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1. Introduction and Background

Center Hill Dam, TN — 1983 Muddy Show

Clearwater Dam, MO — Sinkhole
USGS map of Karst in the Jarl%ﬁ;y 32003

us.

Large number of major dam safety incidents
involving complex seepage/piping failure mode
development processes

Large number of other dams in similar
environments with similar design and
construction provisions

Typical Well-Known Examples
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Center Hill Dam, TN

Wolf Creek Dam, KY
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Quail Creek Dam, U
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Mosul Dam, Iraq

Clearwater Dam, MO

Horsetooth Dam, CO Sinkholes along upstream toe of dam

and increasing seepage
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(\V4 1927 to 1995

Numerous other case histories exist




Failure Modes
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Figure 5
Seepage / Piping Failure Continuum

Distress Indicators for Existing Dams

\ /Se

= Wet areas and .
hanges in
seepage patterns
and quantities




Geologic Characteristics of Karst,
Erodible and Soluble Foundations
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Stratagraphically controlled Karst with no
connection to base of dam
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] . Clay Filling Open flowing 20 to 30
Structural Controlled Karst with gpm under low head
connection to base of dam

Design Features Leading to Development
of Safety Incidents/Failures

— | Inadequate treatment of
foundation defects
Incomplete or inadequate
grout curtains and/or
cutoffs
Inadequate embankment
filter/drainage provisions

Caves along cutoff trench — Wolf Creek Dam




Key Factors in Assessing Risk Profile

+ inkhole

Site geology i~
Design Features et

— Depth of foundation treatm&b

— Interface treatment

— Embankment provisions
Depth of reservoir
Time since first filling
Erodibility of Karst or open joint infilling materials
Solubility and reservoir water chemistry

All these factors must be considered when assessing the risk
profile and potential risk of future failure mode development.
Current performance may not be an indicator of future safety.
Solution and erosion processes are dynamic.

2. Concrete Cut-Off Walls (Category I) Using
the Panel Method
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Concrete Cut-Off Walls Using Secant Piles

Clamshells
(Cable or Hydraulic)




Hydromill (Cutter)

HYDROMILL TECHNOLOGY

The core of any Hydromill is its
trenching/cutting unit, that
w7 = schematically consists of a heavy

L - steel frame integrating the
following components:

Swivel

+ swivel located on top of the frame

Flap

+ two independent hydraulic engines )
which allows the rotation of a pair
of milling drums located at the
bottom of the frame;

Drilling Mud
Hose

+ a mud suction pump placed just .. ...
above the milling wheels;

Suction Pump ;

« front and side hydraulically-
operated “steering” flaps;

* a number of built-in sensors and
inclinometers.




Conventional Secant
Pile Method

B Dk
thoff Wall Construction Area
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U.S. Case Histories to Date

Comrosmon
oF WaLL

GrounD
ComoiTons

Scors oF PROJECT

M. WiaiTH Derri

REFERENCES

1. WOLF CREEK

Y
19751979

phases of work.

Concrele

Dam FILL, and
ALLLVILIM
over
argitacsous
and karstic
LIMESTOME
with cavities,
often clay-
fibod

To provide a
Foslive
concrote cul-
off through
dam and ino
Bedrock to

stop seepage.

progressively
develcping in
the karst

270.000 st
(Phase 1)
plus
261,000 =f
(Phaze 2)

Max. 280 1

cos
brochures
(undated)
Fetzer (1988)

3. WF, GEORGE
AL
1981

1983-1985

2E-inch thick
panels using
cable and kely-
mauntad
clamshell

Saletanche
(Phate 1)

Bencor-
Patrtand
Phase 2)

2d-inch paneis
1527 RLkang

Plastic
concrele

3,000 psi
Concrele

Randam
Imparvicus

FILL wilh silty
core over 25-

ALLLAILIM

over chalicy
LIMESTONE

Ta provide a
“positive
concrele cut-
aff” theaugh
the dam and
aliuviats.

