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The Landslide at the Port of Nice on October 16, 1979

by

H. Bolton Seed,1 Raymond B. Seed,2 F. Schlosser,3

F. Blondeau,4 and I. Juran5

INTRODUCTION

At about 13.58 hrs. on the afternoon of October 16, 1979 a major slide

occurred in the fill which had been placed to construct the new port at Nice

on the south coast of France (see Fig. 1). The slide involved about 2 to

3 million cu. meters of fill and also about 7 million cu. meters of the

underlying clayey silt and silty sandy deposits on which the fill had been

placed. The time required for sliding of the approximately 10 million cu.

meters of soil was about 4 minutes.

The slide debris from the port moved out to sea, first down the sloping

face of the delta deposit on which it was constructed and then along an off-

shore canyon and finally along the sea floor, eventually rupturing two sets

of cables located at distances of about 90 and 120 kms off-shore from Nice.

Both sets of cables were moved about 15 kms from their original positions.

Cable 1, 90 kms off-shore, broke at 18:45 (4-3/4 hours after the slide at the

port) and Cable 2, 120 kms off-shore broke at 2300 hrs. The velocity of flow

on the almost flat sea bed between the cables was thus about 7 kms/hour.

1Cahill Prof. of Civil Engrg., University of California, Berkeley, California.

2Asst. ~rof. of Civil Engrg., University of California, Berkeley, California.

3prof. of Soil Mechanics, Ecole Nationale des Ponte~ et Chaussees, Paris,
France.

4Eng ineer, Terrasol, Puteaux, France.

5Assoc. Prof. of Civil Engrg., Louisiana State University, Baton Rouge,
Louisiana.
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Studies by Gennesseaux et al. (1980) at the University of Paris,

together with off-shore borings in the area where the slide mass came to rest,

show that a flow of several hundred million cu. meters of soil was probably

involved in causing the cable breaks. Since the port, slide involved only

about 10 million cu. meters, a very large volume of supplementary slide debris

would have ,to have been generated from some submarine location off-shore to

account for this very large volume of sediment which finally came to rest

about 150 kms off-shore.

At about the same time as the sliding of the port fill occurred, a tidal

wave was observed along a section of about 120 kms of the coast-line of

southern France. This tidal wave had a maximum amplitude of about 3 m near

Nice and La Salis (about 12 kms. from Nice) and decreased in amplitude to

about 0.25 at lle du Levant (about 90 kms. west of Nice). The flooding

associated with this wave caused the loss of several lives and did consider

able damage to local communities and harbors.

Aerial photographs of the fill placed to construct both a new airport

and a new port at Nice, showing the conditions just before and just after the

slide on October 16, 1979 are shown in Fig. 2. It will be seen that only the

outer portion of the fill, shown in the photograph in Fig. 3, which had been

placed to construct a port facility was involved in the slide. A view of the

portion of the fill at the zone where slide movements stopped is shown in

Fig. 4. The fill, much of which was deposited through or in water, was con

structed on a deltaic deposit of stratified clayey silt and silty sand, the

outer boundary of which sloped off-shore at about 15° to the horizontal,

A typical soil profile through the delta in the location where the slide

movements started is shown 'in Fig. 5. The delta is cut by two submarine

canyons, the Var and Paillon canyons, which extend to a distance of about



(a) Air-Photo of Fill Area on 8 October, 1979

(b) Air-Photo of Fill Area After Slide on October 16, 1979

Fig. 2 AERIAL PHOTOGRAPHS OF FILL AREA

4
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Fig. 3 PORTION OF FILL INVOLVED IN SLIDE OF OCT. 16. 1979
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Fig. 4 PORT FILL AT POINT WHERE SLIDE MOVEMENTS STOPPED
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15 kms off-shore where they merge together. These are the underwater exten

sions of the Var and Paillon rivers on land. The main fill was kept at least

about 150 meters from the crest of the outer slope of the delta deposits in

order that it would not have any significant effect on the stability of the

outer slopes (see Fig. 5).

It had long been recognized that pervious layers of soil existed in the

delta deposits, which connected with water levels on land and created an arte

sian pressure condition at depths greater than about 40 meters in the delta

deposits. This condition was recognized and taken into account during the

planning of the fills.

There were a number of unusual circumstances associated with the slide.

They included the following:

1. The port fill and supporting soils were generally similar to those

involved in the construction of an extension to the adjacent airport where

they had proved to be adequately stable over a period of several years.

2. The fill and underlying soils were indicated to be stable on the basis of

geotechnical studies made for the airport fill. While the factor of

safety of the outer parts of the delta slopes was somewhat less than that

normally required for permanent construction, it was consistent with that

generally accepted as adequate for the period of construction.

3. The soil fill proved to be adequately stable over a period of about

8 months during which time very little fill was placed in the port area.

Since virtually no fill had been placed for a period of about eight

months, piezometers showed, as anticipated, a reduction in the pore

water pressures induced by the new fill in the delta deposits and a

corresponding improvement in the stability of the fill. This improvement

would be expected to continue as the pore pressures dissipated with time.
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4. There was no prior indication, from surface observations or from the

piezometer readings, of instability of the port fill. In fact observa

tions by divers of the condition of the outer slopes of the delta and the

submerged fill, and surface observations on the day of the slide, revealed

no unusual movements indicative of any stability problems.

5. The slide was preceded by several days of very heavy rainfall (about

25 cms in 4 days) causing the Var and Paillon rivers to be running full

and with greater than usual capacity. The rainfall increased the artesian

pressure in the delta deposits by about 1 meter of head, as evidenced by

piezometer readings in the delta deposits underlying the adjacent airport

area.

6. Although there was no warning of an impending slide, the slide in the port

fill occurred rapidly in a period of about 4 minutes.

7. The effects of the tidal wave were recorded on maregraphs installed along

the coast-line at Port Lympia, Villefranche and Ille du Levant. These

records show clear effects of tidal wave movements although they require

careful interpretation to determine the actual changes in sea level

associated with the tidal wave effects.

8. Bathymetry and submarine explorations of the underwater Var and Paillon

canyons made after the slide occurred indicated that substantial movements

of soil from the walls of the canyon had occurred since the last previous

bathymetric studies in 1973.

9. Sensitive seismographs at La Salis (about 10 kms from Nice) showed a

marked change in both the frequency and amplitude of background seismic

waves starting just before the port slide occurred, but they showed no

earthquake activity on the day of the slide. In fact the most recent
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earthquake was a Magnitude 2 event occurring about 20 kms from Nice on

Oct. 1, about 16 days before the slide.

The early interpretation of these events led to the conclusion that the

slide in the port fill had triggered a massive under-water landslide, which in

turn had caused the tidal wave. However this hypothesis left unanswered the

question of what caused the occurrence of the slide in the port fill in the

first place.

Since the tidal wave and the failure of the port fill resulted in the

loss of lives and property, a comprehensive investigation was initiated by the

French authorities. This report presents a review of the studies performed to

evaluate the stability of the construction and to investigate the probable

cause of this major slide.

TIDAL WAVE EFFECTS

Testimony of Witnesses

Because of the legal implications of the losses associated with the

slide a major investigation was made to collect evidence from witnesses of

both the slide and the tidal wave. The main items of importance in this con-

nection were considered to be the timing and nature of the port slide and the

timing and nature of the tidal wave. Fortunately there was general agreement

on some of these items, such as:

Time slide movements started in port fill:

Time slide movements ended in port fill

Amplitude of wave motions at Nice

Period of tidal wave at all locations along coast

13.571
4

14.011
2

~ 3 m.

~ 8 min.
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The time of occurrence of the slide was well-established by observers in the

airport observation tower but the times of sea level changes were initially

very confusing (ranging from an observed time of 13.55 to 14.20) and thus they

required careful interpretation to provide a constant basis for comparison,

since some observers of water level changes noted a lowering of the sea level

while others noted a rising of the water level.

The changes in water level due to a tidal wave are a series of fluctu

ations and the development of different phases (first crest, first trough,

etc.) will necessarily occur at different times. As shown in Fig. 6, a tidal

wave has a starting point, followed by a series of crests and troughs. The

period of the wave motions is the elapsed time between two successive crests

or two successive troughs. The maximum amplitude is the maximum rise of any

crest above normal sea level or the maximum fall of any trough below normal

sea level. The times of events reported by witnesses will thus depend on

which phase of wave activity they happened to observe.

