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Chapter 1
Introduction

1.1 Purpose. This ETL provides guidance for the planning, design, supervision, construction,
and operation of construction phase dewatering and pressure relief systems, and of seepage
cutoffs for deep excavations for structures.

1.2 Applicability. This ETL applies to USACE commands having planning, engineering
design, construction, operations, and maintenance responsibilities associated with dewatering of
Civil Works.

1.3 Distribution Statement. Approved for public release, distribution is unlimited.
1.4 References. References are included in Appendix A.

1.5 Records Management (Recordkeeping) Requirements. The records management
requirement for all record numbers, associated forms, and reports required by this Engineer
Technical Letter are addressed in the Army Records Retention Schedule (RRS-A). Detailed
information for all related record numbers are located in ARIMS/RRS-A at
https://www.arims.army.mil. If any record numbers, forms, and reports are not current,
addressed, and/or published correctly in ARIMS/RRS-A, see Department of the Army (DA)
Pamphlet 25-403, Guide to Recordkeeping in the Army.

1.6 Introduction. This ETL provides guidance for the planning, design, supervision,
construction, and operation of construction phase dewatering and pressure relief systems, and of
seepage cutoffs for deep excavations for structures. There is currently no USACE specific
dewatering guidance; this ETL provides guidance for any dewatering required on USACE
projects. It presents:

a. Descriptions of various methods of dewatering and pressure relief;
b. Techniques for evaluating groundwater conditions;
c. Characteristics of pervious aquifers, and dewatering requirements;

d. Procedures for designing, installing, operating, and checking the performance of
dewatering systems for various types of excavations; and

e. Descriptions of various types of cutoffs and bottom seals are sometimes used as the
primary strategy but most typically used in combination with dewatering and pressure relief for
controlling groundwater in excavations.
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1.7 General.

1.7.1 The responsibility to design, install, and operate construction dewatering and
groundwater control systems is often borne by the construction contractor. The principal
purposes of this document are to provide guidance in selecting dewatering and groundwater
control systems and designing such systems for cost estimating. The portions of the document
dealing with design considerations should facilitate review of the contractor’s plans for achieving
the desired results.

1.7.2 This document can also be used when the owner/engineer is responsible for the design
of a dewatering system, particularly when safety of the general public are of concern (safety of
critical structures such as dams/levees, adjacent structures, etc.) and based on construction
schedule criticality (i.e., when there is no time for contractor trial and error). In these cases, it
may be desirable to design and specify the equipment and procedures to be used and to have the
owner accept responsibility for results obtained. See Chapter 8 for additional discussion.

1.7.3 Most of the analytical procedures set forth in this document for groundwater flow are
for “steady-state” flow, which is the most common application, and not for “unsteady-state”
flow, which is a more unique situation. Empirical approximations for radii of influence and
distance to an equivalent line source of seepage are presented that permit non-steady flow
problems to be analyzed using steady-state flow equations.

1.7.4 This document presents dewatering and groundwater control procedures that are not
commonly used by general construction contractors for subsurface construction. This document
also includes cases where the dewatering system may be sufficiently critical as to affect the
competency of the foundation and design of the substructure.

1.7.5 This ETL is largely based on information found in TM 5-818-5 (Army, Air Force,
Navy, 1983). The 1983 version of TM 5-818-5 was based on a guidance document produced by
Charles 1. Mansur of Fruco & Associates, Inc. under contract with the USACE Waterways
Experiment Station (WES). WES is now called the U.S. Army Engineer Research and
Development Center.

1.7.6 This ETL has been developed to provide redrafted versions of many of the previously
illegible figures, as well as provide updates on current practices in the dewatering industry and
correct any errors made in the 1983 version of TM 5-818-5.
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Chapter 2
Basics of Groundwater Control

2.1 Need for Groundwater Control.

2.1.1 Proper control of groundwater can greatly facilitate construction of subsurface
structures founded in, or underlain by, pervious soil strata below the water table by:

a. Intercepting seepage that would otherwise emerge from the slopes or bottom of an
excavation.

b. Increasing the stability of excavated slopes and bottom of excavations.

c. Preventing the loss of material from the slopes or bottom of the excavation.
d. Reducing lateral loads on cofferdams.

e. Improving the excavation and backfill characteristics of sandy soils.

f. Enabling construction of structures in dry conditions.

2.1.2Uncontrolled or improperly controlled groundwater can, by hydrostatic pressure and
seepage, cause internal erosion (piping), heave, or reduce the stability of excavation slopes or
foundation soils so as to make them unsuitable for supporting the structure. For these reasons,
subsurface construction (including excavation below the groundwater table) should not be
attempted or permitted without first providing adequate control of the groundwater and
(subsurface) hydrostatic pressure.

2.2 Influence of Excavation Characteristics.

2.2.1 The location of an excavation, its size, depth, and type, such as open cut, shaft, or
tunnel, and the type of soil to be excavated are important considerations in the design and
selection of a dewatering system. For most granular soils, the groundwater table during
construction should be maintained at least 2 to 3 feet below the excavated slope surfaces and
bottom of an excavation in order to ensure “dry” working conditions. The groundwater table
may need to be maintained at greater depths for silts (more than 5 feet below subgrade) to
prevent water pumping to the surface (from equipment operating on subgrade) and making the
bottom of the excavation wet and unstable. Where such deep dewatering provisions are
necessary, they should be explicitly required by the specifications, as they greatly exceed normal
requirements and would not otherwise be anticipated by contractors.

2.2.2 Where the bottom of an excavation is underlain by a clay, silt, or shale stratum that is
underlain by a pervious formation under artesian pressure (Figure 1), the upward pressure or
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seepage may rupture the bottom of the excavation or keep it wet even though the slopes have
been dewatered. Factor of safety considerations with regard to artesian pressure are discussed in
Section 5.7.
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Figure 1. Installation of piezometers for determining water table and artesian hydrostatic
pressure (Adapted from Leonards, 1962 and TM 5-818-5)

2.2.3 Special dewatering measures may be required for excavations extending through
weathered rock where substantial water inflow can be accommodated without severe erosion. If
the groundwater has not been controlled by dewatering and there is appreciable flow through
fractures, lateral support of the rock may be required using rock bolts or other methods including
internally or externally braced wales, soldier beams and lagging. If there are excessive
hydrostatic pressures within the underlying rock deposit, rock anchors may be required to
prevent uplift. Rock support is discussed further in EM 1110-1-2907.

2.2.4 An important facet of dewatering an excavation is the relative risk of damage that may
occur to the excavation, cofferdam, or foundation of a structure or nearby structures in the event
of failure of the dewatering system. The method of excavation and reuse of the excavated soil
may also have a bearing on the need for dewatering. These factors, as well as the construction
schedule, must be determined and evaluated before proceeding with the design of a dewatering
system.

2.3 Groundwater Control Methods. Methods for controlling groundwater may be divided into
three categories:

2.3.1 Interception and removal of groundwater from the site using sumps/ditches or drains.
This type of control must include consideration of a filter to prevent migration of foundation
fines and possible development of internal erosion (piping) in the soil being drained.
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2.3.2 Interception and removal of groundwater from the site by pumping using wells or
wellpoints. This method can also be used to reduce artesian pressures beneath the bottom of an
excavation. This type of control must also include consideration of a filter to prevent migration
of foundation fines and possible development of internal erosion (piping) in the soil being
drained.

2.3.3 Isolation of the excavation from groundwater inflow using cutoff walls (sheet-piles,
grout curtains, secant piles, deep soil mixing, jet-grouting, soil-bentonite, or cement-bentonite),
or by freezing. A variation of this category is provision of a bottom seal in combination with
watertight vertical shoring to isolate the excavation from groundwater inflow and to resist uplift
pressure. This method can also be used to reduce artesian pressures beneath the bottom of an
excavation.
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Chapter 3
Seepage Types/Sources and Dewatering Methods

3.1 General

3.1.1 Dewatering and control of groundwater during construction may be accomplished by
one or a combination of methods described in the following paragraphs. The applicability of
different methods to various types of excavations, groundwater lowering, and soil conditions is
also discussed in these paragraphs. Analysis and design of dewatering, pressure relief and
groundwater control systems are described in Chapter 5 below.

3.1.2 For some stratigraphy and drawdown conditions, the flow may be artesian in some
areas and gravity in other areas, such as near wells or sumps where drawdown occurs. The type
of seepage flow to a dewatering system can be estimated from a study of the groundwater table
and soil formations in the area and the drawdown required to dewater the excavation.

3.2 Types and Sources of Seepage.

3.2.1Types of Seepage Flow. The two types of seepage flow are:

3.2.1.1 Artesian - Seepage through the pervious aquifer is confined between two or more
impervious strata, and the piezometric head within the pervious aquifer is above the top of the
pervious aquifer (Figure 1).

3.2.1.2 Gravity - The surface of the water table is below the top of the pervious aquifer
(Figure 2).

Figure 2. Dewatering open excavation by ditch and sump (Adapted from Leonards, 1962 and
TM 5-818-5)

ETL 1110-2-586 e 24 May 2021 7



3.2.2 Sources of Seepage Flow.

3.2.2.1 The sources of seepage and distance (L) or radius of influence (R) to these sources
must be estimated or determined prior to designing or evaluating a dewatering or drainage
system.

3.2.2.2 The sources of seepage depend on the geological features of the area, the existence
of adjacent streams or bodies of water, the perviousness of the formation, recharge, amount of
drawdown, and duration of pumping. The sources of seepage may be a nearby stream, reservoir
or lake, the aquifer being drained, or both an adjacent body of water and storage in the aquifer.

3.2.2.3 Where the site is not adjacent to a river or lake, or a reservoir is empty, the source of
seepage will be from storage within the formation being drained and recharged from rainfall over
the area. Where this condition exists, flow to the area being dewatered can be computed on the
assumption that the source of seepage is circular and at a distance R. The radius of influence, R,
is defined as the radius of the circle beyond which pumping of a dewatering system has no
significant effect on the original groundwater level or piezometric surface (see Chapter 5).

3.2.2.4 Where an excavation is located close to a river or shoreline in contact with the
aquifer to be dewatered, the distance to the effective source of seepage L, if less than R/2, may
be considered as being approximately near the bank of the river; if the distance to the riverbank
or shoreline is equal to about R/2 or greater, the source of seepage can be considered a circle
with a radius somewhat less than R. The rationale for this is that the formulas for steady state
flow to a well from circular and line sources of seepage are identical except for the distance to
the source (equal to 2L for a line source or R for a circular source).

3.2.2.5 Where a line or two parallel lines of wells are installed in an area that is not close to
a river or other line source, and the expected effective radius of influence R for a single well is a
fraction or a small multiple of the length(s) of the well line(s), the source of seepage may be
considered as a line paralleling each line of wells at a distance equal to R/2. At the ends of a
long well line, the source of seepage may be considered as circular with radius R.

3.3 Dewatering Methods. There are three basic dewatering methods:'

! Another groundwater control method (ground freezing) is also discussed. Each of these methods is discussed in
this section. The applicability of types of groundwater control methods to various subsurface conditions are
included in Table 1, which is discussed later in this document.
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a. sumps and ditches;
b. wellpoints, wells, and other pre-drainage systems; and
c. cutoffs and bottom seals.

3.3.1 Sumps and Ditches.

3.3.1.1 An elementary dewatering procedure involves the installation of ditches, blanket
drains, French drains, and sumps within an excavation, from which water entering the excavation
can be pumped (Figure 2). This method is generally effective in soil or rock that is not easily
erodible and in semi-pervious or pervious soils where there is no continuous source of recharge
(e.g., minimal perched groundwater in sand or gravel with limited recharge above a clay
stratum). Figure 3 shows open pumping from an undisclosed local pocket of gravel at the
downstream toe of an existing dam with a reduced upstream pool in preparation for a larger
excavation to construct an aggregate drainage layer along the toe.

Figure 3. Use of 2-inch submersible pump to dewater localized gravel pocket at downstream
toe of an existing earth dam in preparation for a larger excavation to construct an
aggregate drain along the toe (Lake Oneida Dam, Butler County, Pennsylvania, Courtesy
of Keller)

3.3.1.2 However, the open pumping method has also been used successfully on major
projects in pervious soils with continuous recharge when there was thorough engineering
analysis and design performed in advance by experienced geotechnical engineers. The
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excavations into highly permeable alluvial sand extending well below the planned subgrade for
the original locks and dams on the Mississippi River were successfully completed using open
pumping methods.? Figure 4 shows schematic details of berms, drains and dewatering ditches
constructed circa 1936 for Lock and Dam 26 on the Mississippi River at Alton, IL. The pumping
systems for dewatering were designed and operated for a head differential of as much as 35 feet
between the river stage and the subgrade level within the cofferdam.

2 For example see case histories for Lock No. 6, Tremplealeau, W1, and Lock and Dam 26, Alton, IL, in Cofferdams,
by White, L. and Prentis, E.A., Second Edition, 1950, Columbia University Press, New York, NY, 611 pages. The
authors state on page 39 that . . . in the authors’ experience a good system of open ditches with efficient centrifugal
pumps has proved far more efficient and safer than drainage by well points.”
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Figure 4. Open dewatering methods used at Dam 26, Mississippi River, circa 1936 (adapted
from White and Prentis, 1950)

3.3.1.3 For small projects in erodible, semi-pervious or pervious soils with a continuous
source of recharge, this method of dewatering should generally not be considered where the
groundwater head must be lowered more than a few feet, as seepage into the excavation may
impair the stability of excavation slopes or have a detrimental effect on the integrity of the
foundation soils.
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3.3.1.4 For some soils (e.g., nonplastic silts, uniform silty fine sands) even excavating a few
feet below the groundwater table without predrainage may cause bottom instability. Filter
blankets or drains may be included in a sump-and-ditch system to overcome minor slope raveling
and facilitate collection of seepage.

3.3.1.5 Disadvantages of a sump dewatering system include the relative slowness in
drainage of the slopes; potentially wet conditions during excavation and backfilling, which may
impede construction and adversely affect the subgrade soil; space required in the bottom of the
excavation for drains, ditches, sumps, and pumps.

3.3.1.6 An improperly operated or designed sump system, as shown in Figure 5, is one that
does not control the ground water to allow construction on a stable, dry foundation.

Figure 5. Improperly constructed sump (Courtesy of Keller)

3.3.2 Wellpoints, Wells, and Other Pre-Drainage Systems. The term ‘well’ is a universal
term for a feature that connects or accesses a supply of water (or other liquid or gas), while
wellpoint and deep-well systems are specific types of wells that are used in relation to
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dewatering. Deep-wells are typically larger diameter, and deeper systems than wellpoints with
well casings that are installed similar to water wells. Wellpoints are typically smaller diameter,
shallower systems than deep wells.

3.3.2.1 Wellpoints. Wellpoint systems are a commonly used dewatering method as they are
applicable to a wide range of excavations and groundwater conditions and are typically used in
foundation materials ranging from silts and sands to gravels.

3.3.2.2 Conventional Wellpoint Systems.

3.3.2.2.1 A conventional wellpoint system consists of one or more stages of wellpoints
having 1% or 2 inch-diameter riser pipes, installed in a line or ring at spacings between about 3
to 10 feet, with the risers connected to a common header pumped with one or more wellpoint
pumps. Wellpoint screens typically consist of polyvinyl chloride (PVC) or stainless steel well
screens with machined (factory) cut slots, mesh over perforated pipe, or continuous slots
achieved using spirally wrapped PVC, steel, or stainless steel shaped wire over vertical support
rods. Wellpoint screens generally range in size from 2 to 4 inches in diameter and 2 to 5 feet in
length and are constructed with either closed ends or self-jetting tips as shown in Figure 6. The
wellpoint screens often require a filter, depending upon the type of soil being drained. Granular
filter materials are the most common type of filters, and they need to be designed to be filter
compatible with the foundation material, and the wellpoint screens. Refer to EM 1110-2-1901
for guidance on filter compatibility. Geotextile fabric and woven socks are less commonly used
as filters since they may clog over time, and typically have lower flow rates and produce lower
water quality than granular filters. A wellpoint system is shown in Figure 7.
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Figure 6. Self-jetting wellpoint (Courtesy of Keller and adapted from TM 5-818-5)
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Figure 7. Typical wellpoint system (Courtesy of Keller)

3.3.2.2.2 Wellpoint screens and riser pipes may be as large as 6 inches in diameter and as
long as 25 feet in high volume flow applications. In some areas where the transmissivity of the
aquifer is very high, achieving drawdown exceeding a few feet using conventional commercially
available 2-inch diameter wellpoints with 3-foot long screens is not practical, even if the
wellpoints are closely spaced. In such areas, larger diameter wellpoints with longer screens can
be used effectively to achieve the same drawdown as that achieved with deep wells, provided all
components of the system, including wellpoints, pumps, swing connections, vacuum headers,
and discharge lines (see Figure 8) are designed for the higher transmissivity of the aquifer.3 A
wellpoint pump, which typically combines a vacuum pump for air removal and a centrifugal
water pump, produces a vacuum in the header system to remove the water. High capacity rotary

3 Such high capacity wellpoint systems were used extensively for the dewatering of excavations for the Melvin Price
Locks and Dam near Alton, Illinois in the 1980s and also for a test excavation near this project in the 1970s.
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positive displacement pumps are also used and are capable of pumping both air and water. One
or more supplementary vacuum pumps may be added to the main pumps where additional air
handling capacity is required or desirable. Generally, a stage of wellpoints (wellpoints
connected to a header at a common elevation) is capable of lowering the groundwater table a
maximum of about 15 feet near sea level, depending on the soil type being dewatered. Lowering
the groundwater more than 15 feet generally requires a multistage installation of wellpoints as
shown in Figures 9 and 10. Submergence (as shown in Figure 9) is defined as the distance
between the groundwater level at the wellpoint or well to an impervious layer below the bottom
of the well screen when the groundwater level has been lowered by the dewatering system.
Submergence is typically not less than 4 feet since it is impractical to lower the phreatic level
closer than about 4 feet above the top of a laterally extensive horizontal impervious stratum in or
underlying the pervious stratum being dewatered.
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Figure 9. Use of wellpoints where submergence is small (less than about 4 feet) (Adapted
from Leonards, 1962 and TM 5-818-5)
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Figure 10. Predrainage of a deep excavation: (a) using multiple stages of wellpoints; (b) using
deep wells supplemented by a single stage of wellpoints at the bottom of the excavation
(Adapted from Terzaghi and Peck and Mesri, 1996 and TM 5-818-5)

3.3.2.2.3 Because maximum vacuum is limited by atmospheric pressure, the 15-foot rule of
thumb should be reduced for work at elevations considerably above sea level to account for
lower atmospheric pressure. For example, the air pressure at an altitude of 5,000 feet is about 25
inches of mercury, compared to about 30 inches of mercury at sea level, a difference equivalent
to almost 6 feet of water head. Therefore, at 5,000 feet above mean sea level the 15-foot rule of
thumb becomes a 9-foot rule of thumb.

