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PREFACE

This report presents the findings of the State Engineering Board of Inquiry
in its investigation of failure of the Baldwin Hills Reservoir in Los Angeles,
California, on December 14, 1963. The disaster has emphasized forcefully the
extensive damage and threat to life that even a relatively small amount of water
can bring when suddenly released onto a highly developed area. It is important,
therefore, that the facts disclosed in this comprehensive inguiry be made known
to give a measure of guidance to those who have responsibility for design,
construction, and operation of such reservoirs, Recognizing that water and its
storage are essentials of life in our communities, it is imperative that the faeili-
ties which provide these benefits be made as safe as current engineering knowl-
edge permits, reinforced by the lessons learned from the unfortunate experience
at Baldwin Hills. ’

The groundwork for a full-seale state investigation was laid immediately
following the disaster as a result of initial inspeetions of the broken reservoir
and conferences among Director William E. Warne; Chief Bngineer Alfred R.
Golzé; Walter A. Brown, head of the Supervision of Dam Safety Office; and
other members of the staff of the (lalifornia Department of Water Resourees.
On December 19, 1963, Mr. Warne issued an order directing that an ¥Engi-
neering Board of Inguiry be organized and designated Mr. Robert B. Jansen
as Chairman of the Board. The investigation was assigned the highest priority,
with the objective of snbmittal of a definitive report to Resources Agency
Administrator Hugo Fisher and Governor Brown in accordance with their
requests.

The Engineering Board of Inguiry is indebted to the following members of
the Department of Water Resources organization for their assistanee in con-
ducting the investigation: James E. Liey and Arthur B. Arnold and the data
collection task force which they supervised; William J. Ellis, Ernest M. Weber,
William M. Gibson, and William F. Harley for special studies; and Roy C.
Wong, William H. Montgomery, and ITelen J. Ribbeck for staff assistance. The
Board is also grateful to the personnel of the Laboratories Branch for materials
testing and to the many others who contributed to preparation of the report.
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LETTER OF TRANSMITTAL

STATE OF CALIFORNIA—RESOURCES AGENCY EDMUND G. BROWN, Governor

DEPARTMENT OF WATER RESOURCES

P. O. BOX 388
SACRAMENTO

May 8, 1964

Honorable Edmund G. Brown
Governor of California
State Capitol

Sacramento, California

Dear Governor EBrown:

: Immediately after the failure of Baldwlin Hills
Reservolr in Los Angeles, I ordered an investigation to
determine the cause ‘and manner of fallure, Thils
investigation has now been completed, and I am pleased
to submit herewith a full report on the matter.

The 1nvestigation included, in addition to a
study of the facts related to the failure, a review of
the design, construction, and operation of the reservoir,
Consequently, i1t is hoped that thils report willl be use-
ful not only as a study of the failure and its cause,
but as a technical reference for those who might design, .
build, and operate similar facilities 1in the future.

Sincerely yours,

William E, Warne
Director
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LETTER REPORT FROM CONSULTING BOARD April 1k, 1964

Mr. R. B. Jensen, Chairman
Engineering Board of Inquiry
Baldwin Hills Reservolr Failure
P. 0. Box 388

Sacremento 2, California

Baldwin Hills Reservolr Failure
Consulting Board Report

Dear Mr. Jansen:

This Consultling Board, J. Barry Cooke, Thomas M. Ieps, and
Roger Rhoades, was appointed by telephone on the day of the fallure of the
Baldwin Hills Dam and Reservoir, December 1k, 1963. On the morning of
December 15, the Board met at the site with representatives of the State to
inspect the conditions and asgsist in outlining fleld investigations that would
help In the determination of the manner and causes of the failure. Since
December 15, the Consulting Board has met with the State Engineering Board of
" Inquiry at site inspectlons and et conferences directed toward furthering the
acquisition of data, analysis of date, and the writing of the report.

The State of Californla report, "Investigation of Failure,
Baldwin H1lls Reservoir," dated April 1964, presents the work of the State
Engineering Board of Inquiry. The obJectives of the Board of Inquiry were
to determine the way in which fellure occurred and the physicel causes of
the fallure. The Consulting Board is in agreement with the findings which
the Board of Ingquiry presents in the above report.

The reservolr was a basin having four sides, carved and constructed
on the top of a hill. An impervious compacted clay blanket covered all
excavated slopes and constructed embankments. The blenket was 10 feet thick
on the reservoir floor, tepering up the slopes to & lesser thickness., Under
. the blenket was a four inch thick porous concrete drainage layer which was
placed over an asphalt seal coating. The main dam constituted the North Side.
Fallure took place by piping and erosion in and elong e steeply dipping fault
that passed under the reservoir and through the East Abutment of the mein dam.

This in summary was the manner of failure: A gradual deterioration
of the foundation took place during the life of structure and culminated with
sudden failure on December 1%, 1963. The porous concrete drain was demaged
by early small movements at the fault, and leakage water found its way into
the fault. These earth movements were mainly caused by land subgidence,
locally concentrated along the fault which was a weak plane. During the life
of the reservoir, erosion took place in the fault under the undsmaged blanket
and partially damaged drain. The narrow width of the fault permitted the
porous concrete drain to span openings that were developing under the drain.
These occurrences were gradual and progressive. The perviousness of the
fault permitted the water to disappear into the hill without emerging on
the downstresm sbutment. Movement occurred at the fault on Decsmber 1%,

VllI



Mr. R. B. Jansen April 1k, 1964

rupturing the impervious blanket and admitting full reservoir pressure to the
fault and to the drainage system for the first time. The full reservoir
pressure in the fault forced am outlet to the surface at e point low down on
the east ebutment of the main dam. Flow developed in the pervious and erodible
fault zone and foundation rock. The flow and erosion Increased repidly,

a cavernous opening piped through the sbutment, the overlying foundation

and embankment collapsed into this opening and the reservolr dreined quickly
and ecompletely.

The physical cause of the fallure was earth movement. The earth
movement, due to subsidence, menifested itself by opening and by offsetting
at & fault, & plane of weskness. Erodible material in and adjacent to the
fault provided econditions thet permitted repid and complete failure.

The earth movements and the weak and erodible nature of the
foundation were considered when the dem was designed. The geological investl-
gations were thorough. The dam wes bullt carefully. Instrumentation,
measurements and operating inspections were thorough. Drainage had been
provided in the abutment thet failed. However, in spite of careful desigm,
construction and constant survelllance, the reservoir failed, end lessons
are to be learned from the failure.

It was agreed by the Consulting Board and the Board of Inquiry that
' the report, "Investigation of Failure, Baldwin Hills Reservoir,” should be
comprehensive, not only to serve its direct purpose, but to provide all
attendant data that might improve the safety of future dams generally.

Respectfully submitted,

1B oy b orke-

J. Barry éooke, Chairman

Mé&

Thomas Leps

;47.4# Aawoé,s

Roger Rhoades
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CHAPTER |
INTRODUCTION

On Saturday, December 14, 1963, at about 11:15
am,, the caretaker at the Baldwin Hills Reservoir in
Los Angeles, California, detected an unusual sound
of running water in the spillway discharge pipe at
that facility. This was the first of a series of observa-
tions made by various persons witnessing a eatastro-
phe in the making. By 3:38 p.m. the reservoir was
ruptured and the churning water escaping through
the breach had brought devastation to the communi-
ties in its path.

Baldwin Hills Reservoir is located on the north
slope of the Baldwin Hills, approximately eight miles
southwest of the Los Angeles City Hall. (Plate 1)
Thege are the highest hills in the southwest part of
Lios Angeles, making this a logical location for a
reservoir with the necessary elevation to serve the
south and southwest sections of the city, extending
to the industrial areas adjacent fo Los Angeles Inter-
national Airport. At the time of site selection the
Baldwin Hills were relatively undeveloped except for
an oil field lying generally south and west of the pro-
posed reservoir site.

Most of the Lios Angeles water supply is imported
from distant points through long agqueduct lines. This
necessitates maintaining a large close-in storage ea-
pacity to assure sufficient water for both peaking and
emergency purposes. Because of the great area to be
served, long lines are required for water distribution
ingide the eity. For this reason strategically loeated
storage, such as at Baldwin Hills Reservoir, is impor-
tant to the efficient and economical operation of the
water system.

From the time it was placed into service in 1951,
the Baldwin Hills Reservoir had been reparded as a
model of engineering excellenee and a source of pride
to its builder and owner, the Lios Angeles Department
of Water and Power. Painstaking care had been taken
in its design and eonstruction. It had been kept under
close surveillance during its 12 years of operation. Its
funetion of providing water service to the rapidly ex-

panding southwest part of the City of Los Ancreles
had been well performed.

As darkness settled over the seceme on the mnorth
- edge of the Baldwin Hills on that Saturday, there
were imperative questions which had to be answered :
How had the reservoir failed? What had caused the
failure?

2—19193
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The investigation which is the subject of this report
was condueted to find the answers to these questions.

PURPOSE, SCOPE, AND AUTHORITY

OF INVESTIGATION

On December 19, 1963, William E. Warne, Di-
rector, Department of Water Resources, issued an
order creating an Engineering Board of Inguiry for
the purpose of accomplishing a full investigation of
the failure of the Baldwin Hills Reservoir. This di-
tective designated Robert B. Jansen, Deputy Division
Engineer of the department’s Division of Design and
Construetion, as Chairman of this Board and dele-
gated to him the Director’s authority under Seection
124 of the State Water Code to organize the Engi-
neering Board of Inquiry and to conduet the investi-
gation.

The Director’s order included authorization for the
Chairman of the Engineering Board of Inquiry to:

1. Select the members of his Board from em-
ployees of the Department of Water Resources,
subjeet to the approval of the Chief Fngineer.

2. Engage a consulting board to assist the Engi-
neering Board of Inquiry, _

3. Retain such additional experts and consult-
ants ag might be required during the course of the
nvestigation,

4. Seek the assistance of other state agencies as
required.

0. Personally, or through his designated repre-
sentative, audit hearings of other agencies regard-
ing the subject of this investigation and secure

_ . copies of transcripts, exhibits, books, and records as

-required.

The Chairman’s recommendations for membership
of the Board were submitted to, and approved by,
Chief Engineer Alfred R. Golzé on December 20,
1963. The members were: Robert B, Jansen; Gordon
W. Dukleth, State Engineering Representative, Fed-
eral-State San Luis Project; Bernard B. Gordon, De-
partment Soils Engineer; Laurence B. James, Chief
Engineering Geologist; and Clyde E. Shields, Projeet
Construation Fngineer, North San J oaqum Division,

State Water Project.



2 INVESTIGATION OF FAILURE—BALDWIN HILLS RESERVOIR

The objectives of this investization were:

1. To determine the way in which the reservoir’

failed.

2. To determine the physical causes of the failure. -

~ The investigation was to include: -
1. Review of the design of the dam and reservoir.
2. Review of the construetion of the dam and
Teservoir.
8. Review of the operation and maintenance of
the dam and reservoir.
4. 8tudy of the natural phenomena which might

be related to the failure, including, but not limited
to, subsidence and seismic movement.

PROCEDURES

- The investigation by the Engineering Board of In-
quiry was. started immediately upon issuance of the
Director’s order. Steps were taken to acquaint the
Board with data collected by state personnel in the
hours and days following the reservoir failure. The
organization of a task force of employees in the de-
partment’s Southern District Office in Los Angeles
had been started on December 18, 1863, for purposes
of on-site data collection. This task force was assigned
to work under the general direction of the Engineer-
ing Board of Inguiry,

In eonducting the investigation, design files, explo-
ration reports, and inspection reports compiled during
construction and operation and maintenance of the
reservoir were reviewed. Field work on the dam, res-
ervoir, and adjacent area was undertaken ag required.

A Board of Consultants was retained to assist the
Engineering Board of Inquiry. This advisory group
congisted of: Chairman J. Barry Cooke, Congulting
Engineer; Thomas M. Leps, Consulting Engineer;
and Roger Rhoades, Consulting (Geologist. The Board
of Consultants provided valuable advice in the deter-
mination of the scope of investigation and of methods
of data colleetion and analysis.

‘Dr, Pierre St.-Amand, Congulting Seismologist,
served the Engineering Board of Inquiry in the Spe-
elalized fields of seismicity, tectonics, and instrumen-
tation.

The work of the task force included compiling de-
tailed logs of core holes and exploratory exeavations.
All vigible eracks in the reservoir and in the areas
adjacent to the reservoir were mapped and photo-
graphed. Liaison was established with the Department
of Water and Power, City of Los Angeles. Pertinent
geologic and engineering reports on the site were ob-
tained from that agency, as well as engineering plans
and specifications and a final construction report.

Daia which were obtained from the Depariment of
‘Water and Power included instrumentation readings
and plois of settlement, horizontal and lateral move-

~ ment, and recorded flows in the reservoir underdraing

and the drainage system under the embankment of
the main dam. .

The Department of Water and Power cooperated
fully in conducting exploration by drilling and exca-
vation at the reservoir and by establishing survey
control points to enable deteetion of any additional
movement following the failure. The measurements on
these points and all other data were made available
to the Engineering Board of Inquiry for analysis.

In support of the investigation by the Board, the
Department of Water Resources Laboratories Branch
assigned a erew to obtain samples of materials at the
Baldwin Hills site. Testing of materials was per-
formed by the soils, conerete, and chemieal labora-
tories. .

Services of the Corrosion Hngineer of the Depart-
ment of Water Resources were obtained for eonduet-
ing a special investigation of corrosion in the cireula-
tor conduit system of the reservoir.

As part of the investigation, data were collected
on the seismic history of the Baldwin Hills area and
on the locations of faults and earthquake epicenters.

A study was made of the history of extraction of
potable water from the underground basins in the
Baldwin Hills vicinity.

Information was obtained from the State Division
of ©il and Gas and from the Standard Oil Company
of California on the geology and oil production activ-
ity in the Inglewoced Oil Field.

Inquiries were made of all agencies that were re-
garded as possibly having survey records related to
the Baldwin Hills area. Data on horizontal and verti-
cal control were provided by the U. 5. (eological
Survey, the U. 8. Coast and Geodetic Survey, and
local agencies. :

Staff photographers of the Department of Water
Resources and Department of Water and Power made
a photographic record of all pertinent on-gite geology,
exploratory activity, and evidence of the failure. Pho-
tographic coverage of the dam failure was obtained
from loeal television stations, other news media, indi
viduals, and the Department of Water and Power.

Eye witnesses to the failure, and others having
knowledge of the reservoir and its environs, were in-
terviewed by members of the task force or by the En-
gineering Board of Inquiry.

Observations made by individuals, field and office
data used in the investigation, maps, charts, photo-
graphs and motion pieture films, newspaper accounts,
copies of relevant public records, and all other sup-
porting information were fully documented, indexed,
and ineorporated into the official record of this in-
vestigation.



INTRODUCTION 3

All public hearings held in connection with the
Baldwin Hills disagter were attended hy representa-
tives of the Engineering Board of Inquiry, and all
pertinent information diseclosed therein has been in-
vestigated.

SUMMARY OF FINDINGS

The investigation by the Engineering Board of In-
quiry of the failure of the Baldwin Hills Reservoir
has resulted in the following findings:

How Did the Reservoir Fail?

Harth movement oceurred at the reservoir om De-
cember 14, 1963, following an apparent long-term
development of siress and displacement in the founda-
tion. The movement was apparently not seismic hut
took place at faults which were planes of foundation
weakness.

Foundation displacement resulted in rupture of
the reservoir lining and consequent entry of water
under pressure into a pervious and erodible fault.
Erosion in the fault and adjacent foundation pro-
ceeded rapidly, causing uncontrolled leakage through
the east abutment of the main dam.

What Caused the Failure?
Evidence indicates that the earth movement which

triggered the reservoir failure was caused primarily
by land subsidence which has been experienced in the
vieinity for many years. This relatively fast settle-
ment over a limited area is superimposed on more
general, slow, and widespread tectonie deformations
along the Newport-Inglewood fault system.

Distortion of the land surface has resulted in an
inerease in the reservoir dimension generally in a
northeast-southwest direction, with several inches of
elongation during the life of the reservoir. The ten-
gion accompanying this distortion apparently caused
opening at pre-existing foundation faults. Subsidence
is manifested in displacement of foundation blocks at
these faults. Sueh movements led to rupture of the
reservoir lining, which was designed to preclude the
passage of water into the foundation, known to be
highly susceptible to deterioration by the action of
water. There iz evidence that continuous leaking of
water had created eavities in the foundation at the
faults. In some places it appears that the reservoir
lining was able to bridge these cavities as they devel-
cped. With the earth movement on December 14 the
lining collapsed into these eavities and accelerated the
failure process,

A fractured fault zone cutting through the east
abutment of the main dam, together with the erodible
foundation sirata, provided minimal resistance to
flow.



CHAPTER 1l

FAILURE OF RESERVOIR

The day of December 14, 1963, began quietly. At
7:45 am. the reservoir keeper {caretaker) of the
Baldwin Hills Reservoir, Mr. Revere Wells, drove up
the roadway from La Brea Avenue to the reservoir
site. After making his routine readings of the inflow
and outflow meters at the tunnel portal, as was his
daily practice, he drove up the roadway to the care-
taker’s station on the east side of the reservoir. He
crossed the footbridge to the gate tower and observed
the water level in the reservoir. All the readings taken
and observations made at the tower were regarded by
Mr. Wells as normal at that time. A few minutes
after 8:00 a.m. he made a telephone report of his ob-
servations to the Western District switchboard of the
Department of Water and Power. Then for nearly an
hour he stationed himself hy the telephone at the
caretaker’s shelter awaiting operating instruetions for
the day.

Beginning at about 9:00 am. the caretaker made
his routine tour of the reservoir, moving in a clockwise
direction along the upper roadway outside the reser-
voir fence. This required between 20 and 30 minutes,
He observed nothing unusual during that patrol.

At ahout 9:30 a.m. he returned to hig station on the
east side of the reservoir and for the next hour and a
quarter maintained a routine vigil from that point,

At about 10:45 am. Wells prepared to make a
regular inspection of the spillway cateh basing on the
north face of the main dam, as shown on Plates 2
and 3. He walked across the dam and unlocked the
barricade at the northwest corner of the reservoir.
He walked back to the mortheast cormer barricade
and unlocked it. He then went inside the fence and
checked the water in the reservoir for any material
that might be lodged against the spillway intake. He
was standing over the spillway intake when he heard
a light but unusual sound of rushing water, The time
of this observation was estimated to be approximately
11:15 a.m.

Wells walked across the inner roadway to a small
catch basin over the spillway pipe where it was pos-
sible to hear better. The acoustics inside this basin
enabled the detection of the slightest noises. The usnal
sound which would have been heard at this point was
that of a low flow of drainage water, normally be-
tween 10 and 13 gallons per minute (gpm), dropping
from the 24-inch hlowoff pipe into the spillway pipe
at the junection of the two. At this loecation, the sound
of flowing water was unusually loud. Ligtening for

{(5)

a few minutes, he had the impression that the flow
from the drainage system wasg inereasing.

Sinee it was not possible to see the drainage flow at
this point, he drove to the ecatch basin near Manhole
A, where it could be seen. He looked into the basin
and saw at once that there was about four or five
times the usual amount of water flowing in the 42-
inch spillway pipe, and the water was muddy. Real-
izing that this water was coming from the drainage
inspection chamber heneath the reservoir, he drove
back up onto the reservoir roadway and down to the
inlet tunnel portal, cast of the reservoir. He walked
through the tunnel, around the tower, to the drainage
ingpection chamber, where he observed that the upper
floor of the chamber was still dry. Standing at the
steps in the chamber, near the gate tower, he could
see that the lower floor of the chamber was covered
with water. He observed that the three reservoir un-
derdrain pipes nearest him were “blowing like fire
hoses™, discharging muddy water at a high rate.
Under normal conditions, these drains would be carry-
ing the seepage which penetrated the compacted earth
lining on the east side of the reservoir. The water
‘‘appeared to be whitish,”’ and the streams appeared
to be impinging near the base of the north wall of the
drainage inspection chamber. To enter the drainage
inspeetion chamber it is necegsary to descend three
steps to the first platform and then four more steps
to reach the floor of the chamber. Wells reported that
soon after 11:15 am. water had risen up over the
lowest four steps. He was coneerned about a crack in
the drainage inspection chamber which had been
under observation for seveoral years. He expected that,
if the erack had opened, there would be an inflowing
eurtain of water at that point; but he did not observe
any such eurtain flow. It was his impression that the
crack in the drainage inspection chamber had not vet
opened,

Having made these observations, Mr. Wells, at
about 11:35 a.m., went immediately to his caretaker’s
station on the rim of the reservoir and placed a tele-
phone call to Mr. Patrick Doherty, Operations Field
Snperintendent of the Western District,

Wells then went back into the drainage ingpeetion
chamber. Removing hig shoes and proceeding bare-
footed, he attempted to get farther back into the
charber. At that time the water had risen above the
lowest of the three highest steps. Wells could feel silt
with his bare feet on those steps. He reported that the
water was ‘‘ just blowing, making a terrifie racket, and
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blowing right out.”” Wells reported that the drain

which was disecharging the greatest was the drain

nearest him, which was the southeast toe drain.

At 12:05 p.m. Doherty and Oscar Graf, a valve
foreman who had been summoned by Doherty, arrived
separately at the tunnel portal. They observed that no
water was flowing from the portal at that time.

After telephoning Mr, Gerard Wyss, Asgistant
Head, Water Operating Division, Doherty joined
Graf and Wells to proceed to the drainage inspection
chamber, Doherty reported that the water was just
starting to flow past the tower, having covered both
series of steps in the chamber. He looked speeifically
to gee if there was an opening of the cracks in the
chamber, but he could not see any. He could see water
issuing at high velocity from the first three drains.
He reported that the first drain, the southeast toe
drain, was spouting over the top of the weir box,
across the chamber, and impinging on the far wall.
When Doherty looked for flow through the eracks in
the chamber, some leakage was apparent but not a
large inflow. The lights in the tunnel and the ehamber
were still operable at that time. Layout of the drain
gystem is shown on Plate 4.

Gerard Wyss arrived at the inlet tunnel at about
12:15 pm. He entered the tunnel and was about
halfway between the portal and the drainage inspec-
tion chamber when he met Doherty, Wells, and Graf
coming out, He did not proceed farther. At that time
water from the drainage inspection chamber had
reached the tunnel portal and was flowing to La Brea
Avenue,

At 12.20 p.m., a decision was made to begin empty-
ing the reservoir, and procedures for reservolr drain-
age were activated. By this time a heavy flow of water
was beginning to run down La Brea Avenue. Steps
were taken to notify the police department of the
sitnation. Doherty closed the valve on the inlet line
at the tunnel portal whereby all inflow to the Bald-
win Hills Reservoir was stopped. Flow through the
outlet line continued.

Tt appears to be the consensus of the Water and
Power personnel involved that the {inal stage of the
structural failure of the drainage inspection chamber
did not occur until shortly after 12:00 noon. It has
been reported that, at about 12:20 p.m., water dis-
charging at the chamber started rising rapidly. It
appeared that the chamber cracks opened at about
that time. Those on the ground reported no evidence
of earth tremors at the time of the assumed failure.

At about 12:45 p.m. Mr. Richard E. Hemborg, En-
gineer in Charge, Water Operating Divigion, and Mr.
William Tate, Supervisor of the Foundations and
Qtractures Maintenance Section, responding to a tele-
phone summons by Wyss, separately arrived at the
tunnel portal.

From his home immediately north of Baldwin Hills,

Tate had driven south on La Brea Avenue and en-
countered ‘‘a river of muddy water.”” He was not able
to continue on La Brea and therefore retraced his

Toute, approaching by way of Cloverdale Avenue to

the top of the main dam and down to the inlet tunnel
portal. He estimated that there was 10 or 15 eubie
feet per second (cfs) of muddy water flowing from the
tunnel when he arrived. The rate of flow from the
tunnel was reportedly increasing. He found opera-
tions personnel standing in water to adjust the
operating valves,

At about 1:00 p.m. Tate drove to the reservoir rim
with Wells with the intention of inspecting the catch
basins on the north side of the main dam. Wells had
iniformed Tate about hearing water running through
the 24-inch blowoft pipe. Starting to drive across the
main dam, the two men looked along the downstream
face. Tate reported seeing muddy water emerging
from the east abutment in an area estimated to be
about 5 feet in diameter, at a point about 10 feet
above the Elevation 390 berm. Water was bubbling
out and running toward the catch basin.

The two men immediately returned to the tunnel
portal to report their discovery fo Wyss and Hem-
borg. Mr. Tate reports that he did not notice any en-
largement of an old crack in the erest of the dam. He
returned to his home in the threatened area and ad-
vised hig wife to alert the neighborhood.

Tate reports that he and Wells were the first to
observe the leakage emerging downstream of the dam,
e believes that the flow through the structure had
just begun because the wet spot was not more than 4
or 5 feet in diameter. He estimates that the water
running into the surface drain had not flowed for a
distance greater than about 4 or 5 feetf. The surface
drain was a conerete gutter constructed to carry rain-
water to the catch basin. Tate is of the opinion that
the leakage was emerging from the abutizent and not
from the embankment. He estimates thas the first time
he saw this leakage must have been within 15 minutes
of the time that it started. Upon returning from his
home, in ahout a half hour, the flow had inereased so
that it was running down the surface drain into the
eateh basin near Manbole A. {Photos 1 through 4)

Dr. A. I. Coleman, a resident of Cloverdale Avenue
just below the dam, viewed the failure with the aid of
pinoculars. He reported that at about 1:00 p.m. he
noticed water emerging from two places on the down-
stream slope of the dam, ‘30 feet and 50 feet from the
crest.”’

Between 1:00 and 2:00 p.m. adjustments were made
in the operation of the water system to accelerate the
draining of the reservoir. The reservoir inlet valve
was reopened to reverse the flow and permit discharge
through a Howell-Bunger valve near Rodeo Road and
La Brea Avenue into a storm drain leading to Ballona
Creek. Adjustments were also made in the water dis-
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tribution system outlet line operation to obtain in-
creased flow to the areas of water consumption. A
relief valve was opened at Venice Boulevard and
Overland Avenue to allow discharge of about 20 cfs
into a local storm drain. Tt was estimated that maxi-
mum controlled draft from the reservoir during these
emergency draining efforts reached approximately
450 cfs.

Mr. Wyss reported that about I4-inch movement
was noted in the inlet line of the reservoir after fail-
ure. He believes that it could be attributed to the vi-
brations during drainage attempts. He reports that
they were passing so much water through the inlet
line that the line actually lifted from its piers. The
line vibrated so violently that it was necessary to par-
tially close the Howell-Bunger valve because it was
feared that pipe joints would pull apart at the flexible
couplings.

The outlet line, at maximum discharge, apparently
exceeded the capacity of the tower outlet gates. Tt
vibrated severely beeause of drawing air into the line.

At about 1:15 pm Wyss and Wells went to the
downstream face of the dam and drove onto the 390
berm to appraise the seriousness of the abutment
leakage. Wells reported that the leakage area was
about 5 or 6 feet above the berm and the water had
run down to the berm and then about 10 or 12 feet
over to the surface drain that continues to the cateh
basin on the berm at Rlevation 840. They did not ob-
serve any seepage from elevations higher than this,
nor did they see other areas of seepage on the down-
stream face of the dam. The leakage area just above
the 390 berm was the only trouble spot that they saw.
It was “‘like a 12-foot eircle.”” There was silt being
discharged with the water. Wyss estimated that the
flow then was perhaps 10 gpm. The fact that it was
carrying silt was a warning that failure by breaching
was possible. ,

- Returning to the tunnel portal, Wyss reported the
severity of the leakage to Richard Hemborg. Tt was at
this time that the decision was made that the area
below the main dam should be evacuated. At 1:30 p.m.
Hemborg telephoned the Los Angeleg Police Depart-
ment to request that the area in danger be evacuated.

At about the same time Tate drove back to and
across the main dam. He reports the erack across the
crest at Station 8-193.5 had hegun to open and leak-
age water from the downstream face was flowing to
the catch basin near Manhole A. (Plate 5) He watched
the crack until 1:45 p.m. and reports that it widened
from ‘“14 inch to 3 inches’’ in a period of ahout 15
minutes. This crack was at the beginning of the north-
east curve where the embankment contacted the abut-
ment. The last time Tate saw the crack was about
1:45 p.m., when it appeared to be opening af such a
rate that he was fearful of driving across it. He noted
that the crack had extended across the pavement and
was apparent in the downstream slope, immediately

above the point where the leakage was appearing at
the 390 berm. At that time, the flow was still confined
within the gutter. '

The Chief Hngineer of Water Works, Max K.
Soeha, arrived at the reservoir between 1:35 p.m. and
1:45 pm. and went with Tate and Doherty to the
dam crest to observe the leakage at the east abutment.
They saw that the rate of discharge had increaged.
Mr. Socha examined the crack in the roadway pave-
ment on the dam crest almost directly above the ap-
parent line of seepage through the abutment.

A few minutes later Socha received a telephone call
from Los Angeles Chief of Police William H. Parker,
who was calling to confirm the nature of the emer-
gency. Ie estimated for Chief Parker that there
might he no more than two hours in which to evacuate
the area. He also attempted to define the approximate
extent of the area which might be subjeeted to flood-
ing. It was decided to evacuate the area south of Jef-
ferson Boulevard, between Tia Cienega Boulevard and
La Brea Avenue, extending southward to Baldwin
Hills.

Two police officers in a patrol ear drove up to Tate’s
car at about this time. They had discovered the water
flowing down Tia BBrea Avenue and had eome to inves-
tigate. Tate took them to see Wyss and heard him tell
the officers that evacuation had heen requested. He
estimates that the time then was between 1:30 and
2:00 p.an. Mr. Tate thereupon departed from the site
to assist in the evacuation of the threatened area.

Mr. Lee I. Clark, construction foreman, was sum-
moned from his home and arrived at the reservoir at
about 1:30 p.m. Upon arrival he noticed water flowing
over the 390 berm on the downstream face of the main
dam and down the gufter toward the upper catch
basin, e observed the erack in the earth embankment
north of the upper roadway pavement of the dam and
noted that it was opening rapidly. He also saw whirl-
pools or vortices on the water surface hetween the
gate tower and the dam and adjacent to the dam near
the northeast corner of the reservoir,

At-about 2:00 p.m. Richard Hemborg inspected the
discharge at the east abutment downstream of the
dam. He described it as ‘‘a sheet of water shooting
through that little crack—a erack mayhe 15 or 20
feet high—right above the 390 berm.’’ Streets below
the dam were dry and clean then. The leakage water
was being contained below the dam, as it would be for
another 90 minutes. The increaging flow through the
east abutment was now discharging into a detention
basin formed by the road embankment of Cloverdale
Avenue. Not until about 3:30 p.m., eight minutes be-
fore the total breach, would the detention basin over-
flow and hegin flooding residential streets.

At 2:20 p.m. a sigalert broadcast was made on all
radio and television gtations. Some sixty patrol units
responded and began warning residents thought to be
in danger at that time. Co
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At about this time receding water in the reservoir
revealed the top of a 3-foot wide break on the inner
slope directly opposite the widening break on the
downstream face. {Photos 5 through 12) The full ex-
tent of the break was hidden under water, but engi-
neers agreed that ‘it looked as if you could drop in a
plug of sandbags and slow the outflow down.”’ A eall
for sand and bags went to the Western Distriet yard
of the Department of Water and Power on Venice
Boulevard.

At 2:30 p.m, measures were taken to remove any
debris which might restrict discharge of water into
the storm drain system above the Cloverdale Avenue
residential area.

At this time it wad observed that the crack across
the roadway on the erest of the main dam was con-
tinuing to widen. (Photo 13) Leakage through the
abutment was steadily increasing, as was the discharge
from the drainage inspection chamber through the
tunnel portal. All of the leaking water was carrying
appreciable sediment.

Colonel E. G. Peacock, District Engineer, U. S.
Army Engineer District, Lios Angeles, arrived at the
regervoir at approximately 2:30 p.m. He noticed that
the water surface was at the hole in the upstream face
of the main dam. He observed that, at approximately
one-third of the distance from the embankment to the
gate tower, there was an area of the water surface
which appeared to him to be similar to an oil slick.
He observed a l-inch crack in the dam crest at the
eagt abutment. In walking downstream along the east
abutment he observed leakage which he estimated to
be ‘‘equivalent to the flow in a 14-inch pipe.’”’ These
flows were below the upper paved berm at Elevation
430. However, there had been flows at a higher eleva-
tion, as evidenced by flattened vegetation. The erod-
ing action was in a vertical slot progressing upstream.
Colonel Peacock emphasized that there was not a large
gurge of water at any time as the reservoir failed.

Mr. Clark arrived at 2:45 p.m. with the first truck-

load of sand and bags. He was lowered on a safety
rope to the hole on the upstream dam face. He first
used a sledge to break away the undermined asphaltic
paving. An effort was then made fo stem the flow by
dropping sandbags into the hole. The bags disap-
peared without evidence of impeding the flow, and
the futility of continuing with this remedy was soon
realized. Mr. (. R. Holman, Central Distriet Office
engineer, assisting in the sandbagging attempt, re-
calls: ‘““When the water level dropped a little more,
we could see a hole as big as a living room inside the
erack. The outlet was invisible . . . ."”

Dr. Coleman reports that at 2:30 p.m. he noticed
water ‘‘cascading’’ out of the break. Beftween 3:00
pm, and 3:15 p.m. he noticed that the ‘‘two holes’’
joined and the detention basin was filling.

At 3:00 p.m. it was ordered that a drain valve at
Centinela and Florence Avenues be opened to provide

an additional discharge from Baldwin Hills Reservoir
of about 30 efs.

It was 3:15 p.m. The breach on the upstream face
was about 10 feet wide. Water was pouring in violent
agitation ag it discharged through the rapidly enlarg-
ing breach. A few minutes more and the detention
basin eould no longer hold it. Water spilled over the
basin edge and into the residential streets below.

Meanwhile, assigned to streets in teams of two,
policemen raced from house to house, warning resi-
dents to evacuate while there was time.

At about 3:00 p.m. the Los Angeles and Dorsey
High Schools opened their gymnasiums for use as
evacuation eenters. Red Cross crews were immediately
mobilized to give assistance. Evaeuation center loca-
tions were broadeast by sigalert. By this time about
200 state and local police officers were on duty to seal
off the danger zone.

The reservoir water level was falling steadily under
combined effect of uncontrolled flows through the dam
and the inlet tunnel plus a blowoff into the Ballona
Creek storm drain through the reversed inlet line and
vastly inereased service demands loaded on the outlet
line. By 3:30 p.n. a heavy discharge was issuing from
the widening breach at the east abutment.

