D. Particular geological conditions.
E. Mapping.
F. Collapsible soils.
G. Swelling clays.

As anticipated some of the papers deal with special
theoretical problems and others deal with practical
engineering problems and case histories.
Because of these variations it was decided to choose
one major topic "Foundation Problems in Arid Zones"
to be presented in four lectures by Profs. Fredlund,
Nelson, Burland and Wiseman concentrating on the
following subjects:

1. Theory and testing of unsaturated soils:
volume change and shear strength. (2 l€CtUF@S)

2. Recent studies on the mechanism of collapse
due to wetting.

3. Case histories of behaviour of structure on
unsaturated soils.

Following are summaries of these lectures:

Qigl-figglggg ' "Theory Formulation and Application
for Volume Change and Shear Strength
Problems in Unsaturated Soils".

INTRODUCTION

During the past half century, the principles of satu
rated soils mechanics have been developed and success
fully applied in geotechnical practice. At the same
time, much less attention has been given to many
serious problems comnon to dry soils in arid areas.
The behavior of these soils can be classified as
unsaturated soil mechanics. The objective of this
presentation is to sunmarize the basic equations for:
i) the formulation of a theory for the volume change
and shear strength of unsaturated soils and ii) the
application of these theories in geotechnical practice

THEORY FORMULATION

Soil mechanics theory and technology has developed
based on a few classic equations. The three most
important equations are: i) the volume change consti
tutive relations, ii) the shear strength equation,
and iii) the flow of water through porous media. The
formulations associated with the first two categories
are summarized for unsaturated soils and compared to
the equivalent saturated soil equations.

STRESS STATE

Two independent stress state variables most commonly
used to describe the stress state of an unsaturated
soil. These are, (a-ua) and (uc-uw) where uc = pore
air pressure. The term (ua-uw) is referred to as
matric suction and is the pore-water pressure referen
ced to the pore-air pressure. The use of the above
stress state variables provides a smooth transition
from the case of an unsaturated soil to a saturated
soil and vice versa. lhe a5ove stress state var1a5les
have been repeatedly demonstrated as being adequate
for describing the volume change and shear strength
behavior of unsaturated soils.

VOLUME CHANGE CONSTITUTIVE RELATIONS THEORY

The classic volume change relations for a soil can be
presented in one of several forms; namely, i) the
elasticity form, ii) the compressibility form, and
iii) the soil mechanics terminology form. All forms
for the unsaturated soil can be shown to specialize
back to the commonly used forms for saturated soils
(Table 1). It is noted that more than one constitu
tive relation is required for the unsaturated soil
due to the number of phases involved.

SHEAR STRENGTH THEORY

The classic shear strength equation for a saturated
soil has been extended to embrace unsaturated soils
and the fonn of the equation is shown in Table 2.
The cohesion of the unsaturated soil can now be visua
lized as having 2 components.

APPLICATION OF UNSATURATED SOIL THEORIES IN GEOTECH
NICAL PRACTICE

Several practical problems could be considered which
involve unsaturated soils. However, only 2 examples
are selected and a summary of relevant equations are
presented in table form. The examples are:
i) the prediction of heave or swelling and ii) the
computation of the factor of safety for an unsaturated
soil.
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So11 Mechanics

TABLE l

Comparison of Constltutlve Relations for Unsaturated and Saturated Soils

Forms | Unsaturated Soils SBCUPBESU S0118
3011 Sgrugpgrg S011 Structure

(q - u ) U (u = u ) (u ~ u ) u
E _ _JL___2_ _ _ (U . , _ 2u ) . __2___Ji_ E _ __!____!_ _ _ (q + q _ 2u )* 5 E V a H X E E y Z "

(a - u ) u (u - u ) (u - u ) u
;y._ -‘L--(ax+a-2ua)*- ex-- "-(0x*oz-Zuw)E E H E E

Elasticlty (u ' U ) U Ku ‘ U ) (U ' U ) U
C . __E____E_ _ _ (0 . U _ Qu ) + __EL___E_ E _ __£___Ji_ _ _ (9 » 6 _ Zu )z E E x a H Z E E X Y V
Hater Phase

6 _ (ax * a * az - 3ua) * (ua - uw)" 3H' R
S011 Structure S011 Structure

gt . m‘5 q(U - ua) o m23d(ua - uw) dc - mvd(a - uw)
Compresslbillty

(lsotroplc Hater PhaseCompression) U H
d0u - mi d(u - ua) * me d(ua - uw)

S011 Structure

de - atd(ay - ua) + a d(u - uw) de
S011 Structure

- avd(u - uw)m a y
Terminology

(Ka loading)

TABLE 2

Hater Phase

U" ' btd(uy - ua) ' bmd(u

Comparison or the Shear Strength Equations for

Saturated and Unsaturated Soils

S011 Type Shear Strength Equations

Unsaturated i c' - (ua - ui) Lan gb ~ (un - ua) tan 0'
S0113

Saturated i c' ~ (un - uultan 0'

PREDICTION OF HEAVE

The prediction of one-dimensional heave equation is
shown using the: i) elasticity form for volume
change and ii) then converted to the compressibility
form and iii) the soil mechanics terminology forms
(Table 3).
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SLOPE STABILITY ANALYSIS FOR UNSATURATED SOILS

The principles involved in the derivations are the
same as for saturated soils with the exception that
the unsaturated soil shear strength equation is used.
The derived equations for the i) normal force at the
base of a slice, the ii) moment equilibrium factor of
safety and the iii) force equilibrium factor of safety
are presented in Table 4.

