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DETERMINATION OF GROUNDWATER TENSIONS I A NECESSARY ELEMENT IN INVESTIGATING
THE STABILITY OF SLOPES
Prof* ir» G. H. van Mourik Broekman and Prof* ir. A. S. Keverling Buism&n
Technioal University, Dolft

For the determination of the active forces and reactions, working on a mass of ground under a
slope, and also for investigating the resistance against sliding^ the tension in the liquid phase of
the complex 'ground and water' is very important.
After determining these water tensions, the safety against sliding along an assumed surface (oiiv
cularj logarithmic spiral, etc.) can be investigated in a more scientific way than in case the solid and
the liquid phase are considered as one body.
The tensions of the water above the real capillary zone, which depend very much upon the degree of
taking in moisture or drying out of the material, differ from the tensions of the water that as a com
pact mass is located in the rest of the body of ground. These lastly mentioned tensions are known at
every moment, if the movement of the ground water is known at every moment.
For a stationary water movement, for example in an earth dam or levee resisting a constant dif
ference in the water levels at both sides and with unchanging atmospheric influences at the free rinni
surface, the water movement and therefore also the water tensions may be determined more or less accu
rately. This may be done with little difficulty in case that we may assume that the percolation factor
(k) is approximately the same in all directions in the ground, that also the upper limit of the ground
water current can be determined approximately or is known (dam all saturated with water by capillary
forces) and that no evaporation or feeding at the air surface needs to be considered. If the active
conditions (water against the slopes, drying out, precipitation, temperature differences, etc.) change
with the time, the tensions in the ground water will also change.
The adaptation of the movements and tensions of the water to the changes of the active conditions
takes place with more or less big differences in phase.
For bodies of sand that are not entirely saturated with water, the differences in phase are caused
by the retardation of the filling or emptying of the pores.
For bodies, subject to considerable changes in volume, the phase differences are also oaused by the
retardations of these changes in volume which cannot take place without water movement.
Not only the water tensions but also the structure and the resistance of the material depend in
this case on the stage of the adaptation to the changed active conditions; the active forces that pro
mote sliding along an assumed surface and the resistances against this sliding will change according to
different functions of time which will oause the slope to pass through successive stages of greater or
smaller danger.
Many examples of sliding that have happened show that the internal forces in the complex 'ground
and water' change with the time. We only mention the sliding of inside slopes a long time after the
maximum water load has been acting on the outside slope, and the sliding of outside slopes after lower
ing of the outside water level. If this lowering happens very fast, the resistance against sliding of
a prism of ground will still depend on the pressures in the solid phase as caused by an outside water
level higher than that existing at the moment. This resistance is smaller than the resistance in case
of a permanent water movement caused by a stationary lower outside water level. On the other hand it
is possible that the slope of an excavation gets in a dangerous condition only after a long time.
The investigations at the Laboratories of the Technical University of Delft were intended in the
first place to compare methods of calculation for stationary currents including compact capillary water
with measured water movements and tensions. (Fig. 1 and 2).
For these experiments the time factor was eliminated by using sand which was fine enough to oause
the experimental model earth dam to be entirely saturated with water (Fig. 3)« The water tensions for
a stationary current in this model should correspond to those in a real size dam made of much finer
material in order to attain complete saturation by capillary force, and where the evaporation could be
neglected.
Also it should be necessary that the elastic changes of volume of such a dam will be of little or
no importance in comparison with the permeability.
To prevent the well known disturbance of the equilibrium, caused by flowing out at the toe of a too
steep inside slope, the toe of the experimental model dam was drained by a material coarser than that of
the sand body.
Fig. I4. refers to an experiment where a constant upper and lower water level are maintained. The
potential curves (p
= const.) are deducted from measured water tensions. Fig. 5 shows the ways
of the water movement which have been made visible by adding pigment to the water. These streamlines
are plotted on Fig. k*
The results of these experiments show that the capillary water participates in the watermovement
and forms a continuous picture of flow with the rest of the flowing water and also that the phreatic
curve does not coincide with a curve of flow. In theoretical treatises it has often been assumed that
those curves do ooincide.
