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Summary of Change

EM 1110-2-1914
Design, Construction, and Maintenance of Relief Wells

This major revision, dated 7 March 2025, incorporates the following changes:

All chapters of the new manual were updated to incorporate and discuss current
design philosophies and standards for relief wells.

The following chapters are new and address subject matters that were not
previously covered by the manual:

o Chapter 4 — Risk Considerations for Relief Wells
o Chapter 9 — Relief Well Pumping Test, Efficiency, and Well Head Loss

Some equations and methods presented briefly in the original manual were
expanded to include a more complete description and moved to the following
appendixes:

o Appendix D — Image Well Theory and Other Analytical Well Solutions.
o Appendix E — Partial-Penetration Wells and Stratified Aquifers.

The following appendixes were added to demonstrate use of modern computer
software in design and evaluation of relief well systems:

o Appendix F — 3D Finite Element Modeling of Relief Wells in a Transformed
Aquifer.

o Appendix G — Seepage Analysis Using the Finite Element Method for
Relief Wells.

o Appendix K — Numerical Analyses of Physical Tank Tests.

o Appendix H - History of Well Factors for an Infinite Line of
Partial-Penetration Relief Wells was added to include technical content in
support of Chapter 2.

The following appendixes were added to demonstrate use of content in the
manual to both design relief wells and evaluate performance:

o Appendix | — Example Relief Well Calculations.

o Appendix J — Application of Pumping Test Data in the Evaluation of Relief
Wells.

Several technical and typographical errors in formulae, a figure, and a table in
the existing manual were revised to improve accuracy and usability.

References were updated.
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Chapter 1
Introduction

1-1. Purpose

This engineer manual covers the design, construction, and maintenance of relief wells,
focusing on their use at dams and levees. This manual presents basic principles of
implementing relief wells as well as the history of relief wells to enhance understanding
of multiple generations of relief well systems. It also covers the analysis of the
underseepage conditions and the impact of relief wells on these analyses, reviews
risk-informed decision-making for the life cycle of the relief wells, and provides
construction and maintenance best practices for relief wells at various points in their life
cycle.

1-2. Distribution statement

Approved for public release; distribution is unlimited.

1-3. References

See Appendix A.

1-4. Records management (recordkeeping) requirements

The records management requirement for all record numbers, associated forms, and
reports required by this publication are addressed in the Army Records Retention
Schedule. Detailed information for all related record numbers is located on the U.S.
Army Corps of Engineers (USACE) Records Management Site
https://usace.dps.mil/sites/INTRA-CIOG6/SitePages/Records-Management.aspx. If any
record numbers, forms, and reports are not current, addressed, and/or published
correctly, see DA Pam 25-403 for guidance. Specific records requirements are
described in paragraphs 8-12 and 11-3.

1-5. Associated publications

Policy and/or procedures associated with this manual are found in ER 1110-2-1942,
which describes the inspection, monitoring, and maintenance of relief wells;

ER 1110-2-1156, which describes continuing evaluation inspections for USACE dams;
and EC 1165-2-218 or its successor regulation, which describes evaluations and
inspections at USACE levees.

1-6. Discussion

This manual updates EM 1110-2-1914, dated 29 May 1992, and is intended for
designers and operators of relief wells. Relief wells, as used in this manual, are vertical
wells installed to reduce pore-water pressure in dam and levee embankments and
foundation strata. Without an avenue of release, this pressure can cause surface
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saturation, pin boils, heave and uplift, material transport, internal erosion, and potential
failure. Relief wells are typically placed on the downstream toe of a dam or levee or
adjacent to hydraulic structures.

1-7. Objective and scope

This manual provides guidance and information on the design, construction, and
maintenance of pressure relief wells. It focuses on wells installed to relieve subsurface
hydrostatic pressures that may develop in the pervious foundations of dams, levees,
and hydraulic structures.

1-8. Applicability

This manual is applicable to all USACE Divisions and Districts responsible for seepage
control at dams, levees, and hydraulic structures.

1-9. Project Development Team

The Project Development Team (PDT) responsible for this manual includes USACE
engineers, geologists, and modelers drawn mainly from the Mississippi River,
Northwestern, Great Lakes, and Ohio River Divisions. These divisions include the
Mississippi, Ohio, and Missouri River valleys where the majority of USACE relief wells
are located. Additional PDT and Agency Technical Review (ATR) members belong to
the North Atlantic, South Pacific, Southwest, and Pacific Ocean Divisions.

1-10. General considerations

All water retention structures are subject to seepage through their foundations and
abutments. In many cases, seepage coincides with excess hydrostatic or uplift
pressures beneath elements of the structure or landward strata. Relief wells are
designed to reduce foundation pressures to a safe level, preventing the movement of
foundation materials. Controlled seepage release prevents the buildup of pressures that
might otherwise endanger the stability of the structure.

a. Performance monitoring. Relief wells require a minimum amount of real estate
compared with other measures such as seepage berms. Unlike seepage berms,
however, wells require periodic maintenance to prevent a decrease in performance over
time. These decreases can be due to clogging of well screens by muddy surface
waters, bacterial growth, or mineral encrustation. Eventually, relief wells may need to be
replaced if their performance cannot be maintained above threshold levels. The proper
design, installation, and maintenance of relief wells are essential elements in ensuring
their effectiveness and the integrity of the protected feature. Adequate systems of
piezometers and flow-measuring devices must be installed according to
EM 1110-2-1908 to monitor the performance of relief well systems.

b. Seepage collection. Relief wells divert underseepage to near-surface locations
where it must be collected and disposed (Turnbull and Mansur 1954). Collection
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systems convey seepage away from the area of concern and safely discharge it to
storm sewers or surface water bodies.

1-11. Applications

a. Pressure reduction. Relief wells are used extensively to relieve excess
hydrostatic pressures in pervious foundation strata covered by more impervious top
strata. These conditions often exist landward of levees and downstream of dams.
Pressure relief wells have also been used beneath the stilling basins of spillways, outlet
channels of dams and navigation locks, and other hydraulic structures. Often, wells
incorporated in structures rely on a system of collector pipes and manholes to safely
discharge seepage volumes. Unlike relief well systems in embankments, these systems
are often placed in locations not readily accessible under normal conditions. Thus,
inspection, cleaning, and maintenance cannot be performed unless the structures are
dewatered.

b. Seepage control. Relief well systems are flexible as a seepage control
measure. Additional wells can easily be added if the initial system is not adequate or if
conditions change. If needed, the discharge rate from individual wells can be increased
by pumping to further reduce pore pressures. Other underseepage control measures
can be used in conjunction with relief wells. These include upstream blankets,
downstream seepage berms, and cut-off walls to help control the seepage flow path and
prevent uplift.

1-12. Description

Typical relief wells consist of a screen surrounded by a compatible aggregate filter
material to prevent migration of foundation materials into the well. The well screens can
be placed at varying depths to encompass permeable layers as determined by
exploratory borings. Relief wells are typically sized to accommodate the maximum
design flow without excessive head loss. A typical relief well is shown in Figure 1-1.
Wells can be singular or designed as a system to ensure pressure relief is obtained
where needed. A schematic of a series of wells installed in a line along the landside toe
of a levee or dam is shown in Figure 1-2. Figure 1-3 is a photo taken during
construction at Upper Wood River Levee and is typical of how a line of relief wells
housings appear in the field.
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Figure 1-1. Typical relief well
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Figure 1-2. Typical line of relief wells at the toe of a dam or levee

Figure 1-3. Line of wells at Upper Wood River Levee District (USACE 1956b)

1-13. Relief well components

Slotted, wood-stave wells were used in the earliest relief wells and are still in existence
at many locations. Although polyvinyl chloride (PVC) and other materials have been
used over time, current practice is to use a wire-wrapped, stainless-steel screen and
riser. The screen and riser pipe have inside diameters typically between 6 and 18
inches. Generally, the filter gravel pack around the screen is capped with an impervious
material such as bentonite. A grout or concrete plug is placed above the seal to encase
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the riser pipe to the ground surface. The following components are described in further
detail in Chapter 7.

a. Screen. A filtering element that allows water but not sediment to enter the well.
The screen also provides structural support for the surrounding soil.

b. Riser pipe. Blank pipe above the screen that conveys water to the surface and
supports the surrounding soil.

c. Well guard. A protective device at the ground surface that prevents damage to
the well while allowing flow from the well to exit.

d. Filter pack. Sand or gravel placed between the screen and the borehole wall to
prevent foundation soils from entering the well.

e. Check valve. A plate that seals against the top of the riser to prevent backflow
of surface water into the well.

f.  Seal (also called plug). An impermeable material in the annulus of the well that
provides a bond between the riser pipe and the surrounding soil.

1-14. Definitions
See the Glossary of Terms for a list of terms and definitions.
1-15. Manual organization

This manual presents basic principles related to the implementation and evaluation of
relief wells. The manual is organized into three parts: (1) general considerations and
background; (2) analysis, design, and evaluation; and (3) construction, operation, and
maintenance. Appendixes are provided to supplement content in the main chapters,
including methodology, background, and examples. Some of the appendixes are
technically extensive, and the ordinary practitioner is not expected to replicate all of the
analysis.

a. General considerations and background. The beginning of this manual includes
general considerations and background. Chapter 1 presents the purpose and function of
relief wells, defines general terms, and provides a layout of the manual. The history of
relief wells used to relieve substratum pressure at dams, levees, and other structures is
presented in Chapter 2. Chapter 3 considers overarching engineering and geologic
considerations critical for well system design.

b. Analysis, design, and evaluation. The middle portion of the manual considers
the analysis, design, and evaluation of relief well systems.

(1) Chapter 4 addresses how relief wells impact risk due to poor project
performance. Chapter 5 presents the traditional design approach used to select the
depth, capacity, and spacing of relief wells. It assumes an infinite line of wells spaced a
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uniform distance apart. This method has been used for most relief wells installed in
USACE since the 1950s. The history of infinite well theory is included in Appendix H to
enhance understanding of multiple generations of relief well systems.

(2) Chapter 6 explains how the theoretical approach in Chapter 5 is adapted for the
finite length of well systems used in practice. Chapter 6 also describes image well
theory, which has been used to design systems that are either limited in number or have
irregular spacing. Modern 3D seepage analyses are presented in Chapter 6, with
examples in appendixes to handle complex geometry and foundation conditions.
Chapter 7 details the design of the physical well to be installed and describes
components of head loss in the well.

c. Construction, operation, and maintenance. The final portion of the manual
covers construction, implementation, and maintenance of the relief wells and collection
systems. Construction and maintenance best practices are provided for relief wells at
various points in their life cycle. Chapter 8 provides guidance on installation. Chapter 9
covers pumping tests, which are an integral part of in situ analysis. Chapter 10 covers
the relief well collector system, and Chapter 11 provides best practices for operating
and maintaining wells.
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Chapter 2
Relief Well History

2-1. Introduction

Thousands of relief wells installed over the last century at USACE dams, levees, and
other structures are still in use. During this time, design practices have evolved. The
historic use and development of design methodology for relief wells in USACE is
important to this manual and summarized in this chapter. A more detailed history of
relief well uses and current USACE practices are provided in Walshire et al. (2020).
Methods of analysis for relief wells were co-opted from the oil and gas industry and
validated against field experiments and laboratory models. As a result of these research
investigations, conservative, safe, and economical methods of pressure relief were
developed and are still in use.

2-2. Initial use of relief wells

a. Early well use. Wells have been used for centuries to control agricultural
seepage (Johnstone 1797; French 1859). Later, the value of wells was recognized for
reducing uplift pressures on hydraulic structures (Khosla 1930), and for construction
dewatering (Terzaghi 1927). Many of these early wells did not extend the full depth of
the aquifer and thus fit the definition of “partial penetration.” Relief wells can be either
partial or full penetration. Although analysis is more complex, partial-penetration wells
sometimes offer technical or economic advantages.

b. Initial use in an existing structure. In 1942 to 1943, the Omabha District became
the first USACE entity to use relief wells for controlling uplift pressure. This occurred at
Fort Peck Dam, Montana, along the Missouri River (Slichter 1945; Middlebrooks 1948).
The action was taken to address excess head of 45 feet in piezometers tipped in the
pervious foundation at the downstream toe. As an emergency measure, ordinary steel
pipe was used in various arrangements to relieve the pressure. When this proved
unsuccessful, well casings were slotted with a cutting torch. Twenty-one wells were
installed between July 1942 and September 1943. The excess head at the downstream
toe was reduced from 45 to 5 feet. Total flow from the 21 wells averaged about 4,500
gallons per minute (gpm). The wells quickly became severely corroded and were
replaced with wooden wells in 1946.

c. Initial use in a new structure. Relief wells were first incorporated in the original
design of a dam in 1943 by the USACE Vicksburg District. The foundation stratum at
Arkabutla Dam consisted of 30 feet of relatively impervious loess underlain by a
pervious stratum of sand and gravel. A line of 250, 2-inch brass relief wells was installed
along the downstream toe and spaced at 25-foot intervals. The system was effective for
many years (USACE 1958), but their small size precluded any maintenance. Today,
these wells are being grouted and replaced with 52 modern wells spaced 40 to 200 feet
apart.
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2-3. Relief well research

a. Initial research. Historic floods along the Mississippi River during the late 19th
to early 20th centuries were highly destructive. These events caused detrimental
underseepage, sand boils, and at least six levee failures due to internal erosion
(Fatherree 2006). After floods in the 1920s and 1930s, USACE initiated research
programs to understand seepage mechanics and countermeasures, including pressure
relief wells. This research was performed by the Mississippi River Commission, the
USACE Vicksburg Engineer District, and the U.S. Waterways Experiment Station
(WES). (WES is now known as the Engineer Research and Development Center
[ERDC]). Exact mathematical solutions for underseepage were not available at the time.

Instead, research methods consisted of electrical analog models, physical sand models,
and theoretical studies.

b. 1930s electrical analogy modeling. ERDC developed models using electrical
current as a substitute for seepage flow (Figure 2—1). Calculations for seepage gradient
and flow quantity were derived from voltage drop measurements and used to analyze

effects of partial well penetration. An analytical procedure was developed to predict
underseepage quantity, aquifer pressure, and vertical gradient across the top blanket.

Source Line
Drive

Vacvum Tubs Voltmeter Probe Point

Wire Representing Well |

/

:
E

Figure 2-1. Electrical analogy (USACE 1939b)

c. Black Bayou Levee. The Vicksburg District performed seepage studies at the
Black Bayou Levee along the Mississippi River. This research was used to confirm the
usefulness, economy, and practicality of using pressure relief wells (USACE 1939b).
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Muskat (1937) had previously developed mathematical solutions for effective spacing of
oil wells. These solutions were successfully applied to the relief well spacing at Black
Bayou (USACE 1939b). Design curves by Muskat were also validated against both
physical and electrical models of relief wells. Curves were developed for both full- and
partial-penetration wells at Black Bayou.

d. Underseepage studies. In September 1940, the Mississippi River Commission
initiated a general study of underseepage along Lower Mississippi River levees. This
began with a review and compilation of all underseepage reports related to the 1937
flood. Also included were exploration and geological studies of numerous sites where
underseepage was a serious problem in 1937. Piezometers were installed at selected
sites to measure substratum pressures beneath and landward of levees. Field pumping
tests were performed to determine the permeability of the sand aquifer at certain sites.
In addition, theoretical, electrical-analogy, and sand model studies were done.
Prototype studies of relief wells, partial cutoffs, and landside berms for the control of
underseepage were conducted. The effort was still underway in 1950 when observation
and measurement of natural seepage was performed at certain locations during high
water.

e. Technical Memorandum 3-304 (USACE 1949). The 1940s model studies are
summarized in this document. A number of sand models were constructed to study the
phenomenon of underseepage and its control using relief wells. The studies
represented conditions commonly encountered in the Lower Mississippi River Valley.
These models investigated seepage flow and landward substratum pressure with and
without relief wells. Relief wells with proper spacing and penetration effectively reduced
excess hydrostatic pressure landward of levees underlain by a pervious foundation.
This was demonstrated for a wide range of seepage entrances, foundation conditions,
and landward top strata.

f.  Experimental relief wells. In 1942 to 1943, lines of experimental relief wells
were installed at four sites where underseepage had caused problems in 1937.
Foundation conditions were known, and piezometers were already present at these
sites (Commerce, Trotters 51, and Trotters 54, Mississippi; and Wilson Point,
Louisiana). The experimental systems operated during the high water in 1943.
Unfortunately, the wells proved too small in diameter to handle the flows, which were
greater than anticipated. The large flows were attributed to a more pervious foundation
than had been assumed. The seepage entrance on the river side of the levee may also
have been closer than assumed. The wells were subsequently plugged or pulled.
Despite the setbacks, valuable information was obtained from these early field tests.
This included insights on permeability of the foundations, well flow, and pressure
reduction.

g. Pumping tests. Field pumping tests were conducted at Commerce and Trotters
54 in 1943 to 1944 to measure overall permeability of the pervious substratum. The
Trotters 54 tests also determined flow for various drawdowns in the well and head loss
through the filter and well screen. These early tests helped establish field pumping tests
as an integral part of relief well design. Later, more comprehensive pumping tests were
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conducted on wells installed along the levees in the St. Louis District. These tests are
documented in Technical Memorandum (TM) 3-430 (USACE 1956b).

h. Larger experimental relief wells. In 1950, a new, larger capacity relief well
system and additional piezometers were installed at Trotters 54. Piezometer readings
and seepage observations made during high-water events in 1951 and 1952 indicated
that the system performed as designed. The well system reduced substratum
hydrostatic pressures landward of the levee to a small fraction of the head on the levee.
The system also intercepted a large portion of natural seepage that otherwise would
have emerged landward of the levee. An analysis of this system, including 1951 and
1952 high-water events, was reported in TM 3-341 (USACE 1952).

2-4. History of relief well design

A full chronology of the development of USACE relief well design methods is discussed
in Appendix H.

a. Full-penetration relief wells. The historic Mississippi River floods of the 1920s
and 1930s ignited research on underseepage. This included determining the causes of,
and treatments for, underseepage in a pervious stratum. Field studies in the late 1920s
(Long and U.S. Army WES 1931) and adaptation of approaches from the petroleum
industry resulted in a design method. These methods assume a homogeneous,
isotropic (either natural or transformed) pervious foundation with various limiting
boundary conditions. An initial solution for flow and pressure along a line of full-
penetration foundation wells was developed.

b. Partial-penetration relief wells. Mathematical formulation for an infinite line of
wells, parallel to a line source, did not exist in the 1930s. Also lacking at the time was an
analytical method for modeling partial-penetration wells. The reduced flow due to
partial-penetration wells was understood, but there was no means to determine
substratum pressure. Additional model and theoretical work (USACE 1939a, b, c)
eventually led to developing a solution for partial-penetration relief well systems. The
theoretical infinite full-penetration well line solution was combined with electric
analog-based, partial-penetration solutions developed by USACE. This design process
is sometimes referred to as the “Muskat-Jervis” approach.

c. Extralength and head factors. Analytic and model studies performed by
USACE in the 1940s and 1950s resulted in further advancement of numerical methods
for seepage analysis and relief well design. Piezometers measured foundation pressure
and were configured at varying depths and spacing for partial-penetration simulation.
The “extra length” and “head” factor concepts were derived from these experiments and
published in 1946 (Middlebrooks and Jervis). These concepts are covered in Chapter 5
of this manual.

d. Blanket Theory. Bennett (1946) developed what is known as Blanket Theory

(BT). The theory provided a solution for steady-state, two-dimensional (2D) flow through
a semi-pervious top layer and pervious bottom layer. Bennett assumed vertical flow
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through the top layer and horizontal flow through a bottom layer. The horizontal
permeability of the bottom layer was assumed to be at least 10 times greater than the
vertical permeability of the top layer. BT allowed pressure relief in an aquifer due to flow
through a confining top stratum. Barron (1948) derived closed-form solutions to also
incorporate pressure relief due to flow from wells in these analyses. These concepts
and assumptions eventually led to the design equations in use today.

e. Relief well guidance. Historical evolution of relief well guidance in USACE is
also summarized in Walshire et al. (2020). The first USACE engineer manual to identify
relief wells as a seepage control measure was published in 1952 as part of a
comprehensive soil mechanics design manual. A Civil Works Engineer Bulletin in 1955
(USACE 1955) represents a turning point in relief well design. That bulletin covered
topics still pertinent to well design that are contained in this manual. Included was an
updated design chart for an infinite line of wells.

f.  Technical Memorandum 3-424 (USACE 1956a). TM 3-424 is a valuable
resource for designing relief wells. This report represents a comprehensive summary of
almost two decades of research described in the previous paragraphs. The document
has become the foundation of seepage analysis, evaluation, and design of seepage
control measures for dams and levees across USACE. TM 3-424 demonstrates how to
apply Civil Works Engineer Bulletin 55-11. These procedures carried over to several
EMs (1110-2-1901, -1905, -1913, and -1914).

g. Technical Memorandum 3-430 (USACE 1956b). TM 3-430 is the companion
report to TM 3-424. It documents relief wells installed in the early 1950s along river
levees in the St. Louis District. In October 1952, WES was authorized to assist with the
investigation and to design the required seepage control measures. TM 3-430 presents
the results of that investigation, and includes all field, laboratory, and design studies
made during the project. This included geological studies of the alluvial valley and
construction procedures for installing and testing relief wells and piezometers. In
addition, the report contained as-built information on relief wells and piezometers and a
description of required maintenance.

h. Miscellaneous Paper S-72-21 (USACE 1972). The purpose of this paper was to
guantify loss of well efficiency over time and examine the causes. Step-drawdown
pumping tests were performed on target wells selected in the 1950s to represent typical
wells for this type of study. These target wells are surrounded by an array of
piezometers that extend both parallel and perpendicular to the levee alignment. The
report demonstrates how to evaluate well condition and estimate head losses.

i.  Performance of Underseepage Controls During the 1973 Flood (USACE 1976).
This report documented areas along levees in the Alton to Gale system where the
design approach may have been deficient. These areas included the inside of bends in
levee alignment where seepage was concentrated. Another issue was how to analyze
foundations with a thin clay blanket underlain by a thick layer of sandy silt or silty very
fine sands. This sandy silt layer is often located between the blanket and foundation, as
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shown in Figure 2—2. Well screens are traditionally not installed in these transition
layers because the sand is too fine.

J.  Engineer Research and Development Center/Geotechnical and Structures
Laboratory Technical Report 02-19 (USACE 2002). This ERDC/GSL report was
completed in 1986 and published in 2002. It summarizes what was learned from
observing several floods during the 20-year period from 1966 through 1986.
Performance of control measures was evaluated using wellpoint piezometers installed
at numerous locations along the Alton to Gale levees. This report highlighted three-
dimensional (3D) seepage effects on the inside bends of alignments. It also reiterated
analytical problems with fine sands often present between the aquifer and blanket. The
intermediate silty sand shown in Figure 2—2 is not properly accounted for in BT. In
practice, this layer is often not screened when relief wells are installed because it
requires a very small slot size. Unfortunately, uniform fine sands often found in the
intermediate layer are susceptible to backward erosion piping (BEP).
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Figure 2-2. Foundation profile with intermediate silty sand stratum (USACE 2002)

k. 1970s and 1980s — analytical approaches. Sharma (1974) developed well
discharge and drawdown expressions for partial-penetration wells. During this period,
Barron (1978-1982) further documented the theoretical basis behind the USACE (1955)
nomogram. The 1992 version of this manual contains comparisons of “more
theoretically exact” uplift factor solutions developed by Barron and verified by electrical
analogy tests. Uplift factors calculated using Sharma (1974), Barron’s electrical analogy
and analytical work, and USACE (1955) nomogram differ by less than 5%. Therefore, all
approaches should yield similar practical design results.

EM 1110-2-1914 - 7 March 2025 13



[.  1980s to 2020s (present) — modeling. Advancements in modeling, including
finite element method (FEM) and 3D, have been developed and continue to progress
through the 21st century. This manual describes modeling studies applied to finite lines
of wells, partial-penetration design, and an update to the 1955 nomogram.

m. Original publication of EM 1110-2-1914. The application of wells for
water-retention structures eventually resulted in the development of the 1992 version of
this manual. This 1992 version of the manual standardized the analysis methods and
has remained in use until the publication of this updated version. The 2D approach
using BT was later adapted to 2D FEM models as described in Appendix G of this
current manual. The design approach for an infinite line of wells is given in Chapter 5,
and the development of this approach is described in Appendix H. These simple
methods supplement more rigorous 3D FEM that are described in Chapter 6.

n. Performance of Relief Well Systems Along Mississippi River Levees. This paper
(Mansur et al. 2000) describes the successful performance of relief wells that were
installed in the 1950s during the 1993 flood. The paper compares design values with
field performance of 2,480 relief wells during a flood event that exceeded design levels.
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Chapter 3
General Well System Design Considerations

3-1. Relief well application

Relief wells are best suited for seepage control where a fine-grained top stratum
(blanket) overlies a more pervious stratum (aquifer). This is particularly true when the
blanket is of insufficient thickness to resist potentially destructive seepage pressures.
Relief wells can also be used to capture seepage through deep, pervious lenses in an
otherwise less pervious stratum (glacial till, etc.). In some cases, an overlying confining
layer is absent on the dry side of the structure. Under these conditions, relief wells have
little impact on seepage pressures in thick pervious strata. However, even in the
absence of confinement, wells can still capture flow that would otherwise exit on the dry
side of the structure.

a. Excess head.

(1) Whenever water is confined in pervious deposits beneath a structure,
potentially damaging pressures can exist beneath and downstream of the structure. The
seepage pressures in the pervious deposits are often referred to in terms of total
hydraulic head. The head, generally expressed in feet, is the water level above a given
base elevation. Pressures are considered artesian when water levels in wells or
piezometers screened in these deposits rise above the top of the pervious layer.

(2) When water levels in wells rise above the landside ground surface, or above
tailwater, it is often referred to as excess head. Excess head at the landside toe of the
embankment, without any relief wells, is typically designated as h,. Numerous
illustrations and examples in this manual use the landside ground surface as the base
elevation for defining head, thus any positive value of head is excess head (see Figure
3-1). Pressure relief wells protect structures by reducing the excess head to an
allowable head, discussed in paragraph 3-1c.
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Figure 3-1. lllustration of excess head: the top diagram shows the landside ground surface as the
base elevation for measuring head; the bottom diagram shows tailwater as the base elevation

b. Factor of safety. Minimum required factors of safety for dams are given in
EM 1110-2-1901. For levees, this information is given in EM 1110-2-1913. The factor of
safety calculation is commonly presented as the vertical gradient factor of safety (FS,, ).
Historically, gradients have been used directly to specify seepage design criteria. More
recently, the criteria have been normalized for material of any unit weight. Inherent in
the calculation of vertical gradient factor of safety is that the material is saturated. The
FS,, is calculated as shown in equation 3-1:

FS _lw _ vz (3-1)

vy iy Ywhax

where:
FS,, = factor of safety based on vertical gradient

i, = critical vertical gradient=y' /v,

i, = vertical gradient at point of interest = h, / z;, typically the embankment toe

z; = vertical distance to surface, typically the landside blanket thickness, z,,

h, =excess head (above hydrostatic) at the point of interest, typically bottom of
blanket
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y' = average effective (or buoyant) unit weight of overlying soil = ysq: — %1
Ysae = total, or saturated, unit weight of overlying soil
Yw = unit weight of water

c. Allowable heads. In most cases, allowable head (h,) is the value of excess
head that provides an acceptable factor of safety based on vertical gradient through the
top stratum, as defined in equation 3-3. However, h, may be driven by other failure
modes or design criteria where seepage pressures are relevant. For example, h, could
be defined to reduce uplift on a structure or reduce foundation pressures to improve
embankment slope stability. The h, might also be defined to ensure a structure is stable
during dewatering. Allowable heads may also be dictated by horizontal gradients in the
pervious strata that could lead to progression of BEP. This applies to areas on the dry
side of the structure with a known defect. The h, may also be based on preventing any
seepage from reaching the ground surface on the dry side of a structure. Relief wells
can be used to achieve h, for many of the above design objectives.

icvxzt

ha - Fsvg—min (3_2)
where:
h, =the maximum allowable excess head at a point, typically at the base of
the blanket

FS,4 - min =Mminimum allowable factor of safety based on vertical gradient

d. Permeability. Permeability (k) is a measure of how easily a fluid moves through
a porous medium. In this manual and many other engineering applications, k is
expressed in dimensions of Length/Time (such as feet per day) and is synonymous with
hydraulic conductivity (K). This is appropriate for flow to relief wells at USACE projects,
where fresh water is generally the only fluid of concern. In other applications, fluid
properties are variable. Examples include aquifers where water may be of variable
salinity, or when pore space is filled with oil, water, and/or gas. In such cases, k is a
property of the porous medium only, and is expressed in dimensions of length squared

(L2).
e. Anisotropy.

(1) If ageologic layer is equally permeable in all directions, it is referred to as
isotropic. If a layer has a different value of horizontal permeability (k;,) relative to its
vertical permeability (k,,), the layer is referred to as anisotropic. The ratio k;, / k,, is
typically greater than unity for sedimentary layers, such as those formed in alluvial or
glacial environments. These types of materials are common at USACE projects.

(2) Anisotropic layers can be mathematically converted to isotropic layers though
an aquifer transformation. This process uses k; and k,, to calculate an effective
permeability (k.) that applies to flow in all directions (see paragraph 3—4g and Appendix
E). Designers should be aware that, if not transformed, a series of isotropic layers will
behave as a single anisotropic layer with k; > k,, (Freeze and Cherry 1979). FEMs can
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incorporate anisotropy directly. The design implications of permeability and anisotropy
are discussed in more detail in paragraph 3—4f.

f.  Transmissivity. The transmissivity (T) is a measure of aquifer productivity. It is
the numerical product of k and aquifer thickness (b), having units of L?/Time (for
example, square feet per day). Figure 3-2 illustrates the concept of T. T can also be
defined as the rate of groundwater flow through a unit width of a fully saturated aquifer
thickness under a hydraulic gradient of 1. This parameter has historically been an
important consideration for water supply wells because it determines well yield. For a
stratified aquifer, each layer has an associated T. The total T for the aquifer is the sum
of T for the individual layers (see paragraph 3—49(3)). Relief wells are most effective in
a stratified aquifer when the screen is in contact with the most transmissive layers. For
alluvial aquifers, this is typically the bottom layers.

Layer 1 D, =5ft k, = 10 ft/d T =50 ft?/d

Laver 2 D2 = 10 ft kz = 50 ft/d T =500 ftzld
- 2
= &+
= v =]
g ‘ B
= wn
8 1

=
Layer 3 D; = 25 ft k; =200ft/d T=5,000 ft?/d

A4 ¥

Figure 3-2. lllustration of aquifer transmissivity for a stratified foundation

g. Storativity. When heads decrease in an aquifer, as during the transient stage of
pumping, a volume of water is released elastically. This results from expansion of the
water and compression of the aquifer skeleton. Storativity (S;) is a measure of the
volume released per unit area per unit change in hydraulic head (Freeze and Cherry
1979). In practice, S; is not of great importance to relief well analysis as most
evaluations consider steady-state conditions only.

h.  Areas with pre-existing boils.

(1) Sand boils occur when excessive head causes sand to flow to the surface
through defects in the confining layer. The defects could be pre-existing or the result of
exceeding the FS,,,. Sand boils resemble a volcano-like cone feature at the ground
surface where the water-saturated sediment has broken through the confining layer
(see Figure 3-3). The process also creates a zone of higher k in the subsurface.
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(2) Flow-through boils or other flaws in the confining layer complicates design or
evaluation of relief wells. In such cases, seepage models should account for the
increased k of the blanket when evaluating existing or proposed relief well systems.
This results in lower calculated vertical gradients through the blanket compared to an
intact blanket. However, once a defect exists, the vertical gradient required to move
underlying sand to the ground surface is decreased because the boil is an unfiltered
exit. Evaluation of these conditions is explained further in Chapter 4.

Figure 3-3. Example of sand boil, East St. Louis, 2016 New Year’s Day flood

i.  Relief wells and pre-existing boils.

(1) Arelief well system by itself may not be able to mitigate potential distress
conditions from pre-existing piping or concentrated seepage. In such cases, a relief well
placed at the toe of a seepage berm may be appropriate as a secondary mitigation
measure. If there are pre-existing boils, placing relief wells between the seepage source
and the boil locations is recommended when practical. This placement of wells may
further reduce the likelihood of progression because horizontal gradients may be
reduced near the pre-existing boils.

(2) Appendix F documents sensitivity studies, using 3D modeling, to evaluate the
interaction of a system of relief wells and a defect in the blanket. The location of the
defect was modeled both upstream and downstream of the relief well line. The results
indicated that regardless of defect location, the relief wells reduced the amount of flow
through the defect. See Appendix F for more detailed study results.

3-2. Collection of relief well discharge

a. Relief well discharge. Relief well discharge can be collected at or below the
landside ground surface. This discharge can be actively pumped or allowed to drain by
gravity away from the wells. Gravity flow to an at-grade discharge point is the simplest
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type of collection system. Unfortunately, various site conditions can require elaborate
collection and pumping systems. Relief well flow collection systems are discussed
further in Chapter 10.

b. Groundwater contamination. Relief well discharge from wells in areas of known
groundwater contamination, either man-made or naturally occurring, may be subject to
state or federal regulation. Consultation with state and federal regulations is required if
there is groundwater contamination in the area of proposed relief wells. Installation of
relief wells in areas with known contamination may require discharge permits or
treatment of relief well flows prior to discharge.

3-3. Seepage analysis

There are many methods to analyze seepage, determine if relief wells are needed, and
what design parameters might apply. Methods include, but are not limited to,
hand-drawn flow nets, BT calculations, and both 2D and 3D FEM. Selecting an
appropriate analysis method is important. However, the thought and care used to
characterize the foundation of the structure is much more important in the design
process. This also applies to definition of the reaches used in the analysis (see
paragraph 3-3f). It is recommended to perform the seepage analysis with the simplest
method that will reasonably represent the analysis reach. Complex boundary conditions
or geologic features may be difficult to directly analyze using BT or 2D modeling.

a. Blanket Theory. BT is an analytical approach based on a simple, graphical
representation of subsurface pressure that is used to evaluate underseepage. With BT,
the stratigraphy can be represented as a pervious substratum (aquifer) underlying a
less pervious top stratum (blanket). BT is appropriate where conditions can be
approximated by relatively consistent layer thicknesses. Appendix C includes some of
the basic elements of BT to help the reader understand relief well design and evaluation
as presented in this manual. BT is described in detail in EM 1110-2-1913.

b. Finite element modeling. Two-dimensional FEM is appropriate when there are
long distances along the levee alignment, but conditions are too complex for BT.
Appendix G describes an approach to include an infinite line of wells in a 2D
plane-strain FEM model. Chapter 6 discusses how full-penetration wells can be
included in a 2D plan view FEM model, as well as 3D FEM that can model even the
most complex problems. FEM is described in detail in EM 1110-2-1901.

c. Wells in two-dimensional, plane-strain seepage models. Chapter 5 describes
analysis of seepage to an infinite line of relief wells along the landside toe of a dam or
levee. However, many well systems do not have continuous reaches long enough to be
considered infinite, which is generally 1,300 to 1,500 feet. As such, shorter well system
designs with infinite line methods are unconservative with calculated heads lower than
actual heads. Further, the ends of well systems have higher heads than the middle of
well systems, regardless of system length. Chapter 6 describes how a finite line of relief
wells along the landside toe of a dam or levee are included in seepage analyses. This
type of analysis considers system length and end effects.
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d. Design water surface for seepage analysis. Seepage analysis should be
performed with water at the design water surface elevation (DWSE) as specified in
EM 1110-2-1913 or EM 1110-2-1901. The DWSE is the highest elevation at which
water is expected to be retained by the structure. For levees, the DWSE is the top-of-
structure elevation. This excludes portions of the structure that are designed to
accommodate future settlement or wave run-up. Some levees have designated
overtopping areas with freeboard. In such cases, the water surface profile at
overtopping may be considered the DWSE. For dams, the DWSE is commonly the top
of the structure. Alternatively, the DWSE may be the top of the flood control pool or the
elevation of highest sustained hydraulic loading.

e. Effective well radius. The effective well radius to be used in design
computations is calculated as the outside radius of the well screen plus one-half the
thickness of the filter.

f.  Development of reaches for seepage analysis. The structure alignment is
generally partitioned into distinct reaches for seepage analysis. Each reach has similar
characteristics that are identified during the site characterization, as discussed in
paragraph 3—-4. Figure 3—4 illustrates a profile divided into a series of design reaches.

