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_ . Surmmary
The Sainte-Adresse Cliff in the neighborhood of Le Havre was subject

in :t.he past to repeated uovementé of greater or lesser scoi:e which in 194k
have become markedly accentuated because of works on the ¥WAtlantic Uaﬁ"
and bomb and mine explosions, | '

The situation became dangerous and required a complete study includ-
ing geological and geotechnical surveys with borings and search of slip

planes,

- The study enabled us to explain the mechanism of the observed movements
and to establish a program of consolidating works.

" Intiroduction
It is arather difficult task to talk about what is usually referred

to as the Sainte-Adresse "landslide" because, as a matter of fact, one should
say mofe properly, the Sainte-Adresse "landslideg"., Complex phenomena are
involved which do not gccur in the same way at the various affected areas,
but which, however, have some common causes, First of all, it will be men-
tioned that the term "landslide" is incorrect because, as it will be shown
presently, the observed phenomena do not imply landslides only., The word
"landslide” will be used here in a broad sense,
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History
Landslides have occur'ed at Le Havre Cliff ever since it has existed.
Records are found in the ®Annales of Le Havre City" and in a work written by
a Mr, Lennier, who was Curator of the Museum of Natural History at Le Hévre,
about 1870. Although itr. Lennier was not a specialist in geotechnical scie
ences and particularly in soil definitions, he recorded some very pertinent
observations, They led him to conclusions which, even if they do not core .
respond with those of tﬁe pre_aent writer, are nevertheless extremsly inter-

.Ctmo
Mr. Lennier witnessed very important landslides shich occurred at B

Sainte-Adresse hetween 1860 and 1880, He made a striking and aomewhai To-
: mantic description of these slides, and reported observations which canngt
be made presently because the aspect of the surface has changed entirely, T
In particular, he saw what is no longer seens upheavals of the beach, rocks j
and pebbles that fell from the cliff and which, with few exceptions, bave
disappeared in the course of time, Nevertheless, landslides have occurred
at Sainte-idresse ﬁ!.th_a considerable backward movement, which calls to mind
the possibility of theoretical circular movements, bringing about an upheaval
of the ground in the lower section of the slide.,

" The big difference between Mr, Lennier's observations and those made by
the writer seems to be that in the Jast landslides there was no upheaval of
the ground, In some areas at the base of the slides, the moving material is
displaced by tmhtio_n 'vii.hout showing any rotation, However, the appear-
ance of the soil in the upper sone misled the writer for a long time, The
slides mentioned ﬂy Mr, L\amiex.' occurred on January 11, 1830, December !i,
1811, September 17, 18h2, Juns 1k, 1860, June 30, 1866, Pebruary 18, 1881,
Since then, around 1900, Sainte-Adresse was turned into a beach resort,
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Much construction was carried out on the slopes because evidently the hill
was about stabilized, This stabilization was obtained by the installation
of jetties and a dike which protected the foot of the cliff against wave
action, From then.on, the landsliding, without ceasing entirely, had less
magnitude and took place at a much slower rhythm, Thus, a minor movement
occurred about 1926, and another about 1938-1939, It is only in 194k that
‘considerable movements happened again, which the writer was called to in-
vestigate,

During the occupation, the Germans had conceived the "Atlantic Wall,®
They built blockhouses on top of the Sainte-Adresse Cliff, obviously a fool-
gsh plan, for everybody knew that this cliff was unstable, and that soon or
iater the blockhouses would be doomed to destruction even without boinbard-
ments, |

A blockhouse built on top of the cliff weighed approximately 3,000
tons Zﬁbtric tong7. Other blockhouses were lower, very close to the
beach, At the time of the "Liberation" bombardments and explosions of
mines took place, Considerable slides occurred then in various areas,
Even now, we don't know with certainty if the major landslides were si-
multaneous or successive,

Observation of recent movements

Sainte-Adresse rises in tiers on the debris of ancient slides, from
the sea up to the cliff, which is about 90 m high. The landslide which
first occurred in 1944 seems to be the uppermost slide,

There are three zones now in movement in Sainte-Adresse (fig. 1):
an upper zone A,, @ lower zone A,, in effect an extension of the first
one, and, totally apart from the first two, zone B, just at.the Junction

of Sainte-Adresse and Le Havre, When the first slide took place, the



ground at the top of the cliff subsided 6 m toward Hippodrome Street. Si-
multaneously, along Felix Faure Avenue, the soil covered the avenue for a
length of 3 to 4 m, Figures 2 and 2 bis /2a/ show the limits of the slide
in zone Al (fig., 2) after the clearing of Felix Faure Avenue, It will be -
noted that the upper slide is prolonged in the lower zone, The picture
(fig. 2 bis) shows a strongly pronounced offset of the curb of Felix Faure
Avenue, There the horizontal displacement is over 1 m, and it can be seen
that only simple horizontal movement is involved.

Consequently, the slide affects a zone of the slope lower than the
road, whereas the visible slip plane is just above the road, The road goes
down toward the square in front of the large Dufayel Building, and a slip
1.':lane is seen slightly higher than the bend in the lower part of the road
(fig. 3). Figure 4 shows the subsidence which occurred in the upper part
of the slide, The road (which in fig, L4 is between the three telegraph
poles and the white hduse) was cut and lowered to a level slightly higher
than that of the road bed visible on the left side of the picture, This
road bed was graded following earthworks carried out in November-December
1949 to stabilize the area, The outline of the landslide is clearly vis=-
ible, and the upper fissure follows the edge of the landslide, Several
periods followed one another during which the sliding, without coming to
a stop, was however less intense; then it started again with renewed vigor,
Figures 5 and 5 bis show the horizontal and vertical displacements for one
point of the slide A,, Aj.