SUMMARY

The theory for the volume change and shear strength
behavior of unsaturated soils appears to be well
established. Equations derived in saturated soil
mechanics can readily be extended to encompass unsatu
rated soil behavior.
A summary of many of the relevant references can be
found in the paper entitled "Soil Mechanics Principles
that Embrace Unsaturated Soils", presented to this
conference (Fredlund, 1985).
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TABLE 3

Summary of Equations for Heave

Forms Unsaturated Solls Saturated Soils
Soll Structure Soll Structure

(1 ‘ u) (\ ' Zu) (I ‘ u) (1 * u)(1 - 2u)c - -------- (o - u ) ° ---- (u - u ) e - ------- (0 - u )Y zu -U) V B HU -um 3 " V su -u) V "
Elastlclty

(Ko loading) Hater Phase
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DEFINITIONS OF VARIABLES

- total stress In the x-, y-, and
z-directions, respectively

pore-air pressure

pore-water pressure

ua), (uy r ua), (oz H ua) ° net total
stress in the x-, y-, and z-directions,
respectively

u ) = matrlc suction

volumetric strain; equal to ex + e

- linear strain In the x-, y-, and
zrdlrectlons, respectively.

* Ey Z
elastlc modulus wlth respect to a change
In (o F ua)
elastic modulus
(u - u )a w
PoIsson's Fat10

Hlth PQSPECC to

net inflow or outflow from the element

water phase (elasticity type) parameter
Hlth P€SD&Ct to (o P ua)

water phase (elasticity type) parameter
Hlth PeSD€Ct to

compresslblllty
with respect to

COmpPES31bl11Ly
with F€SP€Ct to

(ua F uw)

of the soil structure
a change In (a - ua)
of the soil structure
a change In (ua P uw)

coefficient of volume change

slope of the (oy F ua) versus ew plot

slope of the (ua ~ uw) versus Bw plot

void ratio

water content

coefficient of compresslbllity with
respect to a change In (ay - ua)
coefficient of compressibillty with
respect to a change In (ua - uw)

coefficient of compressibillty

coefficient of water content change with
respect to (o  u )

a

coefficient of water content change with
respect to (ua - uw)

shear strength

the effetive cohesion

the effective angle of Internal friction

the angle of shear strength increase
with respect to an increase in (ua P uw)

an - total normal stress

eo - Initial void ratio
H - total weight of a slice of width 'D' and

height 'h'

N - total normal force acting on the base of
a slice. It is equal to unB where dn Is
the normal stress acting over the
sloping distance, B.

XR = interslice shear force on the leftand right sides of a slice,
respectively

XL,

R - radius or moment arm associated with the
mobilized shear resistance

x - horizontal distance from the center of
each slice to the center of moments

f - offset distance from the normal force to
the center of moments

c = the angle between the tangent to the
center of the base of each slice and
the horizontal

F - factor of safety
F - factor of safety with respect to moment
m equilibrium

Fr ~ factor of safety with r€SP€°@ t° f°"°e
equilibrium

J.D.NeIson - "Constitutive Relationships and Testing
of Unsaturated Soils".

when constitutive theory is developed for unsaturated
soils there results a number of constitutive parame
ters that must be determined. These parameters are
properties of the material, and cannot be predicted
by practical means other than by testing representa
tive samples of the soils in the laboratory or in
the field. In laboratory testing the general proce
dure is to control the appropriate stress state
variable and measure the soil response. Alternati
vely the soil response is controlled and the stress
state variable required to produce such response is
measured. In either case the controlled or measured
stress state variable and response are utilized in
the formulated constitutive theory to compute values
of the appropriate constitutive parameters, and to
verify the conformance of the material behavior with
the constitutive theory being considered.

The purpose of this lecture is to present the current
state of research in the testing of unsaturated soil,
the measurement of stress state variables, and consti
tutive parameters, and to discuss particular problems
and needed research in current testing methods.

Methods for measuring or controlling stress state
variables both in the field and the laboratory are
presented.

CONSTITUTIVE RELATIONSHIP

water Content
For an unsaturated soil the water content will be a
function of the capillary pressure or soil suction
applied. For the simple case of a column of soil



this relationship is the same as the water retention
curve or the pressure-saturation curve.

For a rigid soil the soil structure or fabric will
not change with applied stress. In that case the
relationship between water content and capillary
pressure would be the same for all values of the
other stress state variables. However, in actual
soils the change in volume associated with a change
in (a-ua) or (aJuw) will result in a change in soil
structure. Matyas and Radhakrishna (1968) recognized
this in terms of a parameter, x, that 'describes a
structure or fabric of the soil‘.

The equation expressing water content as a function
of suction (ua-uw), or hc, in terms of the two cons
titutive parameters, x and hd, is given by Equation

e = in - e.><,%><-xi + e.
where 6 is the volumetric water content

9, is the residual water content
n is the porosity
h = (uc - uw)

A second parameter that defines the shape of the
pressure saturation curve is the displacement pressu
re (Uq'UW)d or hd. This pressure is the value of
suction or capillary pressure at which a soil begins
to desaturate under a condition of drainage. This
value depends upon the grain size of the soil and
its fabric.

The third parameter is the residual water content
e,, which describes the minimum water content that
can be achieved by increasing the soil suction.

It is believed that this parameter is equal to, or
at least related to. the water content at which the
water phase becomes discontinuous. The index, x,
can also be used to relate the permeability of an
unsaturated soil to the value of (uc-uw) applied
(Mcwhorterland Sunada, 1977).

Thus, insofar as the parameter x describes the struc
ture of a soil and its influence on the pressure
saturation curve, and insofar as the structure is a
function of the applied stress, (u-ua) or (a-uw).
The water content should be represented by a surface
described in terms of both stress state variable.

