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Panel discussion: Hydraulic uplift and stability related to retaining constructions
and excavated slopes in silt and clay

Débat de spécialistes: Sous-pressions hydraulique et stabilité des ouvrages de soutenement
et des talus de déblais dans les limons et les argiles

Lothar Martak — Magistrat der Stadt Wien, Austria
Hubert Borowicka - Wien, Austria

ABSTRACT: According to the paper in the proceedings on hydraulic uplift in silt & clay in deep and large excavations by MARTAK this
panel report sums up the main ideas of the nature of origin of hydraulic uplift. The usual calcalation models are expanded and the hint to
the comperatively low hydraulic gradient is given necessary for the beginning. The second part of the paneldiscussion deals with the stabili-
ty of slopes in silt and clay based on shear tests and triaxial tests with grain sand material by BOROWICKA 1973. In making use of the
results he modified the RANKIN's theory in adopting a constant structural parameter tan 30° independent of the angle of internal friction.
He introduced a socalled ,,Structural Analysis“, which may explain a lot of stability and uplift problems in a simple and physically correct
way.

KURZFASSUNG: In Erginzung zum Konferenzbeitrag von MARTAK iiber hydraulischen Grundbruch im Schluff/Ton bei tiefen Baugru-
ben enthilt der Podiumsvortrag Grundiberlegungen zum Entstehen des hydraulischen Grundbruches. Die Rechenmodelle, wie sie heute
iblich sind werden erweitert, wodurch der Hinweis auf das verhaltnismaflig geringe notwendige hydraulische Gefalle um den Grundbruch
entstehen zu lassen, wichtig ist. Der zweite Teil des Berichtes befaf3t sich mit der Stabilitat von Stitzkonstruktionen und Béschungen fu-
fend auf den Scher- und Triaxialversuchen von BOROWICKA 1973 mit mittelkornigem Sand. Die Ergebnisse dieser Versuche stehen im
Widerspruch zur RANKIN ‘schen Auffassung und ein material- und scherwinkelunabhangiger Strukturparameter mit tang 30° wird einge-
fihrt. Die von BOROWICKA als ,,Strukturanalyse” bezeichnete Vorgangsweise kann eine Reihe von Grundbruchs- und Béschungspro-
blemen einfach und physikalisch widerspruchsfrei erklaren.

1. HYDRAULIC UPLIFT IN GENERAL A difference you will find in the magnitude of the safety coeffi-

cients. For example the geometry and the material properties of a
Usually hydraulic uplift is defined as the equilibrium between the concrete slab are much better known than the hydraulic flow in a
uplift acting at the bottom of the excavated pit and the deadweight silt and clay layer. According to this fact the traditional global

of this bottom (uplift criterion). A second definition is given by the concept of safety permits the coefficients y gua = 1.10 (1.05) and y
equilibrium of the flow action related to the present hydraulic flow action = 2.00 (1.50) for submerged soft to stiff silt&clay. The

gradient and the weight of the granual matenial of the bottom un- new concept of Eurocode 7, part 1 is not yet completely finished,
der submerged condition (flow criterion). Both definitions corre- because there are different opinions on the hydraulic uplift in de-
spond generally, for the status of the equilibrium between soil and termining an equilibrium between two actions (pressure of the
waterpressure by total and effective stresses can't be different hydraulic flow and the weight of the soil) or action and resistance.
(figure 1 and 2). The German draft DIN 1054-100 includes conversions factors to

assure proofed experience with the results of the new caculation
VERIFICATION OF EQUILIBRIUM: concept.

GLEICHGEWICHTSNACHWEIS
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by effective stresses (flow criterion) GLEICHGEWICHTSNACHWEIS
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by total stresses (uplift—criterion)
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Figure 1. Hydraulic uplift (flow criterion). Figure 2. Hydraulic uplift (uplift criterion).
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The examination test of equilibrium against hydraulic uplift is valid
for all types of soil, acting under flow pressure as a total. Soil
material with significant unstable grain mixes (sand with some
inserted gravels) or finegrained hard soil with fissures filled with
finesand are endangered under the existance of the critical hydrau-
lic gradient according to the criteria of TERZAHGI. These sedi-
ments are destroyed by hydraulic uplift for the lack of erosion and
suffusion resistance. The international criteria for filterrules are
not fulfilled.