Early in 1948, when the writer was called for the investigation, the
movement was. slowing down; then at the end of 1949, it started again, Fac-
ing a very dangerous situation, Mr, Huet, Civil Engineer in charge of public
works in this area, asked for, and obtained, stabilization work for the up-
per slide.
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The slide of the lower second zone, Agy happened approximately at the
same time, The third -one, B, which is no% strictly a sliding but a dis-
rupted zone, is in the esast, These two slides are still moving,

Figure 1 shows large fissures at the ground surface all along the
slopes, The slides have ~roughly the aspect of an arcuate mass, limited
laterally, which definitely moves toward the sea, In the lower part, the
fissures are not so numerous but no less characteristic. They are curved
symmetrically inward, Beyond the fissured area, the ground is stable, where-
as the concave zone within the curve is moving,

It is abnormal for fissures to be so numerous on a slope, It is
known that on a slope, two zones can roughly be distinguished, The slides
are usually preceded by the formation of fissures in the upper part of the
slope, If fissures are formed in this upper part, it is evidently because
the ground is under tension, On the other hand, the lower zone is compressed,
Consequently, the fissures which are formed in the ground, following this
classical scheme, should correspond to a series of slides which would be
limited by these fissures, because in classical slides the upper fissures
are generally close to one another, Between the two first fissures, a
slide should be seen, then another slide between the second and the third
fissures, etc,

It is not the case here, Only two slides exist, one limited approxi-
mately by the Frédéric Sauvage Square and Felix Faure Boulevard, and the
other one limited by Maurice Taconnet Street, Several fissures are seen
straddling the first slide ‘1 and the slide Az, particularly in the lower
part of the slide ‘1‘ These fissures consequently exist in areas where they
are not supposed to be according to the classical theory _gf_‘glope'_a and the

formation of tension gzones,



This peculiarity immediately drew the attention of the writer, Con-
sidering the movements which occurred at the time the writer arrived at
Le Havre, he asked ir, Huet to take some measures to elucidate the situa-
tion:

1) To proceed to levelling and measurement of horizontal displacements in
order to know the three coordinates of a number of points, In this way,
the acceleration of slowing down of the movements in various areas could

be known, It was, as a matter of fact, important to be warned of a serious
danger threatening the inhabitants of Sainte-Adresse, Systematic observa-
tions of the buildings had to be made with regard to the occurrence and de--
velopment of fissures in the ground and in the buildings,

22) To proceed to a geologic and hydrologic investigation in order to ascer-

tain the possibilities of slides,

3) To make borings in order to reéognize the strata and water leiels, and
collect samples for the determination, in the laboratory, of their charac-
teristics,

The purpose of all these measures was to find out what were the causes
of the movements and, if possible, to suggest remedies for this catastrophic
situation.

Geology of the cliff

The geologic study (fig., 6) was done by Mr. Archambault, Geologist,
Director of the "Bureau d'etudes de géologie appliqnée et d'hydrologie
(Burgeap)" /Research office of applied geology and hydrology/., Mr. Archam-
bault confirmed what is typical in this region, that is, that the ground is
composed of the following superposed strata: (from the top down) immediately
under the vegetal soil layer, the Cenomanian, The first zone, a few meters

thick, is composed of clay with flints; it is the result of the decarbonation
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of clayey and ferruginous lihestones. The underlying limestone, 25 m thick,
is limestone with flints and includes some glauconite. Then a zone of lime-
stone with glauconite is found, This is followed by very glauconitic lime=-
stone, which in reality is marl (gaize), that forms the base of the Cenoman-
ian., The underlying Albian is represented by glauconitic marl and by gault,
Gault is nearly pure clay containing almost no lime., Under this layer, are
the Aptian sands which include.a small, but very hard, clay layer. Borings
show this layer at about 30 m elevation. The Neocomian is then encountered,
which includes more or less clayey and relatively coarse sands, Certain
horizons include some fine constituents, particularly very fine and zlauco-
nitic green sands,

The Kimmeridgian is then found. It is made of marls whose calcareous
content and consistency vary greatly according to locality. It contains more
or less hard layers and limestone, but an unexpected disclosure shown by bor-
ings is that of a large sand pocket, about 10 m thick, under the cliff, which
may explain many things. Evidently if such a pocket exists near the sea and
at sea level (which is the case), wave action will soon or later erode it
completely and cause i.iortant subsidences due to the €9llapse of caves, In
such circumstances, the cliff itself may collapse, and this probably has oc=-
curred previously.

The consistency of the Kimmeridgian is widely variable, The outcrops
of the beach have swollen and were made plastic by the absorption of sea

water,



Geotechnical investigation

The position and the characteristics of the clay layers are particu-
larly to be taken into consideration in any landslide investigation, It is
known that a clayey zone is present in the Gault and another one in the up-
per pért of the Kimmeridgian, The two layers are in a state close to their
plasticity limit, These two points being established, it was permissible
to assume, at the beginning of the investigation, that the slides must have
been promoted by the presence of these two layers, The slickenside surfaces
should be looked for.in these layers,

Borings

The first borings which were made under Fredéric Sauvage Square or
Felix Faure Avenue generally show entirely disturbed formations in the upper
zones, They represent fallen material produced over many centuries, Conse-
quently, one may expect to find, within a certain thickness, a mantle of
layers which follow one another in a confusing arrangement, Below is the
material in place (fig. 7).

The last boring, made within the cliff itself but outside of the
slide area, has shouﬁ layers well in place,

Naturally, the thickness of the formations in place, higher than sea
level, decreases as they are nearer to the sea (fig. 6). A significant fact
was established by the examination of the borings: the Neocomian sands,
which, as mentioned previously, lie under the Aptian, decrease considerably
in thickness. Where the black clayey layer at the boundary of the aptian
and the Necomian in the lower zone (for instance in borings L4 and 5) is
found undisturbed, the following observations can be made: 1) its level is
distinctly lower; 2) the thickness of the Neocomian is here only about 5 m,
whereas in the undisturbed cliff it is of the order of 20 m. Thus, the
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Neocomian has certainly disappeared in the course of time. How did it dis-
appear? Considering the presence of water within the cliff, in these sands
of the Necomian and the ‘springs at its base, it is natural to assume that
these sands have been progressively carried along by the water,