SOIL SUCTION

The tendency for an unsaturated soil to imbibe water
is related to a parameter called the soil suction.
Soil suction is a parameter describing the state of
the soil and indicates the intensity with which it
will attract water. For practical purposes the
suction of a soil is considered to consist of two
parts, osmotic suction and the matrix suction. The
sum of these two parts is termed the total suction.
Thus, the total suction, h, is given by

n = n0+ nc

where ho is the osmotic suction
hc IS the matrix suction.

The osmotic suction in a clay results from the forces
exerted on water molecules as a result of the chemi
cal activity of the soil. The pressure differential
between the solution and the pore water is the osmo
tic pressure, u,

li = DRTCS

where n is the molal osmotic coefficient of the
solute

R is the universal gas constant
T is the absolute temperature
CS is the concentration of the solute.

Matric suction is defined as the difference between
the air and water pressures and they are related to
the surface tension forces and adsorption forces
exerted on the water molecules by the surface of the
soil particles. 2T_ s

hc ' (ua ' uw ) ' 'F'
where T5 is the surface tensionr is radius

There is a unique relationship between the water
content of the soil and the matric suction and it
will depend upon the distribution of pores and their
sizes, i.e., the soil fabric. The total suction is
the sum of the matric and osmotic suction of the
soil. Uithin the range of water contents encountered
in most practical problems, the changes in total
suction that will occur are those that are due only
to changes in matric suction.
For very dry soils wherein the osmotic suction is not
fully satisfied the total suction may be the appro
priate stress state variable to describe soil beha
vior.

MEASUREMENT OF SOIL SUCTION

The measurement of soil suction can be accomplished
by a variety of means. The most commonly used
methods include:

- tensiometers
- axis translation
- filter paper
- thermocouple psychrometers
- thermal matric potential sensors.

An essential component of tensiometers and the axis
translation technique is a membrane that is used to
separate the air and water phase measurement or con
trol devices. This membrane generally_consists of a
very fine ceramic stone or other material having a
very small pore space that will allow the movement of
water. The basic principal of operation is to provide
for pore spaces that are so small that the air pressu
re required to force a bubble of air through the
stone is high.
TENSIOMETERS

A tensiometer is a relatively simple device for
measuring soil matric suction. It consists simply of
a fine porous stone which is placed in contact with
the soil. A pressure gauge is connected to the stone
on the other side to record the pressure in the water.
The stone must be maintained in a saturated state so
that air passages do not develop through it.
Because the porous tip allows the migration of salts
through the ceramic, tensiometers will measure only
the matric component of suction.

Although natural soils can contain water at matric
suctions much greater than one bar, tensiometers
cannot be used to measure matric suction much above
0.9 bars. At suction greater than this cavitation of
the water in the tensiometers occurs.
AXIS TRANSLATION

In order to extend the range of suction over which
tensiometric measurements can be used, the axis tran
slation technique can be utilized.
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A soil sample is placed in contact with a high air
entry ceramic stone, and air pressure is applied to
the sample. The high bubbling pressure of the stone
prevents air from passing through it, but the water
in the soil will remain in contact with the water
in the stone. This also provides connection between
the water and the water measuring device on the other
side of the stone. Consequently, the water pressure
can be maintained throughout the system at any posi
tive value that is desired.

As the air pressure is increased, the radii of the
meniscii in the pore water must decrease to maintain
equilibrium. water can migrate in and out of the
soil through the porous stone to maintain equilibrium.
Thus, at equilibrium the air and water pressures will
be at the values applied and a matric soil suction
will equal the difference between the air and water
pressures, i.e., (ua-uw).
FILTER PAPER

ln this technique the filter paper is calibrated by
equilibrating it with air over salt solutions of
different molalities. Alternatively, the filter
paper could be calibrated by use of a pressure plate
and the axis translation technique as described above.

Once the paper has been calibrated it can be used to
determine soil suction as follows. A sample of the
soil is placed in a closed contained constructed of
noncorrosive material. The filter paper is also
placed in the same contained and the soil sample and
filter paper are allowed to equilibrate for a period
of seven days. During the equilibration stage the
water temperature is maintained constant and is
monitored. After the seven day equilibration period
the filter paper is removed and weighed to the
nearest zero point 0.0001 g.

The filter paper method can be used over a wide range
of suction up to approximately 10,000 bars, (McKeen,
198 ). This technique has been used in a great
number of investigations of soil water relations and
has been found to be very satisfactory for use in
field investigations (McKeen, 1980, Snethen and
Johnson, 1980, Hamberg, 1985, and others).

The principal on which the filter paper technique is
based is that the soil water will control the rela
tive humidity inside the contained. The filter paper
will take on or give off water to come into equili
brium with the relative humidity inside the container
as well. After sufficient time has been allowed for
equilibration between the filter paper and the relati
ve humidity in the contained the suction in the filter
paper will be at the same value as that in the soil.
THERMOCOUPLE PSYCHROMETER

The basis of operation for thennocouple psychrometers
is that a miniature thermocouple is placed inside a
protective chamber and buried in the soil. The soil
water will control the relative vapor pressure inside
the chamber surrounding the thermocouple. A current
is caused to flow through the thermocouple junction
in a direction such that it will cool causing water
to condense on it when the dew point is reached.
Condensation of the water inhibits further cooling of
the junction. The voltage developed between the
thermocouple and reference junctions is proportional
to the temperature difference and is measured by a
microvolt meter. The relative humidity is a function
of the dew point and the ambient temperature and the
voltage output can, therefore, be related to relative
humidity or soil suction by a calibration curve.
Thermocouple psychrometers can be used for suction
values ranging from 1.0 to 1000 bars (Wray, 1984).
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Thermocouple psychrometers have been used successfully
for measurement of in situ suction in a number of
field investigations.

