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were destroyed and removed by the outrush of reservoir water, (3) that
d through inadequately sealed rock joints, and may have

openings existe:
one of the key trench, (4) that,

developed through cracks in the core z
once started, piping progressed rapidly
dam and quickly led to complete failure,
did not adequately take into account the foundati
characteristics of the soil used for filling the key trench, and (6) that
construction activities conformed to the actual design in all significant
aspects except scheduling. (Independent Panel 1976, pp- iii-iv)

through the main body of the
(5) that the design of the dam
on conditions and the

In the design and construction of earthen dams, it is necessary to selec
sufficiently resistant to piping and to ensure
they are compacted to the proper density. If a grout curtain is used, it is
essary to ensure that it is continuous and forms a seal with the under
rock. The design should incorporate adequate defense against cracking
leakage. Finally, dams must have sufficient instrumentation to provide eal

warning of piping and impending failure.

proper materials that are

Essential Reading

The most valuable single reference on this case study is the inde
dent panel’s 1976 report, “Report to the U.S. Department of the
and State of Idaho on Failure of Teton Dam.” The case study has also be
published by Solava and Delatte (2003).

Vaiont Dam Reservoir Slope Stability Failure

e stability failure is more commonly known as a landslide,
eers. This type of failure occurs when the wei
soil mass overcomes the soil’s shear resistance along a failure plan
within soil increases its unit weight while reducing the shear st
a result, water and water pressures often play a role in triggering @
stability failure. .
The Vaiont Dam disaster of 1963 was a classic slope stability fa
This is also called the Vajont Dam in some references; in Italian
pronounced the same. Ironically, the dam itself did not fail and
today. The dam is a thin concrete wedge in a narrow gorge. A vast SOl
falling into the reservoir triggered a massive wave that blew over the

and destroyed villages downstream.

A slop
larly among nonengin
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Design, Construction, and Operation
The Vaiont Dam was i -
i : part of an extensive system o
ltaliarz’ (xi\rl(:;lefrt:: p]°W€rhouses lpcated in the Piat{e Rive?f\;::;;: : l:esfl i " .
o 1.984 e e;r;e]nts of th.ls system were linked by runneyis ::id lll :
il ven,jge. ). The Pnavg River Valley is roughly 100 km (Gglp%&
The thin arch ,dI;ef:r\:";es g;;tr'ar(‘sbordef- b
et m (858 ft) high, but
il da:u(:,r;iycif‘?a:l (625 ft), and the chord wai 169 mtl;.:S?‘;ta)“?I}lllnddthe
g uren s Cure type, 22 m (73 ft) thick at the base but (;nl ; 43"‘
s e rest. It was the highest arch dam in the w0rlc¥ : l:n
o P 5 .exceededionly by the 284-m (932-ft) Grand D'at i
v :jn dm the Swn:ss Alps (Ross 1984, pp. 132-134) T’ll'nxence
iobrs, ended to contain a volume of 169 million m? (6 illio -
,000 acre-ft) of water (Genevois and Ghirotti 200.(5) ket

Ihe des'gnel Of the da"l! Cal lo Se"leﬂzav had reservations abOUt the

dam site as earl
y as June 1957
the dam height by 30% to trip when the dam owner proposed increasing

to tripl
: -{;J'he owner was the private po p ¢ storage and power gencration capacity.
Elettricita (Adriati - power company SADE, for Societa Adriatica di
il riatic Eleqrnc Society). A March 22, 1959, | ad driatica di
killedy ntesei Reservoir of 3 million m3 (106 x;u‘l]' ) ﬁgﬂ slide ar the
one person (Wearne 2000, pp. 206-207) 1on ft’) of rock had
b The Pontesei landslide started slowly. :
idly. The flow over the Pontesei Dam was c;
no damage to the valley below. The Vaiont

state of construction, so this | i
) 3 andslide caused

. ; some co i
thesc‘::POHSlble for studying the stability of the Vaionr:c;m. LCO_PQId Mullcr

Mc"e;].ns (Semenza and Ghirotti 2000) eservoir, in light of

tller asked Carlo’s son Edoa .