However the investigation was complicated by the fact that no allu-
vial cone is seen at the foot of the springs, Later on, the analysis of
the beach sands, in Mr. Bourcart's laboratory, showed that they were, for
the most part, composed of Neocomian sands, which have distinct character-
istics with regard to the presence of heavy minerals, Figure 6 shows the
comparison of two sands collected, one in the cliff (samples 13 and 14),
the other on the beach (samples L5 and 52)1/. Consequently it is certain

7

Figure 6 shows a few characteriatic diagrams of sands collected in
borings and on the beach. Their similarity is striking. To make these
diagrams, segments proportional to the percentage of each of the minerals
(for each &irection) are shown on the axes of the co-ordinates and along
lines at hSo. But these sands contain mainly tourmaline (axis at 45°)
and a small quantity of zircon (vertical axis, toward the top), some lepi-

dolite (toward the bottom), rutile and andalusite,

that this layer is progressively eroded, Lastly, the sandy deposit found
in the sewer of Maurice Taconnet Street shows that the sand was carried

along; this sewer collects mainly the spring water from the bottom of the
cliff., it is thus well established that the Neocomian sands are carried

away by erosion,



Shafts were dug before borings were made because it was thought then
that slip planes could be readily located in shafts, These shafts were dug
in the upper zone down to the Gault, and in the lower part of the cliff to
the Kimmeridgian, However, no slip plane was seen in these shafts, particu-
larly in the Gault, Because the shafts were getting flooded and their drainage
was very expensive, borings were then made to locate the slip planes, More-
over, the timbering in the shafts was subjected to high pressures, particu-
larly in the wells dug in fallen material of the lower zones of the cliff.
Borings allowed the complete identification of the various layers and the
determination of the water regimen,

The following table sums up the properties of the formations encount-
ered. It is found that the characteristics of the clay layers of the Gault
and the Kiﬂg%idgian are closely related, and that the saﬁbles of Neocomian
sand have a low density which makes them very unstable,

Water tables

It was found in most of the borings that the water level rose when a
certain depth was reached, indicating that an impermeable layer had been
penetrated, and the water which was under that layer had a higher piezome-
tric level,

In borehole no., 3, an abnormal rising of water occurred and was fol-
lowed by a gradual lowering, The level became stable about at the same level
as that of a boring next to it. The second boring was made near boring no,
3 to locate a clayey layer which was suggested by the phenomenal rise of
water level. But, contrary to all expectations, no clay bed was encountered.
However, the borings showed that water pockets are present locally in the

fallen material and cause abnormal pressures.
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Observation of water levels in the boreholes shows that generally the
water level rises gradually in the Neocomian toward the inside of the cliff;
An attempt was made to see if a water table was present over the Gault, be-
cause springs appear on the slopes at that horizon., The borings did not show
any water table, Evidently the borings were made during a diy period. For
several years it scarcely rained, and thé springs, which are numerous on these
slopes, had no discharge to speak of, at the time otl the investigation, 1In
the slopes along the sea front, many springs are pré'sont next to the Kimmer-
idgian and the Gault, and are extremely variable, At times they flow and at
times they stop and emerge at a different spot., This behavior is significant.
It is natural that in these sandy zones water finds its way to the surface,

- Cavities fqi'm through backward erosion, and these cavities may get filled in
again either under the influence of the rising of the water level, which can-
cels the capillary pressure holding the walls of the cavities, or under the
influence of vibrations, because these clayey sands af‘re fairly unstable ow-
ing to their low density. This fact was distinctly shc;wn in the laboratory.
The vibrations caused by the explosions of bombs have certainly produced such
collapses, Later, the demolition by blasting of the German shelters must
have brolonged these destructive actions, Water accumulates behind the fall-
en material and emerges as a spring in a short distance., The vibrations have
certainly modified and still deeply modify the water regimen in the cliff,
which explains the presence of pockets of water suspended locally in the fall-
en material, causing irregular pressures, There is no doubt that the water
movement produces the cavities. A small cavity was disclosed by boring no,
3. It will be seen later that the formation of cavities in the upper cale-

careous cliff can also be explained,



As previously ment.oned, heavy mineral analysis showed that the beach
sands have a similarity with the Neocomian sands., This fact alone demon-
strates the transport of the Neocomian sands by water.

Slip planes

Lower zones. - The lower sliding area was investigated at the bottorm
of the slope, in Maurice Taconnet Street, on the Kimmeridgian itself. 1In
this street, a sewer was flattered by the pressure (fig. 6). In the excava-
tion, it was seen that the lower half of the sewer was in the Kimmeridgian
and the upper half in the green sands of the Neocomian. The excavation re=-
mained open with its timbering, and the gradual displacement of the Neocom-
ian in relation to the Kimmeridgian was noted. It was evident that a slip
plane was present, This fact was also demonstrated by flexible tubes placed
by the Société Solétanche in some borings in zone B, The measurement of
lateral deformations of such flexible tubes is readily made. The slip plane
is revealed by a significant change of the displacements in its vicinity.

No details will be given here on the technique of these measurementa,

Figure 6 shows clearly the slip plane in the sewer manhole near boring
no, 6. It coincides with /The top of/ ‘the Kimmeridgian,

In another boring, no, 7 (fig. 8), which is higher, a deformation was
seen, the maxi mum of whigh is on part of the fallen Gault, The Gault is
found in blocks and the maximum deformation is obviously near that clayey
layer, It is natural that in a formation of fallen material made of lenses
of soil whose composition varies very rapidly from one point to another, no
regular movement can be made evident, Indeed, the soil is essentially het-
erogeneous in the area of fallen material,

Upper 2one. - The enormous mass of debris and the broken retaining wall
which was behind the Dufayel Building were removed in 1249. At the time of
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the clearing, the slip plane was easily seen in the section slightly higher
oy Wzt e davons, Wone 2 shove Shak B SN,

