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In order to obtain the mechanical behaviour parameters of the red structured clays from

the Danube - Black Sea Canal and to estimate the behaviour of the slopes cut in such clays, an ex-

perimental programme was carried out.
sured clays.

ring the experimental programme.

A checked failure wasg provoked for a slope dug in red fis-
The paper presents the results of the field investigations and the laboratory test
regarding the, characteristics of the structured clays, as well as the in situ measurements

du=-

The results of these meessurements are compared with those ob -

tained by numerical symulation using a computer program.

INTRODUCTION

The problem of the Dobrogean red clay behavi
our in deep excavated slopes, as well as that
of the measures to be taken in order to inssure
the stability is known as early as before the
first World Way. It has became the major preo
cupation of many technical experts who achived
gome consolidation works along the cliff of
Black Sea in Constantza harbour area and close
to the beach or surveyed the performance of
deep trenches for the railway which led to the
ggzggc))ur (Zahariede,1934; Sténculescu, 1960 ;

The red clays from the Dobrogean Plateau area
along the Damube - Black Sea Canal (fig.l) by
their nature, composition and structure,create
special slope stability problems for the deep
excavations which are susceptible to failure
due to the material flow under the action of
an intense drying followed by & moistening in-
duced by local infiltrations and precipita -
tions. They are strongly structured clays,
with fissures and friction slide faces, cove-
red by mangenese and iron oxides. In contact
with the atmospherical agents, the red clays
are fragmented into polyedrical glomerules
(stédnoulescu et al.,1980).

The deep excavations cause the relaxation of
the mean compression stress around the excava-
tions and the increase of the ghear gtress.
For thege stress combinations, the clay be -
haves as an overconsoclidated material ,which
proves the peak gtrength values for low sghear
ptrains, and significant lower residusl values
for large sgtreins.

The peculiarities of the red clay behaviour
as well ag the decompression by excavation,
rendered evident the pogsibility of stability
loss, by the sloypes carried out into these
clays, by progressive yielding according to
the mechanism described by Bjerrum (1968),

The initial horizontal forces acting in the
ground are removed by excavation from the bage
of slope whereas their values stay high inside
the glope. Therefore the ground will temnd to
more laterally staxting from the toe zone which
is most unbalanced., The lateral displacement

437

- dConstantza
~ * *
! %0
Full scale fest

Fig.l TFull gcale test position

BULGARIA

of an element situated at the slope toe deter -~
mines a decrease of the elagtic horizontal force
from the upstream of that element and an in -
creagse of the tangential stresses in the slide
plan. The important decrease of the horizontal
force at the upstream limit of the slope toe
element unbalances the next element which might
get the state of the first element, and, in this
way, the procesa is iterated with the following
elements. The glope yielding is a regressive
process taking place upstream from the toe until
the horizontal forces are balanced by the
strengths mobilized along the slide surfaces.

The progresgssive yielding of the red clay slo-
pes during the excavation has been studied in
detail at natural scale, by controlled rupture
experiment in a chogen profil on the right bank
of the Canal at Km 61+000, initiated by the Ci-
vil Engineering Institute, the Design Insti -
tute for Transportation Engineering and the Stu~
dy and Design Institute for Hydroenergy from
Bucharest,



EXPERIMENTAL PROGRAMME

The tests and meagurement, carried out in the
field and laboratory at the portion of slope to
be investigated (fig.2) were :

- bore holes located in three typical pro -
files, noted A, B and B! for taking undisturbed
samples and establishing the lithologic profils
of the experimental zone (F symbol - £ig.2) ;
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= ingtrumentation of the experimental profiles,
with the purpose of surveying the slope beha-
viour during the experiment ; the above mentio-
ned boreholes were subsequently adapted to the
horizontal displecement measurements by slope
indicator (SLOPE symbol - fig.2). Beside thesge
boreholes other were carried out to try to es-
tablish the eventual slide gurface (M symbol) ;
- gsurface markings made by means of morter bande
cagt into a aqgare surface of 10m side on theslo
- marking of the slope surface by topografic
and photogrametric marks for the surveillance
of the slope surface digplacements ;

- field tests to determine the characteristics
of the layers encountered j; some boreholes were
drilled for pressuremeters tests (PRESS symbol),
Furthemore, static penetration tests were care
ried out (PS symbol) ;

= laboratory tests to determine the identifica-
tion properties and the deformability and yiel-
ding cheracteristics of the red clays ;

- two stage excavations at slope toe toghether
with the surveillance of the lateral displace-
ments during the experiment ;

- comparison between the fieid measgurements and
the results obtained by numerical modeling of
the progressive yilelding.