3.3.2.2.4 A wellpoint system is usually the most practical method for dewatering where the
site is accessible and where the excavation and water-bearing strata to be drained are not too
deep. For large or deeper excavations where the depth of excavation is more than 30 to 40 feet,
or where artesian pressure in a deep aquifer must be reduced, it may be more practical to use
eductor-type wellpoints or deep wells (discussed subsequently) with turbine or submersible
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pumps, using wellpoints as a supplementary method of dewatering if needed. Wellpoints are
more suitable than deep wells where the submergence available for the well screens is small
(Figure 9) and close spacing is required to intercept seepage.

3.3.2.2.5 Silts and sandy silts (D10 <0.05 millimeters) with a low hydraulic conductivity (k
=0.1 x 10-4 to 10 x 10-4 centimeters per second [cm/sec]) cannot be drained successfully using
wellpoints without a vacuum applied to a sand filter. Such soils can often be stabilized by
applying a vacuum to the sand filter around the wellpoint and riser pipe (Figure 11). This
vacuum will increase the hydraulic gradient producing flow to the wellpoints and will improve
drainage and stabilization of the surrounding soil. For a wellpoint system, the net vacuum at the
wellpoint and in the filter is the vacuum in the header pipe minus the lift or length of the riser
pipe. Therefore, relatively little vacuum effect can be obtained with a wellpoint system if the lift
is more than about 15 feet, (and even less than 15 feet at site elevations that are considerably
above sea level). If there is much air loss, it may be necessary to provide additional vacuum
pumps to ensure maintaining the maximum vacuum in the filter column. Due to the low
hydraulic conductivity of the formation, the required capacity of the water pump is, of course,
small.
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Figure 11. Vacuum wellpoint system (Adapted from Leonards, 1962 and TM 5-818-5)

3.3.2.3 Jet-eductor Wellpoint Systems.

3.3.2.3.1 Another type of dewatering system is the jet-eductor wellpoint system (Figure 12
and Figure 13), which consists of an eductor installed in a small diameter well or a wellpoint
screen attached to a jet-eductor installed at the end of double riser pipes, a pressure pipe to
supply the jet-eductor and another pipe for the discharge from the eductor pump. These systems
are also call ejector systems (Powers et al. 2007). Eductor wellpoints may also be pumped with
a pressure pipe, which includes a smaller return pipe in the center of the pressure pipe. Eductors
can pump both air and water. A variation of this type of wellpoint is an eductor well, which uses
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a two-pipe eductor inside a well screen, usually 4-inches in diameter (Figure 14). The advantage
of the jet-eductor well is that the entire water-bearing layer can be screened, and a vacuum can
be developed inside the well casing for the full length of screen above the pumping water level if
the annular space around the riser pipe is sealed against a relatively impervious overlying stratum
with clay, grout, or bentonite chips.
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Figure 12. Jet-eductor wellpoint system for dewatering a shaft (Adapted from TM 5-818-5)
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Figure 13. Single pipe jet-eductor (Courtesy of Keller)
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Figure 14. Typical schematic of a jet-eductor well (Courtesy of AECOM)

3.3.2.3.2 Jet-eductor wellpoints are installed in the same manner as conventional
wellpoints, generally with a filter as required by the foundation soils, and are typically more
expensive to install, operate and maintain. However, an eductor system has the advantage over a
conventional wellpoint system of being able to lower the water table as much as 100 feet from
the top of the excavation, thus potentially eliminating the need for a multi-stage wellpoint
system. Jet-eductor wells are also installed in the same manner as dewatering wells. The
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pressure and return riser pipes are connected to separate headers, one to supply water under
pressure to the eductors and the other for return of flow from the wellpoints and eductors (Figure
12). Jet-eductor well and wellpoint systems are most advantageously used to dewater deep
excavations where the volume of water to be pumped is relatively small because of the low
hydraulic conductivity of the aquifer and where application of vacuum to the formation is
desirable.

3.3.2.4 Deep-well Systems.

3.3.2.4.1 Deep wells can be used to dewater pervious soil or rock formations or to relieve
artesian pressure beneath an excavation. They are particularly suited for dewatering large
excavations in pervious soils (cobbles, gravel, and sand) requiring high rates of pumping, and for
dewatering deep excavations for dams, tunnels, locks, powerhouses, and shafts. Excavations and
shafts as deep as 300 feet can be dewatered by pumping from deep wells with lineshaft turbine or
submersible turbine pumps. The principal advantage of deep wells is that they can be installed
around the periphery of an excavation and thus leave the construction area unencumbered by
dewatering equipment, as shown in Figure 15, and the excavation can be predrained for its full
depth with one dewatering system. Figure 16 is an aerial view of the replacement outlet works
excavation dewatered using a combination of high capacity deep wells and a sheet pile cutoff at
Deer Flat Dam near Boise, ID.

ETL 1110-2-586 e 24 May 2021 25



¢ EXCAVATION
/ . '
1 CLAY, ¥ INITIAL WATER TABLE
4| [V AN
o
1
. | EXCAVATION
o : I +~~ SURFACE CONSTRUCTION
L S PIEZOMETER
I
| . - —
: :‘ZWELL o A
e |
—
- l I . /'/ . . " '
\\: :// E . SAND ™ LOWERED
N Ll WATER TABLE
— 1 | «— . .
“ 'z TURBINE PUMP
— ) -— .
/N /A NN N4 RN NN/ —

Figure 15. Deep-well system for dewatering an excavation in sand (Adapted from TM 5-
818-5)
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Figure 16. Aerial view of excavation for replacement outlet works for Deer Flat Dam, Boise,
ID (Courtesy of Reclamation Project Files)

3.3.2.4.2 Deep wells for dewatering are similar in type and construction to commercial,
municipal, and irrigation water supply wells. They commonly have a screen with a diameter of 6
to 24 inches with lengths up to 300 feet and are generally installed with a filter around the screen
to prevent the infiltration of foundation materials into the well and to improve the yield of the
well.

3.3.2.4.3 Deep wells may be used in conjunction with a vacuum system to dewater small,
deep excavations for tunnels, shafts, or caissons sunk into relatively fine-grained or stratified
pervious soils or rock below the groundwater table. The addition of a vacuum to the well screen
and filter will increase the hydraulic gradient to the well and will create a vacuum within the
surrounding soil that will prevent or minimize seepage from perched water into the excavation.
Installations of this type, as shown in Figure 17, require adequate vacuum capacity to handle air
flowing into the pervious formations or into the well filter annulus from the ground surface or the
face of the adjacent excavations.
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Figure 17. Deep wells with auxiliary vacuum system for dewatering a shaft in stratified
materials (Adapted from TM 5-818-5)

3.3.2.5 Other Pre-Drainage Systems.

3.3.2.5.1 Drainage Trenches with Perforated Collector Pipe and Pumps. In some areas of
the United States, especially Florida, drainage trenches (with or without aggregate backfill) with
perforated collector pipes installed below planned excavation depths, have proved effective as a
construction dewatering method for relatively shallow structures (pipelines and other structures
installed in similar linear excavations) in mostly pervious foundation materials. This method
employs a continuous trenching machine equipped with a trailing shield to install a flexible
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perforated collector pipe encased in a woven geotextile sock. A wellpoint or centrifugal pump is
connected to the collector pipe where it emerges from the ground to pump groundwater from the
collector pipe and lower the groundwater level below planned subgrade level. Because of the
pumping system, this method has the same drawdown limitation as a conventional wellpoint
system (i.e., about 15 feet below the pump suction elevation). Figure 18 shows a typical trencher
equipped to install a sock-encased perforated collector pipe. Collector pipe diameter is typically
limited to about 8 inches for high density polyethylene (HDPE), although HDPE pipe as large as
24 inches in diameter has reportedly been installed to a depth of about 10 feet. The maximum
trenching depth and pipe diameter depend greatly upon the bending radius of the pipe to be
installed. Although the drawdown is limited by the suction lift limitations of the pump and is
generally used for shallow structures, trenches can be installed 40+ feet deep, depending on the
design of the trenching machine and the bending radius of the collector pipe.

NE-PASS
TRENCHING
ZEELAND, M|
616:875:7580

cAuTiON:
SWING RADIUS

MT 750C

- ——

Figure 18. Trencher installing sock-encased 5-inch diameter extra-heavy perforated
corrugated HDPE pipe 20 feet deep (Courtesy of DeWind Trenching)
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3.3.2.5.2 Vertical Drains. Where a stratified semi-pervious stratum with a low vertical
hydraulic conductivity overlies a pervious stratum and the groundwater table has to be lowered
in both strata, the water table in the upper stratum can be lowered by means of vertical drains,
examples of which are shown in Figures 19 and 20.
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Figure 19. Vertical drains for dewatering a slope (Adapted from TM 5-818-5)
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Figure 20. Installing 3-inch diameter drain using hollow tube advanced with vibratory hammer.
Primary purpose of this drain was for rapid dissipation of excess pore pressures during an
earthquake. (Courtesy of Keller)

3.3.2.5.3 If properly designed and installed, vertical drains will intercept seepage in the
upper stratum and conduct it into the lower, more permeable stratum being dewatered with deep
wells or wellpoints. Vertical drains may consist of a column of pervious sand placed in a cased
hole, either driven or drilled through the soil, with the casing subsequently removed, or a
prefabricated vertical drain (PVD), commonly known as a wick drain, which consists of a plastic
strip with molded channels wrapped in a geotextile. Sand column vertical drains typically have a
diameter of 12 to 18 inches and are spaced from 15 to 20 feet apart depending on the thickness of
the perched water layer and undulations in the top elevation of the perching clay. PVDs are
installed using a mandrel that is vibrated or pushed into the ground. The capacity of sand drains
can be significantly increased by installation of a slotted 1- or 2-inch diameter pipe in the sand
drain to conduct the water down to the more pervious stratum. If the anticipated flow for each
vertical drain is low enough, prefabricated wick drains that are used to accelerate consolidation
of soft clay may have adequate vertical flow capacity for use in dewatering.

3.3.2.5.4 Electro-osmosis. Some soils, such as clay-silt-sand mixtures, cannot always be
dewatered by pumping from wellpoints or deep wells. However, such soils can usually be
drained by impressing a direct current electrical field using anodes and cathodes installed in the
soil. The electrical current through the soil causes ions in the water contained in the soil voids to
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migrate from the positive electrode (anode) to the negative electrode (cathode). By making the
cathode a wellpoint, the water that migrates to the cathode can be removed by either vacuum or
eductor pumping (Figure 21).
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Figure 21. Electro-osmotic wellpoint system for stabilizing an excavation slope (Adapted
from TM 5-818-5)

3.3.3 Cutoffs and Bottom Seals. Cutoff curtains can be used to reduce? seepage into an
excavation where the cutoff can be installed down to an impervious formation. Such cutoffs can
be constructed by driving steel sheet piling, grouting existing soil with cement or chemical grout,
excavating by means of a slurry trench and backfilling with a plastic mix of bentonite and soil,
installing a concrete or mixed soil wall (such as a secant pile wall or jet-grouted columns), or

4 Note that in practice, cutoffs are rarely 100% effective in stopping flow, due to seepage through the barrier itself,
an incomplete seal at the bottom of the barrier, or an inaccurate assessment of the hydraulic conductivity of the
stratum into which the barrier extends
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freezing. Refer to Reclamation’s Design Standard No. 13 Chapter 16 on Cutoff Walls (2014) for
details regarding design and construction of various types of cutoff walls. A new USACE
Engineer Manual for the design and construction of cutoff walls is pending publication as of
February 2020. However, groundwater within the area enclosed by a cutoff curtain, or leakage
through or under such a curtain, will have to be pumped out with a deep well or wellpoint system
as shown in Figure 22. Bottom seals are used in conjunction with rigid watertight shoring
(usually steel sheet piles) to prevent vertical seepage into an excavation and to resist hydrostatic
uplift pressures in pervious strata underlying the seal by a combination of weight and transfer of
uplift forces to vertical piles and/or to the soil mass adjacent to the excavation through friction
and arching. Types of bottom seals include tremie concrete seals and jet grouting. Figure 23
schematically illustrates a jet-grout bottom seal and anchorage system successfully completed
beneath a sheet pile cofferdam for an excavation at a power plant near Jacksonville, FL.
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Figure 22. Grout curtain or cutoff trench around an excavation (Adapted from TM 5-818-5)
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Figure 23. Jet-grout bottom seal and anchorage system for sheet pile cofferdam near

Jacksonville, FL (Courtesy of Keller)

3.3.3.1 Cement and Chemical Grout Curtains. A cutoff around an excavation in coarse sand

and gravel or porous rock ¢
the soil or rock. For grouting to be effective, the voids in the rock or soil must be large enough
to accept the grout and the grout holes must be close enough together so that a continuous grout
curtain is created. The type of grout depends upon the size of voids in the sand and gravel or
rock to be grouted. Grouts
cement, bentonite, an admixture to reduce surface tension, and water; silica gels; or a
commercial product. Generally, grouting of fine or medium sand is not very effective in
blocking seepage. Single lines of grout holes are also generally ineffective as seepage cutoffs;

an be created by injecting cement or chemical grout into the voids of

commonly used for this purpose are Portland cement and water;
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typically, at least two lines are used. Detailed information on chemical grouting and grouting
methods is contained in EM 1110-2-3506.

3.3.3.2 Slurry Walls. A cutoff to prevent or minimize seepage into an excavation can also
be formed by digging a narrow trench around the area to be excavated and backfilling it with an
impervious soil. Such a trench can be constructed in almost any soil, either above or below the
water table, by keeping the trench filled with a bentonite slurry and backfilling it with a suitable
impervious soil. Generally, the trench is backfilled with a well-graded clay—sand-gravel mixed
with bentonite slurry. Another type of slurry wall that requires less space to construct is a
cement-bentonite wall, in which the slurry hardens and becomes the trench backfill.

3.3.3.3 Concrete, Jet-grouted and Mixed Soil Walls. Techniques have been developed for
constructing concrete, plastic concrete, jet-grouted soil, and mixed soil cutoff walls by
overlapping cylinders or columns and also as continuous walls excavated and concreted in panels
or mixed-in-place. Continuous trenching machines have proved effective in constructing mixed-
in-place cutoff walls (so-called “one-pass” cutoff walls) by adding dry bentonite and water or
slurry to the soil as the trencher progresses. The maximum depth of such trenches is limited by
the design of the equipment used, but is typically up to 50 feet, although contractors are
continually developing new equipment to meet the requirements of new projects. Specially
designed larger machines, especially those used for deep mixing methods (DMM), can install
mixed-in-place walls much deeper than 50 feet. Figure 24 shows a trenching machine
constructing a 2-foot thick mixed-in-place soil-bentonite cutoff wall. Concrete walls can be
reinforced and are sometimes incorporated as a permanent part of a structure.
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Figure 24. Trencher installing mixed-in-place cutoff wall (Courtesy of DeWind Trenching)

3.3.3.4 Steel Sheet Piling. The effectiveness of sheet piling driven around an excavation to
reduce seepage depends upon the perviousness of the soil, the tightness of the interlocks, and the
length of the seepage path. Some seepage through the interlocks should be expected. Some
seepage reduction may be achieved by using various sealants in the interlocks prior to driving the
sheetpiles. When constructing structures in open water (e.g., a bridge pier in a river), it may be
desirable to drive steel sheet piling around the structure, excavate the soil underwater, and then
tremie in a concrete seal. The concrete tremie seal must withstand uplift pressures or pressure
relief measures must be used. In restricted areas, it may be necessary to use a combination of
sheeting and bracing with deep wells or wellpoints installed just inside or outside of the sheeting.
Sheet piling is not very effective in blocking seepage where boulders or other hard obstructions
may be encountered because of driving out of interlock or inability to drive the piling through the
obstructions.
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3.3.4_Other Groundwater Control Methods. Seepage into an excavation or shaft can be
prevented by freezing the surrounding soil. Frozen soil can also be designed as part of the
support for the excavation. However, freezing is expensive and requires careful engineering
design, installation and operation by an experienced contractor. If the soil around the excavation
is not completely frozen, seepage can cause rapid enlargement of an unfrozen zone, which is
difficult to remedy. Freezing is most advantageous in fine-grained soils that are difficult or
impractical to dewater. For a comprehensive discussion of the design, installation, and operation
of ground freezing systems see Powers et al. (2007).