In this connection it is important to note that the maragraph records of

sea level movements showed clearly that the first manifestation of the tidal

wave was a lowering of the sea level followed by a long sequence of rising and

lowering fluctuations. Unfortunately these records do not provide an accurate

time base to establish the times at which the various fluctuations occurred

(i.e. with an accuracy of ±5 mins. approx.).

A careful review of the testimony of witnesses to the tidal wave activ

ity also showed clearly that different witnesses saw different phases of the

sequence of tidal wave effects, which diminished only slowly over the first

half hour and did not fully decay until almost 12 hours after the start. A~

many locations there can be little doubt that for one reason or another. the

beginning phases of the tidal wave effects escaped the attention of potential
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observers. However a careful review showed that the witnesses fell into four

main groups, as illustrated in Fig. 6.

In the first group were witnesses at three different locations along the

coast, separated by about 26 kms, who noted the start of tidal wave activity

(water lowering) at 13.55. These independent observations seem to provide a

strong confirmation of this fact.

In the second group was one witness, located on the coast only 2 km from

Nice, who provided very strong evidence of a lowering of the sea-level by

about 2.5 m at his observation point at a confirmed time of 13.56-1/2.

In the third group were five independent witnesses, at four different

locations, who observed the first significant rise in the sea-level at very

close to 14.00 hrs. For a wave period of about 8 mins., this would correspond

to an initial lowering of 13.55 or 13.56 and a maximum lowering (first trough)

at about 13.57-1/2.

In the fourth group were 7 other corroborative witnesses whose observa

tions of subsequent crests or troughs of the tidal wave coincided remarkably

with the above schedule and a wave period of 8 mins.

Thus there is strong evidence that tidal wave effects, involving a

lowering of the sea level, were already in progress at 13.56, i.e. about

2 minutes before the start of the port slide. In view of this fact, it is

clear that the port slide could not have been the cause of the tidal wave,

although the reverse may well be true; that is, the sea-level lowering of

about 3 m at Nice may well have triggered the slide in the port fill. Tidal

waves with sea-level lowering have been a major cause of coastal landslides,

and there seems to be a high probability, based on the circumstantial evidence

described above, that the slide at the port of Nice was such an occurrence.
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A key argument in favor of this point of view is the fact that analyses

of the amplitudes of tidal wave movements caused by the port slide based on

the assumption that the tidal wave was originated by the slide of the port

fill, are completely unable to correctly predict the amplitudes of tidal move

ments observed at different locations along the coast from Cannes to Menton

(see Fig. 1). In the port slide, about 10 million cu m. of soil slipped into

the sea in a period of about 4 mins. This displacement of water would

undoubtedly cause a tidal wave which would travel from the area of the new

port to other points along the coast. Analyses of these effects using model

studies show that in general the computed amplitudes of the resulting waves

were only about 10% of the observed amplitudes and that their computed arrival

times were not in agreement with the observed arrival times of tidal wave

activity, further indicating that the tidal wave movements were not caused by

the port slide but must have had some other source, probably a major off-shore

landslide. Interest thus was directed to this possibility, leading to a study

of the off-shore bathymetry in the vicinity of Nice.

Bathymetry and Submarine Observations

Fortunately, excellent studies of submarine canyon bathymetry before and

after the port slide were available to provide a good indication of soil move

ments between 1973 and 1979. In this period there were clear areas of soil

deposition near the bottom of the Var Canyon but many more areas of signifi

cant soil loss on the steeper canyon slopes. Bathymetry surveys in 1973 and

1979 indicate that the main area of loss of material occurred about 15 km off

shore from Nice in the marl walls of the canyon. The estimated volume of

material missing was between 100 million and 300 million cu. meters.
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These-movements of marl from the canyon walls were also confirmed by

submarine observations which photographed large cavities in the marl walls of

the canyon and large blocks (up to 100 tons) in the bottom of the Var Canyon.

The blocks of marl in the bottom of ~he Canyon were not observed in the last

submarine photographs taken in 1965. They were presumably the result of wall

collapses since that time.

There is thus good evidence that a large submarine slide occurred in the

walls of the off-shore canyons after 1973. This slide would presumably have

generated a significant tidal wave whenever it occurred. Since there are no

reports at Nice or other local coastal areas of any other unusual tidal waves

in the period 1973 to 1979 except that on Oct. 16, 1979, it is reasonable to

believe that it occurred in association with the tidal wave on this date, and

that the port failure occurred in association with both this wave and the

avalanche in the Canyon. The masses of soil and rock involved in the two

failures were:

From the port slide

From the Canyon avalanche

About 10 million cu. meters

More than 100 million cu. meters

Thus it seems highly probable that it was a canyon slide in the marl,

which caused the tidal wave activity starting just before the port slide on

Oct. 16, 1979. In the light of previous experience of coastal landslides,

this clearly raises the possibility that it was the drawdown of the sea level

at about 14.57-1/2 which in all probability provided the trigger mechanism for

the slide which then occurred in the port fill.

PREVIOUS CASES OF COASTAL LANDSLIDES

There are numerous examples of coastal landslides, often associated with

soil liquefaction, which have been induced by earthquake shaking in off-shore.
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coastal and sub-marine deposits (see for example, the listing for the period

up to 1965 in Table 1). However there have also been landslides induced by

very low-level vibrations, such as those caused by trains, pile driving, con

struction equipment and blasting, while a number of major landslides have

occurred in so-called "quick-clays" in Scandinavia due to only minor stress

changes due to c9nstruction activity or unknown causes. A list of a number of

quick-clay slides (after Aas, 1981) is presented in Table 2.

Of special interest in connection with the landslide at Nice are the

number of landslides in coastal areas which have occurred without any related

earthquake excitation. A list of these landslides, (Edgers and Karlsrud,

1982) is presented in Table 3.

It may be seen from these tables that the primary causes of previous

coastal landslides, such as that which occurred at Nice, are

1. Earthquake shaking

2. Low level vibrations from non-seismic sources

3. Tidal fiuctuations

4. Construction operations

5. Erosion or other sources of small stress changes.

In addition it may be noted that a number of the slides listed in Tables

2 and 3 involve striking similarities to the conditions at the port of Nice,

as evidenced by the following examples:

(a) Orkdals Fjord Slide, Norway

This coastal and submarine slide occurred on May 2, 1930 (Terzaghi,

1956). The soils in the area of the slide were very loose and soft non

plastic silts with a water content of about 33%. It is also believed

that the soil was under artesian pressure (note the great similarity to

the conditions near the new port at Nice).
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Table 1

Landslides During Earthquakes Due to Soil Liquefaction. 373 BC to 1965
(after Seed, 1968)

Date Earthquake Magnitude Location Type of Structure Soil Type

Coastal delta

Loess slopes

Waterfront fill
River terrace

Coastal delta
Hillsides

It

II

II

II

II

II

Sand and marine clay
Fluvial sands & silts

Loess

Sandy silt & silty sand

Silty sands & gravels

Deltaic sands
Fill on sand
Beach sands
Fine sandy silt
Fluvial sands & silts

Fills on deltaic sands

Silty sand
Mining waste
Fills over marshland
Alluvium - sand lenses

Loess

Loess
Loess
Fluvial sands and silts

Loess
Loess
Deltaic and marine

sediments

Deltaic &marine
sediments

Clays with sand seams
Fluvial deposits
Fluvial deposits
Fluvial deposits,

sands to muds
Fluvial sand to clay
Fluvial & deltaic

sands & silts

II

II"
"

Loess slopes
Loess slopes
Levees, river

Canal banks
Embankment
Lake banks
Waterfront fill
River banks,
coastal fills

Coastal delta
Coastal delta
Tailings dams

Loess slopes
Loess slopes
Submarine deposit

Loess slopes
Coastal hillsides
Eart dam
Tailings dam
Highway fills
Lake banks
River banks
Canal banks

River banks
River banks
River banks
River banks &

islands
River banks
River banks

Canal banks
Submarine deposit

Valdez

Valdez
Seward
Several

locations
Port Orchard

Duwamisa

Fukui plain
banks

Surchob and
Yasman river
valleys

Calipatria
Rabitt Creek
Lake Merced
Coatzacoalcos
Rinihue

Valdez
Valdez
Kansu Province
Tokyo area
Santa Barbara
EI Terriente
Long Beach
Motihari
Quetta
Imperial
Valley