A i rdo, a recentl g
L";::Ezﬁ tlh; Sl:‘e]. (1:“]'0 identified an “unceml;:nt);:gr;?lj:zgcgzo'og”m, a
landslide. He j dentif‘i d"}‘) along t.he gorge, as well as the site of a:nz 5.1
30 m (100 fr), sh led layers typical of river sedimentation down ﬂ;lent
Edoardo took bo owing where the ancient landslide had buried a i
e Trmgs as deep as 171 m (561 ft). Edoardo was i
R oni luot:1 lft,-y was reluctant to take his opinions serious| )';?hung, i)
10-20 m (33-6¢ f:))":) ? lP rofess;:- Calois, who claimed that rlire v?;:: gﬁllu
- oose i .
2000, pp. 208-209). slide material over firm in situ rock (Weamz

Clearly, the issue w.

: s as
l_lndshde. If it was,
tons. The size of th

but then began moving very rap-
rll)ly a few meters deep and caused
am was already at an advanced

wh i

s landsu(either the reservoir was the site of an ancient

Fh e (;:(')UId move again under the right condi-
€ and its speed of movement would determine

EE—



236 BEYOND FAILURE

the extent of the damage that the slide would cause. Edoardo Semenza in
fact identified a number of ancient landslides, but he considered only one
to be potentially dangerous. The ancient landslide had pushed uphill on the
other side of the valley, and the river channel had subsequently cut off and
isolated a hill from the original slide. Edoardo Semenza cited this hill as
proof of the ancient slide (Semenza and Ghirotti 2000).
Edoardo Semenza identified the following features:

L]

« the 1.5-km (1-mi) zone of uncemented cataclasites along the bas
of the left wall of the valley, along with solution cavities, sinkholes,
and springs; '

« ancient landslide masses that had filled the valley and then had been
cut into two by the new Vaiont stream; '

« the southern slope of Mt. Toc, which had a “chair like™ structure
of bedding planes, dipping steeply at the top and more shallowly

near the base; and {
« a fault separating the in situ rock mass from the ancient landslide

(Genevois and Ghirotti 2005).

»
&
3

Genevois and Ghirotti state that the dam’s designers concluded that a
slide was not likely to occur, “mainly because of both the asymmetric
of the syncline ... and the good quality of in situ rock masses” (2
p. 41). In other words, because the form of the landslide was broken up
difficult to make out, it was thought that it would probably not move as
mass again.
In 1960, SADE began slowly filling the reservoir and monitori
earth movements. Elevations of 594 m (1,950 ft) and 650 m (2,133 ft)
reached. Throughout September, the movement rate increased from §
10 mm/day (0.2 to 0.4 in./day), reaching 20-40 mm/day (%-1%2 in./day}
early October (Genevois and Ghirotti 2005). :

On November 4, 1960, 750,000 m? (27 million ft?) of rock fell i
the Vaiont reservoir after a week of heavy rain. The landslide cau
(7-ft) wave in the reservoir, but no one was injured. Creep of the 5o
was observed over a large area. The recommendation was to lower
ervoir to slow the slide and to add drainage tunnels under the slide mas!
reduce water pressures (Wearne 2000, pp. 209-210).

Miiller had been asked to study the problem and propose
measures. Measures such as draining the mountainside, removing
of cubic meters of soil, cementing the sliding mass along the failure
and buttressing the foot of the slide were considered but rejected as.
tical. Miiller believed that it would not be possible to completely

SOIL MECHA
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slide but that its movements coul
and Ghirotti 2000).

