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Emergency Repairs to Mosul

Dam

A High Risk Dam on a Karst
Foundation




2014 BATTLE FOR WATER RESOURCES OF IRAQ

MOSUL DAM



August 2014
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ISIS SEIZES IRAQ'S LARGEST DAM

Musul dam is upstream from Tikrit, Baghdad
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ISIS control of Tigris and Euphrates River
Tabga dam, Syria Since February 2013

Professional Race
Against Time to
Prevent the Collapse
of Euphrates Dam




Water as a Weapon

Military, financial, infrastructure, irrigation,
food supply, drinking water, public health

1.47 millien people
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Dam Safety Risk
Communication Behind ISIS
Lines
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The Phone Call

* Within hours, requests for support came to USACE.

* Department of State.
« CJTF.




Airstrikes Support
Kurdish Ground Forces

three days, U.S. forces have con-
ducted 35 airstrikes against Islamic
State of Iraq and Syria (SIS or ISIL)
terrorists around the Mosul Dam

complex.

“In all, we destroyed over 90 targets
including a range of vehicles,
eqguipment, and fighting positions,”
said Pentagon press secretary Rear
Adm. John Kirby in statement. “Iraqgi
forces have cleared the dam and are
working to further expand their area

of control.”
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Kurdish Forces Take Back Mosul Dam
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SECURITY

> KRG Peshmerga

> Mosul Operation began
Oct. 2016

>Syria "

> Italian Security Force /

KURDISH

. g CONTROL
> KRG Referendum e, %
Areas retaken
by the Iraqi
government
since the Kurdish

> Iraqi Forces Replace ey referendum
Peshmerga
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>US Replace Italian Army IRAQ







DAM FACTS

b

> Water Supply » Completed 1985 1 .
> Irrigation » 2.2 km long 2%
» Hydropower > Well Designed
» FRM » Bad Foundation
4] iEH:I Zi;ﬂhm
TURKEY 100 200 mi
Karkilk | :
As Sulaymaniyah » Largest damin Irag, 4% largest in Middle East
» ~18 km upstream of Mosul City
» Storage Capacity — 11.1 Billion cubic meters
> 40% of Iraq’s water supply
» Inflow from Turkey and Iran
JORDAN - :
» Largely snow melt reservoir
» Hydropower Plant rated at 750 MW
ARABIA
x| > 4 million population at risk
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Presentation Notes
Mosul Dam is located along the Tigris River approximately 110 km south of Turkey and 50 km north of City of Mosul. 
Construction was completed in 1984 for flood control, irrigation, water supply management, and power generation. 
Mosul Dam is the largest dam in Iraq and the 4th largest in the Middle East with 8.1 billion m3 reservoir capacity. 
The main features of the dam include an embankment dam (113 m high and 3.4 km long); a service spillway (five gates); a hydropower facility (total rated capacity of 750 MW with four turbines); a bottom outlet structure (two gates); and an emergency spillway.



MOSUL DAM FEATURES

Hydropower Intake e 18 Reservoir =

Bottom Qutlet Guard Gate Chamber
Embankment

Service Spillway

Mosul Dam

River:  Tigris River e P —_ Y —
Height: 113 m (371 ft) :"‘;; " i ,.!""" ‘:_j :*E*.: i‘._ 5
Length: 3.4 km (2.1 mi) S . En‘rergency Spﬂlway v calib A3 1 3
Capacity: 11,100,000 m? 1 g &'.F'USE Plgg SR N
(9,000,000 acre-ft) . r s _‘f '. . _' N B

Year Complete: 1984
Age: 33 Years
Owner: Iraq Ministry of Water



TYPICAL SECTION

SECTION KM 2'400
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EMBANKMENT LEGEND

GLAY CORE: Claysy Sand and Sandy Clay soils derived from Terrace
Deposits and River Channel Alluvium. Unknown compacted density,
PI=17-22%, LL=38-43%, MC=20%