In the final stages of failure muddy water was
gushing from a slot extending the full height of the
abutment crack. Then, suddenly, there was an erup-
tion of muddy water and fragments of earth near the
bottom, forming a large hole into which the npper
areas of abutment and embankment collapsed. By
3:38 p.m. the failure was regarded as essentially com-
plete. (Photos 14 through 17)

‘Water surging from the breach swept through the
residential subdivision immediately below, washing
houses from their foundations and in many cases
obliterating the foundations. At the base of the hills
the flow fanned outward swiftly, engulfing the heavily
populated ecommunity below.

The area reportedly flooded by the waters has been
deseribed as bounded approximately by Ballona Creek
on the west, La Brea Avenue on the east, Jefferson
Boulevard on the north, and the Baldwin Hills on
the south. The most seriously damaged section was
limited on the east by La Brea Avenue, on the west by
Hauser Boulevard, on the north by Jefferson Boule-
vard, and on the south by the Baldwin Hills.

By 6:50 p.m. flood water had receded to a point
where it was possible to move in heavy equipment and
begin the tremendous task of cleanup and restoration.

The toll was heavy : Scores of homes destroyed, total
damage estimated at more than $15,000,000, and five
people dead. But early warning and prompt action
by Department of Water and Power personnel had
averted a much greater tragedy. Their quick recogni-
tion of the danger and their forthright action un-
doubtedly saved many lives.



CHAPTER 1l

GEOLOGY

Numerous geological investigations have been com-
pleted of the Tios Angeles Coastal Plain—many to
considerable detail. The discussion of regional geol-
ogy herein presented is generalized and limited to the
most basic geologic features of that part of the Coastal
Plain that lies within Tiog Angeles County. These fea-
tures are shown on Plate 6.

An approximate geologic time seale is presented in
Table 111-1 for those who may be unfamiliar with the
names of the geologic epochs and periods.

DESCRIPTION OF AREA

The Baldwin Hills are the northernmost and high-
est (maximum elevation approximately 510 feet) of
a chain of ridges which trend northwest-southeast
and extend about 42 miles between Beverly Hills in
Los Angeles County and Newport Beach in Orange
County. This alignment of ridges, known as the New-
port-Inglewood uplift, accommodates 14 major pro-
ducing oil fields. Inglewood Oil Field, which adjoins
the reservoir on the south and west, is one of the
northernmost of these fields.

Ballona Gap skirts the northern and western slopes
of Baldwin Hills and separates them from the plains
and piedmont slopes that adjoin the Santa Monica
Mountains to the north. The gap is a narrow alluvial

plain which interconnects Downey Plain on the east
with Santa Monica Bay on the west. Culver City, the
home of motion picture studios, is situated in the cen-
ter of Ballona Gtap immediately to the west of Bald-
win Hills.

The east slopes of Baldwin Hills dip beneath the
Downey Plain, an extensive alluvial surface which ex-
tends eastward through Los Angeles County and into
Orange County. The southwest slopes join the Tor-
rance-Santa Monica Plain which meets the shore of
Santa Monica Bay at Playa Del Rey five miles to the
west. Log Angeles International Airport is loeated
six miles to the southwest of the reservoir.

In the early days Baldwin Hills provided pasture
for the sheep of the 4,000-acre Las Cienegas Raneh,
The owner, E. J. {(Lucky) Baldwin, for whom the
hills were named, was a spectaeular promoter re-
garded by many as America’s first realtor. Report-
edly, Las Cienegas Raneh, including Baldwin IHills,
was forfeited to ‘‘Lucky’’ Baldwin in the 1870’ as
partial gecurity on a note for $210,0001 With dis-
covery of Inglewood Oil Field in 1924, its value was
enhanced greatly, and the quiet pastoral setting of
Spanigh land grant days was transformed to a scene
of intense industrial activity.

1Glaf.gggck, C. B. "Lucky Baldwin.” Bobbs-Merrill Company.

TABLE 1111
GEOLOGIC TIME SCALE

Period Epoch

Approximate length of period
in millions of years

Approximate millions of vears
since period commenced

Cenozoic Era

Precambrian

(10,000 years} (10,000 years)
1 1

10

14

15

20

10

11
25
40
60
70

66
45
45

135
180
225

270
350
400
440
500
600

46
80
50
40
80
100

414 (Billion Years)

(9)
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Pl a2

REGIONAL GEOLOGY

The Coastal Plain in Los Angeles County, in which .

Baldwin Hills are included, covers an area of roughly
600 square miles. Its most prominent land forms in-
clude bordering highlands, river channels that drain
the area, a broad alluvial expanse known as the
Downey Plain, a gimilar but less extensive area called
the Torrance-Santa Monica Plain, and an alignment
of low hills designated as the Newport-Tnglewood up-
lift.

With the exception of the bordering highlands, the
formations exposed are almost entirely sedimentary.
Those of Pleistocene and Tertiary geologic age have
heen faulted and folded to varying degrees, in some
instances creating structural domes in whieh oil and
natural gas have accumulated. In all, twenty-four pro-
ducing oil fields lie within or immediately adjacent to
the Los Angeles Coastal Plain, making it one of the
major oil producing areas of the United States.

The highland borders of the Coastal Plain are in
part crystalline rocks and in part consclidated sedi-
ments. They are the result of tectonie uplifts that
occurred largely in late Pleistocene time, and they
stand in moderate to bold relief, attaining elevations
of 2,126 feet in Santa Monica Mountains on the north,
1,387 feet in Puente Hills on the northeast, and 1,480
feet in Palos Verdes Hills at the southwest eorner of
the region. The Pacific Ocean lies to the south and
west.

Three intermittent rivers cross the Coastal Plain in
Los Angeles County, originating in watersheds to the
north and flowing in a general southerly direction to
the ocean. Named from east to west, these are the San
Gabriel, Rio Hondo, and Lios Angeles Rivers. Only
during infrequent heavy rains do these streams carry
significant flows.

Ballona flood channel, which conveyed to the ocean
the flood that resulted from the reservoir failure, lies
north of Baldwin Hills in the Ballona Gap. This chan-
nel follows an old, abandoned course of the Los An-
geles River, wiich, prior to 1825, flowed westward to
Santa Monica Bay.?

Downey Plain oceupies the eastern part of the
Coastal Plain in Los Angeles County and is the domi-
nant lowland area. Beneath its surface are sedimen-
tary deposits probably exceeding 40,000 feet in thick-
ness at the deepest point. The shallow sediments are
larpely the products of slope wash from the border-
jng highlands and the compounding of the alluvial
fans of the three contributory rivers. The bulk of
the deposits, however, consists of marine sediments
of Tertiary age. These have been deposited’in a broad
trough designated the Paramount syncline, which
trends generally northwest-southeast. Southwest of

the axigof this trough the strata warp upward to =~ 7

2 Layne, &. L. “Annals of Los_Angeles from the Ar'rival of the
Firgt White Man to the Civil War, 1769 to 1861. Specia.l
Publication No, 9. California Historical Society. 1936

3 Priver, H. L. “Inglowood Oil Field.”

uplift.

A second expansge of low relief, the Torrance-Santa
Monica Plain, lies west of Downey Plain and south-
west of Baldwin Hills. It is underlain by sediments
largely of marine origin and Tertiary age, which rest
upon a basement complex of igneous and metamor-
phic rock. The sediments attain their greatest thick-
ness, which is probably as muech as 15,000 feet, along
the axis of a trough called the Gardena syneline. Hast
of Gardena syncline the formations rise to form the
southwest limb of the Newport-Inglewood uplift,

Inglewood Fault

Inglewood fault is the most northerly of four prin-
cipal faults of the Newport-Tnglewood uplift. Tt ex-
tends southeastward from Beverly Hills, passing
through Baldwin Hills and the City of Inglewoed,
terminating about one-half mile southeast of Helly-
wood Park Race Track. Its length is about nine miles;
however, its continuity is interrupted in Baldwin
Hills by cross faults which offset the main fault and
divide it into seven distinet segments. Inglewood fault
passes about 500 feet west of Baldwin Hills Reservoir
{Photo 18}, and 1s marked here as an escarpment on
which over 270 feet of vertical displacement hag heen
measured, the west side being downdropped. Tt has
been estimated that about 1,500 feet of lateral move-
ment has oeccurred on Inglewood fault in Baldwin
Hilis.? This movement has been predominantly right
lateral, the east side of the fault moving to the south-
east with respect to the west side.

North of Baldwin Hills, Inglewood fa,ult passes be-
neath the shallow deposits of Recent alluvium that
underlie Ballona Gap. These deposits comprise a man-
tle of low permeability up to 40 feet thick which is
underlain by a tongue of gravel that extends from
Downey Plain to the ocean. The lower alluvial mem-
ber is called the *‘50-foot gravel,”” whieh has been
tapped in the past by water wells, Since the ““50-foot
gravel’’ wag at one time an important source of water
supply, it has been subjected to geologic scrutiny.
These ground water studies have shown that late
Pleistocene aquifers in Ballona Gap have been tran-
sected by the Inglewood, Charnock, and Overland
faults but that there is no evidence that the aquifers
of Recent age have been displaced.?

In Baldwin Tills, where the searp of Inglewood
fault stands over 200 feet in height, detailed investi-
gation by the T, 8. Geclogical Survey has revealed
no- evidence of recent lateral displacement such as

" offset stream channels or fan deposits.?

Bulletin 118, California
State Department of Natural Resources. 1943,

i Poland, J. I'. and others. "(Feology, Hydrology, and Chemical

Character of Ground Waters in the Torrance-8anta Monica

Area, €alifornia.” -1, 8, -Geological Survey, -Water Supply

Papor 1461, 1559,

BT, 8. Geological Survey. "Preliminary Report on Recent Surface
Movements Through July 1962 in the Baldwin Hills, Los
{gﬁeles County, California.” Open File Report. January
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Beneath Ballona. Gap the late Pleistocene aguifers
kave been downdropped along the east side of Ingle-
wood fault. This movement is in contrast to the dis-
placement in Baldwin Hills where it was the west
side of the fault that dropped. Thus a secissors action
appears to have oceurred on Inglewood fault around
a pivoted point located somewhere in Ballona Gap.t

North of Ballona Gap, Inglewood fault has been
tentatively extended to Beverly Hills on the basis of
an -esearpment which aligns with the faunlt in Bald-
win Hills. The trace of this fault is lost in the alluvial
deposits in Beverly Hills, and its extension is not
diseernible in the crystalline rocks of the Santa Mon-
iea Mountaing farther north.

In Baldwin Hills a second fault parallels Inglewood
fault about 2,000 feet to the west. The block between
these faulty has dropped, resulting in a graben strue-
ture which contains the main Inglewood Oil Field.
This graben and its boundary faults are cut by sev-
eral lesser faults which trend generally northeast-
southwest. These lesser faults offset the Inglewood
fault and its parallel companion and obviously, there-

- fore, have moved more recently than the Inglewood
fault.

GEOLOGY OF THE DAM AND
RESERVOIR SITE

Principal Features

Baldwin Hills Dam and Reservoir were eonstrueted
entirely on sedimentary deposits of marine and lit-
toral origin and of Pliocene and Pleistocene age. From
oldest to youngest, these include the Pico formation
of upper Pliocene age, the Inglewood formation of
lower Pleistocene age, and the Palos Verdes formation
of upper Pleistocene age. A geologic map is shown
on Plate 7.

The Pico formation underlies the Inglewood for-
mation, which in turn underlies the Palos Verdes
formation, the latter contact being an unconform-
ity. The embankment of the main dam rests gen-
erally on and against Pico formation at elevations
below about 340 feet, against Inglewood formation
below 470 fect in the east abutment, and against Palos
Verdes formation near the crest.S

" The strata at the site are, for the most part, gently
tilted, with a predominant northwesterly strike and
southwesterly dip, although there are several local
variations due to warping. The average dip is re-
;ported as about five to seven degrees. Two minor syn-
‘clines ‘and an anticline were mapped near the axis
of the dam during construection, but these structures
now lie buried beneath the embankment.
~ Seven minor faults were mapped in the reservoir
vicinity during econstruction. The traces of two of
these, which are designated as Faults T and V, are

“‘Wﬂson R. R. Geolbgy of the Baldwin Hilis Reservoir Site- and
Tmmediate Vicinity." Unpublished report Los Angeles De-
partment of Water and Power. 1949,

now clearly discernible in the reservoir floor. Fault
II is closely associated with Fault I and has been con-
sidered to be a part of the Fault I zone in this report.
The trace of Fault I is spectacularly apparent in the
frontispiece of this report where it appears ag a erack
in the reservoir extending through the breach in the
dam.

Past lnvestigations

The earliest report of record on the geology of Bald-
win Hills Reservoir was prepared by Mr. Milton D.
Burris, former employee of the Department of Water
and Power.” Mr. Burris referred to geologieal investi-
gationg ineluding auger holes, test pits, and 16-inch
drill holes that had been completed at the site during
the four years preceding his report. He discussed the
local stratigraphy, struecture, and regional seismicity
and presented a preliminary geologic map, geologie
sections, and photos of the site. His conclusions wers :

“*The following are brief statements of the rea-
sons why the reservoir site is recommended :

1. The homogeneous nature of material upon
which the lower portion of the reservoir is to be
built.

2. The lack of oil production in this northern
portion of the east block which might eventually
cause subsidence in the area.

3. The logs of there abandoned Wells in this area
show increasing hardness in the formations at
greater depths. This is egpecially true of the 8,775-
foot well completed by the Royalty Serviee Corpo-
ration in 1941.

4. The excellent exposures through and beyond
the proposed site in both east-west and north-south
directions. A thorough examination has failed to
show any faulting or differential movement of re-
cent times.

5. No evidence of beds of conglomerate, gravels
or unconsolidated sands in the proposed site.”’

A second investigation and report on the geology
of the dam and reservoir gite was completed in 1945
by Mr. Frank J. Baudino, geologist for the Depart-
ment of Water and Power. The Engineering Board
of Inquiry has been unable to locate copies of Mr.
Baudino’s geologic report. However, during an inter-
view by the Board, Mr. Baudino recalled that in the
conclusion to his report he had recommended against
construction of a reservoir at this 'site because the

“foundation materials were soft and erodible.

On February 25, 1947, Mr. Chester Marliave, Con-
sulting Geologist and member of the consulting board
retained by the Lios Angeles Department of Water
and Power to review plans and feasibility of the pro-
posed project, submitted a report in which he en-

7 Burris, M: D. "“Geclogy of the Proposed Baldwin Hiile Reser-
voir Site and Immediate Vieinity.” Unpublished report, Los
Angeles Department of Water annd Power. February 1944,



12 INVESTIGATION OF FAILURE--BALDWIN HILLS RESERVOIR

dorsed findings set forth in Mr. Burris” report of Feb-
ruary, 19448 He reviewed the geologic history of the
region and set forth conclusions and recommenda-
tions. In his observations he noted :

‘¢, . . The main Inglewood Fault was located in
the field and found to be about 400 feet distant
from the westerly edge of the proposed reservoir
but no traces of it were observed to pass through
the reservoir site.

““There may be some minor faulting across the
hills transverse to the Inglewood ¥Fault zome but
none having any significance was observed passing
through the reservoir location,

‘¢, . . Because of the proximity of the Inglewood
fault it is to be expected that there would be some
distortion in the structure of the surface sediments
at the reservoir site.

““‘Precise leveling records show that the crest of
the Baldwin Hills near the proposed reservoir site
has been sinking at the rate of .01 to .03 feet per
vear in recent years. . . .”’

Mr. Marliave coneluded:

“‘The sediments on whieh the proposed reservoir
will rest are rather pervious. They are poorly con-
solidated and some of the sand and gravel strata
will permit percolation of water through them . . .
Portions of the Baldwin Hills and of the adjacent
areas within the Downey basin are known to be
rising or subsiding with reference to sea level, and
the block of ground on which the regervoir site is
situated may rise or sink or even be tilted a small
amount over a period of years. The tectonic forces
causing such movements generally act very slowly
and should create no hazard to the flexible type of
construetion provided for the proposed reservoir
. . . The proposed design appears to be amply suit-
able to care for any obvious weaknesses in the foun-
dations, but it would be well to follow the progress
of the excavations closely for evidenee of any geo-
logical weaknesses not yet disclosed.”

The investigations of both Mr. Burris and Mr. Mar-
liave were undertaken prior to stripping of the sife.
Consequently, it is to be expeeted that some of the
geologie details digclosed in subsequent investigations
would not be discernible at the time of their inspec-
tions.

The fourth and most detailed geologic report on the
Baldwin Hills site was submitted in February, 1949,
by Mr. R. R. Wilson, geologist for the Department of
Water and Power.® This report contains detailed geo-
logie mapping of the reservoir area compiled during
construction, indicating the bedrock features after
stripping. These data are supplemented by bedrock
contour maps at a scale of 1 inch equals 40 feet.

e Marliave, (. “Memorandum on Geological Conditions Found at
the Baldwin Hills Regervoir Site.” From files of Loa Angeles
Department of Water and Power. Febroary 25, 1947,

Physical Qualities of the Geologic Formations

" . The three formations upon which the dam and res-

ervoir are constructed consist of sediments which are

in part loose and in part moderately consolidated.

The uppermost formation, the Palos Verdes, is
mostly poorly consolidated silts, sands, and gravels.
It is highly erodible as evidenced by low density, lack
of cementing media, and by sharp gullies where sur-
face runoff has concentrated in streams. (Photos 19
and 20)

The Inglewood formation, which underlies the Palos
Verdes, was well exposed in the breach created during
failure. Here it consists mostly of nearly flat lying
strata ranging in thickness from 14 inch to 2 feet.
Some of these strata were found to consist of moder-
ately hard sedimentary rock, but others are composed
of loose, powdery sands and silts. The loose materials
are incapable of resisting even mild erosive action.

The deepest formation in the foundation, the Pico,
is generally denser and more massive than the younger
overlying formations and more resistant to erosion.

With regard to the qualities of the formations,
which were exposed during coustruction and subse-
quently covered, pertinent deseriptions are excerpted
from the report of the Department of Water and
Power.®

““The formation (Palos Verdes) is loosely con-
solidated with the exeeption of a few beds of soft
sandstone 3 to 6 inches thick in the upper part of
the formation, exposed in the rim of the reservoir
. . . The bottomn and roughly the lower half of the
sides of the reservoir, and the foundation of the
dam down to Flevation 3353 consist of the Ingle-
wood formation. . . .

““The sediments congigt of light to yellowish gray,
and yellowish to reddish brown fine sands, silts, and
clays interbedded. The silts often eontain fine sand
and clay and vary from fine sandy to clayey silts.
Some of the thin silt beds are cemented by iron
oxide. In the lower part of the Inglewood, exposed
by excavation, there are occasional beds of lime-
stone up to one inch thick and oceasional beds of
gray, fine sand containing limestone nodules up to
2 or 3 inches thick and about 6 inches long. The
sand and silt beds vary in thickness from less than
an inch to about 4 feet, while the clay beds are
usually less than 2 inehes thick. . . .

““The Pico sediments are remarkably homogeneous
with the exception of an oecasional small lens of
sand and gravel. They congist chiefly of dusky blue
and gray to dark gray silt with varying proportions
of very fine sand and eclay, and may be called
fine sandy clayey silt. There are occasional beds
of fine sandy silt up to 4 feet thick and of silty
clay up to 1%4 feet thick. Now and then the silt beds
are separated by a thin (often paper-thin) bed of
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light gray very fine.sand . . . There are occasional
small limestone nodules and spherical or tubular
- limonitie concretions, Some carbonaceous material
is present in the form  of small fragments, and
streaks of black to dark bluish gray finely d1v1ded
‘material.

‘“The Pico sediments are consohdated. In fact some
of the beds are so well consolidated that they may
" be partially cemented. These beds would be more
approprlately deserlbed ag soft siltstone rather than
just silt.

Faults

Most of the known faults in the reservoir were dis-
closed at the time of construetion and were sub-
sequently covered by embankment. (Photo 21) Per-
tinent observations noted when the faults were vigible
are quoted below ®: (Survey stationing is referenced
to the 12-inch tile drain as shown on Plate 4.)

“A few faults . . . which did not show at the
ground surface, have been uncovered by excavation
in the dam and reservoir sites. Most of them are
normal faults trending approximately north-south
and dipping westerly from 55° to 89° with an aver-
age of about 70°. They contain gouge which is
usually a moist to very moist reddish brown elay,
the color being due to iron oxide. The gouge is
usually 34" or less thick. A maximum thickness of
4 was found along a short seetion of Fault 1. The
gouge contains fresh slickensides which indicate, in
the opinion of the writer, that these faults are prob-
ably still active.

““The most important of the faults are Fault T
and Iault II. They may branch off of the Ingle-
wood fault at depth. Fault I has been traced from
the southeastern corner of the reservoir to the north
side of the reservoir and along the east abutment
of the dam to about Station 54-50. There is a fault-
zone along the trend produced of Fault I from Sta-
tion 5450 to 74-50.

““At elevation 446’, Fault T was about 9 east of
the eenter of the original gate tower site. It is a
normal fault dipping westerly at an average angle
of 75° to 80°, The trend varies from N. 8° W. to
N. 9° . The faulted zone is 2 to 3 feet wide. It was
possible to measure the vertical displacement at
three points on the fault as follows:

1. Near original gate tower site—13 feet.

2. About 200 feet northerly from original gate

tower site—1614 feet.

3. North side of reservoir—26 feet.

It has not been found possible to measure the
amount of horizontal displacement. At one place on
the fault plane, located about 55° mortherly from
the original gate tower site, horizontal striae were
- found showing that the last movement at this loca-

tion was entirely horizontal with no vertical dls-
placement. .

“Gouge, shckensides, and eementation of the silts
and fine sands are prominent features along Fauit

- I, The gouge is a reddish-brown, moist eclay,

usually about 14" thick; however, beginning at a
point about 100 feet northerly from the original
gate tower site there is a zone over 100 feet long
where the gouge i3 2 to 4 inches thick. , . . The
slickengides appear to be very fresh, indicating that
the fault is probably still active.

# & #* * *

‘“When it was discovered that Fault I came near
the center of the gate-tower site, an east-west cut
was made with carryalls across and normal to the
strike of Fault I at the gate tower site. Within a
few days the cut was about 20’ deep with steep
banks. The southern bank (on which the center of
the gate tower site was located) was about 150/
and the northern bank about 100V long. The western
end of the northern bank was located at Fault 1.
From this point, northerly for a distanee of over
200/, excavation by earryalls along Fault I created
a bank geveral feet high. Fine exposures of the for-
mations were made by these excavations so it was
possible to make detailed transverse cross-sectional
studies. . . .

““The subgrade elevation of the gate tower
foundation is 38%. Judging {from the dips taken
on Fault I, it was estimated that the fault plane
would come within & foot or two of the center of
the gate tower site at elevation 389. Since Fault I
is possibly still active and since the reservoir is
located in a seismic area, a decision was made to
move the location of the center of the gate tower
48 easterly along the inlet and outlet lines. This
new location should place the entire foundation of
the gate tower east of Fault I and also Fault IT at
subgrade elevation 38Y%.

““Fault -IT has been traced from the south bank
of the east-west cut near the original gate tower site
northerly for a distance of about 250°. . . . The
average strike and dip is N. 14° K., 80° northwest.
In the south bank of the cut, the elevations of the
Palog Verdes-Inglewood contact were taken on both
sides of the fault. The wvertical digplacement
amounted to 17/ . . . Thin layers of gouge, some
ferruginous cementation of the formation, and
slickensides oceur on Fault I but are not as prom-
inent as similar features on Fault I.

“‘There is a zone of jointing and minor faulting
west of Fault I, from one to two hundred feet
wide.” Some of the joints contain thin layers of
reddish-brown to dark gray, clayey gouge. Most of
them can be traced for only a few feet, and the
amount of movement on the few faults where it
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could be measured was usually less than 2 or 3
inches.

‘A few minor faults were observed in the east
abutment between Stations 6400 and 7450, They
- Were more numerous oh the uppermost (392'%
elev.) berm, being the nearest to Fault 1.- On Jan-
unary 17, 1948, immediately - after the completion
of the 392" berm, a few minor faults, containing
very little gouge, were found on this berm between
. Stations 6-+50 and 7400, Some of them eould be
traced for 30V or more. They were striking N. 38°
to 43° E. and dipping 40° to 46° S.H. (into the
abutment). The horizontal displacement on one of
these faults was 6 feet. As the faults were exposed
" on a horizontal plane only, it was not possible to
determine whether they are normal or reverse.”’

Joints

. Several joints at the site which were exposed dur-
ing construction are now obscured by embankment.
The following therefore is quoted from deseriptions
made prior to completion of the reservoir.t

“‘Between Manholes ‘A’ and ‘B’ the trend of

- the ravine in which the dam is located is N. 17° E.

and it appears to have been controlled by jointing,
as the average trend of the joints is about N. 15° E.

“Two areas were observed in which there are a
few compresgion or shear joints, one located in the
west abutment between Stations 9450 and 10410,
the other in the east abutment between Stations
5450 and 7+450. The joint planes show signs of
movement such as grooves, striations, and weak
slickengides, so technically they are faults, but the
amount of movement, when it eould be measured,
was seldom more than 27 or 37, therefore they are
clasgified ag joints rather than faults.

‘‘The shear joints in the west abutment strike

‘N. 40° to 50° E., and dip 40° to 55° southeasterly.

The shear joint at Station 9455 contains grooves
which dip 17° in the direction N. 65° E. At
Station 10405 another grooved shear joint was
noted, with strize dipping 10° in the direction
N70° B..L.

““The shear joints located in the east abutment

f“Jointy are common in the damsite. . . . They
oceur in both Pico and Inglewood formations, but
‘are more common in the older and better consoli-
dated Pico silts. Most- of the joints appear to be
tengion joints but a few shear joints were also
found. The joints, with the exception of some ob-
served in the east abutment, do not seem to fit any

particular pattern, as for example that of the

gtrain-ellipsoid, using the trends of the Inglewood
fault and Fault I for orientation of the strain-
ellipsoid.
© ““The tension joints vary in trend from N. 15° W.
to N. 60° Ji. with an average trend of about N. 15°
E. The dips range from about 30 degrees to vertical
with most of them being steeper than 55 degrees.
No particular direction is favored by the dips al-
‘though on the east abutment there are more west-
erly dipping joint-planes, while on the west abut-
ment there are more easterly dipping joint planes.
This is due to the fact that the joint-planes dipping
away from the abutment are more easily exposed,
so they appear to be more numerous than those
dipping into the abutment. Most of the joints are
" rather tight. About 20% are slightly open and a
few have opposite planes from 14 ineh to 14 inch
" apart. ) _ '
© ““The open joints are usually coated with iron
and/or manganese oxide, and frequently econtain
gypstum. The gypsum occurs in two forms, either as
-a white, fine granular, powdery eoating . . . or ag
a seam of ordinary crystalline gypsum averaging
about 4 inch and rarely exceeding 1% inch in
thickness. Some of the seams, usually the thicker
ones, have been partially leached by percolating
waters. _—

between Stations 5+50 and 7450 are in a zone west
~of Fault I produced northward. They vary in
“strike from N. 11° 'W. to N. 72° K., with an average
strike of. about N. 35° E. Most of the dips are
steeper than 45°. The direction of the dip is vari-
able being into as well as away from the east abut-
ment.

% % Y * %

“A 4 x 8 test pit, 17 deep, was dug in the
east abutment on the 392" berm opposite Sia.
6465, Previously, 4 vertical holes, V-1 to V-4,
were drilled at this location for the purpose . of
intersecting a horizontal hole, H-2. All four of
these holes lost their return water at about 12.4/
depth. Upon completion of drilling, the test pit
was dug in order to determine the cause of the
drill-water loss. Several joints and a few faults
were exposed in the walls of the test-pit. Below the
10’ depth some of the joints were slightly open
{about 14”) and along a few of these were zones
up to 4” wide of broken, very permeable silt which
mugt have absorbed the drill-water rapidly. All the
faults were normal, and none had a max. total
displacement of more than 1.57."

INGLEWOOD OIL FIELD

Inglewood Oil Field occupies the westerly part of
Baldwin Hills, covering 1,180 acres and ineluding 611
producing wells. The field adjoins the reservoir on the
gsouth and west, the nearest production being from
three wells located within 700 feet of the south rim.
The approximate limits of production are shown on
Plate 8.

Inglewood fault divides the field into two distinet
components known as the east and west pools. There is
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no interconnection between these pools, and they are
in effect two separate oil fields. Baldwin Hills Res-
ervoir adjoing the east pool.

Oil and gas are produced from nine separate zones
which range from about 950 to over 10,000 feet in
depth. The most produetive is the Vickers zone with
294 producing wells, of which 86 lie east of Inglewood
fault in the east pool. With exception of the Tmvest-
ment zone, which is a minor producer, the Vickers
is the shallowest producing zone. The oil wells nearest
the reservoir enter the Vickers zone at an elevation
between 900 and 1,000 feet, below sea level.

The Vickers zone is present beneath Baldwin Hills
Reservoir, but it reportedly eontains no producible
oil in this area. The northern boundary of the oil
pool was located roughly 200 feet south of the reser-
voir at the time of discovery of the oil field, and this
boundary has shifted to the south farther from the
Tegervolr since that time.®

Hisforical Development

Inglewood 01l Ficld was discovered in September,

1924, by Standard Oil Company of California at Los
Angeles Investment Well No. 1-1 and was rapidly de-
veloped by Standard and other producers. When the
field was only 20 months old it had produced approx-
imately 25,600,000 barrels of oil, equivalent to a yield
of 29145 bdrrels per acre from 875 acres and 156
producing wells.

Development continued in a vertical direction with
the lowermost producing horizon discovered by the

R. R. Bush 0il Company at Sentous No. 1. This well

was completed in the Middle Miocene in September,
1940. The deepest well is Standard Oil Company of
(lalifornia Baldwin-Cienega No. 105. (Plate 8) Total
depth of this well was 12,276 feet, and it bottomed 1 in
a schist—possibly Jurassic in age,

Wells were drilled using very close spacing (com-
monly two-acre spacing, while the industry average
in California iz about 10 acres). This sheuld mean
uniform drainage throughout the oil producing hori-
zons and fairly uniform fluid pressures.

Many of the early wells had initial production rates

in excess of 1,000 barrels of oil per day.’® It was not

uncommon for a-well, drilled on two-acre spacing, to
produce 100 to 200 barrels of 0il per day despite large

eumulative withdrawals from nearby older wells aver-

aging 25 barrels per day. Exploitation wells are still
being drilled, and the State Division of Oil and Gas
reports that additional wells are extending the pro-
ducing limits of the field beyond those presently es-
tablished.

@ Horn, A. J., Petroleum Ingineer, Standard Oil Company of
California. Interview with IEngineering Board of Inguiry.
February 5, 1%964.

1 QOefelein, F. H. and Walker, J. W. “Field Case History—
Vickers ITast Zone Watier Flood, Inglewood Tield, Cali-
fornia.,” Preprint of the Society of Petroleum Engineers
AIME Paper SPHE 693. October 24, 1963,

' _ Sfraﬁgfdphy_ _ :

Cumulative production totals as of September,
1963, were: 1*
011 . 239,145,000 barrels, or 31,000 acre-faet
Water (gross)_ 364,017,000 barrels, or 47,000 acre-feet
Injection water 83,099,000 barrels, or 11,000 acre-feet
Water (net) __ 280,918,000 barrels, or 36,000 acre-feet
Gas (approx.)_ 164 billion cubic feet
Therefore, a net of 67,000 acre-feet of oil and water
has been taken from below approximately 1,000 sur-

face acres. Production by years is shown on Plate 9.

Strucfure

The Inglewood Field is an elongated faulted anti-
eline. It is one of fourteen oil fields located along the
Newpert-Inglewood uplift. Other important fields on
this strueture, listed in north to south order, aré Rose-
crans, Dominguez, Long Beach, Seal Beach, and IIun-
tington Beach.

The interior of the Inglewood 0il Fleld is intri-
cately faulted generally parallel to the main Ingle-
wood northwest-southeast trend. This structure is
shown in cross section on Plate 10. Certain faults
which have been mapped, oriented more north-south,
tend to have vertical displacements of 40 to 80 feet,
One such fault of particular interest has been mapped
by Standard 0il of California trending north into
the Baldwin Ilills Reservoir area. This was designated
by the Company ag the ‘‘Reservoir Fanlt,”’ and its
pogition was fixed by electric log correlations, bore
hole pressure information, and barriers discovered
during the injection program.? It should be noted that
the subsurface locations of the reservoir fanlt and of
other faults shown are to some extent a matter of in-
terpretation and that other competent geologists

- might produce different and equally plausible ver-

siong from the same basic data. The inclination of the
fault plane ag shown on the geologic section is about
10 degrees ‘less than can be measured on the surface
exposure of Fault I. Nevertheless, it seems likely that
the ‘‘Reservoir Fault’’ is the subsurface projection
of Fault 1.

A stratigraphic column for Ingléwood Field is con-
tained in Table IIT-2. Comment here will be limited
to the highly productive Vickers oil zone, which con-

. sists of - interbedded soft shale and unconsolidated

sand. These sands are described as fine to coarse

. grained and generally silty and friable*® (otcs show

alternating shale and sand intervals comn'ouly 1 to
0 feet thick with few continuous shale intervals
greater than 20 feet thick. Average porosity for the
zone is reported as 35 percent and the maximum net
sand as 43.4 percent.

An examination of electrie logs indicates a lithology
essentially similar to the above for the remainder of
the section down to the basement schist.

1 California 8tate Division of Oil and Gas. Material from files.
1964.
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Qil Reservoir Characferistics

There.are three common types of recovery mecha-
nisms in oil fields: Water, gas cap, and solution gas.
Of these, solution gas is considered to be the least
efficient because production results in a rapid bottom
hole pressure drop. With natural water drive, on the
other hand, there may be no significant bottom hole
pressure decline through the life of the field. Gas cap
drive has never been significantly active in Inglewood
0il Field.
" The recovery mechanism in Vickers east pool prior
to water flooding was solution gas drive with a limited
water drive.l® This means that the oil, for the most
part, is propelled out of the reservoir sand by dis-
solved gas which tends to eome out of solution when
pressure is released by a bore hole.