It is interesting to note that this slip plane is not in a purely
clayey area, but in a zone overlain by blocks of marl, and these blocks
are separated by practically vertical fissures which were shown in a drain-
age gallery dug under the cliif, The slip plane being found, it was possi-
ble to follow it. It was expected that a classical curved slide surface
would be found although its existence in the Cenomanian limestone was prob-
lematical. Orders were to be given to modify the gradient of the gallery
as the ‘alip surface became steeply curved toward the top, but the slip
plane remained fairly level along the whole length of the gallery, about
60 m, In reality, undulations are seen, but they are only 20 cm to 30 cm
hi;h; swhich wuld seem to show the swellings caused by the formation of
arches in the ground, It seems difficult to explain otherwise the cause
of these movements, Indeed, the maximum (27 cm) occurs about 4O m from
the opening of the gallery. The formation of such a wave could be under-
stood at the low part of the slope as a consequence of the slide., But,
to the contrary, in this area the slip plane is gently inclined toward
the opening, The level of the slip plane is the same at the opening and
at the opposite extremity of the gallery. A simple swelling by unloading
of the material below the slip plane owing to the formstion of arches may
accordingly explain this wave, and this interpretation would also confirm
the previous hypothesis,

There was no longer any probability of reconstituting the circular
slip plane which had been considered through application of the classical
method,
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At that time, Mr, Huet was in charge of the construction of the road
tunnel of Le Havre, in which he also noticed the presence of a slip plane
which was found to be about at the same elevation as the one at Sainte-
Adresse, Consequently, it is very probable that the same slip plane exists
under the whole Sainte-Adresse Cliff, along a few kilometers, and that it
is fairly horizontal,

It is a strange phenomenon, and one which does not seem very orthodox.
How did that slip plane happen to form? Only assumptions can be made. The
most plausible one seems to be the following:

The 50 m high limestone stratum which overlies the Gault loads it to
10 kg per cm?. The Gault resistance to compression was found to be from 1
to 3 kg/cm?, and its angle of internal friction 20° maximum. The cohesion,
consequently, has a maximum value of ¢ g tan (E'— g) = 1.050 kg/bm?.
When R, = 1 kg/cm?, ¢ = 0,350 kg/cm?,

Its shearing strengh is consequently in each case:

10 . tan 20° ¢ 1,050 = 4.7 ke;/cm2
$ 0,350 w i kg/cm?

If the results of the shear tests are assumed to be exact, the cohe-
sion is found to average only 300 g on the slip plane, The shear strength
would be cily 3.8 kg/cma, approximately that found when R, = 1 kg/cmz.
However that may be, if during an earthduake, the horizontal acceleration
of the seismic vibrations is sﬁ?h that the inclination of the resultant is
32° from the vertical, the shear resistance is exceeded. To produce the
slip plane, an acceleration of 0,6 times the acceleration of gravity was
sufficient, Such horizontal accelerations have occurred in the course of

the geologic time. Consequently, the slip plane can be explained that way.
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It is true that the preceding very brief computation does not consider
the phenomenon under its dynamic aspect, which is essentially vibratory,
whereas earthquakes have precisely that character. The effec§ produced de-
pends above all upon the free period of the mass shaken by the seism, When.
the two periods are the same, resonance effect occurs and considerable move-
ments can be produced, The probability of such a coincidence cannot be fore-
told,

The characteristics of the Kimmeridgian being fairly comparable, it is
not surprising that the two slip planes were formed simultaneously.

At present, the shear strength is certainly smaller along the alip-.'
plane, due to the fact that the soil g}ains, which were coarse prior to the
sliding, are now reduced into fine powder, and consequently the angle of in-
ternal friction decreases. As a matter of fact, the shear tests along the
slip plane have shown that the cohesion decreases to 160 g, and the angle of
internal friction to 15°,

Consequently, the shear strength is now reduced to 2.850 kglcm?. Thus
sliding is now made easier along the existing plane, In reality, the charac-
teristics vary widely according to the place where the sample is taken., The
following characteristics were also obtained: c¢ & 240 g/cmz, Q= 11°at 9 m
from the portal of the gallery. Other anomalies were noted., Consolidation
tests were made to obtain the pressure to which the soil was formerly <ub-
jected ‘in the horizontal direction, This test is frequently used to deter-
mine the former vertical pressure /pre-consolidation/. Five meters from the
entrance of the gallery along the slip plane, the maximum horizontal pres-
sure was found to be 1 kg/cm?, whereas at 41 m from the entrance this pres-
sure was L kg/chz. These facts ars somewhat confusing because it is certain

that in the geologic past the outcropping zone of the present slip plane must
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have been, prior to the slides and the development of the slip plane, in
the same relative topographic situation as at a point 4O m within 't:he cliff,

The water content of the samples collected in the gallery shows that
it does not vary much from one place to another. The following percentages
were founds at 5 m from the entrance, 35%; at 9 m, 28.5%; at 32 m, 29.5%;
at b1 m, 29.6%. .

Two anomalies should be emphasizeds
1) A sample taken in boring no, 12 had a water content of 35§ instead of
the 29% at the same level in the gallery. It is certain that the percent-
age of water of these samples must have been higher than that of the soil
prior to the opening of the gallery.,
2) In the vicinity of a retaining wall which limited the slide of the Dufa-
yel Building, near the entrance of the gallery, the percentage of water was
only 25.6%.

Thus, in the vicinity of the portal of the gallery, the percentages
25 and 35 were found at points not far from each other.