Reach 1 Reach 2

Figure 3—-4. Profile of typical design reaches for relief well analysis (from EM 1110-2-1901)

g. Using performance data and observations for seepage analysis. Existing
performance data and physical observations during loading are important indicators of
relief well system performance. On structures where piezometric and relief well data are
available, seepage analyses can be refined and uncertainty reduced from evaluating
such data.

(1) Piezometric data. These data can be used to extrapolate observed
performance to the project flood conditions and compared to performance thresholds as
shown in Figure 3-5. The figure shows piezometric head in the foundation increasing
with time because of relief well biofouling. Despite this trend, the observed heads
remain well below thresholds for the design pool elevation. Uncertainty in projected
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piezometric levels increases as the extrapolations become far outside the limits of the
experienced loading conditions, and care should be exercised in large extrapolations.
Piezometric projections from individual instruments can be shown along cross sections
or profiles with several instruments. The piezometric projections from the instrument in
Figure 3-5 are shown on a cross section with other instruments near the same
embankment station in Figure 3—6.
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Figure 3-5. Projection of observed piezometer levels to design pool for successive
high-pool events for Piezometer 32-1. Piezometric head increases with time are a result
of relief well biofouling. Perry Dam, Kansas City District
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Figure 3—6. Evaluation of 2010 high pool piezometric levels for seepage vertical gradient safety
factor, stations 27+00 to 31+00 (exaggerated scale); Perry Dam, Kansas City District

(2) Physical observation. If no instrumentation data is available, physical
observations can be used to inform seepage analysis. For example, the total head
differential acting on a structure might be known from flood events. This could
potentially be correlated with observations of sand boil development. The known
differential head at this time would approximate a condition where the FS,,, is equal to
unity. From a known FS,,,, the performance of existing relief wells can be estimated. Or,
if well performance is known through pumping test evaluations, this information can be
used to refine subsurface and boundary condition assumptions. Well flow rates can also
be compared to historical flow rates during similar loadings or design flow rates
expected under full loading. Well flow rate can be estimated based on the water column
height above the well riser top as described in Chapter 7.

(3) Pumping test data. Some relief well systems are not instrumented or only flow
infrequently. This limits opportunities to collect piezometric data or make physical
observations. In these situations, only pump test data may be available to analyze
seepage and evaluate the well system. Figure 3—7 shows relief well pump test data,
combined with geologic information, along a levee profile. The changes in specific
capacity or efficiency over time can be correlated to changes in relief well drawdown
and flow. This information can be used to update seepage analysis and estimate
performance under hydraulic loading. Using pump test data in relief well evaluation and
design is further discussed in Chapter 9, Chapter 11, and Appendix |, with examples
included in Appendix J.
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Figure 3-7. Relief well pump test data, combined with geologic information, along a levee profile
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h. Relief well biofouling and mineralization.

(1) Future well losses from biofouling, mineralization, etc., should be accounted for
during relief well system design. This allows declining well performance over time while
still achieving design goals. A common historical practice in USACE has been to design
well systems that provide the desired pressure relief assuming a performance loss of
20%. This is accomplished by ensuring that 80% of the initially projected drawdown will
meet required safety factors. Alternatively, 80% of the initially calculated flow can be
used to calculate the drawdown required to meet required safety factors. Both practices
are consistent with the recommendation for well rejuvenation after an observed
performance loss of 20%.

(2) A project-specific decline in well performance other than 20% can be developed
based on a risk-informed approach. More information on determining well performance
and selecting proper well performance levels for design are included in Chapter 9 and
Appendix J. Biofouling impacts and relief well maintenance is covered in Chapter 11.

i.  Chemical compositions of groundwaters.

(1) Some groundwaters are acidic and highly corrosive to relief wells. In other
environments, groundwater may contain dissolved minerals or carbonates that can
encrust the well screen. Both conditions can cause clogging and reduced efficiency of
the well. For these reasons, the chemical composition of the groundwater should be
determined as part of the foundation investigation. This includes chemical
characterization of river or reservoir supply waters.

(2) Wisconsin Department of Natural Resources (DNR) (1996) and U.S.
Department of Agriculture (USDA) (2012) describe procedures for collecting
groundwater and surface water samples, respectively. U.S. Environmental Protection
Agency (EPA) (1983) gives approved methods for chemical analysis of groundwater
and wastewater. Indications of corrosive and encrusting waters are given in Table 3—1.
Degradation of relief well screens and filter packs due to chemical factors is described
in Chapter 11. As with biofouling, it is important to consider reduced efficiency if
corrosion or chemical encrustation is anticipated.
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Table 3-1
Indicators of corrosive and encrusting waters (from U.S. Army 1983)

Indicators of Corrosive Water Indicators of Encrusting Water

1. ApHlessthan 7 1. A pH greater than 7

2. Dissolved oxygen in excess of 2 ppm* 2. Total iron (Fe) in excess of 2 ppm

3. Hydrogen sulfide (H2S) in excess of 1 ppm 3. Total manganese in excess of a 1 ppm in
detected by a rotten egg odor conjunction with a high pH and the presence

of oxygen

4. Total dissolved solids in excess of 1,000 ppm 4. Total carbonate hardness in excess of 300
indicates an ability to conduct electric current ppm
great enough to cause serious electrolytic
corrosion

5. Carbon dioxide (COz) in excess of 50 ppm
6. Chlorides (CL) in excess of 500 ppm

Note:
*ppm = parts per million

3-4. Site characterization

a. Topography. The ground surface elevation on the dry side of the embankment
is an important variable in seepage analysis. The difference between this elevation and
the water level on the waterside is the net head across the embankment. Often, the
landside ground surface is assumed to be horizontal (constant elevation) to simplify
calculations.

(1) Topographical anomalies. Localized low areas, drainage ditches, and sloping
dry-side ground surfaces are all critical features in relief well design. These features
may be sites of concentrated seepage and need to be considered in the analysis. BT or
2D finite-element cross-section models do not allow direct evaluation of localized
topographic features.

(2) Topographic design assumptions. The total head in the pervious strata should
be calculated by assuming the prevailing landside ground elevation is uniform, ignoring
the anomaly. The vertical gradient should be calculated by applying this total head to
areas where the blanket is thinner (topographic lows). Figure 3—8 depicts how localized
topographical anomalies can be accounted for in BT or 2D finite-element models. This
assumption is conservative because it ignores additional pressure relief in these areas.
These topographic low areas can be directly included in 3D FEM. Ditches parallel to the
line of relief wells can be included in 2D FEM. Where these features can be included,
lower values of k should be assumed for the bottom of ditches or other localized thin
spots. This conservative assumption means the analysis does not over-rely on pressure
relief in those areas.

b. Foundation investigations. Thorough field and geologic studies conducted
according to EM 1110-1-1804 are an essential requirement for proper relief well design.
Geophysical exploration methods should be conducted according to EM 1110-1-1802.
Borings performed on an existing dam or levee may also be subject to ER 1110-2-1807.
Chapter 8 discusses drilling methods.
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(1) Purpose of foundation investigations.

(@) The number, location, and depth of exploratory borings should be sufficient to
define the seepage entrance and exit conditions. The borings should allow
determination of the depths, thicknesses, and physical characteristics of the top stratum
and underlying pervious strata. This applies to both the wet and dry sides of the
structure. It is necessary to drill completely through the pervious strata to determine
their thickness. Bedrock is often at the base of the pervious strata. However, cobbles,
boulders, or float blocks within the pervious strata can give a false impression of true
bedrock. It is imperative to core through these features to ensure that the thickness of
the aquifer is not underestimated for relief well design.

(b) Figure 3-9 shows k and grain size data from a foundation investigation plotted
on a boring log. An example of a generalized soil profile for relief well design along an
embankment profile developed from a foundation investigation is shown in Figure 3—4.

(2) Unique geologic features.

(a) Subsurface layers or zones with significantly different physical properties than
adjacent materials are sometimes referred to as geologic heterogeneities. Foundation
investigations should identify and define any heterogeneities that will impact seepage
pressures and the performance of a relief well system. In alluvial deposits, these can
include buried channels, clay-filled swales, and pervious abutments. In glacial till and
outwash deposits, such features may be more pervious zones in an otherwise less
pervious matrix.

(b) If interconnected, these zones can transmit, concentrate, or divert significant
seepage. Typically, unique geologic features will need to be defined and evaluated in a
3D model. Otherwise, it will be difficult or impossible to directly evaluate them
analytically. An alternative approach is to perform sensitivity analyses on a variety of
different simplifications using BT or 2D FEM analysis. In some instances, additional
relief wells, along with future performance monitoring, is the best strategy to account for
these features. An example of a clay-filled swale that concentrates seepage is shown in
Figure 3-10.
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Figure 3-8. Graphical depiction of how localized topographical defects,
or low areas, are typically accounted for in 2D analysis
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Figure 3-10. Seepage through point bar deposits

(3) Pilot holes.

(a) Before installation of a relief well system, pilot holes are typically drilled within
5 feet of each well location. These holes are usually sampled continuously or at
frequent intervals (< 3 feet). Pilot holes are used to verify foundation conditions used for
seepage analysis and relief well design. The holes also serve as a check on the design
of the relief well filter pack, screen/slot sizes, and screened/blank intervals. Selected
pilot holes should be extended into the layer underneath the aquifer to ensure that the
thickness and characterization of the aquifer is understood. This is important for both
full- and partial-penetration well designs.

(b) Pilot holes can be drilled during the pre-construction engineering and design
phase. In this case, information from the pilot holes is included in the subsequent
construction documents. Alternatively, pilot holes can be drilled during the construction
phase with the final well design performed during well construction.

(4) Reducing number of pilot holes. A best practice is to drill pilot holes at all relief
well locations. However, where there is high confidence in subsurface conditions,
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risk-informed decision-making can reduce the number of pilot holes. Such cases include
sites with extremely uniform geology, a high density of previous borings, and in areas
adjacent to existing relief wells. Requirements and risk relating to using pilot holes
should be addressed in the project design documentation.

c. Entrance conditions. The seepage entrance for a levee is often the river or
riverside borrow pits and is normally simple to determine. The seepage entrance for a
dam may not be as readily determined, depending on waterside borrow areas, presence
of old channels, and the like. The effective entrance condition can be calculated as
demonstrated in Appendix C for new projects or existing structures without performance
or instrumentation data. On completed structures, the entrance condition can be
estimated by extrapolating piezometric data to the project flood levels. Considering
scour potential that could shorten the entrance condition is warranted in some cases.

d. Exit conditions. The landside top stratum is generally assumed to extend
infinitely in the landward direction. An effective exit distance can be calculated using the
methods described in Appendix C. Exceptions to the infinite case include evidence of a
seepage block. For example, a bedrock high may block flow through the pervious layer
and force seepage to exit through the blanket. Another finite case is a seepage exit (for
example, a landside oxbow lake).

e. Blanket characteristics. The thickness and composition of the top stratum is a
critical factor for determining seepage pressures in the pervious strata. Generally, flow
through the top stratum is considered vertical and k,, is used for BT calculations.
Transformations for a layered blanket are described in EM 1110-2-1913. Different
permeabilities for horizonal and vertical flow in the blanket (anisotropy) can be directly
accounted for in 2D FEM cross-section modeling.

f.  Blanket permeability.

(1) The micro-level k of the blanket materials can be determined by laboratory tests
on undisturbed samples. Field tests used for this purpose include cone penetrometer
dissipation tests and sealed ring infiltration tests. Laboratory and field tests often
indicate permeabilities up to several orders of magnitude lower than macro-level (“bulk”)
k in the floodplain. The latter is influenced by natural defects such as pervious seams,
previous sand boil activity, ground penetrations, small burrows, roots, etc.

(2) Macro-level k measured for Missouri and Mississippi river floodplains were
several orders of magnitude higher than the micro-level k (USACE 1956a; USACE
1962). Macro-level k is measured at the scale appropriate to a relief well system. When
micro-level values are used in analysis, they result in calculated heads higher than
actual heads. The corresponding design results in more relief wells than may be
required. The selection of appropriate blanket k values is further discussed in
EM 1110-2-1913.

g. Agquifer characteristics. The thickness and k of the pervious (foundation) strata
are critical factors in relief well design. Flow rate through the aquifer and well flow rates
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depend on thickness and permeability of the aquifer. The flow magnitude, in turn, will
influence the sizing of any collection systems and pump stations that are part of a
design. Reducing uncertainty in foundation k can lower construction costs if wells and
flow collection systems do not have to be over-designed. Chapter 9 further discusses
the use of pump tests to determine aquifer characteristics.

(1) Determining permeability. Foundation k is best determined directly from aquifer
pumping tests. An example of data derived from field pumping tests is shown in Figure
3—7. Field pumping test procedures for steady-state and transient flow conditions are
given in United Facilities Criteria (UFC) 3-220-05 (which superseded U.S. Army 1983),
Appendix C, and are further discussed in Chapter 9 of this manual. Additional
information is given in EM 1110-2-1901. The k,, of aquifer materials can be measured in
laboratory tests on undisturbed samples or field pumping tests (Mansur and Dietrich
1965). If a pumping test is not feasible, regional data for a formation (such as state
publications) can be applied to the project site. Alternatively, aquifer k can be estimated
from laboratory tests or correlations with grain size as described in EM 1110-2-1901
and EM 1110-2-1913. As noted in paragraph 3—4f above, these small-scale tests often
underestimate the field-scale k.

(2) Permeability assumptions. Most analytical methods for relief well system design
assume a uniform, isotropic aquifer. For full-penetration relief wells, this assumption
does not result in substantially different results than for a layered aquifer. In both cases,
flow to the wells is horizontal. However, for partial-penetration relief wells, aquifer
stratification and anisotropy are critical considerations. The lower relative k, values can
have a significant impact on flow and head distribution around partial-penetration wells.
Significant differences between k;, and k, can be directly accounted for in FEM
cross-section or 3D modeling. For a layered aquifer where absolute k values are
uncertain, the designer should accurately estimate the relative k of the different layers.
A reasonable assumption will usually result in calculated well spacing that achieves
adequate factors of safety.

(3) Stratified aquifers. Many USACE projects are located on alluvial deposits,
which are typically layered. These materials commonly grade coarser and become more
permeable with depth. Pervious strata in glacial deposits can also have varying k with
depth. In both cases the result is a stratified aquifer. Aquifer stratification should not be
discounted in the design of partial-penetration wells until a sensitivity analysis is
performed. The analysis should determine the differences between effective and actual
well penetration, as discussed in Appendix D, for a range of reasonable strata
permeabilities. The effects of stratification in the formation will be more pronounced for
smaller well penetrations. The ability of different layers to transmit more or less flow
relates to the aquifer transmissivity (Figure 3-2).

(4) Aquifer transformation. A stratified aquifer can be transformed into an
equivalent uniform aquifer for relief well design. The total T of the actual and
transformed aquifer is the same. The process also requires changing actual well
penetration in the stratified aquifer into the equivalent effective well penetration in the
transformed aquifer. Designers need to be aware that not using a proper transformation

EM 1110-2-1914 - 7 March 2025 32



provides extremely unconservative results for partial-penetration relief wells. This is
discussed further in paragraph 3-5 and Appendix E.

3-5. Relief well penetration

USACE WES (currently ERDC) evaluated the effects of relief well penetration in uniform
and stratified aquifers using physical models. These model studies are discussed in

TM 3-430 (USACE 1956b). Key points are summarized in paragraph 3-5a. Relief well
penetration can be iterated during system design to develop the most cost-effective
system to balance number and depth of wells. Cost comparisons between a smaller
number of deeper wells and a greater number of shallower wells can be made.

a. Relief well penetration in non-stratified aquifers. The physical model studies
described in TM 3-304 showed that 50% penetrating wells in a uniform aquifer are
nearly as effective as 100% penetrating wells. This implies that the additional pressure
relief provided by deeper wells may not be as cost effective as additional shallow wells.
However, a system of deeper wells may prove more resilient to biofouling and the
resulting well losses. This is because there is typically more well screen in contact with
the aquifer. To reduce well performance a given amount, more biofouling per foot of well
screen is required in a deeper well.

b. Relief well penetration in stratified aquifers. TM 3-304 model studies and other
field studies indicate that relief wells must penetrate the main water-bearing strata in the
aquifer to be most effective. The goal should be installing wells that penetrate at least
50% of the stratum with the highest T. These wells will be nearly as effective as wells
that penetrate 100% of this stratum. Design analysis using a transformed aquifer must
also incorporate the actual well penetration, as discussed above and in Appendix E.

3-6. Performance monitoring

Monitoring the performance of relief well systems is critical to ensuring the system will
provide the intended pressure relief. The ideal condition for monitoring is when the
structure is retaining water. Piezometers and flow monitoring are typically the best ways
to monitor performance. Piezometers should be located near the middle and ends of the
relief well system. Individual piezometers can be screened in shallow or deeper zones
of the aquifer, depending on aquifer stratification and zones of interest by the analyst.
Flow monitoring may be performed at individual wells with a flow meter or overflow weir.
Combined relief well system flow can be monitored with weirs and flumes on collector
ditches or pipes.
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Chapter 4
Risk Considerations for Relief Wells

4-1. Introduction

a. USACE has adopted a risk-informed approach for new designs and/or
modifications to its dam and levee systems. This approach does not replace the need
for deterministic design requirements. Instead, a risk-informed approach supplements
these requirements by identifying, evaluating, and effectively reducing risks associated
with the project. Although formal risk assessment is relatively recent in well design,
good practice has always included many of the risk considerations presented in this
chapter.

b. Evaluation of relief well design using performance measurements during
high-water events does not require a formal risk assessment. Comparison of relief well
flow and piezometer readings with design values should be a routine activity after every
high-water event. The same is true for making observations of sand boils after such
events. Paragraph 4-10b includes an example of how to extrapolate well flow and
piezometer measurements to the design elevation as recommended in
ER 1110-2-1942.

c. USACE calculates the risk associated with the presence of a dam or levee as
the function of three distinct quantitative components:

(1) The probability that a certain water level (pool or flood) will occur (the hazard);

(2) How the dam or levee will respond to the event—the likelihood of project failure
(the performance); and

(3) The loss of life, economic losses, and environmental impacts that could occur
as a result of inundation (the consequences).

d. Itis not the intent of this chapter to explain the risk quantification process for
any of these three components; instead, guidance and recommendations are provided
on how relief wells influence risk.

4-2. Risk assessment methodology

a. The Risk Management Center (RMC) is a center of expertise in USACE. The
RMC is responsible for developing, disseminating, and training of risk assessment
methodology used in the Dam and Levee Safety Programs. A description of the risk
analysis process can be found in Best Practices in Dam and Levee Safety Risk Analysis
(U.S. Bureau of Reclamation [USBR] and USACE 2019), and ER 1110-2-1156.
Additional information is given in the latest Dam and Levee Safety Program guidance
documents.
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b. Including risk assessment in the design phase allows risk drivers to be identified
and risks (structural and non-structural) to be reduced efficiently. Identifying high-risk
projects in the design phase also allows designs to incorporate higher safety factors.

c. This chapter provides information on how risk is incorporated into the design
and evaluation of relief well systems. Risk considerations are also addressed
throughout this manual regarding design, installation, operation, and maintenance of
wells.

4-3. Potential failure modes

a. Overview. Potential failure mode (PFM) is defined in ER 1110-2-1156. A failure
can lead to uncontrolled release of water from a dam or levee resulting in life loss or
economic/environmental damages. The word “failure” as used in PFM refers to a
system failure, which is broader than only catastrophic breaches of dams or levees.
USACE also considers failure to include those cases in which inundation resulted in
consequences even though no breach occurred. Alternately, failure can result in loss of
service for navigation and other structures where wells may be used to reduce uplift.
Flooding due to levee overtopping or dam spillway flow is not related to relief wells, and
is therefore outside the scope of this manual.

b. Applicability. Multiple USACE Districts are responsible for the design,
evaluation, construction, inspection, or modifications of relief wells. These Districts
should develop an understanding of related PFMs and how the probability of failure can
be reduced.

c. Backward erosion piping. The purpose of relief wells is to relieve uplift pressure
acting on a structure or to reduce the likelihood of uncontrolled seepage beneath a dam
or levee. If not controlled, excess pressure can lead to breach due to internal erosion. A
common internal erosion failure mode for dams and levees is BEP. This failure mode
initiates by heaving of the blanket and transportation of underlying sand to breach the
embankment. Figure 4-1 illustrates BEP. The specific and differing aspects of internal
erosion are not covered in this manual. See the comprehensive discussion of this topic
in Best Practices in Dam and Levee Safety Risk Analysis (USBR and USACE 2019).

¢) Boil formation & pipe initiation  d) Backwards erosion to source

e) Increased flow in open pipe f) Dropdown of crest with ¢) Breach
and gross enlargement erosion or failure of levee

Figure 4-1. Internal erosion of the levee foundation materials
due to underseepage (adapted from van Beek et al. 2010)
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d. Detection and intervention. If developing failure modes are detected before
progression is complete, it may be possible to intervene and prevent the failure or limit
the breach. However, it is preferable to use a risk-informed process to reduce the risk
associated with a dam or levee over time.

e. Failure mode descriptions. Failure mode descriptions contain an overview of the
load, failure mechanism, and consequences that are specific to that site. The general
PFM descriptions explain the failure path from initiation of load to breach of the dam or
levee. Also included with the general failure modes are some aspects of design
performance that are not failure modes themselves but can contribute to the PFMs.

f.  Relief well specific failure modes. Most internal erosion PFMs that pertain to a
dam or levee system are applicable either with or without the presence of wells.
Additional relief well-related failure modes include mechanisms that result in removal of
surrounding foundation soil into the well. This can include collapse of a well, a defective
seal, improper filter design, and the like. Progression of such failure modes can lead to
a collapse of the embankment crest or collapse of a floodwall monolith(s). A well system
failure that does not result in breach may still inundate areas with an uncontrolled
release of water. In addition, improperly designed or constructed collector systems have
rendered a series of wells inoperable during a flood event.

g. General potential failure modes. A few general PFMs are provided in this
chapter. These general PFMs are provided as a guide and do not present an
all-inclusive list. They are intended to describe the general failure modes that are
addressed by the guidance in this manual. For a particular project, critical loadings and
failure mechanisms should be developed and included as part of each PFM description.

h. Potential failure mode analysis. A potential failure mode analysis (PFMA) will be
performed as part of any risk assessment. In the absence of a risk assessment, a
PFMA should be performed as part of the design process for all projects. The level of
the PFMA can be scaled to the project. All PFMs must be addressed in the design. As
the design develops, it should be continuously reviewed to assure that all PFMs are
being addressed.

4-4. Event trees

a. In their most basic form, breaching PFMs must have at least three elements
present:

(1) A load must be applied, such as water during a flood or reservoir impoundment;
(2) A flaw or defect must be present or develop over time; and
(3) The flaw must be able to initiate and progress to breach.

b. Each PFM potentially leads from a flaw to a breach or inundation. It is helpful to
expand the basic elements into an “event tree” comprised of several detailed steps.
Non-breaching PFMs are similar but do not result in failure of a dam or levee.
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c. Figure 4-2 illustrates an example of a failure mode event tree developed for the
common BEP failure mode described above. This example event tree is provided to
illustrate the following discussions and should not be considered a standard. The
project’s risk assessment team should develop a project/site-specific failure mode event
tree to ensure project and site-specific issues are considered.
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Figure 4-2. Backward erosion failure mode event tree (USBR and USACE 2019)

EM 1110-2-1914 « 7 March 2025

38




4-5. Relief well purpose

a. Overview. The primary purpose of relief wells is to reduce seepage uplift
pressure and hence, vertical gradients in the foundation. This, in turn, reduces the
probability of initiation (Node 3 in Figure 4—-2) and progression (Node 5). The relief well
may also reduce or eliminate an unfiltered exit (Node 2). This is due to the majority of
seepage flowing to the well screen and surrounding filter pack at depth. However,
proper design and construction is critically important because of the large flow and
gradient toward the well. These large gradients increase the potential for BEP if a defect
occurs and the well itself becomes an unfiltered exit. Screening wells at some distance
below a surficial blanket layer may reduce risk associated with a roof layer if a flaw
develops in the screen (Node 4). Well systems can also reduce risk through detection
and intervention (Node 6).

b. Node 1 — Flaw: Continuous Path. The probability that a continuous,
cohesionless, pipeable layer exists is independent of the presence of a relief well
system. However, such a feature may be verified by site-specific exploration and testing
associated with well installation.

c. Node 2 — Flaw: Unfiltered Exit. Where excess gradients exist at the landside
levee toe or downstream dam toe, heave/blowout of the foundation can occur with
subsequent creation of an unfiltered exit. In a properly designed relief well system, most
of the seepage flow exits the foundation through the filter pack into the well screen. This
reduces the probability of excess gradient and development of an unfiltered exit through
the blanket. It is important to employ the best practices for well development outlined in
Chapter 8 of this manual. This ensures the filter pack and well screen is stressed
beyond levels that the well will experience during normal operations. A properly
designed filter pack that has been successfully developed will perform as a filtered exit
for the life of the well.

d. Node 3 - Initiation. The relief well design process reduces the vertical seepage
gradient through the landside blanket. The critical location is typically midway between
relief wells. Reducing the vertical seepage gradient at the downstream dam toe or
landside levee toe reduces risk related to Node 2 and/or Node 3. The extent of the risk
reduction depends on the geotechnical characteristics of the substratum, the relief well
spacing, and water level loading on the embankment. The current relief well design
process can be adapted to the first-order second-moment (FOSM) analyses technique
to capture the variability of the probabilistic factors used in the well analyses. This
technique determines the probability the critical gradient will be exceeded midway
between the wells for a given well spacing. An example of the FOSM analysis for relief
wells is included in Guy et al. (2010).

e. Node 4 — Progression: Mechanical Condition. An advancing pipe may either
clog or self-heal. The probability that a continuous, stable roof exists is due to site
geology and independent of the presence of wells. Paragraph 3—1 mentions that relief
wells are typically used where there is a fine-grained top stratum landside of the

EM 1110-2-1914 - 7 March 2025 39



embankment. If a surficial clay blanket exists from riverside to landside of the levee toe
or dam, the probability of this node typically remains high for all elicitations.

f.  Node 5 - Progression: Hydraulic Condition. There may be some type of
flow-limiting feature in the foundation or topography. However, in most cases,
progression of a backward-eroding pipe to the source is limited only by the hydraulic
condition. For most instances where relief wells are considered, this node becomes
whether the aquifer will supply sufficient flow for BEP to continue.

(1) Evaluation. The value for this node depends on many site-specific variables,
including the site’s geologic and anthropologic history. Also relevant are geometry
(levee width, effective seepage entrance, aquifer thickness, seepage exit, etc.), and the
nature of the foundation materials. Aquifer stratigraphy, permeability and anisotropy,
topographic conditions, hydrology, flood history, and previous seepage and sand boils
have impacts as well.

(2) Use of wells. Relief wells are traditionally designed to reduce piezometric head
under, and reduce vertical gradient through, the landside blanket. Relief wells rely on
artesian conditions to function passively. Relief wells provide limited flow and pressure
relief where no landside blanket is present, or where the blanket is thin and
compromised. If wells are pumped or discharge at a low elevation, they may be
effective when located between the source and known problem areas that have little to
no confinement. Generally, other alternatives are more appropriate than relief wells
when there is not adequate confinement. Mitigation alternatives when relief wells are
not appropriate are provided in EMs 1110-2-1901 and 1110-2-1913.

(3) Horizontal gradient. For Node 5, the probability of backward erosion
progression is estimated using empirical methods from USACE’s RMC Best Practice
documents. These techniques incorporate the uncertainty in the horizontal gradient
within the layer where backward erosion progression occurs. Modeling and research in
this area continue to improve. The change in local horizontal gradient due to relief wells
are not yet included in Best Practices in Dam and Levee Safety Risk Analysis (USBR
and USACE 2019). Detailed 2D or 3D seepage analyses may be required to estimate
localized gradients in the foundation when BEP is assumed to have initiated. Example
seepage models with boils between wells are included in paragraph 4-8.

g. Node 6 — Unsuccessful Intervention. Although represented as a single node
immediately before breach, intervention can occur anywhere in the BEP process.
Intervention at any stage requires both detection and a response.

(1) Detection of need for intervention. Relief wells may fail to prevent
heave/blowout of the blanket. This node is generally elicited as if the wells were not
present. However, the presence of the relief wells may increase the frequency of flood
fight inspections compared to a non-well reach. If the blanket has heaved with attendant
sand boils or if the well filter pack has failed, sand may be visible at the surface. If the
well is producing observable amounts of sand due to failure of its filter pack (a
“sander”), it must be prevented from flowing. This action will raise uplift pressure and
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increase the probability that foundation heave/blowout will occur. However, a potential
heave failure is generally preferable to allowing a known filter pack failure to progress.

(2) Action taken for intervention. Relief wells provide an opportunity to install
mechanical pumping systems and further reduce seepage uplift pressure. Wells can be
pumped by air lifting, submersible pumps, or a suction header system. In all cases,
pumping the relief wells reduces the probability of heave/blowout.

h. Node 7 — Breach. The probability that a levee or dam breach will occur is
independent of the relief well system. Instead, it depends on the materials used to
construct the levee/dam and the foundation materials underlying the structure. This is
informed by site specific exploration and testing.

i.  Design. All nodes in the event tree should be evaluated for various relief well
spacings and screened intervals. Well spacing can be optimized for a series of factors
of safety and cost parameters. Relief wells are required to be designed to provide a
minimum vertical gradient factor of safety (FS,,,) at the levee or dam toe, generally
including consideration or allowance for future performance degradation. This criterion
is provided in EM 1110-2-1901 for dams and in EM 1110-2-1913 for levees, as
described in paragraph 3-1b.

j.  Loading. The hydrologic event trees developed for the baseline risk assessment
should be used to calculate total risk. This applies for each design alternative for each
effected node. The elicited PFM scenario system responses for each alternative
described are input into the event tree to calculate total risk. There should be no
changes to economic or life loss consequences from the baseline condition. The
estimated annual probability of failure and annualized incremental life loss for each
design alternative should then be summarized. This is necessary to see the overall
effectiveness of each design alternative.

4-6. Well-specific potential failure modes leading to breach
a. PFM-1 - Well Collapse.

(1) Failure mode description. Inferior material selection and improper installation
result in a damaged relief well screen. Pool or river rises result in a critical head
differential across the dam or levee. There exists a layer of pipeable soil underneath the
embankment. The damaged portion of the well becomes an unfiltered exit. A continuous
stable roof is formed by the base of the compacted embankment. Alternatively, there
are sufficient fines in the waterside or landside soils along the erosion pathway outside
the embankment footprint that can support a roof. Material in the foundation fails to clog
the pipe. Horizontal flow and gradient are sufficient to continuously transport eroded soil
particles to the exit. The pipe advances to the waterside. Detection and intervention are
unsuccessful. The pipe enlarges and the embankment collapses leading to breach due
to uncontrolled flow over the collapsed dam or levee.
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(2) Eventtree. The example event tree for PFM-1 in Figure 4-3 illustrates the
dissection of the failure mode into discrete steps. Note that although intervention is
shown near the end of some examples, the failure process may be interrupted earlier.
Persons responsible for the selection, design, installation, inspection, maintenance,
repair, rehabilitation, and abandonment of relief wells should be trained to understand
well-related PFMs. This includes the sequence of events as visualized in an event tree.
This understanding can be applied to lower the probability of poor performance and/or
failure over the life of the well.

(3) Relief well materials. Relief wells manufactured of wooden components were
installed throughout the USACE Mississippi and Missouri River Valleys in the 1950s.
Many of these wells have served successfully for nearly 70 years, although many others
have been replaced over time. High sanding rates or other signs of distress have raised
concerns of structural failure of the wooden well screen or wooden riser pipe. This can
lead to an unfiltered exit at the well. Stainless-steel wells, first installed widely in the
early 1970s, are stronger and should provide longer service lives than their wooden
predecessors. Plastics and other materials inferior to stainless steel are sometimes
considered due to their lower initial cost but are more likely to collapse.

(4) Dissimilar materials. Dissimilar materials such as stainless screens joined with
carbon steel risers or blank sections may lead to corrosion of the carbon steel and
defects in the well.

(5) Nodes 1 and 2. High water acting across the embankment and a continuous
layer of erodible soils are conditions that do not change with the presence of the relief
well.

(6) Node 3. A defect in the well screen, casing, or seal allows the unfiltered
movement of soil either into the well or to the ground surface.

(7) Node 4. The likelihood of a continuous roof is unchanged by the presence of a
defective well seal. Such a condition allows movement of soil to the ground surface. For
the case of well collapse, the defect may be a distance below the base of the blanket. A
failure mechanism involving a deeper failure path may have a lower probability than
directly beneath blanket.

(8) Node 5. The likelihood of clogging is unchanged by the presence of a defective
well seal. For the case of well collapse, the well may fill up with material rather than
flush to the surface. After the volume of eroded material reaches the elevation of the
defect, this failure mode would stop. However, in this condition the well will no longer
provides the intended pressure relief. Another consideration is if the eroded sand is very
fine, there could be adequate flow to flush this material to the ground surface.

(9) Node 6. The likelihood of progression from the source to the well differs from
the no-well scenario. The same is true for progression from the well to the ground
surface. Considerations listed in paragraph 4-5h are affected by the presence of the
well and failure mode.
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(10) Node 7. Detection and intervention differs from the no-well scenario. Wells
should be inspected during high-water events for foundation material deposited around
the well.

(11) Node 8. The flow from deeper portions of the well could contribute to gross
enlargement of a pipe to an improper seal. Pipe enlargement may be limited for failure
modes that include defects into the well.

b. PFM-2 - Finer Fraction of Filter Suffuses and Clogs Collection System.
(1) Failure mode description.

(a) Pool or river rises for several loading cycles or for a long duration. The smaller
or finer fraction of the filter pack suffuses out due to high localized gradients adjacent to
the well screen. This material is finer than the slot size of the well screen and enters the
well and into the collection system. Sand pack material continues to enter the well and
fill the well and move into the collection system limiting its effectiveness. The collection
system is unable to freely discharge and provide pressure relief. Localized pressure
gradients near the relief well are enough to heave the surficial soils and create an
unfiltered exit. Finer soils particles migrate out the exit under the high exit gradients as
backward erosion and piping progresses within the foundation working back beneath
the embankment or structure.

(b) If the relief well has surface discharge ports, sediment may be visibly seen
transporting out with discharging groundwater during flow events. Sediment transport
continues, and a pipe forms within the substrate undermining the embankment or
structure until it connects to the pool. Gross enlargement occurs causing a rapid
increase in sediment transport, velocity, and pipe enlargement eventually causing
foundation settlement leading to overtopping and breach.”

(2) Detection. Routine soundings of relief wells and maintenance of the collection
system, if employed, are an effective early detection measure to reduce the likelihood of
this failure mode.

(3) Design and installation. A properly designed and constructed well according to
Chapters 7 and 8 of this manual should not experience this type of failure.

c. PFM-3 - Finer Fraction of Foundation Suffuses and Leads to Loss of
Foundation Saoil.

(1) Failure mode description.

(&) Pool or river rises several loading cycles or for a long duration. A finer sediment
matrix that supports larger grained material in the formation is present. The smaller or
finer fraction suffuses out due to high localized gradients adjacent to the well screen.
The filter is either too coarse or has a gap that allows this material to reach the screen.
Insufficient well development can lead to later settlement of the filter pack resulting in a
gap below the plug. The fines are smaller than the slot size of the well screen and
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enters the well. Foundation material continues to enter the well and fill the well and then
starts to accumulate in the collection system reducing the effectiveness of the relief well
system in and around this well point.

(b) As the collection system fills, sediment may start discharging out the surface
discharge pipes with groundwater. Localized pressure gradients increase due to the
relief wells ineffectiveness and surficial soil material heaves creating an unfiltered exit
with high exit gradients that transports foundation soils as backward erosion develops
and progresses. Sediment transport continues forming a pipe that migrates back
beneath the embankment or structure toward the pool. When the pipe connects to the
pool, gross enlargement occurs with rapidly increasing velocities and sediment transport
until the foundation settles, causing the structure to overturn or the embankment
structure to overtop and breach causing an uncontrolled release of the pool.”

(2) Detection. Routine soundings of relief wells are an effective early detection
measure to reduce the likelihood of this failure mode.

(3) Design and installation. A properly designed and constructed well according to
Chapters 7 and 8 of this manual should not experience this type of failure.
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4-7. Evaluation factors

a. Excess hydrostatic pressures can develop in pervious foundation strata overlain
by less pervious top strata. Relief wells have been used extensively since 1942 at
USACE structures to relieve such pressures. Relief wells may be used in combination
with other underseepage control measures, such as upstream blankets, downstream
seepage berms, cutoffs, and grouting. Relief well systems require a minimum of
additional real estate as compared with other seepage control measures such as berms
and blankets. Relief wells provide a flexible control measure as the systems can later be
expanded within that real estate footprint. Any comparison of alternatives should
consider the following factors when evaluating estimates of risk reduction:

(1) Robustness;

(2) Redundancy;

(3) Resiliency; and

(4) “Do no harm.”

b. While the above factors are described in ER 1110-2-1156, other factors include:
(1) Completeness and effectiveness;

(2) Efficiency; and

(3) Acceptability.

c. The last three factors are described in ER 1105-2-103. Designability,
constructability, and long-term operation and maintenance should also be considered as
evaluation factors for any seepage mitigation alternative. The future without action
condition is also included as an alternative for comparison.

