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ANATYSIS OF THE SLIDES IN THE SAN FERNANDO DAMS

DURING THE EARTHQUAKE OF FEB. 9, 1971

Part T - Intreoduction

One of the major effects of the San Fernando earthquake of February
9, 1971 was a major slide in the upstream slope of the lLower S5an Fernando
Dam. This embankment dam, about 140 ft high at its maximum section, pro-
vided a reservoir capacity of about 20,000 acre-ft and at the time of the
earthquake the water level in the resqrvoir was about 35 ft below the
crest. The slide movements resulting from the earthquake shaking involved
both the upstream slope and the upper part of the downstream slope,
leaving about 5 ft of freeboard and obviously in a very precarious position.
The upper part of the remaining ewbankment contained several large longi-
tudinal cracks and the upstream face of the slide scarp was almest vertical.
It seemed likely that further sliding might occur, especially if the
embankment was subjected to a severe after-shock. Accordingly an order
was immediately issued to evacuate some 80,000 people living downstream
of the dam until the reservoir could be drawn down to a safe elevation.

This was accomplished in a period of 4 days. However the margin by which
a2 major disaster was averted was uncomfortably small.

Somewhat less serious but of major importance in its own right, was
the downstream slide movement in the Upper San Fernando Dam, about 80 ft
high and forming a reservoir of about 1850 acre-~feet. The two dams form
the major part of the Van Norman Lake complex, the total complex involving
one additional dam for water storage, some smaller dikes forming storm
diversion structures, debris collection basins and several miles of channels

and artificially improved reservoir side slopes. It is the terminal



storage area for two aqueducts and the major water distribution center

for the city of Los Angeles. The normal water flow through the Van Norman
complex in the last half of 1970 was 650 cfs, which is about 80 percent of
the city's total water supply. An aerial photograph of the Van Norman Lake
complex is shown in Fig. I-1.

The downstream movement of the Upper Dam led to some cracking of
the embankment, opening up of joints in the outlet conduit through the
embankment and formation of a sink-hole along the line of the conduit
due to ercsion through those joints. However although the crest moved
downstream about 5 ft and settled about 3 ft there was no breach resulting
in loss of water from the reservoir. If this had not been the case and
water from the Upper Van Norman Lake had been released, overtopping of
the Lower Dam would have ensued.

The near-catastrophe resulting from the earthquake-induced slides in
the Upper and Lower San Fernando Dams immediately raised a number of
questions concerning the adequacy of earth dam design criteria to protect
the public against failures resulting from earthquake shaking. Both of
the affected dams were old structures constructed in the period 1915 to
1925, and both were hydraulic fill construction. However the safety of
the Lower Dam had been evaluated using current design procedures and
seismic criteria as recently as 1966 and it had been considered to be
adequately resistant to earthquake effects. Accordingly the performance
of the dams raised the folliowing major questions:

(1) Were the slide movements initiated primarily in the embankment

soils or in the foundation soils?

(2) What was the mechanics of sliding? Were the slides the

result of soil liquefaction or were they the result of the



more conventional sliding block type of movement ?
(3) Could the slides have been anticipated using available
analytical or design procedures?
(4) Are new criteria required for evaluating the safety of
earth dams to earthquake effects?
In order to provide answers to these questions a major study of the slide
movements was initiated by the State of California Department of Water
Resources, Division of Safety of Dams and the Los Angeles Department of
Water and Power with the research support of the National Science Founda-

tion. The results of the study are presented in the following pages.



Part II - History of Dams and Conditions Prior to the Earthquake

Early Construction Procedures

Both of the San Fernando Dams were constructed to provide terminal
storage reservoir capacity for the Los Angeles Aqueduct, at sufficient
elevation for gravity distribution into the city. The Lower Dam was
constructed first, beginning in 1912, followed by the Upper Dam beginning
in 1921, These were the 5th and 6th earth dams to be constructed as part
of the Los Angeles agqueduct system. While specific construction details
are lacking, especially for the Upper Dam, the existing records indicate
that the method of construction was similar to that used on the earlier
dams .

The final report on the construction of the Los Angeles Aqueduct
(Kelly, 1916) which was written just after the first stage of the Lower
Dam had been completed and the reservolr partly filled, provides much
veeful and interesting information concerning the construction techniques
of that time. For background reference a summary of some of the construction
details of the dams along the Los Angeles Aqueduct is presented in Table II-1.
Both hydraulic fill and rolled £111 construction procedures were used. The
unit cost for hydraulic fill was about 15 to 18 cents per cu yd as compared
to 25 to 30 cents per cu yd for dry wagon-hauled material. Apart from the
cost advantage, the report indicates that in the opinion of the designers,
the hydraulic £ill technique produced a soundly engineered earth dam.

The hydraulic process began at the borrow area where ordinary &4 inch
canvas fire hoses conveyed water at 80 to 100 psi to 2 inch nozzles. These
were mounted on iron tripods and the water jet directed at the vertical bank

of the borrow pit. Where possible, the loosened material was conveyed by
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gravity along wooden troughs at 4 to 6 percent grade to the dam. This
procedure appears to have been used for much of the comstruction at the
Lower Dam. Old scars in the abutments and on an island in the reservoir,
as well as some old wooden posts formerly used to support the conveying
troughs are still visible. The wooden posts are in the reservoir area
and have been submerged for the past 60 years,

Where sufficient gravity head was not available the material was
transported by a series of mud pumps and pipes capable of passing gravel
and small stones as well as the finer soils. This fluid mixture of water
and soil was discharged along the beach forming the outside edges of the
dam. The coarser material settled out rapidly near the point of dis-
charge while the finer materials flowed into the quiet waters of the pond
and settled ocut later.

A dry fill dyke was usually placed at the outer edges of the dam
to contain the ponded hydraulically-placed material. Also, when water
was scarce large portions of the entire embankment would be placed as
"dry" £111. The material would be hauled from the borrow area, deposited
on the fill, spread in lifts using teams and Fresno scrapers, sprinkled
with water and compacted by routing the hauling equipment over the area.
This procedure seems to have been used to construct dikes at the outer
edges of the Lower Dam, and to construct the later uppermost portions of
both the Lower and the Upper Dams.

Another method of construction sometimes used when water was scarce
was the "semi-hydraulic" procedure. The £ill material would be excavated
from the borrow area by teams and Fresno scrapers or steam shovels and
hauled to the dam, dumped into the pond and dispersed by monitors coperating
from barges floating in the center pool. It is believed that most of the

Upper Dam was constructed in this manner although no detailed early records



or photographs seem to be available, However, this semi~hydraulic £113
procedure was also used for the South Haiwee Dam. The detailed descrip-
tion of the construction of this dam (Kelly, 1916) gives an insight
into how the Upper Dam was probably constructed. The major difference
was that at the South Haiwee Dam the fill was excavated by a 2-1/2 yard
steam shovel from & borrow area 1000 ft from the damsite and hauled to
the damsite by three trains, each consisting of seven, 4 cu yd capacity
cars, whereas at the Upper San Fernando Dam the fill was probably hauled
by teams and wagons. Quoting from Kelly, page 123:
"The waters of Haiwee Creek were carried three miles
and those of Hegback Creek were brought five miles in riveted
cteel pipe, and were discharged into the pocl between the two
toes of the dam. In this pool two steel hulls were floated,
20 feet long, 10 feet wide, and 2-1/2 feet deep. On the first
one that was built, a 6-inch Krogh centrifugal pump, directly
connected with a 30 horse power motor, was mounted. The pump
discharged the water from the pool through a 2-inch nozzle
against the dump made by the trains. Energy was furnished the
motor through an insulated cable carried on a reel on the hull,
The yeel permitted the shifting of the position of the pontoon.
The jet discharged against the dump, washing the material down
towards the pool, the finer particles proceeding towards the center
of the pool and the coarser material staying on the outer edges.
"It was originally the intention to build the dam by a
hydraulic preocess, pumping the materials into the f£il1l direct,
but the water supply was found te be insufficient during the

summer months to permit this method of work, and the material



available at proper elevations contained too many boulders.”

Although standard hydraulic fill comnstruction was used for the lower
part of the Lower San Fernande Dam and the semi-hydraulic fill process was
used for most of the fill at the Upper Dam, the results of recent drilling,
sampling and trenching at both dams indicate no major difference in the
type or quality of finished product obtained by either of the two methods.

It is clear from the old records that the engineers of that time
felt that the use of hydraulic fill procedures for the construction of
earth dams was not only economical but would alsc lead to perfectly safe
structures- The 1916 final report (Kelly, 1916), after describing the
process in some detail states:

M...The reason for building these dams by various hydraulic

processes was that it gave the desired arrangement of the

fine clav material in the center of the dam and the sand and

gravel near the outer slopes, resulting in an impervious core

with outside drainage, and compacting of the mass by

settlement...

"The cost of handling earth with water is cheaper than
loading wagons with power shovels and transporting to the
dam, even with the necessary pumping and small volume of
water.. - .

“This method of work is a western development and when
properly built, these dams are a success. Where failures have
occurred elsewhere, it has been due to discharging the silt
into the central portions of the dam, or to undue rushing of

the work which may cause slips in the outer faces."



A photograph illustrating the construction techniques at the Lower
San Fernando Dam is presented in Fig. II~1. The semi-~hydraulic fill
process used at the Upper Dam is illustrated on Fig. 11-2; this photograph

was tgken during construction of the South Haiwee Dam by the same process.

Geology and Foundation Conditlons

The embankment of the Lower San Fernando Dam in the channel section
and the lower portions of the abutments rests on Recent alluvium consisting
of stiff clay with lenses of sand and gravel. This alluvium attains a
maximum thickness of about 35 ft beneath the dam.

Underlying the alluvium and forming the upper parts of the abutments
for the dam are shales and siltstones and sandstones. The east or left
abutment consists primarily of shales and siltstones of Upper Miccine age,
the upper 30 to 50 ft being weathered to varying degrees and containing
numerous gypsum-filled seams along joints, fractures and bedding planes.
Soluticon of this gypsum by reservoir waters throughout the years is
believed to have been responsible for excessive seepage through the left
abutment. Extensive grouting of the abutment in 1964 significantly
ameliorated this condition.

Forming the right abutment and underlying the westerly part of the
foundation alluvium is a massive friable sandstone of the Pico Formation
{(Middle Plioccene).

Exploration subsequent to the earthquake in an old borrow area on
the west abutment revealed several faults about 100 £t downstream from the
axis of the dam. These faults cut the overlying alluvium and showed
vertical offsets of 2 to 5 ft. They were not traceable laterally, but
possibly extend under the dam. There is no indication that any movement

occurred on any of these faults during the Feb. 9th earthquake.
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The embankment of the Upper Dam is founded on deposits of Recent
alluvium, consisting of stiff clays and clayey gravels about 50 to 60 ft
in thickness. Underlying the alluvium and forming the abutments of the
dam are poorly cemented conglomeritic sandstone and coarse-grained sand-

stone of the Saugus Formation (Lower Pleistocene).

Construction of the Lower San Fernando Dam

Construction of the Lower San Fernando Dam began in 1912. The founda-
tion alluvium was not stripped off prior to placing the embankment fill.
However there are reported to be three cutoff trenches through this
alluvium which extend down into the bedrock, and which were backfilled with
hydraulicked material or puddled clay. One of these trenches containing
plastic clay was encountered in one of the recent exploratory drill holes.
An adjacent drill hole some 30 ft upstream encountered only alluvium at
the same elevations between the hydraulic fill and the bedrock.

Judging by the available early photographs, the embankment was
constructed by first making a broad dike of wagon-dumped and rolled £i11
at both the upstream and downstream edges. The large central area between
the dikes was filled by hydraulicked material. Unfortunately the lateral
and vertical extent of these dry fill dikes is unknowm.

Between the years 1912 and 1915 the embankment was constructed to
about Elevation 1080 at the axis and 1090 at the upstream and downstream
edges (streambed at axis was approximately at Elevation 995) using material
hvdraulicked from the floor of the reservoir. Records indicate that the
borrow area was then shifted and hydraulic construction was continued
using ground-up shale from a borrow arez on the hillside at the left end

of the dam, until the dam was built to Elevation 1087 atr the axis. Since



i1

the hydraulic fill process requires beaches and a slope toward the axis
from both faces, it is probable that the top of the hydraulic f£ill section
at the edges could be as high as Elevation 1105. 1In 1916-17 the hydraulic
£fill section was capped by a rolled earthfill composed of shales from the
east abutment. This fill was placed to about Elevation 1118 for a narrow
width at the upstream side and 1108 across the remainder of the dam. In
1920 additional fill was placed to bring the upstream edge to Elevation
1125 (L. A. Department of Water and Power Report, 1929).

In 1924 the embankment was again raised. This time, rolled fill was
placed to about Elevation 1133 along the upstream side and 1118 on the
downstream side. The material used was a combination of heavy clay and
gravel from a hill at the right end of the dam.

In 1629-30 the dam was raised for the last time, to Elevation 1144.6.
A trench was excavated through all the previously placed rolled fill zomes
and into the hydraulic fill. All shale materials encountered were removed
and the new fill placed against what was reported to be a very plastic
material. The shale material excavated from the core trench was mixed
with gravelly material from borrow pits at the right end and upstream side
of the dam and placed in a downstream toe addition. This is called a rock
blanket in some of the reports but summary notes recorded in the Field
Report on Addition to Lower San Fernando Dam (L. A. Department of Water and
Power, 1929-30) indicated it was not rock. This addition was placed on a
3:1 slope to Elevation 1074,

In 1940 a final major modification was made with the construction of
a rolled earth downstream toe addition terminating in a 20-foot-wide berm
at Elevation 1096. This addition has a 4~1/2:1 slope except that it

steepens to 3-1/2:1 at the right end.
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Thus the dam can best be described as essentially a hydraulic f{i1l1
embankment capped by a potpourri of wagon—-dumped and rolled fills, founded
on alluvium with three cutoff trenches to bedrock, and with a 20-foot
downstream berm at Elevation 1096; it had an upstream slope of 2-1/2:1,
downstream slopes of 2-1/2:1 and 4-1/2:1, a height of 142 feet, a crest
width of 20 feet, and a length of 2080 feet. It was faced upstream with
lightly reinforced conecrete and had =a 3-foot-high concrete parapet wall at
the upstream edge of the crest. Altogether, about 3.3 million cubic
vards of embankment were used in comstruction to impound 20,500 acre-feet
of water.

Work done in 1929—30 was during the period of emergence of better
moisture control and use of better compaction equipment. Light sheepsfoot
tampers, either mounted on drums and pulled by crawler tractors or on
rims mounted on the rear wheels of Fordsen tractors, were used for
compaction. The drum-mounted feetr were reported to exert a pressure of
about 71 psi on the scil. Efforts were also made to place the soil in
controlled lifts and to add water by sprinkling. The additional fill
added in 1940 was a well-controlled and well~compacted embankment.

A cross-section through the completed dam is presented in Fig. II-3,

Two concrete outlet towers were constructed as intakes for the service
outlets from the reservoir., Tower No. 2, near the right end of the dam,
was founded at Elevation 1072 and was 74 feet high. It had three rows of
36~inch-diameter gated ports and a 36-inch-diameter gated sluice~way near
the bottom at Elevation 1078. The tower had a constant outside diameter of
20 feet with inside diameters of 13, 15, and 17 feet stepped at each third
point. The outlet from Tower No. 2 was a 6-foot inside diameter cast-in-~
place reinforced-concrete pipe running through the base of the dam with

invert near the tower at Elevation 1078.
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Tower No. 1 was constructed near Station 13+00 of the dam; it was
founded on rock at Elevation 1007, and was about 140 feet high. It had a
nearly constant outside diameter of 20 feet except that the lower 20-foot
section is slightly larger. The inside diameter was stepped from 16-1/2
to 15 to 13-1/2 to 12 feet, approximately at quarter points. The outlet
from Tower No. 1 was a reinforced-concrete conduit cast in place with an
inside diameter of 8.5 feet for about 400 feet, reducing to 8.1 feet for
asbout 400 feet. A 62-inch inside diameter steel cylinder reinforced-
concrete pipe with lead-filled joints was inserted into the downstream
half of the outlet in 1940 and the annular space filled with concrete.

This pipe in turn connected to a 54~inch riveted-steel pipe which provided
conveyance to the City distribution system.

Surveillance of the Lower Van Norman Reservoir included measuring
the movement and settlement of the dam through monuments located initially
on the parapet wall and later in the embankment at the dam crest. Observa-
tion wells were located on the upstream and downstream slopes of the dam
to measure the phreatic line within the embankment of the dam at various
locations. Drains were provided in the foundation of the dam and the
seepage collected by these drains was measured and recorded. A Wilmot
seismoscope and a Teledyne peak recording accelerograph were located on
the crest near the center of the dam, and another Wilmot seismoscope was
located at the left end of the dam on the abutment. There were three tile~
meters located at the crest, on the Elevation 1096 berm, and at the toe
of the dam. All surveillance data were reviewed periodically in reviewing
the safety of the dam.

The dam was operated for many years with the reservoir peaking at its

full design elevation of 1134.6 (some 140 ft above the old stream bed).
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However, in 1966, following various engineering studies and reviews, the

maximum operating reservoir level was reduced by 9.6 ft to elevation 1125.

Construction of the Upper San Fernando Dam

Like the Lower Dam, the Upper San Fernando Dam was also constructed
directly on the alluvial soil.

Available cross sections of the dam show a cutoff trench extending
to a depth of 4 feet inte alluvium for a width of 30 feet. This was
probably intended only to cut off rodent holes and vegetation.

The main body of the dam was constructed by the semi-hydraulic fill
rethod using a similar procedure to that described previously for the
South Haiwee Dam, the material being hauled from the borrow area to the
edges of the embankment by wagons, dumped into the pond and dispersed by
monitors working from fleoating barges as illustrated in Fig. II-2. The
semi~hydraulic £ill portion was constructed to about Elevation 1200 in 1921
by using about 500,000 cubic yards of material obtained from the valley floor.
Although it was originally planned to be constructed to Elevation 1238 in
1922, the dam was instead raised to Elevation 1218 by placing some 50,000
cubic yards of compacted dry fill on the upstream side. The dry-fill
material was obtained from side hill borrow, spread in thin layers, sprinkled
and wagon-rolled. The completed section of the dam has a 2.5:1 concrete-
paved upstream slope, a crest 20 feet wide, and a downstream slope of 2.5:1
with a 100-foot berm at Elevation 1200, Originally, the reservoir capacity
was 1977 acre-feet but the storage capacity was reduced to 1848 acre-feet
by siltation during the 1938 flood and later by the construction of the dikes
along the western side of the reservoir. These dikes provide flood-control

protection and divert the local upstream runoff and debris from the reservoir.
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A cross-section through the embankment is shown in Fig. II-4.

An outlet tower stands just upstream of the toe of the embankment at
about the midpoint of the dam. The tower is founded on alluvium at about
Elevation 1149 and rises about %0 feet te Elevation 123%9. Tt is similar
to the towers at the lower reservoir having a constant outside diameter of
20 feet and stepped internal diameters estimated to be 16, 14, 12, and
10 feet. The tower connects to an 8~foot-diameter concrete cast-in-place
outlet conduit. This conduit has a 62-inch inside diameter concrete lined
and ceoated steel cylinder pipe with lead-filled joints inserted through it
with the annular space between the two filled with concrete for the up-
stream 160 feet.

In 1968 a second outlet was constructed by concrete encasement of a
99~inch welded-steel pipe through the right abutment at an inlet elevation
of 1185. 1In addition to these outlets it has been standard procedure to
operate the reservoir to spill water into the lower reserveoir through the
overflow spillway at the left end of the dam.

Movement and settlement data were obtained from the parapet wall and
from monuments embedded in the embankment at the center of the dam crest.
Observation wells on the downstream slope and berm indicated the condition
of the phreatic line within the embankment. Drains constructed at the
abutment contacts and tce of the dam provided data on seepage losses. In
addition, a basin drain was constructed in 1965 to remove any water that
accumulated under the dumped backfill in the area below the dam.
Surveillance measurements on all instrumentation were made at regular

intervals.
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Seismic Stability Investigations Prior to the Earthquake

In a general review of the seismic stability of earth dams through-
out California, conducted in 1966, the earthquake resistance of the Lower
San Fernando Dam was investigated by means of a conventionmal analysis
procedure using a seismic coefficient of 0.15, This value was recommended
by a consulting board appointed by the Los Angeles Department of Water and
Power, based on the known and expected seismicity of the regiomn.

The strengths of the soils comprising the embankment were determined
by means of drained direct shear and triaxial compression tests on undis-
turbed samples. The rate of loading in these tests may have been too fast
for full drainage to occur, but the data were interpreted conservatively
to provide strength parameters for amalysis purposes.

Stability computations were made using the conventional method of
slices for the combined effects of (1) an earthquake represented by a
seismic coefficient of 0.15 and (2) a partial drawdown of the reserveir
level from El. 1125 to El. 1100. These computations showed a minimum factor
of safety of 1.01.

Based on the results of these studies, it was concluded that since the
method of analysis was based on conservative strength values and force
applications in keeping with conventional practice, the dam was safe against
any anticipated ground metion if the water level was not allowed to exceed
El. 1125. The reservoir was operated with this restriction during the
following years, as illustrated by the water levels in the reservoir for

1970~71, shown in Fig. II~-5.
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Part III - Effects of the Earthquake on the Dams

Earthguake

Since detailed information on the seismological, geological,
engineering and political aspects of the San Fernando earthquake are
readily available elsewhere, only those aspects of the earthquake which
pertain to the performance of the San Fernando Dams are reviewed briefly
in the following pages.

An aerial photograph showing the relative location of the dams to
the epicenter and the surface fault scarps produced by the earthquake is
shown on Fig. IT1I-1. The dams are located approximately 8~1/2 miles
the observed surface fault breaks.

The earthquake occurred at 6:00 AM local time and has been assigned
a Richter Magnitude of 6.6. The focal depth was about 8 miles. The
earthquake was accompanied by thrust faulting in which the north block
moved relatively up and over the south block at an angle of about 45 degrees
leaving the surface scarp shown on Fig, III-1. 1In some areas near the
eastern end of this scarp the relative upward movement amcunted Lo more
than 4 feet. The magnitude of these movements diminished and the visible
surface breaks became discontinuous toward the western end of the scarp.
However as indicated on Fig. II1I1-1, features resembling a fault break
were traced to the eastern edge of the Lower Van Norman reservoir. Some
small fresh cracks parallel to steeply dipping bedding planes which lined
up with the other observed surface fault scarps were faintly observed on

a small island in the lower reservoir.
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The strong motion shaking produced by this earthquake was recorded
at a pnumber of locations within the area of high intensity shaking. One
of the most interesting records was that obtained at a statiom some 55 ft
above the left abutment of the 365 ft high Pacoima Dam, located about
5 miles south of the epicenter. The two horizontal components of ground
motion at this station showed maximum accelerations of about 1.25g and
the vertical compenent a maximum acceleration of 0.72g. However it has
been suggested by some investigators that the high acceleration peaks in
this record may have been due to the peculiar topographic conditions of
the recording station and that substantially smaller accelerations would
have been recorded near the base of the dam. An argument in favor of
this is the lack of damage to the caretaker's house located in the valley
a few hundred feet from the dam, {the house did not even lose its chimney
during the earthquake). However even allowing for the amplifying effects
of the local topography, it seems likely that the maximum acceleration in
the vicinity of the Pacoima Dam was about 0.75g.

A second set of instrumental records of special interest in the
study of the San Fernando Dams were those obtained on two selsmoscopes,
one located on the east abutment of the Lower Dam and one on the crest of
the Lower Dam. The location of these instruments relative to the dam
immediately after the earthquake is shown on Fig. III-2. The instrument
located on the crest of the dam was carried into the reservoir by the
slide, and became submerged below the surface of the reservoir water.
Fortunately, it was not damaged, and after the water had subsided, the
instrument was recovered.

Photographs of the traces made by the seismoscopes on the abutment

and crest of the Lower Dam are shown on Fig. 1II~-3. It may be seen that
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the motion at the rock abutment of the dam appears to have no preferred
direction whereas the motion at the crest appears to be strongest in the
transverse direction. However detailed study shows that the seismoscope
on the crest recorded a duration of motion somewhat comparable to that
recorded on the abutment, thus indicating that the slide probably did not
occur until near or just after the end of the stronger earthquake motions,

Morrill (1972) has computed the maximum spectral displacement for
these two records, as well as for the other seismoscope records obtained
during the San Fernando earthquake. He also lists the instrument char-
acteristics, includ%ng the natural period. Duke et al (1972) have com—
puted the spectral acceleration of these seismoscope records and
assigned the following values to the two records from the lower dam:

Abutment =0, 48g
Crest =0.55g

They further found that for all sites where there were both seismo-
scopes and accelerometers, that with some scatter the maximum spectral
acceleration obtained from the seismoscope record was about the same as
the peak acceleration recorded on astrong motion accelerometer. Thus this
data would indicate that the maximum acceleration in the rock foundation
at the damsite was about 0.5g and that there was no significant amplifi-
cation between the foundation and the crest of the dam.