3.4 Summary of Groundwater Control Methods. A brief summary of groundwater control
methods discussed in this section is given in Table 1.
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Table 1

Summary of Groundwater Control Methods

Method Applicability Remarks
Sumps and Collect water entering an excavation or Generally, water level can be lowered only a few feet. Used to collect water within
ditches structure. cofferdams and excavations. Sumps are usually only successful in relatively stable gravel or
well-graded sandy gravel, partially cemented materials, or porous rock formations.
Conventional Dewater soils that can be drained by Most commonly used dewatering method. Drawdown limited to about 15 feet per stage (less

wellpoint system

gravity flow.

at high elevations); however, several stages may be used. Can be installed quickly.

Vacuum
wellpoint system

Dewater or stabilize soils with low
hydraulic conductivity. (Some silts, sandy
silts).

Vacuum increases the hydraulic gradient causing flow. Little vacuum effect can be obtained if
lift is more than 15 feet.

Jet-eductor
wellpoints and
wells

Dewater both soils that can be drained by
gravity flow and soils with low hydraulic
conductivity. Usually for deep excavations
where small flows are required.

Can lower water table as much as 100 feet from top of excavation. Jet-eductors are
particularly suitable for dewatering shafts and tunnels. Two header pipes and two riser pipes,
or a pipe within a pipe, are required.

Deep-well
systems

Dewater soils that can be drained by
gravity flow. Usually for large, deep
excavations where large flows are required.

Can be installed around periphery of excavation, thus removing dewatering equipment from
within the excavation. Deep wells are particularly suitable for dewatering shafts and tunnels.
Can improve interception of perched water by sealing wells and adding a vacuum pumping
system.

Vertical drains

Usually used to conduct water from an
upper stratum to a lower more pervious
stratum.

Sand drains not effective in highly pervious soils. Vertical flow capacity can be greatly
improved using concentric slotted well screen in sand drains or by using prefabricated vertical
drains.

Electro-osmosis

Dewater soils that cannot be drained by
gravity. (Some silts, clayey silts, and clay-
silt-sand mixtures).

Direct electrical current causes ions in groundwater to migrate toward cathodes. Generally,
very expensive and requires expert design, installation and operation.

Cutoffs and
bottom seals

Cutoffs minimize seepage into an
excavation when installed down to an
impervious stratum or used in combination
with a bottom seal.

When cutoff is part of a cofferdam, a bottom seal can be used to stop vertical seepage and
resist hydrostatic uplift. Cutoffs walls have been used in cases where settlement due to
dewatering had the potential to damage adjacent structures. Typically, cutoffs are more
expensive than dewatering systems. Additional details about cutoff walls will be available in
a new USACE engineer manual on cutoff walls, pending publication.

Ground freezing

Stops seepage when installed down to an
impervious stratum or when installed
horizontally surrounding a tunnel.

Most advantageous in less pervious soils that are difficult to dewater. Generally, very
expensive and requires careful engineering design, installation and operation. Frozen soil
mass can be designed as part or all of the excavation support. Inappropriate if there is high
flow across the site in permeable strata. Some problems have been reported of damage to soils
and adjacent structures when frozen soils thawed.
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3.5 Selection of Dewatering System.

3.5.1General. The method most suitable for dewatering an excavation depends upon the
location, type, size, and depth of the excavation; thickness, stratification, and hydraulic
conductivity of the foundation soils below the water table into which the excavation extends or
which underlie the excavation; potential damage resulting from failure of the dewatering system;
and the cost of installation and operation of the system. The cost of a dewatering method or
system will depend upon:

a. Type, size, and pumping requirements of the project.

b. Type and availability of power.

c. Labor requirements to install, maintain, and operate the system.
d. Duration of required pumping.

e. Treatment requirements of pumped water.

3.5.2 Factors Controlling Selection. Factors that control the selection of open pumping
dewatering systems (sumps and ditches) are described in Powers et al. (2007) and are shown in
Tables 2 and 3.

ETL 1110-2-586 e 24 May 2021 39



Table 2

Conditions Favorable to Open Pumping (Adapted from Powers et al. 2007)

Condition

Explanation

Soil Characteristics

Dense, well-graded granular
soils, especially those with
some degree of cementation or
cohesive binder

Such soils are low in hydraulic conductivity and seepage is
likely to be low to moderate in volume. Slopes can bleed
reasonable quantities of water without becoming unstable.
Lateral seepage and boils in the bottom of an excavation
will often become clear in a short time, avoiding the
transport of excessive fines from soils so that foundation
properties are not impaired.

Stiff clays with no more than a
few lenses of sand, which are
not connected to a significant
water source

Only small quantities of water can be expected from the
sand lenses, and it should diminish quickly to a negligible
value. No water is expected from the clay.

Hard fissured rock

If the rock is hard, even moderate to large quantities of
water can be controlled by open pumping, as in typical
quarry operations. (For soft rock and rock with blocked
fissures, see guidance in Powers et al. (2007))

Hydrology Characteristics

e Low to moderate dewatering
head

e Remote source of recharge

e Low to moderate hydraulic
conductivity

e Minor storage depletion

These characteristics indicate that groundwater seepage will
be low, minimizing problems with slope stability and
subgrade deterioration, and facilitating the construction and
maintenance of sumps and ditches.
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Table 3

Conditions Unfavorable to Open Pumping (Predrainage or Cutoff Usually Advisable)
(Adapted from Powers et al. 2007)

Condition

Explanation

Soil Characteristics

Loose, uniform granular soils
without plastic fines

Such soils have moderate to high hydraulic conductivity
and are very sensitive to seepage pressures. Slope
instability and loss of strength at subgrade are likely when
open pumping.

Cohesionless silts, and soft
clays or cohesive silts with
moisture contents near or above
the liquid limit

Such soils are inherently unstable, and slight seepage
pressures in permeable lenses can trigger massive slides.

Soft rock; rock with large
fissures filled with granular soft
soils, erodible materials or
soluble precipitates; sandstone
with uncemented sand layers

If substantial quantities of water are open pumped, soft rock
may erode. Soft materials in the fissures of hard rock may
be leached out. Uncemented sand layers can wash away.
The quantity of water may progressively increase, and
massive blocks of rock may shift.

Hydrology Characteristics

e Moderate to high dewatering
head

e Proximate source of recharge

e Moderate to high hydraulic
conductivity

These characteristics indicate the potential for high water
quantities. Even well-graded gravels can become quick if
the seepage gradient is high enough. Problems with
construction and maintenance of ditches and sumps are
aggravated.

Large quantity of storage water

If the aquifer to be dewatered is high in hydraulic
conductivity and porosity, large quantities of water from
aquifer storage must be expected during the early phase of
lowering the water table. This higher flow can greatly
aggravate problems with open pumping. With predrainage,
pumping can be started some weeks or months before
excavation, the pumping rate will decrease, and the
problem can be mitigated.

Artesian pressure below
subgrade

Open pumping cannot cope with pressure from below
subgrade since, if water reaches the excavation, damage
from heave or piping has already occurred. Predrainage
with relief wells is advisable.
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3.5.3 Predrainage. Where foundations must be constructed on soils below the groundwater
level, it will generally be necessary to dewater the excavation by means of predrainage systems
rather than by trenching and sump pumping. Predrainage is defined as lowering the groundwater
table in an unconfined aquifer to below the planned bottom of an excavation before excavating
below the groundwater level or relieving hydrostatic pressure in a confined aquifer below the
bottom of an excavation to a safe level before excavation. Predrainage methods typically include
deep wells or wellpoints installed around the perimeter of an excavation and are pumped before
excavating below the groundwater level. Dewatering by predrainage methods is usually
essential to prevent damage to foundation soils caused by equipment operations and sloughing or
sliding of the side slopes or bottom heave due to unrelieved hydrostatic pressure.

3.5.4System Design. Conventional deep-well and wellpoint systems designed and installed
by companies specializing in this work are generally satisfactory, and therefore would not
require a detailed design to be prepared by the owner or owner’s engineer. However, the
contract documents should include a specification requiring submittal of a detailed design by the
specialty contractor for review by the owner. Where unusual pressure relief or dewatering
requirements must be achieved, or when dam safety, public safety, or schedule constraints are
critical, the engineer should make detailed analyses and design the dewatering system or specify
in the contract documents the detailed results to be achieved. Alternatively, the contractor can
design these critical systems provided that the specifications include design requirements (e.g.,
only specialty dewatering contractors with a minimum number of years of dewatering design
experience on similar projects, prepared by a registered professional engineer), with the owners’
engineer preparing an independent check of the contractor’s design. The owner’s engineer
should have dewatering design and construction experience in order to adequately review the
contractor’s proposed design. For projects that have life safety potential, the owner should
require that the contractor’s proposed design be reviewed by a dewatering specialist with
extensive dewatering experience. Where unusual equipment and procedures are required to
achieve desired results, they should be described in detail in the contract documents. Major
factors affecting selection of dewatering and groundwater control systems are discussed in the
following sections.

3.5.5Potential for Hydraulic Fracturing During Installation. If hydraulic fracturing during
installation cannot be tolerated, methods of dewatering or their installation will have to be
changed to preclude this. When designing a dewatering system that involves drilling in or near
an earthfill dam or levee, ER 1110-1-1807 (Drilling in Earth Embankment Dams and Levees)
must be followed for USACE earthen dams and levees.

3.5.6 Type of Excavation. Small open excavations, or excavations where the depth of water
table lowering is small, can generally be dewatered most economically and safely by means of a
conventional wellpoint system. If the excavation requires that the water table or artesian
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pressure be lowered more than 20 to 30 feet, a system of jet-eductor type wellpoints or deep
wells may be more suitable. Either wellpoints, deep wells, or a combination thereof can be used
to dewater an excavation. Excavations for deep shafts, caissons, or tunnels that penetrate
stratified pervious soil or rock can generally best be dewatered with either a deep-well system
(with or without an auxiliary vacuum) or a jet-eductor wellpoint system depending on the soil
formation and required rate of pumping, but cutoff walls and ground freezing should be
evaluated as alternative procedures. Other factors relating to selection of a dewatering system
are interference of the system with construction operations, space available for the system,
sequence of construction operations, durations of dewatering, and cost of installation and
operation.

3.5.7 Subsurface Conditions.

3.5.7.1 The geologic and soil formations at a site and their positions relative to planned
subgrade will govern the type of dewatering or drainage system to be used. If the soil below the
water table is a thick, more or less homogeneous, free-draining sand extending relatively deep
below planned subgrade, it can be effectively dewatered with either a conventional deep well or
wellpoint system. If, on the other hand, the formation is highly stratified, or the saturated soil to
be dewatered is underlain by an impervious stratum of clay, shale, or rock either above or
immediately below the planned subgrade, wellpoints or deep wells on relatively close centers
may be required. Where soil and groundwater conditions require only the relief of artesian
pressure beneath an excavation, pressure relief can be accomplished by means of relatively few
deep wells or jet-eductor wells or wellpoints installed around and at the top of the excavation.

3.5.7.2 For relatively thin or stratified aquifers, wellpoints may be preferred. For thick
aquifers, a few long-screened deep-wells may be preferred to installing numerous wellpoints that
don't penetrate the aquifer deep enough. If wellpoints are used in thick aquifers, the length of the
wellpoints should be increased, and the wellpoints set deep into the aquifer and surrounded by a
high-capacity filter.

3.5.7.3 The perviousness and drainability of a soil or rock may dictate the general type of
dewatering system to be used for a project. A guide for the selection of a dewatering system
related to the grain size of soils is presented in Figure 25. Some gravels and rock formations
may be so permeable that a cutoff wall, or ground freezing, may be necessary to reduce the rate
of flow to the dewatering system. Drainage of sandy silts and silts will usually require jet-
eductor wells, the application of vacuum to deep well systems, or wellpoint dewatering systems.
Freezing or the use of the electro-osmotic method of dewatering may be necessary for clayey silt
and clay. However, where thin sand layers are present, such special dewatering methods may be
unnecessary. Electro-osmosis or freezing should not be used until a test of a conventional
system of wellpoints, wells with vacuum, or jet-eductor wells or wellpoints has been attempted.
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Figure 25. Dewatering systems applicable to different soils (Courtesy of Keller). Ground
freezing is not shown on this figure since it can be used essentially for the full range of soils
shown in this figure.

3.5.7.4 Table 4 includes selection criteria from Powers et al. (2007) for pre-drainage systems
based on soil type, anticipated flow rates, construction schedule and excavation depths. This
table also includes typical well and wellpoint spacings and estimated ranges of pump flow rates.
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Table 4

Checklist for Selection of Predrainage Methods (Adapted from Powers et al. 2007)

Conditions Wellpoint Systems | Vacuum Wells Deep Wells Jet Eductor
Systems

Soil

Silty and clayey sands Good Poor Poor to fair Good

Clean sands and gravels Good Good Good Poor

Stratified Soil Good Poor Poor to fair Good*

Clay or rock at subgrade Fair to good Poor Good Fair to good

Hydrology

High hydraulic Good Good Good Poor

conductivity

Low hydraulic Good Poor Poor to fair Good

conductivity

Proximate recharge Good Poor Poor Poor to good

Remote recharge Good Good Good Good

Schedule

Rapid drawdown OK OK Unsatisfactory OK

Slow drawdown OK OK OK OK

Excavation

Shallow (<20 feet below OK OK OK OK

water table

Deep (>20 feet below Multiple stages Multiple stages OK OK

water table required required

Cramped Interferences Interferences OK OK

Characteristics

Normal spacing 5-10 feet 20-40 feet >50 feet 10-20 feet
(1.5-3m) (6-12 m) (>15m) (3-6 m)

Range of capacity

Per unit 0.1-25 gpm 50-600 gpm 0.1-3000 gpm 0.1-40 gpm
(0.4-95 L/min) (190-2270 L/min) (0.4-11360 L/min) | (0.4-150 L/min)

Total system Low-5000 gpm 2000-25,000 gpm Low-60,000 gpm Low-1000 gpm
(Low-18930 (7570-94635 (Low- 227125 (Low-3785
L/min) L/min) L/min) L/min)

Efficiency with accurate | Good Good Fair Poor

design

*Double pipe eductors with wellscreen full length

3.5.8 Potential Adverse Impacts on Adjacent Structures and Facilities.

3.5.8.1 Where unacceptable surface settlement and/or downdrag forces on nearby deep

foundations due to increases in effective stress on compressible soil strata will be caused by
lowering the groundwater level, either groundwater recharge and/or isolation of the excavation
from groundwater by cutoff and bottom seal methods will be necessary. Groundwater recharge
is rarely employed in practice, and it is neither simple nor inexpensive to accomplish.
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3.5.8.2 Lowering the groundwater table increases the load on foundation soils below the
original groundwater table. As most soils consolidate upon application of additional load,
structures, pavements and utilities located within the radius of influence of a dewatering system
may settle and be damaged as a result of settlement or downdrag forces on deep foundations.
The risk that settlement will occur due to dewatering is reduced if the deposits have been
preconsolidated or have been previously dewatered. These factors should be carefully
considered by the project geotechnical engineer to evaluate settlement and downdrag before a
dewatering system is specified. Establishing and surveying reference points on adjacent
structures, utilities and pavements prior to the start of dewatering operations will permit
measuring any settlement that occurs during dewatering and provides a warning of possible
distress or failure of a structure, utility or pavement that might be affected. Methods of
surveying and measuring parameters related to concrete dams, such as joint movement, uplift
pressure, strain, stress, and leakage are outside the scope of this manual but are presented in the
following USACE publications:

a. EM 1110-1-1002, Survey Markers and Monumentation

b.EM 1110-1-1003, NAVSTAR Global Positioninga System Surveying

c. EM 1110-2-1009, Structural Deformation Surveying

d. EM 1110-2-1908, Instrumentation and Monitoring of Embankment Dams and Levees
e. EM 1110-2-4300, Instrumentation for Concrete Structures.