(1) Robustness: The ability of a system to continue to operate correctly across a
wide range of operational conditions with minimal damage, alteration, or loss of
functionality. Relief well systems commonly fit this definition. Relief wells routinely
provide seepage control at hydraulic load levels less than the maximum design level. To
increase capacity, relief wells have been pumped or airlifted and surface-discharged, if
needed. Robustness in a relief well system can be improved by reducing well spacing
and adding wells.

(2) Redundancy: Duplication of critical components of a system with the intention
of increasing reliability of the system. This is usually accomplished with a backup or
failsafe. Redundancy in seepage control means employing more than one method to
remediate more than one node of the BEP event tree. For example, redundancy can be
achieved by using relief wells in conjunction with seepage berms and/or filter blankets.
Relief wells reduce the likelihood of heave (unfiltered exit). Berms and/or filter blankets
elongate the seepage path and add weight to the landside levee toe or the downstream
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dam toe. This limits the possibility of initiation and lowers the possibility of piping
progression.

(3) Resiliency: The ability to avoid, minimize, withstand, and recover from the
effects of adversity, whether natural or man-made, under all circumstances of use.
Paragraph 7-9 describes the reduction in well efficiency over time, and resilient well
designs account for this loss. Relief wells also exhibit resiliency if the filter pack and
screen are sized correctly and remain in place for hydraulic loads in excess of the
design load. Relief wells with subsurface outlets are resilient when they can overflow
and surface-discharge if the subsurface outlet and/or conveyance systems are
overwhelmed. To increase capacity, relief wells can be pumped and surface
discharged, if needed. Care should be taken to prevent collapse of the well during
pumping, which could lead to PFM-1 as described in paragraph 4—6a. Wells can be
designed to accommodate pumping and use stronger screen and riser materials.

(4) Do no harm: The principle of “do no harm” must underpin all actions intended to
reduce dam safety risk (ER 1110-2-1156). Relief wells meet the objectives of “do no
harm” when the wells are installed according to ER 1110-1-1807 and follow the design,
construction, operation, and maintenance guidance in this manual.

(5) Completeness: The extent to which a risk and management plan accounts for
all investments or actions required to meet risk objectives. Relief wells typically meet
this definition because they can be designed and constructed to withstand assumed
adverse effects existent at the project. In addition, they are resilient in their ability to
perform during hydraulic loads in excess of the design life. Finally, if properly operated,
maintained, and rehabilitated, they will be sustainable longer than the wood-stave wells
installed in the 1950s. Many of those wells are still in use today.

(6) Effectiveness: The degree to which the alternative contributes to achieving the
planning objectives. Relief wells are an effective alternative for flood risk reduction
projects because they reduce the life safety risk prior to overtopping. Relief wells reduce
the probability of breach due to various failure modes that are worsened by excessive
seepage or uplift pressure.

(7) Efficiency: The extent to which an alternative plan is the most cost-effective
means of achieving the objectives. The relief well filter packs and screen opening size
can be designed against the in situ formation soils to further increase performance. To
remain efficient, relief wells require periodic maintenance to address clogged screens,
bacterial growth, or carbonate encrustation. The maintenance and scheduled
replacement add to the long-term costs.

(8) Acceptability: The extent to which the alternative plans are acceptable in terms
of applicable laws, regulations, and public policies. Relief wells are generally acceptable
to all federal, state, and local policies. However, local sponsors may not consider relief
wells acceptable due to technical or financial limitations in completing required
maintenance. Robustness, redundancy, resiliency, and effectiveness depend on routine
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and proper maintenance. Defects need to be identified and corrected as part of
maintenance. Corrections during loading are generally very difficult or not possible.

(9) Relief well durability and performance have substantially increased since 1980.
This is due to the widespread acceptance of corrosion-resistant, stainless-steel well
screens, risers, and surface housings. Stainless steel remains physically and
economically serviceable much longer than common materials used in the past. These
include wood stave construction, punctured iron pipe, and saw-cut PVC. High quality,
non-carbonate filter materials used as filter packs will remain serviceable unless
clogged by biofouling.

d. For example, TM 3-424 (USACE 1956a) evaluated several seepage mitigation
alternatives: wells, berms, relief trenches, cutoffs, and upstream fill. As the tools in the
following section continue to improve, they should be considered in these types of
comparisons.

4-8. Long-term considerations

Consideration should be given to the following regarding long-term relief well risk
management: reduction of flow capacity, well screen failure, filter failure, impeded
discharge, and collector system issues.

a. Reduction of flow capacity: biofouling, encrustation, and products with low open
area (such as saw-cut PVC).

b. Well screen failure: rusting of ferrous screens, splitting of wood screens,
crushing, and damage during development or rehab.

c. Filter failure: flawed design (such as stability criteria) and construction problems
(such as borehole sloughing, partial collapse, borehole gouged by equipment).

d. Impeded discharge: surface housing damaged (mowers, future construction,
etc.), malicious tampering or vandalism, and clogging of discharge conveyance (such as
collector ditch overgrown, collector pipes silted in or collapsed).

4-9. Collector system issues

Subterranean discharge and collection systems do not allow direct observation of relief
well flow to observe for either reduced flow conditions or the discharge of sediment
indicating failure of a well component. Additionally, EM 1110-2-2902 describes the
inherent risk that buried pipe could have a defect that leads to dam or levee breach.

4-10. Operation and maintenance considerations

a. Background. Operation and maintenance of relief wells is described in Chapter
11. The importance of proper operation and long-term maintenance for relief wells is
documented in TM 3-424 (USACE 1956a) and TM 3-430 (USACE 1956b). The
recommendations in those documents have changed little over time. The guidance
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assumed a reduced well efficiency of 80% of the installed specific capacity as
determined by pumping tests. Pumping tests were recommended for 15% of wells
annually so that every well is tested every 5 to 8 years. Subsequent pumping tests of
“target wells” over the following decades validated those assumptions.

b. Evaluation of well condition on system performance. Any reduction in efficiency
beyond the value assumed in design results in a factor of safety lower than the
threshold value. The reduction in well efficiency should be considered when evaluating
Node 3 in paragraph 4-5d. The following section includes an example to visually
represent data in a manner to support the requirement in ER 1110-2-1942: “The values
obtained from measurement of piezometric levels and flow quantities should be
extrapolated to predict the values that would be produced by a maximum design
reservoir level or river stage.”

c. Harrisonville example consolidation of well and performance data. Figure 3-1 in
this manual shows a half-mile reach of the Harrisonville Levee District. The figure has
been adapted from USACE 1956b. The figure demonstrates the importance of
geomorphology in the design and location of relief wells. TM 3-430 Vol. 2 (USACE
1956b) design plates combine a profile along the landside levee toe with
geomorphology, boring, piezometer, seepage berm and relief well information.

(1) Location. The reach of Harrisonville Levee for this example is depicted on the
map in Figure 4—4. Figure 3-1 is a subset of one of several design plates for this levee
system in TM 3-430 Vol 2 (USACE 1956b). This levee system is one of several systems
along the Middle Mississippi River in that design document. This synthesis of
information compiled for over 200 miles of levee improvements is useful for the
evaluation of levee system performance data.

(2) Foundation conditions. These original design plates include a profile along the
levee toe, showing the composition of blanket soils and underlying pervious substratum.
The blanket soils for this reach are shown in Figure 4-5, and it is apparent the blanket
along this reach includes two abandoned sloughs filled with clay. The clay-filled sloughs
that cross under the levees do not allow seepage and pressure relief, and sand boils
are often found adjacent to these features. Relief wells are frequently located along this
boundary between the clay-filled sloughs and surrounding sand, where the overlying
blanket soil is thin.

(3) Intermediate fine sand layer. The composition of the green “silty and very fine
sand” shown in this profile is of particular concern. TM 1-184 (1941) states in
paragraph 39: “When there is enough pressure and the supply of water from the
pervious strata (shallow or deep) is sufficient, piping will develop through the fine sands
lying immediately under the impervious surface stratum.” This sand is often too fine to
screen, explaining why these relief wells have blank sections through this upper portion
of these wells (indicated by black dots in Figure 4-5). The intermediate sand layer is
described in Chapter 2 as a historical topic of concern (USACE 2002).
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(4) Piezometer readings. BT design calculations summarized in TM 3-430 (USACE
1956b) include the design river and tailwater that should be compared to any high-water
piezometer measurements. The red line in Figure 4-5 indicates the FS,, = 1.0 condition
and the green line indicates the design threshold of FS,, = 1.3. Piezometer readings
from the 1973 flood (green squares), the 1993 flood (blue diamonds), and the 1995
flood (orange circles) have been extrapolated to the design river elevation and included
in this figure.

(5) Sand boils and observed seepage distress. Also depicted in Figure 4-5 are
locations where sand boils have been observed (yellow circles). USACE continues to
improve data collection during high-water events. This information is typically not used
to great benefit beyond flood-fight activities until a full risk assessment is performed.
The evaluation of performance data should be included in any evaluation of relief wells.
The size, color, and symbols used could be varied to depict the type and severity of
observed distress.

(6) Well flow and pumping test data. Like piezometer data, well flow data from
high-water events should be extrapolated to the design flood or reservoir pool. This is
shown in Figure 4—6 using the same symbols used for piezometer measurements; 1973
flood (green squares), the 1993 flood (blue diamonds), and the 1995 flood (orange
circles). The blue line is the design flow for wells at these locations. The specific
capacity ratio (SCR) is often used as indication of well efficiency and discussed further in
Chapter 9. Also shown in Figure 4—6 is the ratio of the most recent specific capacity to
the original, along with the design threshold of SCR = 80%.

(7) Consolidation of performance and observation data. Levee performance
evaluation requires an understanding of all available design, condition, and performance
information. Using the format pioneered by TM 3-430 (USACE 1956b), pumping test
data can be shown at each well location, as is shown for Harrisonville in Figure 4-7.
This figure also includes (as shown from bottom to top) the percentage of original
specific capacity, measured well flows, and piezometer data. Piezometer and well flow
data is extrapolated to the design river elevation to compare with design values. The
piezometer levels are plotted along with the factor of safety (FS) = 1 (red) and the
original design target value FS = 1.3 (green). The figure also includes observed sand
boil locations, along with design river elevation (brown) and assumed tailwater (blue).

(8) Data synthesis. Although Figure 4—7 includes several sources of information,
there is great benefit to consolidating into a single image. Similar images would then be
created for every reach in the levee system. The analyst can rapidly compare observed
piezometer and well flow data with design values, well condition, and areas of noted
poor performance. These types of figures could be automated to provide information on
the full Alton to Gale system, which would support flood-fight activities and post-flood
assessment.
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4-11. Relief well effect on sand boil activity

Relief wells provide a filtered exit for flow to safely discharge and reduce seepage
pressure in the foundation. Paragraph 10-11 describes standpipes that are used to
restrict relief well flow during periods of low water. During periods of high water,
standpipes are removed to allow the wells to flow freely. This increase in well flow has
been observed to reduce flow and soil movement emanating from active sand boils
located near relief wells. Wells are sometimes pumped to draw down the piezometric
level to address unwanted seepage and sand boil activity, similar to a dewatering
system.

a. Legacy sand boils. In many cases, there will be remnants of old sand boils in
areas where relief wells are being considered. Sometimes referred to as “legacy sand
boils,” these old sand boils represent fissures, seams, or other anomalies in the blanket
and aquifer that could provide a preferential seepage path during future floods. Piping
defects can remain open for an extended time and require little excess head to
discharge again. As such, the existence and location of legacy sand boils must be
accounted for during the risk assessment to discern if and how relief wells should be
installed.

b. Evaluation of BEP progression with and without wells. Risk assessment tools
that are part of Best Practices in Dam and Levee Safety Risk Analysis (USBR and
USACE 2019) continue to develop. The likelihood of BEP progression with wells nearby
is complex and difficult to estimate with tools that are currently available. Relief wells
increase the average global horizontal gradient across the structure, which suggests
well flow could increase the likelihood of progression. However, relief wells redirect
water from a sand boil or an advancing BEP erosion pipe, which can greatly reduce the
likelihood of progression. The consensus is that relief wells improve the condition when
sand boils are landside of the well line.

c. 3D seepage model with pre-existing boils. Sensitivity studies described further
in Appendix F were performed using WASH123D, a type of finite difference model.
These studies replicated a series physical model tests performed at WES that are
depicted in Figure 4-8. Models in Appendix F included a high-permeability region in a
vertical 18-inch diameter column through the blanket. The sand-filled column represents
a sand boil and was placed midway between wells at a range of distances from the
levee toe. The results show not only improvement from wells with respect to heave and
vertical gradient, but also greatly reduce horizontal gradient around a sand boil. The
filtered flow through the well screen reduces flow through defects in the blanket that, in
turn, reduces further erosion in and around any boils.
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d. Adaptive finite element analysis. Robbins and Griffiths (2022) also investigated
the effect wells have on internal erosion progression where a landside defect exists.
Figure 4-9 shows an example of the use of adaptive meshing to estimate BEP pipe
progression. Figure 4-9(a) depicts the progression of an erosion path upstream from a
sand bolil toward the source. There are several criteria that need to be satisfied for this
type of progression to occur. The mesh is adapted to include a pipe when flow and
velocity exceed thresholds to maintain BEP as shown in Figure 4-9(b). This field of
research and these types of numerical models will continue to evolve to better
incorporate these various phenomena. The risk assessment process is well suited to
incorporate that improvement in understanding over time.

(1) Alternatives. Various seepage mitigation alternatives were considered in this
simple 2D plan view model: a cut-off wall with limited horizontal extent, relief wells
upstream of the boil, and relief wells downstream of the boil. A pair of relief wells
downstream of the boil location are shown in Figure 4-9(c).

(2) Results. All the alternatives considered resulted in a higher differential head for
piping to progress upstream. It is generally agreed relief wells upstream of the boill
location reduce the likelihood of progression. Indeed, critical head needed to be
increased by 30% for the pipe to progress with wells located upstream of the boil. Less
expected, critical head needed to be increased by 11% for the pipe to progress with
wells located downstream of the boil. These findings contrast with what some of the
simple heuristics commonly used for risk assessments may suggest. The models
depicted in Figure 4—9 demonstrate that BEP is less likely to progress with the presence
of wells. The wells attract flow that would otherwise worsen the condition even after a
boil has formed.

e. Assessing overall performance. Any of these occurrences will affect the overall
performance of the relief well. Some may lead to development of an unfiltered exit for a
BEP failure mode. As such, these considerations should be considered when assessing
overall relief well performance during routine maintenance and continued risk
assessment.

f. Reassessing design assumptions. High-water events should trigger a
reassessment of design assumptions. Vertical and horizontal gradients, and the
localized gradient at assumed backward erosion pipes, should be reanalyzed with new
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well performance data. Relief well systems may need to be replaced based on the
considerations listed above and updated factor of safety calculations. Eventually wells
will clog or deteriorate, and pumping tests described in Chapter 9 are critical to monitor
performance when flood performance data is not available. The risk assessment
process can be used to determine a schedule for rehabilitation or replacement.
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(c) Adaptive mesh representing BEP originating between wells.
view with and without wells (adapted from Robbins and Griffiths 2022)
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Chapter 5
Analysis and Design of an Infinite Line of Wells

5-1. Applicability of method

The following procedure can be applied where both a source and well system can be
approximated as linear, infinite in extent, and parallel to each other. The wells are
assumed to be uniformly spaced and identical, so they result in an equal quantity of
flow. The term infinite is applied because the system may be analyzed mathematically
by assuming an infinite length, thus an infinite number of wells.

a. History. The infinite line approach to relief well design has remained largely
unchanged since 1955. This method has been used to design thousands of relief wells
throughout USACE. The approach is based on the use of BT, presented in Appendix C.
The development of the approach and the well factors used to calculate pressure and
well flow are presented in Appendix H. More recently, the approach has been
incorporated into 2D FEM seepage models as described in Appendix G.

b. Assumptions. The procedures in this chapter are formulated for an infinite line
of wells that approximately conform to a set of idealized conditions. The equations are
established based on the assumed conditions listed below. The geology and relief well
systems at some projects satisfy these conditions better than others.

(1) First, the wells are equally spaced and have identical dimensions.

(2) Second, the pervious foundation stratum (the aquifer) is of uniform depth and
permeability along the entire length of the system.

(3) Third, the effective source of flow and the effective landside exit, or block, are
parallel to the well line. The waterside and landside boundaries are assumed to extend
infinitely, parallel to the well line.

(4) Fourth, the boundaries normal to the line of the wells are impervious. These
impervious boundaries are at a distance of one-half the well spacing beyond the end of
the well system. One example is a well system for a dam on a pervious foundation
within a bedrock valley that forms the abutments. Therefore, all flow is perpendicular to
the line of wells and there is no flow across planes centered between wells, normal to
the line such that overall flow is perpendicular to the well line.

(5) Fifth, the flow to each well and pressure distribution around each well in the line
is assumed to be equal.

c. Adjustments. In many cases, the assumptions for an infinite well line are not
met. In practice, adjustments to foundation characterization by either calculation or
judgment enable the use of infinite line methods for a wider range of relief well systems.
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(1) Finite well lines.

(@) System length and end effects need to be considered where the well system
does not extend to an impervious boundary. In a finite line of wells, the heads will likely
exceed those heads predicted by the infinite line design method. Modifications to the
methods presented in this chapter to account for finite length effects are discussed in
Chapter 6. These include an approach to estimate head at locations between wells and
landward of the well line (at both the middle and end of that line). Other methods in
Chapter 6, including 3D FEM, 2D FEM plan view models, and image well methods can
also consider system length and end effects of finite well lines.

(b) In practice, well systems are generally extended, spacing is reduced near the
ends of the system, or partial-penetration wells are extended deeper near the ends of
the system to account for end effects. However, no universal rule is available at this
time to help revise the infinite well system design to account for end effects or well
system length.

(2) Agquifer transformation. If the foundation is composed of discrete layers, a
mathematical transformation can be applied. Appendix E includes an approach to
transform a stratified foundation with multiple pervious layers into a single layer with
uniform depth and permeability. The transformation will result in effective values of
thickness (D), permeability (k,), and well screen length (W). This procedure is valid for
both full- and partial-penetration well systems. The transformed aquifer meets the
requirement stated in paragraph 5-1b(2) and thus allows BT to be used for the analysis
of a stratified foundation.

(3) Semipervious blanket. The equations are presented as though an impervious
top stratum of finite length terminates at prescribed distances from the well line. If the
top stratum is semipervious, it can be transformed to an equivalent length of impervious
material using the methods in Appendix C.

(4) Blanket transformation. The transformation of a multi-layered blanket into a
single blanket with uniform thickness and permeability is discussed in EM 1110-2-1913.

5-2. Analysis parameters

a. Formula and notation. The key formulas and notation for analysis of an infinite
line of relief wells are included in Figure 5-1. Some inputs define the site geology, and
these are often determined using BT and informed by piezometer readings, if available.
These include distances to the effective seepage entrance (S) and exit (x3) and
thickness of the pervious foundation (D). Other inputs define the well system geometry:
well screen length (W), well spacing (a), and effective well radius (7, ). Outputs for the
analysis include head (h,,, h,,, and hy;) and discharge (Q,,) for each well along the well
line.
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b. Boundary conditions.

(1) The infinite line method uses assumed boundary conditions. These are fixed for
each analysis and thus establish steady-state flow through the system. Total head
boundary conditions are used for the waterside and landside vertical edges of the
model. The landside boundary BT condition is generally equal to the
landside/downstream ground surface elevation. The net head loading (H in Figure 5-1)
is the difference between the waterside river or pool elevation and this landside
boundary. The relief well can be conceptually represented by a total head boundary
(such a boundary is actually used in numerical models) with elevation equal to the well’s
discharge elevation.

(2) This conceptual boundary for the well should be adjusted (increase the
effective discharge elevation) to incorporate well losses as described in Chapter 7. This
boundary should also account for any extension of the well riser above landside ground
or ponding elevation. Chapter 3 includes considerations for landside, waterside, and
relief well elevations assumed in design.

(3) The top stratum thickness, permeability, and lateral extent have a pronounced
effect on well performance and must be specified in any seepage analysis. Theoretical
solutions are available for an impervious top stratum extending landward to infinity.
However, this condition is rarely realized in practice. A more generalized condition
occurs when the impervious top stratum extends landward a finite distance terminating
at a line sink. A semipervious top stratum can be converted to an equivalent length of
impervious top stratum using BT. The resulting impervious blanket of finite length is
illustrated in Figure 5-1.

(4) BT is used to calculate two distances from the well line: the effective seepage
entrance (S) and the effective seepage exit (x3). Both these distances are shown in
Figure 5-1. The method for determining S and x5 is summarized in Appendix C, which
includes reference to more detailed procedures. USACE (1956a) contains a method of
using piezometer data to estimate S and x5, which can refine the mathematical BT
method of estimation.

c. Resulting pressure in the substratum. Figure 5—1 shows head distributions with
and without relief wells, including the effects of well losses. Three values of head with
wells are determined using the infinite line approach: an average excess head along the
well line, h,,, excess head midway between wells, h,,, and maximum excess head
landward of the wells, h,. These values are combined with well head loss, H,,, to
determine average excess head along the well line with losses, H,,,, head midway
between wells with losses, H,,,, and maximum excess head landward of the wells with
losses, H;. Also shown conceptually is head through the location of each well.

d. Well flow. Flow from a single well in an infinite line (Q,,) is computed using
equation 5-1 or equation 5-2. Flow from a line of wells is equal to £Q,, multiplied by the
number of wells installed. Calculating Q,, uses the difference in slopes of the hydraulic
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grade lines riverward and landward of the well line (4M) and the net head loading the
well system corrected for losses (h).

Qw = (&)(AM) (k) (D) (5-1)
(ke)(D)(h) (5-2)

S S+x
(a) + Hav( X3 3)

Qw =

e. Seepage calculations. The presence of relief wells tends to increase the total
guantity of seepage beneath a levee or dam (Q,). As presented in Appendix C, the
seepage per foot of structure with no wells is estimated using equation 5-3. The
seepage for a reach with wells is equal to flow from the well system plus the seepage
beyond the well system. Seepage landside of the well system (Q,,,) is computed by
equation 5-4.

_kexDxH (5-3)
ST S+,
k, x D x H, (5-4)
QSW_—
X3
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Figure 5-1. Infinite artesian relief well line (located along landward levee toe) with design notation
and parameters: conceptual plan view (a), section X-X' (b), and section Y-Y' (c)
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(1) Formulas.

S+x — = -
h:H—HW< 3) (5-5) Hp, =H,, + hy, (5-6)
X3
hx 6 — H—-H H —
hay = 5 = (5=7) AM = —— 0 - >-8)
=+6 ( 3) X3
a av X3
Hoy = Hy + hgy (5-9) hay = a(AM)(64y) (5-10)
b —h (Hm) _ h X 6, (5-11 hy = a(AM)(6,,) (5-12
m = Tav\g ] TS S+ x;3
w gt 0w (5
= h X 8a (5-13) hq = (a)(AM)(64) (5-14)
=5 40 (S + x3)
a av X3
Hd = HW + hd (5—15)
(2) Notation.
h = Net head on the well system corrected AM = Net seepage gradient toward the well
for well losses line
H = Total net head on well system S = Distance from effective source of
seepage entry into foundation to the
landside embankment toe
H,, = Total well losses (elevation and x3 = Distance from landside embankment
efficiency) toe to effective seepage exit
h., = Average net head in plane of wells D = Foundation thickness
corrected for total well losses
H,, = Average net head in plane of wells W = Screen length of well in foundation
strata
h,, = Net head midway between wells a = Well spacing
corrected for total well losses
H,, = Net head midway between wells 0., = Average uplift factor
H; = Maximum net head landward of wells 0., = Mid-well uplift factor

5-3. Uplift factors

Mathematical analysis of flow into an infinite line of discrete wells is more complex than
flow toward a continuous slot. This is resolved using uplift factors 6, 8,, and 6,. The
6, is the “extra length” or average uplift factor, 8,, is the mid-well uplift factor, and 6, is
the landward uplift factor.

a. Basis of analysis. Computations for an infinite line of wells in 2D are based on
flow toward a continuous drainage slot. Flow to an infinite line of discrete relief wells is
then adjusted to account for the increased length of groundwater flow paths to well
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locations relative to the slot. This increase in length results in additional head losses,
reduced discharge, and greater pressures in the aquifer for a well relative to a slot.
Jervis (USACE 1939b) identified these additional head losses as the “extra length” and
incorporated it into relief well design for both full- and partial-penetration wells. Figure
5-2 (top) shows a plan view of flow to a well that is uniformly spaced at distance a from
identical wells. The bottom part of the figure, also a plan view, shows flow to a drainage
slot.

No Flow
Boundary
SN
Flow i (
—_— / (€_——Well a
Equipotential —] \T \ XFIowIme
Line — ) v
Infinite Line of Wells
A
Flow
—_— Slot a
Equipotential = ~——Tlowline
Line
- *\.No Flow
Drainage Slot Boundary

Figure 5-2. General plan view flow nets of a full-penetration infinite well line (top) and a

full-penetration drainage slot (bottom); flow is from a line source located a distance S from the
well or drainage slot (also Figure G-1 in Appendix G)

b. Parameters for uplift factor estimation. Longer flow paths to a well result in
increased resistance to flow. This is accounted for during design with the dimensionless
uplift factors. The uplift factors are based on effective penetration (W/D), well spacing
(a), effective radius (), and effective foundation thickness (D). The parameter 6,, as
developed by Keffer and Guy (2019), uses another parameter based on x5 / a.

c. Application of uplift factors. The average uplift factor, 6,,,, is used to compute
the average net foundation head in the plane of the wells (h,,). The 8,, is also used to
compute the net seepage gradient toward the well line (4M), and the well discharge
(Qw)- The 6,, is used to compute the net head midway between the wells (h,,). The 6, is
used to calculate the maximum net head landward of the wells (h;). Multiple methods
can be used to calculate the uplift factors.
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(1) Full-penetration wells. For full-penetration wells, 6,,, and 6,, can be calculated
directly using equations 5-16 and 5-17.

1 a (5-16)
Oaw = P (anw)

1 a (5-17)
Om =510 (E)

(2) Partial-penetration wells. Figure 5-3 illustrates a convergence of flow in
cross-sectional view that occurs due to partial penetration for either a slot or a line of
wells. For partial-penetration wells, 6,,, and 6,, may be calculated using Table 5-1
(Barron 1978-1982) in conjunction with A8 and equations 5-18 and 5-19. The following
section and Appendix H describe other methods used to determine these well factor
parameters.

Partial Penetrating Slot

Flow

SRR
~

Equipotential Line

Cross-Section View of Slot or Well Flow Line

Figure 5-3. Cross-sectional view of a flow net to a partial-penetration drainage slot

_ a (5-18)
0. = eav (ri=100) + A0 (log (a) — 2)

w

_ a (5-19)
O = 0, (2 _y00) + 80 <log <E> - 2)

w

d. Methods. Various approaches were used to develop uplift factor computation
methods between the 1930s and 1950s. These include electric analogy models,
physical models, and analytical/mathematical solutions. Nomograms were often used to
apply these methods. The nomogram in Figure 5-4 (USACE 1955; Bennett and Barron
1957) can be used to determine values of 6,,, and 9,,,. Keffer et al. (2019) verified that
finite element modeling solutions are practically equivalent to these other approaches.
Figure 5-5 can also be used to determine 6,,, and é6,,. The values of 8,,, and 6,,, rise
rapidly as well penetration falls below 25%. Due to this, 25% aquifer penetration has
historically been recommended as the minimum for dewatering and relief well design.
The value of 8, determined from Figure 5—6 can be used to compute the maximum
head landward of the well. The 6,,, has been used historically to provide a conservative
estimate of head landward of the well (Keffer and Guy 2022).
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Table 5-1

Theoretical uplift factor solutions developed by Barron (1978)

Theoretical values of ,,, and 8,,

W/D D/a a/r, 0. 0., A0
100% All Values 100 0.440 0.550 0.3665
75% 0.25 100 0.523 0.633 0.480

0.5 0.563 0.667
1 0.606 0.681
2 0.578 0.682
3 0.748 0.682
4 0.818 0.682
50% 0.25 100 0.742 0.851 0.733
0.5 0.857 0.955
1 0.983 1.012
2 1.175 1.024
3 1.361 1.024
4 1.547 1.024
25% 0.25 100 1.225 1.335 1.466
0.5 1.569 1.622
1 1.926 1.908
2 2.390 2.024
3 2.798 2.047
4 3.199 2.075
15% 0.25 100 1.662 1.722 2.077
0.5 2.310 2.401
1 2.970 2.938
2 3.747 3.293
4 4,941 3.432
10% 0.25 100 1.908 2.018 3.67
0.5 2.934 3.025
1 3.977 3.941
2 5.139 4.649
4 6.814 5.071
5% 0.25 100 1.778 1.887 7.2
0.5 3.879 3.969
1 6.063 6.021
2 8.377 7.864
4 11.144 9.283
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Figure 5—-4. Nomogram for determining values of average and mid-well uplift factors
(USACE 1955; Bennett and Barron 1957)
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Figure 5-5. Relief well design nomogram for average (a) and mid-well (b) uplift factor values
(Keffer and Guy 2022)
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Figure 5-6. Relief well design nomogram for providing landward uplift factor values at x3/a = 5 (a) and x3/a =50 (b)

(Keffer and Guy 2022)
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5-4. Conceptual approach

As described in the previous section, much of the complexity for the analysis of an
infinite line of wells is handled by well factors.

a. Approach. Two sets of equations presented in paragraph 5-2 (differentiated by
the use of AM) are used to perform calculations to determine pressure and flow using
those well factors. Two general approaches are used in practice, and both should begin
by calculating excess head at the levee toe without wells (h,), which is discussed in
Appendix C. They also make an initial assumption that H,, = O foot. After Q,, and excess
heads are computed without losses, H,, should be estimated, and its effects
extrapolated back to the seepage entrance to reduce the effective loading on the
system (h). This extrapolation of H,, to find h is accomplished by equation 5-5 and
demonstrated in Figure 5-1. Expected excess heads are then increased based on the
reduced Q,, caused by H,,. Excess heads including losses (H,,, H;, H,,,) are computed
with equations in Figure 5-1.

b. Spreadsheet formulation. Appendix C includes a simple approach to calculate
flow and substratum pressure for an infinite line of wells using equations on the right
side of Figure 5—1. Although it can be used to design wells and results in the same
values as the more complex formulation presented in paragraph 5-5, it is included
primarily for illustrative purposes to demonstrate the approach. Well designers are
encouraged to replicate those calculations by hand or by creating a simple spreadsheet.
The design approach described in the following section has been coded into
spreadsheet that is available online for USACE employees. A few additional
considerations are listed below.

c. Maximum head downstream of the well line. When W /D is less than 50% and
x5 is an order of magnitude larger than well spacing, a, the head downstream of the well
line may be larger than the head midway between wells. In those cases, H; and 6,
should be checked in addition to H,, and 6,,, using equation 5-15 and Figure 5-6.

d. Discharge below ground surface. In many installations, the well outlets are
located below the ground surface or in a ditch. Under this condition, there is assumed to
be no upward flow through the landside blanket. Without pressure relief due to seepage
through the top stratum, the corresponding condition is to set x; = o for the equations in
Figure 5-1. Solutions are obtained by incrementally increasing x5 by an order of
magnitude until further increases do not change the result. The elevation component of
H,, (H.;) is set as a negative number equal to the depth of the well discharge. Discharge
capacity of the collector system must be considered to account for backflooding of the
well system. If this occurs, there will be an effective increase in discharge elevation that
can affect long-term performance.
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5-5. General design approach

The purpose of a relief well system is to reduce excess head landward of a dam or
levee (H,,, Hy, or H,,). A successful design will lower the excess head to the allowable
value (h,). Since H,, has been used historically in the design process, it may be
calculated with equation 5-9 and used to evaluate FS,,, along with H,,, and H, in the
below design approach. However, it should be understood as a value that is likely an
overestimation of H,. The designer determines the values of 7,,, a, and W/D necessary
to meet this requirement. For given boundary conditions and the same h,, there are
different combinations of r,,, a, and W/D that will suffice. The final selected r,,, a, and
W /D will be based on technical acceptability and cost effectiveness. Consideration
should also be given to natural topographic features that will influence the elevation of
relief well outlets.

a. The design steps in paragraph 5-5a(1) through 5-5a(10) use equations and
concepts from Figure 5-1 to calculate the excess head along and landward of an infinite
well line and the discharge from each well. They are favorable for incorporation in a
computer spreadsheet so that the effects of varying input parameters can be quickly
evaluated. The spreadsheet from Guy et al. (2010) was used to analyze an example
levee in Appendix |. Each design step begins with a brief explanation of its intent.

(1) Determine excess head (difference between piezometer reading at the bottom
of the top stratum and the greater of the ground surface or landside water elevation) at
the levee toe without wells to evaluate the need for relief wells if the factor of safety is
too low. Calculate h, from equation C-3 and base condition FS,,, from equation 3-2.

(2) Calculate h, based on a target design FS,,. Set FS,,, equal to the target value,
and solve equation 3-2 for h, instead of h,.

(3) Parameters for well system geometry must be selected by the designer. Select
atrial a, 1,,, and W/D.

(4) Parameters a, ,,, and W/D are represented by theta uplift factors. Determine
04y, B, and 6, from Table 5-1, Figure 5-5, Figure 56, or the Sharma (1974) approach
from Appendix H.

(5) Adjust well system geometry to achieve acceptable excess heads with perfectly
efficient wells. Assume no well losses (H,, = 0 foot and h = H) and calculate h,,, with
equation 5-11 and h,; with equation 5-13. If the greater of the two is above h,, adjust a,
r,,, Of W/D and repeat the steps in paragraphs 5-5a(1) through 5-a(5).

(6) Determine the greatest expected well discharge, for wells without any
consideration of performance loss, for a conservative design of a collector system.
Calculate Q,, from equation 5-2. This is the value used to size relief well system
discharge capacity.
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(7) Consider well performance losses at installation and in the future. Well losses
can be estimated based on reduced flow rate, pumping tests, or experimental data that
are presented in Chapter 7. Use paragraph 7-9 to estimate H,, based on the Q,, that
was calculated in paragraph 5-5a(6). H,, may include losses at installation and
estimated future losses (such as biofouling).

(8) Extrapolate the effects of well losses to the seepage entrance to reduce the
effective loading on the well system (H is reduced to h). Calculate h from equation 5-5,
then h,, with equation 5-11 and h,; with equation 5-14.

(9) Incorporate well loss effects on excess heads resulting from the inefficient well
system (increase the expected excess heads because well discharge was decreased by
losses). Calculate H,, with equation 5-6 and H,; with equation 5-15. If the greater of the
two is above h,, adjust a, 7,,, or W/D and repeat the steps in paragraphs 5-5a(3)
through 5-5a(9).

(10) Compute the actual expected discharge from a well with losses. Calculate Q,,
from equation 5-2.

b. Itis recommended that this process be completed for a range of a, 7,,, and W/D
values to find the most economical balance between the number of wells and the depth
of each well.

5-6. Computer programs for well design

There are multiple design computer programs used in various districts throughout the
USACE to perform infinite line well calculations. These programs have been tested for
certain conditions but not all possible conditions have been tested; therefore, the user
should not accept any results without adequate comparative analysis. The examples in
Appendix | provide a means to compare any program with the equations and methods
presented in this manual.
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Chapter 6
Analysis and Design of a Finite Line of Wells

6-1. Finite well line conditions

USACE has historically assumed an infinite line of wells for design of relief wells and
made any adjustments to the solution for finite well lines. Infinite well lines terminate at
impervious boundaries and are described in Chapter 5. However, relief well systems
may not satisfy the infinite condition and finite line effects need to be considered in such
cases.

a. End effects. The presence of seepage flow that is not perpendicular to the well
line may be a significant difference for finite well systems. Such flow results in a
non-uniform distribution of uplift pressure and well discharge. Both parameters may be
significantly increased compared to an infinite well line.

b. Unique boundary or design conditions. Relief wells are sometimes considered
where gaps (windows) are present in a seepage barrier. Wells have been used along
landside ditches orientated perpendicular to the levee alignment and are common
around pump stations to reduce uplift. Other non-linear well arrays, or a linear well array
with variable well spacing, are also sometimes required.

c. Approach. Common approaches for designing finite well systems are described
in this chapter. These include 3D FEM, 2D plan view FEM, adjusting the infinite line
solution, and the Image Well Method (IWM).