A detailed study and an ingenious interpretation of the trace of
the seismoscope record from the east abutment has been made by Scott
(1972), who observed that some of the small regular waves on the trace were
a peculiarity of the instrument and not of the earthquake. These waves
provided a time scale to the record, from which it was possible to convert

the trace on the seismoscope into a time history of acceleration.
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Some uncertainties developed where the instrument reached its maximum
travel and bounced against its support, and where, in several instances,
the pen went off scale. The computed accelerogram determined by Scott
contained one peak up to about 0,8g, but because of the uncertainties
involved, Scott suggested that the peaks should probably be no greater
than 0.55g to G.6g-

Unfortunately, the seismoscope record from the crest of the Lower
Dam has not yet been coanverted into an accelerogram.

A plot of the maximum accelerations recorded at rock sites at
different distances from the epicentral region in the San Fermando earth-
quake is shown in Fig. III-4, 1In the light of these results a maximum
acceleration of the order of 0.55 to 0.6g in the wicinity of the dams seems

entirely reasonable.

Earthquake Effects on the Upper Dam

An aerial view of the Upper Dam taken some 12 days after the earth-
quake is shown on Fig. III-5. Severe longitudinal cracks are clearly
evident running almost the full length of the dam on the upstream slope.
At the time of the earthquake the water level in the reservoir was above

these cracks so that they were only visible after the reservoir level had
been drawn down. These cracks resulted from a general downstream movement
and settlement of the top portion of the dam with respect to the foundation.
Subsequent surveys showed that at the center linre, the crest moved down-
stream about five feet and settled vertically about three feet (see

Fig. 1I-4).

A close~up view from the ground along the crest of the dam showing
the bowing of the parapet wall resulting from the downstream movements is

shown on Fig. II1I-6 and a close-up view of the upstream cracks is
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FIG. 1HI-5 VIEW OF UPPER SAN FERNANDO DAM AFTER EARTHQUAKE.
{Photograph by Department of Water Resources, Feb. 21,1971}
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EFIG. II1-6 DEFORMATION OF PARAPET WALL RESULTING
FROM DOWNSTREAM MOVEMENT OF EMBANKMENT

FIG. It1-7 SLIDE SCARPS ON UPSTREAM FACE OF EMBANKMENT
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presented in Fig., III-7. These cracks appear to be multiple shear scarps
at the outer edge of the fill.

At the downstream toe of the dam a two feet high pressure ridge
developed and a three feet diameter concrete manhole near the east abut-
ment was tilted and sheared noticeably in the downstream direction. Also
a concrete post near the center line and at the toe was also tilted down-
stream due to the s0il ploughing around it. These movements clearly show
that the entire upper part of the dam participated in the movement down-
stream.

Shortly after the earthquake the interior of the cutlet conduit was
surveyed to determine the extent of damage. The results of this survey
are shown on the cross section through the dam in Fig. II-4. 1In the
central and upstream portion, there were several 1/2 to 3/4 inch cracks
indicating extension movement in this zone. Near the toe of the dam
there were compression failures in the conduit. The nature and directien
of the movements at the conduit as indicated by these observations were
generally the same as those observed from the surface. However, the
magnitude of the cumulative movements at the conduit level was considerably
less than the cbserved 3 ft. movement at the crest, indicating that the
major movements either occurred within the fill above the conduit, or the
£i1l slipped along the outside edge of the conduit. The first possibility
is considered to be the most probable.

Other surface features indicating the nature of damage within the
dam included a large sinkhole above the downstream portion of the outlet
conduit. This extended to the surface, and is shown on Fig. III-8. The
location is indicated on Fig. II-4, almost directly above an open crack

in the conduit. It was apparently formed by seepage and erosion through

the cracks in the condult during or immediately following the earthguake.
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A lzrge vertical longitudinal crack shown in Fig. III-9 developed
midway down the downstream slope of the upper rolled fill section of the
dam, The location of this crack is also shown on Fig. I1-4.

In the area below the downstream toe of the dam several sandboils
were formed, one of which is shown in Fig. III-10. The soil in this area
consisted of about 8 ft of loose silty sandy fill overlying alluvium.

The origin, date and method of placing this fill is unknown.

In addition to the transverse movements described above, there was
also some relative longitudinal movement of the embankment. A transverse
compression crack in the paved roadway across the crest of the dam near
the west abutment and damage to the concrete spillway wall at the east
abutment indicated either some lateral spreading of the dam or some
relative movements of one or beoth abutments in toward the center of
the valley. The total amount of relative longitudinal movement appeared
to be less than 2 ft, and it was therefore considerably less significant
than the downstream movements.

Of special interest in studying the causes of the movements described
above were the observations of water level in two piezometers which had
been installed in the dam for surveillance purposes prior to the earth-
guake. The locations of these piezometers in the cross-section and the
water level changes following the earthquake are shown in Fig. III-1l1.
The effect of the shaking was to cause an immediate increase in pore
water pressu?e in the embankment, which slowly dissipated with time
following the earthquake. As may be seen from the figure the recorded
changes in pore pressure ranged from 8.5 to 17 f{t of water. However the
increases for piezometers 1 and 2 near the center of the embankment were

80 large that water spilled over the tops of the well casings and the

maximum values could not therefore be measured. Furthermore since the



FIG. 11i-8 SINK HOLE WHICH DEVELOPED ABOVE THE OUTLET
CONDUIT ON THE DOWNSTREAM SLOPE OF THE UPPER DAM.

FIG. 111—-9 LONGITUDINAL CRACK WHICH DEVELOPED ALONG THE
DOWNSTREAM SLOPE OF THE UPPER ROLLED FiLL
SECTION, UPPER SAN FERNANDO DAM.
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first observations on these plezometers were made about 24 hours after
the earthquake occurred, the actual increase in pore water pressure in
piezometer 3 is likely to be substantially higher than that shown.

The field observations at the Upper Dam suggest that the movements
were due to increases in pore water pressure and a corresponding weakening
of the soil within a large portion of the dam. Near the top cof the
upstream face these movements appeared to be concentrated in 2 or 3 well~-
defined slip surfaces. However the relatively small amount of movement in
the outlet conduit, plus the vertical longitudinal crack on the downstream
slope suggest that the zone of movements within the dam extended vertically
over a large portion of the embankment, and was not limited to a well
defined slip surface at depth. The observed changes in piezometric levels
together with the sandboils in the fill at the downstream toe of the dam
and the sinkhole which developed in erodible soil within the embankment
suggest that the movements could also have been associated with lique-
faction of some zones within the dam. This possibility was further
enhanced by a knowledge of the construction method which would have
created a relatively loose embankment (Whitman, 1970) and the knowledge
that this type of material would be particularly susceptible to loss of
strength under seismic loading (Lee and Fitton, 1969; Seed and ldriss,

1671).

Earthquake Effects on the Lower Dam

An aerial photograph of the Lower Dam taken very soon after the
earthquake and showing the slide scarp extending only a few feet above
the water is shown in Fig. I1I-12. Also shown in the photograph are

portions of the residential areas immediately downstream of the dam.
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The earthquake occurred at 6:00 AM in the morning, just before day-
light. The cavetaker of the dam immediately walked to the crest from
his home near the toe of the dam, arriving there within aspproximately
5 minutes. He found the reservoir to be perfectly guiet with no waves or
sloshing action. Subsequent inspection around the shoreline gave no
indication that there had been any abnormal waves or seiches resulting
from the earthquake or the subsurface landslide.

A closer view of the dam taken the day of the earthquake is shown on
Fig. III-13. At the lowest point on the embankment the water level in the
reservoir was only about 5 ft below the sharp crest of the remaining near-
vertical scarp. Nuﬁerous large longitudinal cracks had developed behind
the scarp at lower elevations offering a potential for still further
siiding that could reduce or eliminate the meager precarious freeboard
which remained. Some of these cracks are shown in Fig. III-14.

Sandbags were immediately rushed to the site and used to build up
and reinforce the lowest area. Also as a precautionary measure all of
the 80,000 persons living within a 2 mile by 12 mile rectangular area
below the dam were immediately evacuated and kept out of the area for a
period of four days while the water level in the reservoir was lowered to
a safe elevation.

Since mid-1966 the lower San Fernando Reservoir had been operated
with the maximum water level restricted to Elevation 1125, about 10 ft
below the spillway crest. At the time of the earthquake, the water surface
elevation was at about Elevation 1109, some 25 ft below the spillway and
about 325 ft below the crest of the dam., The reserveir was storing about
11,000 acre ft of water compared to its maximum design capacity of 20,500
acre ft. Water was flowing into the reservoir at about 474 cfs, and was

flowing out through the two outlet towers at about 390 cis.
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As soon as possible following the quake, all the inflow to the
reservoir was turned off and the outflow was increased to the maximum
possible rate. A view of the dam taken three days after the earthquake
is shown on Fig. III-15. The outlet tower near the west abutment remained
standing and was not damaged during the earthquake although the walkway
leading from the crest of the dam to the tower was broken during the slide.
However, the outlet tower located near the center of the dam had broken
of f during the earthquake and was not visible above the reservoir water
level, The position of this tower prior to the earthquake is indicated in
Fig. ITI-15. It was later determined that this tower was broken off
about 20 ft above the base and had fallen over with the top in an upstream
orientation. The broken section of the tower was covered by the slide
material thereby restricting the flow through this outlet to approxi-
mately 100 cfs. However, within a short period of time the entrance to
the tower had cleared sufficiently by erosion that the outlet was quite
effective in removing water from the reservoir,

In addition to removal of water through the two outlet towers some
water was also drawn off through three 12 inch blow off valves reaching
into the unpaved channel downstream from the dam. The U. S. Army Corps
of Engineers also provided additional capacity by installing pumps to
the shoreline with a total capacity of about 70 cfs. During the period
when all available ocutlets were being used the maximum outflow from the
Lower Van Norman Reservoir was about 700 cfs. Most of this water was
taken into the city's water supply system and other storage reservoirs.

During the first few days following the earthquake the water level
in the reservoir dropped at an average rate of about 4 ft per day. After

about four days the water level had been lowered sufficiently to eliminate



{eui|ino pajop Byi \3
patodipul st axonbyiine ayy of Joiuid | foN Jamo 13[4nQ jo uoiooo| sipwixolddn ay})

INVADHLEVI JHL ¥3LdY SAVA JIYHL WVA OANVN¥IZ NVS ¥IMOT SL-iil 914




26

the danger of a breech occuring in the remaining portion of the dam and
the 80,000 residents living downstream were permitted to return to their
hones -

Piezometers located in the downstream portion of the embankment
which was not destroyed by the movements were read and other surveillance
data were taken as quickly as possible following the earthguake. It was
noted that seepage had increased for a short period and several seepage
flows became turbid at first but then cleared within 36 hours after the
earthquake. The water levels in the piezometers showed an initial rise
but then later returned to normal and slowly decreased as the water level
in the reservoir was lowered. The locations of two piezometers and the
observed changes in water level in them during and following the earthquake
are shown in Fig. I1I-16. It may be seen that the recorded water pressure
increases for well 37 in the foundation soil near the downstream toe of
the embankment and for well 64-J with a tip located near the downstream
toe of the original embankment were approximately 5 and 3 ft respectively.
The actual increases in water pressure even in these locations are likely
to have exceeded these values since no readings were taken until about
6 hours after the shaking had stopped. Pore water pressure changes in the
upstream shell of the embankment are likely to have been much greater.

As the reservoir drained the full extent of damage to the dam became
increasingly apparent. A photograph of the dam taken some 13 days following
the earthquake is shown on Fig, III-17. By this time the water level had
been lowered some 31 ft. Much of the slide debris was then visible. The
original upstream sloping face of the dam was paved with concrete and
sloped at 2-1/2 horizontal to 1 vertical. As shown on Fig. III-17, this

upstream slope had moved out horizontally intc the reservoir, dropped
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considerably in elevation, and was lying almost horizontally. The eastern
outlet control tower was still not visible at that time. A close-up view
of the damage near the west abutment is shown on Fig. II1-18; the undamaged
western outlet tower may be seen in the background. The surface of the
slide debris consists of a series of scarps indicating relative movements
along many surfaces in the embankment.

Finally after the water in the reservoir had been almost completely
drawn down, the broken central tower became visible as shown on Fig.
111~-19. The tower had apparently tilted several degrees in the upstream
direction about the foundation before it finally failed about 20 ft above
the base.

An interesting curiosity was observed near the central tower after
the water level had been almost completely drawn down. As with the
western tower shown on Fig. II1iI~18, a walkway had been constructed to
connect the crest of the dam with the top of the tower. This walkway was
supported at about mid-gspan by a column bent founded om the upstream slope
of the dam. The photograph on Fig. I11I-18 shows the condition of thkis
western walkway and its mid-span support following the earthquake. At
the center tower the sliding was more severe. The tower collapsed and
the walkway collapsed also.

A sketch showing the arrangement of the central walkway with respect
to the dam and the tower before the earthquake is shown in the upper
portion of Fig. III-20. The center support bent was founded on piles
composed of railroad rails driven into the hydraulic fill of the upstream
slope. A sketch showing the relative position of this pile-supported
bent following the earthquake is shown in the lower part of

Fig, I1I-20. The entire bent had moved out horizontally into the reservoir



FIG. 1l - 18 SLIDE DAMAGE NEAR WEST ABUTMENT -
LOWER SAN FERNANDO DAM

FIG. 11-19 CENTRAL OUTLET TOWER - LOWER SAN FERNANDO DAM
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about 70 ft from its original position and dropped about 6 ft in elevation.
A large quantity of material had apparently moved arcund the piles with-
out causing any significant disturbance to them.

A photograph of this pile supported footing after the water level
had been drawn down is shown on Fig. III-21. The pile cap was left
standing some 30 ft above the surface of the slide debris into which the
vertically-standing piles remained embedded only a few feet. It is clear
that the major movements in the slide were located below the tips of these
piles otherwise they must have been severely distorted during the slide.
Whether some of the material surrounding the piles liquefied during the
earthquake or was eroded as the water flowed down through the breken
outlet tower following the earthquake will probably never be known. In
either case the behavior of this pile supported foundation demonstrates
the non-rotational form of the slide movement and indicates an upper limit
of the position of the slide zone within the upstream part of the embank-
ment.

Another close-~up view of the slide debris from about the middle of
the dam facing east, after the water level had been almost completely
drawn down is shown on Fig. III-22. The surface characteristics of the
slide show & series of steps indicating multiple shear zomes within the
fi1l. Although the overall movement was towards the left of the photograph
many individual slide scarps slope down toward the right and, like the pile
foundations shown on Fig. III-21, indicate that large blocks of material
moved more or less intact a considerable distance out into the reservoir
area. Thus the final topography of the glide debris had the same general
form of blocks, grabens and wedges that characterized landslides during
the 1964 Alaska earthquake, and which were shown to be a result of deep

seated liquefaction (Seed and Wilson, 1967).
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Finally after the water had been completely removed from the reservoir
it was possible to inspect other portions of the slide near the toe of the
debris. Sand boilg such as those shown on Fig. I11I-23 were found in some
of the depressions or grabens in the lower portions of the slide. A view
of the extreme toe of the slide is shown on Fig. III-24. The lighter
colored material on which the twe men are standing is the toe of the main
embankment soil. It is a fine silty sand which appears to have flowed out
over the darker colored silts which had collected in the bottom of the
reservoir during the sixty years of operation. The toe of the slide did
not take the form of a pressure ridge which is typical of the more
conventional type of landslide.

The field observations of the performance of the Lower Dam during
the earthquake suggested that the slide was due to liquefaction of soil
within the hydraulic f£ill portion of the embankment. Evidence of this
was provided by:

(1} The seismoscope record from the crest of the dam indicated that
the slide developed after the earthquake had continued for some
time and not during one of the early seismic peaks.

(2) The topography of the landslide debris observed after the
water level had been drawn down was typical of the topography
of the Turnagain Heights landslide during the 1964 Alaska
earthquake, and of other landslides which are believed to have
developed as a result of liquefaction well below the surface
during earthquakes. These peculiar topographic features
include grabens, multiple shear surfaces many of which slope
backwards into the debris, and blocks of material which moved

more or less intact during the landslide.



FIG. Il - 21 PILE-SUPPORTED FOOTING FOR BRIDGE TO
CENTRAL OUTLET TOWER - LOWER

FIG. Il — 22 SLIDE DEBRIS — LOWER SAN FERNANDO DAM



FIG. 1l1-23 SAND BOILS IN THE DEPRESSION SCARPS NEAR THE TOE
OF THE SLIDE DEBRIS, LOWER SAN FERNANDO DAM.

FIG. ll-24 TOE OF THE SLIDE DEBRIS, LOWER SAN FERNANDO DAM.
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(3) Large increases in water pressure in the observation wells
within the embankment which later decreased with time.

{(4) The presence of sand boils which developed in the graben
area near the toe of the slide where the overburden was
shallow.

(5) The nature of the toe of the slide which indicated that the
material had simply flowed out over the existing reservoir
sediments suggested that much of the material within the dam
had been reduced to a fluid consistency.

It was surmised from these observations that probably a major zone

of soil within the dam liquefied under the effect of the seismic loading
during the later stages of the earthquake. This zone of liquefied soil

was contained by an outer zone of stronger material which did not liquefy.
With the strength of the internal material reduced to that of a viscous
fluid mass the upper rolled £ill and the outer shell began to move outwards
and downwards. As the movements developed the stronger zones broke into
smaller blocks, and near the toe where the overburden was sufficiently

low, dykes of the liquefied sand found their way to the surface through
cracks in the stronger material where they depcsited themselves in the form
of sand volcanos. The higher water pressures within the liquefied zone

later began to subside as the soil reconsolidated under the new conditions.
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Part IV - Field and Laboratory Investigations -

Upper San Fernandec Dam

Introduction

A program of field and laboratory investigations of the characteris~
tics of the soils comprising the embankments of the Upper and Lower
San Fernando Dams was initiated almost immediately after the earthquake.
The scope and the timing of these investigations were governed to some
extent by the physical conditions at the dams. For example, at the
Upper Dam it was impractical te lower substantially the water in the
reservoir or to operate a drilling rig from a barge floating within the
reservoir; accordingly, the investigation was limited to the portion of
the dam downstream from the shoreline on the upstream sicpe. At the
Lower Dam the field investigation was delayed until the water level in
the reservoir had subsided and the slide debris on the upstream slope

had dried out sufficiently to permit access by the drilling equipment.

Field Investigations

The field investigations at the Upper Dam consisted of a series of
trenches, borings, and seismic surveys. Four trenches were excavated
across the top of the downstream berm and three of these trenches extended
dovn the downstream slope to the toe of the dam. A total of 17 drill
holes were made along three sections of the dam extending from the upstream
shoreline to the downstream toe. Each of these drill holes extended
through the hvdraulic fill and alluvium into the bedrock foundatiom.
Seismic surveys were conducted between selected adjacent drill holes
and at selected locations below the dam to determine the seismic wave

velocities within the £ill, the alluvium and the bedrock materials.
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Trenches

A plan view of the Upper Dam is presented in Fig. IV-1 which shows
the locations of three of the four trenches and the drill holes. These
trenches and drill holes are located along three transverse sections, A,
B, and C shown on Figs. IV-2, IV-3 and IV-4 respectively.

A fourth trench somewhat shorter than the other three was excavated
several months later between sections B and C for the purpose of obtaining
some special samples and checking the characteristics of the fili. A
photograph showing the eastern wall of this fourth trench is shown in
Fig. IV-5, This view was taken from the shoulder of the berm looking in
an upstream direction toward the man standing approximately at the toe of
the slope leading up to the crest of the dam.

The walls of this trench were typical of the walls of the other
three trenches previously excavated. The hydraulic fill exposed in the
walls of the trench consisted of alternating layers of fairly clean sands
and silty to clayey sands with occasional layers of clay. The layering
was most pronounced near the outer parts of the embankment where the soil
appeared to be generally coarser than that near the central portion of the
dam, where the layering became almost indistinct and the soil was a fairly
homogeneous fine sandy silt with occasional areas of more clayey material,

A number of field density tests were taken in the bottom of these
trenches and additional soil from around the field density holes was taken
into the laboratory for further testing. The results of these and other
tests will be described in a later section of this report. However the
grain size distributions from this series of samples taken at various
locations along the base of one of the trenches provide a good indication

of the progressive change in soil characteristics. These data are shown
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on Fig. IV-6 for the trench at section A. The locations of the field
density samples are shown in the upper portion of the figure and the grain
size distribution curves for the samples are shown in the lower portiocm

of the figure. It may be seen that sample No. 1 near the downstream
shoulder of the berm is a coarse gravelly sand. Proceeding in an upstream
direction towards the center of the dam the samples become progressively
finer until samples Nos. 4 and 5 near the central part of the embankment

are predominantly silt and clay.

Drill Holes

Cross sections through the Upper Dam at Sections A, B, and C are
shown on Fig. IV-2, IV-3, and IV-4 respectively. The locations of each
of the 16 driil holes are shown on these three sections, along with an
abbreviated drill log.

Each of the drill holes was 6 inches in diameter and made with drill-
ing mud without the use of any casing. Sampling was almost continuous
and consisted of a standard penetration test on a split spoon sampler
followed by a 3 inch diameter thin wall Shelby tube sample every 5 ft.

An experienced geologist was with each drill rig at all times. He opened
every split spoon standard penetration sample in the field and examined
the ends of every Shelby tube sample as it was extracted from the ground.
The abbreviated drill logs shown on the cross sections were obtained
primarly from these field soil classifications.

In addition to the abbreviated soil classifications, the results of
standard penetratien tests are also shown on the cross sections., It may
be seen that the penetration resistance (N-values) were very low in the
silt and clay core of the central portion cf the hydraulic fill, whereas

the blow counts in the outer sands and gravels of the shell were somewhat
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higher. In most of the holes there was a significant increase in pene-
trative resistance in the alluvium as compared to the hydraulic £ill.
Subsequent examination of the Shelby tube samples taken within the alluvium
indicated a very heterogeneous soil ranging from layers or pockets of
clay to layers or pockets of sands and gravels. This heterogeneity in
the alluvium is reflected by the rather erratic variations in blow counts
in most of the drill holes through the alluvium as compared to the more
consistent values within the hydraulic fill.

Onn the basis of the information obtained from the drilling and
sampling, the boundaries between the four major zones on each section
{bedrock, alluvium, hydraulic fill, and the small cap of rolled £ill at

the crest of the dam) were established as shown in the sections.

Seismic Surveys

in order to determine the dynamic shear modull of the soils in the
Upper San Fernando Dam, field seismic surveys were made to determine the
velocities of compression and shear wave propagation in the embankment
and foundation soils. These investigations were made by cross-hole
measurements at various elevations. Measured values of shear wave
velocity, Vs for the hydraulic £ill and base rock formation are presented

in the following table:

Formation Depth - ft Ve T fps

Hydraulic Fill 40 =600

Rock 100 =3300
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Shear moduli can readily be determined from the shear wave velocities

using the relationship

where G = shear modulus

g acceleration of gravity

it

v = unit weight of formation

For analysis purposes, the shear modulus of granular soils may be expressed
by the relationship

_ o1/
G = 1000 K2 (Gm)

psf

where Kz is a soil constant which depends on the strain amplitude of the
shear deformations and G; iz the mean effective pressure acting on the
soil {Seed and Idriss, 1970).

For the measured values of shear wave velocity shown above, the
corresponding value of K2 for the hydraulic fill at the small strain
levels of the wave propagation tests is about 30. In the alluvium the
velocities of wave propagation were considerably more wvariable. 1In the
deeper alluvium values of shear wave velocity ranged from about 1480 to
1850 fps but in one traverse, the compression wave velocity was only about
1200 fps, indicating a shear wave velocity of only about 400 fps. Since
the borings indicated a marked stiffening of the alluvium with depth it
was considered that the higher velocities would be applicable to the
lower zone of alluvium but that substantially lower values would be more

appropriate for the upper alluvium. On this basis wvalues of K2 for the

alluvium were estimated to be as follows:

Upper foundation alluvium K2 = 40

Lower foundation alluviunm K2 = 110
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Laboratory Investigations

The laboratory testing of the samples obtained during the field
investigations was divided among three cooperating laboratories: The
Department of Water Resources Laboratory at Sacramento {(DWR), The City
of Los Angeles Depertment of Water and Power Laboratory (DWP), and The
Soil Mechanics Laboratory, at the University of California, Los Angeles
(UCLA). Most of the static strength testing and some of the compaction
tests were done at the DWR lab in Sacramento. The field density samples
and corresponding compaction and grain size tests were processed at the
DWP lab in Los Angeles. Most of the cyeclic load tests were performed
at UCLA.

On inspection of the soil exposed in the test trenches and after
examining several of the Shelby tube samples, it appeared that the
hydraulie fill soil could be divided into three major categories: coarse
sand, fine sand or silty sand, and clay. Since previous studies have
shown that clay soils are not susceptible to liquefaction under cyclic
loading, samples of clay were not extensively tested and the test programs
were conducted primarily on the fine and coarse sands. Since it was felt
that the fine sand, and the coarse sand materials might have significantly
different strength properties, samples of these two materials were tested
separately. Also because the field investigation had indicated that the
alluvium was considerably denser and therefore stronger than the hydraulic
fill, the test programs for the alluvium were less extensive than those

for the hydraulic £ill materials.