The original reservoir fluid pressure in Vickers east

pool (1,330 feei subsea) was estlmated by Siandard
Oil of California at 575 pounds. per sgiiare inch
absolute {psia), This is the point shown for December,
1924, on the pressure graph depicted on Plate 9. The
same level in 1954 prior-to the water flood measured
about. 50 psia. Vickers .cast pressures were raised by
water injection io about 225 psia by the end of 1963.
However, a small section of the Vickers east pool re-
portedly had a natural water drive and, accordingly,
no significant drop in bottom hole pressures.? This
natural water drive block iz bounded by the ‘‘Reser-
voir Fault,”’ the next fault to the west, and the main
Inglewood trend southwest of the Baldwin Hills Re-
servoir. Pressures from this water drive section were
excluded from the Standard Oil Company’s computa-
tiong for the pressure-elevation graph, Plate 9.

Reportedly, sand production has never been a
problem at Inglewood Oil Field.®

TABLE IlI-2

STRATIGRAPHIC COLUMN
INGLEWOQD OIL FIELD

Beries Formation Zone Average thickness Remarks
Recent Alluvium —_—_— 25'-100" No production
Pleistocene San Pedro —_— 1507-200° Ne¢ produection
Upper 100°-300" No production
Pico Middls Investment 200°-800" 2007 East block
800’ Weat block
Lower
. Vickers 17007 1200° East block
Upper
Pliocene Rindge 10007
T. Rubel 3007
Repetto Middle
L. Rubel 700"
. Moynier 400’
Lower
L, Moynier 7007
Delmontian Bradna 650°=1800° | 400’ ponproductive between P/M and
Bradna
Middle City of Inglewood 0/-250°
Moknian
Miocene Lower Nodular Shele 1507
Approximately top 4007 productive
Luisian Bentous 1700°
Relizian Topange 1500' 4+ | No production
Jurassic? Schist ? No produetion

From—~Oefeleln, F. H. and Walker, J. W. “Field Case History—Vickera Easi

Engineers AIME Paper SPE 609, October 24, 1963,

ZTame Water Flood, Imglewood Fleld, Califoenia,’” Preprint of the Soeiety of TPetroleom



CHAPTER IV

PROJECT PLANNING AND DESIGN

PLANNING OF PROJECT
Water System Recjuiremenfs

‘A study® by the Department of Water and Power
in the early 1940’s revealed that the Los Angeles
water system was becoming inadeguate to supply peak
demands. It was eoncluded that construction of Bald-
win Hills Reservoir, along with other system improve-
ments, would double the capacity of the distribution
system and would provide satisfactory service to an
additional 750,000 persons in the. growing scuthern
and western parts of Los Angeles.

It was estimated that the Baldwin Hills Reservoir
would make possible the delivery of 67 cfs additional
mean annual flow to the service area. The inlet capac-
ity required at Baldwin Hills for the future maxi-
mum 24 hours would be 85 efs, and the outlet capacity
144 efs.

Based upon the studies of the water system re-
quirements, it was concluded that the Baldwin Hills
Reservoir project would be the most desirable plan of
development. It would require the least modification
of existing facilities to provide the desired serviee.

Plan for Development

The Engineering Board of Inquiry was unable to
secure definitive information on studies made of alter-
native storage sites. Tt appears that there were mo
desirable alternatives. The topography of Baldwin
Hills, offering the logical location having sufficient
elevation near the area to be served by the reservoir,
determined the location of the site. The reservoir
would be built in the first ravine west of La Brea
Avenue at the north flank of Baldwin Hills. The plan
provided for Baldwin Hills Reservoir to be supplied
from Lower Franklin Reservoir, which is located to
the north across Ballona Gap. (Plate 1)

The minimum storage requirements set for Bald-
win Hills Reservoir were to provide approximately
200 acre-feet for peaking demands. However, it was
determined that appreciably more storage could he
developed economieally, providing close-in storage in
the system as a protection against outages. It was
therefore decided that the reservoir with the greater
storage should be constructed. The reservoir capacity
would be 897 acre-feet with a water surface area of
1957 acres at the spillway lip, Elevation 477.50.

The reservoir bowl would be excavated into the

{Log Angeles Department of ‘Water and Power “Preliminary
Report on the Function and Operation of the Proposed
Baldwin Hills Reservoir”, unpublished report. March, 1943.

head of the ravine. To provide a uniform reserveir
floor, part of the subgrade would have .to be con-
structed of compacted earth material. There would
be a number of small embankments on the perimeter
of the reservoir, and a major dam on the north side
which would be approximately 155 feet high at the
axig. The embankments would be built from the mate-
rialg excavated for the reservoir howl. Select materials
would be reserved by stockpiling for the impervious
compacted earth lining as the essential feature in
controlling seepage from the reservoir.

The site of the proposed reservoir was very close
to the Inglewood fault, regarded as one of the most
active faults in California. For this reason, it was
decided that the dam and appurtenances should be
designed to withstand a seismic acceleration of 0.2
gravity in a horizontal direction.

The general plan is shown on Plate 2.

Exploration and Testing

The low density and the susceptibility of the foun-
dation materials to water erosion were recognized
early hy the engineers and geologists who were explor-
ing the site. The site was first explored in the early
1840°s. Much of the more detailed foundation explora-
tion for the main dam was made after the construe-
tion of the project was under way. The earliest soils
exploration, other than for general surface reconnais-
sance, was in March, 1941. At the extreme south end
of the reservoir flve 4-inch auger borings were put
down. (Plate 11) The borings were made with a regu-
lar post-hole auger with necessary pipe extensions to
allow penetration to a maximum depth of 24 feet.
The purpose was to elassily the goils, to obtain logs of
the borings, and to take selected penetration needle
readings on remolded specimens at each 2 feet of
depth.

In Mareh, April, and May of 1941, 14 test shafts
were dug with the primary purpose of measuring the
in-place density of the foundation soils. These shafts
were located at the south end of the reservoir site
and were carried to a maximum of 13 feet in depth.
Lahoratory testing was conducted to determine

' the compaction characteristies, percolation-settlement

(17)

rates, and penetration needle readings. In April,
1941, in order to penetrate considerably more depth,
five horings were made, using a truck-mounted anger.
With this machine it was possible to drill to a maxi-
mum depth of 60 feet. The resultant data were as-
sembled in the form of logs for each boring, with sam-
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Ples obtained ior each 5 feet of depth. Laboratory
testing determined compaction characteristics for
each sample and for various composites which were
prepared in the laboratory, as well as the accompany-
ing percolation-settlement rates, field moisture con-
tent, specific gravity, and gradation.

This preliminary work determined the characteris-
ties of the surface or near-surface materials, not only
as a foundation for the reservoir but also for the
support of the main dam and various other fills.
Equally important was determination of the charae-
teristics of the material which would be excavated
in forming the regervoir bowl and which would be
used in the main dam, in the peripheral fills, and in
the reservoir lining. Representative test data are pre-
sented In Table TV-1.

In 1943 additional borings were made to obtain
more complete information on foundation soils and
fill materials as well as to extend the exploration
farther to the north into the area which is now oceu-
pied-by the main dam. This additional exploration
consisted generally of ‘extending the 4-inch anger
boring system into a grid approximately 200 feet on
centers. These borings were carried to a maximum
depth of 13 feet, with composite samples being ob-
tained at 5-foot intervals. Hxtensive laboratory com-
paction, pereolation-séttlement, and shear tests were
made. ‘

Accompanying this sampling and boring investiga-
tion, the Department of Water and Power continued
with surface reconnaissance of the area. In the early
files it was reported that the entire area was deeply
incised. It was further noted that the ravines followed
planes of structural weakness created by diastro-
phism. The entire area was covered with a mantle of
well weathered top soil. Low-density sand lenses were
diseovered in a number of the borings, indicating that
provigions for drainage should be considered in design
of the reservoir howl to preclude the saturation of the
foundation by percolating water. '

Testing of the soils indicated that, with rare excep-
tion, all of the material to be exeavated could be used
for an earthfill dam with conservative side slopes ex-

tending to a height of 200 feet. It was expected also
that, by proper mixing and blending, any of the mate-
rials to be encountered in the exeavation could be
used for fill purposes. In the planning studies, how-
ever, it was contemplated that blending would not be
neeessary, as there appeared to be more than enough
material available for use in a stable dam section and
an impervious reservoir lining, It was recognized that
a final answer to thig problem would not be found
until the area of the reservoir was stripped during
congtruction. :

From these preliminary investigations, it appeared
feasible to design and construet the necessary com-
pacted earth embankments and a compacted earth
reservoir lining with the materials required to he ex-
cavated for the reservoir bowl. Of the greatest concern
was the mecessity for protecting the foundation from
saturation and from erosion due to percolating water.

Surveying

. The records show that the first surveying at the
reservoir gite by the Department of Water and Powar
was done in 1989. Horizontal and vertieal eomtrol
points were estabhshed and topowraphlc maps of the
area were made,

The problem of earth movement was suspeeted at
that time. The surveyors were reported to have had
diffieulty maintaining stable horizontal and vertieal
control stations. The surveys were referenced to the
triangulation network established by the Survey Divi-
sion of the Los Angeles County Engineer’s office. This
was a first order triangulation survey network ac-
cepted by the U. 8. Coast and Geodetic Survey.

DESIGN OF FACILITIES

No formal design report presenting assumptions,
eriteria, and reasoning involved in the design has been
located. The following comments have been assembled
through an exhaustlve review of the design files.

Foundation

Prellmlnary investigation had d1sclosed that the
foundation consisted of sediments which were loosely

TAB LE 1¥-1
REPRES E NTATIVE PREC ONSTRUCTIO N LABORATORY DATA
Type of test © . Uit Number of tests |- Average 'Maximum Minimurm

Trield Molsture=_______._____ . ________ percent 61 . 17.1 36.2 6.3
Field Dengity> _______________ . ___ . __ pef 51 105.3 . 1207 B81.3
Percolatiou-Settlement® :

Percolation R&te__-______________._____._ ___________ /vt 47 - 1.99 46.2 0.0008

Consolidated Dry Weight . _____ . _______._._._.._ pef a7 118.0 ) 128.8 86.5
Shear ©

Cohesion __________ o _________ T psi 17 7.8 15.5 5.6

Friction Angle . _____ [ - degrees 17 26° 457 48° 157 9° 36

Coefficient of Friction 17 0.503 1.112 0.167

* Daty obtalned from 14 shafts (4 to 13 Feet deep),
b Data obtained from cempacted samples from entire exploration.
¢ Data obtained from sclected compacted samples.
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compacted and suseeptible to densification and erosion
by running water. The bottom of the reservoir would
be in the Inglewood formation, which consisted of
thinly bedded and horizontally stratified lenses of
loose and alternately harder sands and silty sands.

The existence of faults in the foundation area was
known. The amount of future activity was anticipated
to be minor. Special precautions were taken in the
design of some of the appurienant structures because
of the faulting.

Most of the foundation for the main dam would be
on the Pico formation, which was known to be con-
giderably more massive and more competent than the
overlying Inglewood although still leaving muech to be
desired. There was evidence of old slides at the east
abuiment downstream of the main dami, This area
proved to be unstable during removal of the toe of the
slope during construction.

Exploration and Testing

Exploration extended from early in 1941 into the
construction period, reflecting delays due to the war
vears as well as the care which went into the field in-
vestigation and the design. Tabulations were completed
of all the soil testing which had been aceomplished
in the 1941 and 1943 iuvestigations,
tive values were obtained from these investigations
for shear strength and percolation-settlement rates.
Compaction results are given in Table IV-1. The

Representa-
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" location of the preconstruetion exploration is shown

on Plate 11.

It has been reported that water was 1ntroduced into
the bottom of some of the auger holes and shafts for
a qualitative type of in-situ percolation and subsi-
dence testing. The water disappeared very rapidly,
causing compaction and resulting subsidence. The
tests rather dramatically demonstrated the unstable
nature of the loose, fine, silty, and sandy foundation

-materials when saturated. It was stated in the Water

and Power files:

‘.. . it should be remembered that very little
percolating water now reaches the low density sand
lenses underlying a portion of the reservoir area,
and the leakage rate should be held to a low figure.”’

- While not a normal part of the design investigation,
a considérable amount -of core drilling was accom-
plished from May, 1947, through the end of that year.
Additional drilling was done during 1948, This work
included core borings which were drilled into the
foundation of the main dam. These holes were uti-
lized as drains for intercepting seepage. Cores from
many of the holes were selected and tested -in the
laboratory. Liocations of these bore holes are shown on
Plate 11 and pertinent data are presented in Tables

. IV-2 and IV-8. A1l borings were logged, backfilled

with coarse sand or pea gravel, and connected into
the foundation underdrain system. Some of these bor-
ings also functioned for instrumentation.

TABLE IV-2
SUMMARY OF PRECONSTRUCTION EXPLORATION

Depth

Tixploration
size
inches

Maxirun

Type Number feet

Minimum

feet

- Total
feet

Dates -

Purpose

accomplished

Hand Auger_,_____‘_f_.___-__r- 4 40 45

Power Auger_.___________ 16 53

o

130

21¢ ‘(1% core) ) 2
4 {3 core) ' 1

Cable Tool e
Horizontal

6 {23 core) 20
4 (3 core) 3

153
115

Horizontal Rotery (auger)d_| 5 ' 10 2567

10

40

90

101
80

10

452
213
111

220

________________________ 35

2,800
305

2,235

- of in-place density,

Shaliow foundation; sourees of
materinls for embankment'and/
or lining; compaction charac-
teristics.

Foundaticn: sources of material

for embankm'ent and/or lining;

samples for compaction studiés.
Shallow foundation and sources of
“borrow materials determination

content, and needle readings;

semples for compaction studies. |

Deep foundation for = drainage
wells. Some cores taken for
laberatory study.

Hole drilled to intersect harizontal
Hole H-2; backfilled with
coarse pand,

Drainage wells in dem foundation’

Loge and 3-inch cores were taken.
Holes were backfilled with sand
and were used as foundation
drains. -

No cores talen; holes were back-
filled with pea gravel and
utilized s drzins discharging
into Manholes A acd B.'

March-May 1941
May 1043 -

April 1941

March-May 1041

moisfure |

May-July 1947

May 1048

May-Déc, 1047

April-June 1048

Jan~Nov. 1949

* Minimum size to permit hand excavetion.
b Dasignation: ¢ Serles
¢ Designation: D Serles
d Designation: H Beries
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TABLE IV-3-
SELECTED TABULATED DATA FROM CORE BORINGS
Bhear strength
Cohesion Angle of frietion Tensile strength
Boring psf degrees psi
Core Na. . .| “No.
Bizo, size, Depih, of Maxi- | Mini- . Maxi~ | Minl- of Mazi- | Mini-
Number inches | inches feat tesie | Average| mum mum | Average | mnum mum tegts | Aversge| mnum mur

130 42 1,088 2,200 3860
90 25 950 1,080 308
Bubgrade 4 1,540 2,840 1,020
152,56 1 880 | __ .
Subgradse 3 1,330 1,440 1,320
SBubgrade 1 1,740 oo
6 101 2 1,405 1,580 1,250
6 101 2 597 720 475
6 151 3 760 1,370 450
6 101.5 2 1,295 1,470 1,120
i} 151 3 1,003 1,200 820
i} 101 2 1,238 1,267 1,210
[} 152 3 1,080 1,300 720
L] 151 3 1,107 1,510 850
6 151 3 1,700 1,860 1,410
[i} 151 3 1,743 2,710 1,180
3} 151 3 470 790 144
6 153 3 1,310 1,680 590
8 152 3 1,600 1,760 1,300
8 151 3 1,500 1,580 1,220
6 152 3 820 1,200 500
8 152 3 1,150 1,880 620
[} 152 3 1,550 1,800 1,220
6 2}/ 152 2 1,340 1,500 720

Embankment

Besides the main dam embankment at the north end
of the reservoir there were five minor embankments
required to close low areas in the regervoir perimeter.
The embankments were designed to be built of the
material removed during excavation of the reservoir
bowl. As a result of the extended exploration and test-
ing program, it was determined that the material
would require the addition of moisture and adequate
blending for use in the dam. It would be placed at a
dengity consistent with the objective of obtaining suf-
ficient strength, impermeability, and minimum com-
presgibility. The embankment design required an
impervious reservoir lining and an underdrainage sys-
tem whieh would ensure that the phreatic line wounld
not rise into the embankments to impair their safety.
Stability studies were performed in the conventional
way by use of the sliding cirele method of analysis.

Reservoir Lining

The reservoir lining design selected was a sandwich
type of construction to inhibit the passage of seepage
water and to collect and drain away all leakage which
got through the relatively impervious compacted earth
lining. (Plate 12) _

The uppermost memher was to be a 3-inch thickness
of porous asphaltic paving designed to prevent wave
wash on the underlying earth lining, to facilitate
cleaning of the reservoir, and to prevent aquatic weed

growth. Tmmediately below the paving was to be the
main impervious member, a compacted earth lining,
which was designed to be 10 feet thick in the bottom
of the reservoir, graduating to 5 feet in thickness nor-
mal to the slope at the top. Below the compacted
earth lining was a 4-inch cemented pea-gravel drain
designed to act as a collector for all seepage finding
its way through the compacted earth lining, A system
of 4-inch clay tile pipes was to convey this water into
the drainage inspection chamber. The pea-gravel
drain was to be capped with a 14-inch porous sand
gunite layer to prevent infiltration of compacted
earth.

The pea-gravel layer was cemented for stabilization.
Congideration was given to the use of asphalt as an
alternative binder for the pea gravel; but this was
rejected, affer tests were performed, because of the
possibility that cold flow might result, leading to
failore of the earth blanket on the slopes of the res-
ervoir. By using portland cement, the designers ex-
pected that there would be no plane of weakness on
the inside slope of the reservoir,

Immediately below the pea gravel was to be an
asphaltic membrane about 14 inch thick, applied di-
rectly on the foundation. In certain areas this mem-
brane was to be reinforced with cloth fabric. The
function of the membrane was to prevent all water
from reaehing the foundation. The security of the
regervoir would be dependent upon the water tlghtness
of the asphaltic membrane.



PROJECT PLANNING AND DESIGN - - 21

Drainage System

- Two separate systems were designed to provide
drainage: The foundation drainage system was to
drain foundations nnder the earth embankments; the
reservoir underdrainage system was to collect all
seepage passing through the earth lining and to drain
it from under the reservoir floor through a central
observation and measurement station. The general ar-
rangeinent of the drainage system is shown on Plate 4.
Hach of the five smaller embankments was designed
to have a separate drain systermn. These were to be
4-inch vitrified clay tile drains with open joints,
bedded in concrete, with the upper half covered with
cemented pea gravel to permit water entry.

In the bottom of the ravine containing the main
embankment a 12-inch vitrified clay tile drain, also
with open joints, was to be placed and bedded and
covered in the game manner as the 4-inch drains. It
was to pass through Manhole A where seepage could
be observed. A number of foundation drainage wells
were located along the side of the 12-inch tile drain.
Horizontal holes were drilled into the abutments and
filled with sand, along with other vertical holes into
the foundation, all connected to 4-inch drain tile sys-
tems discharging into the 12-inch tile bottom drain.
The 12-inch tile drain was to continue through Man-
hole B and finally to discharge into the ecity storm
drain at Cloverdale Avenue, as shown on Plate 13.

Radiating from each of the manholes were other
horizontal drill holes, backfilled with sand, which
would pick up seepage from deep in the foundation
‘and carry it to the manholes, where the discharges
could be measured.

The reservoir underdrains were to be 4-inch vitri-
fied elay tile pipes embedded in conerete and covered
with cemented pea gravel to conduct reservoir bottom
leakage to the drainage inspection chamber for meas-
urement. Generally, the tile pipes were to be laid with
open joints to admit reservoir geepage. There were
to be a total of eight reservoir underdrain lines and
a tower base drain to intercept all the water that
seeped through the impervious earth lining.

The collecting underdrain lines were designated as
the southeast toe, northeast toe, fault, south toe, south
bottom, west toe, north bottom, and north toe drains.
The latter fi~~ were to enter the drainage inspection
chamber as a cluster of five embedded in a single
concrete encagement, The covering of the tile drains
was to be an integral part of the pea-gravel drain
completely underlying the reservoir. The concrete
cradle, or bedding, was to be placed in a trench in the
reservoir bottom on top of the continuous asphaltic
membrane, (Plate 12)

The west toe drain was to be in the form of a *'T”’
in plan, the east-west stem of the “‘T’’ being encased
in conerete throughout its length. The stem encase-
ment was to interrupt the pea-gravel drain, thereby

dividing the reservoir 'bottom into ~approximately
equal halves and separating the north and south bot-
tom drains for seepage source identification.

Kach of the reservoir bottom draing was to have its
terminus at weir boxes in the drainage inspection
chamber. At the chamber, seepage water was to be
discharged through check valves into the 24-inch
blowoft line used for draining the reservoir,

Water Control Facilities

Baldwin Hills Reservoir was designed to be served
by mortar-lined steel inlet and outlet lines located in
tunnels through the east side. The inlet line was to
be 57 inches and the outlet line 66 inches, inside
diameter. The lines were to be carried on ring girder
supports through the tunnels, with a walkway passage
beside each pipe, the inlet passage extending to the
drainage ingpection chamber. The inlet line was to be
continuous through the gate tower, feeding two cir-
culator lines leading to the west side of the reservoir
after bifurcation at the base of the east slope. The
irlet line would have a 36-inch roto valve just outside
the tunnel portal, and a 32-inch Venturi tube immedi-
ately to the east for flow measurement,

It was congidered prudent that inlet and outlet
lines be supported on ring girders within the tnnnels
instead of being eneased in concrete, so as to ensure
againgt their being damaged by earth movement.

Discharge through the outlet line was to be con-
trolled at the gate tower, with a 36-inch Venturi tube
at the ehlorinating station, about 70 feet outside the
tunnel portal. Both lines would lead to Lia Brea
Avenue, with the outlet line having a 42-inch manu-
ally controlled roto valve near Lia Brea.

The circulator pipes were to be supported on eon-
crete plers across the reservoir. They were to be 39-
ineh reinforced concrete pipe in 8-foot sections with
collared joints.

The gate tower was to be located at the east side of
the reservoir, with gates at various levels for with-
drawal of reservoir water through the tower into the
66-inch outlet line. There would be five sluice gates,
each 2 feet 6 inches by 4 feet 0 inches, for that pur-
pose. There would be a 24-inch gate valve at Elevation
411.5, and a square-frame sluice gate to the 24-inch
blowoff line at the base of the tower. Each gate would

_have a trash screen. A water stage recorder would be

located at the top of the tower with a stilling well
attached to the inside of the tower. A footbridge would
connect the tower to the east roadway.

The 24-inch blowoft line for reservoir draining pur-
poses was to pass through the drainage inspection
chamber to safeguard the pipe from possible damage
where it ecrosses known faults in the foundatiom.
Mechanieal couplings on the blowoff line inside the
chamber would provide flexibility. The blowoff line
would continue through the end of the chamber, along
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of the main dam, ultimately discharging into the 42-
inch gpillway condmt at a junction box just below the
390 berm. It would be welded steel pipe encased in a
conerete jacket with cutoff collars to prevent seepage
along the line. It would have 14-inch mortar lining
with coal tar undercoating.

The inlet and outlet tunnels would be 9 feet 8
inches in diameter with reinforced conerete linings.
Their eenterlines would be about 40 feet apart, with
each tunnel being about 380 feet long.

Spiflway

The spillway weir, at Elevation 477.5, would be of
the side channel type with a crest length of 100 feet.
The gpillway discharge conduit would be a pipe laid
approximately on the foundation line at the east abut-
ment of the main dam, beginning with about 170 feet
of 48-inch reinforced concrete pipe. The remainder
would be 42-inch pipe. It would be equipped with air
vents at eritical locations. Four drop inlets for accept-
ing surfaee drainage would be provided. The first drop
inlet would be on the Wlevation 479 roadway at the
east end of the main dam ; the second on the 340 berm;
the third on the 250 berm; and the fourth downstream
of the dam with a lip at Elevation 219. The spillway
was designed to pass 181 cfs under a 0.62-foot head on
the weir,

Instrumentation

The drainage ingpection chamber was the foeal
point for the measurement of all seepage flows dis-
charging from the reservoir underdrainage system.
Tt is a rectangular structure with inside dimensions
6 feet 6 inches high by 5 feet 6 inches wide. It is about
B0 feet long, beginning over the gate tower footing

and exiending westerly under the reservoir. It has a
free joint where it leaves the top of the tower footing.
From there it is a continnous concrete structure. The
westerly end wall is at Station 0198, The structure
crosses Fault I at approximately Station 04-85. Tt
has 16-inch side walls and 19-inech top and bottom
slabs. .

The drains enter the chamber at the locations dia-
grammatically shown on Plate 4. Weir boxes inside
the chamber are arranged to provide for measuring
individual flow from each drain line entering the
chamber ag well as total flow from the reservoir under-
drainage system,

Foundation drainage into the 12-inch tile drain in
the hottom of the ravine is measured at the base of
Manhole A. The flow is then led to Manhole B by
continuation of the 12-inch tile drain, where accre-
tions to the flow between manholes are measured.
There are six manometers in Manhole A and three in
Manhole B for use in measuring foundation settle-
ment at several locations along the 12-inch tile drain.
Additionally, there is one copper tube entering each
of these manholes for measuring foundation water
levels in Wells C-1 and C-2. (Plate 13)

A deep bench mark, BHBM 126, is located at the
base of Manhole A. Tt was established on top of a
pipe stem, extending into a drill hole and embedded
in conerete 152.2 feet below the manhole floor.

A test culvert for experimentation was included in
the design, extending 120 feet to the northeast from
Manhole A at Elevation 310. Tts purpose was to deter-
mine structural strain produced by the overlying em-
bankment. Also, pressure cells were loeated in the
outside walls of the structure to measure earth pres-
sures as the fill was constructed around and above
the eulvert.
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CONSTRUCTION

The first construetion work for Baldwin Hills Dam
and Reservoir was started by Department of Water
and Power construction forces on January 13, 1947,
The work was completed by eontract and water was
turned into the reservoir at a dedication ceremony
on April 18, 1951.

The plans and specifications for Baldwin Hills Dam
and Reservoir were prepared by the Water System
Division of the Department of Water and Power,
City of Los Angeles, and approved by the Chief Fn-
gineer of Water Works and Deputy General Manager
of the Water System. Plates 2, 4, 12, and 13 show the
plan and details of this famhty

Application No. 6-40, for the approval of plans and
specifications for constructlon of Baldwin Hills Res-
ervoir, wag filed with the State Supervigion of Dam
Safety Office on July 17, 1944, The application was
approved on June 17, 1946, Periodic inspections were
made during construetion. An Order Authorizing Use
of the Dam was issued on September 26, 1950. After
submittal of final cost data and as-built drawings, the
State issued a Certificate of Approval on May 17,
1956.

FORCE ACCOUNT WORK

Work done by force account (by Department of
Water and Power construction forces) was as fol-
lows: Excavation of foundations and stockpiling of
excavated material, including the rough excavation of
the reservoir bowl; construction of the main darm and
foundation drainage system, including the 12-inch
drain and Manholes A and B; construction of the 42-
inch spillway pipe and 24-inch blowoff line through
the dam and outfall to discharge into the city storm
drain; and construction of miscellaneous appurte-
nances.

CONTRACT WORK

Prineipal contract work was done under Specifica-
tion No. 6912 by M. L. Kemper Construction (om-
pany. This eontract included completion of the main
dam and the peripheral Fills 1, 2, 3, 4, and 5 (east
access road) ; reservoir foundation rough excavation
and trimming; construction of reservoir underdrain-
age gsystem (asphaltic membrane, cemented pea
gravel, and tile draing) ; compacted earth lining over
entire reservoir floor and slopes; spillway; pgate
tower; drainage inspection chamber; eirenlator lines;
irilet and outlet tunnels; paved roadways and paved
reservoir surface on floor and side slopes. Work
started July 19, 1949, and was completed December
28; 1950

(23)

~ Contract No. 7276 with Humiston and Rosendahl
Company for consiruction of the steel inlet and out-
let pipelines was started January 4, 1951, and com-
pleted May 7, 1951,

CONSTRUCTION SUPERVISION

All work was thoroughly inspected daily by the
forces of the Field Engineering Divigion, Department
of Water and Power. Written daily inspection reports
were made. The engineering forces under the Field
Engineer consisted of as many as 15 inspectors, two
survey parties, and two laboratory technicians at the
job site. A field laboratory was established at the site
to provide close control of daily earthwork opera-
tions. Final test results were eompleted at the perma-
nent laboratory of Water and Power.

EARTHWORK AND DRAINAGE
Earthwork Conirol

Earthwork was accomplished following the funda-
mental principles of construetion control formulated
by Mr. R. R. Proctor in his capacity as Field Engi-
neer in the Depariment of 'Water and Power. These
principles, first deseribed by Proctor in 19331 are the
basis for modern earthwork control methods utilized
in this country and throughout the world today.
However, there are some differences in the way the
Department of Water and Power applied these prin-
ciples and the way today’s accepted standards are
written. Fundamental principles of the close rela-
tionship between moisture content of the soil at place-
ment and the compacted density in achieving a de-
gired strength and impermeability in compacted soils
are implicit in all systems, as are the effects of vary-
ing eompactive effort on final demsity, The system
utilized by Proctor involved the concept of the ‘‘Indi-
cated Saturated Penetration Resistance,”’ defined as
‘. . .. The saturated penetration resistance of a soil
ag determined by the compacted penetration resist-
ance of the soil at the same moisture content that is
required to saturate it. . . .”"2 .

In applying this method, the indicated saturated
penetration resistance (I.8.P.R.) is deterniined from
the laboratory compaction test, the results of which

1 Engineering News Record.

‘“Fundamental Principlezs of Soil
Compaction.”

August 31, September T, September 21, and
.- September 28, 1032 a series of four articies,
2Troctor, R. R. “Laboratory Soil Compaction Methods, Penetra-
tion Resistance Measurements, and the Indicated Saturated
Penetration Resigtance.” Volume V, pp. 242-247 Incl. Pro-
ceedings Second International Conference on Soil Meehanics
and Foundation Engineering. Rotterdam. June 21-30, 1948,
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Gie CAPresseq as cunves of dry weight, plasticiy
needle penetration resistance, and zero air voids all
piotted against moisture content.

As stated by Proctor:!

(99

. . . The ultimate capacity for water absorp-
tion in this goil, when compacted at various mois-
ture contents and by different methods can be deter-
mined . . . by noting the moisture content at the
intergeetion of the zero air-voids curve and the dry
weight of the compacted soil.”’

In applying the Proctor system:

(44

. . . Preliminary investigations are made to
determine the minimum required soil density, which
is expressed in terms of the indicated saturated
penetration resistance for use in field control. Soil
density tests of the work are tabulated in terms of
the indicated saturated penetration resistance. Per-
colation, consolidation, and shear tests are per-
formed periodically on soils removed from the work
by placing them in the test apparatus at the mean
indicated saturated penetration resistance of the
work. Field density tests of compacted or natural
s0ils determine their indieated saturated penetra-
tion resistance, from which the anticipated settle-
ment under loading ean be determined. . . . 72

In eontraet with the Proctor approach, most agen-
cles today control required compaction by specifying
a percentage relative compaction, which is a percent-
age expressing the ratio of the required field density
to the maximum achievable density as obtained in
the laboratory test.®

The Department of Water and Power provided a
field laboratory equipped to eontrol daily earthwork
operations. The field laboratory was responsible for
making daily routine compaction tests of materials
from execavation, from stockpiles, or from borrow.
Moisture content was checked by penetration needle
readings of materials before they were placed on the
fill and of materials on the fill just before they were
rolled. Completeness of compaction after rolling was
cheeked both by the needle and by in-place density
tests of the compacted fill.

Close support was given to the field organization by
the central laboratory of Water and Power. Tests
were run in the central laboratory on remolded sam-
ples obtained by the field laboratory. Selected samples
were subjected to tests for direet shear, pereolatiomn,
and settlement, in addition to the routine tests con-
dueted on all fill eontrol samples, Test procedures
which are different from those utilized by other agen-
cies are described elsewhere, b *

2 United Sj:ates Department of the Interior, Bureau of Reclama-
tion. “Harth Manual.” 1st Edition. July 1963,
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retained by Water and Power, in a report dated Feb-
ruary 25, 1947, stated :

““Because of the strategic location of the site
and the known seismie activity of the region, the
Board recommends that there be complete field
control of the embankment material and that the
quality and supervigion of all the work be of the
same high standard that has been maintained hy the
Department on similar struetures in the past.

““With the above congiderations, your Board ap-
proves the feasibility of the proposed Baldwin Hills
Project, the suitability of the site, and the plans of
design.’’

Dam and Embankments

Stripping operations (removal and disposal of un-
suitable grass, sod, roots, brush, and other objection-
able material) commenced January 13, 1947, at the
lower end of the ravine about 175 feet south of San-
chez Avenue and continued south to encompass the en-
tire reservoir area. Waste material was placed in dis-
posal areas, the largest of which was on the lower
part of the gully below Fill 4, southwesterly of the
reservoir. This work was started with Department
forces.

Similarly the construction of the dam and reservoir
started at the lower end and proceeded up the ravine.
Pipelines, catch basing, and manholes were eonstrueted
as work progressed. Excavated material was placed in
stockpiles for later use, directly in compacted pipe
backfill, or directly into embankment.

The excavation proceeded into the reservoir bowl
while waiting for construetion of Manholes A and B
and completion of the 12-inch drain pipeline. The ex-
cavated material was carefully selected. Sufficient
(approximately 350,000 cubic yards) material suitable
for the compacted earth lining was placed in special
stockpiles. Excavated material not suitable for earth
Iining but suitable for compacted embankment for the
dam and peripheral fills was placed either in stock-
piles or direetly into embankments,

All 1oose material was removed from the foundation
of the dam to a depth necessary to obtain relatively
tight material. In excavating the abutment founda-
tions, the work was carried out in a series of level
benches with rather steep slopes (14 to 1) between
benches. These exeavated benches ran about at right
angles to the axis of the main dam. No eutoff tremch
parallel to the axis of the dam was excavated either
in the bottom of the foundation or in the abutments;
nor was there any deep foundation treatment. Satis-
faetory foundation material would ideally consist of

+ Proctor, R. R. *“Construction and Operation Detalls for a
Simple Machine to Test Soils in Double Shear.” Volume VII,
pp. 61-64. Proceedings Second International Conference on
Soil Mechanicg and Foundation Engineering. Rotterdam.
June 21-30, 1948,
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firm ground free of all loose material and as dense
as, or better than, could be obtained by removal and
replacement with compacted embankment using the
materials available. Quoting Proctor: '

¢ .. The depth to which foundation soils should
be stripped is that to which the dry weight in place
is the same as required if the soil were to be placed
in the fill. If the foundation soils are too deep for
this to be accomplished, the eross-section of the dam
should be carefully designed to meet the conditions
of stability that are thus imposed. The eompacted
fill should then be placed at the same saturated
plasticity as the foundation in order to result in a
fill of sufficient plasticity to conform to such settle-
ment as will take place in the foundation. The care-
ful use of the principles that have been set forth
should permit the design and construetion of eom-
pacted earth dams of known safety at locations that
have been considered unsuitable for this purpose.’” !

