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San Luis Dam upstream slide
Glissement de la face amont du barrage de San Luis

J.LAWRENCE VON THUN, Senior Technical Specialist, Bureau of Reclamation, Denver, Colorado, USA

SYNOPSIS In September 1981, while experiencing the greatest differential drawdown in its opera
tional history, a slide occurred on the upstream slope of San Luis Dam. The slide was neither
sudden nor catastrophic as the reservoir was not lost (or even threatened); however, this incident
is of interest for several reasons including: (1) the slope failure occurred on a major, engi
neered structure, (2) there were precursors that may have provided warning of the impending event
had they been analyzed and interpreted, (3) the slide development pattern was rather unique and
back analysis of that pattern provided insight on the development of residual strength in a soil
on a slope, and (4) the rapid and successful remedial treatment design concept and its performance
to date.

DAM DESIGN AND CONSTRUCTION

San Luis Dam is located in the State of
California in the United States about 1B0 km
southeast of San Francisco. The dam is a
jointly owned facility of the Bureau of
Reclamation and the State of California.
It is operated by the California Department
of Hater Resources. The structure ranks as
one of the world‘s largest earthfill dams. It
is a zoned earthfill dam about 100 meters high,
5500 meters long, and has a fill volume of
70 million cubic meters. The design of the
dam, in order to achieve economy, incorporated
some low hills, the crests of which lay along
the axis of the dam. This topographic adap
tation played a significant role in the devel
lopment of the slide.
In order to accommodate the variable subsur
face conditions, five different cross sections
were used in the design. Figure 1 shows the
design cross section used in the channel area
where deep deposits (>50 m) of stratified
sand, clay, and gravels were encountered. The
foundation trenches and the very flat upstream
and downstream slope segments (B:1 and 6:1,
respectively) were used for stability because
extensive lenses of low strength clays were
anticipated in the foundation. The zones and
compaction were typical for the period
(circa 1963). Zone 1 was a wide, dense, clay
core; zone 2 a pervious filter-drain; zone 3 a
compacted random fill; and zones 4 and 5 were
protective rockfills. In the left abutment
area, which was the area of the slide, the
foundation treatment consisted of removing the
relatively shallow alluvial cover to rock
under the zone 1 material. Otherwise, the
design cross section for this part of the
abutment, which enveloped the local hills, was
similar to the maximum cross section (figure 2)
The natural slope over which the upstream por
tion of the dam was built in the area the slide
initiated was about 10°. Such a slope perpen
dicular to the axis is unusual, but was not per
se the problem. The critical specification
with regard to constructing on this side hill

was the specification for foundation prepara
tion. That specification was that the ground
under zone 3 was to be stripped until it was
of a quality equal to the material being
placed as zone 3. In this arid area, a small
amount of stripping (-0.5 m) exposed a hard
clay (slope wash material) which to the
construction inspectors appeared superior
to the random materials being taken from
required excavation in the channel which was a
primary source for zone 3. The slope wash
materials on the side slopes of the abutment
varied in thickness from about 1 to 5 meters
and varied in composition from a lean to a
fat clay.

SLIDE OCCURRENCE

The reservoir operation since its filling is
shown in figure 3. Several significant draw
downs had been experienced but the largest of
these was in the process of occurring when the
slide initiated on September 4, 1981. The first
cracking occurred about 30 meters down the
upstream slope near the crest of an enveloped
hill (minimum section) and progressed down
the abutment toward more voluminous cross
sections. The characteristics of the slide
mass included:

o Began as an arc-shaped crack, with the
ends of the arc parallel and perpendi
cular to the dam axis.

o Progressed from an initial length of
150 meters to an ultimate length of
450 meters.

o Took about 2 months to fully develop
and stabilize.

o Formed a distinct pressure ridge at the
toe moving over a portion of the toe of
the dam for a distance of 10 meters.

¢ Moved on the order of 20 meters
(15-meter vertical scarp).
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HGURE 4

The dashed line on the cross section shown on
figure 2 indicates the location of the slide
surface. The slide plane location was well
defined in this cross section from both sur
facefexpression and subsurface inclinometer
data. As can be seen, the slide surface
passed through the foundation material lying
on the relatively steep slope of the hill but
did not continue all the way to the toe of
the dam in this material, choosing instead
to pass through the zone 3 soil.