Many
Valdez

St. Vincent
San Francisco

area

Silchar
Ashley River

Helice
Fez
Soriano
Laureau
Terramuova
Many

8.3

7.2

8

6.7

7.5

7.2

5.4
6.7
5.3
6.5
8.4

7.0
7~2

8.2

8.2
6.3
8.3
6.3
8.4
7.6
7.0

7.5

8.7

8.7

Garm
Faizabad
Fukui

Seattle

Chait

Imperial Valley
Anchorage
San Francisco
Jaltipan
Chile

Chile

Alaska

Karatag
Chuyanchinsk
Alaska

Alaska
Alaska
Kansu
Kwanto
Santa Barbara
Chile
Long Beach
Nepal
India
El Centro

Assam
Alaska

Cachar
Charleston

New Madrid

St. Vincent
San Francisco

Helice
Lisbon
Calabrian

1949

1965

1950
1954
1957
1959
1960

1964

1965

1941
1943
1948

1911
1912
1920
1923
1925
1928
1933
1934
1935
1940

1907
1907
1908

1901
1906

1869
1886

1811

1897
1899

373 BC
1755
1783
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Table 2

Flow Slides in Highly Sensitive (Quick) Clays of Low Plasticity
(after Aas, 1981)

Event Soil Type Cause

1. Furre Landslide, April 14, 1959

2. Bastad Landslide, December 5, 1974

3. Sem Landslide, April 17, 1974

4. Bekkelaget Landslide,
October 7, 1953

5. Rissa Landslide, April 29, 1978

6. Vaerdalen Landslide, 1894

7. Kenogami Landslide, Quebec, 1924

Quick clay* Slope undercut by river
s
~ ~0.16
Po'

Quick clay* Earthwork construction
s
-2:!- ::::: 0.18
Po'

Quick clay* Small earth fill
s
~::::: 0.21
Po'

Quick clay* Small earth fill
S

~ ~ 0.22
Po'

Quick clay* Small earth fill
s
~~ 0.21
Po'

Quick clay Unknown

Quick clay Unknown

* Typically LL 25 to 32, PI 8 to 12 and w 6 to 10% > LL.
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Table 3

Liquefaction Landslides in Coastal Areas - Not Earthquake Related
(after Edgers and Karlsrud, 1982)

Event

1- 229 flow slides in Province
of Zealand, Holland, between
1881 and 1946

2. Many slides along banks of
Mississippi River, U.S.A.

3. Slides in Trondheim Harbor,
1888

4. Slide in Trondheim Harbor, 1930

5. Slide in Trondheim Harbor, 1942

6. Slide in Trondheim Harbor, 1950

7. Slide in Orkdals Fjord,
Norway, 1930

8. Slide in Helsinki Harbor,
Finland, 1936

9. Kitimat, British Columbia, 1974

10. Kitimat, British Columbia, 1975

Soil Type

Fine sand

Sand

Silty sand

Silty sand

Silty sand

Silty sand

Loose sand
& soft non
plastic silt

Sand

Fill on clay

Fill on clay

Cause

Seepage forces and erosion associated
with large tidal fluctuations. Slides
commonly occur at extremely low tide
after exceptionally high spring tides.

Undercutting of river banks.

Tidal waves - siding when wave
receded.

Not known

Not known

Not known

Occurred at exceptionally low tide
and preceded by small tidal wave

During fill construction

Just after low tide

No fill being placed; extreme low
tide for tidal range of 20 ft.

11. Slide at Howe Sound, B.C., 1955

12. Slide in Folla Fjord, 1952

13. Rockall (Ancient)

14. Spanish Sahara (Ancient)

15. Wahro Bay, Africa (Ancient)

16. Copper River, Alaska (Ancient)

17. Wil. Canyon (Ancient)

18. Mid Atl. Cont. Slope (Ancient)

19. Magdalena River, 1935

20. Sokkelvik, 1959

Silty sand Extreme low tide

Sand Unknown, possibly wave-induced

Unknown Rapid sedimentation

Gravelly Rapid sedimentation
clayey sand

Unknown Unknown

Silt/sand Rapid sedimentation

Silty clay Rapid sedimentation
and silt

Silty clay Rapid sedimentation

Unknown Rapid sedimentation

Quick clay Unknown
and sand
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The slide occurred in a period of 7 minutes at exceptionally low tide and

was preceded by a small tidal wave which developed some distance out in

the fjord. The total volume of soil involved was about 25 million cubic

meters.

The flowing soil, moving down a slope of a few percent, broke two cables,

one located 3 km off-shore and the other about 18 km off-shore. The

velocity of flow between the cables was about 10 km per hour.

(b) Trondheim Harbor Slide, Norway

This coastal and sub-marine slide occurred at low tide on April 23, 1888

in a silty sand deposit (Andresen and Bjerrum, 1967). It is believed

that the first slide occurred off-shore (out in the fjord) and caused a

tidal wave. The reports state that "at the instant the wave reached

Bratloza, or more accurately just when it receded, the railway embankment

together with the jetty (up to 7 m high) slid out." The stone jetty

rested on a sand layer sloping gently at 8 to 15°.

This is the most clearly defined case of several which are reported to

have occurred at the low point of a tidal wave. This same condition

could have been the case in the port slide at Nice.

(c) Sub-marine Slide at Kitimat, British Columbia

This slide occurred on April 27, 1975 during placement of fill for con

struction of a break-water (Wiegel, 1980). However, on the day of

failure no fill had been placed. The slide occurred in a soft sensitive

marine clay deposit on which the break-water fill had been placed. The

time of the slide was about 2 hours after an extreme low tide with a

tidal range of about 20 ft.

Investigators attributed the slide to "excess pore-water pressures due to

extreme low tides" and concluded that because of this cause, the slides
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probably could not have been avoided. The slide reportedly caused a

tidal wave 25 ft. high.

A similar slide six months earlier (October 17, 1974) also occurred after

a low tide condition.

Of special interest in Table 3 is the number of slides in coastal areas

which have been caused by tidal waves. However it should be noted that where

this has been the case, the failure has been triggered by the fall in water

level associated with the wave and not by the rise in water level. This is

consistent with the principles of soil mechanics which show that a sudden

lowering in water level (drawdown) has a de-stabilizing effect on the stabil

ity of submerged slopes. It is for this reason that it is important to study

carefully the tidal wave effects at Nice and especially the times of water

lowering since these can clearly be triggering mechanisms leading to major

landslides.

PRELIMINARY EVALUATION OF FAILURE MECHANISM

Following the port slide, detailed surveys were made to determine the

extent of the failure. It was found that the slide mass had moved away from

the zone of failure leaving the failure surface exposed with the configuration

shown in Fig. 7. It may be noted that the slip surface is slightly concave

upwards, very flat, and very long. Simple slope stability calculations for a

failure on this surface indicate a factor of safety of about 2.5 to 3.0.

These facts suggest that the mechanism of sliding is different from that

normally encountered.

Discussions were also held with a workman who was on the slide area at

the time the failure developed. He described seeing slide movements beginning

in an area about 200 m away from where he was standing and then, seeing the
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slide developing towards him, he began to run to escape the failure. As he

ran, the unstable area caught up with him but eventually he was able to out

distance the movements and reach a stable area of the fill. This description

made clear the progressive nature of the sliding. Thus there are a number of

features of the slide which suggest it was probably due to liquefaction of

some zone of soil within the delta deposits, including:

(1) The rapid speed of occurrence and complete absence of any earlier

indication of impending failure.

(2) The progressive nature of the development of the slide.

(3) The very large distance of movement of the soil, indicating its

ability to flow after failure.

and (4) the relatively flat and unusual configuration of the failure

surface, which never-the-Iess conformed closely with the probable

configuration of bedding layers in the delta deposits.

While landslides due to liquefaction are most commonly induced by earthquakes,

there have been many such slides induced by non-seismic forces and in many

cases they seem to have been characterized by the conditions listed above.

They have also been frequently induced in coastal deposits associated with

tidal wave effects. Accordingly the soil conditions in the area of

construction were carefully examined for further evidence of conditions

amenable to the development of a liquefaction slide.

SOIL CONDITIONS IN THE SLIDE AREA

Field Investigations

Before construction and following the failure, numerous borings and

cone penetration tests were performed in the area of construction to deter

mine the soil conditions underlying the fill. In addition a large number of
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piezometers were installed in the general area of construction to provide a

continuous record of the changes in pore water pressure in the delta deposits

resulting from placement of the fill and subsequent consolidation. or pore

pressure dissipation effects.