3.5.8.3 Recharge of the groundwater, as illustrated in Figure 26, may be necessary to reduce
or eliminate distress to adjacent structures, or it may be necessary to use positive cutoffs and
excavation bottom seals to avoid lowering the groundwater level outside of an excavation. As a
rule of thumb, twice as many wells are needed to recharge water than are used to extract water.
In addition, recharge water is typically required to be very clean. Most potable filter systems
will produce total suspended solids that are too high; therefore, the recharge water will need to
be filtered through a fine filter medium (typically down to 1 micron). Recharge is usually
inherently more difficult and expensive than dewatering and requires careful design, installation
and operation by an experienced specialist.

3.5.8.4 Existing water supply wells may also be adversely affected if a dewatering system is
installed and operated in an aquifer that is also used for water supply.
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Figure 26. Recharge of groundwater to prevent settlement of a building as a result of
dewatering operations (Adapted from TM 5-818-5)

3.5.9Depth of Groundwater Lowering. The magnitude of the drawdown required is an
important consideration in selecting a dewatering system. If the drawdown required is large,
deep wells or jet-eductor wells or jet-eductor wellpoints may be the best option because of their
ability to achieve large drawdowns from the top of an excavation, whereas many stages of
conventional wellpoints would be required to accomplish the same drawdown. Deep wells can
be used for a wide range of flows by selecting pumps of appropriate size, but jet-eductor wells
and wellpoints are not as flexible. Since jet-eductor pumps are relatively inefficient, they are
most applicable where well flows are small, as could be expected in silt to silty fine sand
formations.

3.5.10 Reliability Requirements and Type of Dewatering Specification.

3.5.10.1The reliability of groundwater control required for a project will have a significant
bearing on the design of the dewatering pumps, power supply, and standby power and
equipment. If the dewatering problem is one involving the relief of artesian pressure to prevent
uplift or heave of the bottom of an excavation, the rate of water table rebound, in event of failure
of the system, is in most cases extremely rapid. If an excavation is shored and there are adjacent
structures and utilities, a failure of the dewatering system could lead to collapse of the shoring.
Sloped excavations could also fail due to heave and loss of toe support. More importantly, for
excavations at the toe of a dam or in an embankment dam, failure of the excavation and loss of
life can occur. Such a situation may influence the type of pressure relief system selected and
require inclusion of 100% standby power with automatic switching. Standby requirements for
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diesel driven pumps, because each pump has its own power source, are much less and may be
covered by specifying a degree of redundancy in the primary pressure relief components of the
system. Even if a groundwater control system is designed for high reliability, careful planning of
the construction (e.g., limiting the extent of an excavation that can be made before it is
backfilled) and requiring the implementation of emergency measures (such as intentional
flooding or backfilling of the excavation) may be prudent and necessary. Planning is essential in
such cases because such emergency measures require time and resources to implement. If the
groundwater flow to the dewatering system for a critical excavation is unconfined, additional
time can be obtained for emergency responses by lowering the groundwater level to a greater
depth below excavation subgrade, and the amount of time for recovery of the groundwater to
subgrade level can be evaluated before the excavation is started by observing the response of a
critical piezometer to a system outage. Where an excavation is to be dewatered downstream of
an existing dam with a pool that cannot be drained, the flow is confined and rapid recovery time
does not allow enough time for flooding or backfilling (e.g., most pressure relief situations),
100% redundancy of all components of the dewatering system (i.e., wells or wellpoints, power,
standby power, and discharge piping) is required.

3.5.10.2Design by the owner’s engineer as opposed to a performance specification for
dewatering should be considered:

a. Where safety of an existing dam with a pool that cannot be drained is at stake;

b. On projects where subsurface construction requires dewatering or other groundwater
control procedures that are not commonly used by construction contractors;

c. Inadequate dewatering would reduce the competency of the foundation or affect the design
of the substructure; and

d. The construction schedule is critical (i.e., when there is no time for contractor trial and
error).

e. In cases where a dewatering system is designed by the owner's engineer, it may be
desirable to design and specify the equipment and procedures to be used and for the owner to
accept responsibility for results obtained. A variation of this approach is to specify a minimum
design and hold the contractor responsible for the ultimate performance of the system.

3.5.11 Required Rate of Pumping. The rate of pumping required to dewater an excavation
may vary from 5 to 50,000 gallons per minute (gpm) or more. Thus, flow to a drainage system

will have an important effect on the design and selection of the wells, pumps, and piping system.
See subsequent Chapter 5 for an extensive discussion of the capacities of available pumps and
the sizes of wells that pumps fit into, as well as wellpoint pumps. Lineshaft turbine or
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submersible turbine pumps for pumping deep wells are available in bowl sizes from 4 to 16
inches with capacities ranging from 5 to 5,000 gpm at heads up to 500 feet. Wellpoint pumps are
available in suction diameters from 4 to 18 inches with capacities ranging from 250 to 5,000 gpm
depending upon suction conditions and discharge heads. Jet-eductor pumps are available that
will pump from 3 to 40 gpm for lifts up to 100 feet, although generally it will be more
economical to use small submersible pumps when flows are 5 gpm or more. Where soil
conditions dictate the use of vacuum or electro-osmotic wellpoint systems, the rate of pumping
will be very small. The rate of pumping will depend largely on the distance to the effective
source of seepage, amount of drawdown or pressure relief required, and thickness and hydraulic
conductivity of the aquifer through which the flow is occurring.

3.5.12 Pumping Versus Other Methods of Groundwater Control.

3.5.12.1 While dewatering is generally the most expeditious and economical procedure for
controlling groundwater, it is sometimes possible to excavate more economically in the ‘wet’
inside of a cofferdam or caisson and then seal the bottom of the excavation with a tremie seal, or
use a combination of barrier wall or other type of cutoff and dewatering. Where subsurface
construction extends to a considerable depth or where high uplift pressures or large flows are
anticipated, it may occasionally be advantageous to: (1) substitute a caisson for a conventional
foundation and sink it to the design elevation without lowering the groundwater level; (2) use a
combination of concrete cutoff walls constructed in slurry-supported trenches, and a tremied
concrete foundation slab, in which case the cutoff walls may serve also as part of the completed
structure; (3) use large rotary drilling machines for excavating purposes, without lowering the
groundwater level; or (4) use freezing techniques. Cofferdams, caissons, and cutoff walls may
have difficulty penetrating formations containing numerous boulders. Foundation designs
requiring compressed air will rarely be needed, although compressed air may be economical or
necessary for some tunnel construction work. The rapid development of slurry and other types
of cutoff walls has made this method of groundwater control, combined with a certain amount of
pumping, a practical and economical alternative for some projects, especially those where
pumping costs would otherwise be great.

3.5.12.2Powers et al. (2007) provides selection criteria based on foundation conditions for
various types of cutoff methods. A USACE Engineer Manual for the design and construction of
cutoff walls is pending publication as of February 2020.
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Chapter 4
Investigations

4.1 General. Before selecting or designing a system for dewatering an excavation, it is
necessary to consider or investigate subsurface soils, groundwater conditions, power availability,
and other factors as listed in Table 5. The extent and detail of these investigations will depend
on the effect groundwater and hydrostatic pressure will have on the construction of the project
and the complexity of the dewatering problem. Additional investigation of various types, test
well(s) and pumping tests may be necessary when aquifer characteristics are unknown or poorly
understood and the volume of groundwater to be pumped has a large impact on the cost of
dewatering. Defining the position of clay layers where such layers impede vertical drainage to
the screens of dewatering devices or are key to designing seepage barriers may also require
further investigation.

Table 5

Preliminary Investigations

Item

Investigate

Reference

Geologic and soil

Type, stratification, and thickness of soil

Section 4.2; EM

conditions involved in excavation and dewatering. 1110-1-1804
Criticality Damage to excavation or foundation in event
of failure, rate of rebound, etc.
Groundwater or Groundwater table or hydrostatic pressure in Section 4.3
piezometric area and its source. Variation with river stage,
pressure season of year, etc. Type of seepage
characteristics (confined, unconfined, combined). Chemical
characteristics and temperature of
groundwater.
Hydraulic Estimate hydraulic conductivity and Section 4.4
conductivity transmissivity from visual, field, and/or
laboratory tests, preferably by field tests.
Power Availability, reliability, type and capacity of Section 4.5
power at site.
Degree of possible Rainfall in area. Runoff characteristics. High Section 4.6
flooding water levels in nearby bodies of water.
Adjacent structures Proximity of nearby structures to the area to be Section 4.7

dewatered. Type of structure.
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4.2 Evaluation of Geologic Conditions. An understanding of the geology of the area is
necessary to plan any subsurface investigation. Information obtained from the geologic and soil
investigations, as outlined in EM 1110-1-1804, should be used in evaluating a dewatering or
groundwater control problem. Depending on the completeness of information available, it may
be possible to postulate the general characteristics and stratification of the soil and rock
formations in the area. With this information, and the size of and depth of the excavation to be
dewatered, the remainder of the geologic and soil investigations can be planned. Sufficient
subsurface investigations are required to adequately design and/or prepare a cost estimate for a
dewatering system. Insufficient subsurface information may result in under designed or over
designed systems and may result in costly modifications during construction. There are a variety
of methods that can be used to characterize the subsurface conditions including borings (logging
soil samples and rock cores), cone penetrometer tests, downhole imaging and geophysics, and
geophysical surveys. Subsurface conditions can be highly variable in lateral extent and depth at
a site as shown in Figure 27. Refer to EM 1110-2-1421 (Groundwater Hydrology) for
discussions of the use of borehole and surface geophysical exploration methods in the evaluation
of groundwater problems. Other references on borehole geophysical methods include Maliva
and Missimer (2012) and Fell, Stapleton, Bell and Foster (2015). Refer to EM 1110-1-1802
Geophysical Exploration for Engineering and Environmental Investigations for a comprehensive
discussion of surface geophysical methods.
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Figure 27. Geologic profile developed from geophysical explorations (Adapted from TM 5-818-
8))

52 ETL 1110-2-586 e 24 May 2021



4.2.1 Borings and Cone Penetrometer Soundings.

4.2.1.1 A thorough knowledge of the extent, thickness, stratification, and seepage
characteristics of the subsurface soil or rock adjacent to and beneath an excavation is required to
analyze and design a dewatering system. These factors are generally determined during the
normal field exploration that is required for most structures. Borings should not only be made in
the immediate vicinity of the excavation, but some borings should be made on lines out to the
source of groundwater flow or to the estimated “effective” radius of influence. Samples of the
soil or rock formation obtained from these borings should be suitable for classifying and testing
for grain size and hydraulic conductivity, if the complexity of the project warrants. All of the
information gathered in the investigation should be presented on soil or geologic profiles of the
site. For large, complex dewatering or drainage projects, it may be desirable to construct a three-
dimensional numerical model to depict the different geologic or soil formations at the site.

4.2.1.2 The depth and spacing of cone penetrometer soundings and borings (and samples)
depend on the characteristics of the materials, and on the type and configuration of the
formations or deposits as discussed in EM 1110-1-1804. Cone penetrometer soundings, because
they are fast, are best completed before sampled test borings are performed. Analysis of cone
penetrometer sounding logs should be performed during the planning of test borings and
sampling, and borings should be drilled adjacent to selected cone penetrometer soundings to
correlate the stratification and soil behavior types indicated by the cone penetrometer soundings.
Care must be taken that the borings accomplish the following:

a. Identify all soils or rocks that would affect or be affected by seepage or hydrostatic
pressure.

b. Delineate the soil stratification. Borings need to be field logged by an experienced
geotechnical engineer or geologist who is intimately familiar with the project’s dewatering
requirements.

c. Identify any significant variation in soil and rock conditions that would have a bearing on
seepage flow, interruption of vertical seepage, location and depth of wells, or depth of cutoff.
Continuous wash or auger boring samples (i.e., borings advanced without taking representative
samples with a split-barrel sampler or Shelby tubes) are not considered satisfactory for
dewatering exploration. If samples are unable to be obtained, downhole imaging, with an optical
televiewer, and borehole geophysics may be used to characterize subsurface materials.

d. Estimate the groundwater level during drilling.

e. Are according to “Do No Harm” for critical structures (earth dams and levees), and are in
strict accordance with ER 1110-1-1807, Drilling in Earth Embankment Dams and Levees.
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4.2.2 Rock Coring.

4.2.2.1 Rock samples, to be meaningful for groundwater studies, should be intact samples
obtained by core drilling. Although identification of rock types can be made from drill cuttings,
the determination of characteristics of rock formations, such as frequency, orientation, and width
of joints or fractures, that affect groundwater flow requires core samples. To characterize the
rock mass properly, sufficient inclined core borings must be drilled in order to intersect vertical
joints. The percent of core recovery and any voids or loss of drill water encountered while core
drilling should be recorded. Optical televiewer profiles can provide a wealth of information
regarding material type, joints (magnitude, dip, dip direction), bedding planes, etc., and should
be included as an option if coring cannot be obtained or to verify the in-situ conditions. Acoustic
televiewers and other geophysical methods can also be used to supplement rock core data,
especially where core samples are difficult to retrieve.

4.2.2.2 The approximate mass hydraulic conductivity of rock strata can be measured by
making pressure or pumping tests of the various strata encountered. Without pressure or
pumping tests, important details of a rock formation can remain undetected, even with extensive
boring and sampling. For instance, open channels or joints in a rock formation can have a
significant influence on the hydraulic conductivity of the formation, yet core samples may not
clearly indicate these features where the core recovery is less than 100 percent. For critical
structures (earth dams and levees), rock coring must be performed to greatly reduce the potential
of hydraulic fracturing the rock and/or overlying foundation soils. Rock coring in critical
structures must be performed according to ER 1110-1-1807.

4.2.3 Soil Testing.

4.2.3.1 All soil and rock samples should be carefully classified, noting particularly those
characteristics that have a bearing on the perviousness and stratification of the formation. Soil
samples should be classified according to the Unified Soil Classification System described in
ASTM D2487. Particular attention should be given to the existence and amount of fines
(material passing the No. 200 sieve) in cohesionless samples, as fines content has a pronounced
effect on the hydraulic conductivity of these materials. Sieve analyses should be made on at
least the representative samples of the aquifer deposits to determine their gradation and effective
grain size (for example, D1y is the effective diameter of which 10 percent of the total sample has
particles that have an effective diameter that are less than D1o). Preferably, most of the
cohesionless samples recovered below the groundwater table should be tested for grain size
distribution according to ASTM D6913 for sizes larger than the No. 200 sieve. To estimate grain
sizes smaller than the No. 200 sieve, testing should be done according to ASTM D7928. The Dio
size may be used to estimate the hydraulic conductivity, k. The gradation is required to design
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filters for wells, wellpoints, or permanent drainage systems to be installed in the formation.
Correlations between k and Do are presented in Section 4.4.

4.2.3.2 Laboratory tests depicted in Figure 28 can be used to estimate the approximate
hydraulic conductivity of a soil or rock sample; however, conductivities obtained from such tests
may have little relation to field values even when carefully conducted under controlled
conditions. When samples of cohesionless materials are distributed and repacked/reconstituted
in a laboratory, the porosity and orientation of the grains are significantly changed, with resulting
change in the hydraulic conductivity. Also, any air entrapped in these samples during testing
will significantly reduce its hydraulic conductivity. Laboratory tests on samples of cohesionless
materials that have been segregated or contaminated with drilling mud during sampling
operations do not provide reliable results. In addition, the hydraulic conductivity of remolded
samples of cohesionless materials is usually considerably less than the horizontal hydraulic
conductivity kn of a formation, which is generally more significant in estimating seepage flow to
a dewatering or pressure relief system.
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Figure 28. Permeameters: (a) constant head and (b) falling head (adapted from Todd, 1980 and
TM 5-818-5)

4.2.3.3 Where a non-equilibrium type of pumping test (described in Appendix B) is to be
conducted, it is useful in estimating the required duration of the test to estimate the specific yield,
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Sy, of the formation (volume of water that is free to drain out of a material under natural
conditions as a percentage of total volume). Sy can be determined in the laboratory by:

a. Saturating the sample and allowing it to drain. Care must be taken to assure that capillary
stresses on the surface of the sample do not cause an incorrect conclusion regarding the drainage.

b. Estimating Sy from the soil type or by laboratory tests. The specific yield can be
computed from a laboratory drainage test as follows:

s, = 10\(;Vy )
Where:
Vy = volume of water drained from sample
V = gross volume of sample

4.2.3.4 The specific yield may also be estimated from the soil type (Table 6), but laboratory
tests are more reliable.
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Table 6

Representative Values of Specific Yield

Material Specific Yield, percent
Gravel, coarse 23
Gravel, medium 24
Gravel, fine 25
Sand, coarse 27
Sand, medium 28
Sand, fine 23
Silt 8
Clay 3
Sandstone, fine-grained 21
Sandstone, medium-grained 27
Limestone 14
Dune sand 38
Loess 18
Peat 44
Schist 26
Siltstone 12
Till, predominantly silt 6
Till, predominantly sand 16
Till, predominantly gravel 16
Tuff 21

(Recreated from ”Groundwater Hydrology” (Second Edition) by D.K. Todd, 1980, Wiley & Sons, Inc.)

