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PHOTOGRAPHIC EXHIBIT INDEX

Exhibit Photo No. Title
1 1 Looking at the U/S riprapped slope from

the right abutment with outlet works tower
in background.

1 2 View of the grass covered D/S slopes of
dam. Note the flat berm in the background
over the old slide area.

2 3 View of the outlet works tower and service
bridge.

2 4 View of the outlet works discharge channel.

3 5 Downstream view of the gated spillway

structure.
4 6 Crest of dam, slide area about sta 55+00.

4 7 Upstream crest of dam at sta 59+00, drop-
off in the crack about 19' deep.

5 ) Pepper shale/Del Rio shale contact in
inspection hole at sta 58+60.

5 9 South Fault in South Fault trench excava-
tion, downstream. Pepper shale on left
against Eagle Ford shale on right.

6 10 Broken zone in the Eagle Ford shale in
the embankment foundation at station
31+40, 240' D/S from centerline. Zone
about 8 feet wide.

6 11 Upturned Eagle Ford shale on the down-
thrown side of the South Fault in the
upstream fault excavation.

7 12 Del Rio shale exposed in the north slope
of the spillway discharge channel

7 13 Oxidized sandstone seam in the Pepper
shale in the middle inspection trench
1100 feet D/S from dam axis station 55+00.
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Eagle Ford shale (le.t)/overburden contact
in the embankment foundation; vicinity of
station 20+00 on centerline.
Vertical joint with weathering halo in the
Eagle Ford shale; embankment foundation
about station 32+00, D/S.
Slickenside in the Pepper shale below and
nearly normal to the failure plane in
inspection hole sta. 58+20.
Slickenside 2-1/2 feet below and nearly
paralleling the failure plane in inspection
hole sta. 58+2C.

Fill placement in the area between the
outlet works and river.

Fill placement w/twin sheepsfoot rollers.

LeTorneau equipment M50-55 Power Packer
electric drive drums, compacting fill.

LeTorneau equipment L~140 electric digger.

Scraper, R. G. Letnrneau equipment LTU~27
electric digger 3-wheel drive.

R. G. LeTorneau equipment, K-53F tractor
3-wheel drive pulling 50 ton Ferguson
pneumatic roller.

Fill placement in closure area about sta.
15400, piezometer mound in foreground.

Fill placement of mound around piezometer.

Austin chalk exposed on the right
abutment.

Rock bolts and protective wire mesh.

View of slope indicator SI-1 showing
pinched pipe due to compression.

View of slope indicator at sta. 55400,
collapse at fill/overburden contact.
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WACO DAM
WACO, TEXAS
EMBANKMENT CRITERIA, PERFORMANCE,

AND
FOUNDATION REPORT

SECTICN 1 - INTRODUCTION

1~01. Purpose of Report. Th. s report is prepared with approval of
Office, Chief of Engineers, in accordance with ER1110-2~1801, Construc~
tion Foundation Reports, and ER 1110-2-1901, Embankment Criteria and
Performance Report, and is presented as a single report with every
effort being made to satisfy requirements of both ER's., It was con-
sidered that combining information required in ER's 1110-2-1801 and
1110-2-1901 into a single report affords engineering and other disci-
plines a better understanding of design and construction problems
related to the project. The-“report covers design, construction, and
operational information on geotechnical features of the major elements
of Waco Dam consisting of the embankment, spillway, and outlet works

(See Photos 1 through 5).

The report summarizes available information on the investigation,
design, and construction of the dam‘'as well as operational performance
of the project since its completion in 1965. Further, it presents
information on the slide of a portion of the embankment during construc-
tion and information on redesign and recomstruction required for suc-

cessful completion of the project. Significantly, the report evaluates

(1]
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the performance of the embankmentﬁ particularly the critical phenomena
such as foundation pore pressuresiA.Detailed supporting documents are
available for review in the Geotechnical Branch, Fort Worth District,
and at the Waterways Experiment Station. Additional information is

also available in papers listed in the Selected References.

1-02. Construction Authority. Congressional authority for the con-

struction of Waco Reservoir, a unit in the plan of improvement for the
Brazos River basin, is contained in the Flood Control Act approved
3 September 1954 (Public Law 780, 83rd Congress, 2nd Session) in ac-
cordance with the plan as outlined in House Document No. 535, 83rd
Congress. Authority to initiate advanced plaaning was contained in
the Public Appropriation Act of 1956, approved 15 July 1955 (Public
Law 163, 84th Congress, lst Sessicn and in Advice of Allotment C-29,

3 August 1955).

1-03. Location and General Description. The Waco Dam is located on

the Bosque River, in central McLennan County, immediately northwest
of the city of Waco (See Plate 1). The new Waco Dam embankment and
appurtenant structures replaced a previous dam constructed in the early
1930's, located approximately 3,000 feet upstream. The spillway gates
and the bridge over the spillway were removed fror the old dam. The
remaining embankment of the old dam had a crest wall at elevation 432,
which is below the conservation pool of the new lake. The watershed is
approximately 89 miles long, 19 miles wide, and includes the drainage

systems of both the North and South Bosque Rivers. These two rivers

(2]
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converge about one mile upstream from the dam. The dam provides flood
protection and water supply for the city of Waco and also furnish pro-
tection for approximately 1,188,000 acres of floodplain on the Brazos
River downstream from Waco. For location and general plan of project,

gsee Plates 1 thru 3. Pertinent data concerning the project are tabu-

lated below:
DAM:
Type, rolled earthfill:
Length, overall . . . . . . . 18,045 ft (including dike & spillway)
Height, above streambed . . . . . 140 ft
Width, crown + + + « « v o « o + « 20 ft
SPILLWAY:
Type, ogee, gate controlled:
Length, at crest. . . . . . 560 ft
Total length. . . . « « « + . . 904 ft

Crest elevation, msl . . . . . . 465 ft

Gates, l4-tainter . . . . . . . 40 fr x 35 ft
Top of gates, elevation msl . . . 500 ft

Outflow, capacity at maximum
design water surface. . . . 622,900 cfs

OUTLET WORKS:
Type, gate controlled conduit:
Gates, 3-tractor type . .+ . ¢« « + + . o+ . 6 ft 8 in X 20 ft
Conduit, diameter, « « o &« « o o « o o o o o o o o o o 20 ft
Invert elevation, msl .+ « &+ 4+ & o « « ¢ ¢« ¢ « o o « « 400 ft

Outflow, capacity at top of flood control pool . . . 20,100 cfs

(3]
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1-04. Project History. Initial investigations for the project docu-
ment site were made during 1940 in the general area of river mile 4.6
on the Bosque River. During this period 12 NX core holes, totaling
833.3 linear feet, and 22 auger holes, totaling 317.3 linear feet,
were drilled for foundation study. The information developed from
this study was used to secure authorization of the project as a unit
in the plan of improvement for the Bosque River basin.

In 1955 studies were made on alternate damsites located both up-
stream and downstream from the project document site. These studies
considered a dam at mile 7.35 on the North Bosque River in combination
with a dam at mile 5.3 on the South Bosque River; a single dam at
existing Lake Waco Dam; and a single dam at mile 1.5 on the Bosque
River. TFoundation conditions at each of these sites appeared to be
suitable for the proposed structures. However, after economic studies
were completed the project document site, with minor alignment
changes, was selected for the Waco Reservoir project. A construction
contract for the first increment of the embankment was awarded in June
1958. Deliberate impoundment began in February 1965 and the lake
reached elevation 455 (top of conservation pool) in May 1965. The
project was originally scheduled for completion in June 1964. How-
ever, a major slide occurred in the embankment in October 1961 which
necessitated redesign of a portion of the embankment and also resulted

in redesign of the spillway.

(4]
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1-05. Foundation Slide. A major slide involving part of the embank-

ment and its foundation occurred in October 1961, during construction
of the first major portion of embankment under Contract No. 60-82 (See
Plate 47 and Photos 6 and 7). The portion of embankment affected was
between Stations 50 and 65. According to the classification system of
the U.S. Committee on Large Dams, (ASCE/USGCOLD, 1975), the slide was a
"Type 3 Accident"; a slump that took place before any water was
impounded. A detailed description of the slide is given in paragraph

5.02,

1-06. Contracts and Contract Supervision.

a. The Waco Dam was designed by and constructed under super-
vision of U.S. Army Engineer District, Fort Worth, Texas. Field super-

vision was under the Waco Area Office.

b. Geotechnical personnel were not assigned to the project
until after the embankment slide occurred. After that event, all
foundation preparation, mapping, treatment, and grouting, and also all
instrumentation installation, monitoring, interpretation, and embank-
ment zoning and control, were performed under supervision and final
approval of geotechnical personnel assigned to the project office from

the Fort Worth District Office.

c. A board of consultants was appointed to review all investi-
gation, design, and comstruction activity after the embankment slide

occurred. Board members were as follows:

[5]




Dr. Arthur Casagrande
Professor of Soil Mechanics
Harvard University
Cambridge, Mass.

Mr. Hibbert M. Hill

Chief Engineer

Northern States Power Co.
Minneapolis, Minn.

Mr. Edward B, Burwell, Jr.
Consulting Geologist
Upperville, Virginia

d. Listed below are the major contracts for the construction

of the project structures:

Contract
No. Contract Title Contractor Awarded
58-530 Initial Embankment Dean Skinner 13 Jun 58
Austin, TX
60-82 Portion of Embankment Moorman and Singleton 2 Sep 59
anu Partial Excavation Wills Point, TX
of Spillway
60-255 Outlet Works Hoffman snd Borders 6 Nov 59
Waco, TX
61-963 Spillway Elmer C. Gardner 23 Mar 61
Inc., Houston, TX
62-1257 Slope Protection F. L. Vollintine 3 Apr 62
Fort Worth, TX
62~-1399 Repair of Embankment R. G. LeTourneau, Inc. 7 Jun 62
Longview, TX
63-1342 Clearing E. D. Robinson 12 May 63
Cascade, CO
63-1462 Completion of Embank- Clement Bros., Co. 28 Jun 63
ment and Construction Hickory, NC
of Service Bridge
64-174 Maintenance Facilities Commercial Constr., 24 Sep 63

and Access Road

Co., Waco, TX

[6]
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SECTION 2 - FOUNDATION INVESTIGATIONS

2-01. Investigations Preceding Comstruction. Foundation investiga-

tions for design memoranda and final design were completed during the
period from 1955 through 1961. These studies consisted of drilling
auger and core borings along the proposed center line of the embank-
ment and at selected locations beneath the proposed spillway and out-
let works. In addition tc the foundations borings, auger holes ware

drilled in proposed borrow area locations.

2-02. Investigation During Construction. A large number (734) of

core, auger, fishtail, instrumentation, and inspection holes were
drilled during construction as a part of the slide investigation and
redesign of the embankment. Locations for most of the above

referenced borings are shown on plates 11 through 14,

(7]
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SECTION 3 -~ GEOLOGY
3-01. Regional Geology.

a. Physiography. The project is located on the western
margin of the Balcones fault zone. This northeast-southwest
trending zone of normal, locally en echelon faults marks the
easternmost boundary of the Great Plains physiographic province
(Grand Prairie sub-province) and the westernmost boundary of the
Gulf Coastal Plain physiographic province. The Brazos River
comprises the prime drainage system in the region with the
Bosque, Leon and Little Rivers being major tributaries.

b. Stratigraphy. Ranging from west to east, geologic
formations cropping out include limestones, shales, and
sandstones of the Trinity, Fredericksburg, and Washita groups of
the lower Cretaceous and the upper Cretaceous, Gulf series.
Regional geology is shown on Plate 24.

c. Structure. The regional structure is that of a homocline
broken by the faulting of the Balcones fault zone. The regional
dip of the Cretaceous rocks west of the fault zone is 20 to 30
feet per mile to the southeast. At the Balcones fault zone, the
regional dip of the formations increases to 60 to 20 feet per
mile to the southeast.

d. Ground Water.

(1) General. Regional ground water is of two types:
free or unconfined ground water that accumulated primarily in

alluvial deposits, and confined or artesian ground water which

(8]
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is ground water having sufficient head toc rise above the aquifer
in which it is encountered but which does not necessarily rise
above the ground surface in a well.

{2) Free Water. Free water is found in the dam and
reservoir areas near the ground surface in valley alluvial
deposits and frequently in the basal beds of river terrace
deposits that overlie impermeable bedrock strata. Free water
recharge results from percolation of rainfall and migration of
ground water through the alluvium. Domestic surface wells
producing from this source in the area often go dry in drought
periods.

(3) Artesian Water. There are five sources of artesian
water present in the bedrock strata of the Waco region. They
are, in descending order: The Edwards Limestone, the Paluxy
Sand, the Glen Rose Limestone, and Hensel and Hosston Sands of
the Trinity Group. The Edwards Limestone is the only aquifer
outcropping in the reservoir area. Each of these aquifers is
separated from the other by relatively impervious formations.
Piezometric elevations (developed from water well inventory data)
range from +350 to +400 MSL. The piezometric contours developed
from water levels of the Glen Rose, Hensel and Hosston Formations
show a definite cone of depression in the Waco municipal and
industrial area with the dam site located on tne northwest flank
of this depression. Based on this information, it is concluded

that the high readings obtained from piezometers installed at the

(9]
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dam site were not the result of artesian conditions in these
formations. further, a test hole drilled 300 feet downstream
from the dam on Station 56+00 penetrated all formations from the
top of the Georgetown to the top of the Glen Rose. The
piezometric surface in this open hole was established at
elevation 418 or approximately one (1) foot above ground surface.
Therefore, this section of formations is not considered to be
contributing to the high pressures recorded from shales in the
piezometers at the dam site.

3-02. 8ite Geology.

a. Physiography. At Waco Dam the Bosque River impinges

against the Bosque escarpment, a prominent cuesta of Austin Chalk
that forms the south wall of the river valley. The present
valley of the Bosque River has a broad floodplain about 6,500
feet wide, between a low, gentle bluff to the north and a cuesta
to the south. A geologic and topographic map of the dam and
reservoir is shown on Plate 25,

b. Stratigraphy.

(1) General. Bedrock formations which constitute the
foundation of the dam and its appurtenant structures are, in
ascending order, the Georgetown Limestone, Del Rio Shale, Pepper
Shale, Eagle Ford Shale and Austin Chalk, all of Cretaceous Age.
A geologic map of the dam and reservoir is shown on Plates 11 and
25, and geologic sections are shown on Plates 26 through 34.

(2) Georgetown Limestone. The only Georgetown

(10]
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Limestone exposed at the dam was the upper portion of the
formation encountered in excavations for the spillway stilling
basin. The nearest outcrop is in the South Bosque River valley,
4 to 5 miles northwest of the dam. A deep boring located 300
feet right of the dam axis, Station 56+00, indicates the
formation is about 158 feet thick. The Georgetown penetrated in
this boring was the most competent material encountered at the
project and consists chiefly of argillaceous limestone. The
upper portion of the Georgetown includes many alternating beds
of argillaceous limestone and calcareous shale. The contact
between the Georgetown and the overlying Del Rio Formation is
gradational, but has been correlated between borings using
electrical resistivity logs and core. There is no break in
deposition apparent between the Gecrgetown and Del Rio
Formations.

(3) Del Rio Shale. The Del Rio Shale is exposed in the
spillway and along the spillway discharge channel, and is present
beneath the overburden throughout much of the left abutment from
the spillway to the north fault. Also, it is the uppermost
bedrock between the north and the south faults beyond 2,500 feet
right of the dam axis. The Del Rio is a remarkably homogeneous
and distinctly calcareous clay shale, having three easily
identified marker horizons: A thin (0.05-0.20-foot thick), tan-
white bentonite seam located approximately 3 feet from the top,

and two marly (very calcareous) horizons, approximately 18 and

(11]
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22 feet above the base. Occasional, thin (0.1 to 0.5 foot
thick), lenticular limestone beds are scattered throughout the
formation. The basal contact of the Del Rio Formation has been
placed 0.5 foot below a marly limestone bed about 0.8 foot thick
at the bottom of the formation. The top of the Del Rio is an
erosional surface. The erosional interval was of unknown
duration, but erosion was sufficient to remove most of the Buda
Limestone Formation that originally overlaid the Del Rio.
Residual detritus, consisting of fossil shells, sand, shale
pebbles, and phosphatic nodules, cemented into a limestone

conglomerate, overlies much of the erosional unconformity at the

top of the Del Rio. The secondary mineral marcasite is present

throughout the Del Rio in nodular form and as fossil
replacements. The thickness of the Del Rio varies from 64 to 72

feet. Photo 8 shows the contact of the Del Rio Shale and the
Pepper Shale above it.

(4) Pepper Shale. The Pepper Shale is the uppermost

primary formation between the north and south faults both
immediately upstream and downstream from the dam axis. Within
the general area of the dam, the total thickness of the Pepper
Formation ranges from 60 to 80 feet. Locally beneath the dam the

Pepper is as thin as 40 feet where it has been eroded and covered

with overburden. Lithologically, the Pepper is a dark gray to

black, fat, waxy, fissile, possibly carbonaceous, compaction clay

shale, some 2zones of which are soft to very soft. These
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uncorrelatable soft 2zones can ordinarily be attributed to
structural rather than lithologic causes. Pepper shale rapidly
deteriorates on wetting and drying. With the exception of some
slightly calcareous interbeds, the Pepper Shale is noncalcareous.
However, calcite is occasionally found as a precipitate along
slickensides in the shale and within the fault planes. The
Pepper is a bentonitic clay shale, but no relatively pure
bentonite in the form of seams or bands is present in the unit.