OSMOTIC METHOD

ln the osmotic method a potential of water and soil
is compared to the potential of a known high polymer
solution.

Bocking and Fredlund (1979) found that the response
of osmotic tensiometers was very sensitive to tempe
rature and changes in pore water pressure. Because of
this their use in field applications would be limited,
although they may have applications under more
controlled conditions.

THERMAL MATRIC POTENTIAL SENSORS

The number of thermal matric potential sensors have
been developed that work on the basis of correlating
the heat dissipation in a porous ceramic with its
water content. The water content, in turn, is a func
tion of the suction. One of this sensor uses a porous
ceramic which is placed in contact with the soil. The
matric suction in the ceramic will come into equili
brium with the matric suction of the soil. The water
content of the sensor is determined by measurements
of its rate of heat dissipation which is then related
to soil suction through a calibration curve. The
ceramic is calibrated using a pressure plate apparatus
as discussed above for the axis translation technique.

LABORATORY TESTING OF UNSATURATED SOILS

Laboratory testing of unsaturated soils generally can
be considered in one of three categories. The first
is the testing of expansive or collapsing soils for
use in heave or settlement predictions. The other two
categories are the measurement of volume change
characteristics and shear strength in unsaturated
soils under controlled stress state variables for use
in geotechnical engineering applications. Standard
types of equipment are used such as the consolidation
or triaxial apparatus with modifications as necessary.

GENERAL CONSIDERATIONS AND PROBLEM AREAS IN TESTING
OF UNSATURATED SOILS.

The following is a brief discussion of some of the
general considerations and problem areas that have
resulted in testing of unsaturated soils.

STRAIN RATES FOR SHEAR STRENGTH TESTING

Because of the very low permeability of the high air
entry stones pore pressure response times can be very
low. It was seen that the permeability of the high
air entry stone is the controlling factor. Times to
failure for a five bar porous disk on the base of the
sample was generally in the range of approximately
16 to 160 hours.

The performance of an undrained test on unsaturated
soils is difficult. lf drainage of the pore water is
not allowed, the water pressure. uw, will change
during the test. Because of this it would be necessa
ry to continuously adjust the air pressure, ua,
during the test to maintain (ua-uw) 35 a Constant
value. Pilz (1982) performed triaxial tests that were
undrained with regard to the water phase. He adjus
ted the pore air pressure manually so as to control
the stress path and maintain the matric suction cons
tant. ln this way the response time, and hence the
time to failure, was decreased significantly.



MEASUREMENT OF WATER CONTENT CHANGE

In tests that require changes in water content to be
monitored the amounts of water which leave the sample
are generally very low. Fredlund (1975) developed a
diffused air volume indicator for unsaturated soils.
By means of this apparatus the diffused air could be
removed from the system.

CONTROL OF STRESS PATHS.

Because of the fact that testing of unsaturated soils
involves the simultaneous control of two stress state
variables, the control of stress paths being followed
is difficult. This is complicated further by the
fact that soils exhibit a hysteretic nature and it is
usually desired to control the stress state variables
in such a way that the sample undergoes a monotonic
load increase. Consequently, care must be taken to
assure that as one stress state variable is increased,
the other stress state variable is not inadvertently
decreased.

Stress path control also becomes difficult when
performing undrained tests as noted above.
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Fig. 1 - Stress paths during 1xD compression (AB),
1xD soaking (BC) and undrained shear (CDE).

Pilz controlled the stress path by manually adjusting
the pore air pressure in undrained tests to compensate
for changes in pore water pressure that developed.
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J.B. Burland - "Recent Studies on the Mechanism of
Collapse".

This is a report on some recent research on the
stress paths experienced by a loose partly saturated
soil when it undergoes collapse due to wetting under
one-dimensional conditions. The work was carried out
at Imperial College by Dr. Maswoswe (1985) and forms
part of a continuing programme of research into the
fundamental properties of partly saturated soils.

The soil tested was a low plasticity clayey sand
having clay and sand contents of 17 percent and 55 per
cent respectively with LL = 25 per cent and PI = 13
per cent. These characteristics are typical of many
naturally occurring collapsible soils.

Samples of the air-dry soil were thoroughly mixed at
the required moisture content and then statically
compacted in four layers in a 38 mn diameter, 76 mm
high mould to give the required dry density. Testing
was carried out in a stress-path triaxial machine
(Bishop and Wesley. 1975) fitted with a high air entry
stone in the base pedestal and pore air pressure
control through the top cap. The sample was fitted
with a precise lateral strain indicator and one-dimen
sional (zero lateral strain) conditions were maintained
using a servo-mechanism.

The testing procedure was as follows. The sample was
placed in the triaxial machine and the pore-air
pressure (ua) and cell pressure (a,) were raised simul
taneously to a convenient level so that the initial
matrix suction (ua-uw) could be measured. The vertical
stress av was then slowly raised without allowing pore
water drainage and maintaining 1 x D conditions with
ua constant. During this 1 x D compression stage
frequent measurements of (ua-um) were made as well as
ov and ar. Once the required value of (av-uc) had
been reached the sample was allowed to slowly wet up
maintaining 1 x D conditions with (ov-ua) constant.
This was carried out by increasing the pore water back
pressure in small increments. The back pressure was
shut off between increments allowing the pore water
pressure uw to equalize throughout the sample. After
each increment, measurements of ua. uw, av and ar
were made together with the vertical strain of the
sample. Typically this stage of the test WOUIG take
three to four weeks. Once the sample had become fully
saturated it was subjected to an undrained compression
test to failure.