During excavation of the east abutment, a sub-
stantial slide occurred opposite Station 8425 (12-
ineh drain stationing). This slide was first noted on
January 5, 1948, ag a slight movement on a clay bed
exposed near the toe of excavation. Most of the move-
ment that developed was between Station 7400 and
9410, This slide movement developed progressively
and was measured at observation points at several
locations. The slide continued for approximately two
weeks with an average rate of movement of 0.03 foot
per day. Maximum amount of movement recorded at
Station 8-1-25 was 0.43 foot; the average total move-
‘ment wag 0.39 foot. (Photos 22 and 23) Wilson noted
that this movement occurred for the most part in a 3-
to 4-ineh thick bed of moist brown clay. He concluded
that the causes were: ®

1. A lubricated slip bed which was moist enough
for motion but was not saturated,

2. The presence of a synclinal fold dipping into
the excavation, and

3. Bxcavation at the toe of slope which removed
the support for the hillside mass.

Remedial measures ineluded partial removal of the
slide and installation of permanent drainage consist-
ing of hand auger holes drilled herizontally approxi-
mately 50 feet into the abutment, packed with sand
and connected into the permanent tile drain system
which was installed under the dam. The open crack at
the top of the slide was filled by excavating a trench
about 300 feet long, 1 to 2 feet deep, and 1 foot wide
along the craek and backfilling with relatively im-
pervious compacted backfill

Excavation at the east abutment and at the gate
tower foundation exposed Fault 1 and auxiliary

5 Wilson, R. R. “Geology of the Baldwin Hills Reservoir_ Site."
Unpublished reporf of Los Angeles Department Of Water
and Power, February 154¢,

faults extending through the original tower site and
through the east abutment nearly in a north-south di-
rection. After having inspected the site the eonsulting
board reported on January 20, 19488

.. It is very unlikely that any appreciable
movement will again oceur along these auxiliary
faults. . . (The hoard recommended moving the
tower so that) the tower will be founded on a mass
of undisturbed material that is not traversed or
undercut by this particular fault.”

As a result of these exposures the tower location
was moved easterly about 48 feet. No indication was
found in the records that any special exploration of
the fault zone below subgrade was performed either
at the east abutment or in the reservoir.

All wet spots in the dam foundation and in the
east and west abutments caused by ground water were
drained by the foundation drainage system installed
as shown on Plate 4. This system eonsists of numerous
vertical and horizontal drill holes packed with pea
gravel and local areas covered with cemented pea
gravel and drained with 4-inch clay tile pipe. Thege
drains discharge into Manholes A or B. Some of the
detail used is illustrated in Photos 24 and 25.

The placing of compacted earth material in the dam
embankment started at the downstream toe and pro-
ceeded in horizontal lifts. The material was either
haunled direetly from exeavation or from temporary
stockpiles set aside for this purpose during excavation.
Moisture was added in most eases at the excavation
site. The material was loaded and hauled by serapers,
mostly of 15 cubie yards eapacity.

The material was spread on the fill in layers of
9.inch thickness. Water was then added, if necessary.
The entire layer and the top few inches of the pre-
vious layer were then mixed with a Seaman or a
Wood’s pulvimixer, pulled by a tractor (Photo 26).
(Generally one trip with the pulvimixer was all that
was necessary to obtain the required uniform moisture
content. However, if the material was still too dry,
the process was repeated. Close control was kept of
this operation.

After adequate moisture conditioning, compaction
of the embankment was accomplished with sheepsfoot
rollers drawn by tractors. Sixteen roller passes were
made over most of the layers in order to obtain the
proper compaetion,

Three rollers were used for most of this work. One
roller was built to the T. 8. Bureau of Reclamation
specifications. It eonsisted of two drums, each measur-
ing 5 feet long and 5 feet in diameter, outside meas-
urements. Each drum had six rows of teeth, with 20
teeth in a row. The area of the tooth pad was T square
inches, and the length of the tooth was 9 inches. The

8 Consulting Board: H. A, Van Norman, Consulting Engineer;
Charles T. Lieeds, Congulting Hngineer; and Chester Mar-
liave, Consulting Geologist. Letter report to Mr. Samuel B.
Morris, General Manager and Chief Hngineer, L.os Angeles
Department of Water and Power. January 20, 1548.
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drums were loaded with sand and water so that the
total weight of the roller was 42,700 pounds. Two
other rollers, built to Water and Power specifications,
were used. Fach roller had two drums, each 5 feet
long and 4 feet in diameter, outside measurement.
Each drum had six rows of teeth with 13 in a row.
The total weight of the roller loaded with sand and
water was 41,600 pounds.

Approximately 1,281,000 eubic yards of compacted

embankment material was placed in the main dam. An
effort was made to place the materials in the dam em-
bankment go that the most impervious materials, con-
taining more silts and eclays, would be near the res-
ervoir side of the dam, while the sand and more
pervious material would be near the downstream side,
Control data as recorded in the final construction re-
port are summarized in Table V-1.
. Bpecial attention was given to the selection and
Placing of the more silty and clayey materials directly
on the foundation at abutments so as to obtain maxi-
mum hond. All loose dry material was removed from
the abutments prior to placing properly conditioned
fill material. Compaction adjacent to the vertieal faces
at the abutment was by hand pneumatie methods, The
sheepsfoot rollers were operated close to the mearly
vertical faces, and the number of roller passes was
nearly doubled at the abutments to ensure that ade-
quate compaction was obtained. (Photos 27, 28, and
99)

After the dam embankment reached the elevation
of subgrade of the reservoir, sufficient overfilling was
placed on the interior face of the dam so that at least

1 foot of compacted fill existed outside of the final

trim line, as meagsured normal to the slope. This over-
filled material was trimmed off by dozers pushing the
excess to the top of the fill where it was reconditioned
and mixed with the ineoming new material.

Asg noted on Plate 2, there are five peripheral fills
in small ravines on the east, south, and west sides of
the regervoir. These fills, numbered counterclockwise
starting at the northwest corner of the reservoir, were
built up in essentially the same manner as the main

dam. A clay tile pipe foundation drain was installed
under each fill in the bottom of the arroyo. Total vol-
ume in these fills was approximately 275,000 cubie
yvards. C

Reservoir Bowl

Rough excavation of the reservoir bowl left about
1 foot of original ground above the finished subgrade,
and the overfilling during construction of eompacted
embankments left about the same amount to be
trimmed to finish subgrade. This was true of both the
sides and the bottom of the reservoir,

Final trimming of the reservoir interior subgrade
was accomplished with a motor patrol grader and by
hand. Starting at the top of the reservoir, the grader,
bridled to a tractor equipped with a winch, was oper-
ated along the slope. The tractor traveled along on the
roadway above at the same speed as the grader and
by means of the cable and winch kept the grader from
overturning. (Photo 30)

Material was peeled off in thin layers down the
slope to where it was necessary to push it by bull-
dozer farther down the slope to where it could he
loaded by seraper and transported to other fill areas.
Any unevenness left after final trimt by the motor
patrol was smoothed off by hand, using a mattock, and
finally by hand brooming to clean the slopes of all
loose material. After cleanup of an area, and before
the surface had time to dry out and crack, the as-
phaltic membrane was applied. This method of trim-
ming and applying asphalt was carried on continu-
ously around the regervoir from the top to the floor.
Ag the slope became less steep near the bottom, it was
not necessary to bridle the motor patrel to the winch
above. :

The reservoir bottom was trimmed to subgrade in
much the same manner. Scrapers carried off most of
the material, and final trimming was by motor patrol
grader. Panecl areas about 100 feet in width were
trimmed and the asphaltic membrane applied.

The reservoir nnderdrainage tile lines, as shown on
Plate 4, were placed in ditches that were excavated

TABLE V-1
CONTROL DATA FOR MAIN DAM AND FILLS
Penetration needle
Equivalent
Number of Moisture Dry At Saturation compactive
tesis content, density, At placement, (I8 PR),» effors,
Ttem percent pef psl pal Tt.1bs. feu. fh.
Main Dam
Embankment. ... . _______._______._. 559 15.2 111.6 1,242 246 15,070
Toundation______ ... . .. 81 19.1 90.0 1,559 138 .
Hand Tamp_ - e 7 19.3 102.6 800 e | .
Fills I to 5
Embankment________ _ __ __ o ___ 118 13.9 111.5 1,192 174 18,774
Foundation . _____ . 16 16.3 08.6 2,366 88 9,600 -

* Minimum requirement 200 pal.
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below the final reservoir subgrade. These ditches were
rough graded by motor patrol grader and then fin-
ished by hand, After final trimming the diteh surfaces
were covered with the asphaltic membrane.

The subgrade of the reservoir bowl after trimming
consisted partly of execavated natural ground and
partly of compacted fill. Due to the variation of ma-
terials in the reservoir foundation, with some areas
entirely of sands, and others of loose or well consoli-
dated silts, it was necessary to use different materials
to stabilize the subgrade. Congiderable experimenta-
tion was done to determine the best methods and pro-
cedures. Tt was decided to use various grades of slow
curing asphalts a8 penetrating and primer coats. The
number of coats applied would depend on the porosity
of the soil, with the more porous soils being treated
with lighter asphalt to obtain greater penetration.
Then the heavier asphalts were applied to build up
and stabilize the area, On areas that were well con-
solidated, only one penetration eoat was used.

After the subgrade was well stabilized, a rather
heavy first coat of 40-50 grade penetration asphalt
was applied. As soon as this coat had cooled, a second
coat was applied. This built up the membrane thick-
ness to about j inch.

Experimental test panels placed on the reservoir
slope indicated the need for reinforcement of the
asphaltic membrane to avoid heel damage from men
walking on the slope. A cotton eloth reinforeing with
a special open weave was tried and proved sticeessful.
This fabric was placed between the first and seeond
coats of asphalt. The second coat thoroughly pene-
trated the fabric to form a reinforced membrane also
about 1/ inch thick. This reinforeing was used mostly
on the slope where the foundation was especially
sandy and loose and on the bottom and sides of all
ditches for the drainage tile. The cotton fabrie was
woven in rolls 5§ feet in width with 40 strands per
inch longitudinally (warp) and 25 strands per inch
transversely (fil1). {Photos 31 and 32) Al of the
asphalt materials were applied at 300° to 425° F. by
hand-held pressure nozzles, connected by hose to hot
tank delivery trucks. The eloth was applied by broom-
ing and nailing with eight-penny nails onto the first
coat of 40-50 asphalt. Total quantities of material
used for the membrane were approximately 1,100 tons
of asphalt and 300,000 square feet of fabric.

Examination of the daily inspeetors’ reports in-
dicates that, although the placing of this very im-
portant asphaltic membrane was a difficnlt operation,
it was conscientiounsly carried out and rigidly in-
spected.

On the floor of the reservoir, after the final applica-
tion of the membrane, & thin layer of loose pea gravel
was applied. As the weather was rather cold (Novem-
ber-December), this pea gravel was rolled into the
asphalt with a light flat-wheeled roller. The purpose
of the rolled pea gravel wag to form a firm bond be-

tween the membrane and the 4-inch cemented pea-
gravel layer. (Photo 33) _ :

The pea gravel for the reservoir underdrain was
mixed with cement, water, and calcium chloride using.
a small portable bateh plant and concrete mixer.
Specified cement content was 1 sack of ecement per
eubic yard. After mixing, the cemented pea gravel was
hauled in small dump trucks to the reservoir floor,
where it was dumped into a widened laydown econ-
crete bucket. A crane picked up this bucket, and the
material was spread from the bucket in a wide semi-
eircle. Tt was then further spread and leveled by hand,
using shovels and rakes, to obtain a thickness of 4
inches. This method was used to cover the entire reser-
voir floor. (Photo 34)

The cemented pea gravel was placed on the slopes
using a contractor-built spreader which was mounted
on the frame of an old trenching machine, using its
tracks and power assembly. This spreader had a re-
ceiving hopper installed on the front end so the light
trueks delivering pea gravel from the mixing plant
could dump directly into the hopper. The spreader
was designed to distribute the cemented pea gravel
on the slope through a strike-off hopper. Moving at
8 feet per minute, the spreader placed a 4-inch layer
in an 8-foot-wide ecourse. Traveling on the compacted
earth lining as it was built around the sides, the ma-
chine laid a course of cemented pea gravel on the
slope. This method was used to cover the entire reser-
voir slope. (Photo 35) _

After the cemented pea gravel had set up, the sur-
face was sealed with a 14-inch layer of sand gunite.
The gunite was to serve as a filter by allowing the
passage of water but preventing infiltration of soil
particles from the compacted earth lining.

As shown on Plate 4, a system of 4-inch tile drains
was laid in shallow trenches in the reservoir floor. The
drain lines that were designed to collect water were
embedded in concrete up to the spring line, with open
joints above the concrete. In cases where the. drain.
was not designed to pick up seepage, the tile was

_totally encased in concrete. After the concrete set up,

cemented pea gravel was laid around and over the
pipe to be flush with the 4-inch layer of cemented pea
gravel in the reservoir floor. (Photos 36 and 37) Ap-
proximate quantities of materials used in the drainage
system were 8,600 linear feet of 4-inch tile, 370 cubic
vards of concrete, 18,600 cubic yards of cemented pea
gravel, and 75 eubic yards.of gunite.

After the cemented pea-gravel drain was completed
in the bottom of the Teservoir, hauling and placing
of the compacted earth lining from the southeast
stockpile was started. This stockpile was premoistened
and mixed with a power shovel raking the vertical
face to obtain mixing. The mixed material was placed
behind the shovel as it worked into the stockpile.

The mixed material was loaded and hauled by
serapers of 15 cubie yards capacity pulled by rubber-
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tired prime movers. The first material placed on the
cemented pea gravel was spread in a single 18-inch
layer so as to avoid damage to the pea gravel. This
first lift was smoothed with a motor grader and then
rolled with sheepsfoot rollers using about double the
number of trips required for the normal 9-ineh layer.
{Photos 38, 39, and 40)

After the first 18-inch layer was compacted, the
following layers were placed in loose 9-inch layers
which ecompacted to about 6 inches. The methods nsed
were, in general, the same as those used in compacting
earth material in the dam embankment. After spread-
ing the incoming material, water was added where
necessary, and then mixing was done with a pulvi-
mixer. After the material was uniformly mixed, it
was rolled with a sheepsfoot roller. Generally 20
trips of the roller were required to ensure adequate
compaction.

The backfill material around concrete struetures
such as gate tower, drainage inspection chamber, and
spillway was carefully compacted. Small areas were
compacted unsing a hand-operated pavement breaker
weighing 90 pounds and fitted with a round metal
plate 6 inches in diameter. In larger areas a pavement
breaker fitted with a tamping shoe aboui 16 inches
square was used.

After the eompacted earth lining in the bottom of
the reservoir was constructed to within 1 foot of fin-
ished grade, the inside slopes were started. The ma-
terial was placed in the same manner in 9-inch loose

layers, smoothed off, watered, mixed with a pulvi-

mixer, and rolled. The slopes were overfilled at least’

1 foot to ensure compaction of the material out to the
finished slope. The material from the overfilling was
later trimmed off downward in the same manner ag
was used for final trimming of the subgrade for the
asphaltic membrans. This material was then recondi-
tioned and used to complete the reservoir bottom to
finish grade. (Photo 41)

A total of 177,000 eubic yards of impervious earth
material was eompacted in the reservoir floor lining
and 149,000 cubic yards was compacted in the side
slope lining. The material was a silty clay. Average
densities obtained for the different areas are contained
in Table V-2,

Minimum requirement for the compacted earth
lining was an indicated saturated penetration resis-
tance of 300 psi. Actually the minimum requirement
was not always met, but it does not appear that this
was critical. The fundamental requirement for the
earth lining was impermeability.

The thorough detail involved in conirolling the
earthwork is evidenced by the numerous eompaction
cylinder tests made either in the field or central
laboratory.

Following completion of the compacted earth lining
to grade, the surface was trimmed and a 3-inch
aspahaltic pavement was laid over the entire inside
surface of the reservoir. (Photo 42)

TABLE V-2
CONTROL DATA FOR COMPACTED EARTH IN RESERVOIR
Peneiration needle
Egquivalent
Number of Moisture Dry At Saturation compactive
testa content, density, At placement, {I.B.P.R.}), = effort,
Ttem percent pef psi pat it.Ibs./eudt.
68 13.1 113.5 1,344 180 16,636
94 14.1 114.5 1,384 354 21,238
11 17.2 98.2 2,093 117 19,700
9 13. 118.9 1,081 244 18,000
& 15. 114.2 950 271 20,000

@ Minimum requirement 300 psi.

APPURTENANT FACILITIES

CGate Tower

A cireular reinforced conerete gate tower was eon-
structed at the east side of the reservoir. The tower
has a total height of 106 feet 2 inches, and it is sup-
ported by a cireular reinforced concrete base 47 feet
in diameter and 7 feet 2 inches thick. The barrel of
the tower has an inside diameter of 14 feet with side-
walls varying in thickness from 4 feet 4 inches at the
bottom to 20 inches at the top.

The excavation was carried down om a 1:1 slope to an
elevation 2 inches below foundation grade. After care-

ful investigation of the foundation bearing values to
ensure adequate stability, a 2-inch pad of sand-cement
mortar was placed on the foundation surface so as to
have a clean and firm hase on which to ereet rein-
forcing steel and to support the forms. A total of 466
cubic yards of concrete was placed in the base.- Aver-
age compressive strength in 28 days, as determined
from test cylinders, was 3,460 psi.

After the base of the tower was complete, the var-
ious struetures resting on the base were formed and
concrete was placed. These included the inlet line, the
outlet line, the walkway for access from the inlet tun-
nel to the drainage inspeetion chamber, a section of

Cma e am s
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the drainage inspection chamber, the 24-inch blowoff
line, the tower base drain, and the first 16-foot pour
of the tower itself. Becanse of the changed location of
the gate tower, requiring excavation into the east
slope, it was necessary to design and construet eon-
crete approach channels leading from the surface of
the finished slope into the tower gates at Hlevations
411.5 and 418.0. Thesge channels were constructed on
compacted backfill and butted against the tower with-
out watertight seals.

Drainage Inspection Chamber

The excavation for the drainage inspection chamber
wag made at the same time as the excavation for the
base of the gate tower, and construetion proceeded
coneurrently with that of the tower. The ehamber is
located as shown on Plate 4.

A 2-inch pad of sand-cement mortar was placed on
the foundation grade of the chamber to support the
reinforcing steel and the forms. Qutside forms were
built, followed by erection of the reinforeing steel for
the floor and sidewalls. The conerete floor was then
placed and the 24-inch blowoff pipe was installed. The
inside wall and roof slab forms were erected next, and
the concrete was placed in the sidewalls. After a 3-
hour interval to allow for settlement, the roof slab
was placed. The weir boxes, check valves, and drain
lines were installed later. {Photo 43)

The neecessary drain lines, cemented pea gravel, and
asphaltic membrane were carefully installed as the
backfill was brought up around these structures.

Inlet and Quilef Tunnels

The material encountered in driving the tunnels
was mostly of a consolidated, laminated, silty nature,
with thin layers of sand and clay. Excavation was by
hand, using an air spade. The tunnel ears were loaded
with a mucking machine and some hand shoveling.
Metal liner plates were installed as the heading pro-
gressed. The tunnels were lined with concrete at the
rate of about one 30-foot placement per day, using a
collapsible form which rode on the tunnel ears. After
the tunnels were lined, the conecrete invert was placed.

About five months after placing the invert, the tunnel
was grouted through grout pipes using a mix of 1
sack of bentonite, 11 sacks of cement, and 110 gallons
of water.

Blowoff and Spillway

The 24-inch blowoff line was laid in the foundation
under the reservoir and crossed the east abutment of
the main dam. The pipe was placed in a trench 3 feet
6 inches wide and of varying depths. A mat of 14-inch
reinforcing bars was placed above and below the pipe,
and circumferential 14-ineh reinforcing hars were
used. The pipe was placed on 8.inch concrete blocks,
and the entire trench surrounding the pipe was filled

with concrete to about 10 inches above the top of the
pipe. Conerete cutoff collars were provided at 30-foof
intervals along the pipe. Connection to inspection
chamber and juneciion with spillway pipe are shown
on Photos 44 and 45,

The compacted earthfill was built to about 1 foot
above the lower reservoir roadway. The overfill was
then removed to approximately final grade of the
roadway, Elevation 479. A small trenching machine
was used to eut a vertieal bank that was to be the out-
side form for the rear wall of the concrete spillway
strueture. This vertical back face was protected from
raveling with the application of a thin layer, } to 3
inch, of gunite. The conerete on the bottom and back-
side of this structure was placed directly against the
ground. The front of the structure was formed and,
after placement of concrete, was backfilled with se-
lected and compacted earthfill. The transition section
from the spillway to the 48-inch pipeline was formed
and conerete placed at the same time as the spillway.

The spillway pipe was laid in compacted £l of the
main dam, close to the east abutment, and continued
down the arroyo to connect with a city storm drain.
The pipe was eradled in concrete with concrete cutoff
walls approximately 25 feet apart. The compacted
backfill about the pipe was carefully selected and
thoronghly compacted to form an integral part of the
main dam embankment.

Chlorinating Station

The chlorinating station was constructed just east-
erly of the inlet and outlet tunnel portals at the east
access road, This work was done under contract by the
M. F. Kemper Construction Company. Work was
started March 26, 1951, and was completed August 2,
1951,

Parapef

A eoncrete parapet wall was placed between the
Elevation 479 roadway and the top of the inside slopes
of the reservoir. After completion of the fill for the
Elevation 479 roadway and the trimming of the reser-
voir lining to subgrade of the paving, a small trench-
ing machine was used to make the excavation for the
wall footing. The parapet wall was constructed in
alternate sections 21 feet long.

Roads

There were two roadways built around the perim-
eter of the reservoir; the inmer road at Elevation
479 and the outside public road at Elevation 482.

Another road was constructed from the Elevation
482 roadway at the northwest corner of the reservoir
down the north face of the main dam to and mecluding
the Elevation 250 berm.

An access roadway was alse built between Lia Brea
Avenue and the east side of the reservoir. This road
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follows the same gully as the inlet and outlet lines and
joing the Hlevation 482 roadway about 80 feet north
of the southeast curve. ‘

Fences

A galvanized chain link fence was constructed on
- the reservoir side of the Elevation 482 roadway to pre-
vent public access to the reservoir. Thiy fence was 6
feet high with l4-ineh extension arms earrying -3
strands of barbed wire.

Cast iron Water Line

In 1958 a 12-inch water line was construected from
the water tank just south of the reservoir, around
the south end and west side of the reservoir, to sup-
ply the residential area northwest of the reservoir.
This line was consiructed with cast iron pipe using a
bell-and-spigot rubber-seal joint.

A panoramic view of the nearly completed reservoir
is shown in Photo 46.
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OPERATION, MAINTENANCE, AND SURVEILLANCE

The Baldwin Hills Reservoir was in serviece eon-
tinuously from July, 1951, until failure on December
14, 1963, with the excepton of a short period in 1957,
when it was drained for cleaning and repairs. During
more than 12 years of operation, apparently no diffi-
culties were experienced that interfered with the
satisfactory performance of the reservoir.

The reservoir was kept under strict surveillance by
means of a complex system of safeguards. Daily in-
spection was made by the caretaker of the seepage
from drain networks underlying the entire reservoir
and its embankments. Monthly surveys were con-
ducted to detect movernents at the reservoir and in
the surrounding area. A squad of maintenance spe-
cialists inspected the reservoir once each month, on
the alert for all factors related to the safety of the
facility. Instrumentation at the site, such as strain
gages, seismoscopes, and tiltmeters, was carefully
planned and closely watched.

The State Supervision of Dam Safety Office made
annual maintenance inspections of the dam during the
period of operation. The last inspection was made on
April 3, 1963.

SYSTEM OPERATION

Much of the water supply for the City of Los
Anpeles is conveyed from distant sources, the prin-
c¢ipal importations being from the Owens Valley via
the city’s own Los Angeles Aqueduct and from the
Colorado River via the Colorado River Aqueduct of
the Metropolitan Water District of Southern Califor-
nia. These waters, along with supplies developed
locally, are distributed tbrough an extensive system
of pipelines and storage facilities to service areas
ranging greatly in elevation.

The operation of the water system of the City of
Ti0s Angeles ig divided by the Department of Water
and Power into five districts to provide decentralized
operation. Bach of these districts covers a large geo-
graphical area. The general functions of a district
and the operating characteristies of the system are
made known generally by oral instruetions to the
distriet operations personnel.

The water system is operated so that service is pro-
vided from elose-In storage to satisfy the peaking sum-
mer demand. Service areas are supplied either by the
cloge-in rTeservoirs or by regulators from the large
reservoirg in the gervice zone.

RESERVOIR OPERATION AND
MAINTENANCE

" “The Baldwin Hills Reservoir was designed to

“ride’” on the system, responding automatically to
fluetuations of demand in the serviece areas. Generally
water would enter the reservoir at a uniform rate.
Metropolitan Water District water is brought into
the area in the summer on a ‘‘block loading’’ basis,
that is, at a relatively eontinuouns rate. The major de-
mands in the southwest part of the City of Los
Angeles would be met by outflow from the reservoir.

In the winter the demand in the area is considerably
reduced, and the drawdown of the reservoir was,
therefore, less than in summer, Normally the reservoir
level would fluctuate through only the upper few

feet of storage. The balance was reserve storage avail-

(31)

able for use in the event of any failure of the trumk
lines ‘or any other unusual operating condition. The
Baldwin Hills Reservoir was regarded as an extremely
valuable reservoir for that purpose, sinee it provided
close-in storage for the entire service area as far south
ag the T.os Angeles International Airport.

Normal Operation

Operation of the reservoir invelved eontrolling the
inflow to meet a 24-hour eyele in withdrawing and re-
charging the reservoir. It was large enough to meet
the peak 24-hour demand on the system without any
unusual operating condition. The daily variation in
reservoir stage would be as much as five feet. Oper-
ating personnel were familiar with the control, which
had to be set daily to meet the demands. Apparently
there was nothing unusual in the hydraulie operation
of this reservoir. This was regarded as a reliable res-
ervoir, relatively simple to operate.

Emergency Operation

Specific detailed written instructions were not is-
sued for action in the event of emergency at the
Baldwin Hills Reservoir. Bach reservoir caretaker of
Water and Power is orally instruected to report any
unusual oecurrence at the facility for which he is
responsible. In addition, all men in the Western Dis-
triet were expected to report to their headquarters
upon learning of any emergency.

There were three methods by which water could be
drained from the reservoir. Operations personnel were
intimately familiar with all of them. Apparently it
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was not anticipated that an emergeney could develop
which would require the use of all three of these means
at onee, as was necessary on December 14, 1963.

The principal method of draining the reservoir was
by reversing the flow through the 57-inch inlet pipe.
This line was equipped with a large-capacity Howell-
Bunger valve near the intersection of Rodeo Road
and Lia Brea Avenue. By this means it was possible to
‘‘blowoff”” the main supply line from the reservoir
through the valve, wasting the water into the Ballona
Creek channel by way of the local storm drain system.

A second means of draining the reservoir was to
adjust the total system so that the highest demand was
placed upon Baldwin Hills Reservoir to meet the
needs of the service area. In this way, maximum dis-
charge directly into the system was achieved.

Thirdly, emergency release could be made via the
24-inch blowoff line under the reservoir. This line
joins the spillway pipe near the axis of the main dam,
and flows are thus delivered inte the storm drain
north of the reservoir,

It has been reported that on December 14, 1963,
the controlled maximum discharge from the reservoir
under emergeney conditions was about 450 efs.

Even though all three methods of release were em-
ployed to the greatest possible extent, the storage
volume was only Iractionally reduced before failure
oceurred.

Reservoir Caretaker

A reservoir caretaker was stationed regularly at
the Baldwin Hills Reservoir between the hours of
7:45 a.m. and 4:15 p.m. seven days a week. Between
the hours of 4:15 p.m. and 7:45 aan., the reservoir
was not under surveiilance. Hach caretaker routinely
had 10 successive days of duty, followed by four days
relief, (Revere Wells had begun his duty tour on
Wednesday, December 11, 1963, three days before
. the disaster.)

During the first few months of operation of the
Baldwin Mills Reservoir two caretakers reportedly
were Iept on duty, one en the day shift and one on
the swing shift. After the reserveir had been in
operation for a period without difficulty, the swing
shift was eliminated.

The duties of the caretaker included reading the
inflow and outflow meters and the reservoir stage,
telephoning these data to the Western District office,
and inspecting the drainage inspection chamber under
the. reservoir, He was also charged with the responsi-
bility of removal of foreign matter from the reservoir,
maintenance of landseaped areas, operation of valves,
maintaining drainage ditches, patrelling of the reser-
voir area to detect unsanitary conditions, operation
of the tower gates, and general detailed surveillance.
He kept a daily log of his activities, making particular

note of anything extraordinary. A copy of this log: -

LS RESERVOIR

was submitted
quarters.

There were two daily tasks that the caretaker per-
formed with certainty: He inspeeted the drainage in-
spection chamber, and he made inside and outside
patrols along the reservoir fence.

Although the detailed analysis of seepage records
is made by engineering personnel, the caretakers at
Water and Power facilities become familiar with the
amount of seepage which iy normal. In the event of
unusual flows from the drainage system, they are
expected immediately to call the Distriet office and
to notify the Foundations and Structures Mainte-
nance Section of the Water Engineering Design Divi-
glot.

The caretaker at Baldwin Hills was aware that nor-
mal discharge from the reservoir underdrain system
would be clear water without silt. The presence of
turbidity was to be reported immediately. Any change
in the character of the drainage would be regarded as
extremely significant,

It was not the specific function of the caretaker to
measure differential movement in struetures at the
known fault zones. The Foundations and Structures
Maintenance Seetion has the responsibility to main-
tain eontinuous observation of problem areas such as
this at all of the reservoirs in the water system. The
caretaker at Baldwin Hills, however, was familiar
with the surveillance program at his reservoir and
did, as a matter of interest, frequently observe known
points of special concern. For example, strain-gage
points were installed on both sides of several cracks
in the drainage inspection chamber and around the
perimeter of the reservoir. Pericdic checks were made
on these points. The reservoir keeper was familiar
with this instrumentation and provided assistance by
keeping a general watch on these areas durmg the
course of his normal routine,

Similarly, in the event of an earthquake, he would
make a general ingpection, looking for anything umn-
usual, partiealarly at the known points of possible
movement. He understood that if an earthquake oec-
curred, he was to make a special inspection of the
drainage inspection chamber, He knew that there was
a fault zone crossing the chamber. If he noticed any
change in the condition of the drains or of the cracks
in the structure, he was to notify his superiors.

waekly to the Western District head-

SURVEILLANCE

Water and Power conducted a systematic and com-
prehensive inspection program to measure the per-
formance of the Baldwin Hills Dam and Reservoir.
The surveillance record is generally from 1948 until
the time of failure. _

Varions measuring devices to detect structural
strain or earth movement were installed at strategic
locations and were earefully menitored. The reservoir



OPERATION, MAINTENANCE, AND SURVEILLANCE 33

and its environs were checked regularly to deteet all
movements,

Engineering Surveillance

The Foundations and Struetures Maintenance Sec-
tion routinely devoted one full day of each month to
the inspection of Baldwin Hills Regervoir. These in-
speetions followed a well established procedure. If
need for maintenanee was noted, it was brought to the
attention of the reservoir keeper for action. This
might inveolve such work as unplugging an obstructed
drain or cleaning out the spillway. The regular in-
spection required a patrol of the surface draing along
the abutments on both sides of the downstream face
of the main dam. It also included patrolling the slopes,
spillway, roadways, curbs, and the surrounding areas.
Structural cracks were measured in the tunnels, drain-
age inspeetion chamber, curbs, and the spillway. Also,
measurement was made of drain discharge.

During each inspection of the reservoir. the engi-
neering maintenance personnel made it a practice to
ingpect the immediate vicinity of the spillway because
they knew that this was a potential danger zone. They
were aware of the fault zone which existed in this
area. Therefore they gave special attention to the area
between the crest of the main dam and the catch
basin near Manhole A. They made it a point to exam-
ine the hills in that immediate ares looking for move-
ment or cracks. Nothing significant was ever reported
as a result of these patrols.

If there was an earth tremor of even slight magni-
tude in the wicinity, special inspeetions of the res-
ervoir were made by the engineers.

The lagt regular inspection by the Foundations and
Structures Maintenance Section prior to the failure
was on November 26, 1963, Evidently none of the ob-
servationg at that time were regarded with concern.

The drainage was inspeeted and measured by hy-
drographers of the Water Operating Division. It was
also their practice to take samples of the seepage
water for turbidity analvsis.  The activities of the
hydrographers, during a typical weekly ingpection at
Baldwin Hillg, included entering Manholes A and B
and measuring the drainage from the horizontal drain
holes. Also included in the inspection was an examina-
tion of the catch basins and the storm drains to make
sure that they were unobstructed.

During each inspection the engineers and hydrog-
raphers earried field books containing records of all
measurements taken at the reservoir for the previous
two or three years. This enabled field comparison of
new readings with the past measurements, The field
men were held responsible. for notifying their super-
visors if any unusual change was noted,

In addition to the surveillance activities described
above, the Foundations and Structures Maintenance
Section also had responsibility for colleeting and ana-
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lyzing the seepage measurements made by the hydrog-
raphers. The movement and settlement data brought
in each month were turned over to one man in the
office whose exclusive function was plotting data. If
this man noticed any change in the movement or
settlement, flow of drains, strain-gage readings, or
well-water elevations, he was obligated to bring such
change to the attention of his supervisor.

Surveillance was also maintained over local drain-
age waters, partieularly in the residential areas ad-
Joining the reservoir. The investigation by the Engi-
neering Board of Inquiry diselosed no reports of dam-
age from such flows during the life of the reservoir.