Secondary ferric staining in the form of jarosite, hematite,
and limonite is prominent on exposed, weathered Pepper outcrops.
The mineral marcasite is common throughout the Pepper, bhoth
finely disseminated and associated with the secondary lithologic
characteristics. The Pepper Shale contains thin seams of
siltstone, sandy siltstone, and sandstone. Clay-ironstone occurs
only as concretions. Generally, these seams are light gray where
encountered, occasionally grading to gray-brown or brown in
color. They oxidize to yellow-tan or reddish-brown when exposed
at an outcrop. No persistent seams were noted in the upper 8
feet nor the lower 6 feet of the formation. Materials described
in core logs as hard, tan siltstone, usually 0.1 to 0.2 foot
thick, are better classified as clay-ironstone based on outcrops
and on other descriptions of the Pepper Shale. This material
occurs as disk-shaped concretions in a number of horizons within
the Pepper Shale and its lateral equivalent, the Woodbine

Formation. Clay-ironstone is comprised largely of clay cemented
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with the mineral siderite (iron carbonate) and is reported to
contain some disseminated, microcrystalline pyrite. The Pepper
is unconformably overlain by the Upper Cretaceous Eagle Ford
Group. A typical section of the Pepper-Eagle Ford contact is
shown on Photo 8.

(5) Eagle Ford Shale, The Eagle Ford Shale is a
stratigraphic group consisting of two formations: The Lake Waco
(lower) and the South Bosque (upper). Exposures of the Eagie
Ford are shown on Photos 10 and 11.

(a) Lake Waco Formation. The Lake Waco Formation

occurs immediately beneath the overburden from the river fault
(centerline Station 9+25) to the south fault, and between the
south and north faults, upstream from the dam axis. It is
characterized as a high lime content, fossiliferous shale with
many marl, argillaceous limestone and bentonite seams. Most of
the shale contains disseminated fossil fragments and
microfossils, giving the dark beds a '"salt and pepper"
appearance. Plant imprints and thin 1lignitic remains are
prevalent.

At least 80 bentonite seams have been noted in the formation,
ranging from a trace to a foot or more in thickness. They vary
from light gray to dark gray:; include an abundance of coarse-
grained material; and occasionally are micaceous or sandy. Many
of the bentonites are persistent, and are correlatable throughout

the dam site area.
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The base of the Lake Waco Formation is marked by a thin,
somewhat lensy detrital conglomeratc of pebbles, shell and fish

fragnments, sand, shale fragments, and limestone nodules in a lime

matrix. Occasional Jjoints and fractures with some calcite
fillings are encountered. Marcasite is found throughout the
formation, particularly within 1lime concentrat%ons and
bentonites.

(b) 8South Bosque Formation. The top o “he

uppermost marly zone encountered in borings was chosen to be the
contact between the Lake Waco and the South Bosque for
stratigraphic interpretations at Waco Dam. Using this contact,
the South Bosque averages 100 feet in thickness at the dam site.
It is immediately beneath the overburden in the Bosque valley
from the river fault (approximate Station 9+25 on centerlines) to
the right abutment. Lithologically, the South Bosgque consists
of a compaction shale of low lime content and very few lime
concentrations. Occasional sandy seams and horizons are present,
but generally they cannot be correlated over any appreciable
area. The shale is dark blue-gray to black, noncalcareous to
slightly calcareous, soft, fissile, thin bedded, locally silty
or sandy, and slakes slowly on exposure. It contains occasional
invertebrate fossils and fish fragments and a few thin
concentrations of shellfish. No bentonite beds were found in the
formation. The top of the South Bosque Formation is an erosional

surface, which is overlain by a thin, discontinuous conglomerate.
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The base is marked by a sandy horizon 1.5 to 3 feet thick that
overlies the first sendy marl of the Lake Wacc.

(6) Austin chalk. The Austin Chalk is exposed in the
right abutment of the dam site. In outcrops, extensive
weathering of the Austin is evident to a depth in excess of 15
feet. The Austin is considerably more resistant to erosion than
are the underlying shales; consequantly, it forms a prominent
escarpment. The formation contains many argillaceous zones up
to 8 or more feet thick that are less resistant to erosion than
is the chalk itself. At the dam site, two bentonite seams
separated by a thin (0.1 foot) <chalk bed are present
approximately 44 feet abave the Austin/Eagle Ford contact. The
upper bentonite is 0.70 to 0.90 foot thick, and the lower one is
0.10 to 0.15 foot thick. Both are light gray and are persistent
throughout the area. The Austin also contains nodular and/or
disseminated marcasite, as well as calcite coatings on
slickensides and fractures. 1In general, the Austin is comprised
of limestone which is soft to moderately hard, both thin and
massively bedded, argillaceous, jointed, chalky, and is medium
te light gray ip color. Total thickness of the Austin at the dam
site is about 128 feet. The Austin Chalk, as it was exposed in
the excavation in the right abutment, is shown on Photo 26.

(7) overburden. The overburden at the dam site
consists of Brazos River terrace deposits of Pleistocene age and

recent Bosque River valley alluvium. Terrace deposits occur on
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the left abutment and extend beyond the end of the dam.
Composition of the Brazos terrace deposits differs from that of
the alluvial deposits of the Bosque River. The basic difference
between the two deposits is the high percentage of siliceous
material in the Brazos gravel as conpared to predominantly
carbonate materials (limestone pebbles and pelecypod shells) of
the Bosque River gravel. Bosque River gravel is of commercial
quality and has been extracted extensively in an area between
Stations 24+00 and 75+00 downstream from old Lake Waco dam to the
Besque River where it crosses to the north side of its valley.
Abandoned gravel pits occupied at least 75 percent of this area
prior to construction. Conglomerate beds are widespread in the
lower portion of the gravel deposits as extensive, lens-like
masses, usually being less than 4 feet thick.
Blasting was necessary to remove conglomerate in the spillway
approach channel and in the excavation for the outlet works.
Conglomerate in the embankment foundation downstream from the
centerline adjacent to the outlet works was not removed as it was
undesirable to use explosives close to the outlet works
structure. Stripping of the overlying alluvial material in the
pits generally ranged from 3 to 10 feet and, after removal of the
gravel, the stripped materials were used to backfill the pits.
Alluvium of which the floodplain is comprised consists of

clay, sand, and some fat clay varying from 3 to 35 feet in

thickness.
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3-03. Weathering. Weathering of the foundation rocks at the
dan site was of little engineering significance except in the
Austin Chalk which forms the right (south) abutment. For the
most part, the depth of weathering in the Georgetown, Del Rio,
Pepper, and Eagle Ford shales and 1imes£ones extends only a few
inches below the surface of the bedrock. In outcrops these
formations weathered to a depth of from 1 to 5 feet except where
much jointing or fracturing is present. In these areas
weathering extends as much as 6 to 10 feet below the bedrock
surface, primarily as stained halos along the Jjoints and
fractures, but the depth of weathering was at least 20 feet at
the top of the right abutment and as much as 30 feet in the
abutment slope.

Where exposed in required excavations, Cretaceous shale
formations were protected from drying and slaking. Protection
was provided by covering the shale with gunite or asphaltic
membranes immediately following excavation.

3-04. Structural Geology.

a. Faults. Structural geology at Waco Dam directly involves
the Balcones fault 2zone, the western boundary of which is
believed to be the north fault at the dam. All faults of the
Balcones system are of normal (gravity) type, meaning that they
produce separation and down-dropping of bedrock blocks rather
than overlapping and crowding of the blocks involved. Regional

dip at the dam site is about 50 feet per mile toward the
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southeast. Locally, bedrock dip is frequantly inconsistent with
regional dip because the tilt of individual fault blocks.
Faulting at the dam site consists of three major faults. These
faults are all downthrown to the southeast. They are identified
as the north, south, and river faults. Some subsidiary synthetic
and antithetic tearing is associated with them. They are shown
on Plate 50. The north and south faults were extensively
investigated by trenching as shown on Plates 51, 52 and 53.

Drag along the faults was found to be well developed. Fault drag
is the locally steep dip of the bedrock marginal to a fault
resulting from blocks of bedrock sliding past each other along
the fault. 1In some cases, fault drag has distorted the shales
so severely that bedding was completely obliterated. This was
found most frequently in the Pepper Shale. In cases where both
the hanging wall and footwall materials were soft (i.e., Pepper
faulted against Del Rio), the fault plane was poorly defined
because of crushing and intermixing of material from both
formations. Fault planes in the Pepper and Del Rio change dip
in some locations, usually due to differences in strength of the
beds through which faults pass. The softer and weaker shale beds
were frequently found to be crumpled into a soft, clayey breccia.
The more brittle Lake Waco portion of the Eagle Ford retains its
bedding characteristics better than the other shales and forms
a more distinct fault plane with 1less brecciation. The

relatively strong Georgetown Limestone showed little drag along
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faults and had more consistent dips of the fault planes
penetrating it. Regional studies of the faulting indicate that
the faults penetrate the entire Cretaceous section of the area.

(1) North Fault. The north fault crosses the axis of
the dam at Station 58+40, (See Plates 50, 51 and 53).
Displacement of this fault varies from 120 feet in the vicinity
of 3,000 feet right of centerline to 92 feet in the vicinity of
2,000 feet left of centerline. The north fault is poorly defined
beneath the overburden, probably because of softening of the
Pepper and Del Rio shales by ground water. The dip of the fault,
estimated to bc 73 degrees, is probably this steep because of
resistance to shear of the Georgetown LImestone, which is very
near the surface of the footwall of the fault. Tearing along the
north fault is not prevalent. Two synthetic tears were noted
downstream in the drainage trench excavation, very close to the
north faunlt_  Generally, the scft shales at the contact between
the bedrock and the overburden at the north fault lend themselves
more readily to warping and "remolding" along the fault plane,
so tearing is held to a minimum. Small blocks of limestone are
occasionally found along the fault plane and are generally
considered to be fragments of the limestone lenses found in the
Del Rio or fragments of the detrital conglomerate at the top of
the Del Rio. Crystals and crystalline sheets of secondary
calcite are found precipitated between slickensided surfaces of

the fault plane. 0il stains are often found associated with the
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slickensides. Weathering and oxidation are minor along the fault
plane, with infrequent oxidation stains encountered at depth.
A geologic map of trenches which exposed this fault is shown on
Plates 51 and 53.

(2) South Fault. The south fault crosses the axis of
the dam at Station 51+50 (see Plates 50, 52 and 53). The fault
is also a normal or gravity fault. Pepper Shale forms the
footwall of the south fault. Where observed upstrear from the
dam axis, a thin veneer of basal Eagle Ford overlies the Pepper
between the north and south faults. Geologic maps of trenches
in which the south fault is exposed are shown on Plates 52 and
53. Originally, it was believed that the north and south faults
converged near the embankment of the old Lake Waco Dawm. However,
later investigations showed that the south fault divides into two
faults beneath the upstream portion of the dam, one of which
continues upstream, apparently striking parallel. to the north
fault. However, insufficient data are available to trace this
south fault member beyond 800 feet left of centerline. The other
member of the divided south fault converges with the north fault
and will be referred to later as a convergent tear fault.
Average displacement on the South Fault is 92 feet, with
variations from 68 feet at 800 feet left of centerline, to 111
feet at 3,000 feet right of centerline. Displacement of the
member fault converging with the north fault diminishes as it

approaches the north fault. See Plates 26 and 27 for sectional
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riews of these faults, and Plates 11, 12, and 50 for plan views
of the faulting. Brecciation along the south fault is mostly
associated with the Pepper Shale in the footwall of the fault.
Drag dips of 30 degrees or more are common along the hanging wall
of the south fault. Fault drag phenomena were found 200 feet or
more down dip from the fault trace in the hanging wall of the
fault. The most pronounced warping is fcund in the first 85 feet
down dip from the fault trace. Between 85 and 200 feet distant
from the fault trace, dip anomalies of less than 5 degrees occur.
The estimated dip cne south fault at the overburden contact
is 48 degrees. The dip increases with increasing depth as the
deeper Georgetown Limestone is approached. Locally, as many as
five tears have been found in a distance of 30 feet. These tears
are not always shown on foundation maps because they often
parallel the bedding in the drag zone near the fault and,
although observable in excavation walls, are extremely hard to
recognize at the surface. The only antithetic tears found at the
site are associated with the south fault. Indications are that
the drag-warped Eagle Ford in the hanging wall of the fault has
a markedly greater permeability from shattering of its harder
beds. Downstream from the embankment somz of the large diameter
sand drains drilled into the Eagle Ford made considerable water.
Occasional streams up to an inch in diameter were noted to emerge
from open fractures in the wall of the borings. This open

condition in the Eagle Ford apparently was absent in the area
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upstream from the embankment as test grouting encountered
relatively tight conditions. Some petroleum residue and the
mineral calcite were found along the bedding planes and
slickensides in the faulted area. Weathering is not prominent
along the fault planes, but occasional iron staining is found in
the breccia, and the bentonites show considerable oxidation for
a few feet downdip from their contact with the overburden.

(3) River Fault. The primary plane of the river fault

is located at Station 9+10 on the embankment centerline, but the
fault has disturbed an area of the shale foundation between
Station 9+10 and Station 11+50. Shallower than the Georgetown
Limestone, the river fault is a complex of faults rather than a
single fault. Faults comprising the complex are numerous in the
Pepper and Eagle Ford Shales, and diminish in number downward
toward the Georgetown LImestone. Electrical logs from borings
of three sections crossing the river fault complex reasonably
established that a single fault within the Georgetown Limestone
split progressively into many faults in the shales overlying the
Georgetown. Lithologic sections EE (Plate 28), PP (Plate 34),
and FF (Plate 29) are drawn symbolically in part because of the
complexity of the faulting. 1In tracing individual faults up dip
o the northwest from the Georgetown, the dip of faults was steep
in the Georgetown diminishing upward to at least 45 degrees in
the shales overlying the Georgetown, and steepening scmewhat

again in the Lake Waco portion of the Eagle Ford Group.
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Differences of fault dip seem to reflect differences in shearing
resistance of the materials through which the faults pass. The
river fault has a dip of at least 65 degrees, with dips of as
little as 30 degrees in the shales above the Georgetown
Limestone. At the top of the bedrock, the Eagle Ford occurs in
both the hanging wall and the foot wall of the fault. About
halfway across the fault complex, the Eagle Ford is faulted
downward sufficiently that the South Bosque is immediately
beneath the overburden. North of this location the Lake Waco is
beneath the overburden (see Plate 11). The Lake Waco/South
Bosque contact has not been shown on the geologic sections of
this report. The river fault has not been traced beyond the
limits of the embankment foundation with any degree of accuracy,
although it has been projected 2,900 feet downstream on the basis
of a line of holes drilled for a road relocation. Average
displacement of the river fault is about 73 feet, but locally is
as great as 80 feet. No excavations have exposed this fault and
its bounding materials for examination. Caliche deposited in
fracture planes in microcrystalline sheets was seen in cores.
Weathering is not significant along the fracture planes or in the
brecciated material.

b. Other Structural cConditions. Stripping for the
¢ nbankment foundation uncovered a brecciated area between
Stations 31+00 and 34+00 (see Photo 10, Exhibit 6). Its

relationship with other geologic structures in the area is
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uncertain. The brecciated materials were soft, moderately
weathered, and included a moderate amount of free water. The
brecciated zone varied from 1 to 12 feet in width, striking
approximately N 69 degrees W with an apparent dip of 50 degrees
in a reverse (NE) direction to what would be considered normal
for the area. Electric logs from borings on either side showed
no displacement, and there was no evidence of strike-slip
movement.

Slickensides are common throughout all the shales at the dam
site. Although the "slicks" are associated with faulting, it is
believed that much of the phenomena can also be attributed to
minor differential displacements occurring during consolidation
of the materials. There is an abnormally greater number of
slickensides in the Pepper Shale in the block between the north
and south faults. This may be an effect of the short distance
between the two faults, or it might be related to the difference
in dip between the north and south faults. This difference may
have produced some stress relief during the early history of the
faults. See Sections E-E, F-F, and G-G, Plates 28, 29, and 30.

Jointing was noted at the dam site on exposed bedrock
surfaces and is most prevalent in the Eagle Ford. Three joint
systems are present. Orientation of these is essentially the
same in all three foundation shales. Their strikes, plus or
minus 5 degrees, average N79 degrees E (primary), N3 degrées E

(secondary), and N43 degrees W (tertiary). Some joints in the
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Eagle Ford have allowed formation of "rathole" solufion channels.
None of these have been traced for more than a few feet along the
joints. The channels apparently enter the fqrmation on joints
within the weathered zone and develop laterally. Jcinting had
a minor effect on construction. Some overexcavation was required
in the outlet works foundation to remove weathered material along
joints. In the spillway excavation, relief of lateral
restraining pressures allowed joints in the Del Rio to open;
consequently, a nominal amount of sloughing or spalling took
place. While drilling pressure relief wells under the spillway
structure, some joints were encountered that allowed
communication of drilling fluids to the surface. Slumping of the
Austin Chalk and jointing within the rock had considerable effect
on excavation in the right abutment.

Abnormal bedding dips at the dam site are attributed to
faulting. Drag-increased dip marginal to fault planes has been
discussed previously. The dip or tilt of individual faulted
blocks of bedrock differing from regional dip is, almost
universally, the result of variation of displacement along the
faults bounding the individual blocks.

