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SUMMARY

Part I deals with the influence o f residual stress in clayey 

deposits on the slope stability o f excavations. The author describes 

an attempt to measure these stresses in the field and refers to a 

case where the method was successful.
Part II describes investigations on the stability o f the thin 

topsoil layer on the slopes o f embankments with four different 
phases, dependent on the angle o f slope, the shear strength of 

topsoil, and the duration of rainfall.
Part III deals with the determination of the shearing strength 

o f fissured clays with significant horizontal joints. The strength 

has been tested in a triaxial compression test on samples taken 

vertically or obliquely and in field shearing tests. The results of 

the tests in the field and in the laboratory are close to each other.

I. MEASUREMENT OF STRESSES IN SOIL MASSES 

THE EXISTENCE OF RESIDUAL HORIZONTAL STRESSES in c layey  

deposits and their danger to the stab ility  o f  slopes o f  excava
tions has been show n (Sk em p ton , 1 9 6 1 ) . F urther p h en o 

m ena threatening the stability o f  such a slope inclu de the  

fo llow in g .

1. A  slight m ovem ent in the d irection  tow ards the ex ca v a 

tion  results in d im in ish ing the c ircu m feren ce  o f the cut, and 

therefore shear surfaces orig inate on the surface o f the  

slopes. F ig . 1 show s such a shear surface v isib le in the wall 

o f  a drainage cut dug in the slope. F ig . 2 show s the outcrop
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f i g . 2. Outcrop of a shear on the surface o f the slope.

o f such a shear surface on the surface o f  the slope. A t a 

depth o f  5 to 6 m beneath  the slope surface the shear  

surfaces disappear. T hese surfaces b ecom e opened  by d esic 

cation , w ater enters, and it is on ly  a question o f tim e w hether  

or not failure w ill occur before the retain ing w alls can be 

erected.
2. T he upper beds o f  the ground are very often  younger  

than the low er beds in w hich the residual stresses are hidden. 

By horizontal m ovem ent o f  the low er beds the upper beds are 

either softened  or torn into b locks. By studying the density  

o f  about 150 sam ples the authors have found that the density



f i g . 3. Sliding of the upper layers.

o f  c la y ey  loam  in the v icin ity  o f  the excavation  w as 93 per 

cen t o f  that at a greater d istance from  the slope. T his is w hy  

the first landslide occurred  in the surface beds o f  the  

excavation  (F ig . 3 ) .

3. B y residual horizontal forces the bottom  o f  the excava

tion  is heaved  up and, as a rule, it is not until afterw ards 

(severa l m onths after the slide in 2 ) that the slide o f  the 

w h o le  slope begins (F ig . 4 ) .

f i g . 4. Sliding of the entire slope.

It is a strange p h en om en on  that the features described  

ex ist at som e sites w hereas at others the slopes are stable  

w ithout any retain ing structure. A n  attem pt w as m ade, 

therefore, to m easure the residual stresses by m eans o f  the  

“rem oval o f  m aterial tech n ique,” in itiated  by Sachs (D o w ,  

1 9 5 6 ) . A  cylindrical h o le  (F ig . 5 )  is bored in the ground  

and the d isp lacem en ts o f  poin ts around the h o le  are 

m easured  by m eans o f  strain gauges. L am e’s constants o f  the  

soil being kn ow n , the stresses in the m ass o f  so il can be  

com puted  by usin g  the fo llo w in g  form ulae.

In the case  o f  axia l sym m etry:

<t =  ( A r - r - E ) / ( l  +  r /)«2,

w here A r  is the m ovem en t o f  observed poin t ( c r  is pressure  

if  Ar  is in the d irection  tow ards the c e n tre ), a is the radius 

o f  the hole.

f i g . 5. The arrangement of the hole and of the strain gauges.

In the case o f  different stresses in tw o d irections, c r ,  and  

<r2, the po in t ly in g  in the line parallel to cr1 m oves Ar , .  

A n a logou sly , Ar, is the m ovem ent o f  the poin t ly in g  in the  

centre arrow parallel to a-.,. C onsidering Ar  as p ositive  if  the  

poin t m oves tow ard the centre and considerin g  a  as positive  

if  it is com pression , cr1 and c r 2 can be com puted  from :

A  a l  a

=  ;r = ; —  
2E r

a  a
=  —— —

5  +  7/ - 2 ( 1  
r v )

0 2  Cl

2 E  ~r
— 3 +  77 +  (1 +  v)

2E r
— 3 +  v +  ~ r2 (1 +  v)

cr? a  

2 È  ~r
v )

B y repeating the m easurem ent very o ften , at least a 

qualitative picture o f  the stresses can  be m ade. B ut by  

substituting the probable values o f  L am e’s constants (fo r  

exam ple E  =  170 k p /sq .cm . and 77 =  0 .4  for  a T ertiary  

c la y ) ,  the probable value o f cr  is obtained  (fo r  exam ple on  

the site for  a large hotel structure in B rno, the author  

obtained  c r  =  1.1 k p /sq .cm . at the depth o f  2  m  b elow  the  

surface o f  the N e o g en e  c la y ) .