Reservoir Underdrains

Records of flow from the drainage system under the
regservoir lining were maintained continuously from
the beginning of operation of the reservoir. ¥lows of
the eight sectional drains that discharge into the
drainage inspection chamber, as well as drainage from
the tower base, could be measured by weirs in the
chamber before discharge into the 24-inch blowoff
line. {Photo 47)

In the early years of operation the drainage system
under the reservoir required much maintenanee. The
records indicate that appreciable quantities of asphalt
flowed through the gystem from the westerly under-
side of the reservoir. (Photo 48) Calcium carbonate
deposits formed in the drains, requiring frequent at-
tention by maintenance forees to prevent plugging.

The obstructions in some of the drain lines caused
by clogging, and possibly to some extent by displace-
ment, led to a reduetion in the fotal seepage flow en-
t-ering the drainage inspection chamber. Seepage col-
lected at that point varied over the years of operation
from a high of about 23 gallons per minute (gpm) to
a low of approximately 7 gpm. During the later years
of service, the flow. from the reservoir drains tended
to become more uniform. Beginning in the spring of
1963, however, there was a shght but deteetable and
consistent, uptrend in the measured reservoir eeepage

Embankment Drains

HExtensive provisions were made for drainage of the
embankment foundations. The drains were observed
and discharges measured monthly.

Throughout the project operation period no seepage
was observed in the. drains for Fills 1 to 5. It must
therefore be assumed that these peripheral fills were
never saturated.

Initially, there were three manholes along the 12-
inch drain line which permitted measurement of seep-
age from the foundation. These were Manholes A and
B and. the junetion manhole at Spillway Station
154-00. The manhole at Station 154-00 became inac-
cessible during 1954 because of real . estate develop-
nents. . : .
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The 12ineh iile drain, with Iz connected drain
holes, produced a nearly uniform discharge over the
Tife of the project. From the time the reservoir went
into service in 1951 until December of 1963, the flow
varied almost lineally from about 15 to 10 gallons per
hour (gph) as measured in Manhole A. The 10 gph
rate persisted substantially constant over the last four
vears.

Records of Water and Power show that each of the
horizontal drain holes radiating from Manhole A
discharged essentially a constant 0.2 gph with the
exception of II-7, which disecharged approximately
0.4 gph with some variations virtually to the time of
failure.

MThree horizontal drains discharging into Manhole
B, H-9, X{-11, and H-12, were always dry. The fourth
horizontal drain hole, H-10, discharged water at a
variable rate from 0.09 to 0.14 gph throughout the
period of observation with the exception of 1963. This
flow inereaged slightly with time.

During the last year of reservoir operation, all of
the discharging horizontal drains under the main dam
experienced rapid variation whereby the drainage re-
duced to zero and in some cases increased to its
former amotmt followed by eontinued fluctuations.

Tlow from the 12-inch tile drain into Manhole B
showed the same general characteristics as the flow
into Manhole A, with a virtually constant diiferential
of about 1.5 gph due to flow accretions between Man-
holes A and B.

The reservoir keeper has reported that he never
observed any evidence of seeping water on the down-
gtream face of the main dam, such as excessive growth
of grass.

Observation Wells

Periodie inspections were made of observation welly
at the perimeter of the reservoir to check for indica-
tions of water in the foundation or embankments. Re-
portedly there was never any water found in these
wells. ' )

Movement

A careful vigil was kept by Water and Power over
the reservoir and the immediate vicinity in order to
detect any movement which might endanger the fa-
cility. In addition to the regular patrols by the eare-
taker, monthly surveys and inspections were made by
engineering personnel.

Measuring devices were installed at the Teservoir
and its appurtenances for the purpose of showing any
strain developing in the structures or any earth move-
ments. These ineluded such instrumentation as strain
gages, seismoscopes, tiltmeters, and foundation set-
tlement measuring deviees. Special attention was paid
to any possible rupture of utilities in the vieinity.
There was no reported leaking or cracking in the

lnaal sewer and water Hnes. Tnstromentation is shown

on Plate 5.

Surveys. The Water and Power surveyors made
monthly checks for movement on the following:

1. A line 20 feet north of and parallel to the
main dam axis,

2. A line along the 390 berm.

3. A line along the 340 berm.

4, The parapet wall.

5. The gate tower.

6. Lines along the inlet and outlet tunmnels and
in the drajnage inspection chamber.

In addition, settlement checks were run on points
located as follows:

1. A series of points extending from the north-
east corner of the reservoir to north of the down-
stream toe of the main dam.

2. A series of points extending from the north-
cast eorner of the reservoir, past the chlorinating
station, to Ta Brea Avenue.

3. Points in Manhole A and the test culvert.

4, Points in Manhole B.

5. Piers of the elevated water tank south of the
Teservoir.

6. Numerous bench marks in the vicinity.

Strain Gages, Movements were monitored at stra-
tegic points by means of strain gages. Readings of
these instruments were made several times each year
at varying intervals.

Points of measurement ineluded the cracks in the
drainage inspection chamber, the free joints and
eracks in the inlet and outlet tunuels, and the spill-
way structure and conduit.

Seismoscopes. In October, 1961, two strong-mo-
tion earthquake recorders were installed on the reser-
voir rim at the north and east sides. The instrument
class used was the U.8. Coast and Geodetic Survey
Seismoscope, also known as the Wilmot survey type
earthquake recorder. It is the model developed by the
California Institute of Technology and the Wilmot
Eneraving Company from the US.C. & (.3, proto-
type. The amplitude of a strong temblor is recorded
by a device which scribes a mark on a gmoked glass
plate. These instruments never recerded movement at
the site.

Tiltmeters. There were tiltmeters on the east side
and the west side of the reservoir and on the 340 berm
of the main dam. These tiltmeters were 2-inch pipes
extending about 15 feet below the ground level ingide
a 6-inch casing so that the pipe was free to move. The
tiltmeter was oriented in a north-south direction and
readings made by means of a level bubble. Tiltmeters
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were read and results plotted on a monthly basis. No
significant deformation was noted. ‘

Foundation Settlement Measuring Devices.
Monthly measurements were made of elevations at
nine locations on the dam foundation adjacent to the
12-ineh drain line. These observations were made by
means of manometers in Manholes A and B. This in-
strumentation was designed to deteet any settlement
of the foundation along the 12-inch drain.

Operational Water

Water and Power maintained continuous records
of the water levels in the reservoir from its initial
filling 0 April, 1951, until the time of failure. These
records were obtained by means of a water stage re-
corder located in the gate tower. Also, daily inflow and
outflow records were maintained for the same period.

History of Operation, Maintenance, and
Surveillance *

Evenis of significance in the life of the Baldwin
Hills Reservoir include: (Plate 14)

On April 18, 1951, the reservoir dedication was
held.

On May 4 and 5, 1951, dye tests were run on the
drain system to trace the flow of seepage.

On May 5, 1951, the reservoir was drained beeause

of an excessive amount of leakage. The asphaltic lin-
ing was observed to have buckled along the toe of the
inside slope at the east side of the reservoir. Also, a
84-inch settlement had occurred between the Elevation
418 channel inlet structure and the gate tower. {Pho-
tos 49 and 50) .
- In the period from May 14, 1951, to June 18, 1951,
repairs were made. The roofing-paper gaskets in the
joints between the chanmel inlet structures and the
gate tower were removed and replaced with rubber
gaskets. Holes were drilled through the comnpacted
earth lining to the pea-gravel drain at the gate tower.
Grout was poured into these holes in an effort to seal
the drain at the tower to eliminiate the leakage.

During June, 1951, the reservoir was refilled.

On June 19, 1951, due to variations in drainage
measurements, & schedule of five readings per day was
initiated for measuring the reservoir underdrainage.
This was continued for about two years. Thereafter,
measurements were made on a weekly hasis.

_ Some of the reservoir underdrains were initially
delivering substantial quantities of asphalt at a rate
reported to be ‘‘approximately 5 gallons in 48 hours.”
This soon reduced to *‘5 gallons per month*’ and con-
tinued to decrease until by September 1, 1953, the
total discharge of asphalt was ‘‘one gallon or less per
moitth. - : ,

On June 19, 1951, as refilling of the reservoir was

1 Los Angeles Depai'tment of Water and Power. From detailed
reports in files.

begun, the average total flow of seepage water from
the imderdrains was 0.03 gpm. By the end of June,
1951, ‘the average total flow had Inereased to 2.98 gpm.
On the last day of July, 1951, the flow had increased
to about 21 gpm. By then traces of caleium earbonate
had appeared in the discharge pipe of the southeast
toe drain. ' :

On July 2, 1951, the reservoir was placed into
gervice.

During August, 1951, the southeast toe drain was
discharging approximately 10 gpm out of a total flow
of about 23 gpm. This drain had apparently developed
a restriction causing a cross flow from the southeast
drain into the fault drain through the pea gravel. The
flow in the fault drain then increased to about 12 gpm,
with a simultaneous reduction in the southeast toe
drain discharge.

During September, 1951, calcium carbonate con-
tinued to deposit in the reservoir drains and weirs.
The 6-inch check valves between the weirs and blowolft
line required ecleaning several times. During this
month the fault drain discharged about 11 gpm of a
total flow of approximately 21 gpm.

By October, 1951, the increased flow in the fault
drain had developed a restriction of caleium carbon-
ate, and drainage water was apparently caused to
flow aeross into the south bottom drain.

A series of tests conducted by Water and Power
verified that, when calcium carbonate deposits caused
a restriction in the southeast toe drain, water would
flow into the fault drain and, to a lesser extent, into
the tower base drain. When the fault drain system
became restricted, the drainage would then flow into
the south bottom drain.

On October 11, 1951, the use of a hydrochloric acid
solution was begun intermittently to unclog the
drains. In the early stages of the -operations, back-
flushing of the southeast toe drain with hydrochloric
actd opened a passage through the pea-gravel drain
between the southeast toe and the tower base drain.
To remedy this, a ‘‘3.5-percent bentonite and saw-
dust’’. mixture was injected into the southeast toe
drain and -allowed to overflow into the tower base
drain. Assoon as the sawdust and bentonite appeared

~in the tower base drain discharge, the injection of the

mixture was stopped. The discharge from the tower
base drain then decreased to a flow eonsidered normal.

Various procedures were used to keep the drainage
system operable in the period from 1951 to 1953. Yet
clogging of the drainage system remained a problem.

By the end of 1953, total measured reservoir seep-
age decreased to about 10 gpm from a fAow of approxi-
mately 23 gpm in 1951. '

On October 29, 1951, a erack was diseovered in the
drainage ‘inspection -chamber at Station 0-4-70.3.
(Photo 51) It measured 32 inch on the ceiling and
a hairline on the floor. Strain-gage points were set
across thig erack and regular measurements were made
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of the opening from ihe time of its inception. The
crack was open enough during the years before failure
that it was possible fo see the steel reinforeing rods
inside the wall. Leakage through the opening was re-
portedly negligible prior to the disaster.

During 1952 aeid treatment of the drains under the
reservoir was eontinued. '

On December 21, 1952, there was a reported earth-
quake.

On December 22, 1952, eracks in the embankment
of the main dam were repaired. The principal crack
was located at the top of the north slope, about 1 foot
north of and parallel to the north eurb of the outside
road, beginning 30 to 50 feet west of the spillway and
having a length of about 90 feet. The crack was esti-
mated to be 14 to V4 inch wide and 18 inches deep.
Repair was reportedly made by hand-tamping sand
into the opening, At that time observation was also
made of small surface slides on the slope below the
crack.

Barly in 1953 it was observed that a joint in the
parapet wall at Station 3-1-14.4 at the east abutment
of the main dam had opened about ¥4 inch. (Photo
52) '

On TFebruary 13, 1954, following a heavy rainfall,
a minor slide developed on the downstream slepe of
the main dam just below the roadway.

Tn the period 1935 to 1956 intermittent treatment
of drains under the reservoir continued.

Tn May, 1955, the opening of the parapet wall joint
at Station 9414.4 had increased to about 14 inch.

Tn November, 1955, a plumber’s ‘‘snake’” was
passed through the 90-degree elbows in all the drain
pipes near the drainage ingpection chamber except
in the northeast toe drain. Such mechanical cleaning,
followed by pressure water flushing, apparently kept
the drainage system fnncfioning.

In 1956, ealeinin carbonate deposits were eontinuing

to aceumulate in the northeast toe drain. '
. On August 7, 1956, a 6.5-inch hole was cut through
the conerete wall of the drainage inspeetion cham-
ber to eliminate two 30-degree elbows in the southeast
joe drain. A 3-ineh ‘hole was cut into the top elbow
in the drain, permitting insertion of a permanent
3-inch pipe to provide a straight aceess into the drain.
"“The five draing which enter the drainage inspec-
tion chamber near the westerly end (the north toe, the
south toe, the north bottom, the sotith bottom, and the
west toe drains) discharged a rather comsistent total
flow, although there was evidence of some cross flow
améng the drains. On August 8, 1956, plumbers in-
serted a snake into each of these five drains beyond
the 90-degree elbows. This was followed by water
fushings, and at that time there was no apparent
cross flow, shiggesting that a suspected separation in
the pipes was closed. e : '

On August 30, 1956, plumbers inserted a snake and
a 2-ineh spiral reamer into the southeast toe: drain.

They detected what they ragarded as an ohstruetion
83 feet from the drainage inspection chamber, but
they were able to work the entire snake into the ‘drain,
a digtance of 190 feet. The equipment was then re-
moved and a 3-inch spiral reamer inserted, but they
were unable to pass the 63-foot point.

By October, 1956, the total measured seepage from
the reservoir underdrains had decreased to approxi-
mately 7 gpm from about 23 gpm in 1951. This de-
crease was attributed to deposits of ealcium carbonate
and asphalt in the drainage system. The asphalt, how-
ever, probably did not cause appreciable stoppage,
sinee it remained fluid.

On October 2, 1956, 207 feet of 34-inch polyethy-
lene plastic pipe was inserted into ‘the southeast toe
drain. The next day 24 gallons of hydrochlorie solu-
tion was pumped through the plastie pipe into the
sontheast toe drain. The acid was left in the drain
for four hours, and then the drain was flushed with
water. The return water carried a heavy concentra-
tion of ealeinm earbonate particles and some asphalt.

In February, 1957, the joint in the parapet wall at
Station 9-}14.4 was open 33 inch.

In the period March 13 to 16, 1957, the reservoir
was emptied for cleaning and repairs. It is reported
that corroded bolts on some of the slide gates.in the

gate tower were replaced at that time. While  the

reservoir was empty, the lining was completely
cleaned and inspected. It was discovered that there
had been some eracking in the thin cement coating
which had been placed on the asphaltic paving. This
coating averaged about 14 inch in thickness. The pav-
ing was observed to have lost its eohesion in places
to an average depth of about 4 iuch.

The cracks found in the cement ecoating were
judged by the inspectors to be caused by the creeping
of the asphaltic paving on the slopes of the reservoir.
Although no signifieant separation was found in the
agphaltic paving, observation was made in some loca-
tions of an overthrust ranging up to 2 inches.

The bottom of the reservoir was found to be in good
condition except for some general erazing and a few
small soft spots. The records of ‘Water and Power in-
dicate that these spots were repaired.

During the shutdown precise levels were Tun on the
circulator lines in the reservoir. It was revealed that
settlement had oceurred up to about 0.2 fool at the
inlet structures of these two lines. There was also an
unequal settlement of about 0.05 foot in the eirculator
transition at a distance of about 20 feet from the
gate tower, There was some very minor leakage from
the cireulator pipe joints near this transition.

On February 26, 1958, all underdrains were back-
Aushed. Observation was. made then of a new erack
in the bottom of the drainage inspection chamber at
Station 04-89. _

On June 16, 1958, the northeast toe drain was
flushed. .
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On June 30, 1958, the parapet joint on the main
dam at Station 94-14.4 was open 24 inch.

On July 9, 1958, 1-inch eopper pipe and valves
from the inlet line were installed at the three weir
boxes in the drainage inspection chamber for flush-
ing purposes.

On January 22, 1960, strain-gage points were set
across new cracks in the ingpection chamber at Sta-
tion 0443 and at Station 0-]-54. The crack at 0443
was described as being open %44 of an inch at the top
on the north wall and a hairline crack at the south
wall and the bottom. Up to this time all of the cracks
were reported to be hairline cracks except the one at
Station 04-70.3.

Also on January 22, 1960, a new erack of 14 inch
width was found across the 479 roadway on the main
dam opposite Station 8-4+93.5. Although it was not a
large crack, it was kept under surveillance from its
inception. Reports indicate that it did not appear to
be increasing,

On October 18, 1961, two strong-motion earthquake
recorders were installed at the Baldwin Hills Reser-
voir, one on the crest of the main dam and the other
on the east side of the reservoir.

The reservoir keeper reports that there was ‘‘duck
grass’’ growing around the sides of the reservoir in
1962, The reservoir was lowered about 20 feet so that
the grags could be removed.

In November, 1962, four observation wells were
drilled to detect seepage. These were 3-inch holes cased
with pipe 2 inches in diameter, about 100 feet in depth
below the reservoir crest. They were located 8 feet out
from the parapet wall and were spaced around the
perimeter, as shown on Plate 5.

On March 19, 1963, all draing into the drainage in-
spection chamhber were flushed.

In the weeks immediately preceding failure an ap-
parent uplift developed in the inlet tunnel, the gate
tower, and the portion of the drainage inspection
chamber east of Fault 1.

The Baldwin Hills Reservoir was a closely ohserved
feature of the water gystem of the Tros Angeles De-
partment of Water and Power. This vigilance was
imperative becanse of the complex geologic setting
and highly developed urban surroundings, It would
be rare indeed to find a feature of such limited storage
in any other system where such extensive surveil-
lance data were obtained. '



CHAPTER VII

EARTH MOVEMENT

The area in which Baldwin Hills are located ex-
perienced severe tectonic deformation during late
Pleistocene time. There is little evidence, however, to
indicate that distortion hag persisted at a significant
rate throughout the last 10,000-year period. Reeent
alluvial outwash shows no appreciable disruption
where deposited across faults, and younger natural
drainage channels are not noticeably offset. Within
the past several deecades earth movements have accel-
erated, as manifested by the shifting and settling of
survey stations and the development of conspicuous
earth cracks, particularly in an area southeast of the
reservoir.

MANIFESTATIONS OF MOVEMENT

Observations of Subsidence

In 1917, Water and Power established bench marks
at the gite of Centinela Reservoir, a preposed storage
facility about 3,000 feet southwesterly of Baldwin
Hills Dam. These surveys provided the earliest rec-
ords of land surface elevations within what s now the
subsidence bowl in Baldwin Hills. In 1943 levels again
were run to some of these bench marks, and the
changes of elevation sinee 1917 were determined.!
With these data and the results of the subsequent
levelings condueted by Water and Power, it has been
possible to estimate the general regimen of subsidenece.
The trends are shown graphically on Plaie 15, on
which ‘a maximum estimated subsidence is shown to
have cecurred approximately at the location of Bench
Mark PBM 122 about one-half mile westerly of Bald-
win Hills Reservoir. This subsidence is estimated to
have been about 9 feet between 1917 and 1962. Plate
16 iz a map showing current annual rates of subsid-
emce and the limits of the subsidence howl,

Surveys of the Baldwin Hills Reservoir site were
conducted by Water and Power in 1939, when beneh
marks were set and a proposed axis established for
the main dam. The 1939 surveys also included level
lines across Baldwin Hills that connected bench marks
near the reservoir with outlying bench marks which
had been established earlier by the TU. 8. Coast and
Geodetic Survey.

The area of survey wasg progressively extended at
guceessive four-year intervals, and in 1962 was
bounded on the south by Slauson Avenue, on the east
by La Brea and Vernon Avenues, on the morth by

1Hayes, 8. A “Report on Harth Movement Measurements in the
Baldwin Hills and Inglewood Area.” Reports Nos. 331
(1943), B31-A (1947), 331-B (1951), 331-C (1%55), and
331-D (1859).

Santa Barbara Avenue and Rodeo Road, and on the
west by Jefferson Boulevard and Overland Avenue.
By then many new lines of levels interlaced the hills,

At the completion of each leveling, an annual rate
of change of elevation was computed for each bench
mark. Maps were prepared from these data showing
the locations of bench marks and lines of equal rate of
subsidence (isobase lines), Thig information has been
presented in a series of unpublished reports by staff
members of Water and Power.l: 2

Of particular importance in establishing the long-
time history of subsidence in the area are the data in
Report 331 These data indieate that a temporary
hench mark, which for convenience is ealled ‘‘BM
Saddle”’, subsided 4.2 feet hetween 1917 and 1943,
“‘Saddle’’ is loeated about 2,700 feet southeasterly
from the center of the subsidence bowl defined by the
contours on Plate 16. Isobase lines that were drawn
by Water and Power at four-year intervals during
the period 1950 through 1962 indicate that the center
of the bowl has remained in almost the same position
horizontally during that twelve-year period. Accord-
ingly, there is no basis for assuming it migrated sub-
stantially in earlier years.

Using the foregoing facts, together with indieations
from the isobase maps that the center of the howl
subsided more than ““BM Saddle’” by a factor of

about,
Report 331-C, 0.200 to 0,160 = 1.25
Report 331-D, 0.210 to (.157 = 1.34
Report 331-B, 0.145 to 0,112 = 1.30

Average = 1.3

it is computed that between 1917 and 1943 a point
at the present center of the bowl of subsidence ex-
perienced a vertical subsidenece of about 1.3 by 4.2 —
5.5 feet. '

PBM 122 is located reasonably close to the center
of the bowl, and it has been adopted as a reference
bench mark. The records of PBM 122 apparently
begin in March, 1950. The subsidence of this point
bas been estimated by Leps for the years 1917 to
1950.% The subsidence between 1943 and 1950 was ap-
proximated by examining the measured performance
between 1950 and 1958 and extrapolating backwards.
For that period, PBM 122 subsided an average of
from 0.20 to 0.21 foot per year. Assuming that the

2Walley, F. J. "Report of Rlevation Changes of Bench Marks
and Land Subsidence in the Baldwin Hills Reservoir Area.”
No. 331-E. Unpublished report of Los Angeles Department of
‘Water and Power, September 1963.

3Teps, T. M, Consultant to the Engineering Board of Inguiry.
f_éesti‘.ers to R, B, Jansen dated March 12, 1964, and April 12,

(80)
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annual rate for this 8-year period is a reasonable ap-

proximation for the preceding 7 years, PBM 122

subsided about 1.4 feet between 1943 and 1950, This
amount appears consistent with actual measured sub-

gidences during that period at the following hench -

marks in the subsidence area, in relation to their dis-
tances from the center of the. subsidence bowl:

PBM 31 (Baldwin Aux.): ...~ - 1943-1950 0.45 foot

PBM 12 (La Brea and Stockel) ——--1943-1950. 0.22
: PBM 68 (Bh{ DDy 1946 1950 0.40

In summary at this pomt then the center of the
bowl of subsidence subsided about as follows:
1917 to 1943, 5.5 feef, as estimated from the measured

subsidence of nearby point “Sad-
dle™.

1943 to 1950, 1.4 feet, ng estimated from its measured
subsidence during the years 1950-
1958.

From March, 1950, to August, 1954, PBM 122 sub-
sided a measured 0.20 foot per vear for an incremental
amount of 0.90 foot. Thus, by August, 1954, this
point in the bowl of subsidence had subsided about 7.8
feet sinee 1917,

From August, 1954, to August, 1958, PBM 122
gubsided a measured 0.21 foot per year for an incre-
mental amonnt of 0.84 foot. Thus by August, 1958,
this point in the bowl had subgided about 8.6 feet
gince 1917.

From August, 1958, to about August, 1962, the
position oecupied by PBM 122 (which apparently had
been destroyed during the period) subsided a meas-
ured 0.14 foot per year for an incremental amount of
0.56 foot. Thus, by August, 1962, this point in the
bowl had subsided about 9.2 feet. Bringing this esti-
mate up to present date, it is probable that the loca-
tion of PBM 122 has subsided about 9.7 feet since
1917, In view of the gaps in the data and the prob-
ably low order of precision of the 1917 to 1943 sub-
sidence measurement, the estimate of 9.7 feet total
subsidence since 1917 is probably accurate to within
plus or minus i foot.

A plot of the data developed above for the center
of the bowl against calendar time, and in relation to
measured subsidences of other bench marks in the
subsidence bowl, indicates that the subsidence of the
center of the bowl may have started any time before
1926. It is not possible from the data so far available
to fix the date of initial subsidence any more closely.
It must also be recognized that no data eovering con-
ditions prior to the year 1917 have been discovered;
and it must be conceded, in the absence of reasonable
proof, that the area may have experienced meagurable
uplift or subsidence prior to 19172 :

The iscbase lines.drawn by Water and Power show
also an area of uplift east of Lia Brea Avenue in
which the maximum rate of rise between 1958 and
1962 was about 0.01 foot per year.? Since a virtual
uplifting of so large a region suggests tectonic par-

tielpation, the survey procedure was analyzed to de-
termine whether the uplift was actual or possibly rel-
ative to.some unstable reference. It was learned that
the contour of zero elevation change was controlled by

‘Bench Mark -PBM 40-C, located about 1,000 feet

northeast of the northeast corner of the reservoir,
and that this bench mark had been regarded as fized
throughout the period of surveys, Its stability had
been checked by levels run from: Bench Mark PBM 1
at the intersection of Centinela Avenue and Market
Street, two and one-half miles south of the regervoir,
Although these surveys suggested PBM 40-C. was
stable, there was question with regard to the fixity of
the control Bench Mark PBM 1. Consequently, the
Engineering Board of Inquiry arranged with the
U. 8. Coast and (eodetic Survey for a first order
leveling from the tide gage at San Pedro to several
bench marks in Baldwin Hills.

At the time of this writing the U. 8. Coast and Geo-
detic Survey has completed leveling to PBM 1 and
PBM 40-C and to several other select beneh marks on
or near Baldwin Hills. The levels commenced and
cloged at Los Angeles City Hall, which is regarded as
a relatively stable station. The field work soon will be
extended to the continental datum at the San Pedro
tide gage. The tentative results of these surveys of
March and April, 1964, are presented in Table VII-1,
in which there are shown also elevations determined in
past years by U. 8. Coast and Geodetie Survey, Los
Angeles County Engineer, and Los Angeles Depart-
ment of Water and Power. The results as tabulated
indicate in general a subsidence of all stations, in-
cluding the references PBM 1 and PBM 40-C, which
were assured stable by the Department of Water and
Power. These results should be considered tentative
pending a tie-in at the tide gage. However, it appears
reagonably certain at this time that no areas of abso-
lute uplift exist in the vieinity of the reservoir.

The Survey Division of the Department of the
County Engineer, Los Angeles County, has checked
horizontal rmovements by triangulation in the Baldwin
Hillg area, beginning in 1934.* The results of the
measurements for the area adjacent to the Baldwin
Hillg are presented on. Plate 16, where the horizontal
vectors indicate the direetion and magnitude of hori-
zontal movement of bench marks. This movement is
best exemplified by exammmg the station designated

““Baldwin Auzx.’’ which is located -beneath an ele-
Vated steel water tank south of the reservoir. 1n the
period from 1934 to 1961 this station moved 2.21 feet
horizontally in the direction of South 64° 2% West,
From 1961 fo 1963, an additional 0.28 foot of hori-
zontal movement was noted in this same direction,
The horizontal motion is generally direeted towards
the trough of subsidence which ig located southwest—
erly of the reservoir,

+Alexander, I. H. "Horizontal Earth Movement in the Baldwin
}-Iills, Log Angeles Area.” Journal ¢f Geophysical Research.
une, 1462,
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. . .~ .. TABLE YH-1 . S - L
i ELEVAT!ONS AT SELECTED BENCH MARKS
- " Bench mark 1933 1934 1643° 1946 - 1950 1954 1055 | 1956 1958 “1960° T 1661 1962 1954
PBMI______________ 139954 | ... 120,004 ||| 139.679 | 139620 |.________ PR D [ 139 661
Consrol bench mark ) : . o
PBM 68. |- 317.449 | 317.110°| 316.686 | 316.009 |._ | oo 315.500 (oo femeeo o 315189 [ -
BHBM 120 ‘
Toe of dam - _ oo |||l 261.182 | 261.087 1oe oo oo e e 238 . 968
BHBM 129 )
Top intake tower_ . |- |||l 481.821 | 481,595 || ______. 481458 |l AB1.084
PBM 40:C )
Control beneh mark .| - |oo oo e 458,787 || 458 .746 || 456.743 | 466.317
PBM 31
Baldwin auxiliary__ .- _|.._.__..._ 512,151 |(511.679)| 511,864 [(511.239) | (510.940) | . _____[._____._ (510.652) | ccameo 510,118 |-ccoemon 510.080
PBM 26 |l (504,327)| 503.988 |(508.858)|(503.456) | |ceeeo. (503.108) | _.__ 502.598 [-ooooon- 503,416
PBM 230 )
Baldwin___..________|._______. 613.008 |(512.612)) 5192.282 {(512.161)|(511.867) | o .l (B1L.574) | e 511.081 |oooo_oo 510.971

Note: Eleatlons in parentheses from Los Angeles Department of Water and Paower; those boldface hy U. 8. Coast and Geodetic Survey; all others by Los Angeles County

Engineer. Elevations shown for 1964 are tentative,

Observations of Cracking

The Fngineering Board of Inguiry instigated a
crack survey of the Baldwin Hills vicinity. The cracks
located in the reservoir after failure and those that
were traced out in the vieinity around the La Brea-
Stocker area are shown on Plates 17a and 17b.

Iartherack 1 developed mnear the intersection of
Stocker Street and Twa Brea Avenue in May, 1957. It
appeared in the asphaltic surfacing of the playground
of the mearby Windsor Hills School in October, 1957.
The Les Angeles School Districts maintained surveil-
lance of the schoolyard crack from the time of its de-
tection until July, 1962, at which time it wag obscured
by resurfacing. Observations reveal similarities in the
line of rupture through the sehool yard and the erack-
ing along Fault I in the floor of Baldwin Hills Reser-
voir.’ In both instances irregularity in gap width was
apparent along the lengths of the cracks; vertical off-
set had oecurred but there was no horizontal displace-
ment along the crack. There was a striking likeness
in the general appearance of the cracking there and
that at Baldwin Hills Reservoir. Such similarities
were noted In other areas, as illustrated in Photos 53
through 58.

Similarities between the eracks in the reservoir and
the cracks that have developed elsewhere in Baldwin
Hillg are as follows:

1. A general parallelism to preexisting faults.

2. A common orientation generally north-gsouth in
direction.

3. Steep dip.

4. Gaps which vary in width along the length of
each crack.

5. No horizontal displacement along the cracks.

& Omstead, H., Architectural Planning Branch, Los Angeles City
School Districts, Letter report with enclosed photographs.
January 9, 1964,

6. Oceurrence in areas where rate of subsidence
is changing markedly within short distances.

Tn the fall of 1963, the T.os Angeles City Engineer-
ing Survey Section set up a series of three control
lines across the earth eracks in this area. These cracks
range from 2,500 to 3,800 feet southeasterly from the
goutheast corner of the reservoir. Water and Power
reports that its snrveyors have cooperated with the
City Engineer’s forces in making the periedic ehecks,
but no significant change has been detected.

In 1960 a subcommittes of the Geological Hazards
Committee of the City of Los Angeles reported crack-
ing in the La Brea-Stocker vicinity. Also, in April
of 1963, a Stocker-La Brea Fault Zone Study Corm-
mittee composed of representatives of public and
private interests was formed to study thig area of
general cracking. As part of its investigation, the
Engineering Board of Inquiry had discussions with
individual members of these two groups.
~ On February 19, 1963, following a ram, a gmall
slide occurred along the west embankment of Lia Brea
Avenue about 700 feet south of Stocker Street near
Eartherack 8. Salty water issued from a saturated
area associated with the slide. This suggested that
brine injected at depth in econnection with repressur-
ization of Inglewood Oil Field might be finding its
way to the surface. However, laboratory analyses have
shown that samples of this seepage differed in chem-
ieal character from the brines nsed in connection with
oil recovery.

In. January, 1963, Mr. Perry Ehlig, Consulting En-
gineering Geologist, inspected the vieinity of Baldwin
Hills Dam in connection with an investigation he
was conducting for a client. Ehlig included in his
serutiny the east end of the main dam and its east
abutment. He searched particularly for indications of
subsidence eracking and seepage. He has reported that
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his observailons were condueted meticulousiy and
that no such evidence was found.?

POSSIBLE CAUSES OF EARTH
MOVEMENT

In investigating the cracking and elevation changes
within, and in the vicinity of, Baldwin Hills Reser-
voir, consideration wag given to earthquakes, ground-
waler extraction, oil and gas production, and tecton-
ics ag possihle causes.

Earthquakes

Baldwin Hills is an integral feature of the Newport-
Inglewood uplift, an alignment of faults, structural
domes, and saddles that has been the source of com-
paratively frequent earthguakes. Most notable of the
shoeks oceurring on Newport-Inglewood uplift in his-
toric times are the temblors of June 21, 1920, near
Inglewood, and March 10, 1933, near Long Beach. The
1920 shock was probably centered three to four miles
southerly of the site of Baldwin Hiils Reservoir, and
its intensity was sufficient to wreek a two-story school
building, topple walls, and break windows.™® 9 The
1933 earthquake is heleved to have been centered off-
shore, southeast of Newport, California.l® Tt ig classi-
fied a major disaster in which 115 lives were lost and
an estimated 40 million dollars in damages ineurred.?
Numerous lesser instrumentally-recorded shocks have
been attributed to the Newport-Inglewood uplift. The
loeations of these are shown on Plate 18, in which one
of the conspicuous groups of epicenters is depicted
near Baldwin Hills. '

. On October 21, 1941, fifteen oil wells in Dominguez
Field on Newport-Inglewood uplift were crushed by
an earthquake.11

On TFebruary 18, 1963, Standard Oil Company
Wells Stocker No. 5 and No. 17 were damaged within
the Vickers zone by a reported earthquake; and on
Mareh 10, 1963, the Baldwin Cienega Well No. 27
was damaged at a depth of 1,520 feet by another
temblor.’? (Plate 8)

On January 2, 1964, the services of Dr. Pierre St.-
Amand, Congnltant in Seismology and Engineering
Geology, were obtained by the Engineering Board of

¢ HWhlig, 1”. Oral communication to Mr. I. B, James. April 1, 1964,

7 Taber, 5. “The Inglswood Harthquake in Southern California,

. June 21, 19207 Volume 10. Bulletin, Seiemological Soeciety
of America. 1920,

fKew, W. 8. W. “Geological Hvidence Bearing on the Inglewood
Farthquake of June 21, 1%20.” Volume 13, Bulletin, Seizmo-
logical Society of Americs. 1923,

0. 8. Coast and Geodetic Survey, “Harthquake History of
United States.” Part 2, “Stronger Farthquakes of Clalifornia
aél'%‘ ‘Western Nevada.” Publication No. 41-1 reviged 1960
edition, o

10 Benioff, H. “Determination of Extent of Faulting with Applice-
tion "to the Long Deach Earthgusake.” Volume 28, No. 2.
Bulletin, Seismological Society of America. April, 1938,

L Bravinder, K. M. "Los Angeles Basin Earthquake of October
21, 1941, and Its Effect on Certain Producing Wells in Dom-
inguez Field, Los Angeles County, California.” Volume 286,
N?. Sig Bulletin, American Association of Petroleum Geolog-
ists. 1942,

*Horn, A. I, Standard Oil Company of California. Interview
with Engineering Board of Inquiry. February 5, 1964.