3-05. Ground~-Water Conditions.

a. Free Water. Prior to constructicn, the free water in
the alluvium was recharged by precipitation, and leakage from
the old Lake Waco. Precipitation on the left abutment percolates

through terrace deposits to bedrock then flows riverward. Little
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rainfall accumulates in the right abutment as little alluvium is
present within which it might collect and because the bedrock
beneath is Austin of which only part is fractured. Storage
capability of the fractured portions of the Austin Limestone is
minor as fractures in the rock comprise a very small percentage
of the rock mass. Fracturing has enhanced drainage of the
limestone, however. Runoff is dominant over retention of
precipitation on this abutment. The area contributing either
ground water or runoff to the Bosque River is greater on the left
abutment than on the right abutment. Ground water flowed
downstream freely in the alluvial sand and gravel in the
floodplain prior to construction. This flow was conmpletely
changed by construction of the dam. A cutoff trench was
constructed beneath the dam from the right abutment to Station
3+50 and from the river channel (Station 15+00) to the spillway
structure. The embankment foundation between Station 3+50 and
the river channel in which no cutoff was constructed, is
comprised of 30+ feet of impervious clay overburden which did
not require cutting off. No cutoff was constructed beneath the
dike that extends landward (up station) from the spillway on the

left abutment:.
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SECTION 4 — STRUCTURES

4-01. OQutlet Works Foundation.

a. Introduction and Descripticn of the Structure. The outlet

works ‘is located approximately 1,050 feet northwest from the river
channel and intersects the embankment at Station 24+00. The structure
consists of a gated intake tower rising 145 feet above the invert, a
20-foot diameter conduit 497 feet long and a conventional stilling
basin with a parabolically curved concrete apron (See Plates 6, 7
and 8). Two rows of baffles and an end sill dissipate the discharge
energy. Water supply to the city of Waco is furnished through two
S54-inch diameter conduits, one on either side of the primary conduit
(See Plate 7). The construction contract (DA 41-443-CIVENG-60-255),
was awarded to Hoffman & Borders, Inc., of Waco, Texas, on 6 November
1959. Work commenced 1 December 1959 and was completed 29 September
1962. The contract was bid at $1,825,743.00, and a final settlement

of $1,943,540.76 was made on 1 November 1962,

During the period in which the outlet works foundation was ex—
posed, the District Office did not have qualified personnel on sgite
for foundation mapping. However, foundation data was obtained from
construction records, personal observations, and communication with
the construction representatives. Information thus obtained is used

as a record of the as-built foundation conditions.

b. Foundation Excavation. Preparation of the foundations was

performed in two operations: overburden stripping and bedrock excava-
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tion. The overburden material consisted of about 3 to 10 feet of
sandy clay and topsoil overlying 3 to 9 feet of sand and gravel. The
gands and gravels included lenses of well cemented conglomerate up to
3 feet in thickness, generally lying in contact with the top of the
bedrock. The spoil from the existing gravel pit strippines, consisted
of an unstratified, heterogeneous mixture of alluvial materials that
had been dumped behind the working face of the pits. This backfill
was not usable as impervious material because it included blocks and
fragments of conglomerate and excessive organic material. None of the

structure was founded on or placed against overburden material.

Except for the cemented conglomerates, the overburden was re-
moved by conventional methods using dozers and scrapers. The conglo-
merate generally required blasting for removal. All suitable clay
materials were used in the temporary cofferdam built around the stiuc-
ture. The sands, gravels, conglomerate fragments, and other
unsuitable materials were disposed of in a designated waste area lo-
cated approximately 800 feet upstream from the intake structure.

Bedrock excavations varied in depth from 5 to 25 feet, depending
on the shape of the base of the structure. The foundation for the ap-
proach walls, slab, and intake structure footings were founded about 5
feet below the top of bedrock, resulting in a required cut of about 9
feet at the discharge end of the conduit. The deepest bedrock excava-
tions were in the stilling basin, which was carried approximately 25

feet into bedrock. Excavation methods were varied to suit conditiomns.
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All vertical faces except oblique corners were precut with a coal
saw. The oblique corners were line—-drilled prior to excavation. Most
of the bedrock was ripped loose with a dozer and loaded out with a
front—end loader. Portions of the intake structure and stilling basin
foundation were broken with explosives to facilitate loading. All
loose or questionable material was removed by hand methods prior to

placement of protective materials.

¢. Character of the Foundation.

The bedrock under the entire outlet works structure is lower Eagle
Ford (Lake Waco) Shale. Weathering was shallow, seldom exceeding one
foot deep. Occasional joints were weathered to a depth of 3 feet, but
did not cause construction problems. Several thin bentonite seams
were encountered in the stilling basin excavation. Care was taken to
insure that the bentonites were not exposed in the floor of the exca-
vation. This required a minor amount of over excavation, usually to
remove blocks of shale that had broken loose above the seams. The
bedding planes in the foundation dipped slightly downstream and river-
ward. This caused a minor problem of over excavation in the horizon-
tal portion of the foundation as the blocky calcareous shale beds
tended to break out on bedding planes, resulting in a series of step-
like ridges. The only structural problem encountered was a minor,
broken or brecciated area exposed for the footing at the end of the
right wing wall of the stilling basin. This area was discovered dur-
ing excavation of the footing and required about 4 cubic yards of
over excavation. The zone was apparently discontinuous, as it was not

encountered in other excavations.
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Dewatering posed no problems. The ground water entered the exca-
vation through seeps along exposed joints and gravel layers but was
easily handled by conventional pumping (3-inch centrifugal pump), and
a temporary cofferdam was built around the entire outlet works struc-
ture to hold out possible flood waters from the Bosque River. A flood
gate was placed in the cofferdam to allow flooding of the excavation
in the event overtopping was imminent. However, flood conditions did

not develop during excavations, and the gate was not needed.

d. Foundation Treatment 2nd Preparation. Foundation remedial

treatment was unnecessary except for foundation for the right wingwall
of the stilling basin. In this area, a zone of brecciated shale was
considered unsuitable as a foundation material because of its low
bearing strength. To correct this condition, approximately &4 cubic
yards of material were removed and the excavation backfilled with mass
concrete. A few short bars of reinforcing steel were inserted verti-
cally into the mass and allowed to protrude 6 inches into the normal
footing. A small amount of over excavation was performed at other
areas prior to placement of protective slabs or structural segments.

However, this treatment was insignificant.

Subsurface treatment consisted of anchor bars and drain holes in
the stilling basin and wingwalls (See Plate 8). Anchor bars were made
up from No. 1l reinforcing steel, 10 to 18 feet long, grouted into
4-inch diameter drill holes. The anchor bars that were tied into the

concrete apron and stilling basin floor were grouted 10 feet into




shale on approximate l0-foot centers. The bars along the stilling
basin wingwalls were grouted 18 feet into shale on 9-foot centers
and angled into the foundation at a 1V on 2H slope from about eleva-
tion 367 (outside face of the wall). Drain holes for the concrete
apron and stilling basin floor consist of 4-inch diameter holes drilled
10 feet into shale, slanted upstream at a 2V on lH slope, and spaced

on approximate 20-foot centers. The drain holes were not gravel

packed or lined.

Surface treatment of final grade for the shale foundations con~
sisted of 6-inch protective concrete slabs on all floors and slopes
and pneumatically placed asphalt on all vertical faces. All final
grades were covered as soon as possible after approval, and none were
exposed longer than 4 hours. Deterioration of the prepared Eagle Ford

surfaces was minor. No foundation grouting was required under the

outlet works structure.

e. Investigations During and After Construction. A series of

survey points were set in the invert of the conduit and were read
periodically to check for possible elongation of the conduit during
construction ¢of and loading by the embankment. However, no signifi-

cant anomalies were noted in the readings during this period.

f. Subsequent Work Related to the Qutlet Works. Under the

provisions of Contract No. DA-41-443-CIVENG-63-1462, (Completion of
Embankment and Construction of Service Bridge), the approach and dis-

charge channels were excavated and riprep was placed at the intake
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and around the stilling basin. Both channels were excavated with

dozers, rippers, and scrapers. No anomalies were noted.

The approach channel was excavated to elevation 400, with shale
exposed in the channel for a distance of 425 feet upstream from the
intake structure. Overburden in the approach chanmnel was mostly ran-
dom, uncompacted fill, reworked during gravel mining operations. Side
slopes were constructed 1V on 3H through the upstream berm, leaving a
20~-foot bench at the top of natural ground. Slopes of 1V on 2H were

cut in the overburden.

The discharge channel was excavated with dozers, rippers, and
scrapers. The first 100 feet downstream from the end sill was over-
excavated 4.5 feet to accomodate 18 inches of bedding and 36 inches of
riprap. The channel, starts at elevation 362 (top of riprap) at the
end sill, rises to elevation 368 on a 1V on 10H slope, and remains at
elevation 368 to the point where it discharges into the Bosque River.
The 1V on 2H cut slopes have eroded excessively since closure and
diversion of the river. The shale in the lower part of the channel
has not been appreciably eroded or disturbed by discharge through the

outlet works.

4-02. Spillway Foundation.

a. Introduction and Description of the Structure. The spill-

way is located on the left abutment of the dam approximately 7,200
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feet northwest of the river channel (See Plates 9 and 10). The cen-
terline of the spillway is at embankment Station 86+07. The spillway
is comprised of an approach channel; a concrete gravity-type overflow
weir with fourteen 35 x 40-foot tainter gates and 13 piers; concrete
gravity-type nonoverflow sections which are enveloped by the earth
embankment (See Plate 10); a control room locatad in the left abut-
ment; a conventional stilling basin with a reinforced concrete
anchored floor with baffles and end sill; and reinforced concrete can-—
tilever training walls. The preliminary excavations for the intake,
discharge channels, and the structure foundation were performed under
Contract No. DA-41-443-CIVENG-60~82, (Portion of Embankment and
Partial Excavation of Spillway). This contract was terminated
following the slide of a portion of the embankment. Excavations to
final grade and construction of the spillway structure were performed
under Contract No. DA~41-443-CIVENG-61-693, (Spillway). Work com-
menced on 17 April 1961. Work was suspended in October 1961 at the
time of the embankment slide. Because of the slide, it was determined
that a reevaluation of the spillway foundation should be made. Inves-
tigations for this reevaluation consisted of drilling five large
diameter inspection holes evenly spaced across the intake channel
10 feet upstream from the end of the weir excavation, and ten 6-inch
diameter core holes at various locations in the structural foundation.
Additional laboratory testing was performed on various segments of
the foundation materials. As a result of this re-evaluation, the mass

concrete section of the spillway was redesigned and work on the project

[34]




was allowed to continue in 1962, Construction of the spillway was

completed 26 April 1964.

b. Character of the Foundation.

(1) Overburden. The only portions of the structure that
were in contact with overburden materials were the upper part of the
nonoverflow sections. Overburden materials consisted of alluvium and
reworked fill from gravel mining operations. The gravel pits, which
covered 10 percent of the area, were restricted to the intake channel
and structure foundation areas and the upper portion of the discharge
channel. The materia. comprising the pits consisted chiefly of a ran-
dom mixture of clay, gravel and conglomerate fragments. All the re-
worked gravel pit material was placed in the waste disposal berm. The
alluvium varied from 15 feet in thickness near the structure to 50
feet in thickness in the downstream portion of the discharge channel.
Throughout the area of the intake channel, the structure, and the up-
stream portion of the discharge channel, the alluvium consisted of
about 10 feet of lean clay or sandy clay overlying 4 to 10 feet of
sandy gravel, clayey gravel and conglomerate. That portion of the
discharge channel located beyond 1,600 feet right of the embankment
axis (the downstream portion of the discharge channel) had a consider-
able thickness of overbank deposits from the Bosque River. At a point
1,600 feet right of the embankment azis, the bedrock surface dropped
into the deep valley entrenchment where about 40 feet of lean and fat
clays covered a thin (2 to 4 feet thick) clayey gravel bed. The bed-
rock surface was below the maximum discharge channel excavation

through most of this area.
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(2) Bedrock. The bedrock material throughout the spillway
area was Del Rio Shale (See Plate 39). The lowest reaches of the
stilling basin floor were located in the gradational zone between the
Del Rio Shale and the underlying Georgetown Limestone. The Del Rio
is characterized by its massiveness (lack of bedding planes and
stratification). With the exception of two highly calcareous zones
located slightly below the middle of the formation, indications of
bedding were essentially absent. Very slight color changes could be
seen at a distance in the massive shale, suggesting a bedding plane,
but close examination usually showed that these changes were so grada-
tional that no individual horizons could be located. Occasional len-
ses or pockets of slightly softer, dark clay shale were recognized in
core samples, but could not be correlated or recognized in the excava-

tions.

Occasional thin, lenticular inclnsiong of limestene and clay iron-
stone were encountered but were not sufficiently abundant to cause any
anomalies in the loading characteristics of the shale. No significant
faulting was encountered although some slickensided surfaces were
noticeable. Jointing was the most significant structural condition
involved in the spillway foundation. Within the areas investigated,
the joints were developed in a conjugate system, with one set of
joints approximately parallel to the axis of the weir section and the
other approximately normal to it. Many of these joints were open
enough to permit encrustations of ferric oxide to depths of 40+ feet

below the top of rock. Whenever these joints were encountered during
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drilling, they allowed the drilling circulation to vent to the sur-
face. Grouting was considered in some cases, but later deemed unneces-
sary. Joints caused considerable sloughing along vertical faces. Some
mechanical deterioration occurred where exposed shale surfaces were
allowed to dehydrate. This drying process ordinarily penetrated less
than 2 feet before a protective mantle developed. When weathering of
this type occurred, such as along the chute and stilling basin training
walls, it was necessary to over excavate appropriately. Weathering in
the foundation was of minor consequence. The basic excavation removed
all weathered primary material from the foundation with the exception

of occasional slightly weathered bands along joints.

(3) Dewatering. Ground water was encountered at the over-
burden-bedrock contact but was easily handled by ditching the side
slopes and draining into the spillway discharge channel. A cofferdam
placed across the discharge channel below the structure area prevent-
ed the Brazos or Bosque flood waters from backing up the discharge
channel into the stilling basin. Ground-water seeps, rain water, and
excess construction water were pumped out of the excavation. Oceca-
sional small sumps or catchment basins were dug to collect water in
the excavation. Rain water posed the greatest problem. After heavy
rains, work was often held up in the stilling basin to dewater. At
times, several days were needed to accomplish the drainage. Usually,

2- or 3-inch centrifugal pumps were used in the dewatering operations.
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¢. Foundation Excavation.

(1) Preliminary excavation included the spillway intake and
discharge channels, and partial excavation of the structural founda-
tion and stilling basin. All impervious materials in the overburden
were used in the embankment. Pervious materials were placed in the
waste disposal berm on the downstream riverward side of the stilling
basin and discharge channel. Most overburden excavation was performed
using dozers and scrapers. A minor amount of the tougher clays and
conglomerates required ripping, and one large conglomerate lems in the

intake channel required blasting.

Bedrock excavations were congiderably wmorce involved.  Although
most of the shale could be easily ripped, it was necessary to accom-—
plish some controlled blasting. Blasting was generally restricted to
the lower portions of the discharge channel excavation and was done
only when conditions required it. No blasting was allowed within 10
feet of finished grade. Suitable shale materials were used in the
random and shale fill sections of the embankment (Station 34+00 and
80+90). All unsuable materials were placed in the waste disposal
berm on the downstream riverward side of the stilling basin or in

designated waste disposal areas located upstream from the spillway

structure.

(2) TFinal excavation to foundation grade was performed under
the conditions of the contract for comstruction of the spillway. Most

vertical or mnear vertical faces were precut with a coal saw. The
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shale was then broken up by ripping and loaded out with a track-type
end loader. Fine grading was done by hard. Over excavation was
moderate, generally arising from over penetration by ripper teeth or
spalling along cut faces. All loose or questionable material was
removed prior to placement of protective membranes. Because of the
spillway design, a minor construction problem developed during exca-
vation of the upstream footing for the redesigned portion of the
structure. The design required that a shale face at the back of the
structure be exposed for an extended period of time before being back-
filled. This face was cut at a 4V on 1H slope, and required a protec-
tive asphalt membrane. However, because of the extended period of
exposure, the face slaked and spalled badly, even though protected
repeatedly with asphalt sealer. The spalling posed a constant danger
to the workmen and also resulted in an extraordinary amount of cleanup,

especially when shale particles would fall into concrete pours.

d. Foundation Treatment and Preparation.

(1) No dental work or foundation grouting was necessary in
the spillway foundation. Minor excavations were made as required at

che time protective concrete membranes were placed.

(2) Foundation treatment consisted of installation of
foundation drain holes and anchor bars (See Plate 10). Anchor bars
were divided into three groups. Two groups were set in the training
walls and a third group in the apron and stilling basin floor. All

anchor bars were grouted into 4-inch diameter holes. The first group
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placed in the training walls consisted of 68 (34 in each wall) No. l&
bars, 60 feet long, grouted 31 feet into shale and extending 29 feet
into the base slab of the wall. The holes for these bars were drilled
on a 4V on 1lH slope into the foundation from elevation 390. Indivi-
dual spacing varied from 5-foot centers at the apron end of the train-—
ing wall to 8-foot centers for the last six bars at the downstream end
of the training wall. The second group of bars used in the training
walls consisted of 110 (55 in each wall) No. 11 bars, 40 feet long,
grouted 37.5 feet into shale. The holes for these bars were drilled
on a lV on 4H slope into the foundation. Spacing was on 8-foot cen-
ters in two lines at elevation 376 &nd 384 on the excavation face.
The third group of anchors consisted of 1,925 No. ll bars grouted 10
feet into shale at an angle perpendicular to the excavation grade sur-
face. Spacing was a nominal 10 feet on centers, varying slightly to
miss all contraction joints. Five pull-out tests were performed.
Four tests yielded at the ultimate tensile strength of the bar, and
the fifth test failed by pulling free of the hole. The cause of this

failure was attributed to an improper grouting job.

Drain holes to intercept and relieve uplift pressures werz in-
stalled in six different series. The holes varied from 3 to 6 inches
in diameter and were lined with perforated polyvinylchloride pipe.
All holes were drilled by rotary or rotary-percussion type tools, were
thoroughly washed and cleaned, and were jetted dry before the liners
were installed. The location and details of the drain -holes, in the

order of their occurrence (upstream to downstream), are as follows:
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(a) One hundred and forty-one holes were drilled from
the drainage gallery, in line, on 5-foot centers. The holes were an-
gled upetream on a rising 1V on 20H slope from elevation 410.5 on the
drainage gallery wall, 60 feet into shale. The 4-inch diameter holes
were lined with 2-inch 0.D. perforated polyvinylchloride pipe. No
filter material was placed in the holes. During drilling operatioms it
was noted that some of the holes vented to the surface upstream from
the structure. Air from the drilling operations apparently vented
along vertical joints. After installation, most of the drains made
slight amounts of water, but most of this water was stopped by place-
ment of impervious fill over the upstream portion of the weir struc-~
ture. No significant increase in water production was noted from these

drains after completion of dam and impoundment of water.