130.000 2t
(Phass 1)
plus

951,000 s
(Phase 2)

Max 13810

110-190 R

Soletanche
Brochure
{undated)

Bencor
Brochure
undated)

3. ADDICKS AND.
BARKER, TX
Compisted in 1982
(Phase 11oak &
months)

3E-Ench thick
Soletanche

using Kelly.

Soik
Benionite

Dam FILL over
CLAY

To prevent
seepage and
pipi

through core

450,000 1
Phase 1)

730,000 st
(Phate 2)

Max 651

typically 35
loszn

Soletanche
websie

4 8T
STEPHENS, SC.
1984

24-inch-hick
concrele panel
wall, instabed
by Hydromill
Plus upsiream
Jaind pretection
by s08-
bentonite
panels

bentonile.

Dam FILL, over
sandy marly
SHALE

To provide a
108t

©
Ehrough cam.

78,600 sf
(eancrele)
i

benfonite)

Max, 1200
Including 3
A into
shale

USACE
Repor (1984)
Scletanche
(varicus)

" Soletanche have operated in the U5, under different business identities over the years, “Soletanche” is used hersin as the general term

Project Listing Showing Chronology Type of Cut-Off
and Specialty Contractor (1975-2007)

Case History

it

1 Woif Crsi. KY

2 WF George AL

5 Forionede, WY
6 _Navajo. N

T Mud Mourain, Wi

? Miei's Cabin WY

McAipne Locks and Dam. KY
Twin Buttes. TX

Hodges Vilage. MA
Cloveland

West HIl MA

WF George AL Phase 2
Missssran 1N

Wnterbury, YT
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Concrete Cut-Offs for Existing Embankment Dams

TyPE oF CONSTRUCTION

NUMBER
OF PROJECTS

SQUARE FOOTAGE

SMALLEST

LARGEST

ToraL

Mainly Clamshell

7

51,000 | 1,400,000

3,986,320

Mainly Hydromill

9

104,600 | 850,000

2,389,415

Mainly Secant Piles

4

12,000 | 531,000

1,050,700

7,426,435

2006-2013 Update

DAM

SCOPE

AS OF FALL 2013

STATUS OF PROJECT

Wolf Creek

Approximately $400M Category 1

cutoff to 275’ depth.

Complete.

Clearwater

Approximately $100M Category 1

cutoff to 150" depth.

Complete.

Center Hill

Approximately $110M Category 1

cutoff to 300" depth.

30% complete.

Herbert Hoover Dike

About 22 miles of Category 1 and

2 cutoff to 90 depth.

Complete.

In addition, major cutoff walls are in design stage for other USACE
DSAC 1 and 2 dams including East Branch, Bolivar, Mohawk and

Addicks & Barker Dams.
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3. Review of Contemporary Grout Curtain
Technology: The Evolution of the Revolution

Revolutionary Elements
1996-Present

= (Quantitative Design

- Intensity of Grouting consistent with design, assumptions
and requirements.

Hole Orientation and Depth selected consistent with site
geology.
Stable Grouts with multiple admixtures.

Pressures — Maximum safe pressure utilized.

Data Acquisition — Flowmeters and
Pressure Transducers.

Data Recording — Computer Monitoring
by experienced Engineer or Geologist.
Note: talk focuses on cutoffs as opposed
to blanket (“consolidation”) grouting.
However, the same procedural principles
apply.

13



Characteristics of Unstable
+ Water Cement Grouts

®* Cement + Water

® Considerable Bleed Potential

® | ow Resistance to Pressure Filtration
® Unorganized Particles

® Unpredictable Behavior due to Changing
Rheology During Injection

® Marginal Durability

Grouting Theory - Neat Cement Grouts

Penetration distance controlled by
presgure, cohesion, changing rheology,
particle agglomeration, and/or bridging