Figure 1 shows the results of a typical test. The
fundamental stress variables are (ua-uw);
((oV+ar)/2-ug) and ((oV-or)/2). However these require
three-dimensional representation and it is often more
convenient to plot the results as two associated stress
paths of ((a,-or)/2) versus ((av+ar)/2-ua) and versus
((av+ar)/2-uw) respectively as shown in Figure 1(a).
Also shown on the diagram are lines corresponding to
fully drained failure (o‘ = 300), 1 x D consolidated
undrained failure (K Q ), and K0 - all of these
having been determingd from fully saturated normally
consolidated tests on the material.
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The initial suction is given by point A. The stress
paths AB represent the behaviour 1 x D compression and
the associated volumetric strains are given in
Figure 1(b). At point B soaking under 1 x D conditions
was commenced and the stress paths moved along BC
until they met at C where u°=u and full saturation
was achieved. The associated l x D 'collapse'
volumetric strains are shown in Figure 1(b). Note
that the collapse behaviour is a continuous controlled
process and that the final stress state lies on the
normally consolidated Ko line at C. The correspon
ding e v log(av-uc) results are shown in Figure 2
where comparison is made with the results of oedo
meter tests. lt can be seen that, following 1 x D
'collapse', the triaxial specimen lies close to the
Satufafed normally consolidated line.

The conclusion that, following collapse on wetting,
a material becomes normally consolidated is confirmed
by the results of the undrained shear test represen
ted by path CDE in Figure 1(a). lt can be seen that
peak strength coincides with the Kpeok line and the
ultimate strength lies on the 0' = 30° line. The
stress path is in fact identical in shape to those
obtained from fully saturated 1 x D consolidated
undrained tests. It can be seen that the material
is brittle, having a peak undrained strength greater
than the ultimate strength. This is typical of most
low PI clays and loose sands.

The finding that, following soaking, a collapsible
material becomes normally consolidated may have
significant implications for the stability of slopes
in such materials. Consider an element A in a slope
of partly saturated collapsible soil - Figure 3.
The total stress acting on the element is given by
point A in the stress diagram which lies above the
undrained K eok line. Since the material is partly
saturated the value of ((aV+ar)/2-um) will lie well
to the right at point A'. If wetting up occurs point
A will remain fixed (neglecting changes in total
density) but point A' will move to the left. During
seasonal wetting and drying point A' will move back
wards and forwards. If the suction is substantially
reduced due, say, to a heavy rainstorm, point A' may
move to the left of the Kpeak line and even to the
left of A if um becomes positive. In this condition
the material is highly susceptible to liquefaction
due to its brittle undrained behaviour. A small
perturbation due, say, to a rapidly moving water
front or a seismic event could trigger a flow slide.
To be safe against such a possibility it would be
necessary to ensure that the shear stresses always
lie below the Kpegk line rather than the drainedfailure line.
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G. Wiseman - "Selected Case Histories of Behaviour
of Structures on Unsaturated Soils".

INTRODUCTION

This being a S0 Jubilee year conference it is interes
ting to examine the proceedings of the First Interna
tional Conference on Soil Mechanics and Foundation
Engineering held at Harvard University in 1936 for
contributions related to the topic of our session.
Two subjects associated with the behaviour of structu
res on unsaturated soils: heave of shallow foundations
on swelling clay soils and the collapse of loess soils
upon wetting are both discussed.

Nooltorton (India) in his contribution on the subject
of foundations on black cotton soils of Burma pointed
out that the frequent cracking of buildings was
associated with soil swelling and not due to inadequate
bearing capacity. Based on the computation of cracking
of grade beams, he suggested that upward swelling
stresses were developed of the order of one ton per
square foot and suggested this as a minimum value to
be used for the design of footings in expansive clay
soils. He further commented that pile foundations
would not be successful unless they were taken to a

dept? of constant moisture content. (Wooltorton,1936 .

Simpson (Texas) in his discussion to Wooltorton's
paper writes "in my experience no practical means of
designing footings at shallow depth that will prevent
cracking .... solution after more than 20 years of effort
....suspend floors....seek stable soil at greater
depth and extend piers to this soil .....

Abeleff (Moscow) on the subject of collapsing soils
"if the soil has a large voided structure .... settle
ment can be produced through accidental moistening of
the soil.

At the Stockholm Conference, 45 years later, there was
a paper on the settlement of high buildings founded
on loess using shallow strip footings. The very
excessive settlement of cne of the buildings was
attributed to "accidental"wetting of the subsoil.

Fifty years have gone by since the first conference
in,Cambridge, Mass. and with all the advances that
havé'been made in the intervening years the procee
dings.of that conference are still a useful document.

DENSITY CRITERIA

Swelling and/or collapse of foundation soils are
dependant on the applied load and on the availability
of water. Simple density criteria as related to the
Liquid Limit have been found to be surprisingly
useful in identifying the existence of a potential
foundation problem with respect to both swelling and
collapse. An examination of a considerable amount of
data from laboratory studies on undisturbed samples
in rigid ring consolidometers has shown soils to be
stable upon saturation if their natural densities are
between 10% to 30% greater than the computed density
for the same soil when it is at a moisture content
equal to the liquid limit. At higher densities there
is a danger of swelling and at lower densities there
is a danger of collapse upon wetting, depending on the
applied load.