It was found that the delta deposits consist typically of about 25 m of

soft clayey silt and silty clay. underlain by about 35 m of silty and clayey

sand and then by a deposit of sand and gravel. Within the upper layer of

clayey silt and near the boundary with the clayey sand are a series of seams

(about 0.5 m thick) of fine sand. silty sand and silt. These seams were

readily identified by piezocone tests. The general profile in the area where

sliding was initiated is shown in Fig. 4. Artesian pressures in the sand and

gravel layer at a depth of about 60 m below the ground surface are normally

about 5.2 m and at the time of the slide they had built up due to the heavy

rainfall to about 6.2 m. Since the permeability of the silty and clayey sand

is much higher than that of the overlying clayey silt. most of this artesian

pressure was also developed near the base of the. clayey silt.

A careful examination of the boring logs showed that there were a number

of soil layers in the delta deposits which have characteristics similar to

those which are known, on the basis of past performance, to have the potential

to liquefy under appropriate loading conditions. These included:

(1) Silt and sand layers with a water content of 33 to 43%.

(2) Sand layers with a relative density, indicated by cone penetration

tests. of about 30%.

and (3) Some clay and clayey silt layers with Atterberg limits and water

contents similar to those of quick clays.

A detailed examination of the clays and clayey silts which make up much

of the delta deposits, however, did not indicate characteristics of the type
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exhibited by quick-clays and it was considered highly unlikely therefore that

they could have been the source of a liquefaction-type slide in the delta

deposits. Furthermore laboratory tests on samples of the clay which did have

water contents and Atterberg limits similar to quick-clays showed that their

stress-strain relationships did not have the pronounced strain-softening

behavior associated with quick clays.

Thus it appears that it was the thin (about 0.5 m) layers of sand, silty

sand and silt which are most likely to be the source of any liquefaction type

failure in the delta deposits, and supplementary borings, CPT tests and labo

ratory tests were performed to further determine their characteristics.

Because of the inevitable disturbance which occurs in sands during sam

pling, transportation, and handling in the laboratory it was considered desir

able to first investigate the in-situ characteristics of the silty sand seams

by means of field tests using a piezocone and then to recover samples of the

sand and re-constitute them to their in-situ condition in the laboratory.

Some change in structure of the sand will inevitably occur in this process but

it was considered the best means of evaluating the general characteristics of

the sands in the deposits.

The results of preconstruction borings and CPT tests show that the upper

30 m of clayey silt contain a number of silty sand seams. An additional

series of piezocone penetration tests made both in the area of the fill adja

cent to the point where sliding stopped and also off-shore in areas close to

the landslide zone also showed two important results:

1. The sand seams are apparently continuous and could easily be identi

fied in borings made 25 m apart over a length of at least 100 m.

2. The sand seams have low penetration resistance values indicating

that they are in a relatively loose condition.
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Of particular importance to the present study is the cone penetration resis

tance (qc) of the sand seams since the resistance to penetration of the tip of

the cone is indicative of the in-place relative density of the silty sands. A

boring adjacent to the slide area showed 5 silty sand seams, averaging about

0.5 m thick, located between depths of 27 and 37 m below sea level and having

cone tip resistance values between 20 and 60 ksc (or 200 to 600 kPa). On the

average the cone tip resistance in this location was about 40 ksc. Other

borings on the fill near the slide zone show sand seams in the same depth

range with cone resistance values of about 60 ksc. Piezocone penetration

tests further off-shore in zones near the slide area showed cone resistance

values of the order of 30 ksc. Such values at a depth of about 30 m in a

deposit and under an effective overburden pressure of about 2.7 ksc are

indicative of a very loose silty sand.

Having determined that the cone tip resistance of the sand layers in the

zone of major interest is about 20 to 60 ksc at a depth of about 30 m and

under an effective overburden pressure of about 2.7 ksc, there are a number of

correlations which may be used to evaluate the relative density of the sand.

Correlations for this purpose have been proposed by Douglas and Olsen (1981),

Schmertmann (1978), Gibbs and Holtz (1957), and Tokimatsu and Seed (1987)

among others. Relative density values for the sands at Nice determined from

these various correlations led to the conclusion that the sand is in a meta

stable condition (Douglas and Olsen) or that it has a relative density of the

order of 30 ± 8%. To facilitate the laboratory testing, samples were tested

in the relative density range 30 to 38%, but it is likely that some of the in

situ materials were somewhat looser than this.

To investigate further the properties of the sand, a series of borings

were made to obtain samples of the sand seams in the upper 30 m of the deltaic
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deposits for laboratory testing purposes. From each sand layer encountered in

the silty clay, a sample was taken for determination of grain size distribu

tion and the remainder of the sand was placed together with sand from other

depth zones to accumulate a sufficient quantity of sand for preparation of

triaxial test specimens for strength determinations. The grain size distribu

tions measured on a series of samples are shown in Fig. 8. It may be seen

that in all cases the sands were silty in character. For test purposes, a

bulk sample of the composite sand was prepared having a grain size distribu

tion in the middle of the range for the individual samples. This silty sand

was used to study the liquefaction potential of the sand seams in the port

area.

Evaluation of Liquefaction Potential of Sands

The pioneering work on the development of-laboratory test procedures for

evaluating the liquefaction characteristics of sands under static loading con

ditions is mainly that of Casagrande (1975 and 1984), Castro (1969), Castro

and Poulos (1977) and Poulos et al. (1985), who have defined the large-strain

residual strength of saturated sands as the "steady-state" strength and pro

posed methods for its evaluation. The same test procedures also provide a

basis for evaluating the stress changes required to trigger liquefaction,

however, and this aspect is of particular relevance to the evaluation of

the cause of the landslide at the port of Nice.

A schematic diagram of the underwater slope of the ground in the area

where sliding occurred is shown in Fig. 9. Liquefaction slides are initiated

when a block of soil similar to that shown in the figure becomes unstable and

triggers a progressive series of slides involving other blocks of soil. An

analysis of the stability of the block shown in Fig: 9, for example, shows

that prior to sliding the average shear stress on the base of the block was
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about 0.48 ksc providing an average shear stress/normal stress ratio of about

0.32. This same stress ratio, representative of stable conditions in the

slope on the morning of October 15, can be reproduced in a triaxial test sam

ple by subjecting it to a principal stress ratio of about 2 as indicated in

Fig. 9.

Test data for triaxial tests performed on loose fine sands with such

initial stress conditions is available from many previous studies to throw

light on the stress changes required to cause instability of the sands. Thus,

for example, the results of a series of triaxial compression tests on samples

of Sacramento River fine sand, initially in equilibrium under an effective

principal stress ratio of 2, are shown in Fig. 10. The samples for which data

is shown had relatively densities of 32 and 39%.

In the consolidated state the initially applied deviatoric stress on the

samples was 3 ksc. If the samples were then loaded to failure by increasing

the axial stress slowly, allowing water to drain freely out of or into the

samples, the stress built up progressively with increasing strain ana at both

relative densities the samples showed compressive strengths of the order of

6.8 ksc corresponding to an increase in deviatoric stress required to cause

failure of about 125%. On the other hand, when the samples were subjected to

loading under undrained conditions (i.e. with no opportunity for movement of

water into or out of the samples) the maximum deviatoric stress that could be

developed before the samples exhibited a severe reduction in strength, repre

sentative of liquefaction, was only about 3.1 ksc, corresponding to a devia

toric stress increase to cause failure. of only about 3%.

These results provide a striking illustration of the great difference in

strength characteristics of saturated loose sands subjected to drained and

undrained loading. If the stress changes are applied slowly enough to permit
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Fig. 10 TYPICAL STRESS-STRAIN RELATIONSHIPS IN DRAINED AND UNDRAINED
TESTS ON LOOSE SANDS
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drainage the sand has good strength characteristics. If the stress changes

are applied too rapidly to permit drainage. a very small deviatoric stress

change of the order of 3% can cause a severe loss of resistance and flow fail

ure representative of liquefaction.