Grain Size Distribution

The range of grain size curves for the coarse sand and for the fine

sand of the hydraulic fill in the Upper Dam are shown on Fig. IV-7.
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Ranges of the grain size curves for the coarse and fine alluvium are
shown on Fig. IV-8. Comparison of these data indicate that the alluvium
is somewhat coarser than the hydraulic fill in both the coarse sand and
the fine sand classifications. Also, the alluvium tends to be a little

better graded than the hydraulic fill,

tield Density and Relative Density Data

Field density and relative density data were obtained from three
sources: densities of the undisturbed Shelby tube samples, field density
tests made in the bottom of the inspection trenches along the downstream
berm, and correlations with standard penetration test results obtained
during the drilling'operations.

The undisturbed samples were obtained by cutting the Shelby tubes
into 7 inch lengths and extruding an undisturbed sample of soil. Each of
these samples was weighed and measured to determine the dry demsity. 1In
addition grain size determinations were made on a large number of these
individual test specimens.

A summary of all the field density data from the hydraulic £ill and
alluvium at the Upper Dam is presented on Fig. IV-9 in the form of
frequency distribution diagrams. Data are presented for alluvium, coarse
hydraulic fill and fine hydraulic fill. These data also indicate that
the alluvium was somewhat denser than the hydraulic f£ill.

As previously noted there was a fairly wide range of grain sizes
present ranging from very fine silty sands up to coarse sands and gravel,
Because soils of different grain size characteristics would have different
absolute and relative densities, the compilation summary in Fig. IV-9
presents a somewhat oversimplified view of the denmsity distribution within

the dam and the foundation soil. This is illustrated by the field density
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data taken from the bottom of the inspection trenches and presented on
Fig. IV-1G. The measured field densities shown by solid dots are plotted
against the mean pgrain size of the soil in the test specimen. With some
scatter there is a fairly well defined trend of decreasing field density
with decreasing grain size.

In addition to the field densitv tests, sufficient soil was brought
to the laboratory to perform compaction and minimum density tests on
each of the samples. The compaction test was performed using the modified
AASHO  (1961) procedure.* The minimum density test was performed by an ASTM
procedure which consisted of pouring the oven dry soil through a funnel
into a mold. The minimum and maximum density values obtained by these
procedures are also shown on Fig., IV-10, where they wmay readily be compared
with the field densityv of the same sample.

As with the field densities there is some scatter in the limiting
density data but there is a general trend of decreasing density with
decreasing grain size. Visual comparison of the field density with the
two limiting densities of any particular sample indicates a substantial
range in relative demsity data. While this may be a true situation it
should alse be noted that a small error in any one of the three demsities
determined for any sample could lead te a rather large apparent error in
the corresponding relative density. Accordingly, it was felt to be more
appropriate to approach the question of relative density of the soil
within the dam and its foundation on the basis of average general trends
rather than on an individual test by test basis, This approach is

discussed more fully in the following paragraphs.

*1/30 cu ft mold, 10 1bh hammer, 18 inch drop, 5 layers, 25 blows per layer.
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All of the field density data for the hydraulic fill are plotted
on Fig. IV-11l. The data obtained from undisturbed Shelby tube samples
are shown by solid points whereas data obtained from the field density
sand cone tests in the bottom of the trenches are shown by open points.
There appears to be no major difference in the data obtained by either
of these two methods. In spite of some scatter there appears to be a
fairly well defined trend of decreasing field density with decreasing
grain size. The best fit line drawn through this data on Fig. IV-11 was
used in subsequent calculations of the average relative density of the
soil in the hydraulic fill zone of the dam.

Definition of relative density reguires not only a determination
of the field density but determination of both the maximum and minimum
limiting densities as well. Ideally these limiting densities are readily
determined by standard test methods. However, from a practical point of
view there are often many problems and many inconsistencies in such
determinations.

Most of the scils encountered in the dam, and in the foundation were
fine to coarse silty sands and it was not immediately clear which of the
many possible test methods would be most appropriate for determining the
maximuem and minimum densities. As a result several different test methods
were used.

Maximum Density Tests

Maximum density values were performed using three procedures: impact
compaction by the modified AASHO (1961) test procedure, vibratory compaction of
very wet soil, and vibratory compaction of oven dry soil. Except for the
field density samples taken from the trenches, there was not sufficient

soil from any single Shelby tube test specimen to perform a complete
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maximum densityv test by any one of the three procedures. Therefore as a
compromise, composite samples were formed from several of the test
specimens to make enough soil to perform a maximum density test. The
results of these three types of maximum density tests on seven different
composite samples of hydraulic fill are presented on Fig. IV-12,

Since similar studies were made for soil from the Lower San Fernando

Dam and because the soils from both dams were very similar and showed the
same general trends, the data are plotted together in Fig. IV-1Z2. 1In
addition, because compaction tests were performed at three different
laboratories, it was decided to perform some check tests by having each
laboratory compact the same sample of soil to see if comparable results
would be obtained. These correlation data are also presented on

Fig. IV-12.

Examination of the maximum density data for the seven composite

samples, leads to the following conclusions.

1. TFor the modified AASHC {1961) test there was falr to good agreement
between the data obtained from the three different participating
laboratories.

2. There was a fairly large difference in maximum density of any
sample obtained by vibration of a wet sample as compared to
vibration of a dry sample. For the fine samples the highest
densities were obtained by vibrating the dry soil whereas for
the ceoarse samples the highest density was obtained by wvibrating
the soil in a wet condition.

3. The maximum vibrated density appeared to be about 5 teo 6 1b/ft?
greater than the maximum density obtained by the modified AASHO

{1961) test procedure.
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A similar series of compaction tests were performed on two samples
0of ailuvium. These data will be presented later, but they showed the
same general trends as discussed above for the hydraulic fill samples.
It may also be noted that similar results have been reported by Felt (1959).
It is important to note that the compaction test data presented on
Fig. IV-12 were all obtained from composite samples: that is, samples
made up of a mixture of soil from several different specimens. Because
of this it seems probable that the values of maximum density shown on
Fig. IV-12 may be somewhat greater than values of maximum density obtained
from individual samples compacted by the same procedures. This trend may
be demonstrated by comparing the compaction test maximum density at any
value of mean grain size for the composite samples on Fig. IV-12 with the
corresponding maximum densities obtained on individﬁal samples shown on
Fig. IV-=10. For this reason the maximum density line shown in Fig. IV-12
was not used as a measure of the maximum density of the soil in the field.
Instead the maximum density of the soil in the field was taken as about 5
to 6 1b/ft? greater than the values of maximum density obtained by modified
AASHO (1961) compaction tests on individual field samples. These data are shown
on Fig. IV-13 for samples of hydraulic f£fill. Each of the data points
represents the maximum density obtained in a modified AASHO (191 compaction
test on an individual sample tsken from the field. A best fit line was
drawn through these somewhat scattered data and then a dashed line drawn
at 5 to 6 1b/ft? higher to indicate the estimated maximum densities of
the different soils.
Because a number of agencies still use the standard AASHO* compaction

procedure for regulating the compaction of soil in the field, it was

#1/30 cu ft mold, 5.5 pound hammer, 12 inch drop, three layers, 25 blows
per layer.
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decided to perform standard AASHO tests on many of the field samples to
provide data for comparison purposes. The results of these tests are
summarized on Fig. IV-14 for samples of hydraulic fill., The open data
points refer to tests performed on individual samples taken from the dam,
whereas the two solid points refer to tests on composite samples. As
suggested previously the maximum densities for the composite samples are
somewhat higher than those for individual field samples. A best fit line

through the individual field sample data is shown on the figure.

Minimum Density

Four different types of minimum density tests were performed on two
different composite samples of the hydraulic fill from the Upper Dam.
The results of these four tests are shown by the solid points on Fig. IV-15.
Test method No. 1 was the ASTM standard method for obtaining the minimum
density of oven dry soil (ASTM designation D2049-69). The method consists
of pouring oven dry soil through a standard funnel into a steel mold.
Test method No. 2 was similar to the ASTM method but used a funnel with a
smaller opening. As indicated by the data on Fig. IV-15 this method led
to a lower minimum density in both cases. Test method No, 3 was similar
to that developed by Kolbuzewski {1948), Approximately 300 c.c. of oven
dried soil were placed in a 1,000 c.c. graduate flask. The flask was
then very slowly turned end for end and rotated to thoroughly stir the
soil without vibrarion into z loose state. The data obtained by this
method were similar to those obtained by method No. 2.

These three methods all used oven-dried soil, whereas the soil placed
in the field was in a saturated state. Method No. 4 was developed in an
attempt to simulate this saturated condition. Four to five 100-gram

samples of so0il were thoroughly mixed separately with water. A 1,000 c.c.
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graduate flask was filled with clear water, and one of the 10C-gram
batches of soil was slowly poured into the graduate. The first batch of
soil was allowed to settle for one day and then the second batch of soil
was poured in. The process was repeated until all of the individual
batches of saturated soil were poured into the large graduate. The final
volume of soil which settled to the bottom of the graduate was read and
the minimum density calculated. Minimum densities by this method were
slightly lower than any of the minimum densities obtained using dry soil.

This sedimentation procedure is likely to introduce some error since
it causes particle size segregation, with the coarse soil in each batch
settling out faster than the finer portion. In fact the finest portion
never did completely consolidate to a solid condition at the bottom of
the graduate. Thus the measured final volume was probably too large
and the resulting minimum densities were probably somewhat too low to be
realistic.

Minimum density data by the ASTM Method for oven-dried seoil is also
shown on Fig. IV-15 for the individual field samples. The data is some~
what less scattered than the corresponding data for the maximum density
tests on these same samples and shows a clear relation of decreasing
minimum density with decreasing grain size. The best fit line was drawn
slightly on the low side to allow for the fact that the ASTM Method used
to obtain the data appeared to give slightly high results as compared to
other methods.

Relative Density and Relative Compaction

The best fit curves for the maximum, minimum, compaction and field
density test data described above are presented together on Fig. IV-16

for comparison purposes. It may be seen that they present a consistent
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pattern of decreasing density with decreasing grain size along more or
less parallel curves.

From these data it is a straight forward matter to compute the
relative density of the field curve at each grain size. This was done
using the relationship:

" Ya™ g

D= ( min )x 1007 (2)
Yy Y, Y4
m m

ax in

The calculated relative densities based on the field and limiting
densities shown in Fig. IV-16 are plotted in Fig. IV-17. It may be seen
that the relative density of the hydraulic £ill in the Upper Dam, deter-
mined by this procedure, is approximately 54 percent for all grain sizes.

This relative density is similar to that reported by others (Whitman, 1970;

Turnbull, 1972) for other hydraulic fills (45 to 60%).

The relative compaction of a soil is defined as the ratio of the field
density to the maximum density obtained by some standard laboratory procedure.
Values based on the standard AASHO range from 92 to 99 percent and values

based on the modified AASHO (1961} test are considerably lower ranging

between 83 and 92 percent.
For purposes of comparison, relative compaction values corresponding

to minimum density conditions and based on a laboratory test producing
maximum density results are shown by a dashed curve on Fig. IV-18. These
values range from about 65 to 75 percent and indicate that a relative
compaction of at least 65 to 75 percent will automatically be obtained no
matter how poorly the fill is placed in the field. Thus as previously
discussed by Lee and Singh (1971) the useful range of relative compaction
values is very narrow, and it can be expected that many physical properties

of the soil are gquite sensitive to small changes in relative compaction.
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Densitvy of the Alluvium

Using a similar procedure to that described above for the hydraulic
fill, studies were also made to determine the absolute and relative
densities of samples of soil from the underlying alluvium. In making this
study it was recognized that the alluvium at both the Upper and Lower Dam
sites was of essentially the same geclogical formation and the samples
from each site appeared to be very similar material. Moreover because there
was only a relatively small amount of alluvium at the Lower Dam, and
because triaxial tests indicated it to be stronger than the hydraulic fill,
testing on samples of alluvium from the Lower Dam was not as extensive
as that for the alluvium at the Upper Dam. For these reasons the density
tests from the alluvium at both dams are presented together.

A summary of the field and limiting density data for the alluvium
at both the Upper and Lower Dams is presented on Fig. IV-19., It may
be seen that the field density data for both dams are similar, and as for
the hydraulic fill, indicate a trend of decreasing density with decreasing
grain size,

Maximum density tests on composite samples performed by the three
methods described previously are also shown on Fig. IV-19. The wvibration
methods led to higher maximum densities than the modified AASHO (19%61)
compaction method.

Because the alluvium at the damsites was inaccessible to field
trenching no field density tests were performed and therefore neo single
samples could be cbtained large enough to perform compaction tests on
individual samples. Accordingly it was necessary to estimate the probable
maximum density corresponding to the field samples based on the maximum

densities obtained from the composite samples. This estimated relationship
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for various grain sizes is shown on Fig. IV-19. Similarly it was
necessary to estimate the probable minimum field demsity for individual
field samples based on the results of minimum density tests performed

on composite samples. The estimated minimum density values are also shown
on Fig. IV-19,

On the basis of these results and field densities obtained from
Shelby tube samples, the average relative density of the alluvium appears
to be about 67 percent, or some 10 percent higher than the average
relative density of the hydraulic £ill. This value of the relative
density is considered to represent a lower range of density in the alluvium
corresponding to some of the weaker zones or pockets in this extremely
heterogenecus soil., When the samples were opened for testing many were
discarded because they contained gravels or very coarse sand in & dense
silty clay matrix. The testing program for the alluvium was designed to
determine the characteristics of the weaker samples and therefore these

obviously denser and stronger samples were not tested.

Relative Density by Standard Penetration Tests

As previously described, a standard penetration test was performed
every five feet in each of the drill holes, and the variations of pene-
tration resistance with depth for each of the holes are shown on the cross-
sections, Figs. IV-2 to IV~4. These sections also show the major soil
boundaries.

From these data and the field density data, values of effective
overburden pressure at the location of each standard penetration test
can readily be computed and used with the penetration test data to
determine the relative density of the soil from the correlation between

standard penetration resistance, effective overburden pressure, and relative
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density of granular soils presented by Gibbs and Holtz (1957). Values
of relative denmsity obtained in this way are summarized on Fig. IV-20,

For convenience the relative density values from several hcles are
combined on each of the figures. For example the data from three holes
drilled in the upstream slope of the dam, starting at about the same
elevation, are all presented on Fig. IV~20a. All the holes drilled from
the crest of the dam are p;esented on Fig. IV-20b, ete. The approximate
average soil boundaries for each of these sets of holes are also shown.
The data for the hydraulic fill material are shown as open points whereas
the data from the rolled £ill and underlying alluvium are shown as solid
points.

As is generally observed with standard penetration test data there
is considerable scatter. No doubt some of the abmormally high relative
densities were caused by the sampling spoon encountering a rock in the
soil while some of the abnormally low values could have been caused by
the sampling spoon penetrating one of the many seams of clay.

The possibility that lower penetration resistance values may be due
to clay seams beccmes more apparent from a review of the penefration
resistance profile along any one of the cross sections. The N-values in
Holes A3, B3 and C3 are considerably lower than those for the hydraulic
fi1l in any other holes. It is noted that Holes A3, B3 and C3 are in the
center of the dam where one would expect to find the greatest concentratiocn
of clay. This is also borne out by the soil conditions described in the
drill logs. For this reason the standard penetration data from these
three holes through the clay core, were not included with the data in

Fig. IV-20.
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Discounting or de-emphasizing the few abnormally high and abrormally
low relative densities, the large bulk of the data in Fig. IV-20 indicates
that the relative density in the hydraulic £1i11 at the Upper Dam was
approximately 45 to 70% which correlates well with the average relative
density of about 54 percent obtained from the field and the laboratery
compaction data. The data on Fig. IV-20 also shows that the relative
density in the upper rolled filled portion of the dam is significantly
higher than the relative demsity in the hydraulic f£ill.

The relative densities calculated for the alluvium are gquite erratic
as might be expected from the known heterogenic nature of the material.
Near the surface of fhe alluvium the relative density appears tc be only
elightly greater than the relative density of the hydraulic fill, but
with depth the relative density of the alluvium increases to very high

values,

Static Strength Tests on Granular Soils

A total of about 50 static loading triaxial tests were performed on
undisturbed samples from the hydraulic fill and alluvium of the Upper Dam,
One purpose for performing these tests was to obtain the strength data
required to evaluate the stress condition in the dam prior to the earthquake
and for use in pseudo-static analyses of seismic stability. Anrother
purpose for performing the tests was to obtain the static loading stress-
strain parameters required for the static finite element analysis to
determine the equilibrium stress conditions in the dam prior to the
earthquake.

Test specimens for these and all other tests on undisturbed samples
were obtained in the same way. The Shelby tubes of soil obtained from

the field were sawn into 7 inch lengths and the undisturbed sample was
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extruded from this 7 inch length of tube. The top, bottom and the sides
of this samplie were carefully examined in the laboratory to determine the
nature and consistency of the soil. In general, the samples could be
classified as either fine sand, coarse sand, or clay. Occasionally, the
samples contained an interface between two types of soils. In this case
the sample was either discarded or it was divided at the interface and
the two parts spliced into a similar soil from another sample. The
occasional samples which contained large pieces of gravel were discarded.

The samples were tested as they were extruded from the tubes with-
out further trimming on the sides. A little soil was trimmed from each
end to make the sample approximately six inches high. The diameter of
the samples was slightly less than three inches.

The static tests were carried out in standard triaxial cells using
top and bottom drainage with back pressure to bring the samples to
saturation. The samples were consolidated isctropically under effective
stresses ranging from 1.0 to 4.0 kg per sq cm. Two types of tests were
performed: consolidated-drained tests with volume change measurements,
and consolidated-undrained tests with pore pressure measurements.

The stress strain curves for typical drained and undrained triaxial
tests on the hydraulic £ill of the Upper Dam are shown on Fig. IV-21. Each
of these samples was consolidated to an isotyopic effective stress of 2.0
kg per sq cm and then axially loaded to failure. For the drained tests,
volume change measurements were made and for the undrained tests pore water
pressure measurements were made throughout.

The behavior of these samples under static loading is similar to that
obtained from static leoading tests on cther granular soils. The drained

test shows some decrease in volume followed by a slight tendency for
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dilation near and bevond failure. The undrained test sheows an initial
inerease in peore water pressure, changing to a slight decrease at high
strains. While there is a definable peak in the stress strain curve there
is no significant decrease in strength beyond the peak which would suggest
a tendency for serious leoss in strength afrer large strains.

Similar stress-strain-pore pressure change curves were obtained
from triaxial tests on all of the samples tested under comsolidation
pressures of 1.0, 2.0 and 4.0 kg per sq cm. As the confining pressures
increased the tendency for dilation was found to decrease, but in no
case was there any indication of a significant rapid loss in strength
beyond the peak stress condition.

Strength data for all of the tests performed on the hydraulic fill
material are presented con Fig. IV-22 on a modified Mohr diagram. Strength
data, on a total stress basis, for the consolidated-undrained tests are
presented in the upper diagram, Fig. IV-22a. Strength data, on an
effective stress basis, from both the drained tests and the consolidated-
undrained tests are presented on the lower diagram, Fig. IV-22b. Data
from these two different types of tests are distinguished by different
symbols on the diagram, as are data from consolidated-undrained tests on
coarse sand and fine sand. It may be seen from the data that there is
virtually no difference in the strength parameters of the coarse sand and
the fine sand of the hydraulic fill, and there is wvirtually no difference
between the strength parameters, on an effective stress basis, determined
from drained test data or from undrained tests with pore pressure measure-
ments., Conversion of the test data in Fig. IV~22 to show the relationship
between the shear stress on the failure plane at the time of failure Tegs
and the normal stress on the failure plane after consolidation Ufc is shown

on Fig. IV-23.



! ;
(o) Total stress conditions ot failure
- o= o 4
b
i
¢ o2
t? 4 5 A .
N A
g oG ¢ = Q.55 tsf
- o
B . b =24
. 1
O
O 4q 8 12 16
l/o (0;+a'3)f - tsf
8 1 T
(b) Effective stress conditions ot failure
KC = |
@
£
o
N
)
§ . © Droined Tesis
A C-U Tests - Coarse Sand
8 C-U Tests - Fine Sand
O
0 4 8 2 16

/2 (o7 + o3)s - tsf

Fig. IV-22 RESULTS OF TRIAXIAL TESTS ON SAMPLES OF HYDRAULIC SAND FiLL
FROM UPPER SAN FERNANDC DAM (Data from State of California Department
of Water Resources 1971).



(1461 ‘S82in0ssy 1i0j 40 juswpinda] DIUIOJIDY JO B40I§ WOMj D4D()
WY OONVNYTH NVS d3ddn- 1114 ANVS DITAYEAAH 40 STVdWYS NO SLSIL IVIXVINL
QANIVHANN-QILYANIOSNDD A9 QINIWAILIA SAIHSNOILYIEY Lo sa 4 GNV 3dOT13ANT NHOW €Z-Al 614

JS} ~ §S33IS |DWION
8 9 1 4 2 0

M2 = ¢ 2
51 GG0 =0 %
adojaaug syow e
b |
@
®
w
17
\ I
“

12

UONDPIOSUOD [DI}IUY
12430 8uDjd BIN|IDj UO $SBUIS |DWION = 0

8injiD} 30 duDJd 31n)10} UO SSBUs JDRYS = P

1=




51

Similar data obtained from triaxial tests on undisturbed samples of the
alluvium are presented on Fig. IV-24, Again there appears to be no signifi-
cant difference between the data from the coarse sand and the data from the
fine sand samples.

Comparison of the strength data from these figures indicates that the
strength of the alluvium is somewhat greater than that of the hydraulic fill.
The strength parameters shown on these figures were used in the pseudo~static
stability analyses which were performed to determine the factor of safety of
of the dam against earthquake effects.

A dynamic stability analysis of an earth dam requires a detailed know-
ledge of the stress distribution in the dam and its foundation prior to the
earthquake. These stresses are obtained by performing a finite element
analysis which simulates construction of the dam in stages and which uses
stress-strain properties for the soil which vary non-linearly with increasing
stress. The static stress analysis used in this study has been described by
Kulhawy, Duncan, and Seed (1969). The computer program uses stress-strain
and volume change properties defined by twe hyperbolic relationships. The
soil properties used to define these relationships are determined from the
stresg-strain relationships obtained from drained triaxial tests. A summary of
these parameters for the rolled fill, the hydraulic fill, and the alluvium
materials is presented in Table IV-~1l. The data for the hydraulic fill and
the alluvium were obtained from the testing program on undisturbed samples.
They are generally similar to values given in a compilation of data presented

by Kulhawy, Duncan and Seed (1969) for similar soils.

Undrained Strength of Clay

As described previocusly there were numerous thin layers of clay with-
in the hydraulic £ill; in addition, the central core of the embankment was
predominantly clay material. This clay was insensitive, in that it did
not lose strength on remolding. Since previous studies have shown that

clays are considerably stronger than saturated sands at a corresponding



i

(o) Total Stress Conditicns at Faiture |

| Ke=! . . E :

8} : | ? ‘ ‘
! ' '
a | |
s N
I 8 | k J‘
; ]
5 |
*

I LS Nl |

o i :
= / T :
A %

c= 0.71tsf
$= 32° o
i i
| i E
0 ! 5 s I
0] 2 q 3] 8 10 12 i4 18
I/o (0] T 03) - tst
8 5 1 ] 1
(b) Effective Stress Conditions at Foilure @ ./
K= ! | A
6 : O
- § A
-brn ; /
RIS S R R - < R S S A
&
N
=0
$'= 37°
© Draoined tests
;A C -U tests
; !
8 i0 2 14 16

/2 (0, + o) - tsf

Fig. 1V—24 RESULTS OF TRIAXIAL TESTS ON SAMPLES OF ALLUVIUM FROM
UPPER SAN FERNANDO DAM. (Dato from State of California
Deportment of Water Resources, 1971).



8Tqel I81BM BYT MOT8q

JI0 BA0QER QuRS Y] pouNsse ‘sisjouweipd UTB1I)S-$53138 IBJUTTUOL = q ‘4 *9H fu Yy +3

UOTIDTAJ TEUISIUT JO aTlue

#

3dadxeiur uoTs9yoD

Jydtem 3fun jurdong = 9
Jydtes ITun TBRIO] = 3

060°6 co”oﬂ 08°¢ a S103oWEIR]
01°'0 10 0T"0 4 0TIeY S,U0S5]0g
(A0 €e'o 0L 0 D
08°0 [AY 9.0 u S1939WBIRJ
082 0Ty 00€ 3 | snInpol 8,3unog
99°0 BL°O 06°0 mm
LE LE 14 sasi1dap ¢ BI1979WEIE ]
0 0 €T 35 /uol 3 yiduaalg
L9 09 8L (33/9T (38 moTaq) A

1 s3ydTepM 1TU]
-~ 0zT vET (337491 ("3m saoqe) A

WNTANTTY 1THd 1174
OFInBIPAH PeTTod is39ueIEg
2u07y

weq aaddn ‘sysdrTeuy 5S89IYg JUSWLTY 9ITUL] DTITIS

uT pesn siaeisuele] Yirfusilg-urellg-es01lg O KIBWWNG

1-AT1 @19l



53

density under cyclic loading conditions (Lee and Fitton, 1969; Seed and
Chan, 1966), it was considered that the clay did not play a significant
part in causing the seismic imnstability of the dam. Accordingly, a
comprehensive testing program was not carried out on the clay soil.