FILTER (Zona A and B): Zone A - Fine Filter, Sand and Fine Graval
from 0-7mm. Zone B - Coarse Filter, S8and to Medium Gravel. Overall
filters have Dy = Tmm. Processed Alluvium,

DRAINAGE: Gravel, Medium to Coarse grained, Dyy= 7-25mm,

D= 25-150mm. Processed Alluvium

=

SHELL MATERIAL: Sand, Gravel and Cobble. Preduced from processed
Alluvium. Fine Sand and Silt removed using grizzly. Placed in 50cm lifts with 4
passes from roller. Only 2.5% of material had size smaller than 0.08mm.
SHELL MATERIAL: Sand, Gravel and Cobble. Produced from

processed Canglomerate. Borrow areas often required blasting

Material judged to be coarse grained and free draining.

TOE WEIGHT: Presumably construeted using Mard and Alluvium
Composition, lift thickness and compaction unknown.

NOTES:
TRANSITION: Sand, Gravel and Cobble. Praduced from Conglomerate

processed Alluvium, Compasition, lift thickness and compaction unknown,
Presumed to be similar to Shell Material but finer grained.
RIP RAP: Limestone praduced from Jerlbe Limestone quarries. Blocks

FOUNDATION LEGEND

SANDY SILT (PRESUMABLY LOOSE OR SOFT TO FIRM RECENT
ALLUVIUM),

SANDY GRAVEL CONGLOMERATE, WEAKLY CEMENTED.

LOWER MARL SERIES: CHAINAGE 2+350 MARKS THE TRANSITION BETWEEN THE
VALLEY SECTION AND THE LEFT ABUTMENT. AT THIS LOCATION, THE LOWER MARL
SERIES CONSISTS OF MARLS AND GB BEDS GB2 AND GB3. GB2 IS NEAR THE BASE OF
THE GROUTING GALLERY FROM 2+350 TO 2+600. THE FOUNDATION HERE 1S
CHARACTERIZED AS VERY DISTURBED, WEATHERED, DISCOLORED, AND FREQUENTLY
INTERRUPTED BY SUB-VERTICAL SINKHOLES FILLED WITH BRECCIATED MARLS OR
COARSE ALLUVIUM FROM ABOVE. THE ROCK IS HIGHLY FRACTURED AND HIGHLY
KARSTIFIED. GYPSUM/ANHYDRITE BEDS ARE PARTLY OR COMPLETELY DISSOLVED
WITH NUMEROUS COLLAPSE FEATURES. MANY POCKETS OF GRAVEL
CONGLOMERATE WERE FOUND IN THE TOP FEW METERS OF MARLS EXPOSED IN THE
VALLEY SECTION,

and 1. THE FOUNDATION GEOLOGY SHOWN UNDER THE CORE OF THE DAM IS
TAKEN FROM THE FROFILE DRAWING NO. 50102MF386

ONONONONONORORONC

up ta 1000kg.
SLOPE PROTECTION: Limestone praduced from Jerlbe Limestone Job No. : MOSUL DAM
quarries. Blocks ranging from 5 to 60kg.

Prepared By © dg CHAINAGE 2+400

Date :

CROSS SECTION

9-20-2016




POOL RESTRICTION OF 11 METERS SINCE 2006

National Impacts
i I W L T

) T i

Maal_Pem_IH

T dwia I b hazr

1 = - . ' T

F_ b Tabwja 1n - 4 '.
4 ¥ kb B !
[ A e
' * oo e Xee ;
¥ ¥ % 7
\. i .” 2 B s amecram _ Y i"

» il
[R5 agreid D




2006-2008 Drilling and Grouting Support Effort

» $25 million Contract for training and equipment
executed

by Gannett Fleming

» Equipment is still onsite

» Entire system never used

» Required:
» Consistent high quality materials logistics chain
» Trained personnel
» New drill rigs
» 100 people/12 drill rigs



MOSUL DAM TASK FORCE

> Letter of Agreement
(LOA) between US and

Gol | __THE US. ARMY
CORPS OF ENGINEERS

» USACE Serves Gol as
Engineer for Contract

> . Reimbursement BUILDING STIIEUHG.:,:.
Contract - $300 million SINCE 177

Iraq Funded Unprecedented Project
=, for US Government

» 70 people — Military,
|l ISACE and AFCOM



Critical Infrastructure in Conflict

 Emergency response is challenging; add armed conflict.
* |nfrastructure devastated.
* Borders, air, ground movements complicated/often impossible.