It is important to note that the cause of the loss in resistance of a

soil leading to liquefaction-type behavior is the progressive. self-induced.

build-up of pore water pressure in the soil resulting from the increase in

strain as the sample moves towards liquefaction. Thus. for example. the

changes in applied load. resistance to deformation and induced pore-water

pressure for a typical test sample having a relative density of about 34% are

shown in Fig. 11. For this sample the change in applied axial stress was only

about 6% (0.25 ksc) and the resulting change in pore-water pressure when this

stress was applied was only 0.4 ksc. Nevertheless. the development of this

small change in pore-water pressure initiated a progressive increase -in strain

of the sample. without change in applied load. and this led to a progressive

increase in pore-water pressure until it finally attained a value of about

1.75 ksc. by which time the resistance to deformation of the sample had

decreased to a relatively small value and the sample had undergone large

deformations in a manifestation of the phenomenon of liquefaction. Such

behavior could not have occurred. however. without the triggering effect of

the initial small stress application.

Clearly not all sand deposits are vulnerable to this type of behavior.

As the relative density of a sand deposit increases. its vulnerability to

strength loss (and liquefaction) under undrained loading decreases. Thus for

Sacramento River fine sand. as the relative density approaches 45 to 50% it

ceases to exhibit any strength loss on loading so that dramatic flow slides

due to small stress changes can no longer occur. However it is clear that
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substantial reductions in strength occur for undrained loading of this and

other sands with relative densities in the range of 20 to 36%.

It is also important to note that the stress change required to cause a

sand to liquefy or lose strength under undrained'loading conditions depends

significantly on the initial shear stress/normal stress ratio (or effective

principal stress ratio) at which it was in equilibrium before the undrained

loading was applied (Castro, 1969, Seed, 1983, and Kramer and Seed, 1988).

This is illustrated by the test data for samples of Sacramento River fine sand

with a relative density of 33% shown in Fig. 12. For this sand, if the

initial effective principal stress ratio is only 1.5 (~/OOI ~ 0.2), the

increase in deviatoric stress required to cause failure and collapse was about

40% compared with only about 3% for the same sand under an initial effective

principal stress ratio of 2 (~/oo' ~ 0.33). Thus any change in conditions

which tends to increase the in-situ shear stress/normal stress ratio will make

a loose sand more vulnerable to liquefaction under undrained loading. Con

versely densification of the sand, from a relative density of 35% to a rela

tive density of 55% will effectively eliminate the possibility of liquefaction

under static loading conditions.

A final type of laboratory test result of special interest to the Nice

slide is that showing the effect of an increase in principal stress ratio pro

duced by increasing the pore water pressure in a test sample subjected to

anisotropic stress conditions. This has important implications in understand

ing the effects of a change in artesian pressure conditions on the sand

deposits in the delta region.

Typical results of such a test are shown in Fig. 13. The triaxial test

sample was first brought to equilibrium under a principal stress ratio of 2.

Under these conditions the sample could sustain a change in principal stress
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ratio of 50% brought about by increasing the axial stress slowly under drained

conditions. Conversely it could sustain a change in principal stress ratio of

only about 3% brought about by increasing the axial stress reasonably quickly

(in a period of several minutes) under undrained conditions. For the test

shown with a dashed line in Fig. 13, the sample was brought to failure by

increasing the pore-water pressure inside the sample. Such changes also have

the effect of increasing the principal stress ratio acting on the sample.

However it may be seen that the change in principal stress ratio which must be

developed to cause failure in this way is again about 50%. corresponding to

the effects of drained axial or shear stress application. Test data of this

type indicate that a change in principal stress ratio brought about in the

field by an increase in artesian pressure would not cause liquefaction since

it is effectively a drained change in stress condition. On the other hand, a

small change in principal stress ratio brought about by an increase in shear

stress under undrained loading conditions could possibly have caused complete

liquefaction and failure of a loose saturated sand.

While such test data seems to eliminate the changes in artesian pressure

as being the trigger mechanism for the liquefaction-type slide at the port of

Nice. it should be noted that the increase in effective principal stress ratio

brought about by a small increase in artesian pressure would make the sand

deposits more vulnerable to liquefaction induced by undrained loading than

they would otherwise have been.

An important implication of the test data presented in Fig. 10 is that

soils which are potentially vulnerable to liquefaction are not necessarily

unstable. Under drained loading conditions they can have good strength and

stability, as evidenced by the data in Fig. 10. In the absence of any source

of undrained loading such soils may remain perfectly stable for very long
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periods of time. It is only if their liquefaction potential is triggered by a

source of undrained loading that they become highly unstable. Thus in dealing

with deposits containing or composed of such soils, it is necessary not only

to recognize their presence but also to consider possible trigger mechanisms

which could lead to realization of their liquefaction potential.

The unfavorable loading conditions which trigger flow-slides in loose

sands and silts or sensitive clays are those involving suddenly applied loads

without the possibility for pore pressure dissipation from the soils. These

loading mechanisms include seismic loading from earthquakes, relative low

amplitude vibrations induced by trains, blasting or construction equipment, or

changes. in stresses due to sudden drawdown of water levels or removal and/or

placement of earth on the ground surface. The changes in shear stress

required to cause landslides under undrained loading conditions can in some

cases be less than about 2% of the existing shear stress.

LIQUEFACTION CHARACTERISTICS OF NICE SAND

The results of drained and undrained tests of the type described above

on samples of Nice silty sand at relative densities of 31 and 38% are shown in

Fig. 14. It may be seen that the properties of the sand in this relative

density range are very similar to those determined in previous investigations

for other sands (see Fig. 10 for comparison). For samples consolidated under

a principal stress ratio of 2 and tested under drained conditions, the

strength ·builds up progressively with increasing strain, and the increase in

deviatoric stress required to cause failure is about 130%. The angle of

internal friction of the sand for effective stress conditions was shown by

these tests to be about 33°.
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For samples consolidated to the same initial stress conditions (Kc = 2)

and tested under undrained conditions, however, the stress increase required

to cause failure" was only about 18 percent, and once this failure condition

was reached the samples showed a dramatic loss in resistance to deformation

and collapsed in a liquefaction-type failure mode. Similar types of failure

were observed in tests performed at a variety of initial stress conditions.

From the results of these tests a relationship between the initial

stress conditions in the Nice sands and the stress changes required to produce

a liquefaction-type failure under undrained conditions has been developed.

This relationship is shown in Fig. 15. For samples with relative densities in

the range of 30 to 40%, it may be seen that the increase in shear stress

required to cause liquefaction decreases as the initial shear stress/normal

stress ratio (~fc/afc) on the failure plane increases, reaching values as low

as 2 to 5% for initial shear stress/normal stress ratios in the range of 0.4

to 0.5.

The results of this investigation led to the following conclusions con

cerning the silty sand layers in the delta deposits in the vicinity of the

port slide at Nice:

1. The silty sands which occur as continuous seams near the base of the

clayey silt layer (that is, at a depth of about 25 m in the soil profile)

have a low relative density of the order of 30 ± 8% and they are vulnera

ble to liquefaction under undrained loading conditions.

2. The stress increase required to trigger a liquefaction failure in these

silty sands depends on the initial ratio of shear stress to effective

normal stress on the potential failure plane. However for values of this

ratio in the range of 0.4 to 0.5, the stress change required to trigger a
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liquefaction failure under undrained (relatively rapid loading) conditions

is probably only a few percent.

3. Failure of the sands by liquefaction is associated with a marked reduction

in resistance to deformation. As a consequence of this strength loss the

sands are also vulnerable to progressive failure, a characteristic of all

materials exhibiting major strength losses once the peak strength is

exceeded.

4. In the absence of any undrained stress application, the silty sands do not

fail with a collapse-type mechanism. Rather they fail with a plastic-type

stress-strain relationship corresponding to an effective angle of friction

of about 33°.

ANALYSIS OF SLOPE STABILITY IN THE AREA OF THE PORT SLIDE

Analysis for Conditions Prior to October 15, 1979

A detailed study of the stability of the soils in the area of the port

slide for conditions existing prior to October 15, 1979 has been made by the

Laboratoire Central Des Ponts Et Chaussees (1981). The soil profile used for

these analyses is that shown in Fig. 16.