T he m eth od  w orks w ell even  in other conditions. F ig . 6  

sh ow s the cross-section  o f  an old  landslide in a P aleogen e  

clay, in the basin o f  an earth dam  under construction. 

B ecause o f  the very slow  m ovem en t o f  the slide (o f  the order  

o f  0 .5  in. per y e a r ) , analysis w as difficult. But the m easure

m ent o f stress ind icated tensile  stress at poin t a, com pression  

at po in t b, and zero stress at po in t c. It cou ld  be conclu ded  

that the slide o ccu p ies on ly  the area a to c and that at point 

c a m ore stable bedrock is to be expected . Indeed , the borings  

at c proved  the ex isten ce  o f  an h idden  P le istocen e  rock  

terrace.

f i g . 6. Cross-section of a landslide at L. Mara: p, clayey shales 

o f Paleogene; t, talus material.
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II. STABILITY OF TOPSOIL LAYER ON THE SLOPES OF 

EMBANKMENTS

H itherto  the prerequisites concern ing  the flow  o f  w ater at 

the interface o f  tw o so ils o f  different perm eab ilities, e.g . the  

surface layer (silty  so il)  on  the slopes o f  em bankm ents and 

earth dam s and gravel under them , w ere based largely on the  

sim plified  assum ption that rainfall w ater penetrates the sem i

perm eab le so il a lm ost perpendicu larly  and later passes 

through the gravel alm ost vertically . In fact, very different 

m ethods o f  flow , inc lu d ing  im bibition , seepage under the  

gravity forces, potentia l flow , and therm ocapillary  flow , play 

certain parts in this m otion  o f  w ater. T h e  V an der W aal 

forces and the air resistance, as w ell as the e lectro-osm otic  

forces, generally  retard and com p lica te  the flow  o f  w ater to  

such an extent as to render the exact m athem atical analysis 

o f  the slope stability im possib le.

O ur observations in the field  and our laboratory tests 

sh ow  that the change o f  the slope stab ility  w h ich  occurs  

during and after the saturation o f  soil is m ostly  influenced by 

the v e loc ity  o f  im bibition  w h ich  at the g iven  depth z under  

the surface o f  the layer m ay be expressed w ith  the im bibition  

coefficient k Y and the effective  capillary  height o f  the so il hk 

as it results from  the equation:

v =  k v (z c o s  /3 +  h k) / z

=  &v (c o s  ¿3 +  h j z ) .  (1 )

A s the th ickness o f  the p rotective  layers is generally  sm all 

(u su a lly  d  =  Já ~  % /;k) ,  the above critical v e loc ities occur  

at the in terface o f  sem i-perm eable and perm eab le soils  

resulting in the w ash ing  out o f  fine particles from  the topso il 

and their deposition  on the surface o f  the m ore perm eable  

soil. T hus the perm eab ility  o f  loam  increases w h ile  that o f  

gravel decreases. T he change in the cond itions o f  flow  takes 

place w ith  considerable flow  o f w ater not on ly  norm al to , but 

also a long  the interface o f  e ither soil.

On the m odel (F ig . 7 )  consisting  o f  a layer o f  gravel 

1 8 -2 0  cm  in th ickness and o f  a layer o f  silty  loam  10 to 20  

cm  in th ickness, w e  observed both  the cond itions o f  flow  and  

the cond itions o f  stability. W e used a flum e 2 7 5  cm  in length  

and 60  cm  w ide w ith  adjustable tilt /3. T he fine-grained soil 

under investigation  (un it w eight y  =  1 .7 -1 .7 8  to n /c u .m .;

porosity  rj =  3 6 - 3 2  per cent; angle o f  internal friction  <j> =  

2 0 -2 6 ° ;  coh esio n  c u =  0 .0 5 -0 .0 2  M p /sq .m .;  capillary  height 

h k =  3 5 -4 5  cm ; coefficient o f  im bib ition  k y — 8 X 1 0 - 5 -  

4 X 1 0 - 3  c m /s e c ;  perm eab ility  coefficien t k =  2 .3  X 1 0 - 5  

c m /s e c ) ,  w as exp osed  to in tensive sprinkling for intervals 

ranging from  m inutes to hours in order to sim ulate rainfall. 