Inquiry for the specific purpose of investigating the

seismic aspects of the failure of Baldwin Hills Dam
and Reservoir.

The investigation of seismic phenomena by Dr. St.-
Amand included an analysis of seismographic records
obtained by the Seismological Observatory at Cali-
fornia Ingtitute of Technology during the period 1934
to December 15, 1963 ; interrogation of residents near
Baldwin Hills as to whether they had felt vibrations
in the months preceding failure; a field canvass for
surficial indieations of a minor earthquake; and the
installation of a seismograph at the reservoir site to
detect and record any unusual events subsequent to
failure. :

Upon completion of his studies, Dr. 8t.-Amand con-
cluded, as follows; 12

“ At present it is quite clear that there were no
earthquakes strong enough to have been responsible
for any important inertial effects in the months pre-
ceding dam failure or except for the Kern County
shocks in 1952, in the life of the dam. An earth-
guake could not have caused the failure by inertial
etfects on the dam and associated structures.

““It is possible that movements during earth-
guakes eould in the past have miptured tile drains
ete. and indirectly eontributed to the failure but
even 50, failure eould have been eonsequent to slow
creep on the faults.’’

The seismographs at California Institute of Tech-
nology are believed to be suffieiently sensitive to have
detected a tremor with an energy level about 1/100 of
that which could have been perceived by any person
in the vicinity of the reservoir site. Consequenily, the
tremors sensed by some residents on the day of the
failure have been attributed to some other kind of
vibrations such as those cansed by trucks, sonie beoms,
or heavy equipment. None of the local citizens inter-
viewed by Dr. St-Amand reported feeling shocks,
although there were reports of minor guakes from
other sourees.

An earthquake may or may not attend tectonic dis-
placement along a fault. Nonvibratory offsets on
faults have occurred on the San Andreas fault at
Almaden Winery near Hollister, California,’®* on a
thrust fault in Buena Vista Hills in Kern County,
California,’® and along a fault zone two miles in
length loecated eight miles north of Bakersfield, Cali-
fornia.*® In each of these instances displacement was
observed to have occurred, but no vibrations were felt,
nor were they rcecorded by the nearest seismographs.

12 Bt.-Amand, P, Bpecial Consultant te the Hngineering Board of
Inquiry. Letter to R. B. Jansen, subject: “Seismic Aspects
of the Raldwin Hilla Dam Failure.” January 13, 1964,

14 Tocher, D. “Creep on San Andreas Fault.” Volume 50, No. 3.
Bulletin, Seismological Society of America. July, 1960,

5 Koch, T. W. "Analysis and Effects of Current Movement on an
Active Fault in Buena Vista Qil Field, Kern County, Cali-
fornia.” Volume 17. American Asscciation of Petroleum
Geologists. 1933. . . )

WHill, M. I. “Tectonlcs of Faulting in Southern California.”
Bulletin 170, Chapter IV. California Division of Mines, 1954,
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Such movement on--faults is referred to as ‘‘slow
creep,’’ and it is to-this phenemenon that Dr. St.-
Amand refers in the second part of his coneclusion.
The absence of an earthquake during the displace-
ment of Faults I and V, therefore, does not preclude
the possibility of teetonic motivation.

Groundwater Extraction

Subsidence due to intensive and prolonged pump-
ing of water wells is odcurring in several parts of
California. In the San Joaquin Valley as much as 23
feet of settlement has been attributed to this cause,
with annual rates of as much as 1.0 foot per year.l?
In view of this subsidence elsewhere in the state, the
Engineering Board of Inquiry initiated a hydro-
geologic investigation to determine whether ground-
water extraction may have contributed significantly to
the elevation changes occurring near Baldwin Hills
Reservoir. An area bounded on the west by La
(ienega Boulevard, on the northeast by the toe of
Baldwin Hills, and on the south by Stocker Street,
was studied. The findings are given in the following
enumerated paragraphs:

1. The Baldwin Hills are an anticlinal struciure
underlain chiefly by nonwater-bearing Pliocene for-
mation which is, in turn, overlain by a thin section
of Pleigtocene formations.

2. Historically, the Pleistocene formations in the
area designated for study have never been satu-
rated, nor has there been any extraction of ground
water from them.

3. All extractions of ground water in the general
vieinity of the Baldwin Hills have been made from
aquifers which oceur as veneer overlying the foun-
dation material or aquifers which do mot exist in
the study area.

4, The extraction of ground water from wells in
the peripheral marging of the hills would have no
influence on subsidence in the area of the reservoir,
gince all groundwater extraction has taken place
from sediments overlying formations which con-
stitute the foundation of the reservoir.

Oil and Gas Production

Land subsidence may attend or follow the extrac-
tion of oil and gas. One of the earliest examples oc-
curred at Goose Creek  0il Field, about 25 miles
southeast of Houston, Texas. Here about three feet of
settlement occurred over a period of eight yearsls 19
At later dates, repeated levelings by numerous agen-
cies indicated that accentuated subsidence also had
oceurred on the Los Angeles Coastal Plain at Wil-
mington, Huntington Beach, Santa Fe Springs, Tor-

17 Poland, J. F., Research Geologist, T. 8. Geological Survey
Oral’ commumcatlon to Mr. L. B. James. March 25, 1964.

18 Minor, . ®. “Goose Creek Oil Field, Harris County, Texas.”
Volume 9. Bulletin, American Assocfation of Petroleum
Geologists. 1925. : :

1 Pratt,” W. B, and- Jehnson, D. W. “Local Subsidence of the
Goose Creek Ireld.” Volume §4. Journal of Cleclopy. 1926,

rance, Inglewood, Salt Lake (Beverly Hﬂls) and
Playa del Rey Oil Fields.20-21. 22 . .

0il field subsidence is attributed to decrease in
pressure within the subsurface reservoir ag a result of
exploitation of oil, gas; and brine. The natural pres-
gures within the oil structures oppose subsidence. As
these pressures are reduced, consolidation oceurs, ex-
cept to the extent that increased load may be trans-
ferred to strata overlying a producing zone- and be
borne by arch effeet. Where such arch effect does not
develop, a. finite decrease in Teservoir pressure is
tantamount to mcreasmg gurface loading a ]Jke
amount.

Probably the most publicized example of oil field
subgsidence occurred at Wilmington, California. Here
a settlement of about 28 feet and attendant horizontal
displacements of as much as 6 feet have been meas-
ured. Some of the factors which link the bulk of sub-
stdence at Wilmington Field with oil production
follow:

1, Contours of settlement (isobases) were
roughly elliptical in outline, with the major axis
of the ellipse approximately -congruent with the
axis of the elongate domal strueture of the oil field.

2. Bench marks whose elevations were fairly
stable prior to .produection from the field subsided
markedly after 1937, the year of discovery.

3. Subsidence progressed continuously with pro-
duction of the field and covered an area which ex-
tends a little beyond the limits of production.

4. Subsidence has been curtailed by repressuriza-
tion of the oil produeing zones.

‘While there are some obvious differences between
Wilmington and Inglewood (il Fields, most notably
in topography and geologic structure, there are also
some gimilarities.? These are noted as follows:

1. Both vicinities have experienced substantial
vertical subsidence, the maximum at Terminal Is-
land. being about 28 feet and that af Baldwin Hills
being in the order of 9 feet.

2. Both vicinities have experienced submdenee

over large horizontal areas, the shape of which is
ronghly elliptical. At Terminal Island the major

and minor axes of the ellipse are roughly 35,000

and 23,000 feet; while at Baldwin Hills the axes

‘are.ahout 14, 000 -and 10,000 feet.

3. Both vicinities have _experienced maximum
subsidenee in a small area near the eenters of the
ellipses, and the amount of subsidence progressively
diminighes towards the edges of the ellipses, thus
forming aectual though imperceptible “bowls” of

* subsidence. (Plate 19)

20 Grant, U, 8 and Sheppard, W. E. “Some Recent Changes in

Hisvation in the Twog Angeles Reglon of Southern California
and Their Probable Significance.” Volume 29. No. 2. Billetin,
Smsmnloglcal Soclety of America. 1939,

# Grant, U. 8. “Subsidence and Hlevation in the Los Angeles
Region.” Thth Anniversary Volume Science in the 'Univermty
Press. 1044,

2 Grant, U. 8. “Subsidence in the Wilmington 0il Field.” Bul-
letin 170, Chapter X. California Division of Mines. 1954
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4. In both vicinities the howls “are concave .up-
wards near their centers; with: their surface curva-
" tured changmg “to ¢onivex upwards in some areas
near the marging of the bowls: = -
5..In-"both . vicinities, where the Jbowl: surface
coneave upwards, the ground surface is subjected
- to horizontal compression; where the bowl.is eon-
vex upward, the ground surface is subJected to hor:
izontal tension.

6. In both vieinities accurate trlang'ulatlon has

: shown that survey monuments within the bowls of
subsidence have moved' horizontally, generally
toward the centers of the bowls.

7. In both vicinities the shapes and loeations of
the subsidence bowls place them almost symmetri-
cally above the subsurface outlines of important
oil and gas producing fields:

The Inglewood Field has certain characteristics in
common with other oil flelds known to be subsiding:

1. The fluid production is from uneonsclidated
sands interbedded with soft shales.

2, The fluid production per aere is high since
Inglewood is actually several oil fields, one on top
of another.

3. The natural drive mechanism for most of the

field has been dissolved gas. Thus, production has

" been accompanied by large fluid pressure declines

in spite of seeondary recovery measures. An in-

ereased vertieal foree is imposed on the rock strue-

" ture because thcse oil pool pressures have been
reduced.

. 'The graphs of Plate 15 indicate that subsidence has
progressed continuously sinee the mid-1920’s, but they
gwc no indication of the elevation changes if any,
prlor to that time. The Engineering Board of In-
quiry was unable to locate any survey records or
other evidence showing that elevation changes either
had or had not occurred earlier. In its canvass for
this information the Board queried the Los Angeles
Department of Water and Power, the City of Los
Angeles Geodetie Section, the Standard (Qil Company
‘of California, the Los Angeles County Engineer, the
T. 8. Geological Survey, and the U. 8. Coast and
Geodetic Survey. Several of these agencies are con-
tinuing to search for old survey data and, should
their efforts prove successful, much may be learned
coneerning the relative contribution of the factors
cauging subsidence.

Damage to oil wells resnlting from subsuriace
movement has been more prevalent in and above the
highly productive Vickers zone of Inglewood Oil
Field than at greater depths, and this apparent eon-
centration of damage in the shallow zones has been
attributed to the fact that many more wells penetrate
the Viekers zone than extend to deeper levels.? A
gecond possible explanation would be that the earth

movements that have oceurred were largely .concen-
trated mthm and/or above th1s produetlve 011 Zone.

Tecfomc Achwfy - R -. - B

" Tectonic processes are the natural phenomena Te-
sponsible for creating cristal deformations. The ques-
tion arises ag to what extent they may be responsible
for the contemporary subsidence and ecracking in
Baldwin Hills and for the movement on Fault I that
led to failure of the reservoir.

Folding and faulting of the Cenozoic rocks of Los
Angeles Coastal Plain may have commenced as early
ag middle Mioeene time. There ig abundant evidence
that tectonic distortion has persisted along the New-
port-Inglewood uplift, including the Baldwin IIills,
during the last 500,000 years. In faect, most of the
present physiographic features are believed to have
been created during this interval.

A study of the behavior of more than 9,000 survey
stations in Lios Angeles Coastal Plain leveled by the
Lios Angeles City Engineer during the last 25 years
indicates that in general the sedimentary basins are
subsiding, whereas some of the stations in the foot-
hills are rising 23

Signifieant deformation of parts of Newport-Ingle-
wood uplift has oeenrred within the last 10,000 years.
This js evidenced by anticlinal folds which have risen
sufficiently rapidly to prevent breaching by existing
streams,?* and by the remarkably smooth surface of
Domingnez Hill which shows liitle erosion though it
consists of only slightly eonsolidated sediments.?® Ac-
cording to Dr. U. 8. Grant,®' repeated surveys near
Inglewood, three miles south of Baldwin Hills Reser-
voir, have disclosed contemporary uplifting amount-
ing to ag much as 0.03 foot per year. This appears
to be related to folding accompanying slow movement
along the Newport-Inglewood uplift. However, in
Baldwin Hills no reliable geologic factors are found
from which to estimate the amount of teetonic defor-
mation that may have occurred during the past 10,-
000 years. It has been suggested that thick peat beds
exigting northeast of Baldwin Hills may have formed
behind barriers across Ballona Creek which were
ereated by recent uplifts oceurring along Inglewood
fault.?® That such uplift oceurred is only speculative,
however, and no estimates of the possible displace-.
ment were made. On the other hand, the lack of de-
formation in the ‘‘560-foot gravel’’ aquifer, where this
deposit is transected in Ballona Gap by Inglewood
fault, suggests that fault movement has been limited
or nonexistent near Baldwin Hills during the Recent
period.

2 Stone, R. “Geologic and Hngineering Significance of Changes
in Elevatwn by Precise I.eveling, Los Angeles Area, Cali-
fornia.”” Abstract of paper presented to the Geologma,l Soei-
ety of America at San Diego, California. March, 1961,

MJahns R. H. ‘Investlga.ticns and Froblems of Southern Cali-
fornia Geology.” Bulletin 170, Chapter 2. California Division
of Mlnes 1954

= Vickery, F, “The Interpretation of the Physlography of the
Los Angeles Coastal Belt.” Volume 11. Bulletln, American
Association of Petroleum Geologists. 1927.
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The maximum current rate of subsidence in Bald-
win Hills is believed to be about 0.2 foot per year as
measured by the Los Angeles County Engineer, (Plate
16) Using this rate, it is possible to estimate the time
required to form the graben structure in the dome of
the Inglewood Oil Field. Tt has been noted that about
270 feet of displacement has been measured on Ingle-
wood fault along the east side of the graben. If pres-
ent subsidence is related to movement of the graben
and the eurrent subsidence rates are indicative of the
rate at which the graben has dropped, it has taken
only 1,350 years for this structure to form. From a
zeological point of view, this is a short period of time
for so large a deformation. Moreover, there is no evi-
dence of significant recent lateral or vertical movement
on Inglewood fault in this area during this period.
This suggests, therefore, that the subsidence now oec-
curring is too rapid to be accounted for solely as a
continuation of the tectonic movement involved in
creation and growth of the graben.

With regard to the genesis of oil field structurves
along Newport-Inglewood uplift, a generally aceepted
theory attributes them to lateral movements aleng a
deep-seated fault in the basement rocks which paral-
lels the trend of the uplift. The thick series of sedi-
ments overlying this fault responds to these displace-
ments by wrinkling and puckering, The structures so
created align en echelon with their axzes askew to the
general trend of the uplift. These folds never quite
parallel the shearing because of the component of
friction that develops along the fault plane?® This
theory has been demonstrated by a simple device con-

sisting of two cards placed side by side with a thin
tissue pasted across the juneture, When the cards are
shifted horizontally, miniature folds appear in the
tissue, These are oriented en echelon as are the domal
folds along Newport-Inglewood uplift. If the theory
is correct, the ereation of Inglewood OQil Field dome,
the graben structure, and related faults were all asso-
ciated with right lateral movement on Inglewood
fault, ie., movement wherein the east side of the
fault moved relatively southward with respect to the
west side. It appears significant that the vectors of
horizontal movements of survey stations on Baldwin
Hills, as depicted on Plate 16, point roughly toward
the center of subsidence in Inglewood Oil Field, and
would therefore appear to be generally opposite in
direetion to the tectonie movements required to streteh
the erest of the oil field dome and thus create the
down-dropped block west of the reservoir.

Any attempt to determine with reasonable accuracy
the degree to which tectonie or oil field activities are
contributing to eontemporary subsidence would re-
quire further investigation. Primarily a better under-
standing is needed of the earth movements occurring
at depth ineluding identification and delimitation of
the zones that are undergoing compaction and the
rates involved. The studies required to fulfill sueh an
objective would be lengthy and beyond the scope of
the investigation by the Engineering Board of In-
quiry.

2% Ferguson, R, N. and Willis, C. G. “Dynamics of il Field
Structures in Southern California.”  Volume 8. Bulletin,
American Association of Petroleum Geologists, 1924.



CHAPTER VIl

INVESTIGATION AFTER FAILURE

SURFACE INVESTIGATION

Observations following the failure showed that, al-
though the regervoir floor was covered with about 2
inches of fine silt and clay, a continuous crack was
visible across the reservoir floor approximately paral-
lel to and near the toe of the east reservoir slope.
Vertical displacement averaged about 2 inches. It was
as much as 7 inches in some locations, with the west
side of the crack down with relation to the east side.
(Photos 59 and 60)

The crack extended up the south slope of the reser-
voir east of the access stairway but with very little
vertical offset. Small cracks also extended about 5 feet
sonth acrose the road surface outside the fenee op-
posite the curb jeints at Dam Stations 21475 and
214-90. At Station 21-{-75 the construetion joint in
the curb along the fence line was open and displaced
vertically about 14 inch, with the west side down with
relation to the east side. A filling of fine soil stood
freely in the crack. The presence and condition of the
filling attested to the very recent opening of the joint.

The broken surface of the asphaltic paving was
fresh and unstained. The aggregate in the paving
glistened, and the asphalt was very black and lustrous.
In at least one location the surfaece had apparently
broken in. two or more stages wherein there were
minute organisms, fresh water ostracods in the pres-
ence of sediments, affixed to part of the 3-inch asphal-
tic paving thickness. The upper part of the broken
surface exbibited Instre. After three days of exposure
the offset surfaces of the asphaltic paving had become
dull and no longer had the shiny appearance that was
noted during the ingpection on the day following the
tailure. : :

The two transverse joints in the cireulator line con-
nection conduit farthest from the tower had opened
and were offset. The eondition of the exposed expan-
gion joint filler and the joint surface suggested that
this opening had oecurred very recently. The joint
openings were observed to have increased somewhat
during the first three days following the failure.
{Photo 61)

Cracking and parting were observed at the Eleva-
tion 418 gate approach channel, This was on the line
of the crack in the reservoir floor. The offset also ap-
parently inereased in the ensuing three days.

Sink holes of varying dimensions could be seen at
several locations along the continuous crack. Large
sink holes were located about midway between the
‘zate tower and the breach in the main dam, over the

(47)

drainage inspection chamber, and at the south end of
the reservoir. Others of smaller gize were also ob-
served. I'low through the large sink holes undoubtedly
caused vortices reported by eyewitnesses to the fail-
ure, (Photos 62 through 66)

An exposed end of the 4-inch clay tile drain along
the toe of the north slope could be seen in the breach.
Also, the pea-gravel drain was exposed in both sides
of the breach. Caleium deposits were apparent in the
bottom of the pea gravel but were not extensive
enough to block drainage.

The dam embankment exposed at the top of the
breach appeared to be moist but not saturated. In
some places where the water had washed over the
downstream berm there could be seen the imprints of
the sheepsfoot roller used to compact the embankment.
In breaching the east abutment the escaping waters
left a steep ineision in the Inglewood formation, but
in the Pico formation cutting was retarded. The scarp
of a waterfall about 30 feet high remained after the
reservoir had emptied, a testimonial to the relatively
greater resistance offered by the Pico sediments to
incision,

Several shear zones were exposed on the west side,
and fresh slickensided surfaces were noted. There was
& pronounced but small parting along one joint sur-
face which suggested very recent movement, Through-
out the breach the Inglewood formation was well ex-
posed, and its horizontal stratification was plainly
diseernible. The flowing water had scoured the thinly
bedded weaker laminae, leaving the more indurated
strata standing out in bold relief, (Plate 20) Tt was
not possible to trace. any of theseé horizontal strata
throughout the breach, but eontinuity may well exist
by some devious paths. The weaker uneemented ma-
terials in many strata appeared similar to beach sands.
The various laminations ranged in thickness from a
few inches to about 2 feet. (Photos 67 through 71)

The spillway conduit between about Stations 2440
and 54-60 wag Tost during erosion of the breach. Wa-
ter from the reservoir underdrains, discharging
through the blowoff line into the spillway conduit,
could be heard running in the spillway pipe at an air
vent at Spillway Station 5+79 on the day after the
failure,

Inspection was made of pre-existing eracks in the
inlet tunnel between the east portal and the gate
tower. There was no apparent change in the condi-
tions of any of these cracks.

Immediate inspection of the drainage inspection
chamber was not possible. Deep mud deposits pre-
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vented access peyond Siation 5425, Tt Was eniered oi

December 18, when the first detailed ingpection was.- ..
made. A transverse break was observed at Sfation ™
; In the embankment 1mmed1ate1y downstream from the
* 340 berm on the main dam. It appeared that the open-

04-70.3. (Plate 21) The maxzimum opening at the

break was about 2 inches at the top. There was-only-a-

‘hairline crack at the bottom. There was a left lateral
offset of 7 inch and a vertical ofEset of about % ineh,
“with the West mde of the break up in relation to the
ea.st side.’ (Photo 72) Water was observed to be drip-
ping from the break at the top of the cha,mber There
‘was a small continuous flow Trom the niorth wall about
4 feet from the top, Just above a mud deposit. Several
3 inch-diameter horizontal reinforcing bars had
‘broken, and fresh rust was obgerved at. the exposed
ends of the broken steel. Another transverse break
was found in the draindge ingpection chamber at Sta-
tion 0489 with a maximum hottom opening of about
1 ineh. There was a hairline crack at the top. A small
continuouns flow was observed from this break. The
break did not show lateral offset, but there was a
vertical displacement of about 14 inch, with the east
gide higher. (Photo 73)
Water and Power measurements of drain flows on
December 18 were as follows:

Southeast toe ____ - - _~ 037 gpm
" Fault —— e 3.5 gpm
Northeast toe 0.5 gpm
North toe . __ 011 gpm
North bottom _ 0.27 gpm
West toe oo e ——————— 137 gpm
South bottom __ Drip
South toe _ ——— None

Flow from the fault drain was discolored.

On December 18, 1963, a minor crack was found
near the center of the reservoir floor, trending in a
north-south direction. (Plate 22a) It was revealed hy
the drying of sediments covering the reservoir floor
adjacent to the crack. Later subsurface investigation
showed that this crack was practically coincident with
Fault V. Cleaning of the area disclosed very little dis-
placement; however, it appeared that water had been
ﬂowmo through the erack into the compacted earth
lining.

One joint in the south circulator line at the Fault
V erack crossing had opened about 14 inch at the top
but remained elosed at the bottom. At one of the sup-
ports the pipe and grout pad had slid about 1 inch
to the west. At other supports fresh separations be-
tween the pipe and the grout pad and between the
grout pad and the support were noted. This move-
ment had caused the spalling of concrete at some
places. The palls had dropped: onto the gilt that cov-
ered the reservoir floor. F'rom their lack of silt cover-
mg it appeared that they had fallen after the reser-
voir was empty.

An examination was made of the steel liner plate
separations ingide the eirculator line connector con-
duit. Thig was to determine if corrosion products at
joint connections would indicate successive fault dis-
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a time was involved in the failure process.

"An inspection on January 4, 1964, revealed cracks

ings had been increased in size by water erosion. The
most pronounced erack was observed: at the east side
of the embankment at about Klevation 325. There was
some- vertlcal dlsplaeement across the erack (Photo
4y -

“The steel door 1nto Manhole A had been stove in
by the force of the flood waters, which had eaused the
marhole to become filled with. water and debris. The
manhole and adjacent test conduit were inspected on
Jannary 4, 1964, after having been freed of debris.
The bottom of the test conduit still had a deposit of
gilt approximately 1 foot deep. No eracking or dis-
placement of structural significance was observed. At
that time none of the six horizontal drains entering
at the hottom of the manhole was flowing more than a
rapid drip. The gravel-packed faces of all of these
drains were coated with gilt, except Drain H-13, which
had been washed clear. Drain H-13 extends into the
east abutment. (Plate 4) It appears possible that the
gilt was deposited by the muddy flood water entering
the manhole and was washed away by drain discharge
after the failure.

The 12-inch drain entering the manhole was dis-
charging slightly. The two 4-inch elay tile drains on
each side were wet. A chemical analysis was run on
a sample of deposits found in the bottom of the 12-
inch drain at the manhole. The deposits, consisting of
about 90 percent ealcium and 10 percent magnesinm
salts, were found to be soluble in hydrochlorie aecid.

Immediately following the failure, straddler points
were established across the break in the asphaltic pav-
ing at a number of selected locations. (Photo 75)
These were steel pegs placed as reference points. Daily
measurements were then taken to detect eontinuing
movement at the faults. The results were inconse-
quential.

On Janunary 4, 1964, Water and Power personnel
made an interior inspection of the 42-inch spillway
pipe from approximately Station 44-75, which was
exposed in the breach, to Station 24--64. They found
no separation or signs of distress in this pipe exeept
for the section of pipe under the subdivision road fill
located downstream from the dam. In this section
there were somie signs of settlement and minor crack-
ing but no open cracks of gsignificance.

It was reported by Water and Power that the most
recent hydrographic observations at the reservoir
prior to the failure had revealed no discoloration of
the water in the draing nor any siltation in the man-
holes or in the drain lines. Seepage measurements had
heen obtained volumetrically by catching the flow for
a given interval in a ealibrated container. It can be
reasonably assumed, therefore, that any turbidity of



the seepage Water Wmﬂd have been evrdent”to ‘the
hydrographers: <« 1+

On February 12, 1964, Water and Power personnel
eonducted underdram ﬂow tegts. The southeast toe
drain"was tested from Excavatmn No. § to the drain:
age inspection chdmber ‘and the north and south bot-
tom - drains from Excavation No. 11 to the chamber.
The followmg conclusions were reached from these
tests

1. The southeast toe dram was open, and there
was 1o appreciable Ioss of water. .
2, The north bottom drain was open, and there
was no appreciable loss of water,
3. The south bottom drain was plugged between

Excavation No. TA and the drainage inspection
chamber.

EARTHQUAKE REPORTS

The City of Lios Angeles Police Department re-
ported that no calls were received on December 13
or December 14, 1963, reporting earthquales.

Following the failure of the reservoir, investigators
for Water and Power interviewed people at 136 lo-
cations in the vieinity of the Baldwin Hills Reservoir.
Of those inferviewed, 52 percent stated that they
heard or felt no unusual noises or movements prior
to the failure, 27 percent reported that most of the
tremors they felt were due to sonic booms or jet air-
planes, 12 percent staied that they had felt earth-
quakes, and 9 pereent reported tremors due to un-
known causes. Of the 12 percent claiming to have felt
earthquakes, only a few were sure of the exact time
of occurrence. Three people reported a rumble or
earthouake between §:30 a.m. and 9:30 a.m. on Thurs-
day, December 12. Two persons reported an earth-
quake between 8:30 am. and 9:30 a.m. on Saturday,
Decemher 14. One reported feeling a sharp earth
shoek at 5:00 a.m. on either December 18 or December
14. All but one of the people reporting earthquakes
were located in a small area southwest of the inter-
section of Slanson and La Brea Avenues.

SUBSURFACE INVESTIGATION

As part of this investigation, a total of 15 excava-
tions were made in and adjacent to the reservoir, and
seven exploratory hcles were drilled. These were
mapped and logged by geologists of the Department
of Water Resources task force, and soil sampling was
conducted by a team from the department laboratories
in Bryte, California. On Plates 22a through 22m are
shown the posgt-failure exploration data. All excava-
tions and borings from which samples and data were
obtained for use by the Engineering Board of In-
quiry were made by forees of the Department of
Water and Power. {Photo 76}

Exzecavations Nos. 1, 2, 4, 5, 6, 7, 8, 12, and 12A

Q the -failure movement
““Excavations Nos. 3, 11, and 13 Were across ‘the el
ervo‘lr bottom erack along Fault V. Excavatmn No. 13
was eompanion to No. 3, ]mmedlately on thé north of
the south circulator line, in an attempt_to discover
addltlonal ev1denee of ‘movement along Fault V. Bx-
cavatlon No. 11 was made along the group of tile
drains which traverse the reservoir from west to east,
drammg the reservoir bottom mto the drame.ge in-
spection chamber.

‘Excavation No. 9 was a drift under the breach,
a.loncf Fault I, with the bottom at Elevation 367. It
was 256 feot long, ending downstrea,m of the dam axis.
The drift was entered through a 50-foot chaft at the
head of the breach. _

Excavations Nos. 10 and 10A were made in an un-
successful attempt to intercept the presumed location
of Fault V where it was estimated to cross the 24-inch
blowoft line. _

Excavation No. 14 was located in the area south of
the reservoir along the extension of Fault I.

Excavation No. 15 was in the extreme north end
of the breach.

Excavation No. 7 had as its fundamental purpose
the uncovering of the drainage inspeection chamber
and its foundation. Initially an area to the south of
the chamber was excavated so that the chamber wall
was exposed. However, rain on Jannary 18, 1964,
resulted in collapse of most of the excavations before
any examination eould be made of Excavation No. 7.
In the final exploration, Excavation No. 7B was made
to replace Excavation No. 7. This was excavated on
the north side of the drainage inspeetion chamber and
extended between the two main breaks in the chamber.
Photos 77 through 80 show the breaks in the north
face of the chamber.

Execavation No. TA was located west of the drain-
age inspection chamber to expose the group of five
drain pipes which enter the chamber near its west end.
The purpose was to investigate a presumed break in
the drainage pipes but no such break was uncovered.

At selected locations, relatively undisturbed soil
samples were taken for moisture and in-place density
tests and for special testing for permeability, shear,
and consolidation. In addition, penetration needle
readings were taken in the foundation on each side
of the faults exposed in Excavations Nos. 1 and 2.
A number of push-tube undisturbed samples, dis-
turbed jar samples, and bag samples were taken and
gent to the laboratory for analysis.

Three sampling points were located in the breached
dam. These are designated at EFB-81, EFB-32, and
WEFB-81. Undisturbed brass liner samples, jar sam-
ples, and bag samples were eolleeted from these loca-
tions in the breach.
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Cora samnles wers taken from tha sombacted savth
lining at five specifie locations in the reservoir. Ome
boring was located begide each of Execavations Nos. 1
2, and 3. A fourth boring, designated BH-R4, was
loeated in an apparent soft spot on the west gide of
the reservoir floor between the circulator lines; and a
fifth boring, BH-RS5, was located at an undisturbed
portion of the floor near the north cireulator. These
borings were also logged by task foree geologists, and
61 undisturbed eore samples in brass liners were eol-
lected for laboratory analysis.

A 40-inch bucket auger hole, designated BAH-4,
was drilled to intereept the southern end of the 12-
inch tile drain. The purpose of this hole was to echeck
alignment and possible gettlement of the 12-inch line.
Brass liner core samples were colleeted from this hole
as well as jar samples. The hole penetrated the com-
pacted earth lining, the pea-gravel drain, and finally
the compaeted earthfill which had been placed in the
bottom of the reservoir to fill the ravine which existed
previcus to construction.

TESTING
Soils

Laboratory analyses for identification purposes pri-
marily were made of selected soil samples obtained
froem the test pits, trenches, bore holes, shafts, and
drift described previously. Materials in the natural
foundation of the reservoir underlying the pea-gravel
drain were examined and tested for in-place density
and natural moisture content. Where loose sands or
silty sands were cncountered, laboratory compaction
tests were also conducted so that an estimate eould be
made of the relative compaection of the material. Se-
lected undisturbed samples were tested to determine
the coefficient of permeability at in-gitu density. In
general, every sample tested was analyzed for grain
size distribution and specific gravity; for plastic soils
the Atterburg limits were also determined.

The foundation materials were variable in grain-size
distribution but were essentially fine-grained silts and
sands (with minor amounty of clay) with about 25 to
95 percent by weight finer than 0.074 millimeters (No.
200 U. 8. Standard Sieve Size) and frem about 5 to
35 percent finer than 0.005 millimeters, The uniform-
ity coefficient, which is the ratio of the grain diameter
at which 60 pereent is finer to the diameter at which
10 percent is finer, varied from 10 to 100. The seil
claggifications and sampling points are shown on the
logs of excavations,

Samples of the representative loose soils from the
reservoir foundation and from the breach were tested
to determine if the soils structure of these materials
was subject to collapse when loaded or when satu-
rated. It appears from the results of these tests that
all samples which were cbtained had at some time been
subjected to wetting, possibly during the course of
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structural ecollapse or densification was noted in these
laboratory tests.

Penetration needle readings were taken on in-placa
foundation materials in the immediate vieinity of a
fault and to either side of that fault to determine the
possibility of moisture migration. This was done by
taking the readings on a grid system which used the
fault as the approximate middle of the grid. These
readings were taken on the north face of Exeavations
Nos. 1, 2, 3, and 6 and on the south face of Exeava-
tions Nos. 1 and 2. Similar readings were taken in
the commpacted earth lining on the north face of Hx-
cavation No. 8 and the south face of Excavation No.
11. The results were inconclugive.

On samples selected from the borings through the
earth lining material, moisture and dengsity profiles
were determined. Based on these profiles, specimens
for triaxial shear tests were tested in two condifions
to determine if there had been any hardening or stiff-
ening of the compacted earth lining due to aging:

1. SBamples ohtained from the drilling whieh, in
effect, simulated the placement conditicn.

2. Companion samples which were remeolded at
the same moisture content to the same density.

The resulting stress-strain eurves were compared, and
it was noted that there was no appreciable difference
in the shape of these curves. It would appear from
these results, therefore, that the eompaected earth lin-
ing material retained its plasticity during the life of
the project. It was able to deform a substantial amount
without any fracturing. In several areas congiderable
rupture cecurred in the pea-gravel drain, and yet the
overlying earth lining material appeared to have
spanned the weakened foundation without appreciable
structural damage. Selected laberatory testing data
are summarized in Table VIII-1.