* Thousands displaced from homes, population resettlement.



Partnership

Security

Planning, Engineering
& Construction
Management

SR I I :,...ﬁ:L.J.I[

3 Govern_rperﬂ?

] ASCOM &  Trewi

2 USG
Departments
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Presentation Notes
3 Governments – US, GoI< ITA

2 USG Departments – DOS and DOD – do not always handle international issues in the same manner!

Security – primarily provided by 300-400 Italian soldiers with some US through the Coalition Joint Task Forces.  Near the end of the mission, some security was provide by Iraq Special Forces.

The Planning and Engineering and Construction was a broad partnership with USACE in the lead with technical support from AECOM and VERSAR (using local nationals on site).  Additionally Trevi and their technical department were crucial in designing, constructing and trouble shooting grouting infrastructure as well as drilling and grouting and other repair features.


International team

USACE MDTF/Trevi: 16 Nations




Critical infrastructure in conflict

* USACE Requested by Iraqi Government to oversee grouting
contract.

* |raqg paid for contract; US paid for oversight; Italy paid for
security.

e Contract was required to resume grouting; Trevi.
* Contract required to support USACE oversight; AECOM.

* |ncredible coalition formed under difficult circumstances.
e |SIS to Solicitation 12 Months.
» Solicitation to Award 9 Months, including 2 major alterations.

e Mobilization started within a month.

* Talent acquisition and retention.



MOSUL DAM TASK FORCE (MDTF)

*USACE Engineer of Record and Oversee Contract with Trevi for Emergency Drilling
and Grouting and Outlet Works Rehab

USACE Engineer & Oversight

>

<
Risk Preliminary DSMS
Assessment & Drilling and Phase 1 Eir:r?seic:}n
Mobilization Grouting Phase 2

May 2016
Nov 2016
Jan 2017
Jan 2018
Aug 2018
Jul 2019

MDITF consists of USACE, AECOM, and Versar



TREVI CONTRACT SCOPE

Grouting Dr|”|ng and ASCENDING STAGES
Infrastructure Grouting
Upgrades 24/6

Bulkhead
Repair

Guard gate —
Elec/Mech Repair

Refurbish
5 Cranes



HOUSING COMPLEX




EMERGENCY GATE REPAIR - BOTTOM OUTLETS

MOSUL DAM



BOTTOM OUTLETS

Jezira Intake

Y ETTELG

Guard Gate
amber

Bottom
Outlet
Tunnels

Power
Tunnels



GUARD GATE REPAIR
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Presentation Notes
Request to expedite repair before offensive made on 12 August.

Cooperative effort between all 

Gate repaired and operational on 09 October

Tunnel and gate inspected and in good condition


BOTTOM OUTLETS

>

* Right BO open for first time since 2013






BOTTOM OUTLETS

Diving Barge & Bulkheads
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Presentation Notes
Dive operation to recover and inspect bottom outlet intake bulkheads. 

Complex dive and lifting operation to do safely.  

Ministry staff will be trained on use of their equipment to perform the bulkhead operation.


BOTTOM OUTLETS

Bottom Qutlets Inspection
February and June 2017




BATHYMETRY AND LASER
SCANNING
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Presentation Notes
Latest laser and multibeam sonar survey: 

Detailed upstream and downstream survey of entire project.
Identified a large cavern under water on the side of the plunge pool.   