If we assume that an earth dam consists of homogeneous material and is entirely saturated with
water and that the loss by evaporation is negligible, it is not difficult to design the net formed by
potential curves and curves of flow. This can be done theoretically (the eleotrioal method makes this
work much easier) and does not require the absolute value of K to be known.
For the experimental dam a net designed according to the method mentioned above did satisfactorily
agree with a net plotted by using the results of experiments.
Fig. 6 and 7 refer to an experiment, where again a oonstant upper and lower water level was main
tained, but where also the crown of the dam was moistened so as to neutralize there the capillary ten
sions.
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Notwithstanding that
the water flowed nowhere
out of the slope, sliding
of the inside elope, at &
place where the slope
angle was only 26° to 27 ,
was observed (Fig. 8).
In water without current
it was possible to build
up the body of sand with
33° to 34° slopes.
Fig. 9 gives the
computation of the equi
librium for the most dan
gerous circular sliding
surface. The stress dia
gram closes with an angle
of friction of about 35°*
The above described
methods of computation
have been often used at
the Laboratory of Soil
Mechanics in Delft.
Fig. 10 shows a cross
section of a canal levee
that has been built* The
problem was, how the
application of a layer of
olay would improve the
stability of the toe.
Data about the ma
terial are given in Fig.
11.
The pictures of a permanent flow without and with a layer of clay are shown in Fig. 12 and 13» As
the levee is not entirely saturated, the upper limit of the ground water current is not known in advance.
This limit has been determined by successive approximations so that the water pressure at any point on
the limiting surface equals that negative pressure at which it is just possible for the ground to be
saturated with capillary water. The limit determined aa mentioned above was also assumed later for the
experiment of Fig. U 4.which was made to determine the picture of flow near the ditch in a simple way.
These investigations provedi That it was necessary to drain the toe of the slope up to above the
set-off;
That this draining was also required in case a layer of clay was built on the canal slope, because
in case of a high water level in the ditch the phreatic surface at the ditch side will be higher;
That the layer of clay decreased the percolation with about 20 per cent;
That for a slope of 1»2 as designed an angle of friction of 25° is required for the equilibrium
(Fig. 15);
That this angle decreased to 20° for an assumed slope of 1*3 (Fig. 16) and that the angle of fric
tion as determined by experiments w b .3 2i|_°.
Fig. 17 shows a cross section of an existing levee which during soma successive days may be ex
posed to high water* The levee is made of sand and bears on compressible layers of peat* At the water
side it is covered by a layer of clay* After testing it was feared that the levee wa3 not safe* It has
been tried with an approximate computation to investigate the chances for equilibrium*
First the. active moment of the whole body of ground is taken around the center M. This moment
divided by the radius of the sliding surface gives the sliding resistance required for the equilibrium.
The sliding resistance in the sand has been separately determined from the equilibrium of a part
of the sand (Fig* 19).
For the determination of the water tensions it had to be assumed, that the layer of clay was so
much cracked by drying out, that it could not be considered as a waterproof covering* This was also the
case for the layer of peat on the inside slope, because it will burst as soon as the water pressure
underneath exceeds the weight of the layer*
Preliminary computations indicated that the water tensions in the sand could be approximately de
rived from the permanent current in a sand body of about equal shape and with an average high water
level of 2 . 5 0 + (Fig. 18).
The sliding resistance determined for the sand is subtracted from the required total sliding re
sistance. The remaining sliding resistance (35 ton) has to be furnished by the peat (Fig. 19).