In Excavation No. 7B, a white sandy deposit, elhp-
tical in shape and from 12 to 15 ‘inches across, was
noted immediately adjacent to Fault I and at about
the level of the middle of the inspection chamber.
Chemical analyses were made of this soil to determine
if it represented a possible spot. where perceclating
water leached ont the caleium from the cemented pea-
eravel drain and deposited it in the fault zone. Re-
sults of this chemieal testing indicated that the white
deposit had the same characteristics as the white de-
posit found in the cemented pea-gravel drain, i.e.
containing a measurable percentage of sul-phates of
caleium and sodium. However, total soluble constitu-
ents amounted to only 0.25 percent.

An attempt was made to perform a erude permea-
bility test in the bottom of Excavation No. 7B directly
over Fanlt I. Water percolated into the foundation so
rapidly that it was impossible to maintain a constani
pressure head.
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TABLE VIII :
POST-FAILURE SOIL TESTING DATA

Number
of pamples " Avernge Mazximum - Minimum
Foundation Samples -
In-Bitu Denaity, DOl amm e oo e e e s et e e m— AmmmE————————————————— 57 . . 92.4 100.8 78.6
Laboratory Maximum Denaity ™, Dofa - w e oo oo oo oo oo m e e ———— 8 . .101.8 107.9 98.3
In-Bitu Permeability, feet per day- ... __d 29 - 1.4 4.6 Nil
Consolidation -
Load up to 2.8 taf, percent ... ececeeecmamcaem e mm e e m——————— 2 1.26 1.30 1.22
Alter Baturation, pereent_________ o ____ 2 1.46 1.58 1.39
Compacted Earth Lining Samples
In?Situ Density, pef. ______ 13_ ___________________________________________________ &9 110.2 116.4 96.8
In-Situ Moiature Content, percent . . .o oo e oo cmdcmaammm————— 61 . I . 1B.T 33.9 15.2
Laboratory Maximum Density s, pef - i remarmm———m—m———— e 1 118.6 N R
Optimum Water Content, Pereent. oo n e aececceec e cccc e mcmmmmm————— . 1 3.2 ——— ———

2 Based on Department of Water Resources’ standard 20,000 foot-pounds per cuble foot compactive effort.

Pea-gravel Drain

Samples of the pea-gravel drain were selected from
areas where the drain had encugh cementation to
develop flexural strength. Representative pieces were
taken to the department Concrete Laboratory where
test speeimens were subjected to the standard test
for flexural strength for concrete beams (ASTM Des-
ignation: ¢ 293-59). The results of the tests are sum-
marized in Table VIII-2.

TABLE VIIl-2
PEA-GRAVEL DRAIN TESTING DATA

Specimen Modulus of Rupture, psi
A N 50
»m o 91
B2 89
B 108
L _ 49

Mathematical analysis indicates the cemented pea-
gravel drain represented by the test specimens to have
sufficient beam streugth to bridge a void of from 6 to
10 inehes before rupturing, under a load correspond-
ing to 10 feet of saturated earth lining and 65 feet
of reservoir water. (Photos 81 and 82)

In addition, ehemical analyses were made of a white
deposit which was found in the pea-gravel drain in
many places. This deposit is apparently the same ecal-
cium deposit encountered during the operation of the
reservoir which necessitated eonstant eleaning in order
to keep the drainage system open. The test results in-
dicate that the foreign material is basically ealcium,
being in the forms of caleium carbonate and caleium
gulphate. One sample had a ealeium sulphate content
of 0.83 percent, a eoncentration which is believed to
be high enough to cause deterioration of conerete,

Asphaltic Membrane

Samples of asphaltic membrane material obtained
from both the breached area and Exeavation No. 11
were submitted to the State Division of Highways
asphalt laboratory in Sacramento for analysis. One

specimen included fabrie whiech had been used where
membrane was placed against goft or loose foundation
soil. ' : S

"Results of analyses are contained in the following
summary :

Test on Membrahe Asphalt
Penetration: 45
Softening Point: 123°F.
Duectility : Over 100 centimeters

ASTM Designation: D 173

Teats on Fabric Specified Limits
Thread count, warp 30 26-32
Thread count, fill 21 2432

Tenegile Strength, Warp 72 pounds Greater than 50 pounds
Tensile Strength, Fill 55 pounds Greater than 50 pounds

SURVEYING

After the failure, Water and Power conducted sur-
veys to determine the extent and direction of horizon-
tal and vertical movement of all observation points
previously established and observed at the site. This
ineluded : the inlet and outlet tunnels; gate tower;
drainage inspection chamber; cireulator lines; reser-
voir parapet wall; a line 20 feet north of the main
dam axis; the 390 berm; the 340 berm; the piers at
the base of the water tank south of the reservoir;
and Manheoles A and B.

The survey crews set straddler points along the
trace of Fault 1 on the reserveir floor and made
frequent measurements after the failure. They lo-
cated all exploratory holes, trenches, and - shafts;
established vertical control to enable location' of soil
sampling points in the excavations and in the breach ;
and prepared a topographic map of the breach. They
also determined elevations along & series of east-
west lines on the reservoir floor for comparison with
“as-built’’ eonditions. Two selected cross sections are
shown on Plate 23.

Preecise levels were run to cheek the elevation .of
control bench marks. These levels were run from
PBM 40-C. (Plate 16) -
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EARTH MOVEMENT

Seismology

Qeismograph reeorae of the Cahforma Instltute of -.

Technology were obtained and reviewed by the Spe-
cial Congiltant to the Engmeermg ‘Board of Inquiry,
Dr. Pierre St.-Amand. The seismoscopes installed at
the reservoir site were examined for indications of
movemeént. A seismograph has been installeéd in the

chlorinating. station to deteet post-failure. tremors...

Groundwater Extraction

Department specmhsts made a study of potable
groundwater extraction in the area as it might affect

the Baldwin Hills Reservoir, and a report was made

to the Engineering Board of Inquiry.

Qil Field. Activity

The Board had discussions with representatlves
of the State Division of Oil and Gas, the Standard
0il Company of California, and others regarding
activity in the Inglewood (il Field. Data were ob-
tained on petrolenm production and repressurization.

INTERVIEWS

The Engineering Board of Inquiry also conducted
interviews with persons having knowledge of Bald-
win Hills Reservoir from its inception and with
others having knowledge of the near vicinity. Indi-
vidual Board members also interviewed professional
persons informally. Transeripts were made of most of
these discussions. Following is a list of those inter-

viewed.

Personnel of the Department of Water and Power:

Mr. Robert L. Brady, Resident Engineer, Water Engineering
Design Division :

Mr. D. E. Bundy, Assistant Head, Water Engineering Design
Division

Mr. J. G. Cowan, Assistunt Chief Engineer of Water Works

Mr. O. N. Denman, Material Testing Engineer

Mr. P. D. Doherty, Field Superintendent, Western District

Mr. 8. 8. Green, Senior Engineer, Inspection and Besearch

Mr, H. B. Hemborg, Principal Engineer, Project Engineering
and Inspection

Mr. R. B. Hemborg, Engineer in Charge, Water Operating
Divigion

Mr. E. D. Hoag, Distriet Superintendent, Western Distriet

Mr. N. M. Imbeltson Head, Water Operating Division, re-
tired

Mr. Q. J. Itter, Bngineer of Design, Design Division

Mr, W. J' Simon, Senior Engineer, Dams and Foundations

Mr. L. K. Tabor, Specification HEngineer _

Mr. W. Tate, Supervisor, Foundations and Structures Main-
tengnee Section

Mr. V. Vancott, Civil Hngineering Associate, Water Design
Divigion, retired

Mr. F. E. Walley, Survey Supervisor

Mr. R. Wells, Baldwin Hills Reservon- Keeper

Mr. R. R. Wilson, Geologlst

Mr. B. A, Wright, Jr., Inspection Engineer

Mr. G. Wyss, Agsistant Head, Water Operating Division

e - L. L. P A R, Py FEET ooy L
M. J. A, Laieble, Los aiigeles Ovuiily ILigineer, and thiee oI

]_us staff

© M. AT Hdrﬁ Petroleum Engmeer, Stundard 011 Gompany

of ‘California

Mr. F. JI. Baudino, Los Angeles structural engineer, former
geologist with Department of Water and Power

Dr. Thonias Cleménts, “Profegsor ~of ~ Geology, ” U‘mversﬂ:v of
Southern California

- Dr. J. €. Crowell, Head of (Jeolo g Department Dmvermty of

California at Los Angeles

" Dr. Robert Stone, President, Stone Geologlcal Servr.ceg, Inc

Mr. David -Campbell, - former - geologist with Depaljtment of
““Wuater and Power o ]

Dr. Carrol M. Beeson, Professor of Petroleum Enﬂ’lnoenng,
-.University of Southern California

 Mr. H. Omstead, Architectural Planning Branch, Los’ Anrreles

City 8chool Districts

Mr. Perry Elhlig, Consulting Dngmeermg Geologlst
Mz J. V. Spielman, State Supervision of Dam. Safety. Ofﬁce

retired
Mr. I. BE. Stephenson, State Supervigion of Dam Safety Office

RECORD EXAMINATION

The Engineering Board of Inguiry requested and
received selected records from the archives of the De-
partment of Water and Power for examination and
analysis. Excellent cooperation was given by the De-
partment of Water and Power in the prompt furnish-
ing of the requested data.

Rainfall

Records of precipitation for the period from July 1
t0 December 14, 1963 at the Baldwin IHills Reservoir
gtation, maintained by Water and Power, were ob-
tained. Total measured rainfall in this interval was
3.25 inches, of which 1.22 inch fell on November 20.
There wag no preeipitation in the period from Novem-
ber 21 to December 14, inelusive.

Seepage
‘Water and Power seepage records for the reservoir

underdrains and foundation draimg were carefully ex-
amined. (Plates 24a through 24f}

Movement

Data pertaining to strain gage measurements on
cracks in struetures, instrument surveys on bench
marks and horizontal control stations about the reser-
voir, aud data from foundation settlement measuring
devices were carefully examined. Survey data on the
subsidence area and reports pertaining thereto were
also analyzed. (Plates 25a through 25e)

Construcfion

The Department of Water and Power final con-
struction report, soils testing data, fill placing reports,
coucrete cylinder records, daily inspection reports,
“as-built’”’ drawings, and miseellaneous letters, data,
and reports were analyzed by the Engineering Board
of Inquiry. Files of the Supervision of Dam Safety
Office, State of California, were reviewed.
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Operation and Maintenance ports on drain treatments and associated studies, mis-
cellaneous letters and memoranda, caretaker’s daily

All of the Department of Water and Power opera- log, water inventory data, and acecounts of mainte-
tion and maintenanee records embodied in speecial re- nance were examined.



~ CHAPTER IX
ANALYSIS OF FAILURE

To approach a comprehensive understanding of the
mechanism of failure, it is necessary to examine eon-
ditions and events which have developed in the Bald-
win Hills over a period of several decades. This in-
cludes manifestations of natural phenomena in the
area as well as circumstances at the reservoir itself.

ANTECEDENT CONDITIONS

Facts available in the period prior to failure and
warranting analysis are drawn from the character-
isties of the dam and reservoir foundations, regional
geology and earth movement, earthquakes, displace-
ments at the reservoir, seepage, oil field activity, and
groundwater extraction.

Examination of reserveir surveillance records rela-
tive to movements and leakage gives subtle indication
that there were disquieting events occurring. New
cracks had been discovered in the drainage inspection
chamber; and there were changes in the seepage regi-
men.

Geology

Baldwin Hills Dam and the bowl of the reservoir
were econstructed on three sedlmentary formations,
largely of marine and littoral origin. The Palos
Verdes formation, congisting of a loose pebbly sand,
is exposed around the reservoir rim and forms the
upper part of the abutments of the main dam. It is
underlain by the Inglewood formation, eomposed of
stratified sands, powdery silts, and clays of varying
degrees of induration. The lowest formation in the
abutments of the main dam is the Pico. This is largely
a massive clayey to fine sandy silt, consolidated to
the verge of being a siltstone, and including a few
streaks of fine sand. These formations were found to
contain loosely coherent members which exhibit little
apparent strength and little capability to resist ero-
gion. They are also cut by numerous joints,

Baldwin Hills are part of a seismically active zone
known as the Newport-Inglewood uplift. This struec-
ture was the source of the Inglewood earthquake of
1920, the Long Beach earthquake of 1933, and numer-
ous lesser shocks. HoWever, investigation of recent
seismic activities, ineluding analysis of seismographic
'data, has shown that no recorded earthquake of suffi-
cient intensity to cause inertial damage to the dam
occurred within the life of the project.

The structure of the hills is a faulted, a.ntmhna.l
dome. The most prominent fault, the Inglewood, dis-
plays evidence of late-Pleistocene displacement but no

(55)

clear indicétions of appreeiabie offset within the last
10,000 years. (Plate 7)

Several lesser faults are associated with the Ingle-
wood fault; and two of these, Faults T and V, transect
the reservoir. These faults dip steeply; and, since they
are planes of ancient rupture, they constitute weak
zones in the foundation along which movement might
be expected,

Inglewood Qil Field underlies Baldwin Hills, and
its boundary extends to within a few hundred feet of
the reservoir. The geologic structure of this field, the
character of the oil-bearing deposits, the compara-
tively shallow depth of these deposits, and the solu-
tion gas drive that prevailed in the early stages of
production provide a geological environment favor-
able for subsidence.

Earth Movement

Surveys of the Baldwin Hills indicate that earth
movements have been taking place in hoth vertical
and horizontal directions. The earliest reliable leveling
was conducted in 1917; and, through comparison of
the resulte of this and several subsequent surveys, it
is estimated that a maximum of about 9 feet of sub-
sidence oecurred during the 1917-1963 interval. {Plate
15) The area affected resembles an elliptical bowl with
its center situated about one-half mile westerly of the
reservoir and its periphery extending to the east be-
yvond Lia Brea Avenue. (Plate 16) Subsidence at the
reservoir has aggregated about 3 feet during this
period. Tts southwest corner has dropped farther than
the northeast corner, indicating a northeast-southwest
tilt. Between 1947 and 1962 the elevation difference
between these corners amounted to about one—half
foot.

Triangulation surveys conducted in 1934, 1961, and
1963 have disclosed stations in the Baldwin Hills to
be moving laterally in the general direction of the
subsidence trough. Moreover, measurements of the
dimensions of the reservoir indicate a progressive
elongation of the northeast-southwest diagonal be-
tween 1950 and 1963 of about 0.4 foot.

Creation of the graben in the Inglewood Field re-
quired a stretching of the earth’s crust, resulting in
planes of rupture between which the block could drop.
Thus, the direetions of the primordial tectonic move-
ments were outward, away from the axis of the graben
and opposite in dueetlon from the forces believed
responsible for its formation. Therefore, it scems un-
likely that the contemporary horizontal moveménts
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nnoa an + atinm ad Fhhn Fanfruman AaFame afiamio noonat
are oon 1humua.\lu o1 the tectonic doiormalions assoai-

ated with the development of the graben.

By projecting the present subsidence rate of about -

0.2 foot per year back in time, it iy apparent that the
270 feet displacement measured in the east wall of the
Baldwin Hills graben would have oceurred in about
1,350 years. This rapid movement iz not compatible
with geologic evidence indicating insignificant move-
ment along these faults during this interval.

There are similarities between Tnglewood Oil Field
and other oil fields which are known to be subsiding
as a result of oil production. The geology, oil field
pressure decline, high production rate, and relatively
shallow production zone at Inglewood Field fit the sub-
sidence syndrome as established at these other fields.

Earth Cracking

.The eracks in the Baldwin Iills Reservoir are simi-
lar to earth eracks that have developed elsewhere in
Baldwin Hills in recent years. The eracks are gen-
erally alike in lack of longitudinal displacement along
the ecrack, extent of vertical offset, opening, and
orientation. The cracks were formed near the periph-
ery of the subsidence bowl in areas where tensile
forces would be expeeted to develop as a result of
down-warping of the surface sediments. In general,
both the reservoir cracks and those in the vieinity
are strikingly parallel to old faults and joints.

In view of the similarities noted, it appears prob-
able that the cracking along Faults T and V in Bald-
win Hills Reservoir and the earth cracking observed
southeast of the reservoir have been eaused by the
same phenomena. Both appear to be velated to the
subsidence taking place in Baldwin Hills,

Displacement at Reservoir

Throughout the period of operation, displacement
and cracking occurred in the reservoir and its appur-
tenances. Tt appears likely that some of these evi-
dences of movement ecan be related directly to the
chain of eircumstances leading to failure. These would
include: .

1. Cracking of the drainage inspection chamber
beginning in 1951.

2. Opening of the north parapet wall joint at
Station 91144,

3. Development of a crack across the lower road-
way on the main dam at Station 84-93.5 in 1960
and accompanying opening of adjacent parapet
wall joint.

4. Tnterruption of elay tile drains.

5. Cracking of the curb at the southeast rim of
the reservoir.

6. Joint displacement in the cireulator transi-
tion.

7. Settlement of the morth and south eirculator
lines.

8. Distortion of the reservoir as ianirested by
elongation of eertain of its dimensions.
9. Settlement near Station 254-50 on the south
parapet wall.
10. Continuing settlement of the nerth parapet
wall near Station 63-50.
© 11. Relative uplift of struectures east of Fault T
in the weeks immediately preceding failure.
12. Continuwing  downward movement of founda-
tion settlement measuring devieces beneath the main
 dam.

Other effects of movement which are not directly
related to the failure, or which have questionable sig-
nificance in analysis of ecausative factors, include:

1. Buekling of the asphaltic paving at the east-
erly inner toe of slope in 1951.

2. Settlement of the Hlevation 418 channel inlet
structure at the gate tower in 1951.

3. Cracks and surface slides on the erest and
north faece of the main dam in 1952.

Seepage

Throughout the life of the reservoir there had been
problems of drain ealeification whieh required treat-
ment by flushing with hydroehlorie acid and cleaning
by mechanical methods. For a period of time, flow
from the west toe drain contained asphalt, which
gradually diminished and then virtually eeaged.

The quantity of seepage through the reservoir bot-
tom deereased from about 23 gpm at the beginning of
serviee to about 9 gpm in early 1963. (Plate 24a)
Although the general trend was a uniform decrease,
there were substantial variations in the flow through-
out the period. Beginning about April, 1963, the flow
began to inerease perceptibly from 9 to about 13 gpm
at the time of failure. (Plate 24d) This increasing
rate of drain discharge in the last year followed re-
ported earth tremors of March 10, 1963, There was
an earlier shake reported in the area on February 18,
1963.

- Fows of horizontal drains discharging into Man-
holes A and B varied radically during 1963. (Plates
24e and 24f) It is possible that this drain flow varia-
tion was related to the tremors mentioned above.

Examination of some of the fragments of the as-
phaltic membrane underlying the cemented pea-gravel
drain disclosed that there were small holes in it
which ceould allow free passage of drainage water.
The gross area of such holes is not kmown, but it is
improbable that an area as large as this reservoir
could have been covered with a thin asphaltic mem-
brane without having unavoidable openings i it,

Oil Field Activity

Production at Inglewood il Field commenced in
1924, and between that time and the day of failure
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about 67,000 net acre-feet of oil and water were ex-
tracted from 611 wells contained within ‘approxi-

mately. 1,180 surface .acres. ‘An' attendant drop in
fluid pressure of about 520 pei occurred m part of
the field. (Plate 9)

The field is known to contain nine produc:ing Zones
ranging in depth from about 950 to over 10,000 feet.
The most productive of these, the Vickers zone, is
the shallowest major producing zone. Limits of pro-
duction from that zone extend to within about 300
feet south of Baldwin Hills Reservon' at which point
the top of the zone is abouf 1,500 feet lower in ele-
vation than the reservoir,

Three oil field repressurization projects have been
started : Vickers East in 1954; Vickers West in 1962;
and Rubel in 1960, The injeetion of brines into the
0il zones as a part of this program has raised finid
pressures in the Viekers Hast pool about 170 psi. The
natural drive mechanism for most of the fleld has
been dissolved gas, a type of drive which leads to
substantial fluid pressure lowering in spite of see-
ondary recovery measures.

Groundwater Exiraction

The formations underlying Baldwin Hills are de-
void of signifieant quantities of potable ground water,
and hence pumpage from water wells has never posed
a threat of land subsidence in this area.

CONDITIONS ON THE DAY OF FAILURE

Signifieant deductions can be made regarding
cansative factors hy analysis of observations made on
the day of the disaster. The Baldwin Hills Reservoir
failure was unique in that professional engineers and
others were present to witness and report on the
events. Valuable data have been derived from this
coverage.

General

There was no rainfall on December 14 or in the
period immediately preceding which could have
caused enough wetting of the earth to initiate land
movements.

There were no earthquakes recorded at the Califor-
nia Institute of Technology on December 14 in the
vieinity of Baldwin Hills. Some nearby residentis re-
ported earthquakes to interviewers subsequent to the
failure, but no one reported them to the Lios Angeles
Police Department at the time of ineidence. The au-
thenticity of such reports is questioned.

Main Dam
-Displacement of the main dam foundation during
the failure evidently was conflned narrowly along the

trend of Fault I. Tt appears that the leakage which
wag discovered at about Elevation 400 in the east

abutment of the dam was made possible by founda-
tion rupture at the fault. The muddy water obhserved
issuing from the abutment very probably had. found
an escape passage through the highly erodible and
broken foundation maierials along the fault zone.
Almost simultaneously with the development of
noticeable abutment leakage, a crack opened across the
crest of the dam. This might be attributed at its in-
ception to foundation movement, but its final rapid
enlargement was a secondary effeet caused by the
erosion of underlying materials. o

Drainage System

On the day before the catastrophe, when the care-
taker made his inspection, the reservoir and founda-
tion drainage systems were reported to be functioning
normally. Seepage water was reported to be clear and
no change in rate of flow was apparent.

Conditions were radically different en the merning
of December 14, Shortly after 11:00 am. the tofal
drainage flow was observed to be several times normal,
and the leaking water was muddy. It would be diffi-
cult to estimate exactly when the sudden ehange took
place, during the night of December 13 or the morn-
ing of December 14. Actually, a precise pinpointing
of this time is not essential to analysis of the failure.
It suffices to know that the reservoir became seriously
damaged in a period of a few hours before diseovery
of trouble.

The faet that the draing from the southeast toe, the
northeast toe, and the fault were ‘‘blowing like fire
hoses’’ i clear evidence of rupture at the east edge of
the Teservoir bottom. Undoubtedly most of the dis-
charge detected by the caretaker in the spillway con-
duit under the main dam came from this source.

‘When the drainage inspection chamber was first
examined on December 14, no new or inereased rup-
turing of the structure was seen. Although the east-
erly three drains were ejeeting abnormal amounts of
muddy water, it did not appear at that time (soon
after 11:15 a.m.) that there was any unusually large
flow issuing from cracks in the chamber. Less than an
hour later leakage had developed to such an extent
that the imlet tunnel was discharging water onto the
street system. The apparent lag in initiation of dis-
charge from the structural eracks may be aseribable
either to delay in final opening of the fractures or to
the time required for leaking water to erode through
the compacted earth backfill around the strueture.
Observers of the Department of Water and Power
were of the general impression that the chamber
cracks opened abruptly at about noon.

It would appear that the system of underdrains did
afford a few hours of advanee warning of the impend-
ing digaster by signaling that reservoir pressures had
been introduced into the southeast toe, northeast toe,
and fault drains.
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CONDITIONS AFTER FAILURE

A thorough examination of the reservoir amd its
environs was made in the 90-day period subsequent to
failure. The investigation focused on evidence of foun-
dation and lining displacement and erosion, drainage
system rupture, movement of appurtenant facilities,
and recent general cracking in the area. A thorough
understanding of these factors is essential to an ade-
quate and useful analysis of the failure.

Foundation Characteristics

Examination of test excavations along Faults I and
V, with attendant testing of representative samples,
confirmed the poor quality of the foundation. A 0.15-
inch rainfall on January 18, 1964, led to collapse of
the various open trenches and shafts, attesting further
to the erodibility of these materials.

In all of the excavations across Faulis I and V it
was found that the west side was down with respect to
the east gide. This was evident in the rupture of the
agphaltie reservoir paving but was more pronounced
in the rupturing of the cemented pea-gravel drain,
where offgetting in excess of 7 inches was observed in
some of the excavations. These displacements were
gencrally extensions of rupture in the foundation.

No horizontal displacement occurred along the
faults during their most recent movements, as indi-
cated by absence of lateral offsetting in the clay tile
underdrains.

" Along Fault I cavities were found direetly under
the cemented pea-gravel drain in many of the excava-
tions. There was evidence that many of these cavities
had af one time been larger but had subsequently be-
come filled with transported material, the apparent
preponderant source of which was the compacted
earth lining. It appears that the cemented pea-gravel
had bridged these cavities until they beeame of suffi-
cient width that the struetural strength of the drain
was exceeded. Then, as was revealed in Excavation No,
1, the pea gravel collapsed, resulting in filling the
cavity with broken portions of the drain and with
soil from the compaeted earth lining. (Plate 224)

In the morth face of Excavation No. 3 a cavity large
enough to admit a man was found about 8 feet below
the pea-gravel drain. (Photog 83 and 84 and Plate
221) It extended in a northerly direction along the
west side of Fault V. Although the pea-gravel drain
at the fault was displaced, it had not eollapsed. There
was slight calcification on the surfaces of the cavity,
suggesting that the cavern had existed for some period
of time.

There was also a cavity in the foundation at Exca-
vation No. 13. To establish whether there was con-
tinuity between the cavities, water was introduced
and found. its way between the two excavations,

HExeavation No. 11 exposed the tile drains crossing

Fault V. The drains were hroken near the fault line.
(Plate 22j) Tt appears that Teservoir water had
seeped through the lining into the foundation at
Fault V. '

Excavation No. 4 also disclosed cavities existing in
the natural formation as much as 47 feet below the
pea-gravel drain adjacent to Fault I. It appears rea-
sonably certain that these cavities had existed for
gome length. of time, predating the day of failure.

Excavation No. 8 was made speeifically to expose
the agsumed crossing of Fault I by the southeast toe
drain. The compacted earth lining was carefully re-
moved from the pea-gravel drain. It was found that
the drain and membrane were ruptured at the fault
line, with the west side down about 14 inch, The frae-
tured pea-gravel drain was carefully removed. An
open cavity was found immediately beneath it, extend-
ing between the soutleast toe drain and an adjacent
sink hole in the reservoir floor. The eavity was ap-
proximately 1 foot wide and 6 inches high, The 4-inch
clay tile in the southeast toe drain was broken at the
fault line, (Photo 85) It was evident that this break
had oecurred at some time in the past because the
broken surface had an inerustation of caleium car-
bonate, Photos 86 and 87 show a fragment of the
4.inch tile with the ealeium deposit.

Af, various locations along the drift (Execavation
No. 9) cavities were found at the fault line. (Photos
88 and 89 and Plate 221} The ecomparatively smooth
and straight fault planes showed no signsg of erosion,
suggesting that separation between fault blocks was
the primary action in creating the gaps. Fine sand
was commonly found in some of the open fault joints.
In two locations along the drift, near the base of the
breach, pieces of asphaltic membrane and pea gravel
were found.

Reservoir Lining and Drainage System

The asphaltic paving was fractured completely
across the reservoir along the trace of Fault I. The
crack extended into the south crest roadway and dis-
appeared a few feet south of the fence and curb line.
There were major eaved areas or sinkholes adjacent
to the breach, over the drainage inspection chamber,
and at the base of the south reservoir slope along the
craclk. There were a number of minor sinkholes on the
same line. The west side of the crack was offset down-
ward as much asg 4 inehes with respect to the east.
Evidence of increasing displacement was the presence
of ostracods clinging to part of the broken paving
surface. The remainder exhibited the lustre of a fresh
break, which undoubtedly occurred on the day of
reservoir failure. This lends eredence to the econclusion
that the paving broke in at least two stages,

There was a minor crack in the reservoir floor at
the gouth circulator line along the trace of Fault V.
There were no sinkholes along this crack, but there
had been flow through it.



ANALYSES OF FAILURE 59

In many of the test exeavations it was difficult to
detect visually shearing or tension disturbance through
the compacted earth lining over or adjacent to the
fault lines. In others the only evidence of lining fail-
ure wad a zone of saturation which could be easily
penetrated by a probe. However, there was a well-
defined crack through the lining in Excavation No. 8.

Digplacements at Faults I and V were characterized
by the west side being down with respect to the east
gide. The reservoir bottom was constructed to slope
to the east to provide a positive drainage gradient
toward the drainage inspeetion chamber. It appears
likely that minor offsets in the pea-gravel drain pre-
exigted at the fault lines and that seepage water was
intercepted at the offsets. The amount of water so in-
tercepted could have been small. However, it would
have been eoncentrated by being forced to flow along
the displacement until reaching places where it could
escape into the foundation.

Examination of the 12-inch clay tile drain between
Bore Hole BAH-4 and Manhole A showed the line to
be clear, without evident disruption.

A study of the logs of the several borings and test
excavations revealed that the thickness of the com-
pacted earth lining varied from 8.5 to 10.2 feet at
various locations in the reservoir bottom, Analysis of
these variations does not indicate any eorrelation with
areas of failure. :

Reservoir Vicinify

Following failure, Fault I was traced across the
floor of the reservoir to an exposure in Exeavation
No. 14, 250 feet gouth of the rim of the reservoir.
North of the main dam the trace of the fault becomes
obseure. A erack in the detention basin on the south
gide of Cloverdale Avenue was observed, but it could
not be determined if this crack was associated with
the fault.

FOUNDATION SETTLEMENT ANALYSIS

During construction of the main dam, foundation
settlement measuring devices had been placed at nine
selected stations along the 12-inch drain. (Plate 13)

The readings of these settlement devices were re-
corded periodically over the life of the project. Re-
sults are plotted on Plate 26 and selected data are
tabulated in Table IX-1. Elevation datum is Bench
Mark PBM 40-C, which has been determined to be
subsiding.

It appears that this foundation settlement took
place in about four years, with the longest settlement
period approximately 55 months. However, the precise
differentiation between foundation settlement under
embankment load and that due to other causes is
rather difficult to make at this site. The amount of
the incremental settlement and its relationship to the
total are evidence that there has been a substantial
vertical movement other than related to the eompres-
gion of loose foundation materials. As an example of
this, for Settlement Device No. 2, where approxi-
mately 0.65 foot settlement oceurred in the first three
years, an additional 0.78 foot occurred in the succeed-
ing period. The shape of the eurves for Settlement
Davices Nos. 2, 3, and 6 is revealing in that, once the
effect of foundation consolidation begins to disappear,
a definite continuing downward motion is apparent.
The curves for Settlement Devices Nos. 1, 4, and 5,
which are not included, have a similar shape. For
Settlement Devices Nos. 7, 8, and 9 the trend is still
downward, yet it is at a noticeably different rate.
The curves also have a different shape, indicating that
these settlement deviees are reacting to a different
ecombination of loads.

Analysis of results of Water and Power surface set-
tlement observations at the reservoir indicates that a
trough of major settlement had been developing along
an alignment close to the trace of Fault V. (Plates
258 through 25¢)

' Qettlement-versus-time data for selected reference
points-were replotted into semilogarithmic form where
it is often possible to separate the settlement due to
foundation consolidation from settlement due to other
causes. (Plate 27) This type of plotting accentuates
long-term effects as opposed to short-term effeets. Set-

TABLE 1X-1
FOUNDATION SETTLEMENT DATA

Approximate
Bettlement Stationing along Approximate height . Total foundation settlement Incremental
meagliring deviee number 12-inch drain of fill, feet gcttlement, feet under fill load, feet settlernent, feet
35-87 45 1.05 0.20 0.85
4158 187 1.43 0.85 0.78
5-1-49 154 1.44 0.80 0.65
6-+39 127 1.23 0.85 0.58
7429 106 1.08 0.65 0.43
821 105 1.08 0.55 0.53
T i 10-145 91 - 0.85 0.40 0.25
- T RO 11-+37 98 0.45 T 0,20 0.35
U 12+4-28 70 0.35 EEET 0.15 0.20
R
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tlement durmg the life of the Teservoir was as fo]lows

(Plate 5)

. Refereﬂce Pomt : Settlement in Feet
South Parapet Wall, Statlon 25 +50 ,,,,, - 0.80
South Cireulator Plpe Station 3+00..___ .,0.80 7
North Circulator Pipe; Station 8450 ___* '1.18
North Parapet Wall, Station 64-50______ 0.94.
20 Feet North of Dam Axig, Statmn 6+50 1.07

- 390. Berm, Station 9-4+50_____ . - 0.82
340 Berm, Statmn 3+50 ________________ 0.50

These pomts have u_ndergone major settlement over
the lifeof the reservoir; some of them are on the
surface of the natural ground and some on fill, and
yet they have all behaved in essentially the same way.
It appears. therefore that the compresgion of -the fill
is not the .only significant factor in the overall surface
settlement which has been measured.

The record for PBM 31, which is a beneh mark
located approximately 700 feet southerly of the reser-
voir at the location of the elevated steel water tank
and which is located along an extension of Fault I,
has been included for comparison only.

Instrument surveys of the gate tower, inlet and out-
let tunnels, and drainage inspeetion chamber were
made during the week after failure. With respect to
measurenents made on November 20, 1963, there was
relative uplift through the inlet tunnel of 0.01 foot
at the east portal, 0.11 foot at the tower, and 0.17 foot
in the drainage inspection chamber easterly of Fault
I. There was no measured change in the chamber ele-
vation west of Fault T (Plate 25¢). The top of the
gate tower had moved to the east 0.12 foot.

Surveys made on January 1, 1964, showed an addi-
tional uplift of about 0.015 foot in the inlet tunnel
since the survey of December 17, 1963. During the
same interval the westerly end of the chamber under-
went no further elevation change.

‘With the exception of the west end of the chamber,
there had been an uplift between October 20, 1963,
and November 20, 1963, of about 0.01 foot in the
tower, the tuxmels, and in the rest of the chamber.

The movement of the gate tower base (Plate 25d)
had heen consistently downward over the life of the
structure, reaching a maximum of 0.55 foot before
suddenly uplifting 0.11 foot at time of failure, A
feature of the record is the jerky nature of the settle-
ment plot mdicating short-duration uplift superim-
posed on a steady downward trending curve. Such a
condition eould be accounted for by rapid release of
strain energy which had been developed as a direet
result of downdrag of the.foundation mass west of
Fault -1 on the foundation block to the east. As the
settlement progressed, the strain energy could be built
up to a point at which the frictional resistance across
the fault surfaces was exceeded. A rapid slip eould
result. This could have continued until the day of
failure, when the sudden release of the reservoir load
was combined with the release of the strain energy.
A measure of the resilient rebound of the foundation

is indieated on the settlement curve during 1957 when
about 0.03 foot rebound was measured during dram-
ing of the reservoir.