SADE |
wa:)fl:iln: P !F;:e"ted the plan..A 1.6-km (1-mi) bypass tunnel § m (16 ft)
i pa'rt e tll)l“fpose of this tunnel was to ensure water flow to the
o s e Z reservoir were blocked by a small landslide. A grid
50 m (300 £ dr;:ta e lto monitor earth movement. Drill holes mt;re ti:n
ere providi Thp exp g_red the mountainside, and two drainage tunnel
vl e abc.) X eh\:vatf:r level was dropped to 600 m ( 1,968 ft), and crees
st g (heu this time, Carlo Semenza died, and his voice ,of cauﬁof:
bt i gl:servmr was gradually raised again, a pattern seemed to be
that any fatun er reservoir level, more movement. Therefore. it seemed
e 20006 movement could be handled safely by lowerin l; -
. p. 211). g the reservoir
Miiller observed that when the movement
6 b exceeded
ig; '?t./::? ;:e;he ;econd filling, the lake level was 100 m (331;&?1:.3/ (1’12
flling, He theref w hen that amount of movement had occurred on gﬁrst
als was causing :)l:: m)(,)?/z::::tzed ;haht th.e initial saturation of the materi-
&melnz:dand Ghirotti 2000). and that it was safe to raise the lake level
n Mar S
power grid. '?}]xel :Sv, SADE was nationalized and absorbed into the national
Nezionale: per s owners, t‘he Italian electric monopoly ENEL (for Ente
codlierion Tewwas a:;gl';e?:h':‘;:t rznel;:l?ized inac;easing electrical power
and d ir was safe up to 700 m
reserv?)rilrgz ::fn autleS m d(2,346 ft). However, by July 1563, the wa(tiz'ziist:c)
Movements of a . a;ln people reported noises from within the mountain
e Rain i s m:c as 570-700 mm (22%-27% in.) per day were mea:
this-was of conzi:e N;he level of the reservoir to 720 m (2,361 ft). Obviously,
The mevw omnes beg olvemet‘ns were approximately 200 mm (8 in.) per da s
day (Wearne 2000 3“2‘1";"’“"8 the_ reservoir approximately 1 m (3 fr) peyr
T . PP 212-213). It is possible that the transfer of ownershi
e decision to lower the reservoir (Semenza and Ghirortti 2000‘;”s p

d be monitored and controlled (Semenza

wide
dam

Failure

On Oct
ober 9, 1963, at 10:41 p.m., approximately 270 million m?

(9,535 million f&3 i
k> n ft’) of rock fell into the reservoir, moving as fast as 25 m/s

s).
e e)s eév (t)rit:menjpus wave of water blew over the dam, virtually the
It destroyed th,eSen e & 70-m (230-f) wall of water down Vaiont gorge
4,600, and severe:;‘:in - Lgnga;one downstream, with a population goé
% 3 amaged or destroyed the hamlets and vi :
ova, Codissago, Pirago, and Fraseyn. There were 2 (;]43‘,::2%;: ﬁf"vg-
£l € y

.~

e —————
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including 58 of the utility’s employees (Wearne 2000, pp. 213-214). The
flood also knocked out many access routes, hampering rescue operations
(Ross 1984, p. 132).
The slide moved a 250-m (820-ft) thick mass of rock about 300-
400 m (980-1,300 ft) horizontally. It pushed the old slide mass up the far
slope. Trees and soil along the Vaiont Valley were removed as high as 235 m
(770 ft) above the reservoir level (Hendron and Patton 1985, p. 8)
The dam, however, stood. It had withstood a force of approximately
4 million metric tons (4 million tons) of water, roughly eight times the force
for which it had been designed. The dam is still there, but there is no water
behind it (Wearne 2000, pp. 217-219). There was a small gouge in the
concrete about 1.5 X 9 m (5 X 30 ft) along the crest near the left abutment
(Ross 1984, p. 132).
The volume of the slide was slightly larger than the working volume
of the Vaiont Reservoir. It was more than twice the volume of the largest
earthen dam ever built, the Fort Peck Dam on the Missouri River in Mon-
tana. Because of the great volume, it was not practical to remove the mate-
rial from the reservoir to restore the dam’s function (Ross 1984, p. 134).

Investigations and Repercussions

About a week after the disaster, Engineering News Record (
reported that the new owner, ENEL, had anticipated a slide but only expected
about 19 million m? (670 million ft*). They claimed that it was impossible
to foresee that the slide would be so large. The engineer in charge of the
had reportedly phoned the electric company asking for permission to e
ate the entire area on account of the earth movements. ENR noted that the
electric company was said to have told him “to stay calm and sleep with hi
eyes open” (Ross 1984, pp. 132-133).