PLUNGE POOL HYDRAULICS MODELING

g = o4U OUUE]
Downstream end
of concrete apran

Surge of flow up
the rollcrete face
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surging (Note: model
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Presentation Notes
Computational Fluid Dynamics modeling

Evaluate alternatives for plunge pool modification

Save money and time

Eliminate a long term maintenance issue


DAM SAFETY RISK

MOSUL DAM



2016 USACE PFMA/SQRA

24 potential failure modes were identified by the Risk Assessment Team

» PFM N1 — Internal Erosion through the Shallow Main Valley Rock
Foundation

»PFM N2/3 — Internal Erosion through a Deep Flaw in the Main Valley
Foundation

» PFM N4 — Internal Erosion through the Right Abutment Rock Foundation

> PFM N5A — Internal Erosion (Stoping) through the Left Abutment Rock
Foundation

» PFM N5B — Internal Erosion (Scour) through the Left Abutment Rock
Foundation F-Bed

> PEM N10 = Internal Erosion through Rock Defects in the Vicinity of the
Bottom Outlet Conduit




Downstream Consequences

J/""' s N = E . -
o JURREY AN s ~- .7 ¢ Potential Flood Area
> = Mosu \\_/cd = N

Consequences Mosul
associated with

dam failure based on
restricted pool
elevation 319 m

Population at Risk
3,850,000

Potential Life Loss )
400,000+ g

Economic Consequences
$15 - $20 billion

- Inundation area

50 100 Kilometers
Projection: Tranevores Mercator; UTM Zena 3EN T

US Army Corps ﬁi




Internal Erosion along the
Bottom Outlet Conduits

Material from

Continued material
embankment or Rer e tion Breach occurs
foundation moves Open stope to transport lower
unsuccessful
through voids by embankment crest below
Interconnected o [l :
collapse or contact surface below reservoir
system of open q . reservoir fio
Flaws expose erosion starting a eservo
~ features from bank o0 - — o
#_of centerline Suleely mer|1| © P N
erosion or collapse — No
loadkQcaiits ot <I=_ outlet w:'Jrks N
(reservoir PIUNEEIROY)
elevation 319 m) = No
No
No
@ Up Downstream I—.>
E E E E E E E 3 =
s 2 8 2 g g 2 2 g g

No PZ elevation
. . Noted 11/13/2015 data available

WY/ Location approximate from photos taken at bank
A104

_Aa105

Approximate Scour
2015 Bathymetry S

Legend '

Galery Sections Distress Indicators % Minor Deformation M Steepened Slope
B Sure Torks & Crack & Oulet Separation @ Structure. @ Icentified Sinkholes 2=
@ Depression @ rotential Void Wall Separation
B tandsice B Slope Buige Wet Spot
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Annual Probability of Failure (APF),
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Dam Safety

Action
Classification
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Loss of life and
economic risks posed
by Mosul Dam are
extreme

Even a dam incident
could be catastrophic.

Grouting, although
critical, does not bring
risk to tolerable levels.


Presenter
Presentation Notes
Provide the incremental life safety risk matrix. Estimates are not “point” estimates. They are order-of-magnitude estimates and should be shown as boxes. If multiple boxes overlap each other, then change the fill transparency to 50 percent and possibly change fill colors. The placement of the failure mode number within the box may also have to be adjusted.

Use a different color for potential failure modes that do not result in loss of damming service (e.g., collapse of administration building or powerhouse roof due to an earthquake).

The total incremental risk for the project is generally driven by one or two potential failure modes. These will be the "risk drivers" for the project and will help manage the number of failure modes that get carried forward for full SQRA. Some of the other failure modes may still exceed TRG, but they do not necessarily need to be evaluated by SQRA during a PA. For example, there may be multiple cracking mechanisms that lead to concentrated leak erosion, but the team should consider the perceived worst condition or location. The incremental risk at the other locations would then be judged no worse than the location evaluated. The team may generate a complete failure mode description in Chapter 7, but full SQRA is not necessary. Add a note to the incremental risk matrix as shown on the slide.

Copy/edit/move failure mode numbers shown on incremental risk matrix for the risk-driver potential failure modes. The potential failure modes should be shown as a range using a shaded box instead of a single point.