4.3 Groundwater Characteristics

4.3.1 An investigation of groundwater at a site should include a study of the source of
groundwater that will flow to the dewatering or drainage system and determination of the
elevation of the water table and its variation with changes in river or tide stages, seasonal effects,
and pumping from nearby water wells. Groundwater and artesian pressure levels at a
construction site are best determined from piezometers and/or observation wells. Piezometers
(vibrating wire, pneumatic, etc.) should be installed in all pervious strata, both those that may
require dewatering and pressure relief as well as those that may not be affected by construction
dewatering and/or pressure relief. Piezometers in pervious soils and fine-grained soils (silts and
clays) may be standpipe type piezometers with commercially available slotted pipe sections or
vibrating wire pressure transducers (installed in a borehole, in a standpipe with a slotted pipe, or
grouted in-place). Piezometers may be installed with or without a filter, if required, to be filter
compatible with the foundation material. Grouted in-place piezometers should be used only
below the lowest existing phreatic surface because anomalous readings may occur if these
instruments are installed in the unsaturated zone (vadose zone). If there are compressible fine-
grained soil strata at a site, particularly if such strata are below the phreatic surface, it may also
be necessary and advisable to install piezometers in those strata in order to evaluate the effects of
groundwater lowering on pore pressures in the compressible strata. Piezometers should be
installed early in the investigation and monitored at a sufficient frequency as to establish a
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baseline condition prior to construction. The effect of seasonal impacts and subsurface water
level fluctuations on the piezometric levels should be considered when establishing monitoring
frequencies. The stage of nearby rivers, streams and lakes should be monitored at least daily to
permit evaluation of the effect of variations in surface water elevation on piezometric levels.
Refer to EM 1110-2-1908 for details on piezometer types and installation methods, and for
details on planning instrumentation and monitoring programs.

4.3.2 The groundwater regime should be observed for an extended period of time to establish
variations in the groundwater level likely to occur during the construction or operation of a
project. General information regarding the groundwater table and river or tide stages in the area
is often available from public agencies and may serve as a basis of establishing approximate
water levels. Specific conditions at a site can then be predicted by correlating the long-term
recorded observations in the area with more detailed short-term observations at the site.
Precipitation data from nearby weather stations should be collected to evaluate the influence that
precipitation has on groundwater levels and on piezometers readings.

4.3.3 The chemical composition of the groundwater and the presence of bacteria are of
concern, because some groundwater is highly corrosive to metal screens, pipes, and pumps, or
may contain bacteria and dissolved metals or carbonates that will form incrustations or bacterial
film in the wells, pumps, discharge piping and filters that will, with time, cause clogging and
reduced efficiency of the dewatering or drainage system. Indicators of corrosive and incrusting
waters are given in Table 7. Predicting whether or not incrustation, bacterial action, and
corrosion will be a problem during dewatering is difficult, but it is generally worthwhile to
engage a specialist to evaluate laboratory tests on the groundwater and report on the potential for
such problems before a project is advertised for bids, if for no other reason than to inform
bidding contractors that such problems may develop. See references listed below for
comprehensive discussions of corrosion and incrustation in wells and recommendations for
laboratory testing to evaluate the potential for corrosion and incrustation, including bacterial
causes. Following the recommendations of specialists is advisable when either corrosion or
incrustation is expected to be a serious problem.
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Table 7

Indicators of Corrosive and Incrusting Waters

Indicators of Corrosive Water Indicators of Incrusting Waters

1. A pH less than 7 1. A pH greater than 7.5

2. DISSOI.VG.d oxygen in excess of 2 parts 2. Total iron (Fe) in excess of 2 ppm
per million (ppm)

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

of oxygen

4. Total dissolved solids in excess of 4. Total carbonate hardness in excess of 300

1,000 ppm indicates an ability to ppm

conduct electric current great enough
to cause serious electrolytic corrosion
5. Carbon dioxide (CO») in excess of 50
ppm
6. Chlorides (Cl) in excess of 500 ppm

(Courtesy of the EPA - recreated)

4.3.4 Laboratory evaluation of groundwater samples collected from one or more wells is a
useful technique for identifying fouling mechanisms. Each well selected should be pumped or
bailed for approximately 5 minutes and a 1-liter sample collected for shipment to a laboratory.
The temperature, total dissolved solids (conductivity method), oxygen reduction potential (ORP)
and pH of the well water should be measured and recorded in the field when samples are
collected. The following tests are recommended (as a minimum) for evaluation of the water
chemistry:

a.pH

b. Temperature

c. Oxidation Reduction Potential (ORP)
d. Hydrogen Sulfide (H2S)

e. Carbon Dioxide (CO2)

f. Chlorides (CI)

g. Total Alkalinity as CaCO3

h. Total dissolved solids (TDS)
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1. Hardness (including carbonate and non-carbonate)

j. Calcium ion concentration as CaCO3

k. Silica ion concentration (as SiO2)

1. Iron concentrations (including Fe+2, Fe+3, and total)
m. Manganese concentration

4.3.5 These parameters will aid in two ways. First, they can be used in the calculation of the
Langelier Saturation Index (LSI) to characterize the base water chemistry. The saturation index
is a measure of the saturation of calcium carbonate and as such, is a predictor of whether a scale
will form or not. For scale formation, the water must have a saturation index greater than 0.0.
The LSI is estimated using the following formula:

LSI = pH — pH, (2)
pHs = (9.3+A+B) — (C+D) 3)
Where:
A = (Logl0O[TDS]-1)/10
B = -13.12xLogl0 (°C +273) + 34.55

C = Logl0[Ca* as CaCOs]-0.4
D = LoglO [Alkalinity as CaCOs]

4.3.6 There are a number of online calculators for the LSI. The parameters will also allow
for the monitoring of changes in key ion concentrations that may reflect accumulation or
dissolution occurring down-hole.

4.3.7 Bacteriological analyses are useful in predicting the probability of bacterial as well as
mineral plugging being a problem. Chapter 13 of Groundwater and Wells (Schnieders 2007)
recommends performing the heterotrophic plate count (HPC) test to determine the number of
colony-forming units per unit volume of water and the adenosine triphosphate test (ATP) to
determine the number of bacteria per unit volume. The HPC allows correlation with other work
in the industry while the ATP accounts for a much better assessment of the actual population
numbers as it is not dependent on culturability as with the HPC. More than 90% of all bacteria
are non-culturable. Chapter 13 of Groundwater and Wells (Schnieders 2007) also recommends
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microscopic examination of water samples to identify bacteria that can be identified visually as
well as iron-oxide accumulation, sand infiltration, presence of protozoa, and other abnormalities.

4.3.8 The ORP (oxidation-reduction potential) measurement provides a reasonable way to
distinguish between aerobic vs. anaerobic bacterial activity.> This statement is true where high
population numbers are present or verified by analysis. Schnieders (URS 2010) provided the
following discussion on the interpretation of the ORP measurements:

“ORP is a measurement of the dominant chemical reactions in an environment with a
negative reading indicating a more reducing environment and a positive reading
signifying an oxidative condition. It can indicate the presence of oxygen since oxygen is
oxidative, but other oxidation reactions can also be present. In closed water
environments such as a well sitting idle, or slowly pumped, bacterial activity is usually
the dominating force in developing either oxidative or reducing conditions. The ORP is
then often used as an indicator of bacterial activity or growth. Anaerobic growth is
known for the production of reducing conditions (Example: sulfur reducing bacteria).
The aerobic bacteria of course require oxygen and many of the aerobes are capable of
oxidizing many metals and non-metal species. (Examples: iron-oxidizing bacteria, or the
oxidation of sulfides to sulfates by sulfate oxidizers etc.)”

4.3.9 While most significant bacterial activity produces readings between -50 millivolts
(mV) to +200 mV with aerobic growth dominating at +150mv, it is not so much the level but the
change or swing in the reading that you should notice. For instance: if the reading has been +75
to +130 mV and the following month drops to a negative 30 mV, (one would) expect an increase
in anaerobic conditions near the well bottom. This could signal increasing accumulation near the
well bottom (anaerobic conditions usually develop lower in the well) and more fouling in that
area. Conversely, a change from a negative reading to a positive 150 mV would signal an
increase in aerobic activity, which could indicate fouling higher up in the well.”

5 Dr. Paul Sturman, professor of civil engineering at Montana State University, commented on ORP measurements
in a personal communication on 05 Nov 2009: “It is necessary to measure ORP at the well to get a useful
measurement. Lab-measured field samples typically become ‘contaminated’ with atmospheric oxygen prior to
measurement, thereby increasing the ORP. A good rule of thumb is that ORP measurements less than zero signify
an anaerobic environment while measurements between zero and approx. +200 mV indicate some oxygen is
present. There is not a firm correlation between ORP and dissolved oxygen concentration because ORP can be
influenced by other ionic species in solution, notably iron and sulfur species, but it is a useful measurement to get an
idea of the processes that are taking place.” John Schnieders added that this statement is true where high population
numbers are present or verified by analysis.
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4.3.10 The following are references with extensive discussion of corrosion and incrustation
problems in groundwater: Powers et al. (2007), Schnieders (2003), Roscoe Moss Company
(1990) and Sterrett (2007).

4.3.11 Changes in the temperature of the groundwater will result in minor variations of the
rate of water flowing to a dewatering system. The change in viscosity associated with
temperature changes will result in a change in flow of about 1.5 percent for each 1-degree
Fahrenheit of temperature change in the water. Only large variations in temperature need be
considered in design because groundwater temperatures are usually relatively constant and the
accuracy of determining other parameters does not warrant excessive refinement.

4.4 Hydraulic Conductivity of Pervious Strata.

4.4.1General. The rate at which water can be pumped from a dewatering system is directly
proportional to the hydraulic conductivity of the formation being dewatered; thus, this parameter
should be estimated reasonably accurately prior to the design of any drainage system. The term
hydraulic conductivity is used generically and assumes a material is homogeneous and isotropic.
For analysis, isotropy or anisotropy of the formations through which water is flowing must be
clarified. The use of the variable k implies the hydraulic conductivity of a homogeneous
isotropic aquifer while the terms ki and ky denote horizontal and vertical hydraulic conductivity,
respectively. Methods that can be used to estimate the hydraulic conductivity of a pervious
aquifer are presented in the following sections.

4.4.2 Visual Classification. The simplest approximate method for estimating the hydraulic
conductivity of a soil is by visual examination and classification, and comparison with similar
soils of measured hydraulic conductivity. An approximation of the hydraulic conductivity of
homogeneous materials (silty sand, clean sand, and sand with gravel) can be estimated from
Table 8.
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Table 8
Approximate Range of Hydraulic Conductivity Values (k) for Granular Soils (Adapted
from TM 5-818-5)

Soil Description (Unified Hydraulic Conductivity (k)
Soil Classification

System) x 104 cm/sec x 10 ft/min
Sandy silt (ML) 5-20 10 - 40
Silty sand (SM) 20-50 40 - 100
Very fine sand (SP) 50-200 100 - 400
Fine sand (SP) 200 - 500 400 - 1,000
Fine to medium sand (SW) 500 - 1,000 1,000 - 2,000
Medium sand (SP) 1,000 - 1,500 2,000 - 3,000
Medium to coarse sand (SW) 1,500 - 2,000 3,000 - 4,000
Coarse sand and gravel 2,000 - 2,500 4,000 - 10,000

(SP)g

FRUCO & Associates, Inc.

4.4.3 Empirical Relations Between Grain Size and k or kn. The horizontal hydraulic
conductivity of a clean sand can be estimated from empirical relations between D1 and kn
(Figure 29), which were developed from laboratory sieve analyses and field pumping tests for

sands in the Mississippi and Arkansas River valleys. The correlation curve shown in Figure 29
is an average based on numerous pumping tests in the Mississippi and Arkansas River Valleys,
and it is strongly recommended to perform site specific tests at sites outside of this area. If no
pumping test data are available when a dewatering system is designed, consideration should be
given to factoring the mean kn calculated from Do values using the correlation curve. Testing of
relief wells in 2014 at various sites in Wood River, IL (Bird and Andersen 2014) indicated that
the actual average formation kh ranged between 1.0 to 2.0 times the average ki estimated from
the curve in Figure 29 using Dio values from extensive sieve analysis testing on representative
samples from multiple fully penetrating test borings in the immediate vicinity of the relief wells
that were tested. Three empirical correlation charts (Powers et al. 2007) developed by Byron
Prugh (Figures 30, 31, and 32) correlate k with Dso and also account for the effects of relative
density and uniformity. The authors of Powers et al. (2007) state that in their experience, these
charts give good results if the samples selected for analysis are representative.
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U.S. standard sieve numbers
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Figure 30. Prugh k chart for dense soils (Courtesy of Keller)
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Figure 31. Prugh k chart for soils with 50% relative density (Courtesy of Keller)
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Figure 32. Prugh k chart for loose soils (Courtesy of Keller)

4.4.4Hazen Equation. Hazen’s investigation of the hydraulic conductivity of filter sands
revealed that the hydraulic conductivity of clean, relatively uniform, remolded sand could be
estimated from the empirical relation:

k= C X (Dyo)? 4)

Where:
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k= hydraulic conductivity (cm/sec)
C = 1.0 (may vary from 0.4 to 1.5)

Dio

effective grain size of filter (mm)
4.4.5 Other Empirical Relationships.

4.4.5.1 There are several other empirical relationships between k and grain size in addition
to Hazen’s. The most complex is Kozeny-Carman (such as the Chapuis and Aubertin 2003
version of Kozeny-Carman). A very useful, relatively reliable empirical relationship for filter
sands was developed for the median value of k by the Natural Resource Conservation Service
and reported by Sherard, Dunnigan and Talbot (1984a):

k = 0.35(Dy5)? (5)

Where:

k= hydraulic conductivity (cm/sec)

Dis = 15% size of filter (mm)

4.4.5.2 Empirical relations between grain size and k are only approximate and should be
used with reservation until a correlation based on a field pumping test or local experience is
available. Empirical relationships between grain size and k only represent a very small sample
of the larger aquifer. The permeability of the aquifer is likely controlled by gravel seams, silt
intrusions, and other geologic features.

4.4.6Field Pumping Tests. Field pumping tests are the most reliable procedure for estimating

the in-situ hydraulic conductivity of a water-bearing formation. For large dewatering projects, a
pumping test on a well that fully penetrates the sand stratum to be dewatered is warranted; such
tests should be made during the design phase so that results can be used for design purposes and
will be available to bidders. However, for small dewatering projects, it may be more economical
to select a more conservative value of k based on empirical relations than to perform a field
pumping test. Pumping tests are discussed in detail in Appendix B.

4.4.7Slug Testing and Other Simple Field Tests in Wells or Piezometers. The hydraulic
conductivity of a water-bearing formation can be estimated from constant, rising or falling head

tests made in wells or piezometers in a manner similar to laboratory permeameter tests. Figure
33 presents formulas for determining the hydraulic conductivity using various types and
installations of well screens. As these tests are sensitive to details of the installation and
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execution of the test, exact dimensions of the well screen, casing, and filter surrounding the well
screen, and the rate of inflow or fall in water level must be accurately measured. Transducers
with data loggers provide a convenient way to acquire sufficient water level data from slug tests
to permit analysis. Kruseman and de Ridder (1990) is a good reference for different methods of
analyzing slug test results, and Batu (1998) provides a comprehensive discussion of several
methods of analysis of slug testing. Disturbance of the soil adjacent to a borehole or filter,
leakage up the borehole around the casing, clogging or removal of the fine-grained particles of
the aquifer or the accumulation of gas bubbles in or around the well screen can make the test
completely unreliable. Performing slug tests in boreholes advanced by hollow stem augers can
underestimate hydraulic conductivity due to the augers densifying materials adjacent to the
borehole and smearing the borehole walls. Other methods (jetting or direct rotary methods) are
preferred to hollow stem augers, provided that these methods do not damage the foundation of
critical structures (e.g., dams and levees). In addition, the test likely only measures the
permeability of a small volume of soil immediately surrounding the wellpoint or piezometer.
The results should be interpreted as part of the overall geologic understanding of the water-
bearing formation.
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NOTATION
d D =DIAM, INTAKE, SAMPLE, CM
1 d = DIAM, STANDPIPE, CM
= L =LENGTH, INTAKE, SAMPLE, CM
I He = CONSTANT PIEZ HEAD, CM
E Hi =PIEZ HEAD FORt =t1, CM
= Hz =PIEZ HEAD FORt=t,, CM
q = FLOW OF WATER, CM3SEC
t =TIME, SEC
ky =VERT HYDRAULIC CONDUCTIVITY GROUND, CM/SEC
[ kn =HORIZ HYDRAULIC CONDUCTIVITY GROUND, CM/SEC
t Km = MEAN HYDRAULIC CONDUCTIVITY, CW/SEC
m =TRANSFORMATION RATIO
kp= JBE  m= JG7E
In=log: = 2.3 logi
WELLPOINT WELLPOINT
FILTER AT FILTER IN
IMPERVIOUS UNIFORM
BOUNDARY SOIL
A B
CASE CONSTANT HEAD VARIABLE HEAD

5 [2mL 2mLy’|
) dln[—D + 1+ (557 i,
= o
aml [ c2mly’ n 8L(t, —ty) H,
A qln[—D + 1+(—D ) ]

k= ZnlH,

S ln(—D ) H, 2mL
"B, —t) H,

z 2, |mL 2mLy®
q]nm_]"+ 1+(m_]") le[D+ 1+(D) H
D D L= In—=
B fn = 2nLH, 8L(t; —ty) H,
2mL
_ dzln( D ) Hy mL

ky = In— FOR — >4
h n D

8L{t,—t;)  H,

ASSUMPTIONS

SOIL AT INTAKE, INFINITE DEPTH AND DIRECTIONAL ISOTROPY (ki and ks CONSTANT) - NO DISTURBANCE, SEGREGATION, SWELLING, OR
CONSOLIDATION OF SOIL - NO SEDIMENTATION OR LEAKAGE - NO AIR OR GAS IN SOIL, WELLPOINT, OR PIPE - HYDRAULIC LOSSES IN PIPES, WELL-
POINT, OR FILTER NEGLIGIBLE.