2. HYDRAULIC UPLIFT IN SILT & CLAY

Low cohesive and plain consolidated subsoil comes to liquifaction
by soaking from flow pressure much earlier than highly cohesive
and overconsolidated silt&clay. But even the stiff clay with consi-
derable cohesion and initially high index of consistency is not of
permanent resistance to softening and liquifaction when it is expo-
sed to a steady supply of driven water in the presence of flow
pressure. On the contrary to the opinion of many geotechnical
engineers overconsolidated silt&clay shows two types of disag-
gregation by hydraulic uplift (figure 3):

l
5
R’
1
!

Ledges above fissures
Gidngigkeit dber Kluftfldchen

unk well Tunn
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Figure 3. Phenomena of hydraulic uplift in silt ¢-

1. Strikingly striated silt and clay is often fractured by sandfilled
fissures. Assisted by this network of permeable links flow pressure

under the critical hydraulic gradient can penetrate the soil from
saturated sandlayers up to the surface of the bottom or the slik-

kerside of a berm of the excavation. Starting with a continuous
supply of water a well canal followed by an eruption cone filled
with the fine and later on coarse grained sand from the filling of
the fissures or the sandstratum below (figure 3 a);

2. The second type of hydraulic uplift is found frequently in sandy
coarse silt without visible fissures or cracks (figure 3 b.). The hy-
draulic uplift appeares mostly in deep excavations suffering from
significant unloading of the opened silt&clay surface. Presuming
that a hydraulic gradient is effective soft spots were formed in the
silt, followed by sunk well funnels increasingly deeper over the
time. The orientation of a funnel is determined by that sandlayer
below which establish the maximum of hydraulic gradient. In case
of horizontal sedimentation the well funnel usually dips down ver-
tically. The silt coating in the sunk funnel gets weak and soluble
by the waterflow along the surface. The process shows retrogres-
sive erosion till the water canal reaches the waterbearing sand- or
gravellayer and the eruption cone starts followed by hydraulic
uplift phenomenon. In my opinion the sunk funnel is caused by a
loss of cohesion in the silt, which may be explained in two man-
ners:

i. Beside all effects of chemical cementation the loading and un-
loading processes usually given by the locally changing excavation
steps are creating a series of uniaxial and biaxial unloading of the
silt and are able to ,,shake down“ the cohesion dramatically. BO-
ROWICKA (1962) showed with his socalled Viennese Routine
Shear test that cohesion in silt and clay is determined by the stress
history alone. The Viennese Routine Sheartest is executed under

full saturation and constant volume of the submerged soil by mo-
ving the overburden in a mode of multichanging shearpathes. As a
result you find the yielding envelop and the true angle of shear
(residual angle of friction).

ii. The cohesion get lost if the present porewater-pressure of a
saturated silt or clay increases by a hydraulic flow pressure acting
up on an infinitesimal weakness in the sample. Assuming a plane
stress state, the stress circle of the effective grain pressure compo-
nents can move to the left side of the stress axis in the MOHR-
COULOMB Law and meets under a distinct flow pressure the
linear failure surface (figure 4.). Starting with a certain big diffe-
rence in the triaxial stress condition the MOHR-circle will touch
the failure surface under positive grain pressure components and
the sample will suffer from shear failure. In excavated bermes of-
ten slicksides similar to shells are found where small amounts of
water are seeping out.

FAILURE CONDITION FOR THE SHEAR FAILURE
OF A COHESIVE MATERIAL (FLOW PRESSURE)

Figure 4. Failure condition under positive pressure components

Supposing a low difference of the grain pressure components un-
der the triaxial stress condition the porewater pressure increased
by the flow pressure will force the MOHR-circle to touch the fai-
lure line in the range of negative grain pressure components (range
of cohesion or internal pressure according to BOROWICKA
1961). A tensile fracture in the silt & clay will occur which will
give way for a sunk funnel and a water canal for transport of fines
later on (figure 5.).