GEOLOGIC STUDY

The field investigations revealed the existen-
ce in the studied profiles of a cuasi-horizon-
tal Quaternary formation slightly sloping south
east sedimented on a sometimes fissured, limey
Sarmatian conglomerate with greenish clay and
cuasi-cemented sand intercalations. The Quater
nary formation is 20422 m thick eand conteins,
in differentiated forms, a 435 m thick overbur-
dening sediment of loessoid nature, with a 2-4
m thick, yelow loessoid clay transition (lehm)
up at the lower part to the 10-12 m thick, red
clay horizon . The pamples collected from the
boreholesg revealed the non-homogenity of the
red clay horizon, with clayey facies variations

on vertical and in extension. Red-dark red clay
packs are noticed altermating with clayey bands
rich in limey concretions. An about 1 m thick
clayey loeas contimous layer was rendered evi-
dent within the red clay horizon. The red clay
has en intense gtructural microfissuring in ho-
rizontal slightly inclined and vertical posi -
tion and slickensides in particularly horizon-
tal, slightly inclined position, inexistent in
the vertical fissures. All the above asgerti-
ons, may lead to the conclusions that along its
geologic history, the clayey formation might
have been overconsolidated and, after overloads
removing, the hordizontel stresses which re -
mained lerger than the vertical ones might have
produced internal shears and distruction of the
diagenetic links. In that pert exposed to the
seagonal climatic cycles, the clay forms & thin
glomexruler mobile, typical crust. Having a
high drainage capacity due to the fissures.The
investigated horizon was lacking the aquifer
at the experiment data (JunesOctober, 1980).
Between the red clay and the limey basge & 12
m thick structure consigting of clayey limey
elements and structured greensh clay is encoun~
tered as a transition formation. The soil pro~
file revealed by the boreholes and field tests
is presented in figure 3 for the three invegti-
gated profiles.
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FIELD TESTS

The red clay deformability in horizontal 4i -~
rection was investigated by preassuremeter tests.
The tests were achieved by a Menard type of pres
suremeter, by a 60 mm dismeter probe and a pres-

gure-volumeter commected by plastic tubes through
which water and ges are applied. The measurements

gave the range of possible values for the coef-
ficient of lateral gtress at rest, = 0.42 ¢
= 0.95. By adopting the correlations between
the pressuremeters data and conventional shear
test results, and processing the data obtained,
the ranges of values for the shear strength pa-
rameters resulted : @ = 10 ¥ 20° ; ¢ = 20460
kPa, Also from the processing of the measure =~
ments data, resulted the range of values for
the Young's modulus E, on horizontal direction
E = 10,000 + 30,000 kPa, In order to determine
the ™in situ" characteristics of the ground,
static penetration tests were performed, with
a cone having the base diameter of 36.50 mm and
the angle of 60°, thrust into the ground at a
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constant speed of 2,5 cm/minute.

LABORATORY TESTS

In order to determine the physical and mecha-
nical characteristics of the clays found in the
studied profiles certain laboratory tests were
carried out. The clay deformation modulus in the
field at the decompression on horizontal direc-
tion caused by the excavation wag determined by
the performance of oedometer tests in which the
clay sample taken from the sampler tubeg, hori-
zontally as to the soll profile was subjected to
a loading equal to the horizontal stress in the
field, and then, the sample waa unloaded by
stages and the values of edometric deformation
modull were determined at decompression for each
unloading stage (fig.4). It was noticed that
the deformation modulus was significantly redu =-
ced with the applied pressure which is in ac =
cordance with the pressuremeter tests results,
carried out in the field. Direct reversible
shear tests were carried out to determine the
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shear strengthe The gamples were consolidated
at the verticel effective field stress and then
they were left unloaded &t different values of
stress and allowed to decompress under
thoge reduced vertical loads and finally sheared
reversibly reaching a stabilized value of the
shear strength (fig.5). The obtained curves of
gheaxr stress, - relative shear displacement
d 5 for the ftwo kinds of structured clays with
a peak and a regidual values are typical for
;ge ovegconsolidated clay behaviour. On the
gure
with 4 for the friction angle and for
coegsion, '

are presented the curves of variation
the
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Fig.5 Direct reversible shear tests
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Fig.6 ZThe curves of ghear stress - relative
shear digplacement for the red and
greenigh figsured clays

Table 1 presents the ranges of the shear
strength parameters determined for the two
type of fissured clays from the plateau zone
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of the Danube - Black Sea Canal.

Table 1 The ranges of shear strength para-
meters for the red and greenish
fissured clays