Copy and paste this figure into Chapter 1 Findings and Recommendations.
Using the left mouse button, draw a box over the entire incremental risk matrix.
Right-click over the selected objects and then select “Copy” or click on Copy icon from the Ribbon or Quick Access Toolbar; or hit Ctrl+C to copy.
In the Word Document, select “Paste Special...” and then “Picture(Enhanced Metafile)” at the location for the figure.





GEOLOGIC MODEL




GENERAL GEOLOGY AT MOSUL DAM

Multiple layers of soluble carbonate and sulfate (gypsum and
anhydrite) rocks are interbedded in the foundation.

Varying degrees of dissolution have resulted in a wide range of
karst conditions in the foundation.

Potentially significant voids may have formed in the foundation.
Some karstic rock units extend to and daylight in the tailrace.

The foundation has been grouted continuously from the grouting
gallery beneath the main embankment since construction to
mitigate continuing dissolution of the carbonate and sulfate
rocks.



FOUNDATION GEOLOGY
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F-Bed |

T * Pleistocene conglomerate

FS=E I0
R

* F-Bed Limestone

vy
gy GB3

—=—=* Lower Fars Group (Lower Marl Series)

eI

sE975% * Foundation is Mostly Marl (calcareous claystone)

* Multiple thin limestone layers

* Gypsum Breccias — WIDE range of properties. Four thick units in the
Lower Fars Group originally composed of gypsum/anhydrite that either
remains intact or has partially or completely solutioned out designated
GB-3, GB-2, GB-1, and GB-0

* Multiple thinner unnamed gypsum layers
Each of the GB layers are separated by marl and limestone

Bauxite




EVAPORITE GEOLOGY
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GYPSUM DISSOLUTION FRONT

Marl 1 meter
Anhydrite

Marl




GEOLOGISTS FOR SCALE




GEOLOGY

One Dam, Two Foundations
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GEOLOGY

One Dam, Two Foundations
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DISTRESS INDICATORS

MOSUL DAM



POTENTIAL DISTRESS
FEATURES

71+ Potential Distress Features were identified
by various means at Mosul Dam

» Aerial/Satellite Imagery
»Site Assessment and Drilling
» Observation and Anecdotal Reporting

» Bathymetry



INTERFEROMETRIC SYNTHETIC
APERTURE RADAR MONITORING
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Presentation Notes
Synthetic Aperture Radar monthly monitoring

Confirmed sinkholes and movement previously identified

Identified other areas of concern on and near the dam not identified by other methods


50

INTERFEROMETRIC SYNTHETIC
APERTURE RADAR MONITORING

Three Years of Ground Truth
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GYPSUM DISSOLUTION FRONT

Marl 1 meter
Anhydrite

Marl




NEW INSTRUMENTATION

MOSUL DAM



NEW INSTRUMENTATION

» New Core Holes: 75

» Core Holes in Gallery: 43

» Core Holes on Surface: 32
» New Piezometers: 325
» Existing Piezometers to be Automated: 80
» New Inclinometers: 3
» New Crack meters 45
» Weather Station: 1
» Accelerographs: 2
» Pendtlums: 3

» Lake and River level sensors and Regulating Dam pool sensors
» Lake levels displayed in powerhouse as well.



GALLERY PIEOMETERS - East Side

Mosul Dam Exploratory Holes and Instrumentation Plate 2d - Profile Geology and Proposed Boreholes and Instrumentation
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HISTORICAL GROUTING

MOSUL DAM



MoWR HISTORICAL GROUTING

» Continuous Grouting for over 30 years
»Need for continuous grouting established during original design.

»MoWR allowed access to Mosul Dam Library in January 2017.
» MoWR provided historical grouting information in June 2017.

» MoWR Nipple grouting since 1990
> Flow rate — 50 |/m.

» Piezometer readings.

» Original Equipment from Original Construction.