(b) One hundred and forty-one drain holes were
drilled vertically from the floor of ths drainage gallery. The holes
were located in-line, on 5-foot centers. Each hole was 6 inches in
diameter and extended 30 feet intc shale (top of the Georgetown Lime-
stone). A 2-inch diameter polyvinylchloride liner was centered in
each hole, and the annular space between the hole wall and the liner
was packed with graded sand filter material. The total inflow (flow
through drains and leakage through joints in the structure) into the
spillway gallery is being measured. Gallery inflow and reservoir ele-
vation plotted versus time are shown on Plate 42, There is a
general correlation between gallery inflow and reservoir elevation.
Piezometers installed in the foundation at the base of the spillway

structure show that the seepage pressures are relieved by the drains.
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(e) One hundred and forty-one drain holes were
drilled along the apron at the original location of the weir section.
When the weir was redesigned and relocated, these drains were left in
place and extended to drain from the surface of the apron. The holes
had been drilled 40 degrees from vertical and were intended to inter-
cept the floor of the originally designed drainage gallery, spillway
Station 124+50. Each hole was 4 inches in diameter, extended 45 feet
into shale, and was lined with 3l/2-inch 0.T. perforated polyvinyl-
chloride pipe. No water discharged from the drains before impoundment.

Since impoundment many drains are flowing and appear to be functioning

normally.

(d) Thirty-four drain holes were drilled 40 degrees
from vertical on 20-foot centers across the apron. The holes were
4-inch diameter and intercepted the apron surface at Station 125+30.
Each hole was drilled 30 feet into shale and lined with 31/2-inch 0.D.
polyvinylchloride pipe. The holes filled with water after installa-

tion, but production was very slight.

(e) Seven hundred and fourteen drain holes were
placed in the chute apron and stilling basin floor. These holes were
located to include 21 lines of 34 holes each, all on nominal 20-foot
centers. Minor variations were made to miss contraction joints. All
holes were 4 inches in diameter and were drilled 10 feet into shale at
a 30 degree angle from vertical. Each hole was lined with 3l/2-inch

0.D. perforated, polyvinylchloride pipe. Many of the holes in the
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lower part of the apron and the stilling basin made a minor amount of
water after completion, but no significant production was noted.

Holes in the stilling basin are presently submerged and cannot be

visually observed.

(f) In addition to the vertical or angle drains, two
rows of 15 each horizontal drains were drilled 33 feet into the shale.
The horizontal drains were all 3-inch diameter holes, spaced along the
walls on l8-foot centers, with their invert at elevation 383. No
liner was placed in the holes. Several of these drains made a slight
to moderate amount of water. All drains, except groups described in
paragraphs a and f, were drilled through the protective concrete
membrane. Groups a and f drains were drilled prior to placement of
concrete at their respective Ffaces. All drains appear to be func-

tioning properly in accordance with their design.

(3) Surface Treatment. Specifications called for place-

ment of 6-inches of protective concrete on all floor areas and slopes
and pneumatically placed asphalt on all vertical or near vertical
faces. The final grade of the chute and stilling basin walls, which
were cut with a coal saw, were covered with pneumatically placed
asphalt as soon as practical after exposure. The asphalt treatment
was repeated as necessary until the wall was completed. Portions of
the end sill and weir side walls were also cut with a coal saw. The
walls of the redesigned weir section were fine-graded by hand. All

vertical and near vertical walls in the weir foundation were treated
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repeatedly with asphalt while they were exposed. The floors and chute
sectin « were hand graded, cleaned, and approved before being covered
by a 6-inch protective concrete membrane. Over excavation in the
floors and chute was backfilled at the time the protective slabs were
poured. Protective slabs were generally placed in 8 or 12 by 30-foot
sections. Upon completion of the grading, each section to receive a
protective membrane was throughly inspected by a Government represen-—
tative and covered by a wet tarpaulin until the membrane or slab was
placed. 1f the section was not approved, it was kept moist until the
deficiency was corrected. Because the Contractor was delayed by a
shutdown during construction, some of the vertical faces along the
training walls were exposed much longer than originally planned. In
places the deterioration was sufficient to require change orders to
correct the situation. Remedial repair usually consisted of placing
additional anchors, some of which exceeded 50 feet in length. A mod-
erate amount of over excavation was also required. 1In all cases, loose

or weathered material was removed before placement of the structural

units.

€. Spillway Instrumentation. Twelve piezometers were in-

stalled at various locations in the foundation as shown on Plate 41.

Each piezometer consisted of a 6-inch diameter porous concrete tip

connected to a 1/2-inch 0.D. stainless steel riser. It is believed that

this was the first installation of prefabricated porous concrete
piezometer tips. The tips were fabricated and the piezometers were

installed by Fort Worth District government crews. Each tip was
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imbedded 1.5 feet into the foundation at their respective locations.
Two sets of piezometers were located under the weir section in pier
monoliths "0" and "N". Each set consists of six piezometers; one
located at the top and one at the bottom of the back wall of the mass
concrete weir section; one directly under the drainage gallery 5 feet
downstream from the bottom of the back wall; one 30 feet downstream
from the bottom of the back wall; one 9 feet downstream from the cen-
terline of the weir; and one 43 feet downstream from the centerline of
the weir. Ten of the piezometers had their risers extended through
the concrete to the roadway over the top of the spillway. The other

two piezometers extend inte the drainage gallery.

4-03. Embankment Foundation.

a. General. Geotechnical personnel were not assig:' 1 to the
project until after the embankment slide. At that time they became
responsib.e for approval of foundation in the embankment slide area
and from Stations 0+00 to 34+00. Portions of the embankment founda-
tion excavated prior to the embankment slide were inspected and approved
by project construction personnel. The embankment foundation excavation
and treatment is discussed in three segments: the dike segment, which
extends northwestward from the left nonoverflow section of the spillway
for a distance of about 9,000 feet; the embankment segment, which
extends from Station 34+00 to the right nonnverflow section of the
spillway and the closure segment which extends from Station 0+00 on the

right abutment to Station 34+00.
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b. Dike Segment. Foundation preparation for this segment con-
sisted of stripping sod, topsoil and organic material from the embank-
ment foundation area and excavating a 5—-foot deep inspection trench at
the centerline of the dam. The trench had a 10-foot bottom width with
1V on 1lH side slopes. Construction records make no mention of exca-
vating bedrock or encountering unusual conditions in the foundation.
The alluvial overburden averages about 25 feet in thickness in the area
and is underlain by calcareous clay shale of the Del Rio Formation.
The occurrence of a gravel bed in the overburden under a portion of the
dike segment may allow a minor amount of seepage. However, any water
seeping through the ground will enter the normal ground water aquifer
in the downstream alluvium or will disgcharge inkto the excavation for
Borrow Area E which 1is graded to drain into the spillway discharge
channel.

c¢. Embankment Segment.

(1) Foundation Preparation. Original foundation prepara-

tion for this segment consisted of stripping the foundation area of
all vegetation and organic materials and excavation of a cutoff trench
to bedrock at the centerline of the dam. Geotechnical personnel were
not assigned to the project during the embankment segment foundation
preparation. A review of records and conversation with construction
personnel indicated that operations were consideved normal. The cut-
off trench excavation was accomplished with dozers and scrapers and
was 20 feet wide at the base with 1V on 2H side slopes. In many places

ground water caused problems during trench excavations. To establish
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good bond between bedrock and impervious backfill, the trench was
widened and the water sealed off at the sides with clayey material.
The trench bottom was then cleaned by dozers pushing a header bank.
The trench was backfilled with impervious material as soon after appro-
val of the trench as possible to preclude any water reentering the
trench behind the header bank. No mention was made of the fault zones
which were crossed by the trench at approximate Stations 51+50 and
58+40. Before the slide it was thought that the shale on which the
trench was bottomed was all Eagle Ford. However, post-slide investiga-
tions revealed that from approximate Station 58+40 to the spillway the
trench was founded on the Del Rio Shale, from approximate Stations
51450 to 58+40 on the Pepper Shale and from 34+00 to 51+50 on the Eagle
Ford Shale. The embankment slide which ultimately covered an approxi-
mate area between 50+00 and 65+00 reflected the movement which occurred
in the area bounded by the faults and underlain by the Pepper Formation
(i.e., approximate Stations 51+50 to 58+40). Post-slide investigations
indicated that a redesign of a portion of the embankment was necessary
and that treatment would be required for the foundation in the slide
area. Remedial measures included degradation of the embankment in the
slide area to elevation 450, backfilling the cracks in the embankment
below elevation 450 with a sanded grout slurry, and addition of massive
random fill berms both upstream and downstream. Additionally, trenches
were excavated along the fault lines both upstream and downstream from
the embankment toes to the outer end of the berms, and the bond between

the foundation and the cutoff trench and the remaining Pepper Shale
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under the axis was tested and grouted if necessary. The excavation of
trenches allowed a thorough inspection of the faults both upstream and
downstream from the embankment. Fault zones in the upstream trenches
were test grouted and found to be tight. The trenches were then back-
filled with impervious material. In the downstream area, a system of
vertical 18-inch diameter, sand filled drains was constructed along the
faults and integrated with a 5-foot thick horizontal pervious blanket
that covered the floor of the trenches.

Smaller berms were also added to the portion of the embankment
from Station 34+00 to the interception with the slide repair section.
These berms were added as an extra precaution to improve the stability
of the embankment. No additional foundation treatment was required in

the area.

(2) Embankment and Foundation Remedial Treatment.

Remedial treatment in the slide area consisted of grouting the embank-
ment section which would be left in place and become a part of the
redesigned embankment, grouting the foundation and treatment of the

upstream and downstream fault zones which would be covered by berms.

(a) Embankment Grouting. Grouting of the embankment

was initiated in June 1962 with the crest at about elevation 470.
However, no grouting was planned above elevation 450, the point to
which the embankment was degradeq before final reconstruction. Grout
was injected under gravity pressure only. Solids in the grout mix

consisted of 3.7 parts fine sand to 1 part cement by volume with 5 per-
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cent bentonite by weight of sand and 1 to 2 perceat fluidifier by
weight of cement. Grout was injected both through open cracks in the
embankment and drilled holes. Since most of the open cracks were on
the downstream side of the slide, grouting was initiated at the down-
stream toe and proceeded upslope and upstation. Locations of grout
holes are shown on Plate 56.

The drilling equipment was not available at the start of the job,
so grouting in cracks actually proceeded higher than the first line
of drill holes. No problems arose from working higher on the embank-
ment, so the work was allowed to progress up to approximate elevation
470 without any restraint. Drilling did not intercept as many voids
as was originally anticipated. Although many holes had 100 percent
water loss near the surface, it was determined that most loss was
restricted to the loose, d iurbed materiai in the top 6 feet of the
holes. Water was always lost in the drainage blanket when it was
intercepted. Although many holes penetrated the drainage blanket, no
voids were intercepted below it. The drainage blanket material was
exposed to the grout many times without an appreciable take. After
the embankment was excavated, examination showed that grout never
pene -ated more than 6 inches into the drainage blanket. During dril-
ling erations, attempts were made to limit the use of water, but
water losses were considerablé; however, no deleterious effects to the
embankment were noted from excess water. Some holes penetrated into
the overburden, downstream from the cutoff trench. In most cases water

was lost in the overburden, but grout takes were small. Occasionally,
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grout vented downslope from the point of injection, but this was not a

major problem.

The several fixed movement points which had been established
throughout the slide area were checked periodically during the grout-
ing operations. No point movements were noted until 19 July 1962. On
that date, a general movement of about 2.0-foot horizontally occurred
in the area between Stations 52+00 and 60+00, from about 130 feet down-
stream of the centerline to the toe of the embankment. This movement
was closely observed over the weekend of 20-23 July, when operations
had ceased. About 40,000 cubic yards of embankment materials were
removed. No further discernible movement was noted, so the grouting
contractor was allowed to continue. It was concluded that the movement
of 18 July was a readjustment of individual blocks within the slide
area, and not a general movement along the slide plane. Some of the
points in question actually started returning upstream, which would
indicate a wobbling of the blocks rather than actual slipping. Another
such movement {n the area of Station 55+00 to 58+00, 100 to 200 feet
downstream, was noted on 24 July, and new cracking in individual blocks
was also noted in this area. The cracking apparently was caused by

readjustment of the blocks.

Contract grouting was halted on 1 August 1962 because of s major
contract change providing for remedial treatment of the faults. A
definite movement of the entire mass took place on 19-20 August, almost

three (3) weeks after grouting operations ceased. Since the remedial
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work would encompass several months time and it was considered detri-
mental to add load to the embankment while unloading the toe in the

slide area, che grouting contract was terminated.

Grouting operations were resumed on 5 January 1963 after the em-
p bankment was degraded to elevation 450 and were completed by April
) 1963. This phase of the grouting program was accomplished using hired
labor forces. When the excavation reached elevation 450 and the hired
labor forces started grouting, no cracks were visible; consequently,
all points were drilled in and very few takes were encountered. The
insertion points were drilled on a grid pattern, with additional points
added where grout takes were large or where takes were suspected. Only
two takes exceeded 100 cubic feet.

(b) Embankment and Foundation Grouting. During July and

p August 1963, after the embankment in the slide area was reconstruc-
ted to elevation 475 on the centerline, « test grouting program was
completed along the centerline between Stations 51+00 and 59+00. The
purpose of this program was to test and grout if necessary, the fill-
shale contact and the Pepper Shale under the embankment. All the pri-

mary grout holes were drilled through the Pepper-Del Rio contact.

Drilling, testing, and grouting were performed by Government
equipment and hired labor. Holes were drilled to their full depth
with 31/2-inch Ffishtail bits. Unless water loss occurred, holes were
drilled to their full depth in a single operation and pressure tested

twice, once at the top of bedrock and once above the top of bedrock,
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to check the fill shale contact. Original plans were to use gravity
flow only, but the character of the fill caused the holes to block
off, so moderate injection pressures were used. No significant voids
were intecrcepted. However, numerous water losses occurred during
drilling and pressure testing. These losses can probably be attrib-
uted to interception of open, ungrouted cracks in the embankment below
elevation 450 that formed during the failure and were missed during
crack slurry grouting operations. One hole at 53+10 on the centerline
took 19.5 sacks of cement in the fill. Other grouting attempts in the
fill were insignificant. One hole was abandoned and offset because it
was venting intc piezometer P-33C. Occasional minor takes were
encountered at the fill shale contact. A maximum take for a single
hole occurred over the North Fault at Station 58+35 where 75 sacks
were injected. No grout takes occurred in the foundation. Pressure
tests up to 25 psi were conducted in the foundation with no appreciable

water losses.

(¢) Remedial Treatment on Faults Upstream From

Centerline. Excavation of trenches that uncovered the upstream faults

are shown on Plate 53. The initial excavation consisted of a drainage
ditch to dispose of surface water. This ditch ran parallel to the
embankment, approximately 500 feet left of centerline between Station
55+50 to Station 27+00. A convergent tear fault between the north and
south faults was exposed at Station 50+95 in this drainage ditch. At
the time the drainage ditch was excavated, the location of the south

fault had not been made; consequently, initial remedial work was done
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on the convergent tear. Since the upstream remedial treatment was to
be grouted, and since previous work ind cated that most grout takes
would be restricted to the hanging wall side of the faults, the
upstream trenches were excavated so that the hanging wall side of each
fault was best exposed. The original intent was to expose 5 feet of
the footwall side, the brecciated zone, and 90 feet of the hanging
wall side. This was accomplished on the convergent tear between the
north and south faults, but not on the north fault. Excavation on the
north fault exposed the fault at three places along the upstation wall
of the trench. A cross trench at 800 feet left of centerline was con-
nected to the upstream end of each trench. The Eagle Ford was exposed
along the entire length of the cross trench. Most of the excavation
was done by scrapers. A drag-line was needed to remove soft, satu-
rated materials along the drainage ditch and the north fault trench.
It was necessary to rip the Eagle Ford strata in the drainage ditch.
Excavation of the north fault trench was performed intermittently
prior to and during the north fault test grouting. It was originally
anticipated that little test grouting would be needed on the north
fault. For this reason, only three grout holes were located in the
first available portion of the excavation, at abouf: 650 feet upstream
from centerline. Pressure testing on these hcles indicated a need for
more extensive work. This work consisted of test grouting operations
which were moved as close to the upstream toe of the dam as possible,

so that they might be incorporated into a future grout curtain. After

the test grouting was completed, the north fault trace was exposed at




the upstream end of the trench for mapping purposes. Foundation
treatment in the upstream fault excavations occurred in two phases:

(1) A test grout program to determine the need for subsurface grouting
in the upstream area from the north fault to the south fault, and (2)
The blanketing of the fault traces at the top of rock with impervious
materials. The test grout program was divided into two parts: (1)
The construction of a series of grout plots on what, at that time, was
considered as the south fault, and (2) The construction of a grout
curtain across the north fault. The test program was performed by
hired labor government forces. All grout mixes consisted of Portland
cement and water placed at varying water—cement ratios as foundation
conditions dictated. The location and results of the test program are

shown on Plates 55 and 57 thru 59.

(d) Remedial Treatment on Faults Downstream From

Centerline. The north fault was encountered in a downstream drain

ditch, and was followed easily during excavation of the main trench.
The position of the trench was altered slightly from the original plan
so that inplace berm material would not have to be removed. The
floor and walls of the north fault trench were mapped by plane table
methods, and are shown in rlan on Plate 51. The overburden was mapped
in three categories: alluvial deposits, alluvial gravels, and
reworked backfill material. Much of the area had been mined for gra-
vel, .and the old pits were filled with random material. The floor of
the north fault trench was supported by both the Pepper and the Del

Rio, separated by the fault. The Del Rio, which occurs on the hanging
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wall side of the fault, was moderately weathered. Little distortion
was noted in the Del Rio near the Ffault, although tha two shales were
throughly smeared and mixed at the fault planes. A brecciated zoneg on
the- hanging wall side of the fault at the downstream end of the
trench showed considerable intermixing of the shales for about 3 feet
from the fault. The Pepper slaked rapidly on exposure, and there was
evidence of local rebounding in the Pepper after unloading.
Horizontal partings were numerous in the top 6 inches of the exposed
surface, and many irregular, joint-like vertical partings were evident
during excavation. Most of this disturbed shale was removed during
final cleanup of the trenches. True vertical joints were uncommon, or
unrecognized, because the surface was disturbed. Weathering was not
extensive in the Pepper Shale. A spring (See Note 2, Plate 51) was
encountered in the downstream side of the old north inspection trench.
The spring flowed approximately 3 gpm and was apparently producing
from bedrock, The drainage blanket underlying the embankment was well

exposed in the upstream end of the trench.