Investigations started almost immediately. An Italian gove
committee of inquiry with four members was charged to determine:

« whether the hydrogeological examination of the dam area was giver
proper consideration in planning and construction, and wheth
the previous landslides in the area were taken seriously,

« whether the dam’s testing was still continuing at the time,
« the level of the reservoir in the 10 days before the disaster,
whether safety recommendations for the level were followed,

« whether a previous landslide in the area a few days before the disa
ter should have warranted an evacuation order downstream, an

« whether officials acted properly (Ross 1984, p. 133).
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blame’;‘hfbcommissiqn’§ report was released four months after the failure. It

o an:;r;au;ranc %nefﬂqency, muddled withholding of alarming inf;)r-

suspenéed ! nt:lcm i)]:ism;lg a:;png f::iop officials.” The prime minister of Italy

us| : of public officials, including th i i

civil e;igmeers of Belluno and Udine (Ross 1984, ﬁp. ;331()1‘22():6 e

. :::; g;laln four years after the disaster, the public prose.cutor of the

s Buno cha‘rged 11 men with crimes ranging from manslaughter

She gl:lfce. t{]thaf time, two ha.d already died. A third committed suicide

e d Zauﬁg;z anz t;;?:' ;vas t(f)uzegm. The charges included ignoring consul-
: ing to fully investigate the earli h i

the slide area. The prosecutor a B gt o 18

z rose sserted that each of the men charged

i}:]a;; icdol:latlr:il:d the sl!mznon :nd prevented the disaster. The charge:ieforc ::i:
' re outlined in detail in the Dec i :

neemffg.h News Record (Ross 1984, pp. 135-1 ;;;bef Rt

ree of the 11 charged were found gui :

' guilty, and two served short jai

zi::s,;, 'iI:.le przceedllxllgs, l'llowever, focused more on assigning blam: t}(:; 12:1[
ing the technical cause of the failure. Techni i

ten, but the conclusions did not agree (Wearne ?.OOOI":):;!)l g?girzslg)ere e

.

Engineering Analyses

prismtg\lfll}::gh a lan:sliclle had been feared, the size and velocity were sur-
; mass and velocity pounded considerable kineti i .
reservoir, which was the main caus i i e e
e of the height of th i

= ! ght of the wave in the lak

[hzte:(l:ent of the destruction downstream of the dam. Miiller’s hypotehae:i(:
o obi imox;etz@ts only took place when the material was first saturated

ously disproved. The phenomena involved proved to be complex

The following causes h
s amian: g ave been suggested for the slide’s triggering

the ¢ 11 B
S
h reaton ()‘ llle lake l)aslll as we“ a the variations in tlle leve‘

» the clay seam along the failure surface:
+ the ancient landslide; ‘
» the geological structure;
* seismic action; and
* a confined aquifer behind and b i
e Gl nd below the failure surface (Semenza

Seisin "
cismic action has generally been ruled out, but the other factors all

seem to have been involved in the landslide.
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Miiller wrote several papers over tbe five years af;;erv;lcxle sl:rr::is:;lpe;
contending that once a certain limit velocity had l'>eer;‘ ac.:Oi :t ha,d o
hixotropy must have occurred. Pcrhgps water in the j e had ta e
o le the slide buoyant. Miiller continued to favor the hypo y S
zas:fti‘;e slide and argued that the slide th:att took p'laccl:1 hai }:l:,:‘ ine::n ;:ue-.
dictable (Genevois and Ghirotti 2(:105).rzgggéngﬁfesae:ernain i
z : = ‘
Fialc:?::evcllor"}:ed:l:;:faéﬁs: ?? l;eo:(r)\ when ketchup suddenly flows quickly
is a 3

drenching a plate. . ; ' y
o "al':: l‘ltziecit o? agreegment among the studies of the Vaiont slide was a

ineeri ity.
cause of concern for the engineering geology commun tymd had previon
Despite the substantial literature on the topic, no study

taken account of:

« the three-dimensional shape of the :hde su.rfla;:(,)m e sice. st

trengths of materia @ b
« actual laboratory shear s _ r e
« piezometric levels taking into account rainfall and reservo

(Hendron and Patton 1985, p. 2).

Frank Patton, a consulting engineering geolog.ist, anld his Tc;:)ell ;
began investigating the slide in 1975 and visited the failure plane. s );’ o
a Ii er of plastic, low-strength clay (also knf)wn as fat clay)l at .

h :lide between 13 and 100 mm (% and 4 in.) thick. The ¢ a)l; i
:-e:luced ,friction along the failure plane and also acted as a membrane
Wearne 2000, pp. 218-220). o -
ek VSV: n":iisingly many of the earlier investigations had reportgd t‘:mt
was no crl‘:ly layer. The Hendron and Patton (1985) reportfc:l(imta::: : o(;
' ith a map providing

hs of the soft clay layer, along wit i
%‘::‘c)ﬁf; l;l'xsc)n(-)ved up everywhere they looked along 'thc fallt:lred pl:ane..
noted that where the clay was exposed, it was rapidly tt:)ro ;d d); b
Also, for the first few years the clay had been coveri‘d L}l‘p hruz ild : =

, i ed the 3

by the time Hendron and Patton survey . : .