T his m odel and the auxiliary on es facilitated  the investiga

tion o f  both  the cond itions o f  flow  o f  w ater and the stability  

o f  the coverin g  layer in four phases.

In phase I, dry slope, the stab ility  o f  the slope is g iven  by  

the equation:

y d  cos /3 tan 4> =  y d  sin (3 — cu. (2)

In phase II, during the infiltration o f  w ater (w ith  n — p o ro 

sity  o f  the s o i l ) :

d ( y  +  n y K) cos 0  tan <p =  (y  — n y K)d  sin /3;— cu. (3 )

A fter  w ater has penetrated  the protective  layer and the  

up lift as w ell as the hyd rod ynam ic pressure takes effect at 

the low er surface o f  the form er (th e  th ickness o f  the layer  

in our m odel am oun ted  to  about 0 .2  d )  the third (II I )  

phase is reached w ith  the equilibrium  expressed w ith  the  

equation:

(7 — 0 .2 )d  cos ¡3 tan cf>

=  (7 — 0 .2 )d  sin /3 +  0.2d7,v sin ¡3 — c u . ( 4 )

P hase IV  calls for  the h ighest value o f  the angle o f  internal 

fr iction  if  equilibrium  is to  be m aintained; the va lue o f  <£,, 

can  be arrived at in  the equation

tan 0bIV =  (1 +  7 w /7 ' )  tan /3 -  ( c j y ' d  cos /3). (5)

H ow ever , the equilibrium  fou n d  by this equation  co m es into  

force  on ly  after the b lanket has b eco m e d isconn ected  (o w in g  

to tensile  fo rces) into patches w ith  fissures spaced at the  

distance /kr that com p lies w ith:

=  _____________________c u  cot </>(! -  k a)_____________________ ^

7' sin /3 +  7„- sin /3 — 7̂ 7' cos /3 tan 4> 
a

A )

W =  1

f i g . 7. Location o f the layer and the model for the research on the flow of water and stability determination of silty soil, (a ) Top soil
on slope of embankment; (b ) model; (c ) Cracked layer.
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where, apart from the symbols already mentioned, we intro

duce ka, the coefficient of active earth pressure.

The requisite angle of internal friction for the individual 

phases I-IV , </>,„ can be determined on the basis of the 

presented and adjusted equations. For the frequent angle of 

slope /3 =  30° and the thickness of protective silty layer d =
0 .1-0.3 m, c„ — 0.05 M p/sq.m ., we obtain the following 

values of <f>h: Phase I, 10°20'-23°50'; Phase II, 13045'-25°; 

Phase III, 16°30'-28°50'; Phase IV, 36°^14°50'. As soils 

with organic admixtures usually have an angle of internal 
friction 4> =  18°-27°, they provide, after saturation, unstable 

protective layers if the angle of slope /3 =  30° and the 

apparent cohesion c„ =  0.05 M p/sq.m. are used. The 

moment of failure is in the first place a function of the 

intensity and duration of rain and of the infiltration rate. 
The duration of infiltration can be approximately deter
mined from the equation:

_  f *  (y> -  Wo)z . .

r Jo kv(z cos ¡3 + hk) { )

where w0, w is water content in per cent of volume before 

and after saturation, respectively.
From the standpoint of stability, after the expiration of 

this time, phase II and later (under the conditions stipulated 

before) phase III sets in, the latter being characterized by 

incipient uplift and flow of water at the interface of the 

protective layer and of the embankment, with the effect of 

hydrodynamic pressure according to Equation 4. Under the 

presumption of successive formation of fissures spaced /kr, 
we obtain for this phase the critical time /kl. necessary for the 

change of stability to occur:

¿kr =  K +  n'lkv/k  sin |0 ,

with tv =  time of infiltration (see Eq 7 ) , n' =  effective 

porosity, k =  permeability coefficient at the interface.
For the given values of w =  0.38; w0 — 0.18; /3 =  30°; 

hk =  40 cm; kv =  4 X 10~ 3 to 8 X 10-5  cm /sec; k =  10-3  

cm /sec we obtain infiltration times of 0.45 (d =  10 cm ),
0.86 (d =  15 cm ), 2.62 (d — 20 cm ), 8.34 (d — 25 cm ), 
26.40 (d =  30 cm ), hours.