A Jow- denmty sedlmentary fOlI]Jda.tIOD can be ex-
pected to compress appreciably when subjected to the
load of a major embankment such as the main dam.
Similarly, such a high embankment will coTpress in-
ternally under its own weight. Both of these kinds
of movement will, however, decrease and cease with
time. Both types of settlement have been measured
by Water and Power at Baldwin Hills. Analysis of
these data has indicated that:

1. Both the foundation and embankment settle-
ments were well within the tolerances aceeptable for
good construction practice.

2. Most of the vertical movement which could be
attributed to these causes virtually eeased in the
early life of the reservoir.

3. Bubstantial continuing settlement for both sur-
face and foundation reference points has been meas-
ured, and thig settlement has followed the same
pattern as that of beneh marks located elsewhere in
the subsidence bowl.

4. A trough of maximum settlement has been de-
fined which crosses the reservoir in a north-south
direction and which is parallel to and just westerly
of the trace of Fault V. This zone curved slightly
to the west between Manholes A and B. The settle-
ment trough suggests that foundation deterioration
was in progress along Fault V as well as along
Fault I. (Plate 23)

5. Inereasing vertical movement at Fault I in the
few weeks immediately preceding failure was evi-
denced by reversal of the settlement trend of the
gate tower and the structures immediately adjacent
to it. This uplift was similar to that which had been
occurring spasmodically during the life of the reser-
voir but was greater in magnitude than any en-
countered before,

'ANALYSIS OF MOVEMENT IN
- STRUCTURES
Examination of the record of construction joint

separation of the reservoir parapet wall showed pro-
gressive displacement at Station 9-1-14.4 beginning

- shortly after the reservoir was put into operation. The
.separation widened to about 34 inch prior to the fail-

ure. An adjacent joint at Station 8-493.5 was opening
in a gimilar manner, and it was at this location that
the widening was greatly accelerated as the failure
became complete on December 14, The south parapet
wall and curb joint openings first observed after the
failure were approximately on the trace of Fault I
These openings indicate progressive movement at the
fault culmivating in a rapidly aceelerating displace-
ment at about the time of failure.
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Cracking of the drainage inspection: chamber at
Station 04-70.3 started in 1951. The crack at Station
0489 was first observed in 1958, followed by the
cracks at Stations 0443 and 0454 in 1960. During
the month of November, 1963, each of these cracks
opened appreciably. Table IX-2 presents crack data
for the year preceding failure. It was not necessary to
have large forces to open these eracks since the eham-
ber had only minimal temperature reinforcement in
the longitudinal direction.

The rotation of the middle broken section of the
chamber was probably due to nonuniform weakening
of the structure foundation, combined with the rela-
tive uplift east of Fault I.

Strain gage readings at Spillway Stations 3410
and 3433 show continuously inereasing displacement.
The spillway in this reach was lost in the breaching
of the dam. The cumulative straing were in the order
of 14 inch maximum.

An examination of the steel shell in the connector
conduit between the tower and the circulator lines was
made by the Corrosion Specialist, Department of Wa-
ter Resonrces, for evidence of progressive settlement
in the connector. The two construction joints in the
connector conerete encasement had undergone vertical
and Tongitudinal displacement. The report of this in-
vestlgation states:?

“‘Examination of interior surfaces of the tower
conneciion revealed a crack in the cement mortar
lining, around the periphery of the pipe, at the flex-
ible joint nearest the outlet tower. This erack . . .
varies in width from 1 inch at the bottom of the
pipe to 2 inches at the top of the pipe. A 14-inch
wide crack was also found in the cement mortar lin-
ing around the periphery of the pipe at the flexible
joint farthest from the outlet tower. At the time of

1 wllis, W. J., Memorandum report to Robert B. Jansen. "Baldwin
Hills Dam and Reservoir—Tower Connection Corrosgion In-
spection.”” April 10, 1964.

- original installation, the gap which existed in the

gement mortar lining at the joints, was filled with
hand placed cement mortar . , , Bufficient evidence
was present to determine that hand-placed mortar
completely filled the gap in the lining when origi-
nally installed. Therefore, the presence of cracks in
the cement mortar lining at the flexible joints is
positive evidence that movement has oceurred sinee
installation of the tower outlet. The 2-ineh crack at
the flexible joint nearest the outlet tower indicates
that considerable movement has oceurred at this
point.

““A build up of corrosion products was found on
the interior surface of the steel bell ring exposed at
the base of the 2-inch erack in the cement mortar
lining . . . The circumferential band of steel exposed
by movement of the joint was 2 inches wide and cor-
rosion products covered 114 inches of this width.
A T4-inch wide strip, adjacent to the spigot end of
the joint was completely free of corrosion products
. . . The absence of corrosion produects on this area
indicates recent movement of the joint, If this area
had been exposed to reservoir water for a long
peried of time, we would expect a build up of cor-
rogion products similar to that found on the re-
maining area of steel. However, since the l4-inch
steel strip was completely free of even minor eor-
rosion, it is concluded that this area was exposed
by recent movement of the joint which oceurred
immediately prior to, during, or after dam failure.

“The remaining 114-inch width of exposed steel
shows a build up of corrosion products to a height
of ¥-inch from the steel surface. This would re-
quire exposure of the steel surface to the corrosive
influence of the water for & long period of time. . ..
‘We cannot determine the actual exposure time in-
volved in this formation, however, based upon past

TABLE 1X2

DRAINAGE INSPECTION CHAMBER
STRUCTURAL CRACKING DATA

Total ¢rack opening
Btation 04+70.3
Btation 043, Btation 0454, Station D+S?,
Date of measurement North top, inches South bottom, inches Top average, inches Bottom average, inches | Bottom average, inches
Deeember 19, 1962 .. ________ 0.028 0.033 0.441 0.140 0.225
January 25, 1963 ...~ 0.032 0.039 0.447 0.144 0.227
February 20, 1963 __ __ . ___________ 0.031 0.037 0.457 0.145 0.235
March 25, 1068 . ..o 0.033 0.041 0.464 0,149 0.241
April 26,1963 . _______________ 0.039 0.051 0.408 0.154 0.281
May 24, 10683 ______ - 0.035 0.053 0.470 0.154 (0.233
June 25, 1963____ 0.037 0.045 0.465 0.148 0.238
July 26, 1963 ____ 0.032 0.046 0.453 0.148 0,242
August 30, 1963__ 0.031 0.054 0.457 0.146 0.234
September 27, 1943. 0.031 0.046 0.455 0.157 0.2368
October 30, 1963 ______________ 0.022 0.045 0.455 0.148 0.234
November 26, 1063 ________ .. 0.070 0.083 0.488 0.202 0.275

Source of Data LA, Dept, of Water and Power.
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experience, I would feel that a period of 5 years or
more would be a conservative estimate. . . .

‘“Heavy calcium deposits were found at one loeca-
tion within the joint erack of the lining near the
top of the pipe. This deposit was approximately 1
inch in thickness and extended from the steel sur-
face to the interior surface of the cement mortar
Iining, The amount of caleium deposited in this area
indicates a considerable period of time involved.
Actual time required for formation of the ealeium

INVESTIGATION OF FAILURE—BALDWIN HILLS RESERVOIR

would be diffieult if not impossible to determine,
however, it serves to substantiate the conclusion
that the crack in the lining has existed for a num-
ber of years.”’ (Photos 90 and 91)

The measurements of displacement of the appur-
tenant structures, including the corrosion analysis of
the cireulator connector pipe, indicate that the move-
ments leading to failure had been occurring over a
substantial period of time with a final movement on
or about the day of failure.



CHAPTER X

CONCLUSIONS

The events and conditions which have been ana-
lyzed now can be categorized as to their relative sig-
nificance ag contributing influences in the process of
destruetion.

FACTORS NOT RELATED TO FAILURE

Evidence examined by the Fngineering Board of
Inquiry indicates that the following factors did not
have any significant causal relationship to the failure
of the reservoir,

Extraction of Potable Ground Water

Records show that no potable groundwater with-
drawal of consequence has been made from the forma-
tions underlying the reservoir. Evidently, none of the
land subsidence affecting the facility stemmed from
this souree.

Earthquake on Day of Failure

Although several people located south and south-
west of the reservoir have reported feeling tremors
of uncertain source during the week of failure, there
is not any recorded instrumental evidenee of an im-
portant earthquake in that period. It iz possible that
mild tremors from time to time during the life of the
facility may have contributed in a minor way to its
deterioration. But it seems reasonable to conclude
from the available facts that the failure was not pri-
marily of seismie origin.

Massive Landslide

This investigation did not uneover any evidence
which would link the failure to landsliding of a sub-
stantial mass of the Baldwin Hills due to slope insta-
bility. Tioeal landsliding has been observed in the area
for many vears, and evidences of current movement
of limited extent can be seen in various locations
around the reservoir. Neither kind of sliding is re-
garded as of importance in this analysis.

EVOLUTION OF FAILURE

General earth movement in the area of investiga-
tion can be characterized as a widespread, long-term
tectonie activity upon which has been superimposed a
relatively rapid subsidence confined to a limited area
close to the reservoir.

Evidenece indicates that the primary actuating move-
ment which led to the failure of the Baldwin Hillg

Reservoir stemmed from land subsidence in the viein-
ity, with the center of depression located southwest-
erly of the reservoir. This movement set up ten-
gile stresses in the earth’s surface at the reservoir,

which lies practically on the rim of the subsidence
bowl.

The foundation of the reservoir is broken by several
faults which are probably assoeciated with the nearby
Newport-Inglewood fault system. These faults, trend-
ing generally in a north-south direetion, represent
planes of weakness in the foundation at which tensile
stresses such as those developed by subsidence might
be expected to find relief.

Stretehing of the ground surface in the vieinity
apparently resulted in opening of the foundation at
these faults and dropping of the foundation blocks
simulating a stairease desecending to the west. There
ig litile doubt that the subsidence began long before

construction of the reservoir and continued through-
out its life.

Opening of the foundation faults and the accom-
panying vertical displacement at these lines of weak-
ness evidently led to rupture of the asphaltic mem-
brane, the pea-gravel drain and clay tile pipes under-
lying the reservoir. Vertical offsets in the drain sys-
tem would form, in effect, miniature barriers fo the
seepage flow from the west side of the reservoir sinee
the floor of the reservoir slopes downward to the east.
The displacement, with the east side of offset higher
than the west, would provide a ready means of inter-
ception of leakage and for diversion of the flow into
the foundation along the lines of maximum founda-
tion weakness.

Although there was probably some leakage oceurring
into the reservoir foundations generally, the most sig-
nificant and most damaging leakage was concentrated
at the foundation faults, where the greatest hazard
existed. It is regarded as quite possible that long-term
leakage into the faulted foundation during the years
of reservoir operation resulted in creation of cavities
not only immediately beneath the reservoir lining but
at depth in the foundation at the faults. It appears
that such eavities were formed by leaking water mov-
ing downward into the faults, causing particle read-
justment and erosion of foundation materials into the
fault openings ereated by earth tension.

The lining of the reservoir funectioned in such a way
that the asphaltic surfacing and the compacted earth
lining effectively coneealed the disruptive process tak-
ing place beneath in the pea-gravel draim, the clay

Cosy
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tile pipes, the asphaltic membrane, and in the founda-
tion. The pea-gravel drain and the clay tile pipes and
their encasement were relatively rigid elements which
would tend to gpan the eavities which were probably
developing in the immediately underlying founda-
tion, '

At the time of failure, it appears that compara-
tively rapid opening and vertical displacement oe-
curred at the faunlts in the foundation of the reservoir,
such movement being of suffieient magnitude to open
eracks through the entire thickness of the reservoir
lining and to cause its collapse into foundation cavi-
ties immediately beneath the lining. This introduced
essentially full reservoir pressures into the under-
drain system and into the foundation. The general
foundation movement involved only a small fraction
of a foot of vertical displacement at the faults, as
evidenced by measurements north and south of the
reservoir following failure and also by relative up-
lift of the gate tower and the easterly part of the
drainage inspection chamber. The remainder of the
obgerved vertical offset in the reservoir lining, and
also the final rupturing of the chamber, can probably
be aitributed primarily to general weakening of the
foundation at the faults due to water action.

Once leaking water was admitted to the reservoir
foundation in great quantities, failure of the facility
was inevitable. The general weakness and fracturing

of the foundation at the faults enabled rapid erosion -

along short lines of percolation into the drainage in-
spection chamber and through the east abuiment of
the main dam. Erodibility of the dam foundation with

19192-950 65-64 3M

ity laminationg of looge, fine sands and gilt contributed
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to the aceeleration of the failure process.

THE FAILURE IN RETROSPECT

It appears that the stage for destruection of the
Baldwin Hills Reservoir was being set even before
conception of the facility. Although the significanece of
natural and man-made pheriomena as potentially dan-
gerous factors would have been difficult to recognize
at Baldwin Hills 20 or 30 years ago, the forces which
ultimately led to trouble were in motion then.

The experience of December 14, 1963, has demon-
strated forcefully again that a structure is .only as
strong as its weakest essential component, Geologic
elements at the Baldwin Hills site would provide a
marginal foundation for any open facility for con-
finement of water.

Aware of the inherent deficiencies of the formations
at the site, the designers and builders of the reservoir
attempted to assemble an integral strueture which
would meet all the requirements for stability. Their
work was a success as long as the reservoir and its
foundation remained together and functioned as a
unit. But powerful and inexorable forces were acting
to disrupt this harmony: .

Sitting on the flank of the sensitive Newport-Ingle-
wood fault system with its associated tectonic restless-
negs, at the rim of a rapidly depressing subsidence
basin, on a foundation adversely influenced by water,
this reservoir was called upon to do more than it was
able to do.

Printed in CALIFORNIA OFFICE OF STATE PRINTING



PHOTOGRAPHS



Photos 1 through 4 show the progressive failure
of the dam on its downstream side.

PHOTO 1. Discharge at east abutment of the main dam at about 2:15 p.m. Note flow entering
catch basin.

Courtesy: Los Angeles Herald-Examiner




Courtesy: Los Angeles

PHOTO 2. Flow spreading on Elevation 340 berm. Estimated time 2:30 p.m. Note submergence of catch
basin and cavities developing at gutter.

PHOTO 3. Accelerating discharge at about 3:30 p.m. Observe ponding at street embankment.

Courtesy: Los Angeles Times



PHOTO 4. Flow through breach during final stage of failure, at about 4:00 p.m. Spray caused by
material falling into flow.

Photos 5 through 12 show the progressive failure
of the dam on its upstream face.



Courtesy: Los Angeles Herald-Examiner

PHOTO 5. Discovery of hole on face of main dam at approximately 2:20 p m.

PHOTO 6. Attempt at sandbagging hole in main dam, at about 2:50 p.m.

Courtesy: Los Angeles Times




Courtesy: Los Angeles Times

PHOTO 7. Efforts toward plugging hole proved futile. Note lowering of water level in race to empty
the reservoir. Estimated time 3:00 p.m.

PHOTO 8. Appearance of a vortex on the water surface indicating the start of a major breakthrough,
at about 3:20 p.m.

Courtesy: Los Angeles Times




Courtesy: Los Angeles Times

PHOTO 9. Widening of the break at approximately 3:25 p.m.

PHOTO 10. The break, at about 3:30 p.m.

Courtesy: Los Angeles Times




Courtesy: Los Angeles Times

PHOTO 11. Dam crest roadway and parapet wall starting to collapse at about 3:35 p.m.

PHOTO 12. Total collapse of the dam crest roadway at 3:38 p.m.

Courtesy: Los Angeles Times




Courtesy: Los Angeles Herald-Examiner

PHOTO 13. Crack at crest of main dam near east abutment.






Courtesy: U.S. Army Engineers

PHOTO 15. Cloverdale Avenue after flood crest. Homes on right side of street washed away.

PHOTO 16. Breach with failure complete and reservoir almost empty.

Courtesy: Los Angeles Times




Courtesy: Los Angeles Times

PHOTO 17. Aerial view of the reservoir at about 4:00 p.m.



PHOTO 18. View looking north toward reservoir. Note physiographic expression of Inglewood
fault indicated by arrows.

PHOTO 19. lliustration of erodibility of Inglewood formation. Gully is
about 40 feet deep.



PHOTO 20. Head of the gully shown in Photo 19. Erosion is due to runoff
from road above culverts.

PHOTO 21. South face of an excavation in}d zone of Fault | near gate tower site, April 29,
1948. Total offset across the four faults shown estimated in excess of 30 feet.



PHOTO 22. Slide area in east abytment looking northeasterly. Men shown are drilling hor-
izontal drain holes info the abutment below the slide. Sloping dark line above men is clay
slip-bed.

PHOTO 23. Close-up of slip-bed showing the magnitude —of ~movement,
which measured a maximum of 0.43 foot.



PHOTO 24. Foundation drainage details—Cradles for 4-inch and 12-inch
tile and copper tubing for settlement measuring devices.

PHOTO 25. Looking upstream from Manhole A, showing 12-inch and 4-inch tile drains and
) copper tubing.



PHOTO 26. Wood'’s Pulvimixer.

PHOTO 27. Looking upstream, showing benching on east abuitment of main dam, Manhole A,
42-inch spillway pipe and catch basin on Elevation 340 berm.



PHOTO 28. Llooking upsiream at main dam. Note benching of east abutment above Elevation
340 berm, also catch basin and Manhole B at Elevation 250 berm.

PHOTO 29. Looking east at rolled fill in main dam.



PHOTO 31.. Fabric-reinforced asphaltic membrane on west slope.




PHOTO 32. West toe drain ditch after placing fabric reinforcing.

PHOTO 33. Rolling loose pea gravel into asphaltic membrane.



PHOTO 34. Spreading cemented pea gravel. Note grade stakes apparently driven through
asphaltic membrane.

PHOTO 35.  Kemper pea-gravel slope spreader.




PHOTO 36. Installation of 4-inch tile drains in reservoir bottom.

PHOTO 37. |Installation of 4-inch tile drains. Note one line completely
encased in concrete and other with open joints on top.



PHOTO 38. Scraper spreading first layer of earth on cemented pea gravel. Note equipment
operating directly on surface of pea gravel.

PHOTO. 39. Motor grader spreading first layer of earth on cemented pea gravel.



PHOTO 40. Crack in 4-inch cemented pea gravel discovered during construction.

PHOTO 41. Placing compacted earth lining on inside slopes.



PHOTO 42. Paving reservoir bottom.

PHOTO 43. Drainage inspection chamber. Note pipes for drain lines.



PHOTO 44. Junction of 24-inch blowoff and inspection chamber.

PHOTO 45. Junction of 24-inch blowoff and 42-inch spillway lines.
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PHOTO 47. Drainage inspection chamber, January 10, 1952, showing 24-inch blowoff pipe in
foreground and weir box for southeast toe, northeast toe, and fault drains in rear. Labels C
and D on south wall locate crack at Station 0+70.3.

PHOTO 48. Drains at west end of drainage inspection chamber, January 10, 1952. Note
evidence of asphalt discharge.



PHOTO 49. Buckling of asphaltic paving, May 11, 1951.

PHOTO 50. Settlement of gate approach channel, May 11, 1951



PHOTO 51. Crack in drainage inspection chamber at Station 0+70.3,
January 10, 1952.

PHOTO 52. Opening in north parapet wall at Station 9+14.4, May 16,
1955.



PHOTO 53. Earthcrack 2. Looking north across restaurant parking lot
near southwest corner of Stocker Street and La Brea Avenue. Maximum
vertical displacement 2 inches. Opening 1 inch.

PHOTO 54. Earthcrack 2 near northwest corner of Stocker Street and la Brea Avernue, show-
ing pothole which is typical of this type of earthcrack.



Earthcrack 4 near La Brea Avenue. A typical open crack in
undeveloped field.

PHOTO 55.

PHOTO 56. Earthcrack 6 near Don Miguel and Don lorenzo Drives. Crack offsets sidewaik
about 1 inch.



PHOTO 57. Earthcrack 9.

Looking north showing open crack near base
of slope northwest of detention basin and south of Cloverdale Avenve,

PHOTO 58. Earthcrack 10.

Looking north at open eroded crack in south
bank of Cloverdale Avenue.




PHOTO 59. Ruptured reservoir lining and breach in main dam, December
15, 1963.

PHOTO 60. Typical displacement and collapse at Fault I, December 15, 1963.



PHOTO 61. Opening of second joint from gate tower in circulator connection conduit,
December 15, 1963.

PHOTO 62. Asphaltic paving and compacted earth lining adjacent to subsurface drainage
inspection chamber, December 15, 1963.



PHOTO 63. Ruptured lining near drainage inspection chamber, December 16, 1963.

PHOTO 64. Sink holes and collapse features west of surface expression of Fault I along east
side of reservoir.



PHOTO 65. Collapse feature west of surface expression of Fault | north of Excavation No. 2.

PHOTO 66. Breach seen from inside reservoir, December 22, 1963.




PHOTO 67. Effects of water erosion on foundation sirata on east face of breach, December 22,
1963.



PHOTO 68. Stratification in foundation at east side of breach. Note pea-gravel drain and
compacted earth lining above. December 28, 1963.

PHOTO 69. Looking upstream at faulted Pico formation in lower end of breach, December \-16,
1963.



PHOTO 70. Landslide plane exposed in east side of breach, believed to be part of slide
encountered during construction of dam.

PHOTO 71. East side of breach showing spillway pipe and reservoir lining, December 22, 1963.



PHOTO 72. Drainage inspection chamber, showing crack at Station 0-+70.3, December 20, 1963.

PHOTO 73. West end of drainage inspection chamber, showing crack at Station 0+89, drains,
and weir box, December 20, 1963



PHOTO 74. Scour and cracking in main dam downstream from 340 berm,
January 4, 1964.

PHOTO 75. Lining separation and straddler points set after failure,
December 28, 1963.




PHOTO 76. Exploratory activity at reservoir, January 6, 1964. Excavation No. 8 in foreground.



PHOTO 77. Break in north wall of drainage inspection chamber at Station
0+70.3, as exposed in Excavation No. 7B.

PHOTO 78. Top of break in north wall of drainage inspection chamber
at Station 0+70.3, showing exposed reinforcing steel.



PHOTO 79. Break in north wall of drainage inspection chamber at Station
0+89 as exposed in Excavation No. 7B. Break closes to hairline crack
at fop.

PHOTO 80. Bottom of break in north wall of drainage inspection chamber
of Station 0+89.




PHOTO 81. Pea-gravel drain Flexure Test Specimen B1 after cutting with diamond saw (length
to depth ratio approximately 3).

PHOTO 82. Pea-gravel drain Flexure Test Specimen B1 after testing. Failure occurred with a
concentrated load of 270 pounds, indicating a modulus of rupture of 91 psi.



PHOTO 83. Cavity as first exposed near bottom of Excavation Ne. 3. Hole
is about 5 inches in diameter. Fault V forms right edge of cavity.

PHOTO 84. Cavity near bottom of Excavation No. 3 after digging farther
into wall of trench. Cavity is sufficiently large for man to enter.



PHOTOS 85. Broken 4-inch clay ftile drain in Excavation Mo. 8. Faces of break were coafedv
with a-calcium carbonate deposit.
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EVENTS ON DAY OF FAILURE

. Caretaker noticed an unusual sound of water af spillway intake at about 11:15 a.m.

At the catch basin, caretaker observed an unusually high flow of drainage water running through spillway pipe.
Caretaker entered inlet tunnel portal to reach drainage inspection chomber,
Inside the chamber, beneath the reservoir, drains were found to be discharging at an unusually high rate.

Leakage from reservoir was first observed on downstream side of dam at a point about 10 fest above 390 berm,

. First surface evidence of possible breach oceurred at Station 8+93.5, where a crack across the main dam

opened and rapidly widened.,

. As flow through dam confinued, an opening became evident on inside face of dam. The breach was complete

by 3:38 p.m.
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CHRONOLOGY ON OPERATION OF BALDWIN HILLS RESERVOIR

PLATE 14

1951

April 11 First water in reservoir

April 18 Dedication

May 5 Drained for repairs

June 19 Started refilling reservoir

June 19 Initiated § daily drain measurements
July 2 Reservoir placed into service

Oct. 10 Started acid flushing of pea-gravel drain
Oct. 29 Crack in chamber at Station 0470.3

1962

July 10 Earthquake at 1:45 a.n., also July 21, 25, and 29
Dec. 21 Earthquake reported—longitudinal dam eracks filled

1963

Jan. 27 Tiltmeter installed near Manhole A
Mar. 27 Parapet joint (Station 9+414.4) open 14 inch
Uncertain date—Started weekly drain-measurements

1964

Jan. 12 Earthquake reported
Feb. 13 Minor glide on main dam

1966

May 16 Parapet joint (Station 3+14.4) open 14 inch

1966

May 17 Certificate of approval issued by State Supervigion of Dam Safety Office

1967

Mar. 13 Reservoir drained for cleaning and repairs
Mar, 21-25 Reservoir refilled

1968

Feb. 26 Backflushed bottom draing, Crack in chamber at Station 0+89
April 28 Worked on bottom drains with hose, snake, ete.
June 30 Parapet joint (Station 34-14.4) open & inch

1969

June Northeast-southwest diagonal of reservoir reported to be elongated about 0.5 foot

1960

Jan. 22 Chamber cracks at Stations 0+43 and 0-+54
Jan. 22 Crack acrosa 479 roadway on main dam at Station 8-+93 .5

1961

April 5 Terminal Island earthquake
April 13 Long Beach earthquake
July 28 Harthquake reported

Oct. 18 Installed seismoscopes

Oct. 20 Orange County earthquake
Oct. 23 Earthquake reported

1962

Sept. 1 West Los Angeles earthquake reported
Oct. 29 Earthquake reported
Nov. Drilled 4 observation wells

1963

Feb. 18 Earthquake reported
Mar. 10 Earthquake reported
Mar. 19 Flushed all draing
April 3 Last annual inspection by State Supervision
of Dam Safety Office
May 7 Earthquake reported
Nov.  Increased crack openings in drainage inspection chamber
Dec. 14 Failure
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EARTH CRACK

DATA

PLATE 17a

Crack Number First Noted Location Movement Direction Damage Remarks
) May 1957 Qyerhill Dr., Windsor Down on West 3-67 | N 11°-14° E “Street, school ground, Open irregular cracks and
Los Angeles Investment | Hills Scheol garage floor, extensive pot holes in fields.
Com?auy s cracking in several residences
- March 1958 Stocker Ave. Down on East 134* | N10°E Street, curb, parking lot Pot holes and cracks in
Los Angeles Department field.
of Water and Power
R, March 1958 Stocker Ave., West of Down on Bas§ 1247 | N10°E Btreet, curb Open crack in curb 1347;
Los Angeles Department | La Brea Ave. opposite [ault zone in road
of Water and Power cut.
a4 January 1958 Stocker Ave. to Don Down on BEast 1147 | N 19°-25° E Street, curb, apartment Intermittent trace, open
Los Apgeles Department | Lorenzo Dr. building cracks and pot holes in
of Water and Power field.
| T Mareh 1963 Northwest of Windsor Mainly down on N84 E Street, curb Trace is offset slighfly;
Log Angeley County Mills Schucl yard East Lg* open ¢racks on eurb.
Engineer's Ofiice
B Fehruary 1964 Dor Lorenzo Dr, and Down on West 17 N 25°-32° & Strest, curb, new apart- Swale type offset 15 leet
Department of Water Don Miguel Dr. ment building wide.
Resources
T e February 1964 Don Miguel Dr. Down on West 137 Na2*w Street and enrbs
Department of Water
Resources
8 February 20, 1983 La Brea Ave. Down on West 67 Parallels street Street, landslide, broken Crack repor ted as being
Log Angeles Department regidential water pipe open 57, Possible damage to
of Water and Power 01l Well Nos. 5, 17 and 27.
Injection Well No. 4 was
atarted in April and shut
down in March 1963.
| February 1084 Catch basin Posaibly down on
Depariment of Water East
Resources
10 . February 1964 Cloverdale Ave. No vertical move- N 24°-32°E Btreet, curb and possible
RDepart.meut. of Water ment observed house damage
esnurces

Embankment crack.__

Trecernber 1963

Downstream toe of dam

West side down 147

Apparent alignment
with frace of Fault T

Fault | earth crack__.

December 14, 1963

Reservoir and South
heyond water 1ank
(Possibly)

West side down 7

N 8-10° W,
Dip 73°-86° W

Inspection chamber pea-
gravel drain, tile drain

Crack in asphalt membrane,
impervious embankment
material, curb and road.

Fault V parth crack___

December 1963

Reservoir only

West side down 47

N7 W-N5°E,
Dip 65°-72° W

Circulator lines, pea-
gravel dram, tile drain

Crack in asphalt membeane,
and impervious
embankment material.
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EXPLORATION DATA

PLATE 22b

Excavation or Type and,/or Date .
bore=hole number method Purpose completed Depth Sampling data Remarks-—signifcant results
1 Trench, Gradall Inspect Fault I near breach 12-16-63 { 20’ 12 push tube samples, 13 jar | Intersecied Fault I Found
samples, 2 bag ssmples separation on drain approxi-
mately 0.4 [vet.
2 Trench, Gradall Inspect Faulta I and II near south | 12-17-63 | 17* 19 push tube samples, 23 jar | Intersected [aults. Found separa-
end of reservoir samples FDItl on drain approzimately 0.4
eet.
3 Trench, Gradall Investigate Fault ¥V near reservoir ) 12-18-63 | 19 11 push tube semples, 12 jar | Found Fault V, separation along
center samples, 2 bag samples drain approximately 0.3 feet.
Large cavity found near trench
bottom.
4 Bhalt, clamshell | Investigate nalure of Fault T at | 1-11-64 | 50’ DWP conducted extensive sam- | Nature of Fault I was abserved
and soft rock depthk pling—1 jar sample hy DWR along entire depth.
mining
L] Trench, Gradall Further determine conditions on | 1. 2.64 | 15’ None Intersected faults. Approximately
Faults I and II 0.5 feet aggregate separation
observed on both faults,
[ Trench, Gradail Further determine condition of 1- 364 | 177 18 jar samples, 23 push tube | Intersected {ault. Approximately
Fault I samples, 4 bag samples 0.6 Jeel separation on pea-
) gravel drain.
7 Trench, Gradall | Inspect chamber exterior inrespect | 1-18-64 | 267 None Trace of {ault does not correspond
and clamshell to {aulting to crack in chamber.
8 Trench, Gradall Inspect intersection of Fault Tand | 1- 6-64 | 137 10 push tube ssmples, I bag ol | Cracked [ace of tile coated with
southeast toe drain lining material only pecondary material.
9 Shaft and tunnel, | Investigate Fault ¥ heneath breach | 2-17-84 | 47/ shaft, None Asphaltic material from mem-
clamshe)l  and 258" tun- brane found at Station 0427 and
solt rock mining nel 0434,
10 Trench, Gradall Inspectintersection of Fault Vand | - 8-64 | 24° None Could nct find fault.
24-inch blowelf
104 Trench, Gradall Inspectintersection of Fault Vand | 1-13-64 | 25° Bome by the Department of Water | 24-inch pipe intersected—no eracks
24-inch blowofl and Power or evidence of fault found
11 Trench, Gradall Ingpect intersection of Fault Vend | 1-153-64 | 167 4 push tube samples south face of | Cracked faces of tiles coated with
: three center tile drains lining material only secondary material.
12 Trench, Gradall Further determine conditions on 1-16-64 | 18" None Very loose sanda ohserved along
Fault I [ault zone,
13 Trench, Gradall Find extension of cavity found on | 1-20-64 | 167 None Cavity found beneath pea-grave}
Fault V in Excavation No. 3 dram which  extends toward
Excavation No. 3.
14 Trench, Gradall Extend knowledge of Feult I 1-23.64 | 237 None Trace of Fault I established.

south of reservoir




EXPLORATION DATA

PLATE 22¢

Extavation or Type and /or Date i
bore-hole number method Purpose completed Depth Sampling data Remarks—slgnificant results
15 Trench, Gradall Find extension of faults nerth.of | 1-25-684 | 25° None Faulta not definitely Located; fill is
breac too deep.
BH-RT Rotary CP 8drill | Sample blanket material near 1- 3-64 | 10.07 9-214” pugh tube samples
Faults 1 and II
BH-R2 Rotary CP 8 drill Sa]glplia vblanket material near | 1- 3-64 | 10,47 13-214" push tube samples
Fault
BH-R3 Rotary CP 8 drill | Sample lining material near breach | 1- 3-64 | 8 §* 12-214” push tube samples
BH-R4 Retary CP 8 drill | Sample lining in ‘soft’ area, west 1- 4-64 | 5.5° 13-215" push tube samples
center of reservoir
BH-R5 Rotery CF 8 drill | Samplé lining in area of no known | 1- 4-84 | 10,27 14-21%” push tube samples
disturbance
BH-A8 Bucket auger drill | Sample compacted Bl beneath | 1- 9-64 | 21,97 13-234" push tube samples
BH-RT 40-inch bucket | Inspeet condition of 12%-inch file 1-16-64 | 34.0° 10 jar samples 12-inch drain found to be open to
auger drill ain Manhole A" —Depattment of
Water and Power calls this
hole BAH No. 4.
BAH 1 thru BAH 3 Bucket auger drill | Sample _lming and foundation.| 12-27-63 Not recorded by department.
material
Converse Engineers Bucket, auger drill | Sample lLning and foundation 1- 864 37 ring drive samples Not recorded by deparbment.
TH1thra TH S " materials
EFB-81 Hand sampling Bample pertinent materials in 1- 2-64 | Near surface| 2 jar samples, 2-214% push tubes,
breac 1 bag for compaction
EFB-82 Hand sampling Sample pertinent materials in 1- 2-84 | Near surface| 2 jars, 2-215” push iubes, 1 bag
breach Ior compaction
WFB-S1 Hand sampling Sample materials in breach 1- 2-64 | Near surface| 2 jar samples, 234” push tubes, 1
bag lar compaction
BHYH-1 Rotatjr-yacuum Obtain data on syndets, chlorides 21264 | 1397 Continucus bag samples
type rig and moisture
A Trench, Gradall Find and_determine eondition of | "2-11-64 | 10° None Draing were found undisturbed.
tile drains near chamber
127 Trench, Gradall Further determine wature of | 2-10-64 | 18¢ None Very loose soft soils were found in
Fault 1 trench. .
7B Trench, Gradall Inspeet north exterior chamber 3-14-64 | 26° None Foundation percolation test made

wall and footing at Fault T

3-19-64. No evidence of scour
under chamber.
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