The water tensions in the peat are unknown. As the water escapes, the load that was carried by
the water is taken over by the peat so that the resistance of the peat increases. On the other hand the
resistance of the peat deoreaaes in case the load on the peat is reduced by the rising of the phreatic
surface oaused by high water*
If in the case mentioned above the sliding resistance had been determined for the original ground
water level of 2 *30-, the peat would be able to develop a resistance along the surfaoe of sliding of I4.0
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ton. For a phreatio surface whioh slopes down from high water level to 2*30-, this resistanoe only
amounts to 25 ton. This shows that if the sliding resistanoe of the peat tends to adapt itself in a
short time to the new loading conditions, as is probable according to investigations made in the labora
tory, the equilibrium of the slope will not be assured. The same oonolusion is derived by oomparing
computations of a sliding that has happened in the neighborhood.
There are also being made at the Laboratory of the Technical University of Delft model experiments
to determine the water tensions for a not permanent ourrent.
These experiments are still in a preliminary stage, so that no more information is now available.
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CRITICAL HEIGHT AND FACTOR OF SAFETY OF SLOPES AGAINST SLIDING
Dr. Karl v. Terzaghi, Professor at the Teohnische Hochsohule in Vienna

In this discussion the following symbols will be used:
ts — shearing resistance.
n
— effective normal pressure on the surface of failure.
:
iiyf = neutral pressure = pressure in the water. (
)
0 and tan y =
the oonst&nt and the ooeffioient of shearing resistanoe in Coulomb1i
equation ts = o + n tan y
<fr = angle of internal friotion (See Ref. l).
s
= unit weight of soil and water oombined.
bq = unit weight of the water.
1
= hydraulic gradient.
h
= height to which the water rises in a standpipe in any point of the fill,
oi = angle of the slope to the horizontal.
H
= height of a slope or an embankment.
zQ - depth to whioh the minimum lateral Rankine pressure is negative.
H0 = critical height, i.e. the height at whioh the slope fails by sliding.
S
= factor of safety against sliding.
A) State of stress in an embankment. Fig. 1
shows the deformation of an "earth fi'll un
der the influence of its own weight. It dis
closes expansion for the upper and compres
sion for the lower part of the slopes. Hence
the upper part fails by expansion and the
lower by compression in the direotion of
the slope. The failure of earth fills al
most invariably ocours at a time when the
effeot of the weight of the fill is in
creased by the pressure exerted by peroolating water. The percolation may be due
either to seepage from a body of water
stored up by the fill or to a heavy rain
h i 9
fall on the surface of the fill. In any
case the state of stress in the peroolating water is determined by two sets of curves, one of whioh represents the lines of flow and the
other one those of equal standpipe level. These sets of curves are called the flow net. Fig. 2 shows
an earth-fill consisting of fine-grained oohesionlass material on an impermeable base during a rain
storm which is ample enough to maintain a continuous flow of water through the voids of the fill. For
any point of jbhefill the neutral stress n^ is equal to h s q. The foroe whioh acts per unit of volume
on the solid constituents of the earth consists of two components, shown in Fig, 3: a vertical com
ponent s - b and a oomponent 8 i acting in the direction of the flow, (2) The resultant of these com
ponents acts at a variable angle to the vertioal as shown in Fig. U. Suoh a variable orientation of
the foroes must be expected in any embankment subjeot to the pressure exerted by percolating water.
Since the distribution of the stresses produced by suoh a system of foroes cannot yet be oomputad, all
our methods of computation are neoessarily based on radically simplifying assumptions.
B) The equation of the surface of rupture. All the attempts whioh have been made to determine the
equation of the surface of rupture are based on Resal's generalization of Rankine's theory. One of the
assumptions involved in this theory is that the slope A B, Fig. U, extends in both directions to infin
ity and that the foroe on the solid constituents per unit of volume of the fill aots in every part of
the fill with the same intensity vertically downward.
The Rankine-Resal theory deals with two extreme states of stress in the earth corresponding to the
minimum and the maximum earth pressure.
The minimum earth pressure is obtained if the earth is given an opportunity to expand in the direo
tion of the infinite slope, A B, in Fig. 5a, In order to produce such an expansion we replaoe the earth
looated at the left of B Bg in Fig. 5a by a rough wall whioh adheres to the fill. If we allow this wall