Theée facts could be interpreted by concentrations of stresses acting
in some points (particularly at the bottom of the slide), whereas the slip
- plane is clearly unloaded under the cliff., It can only be due to the arch-
ing effect which is produced in the undercut areas, while zones serving as
abutments are overloaded, The pressure corresponding to a water content of
25% would be of the order of 28 kg/cm2 according to the consolidation tests,

Mechanism of the observed movements

Zone A, - The explanation of the movements will-be aided by plotting a fow
points on the cliff in section and in plan, by the boring data, and by the
behavior of the fissures,
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There is no doubt that if a slip circle exists, the circle must be
tangznt to the slip plane, The center of the slide must be at the inter-
section of the three normals to the trajectories taken (fig. 1Q). If this
circle is drawn, it intersects the flint limestone at aboui‘S m higher than
its lowest level. The fissure of the upper zone reaches at least to that
depth,

How was fracturing able to occur in that limestone which has a strength
higher than 100 kg/cm?? How could such a slip plane be formed? In some
zones, the strength of the limestone without flints is of the order of 200
kg/bm?. The gaize, which underlies the glauconitic marl, has about the
same resistance, 1io doubt, the limestone bed is not to be understood as a
continuous mass, From its formation and subsequent environment, it surely
became fissured either by contraction alone, or in the course of orogenic
movements, It is therefore possible, and even proﬁable, that these fissures
existed in the limestone prior to the slides recently observed, These fise
sures could also be ascribed to the erosion of the Neocomian and to the sub-
sideﬁces which resulted from it, Perhaps the two phenomena were combined,
In the last hypothesis, it can be suggested that the formation of the slip
plane is subsequent to the fissure formation, otherwise its horizontality
and its continuity could no longer be explained. This continuity, there-
fore, makes it very improbable that erosion was prior to the formation of
fissures perpendicular to the gallery, because one canpot admit that if this
erosion was going on before fissure formation it would have stopped afterwards,

On the other hand, the subsidence was found to be 6 m deep in the upper

part,



Boring no., 11 shows the presence of the ;pper limestone 12 m lower
than boring no. 12, made in the stable ground. The slip plane of the
Gault being horizontal, this layer did not undergo a displacement, Con-
sequently, the thickness of the second layer of limestons without glauco-
nite drops from 12 m to zero. The assumption cannot be made that this
layer was subject to rotation, otherwise the Gault itself would have been -
subject to a deformation, which is not found. Therefore, it has to be
accepted that the limestone without glauconite and perhaps a part of the
limestone with gléuconite havé disappeared, because its thickness is quite
smaller in boring no. 10, located at a short distance from the outcrop of
the slip plane, Consequently, one or zeveral large cavities must have been
present in this limestone prior to the slide, How were these cavities pro-
dﬁcéd? Were they manmade as a result of quarrying limestone? It could be
possible because, traditionally, the Sainte-Adresse Cliff has been quarried
for building stones, 1In this caée, the entrance t§ thése old quarries would
be well concealed because no trace of it is found now, except several hun-
dred meters west from the slide, It is also possible that this limestone
and the glauconitic limestone were dissolved bty the infiltration water from
atmospheric precipitations. This water is loaded with carbon dioxide @27,
and is particularly apt to decompose the limestone. It is the classical B
explanation of the formation of caves in calcareous masses, The effect
should be more rapid for the glauconitic limestone. Glauconite is composed
of silicate of ircn, magnesia and potash, Silica forms a very weak acid,
It is the weakest acid, being displaced even by carbonic acid; On the other
hand, iron oxide and magnesia, but particularly potash, are relatively strong
bases, Consequently, the silicates undergo hydrolysis., TYet, alk#lies are
again found in the interstitial water of the Gault. The water flowing in
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the two galleries (lMacLleod and Dufayel) was analyzed., The last analysis

gave the following result: dry extract at 105°C 0.613 g/1; Si0, 0.02 g/1;

2
Fex03 + A1,0; 0.008 g/1; Cad 0.175 g/1; Mg0 0.036 g/1; alkalies expressed
in Na,0 0.106 g/1 (potassium was determined but not quantitatively); chlo-
rides (as Cl) 0,125 g/1; sulphates (as 503) 0,136 g/1; carbonates (as CO,)
0.066 g/1. 1t is seen that all the components of glauconites, particularly
silica, magnesium, iron, and potassium, are present, Moreover, SO3 is
found, owing surely to the presence of the pyrites embedded in the Cenoman-
ian limestone, anci the CO, coming from the decomposition of the chalk, All
these elements are in small quantity. Nevertheless, at the rate of 0.6 g
per liter of substances dissolved, and assuming a flow for the two springs
of ho liters per minute, the volume of water averages 20,000 n3 per year,
The weight of solid material evacuated is consequently 12 tons [Exetrig per
year, at 127s%t in the upper slide area, In the course of centuries, it is
therefore uoi surprising that real caves might have formed through that
process, It is probable that each group of two successive fissures located
in the upper part of a slide area, corresponds therefore to the two surfaces
which limit the subsidence zones, Then, a considerable pressure is exerted
on the lower wall, capable of starting a movement of the soil mass of the
lower slope on the horizontal slide plane immediately below.,

On the other hand, from the observations made by the writer in 1949

and 1950, it is certain that the slide A, is, in effect, circular. This

|
circular slide consequently implanted itself on a subsidence phenomenon,

which certainly occurred first, due to the excessive pressures caused by the
load of the bloc}chouse and by the explosions, which added their destructive
effect to the abnormal pressures of the cavity arches, and of the water ac-

cumulated in these cavities through the rupture of utility pipes.
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Now, the drainage gallery which has been built in this layer of Gault
and gaize is approximately 60 m long, Its discharge is considerable and
varies according to the atmospheric precipitations, When the gallery was
opened, 30 liters per minute were recorded, which proves that this gallery
makes an excellent drainage of the cliff. Other galleries were built pre-
viously fof drainage purpose, Their discharge seems greater than that of
the springs formerly known, It seems, therefore, that under certain cir-
cumstances considerable masses of water accumulated in the cliff, and it is
what certainly happened at the time of the rupture of the water pipes of
Hippodrome Avénue. Evidently it is the pressure of this mass of water,
added to all the preceding causes of instability, which brought about the
slides of the cliff, This hypothesis of the presence of caves in the lime-
aténe explains the presence of the fissure approximately 2 m in horizontal
projection from boring no, 10, as well as the 1 m subsidence seen near that
fissure, The up#er fissure is also much deeper than a fissure that would
result from a circular movement, After the slide, when that fissure was
widely open, workmen could watch burning paper balls falling to a great
depth,