FAILURE CONDITION FOR THE TENSILE FRACTURE
OF A COHESIVE MATERIAL (FLOW PRESSURE)

Figure 5. Failure condition in the range of coheston.

The inquiry for the minimum necessary flow pressure to dissolve
cohesion in the silt and clay is answered by the tensile fracture
condition. Comperatively low hydraulic gradients (i > 2 to 3) in
accordance with practical experience can produce actions of flow
pressure to provoce a dramatic redution of cohesion followed by
water seepage and hydraulic uplift. Calculations with realistic soil
parameters of overconsolidated stiff silt & clay from the subsoil
of Vienna were executed. They demonstrate excavation conditions
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endangered by hydraulic uplift from an assumed underlying sand if
the difference in waterpressure inside and outside the excavation
pit is twice the fixed lenth of the diaphragm wall supporting the
surrounding subsoil (MARTAK 1997).

3. SUBSOIL AS DISCONTINUUM

The phenomenon of readjustment of grain in a grain assembly due
to an increment of load has been known for a long time. In order
to make it visible to the human eye, tests have been carried out at
the Technical University of Vienna 25 years ago, as reported by
BOROWICKA jun. at the International Conference on Soil Me-
chanics and Foundation Engeneering, Moscow 1973. In these
tests, coarse sand with a grain size between 1 and 2 mm was filled
into a shear box and soaked with polyester resin, either in the state
at rest before starting a direct shear test, or immediately before
shear failure (figure 6). After solidification the specimens were cut
in direction of shear strain and photographs were taken repeatedly
after grinding off 0,1 mm of grain and resin. In the series of pho-
tographs obtained in this manner, the points of grain contact and
the angles between the horizontal and the tangent perpendicular at
each such point were determined. This led to diagrams showing
the number of tangent perpendiculars at 5 degree intervals (figure
7), showing the distribution of tangent perpendiculars in (a) at
rest, in (b) in a direct shear test under constant load, in (c) at con-
stant porosity and in (d) in a triaxial load test before failure).
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Figure 7. Frequency of tangent perpendicutars in the points of
contact.
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Additional direct shear tests were carried out by by disturbing the
sample having been placed into a shear box before starting the
shear test and by cutting the specimen across the shear direction
before failure, thus confirming that the applied method leads to
correct results. Figure 7 shows, that the direction of the tangent
perpendiculars in the contact points is not at all constant. During
shearing, many contact points are displaced from the second qua-
drant (where they are not necessary any longer) to the first qua-
drant, thereby augmenting the resistence against shearing. From
the test results,valuable information and insights on the rules go-
verning the behaviour of grain masses at shearing can be obained.
The most significant result of all performed shear tests was that
the angle between the shear planes peaked at 60° and 120° in all
diagrams, independent of the angle of internal friction @, in con-
trast to RANKINE's theory predicting this angle being 45+ ¢/2.

At first, these test results were so incredible, that nobody engaged
in follow-up research. In 1993 BOROWICKA took the matter up
again, assuming that the invariability of the angle of 60° respecti-
vely 120° between two conjugated slide surfaces hinted at a gene-
ral cinematic principle valid for any grain assembly in the state of
failure. This assumption offered the opportunity to eliminate the
hypothesis of soil as a continuum, replacing it by a new and simple
method termed "Structural Analysis".

4. STRUCTURAL ANALYSIS

According to Structural Analysis, as applied to a failing grain
mass, three principles must be fulfilled accurately:

(1) Equilibrium of external and internal forces,

(2) COULOMB's Law of Friction as a failure criterion,

(3) A structural condition consisting in the invariance of the
angle of 60°, respectively 120°
between two conjugated slip lines.