:(:ieg gszfuZion because of the different terms used in technical wri

the soft clay layer.

1 3 |

The basic structures affecting the slide are: (a) the stee;; back of 31:;11;(1;
i i ivi b) the pronounced eastwar f
which provided the driving forces, ( i
i 1 layers of very weak clays ;
t of the slide, (c) the continuous A.
;:: rcadded rocks, and (d) the faults along the eastern boundary of the

slide. (Hendron and Patton 1985, p. 21)

T —————————eee RS

SOIL MECHANICS, GEOTECHNICAL ENGINEERING, AND FOUNDATIONS 241

It had been observed that movements increased as the reservoir level
increased, but the reservoir level also increased when it rained. Therefore,
two possible causes for the increased movement were higher water pressures
caused by higher water levels within the reservoir, or increased pressures
within the mountain from rainfall against the fat clay. To determine the
cause, it would be necessary to know water pressures behind the clay before
the failure (Wearne 2000, pp. 220-221).

Hendron and Patton“(1985, pp- 51-58) plotted the correlations among
reservoir level, precipitation, and rate of movement. They discussed Miiller’s
contention that the movement was greatest on first wetting, pointing out,
“The erroneous assumption which led to the conclusions . . . was that all
other factors were remaining constant and the reservoir level was the main
variable controlling the stability of the slide. In fact, rainfall was significant
and was not remaining constant” (Hendron and Patton 1985, p- 54).

Periods of high rainfall preceded all of the major slide movements, but
obviously the reservoir level often also rose at the same time. At those times
when the reservoir was at the same level, however, the difference in move-
ment correlated with the amount of rainfall. It proved possible to plot a fail-
uf® envelope of combinations of reservoir elevation and precipitation, with
points plotted above the envelope indicating instability of the soil mass.

Patton reviewed Edoardo Semenza’s reports, finding that Edoardo had
reported this clay layer as mylonite. Edoardo Semenza had made four bore-
holes, one of which penetrated to the base of the slide. This borehole found
water pressures equivalent to 70-90 m (230-295 ft) above the reservoir.
Unfortunately, the tunnels that had been installed to reduce water pressure
were t0o high up on the mountain. The heavy rains the first week in Octo-
ber had infiltrated the mountain and increased pressures behind the clay
layer. When the water level in the reservoir had been lowered just before
the landslide, it had reduced the pressure holding back the slide and might
in fact have triggered it. The nature of the clay might also have accelerated
the disaster; its kinetic coefficient of friction was much smaller than its static
coefficient of friction. Tests later showed that the shear strength decreased
as much as 60% when slip exceeded 100 mm (4 in.) per minute. In fact, the
fat clay acted as a lubricant (Wearne 2000, pp. 221-223). The test results
that identified the loss of shear strength had been carried out by Tika and
Hutchinson (Genevois and Ghirotti 2005).

Patton and co-author Hendron started from Edoardo Semenza’s find-
ings, with the following results:

* The existence of the old landslide was confirmed.
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« The clay layer was up to 100 mm (4 in.) thick, with a residual fric-
tion angle between 8° and 10°.

« They found the probable existence of two aquifers, one above and
one below the clay layer.

The lower, confined aquifer was fed mostly by precipitation on Mt. Toe
(Semenza and Ghirotti 2000). Figure 7.4 shows a plan view of the mass that
slid to the north. To observers on the opposite side of the valley, it appeared
to be M-shaped.

Using aerial photographs available at the time, Hendron and Patton
(1985, p. 31) identified a pattern of apparent kettles or sinkholes, along
with shallow slide areas. These are shown in Fig. 7-5. These features could
have been used to identify a possible landslide area for further ground-based
investigation.

These sinkholes readily allowed rainwater or snowmelt to infiltrate
into Mt. Toc, and to reach the base of the slide as shown in Fig. 7-6. With
increasing precipitation, pressure would build behind the clay layer. During
his surveys in 1959 and 1960, Edoardo Semenza had observed moist areas
and springs below the eventual slide plane, which was consistent with the
hydrogeology shown in Fig. 7-6 (Hendron and Patton 1985, pp. 34-35).