The most adverse state of equilibrium (IV ) is expressed 

by the equation:

cu/y'd  =  (1 +  7 w/ t ' )  sin /3 — tan <f> cos (3

^  2 sin /3 — tan 4> cos (3. (8 )

Fig. 8 presents the values plotted by this equation as well as 

those plotted by the analogous equation for phase III.

I I I . T E S T IN G  T H E  S H E A R IN G  S T R E N G T H  O F  F IS S U R E D  CLAY

The Nechranice Dam is situated on the River Ohfe. The 

embankment is 3280 m long and has a maximum height of 

48 m. The underlying strata consist of flood plain gravel of 

an average thickness of 2 -10  m. Beneath the gravel lies a 

thick bed of Miocene clay. In the geological period erosion 

caused the removal of at least 60 m of the upper part of this 

layer.
The clay is dark grey and is subdivided by fissures into 

fragments. Especially significant are the horizontal joints 

which extend continuously over a long distance. In the upper 

zone, where a considerable degree of softening accompanied 

the pressure release due to erosion of overlying beds, the 

clay is stiff. The lower clay is very stiff to hard. The clay has: 
wh — 56-77 and wr — 26-36; water content, 22-32  per 

cent; colloidal activity, 0.8; 55-65 per cent particles under
0.005 mm; <f>' — 27°-33°; and c' — 0 -1 .4  kp/sq.cm. There

ANGLE OF SLOPE /3 «-----

f i g . 8. Diagram indicating the conditions of stability for phases III and IV. 0 111 applies to phase III,
0 IV applies to phase IV.
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f i g . 9. Results of undrained triaxial tests: (a) samples taken 
vertically; (b) samples taken obliquely.

are considerable variations in strength both horizontally as 

well as vertically.

The shearing strength of fissured clay was tested firstly on 

undisturbed samples taken with a 100-mm-ID, thin-walled 

sampler. Undrained triaxial compression tests were carried 

out and the results of 186 tests are shown in Fig. 9a, where 

the average values are plotted.
The samples were cut vertically. The failure planes in the 

test were inclined and passed through relatively compact 
material. As there was the possibility of lower shear strength 

in the direction of horizontal joints, samples (100  mm 

diameter) were also taken with their axis inclined to the 

vertical so as to allow the failure planes to coincide with any 

horizontal planes of weakness. The result of 15 undrained 

triaxial tests is shown in Fig. 9b, where again average values 

are plotted.
Comparing the results of the two sets of samples, a drop in 

strength of about 27 per cent was found in the samples 

obliquely taken. This indicates that the shearing strength in 

the direction of horizontal joints may be expected to be 

lower than in any other direction. As the shearing strength 

in horizontal joints has a decisive influence on the stability 

of the dam, eleven field shearing tests were run.

The method used for field shearing tests was thoroughly 

described by Bukovansky (1962). The diagram of the test 
procedure is shown in Fig. 10. The tests were arranged so 

as to avoid, as much as possible, heave of the bottom of the 

test pit after excavation and to render possible the use of 

normal loads as high as 9 kp/sq.cm.
The steel shearing ring had a diameter of 70 cm and 

consisted of two parts. The upper part was 15 cm high; the 

lower part was 70 cm high and was provided with a cutting 

edge. Immediately after the excavation of the test pit, both 

shearing rings, one on top of the other, were placed on the 

bottom. A steel loading plate was inserted into the rings and 

loaded with a load equal to the overburden pressure, about
1.2 kp/sq.cm. (Fig. 10a). Both shearing rings were then 

pushed down into the clay (Fig. 10b). The clay around the 

upper ring was removed, the upper ring pushed up slightly 

to create a gap about 1 cm wide, and a horizontally acting 

jack was applied (Fig. 10c). The test was then started. Each 

test lasted about 1 to 2 hours. After the test the shearing 

rings were pushed down about 15 cm and the new test was 

prepared as before. The result of the tests is plotted in Fig. 
lOd. To determine how the horizontal joints affect the result 
of the test, the shearing test, using the normal load of 3 and
6 kp/sq.cm. was repeated in different, closely lying levels.

The result of the field tests confirmed that the strength of 

the clay is given by the strength in horizontal planes of 

weakness, which is much smaller than the strength outside 

these planes. Nevertheless, this strength under high normal 
stresses does not differ considerably from the strength deter
mined by triaxial compression tests on vertically taken 

samples.
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f i g . 10. Field shearing test: (a), (b), (c) diagram of test procedure; (d) values measured.
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