Excavation of the south fault trench was started by cutting across
the downstream end, after which the proper dimensions were laid out,
and the trench was stripped toward the embankment. The floor and
walls of the south fault excavation were mapped by plane table
methods, and are shown in plan on Plate 52, Many features of slide
movement were observed, The drainage blanket, underlying the embank-
ment, was highly disturbed and absent across most of the up-stream end

of the trench. Two pressure ridges in the Pepper Shale were noted.
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Both ridges entered the trench at the upstream end where the fault
passed under the embankment. The first ridge left the trench at the
point where an earlier inspection trench intercepted the left (west)
wall. The Pepper Shale was highly distorted and actually thrust over
the Eagle Ford adjacent to the fault. The second pressure ridge left
the trench near the downstream end of the left (west) wall. This
second ridge evidently marked the edge of the slide. During movement
that took place in August 1962 a single crack was observed starting at
the upstream end of the trench and paralleling the fault for about 200

feet. Actual horizontal movement along this crack amounted to about

1} inches. At about 200 feet from the upstream wall, the crack spread

into a zone of heaving. The horizontal movement was transformed into
vertical movement, and the floor was heaved as much as 4 inches ver-
tically. This movement was marked by an upward warping rather than by
overthrusting. The heaving followed the second pressure ridge closely
and was traced for about 400 feet across the ground surface between
the two fault excavations. The trench floor had not been cleaned suf-
ficiently to permit observation of movement at the time it occurred.
The overburden was reworked throughout the sidewalls of the trench.
Alluvial deposits were encountered at the downstream end and extended
a considerable distance downstream from the end of the trench.

The trench floor was composed of Pepper Shale on the footwall side
of the fault and Eagle Ford Shale on the hanging wall side. The
Pepper Shale showed very little drag-warping, although it was highly

brecciated for approximately 20 feet adjacent to the fault. The Eagle
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Ford showed strong drag~warping and little, if any, brecciation asso-
ciated with the fault (See sections, Plate 54). Only minor weather-—
ing was evident on the bedrock surface in the south trench, probably
because much of the weathered shale was scraped off during the gravel
mining operations. Considerable oxidation was noted along the exposed
bentonites. Rebounding in the Pepper Shale was less evident in the
south trench than in the north trench. This was attributed to the
relief of compressive pressures after the slide. Very little ground
water was encountered in the excavations. Construction equipment and
weathering disturbed the excavated surface of the Pepper Shale consi-~
derably and it was necessary to remove an additional foot of material
during the final cleanup operations. Treatment along the downstream
faults consisted of seventy-seven (77) 18-inch diameter sand back-
filled drain holes. For location see Plates 51 and 52. As shown on
this drawing, 39 drains, ranging in depth from 41.5 feet to 103.5 feet
were installed in the north fault. The drains installed on the north
side of the fault or in the upthrown block were drilled to the Del Rio/
Georgetown contact. The drains located on the south side of the fault
or downthrown block were drilled to the Pepper/Del Rio contact or, if
in the fault, 10 feet into the Del Rio Shale. Fourteen of these
drains made water during drilling or prior to backfilling. On the
south fault, 38 drains were installed, ranging in depth from 53.5 feet
to 82.0 feet. The drains located on the north side of the fault, or
upthrown block, were drilled to the Pepper/Del Rio contact. The

drains located on the south side of the fault, or downthrown block,
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were drilled to the fault. Twenty-six of these drains made water
during drilling or after drilling, prior to backfilling. All water
production was from bedrock. WNo significant wall smear was noted in
the holes that were drilled dry. The holes that made water during
drilling developed some wall smear, on occasions. When this condition
occurred, the holes were bailed and cleaned. The holes were then
backfilled with concrete sand. After the drain holes were backfilled,
final cleanup was performed on the excavation with a motor patrol.
The fault trenches were backfilled with 5 feet of free draining'gravel

prior to placing compacted impervious fill.

d. The Embankment Closure Segment. This section includes the

portion of the embankment from the right abutment to Statiom 34+00.
Within this interval the embankment varies from 110 feet to 140 feet
in height, measured from the cutoff trench excavations. The discus-
sions concerning the closure section are divided into three parts:
(1) The right abutment from Station -0+17 to Station 7+00; (2) the
river channel, from Stations 7+00 to 21400, and (3) Station 21+00 to

Station 34+00.

(1) Station =-0+17 to Station 7+00. Exploration during

the spring of 1963 indicated that a large slump block existed on the
right abutment. The block included an area controlled by a shear
plane that dipped near vertically at Station 0+48 and extended river-
ward to Station 3+25, where it toed out into the alluvial valley fill

(See Plates 11, 34, 37 and 38). Both the Austin Chalk and the Eagle
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Ford Shale were involved in the slump. The contract plans for the
right abutment required a sloping excavation between Station 0+00
(elevation 505) and Station 0+48 (elevation 409), which transitioned
from a 20-foot base at elevation 505 to a 30-foot base at elevation
409. From elevation 409, the excavation was to follow the top of firm
shale down to elevation 368 at Station 3+25. At Station 3+25 the ele-
vation was to daylight on a 10V on 1H slope. The side slopes of the
excavation were to transition from a 1V on 2H slopas at Station 0+00 to
a 1.5V on 1H slope at Station 0+48 (See Plate 23). However, problems
were encountered from the start of construction. One such problem
occurred on the downstream side slope which became inordinately long
and steep because of the angle at which the embankment encountered the
abutment. To add stability to this problem area, the slope of the
transition was decreased by benching, bringing the toe of the slope
out to approximate Station 0+80 at a point 60 feet right of centerline.
Excavations on the upstream slope also encountered unstable rock but in
this case extensive rock bolting was sufficient to control over-break-
age. During the treatment of the right abutment, an inspection was
made by personnel of the Office, Chief of Engineers. The results of
this inspection dictated that only the slumped portion of the Austin
Chalk be removed from the abutment. To accomplish this, it was
necessary to excavate to elevation 393 between Station 0+79 and
Station 2+92 and then slope to elevation 368 at Station 3+00. For
profile of trench see Plate 23. The condition of the chalk below

elevation 450 on the face of the excavation was relatively sound and
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required only scaling and removal of minor overhangs (See Photos 26
and 27. On the side slopes, the loose material and overhangs were
removed as much as practical, and the f£ill tamped in tight with hand
equipment., The placement of rock bolts and protective wire mesh
undoubtedly restricted the amount of sloughing, and only minor quan-
tities of loose chalk occurred under the mesh. Very little of the mesh
stretched or tightened during the time it was in place. All mesh and
bolts were removed or cut as the fill was brought up.

After excavation and partial backfill of the right abutment tie-in
(embankment constructed to elevation 474) a limited grouting program
was performed by Government hired labor forces. The grouted section,
which consisted of 25 angle holes, included the wedge of chalk from
Station 0+48 to -0+17, elevation 408. This program was initizted as a
three-row grout curtain with all holes penetrating into the Eagle Ford
Shale (bottom of grout curtain at elevation 408). All primary holes
were on approximately 10-foot centers (See Plate 37). Grouting was
performed in stages where practical. Low to moderate injection pres-—
sures were used, varying with the depth of the hole. All holes reach~
ed refusal before 250 sacks were placed. Occasional communication bet-
ween holes was noted, and in each case a packer was set in the leaking
hole and grouting continued to refusal. The center grout hole row was
split spaced with a secondary series of holes where necessary. During
the grouting program two holes were cored to check the effectiveness of
the grouting. Core from these holes indicated good grout coverage and

an excellent bond between the grout and the chalk. A total of 25 holes
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were drilled and 2240 sacks of cement were placed, of which 1928 sacks
were injected into the chalk, and 312 sacks were placed by gravity flow
at the chalk/fill contact or used in backfilling the holes. The grout
curtain was originally planned to extend back into the abutment to
Station -2+50, but the results of the referenced grouting program indi-

cated that grouting was not necessary beyond station -0+17.

(2) Station 7+00 to 21+00. Prior to commencement of

embankment work between Station 7+00 to Station 21+00 (river channel
closure section) the main embankment had been constructed to elevation
455 or higher; the spillway and outlet werks had been completed, a
commitment had been made to complete the embankment to full height in
the area of the slide, and an impervious core trench had been excavated
along the axis of the closure section between Station 21+00 and the
river. Considerable ground water was encountered during the trench
excavation and it was necessary to widen the trench and flatten the
slopes in order to lay in an impervious blanket and seal the water pro-
ducing gravels. After the seal was accomplished the saturated material
at the bottom of the trench was pushed riverward, and a clay header
bank was formed to preclude the entry of river water. The header bank
was then pushed riverward, followed by backfilling operation, which
eventually advanced to the river bank.

Initial diversion of the river was started on 27 July 1964. Prior
to that time the coantractor had built the ends of a cofferdam that ex-
tended out on the existing embankment berms on either side of the
river. A dragline had also worked previously along the river channel,

moving the saturated muck out of the river bottom.
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Initial work on the closure consisted of a temporary dike approxi-
mately 50 feet upstream: from the toe of the cofferdam. This dike was
iaid on the river muck and constructed to elevarion 380 in crder to
allow enough freeboard to clean out the channel under the cofferdam.
When the river muck had been removed the channel was cleaned and sealed
with clay prior to construction of the cofferdam. Very little scepage
penetrated through the temporary dike, and no water problems developed
in the river channel during cleanout operations. After completion of
the cofferdam, the channel was advanced in increments behind a header
bank. The channel was backfilled with compacted material as soon as it
was approved. In the random sections of the berms and embankment, the
banks of the river were pushed into the channel and processed into the
fill. In the impervious section of the embankment the bank materials
were hauled upstream to the random section and processed into the fill.
Channel cleaning advanced downstream from the cofferdam about 70 to 80
feet per day. As operations continued, a second ramp was placed about
600 feet right of the centerline, and the pumps were moved to the loca-
tion to continue drawing water out of the channel. When the cleanup
operations reached the centerline, particular care was taken to tie the
impervious material from the channel into the existing core trench on
the left bank of the river.

Using the above described methods, the channel was cleaned to a
point 550 feet right of centerline. At that time operations were
suspended for approximately 70 days to allow the contractor to apply

his full work force to completing the cofferdam (elevation 430) and
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bring the embankment up out of the channel. The cofferdam was com-
pleted 29 August 1964 and the final 150 feet of the river channel was
cleaned in mid-Qctober.

(3) sStation 21400 and 34+00. The embankment foundation in

this area was stripped to bedrock. The outlet works at Station 24+00
was covered with £ill to a depth of 3 feev upon completion of the
structure. A 20-foot section at the embankment centerline was covered
with select impervious material to tie into the cutoff tremch. Later,
as a modification to the Repair of Embankment Contract, the eatire
embankment foundation was excavated to bedrock in the area between
the outlet works and Station 34+00. This same contract modification
called for the foundation to be stripped from Station 21+00 to the
outlet works to remove the loose, uncompacted tailings from gravel
mining operations. Between Station 31+00 and the outlet works, a large
section of conglomerate was allowed to remain adjacent to the outlet
works stilling basin and the downstream portion of the conduit. It was
considered stable enough to hold the embankment, and its removal could
have caused possible damage to the conduit. The bedrock dipped off
into the deep valley entrenchment at about Station 21+00. All of the
foundation area was backfilled to natural ground level with compacted
material. Selected impervious material was placed in the position of
the cutoff trench. The bedrock throughout the area was the Lake Waco
(Lower Eagle Ford) Shale. No structural faults were noted in the foun-
dation. A brecciated zone was noted and mapped at about Station 32+00.
Portions of the area were subjected to geological mapping when shales

were exposed., Maps thus prepared are presented on Plates 35 and 36.
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SECTION 5 - EMBANKMENT

5-01. <Ceneral Features. The earc.l. embankment dam is principally an

impervious £ill, with conventional internal drainage zones included
in the original design, but modified after the slide because of the
wide berms added for stability. It has a crest length of 17,141 feet
(excluding the spillway length of 904 feet), a crown width of 20 feet,
a maximum height above streambed of 140 feet, and a total embankment
volume of 16,209,000 cubic yards. Quantities of the various types
of fill materials are listed in Table 1. Typical embankment cross-

sections are shown on Plate 4 (original design) and Plate 5 (as-built).

a. Original Design. The design presented in Design Memorandum

No. 6, July 1958, included a main embankment section from Station 0+36
to 85+70 (spillway centerline) and a dike section from Siation 85+70
to the left end. The main section included an internal incl ned drain-
age zone below elevation 464 (the projected future conservation pool
level), and a horizontal drainage blanket at the base of the dam
downstream from the inclined zone. The portion of the embankment up-
stream from the inclined drain was compacted impervious fill and the
zone downstream was compacted random materials. Shale (Del Rio
Formation) from the required excavation for the spillway structure was
initially included in the random zone, and after it proved to be an
excellent impervious fill material, it was also placed in the central
portion of the embankment between elevations 432 and 470. A cutoff

trench with a base width of 20 feet was constructed through the shallow
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overburden on the left floodplain. The dike section from the spillway
to the left end of the dam included an upstveam impervious section and
a downstream random section. No drainage blanket was provided because
the ground surface is above the conservation pool level, and the embank-
ment and the overburden materials above conservation pool level are of
h low permeability. From elevation 445 to 510, the upstream slope of the
original embankment section is covered with a 24-inch thick riprap

blanket on 9 inches of crushed rock bedding.

b. Post-Slide Design. A thorough investigation and revaluation

of foundation conditions was undertaken after the 1961 slide. Loca-
tions of all pertinent borings drilled are shown on Plates 1l and 12.
Logs of borings with results of identification tests and engineering
properties are shown on Plates 17 thru 22. The revaluation led to
major modifications in the embankment design for the main portion of
the dam from the right abutment to the spillway. Wide berms were added
to the area of the embankment affected by the slide. The shoulders of
the berms are at elevation 435, at a distance of 800 feet from the axis
of the dam, upstream and downstream. The surface of the berms inter-
sect the original embankment slopes at elevation 470. From the slide
area to the right abutment, upstream and downstream berms were also
added. The shoulders are at elevation 420, and are at distances of 532
feet downstream and 540 feet upstream from the axis. The surface of
the berm intersects the upper embankment slope at elevation 454 down-
stream and 446 upstream. In the slide area and from the slide area to

the spillway, there is no internal drainage blanket other than that
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remaining from the original construction. From the right abutment to

the slide area, a high level downstream internal drain above the berm
! level is provided. The horizontal portion exits at the top of the
! berm, and the inclined portion extends up to elevation 470. Riprap on
I the upstream slope of the embankment from the right abutment to the
spillway extends from the top of the berm to the crest of the dam.

From the spillway to the left end of the dam, the riprap conforms with

the original design.

c. Slope Protection. The riprap was designed on the basis

I of Corps of Engineers criteria of the time (1958) for a wave height of

4,6 feet, Current criteria, established in July 1978, would require
E larger rock particles, and a thicker blanket. The contract plans and
specifications established the 1958 design as the lower limit of
sizes, with the upper limit of particle dimensions about 20 toc 25 per-
cent greater. Therefore, a gradation falling in the middle to upper
part of the specified range would satisfy the current (1982) Corps of
Engineers criteria. Specified gradations of riprap and bedding mate-

rial and ranges as placed are shown on Plate 80.

PR DR

5-02. Description of Slide

The slide that occurred in 1961 was unusual in regard to the
d extent of deformation and the slow rate of movement. Recognition of
these factors is important in the understanding of why the slide
occurred and in developing remedial design measures. Because of the

unique circumstances, the slide was not considered predictable within

the then existing state-of-the-art.
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Original construction of the portion of the dam that slid began
in October 1959. The cutoff trench had been excavated to elevation
398+ and backfilled, and the embankment fill constructed at a steady
rate to elevation 497 in October 1961. The design crest elevation was
510, and the original ground surface was approximately aé elevation
415. The first recognition of a potential slide was on 4 October
1961, when a crack was found on the downstream slope. The crack
extended parallel to the axis of the dam, approximately from Station
52 to Station 61. A subsequent review of construction records
disclosed that there had been signs of movement on 17 September 1961,
when stakes set for placement of riprap on the upstream slope at
Station 54 + 40 were found to be 0.56 feet below the established ele-
vation. This was suspected of being a survey error, and the stakes
were reset without any investigation into the cause. On 6 October,
the stakes at Station 54 + 50 were found to be 0.9. foot below the
proper elevation. This suggests an average rate of wvertical move-
ment near the top of the upstream slope of 0.047 foot per day since
17 September. A few small diagonal cracks appeared at the downstream
toe of tle dam, over the locations of what were later determined to be
two faults beneath the embankment. Before 7 October, there was no evi-
dence of movement beyond the downstream toe, and the full extent of the

sliding mass was not apparent.
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On 7 October 1961, the crack on the downstream slope was about 900
feet long, parallel to the axis of the dam, and was a maximum of about
one foot wide. There was no perceptible relative vertical displace-
ment of the embankment material on opposite sides of the crack. The
crack was at elevation. 470, about 60 feet above the natural ground
surface. An inspector reported that a bulldozer operator had seen
some cracks on the downstream slope on Thursday, 28 September.
Assuming that they were "shrinkage cracks", he had filled them while
performing slope trimming operations. It was apparent that the cracks
had opened agair before Monday, 2 October, because rainfall of 1.06
inches that fell on that date had washed some embankment material into
them. On 7 October, the small diagonal cracks at the downstream toe
of the dam could be traced to a distance of 300 feet downstream from
the toe. There was not yet any evidence of bulging at the downstream
toe, as would be expected in a slide of ordinary rotational geometry.
Embankment construction was halted on 9 October. On 10 October, a
crack about 5 inches wide was found beneath the riprap on the upstream
slope of the dam. The crack was about 700 feet long, parallel to, and
about 70 feet upstream from the axis of the dam. The crack which was
the upstream scarp of the sliding surface, had not been apparent
earlier because of the rcugh surface of the 24-inch thick riprap
blanket that covered it. On 12-14 Octbber, a large number of sur-
face reference points were placed on the dam and on the natural ground
beyond the toes of the dam. Elevations were determined by differen-—

tial leveling and horizontal posiltions weré determined by measuring
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offsets from a line of sight parallel to the zxis of the dam. The
vertical component of movement of a point near the centerline of the
dam is shown on Plate 48. On 13 October, the downstream limit of the
movement was found to extend about 500 feet downstream from the toe of
the dam. At this time, the measured movement near the slide scarp was
less than 0.1 foot, but the crest of the dam had probably subsided
about 1.5 feet, as suggested by the evidence of the stakes that had
been set to provide the grade for placement of riprap. As shgwn by
Plate 48, the movement acc-lerated until 27 October, when the movement
became slower and essentially stopped by 1 November. At cessation,
the total measured horizontal movement at the slide surface on the
upstream slope was 22 feet. The total measured horizontal movement of
a typical point at the downstream limit of the sliding mass was 4
feet. Until 23 October, the area between the downstream toe of the
dam and the downstream limit of the slide appeared to have moved as an
intact horizontal plate. From 23 to 27 October, bulges and cracks
appeared in this area as it buckled.