HISTORICAL GROUT LINES




GEOLOGY

One Dam, Two Foundations
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10

co

Number of Grouting
o

Historical Grouting INSTANCES

Number of Grouting Per Section From (2000 to 2016)

49 51 53 55 57 59 61 63 65 67 69 71 V3 75 V7 79 81 83 8BS 87 B9 91 93 95 97 99 101103105107109111

Section No.



Total Dry Materials Ton

12000

10000

2000

6000 -

4000 -

2000 +

Historical takes - total over time

»From 1991 to

1N_0§ast:a from Sections 49-111 201 6 860 Km
2. Dry Materials include Cement, Bentonite and Sand .

of grouting
length were

completed

> A total of

81,500 Tons of
solids

(includes
sanded grout)
injected

»Generally, in
upper 20
meters takes
have
decreased

1991 1892 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

with each
grouting event



EMERGENCY GROUTING

MOSUL DAM



GROUTING GALLERY
INFRASTRUCTURE

» 3,000 m electrical cable
» 2,000 m grout lines
> 2,000 m water lines

*Relocated

» 2,000 m dewatering
lines .

*Installed

170,000 m electrical
cable

15,000 m grout lines
3,500 m water lines
3,000 m fiber optic lines
2,000 m dewatering
pipeline

Dewatering pumps

Yol 'V WV V. e 'V




GROUTING GALLERY

»>New fiber optic system for
computerized grout monitoring

system.

»>New power distribution system.

>New piping system for grout, water,
bentonite and cement slurries.

>Robust/redundant communication

system.
>New delivery system for sanded
grout and gravel mixes.
»Complex sequencing of the

work. T

3.00

3.70

63



DRILLING AND GROUTING

» Drilling started in 16 Oct 16. The first liter of grout was
injected on 22 Nov 16. -

» Production grouting was “declared” started on 10 Jan 17.

» T-Grout software monitors and controls all grout delivery
equipment with instantaneous feedback.



T - GROUT CONTROL ROOM

MAIN MIXING PLANT 1
LEFT ABUTMENT




GROUT MIXES

e MIX A Mix B MIX C
MIX AO3 Mix B04 MIX C01
ke lit kg/m3 ke lit kg/m3 kg lit kg/m3
W 1000 1000 500 1000 1000 850 1000 1000 7153
C 300 97 270 500 161 425 1000 323 7153
B 30 13.0 27.0 30 13.0 25.5 10 4.3 1.5
Additive 2.0 143 1.80 25 1.79 2.13 1.0 0.71 0.75
density g/cm3 density g/cm3 density g/cm3
1332 1111 1.199 1533 1176 1.303 2011 1328 1.515
B/W 3.0% 3.0% 1.0%
C/W 30.0% 50.0% 100.0%
Ad/W 0.20% 0.25% 0.10%
Ad/C 0.67% 0.50% 0.10%




GROUTING CRITERIA

» Utilizing existing grout holes
Grouting Flow Chart, for each stage

> Pressure grouting by stages

. . R Rl R{— '
» Grouting pressures as high v Y
as two and half times It B )
historical pressures . N T
> Initial boring depths were — |
adjusted based on geology Lv ,, |
and historic grouting depths
P R P %R
» Refusal pressures based on T |
R R ) = o
USBR “rule of thumb” T
. | P P
» Stage refusal: Achieve the
.' R: Refusal pressure - Stage Completed NB =V is the cumulative Volume in each Step
effectlve refusal pressu re X% R Rate of Refusal (target) pressure V1 =example = 0.1 m3/m
V2 = example = 0.2 m3/m {0.1+0.1)
and flow rate less than 1 P Measurd pessure V3= cxample =0.3mim 02401
" r - Pa: Target pressure in the stage immediatey above V4 = example = 0.4 m3/m (0.3+0.1)
I/mln and malnta|n3d for 2 (upstage method only) V3 = example = 0.8 m3/m (in step C only)
VN = limitless Volume V6 = example = 2.0 m3/m (in steo D only}