6-2. 3D finite-element or finite-difference models

Geologic and site-specific factors may impose conditions that are difficult to simulate
using simpler approaches. Finite-element or finite-difference models may be used when
subsurface conditions are non-uniform. This includes variable aquifer thickness, zones
of different permeability, significant vertical flow, or unusual boundary conditions. These
modern tools build on the flow net analyses and electrical analogy tests used to analyze
many USACE projects for generations. Mansur and Kaufman (1962) described the use
of flow nets for the design of well systems. USACE (1963), USACE (1965), and
McAnear and Trahan (1972) described methods for conducting 3D electrical analogy
tests. The concepts in these early references are also applicable to modern FEM
analyses.

a. 3D modeling approach. The WASH123D model included in Appendix F was
created to support the update of this manual. The use of this finite-difference code is
included to both validate the simpler approaches and to help the reader better
understand 3D modeling efforts. The analyst should consider replicating these types of
simple models before applying their 3D approach to model complex field conditions.
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b. Example use of 3D modeling.

(1) Figure 6-1 shows the location of a large boil that formed at an inside bend of
the Upper Wood Levee during the 1993 flood. A full-penetration cut-off wall was
installed beneath the levee centerline but not under the interstate highway that runs
through the project. The discontinuous wall created conditions too complex for
conventional analytical methods. Therefore, a WASH123D model of this reach was
created to simulate flow to relief wells. The model is described in Seepage and Piping
through Levees and Dikes Using 2D and 3D Modeling Codes (USACE 2016).

(2) Results shown in Figure 6—2 demonstrate how 3D models incorporate wells
situated in complex locations. Section A-A' through the center of the proposed line of
wells is an example of how total head contours are presented for any location of
interest. Best practice includes evaluating a slice through the gap or outside the edge of
the wall for potential BEP using the risk assessment methods described in Chapter 4.

Drainage to Pump Station

Ground Elevation
450 ft

I

400 ft

350 ft

Figure 6-1. An area of seepage concern in Upper Wood River (USACE 2016)
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> Cutoff Wall

Figure 6—-2. A WASH123D model including relief wells and cutoff (USACE 2016);
black and red dots indicate existing and proposed new wells, respectively

6-3. 2D plan view finite element method

a. 2D finite element analyses can be used in cases where the substratum can be
approximated by a single, permeable artesian layer and wells are full-penetration, and
the flow in the permeable layer is confined. These simple models have been used to
design finite well systems using concepts from BT described in Appendix C. The
boundaries of the model are set equal to the calculated effective entrance (full pool
elevation) and effective exit (tailwater elevation). BT provides a means to calculate this
distance to account for leakage through the confining layer.

b. Figure 6-3(a) includes the arrangement that is directly analogous to the infinite
well condition in Chapter 5. Figure 6—3(b), (c), and (d) represent finite well
arrangements with 2, 4, and 10 wells, respectively. However, variable well spacing or
non-linear well arrays can be assessed with 2D finite element analyses.

c. The no-flow boundaries indicated on each of these figures mirror the wells,
along with everything else in the model. Figure 6—4 compares excess head for infinite
and finite well systems in profile. Some of the design parameters included in these
figures are explained in the following section. As shown in Figure 6-4, finite well
systems have higher heads near the ends of the systems and shorter well systems
have higher heads than longer well systems. Plan view FEM can also be used to
consider flow around seepage barriers and are not limited to straight levee alignments.
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Figure 6-3. Plan view of typical finite element analyses and measurement locations,
infinite well lines (a) and finite lines with 2 (b), 4 (c), and 10 (d) wells
(alr,, =100, D/a = 1, W/D = 100%) (Keffer et al. 2023)
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Figure 6-4. Profile of excess head along the well lines of various lengths from Figure 6-3
(a, section A-A’), and perpendicular to the middle (b, section B-B’) and end (c, section C-C’)
(Keffer et al. 2023)

6—-4. Procedure to adjust infinite line solution

a. Prior finite line method. USACE (1963) presented a method to compute excess
heads along, but not landward of, a finite well line using similar BT input parameters and
number of wells. It also used electric analog models in its development. However, it
requires the use of more than 100 tables with extensive plotting and interpolation, and is
impractical for most engineering applications. For some finite line scenarios, head
landward of the well line exceeds head between wells, so it needs to be considered.
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b. Finite line parameters.

(1) Most of the parameters for a finite well system are the same as for an infinite
system. The exception is that the number of wells must be considered for a finite
system. Chapter 5 describes how BT-based calculations are used to compute excess
head values for infinite well lines. The resulting values are h,,, h,,, and h,. Input
parameters for these calculations are S, x5, a, 84, 6,,, and 8.

(2) Keffer et al. (2023) developed a method for determining excess head for finite
well lines from the excess head for infinite well lines. Infinite parameters are used to find
new finite parameters, so that excess head can be calculated at four key locations:
excess head at the middle (h,,,,) and at the end (h,,.) of a well line between the last two
wells, and maximum landward of the middle (h,,,), and maximum landward of the end
(hge) of a finite well line. The locations of these head values are illustrated in Figure 6—-3
and Figure 6—4.

c. Finite line design charts and equations. Figure 6-5 through Figure 6—8 are used
in this process. These figures use inputs of 8,,, 6,,, S/a, x3/a, and the number of wells
in the finite line (N). From these figures, the finite line uplift factors (6,,m, Ome> Oam, and
6,.) can be determined. Each finite uplift factor is then substituted for 8y in equations
6—1 or 6-2 to solve for h,, (excess head for each uplift factor). 6,,,, and 6,,, are used to
solve for h,,,, and h,,.. 8, and 8,, are used to solve for hy,, and hg,.

Ao = hx exx (6_1)
xx = §+9 <S+x3)
a av X3
hyy = axAMx0,, (6-2)

d. Using the design charts. Figure 6-5 through Figure 6-8 are based on N, S/a,
x3/a, and the infinite line uplift factors. Inputs are 6,,,, S/a, and x5 /a from an infinite line
design (Chapter 5), which appears to satisfy h,. However, since the line is finite, N must
also be considered, which could increase the expected excess head. From these
values, 6,,,, is determined from Figure 6-5 and 6,,. from Figure 6—6. The values for 6,,,,
S/a, x3/a, and N then are used to determine 6, (Figure 6-7) and 6,, (Figure 6-8). If

excess heads for the finite line exceed h,, then decrease a, increase (W /D), or
increase N, and repeat the infinite and finite line analyses until they are acceptable.

e. Interpolation to designer values. The user’s values for 6,,, or 6,, virtually always
fall between the plotted values on the figures (6,, = 0.29; 1.92; or 3.49 or 6,,, = 0.18;
1.93; or 3.84). If so, the designer should solve for finite uplift factors at the two given
infinite uplift factors above and below the designer’s value. Then, linear interpolation
should be used to find the finite uplift factor at the needed infinite uplift factors. In these
interpolations, 6,, or 8,, are the independent variables, and 6,,,,,, e, 84m, OF 8,4, are
the dependent variables.
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Figure 6-5. B,,,,,, for finite well lines for the infinite line cases when
0,, =0.29 (a), 1.92 (b), and 3.49 (c) (Keffer et al. 2023)
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Figure 6-6. 8,,, for finite well lines for the infinite line cases when
0,, =0.29 (a), 1.92 (b), and 3.49 (c) (Keffer et al. 2023)
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Figure 6-7. B4, for finite well lines for the infinite line cases when
0., =0.18 (a), 1.93 (b), and 3.84 (c) (Keffer et al. 2023)
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Landward maximum uplift factor for end of finite well line (6,,)
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Figure 6-8. B4, for finite well lines for the infinite line cases when
0., =0.18 (a), 1.93 (b), and 3.84 (c) (Keffer et al. 2023)

6-5. Image Well Method

The analysis of multiple well systems using superposition theory and image wells is
presented in detail in Appendix D. One method discussed in Appendix D is the IWM for
an infinite line source and an impervious blanket. This can be adapted using BT to
incorporate a semi-pervious blanket, a practical modification applicable to many wells.
An infinite line source and a finite well system is a common design assumption for most
levees and some dams. Several examples of the IWM with the BT adaption are
presented in Appendix |. This adaptation results in well solutions that are in good
agreement with heads calculated by the other well analysis methods discussed in this
manual.

a. Discussion of method.

(1) The benefit of IWM with the BT adaptation is that well system geometry and
boundary conditions can be quickly varied to evaluate the effect on well system
effectiveness. Key design variables include well spacing, discharge elevation, and the
level of performance loss over time (described in Chapter 9). Other parameters,
including hydraulic loading on the structure, can also be easily adjusted. End effects are
directly accounted for in the solution. Relief wells can be placed in any arrangement,
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with the location referenced from the landward toe of the structure. A common
application for this method would be wells located along a ditch perpendicular to the
levee. Wells are often needed for ditches around gravity structures and pump stations to
reduce uplift.

(2) This adaptation results in well solutions that are in good agreement with heads
calculated by the other well analysis methods discussed in this manual. However, the
calculated flows from the IWM and BT adaptation are often less than those calculated
by the other well analysis methods. It is common practice to assign aquifer permeability
based on the most pervious layers in the aquifer, which helps offset well flow that tends
to be underestimated in this calculation method. Using the higher permeability of the
deeper aquifer layers in the well analysis can counteract the underestimated well flows.

b. Assumptions of method. The source and levee are assumed to be parallel,
linear, and infinitely long. Other assumptions listed in Appendix C for BT and Appendix
D for IWM also apply. The semi-pervious blanket overlying the aquifer is assumed to be
infinite in extent for the BT equations presented in this manual. EM 1110-2-1913
includes BT adjustments for other boundary conditions not discussed in Appendix C.

c. Computations. IWM with the BT adaptation is more computationally intense
than the infinite line of wells solution described in Chapter 5. This approach typically
uses a spreadsheet or other software because hand calculation would be difficult to
execute. The calculation to determine well flow is iterative when flow is used to estimate
well losses. This process is repeated until the assumed and calculated well losses
converge. Well system design using this method is also iterative to locate wells to
provide adequate drawdown. Trial well locations and losses are assumed, flows
calculated, well losses calculated based on those flows, heads are calculated at points
of interest, and well locations are adjusted until gradient safety factors are acceptable at
all points of interest. The IWM is adapted to BT for the case of an infinite line source
and infinite semi-pervious blanket using the steps described below.

(1) Excess head at any point from Blanket Theory. The excess head along the
landside toe is calculated using BT with the appropriate equations (Appendix C and
EM 1110-2-1913). This calculation ignores the effects of any wells. The head at any
distance riverward from the landside toe is calculated assuming a linear head loss
between the full head at the effective entrance and BT head at the landside toe. The
excess head at any distance landward from the landside toe is calculated using BT
equation 6-3.

h, = h,e™* (6-3)
where:
h, =excess head at location x

h, = excess head calculated at landside toe
x = distance landward between landside toe and location x
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¢ =landward factor for calculating effective seepage exit distance, ¢ = 1/x5 for
an infinite landward blanket

(2) Hydraulic grade line.

(a) The hydraulic grade line, or HGL, represents the total head acting along the
base of the semi-pervious blanket, and is determined by adding the excess head,
calculated as described in paragraph 6-5c(1), to the assumed landside ground surface
elevation. The HGL includes pressure relief caused by seepage through the
semi-pervious blanket and extends from the effective seepage entrance to an infinite
distance landward as shown in Figure 6—-9. The excess head without wells at each
proposed well location is used to calculate flow for that well. This is because the flow
with wells is proportional to the head without wells at the well location.

(b) Inturn, flow from each well is used to calculate drawdown at a point of interest.
The drawdown is then subtracted from the HGL to calculate the head with wells, at the
location of the point of interest. That head is then used to calculate FS,, at the point of
interest. In summary, the HGL also serves as the baseline from which drawdown due to
well flow is subtracted to calculate FS,, at points of interest.

Head profile upstream
is linear from effective
entrance to toe
Pool v Head profile, HGL, for an infinite
—p landside blanket = hze~ where x is

— Excess distance landward from the toe

%RRI“{FMHKH/‘

Top stratum l

Foundation

Effective Entrance Distance, x1 Structure Width, L2
-+ >+ »

Piezometers at bottom

Well location of top stratum

-+ >
Effective Distance from enfrance to toe, used as locator to offset wells. The toe is x1+L2
from the entrance. For an example with wells 5 ft landward from the toe, the head acting
on the wells would be calculated using Equation 6.3 for x = 5 ft.

Figure 6-9. Hydraulic grade line (HGL) used in Image Well Method with Blanket Theory adaptation

(3) Trial well system. An initial well system is assumed. Typically, it is easiest to
start with a uniform well spacing. Thereafter the exact spacing and/or well locations can
be adjusted near the ends of the line to account for end effects.

(4) Calculating flow from wells.

(@) The head at each well location is assumed to be the HGL minus the well
discharge elevation plus well losses. The flow from each well, Q,,, can be determined
for wells 1 through n using a modified version of equation D—12 in Appendix D (included
here as equation 6—4). The calculated flow is for a full-penetration well and does not
introduce significant error for full-penetration wells. However, this is an important
consideration for partial penetration as needed. Partial-penetration wells are discussed
in paragraph 6-5c¢(5).
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(b) The image well theory using superposition principles considers the impact of
adjacent wells. Therefore, well flows are variable along a finite well line. Wells nearer
the ends of the system flow more than wells nearer the middle of the system. Wells in
adjacent sub-reaches should be included in the analysis of a specific reach to avoid
undue conservatism in determining well spacing. The calculation becomes more
complex as the number of wells increase and must be iterative because H,, is a function
of Q,,. Excel spreadsheets can automatically perform iterative calculations until
convergence.

_ ZﬂkD(HHGL - WD + HW) (6-4)
w . 7",.
= J
Zj-zrfr—j

where:
k, D, r';, r; are as defined in Appendix D
Hy¢ = the HGL elevation without wells
W, = well discharge elevation
H, = well losses

(5) Aquifer transformation and well penetration. Aquifer transformation and well
penetration are important considerations for partial-penetration wells and are discussed
in detail in Appendix E. The aquifer layers with different permeabilities are transformed
to an equivalent depth of homogeneous aquifer to determine the effective well
penetration. Ignoring aquifer transformation and using actual well penetration does not
introduce significant error for full-penetration wells. If full-penetration wells are to be
used, a representative permeability value for the more permeable portions of the aquifer
is adequate to calculate well flows.

(6) Partial-penetration wells. Flows calculated for full-penetration wells must be
adjusted if partial-penetration wells are used. The Kozeny equation (equation E-3 in
Appendix E) can calculate a partial-penetration factor to adjust the calculated flow for
full-penetration wells. Those reduced flows are then used to calculate the head at points
of interest. Since flow and head losses are calculated iteratively until convergence, the
calculated head losses account for the reduced flow from partial penetration. This
method has shown reasonable agreement when comparing calculated heads and
observed field data.

(7) Reduced performance with time. Flow from wells may also be adjusted for
assumed performance loss over time due to biofouling or other well degradation as
described in Chapter 9. For example, if an 80% reduction in well performance is
assumed to occur over the life of the well, 80% of the calculated flow should be used to
calculate heads. By assuming a reduced flow rate, the system design will have
resilience to some level of degradation. The appropriate reduction in flow for a well
system design over time depends on several factors. These include the gradient without
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wells and the threshold gradient safety factor for well rehabilitation. Also, the anticipated
rate and magnitude of biofouling should be assessed, as discussed in Chapter 9.

(8) Calculation of drawdown. The adjusted flows from each well are used to
calculate the head at points of interest. The drawdown is subtracted from the HGL
without wells to determine the head acting at the base of the semi-pervious blanket.
Locations of interest are typically along the landside toe and midway between relief
wells. However, the heads can be calculated at any location of interest, such as along a
landside ditch or around an isolated feature. The head at a point of interest, hp, is
calculated using a modified version of equation D—10 in Appendix D (here equation 6—
5), with all terms previously defined. The calculation becomes more complex as the
number of wells and number of interest points increase. A calculation table, or tables,
can be pre-configured to facilitate calculating heads at points of interest, such as points
along a line parallel to the well system or a line perpendicular to the well system.

1 j = Tl
hp =Hygr + Hy,- %Z‘.; ) ijln(r_j) (6-5)

(9) Gradient safety factor. Finally, the vertical gradient through the blanket is
calculated at points of interest using hp. Then the FS,, is be calculated at the points of
interest and compared to the desired vertical gradient safety factor. The well locations
are then adjusted as necessary to achieve the desired gradient safety factor and to
economize the design to the extent practical. In practice this usually means modifying
well locations to meet the desired safety factor at all points of interest. This process
typically results in tighter well spacing at the ends of the system. The design must also
consider site constraints such as difficulty in accessing one or more of the proposed
well locations, with well locations adjusted as needed.
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Chapter 7
Design of Well Components and Calculation of Head Loss

7-1. Well components

There are several components of relief wells, each of which have the potential to
contribute to head loss in the well system. The well head loss needs to be estimated
and accounted for in design. While the materials, dimensions, and methods of
installations differ, all relief wells share the same basic elements:

a. Drilled hole to facilitate the installation;

b. Screen or slotted pipe section to allow entrance of groundwater;
c. Riser to conduct the water from the screen to the ground surface;
d. Sump and bottom plate;

e. Granular filter around screen to prevent entrance and ultimate loss of
foundation material;

f.  Check-valve to prevent backflooding and foreign material from entering the
discharge point;

g. Backfill and seal above screened interval to prevent entry of surface water; and

h.  Protective cover to prevent vandalism and/or damage to the top of the well by

maintenance crews, livestock, etc. The cover may require a lock in some instances.
Figure 7-1 shows a typical relief well installation.
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Figure 7-1. Typical relief well installation
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7-2. Drilled hole

The size of the borehole for a relief well depends on the well diameter plus a minimum
filter thickness of 4 to 8 inches. The hole is drilled to a large enough diameter to provide
for filter material that may become segregated during placement. This is described in
paragraph 7—6a(2). The diameter of the borehole also depends on the size of tremie
pipe used for filter placement.

7-3. Well diameter

The well diameter must be large enough to conduct the maximum anticipated flow to the
ground surface. The diameter must also allow testing and servicing of the well after
installation and for the lifespan of the project. Such testing and servicing can include
using brushes, instrumentation, and submersible pumps. Anticipated head loss should
also be considered.

7-4. Well materials

Commercially available well screens and riser pipes are fabricated from a variety of
materials, including black iron, galvanized iron, stainless steel, brass, bronze, fiberglass,
and PVC. Pressure relief wells are designed and installed to protect the foundations of
structures. Therefore, selection of materials for the wells should be based on costs and
performance over the life of these structures.

a. Recommended well materials. Stainless steel is a very stable material in most
environments. Although the up-front cost is relatively expensive, stainless steel can
generally be maintained successfully for the life of a project. It is recommended for
permanent well installations in most situations. Other materials can experience
significant degradation over these time spans or be unable to withstand aggressive
rejuvenation techniques. Types 304 and 316 stainless steel have excellent corrosion
resistance, whereas Type 403 stainless steel has moderate corrosion resistance. Types
304 and 316 contains some nickel, which makes them more expensive than Type 403.
Couplings and the bottom plate for the well screen should be constructed of the same
material as the well. These are glued, threaded, or welded to the well.

b. Less commonly used well materials.

(1) Low-carbon or other types of steel wire-wrapped screen may appear
economical in many instances. However, these materials are susceptible to corrosion
and are not well suited to permanent installations.

(2) PVC is chemically stable, relatively inexpensive, and easy to handle and install.
However, it is relatively weak, easily damaged, unable to withstand heat treatment, and
not well suited to permanent installations.

(3) Iron has also been used for relief well screens and riser pipes. The life of iron

wells can be extended by galvanizing, but iron will corrode sooner than stainless steel.
Primarily for this reason, iron relief wells have been largely discontinued.
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(4) Some older wells are constructed of wood, which has proven to be very stable
in most environments if continuously submerged in water. However, wood wells are not
able to withstand aggressive rejuvenation. Wood well screens and risers are no longer
commercially available and are not used in new well construction.

(5) Porous concrete well screen was also used in some USACE relief wells
installed prior to 1950 but is not considered suitable for new wells.

(6) Brass and bronze are extremely expensive and are not completely stable in
some acid environments.

c. Material selection criteria. How well a material performs with time depends on
several factors, including its strength, resistance to damage from servicing, and
resistance to chemical constituents in the groundwater. Generally, the choice of well
material depends on three factors: (1) water quality, (2) presence of iron bacteria, and
(3) strength. A water quality analysis will determine the chemical nature of the
groundwater and indicate whether it is corrosive and/or encrusting (see Table 3-1). In
most cases, stainless steel and wire-wrapped screen are generally the best choice for
relief wells. Other materials such as PVC or carbon steel may be appropriate for
temporary wells or when selected in a risk-informed, decision-making framework.

(1) Chemical considerations. Enlargement of screen openings due to corrosion can
allow progressive movement of fines into the well. Therefore, the well screen must be
fabricated from corrosion-resistant material if corrosive waters are expected.
Groundwater chemistry also can facilitate mineral encrustation of the well screen.
Bacteria may also be present. In either case acid, heat, and/or chemical treatments may
be required (see Chapter 11). The well material must be able to withstand such
treatments. Ferrous and non-ferrous metals should never be placed in direct contact
with each other. An example is a brass screen and a steel riser. The direct contact of
these dissimilar metals may induce electrolysis and a resultant deterioration of the
material.

(2) Strength considerations. The strength of the well screen is usually not a major
factor when commercial well screens designed for deeper well installations are
employed. The screen sections should be able to withstand maximum compression and
tensile forces during installation operations as well as horizontal forces, which may
develop during installation and possibly later because of lateral earth movements. The
recommended hang weight and collapse strength can frequently be obtained from the
manufacturer. Stainless steel screens are more amenable to aggressive redevelopment
than other material types that may release contaminants or melt. Screened sections can
be susceptible to damage during pump testing. This is especially true if the pump intake
is located in the well screen and sudden suction is applied.

(3) Riser, blank sections, and sump. The material chosen for the screened
intervals should generally be used for the well riser, blank sections, and sump. The riser
extends above the screened intervals to the ground surface. Blank sections are
included between changes in the screenf/filter pack or to exclude fine grained layers
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from exposure to the filter pack. Filter packs should overlap the blank interval to provide
at least 2 feet of allowance for filter pack settlement during development. A sump is
included at the bottom of the well to allow space for materials to settle and to allow
better tool access during well development and future rejuvenation. The sump should
be at least 2-feet deep, with a bottom plate of the same material.

7-5. Well screen

a. Slot type. Different screen types are available in a variety of materials, including
continuous-slot (wire-wrap) screens and slotted plastic pipe.

(1) Continuous slot. These screens consist of a skeleton of vertical rods wrapped
with a continuous spiral of wire. Continuous-slot, wire-wrapped screens are the
dominant screen type used in the water well industry. They are commercially fabricated,
typically of carbon, galvanized carbon, or Type 304 or 316 stainless steel. These
screens can also be made of thermoplastic materials, mainly PVC and
acrylonitrile-butadiene-styrene (ABS), or alloys of these materials. Wire-wrapped screen
is strong and has a high percentage of open area, which reduces entrance velocities
and makes wells more efficient. The wire wrap is typically V-shaped in cross section
with slots progressively larger toward the inside of the screen. This shape allows any
filter gravel that enters the slot to fall into the well rather than clog the screen.

(2) Slotted plastic pipe. PVC screens with open slots of varying dimensions,
consisting of a series of saw cuts. Machine-cut slots typically have jagged edges that
facilitate the attachment of iron bacteria and make treatment more difficult. These
screens also have less open area than continuous-slot screen for an equivalent slot
width.

b. Slot size.

The size of the slots is a factor in the open area of the screen. The slot size also must
be compatible with the filter pack.

(1) Slot size and open area. The slot size, well diameter, and length of the screen
determine the open area available for water flow. The open area and flow rate, in turn,
determines the entrance velocity, v,, of water moving through the screen. Larger
entrance losses, greater than the entrance losses depicted in this chapter, would need
to be considered for entrance velocities larger than 0.1 feet per second (fps). The slot
size is determined after the filter is sized to meet retention and permeability
requirements for the aquifer. Well diameter and screen length are then adjusted to
achieve the necessary open area. Representative areas and maximum well capacities
for various well diameters with different continuous slot sizes are shown in Table 7-1.
Well screen manufacturers should be consulted for more specific information.
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Table 7-1
Properties of continuous wire-wrapped stainless-steel screens (Type 304) commonly used in relief wells (based on:
https://johnsonscreens.com (2021)

Size Max. | Out. | Inside | Weight | Hanging | Collapse | Intake Area3 (in?/ft)

Nominal | Depth | Diam. | Diam. wt.t St.2 Slot Size (thousandths of an inch)

(in) (ft) (in) (in) (Ibs/ft) | (Ibs) (psi) 10 20 30 40 50 60 80 | 100
6 100 6.6 6.1 4.5 4,315 83 36 62 83 100 113 | 124 | 142 | 156
6 250 6.7 6.1 4.8 4,315 187 20 37 52 65 76 86 103 | 117
8 250 8.7 7.9 8.0 12,118 130 26 48 67 84 98 111 | 133 | 151
8 600 8.7 7.9 10.0 11,444 487 21 39 55 69 82 94 114 | 131
10 600 10.7 9.9 125 14,566 173 25 48 68 85 101 | 116 | 141 | 162
12 250 12.7 11.8 14.7 16,646 104 30 57 80 101 120 | 137 | 167 | 192
12 600 12.7 11.8 16.2 16,646 138 30 57 80 101 120 | 137 | 167 | 192
14 250 14.0 13.0 15.5 16,126 79 33 62 88 111 132 | 151 | 183 | 211
14 600 141 13.0 28.5 16,126 249 35 66 93 117 138 | 158 | 192 | 220

Notes:

1 Hanging weight is given as 50% of the calculated tensile strength.
2 Collapse strength based on 0.030-in slot size.
3 Transmitting capacity (gpm/ft) = 0.31 x intake area (assumes entrance velocity of 0.1 ft/s).
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(2) Matching slot size and filter.

(&) The size of the slots in a well screen should be as wide as possible to allow
maximum flow and minimal entrance velocity. Larger slot size also provides resiliency
against possible long-term clogging or encrustation. At the same time, the slots must be
sufficiently small to minimize entrance of filter materials. For well-graded filters, the slot
width should be equal to or less than the 50% size (D) of the finest gradation of
adjacent filter pack material. Application of this criterion is demonstrated in Figure 7-2.

(b) Hadj-Hamou et al. (1990) demonstrated the 50% size criterion was sufficient for
the well-graded filters that USACE commonly used at that time. This slot size provided
reasonable assurance against in-wash of filter materials during well development and
surging. Hadj-Hamou et al. (1990) also tested a uniform filter with screen slot width
based on the D, size of the filter. Screen entrance losses were negligible and there
was practically no loss of filter material during and after surging.

(c) Some USACE Districts have successfully used uniform filter gradations with
screens set at 10 to 15% passing criterion. Talbot and Pabst (2006) explain that the
USDA Natural Resources Conservation Service requires screens to be set at 15%
passing criterion for critical drains with surging or reverse gradient, which is the case for
relief wells.
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U 3. Standard Sieve Opening (inches) U.S. Standard Sieve Numbers Hydrometer
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Gravel Sand

I I
Boulder conble Coarse ] Fine Coarse [ Medium [ Fine

Silt or Clay

—— Representative Coarse Base Soill —— Representative Fine Base Soil

General Procedures for Sand and Gravel Aquifers with < 15% Fines (Category 4 Base Soll):

1.

No ok wbd

Identify the maximum and minimum gradation curves that characterize the aquifer or “base” material.

Determine minimum Dgs B on band of grain size curves for aquifer.

Determine maximum Dy F for filter material based on the stability criterion.

Maximum D;5F < (4 to 5) x Minimum Dgs B (Category 4 base soil).

Select a widely graded or uniform filter material meeting the above criteria.

Establish a reasonable grain size band for the filter, in particular a sufficient spread between minimum and maximum D;sF.

Check to ensure that permeability criterion is satisfied, that is, the minimum D, 5 size of the filter band is 3 to 5 times greater than the
maximum D, 5 size of the aquifer band.

Select a maximum screen slot size equal to the minimum D5, size of the fine curve of the filter band.

(D15F — Dq5 size of the filter; Dg5 B — Dg5 of the base soil; DsoF — D5 size of the filter)

Figure 7-2. Typical design of a well-graded filter and slot size for relief well
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7-6. Filter

A properly designed filter prevents infiltration of foundation material. It also has sufficient
permeability to allow the design flow at a minimal v,. To function as designed, the filter
should consist of durable and stable material and not be subject to segregation during
placement. The filter should extend at least 2 feet above the top of screen.

a. Grading. Either well-graded or uniform filter materials may be used for the filter
pack as long as the screen is chosen appropriately. A specially blended material may
be required to meet all the gradation requirements for uniform filters. However, these
blends are generally more expensive.

(1) Uniformly graded filters.

(@) A uniform filter has a coefficient of uniformity, C,, of less than 2.5, where C, is
defined as equation 7-1.

Cu = Deo / D1o (7-1)

where:
D¢, = grain size at which 60 percent by weight of sample is finer
D,, = grain size at which 10 percent by weight of sample is finer

(b) The annular thickness of uniform filters can be in the range of 4 to 6 inches, as
these materials are not subject to segregation during handling and placement.

(2) Well-graded filters. Used with proper well development procedures, well-graded
filters increase efficiency and permit the use of larger slot sizes. This also results in
relatively large openings in the filter pack. Such spaces can minimize the effects of
encrustations and blockages, which may develop during the life of the well. The C, of
well-graded filter materials should be between 2.5 and 6 to minimize segregation during
placement. The grain sizes should be reasonably well distributed over the specified
range (not gap-graded). Well-graded filters should have an annular thickness of 6 to 8
inches to allow some segregation.

b. Stability criteria. The filter gradation is typically sized to prevent infiltration of
foundation sands through the filter. This means the maximum 15% size (D, ) of the filter
is no greater than 5 times the minimum 85% size (Dg:) of the base soil. As shown in
Figure 7-2, the design should be based on the finest gradation of the foundation
materials. Blank screen can be used in zones of unusually fine foundation materials. If
the screen will penetrate foundation strata with different grain size bands, different filter
gradations should be designed for each band.

c. Permealbility criteria. Each filter gradation must also meet permeability criteria.
This typically means the minimum D, of the filter should be 3 to 5 times the maximum
D; 5 of foundation sands.
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d. Filter composition. The filter should consist of natural material made of hard
durable particles. It should not contain organic matter or soft, friable, thin, or elongated
particles. Crushed carbonate aggregates should be avoided because they tend to break
down, resulting in a loss in permeability. They will also tend to dissolve if the wells
require acid treatment as part of rehabilitation. The American Water Well Association
(AWWA) (2016) standard test AWWA B100 can be used to determine the acid solubility
of potential filter materials. Relief well designers typically specify filters with a minimum
of 85 or 90% silica content.

7-7. Pre-packed well screens

a. Pre-packed well screens are available that consist of a riser and screen, with
the filter included in the assembly. The filter annular thickness is generally very small
compared to a traditionally constructed well. Pre-packed well screens have not been
used widely for new installations but have been used successfully in retrofit
applications. One application is where an existing well screen/riser has a defect or a
well filter is not retaining the foundation soils. In these instances, pre-packed well
screens may be placed inside the compromised screens to allow the wells to function.
The smaller diameter screen and riser of a retrofit application should be re-evaluated for
increased well losses. Another use of a pre-packed well screen may be a temporary or
emergency relief well installation.

b. The advantage of a pre-packed well screen is that a smaller diameter bore hole
is required. Disadvantages include the ability to incorporate mid-screen blank sections
or multiple screenffilter sizes in the same well installation.

7-8. Backfill

The lower backfill fills the annular space around the riser pipe immediately below the
bentonite seal. Its only function is to prevent collapse of the boring. This backfill
normally consists of concrete sand or otherwise excess filter material. These granular
materials are easily placed and require minimal compaction. The level of backfill should
be brought at least 5 feet above the top of the filter.

a. Bentonite seal. An impermeable seal composed of either bentonite chips or a
30% high-solids grout is placed above the lower backfill. The seal serves multiple
purposes, including preventing vertical flow of surface water down the outside of the
well into the aquifer. This is particularly important if the aquifer is used for water supply.
Relief wells relieve uplift pressure by allowing filtered flow of groundwater to the surface.
The seal prevents flow from bypassing the well and filter and initiating erosion along the
contact with the confining blanket. The seal also must resist the excess pressure head
acting on the underside of the confining blanket. The bentonite seal should extend at
least 2 feet above the top of the lower backfill.

b. Concrete seal. An upper backfill is placed in the annular space remaining above
the bentonite seal and ground surface. This material should consist of a cement-
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bentonite grout resistant to cracking. Design considerations for cold climates should
incorporate measures to help alleviate frost jacking of the seal.

c. Filter pack monitoring tubes.

(1) If the well has been developed properly, there should not be any consolidation
or settlement of the filter pack after placement of the bentonite seal and cement-
bentonite backfill. However, it is sometimes desirable to monitor the filter pack level
during relief well operation or rehabilitation. For example, consolidation or settlement of
the filter pack can occur over time as well defects develop.

(2) Monitoring tubes (consisting of small PVC pipes, 2 to 3-inch in diameter) can be
extended from the top of the well to the top of the filter pack. Once the tubes are
installed, the seal and backfill can be placed. The tubes can be left unfilled and sounded
to monitor levels or they can be filled with filter pack material so that any filter pack
settlement is immediately filled with material to avoid formation of a void. Tubes filled
with filter pack can be rodded or flushed with water to ensure that the material is not
bridging in the pipe during routine observations. Figure 7—3 shows a typical well detail
with filter pack monitoring tubes.
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Figure 7-3. Typical below-grade discharge well detail with
filter pack monitoring tubes, Kansas City District

7-9. Well head loss used in design

Relief well design must account for head losses that occur as water moves from the

foundation into filters and screens and exits the relief well. Well efficiency (E) of a new
well can be approximated by estimating total well losses (H,,) as described in this

section. An assumed loss in E or SCR over time should be included in the relief well
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design effort to align with operations and maintenance requirements. This can either be
incorporated by increasing H,,, reducing the calculated drawdown by SCR or E-ratio, or
by using well flow rates reduced by SCR or E — ratio to calculate drawdown. Further
discussion of SCR and E — ratio and how to incorporate this into well design is included
in Chapter 9 with examples in Appendix |

a. Definition. Head losses represent the decreased energy level of water as it
flows through the relief well system or other resistances to flow leaving the well
discharge point. These losses are expressed in units of length (for example, feet). There
are three general components of head loss. The first is entrance head loss, which
develops across the screen and filter (H,). The second is friction head losses arising
from flow in the screen, riser, and connections (H). The third is velocity head (H,). The

total loss (H,,) is given by equation 7-2.
H, = He + Hf + H,, (7-2)

b. Entrance head loss. The entrance loss (H,) for a properly designed and
developed screen and filter will generally be relatively small for a new well. Installation
techniques resulting in smear or undue disturbance of the drill hole walls, however, can
result in larger values of H,.

(1) Entrance velocity.

(&) The average entrance velocity (v,) is calculated by dividing the estimated flow
rate of a well by the total area of the screen openings. Lower values of v, promote
laminar flow and minimize head loss. A well design that maximizes open area not only
reduces entrance velocity but also allows better development and more effective well
rehabilitation (Driscoll 1986). Past research (Driscoll 1986) has suggested that v,
should not exceed 0.1 fps. Many USACE districts have historically used 0.1 fps as the
maximum allowable v, for well designs. More recent sources allow higher entrance
velocities; for example 1.5 fps (American Society of Civil Engineers [ASCE] 2014).

(b) Figure 7—-4 shows that for a large range in flow rates (screen diameters and slot
sizes typical for relief wells) a v, of less than 0.1 fps is readily achievable. The figure
also shows that these designs are conservative, as in most cases, v, remains below
0.1 fps even when the screens become 50% obstructed. If the v, calculated during the
design is greater than desired, the screen length and/or diameter can be increased
accordingly to increase open area.
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Figure 7-4. Trends in entrance velocity with variation in flow rate, screen diameter, slot size, and
degree of screen obstruction; calculated values are based on a full-penetration well

(2) Increase in H,. Entrance loss can be expected to increase with time for a
variety of reasons, as discussed in Chapter 11. For example, consider a case where
measurements of H, were made for 8-inch, slotted-wood well screens. H, was
determined at the time of well installation and then determined at later times during
subsequent pumping tests. H, increased from less than 0.5 foot to over 1 foot with time
because of biofouling and screen encrustation. The long-term value of H, is difficult to
predict without site-specific results such as this.
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(3) H, for design of wells.