Lastly, an atteapt was made to understand the conditions of rupture
and they were compared with the pressures that could normally be developed
by the mass defined by the existing slope, In general, the pressures of a
mass without cavities would attain only a third of the pressure necessary
for failure, The method used for this computation is that given by Prof.
Terzaghi in his book "Theoretical soil mechanics", article 63, Composite

surfaces of sliding,



Theoretically, this rupture can be produced only by supplementary
causes, such as the anching' of the upper limestone mass on the remaining
part, and the pressure of water stored in the voids as a consequence of
the obstruction of the springs. Computation is evidently difficult to
make with any chance of probability, It is 'possible to think that several
cavities existed, because the equilibrium was maintained for a long time
.and failure occurred only as a consequence of unfavorable circumstances
accumulated by the war: load of the German blockhouse, water from the
utility pipes broken by the explosions rushing into cavities while, from .
the samei cause, the springs became obstructed,

Consolidation works were carried out by Mr, Huet in the upper zone
of the slide area, After lMr. Huet saw that the measurements of displace-
ner;ts seemed to indicate a circular slide, he assu.med that the stabilization
could be obtained by loading the foot and unloading the upper part of the
slide, It is what he successfully accorq:.:l.ished with a minimum 6f expendi-
ture, The displacement measurement';g that were made then, as a function of
time, show a curve uhich.indicates a distinct stabilization (fig. 11). Un-
fortunately, this stabilization does not persist as was expected., The last
measurements show that the points of this zone have a tendency to subside
again and that, consequently, the slide resumes slightly. This is not sur-
prising because, as previously mentioned, blocks separated from each other
by large fissures are found in the lower zone, Consequently, even if the
low part of the slide was completely stabilized, it is obvious that the
upper section would continue to move until these openings are blocked up

for the most part,
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The experience of this sliding area shows that an absolutely adequate
solution cannot be expected immediately., In spite of these movements, the
opening of the drainage gallery has, however, brought a significant stabili-
zation of this zone, One must be thankful for this because if these works
had not been carried out, it is more than probable that the slide would have
been greatly increased as a conseqnence of the rains of 1951 which followed

a period of eeveral dry years. b Sl g
Zone A2 - In t.he lower sone, ooringe ‘were made along the slopes and showed,

as previoualy etated that the tater level went. down gradually toward the
beach (fig. 1), N

‘l'he comparison of the profiles of various point.s ehows t.hat it 1e dif-
,txicult to et.ate that a circular slide has occurred Whereas the circle art.er
mching the low point. (inch 18 t.he“ Krin!meridglan) ehould curve up aga:ln, end |
\herees coneequently a bulge ehould: .bez fc;und kix; 'the low elope, it is seen '
that the displacements, from the point of tangency of the circle at t.he hori-
gontal to the outcrop of the Kimmeridgian, are horizontal, Horeover, fissures
are also found there parallel to the coast (fig. 1). |

Thus the phenomenon which occurs is somewhat of the same order as what

happens higher in the Gault, The Kimmeridgian has characteristics fairly
comparable to the Gault, However, comparisons are difficult to make because
o’ variable characteristics, The limestone content of the Kimmeridgian va-
-rles considerably, It ranges from 108 to S50% with regard to the black and -
clayey marls shich are found ﬁ.rst. of all, The shear angle has been found

to be of the order of 10° to 20°. Hlen it is 10 the cohesion is 400 g;

when it is 20° the cohesion 1is about 100 g to 130 g. Likewise in the Gault,
the water content is variable within the cliff as well as at the foot of

the slope, depending on the load on the soil from place to place. When clay
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is swollen, the crushing strength decreases correlatively,., <Thus, at the
bottom of the slope, samples were found which had a resistance of 400 g/c.nz,
whereas the resistance of the samplee collected in boring no, 12 is of the
order of 8 kg/cmz.

Springs are present in the low part of the slope, It is, therefore,

alnost certain that the elide was produced tv nnderuashing through backua.rd

eroeion of the more or ].ese chyey eande of the debris e.nd of the Neocom:lan,
and by the preesures ﬂzich are produced by the arches so fomed, combined i
llth t.he pressure of the uater stored in cavit.i.es after ‘the x-upture ot uater

DL pa >

pipes and the obstruction of eprings as a conseqmance of explosions. As a
l"sult instead of a bulge being formed at the botton of the s]ide, th; soil
ine a tendency to follow the horisontal enrface of the slip plane which euc-.
. :|.et.s in the upper part of the K:Lnneridgian (ﬁg. 12). The possibility of
t.he "circular slide 18 doubtfui as :I.e that of the upper dlide, It is more
likely a movement through flowing and pressure, which perhaps take place
partly by circular movement, but nothing is less certa'gln, becauss sufficient
points to delineate a circular slip are not available in the area,

As previously expiained, erosion of the Neocomian is evidenced by:
1) the decrease of thickness of the Neocomian, which does not seem to have
been carried along by former slides because the hard clay layer of the Apt-
_1an is still present in the upper part of t;lxe ieoconian;
* 2) the fact that the sands collected on the beach have a very similar miner-
alogic composition with regard to the heavy nd.nenla,. especially tourmaline,
sircon and staurolite, andalusite and kyanite (fig. 6); .
3) the fact that the sewer in Maurice Taconnet Strest carries and deposits

sand; yet, practically, it discharges only spring waters.
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Zone B - In zone B, in the vicinity of Le Havre, the phenomena have an en-
tirely different behavior, Levellings and horizontal displacements show
confused movements, A circular slide absolutely cannot be materialized in
this zone,