Soil samples were tested at laboratories in the United States, Canada,
and Italy. The grain size distribution was 51% clay, 36% silt, 7% sand, and.
6% gravel. Earlier studies had reported 52-70% clay. Arterberg limit ests
placed the clay in two groups. The first was a CL/ML/MH (low plastic-
ity clay/low plasticity silt/high plasticity silt) with liquid limits from 33 t0
60 and plasticity indices from 9 to 37. The second was a CH (high plastici ry
clay) with liquid limits from 57 to 91 and plasticity indices from 30 to 61.
Clay mineral analyses indicated that up to 80% of each sample was clay

minerals. Overall, “such clay minerals have an expanding lattice, are ass ci
ated with low shear angles, and exhibit swelling properties when stresses 2
reduced and water is present” (Hendron and Patton 1985, pp. 37-39). i

Hendron and Patton (1985, pp. 59-65) included the reservoir level

f Scarps
©J> Depressions
~ Areas of slope

—~ Roads
= Trails

precipitation findings, and the soil properties in a revised three- ] i Rt
sional stability analysis. “The shear strength along the base of the slide wat Outline of =" Jmeruittent
e
* >~ Streams

assumed to be related more to the residual shear strength of the multiplé
layers of clay found along the basal surface of sliding than to the highe
shear strengths of the rock-to-rock contacts,” which had been used in previ
ous stability analyses (Hendron and Patton 1985, p. 59). Laboratory res
suggested a residual angle of shearing resistance &, of 5°-16°, withno ¢ 1€
sion. Such a low angle had puzzled previous investigators because it mear
that the slide mass should have never been able to stay in place at all.

Figure 7-4. Plan vi
s iew of mass before sli
Source: Hendron and Patton (1985). -

residual angle i z
of shearing resi
S stance &, wa i
10°-12, based on the momber of , was adjusted to a mean value of
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Figure 7-5. Aerial photograph of site before slide.
Source: Hendron and Patton (1985).

Cd lelatl\'e to C'J(,h Oth(‘l. W.‘ltel plcSSUrCS were AlS() consl

the mass mov he front of the slide and higher

" R
ered, with the reservoir pressure a:,alt:lstk
: S ft), at the back. .
S to 90 m (293 tr), o
PWSS“"“~:P d Patton (1985, pp- 66-79) noted that cavse S
ndron and P2 ; pp-66-T2) el B
}‘iie ccurred, it was necessary for stability a.nle)s o de
: ) i fai . <
i - f( afety near 1.0 under the failure condl‘t]mnhs s il
s S f saf r 1.0 at the times S
ate factors of safety near L. s
sary emonstrate facto : e e el
o s s observed, as well as somewhat greater f P
movement was :
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Mt.

VAIONT SLIDE

NORTH (dashed lines indicote ‘ % Toc SOUTH
piez. level
below slide)

Gallina

Est. positions of the
groundwater table (GWT)

ﬂ".e_wl = during high rainfall or snowmelt after geologic section by
Semenza and Dal Cin (1987)
=Jow SWT - during low rainfall or snowfall

In Leonard! et al (1987)

‘/\ Directions of groundwater flow

Figure 7-6. Infiltration of water through the mountain.

movements were insignificant. The periods of time when the factor of safety
should be near 1.0 are the prehistoric landslide, the major movement of
October 1960 when the cracks formed, and October 9, 1963. The impor-
tant input parameters for the model are the soil shear strength, which is
relatively constant under all conditions, and the pore pressure, which varies
with different reservoir levels and rainfall conditions. The angle of shearing
resistance within the mass was also important. Two- and three-dimensional
slope stability analyses were performed for no reservoir and for reservoir
levels of 650 and 710 m (2,130 and 2,330 ft), under low and high rainfall
conditions. A two-dimensional analysis indicated that the slope would be
unstable for much of its history, which could clearly not be correct. The
three-dimensional analysis found factors of safety ranging from 1.21 for no
reservoir with low rainfall to 1.00 for 710 m (2,330 ft) and high rainfall,
the conditions under which the slide occurred. The second lowest factor of
safety, 1.08, occurred at 650 m (2,130 ft) with high rainfall. The final soil
parameters used were &, of 12° and B of 40° between slices and 36° along
the eastern surfaces of the slide.