In making these analyses it was considered that the artesian pressures

from the sand and gravel deposits were dissipated only slightly in the overly

ing silty sand layer and were transmitted almost fully to the base of the

clayey silt. Under these conditions the hydraulic gradient accompanying the

upward flow of ground water through the clayey silt is about 0.2 under normal

conditions. However in the few days before the port slide occurred the arte

sian pressure was observed to increase by about 1 m due to unusually heavy

rainfall.
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Typical results of the analyses, made using the effective stress

approach, for the conditions existing on October 9, 1979 and for an upper

bound estimate of measured pore pressure conditions in the slope are shown in

Fig. 16. It may be seen that the most critical deep-seated slip surface is

one extending to the base of the clayey silt layer and that for this surface

the computed factor of safety was 1.34. This result was obtained for an

effective angle of friction in the silt and sandy silt of 32° and using

Bishop's method of slope stability analysis. These latter conditions appear

to provide a realistic basis for evaluating the conditions existing in the

slope. Analyses performed independently as part of the present study gave

generally similar results.

Studies of slope stability conditions at other times were also made by

the LCPC. The results of these studies for ~' = 32° and using the same

effective stress method of stability analysis, but with pore water pressures

representative of those at other times in the life of the project are shown in

Table 4.

It would appear that before construction the factor of safety of the

slope against a major slide was about 1.4. This value decreased to about 1.36

after placement of the filIon February 20, 1979 but then increased to about

1.45 as a result of pore pressure dissipation during the period February 20 to

September 10, 1979. Based on this latter value, analyses also indicate that

it would be reduced to about 1.35 by the development of the higher artesian

pressures in the period October 13~16. Finally it is worthy of note that the

computed factor of safety for a failure surface corresponding to the surface

on which sliding is believed to have occurred, as shown in Fig. 6, was about

2.5 to 3.0. These factors of safety are indicative of a stable condition, as

indeed the slope proved to be in this period of time, so long as there was no



Table 4

Computed Factors of Safety for Slip Surfaces

Extending to Bottom of Clayey Silt Layer

Computed
Time Factor of Safety

Before construction of fill 1.40 (LCPC Report)

After construction of fill (20 Feb. 1979) 1.36 (LCPC Report)

After construction of fill (10 Sept. 1979) 1.45 (LCPC Report)

After construction of fill (16 Oct. 1979) ~1.35

- with artesian pressure increase

45
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significant source of undrained loading applied to the slope. Furthermore the

changes in the few days before the slide are not sufficiently large to indi

cate instability; for practical purposes the computed factor of safety on

October 16 was about the same as that existing in February, 1979 or only

slightly lower than that existing prior to the start of construction.

In order to investigate further the stress conditions in the slope,

analyses were made using the finite-element program FEADAM (Duncan et al.,

1980). This program simulates the deposition sequence of the soils and

includes consideration of their non-linear stress-strain and bulk modulus

characteristics. The finite-element model of the soil profile in the slide

area is shown in Fig. 17. A special boundary was incorporated on the down

slope side of the finite element mesh to model the stresses and displacements

in this area so that they would be representative of those occurring in an

infinite slope.

In making these analyses it was assumed that all construction pore pres

sures were dissipated and only artesian pressures existed in the soil

deposits. It is recognized that this was not the case at the time of the

slide but this simply means that conditions at that time were somewhat less

favorable than those indicated by the analyses. The artesian pressure condi

tions modelled were those immediately prior to the observed slide, correspond

ing to an excess head of approximately 6.2 m at the base of the silty sand

layer.

The results of the stress-distribution analyses are presented in

Fig. 18, which shows computed values of the shear stress/effective normal

stress ratios (~fc/afc) along a surface approximating the ground surface after

the slide movements had occurred. Under the ·sloping portion of the delta

deposits it is also close to the boundary between the clayey silt and the
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silty sand layers and in close proximity to the probable configuration of the

sand seams near the base of the clayey silt layer.

It may be seen that the shear stress/effective normal stress ratio

varies from point to point along this potential slip surface, reaching a maxi

mum value of about 0.51 under the steepest part of the under-water ground sur

face. At other points it decreases to values of the order of 0.32 to 0.35.

The average value along a surface approximating the critical circle in Fig. 16

is consistent with an average factor of safety of about 1.4. These values are

also indicative of a stable condition within the slope for a soil with an

effective angle of friction of 33°. For such a material, the shear

stress/effective normal stress ratio at failure under drained conditions

~ould have to be about 0.63.

From these analyses it seems reasonable to conclude that:

1. Even for the unusually high artesian pressure conditions at the time

that failure occurred, the computed factor of safety against a slide

extending to the bottom of the clayey silt layer under drained load

ing conditions was about 1.35.

2. The factor of safety against a failure for a slide mass extending

under the fill of the new port and bounded by the apparent failure

surface was about 2.4.

These computational results are not indicative of a potentially unstable

condition, despite the increase in artesian pressures, in the absence of any

sudden and unanticipated loading. However they do serve as a basis for evalu

ating the stability of the slope against stress changes induced either by a

rapid lowering of the sea level or a prolonged series of low-level vibrations.
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ANALYSIS OF SLOPE STABILITY UNDER CONDITIONS
OF WATER LOWERING DUE TO A TIDAL WAVE

In order to evaluate the potential for slide movements due to liquefac-

tion in a sand seam near the base of the clayey silt layer as a result of sea

level lowering it is necessary to determine:

(1) The initial stress conditions at points along a potential failure sur-

face; these results are shown in Fig. 18.

(2) The increase in shear stress at points along the potential failure sur-

face resulting from a sudden lowering of the sea water level. This is a

standard drawdown analysis in soil mechanics and the results of such a

study can be made either by limit equilibrium methods or by finite

element methods. For this study the analysis was made by finite element

methods which provide- information on the distribution of stress changes

rather than a gross average for a potential failure surface. The finite

element analyses showed that for the point on the failure surface having

the highest ratio of initial shear stress/effective normal stress,

(point A in Fig. 18), the increase in shear stress due to a 3 m lowering

of the sea level was about 1.5 to 2%.

(3) The stress increases which must be applied to each soil element along the

potential failure surface in order to bring it to a condition of

incipient liquefaction; this data can only be obtained at the present

time by laboratory tests on reasonably representative samples. Such data

for the sands in the deltaic deposits at Nice was presented in Fig. 16

and it is reproduced in Fig. 19. Comparison of these required stress

increases with those induced by lowering of the sea-level, as discussed

in (2) above, will indicate whether liquefaction is likely to be trig-

gered or not at any given point.
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IN SLI DE AREA
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In making these determinations and in evaluating their significance with

regard to the stability of the slope it is necessary to consider the effects

of progressive failure mechanisms which can occur in materials which exhibit

strong strain-softening or Itbrittle-type lt behavior. There are two types of

progressive failure in soils:

1. The progressive development along a single failure surface in a soil

which has strong strain-softening characteristics.

2. The progressive development of a slide zone due to a series of

sequential slides, each triggered by the occurrence of the preceding

slide in the sequence. This type of progressive failure is particu

larly likely to develop in soils which require only small stress

changes to produce a failure condition.

Both of these types of progressive failure are likely to occur in soils wh~ch

fail by liquefaction as a result of the stress increases indicated by the data

in Fig. 19.

Applying these principles to the soil conditions in the slide area at

Nice, it may be noted from Fig. 18 that for the most highly stressed elements

along the potential failure surface, the shear stress/normal stress ratio is

0.51. For this initial stress ratio (~fc/ofc)' the data in Fig. 19 indicates

that failure and liquefaction of the element will occur for a stress increase

of 2 to 3%. The results of the drawdown analysis show that a lowering of the

sea level by 3 m would increase the shear stress by about 1.5%. Thus within

the limits of geotechnical engineering accuracy, and especially in view of the

facts that (1) the in-situ condition of the sand is likely to be looser than

that of the samples used in the laboratory testing program, and (2) the

initial in-situ stresses are likely to be somewhat higher than those shown in

Fig. 18 (see discussion on page 46) these conditions are representative of a
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potential failure condition in a zone of limited extent along the potential

failure surface. This condition is shown schematically in Fig. 20(a). Once

liquefaction is induced in this small zone, however, it might be expected that

the accompanying loss of shear resistance will result in a transfer of shear

stress to the immediately adjacent zone which will then lose shear resistance

and, by the repeated development of this type of progressive failure, lique

faction will develop along the boundary ABCD. At this stage the block ABCD

will slide out and down the slope, as shown in Fig. 20(b), leaving the soil

profile in the configuration shown in Fig. 20(c).

It can readily be shown that the removal of the support provided by the

first soil block will produce a sufficient increase in shear stress to initi

ate failure of a second block, about 50 m wide, as shown in Fig. 20(d); and

thus by a progressive sequence of block failures, sliding of the fill for the

new port could be expected to occur as slip surfaces continue to develop by

a series of regressive slides as shown in Fig. 20(d).