I.‘:I.I —p -



DRILLING AND GROUTING
Phase 1 — EXPLORATORY GROUTING

» 12 Months, One Row
Across 3 km, 1.5 m
centers/150 m depth

» Utilizing Existing Holes
(Historical Grout Lines)

» T-Grout Computer
Monitoring System

> NO LUGEON CLOSURE
CRITERIA

» Higher Pressures, Stage
Grouting (5m)

> New Work Force of 700
persons

» Training MOWR Staff



GROUTING PROGRAM - PHASE 2

» U/S Row Across 3 km, 3m/1.5 m centers/100 —
150 m depth

» 2000 holes +/-
» D&G under 7 tunnels
» Additional angle holes U/S and D/S
» T Grout Computer Monitoring System
» LUGEON CLOSURE CRITERIA
»3-5 Luegon in upper 50 meters

»5-10 Lugeon 50-100 meters

» INTEGRATION OF TRAINED MoWR STAFF



GROUTING SUMMARY

»Over 40,00 stages completed/5 meters stages
» 5,000 + grout holes

»100-150tons cement consumption daily

*Equipment and Operations
» T-Grout computer monitoring system/GIS system

» 3 Mixing Plants/20 drill rigs/20 BGU’s (secondary
pumps)
»24/6 operations



DRILLING & GROUTING SUMMARY

v' 4,850 holes drilled & grouted
v 348,652 m length of drilling (216 miles)

v’ 39,227 m?3 of grout (22,177 tons of solids)
v" More than the last 13 years combined

v (1.3 Washington Monuments)

v' 63000 m3 previous 30 years

v’ (2 Washington Monuments) -

-
=

v Re-estab'lli;h'e'd two continuous grout lines across 2.7-km length of the dam

v' Added center line and downstream angled holes at critical locations




GEOLOGY

One Dam, Two Foundations
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GROUTING RESULTS

S

050+¥ BIS

000+¥
els

056+€ €IS

006+€
es

0G8+¢ EIS

008+¢
els

05.+¢ BlS

001+€
els

059+¢ BIS

009+€
els

055+¢€ EIS

00G+€
el

0SP+€ BIS

0SP+¢€ BIS

00F+€
els

0GE+E
00€+€
052+€
00Z+¢€
0GL+€
00L+¢
050+€
000+€
056+
006+2
058+2
008+2
05.2+2
00.+2
059+2
009+2
055+2
005+2
0s¥+2

00¥+2Z

0SE+T
els

00€+2

0se+e
els

00zZ+2

0SL+¢C
els

00L+2

0S50+
elg

000+2

056+1
els

006+1
0s8+1
008+
0G.L+L
00.Z+1L
0G9+1L
009+1L
0SS+1

005+

el
el
el
el
el
el
el
el
el
el
els
el
el
els
els
eis
els
eis
eis
eis

eis

els

els

eis

els
els
Eels
els
els
es
es
Belg

Elg

er Meter

Grout Volume

0 to 50 iters'meter

50 to 200 liters/ meter
200 to 500 lters/ meter
« 500 to 1,000 Iters/ meter

{000+ liters/ meter




GEOLOGY

One Dam, Two Foundations
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2017 Grout Takes By Section

Grout Volume and Weight Normalized per Meter

e Grout Takes (I/m)

e Grout Takes (kg/m)
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Historical Grouting Instances vs
Recent Grout Takes

Grout Volume and Weight Normalized per Meter

mm Grout Takes (I/m)

e Grout Takes (kg/m)

Gypsum

. il
o
i L QLR Jlll

0 —_ ___.—.-____ -

@@@@Q&&é@@&@@@&@@@@@@@%@&&&q&@@@@@&&ﬁ
N




2017 PSTQ Analysis

Sec. 79-91 - Solids: kg/m Sec. 91-113 - Solids: kg/m
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Summary Findings

. No preferential seepage paths from U/S to D/S
encountered. However, high takes point to potential
paths within at left abutment contact.

. Historical grouting effectiveness limited by equipment
and technique.