(&) The H, of a new well can be estimated using equation 7-3, which is based on
wells 105 and 185 from Figure 7-5. This is likely a conservative estimate of H,, as it is
based on wood well screens, whereas wire-wrapped, stainless-steel screens are more
prevalent for newer wells.

H, =0.02 x (Q/screen length) (7-3)

where:
H, is measured in feet
Q is measured in gpm
Screen length is measured in feet

(b) As previously noted, H, is expected to increase with time because of biofouling.
The increase in H, is the reason reduced well performance is generally assumed during
design of new wells. As long as reduced well performance has been accounted for in
design, and operation and maintenance is performed to ensure the performance
threshold is never exceeded, the design should perform adequately with a design H,
assumed to be that of a newly constructed well. If information regarding the increase in
H, is available for a specific location is available, an increased H, may be used instead
of reduced well performance assumption in the design of a well. It is overly conservative
to assume both a decreased well performance and an increased H, during design of a
well.

c. Friction head loss.

(1) \Values of Hy in the screen (Hy.g) and riser (Hy.,.) sections may be estimated
from the Hazen-Williams relationship shown on Figure 7—6. The head loss in the screen
section should be computed for one-half the screen length. The head loss in the riser is
computed for the full length of riser. This estimate of friction loss is simple and generally
adequate for relief well design.

(2) However, friction loss can be calculated more accurately with the
Darcy-Weisbach formula as described in EM 1110-2-1602. The resistance coefficient in
the formula is solved by the Colebrook-White equation, also given in EM 1110-2-1602.
This equation requires the input of an effective roughness parameter for the material
comprising the well screen and riser pipe.

(3) Losses due to elbow connections, flap gates, check valves, or other features
that add resistance to flow should be added to values of calculated H; as applicable to
the discharge configuration of the well.

d. Velocity head. Flow velocity up the well riser is equal to the well flow rate
divided by the riser area. The velocity head can be calculated using equation 7—4. At
the top of the well riser, the velocity head causes the discharge water to swell above the
top of the riser. This volume of water above the top of riser effectively raises the
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discharge elevation of the well. Measurements of the fountain height are slightly higher
than calculated with equation 7—4, and that additional height of water would resist well
flow. Although velocity head is generally used for relief well system design, other
methods to estimate the water fountain height could conservatively be used instead.

where:

v = velocity of water in the riser pipe
g = acceleration due to gravity

(7-4)
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Figure 7-5. Entrance losses versus inflow for 8-inch inner diameter, slotted-wood well screens in
St. Louis (after USACE 1972); best-fit equations shown for the newly constructed well entrance
losses for inflow per foot of screen

EM 1110-2-1914 - 7 March 2025

101



10

H - 303vl-95
[ — Ccissgiier

FT/100 FT of Pipe

Well Discharge, Q,, (Cubic Feet per Second)
[

Hazen — Williams, C = 100
For other values of C, multiply
friction values by (100/C)8>
0.1 l
0.1 1 10
Frictional Head Loss, H; (FT / 100 FT of Pipe)

Figure 7—6. Friction head losses in screen and riser sections

(1) Methods to estimate water fountain height.

(@) Lower flow rates from a vertical pipe are analogous to circular weir flow, while
higher flow rates from a vertical pipe are analogous to jetting, with a transition zone in
between. Methods that include this range of flow behavior are available to estimate the
water fountain height exiting a vertical pipe. Several of these methods are described in
the Water Measurement Manual (USBR 2001). These methods provide either water
fountain height or a water fountain height to pipe diameter ratio as a function of flow rate
and pipe diameter, with varying degrees of reported accuracy.

(b) Figure 7-7 is one of those methods to relate water fountain height (solid lines)
to flow for a range of pipe diameter based on published experiments. Equations for the
solid lines in Figure 7—7 were presented by Lawrence and Braunworth in 1906 (USBR
2001) based on sighting rod measurements. Very similar results were measured using a
pitot tube. These relationships between flow and fountain height are also useful to
estimate flow from relief wells in the field.
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(2) Comparison between measured fountain height and velocity head. The
calculated velocity head (dashed lines) for common relief well diameters has been
superimposed in Figure 7—7 for comparison. The upper-right quadrant of Figure 7-7
shows that as flow increases into the jetting zone, the water fountain height
approximates the velocity head. The lower-left quadrant of Figure 7—7 shows that
circular weir flow is the controlling behavior at lower flow rates and results in slightly
higher estimates of water fountain height compared to velocity head. In the range of
typical relief well scenarios, with well diameters from 6 to 12 inches and flows from
450 to 1,000 gpm, the difference between the experimentally observed water column
height and calculated velocity head is generally less than 3 inches.
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Figure 7-7. Discharge curves for measurement of flow from vertical standard pipes and calculated
velocity head; the curves are based on data from experiments by
Lawrence and Braunworth in 1906 (USBR 2001)

e. Comparison of head loss from pumping tests and natural flow.

(1) This chapter covers determining well head losses from wells flowing under
artesian flow applicable to well system design. The increase in entrance loss is
illustrated in Figure 7-5 and results from biofouling or other screen blockages.
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(2) Chapter 9 discusses well pumping tests used to monitor change in well head
loss over time. Some individual components of well head losses differ between pumping
tests and naturally flowing relief wells under artesian conditions. This is important to
understand when evaluating individual head loss components from pumping tests.
These head loss components for artesian flow that are used to design wells were
studied and validated with field testing in USACE (1952) and related to well discharge
as shown in Figure 7—8 and Figure 7-9. The velocity and entrance head losses are
generally the same for a pumped or artesian condition. However, the friction losses are
different between the two conditions because of the differences in discharge and pump
configuration.

(3) For example, Figure 7-9a is for pumped wells and Figure 7-9b is for naturally
flowing wells. The basis for the difference is explained in Figure 7—8. Pumping tests are
normally used to monitor well performance. Therefore, comparing results from a
baseline test to a subsequent test conducted under similar conditions makes any
differences between pumped and artesian flow irrelevant. If pumping tests are being
used to estimate well losses in the design of new wells, these differences should be
considered.

f.  Summary charts and tables. The equations and methods presented above are
summarized in Figure 7-10 through Figure 7-13 for wells flowing under artesian
conditions over a range of well flows, diameters, screen lengths, and riser lengths.

g. Example. A new 8-inch diameter well with a 20-foot riser, 80-foot screen, and
calculated flow of 450 gpm would have, per Figure 7—11, 0.084 foot of riser friction
losses and 0.55 foot of other well losses (screen friction, velocity, entrance) for a total
well loss of 0.634 foot. Other combinations of diameter, riser length, screen, length, and
calculated flow can be obtained from the charts or tabulated values in Figure 7-10
through Figure 7—-13 for expedient determinations of well losses.
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Figure 7-8. Diagram of well, inflow through screen, well flow in screen, and definition of head losses (from USACE 1952)
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Figure 7-9. Head loss in wells for both pumping and natural flow conditions (from USACE 1952)
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Initial Well Head Loss, Hw, in Feet for properly constructed

new well screen - 6 inch well

Well Screen Portion Length 20 feet 40 feet 60 feet 80 feet
Well Flow (gpm) THe +v+-§ He Hy Hi-s | THe+v+f-s He Hy Hf-s THe+v+f-§ He Hv Hi-s THe +v+f-§ He Hv Hr-s
113 0.16 0.11 003 | 0.01 0.13 0.06 0.03 0.03 0.13 0.04 0.04 0.03 0.15 0.03 0.03 0.05
225 0.41 0.23 0.10 0.05 0.38 0.11 0.10 0.09 0.43 0.08 0.14 0.12 0.50 0.06 0.10 0.19
338 0.75 0.34 023 | 010 0.76 0.17 0.23 0.20 0.88 0.11 0.30 0.25 1.04 0.08 0.23 0.40
450 1.16 0.45 0.40 0.17 1.25 0.23 0.40 0.34 1.48 0.15 0.51 0.42 175 0.11 0.40 0.68
675 224 0.68 0.91 0.36 256 0.34 0.91 0.72 3.10 0.23 1.08 0.89 3.70 0.17 0.91 144
900 3.63 0.90 1.61 0.61 4.29 0.45 1.61 1.22 5.26 0.30 1.84 1.51 6.30 0.23 1.61 2.45
1125 5.33 113 252 | 092 5.45 0.56 252 1.85 7.95 0.28 277 2.28 9.55 0.28 252 3.70
1350 7.34 1.35 3.62 1.30 9.03 0.68 3.62 259 11.17 0.45 3.89 3.20 13.42 0.34 3.62 5.18
1575 9.65 1.58 4.93 1.72 12.01 0.79 493 3.45 14.89 0.53 517 425 17.90 0.29 4.93 6.89
1800 12.27 1.80 6.44 221 15.39 0.90 6.44 4.41 19.12 0.60 6.62 5.45 22.99 0.45 6.44 8.83
2025 15.19 2.03 8.16 274 19.18 1.01 8.16 5.49 23.84 0.68 8.23 6.77 28.68 0.51 8.16 10.97
2250 18.40 225 10.07_| 2.33 23.36 1.13 10.07 6.67 29.06 0.75 10.00 8.23 34.95 0.56 10.07 13.34
6 inch well riser Hf-r 6-in well, 20-ft screen 6-in well, 40-ft screen 6-in well, 60-ft screen 6-in well, 80-ft screen
100 100 100 100 100
10 ft riser HetHv+Hf-s He+tv+ Hi-s HesHveHEs He+Hv+Hf-s
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Figure 7-10. Components of head loss for a 6-inch diameter relief well
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Initial Well H,,, Head Loss in Feet for properly constructed new well screen - 8 inch well

Well Screen Portion Length 20 feet 40 fee 60 feet 80 feet
Well Flow (gpm) THe+v+f-5 He Hv Hf-s | THe+v+f-s He Hv Hf-s THe+v+f-s He Hyv Hf-s THe+v+f-s He Hy Hf-s
113 0.13 0.11 0.01 0.00 0.08 0.06 0.01 0.01 0.06 0.04 0.01 0.01 0.06 0.03 0.01 0.01
225 0.28 0.23 0.03 0.01 0.19 0.11 0.03 0.02 017 0.08 0.03 0.03 0.17 0.06 0.03 0.05
338 0.45 0.34 0.07 0.02 0.33 0.17 0.07 0.05 0.32 0.11 0.07 0.07 0.34 0.08 0.07 0.10
450 0.65 0.45 0.13 0.04 0.51 0.23 0.13 0.08 0.51 0.15 0.13 0.13 0.55 0.11 0.13 0.17
675 1.12 0.68 0.29 0.09 0.95 0.34 0.29 0.18 1.00 0.23 0.29 0.27 1.10 0.17 0.29 0.35
900 1.69 0.90 0.51 0.15 1.51 0.45 0.51 0.30 1.64 0.30 0.51 0.45 1.84 0.23 0.51 0.60
1125 2.34 1.13 0.80 0.23 219 0.56 0.80 0.46 242 0.38 0.80 0.68 274 0.28 0.80 0.91
1350 3.08 1.35 1.15 0.32 2.99 0.68 1.15 0.54 3.35 0.45 1.15 0.96 3.82 0.34 1.15 1.28
1575 3.01 1.58 1.56 0.42 3.90 0.79 1.56 0.85 4.41 0.53 1.56 1.27 5.06 0.39 1.56 1.70
1800 4.83 1.80 2.04 0.54 492 0.90 2.04 1.09 5.62 0.60 2.04 1.63 5.46 0.45 2.04 2.18
2025 5.84 2.03 2.58 0.68 6.06 1.01 2.58 1.35 6.96 0.68 2.58 2.03 8.02 0.51 2.58 271
2250 6.94 2.25 3.19 0.82 7.31 1.13 3.19 1.64 8.43 0.75 3.19 2.47 9.75 0.56 3.19 3.29
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Figure 7-11. Components of head loss for an 8-inch diameter relief well
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Initial Well H,,, Head Loss in Feet for properly constructed new well screen - 10 inch well

Well Screen Portion Length 20 feet 40 feet 60 feet 80 feet
Well Flow (gpm) THe+v+fs He Hy Hf-s THe+v+is He Hv Hi-s THe+v+fs He Hv Hi-s THe+v+fs He Hv Hi-s
113 0.12 0.11 0.00 0.00 0.06 0.06 0.00 0.00 0.05 0.04 0.00 0.00 0.04 0.03 0.00 0.00
225 0.25 0.23 0.01 0.00 0.14 0.11 0.01 0.01 0.11 0.08 0.01 0.01 0.10 0.06 0.01 0.02
338 0.38 0.34 0.03 0.01 0.23 017 0.03 0.02 0.19 0.11 0.03 0.02 017 0.08 0.03 0.03
450 0.53 0.45 0.05 0.01 0.33 0.23 0.05 0.03 0.28 0.15 0.05 0.04 0.27 0.11 0.05 0.06
675 0.85 0.68 0.12 0.03 0.56 0.34 0.12 0.06 0.51 0.23 0.12 0.09 0.50 0.17 0.12 0.12
900 1.20 0.90 0.21 0.05 0.84 0.45 0.21 0.10 0.79 0.30 0.21 0.15 0.81 0.23 0.21 0.20
1125 1.59 1.13 0.33 0.08 1.17 0.56 0.33 0.15 1.12 0.38 0.33 0.23 1.17 0.28 0.33 0.31
1350 2.02 1.35 0.47 0.11 1.54 0.68 0.47 0.22 1.51 0.45 0.47 0.32 1.59 0.34 0.47 0.43
1575 2.48 1.58 0.64 0.14 1.95 0.79 0.54 0.29 .95 0.53 0.54 0.43 2.0 0.39 0.54 0.57
1800 2.97 1.80 0.84 0.18 2.41 0.90 0.84 0.37 2.44 0.60 0.84 0.55 2.6 0.45 0.84 0.73
2025 3.50 2.03 1.06 0.23 2.90 1.01 1.06 0.46 298 0.68 1.06 0.68 3.23 0.51 1.06 0.91
2250 4.06 2.25 1.30 0.28 3.44 1.13 1.30 0.55 3.57 0.75 1.30 0.83 3.89 0.56 1.30 1.11
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Figure 7-12. Components of head loss for a 10-inch diameter relief well
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Initial Well H,,, Head Loss in Feet for properly constructed new well screen - 12 inch well

Welll Flow (GPM)

Welll Flow (GPM)

Welll Flow (GPM)

Welll Flow (GPM)

Welll Flow (GPM)

Well Screen Portion Length 20 feet 40 feet 60 feet 80 feet
Well Flow !_QEITII THe+v+f-s He Hy Hf-s THe+v+f-s He Hy Hf-s THe+v+f-s He Hy Hf-s THe+v+f-s He Hy Hf-s
13 0.11 0.11 0.00 0.00 0.0 0.06 0.00 0.00 0.04 0.04 0.00 0.00 0.03 0.03 0.00 0.00
225 0.23 0.23 0.01 0.00 0.1 0.11 0.01 0.01 0.09 0.08 0.01 0.01 0.07 0.06 0.01 0.01
338 0.36 0.34 0.01 0.01 0.1 0.17 0.01 0.01 0.14 0.11 0.01 0.02 0.12 0.08 0.01 0.02
450 0.48 0.45 0.03 0.01 0.27 0.23 0.03 0.02 0.20 0.15 0.03 0.03 0.18 0.11 0.03 0.04
675 0.75 0.68 0.06 0.02 0.43 0.34 0.06 0.04 0.34 0.23 0.06 0.06 0.31 0.17 0.06 0.08
900 1.03 0.90 0.10 0.03 0.62 0.45 0.10 0.07 0.50 0.30 0.10 0.10 0.46 0.23 0.10 0.14
1125 1.33 1.13 0.16 0.05 0.82 0.56 0.16 0.10 0.69 0.38 0.16 0.15 0.64 0.28 0.16 0.21
1350 1.65 1.35 0.23 0.07 1.05 0.68 0.23 0.14 0.89 0.45 0.23 0.22 0.85 0.34 0.23 0.29
1575 1.98 1.58 0.31 0.10 1.29 0.79 0.31 0.19 1.12 053 0.31 0.29 1.09 0.39 0.31 0.38
1800 2.33 1.80 0.40 0.12 1.55 0.90 0.40 0.25 1.37 0.60 0.40 0.37 1.34 0.45 0.40 0.49
2025 26! 203 0.51 0.15 1.83 1.01 0.51 0.31 1.64 0.68 0.51 0.46 1.63 0.51 0.51 0.61
2250 3.06 225 0.63 0.19 213 113 0.63 0.37 1.94 0.75 0.63 0.56 1.93 0.56 0.63 0.74
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Figure 7-13

. Components of head loss for a 12-inch diameter relief well
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Chapter 8
Relief Well Installation

8-1. General requirements

Proper installation of relief wells is essential for successful operation of the structures
they are designed to protect. There are several actions recommended before
installation begins. These will ensure new relief wells are installed cost effectively and
according to specifications. All materials required for well completion should be on hand
at the worksite. The well screen and riser should be checked for proper material, length,
diameter, and slot openings. The filter material should be inspected and checked
against gradation specifications. Well drilling and development equipment and all
downhole tools should arrive on site clean and decontaminated.

8-2. Drilling plans

All personnel involved with relief well installation should be aware that drilling activities
can potentially damage embankments and their foundations. ER 1110-1-1807
specifically addresses drilling in earth embankment dams and levees and/or their earth
and rock foundations. An approved Drilling and Invasive Program Plan (DIPP) is
required prior to any drilling, grouting, in situ testing, or subsurface exploration at
USACE project sites. This includes section drawings showing existing subsurface
information and the locations and depths of proposed drill holes and well installations. If
drilling fluids will be used, the DIPP must explain how potential risks associated with
their use will be managed. Specific requirements for a DIPP are given in Appendix B of
ER 1110-1-1807.

8-3. Requirements for the well borehole

It is imperative that the well drilling contractor be prepared to complete the well borehole
according to the design specifications. The driller must be able to be manage
subsurface obstacles that could prevent installing the well at the design depth. These
include cobbles, boulders, or other geologic features. The hole diameter must be large
enough for the well and filter pack. The drilled hole also must be vertical so that the
screen and riser may be installed straight and plumb. Borehole stability must be
maintained at all times. Both sidewall and bottom stability is particularly important
anytime drilling occurs below the water table, even when the sidewall is supported by
casing.

8—4. Drilling methods

a. General. The designer must specify a drilling method for any project involving
installation of relief wells. The method should be selected based on previous experience
and consultation with the contractor. Geology and site conditions, along with well
diameter and depth, are major factors that determine the appropriate drilling method.
Relief wells typically vary from 6 to 18 inches in diameter. Boreholes are normally drilled
8 to 12 inches larger than the well diameter to accommodate filter packs.
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Large-diameter water wells such as this are normally drilled using a hydraulic rotary
(standard or reverse) or cable tool method (ASCE 2014). Hollow-stem augers (HSAS)
are another method commonly used to install relief wells.

b. Appropriate methods. These and other methods considered appropriate for
permanent relief wells are discussed in the following paragraphs. A comparison of the
most common methods is presented in Table 8—1. Driscoll (1986) and ASCE (2014) are
standard references on water well drilling that can be consulted for additional
information.

c. Cable-tool method. This method is the oldest and most versatile drilling method
for water wells (Driscoll 1986). The cable-tool method uses a heavy weight that is
dropped repeatedly to crush and loosen soil and sediment in the geologic formation
being drilled. As these materials become mixed with water, they form a slurry. A bailer is
used to remove the slurry from the borehole for every 5 to 10 feet that the hole is
advanced. The cable-tool method does not require a drilling fluid. Therefore, this
method is especially useful for drilling coarser-grained formations where fluid circulation
cannot be maintained. A common application is in loose, unconsolidated, granular
materials. Although drilling progress is generally sure and steady, the frequent bailing
causes the operation to proceed significantly more slowly than other drilling methods
(ASCE 2014).

(1) Equipment. Cable-tool rigs are simpler, smaller, require less maintenance, and
are less expensive to operate than other types of rigs. The drill string consists of the bit,
stem, jars, swivel socket, and cable. The drill bit is designed to crush material. For this
reason, it is massive and can weigh over 1,000 pounds. Cutting edges are welded to
the bit. These are typically hard-faced and may have tungsten carbide inserts for use in
harder geologic formations. The cable passes over the top of the mast and is wound
around the drilling drum. The drum rotates to lift and drop the string and bit. A bailer
assembly and sand pump are two types of bailers commonly used to remove cuttings.
The bailer is operated on a wire line (ASCE 2014).

(2) Casing. With the cable-tool method, steel casing must be advanced to maintain
the borehole in loose, unconsolidated formations. Granular formations create significant
frictional resistance to advance of the casing. The casing is thick-walled and heavy to
sustain driving and should be flush-joint or welded-joint steel pipe. This requires a drill
rig that can handle a sizable load as well as a wire line hoist and driving capability. The
driving process can densify loose foundation materials, particularly in fine sand
formations, thus reducing their hydraulic conductivity. Pre-drilling ahead of the casing
and using telescoping casing reduces disturbance to the formation and the borehole
walls. During well installation, the casing is gradually pulled back as the filter is placed.
A vibratory hammer is sometimes used to pull back large-diameter casing with
cable-tool rigs, although this is generally not recommended for relief well installation.

(3) Effect of fine-grained layers. The cable-tool method is less effective in drilling
finer-grained materials because they are more difficult to bail. To avoid this problem,
augers are often used to drill through fine-grained overburden before switching to the
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cable-tool method. This is not an option when significant finer grained layers are present
in the foundation layer. In such cases, driving casing in the fine-grained layers may
result in smearing of the borehole walls. However, this is generally less of a problem
with the cable-tool method than with HSAs. Regardless of method, smearing increases
the time and effort required to develop a well.
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Table 8-1

Comparison of major drilling methods used for relief wells

Cable Tool

Pros

e Drilling fluid not required

¢ Borehole remains stable

e Formations with voids can be drilled
¢ Rigs are simple, economical

¢ Less well development required compared to
standard rotary method

Cons

e Low penetration rates
o Efficiency declines with depth
¢ Fine-grained formations can be problematic

Standard (Direct) Rotary
Pros
¢ High penetration rates

¢ Ability to maintain open borehole without
casing facilitates well and filter pack installation
(surface casing recommended for USACE
relief well installation)

Cons

e Drilling mud required, can cause plugging,
“palling” of bit, etc.

¢ Rigs are large, expensive, and complex; high
transportation and daily operating costs

¢ Requires significant water supply

e Management of drilling fluid requires
specialized expertise and experience

e Mud pits in blanket require careful backfilling,
compaction, and reseeding

Reverse Rotary

Pros

¢ High penetration rates

e Few or no drilling additives required

¢ Ability to maintain open borehole without
casing facilitates well and filter pack installation

¢ Less well development required compared to
standard rotary

¢ Ability to maintain open borehole without
casing facilitates well and filter pack installation
(surface casing recommended for USACE
relief well installation)

¢ Less well development required compared to
standard rotary

Cons
¢ Large rig size limits site accessibility
¢ Requires significant water supply

¢ Requires 15 vertical feet of fluid in borehole to
initiate air-lift system

¢ Not suited for drilling prolific aquifers and/or
materials where loss of circulation is a concern

o Difficulty drilling in cobbles or boulders

e Mud pits in blanket require careful backfilling,
compaction, and reseeding

Hollow-Stem Augering

Pros

¢ Rigs simple and economical

e Drilling mud not required

¢ Borehole remains stable

¢ Penetration rates fast when using bottom plug

¢ Less well development required compared to
methods using drilling fluid additive

Cons

¢ Augers can smear formation with clays from
overlying layers

¢ Augers must be pulled back while filter material
is placed; progress can be slow

e Larger augers can get “locked” in saturated
sand layers

e Larger augers generate high volume of cuttings
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d. Rotary methods using a drilling fluid.

(1) Rotary drilling. With rotary drilling, a rotating bit chews and loosens material in
the geologic formation being drilled. A drilling fluid is required and can be air, water, or
drilling mud. (Air-rotary drilling is used for drilling in rock and is therefore not used to
install relief wells). A reliable water supply is needed for water-based fluids. The fluid is
circulated through the bit and annular space. This stabilizes the borehole, cools and
cleans the drill bit, and carries cuttings to the surface. The drilling fluid must be of
sufficient viscosity and density to carry the cuttings to the surface. Higher viscosity fluids
(“muds”) may be required for larger boreholes because the fluid circulates at a slower
rate. Drilling muds are formed by mixing silty soil, or a commercial fluid additive, with
water (see below). Figure 8-1 shows a schematic of the rotary drilling methods.

(2) Water and drilling muds. For water and drilling muds, it is recommended to
maintain the fluid level in the hole at least 10 feet above the static water level. This
ensures sufficient hydraulic head to counteract pore pressure in the aquifer and prevent
sloughing of the borehole walls. Such collapse can result in unwanted pockets of aquifer
material in the filter pack. High static groundwater levels may make it difficult to maintain
a 10-foot differential. In these situations, casing can be extended above grade to
provide additional height. Compressed air has also been used to pressurize the inside
of the casing and compensate for lack of a 10-foot elevation difference.

SWIVEL HOSE
PUMP DISCHARGE

JET EDUCTOR = :
ABOVE

Gt
GROUND piscHa
TUB

Figure 8-1. Schematic diagram of circulatory system (after EM 1110-2-1913); an excavated pit may
be used for a fluid reservoir in place of an above-ground tub (see text)
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(3) Standard rotary method.

(@) This method is also known as the direct or mud rotary method. It is versatile
and suitable for drilling consolidated, semi-consolidated, or alluvial materials
(ASCE 2014). It normally progresses more rapidly than cable-tool drilling, but generally
is limited to boreholes of 26 inches or less.

(b) The method consists of rotating a cutter bit, often a tri-cone type, while
circulating a fluid down the drill pipe. The drilling fluid returns to the surface through the
annular space between the drill pipe and borehole wall. Water is the preferred drilling
fluid for installing relief wells. However, if the hole is drilled in clean sands or gravels,
excessive water may be lost through the borehole walls. This can destabilize the
borehole. In such cases, some silty soil or a fluid additive (see paragraph 8—4d(7)), may
need to be mixed with the drilling water. Enough additive is used to increase the fluid
density to a degree sufficient to reduce fluid loss and stabilize the borehole.

(c) Too great a fluid density caused by excessive mud weight or drilling clay-rich
layers in the formation can be problematic. This can result in “balling up” of the bit,
which can cause the bit to fail if it is not being lubricated and cooled (ASCE 2014). The
same conditions can form “mud rings,” which can result in lack of circulation. “Sidewall
sticking” can occur when the drill pipe stops rotating and sticks to the wall cake. The drill
then can become stuck if there is not enough torque to resume rotation.

(4) Reverse-rotary method.

(&) The reverse-rotary method uses a similar cutting process to standard rotary
drilling. The difference between the two methods is that with reverse-rotary, the drilling
fluid and cuttings are pulled up through the drill pipe. This is accomplished by vacuum
or air lifting the fluid. A minimum of 15 feet of fluid in the borehole is necessary to begin
the air-lift process. If the static water level is too deep, casing can be driven to seal the
borehole. Water is then added to provide the necessary head to begin the air lift.
Alternatively, water and drilling additive can be used to seal the hole and provide the
necessary head. The fluid pulled up through the drill stem circulates through the sump
and re-enters the top of the open boring by gravity. Reverse-rotary generally provides a
stable drill hole.

(b) This method is especially well suited for wells in soft sedimentary rocks and
unconsolidated sand and gravel formations (ASCE 2014). The fluid moves through the
drill pipe at a relatively high velocity. This generally eliminates the need for a high-
viscosity fluid, thus the need for drilling additives. Since the boring’s cross-sectional
area is many times larger than that of the drill pipe, the slow downward velocity of the
fluid tends to not erode the borehole walls. Pump capacities normally limit the up-hole
velocity of the fluid, thus the ability to efficiently remove cuttings from larger boreholes.
Therefore, borehole diameters with the reverse-rotary method are usually limited to a
maximum of 24 inches.

EM 1110-2-1914 - 7 March 2025 116



(5) Equipment. A rotary-type drill rig must possess substantial hoisting and torque
capacity. As a result, rigs tend to be large, complex, and expensive to have on site. A
reverse-rotary rig will also be equipped with air compressors to air-lift the drilling fluid.
The size of a reverse-rotary rig can limit its ability to access some drilling locations. A
mud pump and reservoir are also normally required for a rotary drilling operation (see
below). Drill bits vary. In alluvial deposits, a drag-type bit is sufficient. Roller-type bits
are required in consolidated deposits or in gravel- or cobble-rich zones. The drill pipe
should be as large as practical to provide sufficient volume of the drilling fluid. Drill pipe
and hoses should be of constant inside diameter throughout the system to ensure
complete circulation of material.

(6) Hydraulic fracturing.

(@) The standard and reverse-rotary methods both require using a drilling fluid. This
presents a potential risk of hydraulic fracturing at levees and dams. Low-stress zones
under and within embankments can be subject to fracturing from pressures exerted by
drilling fluids. This is especially true if the return path for fluid circulation becomes
obstructed. Evidence for fluid loss during drilling should be monitored closely at existing
project sites. This includes loss of fluid circulation in the borehole, blowouts into nearby
borings, and fluid seepage on the adjacent ground surface.

(b) The potential for hydraulic fracturing is greatest at locations where there are
abrupt changes in embankment geometry. These include areas near and over
abutments, adjacent to buried structures or conduits, and in narrow valleys. Drilling fluid
can also cause damage if it seeps into internal drainage features. Dry drilling methods,
which do not require fluids, may be considered if the risks of using fluids is deemed
unacceptable. Examples of such methods include hollow-stem augering and cable-tool
(ER 1110-1-1807). Sonic drilling also can normally be conducted without using drilling
fluids (U.S. Geological Survey [USGS] 1997).

(7) Dirilling fluids. USACE recommends water as the first choice for a drilling fluid. If
a heavier fluid is required, a liquid polymer emulsion (LPE) is recommended as an
additive. These products, available from multiple manufacturers, stabilize boreholes and
increase fluid viscosity. Wells may have to be treated with sodium hypochlorite (bleach)
during development to break down LPE. Conventional bentonite drilling mud should be
approved only if necessary. In such cases, the well drilling statement of work should
include additional development time. Biodegradable drilling fluid additives (BFA) should
be avoided. Although BFAs break down naturally in the formation, they also contain
nutrients that can promote biofouling. In addition, BFAs are not approved by the
National Sanitation Foundation and are prohibited in some states for use in drilling
water wells.

(8) Circulation and sump pit.
(@) Dirilling fluid used with the standard or reverse-rotary methods is circulated by a

centrifugal or jet-eductor pump. The fluid returning from the borehole is delivered to a
reservoir (see Figure 8-1). The cuttings settle out in the reservoir, often with the aid of

EM 1110-2-1914 - 7 March 2025 117



baffles, shaker tables, and de-sanding cones (ASCE 2014). The muddy water then
flows through a pipe from the sump back into the drill hole.

(b) Excavating a pit for a reservoir introduces the risk of compromising the blanket
near an embankment dam or levee toe (ER 1110-1-1807). Portable aboveground tanks
or tubs can be used as an alternative to excavation, although these lack the volume of a
typical sump pit. If a pit is excavated, the drilling contractor should be required to pump
the pit completely dry immediately after drilling. This should be followed by backfilling
and compacting to match the surrounding blanket soil. The compaction ensures a lower
permeability for the blanket. This should be followed by reseeding.

(c) A large-volume reservoir helps ensure an adequate supply of water. The
capacity of the reservoir is generally reduced as cuttings accumulate. Therefore, a
capacity at least three times the anticipated volume of the completed boring is
recommended. Insufficient reservoir capacity can result in incursion of aquifer sands
into the borehole if the fluid level in the reservoir drops suddenly.

e. Hollow stem augers.

(1) This method is appropriate for drilling a variety of unconsolidated materials. It is
generally fast and efficient, especially for smaller diameter wells installed at moderate
depths. HSAs allow the borehole to be advanced while also serving as temporary
casing to maintain the hole. This eliminates the need to drive casing or use a drilling
fluid to stabilize the borehole walls. A plug is inserted into the hollow center of the cutter
head to prevent soil from coming up inside the auger. When the hole is completed, the
plug is removed to install the well.

(2) The HSAs serve as temporary casing during well installation. The augers are
gradually pulled back as the filter pack is added through the hollow stem and fills the
annular space around the well. HSAs can be used in combination with a rotary method
to install relief wells. HSAs are used to drill through the blanket. A rotary method is then
used to advance the hole to the desired depth in the foundation layer(s).

(3) The auger flights are welded onto larger diameter pipe with a cutter head
mounted at the bottom. Hollow-stem augers with outside diameters (OD) ranging from
6.25 to 22 inches (2.5 to 13 inches inner diameter [ID]) have been used for water wells,
with 6.25 to 13 inches OD (2.5 to 6 inches ID) being the most common. Auger flights are
commonly 5 feet in length but on larger rigs may be 10 feet. Holes as deep as 300 feet
have been drilled with 6.25 ID HSAs and 100 feet with 12-inch ID HSAs. Deeper holes
and larger diameter augers demand a drill rig capable of providing the necessary power
and torque to turn the augers.

(4) Some geologic formations can be problematic with HSAs.

(a) Fine saturated sands can settle around the augers and lock them in place. This
is particularly true with larger augers, deeper holes, and smaller drill rigs. Water typically
must be used to offset “heaving” of formation sands when the plug is removed for
sampling or well installation. A knock-out plug can be used to prevent sand from
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entering the augers while the well is lowered into place. However, the plug must be
removed to install the well.

(b) Where thick clay layers overlay thin sand layers, the auger flights can carry clay
downward and smear the borehole walls adjacent to the sand. This can increase
development time. An HSA is also not practical when large cobbles or boulders are
present. When encountered at depth, these materials can sometimes be ground up and
penetrated using the direct rotary method. The bit and drill stem are passed through the
HSAs and water used as the drilling fluid. The augers can then be advanced or
temporary casing driven inside the augers to maintain the borehole.

f.  Dual rotary.

(1) This method is distinct from the standard and reverse-rotary methods
discussed earlier. Dual rotary is appropriate for drilling unconsolidated materials. This
method results in a stable borehole, although the depth and diameter of the hole is
limited. Using a drilling fluid other than water to suppress heaving sands is unnecessary
with this method.

(2) Dual rotary refers to two drives on the drill rig. A hydraulic top drive rotates the
drill string. The drill can be tooled with a downhole hammer, drag bit, polycrystalline
diamond bit, or rolling cone bit. The lower rotary drive rotates steel casing. A casing
shoe with cutting edge is welded to the first piece of casing. Rotating the casing to
advance it rather than driving minimizes stress on the casing joints and does not
compact the formation. Dual-rotary drilling uses large amounts of compressed air, which
requires expensive equipment. The method also has the potential for heaving of
formation materials within the casing.

g. Bucket auger. This method is also known as rotary-bucket drilling. The bucket
rig is a form of the dual-rotary drill rig. It uses mechanical or hydraulic drive to rotate a
Kelly bar, which is attached to a cylindrical bucket with cutting teeth. The bucket has a
hinged bottom that is used to scoop and lift sediments from the borehole. A bucket rig
can be equipped to drill holes from 10 to 36 inches in diameter. The method is well
suited for drilling clay-rich overburden to set surface casing. The borehole can then be
continued with the rotary method. Sand formations can also be drilled with the
bucket-auger method. However, this may require a large water supply to keep the
borehole full. Fluid additives may be required in some cases. This method is not well
suited for drilling in sediments that include cobbles and boulders. These must be picked
out of the borehole individually, which slows the operation.

h.  Other drilling methods.

(1) This chapter covers the most commonly used drilling methods used to install
relief wells. However, in some cases, other drilling methods may be suitable. One such
category is vibratory drilling, also referred to as sonic or rotasonic drilling (USGS 1997).
This method uses a hydraulic drill that transmits high-frequency vibrations through a
steel pipe to create a cutting action at the bit face (U.S. Department of Energy 1993).
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Casing is advanced to maintain the borehole. Sonic drilling is a good alternative to
HSAs for smaller diameter boreholes, like pilot holes or smaller relief wells.

(2) The sonic method is faster and can go deeper than HSAs and allows retrieval
of continuous core. A distinct advantage of the method is no mud, air, or water is
required to drill unconsolidated materials. This method is typically limited to boreholes
12 inches in diameter and wells no larger than 6 or 8 inches in diameter. Sonic drilling
has been used to install wells at USACE locks and dams on the Mississippi River. For
example, dewatering wells were installed at Lock and Dam 25, and relief wells at Locks
11 and 18. A 16-inch diameter cutting head was used to install the wells at Lock 18.