Densification Substantial water loss through
of Grout pressure filtration

14



+

Characteristics of Balanced
Stable Water Cement Grouts

Cement + Water + Rheology Modifiers
Zero Bleed

Resistant to Pressure Filtration
Organized Particles

Minimal Change in Rheology During
Injection

Grouting Theory - Balanced, Stable Grouts

Minor Densification Minimal water loss throug
of Grout pressure filtration

Zero or Negligible Bleeq
Channels

15



Common Additives to Balanced Stable
Cement-Based Suspension Grouts

Water

Portland Cement (typically Type III)
Bentonite

Silica Fume

Flyash (usually Type F)

Welan Gum or other Viscosity
Modifier

Dispersant (SuperP)

Level 3 Computer Monitoring System

Vs

16



Advantage: Grouting

Measurement Accuracy Significantly Improved
Real Time Data is obtained (2-10 seconds vs. 5-15 min.)

Allows one to use higher pressures with confidence;
Dilation and Lifting easily picked up on screen

Formation Responses to procedure changes (mix or
pressure) are known immediately

Accelerates the Work

Reduces Inspection Manpower Requirements (~25% for
Level 2 Technology and ~60% for Level 3)

Permits reallocation of resources to analyze program
results and recommend cost effective program
modifications.

Advantages: Interactive Geology

* Logical organization of Geotechnical and Geological Data

L*EIectronic link between data

* Eliminates sorting through paper logs, photographs, lab test
results, etc. to interpret conditions
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“Virtual Rock Core” Showing Weathered Partially Clay
Filled Joints in Limestone Formation

“Composite” Cut-Off Solution for Carbonate
Foundations

+ Basic Principles

= Modern grouting

methodologies can be
relied upon to provide
durable, effective cut-offs,
provided significant fine
material (e.g., fine karstic
detritus) is not retained in
the grout/rock structure
comprising the cut-off.
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= Concrete cut-off walls are essential to provide durable,
effective cut-offs through rock masses found to contain
significant amounts of karstic material which can be
eroded under service conditions.

+

Beaver Dam, Arkansas

Major Rehabilitation
Concrete Cutoff Wall

( Section-Looking Upstream )

Dike 1
4
Cutoff Wall

Boone (Limestone)

Chattanooga (Shale)

Jefferson City (Dolomites )

= However, the price of a concrete cut-off wall can be up
to 10 times that of an equivalent grout curtain and the
huge equipment required may be incompatible with
site logistics. Furthermore, most of the cut-off will be in
+rock of high strength and/or minimal clay presence:
why excavate 20,000 psi rock to replace with 3,000 psi
concrete?

. Fontenelle 1986-1988
B
...and pay for the

privilege!




Basic Premise

= Conduct high quality drilling and grouting operation along the
whole alignment as the first, engineered step, not as an
intermittent and/or emergency operation.

= This operation will:

1. Previde a very high intensity of site investigation data upon
which to optimize the depth and extent of the subsequent
concrete cut-off walk

. Pretreat the epikarst and other voided-areas to.prevent -
massive, sudden loss of bentonite siteryzduring the
excavation for the concrete-cut=off=(P otentiatiy=a-tam--
safety issue.)

. Provide a cut-off in*“clean“rocksconditionsyof-an
engineered residual permeability.

= Build cut-off wall only where required.

Highlights of a Drilling and Grouting

Program for Composite Walls

Minimum 2 rows of inclined holes, either
side of the potential cut-off wall alignment.

“Measurement While Drilling” all ho

Intense water pressure testing befa
during and after grouting to quantifysss /-
conditions. ¥

Use of Optical Televiewer in special
features.

Use of modified, stable HMG grout mixes, 3 =~ *
and LMG as appropriate. (Absolute
refusal.)

Build cut-off wall only where required.




lllustrative Examples:
“Clearwater” Case

1,000t
(NTS)

o < - Rock
;’r GUUEpikare fii iy Surface
f: i Jriiiiii ErH i

i\ it \

;

J0 ft. BGS
35 ft. BGS

/ b
i / / Sound ‘-\\
Grout : ! /Limestona
curtain in r"f / \‘- £
“clean”™ f
fissured
rock mass.
100 ft. BGS

— 110 ft. BGS
= Area of Grout Curtain (including pretreatment of epikarst) = 1,000 ft. x 110 ft. = 110,000 sft.
= Area of Subsequent Concrete Wall = 1,000 ft. x 35 ft.= 35,000 sft.