Nevertheless, a fairly large number of small torvane shear tests
were performed on the larger clay seams that were found in the Shelby
tubes when the samples were extruded. Other torvane tests were performed
on' some of the clay seams exposed in the shallow inspection trenches
excavated along the downstream berm. The results of these tests are
plotted on Fig. IV-25 which shows shear strength plotted against the
effective overburden or consolidation pressure, Although the data is
somewhat scattered there is a fairly well defined trend of shear strength
increasing linearly with depth below the water table, as would be expected
for a normally consolidated clay soil. The ratio of shear strength to
consolidation stress is approximately 0.24,

Atterberg limit tests were performed on various samples of the clay.
The liquid limit ranged from about 37 to 60 and the PI values ranged from
about 20 to 40. Compilations of data from other normally consolidated
clays indicates an approximate empirical relationship between undrained
strength Su, conseclidation pressure, p, and plasticity index PI as
follows (Terzaghi and Peck, 1967):

%i = 0.11 + 0.0037 PI (1)

On the basis of this equation and the Atterberg limit data, the ratio Su/p
for the clay in this dam would be expected to range between about (.18
and 0.25, which correlates reasonably well with the measured strengths.

Torvane tests made on samples taken from above the water table were

relatively stronger, due to the effects of desiccation in these upper zomnes.
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Two consolidated undrained tests were performed on undisturbed
samples of clay taken from the dam. These data are also plotted on
Fig. 1V-25, and indicate shear strengths substantially higher than those
obtained from the small torvane tests. No satisfactory explanation was

found for this apparent discrepancy.

Cyelic Load Tests on Hvdraulic Fill and Alluvium

A total of 46 cyclic leading triaxial tests were performed on
sanmples of hydraulic £ill from the Upper Dam. Samples were prepared for
testing in exactly the same way as for the static load triaxial tests.

The 3 inch diametrer Shelby tube samples were cut in seven inch lengths

and an undisturbed sample of soil extruded and examined to determine its
suitability for testing. Samples containing large amounts of gravel or
clay seams were discarded. Satisfactory samples were trimmed to a length
of about six inches prior to testing. They were then weighed and measured,
placed in a standard triaxial cell with top and bottom drainage, saturated
using a back pressure, and consolidated under the desired effective stress
conditions.

Samples were consolidated under both isotropic and anisotropic
stress conditions using lateral conseclidation pressures of 1.05 and

2.10 kg per sq c¢m. The principal stress ratic during consolidation,
o

KC‘.gG
3c

The behavior of saturated cohesienless materials subjected te cyclic

, ranged from 1.0 to 2.0,

loading triaxial tests has been described in a number of previous publica-
tions (Seed and Lee, 1966; Lee and Seed, 1967; Finn et al 1970; Seed and
Peacock, 1971). However to illustrate the methods used to reduce the

data, a brief summary of tvpical test results is presented in the following

paragraphs.
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In a typical test on an isotropically-consolidated sample of
hydraulic fill subjected to a series of uniform cyclie or pulsating

loads, © records were made of the increase in pore water pressure and

dp’
the axial strains developed with increasing number of cyclic stress
applications. Usually after a relatively small number of cycles the
peak pore pressure developed in any one pulse reached a value equal to
the applied confining pressure. In this instant of time the effective
stress in the sample was reduced to zero, and the soil had no resistance
to deformation. This condition occured when the cyclic stress was zero;
that is, when the sample was under an isotropic stress condition.

As the applied pulsating stress moved away from its zero position
in either direction for the next cycle, the sample, having virtually no
strength at that instant, deformed considerably, causing dilatiom and a
corresponding reduction in the pore water pressure. Then the sample
began to gain strength, ultimately arresting the movement induced by the
pulsating load. This process continued with increasing deformation on
each successive cycle until the magnitude of the deformations reached
the limitations of the testing equipment.

As a first step in reducing the data it has been found convenient
to pleot the maximum peak to peak strain (Fig. IV-26a) and the maximum
pore pressure developed (Fig. IV-26b) in differemt numbers of stress
cycles. The pore pressure values are presented as the ratio of the change

in pore pressure Au to the initial consolidation stress, © A maximum

3c’

. Lu . o
pore pressure ratio, T of 1 represents a transient condition of zero
3c

effective stress and is referred to as initial liquefaction. Continuing
the test beyond this point usually results in a rapid increase in strain

with each succeeding stress cycle. The number of cycles required to reach
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this initial liquefacticn, Ni’ is indicated for each test on Fig. IV-26b.

For the three tests shown in Fig. IV-26, the number of stress cycles
required to cause liquefaction, NQ, for different wvalues of the cyclic
deviator stress, de is shown in the lower part cof the figure.

For analysis purposes it is often desirable to define the cyclic
loading strength in terms of a limiting axial strain rather than in
terms of initial liquefaction. This information is readily obtained from
the curves shown on Fig. IV-26a, and the numbers of cycles required to
cause z2-1/7 and *5 percent strain for different values of the
¢ycliic stress ave alse shown on Fig. IV-l6c. Tt mav be seen that the
strength data for an axial strain of *2-1/2 percent is quite close to
that for initial liquefaction. This latter observation was consistently
ohserved in all of the tests on isotropically consolidated samples for
both the Upper and Lower Dams and had previously been observed by Lee and
Fitton (1969). Thus in general, test data were reduced for failure
defined as *5 percent strain and initial liquefaction, and £10 percent
axial strain.

The data in Fig. IV-26 represents the results for three of a large
number of tests performed on isotropically-consolidated samples. Data
from 10 other tests on undisturbed samples of the hydraulic sand fill,
all isotropically consolidated to 1.0 or 1.05 kg per sq cm are summarized
on Fig. 1IV-27. The results are shown in terms of the cyclic stress ratio
Odp/EGBC to eliminate the effect of small changes in confining pressure.
These data include tests on samples of coarse sand and fine sand performed
at the UCLA and DWR laboratories. All of the data define a smooth curve
typical of cyclic loading test results obtained in other investigations.

On the basis of these data, it was concluded that the strength of the
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hyvdraulic fill under cyclic loading was not significantly dependent on
the grain size distribution of the soil. Accordingly, in subsequent
tests at different consolidated pressures, no distinction was made
between tests on fine and coarse sands.

The results of a similar series of tests periormed on undisturbed
samples of the alluvium from the Upper San Fernando Dam at the same
consolidation pressure are summarized on Fig. IV-28. Again there is
little difference in the results obtained from tests on fine and coarse
sand samples, adding further justification to the conclusion that the
cyelic loading strength was essentially independent of the grain size
within the ranges found within the dam and the alluvium foundation. Also,
as ohserved for the hydraulic fill, there was no significant difference
between the results obtained from different laboratories.

A comparison of the strengths of the hydraulic sand fill and the
alluvium under cyelic loading conditions is presented in Fig. IV-29.
The curves shown in this figure are the same as those determined by the
data in Figs. IV-27 and IV-28, together with an additiomal curve for
tests on the hydraulic sand fill under a confining pressure of 2.15 kg
per sq cm. It may be seen that at the same confining pressure the
alluvium was about 25 to 30% stronger than the hydraulic £ill under
cyclic loading conditions. This is consistent with the previous observa-
ticn that the alluvium was denser than the hydraulic fill., As a result
of this finding, no further cyclic loading tests were performed on the
aliuvium from the Upper Dam.

Test data on isctropically-consolidated samples are intended to
simulate a field condition in which there is no initial static shear

stress acting on a horizontal plane prior to the earthquake. As discussed
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in connection with the analysis of the Sheffield Dam failure (Seed et al,
1969), this condition is appropriate for soil within the central portion
of a dam. However, in the outer portion of an embankment the initial
shear stresses on horizontal planes are significant and this condition
is best simulated in the laboratory by anisotropic consolidation of
triaxial test specimens using an effective stress ratio, (Kc = Ulc/GBC}’
greater than 1.0 prior to applicatiocn of the cyclic stresses. As
described elsewhere, (Lee and Seed, 1967; Seed and Lee, 1969), under
these conditions the sample may respond in two different ways depending
on the initial anisotropic stress ratio and the amount of applied pulsa-
ting deviator stress.

o ¥ -1

In cases where EER“ < ; there will be no reversal in the
3e

direction of application of shear stresses during any part of the cyclic

loading test; that is, during the extension as well as on the compression

part of the loading cycle, the net axial stress will always be the major

) K -1
[

principle stress. On the other hand, if the stress ratio EER— > 5

3c

there will be a stress reversal on each cycle. Previous studies have
shown that conditions of stress reversal or very near stress reversal,
are required in order for the pore water pressure in a sample to build
up to the value of the applied confining pressure and therefore to
attain a condition of initial liquefaction. If there is no stress
reversal then samples tend to deform progressively during each successive
load cycle but the pore pressure does not usually increase sufficiently
to produce a transient state of liquefaction leading to a rapid increase
in strain.

Regardless of the stress conditions, the data may be plotted in

the same way as shown on Fig. IV-26, but using the maximum compressive
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strain after any cycle as a measure of the effect of the cyclic stress
applications on the scil. In the same way as before, failure may be
defined as the number of cvcles required to reach initial liquefaction
or to reach a limiting axial strain.

A summary of the cyclic stresses causing five percent straim in
different numbers of stress cycles for sazmples consolidated under an
initial lateral pressure of 1.05 kg per s8q cm but with different princi-
pel stress ratios is shown on Fig. IV-30. It may be seen that the peak
deviator stress required to cause 5% strain in a given number of cycles
increases with increasing values of the principal stress ratio during
consolidation.

For tests with Kc = 2.0 and 1.5, the boundaries between reversing
and non~reversing stress conditions, which also represent the approximate
boundaries between development of a transient state of liquefaction and
no liquefaction, are indicated in Fig. IV-30. It may be seen that for
failure in less than about 40 cycles (or more for lower Kc ratios) there
will always be stress reversal resulting in some degree of liquefaction.
Since the San Fernando Earthquake produced much less than 40 significant
cycles, the development of large strains in soil elements consolidated
under pressures of about 1 kg per sq cm during this earthquake loading
would be expected to produce a transient liquefaction condition, as
indicated by the development of peak pore pressures equal to the overburden
pressure, even in the outer parts of the embankment of the Upper Dam.

A summary of the results of cyclic load tests on undisturbed
hydraulic fill samples consolidated under lateral pressures of 2.15 kg
per sq cm and at different principal stress ratios is shown on Fig. IV-31.

These data have the same general form as the data from tests at rhe lower
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consolidation pressure. However the limit between reversing and non-
reversing stress conditions occurs at a lower number of cycles for this
higher consolidation pressure condition. For samples consclidated

under a principal stress ratio of 2, for example, the development of
large strains in more than about 4 to 6 cycles would not be accompanied
by even transient liquefaction. Thus under somewhat higher pressures in
the embankment, development of large strains would not necessarily be
asscciated with a large pore pressure increase for numbers of stress
cycles which might develop during earthquakes.

The cyclic loading test data summarized on Figs. IV-30 and IV-31,
together with similar data obtained for other failure strain criteria
provide the basic data used in the dynamic analysis of embankment
stability discussed in later sections of this report. For this purpose
it is convenient to determine combinations of static and cyclic stress
conditions causing limiting strains in a given number of stress cycles.
The data from Figs. IV-30 and IV-3l is replotted in Fig. IV-32, for
example, to show the maximum deviator stress developed during cyclic
loading required to cause 5% strain and initial liquefaction in 2 cycles
for samples consclidated to different values of minor principal stress
and for different‘Kc values. Similar data obtained in tests on the hydrau-
lic sand fill from the Lower Dam are included in this figure since they
help to establish the positions of the curves at higher consolidation
pressures.

Similar results for the cyeclic stress conditions causing 57
strain and initial liquefaction in 5 cycles are shown in Fig. IV-33.

In utilizing the results of cyclic leoad tests in a dynamic analysis

it is convenient to determine the deformations produced by known values
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of cyclic shear stress superimposed on the initial (pre-earthquake)
static stress conditions, For this purpose the cyclic load test data
presented in Figs. IV-32 and IV-33 must be interpreted in terms of the
cvclic shear stress developed in the primary direcfion of potential
failure.

For samples initially consolidated under an isotropic stress
condition, representing soil elements in the field with zero shear stress
on horizontal planes, the superimposed cyclic shear stress applied to
such a plane may be taken as about 607 of the maximum shear stress in
the laboratory test specimen (Seed and Peacock, 1971; Finn, 1972. For
anisotropically-consolidated samples, it seems reasonable to assume that
the primary direction of failure and movement will be along planes
inclined at 45 + ¢'/2 to the horizontal and thus the cyclic shear stress
applied to such planes, for different values of the initial static
stresses on these planes, may be determined by the construction procedure
shown in Fig. IV-34.

Following these procedures the cyclic load test data in Figs. IV-32
and 33 leads to the results plotted in Figs. IV-35 and IV-36 respectively.
In these figures, the initial static stress conditions on a soil element

are expressed by the value of O the normal stress on the potential

fe?
failure surface when the element is in equilibrium before the earthquake,
Tee the shear stress on the same surface at the same time and o = ch/ch'
Values of the cyclic shear stress to be applied in the direction of
potential failure to cause 5% axial strain in 2 and 5 cycles, for different
initial stress conditions, are shown in the figures. The laboratory test
data provides results for values of ¢ equal to O, 0.185 and 0.330. GStress

conditions causing 5% strain for other values of & have been interpolated

and plotted as shown.
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It may be noted that the shear strain in a test specimen of saturated
hydraulic sand fill under plane strain conditions will be about twice the
major principal strain in a triaxial compression test. Thus the stress
conditions shown in Figs. IV-35 and 36 might be considered representative
of those causing 5 percent axial strain or about 10 percent shear strain

of soil elements on which they are developed.
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Part V - Field and Laboratorv Investigations-—~Lower San Fernando Dam

Introduction

In general the field and laboratory investigations for the Lower
Dam were similar tc those described for the Upper Dam, involving trenching,
boring and sampling, and seismic surveys followed by both static and
dynamic laboratory testing of the soil samples recovered. Because the
Lower Dam was considerably larger and because the conditions were somewhat
more complicated, the investigation at the Lower Dam was in many respects
more detailed. However, because of certain similarities in materials it
was possible to translate some of the experience gained from studies of
the Upper Dam to the Lower Dam and thereby to curtail in some respects

the extent of the soil testing programs.

Field Investigations

Large Trench Excavation

Although the downstream slope of the Lower Dam remained intact it
was not practical to trench through this slope into the hydraulic £1i11.
As shown in Fig. II-3, a large berm of dense rolled fill had been placed
over the downstream hydraulic fill im 1940. The upper part of the
remaining crest of the dam was alsoc a volled £ill. Thus the sections of
hydrauvlic fill which remained undisturbed following the earthquake were
buried too deeply below the rolled fills to make it practical toc expose
them by trenching from the surface. It was therefore necessary to
investigate this undisturbed portion of the hydraulic fill by means of
drill holes.

However, it was considered essential to cut a trench through the

slide debris on the upstream face of the dam in order to expose the



54

hydraulic £i11 in that zone and locate failure zones or surfaces that
developed during the sliding. Accordingly a large trench was excavated
into the slide debris on the upstream face at about the position of the
central tower which had failed during the earthgquake. A photograph of
the western face of this trench is shown in Fig. V-1l. The maximum depth
of the trench was about sixty feet and the base was still abour twenty
feet above the top of the alluvium.

The trench exposes most of the significant zomes of £111 as they
appeared in their displaced positions following the slide. The upper part
of the excavation exposes the rolled fill, under which is the relatively
thin zone of hydraulically placed ground-up shale. These two zones are
almost indistinguishable from each other, and even on close examination
it was not possible to cleariy define the boundary between them.

Immediately below the rolled and ground-shale £ill is a zome of
medium to coarse sand. 1In the field it had a bright yellow coler and in
the photograph it appears as a light colored zone. It was about four
feet thick where it intersected the upstream face and tapered to almost
zero thickness towards the left side of the photograph. In the extreme
lower right hand corner of the photograph more of this same zone of soil
is seen. Apparently during the slide a large block of soil slid down the
present slope, twisted somewhat in the process and came to rest with
horizontal lavers in almost a vertical pesition.

Below this marker bed of vellow sand are a large number of alter-
nating light and dark layers of relatively undisturbed hydraulic £i11. The
£i11 in this zone ciosely resembled the undisturbed hydraulic f£ill exposed
in the trenches at the Upper Dam. The darker layers are silty to clayey

material and the lighter layers are fine to coarse sands. These layers

were more or less horizontal except toward the left hand side of the
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photegraph where they begin te curve novticeably downwarc; presumably they
were pushed into this pesition by the slide movements.

Below and to the left of this stratified hydraulic £ill was &
large dark zone of homogeneous clay. This appears to have been the dis-
placed clay core of the dam which had been pushed out into the sand layers
cf the hvdraulic fill during the slide. 7The lower portions of the hydraulic
£i11 exposed in the trench to the right of this mass of clay showed con-
siderable disturbance.

A similar photograph of the trench section is presented in Fig. V-2.
Superimposed on this photograph are a number of letters designating points
of interest. Close-up photographs cf the soil at these points are
presented in Figs. V-3 to V-9.

Fig. V-3 shows a close-up view at the location of point A, where a
block of the upper rolled fill material had moved down and sheared into
the layered hydraulic fill without creating significant disturbance in
either zone. The contact shear zome between these two types of soil is
readily apparent in the photograph. Fig. V-4 ghows a close-up view of the
light colored sand layer described previously; originally a horizontal
layer above the hydraulic £ill and below the rollied fill, the portion shown
in this photograph had apparently slid down from its original peosition and
tilted to an almost vertical orientation. The broken outlet tower is shown
in the background of the photograph some fifty feet away.

Fig. V-5 shows a close~up view of location € at the contact between
the clay core and the hydraulic £i1i11. The contact is c¢lose to the
position of the geological hammer, To the right of the contact the lavers
of sand in the hydraulic fill are seen to be considerably disturbed. To

the left of the geological hammer there are several cracks in the eclay core.
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FIG. V-3 ENLARGED VIEW OF LOCATION A ON FIG. V=2
ROLLED FILL SHEARED DOWN OVER THE HYDRAULIC FILL.

FiG. V-4 ENLARGED VIEW OF LOCATION B ON FIG. v¥-2. LIGHT COLORED
MARKER BED OF SAND FROM TOP OF HYDRAULIC FILL SLID DOWN
TO LOWER POSITION.
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A close-up of one of these cracks is shown in Fig. V-6. The crack is
filled with sand. It has a vertical orientation and presumably developed
during the slide becoming filled with sand as a result of liquefaction

in this zone of the embankment.

Two close-up views near location D are shown in Figs. V-7 and V-8.
The dark material on top was a layver of sandy clay overlying the lighter
layer of fairly clean sand. No doubt these layers were originally fairly
smooth as shown in the undisturbed part of the hydraulic £i1l in Fig. V-1.
However the movements during the slide have created shear zones through
these layers of sand and clay which are clearly visible in the photograph.
Although some of the cleaner sand has penetrated into cracks in the clay,
the clearly defined shear zones in the light colored sands indicate that
these materials did not liquefy during the earthquake. The relative move-
ments in this zone appear to have occurred along shear surfaces rather
than resulting from flow of a viscous material such as liquefied sand.
However the sand-filled crack in Fig. V-3 would seem to indicate some
degree of liquefaction of the sand.

Near the bottom of the trench, location E, there was strong evidence
of ligquefaction of the sandy materials. A close-up view cof this area is
shown in Fig. V-9. A vertical tongue or dyke of light colored sand had
extruded up through the darker soils, producing a configuration which
could only have occurred if the sand dyke were moving as a fluid. Had
there been a very shallow overburden of scil at this =site, it is quite
possible that the light colored sand dyke would have reached the surface
and formed a sand boil. It will be recalled that sand boils were found
near the upstream toe of the debris where the overburden was very thin

(Fig. III-23).



FIG. V-5 ENLARGED VIEW OF LOCATION C ON FIG. V-2, CLAY CORE AT LEFT
HAS PUSHED INTO AND OVER LAYERS OF HYDRAULIC SAND FiLL.

FIG. V=6 ENLARGED VIEW OF CRACK IN CLAY CORE TO LEFT OF
HAMMER SHOWN ON FIG. V-5- NOTE FRESH CRACK IN CLAY
FILLED WITH SAND WHICH ENTERED DURING THE SLIDING.



FIG. V-7 ENLARGED VIEW OF LOCATION D ON FIG. V-2.
SAND HAS BEEN SHEARED AND DISTORTED I[N

SLIDE MOVEMENT

FIG. V-8 ENLARGED VIEW, NEAR LOCATION D ON FIiG. V-2.
SAND LAYER IN HYDRAULIC FILL HAS BEEN
DISTORTED AND SHEARED DURING SLIDE.
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FIG. V=9 ENLARGED VIEWS OF LOCATION E, IN FIG. V=2, THE LIGHT
CCLORED VERTICAL ZONE AT THE BOTTOM OF THE PHOTOGRAPH
IS A SAND DIKE OF LIQUEFIED SAND WHICH HAS BEEN EXTRUDED
UPWARD FROM BELOW.
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When the trench section had been ecut to a depth of about 60 £t there
were indications that the slope was becoming unstable, and it was considered
unsafe to carry the excavation any deeper. Work was therefore discontinued
for a few weeks to give the soil a chance te drain and further excavation
was then continued by means of a sliit trench, as shown in Figs. V-10 and
V-11. This trench extended about sixteen feet below the base of the large
trench before it had to be discontinued because of incipient failures in
the side walls.

Most of this trench was cut through heavy clay material displaced
from the core of the dam. The clay exposed in the walls of this deeper
trench also contained a number of near-vertical cracks which were filled
with sand (see Fig. V-12). Very soon after excavation ceased the eastern
wall of the trench collapsed. {(The beginning of the failure can be seen
at the bottom of the trench of Fig. V-11.) The failure occurred along
several of the sand-filled cracks within the clay. These sand-filled
cracks could only have developed during the slide when the sand liquefied
and flowed as a fluid into the fissures which developed in the distorting
clay core.

Fortunately the trench remained open long enough to permit a
careful inspection of the walls. A close-up view of the trench wall near
the base is shown in Fig. V-13. The material at the upper part of the
photograph is a homogeneous stiff clay. From about the middle of the
photograph to the bottom, pockets of sand about the size of baseballs, can
be seen mixed within this homogeneous clay. It seems likely that these
sand pockets were formed by the clay sliding over a bed of sand which had
very little strength such that it could be picked up and mixed in the clay.

This photograph was taken some 70 feet or more below the original surface



FIG. V=10 SLIT TRENCH EXCAVATED SOME 16 FT INTO BASE OF
LARGE INSPECTION TRENCH.

FIG. V=11 CLOSE UP VIEW OF SLIT TRENCH SHOWN IN FIG. V=10.
NOTE FAILURE JUST BEGINNING AT THE LEFT LOWER SIDE.



FIG. V=12 CLOSE UP OF ONE VERTICAL SAND-FILLED CRACK IN THE
CLAY CORE. CRACK IS ABOUT 3/4 INCH WIDE.




FIG. V=13 SAND POCKETS EMBEDDED IN CLAY IN THE LOWER PART
OF THE SLIT TRENCH.

FIG. Y=14 WATER BEARING SAND BELOW THE CLAY AT THE BASE OF THE
SLIT TRENCH.
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of the dam where, without liquefaction, the sand would have had consider~
able strength as a result of the heavy overburden pressure. Any static
failure which would occur at this depth without liquefaction would
presumably have been within the weaker clay materials. The fact that the
sand had been picked up and molded into the clay material strongly suggests
that the sand must have been weakened considerably if not completely
ligquefied as a result of the earthquake.

A close-up view of the bottom of the trench is shown on Fig. V-l4.
This photograph was taken at a location about two feet below Fig. V-13 and
shows the presence of water bearing sand below the upper clay core material.
The homogeneous clay extends about 15 feet vertically above the underlying
sands. The bottom of the trench is still about four feet above the
alluvium and is therefore still within the hydraulic fill. The relative
position of a thick layer of clay overlying sand is not at all typical of
hydrauliec fi11 in & normal condition. The clay must have been moved into
its position over the sand sometime during the slide.

The information gained from examination of the soils exposed by the
trenches through the slide debris on the upstream face of the dam indicates
that liquefaction did not occur within the hydraulic fill in the upper
regions towards the outside face of the dam. On the other hand the
evidence suggests that liquefaction did occur within the hydraulic sand
fill in the lower central regions, and as a result, clay material from
the central core was able to move out in an upstream direction over this
liquefied zone. As it did so some of the liquefied sand became mixed
with the lower portion of the clay, and in some cases where cracks
developed some of the liquefied sand was extruded upwards f£illing cracks

ané forming sand dykes. On the upper surface of this tongue of clay which
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was pushed out into the sand, the clay merely pushed aside and through
the layers of hydraulic £i11, bending and shearing the previcusly horizon-

tal stratifications.