Statistical relationships have been published over the
years by several investigators between the swelling
pressure to be expected from certain unsaturated clay
Soils upon saturation as a function of index proper
ties such as insitu moisture content, dry density and

the Liquid Limit of the soil. (Komornik & David,
1969). with the ready availability of microcomputers
and good statistical packages we will probably soon
be flooded with additional statistical correlations.
We can only hope that engineers will realize that
their general applicability as a predictive tool for
soil behaviour is quite limited. Some sort of site
calibration should always be performed.

SWBLLING soils

The behaviour of structures on a swelling clay soil
profile in a semi-arid area can be illustrated by the
case history of the measurement of airfield pavement
heave. (Uzan et al., 1984). Pennissable departure
from a straight edge is a function of the airplane
characteristics and the straight edge length consi
dered. Several case studies on swelling clay sub
grades in Israel indicate that roughness starts to
become troublesome about 5 years after construction
and intolerable after about 10 years. Since excessive
runway roughness due to subgrade heave is frequently
the major reason for the need of costly overlay » 
(rather than load induced failure), increased effort
should be devoted to improving our prediction methods
on the development of differential subgrade heave.

COLLAPSING SOILS

One of the main difficulties facing the geotechnical
consultant in arid zones (for other than hydraulic
structures) is in estimating the expected moisture
regime during the design life of the structure. ln
Israel, experience has been that the increase in
moisture in the subgrade whichtriggers the collapse
of foundation soils is frequently due to "accidental"
sources of water. Though measures should always be
taken to reduce the possibility of accidental access
of water, it would be unreasonable to assume that
such measures will always be successful. Foundation
investigations should therefore be aimed at providing
information on the expected performance of the founda
tion soils under conditions of at least partial
wetting.

The details of the foundation investigation for a large
project consisting of residential, commercial and
industrial buildings in the arid Southern Negev of
Israel have been described elsewhere. (Wiseman &
Lavie, 1983). The area has a desert climate with only
occasional high density rainfall. The soil profile is
heterogeneous with layered deposits of low density
gravels, silty sands and loess. Good quality undis
turbed samples of the loess soils were obtained using
a Denison core barrel and compressed air as a drilling
fluid. The subsurface investigation included Standard
Penetration Testing (SPT) using a free fall hanmer.
The natural moisture contents were all between 4 to 8
percent. There was a general pattern of increasing
penetration resistance with depth for all the soil
types including the loess. Based on insitu density
measured on the undisturbed samples it was possible to
develop reasonably good correlations between dry
density and SPT when corrected for depth. For example,
at a dry density of 1.6 ton/cu.m. the SPT was about
40 at a depth of 4 meters and increased to about 100
at a depth of 24 meters.

Two meter by two meter square concrete footings were
load tested at both natural moisture and after infil
trating about 100 cu.m. of water into the foundation
soil. The load was_ appliedby jacking against soil
anchors. The foundation soil was wetted at a contact
stress of about 22 tons/sq_m- Both footings tested
showed initial swelling followed by slump and a marked
reduction in bearing capacity. Tensiometer measure
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ments showed that at no time was the soil fully satura
ted. It should however be remembered that the proce
dure was an attempt to simulate "accidental" wetting
of the foundation soil. '

CONCLUDING REMARKS

Soil mechanics and foundation engineering first deve
loped as engineering disciplines in humid climates.
Though many unsolved problems remain for the soils of
those regions, techniques of subsurface exploration,
laboratory and field testing are well documented.
Arid zone subsurface exploration and field testing
have received much less attention. To further compli
cate matters. foundation movements are not only in
response to changes in applied external loading but
swelling and/or collapse of the foundation soil may
occur in response to changes in soil moisture. Since
our ability to predict changes in soil moisture is at
best limited, it is not surprising that foundation
failures are not uncommon in arid zones.
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Table 1 - Sunmary of Physicnl Properties for Loess.

Dry unit weight yd = 12.5-15.0 kN/mPorosity n = 45-55%Water content w = 16-20%
Degree of saturation Sr = 45-70%
Clay fraction (<0.002nm) c = 5-10%
Liquid limit w = 30-40%
Plasticity index Ip = 10-18%AC classification CL/C1
Colloidal activity Kp > 1.25
Dominant clay minerals illite and montmorillo

nite
Consistency index lc 3 1

In the discussion that followed the lectures the
following subjects were presented:

Prof. R.K. Katti 

Prof. Katti discussed on unconventional behaviour of
saturated expansive montmorillonite based soils and
basic equations characterizing the behavior leading
to their application to evaluate heave. swelling
pressure, lateral pressure, self equilibrating boun
dary and development of CNS technology.

Dr. Petrukhin 

Gypsum soils arewidely spread in arid and semi-arid
zones and they form foundation state for structures.
In the process of prolonged coatering of these soils,
dissolution and removal of gypsum take place, and as
a result changes in the physico-chemical and struc
tural-mechanical properties of the soil occur. This
phenomena causes progressive settlement to occur.
Three zones are formed below the foundation load
related to the amount of loading which occurs during
the percolation of water into the laminated layers.
It is suggested to take into account the differential
effects of the change in moisture and gypsum content
in the various zones, when settlements (total and
differential) are calculated. lt is therefore
recommended to apply variable coefficient of bedding
to the design method.

Prof. Romana 

Prof. Romana presented soil test results on a collap
sible soil from Alicante, Spain which can be a common
type of soil found in the dry countries, along the
Mediterranean coast. These soils are clearly
"collapsible" type of soil but have been redeposited
hydraulically and have zones of gravel layers in it.

Dr. T. williams 

Dr. Williams commented on the general progress of
research in South Africa on unsaturated soils and its
application to the design of foundations.