The base of the sliding mass was at elevation 370, approximately
in the middle of the Pepper clay shale stratum. The location and
shape of the slide surface was inferred before the movement stopped by
projecting the measured surface movements of the sliding blocks into
the foundation. This was Later confirmed by drill holes. The sliding
surface had a log spiral shape from the scarp on the upstream slope,

down through the middle of the cutoff trench, becoming horizontal at

elevation 370. .The sliding surface rose to the ground surfac¢e at an
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tverage distance of 770 feet from the axis of the dam. The total
length of the sliding surface was about 940 feet. At the upstream
toe, a slight bulge developed on the natural ground surface. It rose
about 1 foot and extended about 100 feet upstream from the toe. There
were no cracks connecting this movement with the slide scarp or with
other cracks on the upstream slope. Two factors contributed to the
difference between upstream and downstream movements: (1) The upstream
slope was considerably flatter than the downstream slope, resulting in
lower shear stresses in the foundation, and (2) The faults conve-ged

upstream, helping to confine and minimize the movement.

5-03. Embankment Materials.

a. Types and Sources. The soil materials for the compacted

embankment zones were obtained from borrow areas downstream from the
dam on the left abutment, from the area between the old Lake Waco and
the new dam on the left abutment, and from upstream of the old dam on
the right abutment. Del Rio shale used for compacted embankment f£ill
was obtained from required excavation for the spillway structure. The
s0oil from borrow ranged from clay (CL and CH) to clayey sand (SC) and
clayey gravel (GC). The predominant soil was CL, which comprised
about two-thirds of the available borrow soils. Standard AASHO com-
paction test results from borrow samples are shown on Plate 60. The
typical soil used in the embankment has the following average index

characteristics:

Liquid limit: 36

Plasticity index: 23
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Percent fines: 75

Specific gravity: 2.64
The average index characteristics of the Del Ric shale used in the
embankment were determined from the results of tests on record
samples taken from the embankment during construction. During the
original design, as presented in DM 6, the susceptibility of the
shale to compaction was not recognized. After excavation of the Del
Rio shale in the spillway area, it was apparent that this shale could
be compacted into a uniform, dense impervious fill. At that time,
laboratory compaction (Plate 61) and classification tests were per=—
formed on the shale. The Del Rio shale material was so well broken
down and compacted in the f£ill that it had the appearance of a CH
material, and its water content and degree of compaction was con-
trolled as for a soil. Because it was well compacted, it was possible
to cut laboratory specimens for triaxial compression and for con-
solidation tests with no more difficulty than for a stiff clay.
The average index characteristics of the Del Rio Shale used in the

embankment are:

Liquid limit: 61
Plasticity index: 43
Percent fines: 95
Specific gravity: 2.73
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Drainage blanket materials consist of crushed stone processed to pro-

vide gradations within the following limits:

Sieve Size 2 by Weight Passing

Drainage Blanket "A"

3-inch 100
11/2~inch 70-100
No. 4 25-60
No. 40 0~-15
No. 100 0~-5
Drainage Blanket “B"

6-inch 100
3-inch 65~100
11/9~inch 40~60
3/4~inch 25-40
No. 4 0-15
No. 10 0-5

The major portion of the horizontal and “‘nclined internal drainage
zones was "A" material. "B" parerial was placed in the downstream
ten feet of the horizontal blanket, providing a coarser toe drain.

Specifications required that the fine-grained portions of the drainage

blanket have a plasticity index of less than 4.
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b. Compaction. Standard CE compaction tests were performed on
samples of borrow and required spillway excavation material covering
the range of materials expected to be used in the emh: .kment. The
compact. on curves are shown on Plates 60 and 61. To provide a range
of densities for determination of potential variatiocns in engineering
properties, samples of fine-grained soils were also compacted in the
laboratory using 40 percent and 20 percent ~f the standard compaction
effort. This produced dry densities from ¢3 percent and 88 percent
of the maximum density defined by the Stand»rd :¢su,. respectively.
A correlation was developed between the liquid liw¥it and the maximum
dry density and the optimum water content. From these correlationms,
the maximum dry density and the optimum water content of the typical
embankment soil were determined to be 110 pounds per cubic foot and
16 percent, respectively. The values selected as the basis for design
were a dry density of 105 pounds per cubic foot (95 percent standard
maximum density) and a water content of 19 percent (optimum water con-
.et. plus three percentage points). Experience had previously shown
these to be reasonably attainable limits for ordinary conditions of

construction control.

C, Shear Strength. Consclidated~drained direct shear (S),

consolid. ~ed-undrained triaxial compression (R), and unconsolidated-
undrained triaxial compression tests %7) were performed on the selec-
ed materials compacted to the range of densities mentioned above. The
purpose was to establish a set of representative shear strength values

and to determine potential variations from these representative values
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that would result from variations in types of material and in place-
ment water contents and densities. To relate the S strength to the
"typical" soil, friction angles from the S tests were correlated with
the liquid limics. To relate R and Q strengths, the results of the
two types of triaxial compression tests were correlated with dry den-
. sities. Based on the correlations and the selected design density,

the following embankment properties were selected for use in the ori-

. ginal design:

S strength: phi = 25°, ¢ = 0.1 tsf
R strength: phi = 12°, ¢ = 0.4 tsf
Q strength: phi = 3°, ¢ = 1.0 tsf
Dry unit weight: 105 pcf
Moist unit weight: 125 pef
Saturated unit weight: 128 pcf

After the slide, the design data were modified in recognition of the
actual condition of the embankment as built. OQutside the slide area
the "S" strength was reduced based on judgmental conservatism,
recognizing the effect of shale in the fill, which has a lower rgh
angle of internal friction than the compacted clay soils. The'"Q" and
| "R" strengths of the fill were the same for redesign as for original
design because tests on samples taken Irom the embankment showed
! higher strengths than the original design tests; therefore, use of the
' design test data was recognized to be conservative. Outside the slide
area, the following characteristics were used for redesign of the

embankment :
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S strength: phi = 22°, ¢ = 0.0 tsf )
R strength: phi = 12°, ¢ = 0.4 tgf e
Q strength: phi = 3°, ¢ = 1.0 tsf
Dry unit weight: 107 pcf
Moist unit weight: 130 pecf

b Saturated unit weight: 130 pcf

Within the slide area, the same values were used for R and S con-

ditions, but the Q strength values were changed to:

Above elev. 450: phi = 0°, ¢ = 1.0 tsf

0.4 tsf

[}

Below elev. 450: phi = 0°, ¢
The lower value below elevation 450 was used because the fill that was
left in place had been weakened by the slide movement. Strengths for
various embankment and foundation conditions and materials used in

redesign are summarized in Table 2.

d. Consolidation. Controlled expansion-consolidation tests

were performed on samples of the selected fill materials compacted to
the same range of densities used for the shear tests. The consolida-
tion characteristics were correlated with dry densities and liquid
limits. From these correlations, an e-log p curve was developed to
represent the characteristics of the typical embankment soil for use

in design.

e. Permeability. Based on analysis of the rate of consolida-
tion soil compacted to a dry density of 105 pounds per cubic foot at a

water content of 19 percent was estimated to be 6,0X1077 cm/sec.
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The permeability of the drainage blanket was estimated to be 0.2

cm/sec, based on an effective size of 0.5 mm.

5~04. Embankment Placement.

a. Compaction Criteria. All of the embankment soils were re-

quired to be compacted to at least 95 percent of the laboratory Stan-~
dard maximum dry density. Based on experience, it was expected that
this degree of compaction could be attained within a reasonable range
of water contents. The results of the shear tests showed that this
degree of compaction, with a water content of optimum plus three per-
centage points, would provide adequate strength for an embankment of
the height planned. Originally, the Del Rio Shale fill material was
not expected to be susceptible to compaction as a scil; however; ini-
tial placement of shale in the second contract (Portion of Embankment)

demonstrated that it produced an excellent impervious fill.

b. Compaction Procedures. Specifications required that imper-

vious and random soils be placed in lifts not more than 8 inches thick
(loose) with a water content (after compaction) between optimum minus
two percent and optimum plus three percent. The soil was compacted by
eight passes of a heavy tamping roller or rubber tired roller. See
photos 18 thru 25 for various types of construction equipment used

and photos of fill placement operations.
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In the contract for "Portion of Embankment," the Del Rio Shale fill
was placed in 6-inch thick loose lifts and was compacted by four
passes of a heavy tamping roller followed by two passes of a 50-tom
pneumatic~tired roller. Initially the shale was placed in the portion
of the dam downstream from the inclined drainage blanket, but when the
two-stage compaction proved to compact it into a well knit impervious
mass, it was also placed in the central portion of the dam between
elevations 432 and 470. This permitted utilization of a larger volume
of shale from required excavation. The placement water content range
was from optimum to optimum plus three percentage points.

In the contract for "Completion of Embankment," the specifications
for shale fill were the same as in the previous contract. For reasons
unknown, the compaction was actually done by six passes of the tamping
roller followed by one pass of the 50-ton rubber-tired roller. 1In
this contract, the shale was placed only in the upstream and down-
stream berms, by adminigtrative decision.

A summary of field construction control and record sample test

results is presented in Table 3. The record samples were undisturbed

samples, 71/2 inches in diameter and 10 inches high, taken from the com-

pacted fill. A suite of shear and consolidation tests was performed
on these samples in the Southwestern Division Laboratory.

Drainage blanket material was placed in 12-inch 1loose lifts,
wetted liberally by sprinkling, and then compacted by four passes of a
crawler tractor having a weight of not less than 20,000 pounds. In

the contract for "Portion of Embankment," the Contractor was permitted
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to construct the impervious fill upstream from the inclined drainage
blanket on the 1V on 1H slope, to a height of not more than 10 feet
above the surface of the adjacent drainage zone. The 1V on 1H imper-
vious slope was then graded smooth. The material removed was not per-—
mitted to contaminate the drainage zone. Drainage blanket material
was then placed adjacent to the impervious face in l-foot lifts as
specified.

In the contract for "Completion of Embankment," the drainage zone
was constructed a lift at a time along with the adjacent impervious
and random zones. The construction surface was graded to provide

drainage away from the drainage zone.

Bedding material was placed on the upstream slope by means of a
"Gradall" type device, which could place and spread !he material with-
out causing segregation. There was no compaction. The crushed lime-
stone was placed in the full 9-inch thickness “nerpendicular to the

slope) in a single layer.

Limestone riprap was placed on the bedding layer by means of a
skip. The skip was loaded with the rock and placed on the slope, then
tilted to slide the rock onto the prepared bedding layer. The rock

was reworked by hand to achieve a uniform, stable surface.

c. Control and Record Tests. Quality assurance inspection and

testing were performed by Corps of Engineers forces. Teste were per-
formed by the project laboratory with the following average frequen-~

cies:
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J Water Content, Density, Classification

Actual

Impervious fill
Random £fill
Shale embankment f£ill

1 test per 1100 cu. yd.
1 test per 2100 cu. yd.
1 test per 1600 cu. yd.

Undisturbed record samples were taken from the compacted fill fo

( strength and consolidation testing by the SWD laboratory with th
] following frequencies:
Actual Target
Impervious fill: 1 test per 42,000 cu yd 1 test per 30,000 cu yd
‘ Shale fill: 1 test per 65,000 cu yd 1 test per 30,000 cu yd

Required gradation tests on bedding material was 1 per 1000 cu yd

and 1 per 5000 cu yd on riprap. The actual test frequencies is not

known.

5-05. Stability Analyses.

e e m——

a. General. The design strength data are presented in Table
2. In recognition of the increased understanding of the character
. of the foundation materials, all sections of the originally designed
| embankment from the right abutment to the spillway were redesigned

after the 1961 slide with two (2) exceptions; (1) The vapid drawdown

analysis for the portion uf the upstream slope above elevation 470,
and (2) all of the upstream slope from station 60+30 to the spillway.

The slide area was represented by a cross-section at Station 55+00

(See plate 49). A berm was

added on the upstream side between

Stations 48+00 and 60+30. A berm was added downstream between Station

e
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50+30 and 71+30 (start of existing spoil fill). From Station 5+25 to
45+00, a single section was designed, but the section was analyzed for
different conecitions represented by ghe right floodplain, the river
section, and the left floodplain, The embankment slopes were flared
to provide a wider contact at the right abutment. Transition sections
were provided between Stations 0+00 and 5+25, and between 45+00 and
50+80. Stability analyses are shown on Plates 62 éhrough 77. A sum-

mary of safety factors is presented in Table 4.

b. S8lide Area. The slide was analyzed by use of circular arcs
for active and passive zones, connected by a neutral block bounded by
a horizontal plane at elevation 370 in the Pepper Shale. The location
of the sliding surface was determined by exploratory borings and by
projection of measurements of surface movements. Circular arcs were
used because they closely matched the observed surface of sliding.
Pore pressures measured after the slide movement ceased were projected
backward to the conditions that were believed to exist at the begin-
ning of the slide. Assumptions of pore pressures on the slide surface
in the Pepper Shale are shown on Plate 76. Resultant forces of the
active, neutral, and passive units were assumed to act horizontally.
From the analysis, the effective residual shear strength of the Pepper
Shale was determined to be approximately phi = 8°, ¢ = 0.0. These
values were used in the analyses of the redesigned section, giving a
computed safety factor (post-construction) of 1.15. This would not
ordinarily be sufficient for design purposes; however, in view of the

thorough investigations of subsurface conditions, it was the opinion
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of all conceruned that it was adequate for the circumstances and would
provide for reasonably economical construction. The slide area was
not analyzed for other conventional loading conditions because of the
presence of the unusually wide berms and the expectation of increase

in stability with time.

c. Right Abutment to Slide Area. This section was analyzed

for potential sliding planes in (a) the overburden and in the upper
Eagle Ford Shale on the right floodplain, (b) the embankment in the
river section, and (c) a bentonite seam in the lower Eagle Ford Shale
on the left floodplain. The analyses of potential slides into the
foundation materials were made by the wedge method because there were
potentially weak horizontal planes in the foundation. Earth forces
were contervatively assumed to act horizontally. For the steady
seepage condition, the reservoir was assumed to be at elevation 500
(top of gates) and the tail water was elevation 432 (maximum design
condition).

The lowest computed safety factor for the post-construction con-
dition was 1.32. The lowest computed safety factor for the steady
seepage condition was 1.58 for R-strength, and 1.64 for S-strength.

The analyses for stability under rapid drawdown and for critical
pool level were made by the differential slice adaptation of the circu-
lar arc analysis., For rapid drawdown, the reservoir level was assumed
to drop from elevation 500 down to elevation 455 at a rate of approxi-
mately 0.5 foot per day. For impervious fill materials, this may be

considered rapid. Based on the R-strength, the computed safety factor
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for this condition is 1.37 assuming a deep circle that dips to ele-
vation 400 within the embankment in the river section and emerges on
the upper part of the berm. Rapid drawdown effects were analyzed in
the original design (DM #6) for a shallow circle that emerged above
elevation 470, and using the S-strength factors that were considered
appropriate at that time. The calculated safety factor was 1.29. If
the re-evaluated S-strength were used, the safety factor would be
0.85. However, it was the opinion of the Corps of Engineers and the
Board of Consultants that a shallow circle analysis of this type,
approaching an infinite slope, 1is not appropriate for a cohesive
embankment. The upper embankment slope cf 1 vertical on 3 horizontal

is considered adequate in light of experience.

5-06. Seepage Control.

a. Embankment Seepage. The original design provided for a

horizontal drainage blanket five feet thick beneath the downstream
portion of the embankment between the right abutment and the spillway.
This blanket was joined to an inclined internal drain extending on a
1V on 1lH slope up to elevation 464. This drainage feature had been
placed in the portion of the dam in which the slide occurred. The
new sections of the dam that were designed after the slide had such
wide berms that no base drainage was necessary. However, a high level
3-foot thick horizontal drainage blanket was placed in the downstream
poréion of the fill between the right abutment and the slide area.

This blanket is based at elevation 454, the top of the downstream
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berm. It is joined to an inclined internal drainage zone extending on
a 1V on 1H slope up to elevation 470, This provides seepage control
within the normal range of reservoir fluctuations, and provides a con-—
tact drain against the steep right abutment. Because the embankment
materials have very low coefficients of permeability, the quantity of

through~seepage is expected to be very small.

b. Foundation Seepage. From the right abutment to the river,

the embankment is on a 30- to 40-foot thick impervious blanket over-
lying shale. No foundation seepage control is needed, but a trench
excavation was made at the foot of the abutment to remove some slump-
ed material that may have provided a seepage channel. The embankment
in the river crossing is on Eagle Ford Shale. Typical piezometer
readings of fill and overburden pezometers used to monitor seepage at
state 8+00 are shown on plate 43.