Once the slide began to move, of course, the problem became more
complicated. Because the mass of the slide and the driving force remained the
Same, a considerable reduction in the resisting force was necessary to explain
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the velocity reached by the slide. This velocity could be due to reduced shear
strength of the soil, increased pore pressure, or both. Shearing resistance
could also be decreased as the toe of the slide began to ride into and over the
water of the reservoir because water has no shear strength. This last factor
was not found to be significant (Hendron and Patton 1985, pp. 80-82).

Hendron and Patton stated,

The strength losses along the sliding surface which resulted in the unex-
pected high maximum velocity of the slide probably originated from
three mechanisms: (a) a displacement induced reduction in the fric-
tion angle, B, between adjacent vertical surfaces of the sliding mass,
especially at the back of the slide at the abrupt change from a steep to
a flat failure plane; (b) a reduction of peak to residual shear strength
along the eastern side of the slide where the sliding surface did not
follow the bedding planes but sheared across the bedding; and (c) a
reduction in shear strength along the basal sliding plane parallel to the
bedding caused by heat-generated increases in the water pressure along

this plane. (1985, p. 83)

In their analysis, they found that the combined action of all three ph
nomena could explain the velocity reached by the slide mass if the reductio!
in the clay’s shear strength was about 50% (Hendron and Patton 198
p. 90). The explanation for the high velocity of the slide was that the sheai
resistance of the clay layer decreased substantially once movement sta
This change could have occurred due to either frictional heat or an i
ent property of the material. Because it would have taken time for the
to build up, the alternate explanation of the loss of frictional strength w
shear strain rate is most likely (Semenza and Ghirotti 2000).

Lessons Learned

The Vaiont Dam case study shows the need for a thorough geote
cal investigation for a construction project, particularly one as importa
2 massive dam. It is necessary in particular to locate any thin clay sea
represent potential weak failure planes. Genevois and Ghirotti state,

The catastrophic 1963 landslide failure has demonstrated to profes-
sionals and researchers in the fields of civil engineering and engineering
geology the importance of performing detailed geologic investigations.
of the rim of narrow steep-walled valleys, which are planned as the res-
ervoir for large dams. The failure mechanism of a large landslide mass
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An October 24, 1963, editorial published in Engineering Netws Record
made some comments on the Vaiont Dam landslide:

et out of the way if a landslide threat-

« The main lesson is obvious—g
ens a reservoir. An evacuation should have been ordered at the first

signs of trouble, which were roughly 10 days before the slope sta-
bility failure. The potential, and in the end actual, loss of life greatly
outweighed any inconvenience from a possible false alarm.

« The engineers operating the dam were confident that the slide

would only be about a tenth of what actually occurred, but they

were wrong. They were also confident that the dam would hold,
and it was known that arch dams had considerable reserve strength.
Given the uncertainty on
stream population was a considerable gamble.
« This was the first time in history that a reservoir had been com-
pletely filled by a massive landslide (Ross 1984, pp. 138-139).

As lessons learned, Genevois and Ghirotti state, “By its nature, any spe ifi

landslide is essentially unpredictable, and the focus is on the recogniti n

of landslide prone areas ...” (2005, p. 50). Hendron a

pp- 96-97) cautioned that cursory studies o
Vaiont Slide could be misleading. “Previous studies of the Vaiont Slide vary

from useful factual accounts to misleading fiction. . . . The most misleadin

accounts in the literature have
visited the site or who are not familiar with the geology.”

Essential Reading

The key document on this case study is The Vaiont Slide: A Geotechni
cal Analysis Based on New Geological Observations of the Failure Surface
Volume 1, Main Text (Hendron and Patton 1985). It may be difficult to fin
except on loan from some large university engineering libraries.

The Vaiont Dam case study is covered in pp- 206-225 of Collaps
When Buildings Fall Down by Wearne (2000) as well as pp. 127 and
139 of Ross (1984). Wearne’s chapter contains accounts from engineers
survivors of the disaster. Engineering News Record reported on the
the October 17, 1963, and December 7, 1967, issues and published
torial in the October 24, 1963, issue.

A similar mechanism caused the 2005 Bluebird Canyon landslide ne
Los Angeles, which is featured in the History Channel’s Modern Ma
Engineering Disasters 17 videotape and DVD.
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