PROPERTIES OF THE FOUNDATION MATERIAL

Although approximately equal portions of the
slide plane passed through the zone 1, zone 3,
and foundation (slopewash) materials, it was
the slopewash that was suspected as the pri
mary "problem" soil in terms of strength
degradation. This material, which had looked
quite competent upon stripping, had softened
and progressively strained under the loading
induced as a result of its location on the side
of a hill. A good estimation of the strength
parameters of the foundation materials was of
critical importance because, in addition to
needing data for designing the repair for the
existing slide, decisions had to be made on
whether the 90 percent of the abutment length
which had not been involved in the slide would
also need preventive treatment. The character
of the material on these hill slopes over the
length of the abutments turned out to be quite
variable. As illustrated on figure 4, in 1981
soil sample tests were made all along the
upstream toe of the abutments (~ 3000 m in
length). The samples in the area of the slide
were fat clays with the highest Pl (Plasticity
Index) on the order of 40 to 50. Strength
tests on these materials showed the
characteristic relation of decreasing residual
strength with respect to increasing PI.
A site specific correlation was developed
for this site as shown on figure 5.
The effective "residual" angle of friction
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SLIDE PRECURSORS

Post construction deformation of large earth
fill dams is an expectation rather than a
surprise. Even some longitudinal crest cracking
of such dams is not unusual. However, the
crest of San Luis Dam underwent persistent,
unexplained, minor crest cracking over the
14 years from the time of its filling until
the time of the slide. The crest cracking was
prevalent in the regions of the incorporated
hills and although a perfect, one-to-one corre
lation could not be made, it is considered
that crest cracking was associated with the
saturation and progressive straining of the
slopewash on the hillsides. An even more
definitive signal of warning was waiting to be
discovered in the settlement data for the dam.
On a gross deformation basis, by which such
data are typically examined, the settlement of
San Luis Dam did not appear particu}arly_out
of line. However, when the settlements were
normalized with respect to dam height,
which took into account the smaller sections
at the crest of the hills, the anomalous
behavior was strikingly evident. Figure 6
shows a plot of the difference between the
actual settlement and a predicted settlement
estimate (normalized by dam height) versus
the angle that the upstream foundation makes
with the horizontal.
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In effect, the plot of the slope angle
portrays the hills incorporated into the dam
and the settlement deviator indicates that
settlements of the dam are generally larger in
these areas than what would be anticipated due
to the fill volume alone (i.e., settlements
related to dam height). This or other types
of critical analysis of the settlement data
could have defined the anomalous settlement in
the region of the slide. (NOTE: The slide
initiated in the zone between stations 136 and
138 which is clearly the peak area of anoma
lous settlement.*) Determining that the slide
would take place as a result of the larger than
expected settlement would have been a much more
difficult matter.

ANALYSIS OF SLIDE DEVELOPMENT AND STRENGTH
PARAMETERS

One of the most unique aspects of the slide
mass was that the upper scarp developed
logitudinally like a zipper being slowly

* All reference to stations in the text and
figures In this report refer to the design
and construction control stationing for the
dam in hundreds of feet. Elevations and
dimensioning on dam are also shown in feet on
the figures.
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HGURE 6

opened. The slide began at the steeper
portion of the embedded hill and gradually
progressed toward the channel where it
encountered more massive cross sections with
flatter upstream foundation slopes. Surface
expression of the slide scarp likewise graded
from about a 15 meter drpg at stati?n_137 toon y a crack at station 2. The u timate
explanation for this movement pattern, which
took 60 days to develop and for movements to
come to rest (reservoir was being held
constant), was that the first portion to fail
(Sta. 138 to 133) lost additional shearing
resistance upon sliding and sought help from
its neighbor (e.g., Sta. 132). Each neighbor
answered but upon sliding, lost strength as
well. The stability gained by the change in
geometry, which usually stops slide movement,
was exceeded by the stability lost as a result
of the slide plane soils undergoing strength
degradation. The estimation, based on back
analyses at the time of sliding versus the
mass at final rest, is that the effective
angle of friction of the foundation clays
(slopewash) went from about 16° to about 12°.

Extensive back analyses were performed in
order to understand the slide mechanism and to
get the best possible estimate of each of the
parameters involved because their designation
influenced the size and nature of the remedial
treatment design. Actually the problem was
one of three equations and nine unknowns as
illustrated in table I.
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Table I. - Back analysis unknowns
and equations

Unknowns:
UnknownMaterial Parameters

Zone 1 ¢'1 C'1 U1 (Uplift)
Zone 3 ¢'3 C'3 U3
Slgpebaash ¢'|=Nn C'FNo UFNDN

Total Unknowns = 9

Equations:

1. Slide at time of initial F.S. - 1.0
movement

2. Slide at time of no F.S. = 1.0
movement

3. Potential slide that did F.S. > 1.0
not occur with base plane
fully through slope wash
materials rather than
zone 3

Total Equations = 3

F.S. = Factor of Safety

The use of equation 3 as identified in table 1
was an important constraint on the minimum
strength properties that could be assigned to
the foundation materials. Equation 2 was an
important constraint on the role pore pressures

played on the slide initiation. To ultimately
explain the slide and assign material proper
ties, three strength states or conditions were
assigned to the foundation materials.
Foundation materials, which lay along the slope,
were considered to have undergone progressive
straining following dam construction and reser
voir filling reaching an effective friction
angle of around 16° and 0 cohesion at the time
of the slide. Foundation materials along the
toe or level portion of the slope which had not
undergone such straining had a strength of at
least 17 kPa cohesion and 17° effective friction
angle. Finally, as noted earlier, after
undergoing sliding movements on the order of 10
to 20 meters, the slopewash reached a residual
strength of about 12° effective friction angle
and 0 cohesion.

REMEDIAL TREATMENT DESIGN CONCEPT

Excavation and replacement of the entire mass
of the upstream portion of the dam that had been
involved in the slide mass was the most positive
treatment alternative but was ruled out because
such treatment would take
far too costly. Further,
drawdown related slumping

too much time
the slide was
which had not

and be
a
involved

any loss of crest elevation or jeopardized loss
of reservoir. Therefore, the use of judgment in
selecting a treatment design that was most rapid
and most economical and yet met the treatment
needs was appropriate. The “keyed” toe berm and
crest construction (see fig. 7) was, however,
designed to conservatively restore stability to
the upstream slope of the dam.

After determining the material properties for
the final position of the slide mass, it was
assumed for berm design purposes that the mass
was pushed back into its original position and
reloaded by the excess pore pressures from
drawdown plus gravity. This was like recocking
the gun.
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Table II. - Improvement accomplished by
berm treatment

Slide F.S. Rela- F.S.
Station surface without + tive = with

examined treat- improve- treatment ment ment

135 Known 0.85 0.90 1.55Deep 0.67 0.78 1.45Shallow 0.80 0.60 1.40
129 Known 0.71 0.65 1.36Deep 0.80 0.57 1.37Shallow 0.91 0.43 1.34
120 Known 1.07* 0.39 1.46

Deep 1.03* 0.42 1.45

* Outside slide mass,
used.

nonfailed parameters

The factor of safety of the mass under these
conditions was less than 0.7 for some cross sec
tions. The improvement via the berm was
designed to raise the factor of safety under
these conditions to a minimum of 1.35. The
treatment had to satisfy this requirement for
any potential slide surface on the restored
slope. However, on the basis of experience of
reactivation of treated slide masses along pre
vious slide planes, an extra measure of safety
was given to the known slide surface. Table II
presents the factor of safety of the “restored
section," the incremental improvement offered
by the berm treatment, and the design factor of
safety for slide surfaces examined in three sec
tions along the length of the slide. The
"shallow" and deep surfaces refer to the criti
cal slide surface location above and below the
known slide surface.

Further, the design ensured that a slide reacti
vation along the old slide plane would have
to pass at least in part through new (unfailed)
deposits which were keyed on a rock foundation.
Attention to these details were considered
essential to ensuring success of the treatment.

In establishing this form of treatment, it was
recognized that the actual factor of safety (or
stiffness) of the berm portion of the
reconstructed cross section would be much
higher than the enveloped slide mass. Thus,
some movements to "load" the berm were
expected and indeed have occurred. In 1983, no
drawdown took place which would tend to
increase the severity of the next year's
drawdown due to the longer time for satura
tion. In 1984, about 8 centimeters of subsur
face displacement occurred at the base of the
old slide plane near the downstream limit of
the slopewash. See Point "A" noted on
figure 2. No berm movement was recorded.
In 1985, about 1.5 centimeters of subsurface
movement occurred at the same location and
again no berm movement was recorded.
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CONCLUSIONS

The primary lessons learned in this case
history of an upstream drawdown failure were:

1. Designers thought they were being con
servative but use of visual criteria and
lack of detailed analysis of special con
dition sections (1.e., other than the maxi
mum section) resulted in a problem. In
retrospect, the material on the steep slopes
should have been removed and could have
been at fairly low cost.

2. Subtle trends in performance, if criti
cally analyzed, may reveal a weakening con
dition.

3. Back analyses done in a parametric way
for various states of the slide were very
helpful in understanding the slide and the
material properties. A single back analy
sis incorporating a particular failure
hypothesis (e.g., high pore water pressure,
or low shear strength in a particular
material) may successfully obtain a F.S. of
1.0 but may not be accurate because in
general, many factors contribute to the
outcome.

4. The computed, overall, factor of safety
of a cross section may be greater than 1.0
but may contain portions with less resis
tance that can undergo movement without
resulting slip of the mass. This case
history documented that behavior.