Between Stations 19+00 and 23+00 and Stations 25+00 and 34+00, the
gravelly overburden was removed between a line 400 feet upstream and a
line 300 feet downstream from the axis of the dam. This was replaced
with compacted random material of low permeability. Between Station
23+00 and 25+00, the overburden had been removed and replaced with
impervious fill as a part of the outlet works construction. This had
been in place for more than two years when the completion contract-.was
started. To assure that there were no cracks in the fill around the

outlet conduit, a cutoff trench with a base width of 20 feet was con-—

structed in the conduit fill between Stations 23+00 and 25+00.
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From Station 34+00 to the spillway, a cutoff treach with a base
width of 20 feet was excavated through the overburden to the underly-
ing shale. Because of the location of the sliding surface, intersect-
ing the center of the trench, the cutoff was not breached by the
slide. Large diameter inspection borings disclosed an excellent bond
between the impervious clay backfill and the shale in the base of the

trench.

From the spillway to the left end of the dan, .. foundation drain-
age provisions were added because of the high elevation of the ground
surface (above conservation pool level) and because of the thick im-
pervious cover. The spillway approach channel cuts through the imper-—
vious cover and through the gravelly overburden. To provide a longer
seepage path beneath the embankment to the left of the spillway, the
left slope of the approach channel was blanketed wich a 10-foot thick

impervious blanket for a distance of 400 feet upstream from the axis

of the dam.

¢. Fault Drainage. There was some concern about the possibili-~

ity of uncontrolled seepage through the two faults that bounded the
slide. Therefore, it was decided to provide controlled drainage of
the faults. The overburden was removed from the area of the faults
between the downstream toe of the original embankmert (approximately
300 feet from the axis) and the downstream toe of the downstream berm
(approximately 900 feet from the axis). The width of the trenches

varied from 130 to 150 feet. In the south trench, 38 auger holes
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(18-inch diameter) were drilled to depths ranging from 53.5 to 82.0
feet. 1In the north trench, 35 holes were drilled to depths ranging
from 41.5 to 103.5 feet. The holes were filled with sand. A 5-foot
thick blanket of gravel was then placed in the base of the trenches.
The remainder of the trenches were filled with compacted impervious
fill. Open trenches were excavated downstream of the berm to provide
removal of any seepage flow.

Beneath the upstream berm, trenches were excavated along the
two faults, with a cross trench joining them at the upstream end
of the berm. Test grouting was performed in the trenches along the
faults. After completion of the test grouting, all three trenches
were filled with compacted impervious £ill, The grouting was

discussed in Paragraph 4-03.
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i SECTION 6 — INSTRUMENTATION

6-01. Original Design. The design presented in Design Memorandum 6

provided for the installation of settlement plates to measure settle-
ment of the foundation at Stations 8+00, 18+00, and 65+00. However,
it was later determined that it would not be adequately justified, so
they were not installed. Had they been installed, they would not have
provided any advance warning of the slide.

Given the misunderstanding of the foundation conditions and the
lack of knowledge about pore pressure development in clay shales,
there was no apparent justification for installing piezometers in the

foundation.

6-02. Post-Slide Design. When the slide movement was recognized in

October 1961, a number of surface reference points were installed in
the slide area and contiguous areas. The vertical locations were
determined as the slide progressad by differential levelling, and
horizontal locations were determined Ly measuring offsets from an ini-
tially established line of sight. Measurements were made daily until
the slide movement ceased, about 23 days after the reference points
wvere established. The reference points provided valuable geometry
information for analysis of the slide. These points were abandoned
during excavation of the upper part of the embankment and construction
of the berm in the slide area.

After the slide movement ceased and during completion of the dam,
an extensive instrumentation system was established. For locations of

{ instruments, see plates 40 and 41. The total system included:
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148

14

32

19

49

15

19

171

foundation piezometers (7 overburden, 141 primary)
embankment piezometers

settlement plates

slope indicator tubes

surface reference points

reference marks on spillway

reference points in the outlet conduit

reference points on the crest of the dam

The points in the conduit are included here beacause they provide a

measurement of deformation of the Eagle Ford foundation beneath the

embankment .

Instruments on the upstream side of the dam, subject to

inundation by the reservoir, have been abandoned. A list of instru-

ments currently available and in working condition is as follows:

67

3
20

4
45
15
19

91

foundation piezometers (4 overburden, 63 primary)
embankment piezometers

settlement plates

slope indicator tubes

surface reference points

referenrs marks on spillway

reference points in the outlet conduit

reference points on the crest of the dam

A discussion of typical results of instrument measurements is pre-

sented in Section 7.
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SECTION 7 ~ INSTRUMENTATION DATA

7-01. Reservoir Levels.

a. To assure ample time for observation and interpretation of
instrumentation data, it was desirable that the filling of the reser-
voir to the top of conservation pool level, elevation 455 ft msl,
would be at a carefully comtrolled rate. The Corps and its Board of
Consultants decided to try to control the pool rise in 5-foot incre-
ments between elevation 430 and elevation 455, holding each increment
for 30 days while the dam was observed and the instrumentation
readings were evaluated. This would allow time for remedial action if

any unfavorable conditions were detected.

b. Deliberate impoundment began on 26 February 1965, and the
pool rose in 5-foot increments up to elevation 440 essentially as
planned. In parly May, there were unusually heavy rains on the
watershed, and between 8 May and 17 May, the reservoir rose to eleva-
tion 467.34, or 2.34 feet above the spillway crest. By 22 May 1965,
the reservoir surface had dropped to elevation 455. There was no evi-
dence of adverse conditions in the embankment or ite foundation.
Some piezometers showed a rise of 4 feet in pressure in the Pepper
Shale between the faults. There were no perceptible deformations of
the embankment and foundation associated with the reservoir rise or
fall. Therefore, it was decided to proceed with normal operation of

the reservoir at the conservation pool level, elevation 455.
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c. The pool has been maintained generally within a few feet of
elevation 455 over the years from 1965 to 1988. On six occasions,
inrluding the one in May 1965, the pool has exceeded elevation 465.
The maximum pool level attained was elevation 470.86, in May 1968.
The variations in pool level have had no apparent adverse effect on

the stability of the dam.

7-02. Hovements and Deformations.

a. During the 1961 slide, a large number of surface reference
points were placed. They were of great value in the interpretation of
the geometry of the slide, and in understanding its progressive nature.
Measured movement along the slide surface ranged from 22 feet at the
scarp on the upstream side of the crest to 4 feet at the downstream
limit of the slide, about 770 feet downstream from the axis of the dam.
The total length of the slide surface was about 940 feet. During exca-
~~tion and berm construction in the slide area, all of these points

were destroyed.

b. In August 1952, when the overburden was removed above the
faults downstream from the dam, the sliding mass began to move again.
The total additional movement observed on the shearing surface about
400 feet downstream from the axis was 0.l-foot. However, Settlement
Plate K, 750 feet downstream from the axis was raised about 0.2 foot
by this movement between 10 and 24 August 1962, It was quickly
brought to a halt by the removal and wasting of about 40,000 cubic

yards of material from the crest of the embankment. This amount of
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movement would not usually be considered significant. However, in this
case, the movement was steadily accelerating, and it was occurring on a
failure surface where the shearing strength had been reduced to a
residual (steady state) value. The initiation and cessation of the

movement showed how tenuous was the degree of stability.

c. Surface reference points were considered to be the simpl-
est, most reliable and most meaningful equipment for monitoring the
stability of the embankment. After the berms were constructed in the
slide area, a new grid of points was established. These were observed
during completion of the dam as the fill was added from elevation 475
to 510 and during operation of the reservoir to date. The addition of
£111 above elevation 475 was made at a rate of a foot every three to
six days. This permitted time for observation and for evaluation of
the inriuence of the added load. As the embankment in the slide area
was raised from elevation 475 to elevation 510, the horizontal move-
ment in the downstream direction was 0.23-foot at a point 125 feet
downstream from the axis of the dam, and 0.18-foot at a point 525 feet
downstream from the axis. From completion of the fill in the slide
area in 1964 to 1988, additional movement of the points on the surface

of the berm has been about 0.10-foot downstream.

d. Vertical movement (consolidation) of the foundation in the
slide area since completion of that portion of the embankment in
August 1964, varies from about 2.4 feet at the axis of the dam to

about 1.6 feet near the ends of the berms. The relationship between
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height of fill and amount of consolidation that this implies is not
valid because the measurements at the axis of the dam did not begin
until after the slide. Therefore, there has undoubtedly been addi-
tional, unmeasured consolidation between the initial placement of
£ill in 1959 and the beginning of placement of the berms in November
1962. The observations made in the area beneath the berms, between
about 300 feet and 900 feet from the axis, represents all of the

consolidation that has taken place in these areas.

e. Since completion of the embankment, the points on the foun-
dation and corresponding points on the surface of the embankment show
essentially the same amount of settlement. This indicates that there
has been essentially no settlement within the fill material since
completion. This is considered compatible with the moderate height of

the fill and the high degree of compaction.

f. At Station 35, where the embankment is founded on the Eagle
Ford, the settlement at the axis of the dam is about 1.4 feet. Beneath
the berms, the settlement is only 0.3 to 0.1 foot. This is a
surprising differential, but may be explained by the fairly high
apparent maximum past pressure of the Eagle Ford Shale. In this area,
the crest of the dam is about 1.4 feet below the design crest eleva-

tion of 510 ft msl.

g. Between the right abutment and the old river channel, where
the embankment is founded on up to 40 feet of overburden, the settle-

ment of the foundation under the axis of the dam has reached 2.5 to
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3.0 feet. However, the crest of the dam is essentially at or above
design grade because of overbuild and construction ramping to provide

access to the right abutment.

7-03. Inclinometer Tubes. Nineteen tubes were installed over the

period of investigation of the slide and completion of the embankment.
Many of the tubes are sufficiently damaged by either compressive or
shear deformations so that they are no longer useful to identify zones
of significant movement (Sze Photos 28 and 29). In October 1983,
SI-14, at Station 54+20, 140 feet downstream from the axis, was read.
The total depth of tube installed was 139.24 feet, but the instrument
probe could not pass the 88~foot depth. This is about 26 feet below
the top of the Pepper Shale, or approximately the elevation of the
slide surface. Above this level, the tube shows a deflection of about
0.6-inch within the Pepper Shale. The deformations in 1983 were
essentially the same as those observed in March 1967. In retrospect,
very little useful information was derived from the inclinometer
tubes. There was a problem with drift in calibration of the reading
devices, and they were sent back to the factory repeatedly for repair
and calibration. Although sliding connections were made between sec-
tions of the tubing, several of the tubes were crushed vertically by
small amounts of consolidation of the foundation material around them.
Consequently, the surface reference marks necessarily had to be

depended upon to observe horizontal movement.
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7-04. Pore Pressure.

a. During analysis of the slide and reconstruction and comple-
tion of the embankment, 148 piezometers were installed in the foun-
dation and 14 in the embankment. Those in the £ill have shown no
significant excess pore pressures. Varying foundation conditions to
be monitored can be divided into four major areas: (1) The spillway
to the north fault, (2) The slide area between the north fault and
the soutk fault, (3) The south fault to the river fault, and (4)
The river fault to the south abutment. Within these areas are signi-
ficantly different foundation materials: (1) Overburden, (2) Upper
Eagle Ford, (3) Lower Eagle Ford, (4) Pepper, (5) Pepper-Del Rio
contact, (6) Del Rio, and (7) Georgetown Limestone. It is apparent
that the number of piezometers is not adequate for thorough coverage
of all areas of interest even if all piezometers are functioning
satisfactorily. Because of improper installation, corrosion of pipes,
shearing of pipes, and leakage of seals, a large number of piezometers
must be congidered to be malfunctioning. In 1982-1983, a review and
rehabilitation program resulted in the selection of 67 piezometers for
continued monitoring. Because of the sparse coverage of these piezo-
meters, it is necessary to interpret the results in terms of signifi~-
cant coordinated trends of a number of piezometers studied as a group.
This provides a more meaningful picture of pore pressure development
under the stresses caused by the construction of the embankment, the
very slow dissipation of pore pressure, and the resulting increase in

embankment stability during the years since completion. Typical pro-
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files of piezometeric elevationz at selected stations are shown on

Plate 43.

b. After the 1961 slide, investigations showed development and
unusual distribution of excess pore pressure in the clay shale foun-
dation formationms. Within the limits of construction under Contract
No. 60-82, between Stations 35 and 80, the same height of embankment
had been built on three different formations. Each formation exhi-
bited significantly different excess pore pressure responses. Between
the spillway and the north fault, the Del Rio Shale showed about 30
percent excess pore pressure under the axis of the dam. Betweean the
north and south faults, the response at the mid-Pepper was about 80
percent of the embankment load, and at the Pepper-Del Rio contact, it
was 100 percent. South of the south fault, the response was less than

5 percent in the Eagle Ford Shale.

¢. Measured pore pressures were the greatest at the Pepper-Del
Rio contact, and these high pressures were transmitted laterally
beyond the embankment toes. A significant contributor to the high
pore pressures and the transmission of pressures at the contact was the
presence of the muchk stiffer Del Rio Shale underlying the more compres-
sible Pepper Shale. Between the north and south faults, the pressure
reduced to normal hydrostatic conditione about 1,000 feet away from the
axis of the dam. At the mid-Pepper the pressure reduced to normal
levels downstream within the area of fractured material that was

affected by the slide movement.
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d. To the south of the south fault, the excess pore pressure
at the Pepper—~Del Rio contact spread to distances of 1,500 to 2,600

feet from the loaded area.

e. Typical excess pore pressure gradients in the clay shale
formation in the slide area are shown on Plate 44. To analyze the
piezometer data and obtain more nearly correct gradients, the effect
of long piezometer filter 2zones has to be considered. This 1is
necessary because piezometers with long filter =zones record the
pressures present at the top of the filter and not necessarily at the
intake or wellpoint. The solid triangles on the above referenced
plate show the hydrostatic profile obtained assuming that the excess
pressure head was acting at the wellpoint. The gradient shown by the
open symbols shows the excess pressure heads taken at the top of each
filter. Note that the shorter the filter zone, the less translation
of pressure on the diagram is required. The piezometers showed a
well defined gradient of excess pore pressure from the Pepper-Del Rio
contact upward to the top of shale. This was contrary to conventional
interpretation of stress distribution under a loaded area, which would
imply lower increments of stress and lower induced pore pressure with
increased depth. However, this gradient is reasonable considering
that recent research by the Corps of Engineers has shown that the pore
pressure induced in a clay shale (or any other earth material) is
dependent more upon the relationship between the modulus of defor-
mation perpendicular to bedding and that parallel to bedding than to

depth.
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f. As the embankment was completed, the pore pressures incteas-
ed in the general proportions that were observed after the slide.
Since completion ¢f the dam in 1965, the overall reduction in excess
pore pressure to date has been about 25 percent. Within the slide
area, the reduction in the mid-Pepper has been about 20 percent be-
neath the axis, and about 36 percent at the end of the berm. At the
Pepper-Del Rio contact, the dissipation has been about 13 percent
beneath the axis and about 17 percent beneath the end of the berm.
However, the measured reductions in pore pressure are based on
limited and somewhat sketchy data. Many of the piezometors are

nonfunctional.

7-05. Seepage Gradients.

a. A few piezometers were installed in overburden materials
to measure any pressures resulting from underseepage. In the flood-
plain between the old river bed and the right abutment, the piezo-
metric levels in the overburden show a normal gradient that varies
with reservoir level. The levels drop to normal ground-water eleva-
tion bencath the mid-point of the downstream berm. There is no cutoff
trench between the right abutment inspection trench at about Station 7
and the river bed £ill at about Station 14. Because the overburden is
a soil cf{ low permeability and because the overiying embankment has
long stability berms, no special seepage control measures were
constructed. The performance of the structure and the foundation
appear satisfactory. Typical piezometric readings of fill and over~

burden piezometers used to monitor seepage are shown on Plate 43.

[961]
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b. 1In the slide area at Station 55, the piezometers in the
overburden show a very flat gradient, from 50 to 60 percent of the
reservoir head immediately downstream of the cutoff trench, to tail-
water level beneath the downstream half of the downstream berm. The
cutoff trench was distorted by the slide movement, but was not fully
breached. In spite of this disturbance and the presence of the frac-
tured shale in the north and scith fault zones, the cutoff trench
appears to be 40 to 50 percent effective in reducing the seepage pres-

sure in the overburden.
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SECTION & - REVIEW OF STABILITY

8-01. General. A review of embankment stability was undertaken
during 1984 as a part of the rompletion report effort. This review
provided means for verification of analyses and conclusions made in
1961-1964, and for assessment of the change (increase) in stability
durin; the 20 years since completion of the embankment in the slide

area.

8-02. In-service Data.

a. Settlement plate, reference mark and inclinometer data
(since completion) collectively indicate no deformations outside the
range normally experienced by large earthfill embankments of similar
size and geometry. However, many of the inclinometers and other

instruments are nonfunctional.

b. Pore pressure data from piezometers accumulated since 1961
probably represent the single most important data available for quan-
titatively assessing the stability of Waco Dam. It was considered
that only through analysis of these data, could a better understanding
of the slide mechanism be developed. Consequently, a series of stabi-
lity analysc¢3 were conducted using measured and/or projected excess
pore pressures considering various combinations of embankment

geometry, slide configuration, elevation, and material strengths.