For instance, the two points no, 38 and no. 39 (fig. 1 bis) have sub-
sidences and horizontal displacements such that the resultant displacements
are almost parallel, For these points, it is not possible to conceive any-
thing else but a translation movement., The phenomenon is complicated by the
fact that the sea wall is not built on the Kimmeridgian, because it would
have been too expensive, but it is built on the pebbles. This dike was at-
tacked by the sea; it was displaced and lately became exposed because the
Jetties which protected it have disappeare.d since the war, for lack of main-
tenance, Brosion by the surface water currents and mostly by the tide cur-
rents removed the pebbles which protected the foundation of the wall, As
the filter which they formed, and which stabilized the sands of the slope,
had disappeared for the most part, these sands are also subject to erosion
and may spread toward the sea, Consequently, there is a supplementary cause
of movements which may easily be corrected by the necessary restoration works,
These works have recently been undertaken., Furthermore, the rupture of water
pipes has also aggravated the situation, It was found that the water pipes,
swhich were cut by the Germans (without of course informing the responsible
French authorities), discharged more than 200 m? per day in the soil (this
evaluation results from water-meter readings).

lastly, this area includes many springs, which are also characterized
by changing their place of emergence, seriously disturbing the hydraulic sys-
tem after the explosions, Whereas in the preceding zone, the piezometric

level rises slowly, here are found perched and extremely dangerous water
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levels, because of the large gradient which results from their elevation and
the small distance from the sea, Considerable pressures are consequently
produced, Numerous fissures are visible, Beyond all question, they suggest
a movement toward the sea, and the presence of erosion and subsidences.

The surfaces of equal subsidence of sone A, have a very elongated form, .
which must probably correspond to the cavities caused by backward erosion in
the Neocomian sands, which are very clayey. An unsuccessful attespt was
made to find on the beach side the issue of a possible underground flow, It
was found that the water which comes from the pebbles at low tide is less
salty than the sea water. No particular outlet could be found for this soft
wter: springs appear outside of the area where they should especially ap-
p'oar, according to this ivpot.hes:ls. At low tide, many flows are seen on the
beach, and these flows are certainly of soft wter (dogs are seen drinking
it willingly). Fluoresceins was thrown in a borehole of this sone to try
to find the issue of the underground flow, MNothing was seen on the beach
east of zone B vhere the flow should end, It is regrettable that no inves-
tigation of the coast was made at that time tovard La Heve Cape, &nue
the water may just as well find its way on that side of the B‘obblea and
debris which form that area, =

In spite of the restoration of the water pipes, movements still take
place but with less magnitude, Nevertheless, at times, renewal of activity
is seen after strong atmospheric precipitations, It is probab}e that the
reconstruction c:f the jetties and the consolidation of the sea wall will

p;'oduco a eolplm amelioration,



Conclusion
What are the measures to be taken to stabilize this cliff? 1Is
possible to attzin a tangible result if not an entire stabilization? Cer-
tainly appropriate measures could make it relatively atablé; Li.” pre-war
experience shows this possibility., As mentioned above, a significant ame-
lioration of the situation can be expected from the restoration of the
Jetties and the dike, However, it does not solve the problem of the pres-
sures, of the removal of soil through erosion caused by ground water, and
of the consequences of collapses of caves, which occurred at the time of
the "Liberation", due either to explosions or to rupture of water pipes,
Only a rational drainage system would make it possible to cope with these
serious dangers., How can this drainage be effected? Evidently, galleries

cannot again be opened in the moving sand of zones A, and B, which would be

2
too expensive. On the other hand, oblique drainage could be carried out by
a sounding process which is now currently used for dams, By this method,
this mass of unstable soil could be punctured, When the sand would be suf-
ficiently dried around the drains, nothing would then prevent digging per-
manent drainage galleries, These galleries would allow the grouting of the
remaining cavities and, consequently, the suppression of pressures resulting
from the formation of arches, The backward erosion could then be overcome
and the slide on the Kimmeridgian would not occur anymore, as well as that
on the Gault if the remedial measures were extended. Probably, it will
never be possible to prevent the decomposition of the calcareous or glauco-
nitic soil by water. But, by extending the drains far enough, up as well
as down, to prevent this phenomenon in the present slopes, a satisfactory
result can surely be expected, Besides, it has been seen that the Hecompo-

sition is very slow, and many tens of years would pass before a new slide

27



may occur from that cause, Periodic grouting would prevent the development
of these cavities,

Evidently, these works would be expensive and probably exceed the funds
that can presently be available, It is to be hoped, however, that it will be
possible to undertake them gradually after the works of protection against
the sea are completed.

It has been seen that the Sainte-Adresse slides are complex phenomena,
the scheme of which cannot be reduced to the classical landslide theories,

As always, in front of nature, problems are faced which have to be solved
step by step, and their study requires numerous observations spread out over
a long time, Each measure taken must be checked, It is the only way to
verify the efficiency of the method. Up to now, only a theory has been for-
mulated, which seems to be verified by the numerous observations made, There
is still much to be done, and it is believed that this study will still re-
quire a long time, Besides, it offers an extremely interesting field of ob=-
servations, which surely will be of help in similar circumstances,

Discussion
THE CHAIRMAN /Mr, L, Lmumou-xﬁaszg - Mr, Buisson just made a very pre-
cise diagnosis, and he did it with great sincerity, for he took into consid-
eration what could be explained and what could not be explained, I believe
his communication will be a valuable document which will give food for thought
to those who are interested in landslides, I want to thank him warmly for
this communication in which we see once more the influence of water in clays.
By the increased pressure of the infiltrated water, clays are transformed
into semi-liquids and reduced to a soil with no friction, In this respect,
the phenomenon of Sainte-Adresse Hill shows a great similarity with that of
Fourviéres Hill in Lyon. Drinking water was provided to the inhabitants of
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Lyon through horizontal galleries in ﬁurvi;res fdill until a water system
was installed in Lyon. At that time, the galleries were abandoned and water
accurulated in them, This water produced the slide which caused many casu-
alties among the Lyonese,
Mr, MAYER - I have been, like -all of yod, very interested by this communi-
cation, more especially that it reminded me of the landslide of El-Biar Hill
in Algiers,. which was studied by our labora;tory a few years ago, I found in
the indications given by Mr, Buisson some elements identical to our observa-
tions, particularly the total absence of a curved Slip surface., I believe
that if he did not find any, it is because there is none, and that the phe=-
nomenon he observed is the plastic flow of a clay layer at the contact with
the. limestone, We have found at El Biar, by collecping sanlaples in the claj
lay-er which was overlain by the limestone at the top of the hill, that when
nearing the free surface, the clay expanded gradually as it became less
loaded, Because it had a tendency to swell, it absorbed water, and its
plast'.ic flow could be observed, It caused a progressive carrying away'of
the limestone., Under the action of tractions produced at the base of the
limestone by this clay, the cliff became fissured vertically. The phenome-
non was first made evident by the appearance of fissures in the upper part
of the limestone. When fracturing was complete, the calcareous elements fell
down abruptly and punctured the clay layer; later on, they progressed down-
ward together with the clay layer; the latter flowed plastically as its lower
part, shich absorbed the running water of the hill, approached its liquid
limit, |