Figure 33. Formulas for determining hydraulic conductivity from field falling head tests.
(Adapted from TM 5-818-5)

4.5 Power. The availability, reliability, type, and capacity of power available at a site should
be investigated prior to selecting or designing the pumping units for a dewatering system. Types
of power used for dewatering systems include electric, natural gas, butane, diesel, and gasoline
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engines. Electric motors and diesel engines are most commonly used to drive dewatering
equipment. Noise may be an issue for engine-driven pumps and diesel generators in some
settings. Silencer enclosures for engines are very effective in noise reduction and may be
advisable to utilize in instances where noise is objectionable, and engines have to be used to
drive pumps. The reliability of the power source and the criticality of the dewatering system
should also be evaluated to determine whether a backup power sources will be required. A
backup power source will generally be required to provide capacity equivalent to the main source
of power, and the backup source should be configured to automatically switch over from the
main power source.

4.6 Surface Water

4.6.1 Investigations for the control of surface water at a site should be performed by an
engineer with sufficient experience in hydraulics and hydrology, and should include a study of
precipitation data for the locality of the project and determination of runoff conditions that will
exist within the excavation. Precipitation data for various localities and the frequency of
occurrence are available online from the National Oceanic and Atmospheric Administration’s
(NOAA’s) National Weather Service website. The most convenient way to obtain rainfall
frequency and duration data for a particular site is to use NOAA’s interactive point-and-click
interface: Precipitation Frequency Data Server (PFDS) at http://hdsc.nws.noaa.gov/hdsc/pfds/.
Data for all states (except OR, WA, ID, MT, and WY), Puerto Rico, U.S. Virgin Islands and
selected Pacific islands are currently accessible on this interface. Example tabulations from the
PFDS of the amounts and durations of rainfall at North Little Rock, Arkansas that can be
expected at various frequencies is shown in Figure 34. Refer to Figure C.10 in Appendix C
which uses data from this figure to solve a practical surface water drainage problem for an
excavation.
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NOAA Atlas 14, Volume 9, Version 2
Location name: North Little Rock, Arkansas, US*
Latitude: 34.7664°, Longitude: -92.2200°
Elevation: 250 ft*
= source: Google Maps

MY
;
. s

POINT PRECIPITATION FREQUENCY ESTIMATES

Sanja Perica, Deborah Martin, Sandra Pavlovic, Ishani Rey, Michael St. Laurent, Carl Trypaluk,
Dale Unruh, Michael Yekta, Gecffery Bonnin

NOAA, National Weather Service, Silver Spring. Maryland

PF_tabular | PE_graphical | Maps_&_aerials

PF tabular
| PDS-based point precipitation frequency estimates with 90% confidence intervals (in inu::hes]1
3 Average recurrence interval (years)
Duration

[+ [ 2 [ 5 | 10 | 25 [ 5 [ 100 | 200 || 50 | 1000

5.min 0.434 0.492 0.585 0.660 0.761 0.835 0.908 0.979 1.07 1.14
(0.370-0.515)|((0.419-0.584) [(0.496-0.696) |(0.557-0.788)|(0.617-0.927) |(0.663-1.03)||(0.697-1.15) |(0.720-1.26)|[(0.757-1.42) | (0.785-1.53)

10.min | 0-636 0.721 0.857 0.967 1.1 1.22 1.33 1.43 1.57 1.67
; (0.541-0.754)|((0.613-0.855) | (0.727-1.02) || (0.815-1.15) || (0.904-1.26) |(0.971-1.51)|| (1.02-1.68) | (1.05-1.85) || (1.11-2.08) || (1.15-2.24)

15.min | 0175 0.879 1.04 1.18 1.36 1.49 1.62 1.75 1.91 2.03
B (0.660-0.919) | (0.748-1.04) | (0.886-1.24) || (0.994-1.41) || (1.10-1.88) | (1.19-1.84) || (1.24-2.04) | (1.29-2.26) || (1.35-2.53) | (1.40-2.74)

30.min 1.16 1.31 1.56 1.77 2,03 2.23 243 2.61 2.85 3.02
(0.984-1.37) || (1.12-1.56) | (1.33-1.86) || (1.49-2.11) || (1.65-2.48) |(1.77-2.76) || (1.86-3.06) | (1.92-3.37) || (2.02-3.77) | (2.09-4.08)

60.min 1.55 1.76 2,08 2.35 27 2.98 3.24 3.50 3.84 4.09
(1.32-1.84) || (1.49-2.08) | (1.77-2.48) || (1.98-2.80) | (220-3.30) |(2.37-3.68) || (2.49-4.09) | (2.58-4.53) | (2.72-5.09) | (2.83-5.51)

Figure 34. Point Precipitation Frequency Estimates for North Little Rock, AR (from NOAA
Precipitation Frequency Data Server)

4.6.2 The coefficient of runoff, C, within the excavation will depend on the characteristics
of soils present or the treatment, if any, of the slopes. Except for excavations in clean sands, the
coefficient of runoff, C, generally ranges from 0.8 to 1.0. The rate of runoff can be determined
as follows:

Qsw = CiA (6)
Where:
Qsw = rate of runoff (cfs)
C = coefficient of runoff
1= intensity of rainfall (inches per hour)
A = drainage area (acres)
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4.7  Adjacent Structures

4.7.1 The investigation should include developing a list of structures that could be
influenced by the dewatering. Lowering of the groundwater table through dewatering can lead to
settlement of, and damage to, adjacent structures. To limit these impacts, each component of the
dewatering system must be carefully designed, including filters, cut-off walls, and recharge
wells. Careful investigations should be carried out in the design phase of a project to evaluate
the need for such methods, because dewatering by pumping wells or wellpoints is usually much
less costly.

4.7.2 For structures that are located in the vicinity of a planned dewatering system, collect
structure information including structure type, structure use, and structure foundation type. If
evaluations indicate a structure could be affected by dewatering, a more detailed preconstruction
survey should be performed. This survey should include detailed mapping of the structure by a
licensed structural engineer. The engineer should locate all existing signs of cracking or other
distress and document the existing condition of the structure. This survey should include
photographs and crack measurements. The engineer should also determine locations to place
monitoring points to monitor movement during the dewatering process as discussed in Section
3.5. This information will provide a basis for evaluating any claims that may be made for
potential damages to nearby structures.

4.7.3 Dewatering can also adversely impact existing water supply wells if a dewatering
system is installed and operated in an aquifer that is also used for water supply. Collect water
well information for wells located nearby the planned dewatering system and in the same
aquifer, including depth of well and installation records. Observations should be made of the
water level in nearby water supply wells (refer to EM 1110-2-1908 for methods to determine
water levels in wells) and the collection of historic yield of these wells, before and during
dewatering to evaluate the effects of dewatering on these wells, and before the issuance of bid
documents. This information will provide a basis for evaluating any claims that may be made
for decreases in the capacity of nearby water supply wells.
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Chapter 5
Design of Dewatering, Pressure Relief, and Groundwater Control Systems.

5.1 Analysis of Groundwater Flow

5.1.1 Design of a dewatering and pressure relief or groundwater control system first requires
definition of the type of groundwater flow (artesian, gravity, or combined) to be expected and of
the type of system that will be required. Also, a reasonably complete picture of the groundwater
and subsurface conditions is necessary. Then the number, size, spacing, and penetration of
wellpoints or wells and the rate at which the water must be removed to achieve the required
groundwater lowering or pressure relief must be estimated.

5.1.2 In the analysis of any dewatering system, the source of seepage must be estimated and
the boundaries and seepage flow characteristics of geologic and soil formations at and adjacent
to the site must be generalized into a form that can be analyzed. In some cases, the dewatering
system and soil and groundwater flow conditions can be generalized into rather simple
configurations. For example, the source of seepage can be reduced to a line or circle; the aquifer
to a homogeneous, isotropic formation of uniform thickness; and the dewatering system to one or
two parallel lines or a circle of wells or wellpoints. Analysis of these conditions can generally be
made by means of mathematical formulas for flow of groundwater. Complicated configurations
of wells, sources of seepage, and soil formations can, in most cases, be solved or at least
approximated by means of mathematical formulas, numerical models, method of fragments and
flow nets, or a combination of these methods.

5.1.3 Any analysis, either mathematical, flow net, method of fragments, or numerical model,
is no better than the validity of the formation boundaries and material characteristics used in the
analysis. The solution obtained, regardless of the rigor or precision of the analysis, will be
representative of actual behavior only if the problem situation and boundary conditions are
adequately represented. An approximate solution to the right problem is far more desirable than
a precise solution to the wrong problem. The importance of formulating correct groundwater
flow and boundary conditions, as presented in Chapter 4, cannot be over emphasized.

5.1.4 Methods for dewatering and pressure relief, and their suitability for various types of
excavations and soil conditions were described in Chapter 3. Mathematical, graphical, and
numerical methods of analyzing seepage flow through generalized soil conditions and
boundaries to various types of dewatering or pressure relief systems are presented in Sections
5.2,5.3, and 5.4, respectively.

5.1.5 Other factors that have a bearing on the actual design of dewatering, pressure relief,
and surface-water control systems are considered in this section.
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5.1.6 The formulas and flow net procedures presented in Sections 5.2, 5.3, and 5.4, and
Figures 35 through 56 are for a steady state condition of groundwater flow. During the initial
stages of dewatering an excavation, water is removed from storage and the rate of flow is larger
than required to maintain the specified drawdown. Therefore, initial pumping rates will probably
be about 30 percent larger than computed values. Refer to Section 5.2 for additional explanation
of the use of the equations presented in this section.

5.1.7 Examples of design for dewatering and pressure relief systems are given in Appendix
C.

5.2 Mathematical and Numerical Model Analyses

5.2.1General. Design of a dewatering system requires the estimation of the number, size,
spacing and penetration of wells or wellpoints, and the rate at which water must be removed
from the pervious strata to achieve the required groundwater lowering or pressure relief. The
size and capacity of pumps and collectors also depend on the required discharge and drawdown,
as well as the electrical system requirements. The fundamental relationships between well and
wellpoint discharge and corresponding drawdown are presented in this section and Section 5.3.
The equations presented assume that the flow is laminar, the pervious stratum is homogeneous
and i1sotropic, the water draining into the system is pumped out at a constant rate, and flow
conditions have stabilized. Procedures for transforming an anisotropic aquifer (required for flow
net construction) with respect to hydraulic conductivity to an isotropic section are presented in
Cedergren’s Seepage, Drainage and Flow Nets (1997). Equations and example problems for
analyses using the method of fragments are presented in Harr’s Groundwater and Seepage (1962)
and Mechanics of Particulate Media (1977).

5.2.2Equations for Steady Flow to and Drawdown in Slots® and Wells.

5.2.2.1 General. The equations referenced in this section are in two groups: flow to and
drawdown at slots (Section 5.2.2.2 and Figures 35 through 43) and flow to and drawdown in
wells (Section 5.2.2.3 and Figures 44 through 56). Equations for slots are applicable for flow to
trenches, French drains, and similar drainage systems. They may also be used where the
drainage system consists of closely spaced wells or wellpoints. It is usually assumed that a well
system equivalent to a slot simplifies the analysis; however, corrections must be made to
consider that the drainage system consists of wells or wellpoints rather than the more efficient
slot. These corrections are given with the well formulas discussed in Section 5.2.2.3 below.
When the well system cannot be simulated with a slot, well equations must be used. The figures

¢ The term “slot,” as used in this document, is a geometrical concept used in theoretical analyses of groundwater
flow to represent similar physical features in the field and also to approximate a line of closely spaced wells.
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in which equations for flow to slots and wells are indexed in Table 9. The equations for slots and
wells do not consider the effects of hydraulic head losses, Hw, in wells or wellpoints; procedures
for accounting for these effects are presented separately.

5.2.2.2 Flow to a Drainage Slot.

5.2.2.2.1 Line Drainage Slots. Equations presented in Figures 35 through 39 can be used to
compute flow and head produced by pumping either a single or a double continuous slot of
infinite length. These equations assume that the source of seepage and the drainage slot are
infinite in length and parallel, and that seepage enters the pervious stratum from a vertical line
source. In actuality, the slot will be of finite length, the flow at the ends of the slot for a distance
of about L/2 (where L equals distance between slot and source) will be greater, and the
drawdown will be less than for the central portion of the slot. Flow to the ends of a fully
penetrating slot can be estimated, if necessary, from flow-net or numerical analyses presented
later.

5.2.2.2.2 Circular and Rectangular Slots. Equations for flow and head or drawdown

produced by circular and rectangular slots supplied by a circular seepage source are given in
Figures 40 through 43. Equations for flow from a circular seepage source assume that the slot is
located in the center of an island of radius R. For many dewatering projects, R is the radius of
influence rather than the radius of an island, and procedures for determining the value of R are
discussed in Section 5.2.2.7. Dewatering systems of relatively short lengths are considered to
have a circular source where they are far removed from a line source such as a river or shoreline.

5.2.2.2.3 Use of Slots for Designing Well Systems. Wells can be substituted for a slot; and
the flow Qw, drawdown at the well (H-hyw) neglecting hydraulic head losses at and in the well,
and head midway between the wells above that in the wells Ah, can be computed from the
equations given in Figures 54 through 56 for a (single) line source for artesian and gravity flow
for both “fully” and “partially” penetrating wells where the well spacing, a, is substituted for the
length of slot, x.

5.2.2.2.4 Partially Penetrating Slots. The equations for gravity flow to partially penetrating
slots are considered valid only for slot penetrations of 50% or greater.

5.2.2.3 Flow to Wells.

5.2.2.3.1 Flow to Wells from a Circular Source.

a. Equations for flow and drawdown produced by a single well supplied by a circular source
are given in Figures 44 through 46. It is apparent from Figure 45 that considerable computation
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is required to determine the height of the phreatic surface and resulting drawdown in the
immediate vicinity of a gravity well (1/h less than 0.3). The drawdown in this zone usually is not
of special interest in dewatering systems and seldom needs to be computed. However, it is
always necessary to compute the water level in the well for the selection and design of the
pumping equipment.

b. The general equations for flow and drawdown produced by pumping a group of wells
supplied by a circular source are given in Figure 47. These equations are based on the principle
of superposition, meaning that the drawdown at any point is the summation of drawdowns
produced at that point by each well in the system. The drawdown factors, F, to be substituted
into the general equations in Figure 47 appear in the equations for both artesian and gravity flow
conditions. Consequently, the factors given in Figure 48 for commonly used well arrays are
applicable for either condition.

c. Flow and drawdown for circular well arrays can also be computed in a relatively simple
manner, by first considering the well system to be a slot, as shown in Figure 49 or 50. However,
the piezometric head in the vicinity of the wells (or wellpoints) will not correspond exactly to
that determined for the slot due to convergence of flow to the wells. The piezometric head in the
vicinity of the well is a function of well flow Qw; well spacing a; well penetration W; effective
well radius rw; aquifer thickness D, or gravity head H; and aquifer hydraulic conductivity k. The
equations given in Figures 49 and 50 consider these variables.

5.2.2.3.2 Flow to Wells from a Line Source.

a. Equations given in Figures 51 through 53 for flow and drawdown produced by pumping a
single well or group of fully penetrating wells supplied from an infinite line source were
developed using the method of image wells. The image well (a recharge well) is located as the
mirror image of the real well with respect to the line source and supplies the pervious stratum
with the same quantity of water as that being pumped from the real well.

b. The equations given in Figures 52 and 53 for multiple-well systems supplied by a line
source are based on the principle of superposition, meaning that the drawdown at any point is the
summation of drawdowns produced at that point by each well in the system. Consequently, the
drawdown at a point is the sum of the drawdowns produced by the real wells and the negative
drawdowns produced by the image or recharge wells.

c. Equations are given in Figures 54 through 56 for flow and drawdown produced by
pumping an infinite line of wells supplied by a (single) line source. The equations are based on
the equivalent slot assumption. Where twice the distance to a single line source or 2L is greater
than the radius of influence R, the value of R as determined from a pumping test or from Figure
58 should be used in lieu of L unless the excavation is quite large or the tunnel is long, in which
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case equations for a line source or a flow-net or numerical analysis should be used. The
assumption that a line of wells is infinite cannot be replicated by the dewatering system installed
in the field. Additional wells or closer well spacing may be required beyond what is calculated
using the equations in Figures 54 through 56. Three-dimensional end effects present at the edge
of “infinite” installations should also be evaluated and will likely required additional wells,
deeper wells, or a longer well reach to create an “infinite” line of wells at the area requiring
dewatering.

d. Equations for computing the head midway between wells above that in the wells (Ahw) are
not given in this document for two line sources adjacent to a single line of wells. However, such
can be readily determined from (plan) numerical and flow-net analyses.
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combined flows (Adapted from Leonards, 1962 and TM 5-818-5)
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Figure 44. Flow and drawdown for fully and partially penetrating single wells; circular source;
artesian flow (Adapted from Leonards, 1962 and TM 5-818-5)
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Initial phreatic surface Phreatic surface Initial phreatic surface Phreatic surface

\. 1Qu.. " during pumping ‘ ‘,Q”’ " during pumping
| i /L ! 4
r r 7 | “ ! i
el NN |leee 0 I
= 1 | = : Wello-| | Y
\ i | i :
} | 5 W™ |
| i ‘ ‘ Ml
\ Well-> |- h ! R
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\ l B 1 } P
e e e S AN G AN AN AN SN CNA A VA G A
- F—» ‘— ' b{ R >
<—R—> v

(@) (®)
(SEE FIG. 58 FOR DETERMINING R.)