Boring and Sampling

Two types of boring and sampling were carried out at the Lower Dam.
By far the greatest amount of boring was done in exactly the same way as
for the Upper Dam using 6 inch diameter uncased auger holes and drilling
mud. A total of 19 of this type of drill holes were made along four
sections across the dam from the surface of the slide debris as well as
from the surface of the downstream slope.

A plan view of the Lower Dam, showing the location of these 19
holes is presented on Fig, V-15. <Cross-sections DD, EE, FF and GG through
the dam are shown in Figs. V-16 to V~19 respectively. These four sections
show in dashed outline the criginal profile of the dam, and in bold outline
the surface profile of the dam as it was surveyed after the slide and after
the water in the reservoir had been removed, An abbreviated log for each
of the drill holes is also shown on these sections.

Following the same procedure as used for the Upper Dam a standard
penetration test and an undisturbed three inch diameter Shelby tube sample
were taken every five feet in each of the borings. Standard penetration
resistance values for the soils are also shown with the abbreviated drill
logs on the sections. The blow counts within the sandy layers appeared to
be a little higher than those measured at the Upper Dam. However, the
depth of these layers was also somewhat greater than for the Upper Dam,
which would account for some increase in penetration resistance.

The large trench excavation discussed in the previous section was

made along Section E-E. An outline of this trench is shown on the drawing
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of Section E-E, Fig. V-17. The major zones of soil found on the walls of
this trench excavation are also shown on Fig. V-17.

The information obtained from the trench excavation and from the
drilling and sampling program as shown on these four sectioms, provided
the basic data for determining the nature of the soil within the dam, and
for analyzing the movements that occurred as a result of the earthquake.
Reference to the sectional views, shows that the holes drilled from the
downstream berm of the dam passed through scil which did not participate
in the slide and was therefore probably not seriously disturbed as a
result of the earthquake. For this reason, the undisturbed Shelby tube
samples from the downstream holes were used exclusively for the laboratory
strength tests. On the other hand, the holes drilled through the central
and upstream portions of the dam passed through materials which participated
in the slide and were probably significantly disturbed because of the slide
movements. Shelby tube samples from these areas were therefore used only
to identify the nature and extent of the slide movements which occurred.

Each of the Shelby tube samples from the central and upstream holes
was split open in a longitudinal direction and carefully examined for
evidence of disturbance during the slide. Photographs of the scil in two
of these tubes are shown in Fig. V-20. The soil in Fig. V-20a consisted of
stratified hydraulic fill overlying alluvium. The contact between these
two zones is clearly evident in the photograph. The hydraulic fill
consisted of numerous very thin layers of silty sand sandwiched between
thicker layers of clay. All of the layers were plane and well defined
indicating that there had been virtually no disturbance of the soil in

this zone.
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In contrast, the scil in the Shelby tube shown on Fig. V-20b,
consisted of very distorted streaks of sand and clay. There had obviously
been a considerable amount of disturbance which could only have been
produced by the sand losing strength and mixing with the clay.

Close-up views of two other Shelby tube samples are shown in Fig. v-21.
These photographs show dark streaks of clay and silty sand distorted and
mixed in a zone of lighter colored sand, again indicating a large amount
of disturbance. The pattern of coarse streaks within the sand shown in
Fig. V-21 could only have formed if the sand had been in a very weak or
liquefied condition.

These four photographs are typical of the soil that was found within
the Shelby tubes taken from drill holes in the slide area through the
upstream portion of the dam. Many of the samples showed no disturbance
whatsoever while other samples showed a considerable amount of disturbance.
The nature of each of these samples was recorded and noted on the drill
hole legs. The major zones of liquefaction disturbance as indicated above
were noted on the drill logs and shown on the four sections through the
dam, Figs. V-16 to V-19. As described in a subsequent section, these
zones of disturbance played a key role in helping to recomstruct the move-
ment which occurred as a result of the earthquake.

The Shelby tube samples from holes made in the downstream portion of
the dam were shipped to the laboeratories for strength testing purposes,

The same procedure for sample preparation and testing employed with samples
from the Upper Dam was followed for samples from the Lower Dam. The Shelby
tubes, still full of soil, were sawn in seven inch lengths and then the

soil within each short length of tube was extruded, examined, and tested.
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As anticipated, there was very little evidence of soil disturbance
in the samples taken from the downstream portion of the dam. However, in
a few rare cases, some indication of minor disturbance was noted and in
these cases the samples were discarded and not used for testing. An
example of this is shown in the photograph in Fig. V-22. Here a three iach
long seam of clay was sandwiched between an upper and lower layex of
medium to coarse sand. The clay contained a vertical crack about one half
inch wide which was completely filled with sand. Occasional vertical
cracks such as this would seem to indicate that there masy have been some
zones of liquefaction within the sand even in the downstream portion of
the dam. However, because of the large, massive berm the downstream

slope remained stable and no slide movements developed.

Bucket Auger Holes

Although some field density tests by the sand cone method were made
on the inclined walls of the large trench, it was felt that these data
were insufficient to establish the density of the sand within the undisturbed
portion of the hydraulic fill. Accordingly, two 36-inch diameter bucket
auger holes were made from the downstream berm of the Lower Dam penetrating
well into the old hydraulic fill material. As these holes were being
drilled, field density tests by the sand cone method were performed at
the bottom of the holes at several locations within the hydraulic £ill.

After the holes were completed the walls were carefully inspected.
The soil conditions exposed on the walls of these holes were very similar
to the soil conditions in the undisturbed portions of the wall of the large
treanch previously described: alternating strata of clean sand and silty
sand or clay in 6 to l2-inch layers. There was no evidence of any

disturbance from sliding or from liquefaction ia these downstream holes.



FIG. V~22 SAND DIKE THROUGH A CLAY SEAM IN A SHELBY TUBE SAMPLE
FROM THE DOWNSTREAM PORTION OF THE LOWER DAM. ONLY
A FEW SUCH SAMPLES WERE FOUND IN THE DOWNSTREAM BORINGS.
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The bucket auger holes extended to depths of 28 and 38 feet below
the surface level of the downstream berm. They were stopped because of
difficulties encountered at the bottom of the holes due to the walls
caving and water seepage. Although these two holes were drilled in
January of 1972, almost a full year after the earthquake and after the
water in the reservoir had been drained, the soil in this area still
retained a sufficiently high water content that at a depth of thirty feet
below the downstream berm the water would flow freely out of the soil

into the hole.

Seismic Surveys

As for the Upper Dam, field seismic surveys were made to determine
the velocities of shear wave propagation in the embankment and foundation
soils of the Lower San Fernando Dam. These investigations were made by
cross-hcle measurements at various elevations. Measured values of shear

wave velocity, v, are presented in the following table:

Formation Depth-£ft vy T fps
Hydraulie Fill 50 =750
Rock 110 =3600

A limited number of measurements in the lower alluvium gave shear wave
velocities similar to those determined for the Upper Dam (vS = 1500-1800 fps).
Shear moduli can readily be determined from these results (see page

35) and expressed by the relationship

G = 1000 - K. - (%;)1/2

2 psf

where K2 is a soil constant which depends on the strain amplitude of the

. v . .
shear deformations and o, is the mean effective pressure acting on the
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spil. For the measured value of shear wave velocity shown above, the
corresponding value of K2 for the hydraulic fill at the small strain
ievels of the wave propagation tests is in the range 40 to 45. Values
of K2 at small strains for the foundation alluvium are similar to those

shown in Part IV for the Upper Dam.

Grajn Sizes

Grain size determinations were made on each of the individual field
density samples taken from the walls of the large trench and from the
bucket auger holes. 1In addition, grain size determinations were made on
many individual triaxial test specimens. A summary of the grain size
distribution curves from the hydraulic £1i1l materials is presented in
Fig. V-23. It may be seen that some of the field density samples were a
little coarser than the range of grain sizes found within the Shelby tube
samples used for triaxial testing purposes. In all, the grain sizes
ranged from coarse through fine sand and silty sand materials. Reference
to Fig. IV-7, which shows a similar range of grain sizes for the Upper Dam,
indicates that the grain size distributions for the hydraulic fill in each
dam were quite similar.

Grain size distribution curves were determined for only 9 samples
from the alluvium at the Lower Dam. These included 6 samples of fine
alluvium and 3 samples of coarse alluvium. The ranges of grain size
distributions for these samples are shown in Fig. V-24. These soils would

be classified as silty clays and sandy gravels.

Field Densities

Field density data at the Lower Dam were obtained from 3 sets of
measurements: the triaxial test specimens extruded from the undisturbed

three inch diameter Shelby tubes; sand cone tests made at selected locations
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on the sides of the large trench; and sand cone tests made at various
locations in the bottom of the bucket auger holes as these holes were
being drilled. A summary of all the field density data from these three
sources is presented in Fig. V-25 in the form of frequency distribution
charte. The data indicate that the alluvium was somewhat more dense than
the hydraulic fill and that the coarse hydraulic fill was somewhat more
dense than the fine fill material.

Field density data measured directly by the sand cone method at
locations con the walls of the large trench and in the bottom of the bucket
auger holes are shown in Fig. V-26. When these field density tests were
made, additional soii from the same areas was also taken to the laboratory
and used for determinations of the minimum and maximum densities. 1In these
cases the maximum density was obtained by the modified AASHO (1961) test
procedure and the minimum density was defined by the ASTM standard test
on oven-dried soils.,

These limiting density data are also shown in Fig. V-26 where they
may be readily compared with the field density at the same site. Although
there is considerable scatter, there is nevertheless a distinguishable
trend of decreasing field density with decreasing grain size. The compila-
tion of all field density determinations both from the Shelby tubes and
from the sand cone tests is presented in Fig. V-27. These data caover a
wider range of grain sizes and lead to a more clearly defined trend
of density wversus grain size than was seen from the previous figure.

As observed at the Upper Dam there appears to be no significant
difference between the field densities measured from the undisturbed
Shelby tube samples and the field densities determined directly by the

sand cone method. All of the field densities shown in Fig. V-27 for



Number of Test Results Within Each Range of Density
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Fig. V=25 SUMMARY OF FIELD DENSITY TESTS - LOWER SAN FERNANDO DAM.
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samples taken from the large trench were from areas which appeared to

have suffered no disturbance during the slide and they agree well with

the fieid densities from the other zones of undisturbed hydraulic f£ill
material. The solid line threugh the data shown in Fig. V-27 was taken

as representing the average field density of the hydraulic fill throughout

the range of grain sizes showa.

Maximum Density Tests

The problems involved in determining the maximum densities of the
materials from these dams were discussed in some detail in the previous
section dealing with the Upper Dam. Three types of maximum density tests
were performed on composite samples from both the Upper and the Lower Dams
and it was determined that the maximum density was about 5 to 6 1lb per cu ft
greater than the modified AASHO (1961) maximum density. The study which
led to this conclusion was based on data from both the Upper and Lower
Dams as shown in Fig. IV-12. Therefore, this same criteria was used to
define the maximum density for the Lower Dam material.
The maximum densities obtained from modified AASHQ (1961} compaction tests
on the field density samples are shown in Fig. V-28. The solid line
-indicates the average densities determined by the data points. The dashed
line drawn about this solid line represents the probable maximum densities
for the different grain sizes of the material in the field.
It will be recalled from the discussion of the Upper Dam that maximum
densities for composite mixtures of samples could be expected to be some-
what greater than the maximum density of the individual samples. This is
shown by the solid data points in Fig. V-28, each of which represent the maximum
modified AASHO (1961) density for composite samples of the hydraulic £i1l. These

data points are significantly higher than the modified AASHO (1961) densities
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of the individual samples shown by open data points. Accordingly test
data from the composite samples were not considered to be representative
of the maximum densities of the soil within the embankment.

Maximum density data from standard AASHO tests are summarized in
Fig. V-29. It will be ncted again that the maximum standard AASHO
densities from composite samples were found to be significantly greater

than those from individual field samples.

Minimum Densities

Minimum density tests were performed by the four different procedures
described previously in the discussion of the Upper Dam. Data from all of
the minimum density tests are summarized in Fig. V-30. These data also
show a trend of decreasing minimum density with decreasing grain size. The
best fit line drawn through the data points obtained by the ASTM standard
method of test on individual samples of oven-dried soil is shown on this
figure and was taken as the minimum density relation for the hydraulic sand

fill at the Lower Damn.

Relative Density and Relative Compaction

A comparative summary of each of the density vs grain-size relation-
ships for the Lower Dam is presented on Fig. V-31. These data show that
the field density is approximately midway between the minimum and maximum
densities for all soils and approximately equivalent to the standard AASHO
maximum density. Values of average relative density computed from these
relationships are shown in Fig. V-32; values ranged between about 50 and 54
percent. This is almost identical to the values determined for the
hydraulic fill at the Upper Dam, and similar to relative densities reported

for other hydraulic £ills (Whitman, 1570; Turnbull, 1972).
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The relative compaction of a soil is defined as the ratio of field
density divided by some specified laboratory maximum density. Values of
relative compaction based on the standard and the modified AASHO (1961)
compaction tests are summarized in Fig. V-33. The average relative
compaction of the sand fill based on the standard AASHO test ranged from
about 95 to 100 percent depending on the grain size of the material. The
relative densities based on the modified AASHO (1961) compaction test ranged
from about 88 to 93 percent, increasing with increasing grain size.

Also shown in Fig. V-33 for comparative purposes is a relative
compaction calculated by the ratio of minimum to maximum density. This rela-
tive compaction ranged from about 70 to about 80 percent, indicating
that without any compaction whatsoever the relative compaction of a
loosely placed fill would always be at least 70 to 80 percent of the

maximunm possible density.

Relative Densities by the Standard Penetration Test

Standard penetration tests were performed at five-foot intervals in
every drill hele in the Lower Dam. The penetration resistance values
determined from these tests are summarized on the sections through the
dam on Figs. V-16 to V-19. The drill holes through the central and upstream
portions of the dam penetrated through predominantly disturbed material in
the slide debris and the standard penetration blow counts in these holes
were not used in defining the relative density of the material prior to
the earthquake. However, the drill holes downstream of the slide debris
penetrated through apparently undisturbed material and the standard
penetration resistance values from these holes were considered to be

representative of the fill material unaffected by the earthquake.



Ny UlivyiINdXdo INY o UMW

114 DINVEAAH 304 NOILOVAWGD JAILYTIIY 40 SANTVA FIOVAIAY EE7A By

wuw - 097 ‘8215 uIDig upa

100 N@.O - 00O 00 10 20 1468 L0 Ol
onU\m\EEw\m ....i....it
S E U S I N — o .... N G/
T === 08
I mhy —— B ~1gg
OHSVYY P94 1PON
uo pasog ....I..lffll/
R — — — W - — - - RO S — Om
_ /
S 159} T ——
| OHSVY PIOPUDIG e | e
uo pasog | , G6
/!lﬂf[
T i ‘ OOl
li4 2HNOIP A — WD(] 43MO7T]
uo1aodwion aAljoay
| _
SazIg }Ig S9ZIS puDS Bul pung | SO
! ! . 4 S8ZIS puDs wnipaiy 954009

jusdded — uoljoDAWOD BALID|9Y



79

The standard penetration test data were used to determine values of
relative density for the embankment and foundation soils using the
correlation chart proposed by Gibbs and Holtz (1957). The values of
relative density determined in this way for all the drill holes at
comparable locations on the downstream berm are combined and presented
together in Figs. V-34a and b.

As observed for the Upper Dam there are occasional erratic data
points probably due to the penetration spoon encountering either a clay
seam which would give a low value, or coarse gravel which would give a
high value. However, the majority of data presents a fairly well defined
relationship of relative density vs. depth. These data indicate that
within the hydraulic fill material the relative density ranged from about
45 to 65 percent, which is comparable to the relative densities obtained
by direct measurement. The relative densities obtained by this method in
the rolled fill, ground shale, and the alluvium appear to be significantly
higher.

Relative densities were also determined from penetration test data
obtained from a boring made from the downstream berm before the earth-
quake, as shown in Fig. V-34c. While the data are limited in number,
the results are generally similar to the data obtained from the holes made
from similar locatioms during the 1971 investigation following the earth-
quake, and thus substantiate the suggestion that the hydraulic fill
material in the downstream portion of the dam was not significantly dis-

turbed as a result of the earthquake.

Static Loading Triaxial Tests

A number of static loading triaxial tests were performed on undis-

turbed samples from both the hydraulic £i11 and the alluvium from the
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Lower Dam. All of the test specimens were obtained by extruding the soil
directly from the seven inch lengths of Shelby tubes which, after squaring
off the ends, resulted in a sample approximately six inches long and three
inches in diameter. Each sample was saturated in a triaxial chamber under
a back pressure and isotropically consolidated under an effective confining
pressure of 1,0, 2.0 or 4.0 kg per sg cm.

Two types of tests were performed; consolidated-drained tests and
consolidated-undrained with pore pressure measurements. In both types of
tests, failure was defined as the peak axial stress developed during the
test.

Typical stress-strain curves for static loading triaxial tests on
drained and undrained samples of hydraulic f£i11 from the Lower Dam are
shown in Fig. V=35. Each of these samples was isotropically consolidated
under an effective stress of 2.0 kg per sg cm, and then statically loaded
under controlled strain conditions until the peak stress had been obtained.
Similar data were obtained from all static loading triaxial tests on
hydraulic fill and on alluvial materials. In no case was there any
significant loss in strength at strains beyond the peak axial stress,
which would suggest the possibility of large movements after the earthquake-
induced stress changes had ceased.

Modified Mohr diagrams showing the peak stress conditions at failure
for both types of tests are presented in Fig. V-36 together with an
interpreted straight line Mohr envelope through the data points. The
total stress data from the CU tests are somewhat more scattered than the
effective stress data. However, it will be noted that there appears to
be no significant difference between the data from tests on coarse sand

and fine sand matetials. On an effective stress basis the test data from
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drained tests and from CU tests with pore pressure measurements led to
the same failure envelope.

The results of the static loading triaxial tests on samples of
alluvium in the Lower Dam are presented in Fig. V-37. Relationships
between the shear stress on the failure plane (Tff) and the effective
normal stress on the failure plane (ch) corresponding to the Mohr
envelopes for the soils are shown in Fig. V-38.

The shear strength parameters, cohesion and angle of intermal
friction, obtained from these data were used in the static stability
analyses performed on the Lower Dam. In addition the dynamic analysis
required a detailed knowledge of the equilibrium static stress condition
within the embankment before the earthquake. These static stresses were
calculated by means of a finite element analysis (Kulhawy et al, 1969)
which used incremental loading to simulate construction and nonlinear
stress—-strain parameters for the soil. The stress-deformation parameters
used in this analysis were obtained from the stress-strain curves of the
static triaxial tests.

A summary of these nonlinear stress-strain parameters for the signifi-
cant zomes of the Lower Dam is presented on Table V-1. The data shown in
this table for the rolled fill section of the dam was interpreted from a
large collection of data on a wide variety of materials presented by

Kulhawy, Duncan and Seed (1969).

Undrained Shear Strength of Clay in the Hydraulic Fill

A limited number of Torvane shear tests and Atterberg limit tests
were performed on samples of clay from the core of the dam. Values of
liquid limit ranged from &1 to 70 and corresponding values of plasticity

index from 19 to 46. Shear strengths near the upper part of the core had
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values ranging frem 1200 to 1700 psf, corresponding to a shear strength/

effective overburden pressure ratio of about 0.3,

Laboratory Cyclic Load Tests

A total of 49 cyclic load triaxial tests were performed on undisturbed
samples of hydraulic fill and alluvium from the Lower Dam. The procedures
for preparing the samples, performing the tests and interpreting the data
were identical to those used for samples from the Upper Dam and gemerally
similar results were observed. The stress conditions causing liquefaction
and 5 percent strain for samples of hydraulic sand fill and alluvium,
isotropically consclidated under a confining pressure of 1.05 kg per sq cm
are shown in Fig. V-39. It may be seen that the stresses required to
cause liguefaction of the alluvium are about 70 percent greater than those
causing liquefaction in the hydraulic £i1l. It should be noted that a
similar observation was made concerning the tests on samples from the
Upper Dam. The relatively higher strength observed for the alluvium as
compared to the hydraulic f£ill is compatible with the observed higher
relative densities in the alluvium. Because of its greater stability, no
further tests were performed om the alluvium from the Lower Dam Site.

The stress conditions causing 5 percent strain and liquefaction in 2,
3, 4, 5, 10 and 20 cycles in tests on undisturbed samples of the hydraulic
sand fill are presented in Figs. V-40 to V-45. It should be noted that
for most of the tests, the pore pressure built up to a value equal to the
applied confining pressure, even for the samples consolidated under
anisotropic stress conditions.

Using the same data analysis procedure as that described in conjunction
with the cyeclic load tests on samples from the Upper Dam, the data in

Figs. V-40 to V=45 have been replotted in Figs. V-46 to V-51 to show values
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of the cyclic shear stress which must be applied in the direction of
potential failure to cause 5 percent axial strain and ligquefaction, for
samples initially consolidated under different initial stress conditions.
The results in this form are required for use in the dynamic analysis
of the stability of the Lower Dam during the San Fernando earthquake,
presented in Part VIII.

Finally it should be noted that the data presented in Figs. V=40
to V~51 show the cyclic stresses causing liquefaction and 5 percent strain.
Because the samples did not liquefy completely after initial liquefaction
had developed, somewhat higher stresses were required to cause higher
strains. In generalrit was found that the cyclic shear stresses required
to cause compression strains of 10 and 20 percent were greater than those
required to cause 5 percent strain by the following factors:

Cyclic stress reguired to cause 207 strain 1.15
Cyelic stress required to cause 5% strain ’

i}

Cyclic stress required to cause 107 strain 1.06
Cyclic stress required to cause 5% strain !

With the aid of these relationships and the data presented in Figs., V-40
to V-51, the stresses causing any level of strain in any number of

stress cycles can readily be determined.
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Part VI - Reconstruction of Mechanics of Sliding

for Lower San Fernando Dam

From the field and laboratory studies described in the preceding
section the following conclusions can be drawn concerning the slide in
the Lower San Fernando Dam:

1. There was no evidence of failure in the foundation soills.

2. The slide occurred as a result of failure in a zone of soil
about 20 ft thick in the hydraulic f£ill near the base of the
embankment.

3. TFailure was accompanied by some liquefaction of the hydraulie
gand fiil.

Recognition of these facts, together with the possibility of identifying
large blocks of undisturbed soil in the slide mass, made it possible to
reconstruct the probable mechanics of sliding.

Consider for example the section EE shown in Plate 1. The trench
gsection showed that a large block of soil, block number 7 in Plate 1b, had
moved intact during the slide. The original position of this block in
the embankment could be located in three ways:

1. By measuring the length of the pieces of concrete slab behind
this soil block in the failure zone and measuring this distance
down from the original position of the parapet wall.

2. By knowing the original position of the hydraulic shale fill
forming the top of this block.

3. By measuring the veolume of soil in the slide zone behind this
bleck and, on the assumption that very little slide debris had
passed below the block, finding a position retaining an equal

volume of soil in the original cross-section.
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All three of these procedures gave similar initial locations for the block

and it was determined to have moved from the location shown in Plate lec.
With the aid of the surface boundaries indicated by the criginal

roadway across the top of the dam, the parapet wall, and the concrete

slab facing for the upstream slope and the internal boundaries between

different zonee of soil within the embankment which could be identified

from the trench section and the boring logs, it was possible to recognize

the large relatively undisturbed blocks of soil numbered 1 to 11 in Plate 1b.

Using techniques similar to those described above, the original positions
of these blocks were then determined as shown in Plate lc. It was found
that the blocks fitted together extremely well and formed the upper part
of the original embankment., However no blocks of soil could be identified
as having moved from the zone colored blue along the base of the embankment
in this figure. It appeared that this soil had spread throughout the
slide zone, infiltrating between the large blocks of undisturbed material,
extruding below the toe of the original embankment and sometimes rising
to the surface within the slide zone.

Thus by reconstructing the original positions of the slide debris
in this way, it was concluded that the slide must have been triggered by
liquefaction of the hydraulic fill near the base of the embankment. The
soil above this fill had then broken into blocks which moved laterally
through distances varying from 30 to 150 feet as the sliding progressed,
thereby removing support from the upstream side of the clay core. At
this stage the core could no longer support the overlying mass of soil
causing a secondary slide movement involving the crest of the dam and the
upper part of the downstream slope. During these movements the clay core
was extruded by the overlying mass of soil to form the tongue-like section

shown in Plate 1.