I believe that a similar phenomenon is to be found at Sainte-Adresse,
Then, should one look for slip curvos which, in my opinion, do not exist?

I do not think so, It is a flow phenomenon of a clay layer that has to be

stopped, Mr, Buisson is right in saying that the only remedy, in that case,
29



is to try to drain off the water. An attempt to that effect was made at
El Biar by making a complicated drainage system, I do not know what the
results have been since I left Algeria, but it is certain that at that time
the situation had already been improved.

Probably it would be easier at Sainte-Adresse because the slopes are
steeper than in Algiers, and, consequently, drains by inclined borings
could be considered, which in Algiers would have been entirely impossible,
Only galleries could be made, which were much more expensive than 1nn11ned
“drains, which, I believe, are the solution for Sainte-Adresse,

Mr, BUISSON - It does not seem that the circumstances encountered in Algiers
are found in Sainte-Adresse: no bulge is observed; the water content of the
¢lay does not increase toward the foot of the hill, The variations of the
water content here are more a function of the local gressures,'unich may be
almost cancelled when the points under consideration are under an arch, or
greatly increased when the points are in a zone of stress concentration,
created by an abutment, .

Another significant observation was made concerning the galiery cut
in the gnult. Landmarks were set in the gallery and showed that the hori-
zontal displacement decreases as one goes deeper under the cliff, Thirty-
five meters from the origin, the displacement is zero, as shown by the
curve of fig, 9.

Mr, MAYER - It is the layer in place,

Mr, BUISSON - But the slickensided layer exists along several kilomaters.
Here is the mystery. How did that slip plane form?

An AUDITOR - How did you verify that it was several kilometers long?



Mr, BUISSON - Because on the other side, Mr, Huet is building a road tunnel
and the slip plane was distinctly visible at a level approximately the
sama as that of the slide,

Mr, SUQUET - I was impressed by what ifr, Buisson said about the existence
of a sand layer under the limestone and over impermeable clay. He told us
that the sand layer was water-bearing and that a series of springs emerged
along the slope.

I compafe what Mr, Buisson said with what goes on in the Saint-Cloud -
hillside. This hillside i's crowned by a layer of excellent coarse lime-
stone /Tut@tian, middle Eocene/ (building stone). Under this limestone,
there is a small layer of sand which in grain-size may be compared to bird-
seéds, and under this layer, impermeable clay is present, The ;and layer
is water-bearing, and in the course of time some material must h&ve been
carried away, for in the upper part of the hillside the limestone layers
are deeply broken by fissures attaining 20, 30, or LO cm /wide?/.

The first time I saw these fissures, I thought they might be the re-
sult of underground mining, In reality, sand had been carried away because
of the slope. These broken layers slide over the lower layers causing in
the Saint-Cloud hillside fairly important landslides, very harmful to walls

and construction.
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ILLUSTRATIONS

Figare 1, Plan of zones Al and Az.
La Manche = English
Figure 1 bis, Plan of zone B, Channel
Legend S (13.93) @ Soundings

(14.00) _ Contours of the water level
oo t—t—+—+—+—e_o_ Fissures in the soil
Hypsometric map of the uatér level
F.gure 2, General view, taken from Frédéric-Sauvage Square, of zone A,
stabilized during winter 1949-1950. To the right and to the left
of the picture, the protective cribbing which marks in effect,
the limit of the sliding zone,
Figufe 2 bis, View of Felix-Faure Boulevard in the direction of
Fréd&ric-Sauvage Square,
Figure 3. Slip surface at the entrance of the concreted gallery.
The striae of the slide can be seen on the sample to the left.
Figure L. Upper part of the slide. Junction of the Hippodrome Avenue
and Cap Road. This picture shows:
1) the subsidence of Hippodrome Avenue
2) the head of the slide.
Fizure 5 and figure S bis. Displacements
Vertical - horizontal

Extrapolated part from B 55.
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Figure 6

Geologic section

Legend.
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Figure 8.

Diagram of a flexible tube in borehole 7

Remblais

Sable vert argileux
Marne jaune
Kimmeridgien
Hauteurs en metres
Deplacements en cm

Deformations tangentielles

Entree de galerie
Mur de soutenement
Couche de glissement

| Deplacements horizontaux des
reperes

Niveau de reperage
Equidistance
Longueur totale

L'echelle des hauteurs est
egale a 10 fois celle des
longueurs

Echelle des deplacements
horizontaux des reperes

Fill

Clayey green sand E

Displacement in the

Yellow marl
. vertical plane O~

Kimmeridgian

Depth in meters

Displacements in cm

Tangential deformation
Figure 9

Invesmulery

Portal of the gallery

Retaining wall

Slip plane

Horizontal displacements of the reference
marks

Reference level

Intsrval

Total length

The scale of heights is 10 times that of
lengths

Scale of the horizontal disi:lacements of

the reference marks,

Figure 10

Cross-section of the cliff passing through béacon no. 21,

Centre du cercle de glissement

hypothetique
Balise

Cercle de glissement hypothetique

Centerline

Center of the hypothetical slip circle

Beacon

Hypothetical slip circle
Cap road Boul, F. Faure

2£



Figure 11
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Série : Sols et Fondations (XI).
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