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CHAPTER 1 - INTRODUCTION

* Purpose of Manual — EM 1110-2-1914 covers the design,
construction, and maintenance of relief wells at dams, levees, and
navigation structures

* Purpose of Relief Wells — Relief wells are designed to reduce
foundation pressures while preventing the movement of foundation
materials. The controlled release of seepage prevents the buildup of
pressures which might otherwise endanger the stability of the feature.

« Layout of Manual




CHAPTER 2 - RELIEF WELL HISTORY AND
APPLICATIONS

May 29, 1992 — EM 1110-2-1914 Issued
« Based on Waterways Experiment Station (WES) research that

started in 1940’s and 1950’s
- Conference and ECB (1955)
- TM 3-424 and TM 3-430 (1956)

History is Important Because;
(1) many concepts are retained but the analysis tools have changed,

(2) legacy well systems are still in operation

US Army Corps
of Engineers.




WHAT’S CHANGED IN 30 YEARS?

» Science and Engineering Practice Expanded
* 30 More Years of Performance Observations

* Evolution of USACE Dam and Levee Safety
Programs

* Risk Assessments for Evaluation and Design
» Subsurface Collection more Common




CHAPTER 3 - GENERAL WELL SYSTEM
DESIGN CONSIDERATIONS

Relief Well Application
Collection of Relief Well Discharge
Seepage Analysis

Slte_ Characterlzatlop Figure 3.3. Example of sand boil, East
Relief Well Penetration St. Louis, 2016 New Year’s Day Flood.

Performance Monitoring — e~

/ Excess head Theoretical head profile at

/ bottom of top stratum
surface

Foundation Piezometer at
base of top

stratum

Figure 3.1. Illustration of excess head.



CHAPTER 4 - RISK CONSIDERATIONS

« Support Risk-Informed Design (RID)
« Evaluation of Existing Well Systems
* Long-Term O&M Considerations

e) Increased flow in open pipe
and gross enlargement

f) Dropdown of crest with
erosion or failure of levee

¢) Boil formation & pipe initiation

g) Breach

d) Backwards erosion to source

Figure 4.1. Internal erosion of the levee foundation materials due to
underseepage (adapted from van Beek et al., 2010)

US Army Corps
of Engineers.




CHAPTER 5 - ANALYSIS AND DESIGN OF
AN INFINITE LINE OF WELLS Bl

Line source [ *» X . A
S Y Y’
¢ Blanket Theory ApproaCh X Oa O T— O —T O O —— Infinite line of wells
« Retained from 1992 Version A Effctiv seepage exit X
- Corrections and Updates —X
« Simpler Design Charts _ Section XX Section Y-
Y H i Sto ry in Ap p H ' = = = Head midway between wells B C

Average head in plane of wells
Head at well

« Extended to 2D FEM
* Method in App G
 Examples in App | '

Line source (pool)
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Figure 5.1. Infinite artesian relief well line




CHAPTER 6 - ANALYSIS AND DESIGN OF A
FINITE LINE OF WELLS
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STAINLESS STEEL WELL GUARD —.,
.

CHAPTER 7 -DESIGNOF =~ { T
WELL AND SCREEN Iy v || st il
All relief wells share the same basic elements: RN
* Drilled hole to facilitate the installation; I % I 5
» Screen or slotted pipe section; ey T
. Riser. NN
» Sump or bottom plate; S
« Granular filter around screen; IR S I 5 |
« Check-valve to prevent backflooding; 1 ——
« Backfill and seal above screened interval to prevent o {5_;}"
entry of surface water; and e —
« Protective cover to prevent vandalism and/or damage .7 !,,3’
Figure 7.1. Typical relief well installation. _ .\

ELEVATHON VARIES



CHAPTER 8 - RELIEF WELL
INSTALLATION

Drilling and Borehole Requirements;
Installation of Well Screen and Riser Pipe;

Development;

Sand Infiltration Testing;

Initial Pumping Test;
Backfilling;
Disinfection;

Video Inspection;
Records; and
Abandonment

AQUIFER WITH OR
WITHOUT GRAVEL
PACK

INSIDE OF WELL

~rWELL

[

SCREEN

NOZZLE

by high-velocity jetting.

H -s— DROP PIPE

|
||
||

| _V/_ _ STATIC WATER LEVEL

:|<7 SURGE BLOCK
1 - 1
\\

-4—RISER PIPE

-— SLOTTED SCREEN

AFTER DRISCOLL (1986)

Figure 8.3. Surge block used to mechanically develop wells.