Similar reconstructions of the original and final locations of the
soils in the slide zone along sections FF and GG are shown in Plates 2
and 3. In these cases also, the mechanics of sliding appears to be very
similar to that described above with the primary zone of failure being
in the hydraulic sand fill near the base of the embankment. Again the
diffusion of this material throughout the slide zone provides convincing
evidence that it was liquefied by the earthquake shaking. Taken in con-
junction with the other evidence of liquefaction observed in the field
{sand-filled cracks, sand boils, large lateral movements, extrusion of
liquefied sand from the toe of the embankment) there seems to be little
doubt that liquefaction of the hydraulic sand fill was the primary cause

of the slide movements in this embankment.
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Part VI1 - Pseudo Static Analyses of Stability of Embankments

With few exceptions, analyses of the stability of embankment dams
during earthquakes are conventionally made using pseudo-static methods.
In this approach the stability of a potential sliding mass is determined
as for static loading conditions and the effects of an earthquake are
taken into account by including an equivalent horizontal force, acting
on the potential sliding mass, in the computations. The horizontal force
representing earthquake effects is expressed as the product of the weight
of the sliding mass under consideration and a seismic coefficient, k.

In United States practice, the value of the seismic coefficient is
normally selected on the basis of the seismicity of the region in which
the dam is to be constructed, wvalues in California ranging from a lower
limit of 0.05 to an upper limit of about 0.,15. ¥For the San Fernando dams
in the 1971 earthquake, a value of 0.15 would therefore vepresent most
normal design practices; this value was in fact used to evaluate the
seismic stability of the Lower Dam in 1966,

In order to evaluate the applicability ef this method of approach
for determining the stability of the San Fernando dams in the 1971 earth-
quake, analyses have been made using the conventional method of slices to
compute the factors of safety for the dams using a seismic coefficient of
0,15 and, since both dams presumably reached the point of incipient
failure during the earthquake (the > ft downstream movement of the Upper
Dam is about the limit of telerable meovements), the values of seismic

coefficient which would lead t¢ a computed factor of safety of unity.
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Lower San Fernando Dam

Computation of the factor of safety against sliding of the upstrean
slope of the Lower Dam using a pseudo-static approach is complicated by
the availability of different strength parameters for the embankment
soils., For the short duration of the earthquake of Feb. 9, 1971 it is
apparent that strength parameters should correspond tc undrained loading
conditions. Thus the test data for comsolidated-undrained triaxial
compression tests shown in Fig. V-36 provide an appropriate basis for
analysis.

Reference to Fig. V-36 shows that there is considerable scatter of
the test results obtained on undisturbed samples of the hydraulic £ill,
reflecting the variability of the soil in the embankment. Thus it is
possible to interpret the data to determine a lower bound or conservative
strength relationship for the shell material or to draw an average line
through the data points (Fig. V-36). Strength parameters defining the
envelope of failure for total stresses in consolidated-undrained tests

on the shell material are therefore as follows:

H]
1

Congervative: c 1200 psf; ¢ = 20°

It

15°.

f

Average: c 2040 psi; ¢
These strength parameters are scmewhat higher than those used by the
Los Angeles Department of Water and Power in the 1966 stability studies
(¢ = 720 psf and ¢ = 25°) because of the even more conservative evaluation
of the test data made at that time.

The undrained shear strength of the core material was determined
from the shear strength/effective pressure ratio of 0.3 indicated by the

test data previously discussed. Shear strength values varied from about

1700 psf near the top of the ccre to about 2600 near the base. Test
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data for the foundation soils gave considerably higher strength parameters
(¢ = 1560 psf and ¢ = 27°) than for the hydraulic fill, as shown in
Fig. V-37.

In using the test data for stability computations it is possible to
use the strength parameters directly to determine the soil strength in
the embankment or to convert the Mohr envelope into a relationship
between the shear stress on the failure plane at failure, Tees and the
normal stress on the failure plane at the end of the conseclidation phase

of the tests, C_ . Both procedures are apparently used in practice and

fe

is

accordingly, analyses were made using both procedures in the present study.
The critical surfaces of sliding determined by the analyses are shown
in Fig. VII-1 and the computed factors of safety for different seismic
coefficients, as determined by the conventional method of slices, are pre-
sented in Table VII-1. It may be seen that the computed locations of the
most critical sliding surface are in reasonably good agreement with the
position of the slide zone in the embankment, and that the analyses correctly
indicate that failure would not extend into the foundation Soils., However,
for a seismic coefficient of 0.15, the computations indicate factors of
safety ranging from about 1.22 for a conservative interpretation of the test
data combined with a Mohr envelope method of data use, to about 1.61 for an
average interpretation of the test data combined with the use of the

T vs O strength relationship.

ff fe
Since it has been common practice to interpret a computed factor of
safety exceeding about 1.1 to be indicative cf adequate seismic stability

for an embankment, it is clear that the use of conventional pseudo-static

analyses would not have predicted the failure which actually occurred.
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However, as shown in Table VII-1, the use of seismic coefficient
values ranging from about 0.22 to 0.34, depending on the method of data
interpretation, would have led to a computed factor of safety of unity.
Presumably values of this order of magnitude would be required in pseudo-
static analyses, even when other computational details are selected to
minimize the computed factor of safety, to give factors of safety
indicative of failure for earthquake motions comparable to those develcoped

in the San Fernando area during the 1971 earthquake.

Upper San Fernmando Dam

Similar computations to those described above were made for the
Upper San Fernando Dam. The strength parameters for comsclidated-
undrained triaxial compression tests for the embankment and foundatiom

soils of this dam were as follows (Figs. IV-22 and IV~-23):

24°

it

Embankment: ¢ 110G psf; ¢

32° .,

il
]

Foundation: <¢ 1420 psf; ¢

The results of the pseudo-static analyses are shown in Figs. VII-2 to
VII-4 and Table VII-2. The computed position of the critical sliding
surface (Fig. VII-2) is again in reasonable agreement with the observed
behavior of the embankment during the earthquake, in that downstream
movement occurred with the formation of scarps on the upstream face in
approximately the same position as that indicated by the analysis.
However for a seismic coefficient of 0.15, the computed factor of safety
was about 2.0 for soil strengths determined from a2 standard Mohr envelope
or 2.5 for strengths determined from the Tee VS ch form of data
representation. In either case the analysis indicates an ample margin of
safety against slide movements developing--a result in marked contrast to

the actual behavior of the embankment.



'WYQ OQANVYNAddd NYS d3ddn -
ALITTAVLS INIWINVEWI 40 SISATYNY DILVLIS—0anasd 40 SLINSIA Z—HA “bid

ALESCLENE LD LT LAY L L LS S LN LN L L,

AN CAELLNS LENY LAY LA Ll L

\ GIOo=¥ :
\ s/ €02 =4
\ ﬁm@lﬁ. / .
o /\\4/ GI'o=¥
v / adojoAus JYow
vy s 7
v P
Vo s )/
v ;7
v v/
/ /
v .
Vo )
Vo s/
Vo P
Vo ;7

080l

021

10911

0021

0l

}®8} - UOI|DAB|3



‘WYQ OANYNd3d NVYS d3ddil-
0TS WYTALSNMOG 40 ALITIEYLS 40 SIASATIYNY DILVIS—0anasd 0 SLINs3y £-HA B4

NI AT TN T PO TI AN FING T W LALANYLANNL AN L L,

VAP NIPTNTIANTINTINTINN /4

L
\y
L
/; G\
\ /
\ Ol =4 7!
W) et = \\
\ adojaaud YO / 0l =4
/ .
W NG sgoe
Ly \\\1{8..0 )
Yy /
7y
by /
Yy 7 !
\ Y
i ;7
VA s/
A /!
(W ;s 7/
,, /7

11080l

=102 11

{DAB| T

uol

091l

40021 %

~0tal



'WYQ OANVNadd NVS d3ddi -~
34071S WYIHLSHN 40 ALITIGVLS 40 SISATYNY DILVLS—0aNaSd 40 SLINS3d y—itA “Bid

LN LON AN LAY L AN L A AL AN LAY L EVLLAN 12 NIRRT TR FEANEE NS JE LR I7)

\ 4
ARY
N 211 =4 f
W'\ €H0 =Y I
\ '\ adojaaug Jyow __‘
//// l/\* C1l =4
GG0 =Y
VA
l
//// 1/8.0 sa iy
A\ \..
AN |
NN \..
\ N l,
AN !
AN I
\ / J
/ (:

080l

Q2il

091l

0021

ovel

}88) - UOI}DAB|T



83

D
5570 = % 62 Ip sa 1 87 00%T
€90 =19 €0 e 2doTsAUs IYOR % 00Tt

svar8ap - ¢ i3sd-o

1 =4A193€g jO I03DBY X0

JUSTHTIFV0) 2TUWSTAG

€1°0 = ¥ IUDTITIFV0) DTUSTAS
103 L3sjeg jo 1030BJ]

STSATRUR UT
pesn uioj BieR(Q

82TISTIFLVBRIRYD yIFualilsg
JusmUB QY

we( oputuieg ues ivddg Jo AITTIQEIS JO SesSA[RUy 2TIRIS-OPNISg

Z~11A 9TqEL

jJo s3ynsay




94

In order to compute a factor of safety of 1.0 using the pseudo-
static method of analysis, it weould be necessary to use a seismic coeffi-
cient in the range 0.43 to 0.55 (¥ig, Vv1i-3), depending on how the
consolidated-undrained test data is utilized in the computation procedure,
These values are substantially higher than those currently used for seismic
design but they are apparently necessary for the pseudo-static method of
analysis to correctly indicate the performance of the Upper San Fernando
Dam under the ground motion conditions which occurred in San Fernando in
the 1971 earthquake.

It is interesting to note that the analysis correctly indicates a
lower factor of safety for downstream sliding than for upstream slides.
Using the seismic coefficient of 0.43 which indicates a factor of safety
of 1.0 for downstream sliding, the computed factor of safety against an

upstream slide was about 1.12 (Fig. VII-4),
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Part VIII - Dynamic Analyses of the Stability of the Lower Dam

During the San Fernando Earthquake

In view of the limitations of pseudo-static methods of analysis,
procedures for dynamic analysis of embankment stability have been
developed in recent years (Seed, 1966; Newmark, 1965}. In dealing with
saturated, cohesionless materials for which pore pressures may vary during
an earthquake, it has been found most convenient to utilize the procedure
proposed by Seed invelving the following steps:

{1y Determine the initial stresses in the embankment before the

earthquaké.

{2} Determine the characteristics of the motions developed in
rock underliying the embankment and its soil foundation
during the earthquake,

{3) Evaluate the response of the embankment to the base rock
excitation and compute the dynamic stresses induced in
representative elements of the embankment.

{4) By subjecting representative samples of soil to the
combinations of pre-earthquake stress conditions and super-
imposed dynamic stress applications, determine by test the
effects of the earthquake-induced stresses on soil elements
in the embankment. These effects will include any evidence
of soil liquefaction and the magnitude of the deformations
induced by the earthquake loading.

(5) TFrom a knowledge of the deformations induced in individual
soll elements in the embankment, evaluate the overall

deformations and stability of the cross-section.



96

This procedure has been found to provide a satisfactory evaluation of

the failure of the Sheffield Dam during the Santa Barbara earthquake

of 1925 (Seed, et al, 1969) and it has been used for design studies of

a number of other embankment dams. Accordingly it was adopted for
analysis of the San Fernando dams in the 1971 earthquake. Details of

the procedures followed in implementing the various steps in the analysis

are described in the following pages.

Static Analvsis

The dynamic test results summarized in Part V of this report
clearly indicate that the effects of cyclic loading on the behavior of
the embankment soils are considerably influenced by the stresses existing
in the soil before the cyclic stresses are applied. Of particular
importance are the initial normal stresses, Ufc’ and the ratio, chlcfc’
along the potential failure plane (for which Tee is the imitial shearxr
stress). Therefore, in evaluating the effects of the San Fernando earth-
quake on the Lower Dam, the initial normal stresses, O, and the
initial shear stresses, T, existing before the earthquake along potential
failure planes throughout the dam must first be determined.

These initial stresses can be evaluated most conveniently by static
finite element procedures. The use of these procedures for computing
static stresses in soil structures is described in detail in several
recent publications (e.g., Duncan and Chang, 1970; Kulhawy et al., 1971).
The procedures permit the simulation of the appropriate construction
sequence of the embankment and incorporate a non-linear representation of
the stress-strain characteristics of the soils comprising the dam and its
foundation. Appropriate non-linear stress-strain parameters for each

soil type in the Lower Dam were established using the results of
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consolidated-drained triaxial compression tests and published data for
similar soils {e.g., Kulhawy, et al., 1871}, The parameters used in
the static analysis of the Lower Dam are summarized in Table VIII-1.

The initial static stresses were computed along several planes with-
in the foundation layver and within the embankment. Typical values of
initial effective normal stress, G;, initial shear stress, TO, and
the ratio, TO/O; , along the base of the embankment are presented in
Fig. VIII-6, Similar plots have been obtained for other parts of the
embankment and foundation layer. These values, together with the cyclic
test data presented in Figs. V-46 through V-51, were used to determine

the stresses required to cause failure, as indicated by the development

of excessive strain, in the hydraulic £ill and the foundation soils.

Base Rock Motions

During the San Fernando earthquake of 1%71, a good evaluation of the
motions developed in the rock formations underlying the Lower Dam and the
foundation alluvium is provided by the seismoscope record obtained on the
abutment, The rock formation at the recording station is generally
similar to that underliving the embankment and the motion characteristics
shoulé therefore be about the same. As previcusly discussed, the seismo-
scope record has been ingeniously interpreted by R. F. Scott to provide
estimates of the time history of accelerations in directions normal and
parallel to the axis of the dam. The resulting motions in a direction
normal to the axis, as suggested by Scott, are shown in Fig. VIII-la. This
record of rock motions was used for evaluating the dynamic response of
the embankment during the earthquake.

In view of the approximations required to obtain this record, how-

ever, and the fact that it contains some unusual low-frequency components
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Fig. VIll-1 TIME HISTORIES OF ACCELERATION IN BASE ROCK.
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which have a strong effect on the embankment response, it was considered
appropriate to use some other evaluation of rock motions, based on other
rock records determined during the earthgquake. Accordingly the record
obtained at Pacoima Dam was modified to provide what is believed to be a
reasonable estimate of the rock motions at the San Fernando Dam sites.
The modifications involved the following:

(a) trimming off the record any acceleration pulses exceeding 0.9g
to allow for the effects of topographic features of the Pacoima
recording station,

(b) reducing all ordinates of the resulting record by a factor
of 2/3 to provide a time history of rock motions having a
maximum acceleration of 0.6g; this is in good accord with the
peak acceleration indicated by the seismoscope record.

The resulting accelerogram is shown in Fig. VIII~-1b.

Dynamic analyses were made for both of the rock motions discussed
above after applying appropriate base line corrections as suggested by
Berg and Housner (1961).

In analvzing the behavior of the dam, no consideration was given to
the effects of vertical motions induced by the earthquake for several
Teasons:

(1) the shear stresses in a dam caused by vertical motions are

much less than those due to horizontal motiomns,

(2) extensive laboratory tests have shown that the tendency for
volume changes and associated pore pressure development caused
by vertical vibrations is small compared with those resulting

from shear deformations,

and (3) such pore pressures as may be introduced by vertical motions

in the absence of shear stresses will be neutral pressures and
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thereby will have no influence on the shear resistance of the
soil.
Accordingly it seems reasonable to conclude that both the shear
stresses and the shear strength are primarily determined by the horizontal

shaking induced by an earthquake.

Dynamic Analvsis

The next step in evaluating the performance of the embankment is to
compute the response of the dam and underlying foundation during the
earthquake (Seed et al., 1969). This computation can readily be made once
the following parameéters are known: (a) the base motions developed in
rock underlying the dam, and (b) the dynamic material properties (modulus
and damping) of the embankment and foundatien scils. The results of this
computation provide values of cyclic stresses which are likely to be
induced in the soils during the earthquake.

The response of the embankment and foundation layer is most conven-
iently obtained using non-linear dynamic finite element procedures. The
non-~linear dvnamic material properties are incoprorated in the analysis by
using strain-dependent modulus and damping values as described below.

The finite element representation used in evaluating the response of the
Lower San Fernmando Dam is shown in the upper part of Fig. VIII-2. Computer
programs that permit the use of strain-dependent modulus and damping
values for each element (ldriss, et al., 1973), were used in evaluating the
response of this dam.

Recent investigations {e.g., Hardin and Drnevich, 1972; Seed and
Idriss, 1970) indicate that the mocdulus of cohesionless soils waries yith
(a) the square root of the mean effective pressure, and (b) the strain

level., This variation can be expressed by:
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¢ = 1000 ko' 12
where G = shear medulus in psi;
G% = mean effective pressure in psf; and
K2 = g parameter relating G and O;; this parameter is mainly a

function of the type and relative density cf the cohesion-
less soil and the strain.
At very low levels of strain, the maximum modulus value (and consequently
the maximum value of KZ) is obtained. The maximum modulus values can be
directly evaluated from measured shear wave velocities or from laboratory
tests conducted at small strain levels.

It has been found {(Seed and Idriss, 1970) that for a wide range of
cohesionless soils, the decrease in value of K2 with increase in strain
and values of the damping ratio are typically represented by the relation=-
ships shown in Fig. ViiI-3{(a). These relationships were used in con-
junction with appropriate values of (KZ)max to determine shear moduli and
damping ratios for cohesionless soils in the embankment., Fer the hydraulic
£fi1l and alluvium, values of (Kz)max were determined from the measured
values of shear wave velocity., For other soils in the cross-section,
which have a lesser influence on the response, it was considered that
estimates of (K2)max based on previous test data for similar materials
would provide a sufficient degree of accuracy.

Shear modulus wvalues for saturated cohesive soils have been found
to vary with the undrained shear strength and the strain level approxi-
mately as shown in Fig. VIII-3(b) (Seed and Idriss, 1970). Representative
damping ratios fer these soils are also shown in this figure. Shear
moduli and damping ratios for the clay core of the Lower Dam were deter-

mined from the results shown in Fig. VIII-3(b), based on an average shear

strength for the core material of 2000 psf.
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Thus for dynamic analysis purposes, the cross-section of the Lower
Dam was idealized to the form shown in the lower part of Fig. VIII-Z
with dynamic properties for the soils in the variocus zones as shown in
Table VIII-2. The finite element representation of this cross~section is
shown in the upper part of Fig. VIII-2,

The computed response of this section to the rock motions determined
from the seismoscope record is showm in Fig. VIII-4. Because the modulus
and damping values are strain-dependent, these values are not known at the
outset and an iterative procedure is required, The strain in each element
is first estimated and the strain-dependent values of modulus and damping
are obtained for that element. The analysis is then conducted and the
values of strain are computed. Based on the computed strains, new values
of modulus and damping are obtained and the analysis is repeated.
Proceeding in this manner, the analysis is continued until the values of
modulus and damping are compatible with the strain developed in each
element.

The response evaluation provides time histories of acceleration at
every node and shear stresses induced in each element during the earth-
quake. The computed time history of crest accelerations is shown in the
upper part of Fig. VIII-4. As can be noted, the computed maximum crest
acceleration of 0.6g is in reasonable agreement with the maximum accelera-
tion indicated by the seismoscope record on the crest of the dam.

The time history of shear stresses at each location (see Fig. VIII-5
for tvpical examples) can readily be converted to an eguivalent series of
uniform cyclic stress applications. This conversion is accomplished by
appropriate weighting of the ordinates of the stress time history based

on the results of the laboratory cyclic test data (Lee and Chan, 1972).
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The equivalent cyclic stress application can then be used in assessing

the stability of the dam during the earthquake as summarized below.

Stability Analysis ~ Abutment Record

The stability of the embankment and underlying foundation is
assessed by comparing the stresses induced by the earthquake (using the
abutment record as input rock motion) and the stresses required tc cause
liquefaction and/or prescribed limits of strain. The locations in which
the induced stresses exceed the stresses required to cause liquefaction
or acceptable strain limits determine the extent of liquefaction or
unacceptable performance.

Embankment

The stability of the embankment was evaluated by investigating the
liquefaction and strain potential within four potential zones of failure
located as follows:

1. A zone along the base of the embankment extending from Elevation

1008 to Elevation 1020; the stress conditions along the plane at
Elevation 1014 {average elevation for the zone) were used for
evaluating the liquefaction and strain potential in this zone.

2. A zone extending from Elevation 1020 to 1040; the stress

conditions along the plane at Elevation 1030 were used for
evaluating the liquefaction and strain potential in this zone.

3. A zone extending from Elevation 1040 to 1060; the stress conditions

along the plane at Elevation 1050 were used for evaluating the
liquefaction and strain potential in this zone.

4. A zone extending from Elevation 1060 to 1080; the stress

conditions along the plane at Elevation 1070 were used for

evaluating the liquefaction and strain potential in this zone.
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The stability of the embankment during the San Fermando earthquake
was assessed taking into consideration the tendency for liquefaction in
the hydraulic fill to develop progressively, Previous studies (Seed,
et al, 1969) have indicated that the progressive development of liquefaction,
starting with elements near the center of an embankment and progressing
toward the face of the dam, can markedly influence the potential behavior
of embankments during earthquakes.

As can be noted from Fig, VIII-4, the peak accelerations {and there-
fore the peak stresses) occur approximately 10 or so seconds after the
start of the motioms. Accordingly, the liquefaction potential was initially
investigated for the first 10.5 seconds of the motion. This evaluation
along the base of the embankment is presented in Fig. VITII-6, The
stresses induced in this section during the first 10.5 seconds of shaking
were represented by 2 cycles of an equivalent uniform cyclic stress. The
stresses required to cause liquefaction and 5 percent strain in 2 cyeles
were obtained from Fig. V-46, using the values of initial ncormal stress,
Oé’ and the ratio, TO/U;, shown in the upper part of Fig. VIII-6. The
stresses developed for 2 cycles in 10.5 seconds of shaking along the base
of the embankment are compared to the stresses required to cause lique-
faction in 2 cycles in the lower part of this figure. A very small zone
of liquefaction {i.e., where the stresses developed during shaking exceed
the stresses required to cause liquefaction) appears to develop in the
downstream part of the dam. However an extensive zome of liquefaction,
extending over a distance of approximately 100 ft, develops in the hydrau-
lic fill upstream of the clay core.

Similar evaluations for other zones of the embankment with average

depths at Elevation 1030, 1050 and 1070 are shown in Figs., VIII-7, VIII-&,
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and VITI-9, respectively. The zones where liquefaction and strains
exceeding 5 percent will develop within each zone are readily determined
from the results presented in these figures.

The zones where liquefacticn and strains exceeding 5 percent can be
expected to develop within the embankment after 10.5 seconds of shaking
in the upstream and downstream sections ¢f the dam are summarized in
Fig. VIII-4. As can be noted, liquefaction is indicated over a consider-
able part of the hydraulic f£ill upstream of the clay core; a much
smaller zone of liquefaction is indicated in the hydraulic £ill down-
stream of the clay core. However, the upstream extent of the liquefied
zonme does not appear to be sufficiently extensive at this stage to permit
the upstream slide that tock place during the earthquake.

The effects of additional shaking on the embankment can be studied
by continuing the analysis beyond the first 10.5 seconds of shaking.
Because a considerable part of the embankment has liquefied after 10.5
seconds, redistributions of both static and dynamic stresses in the
adjacent nonliquefied elements would take place during the remainder of
the earthquake. The redistribution of dynamic stresses can readily be
taken intc account by dropping the shear moduli in the liquefied zones
close to zero for the ensuing period of shaking. The analysis is then
continued with the previously computed response values after 10.5 seconds
as initial values. It should be noted that the modulus and damping
values for elements in the non-liquefied zone are established based om
the strain developed in each element during the ensuing period of motion.

The increase in liquefaction potential in the hydraulic fill during
the ensuing 3 seconds of motion (i.e., from 10.5 to 13.5 seconds) was

evaluated in this way. The time histories of stresses developed in
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elements along the base of the embankment after 13.5 seconds of shaking
are shown in Fig. VIII-5. The time history of stresses in elements that
had not liquefied after 10.5 seconds of shaking were converted to 3
equivalent uniform cycles using the procedures outlined earlier. The
stresses developed for 3 cycles after 13.5 seconds of shaking along the
base of the embankment are presented in Fig. VIII~10. These stresses
are also compared to the stresses required to cause liquefaction in
3 cycles in the same figure. An additional zone of liquefaction extending
approximately 25 feet upstream appears to develop after 13.5 seconds of
shaking along the base of the embankment. No additional zone of liquefaction
appears likely to develop in the downstream part.

Similar evaluations for the other parts of the embankments were made
and the extent of liquefaction in the hydraulic fill after 13.5 seconds of

shaking are summarized in Fig. VIII-4.