Dr. A.M. Deshmukh 

Present day coral reefs are large masses of carbonate
rocks built near the sea surface predominantly by lime
secreting marine animals known as corals. The skele
tal structures formed by their secretions are also
known as corals. with time, by precipitation and
recrystallization, as well as contribution from lime
secreting marine plants, corals become more dense and
rock-like and are then known as coral reef rock,
which is the main constituent of coral reef. The
coral reef rock consists primarily of coral skeletons
cemented during and subsequent to their formation.
The skeletal system of coral rocks is characterized
by contiguous cup shaped formations known as coralli
tes. These corallites are of different size, shape
and orientations. The colonial corals exhibit wide

Table Il - Sumnary of Stress-Strain Hyperbolic Parameters for Loess.

Loess RPG/ P U
A '> 135 Pa . 0 . 6 0.18

C'1 |1°) Rf K 1 n ' K F ! G i F 1 d
Q 1< 135 kPa 18 23.5 0.795 514 0.520 B74 10.098 |o.219 I 21.4

K 53 19 5 .852 68 4 0.75 I 333 1 61 0.219 1 4.21
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diversity. Corals have been under study by biologists
who have classified them as belonging to various
genera, species, etc. This classification is of
little relevance to geotechnical engineers. From a
geotechnical view point it was found possible to
group these rocks into four distinctly different
groups on the basis of origin as manifested in the
structure and texture of the skeletal system. Age
alters the mineralogy of coral rocks as well as their
geotechnical properties, making the material more
dense. less permeable and stronger. Environment does
influence the geotechnical characteristics. More
resistant, coral reef rock is encountered in the
harsher environments of oceanicreefand in any reef
on the windward side.

From view point of foundation supporting material
coral reef rock may be characterized as follows:
1. These are in-situ biogenic carbonate rocks. The

most striking feature of such rocks is the presen
ce of typical porous organic framework.

2. These rocks are generally brittle in nature and
likely to crush under stress. These are low
strength rocks with high modulus ratio.

3. On visual examination these rock appear to be
highly anisotropic. Experimental investigations
reveal that these rocks exhibit maximum anisotro
py for permeability, less for uniaxial compression
strength and modulus of elasticity and behave
almost isotropically with_respect to longitudinal
wave velocity. The coefficient of permeability
is maximum when flow of water is along the axis
of corallites, the uniaxial compression strength
and modulus of elasticity are higher when the
sample is stressed parallel to the corallite axis.

4. These rocks are constantly subjected to various
physical, chemical and biological processes and
result into a carbonate deposit with a high degree
of variability. Discontinuities such as cavities,
interfaces between different skeletons, irregular
holes, pockets of unconsolidated sediments, etc.
are introduced at different,stages of formation
and affect in-situ geotechnical characteristics
of coral reef,rock.

These rocks are presently under study.

Dr. Slobodan Coric 

Depending on the local elevations. the first two loess
horizons - often up to 20 m thick, can be entirely
above the hignest underground water level.

This dry zone - sensitive to stress changes, has been
the subject of our investigations for a number of
years. Its average physical properties are as
follows (Tab. I).

As regard to stress - strain characteristics, repre
sentative samples (dia 3Bmm, height 76mm) were exami
ned by standard consolidated - drained triaxial
compression tests. During the tests, the minor prin
cipal stress was constant and the major one was
incrementally increased. Both, axial and radial
strains were measured. Each specimen was unloaded
and reloaded.

The results obtained so far have shown that stress 
strain behaviour of macroporous loess highly depends
on consolidation pressure. So, in case of
q' 5 100 kPa loess behaves like stiff material, while
for aj; 200 kPa its behaviour is plastic. According
to our opinion this is the consequence ofa progressive

failure in the complex internal loess structure, when
exposed to the corresponding stress state. It should
be emphasized that the same was concluded during the
previous investigations on macroporous slope loess.

Stress - strain relation of macroporous loess with
inherent primary structure, was defined with two
hyperbolic models: one corresponds for the range of
"low" stresses (ogg 135 kPa), while the other for the
"high" ones (a,'; 135 kPa). The limiting stress was
determined by interpolating the stress - strain curve§.

Stress - strain hyperbolic parameters for the plateau
loess are summarized in Table II. It shows that the
essential changes of primary structure, under the
action of consolidation pressure, strongly confirm the
ratios of unloading - reloading modulus and initial
tangent modulus, i.e. Eur/Ei. Its value is 1.7 for
the range of "low" stresses and 4.9 for the "high"
ones. Without any change of water content.

However, systematic investigations of macroporous
plateau loess have shown that its mechanical behaviour
highly depends on the primary moisture content. For
example, an increase of w by only 2 or 3% (i.e.
w approaching to the plastic limit w ) causes plastic
behaviour through the entire range of consolidation
pressures.

The stress - strain relations for macroporous loess
with increased moisture contents were also success
fully defined by hyperbolic models.

As far as the authors know, the stress-strain relations
of macroporous loess are determined by hyperbolic
analytical models for the first time.