FULLY PENETRATING WELL
FLOW, Qw, OR DRAWDOWN, H? — h2; NEGLECTING HEIGHT OF FREE DISCHARGE, h' (CONDITION (a))
_ mk(H? — h?) _ mk(H* —hi)
Y™ In(R/r) 1) OR Y™ In(R/ry,) 2)

FLOW, Qw; TAKING h' INTO ACCOUNT (b) CAN BE ESTIMATED ACCURATELY FROM EQ 2 USING HEIGHT OF WATER, t+s (s
=0 FOR FULLY PENETRATING WELL), FOR THE TERM hu.

FULLY OR PARTIALLY PENETRATING WELL

FLOW, Qw; FOR ANY GRAVITY WELL WITH A CIRCULAR SOURCE

_ mk[(H —5)* —t7] 10r,\ . 1.8s
Qv = Ry [1 + (0'30 " TH )SmT] 3)
DRAWDOWN, H-h OR H2 — hz, WHERE h' IS ACCOUNTED FOR (OBTAIN Qv FROM EQ 3)
Qw, R
2 _h2 A _
WHERE r > 1.5H, H? —h? = —In— 2
WHERE r < 1.5H,
FORr/h>15, USEEQ4
_ Q,PIn(10R/H)

FORT/h<15, H b = G D] 5)
FOR03<r/h<15, P =0.13InR/r 6
FORr/h<03, P=C, +AC 7

_ R R
_ - 2___
WHERE Cy = 03In—— 00123 In* - )
s;y1. R s 24H R
AND AC=c [(Elnﬁ) (1.2ﬁ - 0.48) +0.113 lnTlnm] 9

Figure 45. Flow and drawdown for fully and partially penetrating single wells; circular
source; gravity flow (Adapted from Leonards, 1962 and TM 5-818-5)
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FLOW, Qw; CAN BE COMPUTED FROM

_ mk(2DH — D? — h3)

v In(R/ry)
DRAWDOWN, H — h; CAN BE COMPUTED AT ANY DISTANCE FROM
Hehen-| =P oy [pe_DE=he R 2
= I(R/ry) Ty In(R/ry) T @

R; DISTANCE FROM WELL AT WHICH FLOW CHANGES FROM GRAVITY TO ARTESIAN CAN BE COMPUTED FROM

| ﬁ_(DZ—h\z,‘,)lnR+ZD(H—D)lan
nR= 2DH — D — I,

RIS DETERMINED FROM FIG 58.

EQUATIONS 1 AND 2 ARE BASED ON THE ASSUMPTION THAT THE HEAD hy AT THE WELL IS AT THE SAME ELEVATION AS THE WATER
SURFACE IN THE WELL. THIS WILL NOT BE TRUE WHERE THE DRAWDOWN IS RELATIVELY LARGE. IN THE LATTER CASE, THE HEAD AT AND
IN THE CLOSE VICINITY OF THE WELL CAN BE COMPUTED FROM EQ 4 THROUGH 9 (FIG 45). IN THESE EQUATIONS, THE VALUE OF Qu USED IS
THAT COMPUTED FROM EQ 1, ASSUMING hy, IS EQUAL TO THE HEIGHT OF WATER IN THE WELL, AND THE VALUE OF R COMPUTED FROM EQ 3
IS USED IN LIEU OF R.

Figure 46. Flow and drawdown for fully penetrating single well; circular source; combined
artesian and gravity flows (Adapted from Leonards, 1962 and TM 5-818-5)
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Phreatic surface Initial phreatic Phreatic surface

v Initial phreatic e during pumpin
" surface  PointP g during pumping surface . point P'?”’l Qxf BPREnE
A N\ 4 N\ ‘ raws S
7 ! [ O
T REER A
/L 7 l;r(éervgk WAV H b, H:aﬁﬁﬁz ha |
1 pervoue Hnd LI L Al
\ X .:‘//\‘//,‘//\‘/'\‘ —/X‘T'\—Ji\vu\\l }l, LOZNZNZNAN s R »= R J
\ < R R >
@_ (b) ARTESIAN FLOW (SECTION A-A) (c) GRAVITY FLOW (SECTION A-A)
ARTESIAN FLOW
DRAWDOWN (H — hp) AT ANY POINT P
F
—h.o=— 1
H=hy 2mkD M
WHERE
1=n Ri
Ft= Z Quiln (r—) )
i=1 !
AND  Qui=FLOW FROM WELL i Ri = RADIUS OF INFLUENCE FOR WELL i
ri = DISTANCE FROM WELL i TO POINT P n =NUMBER OF WELLS IN THE ARRAY
GRAVITY FLOW
DRAWDOWN (H2 - hy?) AT ANY POINT P
F
H b= (3)
WHERE F IS COMPUTED FROM EQ 2
ARTESIAN OR GRAVITY FLOW

DRAWDOWN AT ANY WELL, j, FOR ARTESIAN OR GRAVITY FLOW CAN BE COMPUTED FROM EQ 1 OR 3 RESPECTIVELY, SUBSTITUTING Fw FOR
F

WHERE
i=n-1
l::w - QW] In <rv:j> + Z Qwi In (T:) (4)
i=1
AND  Qu=FLOW FROM WELL j raj = EFFECTIVE WELL RADIUS OF WELL j
R = RADIUS OF INFLUENCE FOR WELL j rj = DISTANCE FROM EACH WELL TO WELL j

+ DRAWDOWN FACTORS, F, FOR SEVERAL COMMON WELL ARRAYS ARE GIVEN IN FIG. 48.

1 FOR RELATIVELY SMALL DEWATERING SYSTEMS AND WHERE NO UNUSUAL BOUNDARY CONDITIONS EXIST, THE RADIUS OF INFLUENCE
FOR ALL WELLS CAN BE ASSUMED CONSTANT AS IN (a) ABOVE. SEE FIG. 58 FOR DETERMINING THE VALUE OF R.

Figure 47. Flow and drawdown for fully penetrating multiple wells; circular source; artesian and
gravity flows (Adapted from Leonards, 1962 and TM 5-818-5)
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Well system
symmetrical
about ¢

a6
—'—ooopoo
(el

" a_

by o

ARRAY 1 ARRAY 2 ARRAY 3
ALL WELLS ARE FULLY PENETRATING WITH A CIRCULAR SOURCE. THE FLOW, Qu, FROM ALL WELLS IS EQUAL.
Fu = DRAWDOWN FACTOR FOR ANY WELL IN THE ARRAY. r« = EFFECTIVE WELL RADIUS
Fm = DRAWDOWN FACTOR AT POINT M IN ARRAY 3. . = HEAD AT POINT C
Fc = DRAWDOWN FACTOR FOR CENTER OF THE ARRAY. n, R, Qu, H, hy, hw, 1i, 1w, iy ARE DEFINED IN FIG. 47.
ARRAY 1. CIRCULAR ARRAY OF EQUALLY SPACED WELLS
n
Fw = Qw lnm (1) FC = an In R/A (2)

WHERE A = DIMENSION SHOWN IN ARRAY 1 ABOVE.
DRAWDOWN AT POINTS P AND C FOR ARTESIAN FLOW CAN BE COMPUTED FROM

H-—h InRYIZ"Inr; H - h,,)nIn(R/A
Point P: (H —hy) = ( iz rflzn Zifnn) 3 Point C: (H—h) = d= W)R_n G )
ll’l'nrwA(nfm lnm

DRAWDOWN AT C FOR GRAVITY FLOW CAN BE COMPUTED FROM

n(H? — h2) In(R/A)
H-h)=H- [H? - ——————— ()

In nr,, A("-1)

ARRAY 2. RECTANGULAR ARRAY OF EQUALLY SPACED WELLS

Fw AND Fc MAY BE APPROXIMATED FROM EQ 1 AND 2, RESPECTIVELY, IF Ae IS SUBSTITUTED FOR A AND

A, =% b, ©)
F AND F- CAN BE COMPUTED MORE EXACTLY FROM |
Fu=Quin—+ ) Qi M) Fo= ) Qulns ®)
ARRAY 3. TWO PARALLEL LINES OF EQUALLY SPACED WELLS
i=n/4 i=n/2
) (10)

R R
NP S a2y 3 ln R
e =4Qu £ n§\/a2(zi—1)2+32 m = 2Qu L n;/az(zi—s)zﬂsz
1= 1=

WHERE i = WELL NUMBER AS SHOWN IN THE ARRAY ABOVE.

NOTE THAT THE LOCATION OF M IS MIDWAY BETWEEN THE TWO LINES OF WELLS AND CENTERED BETWEEN THE END TWO WELLS OF THE LINE.
THIS POINT CORRESPONDS TO THE LOCATION OF THE MINIMUM DRAWDOWN WITHIN THE ARRAY.

VALUES DETERMINED FOR Fu, F¢, AND Fn ARE SUBSTITUTED FOR F IN EQ 1 AND 3 (FIG. 47) TO COMPUTE DRAWDOWN AT THE RESPECTIVE POINTS.

Figure 48. Drawdown factors for fully penetrating circular, rectangular and two-line well arrays;
circular source; artesian and gravity flows (Adapted from Leonards, 1962 and TM 5-818-5)
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FULLY PENETRATING WELL

| DRAWDOWN, H - he, PRODUCED BY PUMPING A FLOW OF Qr FROM AN EQUIVALENT SLOT IS

/' COMPUTED FROM EQ 1 {FIG.40 OR FIG. 44) {Qr = nQw}, n = NUMBER OF WELLS; Q.= FLOW
Bl R N FROM A WELL)
A A HEAD LOSS DUE TO CONVERGING FLOW AT WELL
_ Qw a__ (#-h)f a
Ahwf mlnmf m lnm (1)
®
TOTAL DRAWDOWN AT WELL (NEGLECTING HYDRAULIC HEAD LOSS, Hw)
_ _Qr {1 1 a
H by = H= b +ahy, = 2 (3+2mn-2) )
®
HEAD INCREASE MIDWAY BETWEEN WELLS
_ Qw a _ (H-hg)$ a
Ah, = T In T Trm lna 3)
PLAN
DRAWDOWN MIDWAY BETWEEN WELLS
a) (
Initial i i :
Piezometric Pleszl‘lorgec;tenc H - hy = H- hy, + Aby, = E_]; (% - g) ]
Surface During
L Pumping

HEAD INCREASE IN GENTER OF A RING OF WELLS, Ahy, IS EQUAL TO Ah,, AND CAN BE

COMPUTED FROM EQ 1. DRAWDOWN AT THE CENTER OF THE RING OF WELLS, H - hp, IS
EQUAL TO H — h,, — Ah,, OR H — h, AND, CONSEQUENTLY, CAN BE COMPUTED FROM FIG.
40.

FOREQ 1 THROUGH 4
FLOWS FROM ALL WELLS ARE EQUAL
SHAPE FACTOR ¢ 1S OBTAINED FROM FIG. 40c.
k = HYDRAULIC CONDUCTIVITY
ALL OTHER TERMS ARE EXPLAINED IN a, b, and ¢

HYDRAULIC HEAD LOSS IN WELL (Hw) IS OBTAINED FROM FIG. 59.

SECTION A-A SECTION B-B

b) c)

Figure 49. Flow and drawdown for fully penetrating circular well arrays; circular source; artesian flow (Adapted from TM 5-818-5)
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SEE FIGURE 49 a, b, AND ¢ FOR EXPLANATION OF TERMS NOT DEFINED IN THIS FIGURE.

DRAWDOWN H - h., PRODUCED BY PUMPING A FLOW OF Qr FROM AN EQUIVALENT SLOT, IS COMPUTED FROM FIG. 40 FOR CIRCULAR
SLOT AND FROM FIG 42 FOR RECTANGULAR SLOT.
HEAD LOSS DUE TO CONVERGING FLOW AT WELL

Qw8  (H—h)350,

= 1
Ahw =5 n M
TOTAL DRAWDOWN AT WELL (NEGLECTING Huw)
QT ( 1 ea)
Cho—H-— B 5 I S )
H-hy =H-h +ah, = == += @
HEAD INCREASE MIDWAY BETWEEN WELLS
Q0. (H—h)s$o
— WL — €. m 3
Al kD n @)
DRAWDOWN MIDWAY BETWEEN WELLS
Qrrl 1
“h_=H- 3 R 4
H—hy =H—hy +ah, == $+n(ea em)] )]

HEAD INCREASE IN CENTER OF A RING OF WELLS, Ahp, IS EQUAL TO Ahw AND CAN BE COMPUTED FROMEQ 1.

DRAWDOWWN AT THE CENTER OF A RING OF WELLS, H - hp, IS EQUAL TO H - hy — &h, OR H - h. AND, CONSEQUENTLY, CAN BE
COMPUTED FROM FIG. 40.

FOR EQ 1 THROUGH 4: h, = h, + Ah,

FLOWS FROM ALL WELLS ARE EQUAL.

8; AND 8, ARE DRAWDOWYN FACTORS OBTAINED FROM FIG. 55 (a AND b, RESPECTIVELY)
# FROM FIG. 40 AND 42

Figure 50. Flow and drawdown for partially penetrating circular and rectangular well arrays;
circular source; artesian flow (Adapted from TM 5-818-5)
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EQUATIONS FOR FLOW AND DRAWDOWN FOR A FULLY PENETRATING WELL WITH A LINE SOURCE OF INFINITE LENGTH WERE DEVELOPED
UTILIZING THE METHOD OF IMAGE WELLS. THE IMAGE WELL IS CONSTRUCTED AS SHOWN IN (a) BELOW.

_ ARTESIAN FLOW
Line source, P
4 Image well ‘ )‘\ Rcai] WCHA FLOW. Qu
| o - - /
4 .;1 \,/, T Q. = 2nkD(H — hy,) )
i Y In(2L/1y,)
L——<—1L
g DRAWDOWN AT ANY POINT, P, LOCATED A DISTANCE, r, FROM THE WELL.
(a)
' 2o (5)
Phrgatlc surfaice H-h= In(— (2)
y/'Qw Initial phreatic during ?umplng 21kD r

surface . f L
\ { /"

GRAVITY FLOW
7
{// FLOW, Quw

WEREE -
B |
o |
:: l _ mk(H? — h2) @)
______ ST /,//,/,F//,//‘/,//,/,//, In(2L/rw)
(b) ARTESIAN FLOW
Phreatic surface
Initial phreatic  during pumping
Qu surface - I LQuw
¥ ) s
TL —Tﬁ L— |l rw DRAWDOWN AT ANY POINT, P, LOCAT(;ED A DI’STANCE, r, FROM THE WELL.
| ) \ PR 2 _p[2 W r_
| — 4 e =L (7 “
o ¢
' \
[

Y

k AT 'K\‘&&K\‘&\*&\‘&J

(c) GRAVITY FLOW

IN THE EQUATIONS ABOVE, THE DISTANCE TO THE LINE SOURCE MUST BE COMPARED TO THE CIRCULAR RADIUS OF INFLUENCE, R, FOR
THE WELL. IF 2L IS GREATER THAN R, THE WELL WILL PERFORM AS IF SUPPLIED BY A CIRCULAR SOURCE OF SEEPAGE, AND SOLUTIONS
FOR A LINE SOURCE OF SEEPAGE ARE NOT APPLICABLE.

SEE FIG. 57 FOR DETERMINING THE VALUE OF R.
SEE FIG. 58 FOR DETERMINING THE VALUE OF Hu.