From the structural condition it results, that slide surfaces must be
either planes or cylindrical areas with a logarithmic spiral as redi-
rectrix, it's parameter being tan 30° rather than tan ¢ according to
PRANDTL's theory. The structural conditions at a failure enforce
the cinematic behaviour of a sliding soil mass being in agreement
with the actual movement of sliding masses, as can be seen from
Fig. 8. Independent from the value of the friction angle, an active
wedge is moving down in vertical direction shaping a vertical step
in the formerly horizontal crest of a dam In contrast to this, at the
foot of a slide, soil is pushed horizontally causing a belly-like de-
formation of the originally straight slope surface. Vertical steps
below a crest or slope surface can only be explained by Structural
Analysis but never by RANKINE's or PRANDTL's theory in
which they are compatible only for a friction angle of 30°. In ad-
dition, many traces of old and new slides, that can be observed in
situ occured in different types of soils, confirming that Structural
Analysis is correct.

In a shear test, the relative position of grains to each other is
changed by every increment of load and they come to a standstill
after a certain shear strain. Immediately before a shear failure,
however, the shear strain cannot be stopped completely by a
readjustment of grains, causing a continuous shear movement ter-
med "creeping”. This phenomenon can be easily explained by
Structural Analysis. Not having considered momenta so far, we
may not assume the existence of an equilibium of momentum.
The missing residual moment on the one hand and the pattern of
conjugated slip lines (enclosing an angle of 60°, respectively 120°
as enforced by structure) on the other hand can only be counterba-
lanced by a continual creeping. Or, in other words, the continual
transport of dead load from the active to the passive side is able to
satisfy both requirements, the equilibium of momenta and the
continuance of the field of conjugated slip lines enclosing an angle
of 60°, respectively 120°.



5. CREEPING

It may be pointed out that RANKINE's and PRANDTL's methods
as well as Structural Analysis coincide for a frictional angle
amounting to 30°. However, there are differences for higher or
lower values of ¢ within its usual limits. But, concerning the geo-
metrical extension of the field of slip lines, there can be great diffe-
rences between PRANTL's theory and Structural Analysis and
there are two differencies which must be considered individually.

1. The first basic difference refers to the ultimate bearing capacity
of a strip founded on the surface of the subsoil without a lateral
surcharge. In this case, creeping may start at the edges of the strip
just with the beginning of loading. They are extending until both
creeping bodies are uniting in the axis of the strip. According to
Structural Analysis, the way is free for creeping of the foundation
even if its rigidity may delay or inhibit an actual failure. This is
confirmed by former test results of DEGEBO under similar condi-
tions, showing an enormous range of scattering with upper and
lower limits coinciding with those of the creeping range according
to Structural Analysis.

2. The second basic difference refers to the creeping state of satu-
rated soil of low permeability inhibiting the streaming of pore wa-
ter. Along a logarithmic slip surface, only pore water pressure can
be caused under these conditions but never an increase in the ef-
fective pressure in the grain structure. Therefore, the resulting
force on the side of the active wedge equals that at the passive
side, increasing only the pore water pressure (figure 8). As in
creeping soils the field of slip lines is continually restituted so does
the pore water pressure provoked by structure not being reduced
by any consolidation process. It is also pointed out that the results
of both the usually applied tan ¢ = 0 method and those of Struc-
tural Analysis are almost identical. As the results of the tan ¢ =0
method are considered to be reliable, one may also rely on the
results of Structural Analysis. There is, however, an important
difference:

Today the tan ¢ = 0 method is used for the determination of the
short term safety for a foundation of saturated clay only, but ac-
cording to Structural Analysis, in the state of creeping the short
term safety equals the long term safety, as proven by the Tower of
Pisa and other buildings. In such cases there is no reason to de-
termine a long term safety according to NORM.

active wedge
aktiver K

4:;:_-‘-:__ e’

garthmical segment
. jarithmischer Teil
passive wedge
p Keil
Figure 8. Structural Analysis; failure of a slope starting with a
vertical slide surface on the top in accordance with experience.

SUMMARY

In the state of creeping, many discrepances between nature and
Soil Mechanics can be eliminated or at least understood by
applying Structural Analysis. Obviously this is due to the fact that
no theory or assumption alien to the natural behaviour of soil has
been admitted. In future Structural Analysis states previous to
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creeping as the usually applied theory of elasticity fails to deliver
satisfactory results in may cases.
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