The procedure was repeated for the remainder of the motion (i.e.,
from 13.5 to 15 seconds). The analysis of the embankment was continued
with the previous computed respomse values after 13.5 seconds as initial
values, and the shear moduli in the liquefied zones assigned values close
to zero. The time history of stresses in the elements that had not
liquefied in 13.5 seconds of shaking, were converted to &4 cycles of
equivalent cyclic stresses. The stresses developed along the base of the
embankment for 4 cveles after 15 seconds of shaking and the stresses
required to cause liquefaction in 4 cycles are compared in Fig. VIII-11.
As can be noted, an additional zone of liquefaction extending approxi-
mately 50 feet upstream appears to develop along the base of the embankment
after 15 seconds of shaking. Similar evaluations for the other parts

of the embankment were made and the extent of liquefaction in the hydraulic
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£i111 after 15 seconds of shaking was determined. The zones of liquefaction
indicated by the analysis for the entire duration of motion are summarized
in Fig. VI1I-4. These zones are in reasonable agreement with the areas
where liquefaction is indicated by the field observations and the
reconstruction of the probable mechanism of sliding described in Part VI

of this report.

The zone of liquefaction in the hydraulic fill upstream of the clay
core, indicated by analysis after 15 seconds of shaking as shown in Fig.
VIII-4, appears to be extensive enough to result in the upstream slide
that took place during the earthquake. The extent of the zone of ligque-
faction downstream of the clay core, however, appears to be too small to

result in any significant downstream movement during the earthquake.

_Foundation Laver

The evaluation of ligquefaction and strain potential in the founda-
tion layer at Elevation 1000 (which represents the average depth within
the upper alluvium) is illustrated in Fig. VIII-12. The stresses induced by
the earthquake during the first 10.5 seconds of shaking are shown in the lower
part of the figure. These stresses are expressed as the equivalent average
cyclic stress developed in 2 cycles. The stresses required to cause lique-

faction and 5 percent strain in 2 cycles are also shown in the lower part

of the figure. The latter stresses were obtained from data similar to that
presented in Fig. V-39 and using the values of initial normal stress, Gé’
and the ratio, TO/G;, computed by the static finite element analyses.

As can be noted, the stresses induced by the earthquake after 10.5 seconds
of shaking in the upper alluvium are considerably lower than the stresses
required to cause liquefaction. Similar studies for the full duration of

the earthquake show that no liquefaction would develop in the alluvium
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even after 15 seconds of shaking. The analysis would indicate therefore
that there was ample margin of safety against development of liquefaction or
5 percent strain in the upper alluvium during the San Fernando earthquake,
Since the lower alluvium is denser than the upper alluvium and has even
higher cyclic strength characteristies, it would have an even higher margin
of safety against deformation and failure during this earthquake.

The results of the analysis indicate no liquefaction or excessive
strains in the foundation layer during the San Fernando earthquake. As
described in Part III, there was no field evidence of failure in the
alluvium. Thus the results of this part of the analysis alsc correlate
well with the observed field performance.

In suymmary, the results of the analysis of the liquefaction and
strain potential of the Lower Dam during the San Fernanda earthquake, using
the motions deduced from the abutment record as base excitation, indicate:

1. The zones of liquefaction and large strains determined by the

analysis (Fig. VIII-4) are in reasonable agreement with the
areas believed to have liguefied (as reconstructed in Part VI -
see Plate 1).

2. The mechanics of failure in the upstream shell resulting from
the liquefaction of the hydraulic fill are reasonably well
constructed by the analysis. A considerable zone of hydraulic
f111 upstream of the clay core appears to have liquefied and
undergone large strains during the earthquake. The movements in
this extensive zone resulted in the upstream slide.

3. The zone of liquefaction in the downstream soil was not extensive

enough to cause any significant downstream movements.

4. The foundation layer (consisting of the upper alliuvium and the

lower alluvium) did not liquefy during the San Fernando earthquake.
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Stability Analyses - Pacoima Record

The stability of the Lower San Fernando Dam was also evaluated con-
sidering that the base motions developed in the rock underlying the dam
were similar to the modified Pacoima record described previously, with a
maximum acceleration of 0.6g.

The same procedures as those outlined in the previous section were
used to compute the response and to evaluate the stability of the dam
during this applied base motion. The time history of the base motion and
the computed time history of acceleration at the crest of the embankment
are shown in Fig. VIII-13.

Initially, the response of the embankment and underlying foundation
was computed for 8 seconds of motion. The stresses computed along the
base of the dam {at E1. 1014) and along planes at Elevation 1630, 1050 and
1070 after 8 seconds of shaking were converted to 2 cycles of equivalent
cyclic stress, The values of average cyclic stress developed for 2 cycles
after 8 seconds of shaking along the base of the embankment are presented
in Fig. VIII-14. The stresses required to cause liquefaction in 2 cycles
(as determined from the test data in Fig. V-46 and using the applicable
values of initial normal stress, G;, and the ratio TD/Gé) aiong the base
of the embankment are alsc shown in Fig. VIII-14. Similar plots for
planes at Elevation 1030, 1050 and 1070 are presented in Figs. VIII-15,
VI1I-16 and VIII-17, respectively. Comparison of the values of developed

stresses with the stresses required to cause liguefaction and 5 percent
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strain along each plane provides the means for assessing the extent of
liquefaction within each zone after 8 seconds of shaking. The extent of
liquefaction for this duration of shaking is summarized in Fig. VIII-13.
The choice of 8 seconds for the initial duration of shaking was
based on the facts that the peak acceleration in the input motion occurs
at approximately 7.9 seconds, at least 2 major stress cycles had occurred
by this time and it was apparent that a substantial zone of hydraulic fill
would have liquefied, necessitating a redistribution of shear moduli for
the remainder of the earthquake motions. The effects of the additional
shaking (i.e. from 8 to 15 seconds) were studied by continuing the analysis
in stages as described in the previous section. However it is apparent,
by comparing the extent of the liquefied zones after 8 seconds with those
shown in Fig. VIII-4 that they would be substantially enlarged by progres-
sive failure effects. Again the extent of the liquefied zone appears to
be sufficient to cause the upstream slide that took place during the
San Fernando earthquake.
The zone of liquefaction downstream of the clay core indicated in
the analysis using the Pacoima record is somewhat more extensive than
that indicated using the abutment record. Nevertheless the extent of
this zone downstream does not appear extensive enough to cause significant

downstream movements.

Quantitative Evaluation of Slope Displacements

While the preceding analyses provide a qualitative evaluation of the
embankment performance which is in good agreement with the observed
behavior, quantitative assessments of the extent of slope movements will

often be required. Preliminary assessments of the potential deformations
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can be obtained by using the cyclic shear stresses computed by the dynamic
response analyses in conjunction with the cyclic load test data to
determine the potential compressive strains of individual elements of the
embankment; that is, the compressive strain the element would develop if
it were subjected to the dynamic stresses induced by the earthquake and
were not constrained by the deformations in the surrounding soil. For
example, for a soil element near the base of the embankment and just
upstream from the core, the data in Fig. VIII~-6 shows that the computed
stresses considerably exceed those required to cause Iiquefaction and
5 percent strain. Using the results presented in Section V for the
stresses required td cause larger strains than 5 percent, it can readily
be estimated that after 10.5 seconds of ghaking, elements of hydraulic
fill in this zone of the embankment would develop a strain of the order of 20 to
30 percent if they were subjected to the computed stresses but were not
constrained by the adjacent soil. This strain may be considered as the
strain potential after 10.5 seconds of shaking for soil elements in this
vicinity. It would, of course, be increased to some extent by further
deformations occurring in the last five seconds of earthquake shaking.
Values of strain potential for all elements of hydrauvlic £ill, as
indicated by the computed stresses for the selsmograph record of base
motion and the test data presented in Sectien V, are shown in Fig. VIII-18.
Contours of egual strain potential, based on these results are shown in
Fig. VIII-19. It may be seen that very large strains, of the order of
20 to 50 percent tend to develop in zones of the embankment located in the
upstream shell near the base and near the center of the embankment
adjacent to the clay core. On the other hand the soil in the outer part
of the upstream shell and in most of the downstream shell tends to develop

relatively small potential strains ranging from 0 to 10 percent.



WYd OGNVNH3d NYS d33M0T — 14 DUINVAGAH NI IVILNILOd NIVALS 40 SMAOLNOD 61-iiA “Bid

T b kb RS XA Y LEF N LN LA

VTP NTTNITAN B AP N TR P74

A LA AN N LA

PANTI N N TLANTINIIN

=

ol

"WYd OANYNYI4 NVS d3M0T = T4 DITNVAGAH NI TVILNALOd NIVdLS 81-1HA "Bid

N S T ¥, 2L LIN LB LAY AN LB YLl PRI NI e LA R A LK L RN FPNTISTINTIN T SN T
WARNY wiAn g
e Z t S A Jeel g2 g 2 v I
T~ z v E A I v v
5 L / \0m 2z ol z i
b gl / \Om_ gzl @ b _




113

In reality the zones developing lower strains will restrain the
movements of zones of higher strain potential so that the overall dis-
placements in the embankment will be a representative average of the
behavior of all the elements. Thus a first approximation to the overall
movements might be obtained from the overall average shear strain for
elements located on the upstream side of the clay core of the dam, as
shown in Fig. VI1II-20. 1In this figure values of shear strain potential
are shown; these values were determined by multipliying the compression
strains by 2, since for saturated soills deforming at constant velumes, this
is the approximate ratio of maximum shear strain to major principal streain
under plane strain conditions.

For the hyvdraulic fill zone shown im Fig. VIII-20 with a depth of
about 80 ft, the average shear strain is about 30% indicating a relative
movement of about 24 ft between the top and bottom of the hydraulic £ill
zone, A movement of this magnitude would inevitably be accompanied by
sloughing of the overlving scoil, leading to substantial movements of the
crest of the embankment.

This type of behavior is in general accord with the behavior of the
embankment during the earthguake although the computed movements are
clearly less than those which actually occurred. However the movements of
the soil in the slide zone in this case could also be due in part to
movements resulting from failure induced by the dead weight of the embank-
ment after a zone of hydraulic fill adjacent to the core lost its shear
resistance as a result of the earthquake shaking. Fig. VIII-21 shows the
zone near the clay core where the shear strain potential is 20% or
higher. If it is considered that the soil in this zone would provide no

effective resistance to slide movements in the embankment (as a result of
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liquefaction and the development of high pore water pressures during the
earthquake), a stability analysis can be made to assess the stability of
the slope against static failure, as shown in Fig., VI1I-Z21. Using average
consolidated-undrained strength parameters because of the sudden change in
stress distriburion (see Fig. V-38b), the computed factor of safety along
the critical sliding surface shown in Fig. VIII-21 is about 1.06; using
conservative values of strength parameters (Fig. V-38az), the computed
factor of safety is about 0.8.

These results would indicate that on completion of the ground
moticns or towards the end of the earthquake shaking, the upstream slope
would be in a condition of incipient failure and might be expected to fail
completely under the static weight of the embankment alone without the
effect of inertia forces induced by the earthquake motions. Clearly the
same failure could oceur in the later stages of the earthquake shaking
once the zone of liquefaction and strength loss had developed. The
extensive lateral movements of the slide mass were no doubt due in large
part to a failure of this type, probably accompanied by a further less in
strength of the soil once the peak strength had been exceeded and some
pore pressure increase in the outer shell due to the earthquake shaking.
Under these conditions the develeopment of shear strains in the upper part
of the hydraulic fill would be of relatively minor importance in deter-
mining the total movements of the slide mass.

An interesting aspect of this analysis is the fact that the computed
margin by which complete instability is indicated is very low, suggesting
that failure would only just occur in spite of the very strong motions to
which the dam was subjected. This conclusion is supported by the fact

that the slide apparently occurred in the very late stages of the earthquake
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shaking (see Section III). Thus it would appear that if the shaking had
been only a little less intense or the soil only a little stronger, the
slope might well have retained its basic stability while undergoing

large lateral displacements resulting in serious sloughing of the upstreanm
slope of the dam. Thus it would appear that many hydraulic fill dams can
be expected to withstand quite strong shaking of short duration without
seriously detrimental effects or that earth dams constructed with soils
having higher strengths than hydraulic sand fills, can withstand strong
shaking similar to the type developed in the San Fernando area during the

1971 earthquake without hazardous consequences.
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Part IX - Dynamic Analyses of the Stability of the Upper Dam

During the San Fernando Earthquake

A dynamic analysis of the stability of the Upper San Fernando Dam
during the earthquake of Feb. 9, 1971 was conducted using the same
procedure as that described in Part VIII of this report. Based on the
field investigations, the cross-section shown in the lower part of
Fig. I1X-1 was considered te be representative of the average conditions
near the center of the embankment aad all analyses were performed on this

section.

Static Analysis

The procedures outlined im Part VIII for computing static stresses
were also used for evaluating the stresses existing in the Upper Dam
before the earthquake. The strength and deformation parameters for the
embankment and foundation soils used in the analysis were those obtained

from the laboratcry test program and summarized in Table IX~1l. The

1]
[#1]
-
~}
-
41
s
[ah

computed values of initial normal stress G;, initial shear stre
the ratio, To/O;’ along a horizontal plane at EL. 1048.5 are shown in

Fig. IX-4, Similar plots were obtained for other planes in the embankment
and the foundation. These wvalues of initial stresses together with the
evelic test data for samples obtained from this dam (see Figs. IV-35 and
1V-36), were used to assess the stresses required to cause liquefaction

and excessive strains in the embankment.

Dynamic Analysis

The response of the Upper Dam during the San Fermando earthquake

was also evaluated using the dynamic-finite element method of analysis.
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The dam and underlying foundation were represented by the finite element
mesh shown in the upper part of Fig. IX-1.

The modified Pacoima Dam record with a peak acceleration of 0.6g
which indicated failure of the upstream slope of the Lower Dam, was used
as input base rock motion for the analysis of the Upper Dam. The
dvnamic modulus values for the soils in the embankment and underlying
foundation are summarized in Table IX-2. The choice of these values was
based on measured shear wave velocities in the hydraulic fill and on the
results of the field explorations and laboratory tests described in
Part IV. Damping values and the variation of modulus values with strain
were based on applicable published data for cohesionless soils and for
saturated clays, Fig. VIII-3.

The respon:cz of the Upper Dam was then computed using the Modified
Pacoima record as input base rock motion. The solution was repeated
until strain-compatible modulus and damping values were obtained. Time
histories of acceleration at every node and the shear stresses induced in
each element during the earthquake were thus computed. The time history
of accelerations at the crest and along the top of the berm, together with
the time history of the input base rock motions, are shown in Figure 1X-2.
As can be noted, the computed maximum crest acceleration is approximately
0.6g and the acceleration along the berm is appreoximately 0.5g.

The computed time history of shear stresses in each element was
converted to an equivalent series of average cyclic stress applicatiom.
These equivalent stress applications were then used in assessing the

stability of the dam during the San Fernando earthquake.
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Stability Analysis

The stability in the embankment was evaluated by investigating the
liquefaction and strain potential within four potential zones of failure,
located as follows:

1. A zone along the base of the embankment extending from Elevatien

1145 to Elevation 1152. The stress conditions along the plane
at Elevation 1148-1/2 (average elevation for this zone) were
used for evaluating the liquefaction and strain potential in
this zone. As can be seen in the lower part of Fig. IX-1, this
zone extends partly in the upper alluvium and partly in the
hydraulic £i11.

2. A zone extending from Elevation 1160 to 1170; the stress
conditions along the plane at Elevation 1165 were used for
evaluating the liquefaction and strain potential in this zone.

3. A zone extending from Elevation 1170 to 1180; the stress
conditions along the plane at Elevation 1175 were used for
evaluating the liquefaction and strain potential in this zone.

4, A zone extending from Elevation 1180 to 1190; the stress
conditions along the plane at Elevation 1185 were used for
evaluating the liquefaction and strain potentizl in this zone.

As in the case of the Lower Dam, the stability of the Upper Dam was
evaluated taking into consideration the tendency for liquefactien in the
hydraulic fill to develop progressively. The stability of the dam was
therefore assessed in two steps; the behavior after 6 sec. of shaking was
first evaluated and then the remainder of the motion (i.e. from 6 to
15 sec.) was applied. Typical time histories of straess at representative

points in the embankment are shown in Fig. IX-3.
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The stresses developed at different points in the embankment and
its foundation during the first 6 seconds of shaking were judged to
correspond to 2 cycles of equivalent uniform stress. The equivalent
uniform stresses developed for 2 cycles after 6 sec. of shaking along
the base of the embankment are presented in Fig. IX-4. The stresses
required to cause liquefaction in 2 cyecles (as determined from the test
data in Fig. I1V-35 in conjunction with the values of initial normal stress,
G;, and the ratio, TO/G;, shown in the upper part of Fig. IX-4) aleng
the base of the embankment are also shown in Fig. IX-4. As can be
noted, an extensive zone of liquefaction, accompanied by strains exceed-
ing 5 percent, develops in the hydraulic fill downstream of the core.

No liquefaction appears likely in the alluvium upstream of the core.

Similar ploté, to that shown in the Lower part of Fig, IX-4, for
the planes at Elevation 1156, 1165, 1175 and 1185 are presented in
Figs. IX~5, IX-6, IX-7 and IX~8, respectively. Comparison of the values
of developed stresses with the stresses required to cause liquefactiom
and 5 percent strain along each plane provides the means for assessing
the extent of liquefaction and excessive strain within each zone after
6 sec. of shaking., The extent of liquefaction for this duration of
shaking is summarized in Fig. IX-Z.

The effects of additional shaking (i.e. from 6 to 15 sec.) were
studied by continuing the analysis with greatly reduced moduli of
deformation in the liquefied zomes and comparing the equivalent stresses
after 15 seconds of shaking with the available resistance of the soil.
The increase in the extent of liquefaction as a result of this additional
shaking is summarized in Fig. IX-2Z.

In addition to the development of zones of ligquefaction and

significant strains within the embankment, the analysis also indicates
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an extensive zone of liquefaction in the depth range from El. 1:45 to
£1. 1152 beyond the downstream toe of the embankment as shown in

Fig., I¥-2. It may be noted that several sand boils were found in this
area after the earthquake.

However it may be seen from Fig. IX-2, that most of the upstream
shell of the embankment and a substantial part of the downstream shell
do not liquefy or tend to develop excessive strains. It was presumably
the continued mobilization of high resistance to deformation in these
zones which prevented a catastrophic failure of the embankment during
the earthguake.

Furthermore, the locations anéd extent of the zones of liquefaction
and high strain potential are indicative of the tendency of the embank-
ment to undergo substantial movements in the dowmstream direction. Such
movements would be anticipated simply from a loss of support at the
downstream toe; the tendency would be strongly increased by a loss of
resistance in a large part of the downstream shell and the central part
of the upstream shell. The combined effects of movements through these
zones would be likely to terminate near the upper part of the upstream
slope. Thus in a qualitative sense, the results of the analysis are
consistent with the behavior of the dam during the earthquake.

A more quantitative evaluation of the behavior of the embankment
during the earthquake can be obtained by using the cyclic shear stresses
computed by the dynamic response analyses in conjunction with the cyclic
ioad test dats to determine the potential compressive strains of individual
elements of the embankment, as described in the previous section. These
strains are shown in Fig. IX-9. Contours of equal potential strain,

based on these results are shown in Fig. IX-10, It may be seen that the
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zones in the embankment which tend to develop the largest strains are
near the base and near the center of the embankment and below the crest
of the dam. On the other hand the soil in the shells tends to develop
relatively small potential strains ranging from 0 to 7 percent.

An acsessment of the overall stability of the embankment, in spite
of the development of zones of high strain potential, can be made by
considering that the soil in zones where the shear strain potential
exceeds, say, 20 percent or the compressive strain potential exceeds
about 10 percent, would provide no effective resistance to slide move-
ments in the embankment. These zones are shown in Fig. IX-11, together
with the results of an analysis to determine the minimum factor of safety
against sliding in the downstream direction. For the sudden change in
stress conditions, consolidated-undrained strength parameters were used
in the analyses and seismic forces were neglected. The computed minimum
factor of safety was 1.75 indicating that the embankment would easily be
able to withstand the small inertia forces developed in the later stages
of the earthquake, together with the static stresses, without develop-
ment of a residual downstream instability conditionm.

On the other hand, the magnitude of the strains developed in the
embankment would be expected to lead to substantial residual deformations.
Values of the shear strain potential for individual elements of the
embankment, obtained by multiplying the compressive strains by 2, are
shown in Fig. IX-12. Since the zones developing lower strains will tend
to restrain the movement of zones of higher strain potential, again a
first approximation to the overall horizontal movements of the embankment
might be obtained from the overall average shear strain for elements

located on the dowastream side of the axis of the dam, as shown in

Fig. IX-12.
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For the shear zone shown with a depth of about 38 ft, the average
shear strain is about 22%. Thus the indicated relative movement of the
surface of the embankment relative to the base is about 8.3 ft. A
horizontal movement of this magnitude would be accompanied by sloughing
of the triangular wedge of soil bounded by the dashed line in Fig. IX-1iZ,
producing slide scarps near the top of the upstream slope. In additien
the movements near the base of the embankment would be relatively small.

It is interesting to note that the shear strains in the zone below
the crest of the embankment are somewhat lower than those further down-
stream, indicating that the lateral movement of the crest would be some~
what less than that of the horizontal berm at El. 1200 approx. Such
differential movements would be expected to lead to cracking near the
downstream toe of the rolled fill, as was observed following the
earthquake, Furthermore the average shear strain in the soil under the
crest of the embankment is about 15 percent, indicating a crest dis-
placement due to shear of about 6 ft, as shown in Fig. IX-12.

This type of behavior is in reasonable accord with the behavior
of the embankment during the earthquake. More rigorous analyses of the
deformations of an embankment resulting from different strain potentials
in the variocus elements can be developed, taking into account the stress-
strain properties of the soils and including evaluations of vertical
movements. However the simplified approach discussed above appears to
provide a simplistic concept of behavior which is adequate for many

purposes.
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Part X - Dynamic Analyses of Lower San Fernando Dam

for Other Earthgquakes

in addition to the earthquake which shook the San Fernando area on
Feb. 9, 1971 the San Fernando Dams might well have been subjected to
ground shaking from other earthquakes which might reasonably be expected
to occur at some time in the Los Angeles area. For example, the
Van Norman Lake Complex is located about 23 miles from the San Andreas
fault which might generate earthquakes with any magnitude up to about 8.5,
it was considered of interest therefore to evaluate the stability of the
Lower Dam for shaking produced by earthquakes with magnitudes 8-1/4,

7-1/2 and 7 occurring on this fault.

Also in view of the presence of other faults cutting recent alluvium
st the Lower San Fernando damsite, it is conceivable that the dam might
possibly have been subjected to stronger motions than those which occurred
at the site in 1971. Furthermore if the dam had been located several
miles north of its present location it might possibly have been subjected
to motions similar to those recorded near the Pacoima Dam. To determine
whether a reasonably well-constructed earth dam could safely withstand
such motions, it was considered of interest to evaluate the stability of
the Lower San Fernando Dam if it were subjected to these motioms but the
relative density of the soils in the dam had been of the order of 75 to
80 percent.

The results of these studies are presented in the following pages.
The analytical preocedures used were similar to those described in detail

in Part VIII and IX.
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Stability for Magnitude 8-1/4 Earthquake on San Andreas Fault

The results of the analysis of the stability of the Lower Dam for a
magnitude 8-1/4 earthquake occurring on the San Andreas fault at a distance
of 23 miles from the damsite are shown in Fig. X-1. The motions in the
rock underlying the dam produced by such an earthquake were considered
to have a maximum acceleration of about 0.4g and a time~history similar
to that proposed by Seed and Idriss (1969) for such events. The time-
history of rock motions at the base of the embankment is shown in Fig. %~-1.

The computed accelerations at the crest of the dam are also shown
in the figure together with the zones of soil in the hydraulic fill which
the analysis indicates would have failed by liquefaction after about
30 seconds of ground shaking. It may be seen that the extent of the zones:
iz comparable to that shown in Fig. VIII-4 to have developed after about
10.5 seconds of the San Fernando earthquake. However since the total
duration of shaking from a magnitude 8-1/4 earthquake is likely to be
about 60 to 70 seconds, it is clear that further liguefaction in such an
earthquake would rapidly occur by progressive failure and in fact, the
dam would almost certainly have failed more extensively in such an
earthquake than it did in the San Fernandc event.

Clearly an earthquake of this magnitude would need to be considered
in evaluating the safety of the dam, and depending on the possible magni~
tude of more local events, might be the controlling factor in determining

an adequate design.

Stability for Magnitude 7-1/2 Earthquake on San Andreas Fault

The results of an analysis of the stability of the Lower Dam for a
magnitude 7-1/2 earthquake occurring on the San Andreas fault are shown

in Fig. X-2. The motions in the rock underlying the dam produced by such
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an earthquake were considered to be similar to those shown in Fig. X-1
but to have a maximum acceleration of 0.25g and a duration of strong
ghaking of aboutr 35 to 40 seconds.

The computed accelervations at the crest of the dam for rock motioms
of this type are shown in Fig. X-2, together with the zones of failure
in the hydraulic fill which the analysis indicates would have failed by
liquefaction after about 24 seconds of ground shaking. While these zones
are apprecisbly smaller in extent than those shown in Fig. X-1, they are
never—-the-less sufficiently comparable to those shown in Fig. VIII-4 to
have developed after 10.5 seconds of shaking in the San Fernando earthquake
that by analogy it seems highly probable that a similar slide in the
upstream slope would occur by progressive failure in the subsequent 10 to
15 secends of strong motion.