Investigations carried out up to now have confirmed
the general character of this model and thereby further
expanded the range of its application.
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New results on macroporous loess soil in Belgrade
Nouveaux résultats sur le loess macroporé a

Belgrade
S.COBlC, Associate Professor ol Soil Mechanics, Faculty of

Mining and Geology Belgrade, Yugoslavia
D.BOZlNOVlC, Professor ot Soil Mechanics, Faculty of Mining and

Geology Belgrade, Yugoslavia
G.MAFlKOVlC, Associate Professor of Soil Mechanics, Faculty of

Mining and Geology Belgrade, Yugoslavia
B.COFilC, Associate Professor ol Structural Engineering, Faculty

of Civil Engineering, Belgrade
LCAKI, Assistant Research Engineer, Faculty ol Mining and

Geology Belgrade, Yugoslavia

Reffering to our paper "Stress-Strain-Strength
Characteristics of Macroporous Loess Soil in
Belgrade" ( p. 2385 ) the authors wish to draw
your attention to plateau loess as well.
The first systematic investigations of the lar
ge Zemun loess plateau - in the early eighties,
have revealed its main geological and geotechni
cal characteristics ( Fig. 1 ).
The two highest loess horizons - up to 20 m
thick, are often above the max Gwlll
This dry zone - sensitive to stress changes,
has been the subject of our investigations for
a number of years. Its average physical proper
ties are as follows:

Dry Unit w¢isht Td=12.S-1Sto|<N/ntPorosity n =L5-55°/,
Water content w=16 -20°/,
Degree of saturation Sr=L5-70'/.
Clay fraction l¢0.002mm) c = 5 -10%

Liquid limit wl=3O-L0°I»
Plasticity index Ip=1O-18°/,
AC Clasification CL/Cl
Colloidal activity K >1,2S
Dominant clay minerals ilfite and montmorillonite
Consistency index lc='1

As regard to stress - strain characteristics,
representative samples ( dia 38 mm, height 76
mm ) were examined by standard consolidated 
drained compression tests ( 5'5 = G 5 = const).
During the tests each specimen was unloaded and
reloaded. Both, axial and radial strains were
measured.
The results so far obtained have shown that the
stress - strain behaviour of macroporous loess
highly depends on consolidation pressure. So,
in case of 5% 5 100 kPa, loess behaves like
stiff material, while for GH: 2 200 kPa its
behaviour is plastic ( Fig. 2”). This is certa
inly the consequence of a progressive failure
in the complex internal loess structure, when
exposed to the corresponding stress state. The
same was concluded on macroporous slope
as well!

loess

Stress ' strain relations of macroporous loess
with inherent primary structure, were defined
with two hyperbolic models: one corresponds for
the range of "low" stresses ( G'% 5 155 kPa )
while the other for the "high" ones ( G’ >l5bkPa ). 5
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Fig. 2 Stress - Strain Curves for Loess Ob
tained by Drained Triaxial Tests

The essential changes of primary structure, un
der the action of consolidation pressure, stron
gly confirm the ratios of unloading - reloading
modulus and initial tangent modulus. Namely, the
value of Eur /Ei is 1,7 for the range of "low"
stresses and 4,9 for the "high" ones. Without
any change of water content!
However, mechanical behaviour of macroporous pla
teau loess highly depends on the primary moistu
re content. For example, an increase of w by on
ly 2 or 5 % ( i.e. w approaching to w ) causes
plastic behaviour through the entire ¥ange of
consolidation pressures! The same conclusion was



made when the results of altered macroporous
slope loess from Mirijevo have been analysed!
The stress - strain relations for macroporous
loess with increased moisture contents were al
so succesfully defined by hyperbolic models.
To conclude with remark that the hyperbolic ana
lytical models, determined here, are the first
and the unique ones, so far, for macroporous
loess!
Investigations carried out up to now have con
firmed the general character of`the model and
thereby further expanded the range of its appli
cation. The results obtained contributed to bet
ter understanding of the mechanical behaviour
of macroporous loess, in that way making more
rational planning and construction activities.
This is of particular interest because loess
soils are widespread in many regions of our
country and neighbouring countries, tooy
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A general discussion note in Session 9C
RJQKATU

A Note on the Role of Binary Stress Aspects in
the Montmorillonite Based Saturated Expansive
Soil Media-Characteristic Inter-relations by
R.1c. Kattii, K.1c. Moza and Dinesh R. Katti,
Civil Engineering Department, Indian Institute
of Technology, Powai, Bombay 400 076 INDIA.
Chairman and learned Delegates, I! am thankful
to the chairman for giving me a few minutes
time to present our approach to tackle the un
conventional aspects of saturated montmorillo
nite based expansive soil.
In a saturated expansive soil media, it is re
alised that at any given point binary stress
condition exists. One of the stress conditio
ns is generated due to mineralogical charact
eristics of expanding type clay mineral while
interacting with dipolar water manifested in
the form of swelling pressure and the second
stress condition is due to the effect of grav
ity on a mass of soil manifested in the form
of we ight .
It is realised that evaluating the unconvent
ional characteristics by mass of soil under
gravitational influence coupled with measured
stress condition in bonded water is quite com
plex. In view of this, a set of relations ha
ve been developed relating binary stress cond
itions to each other through internal propert
ies of soil mass such as undrained cohesion
void ratio grain size, index properties com
pressibility index, etc. These fundamental
relations are designed as qSwi-qsw-cu-re-DB/e

ccloglo gg - Ecloglo E-. Wherein qswi is theo

swelling pressure of an individual clay parti
cle, qsw the measured swelling pressure, cu
the undrained cohesion, re the capillary radi
us, DS the equivalent diameter of particles,
e the void ratio, cc the compressibility index
of expansive soil and cc the compressibility
index of CNS material. These equations are;
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Based on these relations following equations
for self-equilibrating depth, heave, thickness
of CNS heave under various thicknesses of CNS
and lateral pressure equations were developed.
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Table I and Fig.l show the observed and comput
ed values from above equations.
These fundamental relations relating the bina
ry stress condition in the saturated expansive
soil media may provide a strong base from which
a large number of methods may spin off for con
struction of stable civil engineering structur
es on expansive soil media.
For details refer authors.
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