CHAPTER 9: RELIEF WELL PUMPING TEST,
EFFICIENCY, AND WELL HEAD LOSS

» Pumping Test ] ;

» Specific Capacity (SCR) b qsmts_
vs. Efficiency (E%) g5 N e

» Efficiency Evaluation SRR I

* Well Head Loss Used in Design ,, | """‘1“"
Well Loss Components aismm altomm qoteem  assvem | osgem
H, = H, + Hf + H, i |

Figure 9.7. Step-drawdown test results:

before and after rehabilitation

US Ar myCop
of Engineers




CHAPTER 10 - RELIEF WELL COLLECTOR
SYSTEMS —

Relief well collection systeh outfall

discharge during record pool

Active vs. Passive Systems
* Below-grade Discharge
Collector Ditches L o’ 4

Components Figure 10.4. xarhple of ckupatr in
the housing (left) and full outlet pipe (right).
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CHAPTER 11 - OPERATION AND MAINTENANCE
FOR WELL SYSTEMS

Best Practices
* |nspection
* Testing

« Evaluation
* Treatment

Milford Dam, Junction City, KS. 2011 image (left) was obtained immediately after
well rejuvenation. The 2020 image (right) was obtained prior to well rejuvenation.



APPENDICES

App A: References
App B: List of Symbols
App C: Mathematical Analysis of Underseepage and Substratum Pressure
App D: Image Well Theory and Other Analytical Well Solutions
App E: Partially Penetrating Wells and Stratified Aquifers
App F: 3D Finite Element Modeling of Relief Wells in a Transformed Aquifer
App G: Seepage Analysis Using the Finite Element Method for Relief Wells
App H: History of Well Factors for an

Infinite Line of Partially Penetrating Relief Wells
App |: Example Relief Well Calculations
App J: Application of Pumping Test Data in the Evaluation of Relief Wells
App K: Numeric Analyses of Physical Tank Tests

US Army Corps
of Engineers.




APP C:INTRO TO BLANKET THEORY (BT)

A — Point of effective seepage entry
B — Point of effective seepage exit

Figure C.3. Illustration of Change in
Pressure due to Line of Relief Wells.

b ////////////////////1////%( .
L i J "
Figure C.1. Illustration of symbols used in H 1
Appendix C. " e IMT
Relief Well at

Note: AM is the difference in piezometric Embankment Toe

slope from the entrance side of the line
of relief wells to the exit side.



APP D: IMAGE WELL THEORY

o0 /INFINITE LINE SOURCE
| N " < WELL 1 (j)
? ©-
{ o
I x o \LWELL
!“ 2 T S =
IMAGE WELLS REAL WELLS
IMAGE WELL | REAL WELL

"o PLAN
Figure D.4. Artesian flow to a single Figure D.5. Artesian flow to multiple
well with an infinite line source. wells with an infinite line source.

US Army Corps
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APP E: PARTIALLY PENETRATING WELLS AND
STRATIFIED AQUIFERS
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Figure E.2. Comparison of actual and effective well penetration. US Arey Corps

of Engineers.



APP F: 3D MODEL OF TM 3-304
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Figure F.9. Comparison of equipotential lines in percent of net head from Physical Model B-a (WES, 1949 Figure 30) and
Numerical Model #1 for 29 ft well spacing and (a) 100% well penetration or (b) 25% penetration.

Table F.12
Mid-well head summary. 80% vs. 100% Efficiency.

Mid-Well Head (ft) Mid-wWell Head (%H)
B0% 3-D Model Results 80% 3-D Model Results
Well Efficient Efficient
Penetration Calc. 80% 100% Calc. BO0% 100%
(Effective) Estimate® | Efficient | Efficient | Estimate” | Efficient | Efficient
100% (100%) 421.69 42227 413.09 2337 24 55 617
50% (19%) 426.55 426.29 41916 3310 32 .57 18.33
25% (6.3%) 43513 43517 429.89 50.27 50.34 39.79
10% (2.5%) 442 67 442 62 43932 6535 65 25 58 64
No Wells 456.09 456.09 45609 9218 9218 52.18
Mid-Well Heads
445
10 —8— 80%% Lffifl'it:rlt
== 100% Efficient
g 435
3 430
_::: 425
g 420

415

410
10% 2% 30% 4% 50% 60% 10% 80% 90% 100%

Relief Well Penetration

Figure F.14. Heads computed mid-way between relief wells for 80% and 100% efficiency.

US Army Corps
of Engineers.




APP F: 3D MODEL OF TM 3-304

Elevation

Sensitivity studies
410 — 80% SCR
400° :
s medium fe — Blank top 20 of well
P8 8T - 10’ blanket
w .
.  + 10’ fine sand
. | sand
00— 00% 50% 25% 10% — Blanket defect
Figure F.3. Modeled relief well penetration.

1.5" diameter sand-filled hole

US Army Corps
Figure F.18. Blanket defect model setup. (Full model domain not pictured.)

of Engineers.




App G: 2D FEM (Modeling wells in SeepW)

Partial penetrating wells are complex, but that complexity is resolved by
the well factors, 6., and 6.,

No Flow Partial Penetrating Slot
/ B:))undary " . ( + ( ( [ { { [ [ | \\’l IW
| | j ';’j : —_— ] ‘. A Y. d
Flow | ‘ ’/ g Flow ({1 + { | } t 1 % \
E?]Lgpotentialf’!— ‘ | '\if:f../j/.:{_Héwme Equipotential Line/ Cross-Section View of Slot or Well \Flow Line
i = ' v
Infinite Line of Wells Figure 5.3. Cross-section view of a flow net
| to a partially penetrating drainage slot.
Flﬂ‘ Slot a
Equipotential— —Fiowline
Line
Drainage Slot '\g'jui',ﬁfw
Figure G.1. General plan view flow net of a fully penetrating ﬁ

. . . . . of Engimeere (XM
infinite well line and a fully penetrating drainage slot. ' @



LINE SOURCE

App H: History of well factors, 6,,, and 6.,

\Vi

777777 7777777777) |

!