. Historical grouting was generally been successfully in
reducing permeability of the first 20m of foundation
below the gallery floor

. Multiple high take sections have been identified to
guide future grouting.

. Artesian conditions West of Section 79 (Vuggy
Limestone) require careful grouting procedures

. F-Bed, Limestone and Marl layers more difficult to
grout than gypsum layers.

. Gypsum dissolution front remains a dam safety
concern.




BOTTOM OUTLET REPAIR FROM GROUTING

MOSUL DAM



Discovery — West B.O. Tunnel

* Last Inspected:
March 31 2017

e 15Nov 2017:
Dewater West
Bottom Outlet

* 17 Nov 2017:
Discover
Deformation in Steel
Liner on East Side of
Tunnel

e 28m downstream of
Guard gate

— Length=13m
— Width=3.9m
— ‘Height=1.1m




Discovery - East B.O. Tunnel




BOTTOM OUTLET REPAIR

GUARD GATE

ow
o GUARD GATE

ACCESS GALLERY L
GROUTING GALLERY

. STEEL LINER
e

e

DAMAGED PORTION OF (=
STEEL LINER (13.27 M) N ,“? 2

Upstream

EXPANSION JOINT J

REINFORCED CONCRETE /]
1.5 m thick

CONCRETE LINER
10 m dia.

EXISTING CONDITIONS GROUT HOLE
Bottom Outlet Repair — FOUNDATION GROUTIN..G"'%_;?‘

Features shown are an approximation of existing conditions.

Use record drawings for more accurate depictions of the actual conditions. Downstream




RETURN TO NORMAL OPERATIONS
2019 15 YEAR RECORD POOL

Fomverndson Wanch

Mosul Dam No Longer on Brink of
Catastrophe

My Riier Hies

WokiiafAn  MEOLEEBAST  ORMISHE WO | SeaEdl | | WTERVES

Engineer insists Mosul Dam not in danger despite heavy
rain

Ruilem -

vuirm BOMNADBEE o




RISK ASSESSMENT

MOSUL DAM



RISK ASSESSMENT RESULTS

Multiple 4 to 6 meter voids




Likelihood of Failure

Failure
Progression
Observed

Failure
Progressicn
Likely

Very High

High

Moderate

Low

Remote

RISK ASSESSMENT RESULTS

Normal Pool Elevation: 330; With Intervention

Average Incremental Life Loss. N

10 100 1,000 10,000

N10,
N5A

NSB

Low

Very Extremely

Moderate High High High

Incremental Life Loss

2016

100,000 1,000,000

1E+00

1E-01

1E-04

1E-05

1E-06

1E-07

Annual Probability of Failure

Annual Probability

1E+00

1E-01

Total With
Intervention

s

NOALL —— — 4
1E-04 A
- N~ N1AL_
N )
\\ N1B
1E-05 <
AN i.
1E-06 —_———)—_—_—_e —
—
| NSBF
|
1E-07 1
0 1 10 100 1000 10,000 100,000 1,000,000

Average Incremental Life Loss, N

2018

In general, risks fell 2 orders of magnitude.

Still very high risk due to downstream population


Presenter
Presentation Notes
2018 SUPERCEDES 2018 risk assessment (2016 no longer applies)


Why have the risks changed?

— We have MUCH more data to inform our judgment
e Historic construction data

* Maintenance data in the intervening years between
construction and 2016 (still scarce)

e Refent grouting data, recent exploration data,
piezometer data

— The result is we have a better understanding of the
geology from construction and the recent exploration
and a better understanding of how the dam was built

— There has been a significant amount of grout (solids)
putiin the ground that has improved the overall
condition of the foundation



DAM SAFETY MODIFICATION STUDY

MOSUL DAM



GROUTING IS NOT A PERMANENT SOLUTION
DAM SAFETY MODIFICATION STUDY

DSMS Alternatives

9% Dam- Badush

Grouting

89
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GROUTING IS NOT A PERMANENT SOLUTION
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RELATIONSHIPS WERE KEY
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