8-5. Installation of well screen and riser pipe

Once the boring is completed and the tools withdrawn, the boring should be sounded to
assure an open hole to the proper depth. All screen and riser to be installed should be
laid out. These materials are obtained in standard lengths (such as 10 feet) or
fabricated in varying lengths. When non-standard lengths are required, it is
advantageous to have screen and blank sections prefabricated to length by the
manufacturer. This is especially important when using stainless screens, due to the
difficulty of cutting and welding stainless steel in the field. In either case, all screen and
riser must be measured prior to installation to determine its total made-up length. This
information should be part of the well construction record. The bottom joint of the well
screen should be fitted with a sump or bottom cap.

a. Screen installation.

(1) The lengths of screen are connected as they are lowered into the hole. The
method of connecting the lengths of screen and riser vary. Metal screen and riser have
threaded or welded joints. Plastic and fiberglass screens usually have either mechanical
or glued joints. Each joint should be made secure to prevent separation of the well
during installation and servicing. Care must be taken to keep the well centered and
plumb in the borehole during installation.

(2) Centering devices should be used, and the well should not be allowed to rest
on the bottom of the borehole. This allows placement of a continuous filter with uniform
thickness around the well screen. A centered and plumb installation also facilitates
servicing and testing later in the life of the well. Immediately after installation of the well
screen and riser, the total depth inside the well should be sounded. This information is
valuable in assessing whether damage to the well occurs during development and
servicing.

b. Blank sections. Riser pipe or blank sections of screen may be used between
screened intervals to block off finer materials in the formation. This helps prevent
potential piping of foundation materials into the well. Additional information on using
blank screen sections is provided in paragraph 7—6b.
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c. Filter placement. This is a critical step in relief well installation. Improper
installation of the well filter can negate proper design, manufacture, and handling of filter
materials.

(1) Preventing segregation. Widely graded filters, when placed in increments, tend
to segregate as they pass through water, with coarse particles falling faster than fine
particles. To guard against this, a tremie should be used to maintain a continuous flow
of material. The tremie pipe is lowered to the bottom of the open drill hole, outside the
well screen and riser pipe. The tremie pipe ideally should be at least 2 inches in
diameter, although 1-inch pipe is acceptable for some gradations. The pipe should be
perforated with slots 1/16 to 3/32 inches wide and about 6 inches long. The slots allow
the filter material to become air-saturated, thereby breaking any surface tension and
preventing “bulking” of the filter in the tremie. One or two slots per linear foot of tremie is
generally sufficient. The tremie should also have flush internal screws or other type of
flush joints to prevent particles hanging up inside the pipe.

(2) Installing the filter.

(&) The presence of centering devices may interfere with the proper use of the
tremie. This issue can be addressed using dual, diametrically opposed tremie pipes.
These are connected to a centralizer ring that slides over the outside of the screen (see
Figure 8-2). The pipes should be lowered to the bottom of the hole, then filled with filter
material. The pipes are then slowly raised to allow the filter to fall out the bottom. At the
same time, filter material should be added to the tops to always maintain full pipes. The
level of filter material in the annular space should be brought to at least 2 feet above the
top of the screen. This allows some settlement.

(b) Dirilling fluid or water in the hole should be kept at least 10 feet above the
natural groundwater level until all the filter material is placed. This is to ensure that the
borehole walls do not slough material into the filter pack. If casing or HSAs are used,
they should be pulled as the filter material is placed. During this process, the level of
filter material should remain at least 2 feet above the bottom of the HSAs. Temporary
casing is a larger diameter than HSAs and is less likely to cause bridging or locking of
filter material. In this case, the level of filter material should remain approximately 10
feet above the bottom of the casing. Regardless of method, filter material should flow
smoothly into the annular space without any sloughing of the borehole walls.
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Figure 8-2. Side (top) and top (bottom) views of centralizer/tremie guide

(3) Ensuring a stable borehole. The borehole above the filter pack must remain
cased until the well has been sealed and grouted. This ensures that water moving
through the filter during pre-development, development, and pump-testing does not
result in sloughing of the borehole walls. For cable-tool and HSA drilling, the casing or
augers are pulled back only enough to install the filter. This ensures the borehole above
the filter is stabilized. For standard or reverse-rotary drilling, surface casing should be
driven to the top of the filter pack. In such cases, some contractors recommend using a
bucket-auger rig to drive the casing. Once casing is in place, the rotary rig can be
mobilized to drill the borehole to its total depth.

(4) Pre-development. Settlement of the filter pack can occur because of incomplete
packing around the well screen. Pre-development pumping should be performed after
initial placement of the filter to allow settlement. Additional filter can then be added to
bring the level of the filter to the design level. The final top of the filter should also
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terminate below the bottom of the overlying impervious top stratum if this layer is
present.

8-6. Development

A relief well cannot function properly until developed. Development maximizes well yield
and efficiency, and results in relatively sand-free discharge (ASCE 2014). The process
should begin as soon as practicable after the hole has been drilled and the well
installed. This is particularly true when drilling muds have been used to establish the
borehole. Development can begin immediately after pre-development pumping has
been completed. Five days is considered the maximum time that should be allowed
between well installation and development. Additional delay may prevent a well from
functioning at the efficiency assumed in design. Wells may also be redeveloped as part
of well rehabilitation, as described in Chapter 11. Development procedures include both
chemical and mechanical processes, which are described below.

a. Development duration. Many factors affect the time required to fully develop a
well. These include the texture of foundation materials, drilling and development
methods, screen slot size, and filter characteristics. There is no firm time limit for well
development (ASCE 2014) However, a typical newly installed relief well should be
developed for a minimum of 4 hours. This includes mechanical development and
pumping to remove solids. The well is then pumped again, and sand infiltration is
measured to ensure that development is complete, as described below. If chemical
treatment is included as part of development, it will require additional time. A typical
chemical treatment runs approximately 8 hours, plus intermittent agitation at intervals
over the next several days (see below).

b. Mechanical development. The purpose of mechanical development is to
remove any fine-grained material from the walls of the drilled hole. It is also meant to set
the filter immediately adjacent to the screen. In addition, it is desirable to create grading
of the filter particles, from coarsest to finest, extending away from the screen. Both
goals can be accomplished by aggressive movement of water through the screen. The
result will be an increase in well efficiency and effective well radius. In addition,
entrance velocity and sand infiltration will be reduced. Three common methods of
mechanical development are discussed below. These methods can be used individually
or sequentially.

(1) Surging.

(@) This method consists of inducing flow in and out of the screen with the
up-and-down motion of a surge block. A surge block is a plunger consisting of one or
more stiff rubber or leather discs attached to a heavy shaft (Figure 8-3). The discs
should be about 1 inch smaller in diameter than the inner diameter of the screen. The
well should always be pumped or bailed before surging to ensure a relatively free inflow
of water.
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(b) Surging should begin with a slow and gentle motion above the well screen. This
is continued with increasing vigor from the top of screen downward. The surge block
should be moved at a rate of approximately 2 fps. Surging is particularly effective with
screen slots that are widely separated and/or louvered. Moving the surge block up and
down the well screen is known as a round trip. For recordkeeping, it is convenient to
count 15 round trips as one cycle. At the completion of each cycle, the thickness of
sediment in the bottom of the well should be measured.
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Figure 8-3. Surge block used to mechanically develop wells

(c) Surging should continue until the accumulation of material in any one cycle is
less than about 0.2 foot. This may not be achievable with surging alone. In these cases,
the well screen should be bailed or air-lifted to remove the additional material. Material
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bailed from the well also should also be inspected to ensure that no foundation sand is
passing through the filter. If so, this should be documented and surging discontinued.
Surging may also induce filter material to move through the screen and into the well.
The depth to the top of the filter should be measured and recorded after each surging
cycle. If necessary, filter material should be added to the annular space to maintain the
proper level. A final round of bailing should be performed after surging is completed.

(2) Airlifting. This method involves inserting a pipe in the well and forcing
compressed air through the pipe into the well. The pipe should be submerged at least
30 to 50% below the static water level in the well. The compressed air aerates the water
and causes it to move upward in the well. The static water level and/or depth of the well
may not allow sufficient submergence of the pipe. In these cases, the water column
must be physically blown out of the well, which requires a larger air supply. Air lifting is
especially effective when alternated with surging. Drill rigs must be equipped with a
walking beam to perform air lifting. Otherwise, a separate service rig is required. Using
compressed air at USACE project sites requires that hydraulic fracturing be considered.
This was addressed in paragraph 8—4d in connection with drilling fluids used in the
rotary drilling methods (see ER 1110-1-1807).

(3) Water jetting.

(a) A water jet allows water to be forced under pressure out through the screen.
The jet consists of a series of small nozzles at the end of a pipe. The pipe is lowered
into the well screen where water is pumped down and out through the nozzles at high
velocity. A typical water jet is shown in Figure 8—4. Nozzles are directed toward the
screen slots in small, concentrated areas, as shown in Figure 8-5. The size and number
of nozzles must be consistent with the pipe’s size and length. This ensures a
high-pressure and high-velocity jetting action. The lowest effective nozzle velocity for
water jetting is about 100 fps. Better results are obtained with pumps capable of
providing nozzle velocities between 150 and 300 fps.

(b) Care should be exercised to not use too much pressure during jetting. This can
displace the filter pack and lead to sanding of the well. Water jetting normally proceeds
from the bottom of the well upward. The jet is kept at one depth and rotated until the
discharging water is clear. A period of 30 minutes is generally adequate for this
purpose. The jet then is raised in increments of approximately 0.5 foot and the process
is repeated. The jetting process dislodges fine material, which can then be removed by
pumping or air lifting. The jetting tool should be kept in continuous motion to prevent
localized erosion of the filter.

(4) Pumping. Pumping can be used to successfully develop a well but is generally
less effective and more time-consuming than other methods. Submersible pumps can
also be damaged if there is significant sand being pumped. The well should be pumped
at a rate sufficient to effect maximum drawdown in the well. The size and type of pump
required depends on the size of the well, desired yield, and anticipated drawdown.
Repeatedly starting and stopping a pump produces a surging effect in the well screen
that may make development more effective.
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c. Chemical development. Chemical treatment in addition to mechanical
development may be required of a newly installed well. This applies when drilling fluid
additives such as LPE have been used to drill the well (see above). Chemicals such as
sodium hypochlorite (bleach) are injected into the well to help dissolve residual drilling
fluid in the filter. The chemicals should be of a type and concentration recommended by
the manufacturer of the drilling fluid. They should be dispersed throughout the entire
screen length by slowly raising and lowering the injection pipe. After the chemicals have
been dispersed, the well should be pumped, and the effluent checked to ensure that the
drilling fluid has completely broken down.

Figure 8-4. Schematic of four-nozzle jetting tool
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Figure 8-5. Well development by high-velocity jetting

8-7. Sand infiltration testing

A properly developed well will not produce an appreciable amount of sand. The degree
of sand infiltration is assessed during a pumping test following development.

a. Pumping parameters. The pump should be set a few feet above the top of the
uppermost screen. The well should be pumped as close to the design flow rate as
possible while maintaining optimal drawdown. The pumping water level is
recommended to be at least 5 feet, and preferably 10 feet or more, above the top of the
screen. Pumping should be continued for 120 minutes.

b. Sand infiltration. According to Driscoll (1986) sand-free water can be defined as
less than 8 milligrams per liter (mg/L) of sand. Wells producing sand in excess of 15
mg/L risk removing excessive aquifer/foundation materials (Driscoll 1986). USACE
specifications commonly require that a fully developed relief well not produce sand in
excess of 5 mg/L by the end of a 2-hour pumping test. Sand concentration should be
measured with a Rossum Sand Tester (RST) or equivalent centrifugal sand separator.
An RST is easy to operate, inexpensive, reliable, and is widely used by USACE and the
water well industry. In all cases, discharging water should be visibly free of sand before
a well is considered fully developed.

c. Failed sand test. If the above criteria for sand infiltration are not met, the well
should be developed further and re-pumped. Wells that continue to produce excessive
amounts of sand after 4 to 8 hours of surging or pumping should be abandoned and
properly sealed as described below. An alternative to abandonment is to install a
small-diameter screen with a pre-packed filter inside the original screen.
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8-8. Initial pumping test

Pumping tests are performed to verify relief wells have been properly installed and
developed. They serve as a baseline for evaluating a well's performance and loss of
efficiency with time. A step-drawdown test with a minimum of three stages is strongly
recommended as the best method to assess baseline well performance. A detailed
description of the methodology and analysis of pumping tests performed on relief wells
is provided in Chapter 9.

8-9. Backfilling

a. After completion of the well testing, at least 12 inches of concrete sand or
excess filter material should be placed on top of the filter. The annular space above the
top of the filter pack then should be filled with bentonite chips or pellets to form an
impermeable seal at least 2 feet thick. Sealing prevents surface water and any potential
chemical constituents from migrating down the borehole to the aquifer. It also helps
maintain confined conditions in the aquifer.

b. Some situations may prevent successful placement of bentonite chips or
pellets, for example in a water-filled borehole. In these cases, a high-solids (30 to 40%)
bentonite grout can be pumped into place to form a seal. The remaining annular space
above the seal should be filled with a cement-bentonite grout. A tremie pipe is advisable
for placing this material. A tremie equipped with a slide deflector will prevent jetting a
hole in the seal. The use of grout at USACE project sites requires that hydraulic
fracturing be considered. This was addressed earlier in paragraph 8-4d in connection
with drilling fluids used in the rotary-drilling methods (see ER 1110-1-1807). Figure 7-1
shows a typical relief well installation.

8-10. Disinfection

a. Relief wells are not drinking water wells. However, sanitizing newly installed
relief wells may be advisable for some projects. This may apply to sites where biofouling
of relief wells is known to be a problem. Disinfectant will not kill naturally occurring
bacteria in the aquifer but may delay biofouling of the well, at least temporarily. Also,
USACE should be good stewards of any aquifers known or potentially used for drinking
water supply near to the project. If relief wells are installed in such formations,
sanitization of new wells is recommended. This is primarily to ensure killing any coliform
bacteria introduced by the well materials or filter. The disinfectant should consist of a
chlorine solution mixed to a concentration of 200 parts per million (ppm).

b. The volume of the well should be determined assuming that the well diameter
includes the filter pack. A volume of disinfectant equal to three times the well volume
should then be prepared and injected with a jetting tool. The tool should be slowly
raised and lowered within the well’s screened interval(s) to disperse the chlorine. After
the disinfectant is fully introduced, the well should be gently agitated at approximately
10 minutes every 2 hours. This process should be continued for the first 8 hours. After
8 hours, the well should be agitated at 8-hour intervals for at least the next 24 hours.
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The chlorine concentration in the well should be periodically checked. If it falls below
200 ppm, additional chlorine compound should be added.

8-11. Video inspection

A downhole video inspection is recommended soon after installation of a new relief well.
The inspection verifies that the well and screen have been installed to the design
depths. The video also allows detection of any damage done to the well during
installation.

8-12. Records

Detailed and accurate observations of all aspects of relief well installation should be
documented on site in a timely manner. This includes drilling, installation, development,
testing and, if applicable, disinfection. Records management requirements are
described in paragraph 1-4.

a. These records become permanent and are used for future evaluation and
testing. Information should include well material, method of drilling, type, length, and
size of well screen, and slot size. The filter should be defined as to grain-size
characteristics, depth, and thickness. Elevation of the top of the well and the ground
surface should be recorded. The depth to granular material, the thickness of that
material, and the percent penetration of the well should also be clearly identified.

b. Development data should include the method, the amount of effort, and sand
infiltration. The records should show the final sounded depth of the well. (This may differ
from the depth to the bottom of the well if sediment has settled). The pumping test data
should include pumping rate, drawdown, length of test, and the amount of sand
infiltration. USACE Engineer Forms (ENG Forms) 6316 and 6318 are prescribed for
recording data from installation, construction, and development of relief wells.

ENG Forms 6317 and 6319 are prescribed for pumping and sand testing. ENG Form
1836 is prescribed for recording data from geologic logging during any type of drilling.

c. Forms should be filled in completely at the time each operation is completed,
and any additional observations should be recorded in a “remarks” section.
Determination of aquifer parameters and well efficiency requires detailed time versus
drawdown data for all phases of the test. It is therefore recommended that digital data
be acquired for all pumping tests and archived on a secure server.

8-13. Abandonment of non-well boreholes

a. Reasons for sealing. All boreholes not being used for a permanent well
installation should be sealed after completion. This includes exploration and pilot holes
drilled prior to relief well installation.

(1) “Sealing” means the complete filling of an abandoned well with grout or other
approved materials. There are a number of reasons for sealing an abandoned borehole.
First, sealing ensures the borehole does not pose a physical hazard to people or
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animals. It also prevents surface water and any potential chemical constituents
originating at the surface from migrating down the borehole to an aquifer. In addition,
sealing helps maintain confined conditions in the aquifer and intermixing of water
between pervious zones.

(2) Abandonment should comply with all reporting and procedures required by
local, state, or federal regulatory agencies. In addition, ER 1110-1-1807 governs
borehole abandonment in and around USACE embankment dams. In such cases,
sealing ensures that an abandoned borehole does not become a defect that can act as
an unfiltered exit for seepage.

b. Procedures for sealing. Boreholes should be sealed by tremie-grouting with a
20 to 30% high-solids cement-bentonite grout or the equivalent. Backfilling a hole with
drill cuttings is not an acceptable method of sealing. The use of grout at USACE project
sites requires that the risk of hydraulic fracturing be considered, per ER 1110-1-1807.
This was addressed earlier in paragraph 8—-4d(6) in connection with drilling fluids used
in the rotary drilling methods. If a borehole penetrates a drainage or filter zone in an
embankment, ER 1110-1-1807 stipulates backfilling these intervals with granular
materials. The purpose is to maintain the functionality of these zones within the
embankment.

8-14. Well abandonment

Wells may not perform as designed for a variety of reasons. A well that cannot be
rehabilitated or retrofitted should be abandoned by sealing. The reasons for sealing are
discussed in paragraph 8—7c. Abandonment should comply with all reporting and
procedures required by local, state, or federal regulatory agencies. Sealing materials
should consist of 20 to 30% high-solids cement-bentonite grout placed from the bottom
of the well to the surface. If the well casing is removed, the original well boring will need
to be over-drilled prior to grouting. The use of grout at USACE project sites requires
hydraulic fracturing be considered. This was addressed earlier in paragraph 8—4d(6) in
connection with drilling fluids used in the rotary drilling methods (see ER 1110-1-1807).

EM 1110-2-1914 - 7 March 2025 130



Chapter 9
Well Efficiency, Specific Capacity Ratio, and Relief Well Pumping Tests

9-1. Introduction

The performance and productivity of relief wells gradually declines over time due to
multiple processes. As a result, wells should be designed for optimal efficiency by
minimizing well losses. Adequately performing relief wells reduce seepage uplift
pressures between wells, which translates into reduced risk to dam and levee safety
structures. Initial well performance is affected by entrance losses from water entering
the screen; friction losses in the well screen, riser, discharge pipes, and conduits; and
discharge velocity. Other factors include drilling damage, effective well penetration
being less than assumed in design, and improper well development. Over time, well
performance is largely affected by lack of maintenance and biological fouling. Relief
wells should be located where they can be accessed by a drill rig for pumping tests and
cleaning.

9-2. Specific capacity

Historically, USACE has used specific capacity (SC) to monitor performance of relief
wells. The SC is the pumping rate, Q, divided by the total drawdown in the well, s,
(equation 9-1). This parameter is a measure of well productivity. The s; will increase,
then stabilize after some time, for a given Q. Therefore, SC should be measured only
after the drawdown reaches equilibrium for a given pumping rate. The SC of a well tends
to decline with increasing flow rate, as the relationship between Q and s; is not linear.
This is due to increasing turbulence, which is typically assumed to be in the wellbore but
can also occur in the formation. In some cases, SC may remain constant or increase
slightly with increasing Q. Generally, if the SC remains constant, then laminar flow can
be inferred. If SC increases with increasing Q, it may indicate the well is
under-developed.

SC =Q/s; (9-1)

where:
SC = specific capacity
Q = pumping rate
s, = total drawdown

a. Baseline specific capacity.

(1) The baseline SC should be determined for all newly constructed wells. This
enables comparison with future pumping tests to monitor well performance. For such
comparisons to be valid, future testing must be conducted under similar conditions to
prior tests. These include ensuring the aquifer remains confined throughout the test and
the well is pumped at similar rates. In addition, all tests should be of similar duration and
subject to similar boundary conditions (such as river or reservoir pool and tail
elevations).
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(2) The baseline SC should be determined at several flow rates using a
step-drawdown pumping test to provide flexibility for flow rates during subsequent tests.
In most cases, the baseline SC is determined in the initial pumping test at the time of
well installation. If a baseline has not been established at the time of well construction,
SC cannot readily be used to evaluate the well performance over time. Where the
aquifer is not confined at the time of installation or it is later determined the well was not
fully developed during the initial pumping test, the baseline should be determined based
on a later pumping test.

b. Specific capacity ratio. The SC determined from subsequent pumping tests
should be compared to the baseline SC at a similar flow rate. The ratio of the current SC
to the baseline value is the specific capacity ratio, SCR (equation 9-2). The use of SCR
to monitor well performance assumes that all aquifer and well parameters, except for
well losses, remain constant and there are no changes in boundary conditions. The SCR
represents the simplest and most economical method of tracking well performance over
the lifetime of a well if a baseline was established at the time of construction.

SCR = Socurrent o 10 (9-2)
SC baseline
where:
SCR = specific capacity ratio

SC.uent = Current specific capacity
SChaseline = baseline specific capacity

9-3. Well efficiency

Well efficiency (E) is a relative measure of well and aquifer head loss and is another
means of monitoring well performance over time. This parameter has been used in the
water well industry and by some USACE Districts to evaluate relief wells. E is a
measure of well productivity that compares the current well performance to an ideal
well. It can be used to monitor well performance in instances of uncertain or varying
aquifer and well parameters with time. A decrease in E with time indicates that relief
well performance is decreasing with time. The E considers the ratio of theoretical
aquifer loss, or drawdown caused by aquifer loss, to the total measured, drawdown in a
given well (equation 9-3). The total drawdown is the sum of the theoretical aquifer loss
and losses associated with the well. The ratio is typically expressed as a percentage:

Sa

x (100%) (9-3)

Efficiency = E(%) = Z—a X (100%) =
t

a w

where:
s, =drawdown in an ideal well subject only to aquifer losses
s, = drawdown due to well losses
s, = total drawdown in a well subject to all aquifer and well losses
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a. Efficiency ratio. The ratio of the efficiency measured at a given time in the life of
the well (E.rent) 10 the baseline efficiency (Ej se1ine) 1S the efficiency ratio, E-ratio
(equation 9—-4). The E-ratio can be determined for all pumping tests subsequent to the
baseline test. The E-ratio is identical to the SCR if aquifer losses remain constant with
time and there are no changes in boundary conditions.

E _
E — ratio = —_current 100 (9-4)

baseline

b. Determining efficiency. For each well, E can be calculated based on results
from the baseline pumping test (Epqseine) @nd all subsequent pumping tests.
Step-drawdown pumping tests with piezometer arrays or monitoring points around the
tested well are used to measure aquifer and well losses to determine efficiency. These
components account for non-linear (turbulent) and linear (laminar) well losses and
aquifer losses and are used to compute efficiency. New wells will not have 100%
efficiency because there are always well losses. However, tests performed on new wells
will determine initial well losses that can be compared to assumed losses for the newly
constructed well. Subsequent efficiency measurements can be used to monitor the
increase in losses, or loss of efficiency, with time caused by biofouling.

c. Wellbore skin. Wellbore skin describes the zone with altered permeability
between the well and the aquifer immediately outside the well. A positive skin zone
represents reduced permeability, indicating damage to the zone. A negative skin
indicates a zone of increased permeability. This term is also often used to describe well
losses associated with water entering the damaged aquifer, filter pack, and well screen.

d. Well loss components.

(1) If there were no losses in the aquifer or well when a well is pumped, the water
level inside the riser would remain unchanged from the static condition. However, the
water level inside the well riser does drop (drawdown) when the well is pumped.

(2) Generally, the total drawdown in a pumped well consists of two components:
aquifer losses and well losses. Aquifer losses are considered constant with time at
steady-state flow and their variation is assumed to be linear with Q. Well losses include
both linear and non-linear head losses. The total linear well loss is comprised of losses
occurring in the wellbore skin (disturbed aquifer), filter, and well screen. Linear well
losses may also include effects attributable to partial well penetration. Nonlinear well
loss consists of friction losses inside the well housing and losses due to turbulent flow in
the vicinity of the pump intake. To determine these components individually, drawdown
must be monitored at discrete locations in and around the pumped well.

e. Well loss coefficients.

(1) Due to the elaborate pumping test requirements to determine individual well
loss components, well loss coefficients can be used to estimate aggregate well loss
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components. The concept of well loss coefficients was proposed by Jacob (1947) to
include a linear aquifer-loss coefficient and both linear and non-linear, well-loss
coefficients. Although flow is assumed to be laminar in the soil around the well, there is
some concern that very high flow rates could result in turbulence in a coarse aquifer.
This would impact estimates of well efficiency using well-loss coefficients.

(2) The concept of turbulence outside the well screen is explored in Appendix K
based on laboratory tank tests that were an integral part of the evolution of USACE well
design described in Appendix H and Chapter 2. Figure K—15 provides a reference for
analysts to evaluate whether turbulent flow could be a factor for a particular situation.
Those tank test results show flow outside the well screen to be laminar for typical
aquifer sand and flow rates where relief wells are commonly used.

(3) Jacob proposed the drawdown in a pumped well could be described by the
second-degree polynomial shown in equation 9-5 using the well coefficients B and C.
(See Figure 9-1 for the components of head losses in a pumped well).

s; = BQ + CQ? (9-5)

where:

s, = total drawdown in the well

B = summation of B;, B, and B3 (3! =3 B;), where:

B; = linear aquifer-loss coefficient caused by head losses in the aquifer

B, = linear well-loss coefficient caused by drilling damage to aquifer, drilling mud
plugging the aquifer, and losses in the gravel pack and well screen (wellbore
“skin”)

B; = partial-penetration loss coefficient

C =non-linear well loss coefficient generally caused by friction losses inside the
well housing and losses due to turbulent flow in the vicinity of the pump intake

Q = flow rate out of the well

(4) The quantity B,Q is equal to s,. For a full-penetration well, this relationship can
be used as the numerator in equation 9-3 and equation 9-5 substituted as the
denominator. The resulting equation, equation 9-6, is another way to express well
efficiency.

Efficiency (E%) = BQB_F;QCQZ x 100 (9-6)

(5) For a partial-penetration well, equation 9—6 becomes equation 9-7.

B1Q + B3Q (9-7)
0y —m — -
E% = BO £ CQ? x 100
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Figure 9-1. Components of head loss in a pumped well (adapted from Driscoll 1986)

f. The B and C coefficients.

(1) Aquifer losses described by the B; coefficient are a function of aquifer
properties and Q. They are independent of well performance, generally constant with
time, and always present. The losses described by the B, coefficient have been
recognized in both pumped (active) and relief (passive) wells and are well documented.
The B, coefficient is often referred to as the wellbore skin factor. The drawdown
attributable to skin is usually due to factors affecting the permeability near or at the relief
well screen. These include blockages that result from debris, biofilm, scale, and
encrustation. Such defects can be minimized by following best practices of well
installation and development (see Chapter 8). Proper design of well screens and filter
packs will also minimize B,.

(2) Losses due to the B; coefficient are always present in partial-penetration wells
and must be accounted for in design. Wells cannot be rehabilitated to reduce the B
coefficient. Likewise, some degree of turbulent losses implied by the C coefficient are
always present and must be recognized.
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(3) The B, and C coefficients change with time because of well biofouling,
mineralization, and the like. Periodic well maintenance is required to remove these
materials and maintain B, and C at acceptable levels for well performance.

g. Determining B and C directly from pumping tests. Data from a step-drawdown
pump test can be used to calculate the relative proportion of laminar and turbulent flow
occurring at the various pumping rates. Methods to estimate the B and C coefficients
from these data are outlined in Kruseman and de Ridder (2000). When there are no
linear well losses (B, = 0), as may be true of a new, properly installed well, and no
partial penetration (B; = 0), then B =B;. In this case, B can be estimated from the
aquifer T and S, as shown in equation 9-8 for a homogenous aquifer and
full-penetration well (Cooper and Jacob 1946; Kasenow 2001; Houben and Kenrick
2022). B, can also be calculated when s, is determined from distance-drawdown data
(see example in paragraph 9-8f). For a full-penetration well, (B; = 0), B, can be
determined from the s; in excess of that attributable to B;.

23 [2.25Tt] (9-8)
= 4T 8| 7z,

T = transmissivity

S, = storativity

1, = well radius

t =time since pumping initiated

h. Determining B and C using specific drawdown. The coefficients B and C can be
determined by plotting the specific drawdown (s./Q) versus Q, where s; is the total
stabilized drawdown at the end of each step and Q is the pumping rate. This generally
results in a straight line with positive slope as shown in Figure 9-2. The straight line is
extended to the y-axis. Equation 9-9 will indicate the slope of the line to be € and the
y-intercept to be B. The coefficients cannot be determined if the plot results in a
negative slope. With the values of B and C known, equation 9-9 can be rearranged to
predict s; for any magnitude of Q.

St (9-9)
—=B+C
g - Ptree
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Figure 9-2. Plot of specific drawdown versus pumping rate from step-drawdown data
(modified from Guy et al. 2014, RW-85 before and after rehabilitation).

i.  Meaning of C. The C coefficient can be used to assess the degree of
deterioration of the well using the criteria in Walton (1962) and Kasenow (2001). The
criteria are shown in Table 9-1. The C coefficient is determined from a step-drawdown
test as shown in paragraph 9-3h. Experience in USACE has been mixed regarding the
use of C to evaluate the condition of relief wells. For this reason, using the C coefficient
as an indicator of a well’s condition should be done in conjunction with other evaluation
methods.

\T/\z/ieg:ecgn%iition based on well loss coefficient € (after Kasenow 2001 and Walton 1962)
C (min?/m5) C (sec?/ftd) C (ft/gpm?) Condition of Well
<0.5 <5 < 0.000025 Properly constructed and developed
05t01.0 5to 10 0.000025 to 0.000050 Mild deterioration or clogging
1.0to 4.0 10 to 40 0.000050 to 0.00020 Severe clogging or deterioration
>4.0 > 40 > 0.00020 Difficult to restore to original yield

J.  Well coefficients for partial-penetration wells. As described in Chapter 5, partial
penetration introduces vertical flow components in the area immediately surrounding the
well. This results in higher flow velocity near the limits of the screened zone and, in turn,
greater losses compared with full-penetration wells for the same flow rate and aquifer
characteristics. Figure 9-3 illustrates how flow to a partial-penetration well distorts
flowlines as compared to a full-penetration well. Additionally, vertical flow typically
follows lower permeability pathways, resulting in greater well losses.
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Figure 9-3. Partial-penetration flow path convergence (after Houben 2015)

(1) Estimating B, for partial-penetration wells. As stated in paragraph 9-3g, B, can
be calculated or reasonably estimated for a full-penetration well because B; = 0. For a
partial-penetration well, B, can be estimated by modeling methods that account for the
partial penetration. It is also recommended to use models that can estimate the wellbore
skin components.

(2) Estimating B; for partial-penetration wells. The partial-penetration component
(B3) can be estimated by computer modeling/simulations and/or by the Kozeny method
(see paragraph 9-3j(3)) or the Huisman relationship (see paragraph 9-3j(4)).

(3) Kozeny method. The Kozeny method (Kozeny 1933 and Houben 2015) is given
by equation 9—-10. This equation is normally used assuming the percent penetration is
equal or less than 50. The equation still gives a reasonable estimate for percent
penetrations greater than 50.

Stp (9-10)

« [1 +7 Zr‘gceb cos (%)l

Spp

where:
« =L/b x 100 (percent penetration, equivalent to W /D x 100)
b = the aquifer thickness (equivalent to D)
Tywe = effective well radius
L = screen length (equivalent to W)
spp =drawdown in partial-penetration well
Sgp = drawdown in full-penetration well
The difference between s¢, and s,,, is equal to the B;Q term in equation 9-4.

(4) Huisman method. The relationship developed by Huisman (Huisman 1972;

Kruseman and de Ridder 2000; and Houben 2015) to estimate the partial-penetration
drawdown (s,,) is expressed in equation 9-11. This equation requires prior
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measurement or estimation of the hydraulic conductivity and effective thickness of the
aquifer.

o (1-8), (-5 =

Spp = 2nk (%) " Tiwe

where:
Q,, = pumped well flow rate at step n
L = screen length (equivalent to W)
b aquifer thickness (equivalent to D)
k permeability
Twe = effective well radius
The difference between s, and s,,, is equal to the B;Q term in equation 9-7.

(5) Computer modeling/simulations. Computer simulations or modeling software
such as AQTESOLYV can be used to simulate pumping tests and estimate s, and s,.
When simulations include both full- and partial-penetration wells, the ratio between the
two can be used in conjunction with hand calculations as a check.

9-4. Specific capacity (SC) and efficiency (E)

SC and E are not the same thing, but they are similar and both can be used to monitor
well performance. For each well, E can be calculated based on results from the baseline
pumping test (Epqserine), DUt SCR cannot be determined until there has been a second
pumping test. Determining E is more complex and expensive than measuring the SC.
However, E allows a more detailed accounting of various parameters that affect well
performance. For SC tests, only s; is generally known unless drawdown is also
measured in at least two observation wells located at different radii from the pumping
well, which allows an estimate of s,,.

a. Example comparison between SC and E.

(1) Table 9-2 and Figure 9—-4 show how SCR and E are related for four
hypothetical wells, each with a different assumed aquifer loss, s,. Each scenario has a
baseline pumping test (Test #1) and four subsequent pumping tests (Test #2, Test #3,
etc.) conducted at various times. For actual projects, the subsequent pumping tests
typically are 5 years apart. For each well, s, remains constant because the aquifer is
assumed to be unchanging and the boundary conditions are assumed to have not
changed. Therefore, well losses, s,,, are responsible for all of the increased drawdown
measured during subsequent pumping tests.

(2) The increases in s,, assumed for this example could likely be attributed to
biofouling and other mechanisms that decrease well performance over time. All
pumping tests are assumed to have been conducted at identical values of Q. As a
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result, SCR (equation 9—-2) becomes the ratio of s;_.yrrent 10 St—pasetine- PlOtted data
points on Figure 9-4 represent E and SCR determined for each well over time. All values
of E for the different assumptions of s, plot on the same line because there is a 1:1 ratio
between x-axis and y-axis values. Both SCR and E decrease as the well losses, s,,,
increase over time.