Figure H.2. Drawdown for well between

infinite line source and downstream sink
(after Barron, 1948).

LINE SINK

Nomographic Chart for Design of Relief well Systems
USACE (1956) Version
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Figure H.8. Example uplift factor solutions (for W/D = 50% and different D/a values)
using the USACE design nomogram.

Provide simpler tables for practitioners,

Sharma’s approach

US Army Corps
of Engineers.




App |: Examples; BT & Image Wells (left), FEM (right),

400 600 Table 1.4
Tterative relief well head loss calculations for well spacing of 170 foot
399 | meeeeeeeeeeaeaes . * ] THuwen Qslot Quw Hw Hm (han) Hav (hat) THwelm THuwelkav
S0 (ft) (gpm/ft) _ (gpm) (ft) (ft) (ft) (ft) (ft)
R . : ! 410 3.49 593 117 5.27 4.75 416.44 415.92
398 * - . : * . 412.96 2.61 444 0.85 3.95 3.56 414.79 414.40
o= : 5 1 4% 413.68 2.40 407 0.78 3.62 326 41440  414.04
= 1397 | : _______ fmmrmrTees ! —_ 413.86 2.34 398 0.76 3.54 3.19 414.30 413.95
T L ogm e | 200 E 413.91 2.33 396 0.76 3.52 3.7 414.28 413.93
. o r/‘\\ X I =)
OE 306 | . . 2 — - = 413.92 2.33 395 0.76 3.52 317 414.27 413.92
T R ,m]ﬂ R, \ F/ \ Jri <
I V [ f i \/ y 200
395 | \/ [
J vf“% o e - ;. 2.5 700
' Voo 100
394 | Y v \/ \/ V \{ | . p 600
| g 20 r
> —_—
203 S S S S S S TS S S S T T S S S S 0 “l_ﬂl__’?- \ 4 500 £
810 815 820 825 830 835 840 =15 [ 1 200 S
Horizontal Station (100 ft) L =
3 3 °
BT Hm (80% efficiency) ——Hp with Image Wells (80% efficiency) ---BT Flow « Flow Using Image Wells 5 1.0 1 300 :
[ Q
. . . . " 2 ——FSves 1 200 3
Figure [.5. Example of Image Well Method compared with Infinite Well Approach (Chapter 5). 305 |
—e—Well Flow (gpm) 1 100
0.0 1 1 1 0
0 100 200 300 400
— —— Relief Well Spacing (ft)
€ o e el i Figure I.12. FSyes versus relief well spacing to achieve target value of FSye=1.6.
g 23
3 ;: ; 365, 73960 [}
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Figure I.14. Total head contours in a plan view model of the generalized levee cross section. gfsE‘,\,';,"i‘ge%?;?s



App J: Evaluation of Pumping Tests

Q
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Figure J.1. Illustration of specific capacity variables. Figure I.11. Factor of safety (heave) vs. well efficiency (Example 5).
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App K: Plan view and
Axisymmetric FEM of tank tests | e | L ——

2 1
19 L,
7 -
15 LESCREEN
, R ===
_4'_I2“ 2“2' s T
86— 677 15" For Tests F1535 ond F15100
5.7 16" For Test F2535

Figure K.4. Testing apparatus showing piezometer elevations (Hadj-Hamou et al. 1988).

(A) WELL TANK (B) WELL TANK IN GPERATION

Figure K.1. Tank used for relief well tests (TM 3-341, 1952).

Qwe”=8.65 gpm/ft (versus 8.58 gpm/ft in
lab)

Elevation

Distance

v

2!2»

Figure K.9. Input and output of simple plan view model of Mitronovas (1968) Test 1. : . . .
Figure K.8. Axisymetric model results for Mitronovas (1968).



WHAT YOU SHOULD KNOW

Where to get it:

Levee Safety
Program
Website

How to learn more:

INTERNAL EXTERNAL

What to do with it: : Informational
1. Review and provide feedback VVI Webiaar
by January 31 October 25

2. Share with partners and
encourage feedback




OVERALL SCHEDULE WITH 120-DAY REVIEW

USACE review Open review Comment review Guidance final
USACE will have 30 days to Partners will have 90 USACE will review USACE will publish EM
review EM 1110-2-1914 days to review EM comments and update 1110-2-1914 by the end
before it is shared externally 1110-2-1914 EM 1110-2-1914 of fiscal year 2023

USACE and External Comments Due — Jan 31



WHO SHOULD REVIEW

1. Dam and Levee Safety Staff

2. Geotechnical Professionals (Engineers & Geologists)
3. Operations & Maintenance Staff

4. Emergency Management




HOW TO PROVIDE COMMENTS

Submit All comments/questions via email:

EM1914@usace.army.mil
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