Thus an earthquake of magnitude 7-1/2 on the San Andresas fault
might have been expected to cause sliding of a similar extent to that

which occurred in 1971.

Stability for Magnitude 7 Earthquake on San Andreas Fault

The rvesults of an analysis of the stability of the Lower Dam for a
magnitude 7 earthquake occurring on the San Andreas fault are shown in
Fig. X-3. The motions in the rock produced by such an earthquake were
considered to have a maximum acceleration of about 0.2g, a duration of
strong shaking of about 25 seconds and a time-history similar to that
recorded at Taft in the Kern County earthquake of 1952, The resulting
time history of such motions used in the analysis is shown in the lower
part of Fig. X-3.

The computed accelerations at the crest of the dam are also shown

in the figure but in this case, analysis of the stresses induced in the

embankment did not indicate any zone where liquefaction would occur.
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Accordingly it is concluded that the Lower Dam would have been
able to withstand the shaking produced by such an earthquake without

any significant detrimental effects.

Stabiiity oif Embankment Dam Subjected to Pacoima Acceleration Record

In order to explore the possibility of a well-constructed embankment

dam withstanding the intense shaking represented by the motions recorded
‘near the Pacoima (concrete arch) Dam in the San Fernando earthquake, a
nypothetical analysis was made for a dam having the same configuration as
the Lower San Fernando Dam but composed of similar soils having a relative
density of the order of 75 to 8( percent.

Tor a denser material of this type, the shear moduli would be
appreciably higher than those in the actual dam and used in the analyses
described previously. Typical values for such materials were selected
from test data obtained in other studies (Seed and Idriss, 1970). Thus
the embankment was considered to be constructed of sand having a maximum
value of ¥, in the equation

2

¢ = 1000 . (o2
2 m

of about 62 at strains of the order of 1072 percent. The proportionate
reduction in moduli with increasing strain and the damping raties at
different strains were identical with those used for the preceding
analyses,

In the absence of test data for the embankment sands at these higher
densities, an estimate of the stremgth at a relative density of 80 percent
was obtained by assuming that the proportionate increase in strength with
inecrease in relative density would be similar to that found for Sacramento

River sand (Lee and Seed, 1967). Thus the stresses required to cause 5%
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strain and liquefaction at a relative demsity of 80 percent were considered
to be about 60 percent higher than those for a relative density of
50 percent.

With these assumptions an analysis of embankment stability was made
as before. The time history of accelerations in the base rock is shown in
the lower part of Fig. X-4, and the computed time history of accelerationms
at the crest of the embankment in the upper part of the figure. It may be
seen that although the base motions have a maximum acceleration of 1.23g,
the maximum crest acceleration is omnly about 0.8g and furthermore the
maximum crest acceleration occurs well before the maximum base rock
acceleration is reached. Thus in fact, the maximum response in the embank-
ment is independent of the maximum acceleration pulse in the base motion.

Analyzing the failure potential of different elements in the embank-
ment as described in Part VIII leads to the zones of failure after
15 seconds shown in Fig., X-4. The extent of those zones is insufficient
to cause any significant degree of progressive failure of the embankment
and thus it seems likely that an embankment constructed primarily of
sandy material with a relative demsity of about B0 percent would be able
to withstand safely the strongest earthquake motion recorded to date.
However the Pacoima Dam record is not necessarily the most damaging motion
which would affect a dam and further studies for other motions are required
before general conclusions concerning embankment dam stability during

earthquakes can be drawn.
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Part XI - Dynamic Analyses of Lower San Fernando Dam

for other Conditions

Stability with only 5 ft of Water in Reservoir

Although the upstream slope of the Lower San Fernando Dam proved to
be unstable during the earthquake of Feb. 9, this condition was not
determined solely by the characteristics of the soils comprising the
embankment but also by such variable factors as the intensity and duration
of the earthquake shaking and the water level in the reservolr. It has
already been noted that the sliding probably occurred in the later stages
of strong ground shaking and might not have occurred at 21l if the shaking
had been z few seconds less in duration. Similarly if the water level in
the reservoir had been very low, the condition of instability might never
have developed. To explere this possibility an analysis of the embank~
ment stability was made assuming a water level in the reservoir 5 ft above
the base of the embankment. Thus the water level was sufficiently high
to maintain a condition of saturation in the lewer 5 ft of the embankment,
thereby making this section vulnerable to strength loss and liquefaction
as a result of earthquake shaking. However the liquefaction potential
would be reduced significantly by the increase in effective pressures
within the embankment.

The results of an analysis of embankment stability under these
conditions, for the base rock motions represented by Scott's interpretation
of the abutment seismoscope record are presented inm Fig. XI-]l. The maximum
acceleration at the base of the embankment was about 0.6g and the computed
maximum acceleration at the crest was about the same (see acceleration time

histories in Fig. XI-1). However analysis of the stability of elements
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within the embankment showed that none would reach a2 condition of
5 percent strain or liquefaction.

Thus the analysis indicates that the embankment would have been
stable under these conditions, a conclusion confirmed to some extent by
the performance of the Dry Canyon Dam in this earthquake. Dry Canyon
Dam was located at gbout the same distance from the zone of energy
release as the Lower San Fernande Dam. However it had no water in the
reservoir and it suffered no significant damage, thereby demonstrating
that hydraulic £ills, per se, are not necessarily vulnerable to earthquake
shaking; further it is the combination of the initial soil conditioms,
the pre-earthquake effective stress conditions and the dynamic stresses
induced by the earthquake which determine the embankment stability. A
significant change in any of these factors can materially affect the

failure potential of an earth dam.

Stability Analvsis Using Different Failure Criteria

In the stability analyses described in Parts VIII and IX, the
stability of the embankment was first evaluated using the stresses required
to cause 5% strain and liquefaction (pore pressure equal to effective
confining pressure during cyeclic loading) as a failure criterion. This
strain criterion was chosen for several reasons including:

(1) If this strain level is not exceeded anywhere in an embankment,
deformatione of the embankment are likely to be well within
acceptable limits.

{2) For the hydraulic sand fill complete failure of test specimens
developed relatively rapidly once 5% strain had been reached;
thus the development of this strain level in the embankment would

be likely to be quickly fellowed by much larger strains and large

movements.
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and (3) It is an appropriate strain level at which progressive failure
effects should be considered.

It has sometimes been suggested that higher strain levels of the order of

15 to 20 percent should be used for analysis purposes. The use of such

higher strain criteria would tend to increase the apparent safety of an

embankment by

1. Requiring higher stresses to cause the higher strain levels

specified and

2. Eliminating the need for considerations of progressive failure

in an embankment.
While such considerations may be appropriate for some types of soils, their
use for soile which increase in strain relatively rapidly once initial
liquefaction has occurred may lead to an over-estimate of the actual
safery of an embankment dam.

To explore this possibility, an analysis of the stability of the
Lower San Fernando Dam was made using a failure criteriom of 20% in the
eyelic triaxial compression tests. For this condition it was found from
the test data that the stresses required to cause 207 strain were about
25 percent higher than those required to cause 5% strain. Thus the data
shown in Figs. V-46 to V-51, increased by 25 percent, could be used for
analysis purposes.

Using the modified Paccoima motion as a base excitation, the stress
distribution in the embankment was determined and the values compared
with those required to cause 20 percent strain. It was found that
nowhere were the induced stresses high enough to cause a strain level
of this mgnitude, leading to the conclusion that the embankment would

adequately withstand base motions of this magnitude without excessive
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deformation--a result in marked contrast to the actual behavior of the
embankment during the earthquake.

In view of this result, a careful scrutiny was made of the cyclic
load test data. It was noted that in many tests of this type, the magni-
tude of the cyclic stress applied to a test specimen drops off slightly
once large strains are developed as a result of the inability of the load
application system to keep pace with the deformations of the specimens.
This was apparently the case in the test program for this investigation,
and after correcting for this deficiency in the cyclic load test
procedure, it was found that for constant stress applications, the stresses
required to cause 20% strain were only about 15 percent higher than those
causing initial liquefaction and 5% strain.

Accordingly a new analysis was made to compare the stresses induced
in the embankment by the earthquake with these causing liquefaction and
20 percent strain determined in this way. The zones in which 20 percent
strain would develop, as indicated by this analysis, are shown in
Fig. XI-2, The limited extent of these zones might be considered indicative
of adequate performance if the real behavior of the upstream sliope had
not been known.

Accordingly the use of higher strain criteria, without consideration
of the possible effects of progressive failure, may lead to incorrect
assessments of embankment performance under some conditioms. In particu-
lar this study would seem to indicate the care regquired in interpreting
the results of cyclic load tests for use in evaluations of embankment

stability during earthquakes.
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Part XII - Stability of Other Hydraulic Fil]l Dams

in the San Fernando Earthquake

While this report is primarily concerned with the effects of the
San Fernando earthquake on the Upper and Lower San Fernande Dams, it
should alsc be noted that there were five other hydraulic fill dams
iocated within about 20 miles of the epicentral region, and subjected to
strong shaking during the earthquake. These dams are listed, together
with the San Fernandc Dams, in Table XII-1.

Dry Canyon Dam, located about the same distance from the epicentral
region as the San Fernando Dams, had no water in the reservoir
at the time of the earthquake and suffered nc damage even though rock
motions at the damsite are likely to have developed acceleration levels
of the order of 0.5g. (learly unsaturated hydraulic fills are not
unstable even under conditions of extremely strong shaking.

Chatsworth Dam was under reconstruction at the time of the earth-
quake and thus no conclusions can be drawn from its behavior. However
Fairmont, Lower Franklin and Silver Lake Dams, all storing water and
located about 20 miles from the epicentral region where maximum rock
accelerations were of the order of 0.2g, also suffered no significant
damage. The behavior of these dams shows that hydraulic fill structures
are capable of withstanding strong motions of this order of magnitude for
8 or 9 seconds without any detrimental effects; thus even saturated
hydraulic fills will not become unstzble unless the ground shaking becomes
sufficiently intense, emphasizing that the liquefaction potential of a
sandy soil during earthquakes is not determined simply by its void ratio
or relative density but also by the magnitude and duration of the stresses

to which it is subjected.



Table XI1-1

Hydraulic Fill Dams within 25 Miles of Epicentral Region
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Dam

Approx. Distance
from
Epicentral Region

Approx.
Maximum
Rock Acen.

Performance

Upper San Fernando

Dry Canyon

Lower San Fernando
Chatsworth
Fairmont

Lower Franklin

Silver Lake

G

B[

20

20

21

0.55¢

0.50g

0.50g

0.20g

0.20g

(.19g

Crest slid downstream

Not in use -
reservoir empty

Major slide upstream
Under reconstruction
No significant damage
No significant damage

No significant damage

5

ft
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It is interesting to note that the observed performance of all
these dams is in accord with the behavior predicted by dynamic response
analyses. Analysis of the lower San Fernando Dam with only 5 ft of
water in the reservoir, as shown in Fig. XI-1, indicates no zones of
failure or large deformation; similar results could readily have been
chtained for the Dry Canyon Dam with low reserveir level.

Again, the analyses of the stability of the Lower San Fernando Dam
show that it could safely withstand the effects of a magnitude 7 earth-
quake occurring about 2Z miles from the damsite. Clearly then, no
damage would be expected from a magnitude 6-~1/2 earthquake at about the
same distance, and similar results would be expected for other dams of
similar comstruction; this was in fact borne out by the performance of
the Fairmont, Lower Franklin and Silver Lake dams,

It is extremely important to note that both field performance and
analytical studies show that the seismic stability of a hydraulic fill
dam is not determined only by its composition and configuration, but also
by the intensity of shaking to which it is subjected. Thus a dam which
may be unsuitable for a highly seismic region may be entirely safe if it
is located in a region of more moderate seismicity. In this respect the
level of the water in the reservoir also has a major effect on the
stability and increases in stability can be effected by limiting the

reseyvolr level.



X111 - Conclusions

The events assoclated with the performance of the Upper and Lower
San Fernande Dams during the earthquake of February 9, 1971 indicate
that a major catastrophe was narrowly missed. Had any one of a number
of possible conditions been slightly less favorable, such as the
duration of shaking or the water level in the reservoir, the Lower Dam
could have failed resulting in a sudden release of 10,000 acre-feet of
water over a heavily populated urban residential area., The immediate
recognition by responsible authorities that the margin of safety was
unacceptably close led to the investigation described in the preceding
pages. The study was specifically undertaken to determine whether the
siide movements developed in the foundation or inm the embankment soils,
whether the mechanics of sliding was primarily due to liquefaction or
more conventional slide mechanisms, whether existing analytical
procedures are adequate to predict siide movements of this type and
whether new criteria are required for evaluating the seismic stability
of earth dams.

The main conclusions resulting from the study are summarized

briefly below:

Field Conditions and Mechanism of Failure

1. Construction of the Lower and Upper San Fernando Dams was initiated
in the years 1912 and 1921 respectively by hydraulic £ill methods
directly on the natural alluvial soils, with additional zones of
compacted f£ill being added later.

2. The soil conditions at both dams were similar. The foundation

alluvium consisted of a heterogeneous mixture of fairly well graded

137
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clavey and sandy gravel with an average relative density of about

65 to 70 percent. The hydraulic fill forming the shells of the dam
consisted of stratified layers of coarse to fine sand and clay, the
degree of stratification tending to decrease from the outside toward
a central clav core. The relative density of the hydraulic sand
fill varied betwesn about 40 and 70 percent but average characteris-

tics were as follows:

Upper Dam Lower Dam

50 percent size, D50 - mm 0.05 te 0.8 0.05 to 1.0
Coefficient of uniformity 4 to 6 7 to 10
Dry unit weight - 1b. per cu. ft. 90 to 115 95 to 110
Relative density - percent 531 to 58 51 to 54

Degree of compaction based on
Standard AASHO test - percent 92 to 98 95 to 100

Degree of compaction based on
Modified AASHO (1961) test — percent 83 to 92 88 to 93

The earthquake of February 9, 1971 produced about 15 seconds of
strong shaking at the damsites with a peak acceleration of about

0.6g in the rock underlying the embankments.

As a result of this seismic shaking, the crest of the Upper Dam
moved about 5 to 6 ft. downstream and settled about 3 ft. while

the upstream part of the embankment of the Lower Dam, including

the upper 30 ft. of the crest, moved some 70 ft. or more into the
reservoir.

The slide movements in the upstream slope of the Lower Dam occurred

as a result of an increase in pore water pressure in the embankment
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soils resulting from the ground shaking and the resulting loss of
strength and liquefaction of the hydraulic fill near the base of
the embankment. Evidence supporting this conclusion includes:

(a) observed increases in pore water pressure in the soils
comprising the downstream part of the embankment;

(b} the large horizontal displacements (about 75 ft) of the
main parts of the slide massj

{(c) the spreading of ewbankment soil about 250 ft beyond the
toe of the embankment;

{dy the formation of sand boils in the slide debris;

(e) the formation of cracks filled with liquefied sand in the
slide mass:

(f) the complete distortion and intermixing of sand and clay
layers in the slide zone;

(g) the mechanism of failure, as evidenced by the location of
slide debris, was similar to that of other slides resulting
from seoil liquefaction;

(h) the positions of hydraulic sand fill in the slide debris in
some areas could only have resulted from the soil being in
a state of liquefaction or complete strength loss during
the slide movements;

(i) reconstruction of the mechanics of sliding indicates an
extensive zone of liquefaction near the base of the embank-
ment;

(1) «cyclie load tests on undisturbed samples comsolidated to
stress conditions equivalent to those existing in the dam

prior to the earthquake and subjected to cyclic stresses
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similar to those caused by the earthquake consistently
produced failure by liguefaction where the pore water
pressure reached values equal to the confining pressure

and large deformations developed thereafter.

A review of all available evidence, including a recomstruction

of the embankment section and the results of dynamic analyses of
embankment stability, strongly suggests the following mechanism of
failure of the upstream shell of the Lower San Fernandoc Dam: After
about 12 seconds of strong shaking very high pore water pressures
had developed in an extensive zone of hydraulic fill near the base
of the embankment and upstream of the clay core so that much of this
s0il was in a liquefied condition. At this stage the shear resistance
of the scil in the upstream shell could not withstand the dead load
stresses caused by the weight of the embankment and slide movements
developed. The slide mass moved outwards on the liguefied soil,
breaking into blocks as the movement developed and removing support
from the clay core, which was then extruded into the remaining part
of the shell material by the pressure of the overlying portions of

the embankment.

The horizontal movement of the Upper San Fermando Dam also resulted
from increases in pore water pressure in the embankment soils

leading to some loss of strength and complete liquefaction in some
zones of the embankment; however since a significant body of the sand
in the upstream and downstreawm shells retained considerable strength,
complete failure could not occur and the movements were limited in

extent.
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There was no evidence of slide movements in the foundation alluvium
for either dam; samples taken from the Lower Dam showed that the
position of the original ground surface was unchanged by the slide
movements immediately above, and careful examination of samples of
alluvium at both damsites showed no evidence of disturbance. These
observations are consistent with the laboratory and field determina-
tions that the relative density of the alluvium at both sites was
significantly higher than that of the hydraulic fill, and that the
strength of the alluvium under cyclic loading conditions was
significantly higher than that of the hydraulic fiil under the same

confining pressure conditions.

Three other hydraulic fill dams (Fairmont, Lower Franklin and Silver
Lake) were subjected to base rock motions with maximum accelerations
of the order of 0.2g during the earthquake without any detrimental
effects, indicating that hydraulic fill dams are not inherently
unstable structures but only become so when they are subjected to
shaking of sufficient intensity and duration to initiate large
increases in pore water pressure and accompanying loss of strength

in the soil.

Ancther hydraulic fill dam (Dry Canyon), with no water in the reserveir,
was subjected to shaking of comparable intemsity to that at the Upper
and Lower San Fernandc damsites, without any detrimental effects,
indicating that it is the presence of water pressure in the soils

which leads to instability.
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Pseudo-Static Analyses

1.

Pseudo-static analyses of the seismic stability of the embankment

of the Lower Dam made several years before the earthquake using
conservative strength values and a seismic coefficient of 0.15,
together with a partial drawdown, showed a factor of safety of about
1.05 for the upstream slope and led to the conclusion that the
embankment would not fail due to anticipated earthquake ground
motions: using average strength values for the embankment soil and
discounting any effects of drawdown, the computed factor of safety
for the same seismic coefficient would have been about 1.5. However
the upstream slope failed completely during the San Fernando
earthquake.

Pseudo-static analyses of the seismic stability of the embankment of
the Upper Dam using average strength values for the embankment soil
and a seismic coefficient of 0.15 show a computed factor of safety
of about 2.0 to 2.5 depending on the method of dara analysis. However
the embankment moved 5 or 6 ft downstream and apparently approached

a condition of failure during the earthguake.

While pseudo-static analyses using a seismic coefficient of 0.15 were
inadequate for predicting the stability of the embankments during the
San Fernando earthquake, they did serve to indicate the locations of

the most critical sliding surfaces in the embankment sections.

In order to predict the conditions of instability of the San Fernando
dams during the earthquake of February 9, 1971, using the pseudo static
method of analysis, it would have been necessary to use a seismic
coefficient of the order of 0.2 to 0.3 for the Lower Dam and about

0.5 for the Upper Dam.
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The pseudo-static method of analysis with seismic coefficients of the
order of 0.1 to 0.15 does not appear to provide an adequate basis for
evaluating the seismic stability of dams which may fail as a result
of increased pore water pressures and severe strength loss in the
embankment or foundation soils, for the intensity of ground shaking

developed in the San Fernando earthquake.

Dynamic Response Analyses

1.

and

Dynamic analyses of the response of the San Fernando dams incorporating:

(a) an analysis of the static stresses developed in individual
elements of the embankment before the earthquake,

(b) the use of a dynamic finite element analysis procedure, with
strain-dependent properties to allow for non-linear stress-
strain characteristics of the embankment and feundatien soils,
to determine the dynamic stresses developed in individual
elements of the embankment,

(¢} the use of cyclic loading triaxial compression test data to
determine the response of the soil elements to the induced
stresses {i.e., whether ligquefaction will occur and the magni-
tude of the strains developed)},

(d) consideration of progressive failure effects by determining
the redistribution of dynamic stresses after liquefaction or
5 percent strain had developed in any soil element,

appears to provide a satisfactory basis for assessing the stabiliry
and deformations of the embankments during the earthquake. This type
of analysis indicates the development of a zone of liquefaction along
the base of the upstream shell of the Lower Dam, which would be

sufficiently extensive near the end of the earthquake shaking to lead
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to a condition of instability {(factor of safety<1). The same
analysis procedure applied to the Upper Dam indicates that complete
instability would not develop {(factor of safety ®2) but the develop-
ment of large shear strains would lead to substantial deformations of
the embankment section. The computed movements of the crest and

berm of the embankment {6 to 8.5 ft) are in reasonable agreement with
the observed downstream displacement of 5 ft at the crest of the dam.
If progressive failure effects were neglected and a failure

criterion of 20 percent axial strain were used to determine the allow-
able dynamic stresses which could develop in the embankment without
causing 'failure', the dynamic response analysis procedure described
above would indicate the Lower San Fernando Dam to be 'stable' during
the February 9 earthquake. Accordingly it is important to allow for
progressive failure effects in soils where liguesfaction and large

strains develop rapidly once initial liguefaction has occurred.

Analysis of the stability of the Lower San Fernando Dam using the
dynamic response analysis procedure for other earthquakes which
might have affected the dam leads to the following results:

(a) The dam, as it existed on February 9, 1971, would have been
unstable for earthquakes with magnitudes 7-1/2 to 8-1/4
originating on the San Andreas fault some 23 miles away;
however the dam would have been stable for a magnitude 7 earth-
quake occurring at such a distance. This latter result is in
goed accord with the observed performance of the Fairmont,
Lower Franklin and Silver Lake dams durimg the February 9

earthquake.
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(e

If the dam had been better constructed, with the same geometry
and using the same materials, but with a relative density of
the soils of about 80 percent, it would probably have been
stable even if motions similar to those recorded at Paccima Dam
(maximum acceleration = 1.25g) had developed in the underlying
rock formations.

1f the reservoir had been almost empty so that the pre-earthquake
effective pressures would have been due to the full weight of
the embankment soils rather than their buoyant weights, the
Lower San Fernando Dam would have withstood the shaking it
received in the February 9 earthquake without seriously
detrimental effects. The result is in general accord with the

observed performance of the Dry Canyon Dam during the earthquake.

Both the analytical results and the field performance of hydraulic fill
dams during the February 9 earthquake show that the seismic stability
of hydraulic fills is not determined only by their void ratios or

relative density, but also by the nature, intensity and duration of

the seismic shaking.

The fact that the dynamic response analysis procedure used in the
investigation gives reasonable evaluations of the performance of

three different hydraulic fill dam conditions:

(1) Lower San Fernando Dam

(2) Upper San Fernando Dam

{3}y Fairmont, Lower Franklin &
Silver Lake dams

including some which developed large movements and some with no

significant damage gives confidence in the ability of the method to
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anticipate the performance of other structures subjected to
different shaking intensities. Because of the analytical simplifi-
cations required, however, good engineering judgment must be
exercised in the selection of soil characteristics for use in the
analyses, in the detailed steps followed to conduct the analyses,
and in the evaluation of the results obtained. Hopefully the

degree of judgment required will be reduced as further develop-
ments in soil testing and analysis procedures are introduced. In
the meantime, the detailed procedures used in this study should
provide a useful guide for other evaluations. It is emphasized,
however, that other procedures may well be applied and give
acceptable results in many cases. It would seem desirable however
that any analytical procedure used to evaluate the seismic stability
of embankment dams should have the capability of correctly predicting

the performance of hydraulic fill dams in the San Fernando earthquake.

Miscellaneous

1.

In this investigation, the density determinations made on the undis-
turbed Shelby tube samples in the laboratory agreed well with those
made in the field by the sand cone method.

Values of relative density determined from the measured field and
limiting density data were in reasonably good agreement with the
values determined from standard penetration test data using the
correlation chart developed by Gibbs and Holtz.

Both field densities for the hydraulic fill and the limiting maximum
and minimum densities decreased gradually with decresasing grain
sizes in the soils; however the relative density of the undisturbed

hydraulic fi1]1 was essentially independent of grain size.
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In the Lower San Fernando Dam, the average relative density of the
hydraulic fill was about 51 to 54 percent, the average degree of
compaction based on the Standard AASHO test procedure was about

95 to 100 percent and the average degree of compaction based on

the Modified AASHO {1961) test procedure was about 88 to 93 percent,
Since this soil liquefied during the earthquake or lost sufficient
strength to permit a major slide to develop - these values of
relative density and degree of compaction are apparently insuffi-
cient to prevent failure of saturated sands in earth structures
under the intensity of shaking developed in the San Fernando earth-
quake.

Even in their loosest possible states, the hydraulic fills in

the San Fernando dams would have had a degree of compaction between
76 and 88 percent based on the Standard AASHO test or between 68
and 84 percent based on the Modified AASHO (1961) test. These results
emphasize the necessity of developing high values of degree of

compaction in the placement of dense sands in earth structures.
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