(3) While E and SCR follow similar trends and do not significantly diverge from each
other, E is always less than SCR. This is because no well is 100% efficient at the time of
installation, but the SCR can be 100% if well performance does not deteriorate. The
example presented here assumes that s,, and s, are known from all tests, when, in
most cases of measuring SC, only s; is measured. If there are additional drawdown
monitoring points besides the pumping well location, the theoretical drawdown (s,) can
be determined graphically (see example in paragraph 9-8f) and s,, is then the
difference between s; and s,. The value of s, is generally assumed to be a constant
with time for all subsequent tests conducted in the same aquifer at the same pumping
rate. The value of s, varies linearly for different pumping rates (see equations 9-12
through 9-14).

b. Determining E} se1ine from subsequent pumping tests and SCR. It may be of
interest to estimate Ejpq.1ine, €VEN if it was not determined during the baseline pumping
tests. Ey se1ine Can be estimated by dividing E from a subsequent pumping test by SCR
from the same subsequent pumping test. For example, pumping test #4 for Well 2 has
an E . ren: 0f 50% and an SCR of 55%. If the Well 2 E; ;01ine had not been determined
during the baseline pumping test, the Ej .1ine COUld be estimated by
Ecurrent | SCR =50% / 55% = 0.91 or 91%.
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Table 9-2
Efficiency and SCR calculation for four assumed wells, each with different aquifer losses and

increasing well losses during subsequent pumping tests (values of s, s,, and s; are in feet)
Well 1

Pumping Test Sq S S Sl(Sa+Sy) E E-ratio SCR
#1 (Baseline) 3 0.5 3.5 0.14 86% - -
#2 3 15 4.5 0.33 67% 78% 78%
#3 3 3 6 0.50 50% 58% 58%
#4 3 5 8 0.63 38% 44% 44%
#5 3 7 10 0.70 30% 35% 35%
Well 2

Pumping Test Sq Sw S Swl(Sg+sy) E E-ratio SCR
# 1 (Baseline) 5 0.5 5.5 0.09 91% - -
#2 5 15 6.5 0.23 7% 85% 85%
#3 5 3 8 0.38 63% 69% 69%
#4 5 5 10 0.50 50% 55% 55%
#5 5 7 12 0.58 42% 46% 46%
Well 3

Pumping Test Sq Sw S Swl(Sg+sy) E E-ratio SCR
#1 (Baseline) 7.5 0.5 8 0.06 94% - -
#2 7.5 1.5 9 0.17 83% 89% 89%
#3 7.5 3 10.5 0.29 71% 76% 76%
#4 7.5 5 125 0.40 60% 64% 64%
#5 7.5 7 14.5 0.48 52% 55% 55%
Well 4

Pumping Test Sq Sw S, Sl(Sa+Sy) E E-ratio SCR
#1 (Baseline) 10 05 | 105 0.05 95% - -
#2 10 1.5 | 115 0.13 87% 91% 91%
#3 10 3 13 0.23 7% 81% 81%
#4 10 5 15 0.33 67% 70% 70%
#5 10 7 17 0.41 59% 62% 62%
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Figure 9-4. Efficiency and SCR comparison for hypothetical wells with
assumed constant aquifer losses and increasing well losses with time

9-5. Monitoring of well condition

Reduced well performance results in hydrostatic heads greater than those anticipated in
the design, thus potentially leading to unsatisfactory performance. It is critical that wells
perform within limits associated with reasonable predictions of satisfactory performance.
Relief wells should be evaluated using the results from pumping tests, in conjunction
with downhole video inspection and field observations where possible. Guidelines for
evaluating and improving well performance are further described in this chapter and
Chapter 11.

a. Monitoring during high water. Risk to a structure is elevated during high-water
events due to higher loading on the structure. Where a structure is equipped with a
sufficient level of instrumentation, this risk can be evaluated as described in Chapter 4
and Appendix J. Piezometric levels and flow quantities are typically measured at lower
river stages. These can be extrapolated to predict the values that would be produced by
a maximum design reservoir level or river stage.

b. Evaluation using pumping tests. SC and E are two ways to quantitatively
express well performance. A historically common threshold for triggering well
maintenance efforts was whether SCR, or E-ratio, had declined to less than 80%. From
Figure 9-4, an SCR of 80% is analogous to an E in the range of 67 to 77% for the
assumed scenarios. Another way to evaluate well system performance is to use the
increase in drawdown from the baseline pumping test, at the design flow rate, to
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increase H,, and calculate the expected FS,, for the current condition and compare to
the design criteria.

c. Declinein SC and E over time. A decline in future well performance can be
accounted for by reducing calculated well flow or drawdown by the assumed percentage
of performance reduction. For example, well spacing would be determined by applying a
factor of 0.8 to calculated well flow or drawdown if the future assumed condition was
SCR = 80%. Alternatively, well losses can be assumed to be higher than calculated or
measured for a new well during a pumping test. The increase in drawdown from a pump
test at the design flow rate can be applied as an increase in well losses to monitor
performance with time. Assuming a reduction in future performance during design
improves the resiliency of the system for future loading.

d. Determining well performance thresholds.

(1) It may be appropriate to use a risk-informed approach when establishing critical
relief well performance loss. Depending on the specific project details and
consequences of failure, a performance threshold higher or lower than 80% SCR may be
justified.

(2) An example of evaluating likelihood of boils and well performance losses is
shown in Figure 9-5 for the initial Harrisonville Levee designs and the subsequently
observed performance under different SCRs observed in different well systems along the
levee. The original design was for a FS,, of 1.25 with wells that produce 80% of the
calculated drawdown (SCR = 80%), which provided a FS,, of 1.55 with 100% of the
calculated drawdown. Two different reaches with varying observed loss of well
performance, as evaluated using SCR, are shown.

(3) The relationship between measured SCR, predicted FS,,, with the measured
SCR, FS,, without wells, and observation of boils during flood loading are all in good
agreement. This type of assessment could be used to determine the appropriate well
performance threshold for a project. Where wells fall below a threshold limit, additional
investigations and evaluations should be performed. The studies should determine the
cause of the inadequacies and an appropriate rehabilitation program. Further discussion
on risk-informed assessment of relief wells is included in Appendix J.
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Figure 9-5. Example well performance loss with
observed performance during floods, Harrisonville Levee

e. SCR and E-ratio greater than 100%.

(1) In some instances, the calculated SCR is greater than 100%. This is often due
to an uncertain baseline test condition and/or the well not being fully developed
following installation. When the well is not tested under conditions similar to the
baseline, the calculated SC could be higher than the original SC. If the SC of the well
increases during testing, it usually suggests the well was previously underdeveloped.
Further development and removal of fines occurs during testing, resulting in a higher
SCR. The well loss parameters cannot be obtained from the data when a relief well is
underdeveloped.

(2) An example of potential well underdevelopment is presented in Figure 9-6. The
figure shows SC data from a relief well installed and tested in 1992 and retested on four
subsequent occasions. Comparison of tests conducted after installation and during the
first assessment (10 years later in 2001) shows an increase in SC. This outcome is
highly unlikely under normal conditions and suggests initial underdevelopment. After
2012, SC for the well decreases with time, as is expected. When SC results imply that
development is occurring during testing, the peak SC should be used as the baseline.
For the example in Figure 9-6, the appropriate baseline would be the 2001 pumping
test.
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Figure 9—6. Example of effect of underdevelopment on specific capacity over time;
Wilson Dam (Kansas City District) Relief Well 6A

9-6. Pumping test

Both E and SCR are determined through pumping tests. The pumping test is a common
field test in which a well is pumped at a controlled rate. The corresponding water level
response (drawdown) is measured in the pumping well and/or observation wells.
Pumping tests are used to estimate aquifer properties and evaluate the condition or
performance of wells. Data from pumping tests can be used to monitor changes to SC
and E over time. There are also methods to estimate components of well loss from
pumping tests described in this chapter. Two types of pumping tests commonly used for
relief well evaluation are the constant rate test and the step-drawdown test. There are
different levels of complexity associated with each type of test. Relief well evaluators
should consider the information needed to assess well performance and specify
pumping tests accordingly.

a. Constant rate tests.

(1) The constant rate test is the most common and simplest type of pumping test
used for relief wells. The SC can be determined from a constant rate test simply by
knowing the pumping rate and drawdown in the pumping well (see paragraphs 9-2 and
9-2a). The aquifer transmissivity (T) can also be measured from these data (see
paragraph 9-69g(3). By measuring drawdown at observation points at some distances
from the pumping well (see paragraph 9-6c¢), a constant rate test allows the
determination of both T and S; by type curve matching or straight-line methods (see
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paragraphs 9—-6g(1) and 9-69g(2)). T and S; are aquifer constants and generally will not
need to be re-measured during future assessments of well performance.

(2) For a given pumping rate and distance from the pumping well, drawdown will
stabilize at some time value. A common assumption is that the radius of influence of the
pumping well does not intersect an aquifer boundary. If the radius does intersect an
aquifer boundary, additional analysis of the test results may be needed. Constant rate
tests are well suited for monitoring the performance over time of existing wells.
However, such tests should not be used to establish the performance baseline of new
wells.

b. Step-drawdown tests.

(1) The step-drawdown pumping test is a commonly performed test that uses
multiple flow rates, or “steps,” to assess a single relief well. Like the constant rate test,
flow and drawdown are measured during a step-drawdown test. Also like the constant
rate test, these data can be used to determine aquifer parameters (see paragraph 9—
6.a).

(2) The advantage of a step-drawdown test is the use of multiple flow rates allows
determination of additional well parameters. These include values of SC and E at
multiple flow rates and a relief well’s loss coefficients. Well loss coefficients are
described in paragraph 9-3e. Step-drawdown tests are recommended for baseline
testing of new wells. This allows comparison of SC and E at different flow rates for future
tests to monitor well performance. Measurement of the well coefficients can also lead to
better assessments of well performance. Step-drawdown tests should cover a range of
flows below and above the expected well flow under maximum loading on the structure.

c. Monitoring network.

(1) Pumping tests ideally include observation wells. However, the number and
location of observation wells required depend on the type of tests and desired accuracy.
For baseline testing, observation wells are highly recommended. The drawdown data
collected from these wells allow aquifer parameters to be determined by multiple
methods, as described below in paragraph 9-6g.

(2) In addition, multiple observation wells allow determination of s, and well losses,
as described above in paragraph 9-3. Aquifer parameters and s, are constants and do
not need to be re-measured in subsequent tests. Observation wells can include existing
piezometers and/or adjacent relief wells. The observation wells should be located
multiple directions and distances from the pumping well. Their locations should also
account for known/assumed geologic features and hydraulic boundary conditions that
could impact the groundwater flow. Ideally, at least one observation well should be
located outside of the radius of influence of the pumping well to measure background
hydraulic head.
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d. Equipment. The following sections outline the basic equipment needed to
conduct a pumping test. All equipment used should be appropriately sized for the well
being tested and conditions present during the tests. Pumps should be able to provide
the necessary flow rate, fit inside the well screen, and discharge such that no damage is
caused to adjacent wells or the surrounding area.

(1) Pump. The pump capacity should be sufficient to produce the desired flows. If
only a constant rate pumping test is being performed, it is recommended to pump the
well near the expected design well flow. If the static groundwater level is more than
18 to 20 feet from the top of the well outlet, a deep-well pump may be required. Pumps
should be able to maintain a constant flow for up to 2 hours. A butterfly valve should be
present to avoid over-pumping and allow flow adjustment. A shielded intake should be
used to reduce potential damage to the well. The pump and intake should be set in the
riser pipe rather than the well screen where possible.

(2) Flow meter. A flow meter(s) compatible with the pump and discharge lines
should be used to measure total outflow during the pumping test. The flow meter(s)
should be calibrated prior to use during the test. The pump rating alone is not a
sufficient means of monitoring outflows. In addition to measuring total outflow, a
downhole well flow meter is desirable to measure flow in the well. The flow meter can
be placed at various depths to help define high-permeability zones.

(3) Water level measuring device. Water levels during the pumping test should be
monitored with either an electronic water level indicator or deployable sensor (such as a
pressure transducer). All devices used to measure water levels should be calibrated
prior to use. Pressure transducer data should be checked periodically against manual
measurements to verify the accuracy of automated measurements.

e. Pumping test procedure. Procedures and general considerations for constant
rate and step-drawdown tests are outlined below in paragraphs 9-6e(1) and 9—-6e(2),
respectively.

(1) Constant rate test.

(a) Prior to a pumping test, the well should be sounded and the depth compared to
the as-built depth. If sounding the well indicates there is more than minor sedimentation
in the well bottom, it is recommended to remove the sediment and perform a camera
inspection of the well prior to performing a pumping test to search for well defects that
are allowing intrusion of filter pack and foundation materials. Ensure that static water
level in the relief well has recovered to within 0.1 foot of the ambient condition if
sequentially testing a line or array of wells. No adjacent wells within a relief well’s zone
of influence should be pumped during a pumping test.

(b) Continuously pump the well until s; has stabilized. This should take between
approximately 15 minutes and 2 hours. Historical data indicate that 30 minutes is
typically an adequate duration to achieve steady-state drawdown in generally
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homogeneous confined aquifers. The time for s; to stabilize in any observation wells
depends on their distance(s) from the pumping well.

(c) While the well is being pumped, measure and record Q and s;. The stage or
elevation of adjacent bodies of water, including rivers, streams, creeks, landside areas,
and ditches should also be monitored and recorded. This is important for comparison of
boundary conditions during subsequent tests. Measurements of s; in the pumping well
and any observation wells should be made to the nearest 0.01 foot. Multiple readings
should be taken in the first 15 minutes of pumping and at least every 15 minutes
thereafter.

(d) Itis highly recommended that water levels also be measured during the
recovery period. Readings should be taken at 5-minute intervals from the time the pump
is shut off. This should continue until the groundwater level recovers to within 10% of
the pre-test static level. The analysis is used as an independent check on the pumping
test data. The time-drawdown data from a recovery test is more reliable than that
collected from the pumping test if the pumping rate is not constant. This is because the
groundwater level recovers at a constant rate during recovery period (USACE 1983 and
Kruseman and de Ridder 2000). Residual drawdown is the difference between the
water level prior to pumping and the water level at a time t, after the pump is shut off
(Figure 9-7).

(e) The pumping water level should not be allowed to fall below the top of the
aquifer or pervious strata. This will ensure that confined conditions are maintained
throughout all steps. The pumping rate can be decreased to prevent loss of confined
aquifer conditions.

(f) If the test is being conducted on an existing well, Q should match one of the
flow rates from the baseline test. The elevation of the loading source (the river or lake)
during the pumping test should also be monitored. This elevation should be as close as
practical to what was measured during any previous tests.

(2) Step-drawdown test.

(a) Prior to a pumping test, the well should be sounded and the depth compared to
the as-built depth. If sounding the well indicates there is more than minor sedimentation
in the well bottom, it is recommended to remove the sediment and perform a camera
inspection of the well prior to performing a pumping test to search for well defects that
are allowing intrusion of filter pack and foundation materials. Ensure that static water
level in the relief well has recovered to withing 0.1 foot of the ambient condition if
sequentially test testing a line or array of wells. No adjacent wells within a relief well’s
zone of influence should be pumped during a pumping test.

(b) Continuously pump the well until drawdown has stabilized. A minimum of three
values of Q are recommended, and five are ideal. Figure 9-8 shows test results of five
different steps.
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(c) Pumping should be held constant at each flowrate for at least one hour.
Readings should be taken at short intervals (2, 4, 8, 10, 15, 20, 30, 45, and 60 minutes)
at each flow rate.

(d) While the well is being pumped, measure and record Q and s;, as described
above for the constant rate test. This includes the stage or elevation of adjacent bodies
of water. The observed drawdown in the well is plotted with time. The example in Figure
9-8 shows five different steps.

(e) Measure water levels during the recovery period, as described above for the
constant rate test.

() The pumping water level should not be allowed to fall below the top of the
aquifer or pervious strata. This applies to all steps.

(g) As described above for the constant rate test, the pumping rate and loading
conditions should be as close as practical to the baseline test.

f.  Sand infiltration. Sufficient measurements are necessary to establish an
infiltration rate for each hour of the pumping test. For most properly developed wells, the
amount of sand deposited in the well will be negligible. In these cases, sand infiltration
can be recorded in terms of ppm as measured with a centrifugal sand tester (Driscoll
1986). The infiltration rate during the last 15 minutes of the pumping test should be
5 ppm or less. If not, the well should be re-surged by manipulation of the test pump for
15 minutes. Then the pumping should be resumed until the infiltration rate is less than
5 ppm. After 6 hours of pumping, if the rate is more than 5 ppm, the well should be
abandoned as described in paragraph 8-13. Additional discussion of the sand
infiltration test is given in paragraph 8-7.
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Figure 9-7. Typical drawdown and recovery curves of a pumped well and then allowed to rebound (after U.S. Army 1983)
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Figure 9-8. Step-drawdown test results: before and
after rehabilitation of 3-inch diameter perforated well

g. Determination of aquifer parameters. The aquifer constants T and S, are
determined from time-drawdown data collected from either a constant rate or
step-drawdown test.

(1) Determination of transmissivity.
(@) Transmissivity (T) is the product of hydraulic conductivity (K) and the saturated

aquifer thickness (equation 9-12). T can be determined from equation 9-13 by applying
the Theis (1935) method to pumping test data.

T = kb (9-12)

;= XWE (9-13)
- 4ms,

o 230 (9-14)
"~ 4mAs,_,

L (9-15)
- ZﬂASt_d
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where:
T = as previously defined
Q = pumping rate
As;_; = drawdown over one log cycle of time
As;_; = drawdown over one log cycle of radial distance

b = saturated thickness (equivalent to D)

W (u) = value of the well function

St = drawdown in the observation well after pumping for time interval t
u = argument of the well function

r = distance between observation and pumping well

(b) The test data are plotted in log-log format and matched to the Theis-type curve,
which is in the form of W (u) versus u. W (u) is based on the exponential integral, which
is well known in mathematics. In the context of pumping tests, W (u) is defined as the
well function (Freeze and Cherry 1979). A match point is selected that yields values of
W), u, r and s;. The W(u) and s; values are then substituted into equation 9-13 to
obtain T. The Theis method can be applied manually, or more commonly, by
spreadsheet or specialized software such as AQTESOLYV. Straight-line approximations
to the Theis solution, derived by Cooper and Jacob (1946) and Jacob (1950), can also
be used to determine T.

(c) Figure 9-9 shows s; (in feet, linear scale) plotted as a function of time (minutes,
log scale). Figure 9—10 shows s; (in feet, linear scale) plotted as a function of radial
distance from the pumping well (feet, log scale). Each plot yields a value of As; (feet),
which is defined as the drawdown over one log cycle of either time (As;_;) or distance
(As;_4). The values of As,_; and As,_, are then used in equations 9-14 and 9-15,
respectively, to calculate T for confined aquifers. Solutions for determining T from time-
drawdown data are also available for leaky, confined aquifers (Walton 1960-1962) and
unconfined aquifers (Neuman 1975).

(2) Determination of storativity. The Theis (1935) method is a common means of
determining storativity (S;), as shown in equation 9-16. The S; can also be determined
from distance-drawdown data using equation 9-17. The value of r, in this equation is
effectively the radius of influence. This is illustrated in Figure 9-10 as the radial distance
at which the straight line intersects the x-axis at a value of zero drawdown.

_ 4 Ttu (9-16)
t — rz
2.25Tt (9-17)
t = 2
To

where:
S; and u, as previously defined
T, as determined from equation 9-12.
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t =value of t from match point (equation 9-16), or time at which drawdown

measurements are taken (equation 9-17)

r =distance between pumping well and observation well where drawdown is

measured

1o =radius of influence

0
From Equation 9.13
If 0=385,000 ft*/day
10 r 4s,, =Drawdown over 1log cycle = 4.3 ft
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Figure 9-9. Transmissivity estimation from constant rate data
using Jacobs method (modified from Kyle 2015)
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Figure 9-10. Transmissivity and storativity estimation from distance-drawdown test
with flow rate of 25 gallons per minute (modified from Kyle 2015)
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(3) Estimating T from SC test data.

(a) Tests of SC are a means of measuring well performance. However,
time-drawdown data from these tests can also be used to estimate the aquifer T. This
can be accomplished using the Cooper and Jacob (1946) and Jacob (1950) technique,
as described in paragraph 9-6g(1). The T calculated by this technique depends on the
rate of drawdown as measured through the As;_, parameter. Thus, well losses reflected
in the absolute drawdown measured in the pumping well do not affect the calculation.

(b) An example from a USACE project is provided below in Figure 9-11. The well is
pumped at 270 gpm (5.2 x 102 ft¥/day). Beginning at 5 minutes, the data approximates a
straight line. The straight line is extended to determine As;_; graphically between 5 and
50 minutes. A T of approximately 7,300 ft?/day is calculated using equation 9-14. If the
aquifer thickness is known, K can be calculated using equation 9-12.

h.  Frequency of testing. As described in Chapter 11, pumping tests should be
performed on wells at intervals no greater than 5 years.

9-7. Driscoll parameter, L,

a. If the individual linear well loss coefficients cannot be reliably determined, an
apparent efficiency can be estimated using L,, parameter of Driscoll (1986). The L,

parameter represents the ratio of the linear head loss to total head loss (equation 9-18):

BQ (9-18)
L, =—Xx100

P BQ+CQ?

b. While L, can be a useful indicator of well performance, it usually overestimates

the well efficiency as calculated in equation 9-18. This is due to the inclusion of all the B
coefficients in the numerator of equation 9-6.

9-8. New relief wells — evaluation of SC and E

To determine E, s01ine fOr new relief wells, the following basic testing and data
acquisition are recommended:

a. Conduct a baseline step-drawdown test on each new relief well. Five steps are
recommended, but no less than three steps should be used (approximately 8 hours of
pumping, assuming 100 minutes per step). Conduct constant rate pumping tests on a
small percentage of newly constructed relief wells with measured drawdown in
observation wells to estimate aquifer parameters T and S;.

b. From these test data, determine the baseline E and/or SC of the new wells,
depending on the level of instrumentation or observation points around the well system.
The baseline SC should be calculated using a pumping rate within the design range.
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c. Calculate a partial-penetration factor, if applicable.

(1) An example of how much of the measured drawdown is attributable to partial
penetration is shown in Table 9-3. The data comes from a 2009 condition assessment
of a partial-penetration relief well at the Bolivar Dam project in Huntingdon District
(LRH). Table 9-3 indicates that approximately 31% of the total drawdown is attributable
to partial penetration as compared to 7% of the well loss. Approximately 58% of the total

drawdown is attributed to theoretical aquifer loss while less than 5% is credited to skin
effect or linear well loss.

14 |
12 +
One log cycle (5 min to 50 min)
10 } | L i
é B R X }
e. »»»»»
E ’ o o o)
&)
el
; 6 | As ., =(9.5-8.2)ft
D =131
4
2
| : L -
| . 100
Time (min)

Figure 9-11. An example application of the straight-line method of Cooper and Jacob (1946) and
Jacob (1950) to SC data. A value of As;_; is determined from the graph and T is then calculated
from equation 9-13 (Sid Simpson Flood Protection Project, Beardstown, Illinois)

(2) From this data, three measures of well performance are calculated and
included in Table 9-3: L,, E and a modified efficiency, E;,. The table indicates that the
L, overestimates the condition of the well relative to E. When a modified efficiency (E,)
is defined that includes drawdown attributable to partial penetration, an even lower
percentage is calculated. Partial-penetration effects do not reduce E as defined in
equation 9-7. However, this example, and the value of E,,, illustrate that
partial-penetration wells dramatically underperform relative to full-penetration wells.
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Table 9-3
Components of total drawdown of partial-penetration well and efficiency estimation

Head Loss Components (feet)

0, - 0, -
Q (gpm) Sw | Spp Sa | Sskin | St IE(Q//Olt si(/{zi En(%) = (5, + Spp) /st
388 0.61 2.69 5.00 | 0.38 | 8.64 93 58% 89%
447 1.18 3.11 577 0.42 | 10.06 92 57% 88%
500 1.49 3.88 5.98 0.54 | 11.35 92 53% 87%
707 2.59 5.34 8.68 | 0.69 | 16.61 89 52% 84%
1001 4.67 6.99 | 12.98 | 0.85 | 24.64 85 53% 81%

Note: B = 0.0208 ft/gpm; C = 0.00000381 ft/igpm2; BQ = s, + Sskin + Spp
d. Calculate SC for each pumping step for each well tested.

e. Assume laminar flow if the SC measured during the step test is constant as Q
increases, assume turbulent flow if the SC decreases as Q increases.

f.  Figure 9-12 shows a plot of log-distance versus drawdown in multiple
observation wells. The data was obtained from a pumping test on an 8-inch diameter,
full-penetration well installed in beach sands. The Q used during the test, 55 gpm, was
determined from a prior short-duration, step-drawdown test. This flow rate ensured the
aquifer stayed in the confined condition. The linear trends on the plot can be
extrapolated to the pumping well radius. Drawdown in the observation wells is assumed
to be unaffected by well losses. The intercept thus provides an estimate of the
theoretical drawdown (s,) in the aquifer. The measured drawdown inside the well is
equal to the total head loss (s;). The values determined from the plot allow calculation of
E from equation 9—-3. Assuming a 1-foot radius, E varies between 82% and 85%.

g. Based on Figure 9-12, s, is 15.5 feet and s, ranges from 12.8 to 13.2 feet
depending on the observation wells used. Using s, = 13.2 in the example below gives:

E= 525100 = 222« 100 = 85%
T s, ~ 155 -
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Figure 9-12. Distance versus drawdown plot from a test well

9-9. Existing wells — specific capacity and efficiency evaluation

Evaluation of SC and E for existing relief wells depends on existing testing and
performance data. The following items should be considered when evaluating existing
relief wells:

a. If no baseline test (installation test) exists for the relief well, conduct
step-drawdown tests on a the well to determine E. SCR-based assessment cannot be
conducted without reliable baseline data. A simple SCR-based assessment cannot be
conducted for a relief well if there is no reliable baseline test (installation test).
Step-drawdown tests can be used to determine E without baseline data. A condition
assessment based on the calculated E can then serve as a baseline for subsequent
tests. The change in SCR can then be monitored over time using constant rate pumping

tests at any flow rate from the step-drawdown test. Decreases in E and SCR are
proportional over time as shown in Figure 9-4.

b. Within the well array, complete at least one constant rate pumping test with
external drawdown measurements for aquifer parameter estimation and pumping test
results verification. There should be high confidence that the pumped well is properly
developed and performing satisfactorily when executing this recommendation.

c. Ifinstallation pumping test data exists for existing relief wells and the relief wells
provide the necessary level of pressure relief based on piezometric data or evaluations,
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the constant rate pumping test can be used as a reliable proxy for condition
assessment.

d. If preliminary testing or past performance indicates the existing relief wells do
not provide the necessary level of pressure relief, re-develop the wells. Conduct an
additional constant rate pumping test after re-development to determine if the well(s)
have been restored to an acceptable level of pressure relief (as estimated by SCR or E).

e. Ifthe re-developed wells remain deficient, consider performing a
step-drawdown pumping test. The data from the pump test will help identify well losses
and can assist in diagnosing the source(s) of problems.

f.  Based on the results of pumping tests, field observation, and performance
history, conduct well rehabilitation suitable for the identified causes of poor
performance. See Chapter 11 for further discussion on relief well rehabilitation.

g. Ifrehabilitation is not successful, abandon or replace the inefficient wells.
Abandonment should be conducted according to local regulatory requirements.

h.  Wells should be video inspected before and after pump tests and before and
after rehabilitation. Video inspection logs should be kept by USACE and the local
sponsor for comparison to past and future inspections.

i.  Systems with a large number of relief wells may need to focus efforts on a
reduced but representative number of wells. See Chapter 11 for discussion on testing of
systems with a large number of relief wells.
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Chapter 10
Relief Well Collection Systems

10-1. General

Collection systems are designed to safely route relief well discharge away from the
structure and prevent accumulation of tailwater above the discharge elevation.
Collection systems typically consist of some combination of relief well housings,
connector pipes, manholes, collector pipes, outfall pipes, and ditches. The capacity of
relief well collection systems should be adequate to transmit the calculated relief well
flows from newly constructed wells, without considering future performance losses. The
sensitivity of total system flow and the required pipe or pumping capacity to aquifer
permeability should be evaluated. When warranted, an additional safety factor may be
applied to the calculated relief well flows to ensure that collection system has a low
likelihood of being overwhelmed.

10-2. Passive relief well systems

Passive relief well systems do not require any external action for the system to perform
as designed. Passive systems do not rely on pumping of well discharge, operation of
gates and valves, or any other actions. Flow from passive relief wells is entirely artesian
and the flow from the well discharges is gravity flow. Due to their operational simplicity,
passive systems should be used whenever possible.

10-3. Active relief well systems

Active relief well systems require operating pump stations, portable pumps, and/or
gates and valves. Flow from active relief wells is the result of a combination of pumping
and artesian flow. Active relief well systems will not provide their intended pressure
relief without operational pumps of adequate capacity. In such cases where pump
stations are required to operate active well systems, EM 1110-2-3105 requires
considering standby pumping capacity and reliability of the power source.

10—4. Relief well types

Relief wells can be categorized as either D-type or T-type. The well type depends on
the relief well discharge location. D-type relief wells discharge from the top of the well
riser at the ground surface. T-type relief wells discharge from a lateral tee extending
from the well riser. The tee typically empties into a buried collection system or leads to a
surface discharge point at an elevation below the well riser.

a. D-type relief wells. D-type relief wells discharge flow to the natural landside
surface exit and are common for long, linear relief well systems. These well systems
often drain to a collection ditch. Figure 10—1 shows an example of a reach of D-type
relief wells at the landside toe of a levee segment. Figure 10-2(a) shows a typical
design detail for a D-type relief well.
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b. T-type relief wells. T-type relief wells discharge at a design elevation, usually
below the ground surface. These wells are common at projects where a natural landside
exit may be too high to adequately relieve pressures. For T-type relief well systems, the
well outlets often exit horizontally through a wall or cut-slope feature, or into a buried
collection system. Figure 10-2(b) and Figure 10-3 show a detail and example of a
T-type relief well, respectively.

Figure 10-1. D-type relief well reach (photo courtesy of Memphis District)
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Figure 10-2. Typical relief well components for (a) D-type and (b) T-type
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Figure 10-3. T-type relief well (South River Drainage District)
(photo courtesy of Rock Island District)

10-5. Below-grade discharge

Below-grade discharge is required if seepage cannot be permitted to exit at the landside
ground surface of the structure. Below-grade discharge may also be required to achieve
an acceptable design where a very thin top stratum (confining blanket) exists. Below-
grade discharge may be assumed for a passive system design if there is gravity
drainage away from the wells. In this case, pumping is not required to prevent water
from pooling above the well discharge points. Below-grade discharge is transmitted
through a system of relief well collector pipes to the eventual exit or collection point.
Head losses in the collection system should be evaluated to ensure that the relief well
discharge elevations are maintained.

10-6. Relief well collector ditches

If relief well discharge is collected in open ditches, the vertical gradient through the
bottom of the ditch must be evaluated. Generally, the ditch should be assumed to be in
a dry condition. This assumption is not required if there is a high assurance that water
will always be held in the ditch. Water can be held in ditches through a system of weirs,
wet wells, pump shutoffs, etc. If ditches are lined with concrete, designers should
consider impacts of the ditch being impermeable. Impermeable (concrete) ditches may
require features such as weep holes to mitigate build-up of hydrostatic pressures. When
designing these features, the potential for weep holes to act as initiation points for
internal erosion should be carefully evaluated.
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10-7. Tailwater

Tailwater elevation is an important consideration in designing the collection system. A
relief well collection system should be designed such that tailwater does not pond above
the relief well discharge elevation or cause backup water in the well. Figure 10—-4 shows
examples of water backup in vertically and horizontally discharging wells. Pooling of
tailwater above relief well discharge point may reduce the effectiveness of the well.
Consistent ponding above the relief well outlet elevation may lead to siltation of the
relief well and/or collector pipes. Pipe used in the collection system should be sized
correctly to reduce backflow and avoid pressurization. Pipe design should ensure
positive drainage.

Seepage backed up in manhole several feet /\"1
above relief well ri i | BN ¢
J‘ ‘

Figure 10-4. Example of backup water in the housing (left) and full outlet pipe (right)

10-8. Relief well housing

Relief wells should be permanently protected by an individual housing. Relief well
housings should be adequately secured to deter vandalism, but readily removable if
needed for monitoring flows during flood events. For wells discharging at ground
surface, the tops of the wells should be provided with a metal screen. Details of a
conventional metal well housing are shown in Figure 10-2(a) and Figure 10-2(b) for
D-type and T-type relief wells, respectively. A suitable alternative consists of a section
of stainless-steel, wire-wound screen.

a. Housing materials. Alternative housing materials include corrugated metal
pipes, concrete, HDPE (high-density polyethylene), and wire mesh. In some instances,
T-type relief wells are constructed where the top of the riser pipe is more than 5 feet
below ground. In such cases, the depth and diameter of the well housing must be
designed to ensure safe access to the well head. Note that head loss associated with
the outlet elevation of D-type wells must be considered in the evaluation of H,,,.

b. Sizing of housing. Housing for the wells should be adequately sized to minimize
water elevation in the riser pipe. Housings and outlets should be designed to minimize
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maintenance and protect against contamination and/or siltation from backflooding,
damage from floating debris, and vandalism.

c. Flooding of housing. Where the well riser is located below the ground surface,
the housing should be designed to avoid flooding. In such cases, flooding of the housing
prevents water from exiting the well at the elevation of the riser. This reduces the
pressure relief benefits of the wells.

10-9. Collector pipes

Collector pipes transmit combined seepage flow from connected relief wells to the
system’s downstream outlet pipe(s). Depending on the number of relief wells and their
locations relative to tailwater, there may be a network of interconnected collector pipes.
Like toe and trench drain systems, collector pipes must be capable of discharging
significant quantities of seepage flow quickly and without overwhelming the system with
excess seepage forces and hydrostatic pressure (Cedergren 1989). EM 1110-2-2902
allows any viable pipe material for use as relief well collectors. Specific materials may
be required depending on operating environment.

a. Pipe design. Collector pipes should be designed as non-pressurized pipes with
relief well discharge entering the collector pipe at an elevation higher than the assumed
maximum flow elevation. The pipes should be constructed to avoid deflections,
displacement of joints, and/or breakages. An example of a relief well collector system is
shown in Figure 10-5.

b. Sizing of collector pipe.

(1) Several factors must be considered when sizing relief well collector pipes, such
as expected relief well discharge flows and pipe foundation conditions. Uncertainties in
aquifer permeability and pipe foundation material strength and consistency are critical
components of collector pipe sizing. In general, relief well collector pipes should be
sized such that the depth of water in the pipe is no more than 50% of the inside
diameter of the pipe for the maximum expected discharge flow where site conditions are
well understood.

(2) Where aquifer permeability is not well understood, or uncertainty is not clearly
accounted for in relief well design flow computations, it may be practical to reduce the
maximum flow depth to 25 to 33% of the inside diameter of the pipe for maximum
discharge. Where collector pipes are to be founded on soft or highly heterogeneous
soils susceptible to differential settlement, a maximum flow depth of 25% of the inside
diameter of the pipe for maximum discharge conditions may be practical to account for
pipe sagging. As with all designs, the feasibility of implementing these
recommendations should be considered on a case-by-case basis, accounting for cost,
constructability, and the degree of redundancy provided.

c. Collector pipe accessibility. Relief well collector systems should be designed

such that inspection and maintenance of long reaches of collector pipe is possible. A
minimum collector pipe inside diameter of 8 inches is recommended for all applications
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to allow for commonly available video inspection methods such as remotely operated
vehicles. Collector pipes should be designed such that manholes and/or cleanout
locations are located no more than 300 feet apart to facilitate maintenance and
inspection (EM 1110-2-1902).
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d. Collector pipe performance observation.

(1) Collector pipe performance is a critical aspect of overall relief well system
performance. Collector pipe function should be observed, where possible, for both new
and existing systems. Flow measurements from within the collector pipe and at the exit
of the outlet pipe(s) help determine if collector pipes are functioning properly. Flow can
be measured in the collector pipe at various locations by using a flowmeter, measuring
flow depth, or with in-line flumes. Flow can be measured at the outlet pipe exit by using
horizontal pipe discharge methods. The measured flow can be compared to design
flows to determine if the well system is collectively flowing as expected. Flow
measurements should occur, at minimum, during high-water events.

(2) If flows are less than expected, potential causes typically include undersized
piping, pipe deformation, sedimentation, or higher than expected tailwater over the
system discharge. Sedimentation can be related to several issues. The most critical of
these are defects in relief well components or the collector pipe, which allow infiltration
of foundation material. However, sedimentation can also occur when outlet pipes
become inundated because of animals or for other reasons. Overall risk associated with
collector pipe performance related PFMs and required operation and maintenance
activities are further described in EM 1110-2-2902.

10-10. Check valves

Check valves prevent contamination of the well screen from surface water, grass
clippings, etc., that can cause a decrease in well performance. They also control
backflooding, which can significantly affect well efficiency. Flat-type check valves
constructed of aluminum are recommended for surface discharge applications, as
shown in Figure 10-6. The check valve is supported by a soft rubber gasket that fits
snugly over the top of the riser or cast iron tenon. Alternate styles of check valves may
be used. Alternate styles of check valves should be appropriate for the application and
should be field tested. One example is shown in Figure 10-7, where a low-profile, high
strength well head is used with horizontal check valves for a navigation lock floor
application.
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10-11. Outlet pipe

The outlet pipe transports water from the collector pipes to the tailwater. The pipe
should be designed to reduce the influence of tailwater and debris. A guard screen
consisting of a wire mesh with 1-inch-square openings may be installed at the end of
the outlet pipe. Outlet pipes should be protected against corrosion. A flat-type check
valve should be installed on the well riser with a flap gate on the end of the horizontal

pipe.
10-12. Standpipes

Relief wells installed to control underseepage at levees may cause excess seepage
flow at relatively low river stages. The additional seepage may be considered a
nuisance, especially in agricultural areas. As a compromise between designers and
stakeholders, wells can be provided with a plastic sleeve, called a standpipe, that is
typically 1.0 or 1.5 feet in length. This will raise the discharge elevation of the well
accordingly. The sleeves prevent well flow at low river stages when no pressure relief is
necessary. At higher river stages, or when substratum pressures become elevated,
water may begin to spill over the top of the standpipes. When this occurs, or there are
signs of distress surrounding the well, the sleeves must be removed so that the wells
can function as intended. The project operation and maintenance manual should
contain appropriate guidance if standpipes are used.