8-03. Stability Aralyses. The range of conditions considered in the

1984 stability study along with results are presented on Plates 64,
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65, and 77. Embankment configuration considered were: 1) Embankment
geometry at the time of the slide, and; 2) the reconstructed embank-
ment section. The slide configurations considered were: 1) A "short
path" which includes the pre~slide embankment and ouly the foundation
immediately beneath it plus a minimal passive zone beyond the toe,
and; 2) a "“long path" which includes the fully developed slide mass
extending over 700 feet from the embankment centerline as observed
after movement ceased. The pore pressure assumptiors were based on
the re-evaluation of piezometers and the observed upward excess gra-
dients within Lhe Pepper Formation. "S" shear strengths were used,
ranging from a residual (steady state) value to values of internal
fricticn and cohesion that were varied dependent on the density of the
shale. Of itself, the value of the "S" angle of internal friction for
a given material would not usually vary with initial dry density.
However, because of the mcaner of deposition, consolidation and
rebound of the Pepper, the Atterberg limits and the insitu dry density
vary with depth. There is a relationship between the Atterberg limits
and the insitu dry densicy that provides‘a consistant implied rela-
tionship between insitu dry density and the angle of internal friction
for the consolidated-drained (S) condition. The analyses and the
as -amptions on which they are based are shown on Plate 64 for con-
ditions at the inception of the slide in 1961, on Plate 65 for con-
ditions at the end of construstion of the slide area in 1964, and on
Plate 77 for conditions in 1984. All of these analyses were performed

using the wedge methond, assuming horizontal active and passive earth
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forces. Assuming horizental forces provides 3 slightly conservative

estimate of the safety factor.

a. Cases examined - 1961 condition.

(1) cCases 1, 2, 3, 4 and 5 are based on intact strength in
the Pepper that varies with in-situ density, and therefore with depth.
These cases were analyzed for short slida paths, assuming that the
shearing surface ended in a passive wedge at the downstream toe of the
dam, and for long paths, assuming a passive vedge at the observed

downstream end of the slide.

l.ong path cases all indicated ample safety factors; thus, the slide
should not have occuried if the intact strengths of the clay shale

foundation had been mobilized simultaneously along the entire long path.

Short path cases indicated lower safety factors than equivalent
long path cases. [Even these lower safety factors were adequate to
preclude a slide at intact strength levels except for Cases 3 and &,
which are marginal. Note that Case 3 is for the observed slide eleva~

tion and indicates the minimum short path factor of safety.

While a short path slide was not observed, Case 3 is the c¢.itical
surface - shear strength combination for short path cases. Given
the very low calculated safety factor and the strain softening nature
of rhe highly anisotropic, brittle Pepper Shale, one can rationalize
that thevpperational shear strength was fully mobilized in much of the

foundation. The "large" strains incurred at such low safety factors
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surely "set the stage" for the ultimate slide development as a iong

path surface.
(2) Case 6.

(a) Case 6 short path assumed that the operational
strength of both the embankmeant and foundation beneath it had been
reduced to residual (steady state) levels by the time the embankment
reached elevation 497. The calculated safety factor of 0.53 is
implausibly low implying that a slide would have occurred long before

the embankment reached elevation 497.

(b) Case 6 long path assumed that the operational
strength of the embankment and the foundation beneath it had been
reduced to residual levels, and that beyond the toe, the full intact
strength could be mobilized. Such 1is strongly suggestive of a
progressive slide initiating beneath a highly stressed (locally over-
stressed) but marginally stable embankment/foundation (Gase 3, short
path) which develops into a long path slide having lateral extent
similar to the observed slide (Case 6 long case). This case tacitly
assumes that crossbed resistance, horizontal flexural stiffness or
some other mechanism prevented development of a classic passive wedge

breakout short of the long path slide observed.
(3) Case 7 demonstrates that assuming a uniformly low

strength in the Pepper is not reasonable. Results for Case 7 short

path indicate progressively lower safety factors with depth, implying
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that sliding should have occurred at a location well below the
observed slide elevation. Based on this, the assumption of uniformly

low strength with depth can be discounted.

(4) Case 8 corresponds to Case 7, but is for long paths.
Residual strength i; assumed to exist beneath the dam, and intact
strength from the toe to the downstream limit of the slide. All of
the calculated safety factors are ample for stability. This indicates
that sliding would not have occurred if the intact strength had been

in effect on a portion of the slide surface.

b. Cases examined =~ 1964 condition.

(1) cases 1, 2, 3, 4 and 5 are based on intact strength in
the Pepper that varies with in-situ density, and therefore with depth.
These cases were analyzed for long paths, assuming a passive wedge at
the end of the berm. The calculated safety factors are high, but not
realistic because the intact strength could not be in effect on the

glide surface.

(2) Case 6 is for the sliding plane at elevation 370, and
assumes residual strength within the limits of the actual slide plane,
then intact shear strength from there downstream. The safety factor

is 0.94 for the end of construction.

(3) Case 7 is the same as Case 6, but uses a higher shear
strength in the embankment, assuming that grouting has restored the

integrity of the embankment. The safety factor is 1l.1l1.

(102]
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(4) Case 8 uses a constant, low intact strength throughout
the Pepper, for planes at elevations 340, 350, 360, 370, 380 and 390,
for long paths. The safety factors decrease with lower elevation
because of the increasing excess pore pressures, but are sufficient

for stability.

(5) Case 9 is similar to Case 8, but uses a slightly
higher, constant intact shear strength in the Pepper, so the safety

factors are somewhat higher.

c. Cases examined — 1984 condition. Cases 1 through 9 repre-

sent the same combinations of assumptions as Cases 1 through 9 for
1964 conditions, but the excess pore pressures are lower due to drain-
age over the 20-year period. Safety factors computed are correspon-

dingly higher.

d. Conclugsions. The results of the new analyses, based on
independent interpretations of shear strength and a thorough re-
assessment of excess pore pressures, tend to support the conclusions
that were reached during the 1961-1964 analyses of the slide and re-

design of the embankment. The conclusions are:

(1) 1If the Pepper clay shale stratum had been intact for
the entire length of the slide plane, the slide would not have
occurred, The slide occurred when the embankment and Pepper founda-
tion are assumed to have reached a residual (steady state) strength
condition within the limits of the embankment footprint and had intact

strength for the remainder of the observed slide surface.
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(2) Progressive failure in the Pepper Shale foundation
best £its known conditions, It is known that a horizontal shear
plane developed at elevation 370, about mid-depth of the Pepper Shale.
The slide extended to a point 770 feet downstream of the axis of the
embankment. Case 3 on Plate 64 for the short sliding plane, that is
the plane emerging at the toe of the embankment, shows incipient
sliding, using intact strength. Case 6, assuming a short sliding
plane and residual strengths, produces a calculated factor of safety
much less than unity, suggesting an unrealistic set of assumptionms.
Cases 1 through 5 for the long slide plane and intact shear strengths
show adequate stability. However, when it is assumed that the slide
has occurred in the short path and only residual strengths are
available in that portion of the total path, then a factor of safety
of only slightly less than 1.0 is derived as shown in the Long Slide

Path, Case 6.

(3) The slide plane did not lie at the base of the
Pepper as would have existed given uniformly low shear strength with

depth.

(4) The full slide plane did not emerge at the toe of

the dam, but came out about 770 feet downstream from the axis.

(5) There was evidence of progressive movement along the
long slide surface expressed by the difference bet&een the observed
shear movements at the upstream and the downstream limits of the
slide, and by the difference in times at which the displacements

occurred.
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(6) Cases 6-long path and 7-long path are most consistent

with observed behavior and with previous analyses.

(7) Over the 20 years since completion of the dam, the
calculated safety factor has increased 12 to 16 percent, due to dissi-

pation of excess pore pressure.

8-04. Lessons Learned. The experiences gaineéd from design, construc-

tion and operation of the Waco Dam Project have brought out several
significant lessons, some of which are considered to be new contribu-

tions to the understanding of the behavior of clay shales.

a. Clay shales can develop high pore pressures due to the imposi-
tion of an embankment load. When Waco Dam was originally designed in
the mid-1950's, conventional opinion was that c¢lay shales could not
develop positive pore pressures. This opinion was based on the belief
that since they were highly over-consolidated they would exhibit dila-
tive behavior. The only known previous case in which high pore
pressures were measured in a clay shale foundation was at Fort Peck
Dam, Montana, after the slide that occurred on 22 September 1938.
However, the significanze of the pore pressures was not recognized,
either with respect to why they developed or what influence they had
on stability. The high pressures measured were not used in the rede-
sign of Fort Peck Dam, and there was no attempt to predict or consider
excess pore pressures in the design of subsequent dams on clay shales
until the slide at Waco Dam. After that event, other dams were

instrumented and attempts were made to predict pore pressures in
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design. A laboratory research program was begun by the Corps of
Engineers, which ultimately led to the development, in 1982, of the
ability to estimate pore pressures on the basis of the ratio of axial
stiffness to radial stiffness, determined in a laboratory triaxial

compression test (Leavell, et al., 1982),

b. The rate of dissipation of excess pore pressure is likely to
be very slow because of the extremely low permeability of clay shales.
Therefore, drainage and reduction of pore pressure during the usual
few years of construction cannot be relied upon to provide a signifi-
cant increase in calculated safety factors. Thus, using controlled
rate of loading by limiting the amount of fill height that can be
placed, for example on a weekly basis, may be a benefit by allowing
time to evaluate the amount of excess pore pressure, but will do

little to reduce it.

c. Clay shales are likely to have a very low residual (steady
state) shear strength (angle of internal friction as low as 4 degrees)
after a relatively small amount of deformation. This is caused by the
brittleness of the material and by the type of clay minerals present.
As a part of the testing associated with the analysis of the slide,
specimens with a pre-cut shearing plane were used. A subsequent
research program led to the development by the Corps of Engineers of
a uniform test procedure for determination of residual (steady state)

strength.

d. The Waco experience reiterated the significance of 'minor”

geologic details (Terzaghi, 1929) on the safety of dams. The extent

[106]

o s o G S 8




e e g TmE T P o e €T e v oem e o mmmm P U

and nature of the slide were affected by minor geologic details, such
as the location of cross—-joints in the Pepper Formation and a horizon-
tal bedding defect that had been weakened before the dam was built.
Such features might not be specifically located in the course of the

typical design investigations.

e. It is now considered necessary to have experienced geologists
and/or engineers on the site during subsurface investigations to pro-

vide a competent and accurate interpretation of subsurface conditions.

f. It is essential to have communication and feed~back between
design engineers and construction staffs. The construction personmel
must understand the basis of design and of the construction plans and
specifications. If differing or unexpected conditions are encountered,
the designers should be involved in resolution of circumstances.
Design personnel should make routine periodic visits to the construc-

tion site, especially when foundations are stripped and excavated.

g. The observational approach should be habitually used on dam
projects to follow-up on design assumptions and to provide for changes
if construction conditions do not satisfactorily conform with them.
This principle was used to a great extent during the repair and
completion of Waco Dam, and has been effectively used on subsequent

dams on clay shales.

8~-05. Dam Safety. The Fort Worth District has a strong commitment

to dam safety. The Waco dam has undergone five inspections by teams
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of geotechnical engineers and geologists as part of the program for
Continued Evaluation of Completed Civil Works Projects. Instrumenta-
tion is being read and evaluated on a scheduled basis. However, much
of the instrumentation is no longer functional. This is especially a
problem in the slide area where high pore pressures still exist, and

some creep movement is possibly occurring.

8-05. Recommendations. It is recommended that funds be made avail-

able to upgrade and replace instrumentation so that the embankment
stability can continue to be adequately monitored. All observations
and data that are available indicate that the embankment is £fune-

tioning satisfactorily.
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TABLE 1

EMBANKMENT QUANTITIES

Volume

Material cu yds
Impervious fill 8,513,900

Shale fill (from

spillway excavation) 5,617,900
Random fill 1,536,300
Drainage blanket 284,300
Riprap 184,000
Bedding 12,600
Total 16,209,000

1-1
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TABLE 2

i t SUMMARY OF DESIGN DATA
: Angle of
Moist : : Internal : Cohesion
Weight : Type : Friction : c
Feature : 1b/cu £t : Test :Phi, degrees: ton/sq ft
Embankment

Slide Area:
Above E1 450 130 Q 0 1.0
Below El 450 130 Q 0 0.4
Qutside Slide Area: 130 Q 3 1.0
R 12 0.4
S 22 0.0

Foundation
Overburden: (Right floodplain) 122 Q 0 1.0
Plane at El 388 123 Q 0 0.5
Plane at El 368 120 Q 0 0.7
R 15 0.4
8 25 0.0
Primary: 136 R 34 0.4
8 34 0.4
Betonite seams: Q 19 0.4
S 19 0.4
Pepper Shale: (slide area) 130 S B 0.0
(residual)
Pepper Shale: (intact) 14 0.2
Pepper—-Del Rio contact: s 10-15 0.0
Del Rio Shale: 136 Q 28 0.6
R 20 0.1
S 19 0.4
! ( 2-1
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TABLE 4

SUMMARY OF SAFETY FACTORS

Loading Safety
Location Condition Factor
Slide area Post—-construction 1.15 Expected
pore pressures
1.11 Maximum
pore pressures
Right floodplain - upstream Post-construction 1.32 Overburden
Right floodplain - downstream Post~construction 1.32 Overburden
Right floodplain - upstream Post-construction 1.92 Upper Eagle
Ford
Left floodplain -~ downstream Post~-construction 2.73 Lower Eagle
Ford
River section - downstream Steady seepage 1.58 Embankment
Left floodplain - downstream Steady seepage 1.64 Lower Eagle
Ford
Right floodplain - upstream Rapid drawdown 1.37 Embankment
(Original upper slope Rapid drawdown 1.29 Embankment)
River section ~ upstream Critical pool 1.83 Embankment
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PHOTO 1. Looking at the U/S ripraped slope from the

right abutment with outlet works tower in
background, Sep. 83

PHOTO 2. View of the grass covered D/S slopes of dam.

Note the flat berm in the background over the
old slide area, Sep 83

Waco Lake .
Embankment, Criteria, Performance, and Foundation Report

EXHIBIT |
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View of the outlet works tower and service
bridge, Sep 83.

PHOTO 3.

PHOTO 4. View of the outlet works discharge channel,
Sep 83.

Waco Lake
Embankment, Criteria, Performance, and Foundation Report

EXHIBIT 2
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U. S. ARMY
PHOTO 5. Downstream View of the gated spillway structure
Sep 87. T
Waco Lake
Embankment, Criteria, Performance, and Foundation Report
EXHIBIT 3
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U. S. ARMY

PHOTO 6. Crest of dam, slide area about sta 55+00, Oct 61.

PHOTO 7. Upstream crest of dam at sta 59+00,

dropoff in the crack is about 19' deep,
Oct 61.

Waco Lake
Embankment, Criteria, Performance, and Foundation Report

EXHIBIT 4
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PHOTO 8. Pepper shale/Del Rio shale contact in
inspection hole at sta 58+60.
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PHOTO 9. South Fault in South Fault trench excavation,

downstream. Pepper shale on Teft against Eagle

Ford shale on right.
Waco Lake

Embankment, Criteria, Performance, and Foundation Report
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PHOTO 11. Upturned Eagle Ford shale on the down-thrown
side of the South Fault in the upstream fault
excavation.

Waco Lake )
Embankment, Criteria, Performance, and Foundation Report

EXHIBIT 6




CORPS OF ENGINEERS

U. S. ARMY
AR
R ‘Q A
W T :?f;\‘s
‘."l';. : ; LAY Y \.".
PHOTO 13. Oxidized sandstone seam in the Pepper shale
in the middle inspection trench 1100 feet
D/S from dam axis station 55+G0.
Waco Lake
Embankment, Criteria, Performance, and Foundation Report
EXHIBIT 7
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PHOTO 14. Eagle Ford shale (left)/overburden contact in
the embankment foundation; vicinity of station
20+00 on centerline.

Waco Lake
Embankment, Criteria, Performance, and Foundation Report
EXHIBIT 8
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PHOTO 15. Vertical joint- with weathering halo in the
Eagle Ford shale; embankment foundation
about station 32+00, D/S.
Waco Lake

Embankment, Criteria, Performance, and Foundation Report

EXHIBIT 9
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PHOTO 16, Slickenside in the Pepper shale below and
hole sta 58+20.

PHOTO 17. Slickenside 2-1p feet below and nearly

paralleling the failure plane in inspection
hole sta 58+20.

Waco Lake ‘
Embankment, Criteria, Performance, and Foundation Report

nearly normal to the failure plane in inspection

EXHIBIT 10
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PHOTO 18. Fill placement in the area between the
outlet works and river, Nov 63.
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PHOTO 19. Fill placement w/twin sheepsfoot rollers,
Jan 63.

Waco Lake
Embankment, Criteria, Performance, and Foundation Report EXHIBIT [
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PHOTO 20. LeTorneau equipment M50-55
Power Packer electric drive drums,
compacting fill, Apr 63

PHOTO 21. LeTorneau equipment L-140 electric digger,
Jun 63.

Waco Lake .
Embankment, Criteria, Performance, and Foundation Report EXHIBIT 12
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PHOTO 22. Scraper, R. G. Letorneau equipment LTU-27
electric digger 3 wheel drive, Apr 63

\
& B
&

PHOTO 23. R. G. Le Tornecau equipment, K-53F tractor
3 wheel drive puliing 50 ton Ferguson
pneumatic roller, Apr 63.

Waco Lake
Embankment, Criteria, Performance, and Foundation Report

EXHIBIT 13
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CORPS OF ENGINEERS U. S. ARMY

PHOTO 24. Fil11 placement in closure area about sta.
15+00, piezometer mound in foreground,
Oct 64.

PHOTO 25. Fill placement of mound around piezometer,
Jan 63

Waco Lake )
Embankment, Criteria, Performance, and Foundation Report

| EXHIBIT 14
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U. S. ARMY
PHOTO 26.
';§5§
PHOTO 27. Rock bolts and protective wire mesh,
Feb 64
Waco Lake
Embankment, Criteria, Performance, and Foundation Report
EXHIBIT 5
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PHOTO 28. View of slope indicator SI-1 showing pinched

pipe due to compression, Aug 63.

PHOTO 29. View of slope indic

collapse at fill/ov
Aug 63.

Waco Lake
Embankment, Criteria, Performance, ant

s

R a 55+00,

AIBIT 16