~l\q$ha1e ,_,{'

Epikarst is found during pregrouting to an average of 30 ft. b.g.s. The concrete
cut-off needs only to be installed to 35 ft. b.g.s.

“Wolf Creek” Case

Concrete —
cut-off |
through |
entire |
sequence |
{lithological |
karst). IS
\\;;
Grout i
curtain | /N
through 17 N\
entire | -
sequence |
to pregrout l
the deep ;
Karstand —t e i \ 100 1. BGS
groutthe ey /
sound reck:

/ Sou n&.\L}ﬁ]estone
A
A

1101 BGS

+ Area of Grout Curtain = 1,000 ft. x 110 ft. = 110,000 sft.
« Area of Subsequent Concrete Wall = 1,000 ft. x 110 ft. = 110,000 sft.

Heavily karstified horizons are found at depth. Therefore the concrete cut-off is
required for the full extent. The grouting has pretreated the karstic horizons to
permit safe concrete cut-off construction.




“Bear Creek” Case

Rock
Surface

Each needs a
concrate cut-

— 40 ft. BGS

100 fr. BGS

\ Shale Vi

110 ft. BGS

= Area of Grout Curtain = 1,000 ft. x 110 ft. = 110,000 sft.
= Area of Subsequent Concrate Walls =3 x 40 ft. x 80 ft. = 5,500 sft.

Discrete karstic features have been found, structurally driven.
Thus, individual concrete cut-offs can be installed, after drilling and
grouting has confirmed the extent of these features and has
pretreated them to permit safe concrete cut-off construction.

4. Category Il Walls (Mix-in-Place)
Classification of Deep Mixing Methods as at 2008

Rotary Jet Trench Cutting Horizontal
Vertical ~ Assisted Vertical | and Mixing ! Axis Cutting
Axis Axis (Turbojet) | (TRD) and Mixing

Wet Wet Dry § ow High
End Shaft End _ o § 3 b Pressure Pressure
Mix  Mix  Mix :\:\ = | | (CSM) (CT Jet)

L&l
Lt i

“Conventional”

22
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Cutter Soil Mixing (CSM)

In 2004 Bauer developed a new method to carry out
eep Soil Mixing. The method is based on the use of
diaphragm wall cutters mounted to a special frame that
is driven into the ground by a Kelly bar to produce

rectangular panels of treated soil.

TRD Method

Peat

T v v T v

Cutoff Wall
Sands

one Layers l

T

N

Sands B
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Technology imported to the U.S. in 2006 by Hayward Baker and proved
in the Alamitos Gap project in California soon after.

Downwards/upwards ripping action provides very effective vertical
homogenization of the soilcrete — a particular advantage in the very
variable conditions at Herbert Hoover Dike.

Extremely productive in appropriate soils
conditions and

weaker stratified

rocks.
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5. Final Remarks

¢| Large number of major dam safety incidents involving complex

seepage/piping failure mode development processes.
Timescales of different processes are highly variable

— Solutioning of carbonates — millions of years

— Solutioning of evaporites - < decade

— Erosion of infilling in karst - < 1 engineer lifetime

Potentially hundreds of existing “safe” dams may become unsafe
in our lifetime.

Goal of intervention/remediation is to create low (tolerable) risk
profile.

Since 1975 proven specialty construction technologies exist in
North America to achieve this goal.

* | These techniques include Concrete Wa!l
“Composite Walls,” and (less commo
Place Wall. i

* The most appropriate choice on any one project should ideally be
dictated by the geology, the nature of the problems, and the
performance goals of the remediation.

* For the good of the industry, it is essential that long-term
performance information is published. (Federal Agencies and/or
their A/E’s are best positioned to author these.)

® On each project, modifications to foreseen means and methods
are inevitable, and prompt attention and resolution are essential.
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