10-13. Inspections

Procedures to inspect and maintain pipes, including relief well collectors, can be found
in EM 1110-2-2902. Newly constructed collector systems should be fully inspected to
evaluate and develop baseline structural condition of the system. This includes
deformation of the pipe walls, condition of joints and pipe walls, breakages, separations,
etc. Existing systems should also be camera inspected at intervals no less than every

5 years.

10-14. Maintenance

Relief well collection systems deteriorate with time. However, routine maintenance can
extend the life of the system. The most common maintenance activity is removal of
debris. Less frequent maintenance includes pipe repairs, pipe lining, and/or pipe
replacement. Ensuring that collector system outlets remain unobstructed by vegetation
or other encroachments aids in reducing likelihood of debris buildup and pipe damage.

10-15. Ice removal

In cold regions or extreme cold weather, ice can form in the collection system. The ice
buildup could reduce the system capacity. Frost jacking could also be problematic.
Steam, hot water flushing, and electric heaters are methods for removing ice from pipes
or gate structures. EM 1110-2-2902 provides additional details on ice removal.
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10-16. Groundwater contamination

Relief wells may be proposed in areas where groundwater contamination is present or
believed to be present. Relief well discharge may need to be treated before being
discharged into the environment. All applicable state and federal laws should be

followed.
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Chapter 11
Operation and Maintenance for Well Systems

11-1. General maintenance

a. Well maintenance is necessary to ensure relief wells function as designed. It
cannot be overemphasized that such maintenance is far preferable to, and less costly
than, well replacement. Routine maintenance should include prompt removal of any
trash or obstruction that may have entered the well or well guard. Sand or other material
that may have accumulated in and around well discharge areas should be removed.
Outfall ditches, bank slopes, or berms should be properly maintained in a free-flowing
condition. The area around the well should be kept free from weeds, trash, and debris.
Mowing and weed spraying should include the area immediately around the wells and a
radius of at least 5 feet outward. The ground should be maintained to allow inspecting
and servicing the well.

b. The different types of inspections performed on relief wells are discussed in
paragraph 11-4. Pumping tests are generally recommended at 5-year intervals to
evaluate well performance, as described in paragraph 11-5.

11-2. Applicable regulations

ER 1110-2-1942 describes the inspection, monitoring, and maintenance of relief wells.
Other regulations may apply to relief wells depending on their application.

ER 1110-2-1156 describes continuing evaluation inspections for USACE dams.

EC 1165-2-218 or its successor regulation describes evaluations and inspections at
USACE levees.

11-3. Records

Records should be kept of all inspections, maintenance, and rehabilitation performed on
a relief well. The records also should include all pumping test data, well flows, and
relevant piezometric data. Records management requirements are described in
paragraph 1-4.

11-4. Inspections
There are several types of inspections.

a. Scheduled. The first group type includes scheduled inspections, which are
required at recurring intervals. This includes inspections performed by multi-disciplinary
teams and described in applicable regulations (see paragraph 11-4a(1)). Another type
of inspection is frequent, less formal, and performed by the operational staff responsible
for the project (see paragraph 11-4a(2)). Scheduled inspections also include data
collection during normal water (see paragraph 11-4a(3)).

(1) Scheduled inspections. These are recurrent engineering inspections of
structures or features whose failure or partial failure could have major consequences.
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These impacts include jeopardizing the operational integrity of the project, endangering
the lives and safety of the public, or substantial property damage. These inspections are
typically performed at 5-year intervals in conjunction with pumping tests (described
below). Downhole video inspections of relief wells are also recommended at 5-year
intervals.

(2) Operational inspections. Relief wells that flow continuously should be inspected
weekly. Wet spots on the ground around the wells and structures should be noted. Also
of interest is evidence of sloughing or piping, or indications of discharge of sand or other
materials from the wells. Signs of vandalism, theft, damage, or unauthorized use of the
wells also should be noted. Valves, gaskets, well guards, cover plates, flap gates on tee
outlets, and other appurtenances all should be regularly inspected. Malfunctioning or
damaged items should be repaired or replaced.

(3) Normal water data collection. Reading instruments such as piezometers and
flow monitors should be performed at intervals commensurate with the loading on the
structure. Piezometric levels and flow quantities should be measured at least annually.
These parameters are often measured more frequently for actively flowing relief well
systems. All relief wells should be sounded at least annually to determine if sand or
other material has accumulated in the well. Where relief wells penetrate two or more
aquifers, piezometric levels should be monitored in all aquifers. For such cases, flow at
various depths also should be measured if possible. Normal water data should be
collected before high-water seasons.

b. Unscheduled. The second group type includes unscheduled inspections. These
may be required after a flood event, seismic event, or because of vandalism or other
unexpected damage to wells. Unscheduled inspections may or may not be described in
applicable regulations. However, all requirements, flood levels, or other events that
trigger unscheduled inspections should be included in the project’s operation and
maintenance manual. Unscheduled inspections should follow the same procedures
used for scheduled inspections. Some relief wells are in locations where inspections are
difficult to perform and cannot be inspected on a typical inspection cycle (see paragraph
11-4b(2)).

(1) High-water data collection. Piezometric levels and relief well flow quantities
should be measured more frequently during high-river or reservoir events. These
measurements should be made before, during, and after the water peak and continue
until the water returns to normal levels. Relief wells should be sounded periodically
throughout the high water, especially if sudden changes in piezometric levels or relief
well flows are observed. High-water data activities may suggest that out-of-cycle testing
of relief wells is required based on piezometric level measurements or flow quantities
taken during the high-water event. Tailwater changes during high-water events should
be noted, as they will affect piezometric levels and relief well flows.

(2) Inspection in relatively inaccessible locations. Wells in relatively inaccessible
locations cannot be inspected as frequently as other wells. Such wells typically include
those installed for special cases (such as dewatering) where the well outlets are below
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a normally elevated water surface. Examples are wells located in stilling basins and
navigation lock chambers. These wells should be inspected whenever the structure is
dewatered, for a general maintenance inspection, or when there are signs of decreased
performance as described in paragraph 11-4a.

11-5. Pump testing of relief wells

All relief wells should be pump-tested every 5 years. However, some exceptions may be
considered, as noted in paragraph 11-5b. The tests should be performed using
procedures described in Chapter 9 to determine a well’s SCR, efficiency, or change in
the entrance head loss (H,). Best practice is to perform pumping tests under similar
pool, tailwater, and flow conditions to any prior tests in the same wells. In this way,
results from different tests on the same well(s) can be directly compared and the SCR is
more reliable. The amount of sediment in the wells should be measured before and
after pumping tests. Wells requiring sediment removal should be cleaned prior to pump
testing. If sediment in wells has suddenly increased, there may be defects in the riser or
well screen, as described in paragraph 11-6d.

a. Well performance over time. Pumping tests are a direct measure of relief well
performance. Performance often decreases with time because of biofouling, mineral
encrustation, and other factors that increase well head losses. If pumping tests indicate
that the performance is less than assumed during design, the evaluation methods
described in paragraph 11-7a should be conducted. The results of the evaluation may
indicate the need for well rehabilitation. If rehabilitation is unsuccessful in restoring wells
to their design performance level, abandoning and replacing the wells may be required.

b. Less frequent testing. Scenarios where relief wells may not require pumping
tests every 5 years include the following:

(1) Wells where recent flow and surrounding piezometer data indicate the well
system is meeting performance goals. That is, mid-well head and well flow data from
realized flood conditions can be extrapolated to the design condition and adequately
assessed.

(2) Inaccessible wells, such as those that can be tested only when a structure is
dewatered (see paragraph 11-4b(2)). Not testing inaccessible wells may be justified,
particularly if such wells are performing satisfactorily. Piezometers are often used in
these situations for critical structures.

(3) The following paragraphs discuss systems with a large numbers of relief wells.

(a) Testing in large systems can potentially be reduced by designating “test wells”
within typical reaches of the well system. All wells in the system will have initial baseline
pumping tests performed, but subsequent pumping tests to monitor well condition will
only be performed on the test wells. Test wells should be selected to ensure adequate
coverage of the well systems. The selected wells should allow observation of a general
decline in well performance of the system, or portions of the system. For example, test
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wells should not be separated to the degree that poor performance of several adjacent
wells would be undetected.

(b) In addition, test wells should not be separated by more than two wells that are
not routinely tested. A sensitivity analysis should be conducted to determine if using test
wells is acceptable and, if so, the appropriate spacing. Typically, the test well approach
is difficult to justify in systems of less than 20 wells. Performance of the untested wells
is less certain when employing the test well approach rather than testing every well.
This increased uncertainty must be accounted for when making risk-informed decisions
associated with the relief well system.

(4) Stabilized wells.

(&) When wells experience screen/riser damage, often a replacement well cannot
be installed immediately. In those instances, the damaged well can be stabilized but still
allow some pressure relief by installing a smaller diameter screen and a filter pack
between the smaller diameter screen and the original screen, or simply filling the wells
with filter pack with a perforated cap placed over the riser. The stabilized wells with a
smaller screen usually cannot be pump tested because of the small screen diameter,
but they can be visually inspected with downhole video. If an entire well system is being
replaced, the original well system can be stabilized as an alternative to abandonment.

(b) Although the new well system would not be designed with consideration of the
pressure relief still provided by the stabilized system, the stabilized wells provide some
redundancy to the new well system. One concern with stabilized wells is their existence
can complicate back-analysis of well system performance based on piezometric data,
because the stabilized wells will be difficult to account for in most modeling methods as
they will have an unknown E or SCR.

11-6. Evaluation

A number of metrics can be used to evaluate the condition of relief wells. Observations
discussed in the following paragraphs may indicate the need for well rejuvenation or
further assessment of the relief well system.

a. Decrease in measured well performance.

(1) Replacement costs generally outweigh maintenance costs over the lifetime of a
typical well. Therefore, timely maintenance that prevents a decline in well performance
is a cost-effective strategy (Williams 1985). SCR is the most common method used by
USACE to evaluate well performance, but well efficiency, E, can also be used. Both
methods, and the relative merits of each, are described in detail in Chapter 9.
Historically, USACE has considered an SCR of 80% or less as an indication that well
rejuvenation should be completed. Other indicators of the need for well rejuvenation can
be used. These include a well efficiency loss of 20% relative to the baseline efficiency.

(2) An additional criterion is if well losses cause drawdown in a pumping test to be
20% less than the design value. Exceptions to these general rules are projects with
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alternative criteria contained in design or operation and maintenance documentation.
Underperforming wells should be further assessed to determine the cause(s) and the
proper corrective action(s).

b. Decreases in well flow or increases in piezometric levels.

(1) Well discharges can be measured with flow meters in individual wells, in flumes
at collection locations of multiple wells, or can be estimated by the height of the water
column above the riser (Chapter 7). A reduction in relief well discharge accompanied by
an increase in piezometric levels generally indicates clogging or obstruction of the wells.
Clogging or obstruction requires immediate remedial action if projected piezometric
levels are above design intent. Other trends in well flow and piezometric levels may be
unrelated to the well condition but still problematic.

(2) One such trend is a reduction in well discharge accompanied by a fall in
piezometric levels in downstream areas. The cause could be siltation in the reservaoir,
riverbed areas, or riverside borrow pits. This situation is a favorable condition, as it
indicates less seepage. However, another cause could be erosion or excavation of an
impervious top stratum at a point downstream of the line of wells. This unfavorable
condition permits the unfiltered exit of seepage and increases the potential for piping.

c. Extrapolation to design loading. Measured piezometric levels and relief well
flows can be extrapolated to predict the values at the maximum design reservoir or river
elevation. Predicted piezometric levels should be compared to those for which the
structure was designed. If the predicted levels are above design values, it may be a sign
that well rejuvenation is necessary. If available, piezometric levels can be used to
evaluate well systems if operation and maintenance records, including pumping test
results, are unavailable.

d. Sediment influx. Excess sediment in a relief well may indicate defects in the
riser or well screen. The well defects may be serving as a conduit for removal of
foundation material. Wells should be sounded at least annually as part of normal water
inspections (see paragraph 11-4b(1)) to determine if sand or other material has
accumulated in the well. However, sounding of wells can also be done on an ad hoc
basis to assess well condition if there are other indications of reduced performance.

e. Video inspection. Downhole video inspections are a valuable tool for assessing
and documenting well screen and riser pipe condition (see Figure 11-1). Video can be
used to establish riser length, screen elevations, and the location of any blank sections
for wells that are missing critical installation information.
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Figure 11-1. Example images from video inspections performed on RW 68A, Milford Dam,
Junction City, Kansas. Both images are from the location of the same screen-riser joint. The 2011
image (left) was obtained immediately after well rejuvenation, as indicated by a visibly clean
screen. The 2020 image (right) was obtained prior to well rejuvenation, and shows the well screen
blocked by biofouling.

(1) Purpose of video inspections. Video assessment of all relief wells is
recommended every 5 years as part of scheduled inspections (see paragraph 11—
4a(1)). Often, downhole video inspections are conducted along with pump-testing of
relief wells, which also is required at 5-year intervals. However, video inspections can
also be done on an ad hoc basis to assess well condition if there are other indications of
reduced performance. Results of a video inspection may indicate the need for pump
testing if performed out-of-cycle with scheduled pump testing.

(2) Video procedures. The camera should be advanced slowly to minimize sidewall
disturbance and enhance visibility. Rapid camera descent may cause the camera view
to be blurry due to induced turbidity from sudden displacement of still water. A typical
video session will likely take 30 to 60 minutes for each well. The camera should not be
allowed to descend into sediment at the bottom of the well. During video inspection, any
outfall pipes or collector systems should also be video inspected as described in
EM 1110-2-2902 to ensure the well flows can be adequately conveyed.

f.  Inclinometer readings. Inclinometers in the vicinity of wells can provide
information on the condition of the wells. Any horizontal movement of the foundation
could potentially disrupt well screens or risers. Such movement warrants downhole
video inspection to determine if the well is damaged and requires repair.
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g. Wells without operation and maintenance records.

(1) Some existing well systems have little or no operation and maintenance
records or pumping test results available. The evaluation of well systems without
records are more uncertain than properly documented well systems. If there are no
design or construction records indicating well depths or screened intervals, well
soundings and camera inspections can be used to determine this information.

(2) More complex pumping tests and analysis combined with piezometric and well
flow data during high-water events reduce uncertainty of future performance. Absent
initial pumping test data, a step-drawdown test can be used to determine well efficiency,
E, as described in Chapter 9. Analyses described in Chapters 5 and 6 calculate
piezometric head at critical locations, which are adjusted to account for well head loss
using methods in Chapter 7.

(3) An estimate of efficiency determined from performance during high-water
events and/or pumping tests is used to reduce the benefit of the relief well system.
Appendix | includes examples of common approaches to increase head loss by
decreasing either drawdown or well flow to include the deterioration of well performance
that occurs over time. Example 6 in Appendix J compares the calculated safety factor
including the measured efficiency to the original design safety factor for an evaluation of
expected well system performance under design loading.

11-7. Causes for decreased well performance over time

a. Mechanical. Relief wells can undergo some loss in performance due to the slow
movement of foundation fines into the filter pack. These fines reduce the permeability of
the filter pack. The process occurs most commonly in wells with poorly designed or
improperly placed filter packs, improper screen selection, or insufficient well
development. Backflooding of muddy surface waters can also clog the well and
surrounding filter pack. Check valves should be installed at the well outlet to prevent
backflooding. However, these valves may not function as intended if not properly
designed and maintained.

b. Chemical. Mineral encrustation of the well screen, filter pack, and surrounding
formation soils is a major cause of reduced well performance. Mineral precipitates
forming within the screen openings reduce their effective open area and cause
increased head loss. Deposits in the filter pack and surrounding soils reduce their
permeability and increase head losses. Precipitation of minerals in groundwater is
determined chiefly by water chemistry. The type and amount of dissolved minerals and
gases in water entering the well determine if mineral encrustation occurs. The major
forms of mineral encrustation include: (1) calcium and magnesium carbonates or their
sulfates, and (2) iron and manganese minerals, primarily their hydroxides or hydrated
oxides.

(1) Causes of carbonate encrustations. Two factors determine whether calcium
carbonate will stay dissolved in water. The first is the concentration of dissolved
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calcium, which cannot be too high. The second is the partial pressure of COz2, which
cannot be too low. A pressure reduction occurs as a well discharges from a confined
aquifer. As CO: is released from the water as gas, some of the calcium carbonate will
precipitate. Magnesium carbonate may precipitate from magnesium-rich groundwater in
the same manner. The precipitation tends to be concentrated at the well screen and
surrounding filter pack, where the maximum pressure reduction occurs. Generally,
encrustation from this mechanism is not a problem in relief wells. This is because it
occurs only when a well is flowing and at high levels of calcium and/or magnesium
carbonate concentration.

(2) Causes of iron and manganese encrustations. Many acidic and/or anoxic
groundwaters contain dissolved iron and manganese. Well flow can cause pressure
changes, resulting in loss a of CO2 and an elevation in pH. Disturbances can oxygenate
groundwater, increasing oxidation-reduction (Eh) potential. Increased pH or Eh can lead
to deposition of insoluble iron and manganese hydroxides. The hydroxides initially have
the consistency of a gel but eventually harden into scale deposits. Depending on the
extent of oxygenation, ferrous, ferric, or manganese oxides can precipitate. Ferric oxide
is a reddish-brown deposit like rust, whereas the ferrous oxide has the consistency of
black sludge. Manganese oxide is usually black or dark brown in color. The iron and
manganese deposits are usually found with calcium carbonate and magnesium
carbonate scale.

c. Biological encrustation. Iron bacteria are a major and costly source of well
screen and filter pack contamination (“biofouling”). These organisms thrive by
assimilating or dissimilating iron, cycling ferric, and ferrous iron between dissolved and
precipitated phases. Rapid growth of the bacteria and iron precipitation can quickly
reduce well performance.

(1) Identification. Brownish, red, or orange stains usually indicate the presence of
iron bacteria in well collector pipes or ditches. Odors are variously described as
sulfurous, swampy, oily, or musty, or smelling like rotten vegetables. The deposits can
appear as sticky brown, yellow, or grey slime, or sometimes as filamentous growths
(Minnesota Department of Health [MDOH] 2021). Video and photographic surveys can
pinpoint the locations of screen encrustations. Samples of the encrustations can be
obtained using a small bucket-shaped container. Many states have a drinking-water
laboratory as part of their Department of Environmental Equality (DEQ), EPA, or
Department of Health (DoH) that can analyze these samples for identification. Some
private firms familiar with iron bacteria can also provide this service. Correct
identification may assist in the selection of a more effective treatment method.

(2) Minimization. Biofouling of wells occurs because of iron bacteria that occur
naturally in the groundwater. For this reason, disinfection of downhole tools is not
necessary at every relief well location. As discussed in Chapter 8, disinfection may be
appropriate to kill coliform bacteria in cases where an aquifer is a known drinking water
source. Disinfection is best done with a chlorine solution (200 ppm).

EM 1110-2-1914 - 7 March 2025 178



11-8. Rehabilitation

If significant reductions in well performance are noted, rehabilitation of the well is
needed. A wide range of mechanical, chemical, and heat treatments have been used
with mixed success. The preferred approach is to start with mechanical treatment and
then progress to more rigorous methods if needed. Chemical treatment is most effective
when combined with mechanical treatment. The mechanical forcing of water and
chemicals through the screen maximizes the area and volume of material that is
affected. More information on treatment of water wells can be found in Driscoll (1986),
Houben and Treskatis (2007), and Smith (1998-2015).

a. State regulations. State regulations for water wells are tailored to drinking or
potable water supply wells. However, chemical treatments used for relief wells may be
subject to various state requirements. This may require National Sanitation Foundation
(NSF International) or equivalent approval for any chemicals used. Purge water
treatment and disposal may also be regulated (Smith 1998—-2015). Prior to treating any
well, check with the state DoH, EPA, or DEQ. These state agencies continually update
their websites with information pertinent to well treatment.

b. Forms. All data generated during the treatment and subsequent pump test
should be recorded on forms. As mentioned in paragraph 11-3, records management
requirements are described in paragraph 1-4.

c. Mechanical treatment. Mechanical redevelopment should be the first step in
well rejuvenation. This process is the same as that used to develop a new well (see
Chapter 8). Air lifting, surging, horizontal jetting devices, and brushing are among the
available methods. Overpumping or pumping the well at the highest rate attainable is
also generally advantageous. These methods normally do not induce high pore
pressure in the foundation that could result in hydraulic fracturing described in
paragraph 8—4d(6). The engineer must consider ER 1110-1-1807 prior to rehabilitating
or rejuvenating the relief well. Hydraulic fracturing calculations and a DIPP are required
for any activities that could potentially increase pore pressure in the foundation.

d. Chemical treatments.

(1) Used to disinfect wells since the 19th century (Smith 1998-2015), chlorine is
the most common chemical used to treat water wells (MDOH 2021). A range of
chemical treatments in addition to chlorine have been used to clean wells since the end
of World War II. During this period, using chlorination to treat wells has become more
restrictive in parts of North America. Due to this, and because shock chlorination is
seldom the most effective biofouling control treatment, other forms of treatment may be
appropriate in many cases (Smith 1998-2015).

(2) Relief wells are not drinking water wells. However, many of the chemical
treatments described below have been developed for rejuvenating drinking water wells.
The following sections discuss a variety of chemical treatment options. Regardless of
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the treatment used, chemicals should always be applied with a physical process to push
them from the well bore into the aquifer.

(@) Chlorine. The most common chemical used to treat wells is chlorine in the form
of household laundry bleach (MDOH 2021). It is used primarily to oxidize organic matter
such as biofilms. The chlorine concentration used in a well should not exceed 200 ppm.
Higher concentrations are no more effective (MDOH 2021), are more costly, and may
leave unwanted residue.

(b) Hydrogen peroxide. Like ozone and halogens, aqueous hydrogen peroxide
(H202) is a powerful disinfectant and oxidant. It has been used to treat biofouling in both
water supply and environmental wells. Hydrogen peroxide is particularly effective in
removing sulfide. (Chlorine is not advised for this purpose). Metal sulfides can form
under reducing conditions where sulfate-reducing bacteria thrives, converting sulfate to
sulfides. H202 can enhance microbial growth away from the well as it breaks down to
form water (H20) and oxygen (O2). H202 is also strongly reactive with combustible
mixtures (Smith 1998-2015).

(c) Brominated compounds. Brominated (Br) compounds are most commonly
recommended for maintenance treatment. They are available for well use as NSF-listed
hypobromous acid or in solid form as hypobromite (or hypobromate). Brominated
compounds in solid form have a longer effective shelf life than in aqueous form. The
solids also dissolve better in alkaline groundwaters with significant calcium hardness.
Brominated compounds react and dissipate rather quickly, and many combined Br
compounds such as bromamines are also disinfecting. Continuous treatment of wells
with halogens is not recommended unless other reasonable alternatives are not viable
(Smith 1998-2015).

(d) Acid treatments.

1. A strong acid solution can chemically dissolve encrusting materials so they can
be pumped from the well. The water well industry has also increasingly abandoned
chlorine in favor of certain organic acids in well cleaning and preventive maintenance
(Smith 1998-2015). Acids most commonly used in well rehabilitation are hydrochloric
acid (HCI), sulfamic acid, and hydroxyacetic (glycolic) acid. HCl is a strong acid, and at
a high concentration it dissolves iron sulfide (FeS). Acid treatment should be used with
caution on wooden well screens as the acid can cause damage the wood. Due to safety
issues, acid treatment should be performed only by experienced personnel with
specialized equipment.

2. Chelating organic acids such as acetic, or more particularly glycolic acid, have
both antibacterial effects and serve to remove oxidized iron products. The microflora is
not extensively disrupted, but their clogging products are removed. Glacial acetic is less
expensive, but glycolic is a stronger acid and can be used in lower concentration and
smells better (Smith 1998-2015). It is available in blends listed by NSF.
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(e) Chemicals to avoid. It is possible that muriatic acid (industrial-grade
hydrochloric acid) may disappear from the list of suitable water well treatment chemicals
in North America. Good quality HCI, with its high H*/CI" ionization constant, will likely
remain in wide use, particularly for iron sulfide removal. However, glycolic acid, with its
high chelating ability with iron, is a safer, more versatile alternative to HCI for most other
uses. Phosphorous-based acids (such as phosphoric or phosphonic) leave behind
phosphorus (P) on minerals or residual iron and manganese hydroxides. When oxidized
to phosphate, for example, when chlorinating, they can provide nutrients for microbial
regrowth. The risk of providing unwanted nutrients also exists if polyphosphates are
used to alleviate mechanical plugging of screens. For these reasons, adding any
P-containing chemicals to a relief well is not recommended.

e. Treatments for bacterial encrustation. Encrustation of wells by iron bacteria is
best controlled by mechanical, followed by chemical, treatment. Heat treatment is also
used, often in addition to chemicals, or in place of chemicals if they are disallowed for
environmental reasons.

(1) Chemical treatments. There are three groups of chemicals generally used to
treat bacterial fouling of wells: disinfectants, surfactants, and acids. Disinfectants,
usually chlorine in the form of bleach, are the most commonly used (MDOH 2021).
Chlorine gas is used in the restoration of commercial wells. However, safety and
experience requirements limit its general application. A more convenient alternative is
the use of hypochlorite or other chlorine products (see Table 11-1).

(2) Heat treatment.

(&) Applying heat to treat biofouling originally gained favor in the 1990s. The
technique is commonly described in well rehabilitation literature from that period (Alford
and Cullimore 1998). Typically, the injected fluid extends several feet from the well bore.
However, the intent of the heat treatment is not to heat large areas of the aquifer matrix.
Rather, the goal is to introduce heated chemical to the encrusted precipitates and any
biomass in the filter pack and adjacent aquifer matrix. These are areas where
encrustations and biomass likely are limiting flow to the well.

(b) Experience has shown that if a well has never been treated, plugging can be
expected to extend into the filter pack and formation. The heat can loosen and remove
this material. Heat is normally recommended as a part of a blended chemical-heat
treatment (BCHTTM) (Smith 1998-2015). A detailed example of a blended treatment is
given in paragraph 11-9c.
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Table 11-1
Quantities of various chlorine compounds required to provide as much available chlorine as 1
pound of chlorine gas (Driscoll 1986)

Chemical % Available Number of Ib
Chlorine Equivalent to 1 1b Cl;

Chlorine gas 100 1.0

Calcium hypochlorite 65 1.54

Lithium hypochlorite 36 2.78

Sodium hypochlorite 125 8.0
Trichlorisocyanuric acid! 90 1.11

Sodium dichloroisocyanurate? 63 1.59
Potassium dichloroisocyanurate? 60 1.67

Chlorine dioxide 4 25.0

Chlorine dioxide 2 50.0

Note:

1 Chlorine compounds that incorporate isocyanuric acid stabilize the chlorine against degradation from
sunlight. Except for storage, the advantage offered by the addition of isocyanuric acid is less valuable in
water wells.

11-9. Combined treatment

Clogging of relief well screens and filter materials is often caused by a combination of
mechanical, chemical, and biological encrustation. In these cases, a multi-step
procedure has been employed to rejuvenate wells. The initial step involves mechanical
agitation by scrubbing, surging, and air lifting. This may then be followed by one or more
of the following: heat, chlorine, or acid treatment. The heat loosens and dissolves
materials. The chlorine compound attacks the organic material, and the strong acid
dissolves the mineral deposits. The final step is pumping to remove accumulated
material, monitor sand production, and reassess well efficiency.

a. Example of a heat-chlorine treatment. Detailed steps of a combined
heat-chemical treatment conducted at the USACE Milford (Kansas) Dam in 2020 are as
follows.

(1) Perform a pre-treatment video inspection as described in paragraph 11-6e(2).
Results from the inspection may suggest changes to the treatment regimen and should
be shared and discussed with senior personnel before proceeding.

(2) Record pool elevation and sound each well for initial depth.

(3) Video inspection may have revealed evidence of bacterial material in the
screened zone. If so, the well screen should be scrubbed with a cylindrical brush for a
minimum of 5 minutes. This will free the material for removal.
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(4) Sound the well again, then use an eductor pipe to air-lift material loosened
during the previous step.

(5) Scrub the inside of the well with a cylindrical brush from top to bottom. Allow
approximately 15 minutes per well for brushing. Do not raise and lower the brush too
quickly and do not bump the bottom of the well. Air lift the well again.

(6) Surge the well with a loose-fitting surge block (the size of the block should be
1 inch less than the diameter of the well). Surge for at least 15 minutes, starting at the
top of the screened interval and working down to the bottom of the well in 2 to 3 feet
increments at a rate of 2 fps. Sound the well and record the depth after surging.

(7) Carefully remove material in the bottom of the well by air lifting with an eductor
pipe for 20 minutes. Collect all air-lifted material and estimate the quantity; collect a
representative pint jar sample and record the new depth. Allow the well to flow, or to
stand if not flowing, for 10 minutes before performing the next step.

(8) Initiate the heat treatment. Install a packer in the outfall pipe of each well to
prevent flow. Do not pack adjacent wells at the same time. Place a jetting tool/packer
assembly in the well with the jet openings 1 foot above the bottom of the well. Connect
the jet assembly to the heating system so that hot water can be injected into the well.

(9) Install the remote temperature probe just below the packer plate assembly.
Treat 5 or 10 feet of the well at a time with the hot water jet, starting at the bottom of the
well. Continue until the assembly is several feet above the screen.

(10) Inject hot water from the heater into the well and monitor the water
temperature. Once a temperature of 130 °F is attained, inject 1.0 gallons of 5% sodium
hypochlorite solution (laundry bleach) into the well through the jet pipe. Continue to heat
the 10-foot section for 10 minutes before moving up to the next 10-foot section of well.
Treat the entire well in 10-foot increments.

(11) If, after 30 minutes, the 10-foot section of the well being treated does not reach
a temperature of 130 °F, remove the jetting tool. Reduce the jetting tool’s packer interval
to 5 feet and use only 0.5 gallons of laundry bleach per 5-foot interval. A bottom packer
also aids in attaining the desired temperature.

(12) Atleast 12 hours after heat treatment, sound the well for depth of accumulated
material. Repeat the scrubbing and surging regimen if more than 0.5 foot of material is
present.

(13) Prepare to perform a post-treatment pump test. Do not pump more than one
well at a time. Sound the well to be pumped as well as adjacent wells and piezometers
to be monitored during the test.

(14) If the well is flowing, inflate a packer/rubber plug inside the outfall pipe and
allow the well to reach static. Do not pack adjacent wells. If necessary, install an
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extension pipe above the riser pipe to maintain a static water level. The static level is
obtained when variation in reading is less than 0.1 foot after 10 minutes.

(15) Ensure that the pumped water is not discharged into the collector system. This
may cause flow into adjacent wells that have previously been rejuvenated and/or are
being used to monitor drawdown. Instead, discharge should be directed into the flume
of the drainage ditch associated with the well being pumped or to another area removed
from the well. Do not allow the pump to discharge water in a manner that causes
erosion at the discharge point, ditch linings, or ditch bottoms.

(16) Place the submersible pump in the well a few feet above top of screen. Perform
the test for at least 30 minutes at a rate as close as possible to the original pumping
rate. Use a backpressure valve if needed to maintain a constant pumping rate. If the
target pumping rate cannot be achieved, reduce the rate to 75% of the target or the
maximum that can be sustained for a 30-minute test.

(17) Measure and record the water level in the pumping well every minute for the
first 10 minutes, and every 5 minutes for remainder of test. Also monitor and record
levels in adjacent wells and/or piezometers at approximately the same time intervals.

(18) Use an RST and in-line flow meter, and record pump rate and flow frequently
during testing. Record type and amount of sediment collected in the RST over the
duration of measurement and whether sand content is being measured in ppm or
milliliters (ml).

(19) Continue the test for a full hour if, after 30 minutes, the drawdown has not
reached the pump intake. Do not end a test until 60 minutes has elapsed unless
maximum drawdown is achieved prior to this.

(20) Following the pump test, record the recovery at the same time intervals used
during the pumping phase of the test. Monitor recovery until the water level in the well
fluctuates no more than 0.1 foot over a 10-minute interval.

b. Example of an acid-chlorine treatment. In this procedure, the chlorine
compound is injected to attack the organic material and the strong acid is added to
dissolve the mineral deposits. After performing the video inspection (paragraph 11—
6e(2)) and mechanical treatment (paragraph 11-8b), follow the steps below:

(1) Inject a mixture of acid, inhibitor, and wetting agent to bring the pH of the well
water to below 3. An inhibitor is needed only if the well screen is metal. During
treatment, the pH should not be allowed to rise above 3, as iron may precipitate and
clog the well screen. Therefore, a chelating agent such as hydroxyacetic acid also may
be added. The amount of acid should typically be 1.5 to 2.0 times the volume of the well
screen. The pH should be monitored throughout the acid treatment, even if a chelating
agent is used.

(2) Gently agitate the solution with a jetting tool at 10-minute intervals for a period
of 1 to 2 hours.
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(3) Pump out a volume of solution equal to the volume of the well.

(4) Determine the pH of solution removed from the well. If the pH is more than 3,
repeat steps 11-9b(1) to 11-9b(3).

(5) Allow the acid to remain in the well for a minimum of 12 hours and then pump
to waste.

(6) Inject a mixture of chlorine and one or more chloric-stable surfactants
(detergents and wetting agents, for example). The concentration should be 5% sodium
hypochlorite solution (laundry bleach).

(7) Between each treatment, pump the well to ensure that chlorine and acid are not
in the well at the same time.

(8) Atleast 12 hours after the acid/chlorine treatment, sound the well for depth of
accumulated material. Repeat scrubbing and surging regimen if more than 0.5 foot of
material is present.

c. Example of a blended chemical-heat treatment. A particularly effective method
of BCHTTM is known as blended chemical-heat treatment. It was originally designed
under sponsorship by ERDC specifically for relief wells. The procedure involves
injecting a blend of chemicals into a well at high temperature and pressure. Aggressive
mechanical methods are then employed to force the heat and chemicals into the
screen, filter pack, and adjacent formation. The objective is to establish turbulence,
improve entry into the formation, and establish a convection process that penetrates the
formation. The general steps in the treatment are given in paragraphs 11-9¢(3) through
11-9¢(7). Figure 11-2 shows a BCHTTM system in operation at a USACE project.

(1) History of method. USACE began development of BCHTTM in the 1980s, and
substantial testing was conducted at Huntington District projects (such as Leesville,
Beach City, Bolivar, Senecaville, Beach Fork, Mohawk, Alum, and Dillon Dams, and
Zoar Levee). The Huntington District adopted BCHTTM as a standard treatment method
for relief wells in 2005 and continues to use the method today.

(2) Documented results. BCHTTM has proven very effective at restoring biofouled
wells in unconsolidated alluvial aquifers. Alford and Cullimore (1998) reported a success
ratio of 80% on over 1,750 wells. The Huntington District’s contractors have
successfully treated over 300 wells, including nearly 100 for the District. In 2005,
BCHTTM resulted in increases of 280% and 1,530% in specific capacity (SC) at Alum
Creek and Dillon Dam, respectively. Linear well loss coefficients were decreased by
86% at Alum Creek. In 2012, BCHTTM dramatically improved the relief wells at Paint
Creek Dam (Greenfield Levee). One well (W-4) was completely plugged prior to
treatment. Following treatment, the SC increased from less than 1 gallon per minute per
foot (gpml/ft) to approximately 25 gpm/ft.
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Figure 11-2. BCHTTM setup at a USACE project; major system components
shown consist of heating units (a), water tank (b), boom (c), and acid (d)
(North Branch Kokosing River Lake 2019)

(3) Brushing. Brush the screen and well casing and screen to remove any biofilm.

(4) Surging and pumping. Use air lifting and/or pumping to remove sand and any
debris loosened during brushing.

(5) Shock phase. Use a jetting procedure to inject heated (approximately 150 °F)
chemicals into the well at approximately 1,100 pounds per square inch and initial line
speed of 1 foot per second. Chemicals should always be used in volumes and
concentrations specified by the manufacturer. A typical mixture is 5% hydroxyacetic
acid, 5% sulfamic acid, 1% phosphate-free dispersant (PFD), and 1% penetrant by
volume. PFD facilitates breakdown and the penetrant reduces the surface tension of
water to allow better contact between cleansing agents and the well screen. The well is
surged to facilitate penetration into the formation.

(6) Disruption phase. Allow chemicals to soak in the well for 24 hours, then repeat
the same injection and mixing procedure as before. Block-surge or air-lift the well
repeatedly to facilitate penetration into the formation. Monitor the color and turbidity of
discharge from the well.

(7) Removal phase. Surging and pumping removes biomass and encrustation from
the well. This phase is essentially redevelopment of the well. Low pH or severely turbid
water may have to be containerized and/or treated depending on applicable state
regulations. When the pH returns to 10% ambient, water may be discharged to the
collector system.
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