In this way,.the analysis and test data for the sands at Nice indicate

that a tidal wave producing a sea level lowering of about 3 m could trigger a

liquefaction type slide similar to that which occurred on October 16, 1979.

The development of this mode of failure is characteristic of

liquefaction-induced landslides and would serve to explain:

1. The speed with which the slide occurred;

2. The extensive movements of the soil in the slide zone;

3. The regressive nature of the slide movements described by the

witnesses of the event;

and 4. The unusual configuration of the slip surface (concave upwards)

indicated by the soil profile after the sliding stopped.
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These aspects of the sliding are not well-explained by conventional types of

sliding or slope stability analyses.

It may be noted that a slide induced by a tidal drawdown in accordance

with the mechanism described above could only develop in a location where the

initial geometric configuration produced a sufficiently high value of the

initial shear stress/normal stress ratio and the water lowering produced the

required small increase in this ratio. The required small stress increase can

only be generated by water lowering if there is an above-water exposure of the

soil deposit. If the entire soil deposit were submerged, then simultaneous

water lowering over the entire surface area of the deposit would have no

effect on the shear stresses in the deposit and there could be no triggering

effect to cause liquefaction in this case. Similarly, where fill extends

above the water level and a shear stress increase can therefore be induced by

water level lowering, it can only trigger a liquefaction failure if it occurs

in reasonably close proximity to the steeper portions of the delta deposits

where relatively high values of shear stress/normal stress ratios are produced

by the steeper surface configuration. If the fill were further removed from

the point where the slope increases markedly in Fig. 18, two effects would

occur: (1) the average increase in shear stress/normal stress ratio induced

by water level lowering would be reduced and (2) the effect would be super

imposed on a portion of the soil deposit having relatively low initial shear

stress/normal stress ratios. In accordance with the conditions required to

trigger liquefaction, as shown in Fig. 19, it would not be possible for the

tidal wave to trigger liquefaction in this case.

These effects together with small variations in density of the sand from

one zone to another, as evidenced by the results of cone penetration tests

made in the soils below the residual portion of the port fill and off-shore
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from the failure zone, would serve to explain why liquefaction did not occur

at other locations around the perimeter of the fill or at other locations in

the steeper slopes of the delta deposit on October 16. It seems likely that

it was only in the location where the required combination of effects was

superimposed that sliding developed.

This would not be the case if sliding were caused, say, by a surficial

slide in the steeper slopes of the under-sea delta deposit. Such a slide due

to erosion or any other similar cause, could have occurred at any point on the

outer slope and then triggered a progressive failure, which would ultimately

undermine the fill regardless of the proximity of the fill to the steeper

portion of the delta slope. That sliding occurred in only one location, where

the necessary critical combination of conditions could exist, would seem to be

a strong argument against the possibility of the slide being caused by the

chance occurrence of a localized surficial slide.

Consideration was also given to the fact that the slope of the delta

deposits near the tip of the slope was slightly steeper than the average and

perhaps marginally stable (see Fig. 16). The possibility of a progressive

rupture starting in this region was thus investigated. Conyentional slope

stability surfaces showed that a slice of soil at the surface might fail.

However analyses indicated that changes in pore water pressure below the slip

surface would take several weeks to months in order to equilibrate. The

resulting change in the effective stress conditions could result in

progressive rupture, but the time required would be many times greater than

that of the observed failure. Furthermore, the other areas of the port having

similar soil conditions and geometry have performed well with no observed

failures. In this light, the possibility of a rapid progressive rupture

developing by this mechanism was considered highly unlikely.
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It is also of interest to note the influence of the artesian pressures

in the delta deposits on the potential for a liquefaction failure triggered by

a tidal wave. In the absence of any artesian pressure in the deposits, the

maximum shear stress/normal stress ratio on the potential failure surface

shown in Fig. 18 would be such that the shear stress increase required to

trigger a liquefaction failure would be about 10%. Such a stress increase

could not have been produced by a tidal wave of 3 m amplitude, and failure

would not then have been likely to occur.

ANALYSIS OF POTENTIAL FOR SLOPE INSTABILITY DUE TO
LIQUEFACTION TRIGGERED BY LOW-LEVEL VIBRATIONS

Since seismographs showed a possible source of·low-level vibrations with

a frequency of about 5 Hz starting in the vicinity of Nice at about 13.54 on

the day of.the slide, it is of interest to examine the possibility that low-

level vibrations in the vicinity of the new port could have triggered the

liquefaction-type slide which occurred at about 13.58.

Important in this respect is the fact that no ground vibrations were

felt in this time period by anyone in the Nice area or in the port area.

Charts showing human sensitivity to vibrations (e.g. Richart et al., 1970)

indicate that if such vibrations were not felt, they would have to be associ-

ated with peak accelerations less than about 4 x 10-4 g. It can readily be

shown that accelerations of this low magnitude would induce shear strains in

the sand seams of the delta deposits less than 50 times smaller than the

threshold strain at which pore pressures begin to be developed (Dobry et al.,

1982). Thus it is highly improbable that vibrations too small to be notice-

able to people could possibly have been r-esponsible for triggering a liquefac-

tion failure in the delta deposits.



58

SUMMARY OF RESULTS OF SLOPE STABILITY ANALYSES

In summary, it seems reasonable from the results of the analyses

described above that:

1. The deltaic deposit on which the fill for the new port was placed

consists of about 25 m of soft clayey silt and silty clay underlain

by about 35 m of silty and clayey sand and then by a deposit of

dense sand and gravel. Within the upper layers of clayey silt and

clayey sand are a series of thin seams of fine sand, silty sand and

silt. Artesian pressures in the sand and gravel are normally about

5.5 m but at the time of the slide they had built up to about 6.5 m.

Most of the deposit, including large zones of the clayey silt, silty

clay, clayey sand and the underlying dense sand and gravel does not

appear to be vulnerable to liquefaction. However soil layers con

sisting of sands, silty sands and silt, which could be potentially

vulnerable to liquefaction, can be identified within the deposits.

Field and laboratory tests confirm that the thin layers of silty

sand at depths of 15 to 30 m have the potential to liquefy under

undrained loading conditions.

2. Effective stress analyses applicable to drained loading conditions

do not indicate any basis for a slide occurring in the new port

area, despite the presence of liquefiable silty sand layers and the

small increase in artesian pressures which developed due to heavy

rainfall in the 3 days preceding the port slide. Thus in the

absence of any source of undrained loading it is difficult to see

why a slide should occur in the port area. Under normal drained

loading conditions, even potentially liquefiable soils may remain
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stable for very long periods of time. It is only if their liquefac

tion potential is triggered by a source of undrained loading (such

as tidal waves, earthquakes, etc.) that they become highly unstable.

3. There was no earthquake near Nice at the time of the slide and anal

yses show that it is very unlikely that low-level vibrations, too

weak to be felt by people in the port area, could have been the

trigger mechanism causing a liquefaction-type failure in the delta

sands.

4. Analyses based on studies of the stress conditions in the soil pro

file and test data for the silty sands from the delta deposits show

that a lowering of the sea level by 3 m due to a tidal wave would

probably trigger a liquefaction failure and sliding of the type that

occurred at the new port on October 16, 1979. Such a slide could

not have occurred due. to liquefaction of the silty sands if they had

been in a denser or drained condition.

EXAMINATION OF POSSIBLE CAUSES OF THE PORT SLIDE

Factors relevant to a determination of the probable cause of the port

slide have been discussed in the preceding sections of this report. It would

seem desirable, before drawing final conclusions, to summarize briefly the key

pieces of evidence which throw light on this question:

1. The seismograph records show that unusual seismic waves were generated in

the area of Nice starting at about 13.54 on October 16, 1979. Since

there is no· knowledge of anyon-shore cause of these observations at this

time, it seems highly probable that the seismic waves were produced as a

result of some phenomenon occurring off-shore.
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2. The maregraph records at Nice (Port Lympia), Villefranche, and Mandelieu

la Napoule show clearly that the tidal wave which occurred along a

60 kilometer section of the coastline at about 14.00 on October 16, 1979

involved first a significant lowering of the sea level and then a rise in

water level, followed by a prolonged series of fluctuations with a period

of about 8 minutes.