CLAY TYPE RED GREENISH
CLAY CLAY

= ¢, c IMU. minimum Jmaximum|minimum Jmaximum

%2 ¢ peak| (9| 21 22 | 19 22

B9 o max|Y ] 0,30]0,45 | 0,41 ] 0,67

é § ¢ rez. (o) 12 12 8 16

o e |2 000 0,00{0,00] 0,00

CONTROLLED RUPTURE EXPERIMENT

The controlled failure process of a slope in
red clays (fig. 2 ) started at the date of Sep-
tember 5, 1980, The full scale field test con~
gisted of two stages of excavation at the base
of the slope followed by the surveillance of
digplacements fissures occurence and if even-
tually, loss of stability. The first stage of
toe excavation from East to West (following
the sequence of profiles A, B' and B - fig.2)
ended on September 16, 1980. As the excava-
tion was local at first, near the profile 4,
then extended towards profiles B' and B, in pro-
file A at about 10 m upstream the excavation
1imit, the first fissures appeared, being no -
ticed on 23 September 1980, At the same time,
the only indication of lateral displacement was
obtained in a borehole equipped with slope in-
dicator at about 20 m upstream the excavation
1imit in profile A. The measurements carried
out in September 23, 1980 indicated downstream
displacements to the Canal axis (N-S) of about
4 mm, which had their maximum values at the
slope surface and vanished at about 10 m of
depths Figure 3 presents the situation of ex-
cavations fissures and laterasl displacements
recorded during the controlled excavation at
the toe, in profile A. The excavation conti -~
nued in the second stage by excavating in the
game direction from East to West (profiles 4,
B',B) a 20 m partion of red clays upstream, as
for as close to the limeatone surface. During
the gecond excavation stage the figsure occu -
rence was recorded on Qctober 7, 1980, as &
combined effect of the first excavation stage
(time effect) and of the progress of the second
excavation stage. The fissures recorded at the
date of October 7, 1980 extended in all the 3
profiles controlled by measurements. The up -
stream extension was maximum in profile A and
minimum in profile B (fig.2). In figure 3a,b,c
indicates the lateral displacements meagured on
the slope indicator which increagsed progressi -
vely downstream between September 23, 1980 and
October 23, 1980 reaching values of about 16 mm
after the second stage completion. The measu =-
rements in different boreholes from profile A
show that the displacements increase downstream
towards the excavated limit and get lower to=-
wards the boundary of the excavation area.

During the progress of the second stage of



excavation an upstream extension of the fissures
position was recorded in all the 3 profiles.The
slide surface, formed as a consequence of the

slgpe tog deoomprgssignbdue to the second exca=-
vetion, stege was, Tvad, by Linking all ho depkhs
s&ope indicator vanish. It can be .geen in fig 3

that the slide plan outcrops to the slope toe at
the 1limit between the structured clay and lime-
stone. The figsure occurence (downsbream-upstream
as well asg their progressive opening with time
showed that the slope decompression took place
upstream from the toe indicating a progressgive
yielding mechanism. The clay shear strength at
peak is exceeded by the unbalanced lateral thrust
and the clay suffers large displacements in its
slide surface, the offered strength being the
regidual one, which can no longer balance the
lateral forces. Thus the decompression is propa
gated upstream.

SIMULATION OF SLOPE PROGRESSIVE YIELDING
BY COMPUTATION

The simulation of the behaviour of slopes in
structured clays, considering their particu -
lar features, was made by using a method of
slope stability analysis in overconsolidated
clays, taking into account the sgtress-strain
(% ~-4d ) relation determined by laboratory
tests (Athanagiu,1980). The slide plan is con
sidered known and the sliding earth mass is di-
vided in slices. The results of the calcula -
tions determined by using a computer program
(Athanagiu & Chiric#, 1982) for the experimen-
tal profile A are presented synthetically in
figure 7. There are presented the variation.
of the shear gtresses effectively mobilized du-
ring the decompression process, % , and of the
shear strengths corresponding teo the caleculated
glide displacements. The ratio between the sur-
face of %, diagram and that of the & diagram
represents the global safety factor for slope
stability problem. Also, there are presented
the values of the shear displacements in the
alide plan ap well as the horizontal forces
between the glices for the two stages of ex-
cavation.

It can be seen in Table 2 that, as the exca-
vation progresses the safety factor gets cloge
to 1.0, whereas an extending portion from slide
surface reacheg the residual strength value,

Table 2 The calculated values of safety
factor during the full acale

numerical simulation medsSure ments
10 20 30 W% s 7o N
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- .O,E hear siregs
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s

staged)

field test
Experiment Calculated safety
phage factor, FE
Initial gituation 1.33
Stage I 23-09.80 l.32
Stage II 25.10.80 1.02

The displacements calculated in different ex~-
cavation stages quantitatively reproduce the
disgtribution of displacements meagured dy in-
clinometer.

Admitting that the initial distribution of
horizontal stresses on the slices limits is
trapese~ghaped, and the stress decompresgsion
take place uniformly on height, the calculation
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Pig.7 Simulation of slope progressive yielding
by computation. Results



could estimate the limit of the zone in which
traction fissures might occur at the upper part
of the slope, The extension of the calculated
figsure zone is qualitatively in accordance
with the observed extension.

CONCLUSIONS

Prom the exemination of the results obtained
by the proposed calculation method one conclu-
des that the method simulates progressive yiel
ding phenomena caused by the excavaetion decom-
pression what remains essential in obtaining
accurate results, is the correct determination
by field and laboratory tests of the mechanical
goil parameters.
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