3. The testimony of witnesses shows clearly that the port slide began at

about 13.58 on October 16, and they provide very good evidence that

lowering of the sea level at Nice and a number of other locations along

the coast started before the port slide occurred. Thus it appears that

the initial water lowering along this section of coast-line was due to

some cause other than the port slide and that the port slide occurred

when the sea water level was near its lowest point.

4. The large volume of material which caused the cable breaks and was

deposited in the area of the cables 90 to 120 kms off-shore (>100 million

cu. m) is greater than that provided by the port slide (~ 10 million

cu. m) and indicates that sliding must have occurred in the underwater

canyons or on the sea bed.

5. Bathymetry and submarine observations show that a major submarine canyon

slide, or several slides involving over 100 million cu. meters of soil,

have occurred since 1973 near the confluence of the Var and Paillon

canyons. Since slides of this magnitude would be expected to cause

significant tidal waves, and none were reported between 1973 and

October 16, 1979, a submarine canyon slide associated with the tidal wave

on October 16 is clearly the most likely possibility.

6. The observed amplitudes of the waves at many points along the coast are

not consistent with those expected and computed to be generated by a
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tidal wave caused by the port slide alone. Thus some other source of the

tidal wave effects is clearly a strong possibility.

7. It is not likely that a tidal wave due to a canyon slide triggered by the

port slide could have reached the coast-line before about 14:10 at the

earliest. Before then large tidal wave effects had been noted over a

length of 50 km of coast-line.

8. Geotechnical engineering considerations provide no clear explanation why

a slide of the port should occur on October 16, 1979 under normal drained

loading conditions or due to a 1 m increase in the normal artesian pres

sure condition. The slide had all the characteristics of a liquefaction

slide and this type of failure often results from increases in pore

water pressure generated by the strains produced by the slide movements

themselves. Nevertheless some triggering mechanism is required to cause

the initial strain which leads to progressive pore water pressure genera

tion.

9. Past experiences, analytical considerations, and soil test data for sam

ples of sand taken from the deposits at Nice, all provide a clear ratio

nale for a liquefaction slide occurring due to a relatively rapid loading

associated with a 3 m lowering of the sea level due to tidal wave

effects. Geotechnical engineering considerations lead to the conclusions

that this is the most likely cause of the port slide. Liquefaction

induced by a prolonged series of low amplitude vibrations, or a stress

redistribution due to a surficial s~ide on the off-shore slope of the

delta deposits, while technically feasible, is not likely to have been

the cause of sliding in this case.

10. Consideration of the stress conditions in the critical parts of the

delta deposits and the possible stress changes indicate that two types
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of progressive failure must have played a key role in the development of

this major slide.

1. Progressive failure within elements of soil at very slow strain

levels, similar to those which can be observed in laboratory

test specimens once a small pore pressure change has been ini

tiated.

and 2. Progressive failure of successive slide masses within the

failure zone.

Thus liquefaction-type slides are complex phenomena which require special

analytical considerations; they cannot readily be analyzed by convention

al effectiv~ stress methods of stability analysis.

CONCLUSION

At the beginning of this report it was suggested that there are two

possible hypotheses for the events at Nice on the 16th of October. 1979:

Hypothesis No.1

Starting at 13.58, a failure occurred for no readily explainable reason

in the port fill, resulting in a landslide which:

(1) caused a tidal wave which was observed at many points along the

coast,

and (2) flowed along the Var Canyon, and either (a) undermined the walls of

the canyon causing a series of collapses which increased the volume

of slide debris (10 million cu. meters from the port slide) to

something of the order of 200 million cu. meters which flowed out

to sea and broke cables 90 and 120 kms off-shore or (b) picked up

material from the bottom of the canyon and the sea bed as it flowed
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until the volume was of the order of 200 million cu. meters which

flowed out to sea and broke the cables.

Hypothesis No.2

Starting at about 13.54, a submarine slope failure occurred for no read

ily explainable reason in the walls of the Var Canyon about 15 kms off-shore

from Nice. This submarine slope collapse involved over 100 million cu. meters

of marl which fell in an underwater avalanche and

(1) caused a tidal wave which was observed at many points along the

coast and at Nice resulted in a major slide in a fill which had

recently been placed on a deposit of clayey silt containing seams

of fine sand for construction of a new port.

and (2) broke down as the movement progressed and moved out to sea as a

flow slide and a turbidity current causing cable breaks 90 and

120 kms off-shore.

On the basis of the key pieces of evidence discussed above, it would

appear that a tidal drawdown associated with a tidal wave resulting from a

submarine slide in the Var Canyon about 15 kms off-shore, is by far the most

probable cause of the slide of the port fill (Hypothesis No.2). There is

little possibility that low level vibrations could have been a triggering

mechanism for the slide and there is no apparent reason why a surficial slide

on the outer face of the delta deposits, which could possibly have served as a

triggering mechanism, should have occurred. Thus there is a very high

probability that liquefaction triggered by a tidal wave, a phenomenon which is

consistent with past experiences with similar deposits, with the observations

of the majority of the witnesses at Nice and along a 60 km length of coast

line, with records of the event, and with a geotechnical evaluation of the

mechanics of failure, was the cause of the slide on October 16, 1979.
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It is pertinent to question, of course: What caused the off-shore slide

that produced the tidal wave? Most tidal waves are due either to strong

earthquake shaking, which may induce fault movements on the ocean floor or

submarine landslides which displace water leading to tidal fluctuations, or

simply to landslides which occur off-shore for no known cause. Examples of

the latter include:

Tidal
Wave

Date Location Height Cause

1888 Trondheim Harbor 5 to 7 m. Presumed due to submarine slide

5/2/1930 Orkdals Fjord Small Presumed due to submarine slide

11/17/1972 Washington Coast 2 m Presumed due to submarine slide

10/24/1974 Kitimat, Canada 6 m Attributed to submarine slide

7/23/1979 Jakarta 9 m Collapse of rock into sea

7/2/1981 Palavas (Coast of 1 m Presumed due to submarine slide
France) but may be due to atmospheric

effects

There are probably many others. However it may be noted that four sig-

nificant tidal waves, three of which are attributed to submarine slides or

rock-falls, are known to have occurred in the period 1972-1981. Presumably

similar numbers of events have occurred in earlier times but complete records

have not been kept.

The evidence indicates that tidal waves apparently occur randomly due to

submarine slides not related to seismic activity. There are also records that

tidal waves of lesser heights than 3 m have occurred in previous centuries

along the coast of France near Nice. It is reasonable to believe, therefore,

that an off-shore slide occurred in the Var Canyon off the coast of Nice on

October 16, 1979 and produced the observed tidal wave effects which in turn,

triggered the failure of the port fill and the underlying deposits.
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The large blocks of marl from the off-shore canyon walls, which were

observed by submarine surveys to be located now on the bottom of the canyon,

together with the disappearance of about 100 million cu. yds. of materials

from the canyon walls some 15 km offshore would seem to provide convincing

evidence of the fact that a major off-shore slide occurred in the canyon

walls sometime since the last previous survey in 1973. Since such a slide

would inevitably have caused a substantial tidal wave, whenever it occurred,

and the only such wave observed between 1973 and 1979 was that occurring

in association with the slide of the port filIon Oct. 16, 1979, it seems

highly probable that the two events were related and the timing of events

clearly demonstrates that the tidal wave effects preceded the onset of

sliding. The 100-ton blocks of marl now standing on the bottom of the

canyon would thus seem to provide silent but eloquent testimony that such

an off-shore event must in fact have occurred and caused the wave which

in turn led to the failure of the port fill at about 1358 'in the afternoon

when the water level was abruptly lowered from its normal elevation.

The most surprising aspect of this event is not that the tidal wave

was the cause of the slide but the fact that the shear stress change which

apparently triggered the slide was only about 1.5 to 2%. This fact rein

forces previous observations that flow-type slides due to liquefaction are

sometimes induced by both seismic and non-seismic events causing very small

undrained stress changes in soil deposits which are especially vulnerable

to such effects.

It also has three very important engineering implications: (1) that

very loose sand deposits with high initial shear stress/normal stress

conditions are very vulnerable to very small changes in shear stress which

may occur under undrained loading conditions, even though they may sustain
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significant changes in shear stress applied under drained stress conditions;

(2) that it is important to take into account such high initial shear

stress/normal stress ratios in evaluating the stability of deposits containing

sand seams or layers or consisting entirely of sand; and (3) that progressive

failure in different forms apparently plays a major role during liquefaction

type slides of the type which occurred at the Port of Nice.
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