Figure 51. Flow and drawdown for fully penetrating single well; line source; artesian and
gravity flow (Adapted from Leonards, 1962 and TM 5-818-5)
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Line source S o Initial phreatic  Phreatic surface during pumping Initial phreatic ~ Phreatic surface during pumping
\ X \ — surface . &
Image wells . T ~. \ surface sz\/ \«.\QIM - Qw3¥ 9002 )
M B e e a7 X I N 1/ - Vs el ;
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2,1

|

AA

Line source
]
Line source '

w
oK
wy
&
8
«— Iy
<~ >

(@ b) ARTESIAN FLOW (c) GRAVITY FLOW

ARTESIAN FLOW

DRAWDOWN (H — hy) AT ANY POINT P
F,
—h. = 1
H—h, =-_% ™

F, = i QuiIn (i_:) 2)
i=1

AND  Qui=FLOW FROM WELL i Si = DISTANCE FROM IMAGE WELL i TO POINT P
ri= DISTANCE FROM WELL i TO POINT P n =NUMBER OF REAL WELLS

GRAVITY FLOW

DRAWDOWN (H? - hp?) AT ANY POINT P

F/
2 _p2__P 3
H? —hj = — @)

WHERE

WHERE F';t IS COMPUTED FROM EQ 2.

ARTESIAN OR GRAVITY FLOW
DRAWDOWN AT ANY WELL, j, FOR ARTESIAN OR GRAVITY FLOW CAN BE COMPUTED FROM EQ 1 OR 3 RESPECTIVELY, SUBSTITUTING F' for
Fo
WHERE
i=n
21 Sy
Fly = Quyln (—’) £ Quln (—’) @
Twj ~ Tij
AND Qi = FLOW FROM WELL | Qui = FLOW FROM WELL i
L; = DISTANCE FROM LINE SOURCE TO WELL | Si = DISTANCE FROM IMAGE WELL i TO WELL j
fu = RADIUS OF WELL n = NUMBER OF REAL WELLS

rj = DISTANCE FROM EACH WELL TO WELL j
+ DRAWDOWN FACTORS, F', FOR SEVERAL COMMON WELL ARRAYS ARE GIVEN IN FIG. 53.

Figure 52. Drawdown for group of fully penetrating wells; line source; artesian and gravity
flows (Adapted from Leonards, 1962 and TM 5-818-5)
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[{« Xea}
Q
+ iy Sl _| o |‘
Well system By [e] o}
‘ symmetrical ] 00 ™ L &
about¢ g = g woe 7,
# T8 3l Lk 5 +o ) 8 '
8 b he T Y t i t = hw & he
N { £ s = : Y
3 o | ey = B E®© Rio t - 3 AL -
a B! i) o 9Q ) ) A
g o P v oY
S 4 Y= 285 T - 5 by e
e— [ ——» n E = = Y A
-0 0 E®
«~— [y——> " g a hz -<>
ARRAY 1 ARRAY 2 ARRAY 3 ARRAY 4

F'c = DRAWDOWN FACTOR FOR CENTER OF ARRAY.
F'w = DRAWDOWN FACTOR FOR ANY WELL OF ARRAY. .' SEE EQ 1 AND 3 (FIG. 47) FOR

DEFINITION OF F.
F's = DRAWDOWN FACTOR FOR MIDWAY BETWEEN LAST TWO WELLS (ARRAY 2). J

VALUES DETERMINED FOR DRAWDOWN FACTORS ARE SUBSTITUTED INTO EQ 1 OR 3 (FIG. 52).
ALL WELLS ARE FULLY PENETRATING. FLOWS FROM ALL WELLS ARE EQUAL.
SEE FIG. 52 FOR EXPLANATION OF TERMS NOT DEFINED IN THIS FIGURE.

ARRAY 1. CIRCULAR ARRAY OF EQUALLY SPACED WELLS

F.= QWZIH
i=1

i=

1+4(5) - 4(F)eosa- 0]

L , 2L
IF ;ZZ Fczanln:

) 2Ly, A
Fw = QW<HIHT+IHH—)

Ty

ARRAY 2. SINGLE LINE OF EQUALLY SPACED WELLS

i=n/2

=2Qw Z \/ [(a/Z)(n F1- 21)]

B_szln ” (a/2)(21 3)

WHERE n = oo USE EQUATIONS GIVEN IN FIG. 53, 54, AND 55.

ARRAY 3. TWO PARALLEL LINES OF EQUALLY SPACED WELLS

oy 1"/41 . R 2431 P
= sz n +[(a/4)(n+2—4i)]+n +[(a/4)(n+2—4i)]

i=1

ARRAY 4. RECTANGULAR ARRAY OF EQUALLY SPACED WELLS
APPROXIMATE METHOD. COMPUTE F', AND F'; FROM EQ 1 or 2 AND 3 RESPECTIVELY, WHERE A. IS SUBSTITUTED FOR A AND

4
L=
Ac=—fbib,

EXACT METHOD. COMPUTE F', AND F'vw FROM EQ 2 AND 4 (FIG. 52), RESPECTIVELY.

Figure 53. Drawdown for fully penetrating circular, single-line, two-line, and rectangular well
arrays; line source; artesian and gravity flows (Adapted from Leonards, 1962 and TM 5-818-5)
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Line source F’
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I Qw QUJ Qw Qw Qw Qw Qw

Lvlv \ v B ¢ v 5'4' v Infinite line
o o DiLO—ﬂLOJfO

o —of wells,
spacing=a

W W U

Phreatic surface during pumping

< L > /Qw / Initial phreatic surface
|
p——

==~ 7A}7m o
\\
8 Ahzlcﬁ Ny Ahp Impervious
H §M 7 %’:X//// % 7
vl ) =W A T h
5| * [} PointD hp " pervi
| hwl T D ervious
o j ,
777

HYDRAULIC HEAD LOSS, Hu, IS OBTAINED FROM FIG. 59.
A-A B-B
(b) )

kD
HEAD LOSS DUE TO CONVERGING FLOW AT WELL :
_ Qu a
Ahy = 2mkD In 2mr,,
TOTAL DRAWDOWN AT WELL (NEGLECTING HYDRAULIC HEAD LOSS, Hu)
_Quwl | Qu a

H-h, = H—h, + Ah,, = = =
w e T Ahw kDa+2nkD rl2111’W

HEAD INCREASE MIDWAY BETWEEN WELLS

_ Quw a
Ay = 2mkD In Ty
DRAWDOWN MIDWAY BETWEEN WELLS
H—hy =H—h, = ah, = 2= —0.11.%

HEAD INCREASE Ahp DOWNSTREAM OF WELLS IS EQUAL TO Ahw, EQ 1.
EQ 1 (FIG. 35), WHERE x =a and Q = Qu. H — ho CAN ALSO BE COMPUTED FROM
hD - hw

H-hp=——on ¥
" () 7y

DRAWDOWN, H - he, PRODUCED BY PUMPING Qw FROM AN EQUIVALENT CONTINUOUS SLOT IS COMPUTED FROM Dl

4)

DRAWDOWN, H — ho, DOWNSTREAM OF WELLS IS EQUAL TO H — h,, — Ah,, OR H-he AND, CONSEQUENTLY, CAN BE COMPUTED FROM

5)

Figure 54. Flow and drawdown for fully penetrating infinite line of wells; line source; artesian

flow (Adapted from Leonards, 1962 and TM 5-818-5)
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SEE DRAWING IN FIG. 40 AND FIGURES (a) AND (b) BELOW FOR DEFINITIONS OF TERMS IN EQUATIONS.

DRAWDOWN, H — hw, PRODUCED BY PUMPING Qw FROM AN EQUIVALENT CONTINUOUS SLOT IS COMPUTED FROM EQ 1 (FIG. 37).
HEAD LOSS DUE TO CONVERGING FLOW AT WELL

Qw8
= 1
Bh, == )
TOTAL DRAWDOWN AT WELL (NEGLECTING Hu)
Qw (L
H_hwzH_he+Ahw=E<;+ea) (2)
HEAD INCREASE MIDWAY BETWEEN WELLS
Qwem
= 3
By, === ®
DRAWDOWN MIDWAY BETWEEN WELLS
Quw (L
H—hm=H—hw—Ahm=E(;+ea—em) (4)

HEAD INCREASE Ahp DOWNSTREAM OF WELLS IS EQUAL TO Ahy, EQ 1.

DRAWDOWN, H — ho, DOWNSTREAM OF WELLS IS EQUAL TO H — h,, — Ah,, OR H - h. AND CONSEQUENTLY, CAN BE COMPUTED FROM EQ 1
(FIG. 37).

WiD=50% | —

% w/D = 100% — |
=100

5
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/ A /
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Figure 55. Flow and drawdown for fully and partially penetrating infinite line of wells; line
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Linesource [~ A

Initial phreatic surface Phreatic surface
‘ during pumping
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ale Qu N N Y
LT \\“H Mo )L
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7 % 4NN S S K AN oy By !
w \
B § 3 I
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+<—hp 5 ¢ w5 P
g
b | El
\\/\\,\\,\‘\,\\/\\,\\,\\,\\/\\/\ ,\\,\\,\\/\l\,l\\,\\,\\,\\/\\,\\,\\1\/\\
PLAN
SECTION A-A

(b)
DRAWDOWN, H2 - he2, PRODUCED BY PUMPING Qw FROM AN EQUIVALENT CONTINUOUS SLOT IS COMPUTED FROM %

HEAD LOSS DUE TO CONVERGING FLOW AT WELL

Quw a
2 _ 12 o Xw
hZ —hg, K In 2, Q)
TOTAL DRAWDOWN AT WELL
2Q,L Q a
2_h2 — 2 _h2 = =W <w
H hi =H hZ a + nkl e, 2
HEAD INCREASE MIDWAY BETWEEN WELLS
Qn, a
2 _ B2 o— Wy 9
h; —hg, o In p— (3)
DRAWDOWN MIDWAY BETWEEN WELLS
Q. /2L In2
2_12 —H2_h2 _(h2 —h2)y = W (2~ 4
H? =, = B2 = b, — (b, — b)) = = (T - ) )
HEAD INCREASE Ahp DOWNSTREAM OF WELLS IS EQUAL TO Ahw, EQ 1.
DRAWDOWN, Hz - hp2, DOWNSTREAM OF WELLS IS EQUAL TO
hZ _ hZ
HZ _ h% — D w (5)

Figure 56. Flow and drawdown for fully penetrating infinite line of wells; line source;
gravity flow (Adapted from Leonards, 1962 and TM 5-818-5)

5.2.2.4 Table 9 summarizes the figures related to flow, head or drawdown equations.
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Table 9

Index to Figures for Flow, Head, or Drawdown Equations for Given Corrections

Assumed
Index Source of Drainage System Type of Flow Penetration Figure
Seepage
Flowto a Line Line slot A G, C F 35,36
slot Line Line Slot A G, C P 36, 37
Two-line Line Slot AG P,F 38
Two-line Two-line slots A, G 39
Circular Circular slots A P,F 40, 41
Circular Rectangular slots A P,F 42,32
Flow to Circular Single well A P,F 44
wells Circular Single well G P,F 45
Circular Single well C F 46
Circular Multiple wells A, G F 47
Circular Circular, rect'angular, and A.G F 48
two-line arrays
Circular Circular array A F 49
Circular Circular and rectangular A P 50
array
Single line Single well A, G F 51
Single line Multiple wells A, G F 52
Single line Circular, line, two-line, and A.G F 53
rectangular arrays
Single line Infinite line A F 54
Single line Infinite line A P,F 55
Single line Infinite line G F 56
Other Approximate radius of influence 58
Hydraulic head loss in a well 59
Hydraulic head loss in various wellpoints 60
Shape factors for wells of various penetrations centered inside a circular source 57
Flow and drawdown for slots from flow-net analyses 61
Flow and drawdown to wells from flow-net analyses 62

Note: A = artesian flow; G = gravity flow; C = combined artesian-gravity flow;
F = fully penetrating; P = partially penetrating

5.2.2.4 Limitations on Flow to a Partially Penetrating Well.
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5.2.2.4.1 Theoretical boundaries for a partially penetrating well (for artesian flow) are
approximate relations intended to present in a simple form the results of more rigorous but
tedious computations. The rigorous computations were made for ratios of R/D = 4.0 and 6.7 and
aratio R/ry = 1000. As a consequence, any agreement between experimental and computed
values cannot be expected except for the cases with these particular boundary conditions. In
model studies at the U.S. Army Engineer Waterways Experiment Station (WES), Vicksburg,
Mississippi (TM 5-818-5), the flow from a partially penetrating well was based on the formula:

_ 2nkD(H —h,,)G

Qwp =
R )
In (a)
or
Qwp = kD(H — hy,)(shape factor) (9a)
with
b ¢ _ 2nG
shape actor—1 (E)
nir
Where:

G = value shown in equation (6) on Figure 44

5.2.2.4.2 Figure 57 shows some of the results obtained at the WES for shape factors for
wells of various penetrations centered inside a circular source. Also presented in Figure 57 are
boundary curves computed for well-screen penetrations (based on percent W or W/D, see Figure
40) of 2 and 50 percent, as well as the theoretical curves for 100 percent fully penetrating wells
(W =100%). Comparison of shape factors computed from WES model data with shape factors
computed from the boundary formulas indicates fairly good agreement for well penetrations > 25
percent and values of R/D between about 5 and 15 where R/rw > 200 to 1000. Other empirical
formulas for flow from a partially penetrating well may suffer from similar limitations.
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Figure 57. Shape factors for wells of various penetrations centered inside a circular source

(Adapted from TM 5-818-5)
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5.2.2.5 Partially Penetrating Wells. The equations for gravity flow to partially penetrating
wells are only considered valid for well penetrations with W/D = 50 percent or greater.

5.2.2.6 Radius of Influence R.

5.2.2.6.1 Equations for flow to drainage systems from a circular seepage source are based
on the assumption that the system is centered on an island of radius R. Generally, R is the radius
of influence that is defined as the radius of a circle beyond which pumping of a dewatering
system has no significant effect on the original groundwater level or piezometric surface. The
value of R can be estimated from the Sichardt and Kyrieleis (1930) empirical equation and is
plotted in Figure 58. Where there is little or no recharge to an aquifer, the radius of influence
will become greater with pumping time and with increased drawdown in the area being
dewatered. Generally, R is greater for very pervious sands than for finer soils. If the value of R
is large relative to the size of the excavation, a reasonably good approximation of R will serve
adequately for design because flow and drawdown for such a condition are not especially
sensitive to the actual value of R. As it is usually impossible to determine R accurately, the
value should be selected conservatively from pumping test data or, if necessary, from Figure 58.
The radius of influence calculated using the empirical formula and chart presented in Figure 58
is an approximation of a reasonable value of R to use with steady-state equations to estimate
flow and drawdown. Almost all dewatering problems are actually transient problems, but the
empirical estimate of R presented in Figure 58 has been found to produce reasonable,
conservative values in most cases for use in analyzing construction dewatering problems.
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Figure 58. Approximate radius of influence R (Adapted from Leonards, 1962 and TM 5-
818-5)

5.2.2.6.2 Terzaghi (1943) cites a rigorously correct but approximate theoretical equation
developed by Steinbrenner (1937) for the radius of influence in an unconfined sand aquifer of
thickness H with a horizontal phreatic surface and a horizontal impermeable base for elapsed
pumping time t:

Hkt 7
R=15 D
al
Where:
R = Radius from pumped well to zero drawdown
H = Thickness of unconfined aquifer below initial phreatic surface

k= Hydraulic conductivity of sand
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t = Elapsed pumping time
G. = Air space ratio (percentage of voids that will drain by gravity)
n= porosity

5.2.2.6.3 The product Gan is the effective porosity and is the same as the specific yield Sy.
This equation may be used to approximate R in confined aquifers by substituting the aquifer
thickness D for H and the storage coefficient S for Gan. A typical value of S for unconfined
clean sand and confined aquifers is 0.2 and 0.001, respectively. For construction dewatering, the
pumping time t can usually be assumed to be between 15 and 30 days for this calculation; for
projects that involve rapidly moving trench excavations, the pumping time could be as low as 5
days. Note that according to this equation, the radius R at a given time t is independent of the
drawdown at the well or the flow Q, whereas the Sichardt and Kyrieleis equation (1930) shown
on Figure 58 indicates that R is proportional to drawdown at the well. Terzaghi (1943) states
that several other independent solutions of the problem, including Kozeny (1933) and Weber
(1928), also indicate that R is independent of the drawdown or flow. In general, this equation
will yield values of R that are typically greater than those selected using the chart or equation in
Figure 58 for drawdown values of 20 feet or less. Therefore, use of the Steinbrenner equation
(1937) will typically yield less conservative values than the Sichardt and Kyrieleis empirical
equation (1930).

5.2.2.7 Wetted Screen. There should always be sufficient well and screen length below the
required drawdown in a well in the formation being dewatered so that the design or required
pumping rate does not produce a gradient at the interface of the formation and the well filter (or
screen) or at the screen and filter that starts to cause the flow to become turbulent. Therefore, the
design of a dewatering system should always be checked to see that the well or wellpoints have
adequate “wetted screen length hys” or submergence to pass the maximum computed flow.
According to the Sichardt and Kyrieleis empirical equation (1930), the limiting flow q. into a filter
or well screen is approximately equal to:

2 mry,Vk
qc = # x 7.48 = gpm per foot of filter screen (8)
Where:
rw = radius of well filter (feet)

k= hydraulic conductivity of filter or aquifer sand (ft/min)

5.2.2.8 Hydraulic Head Loss Hw. The equations in Figures 35 through 56 do not consider
hydraulic head losses that occurs in the filter, screen, collector pipes, etc. These losses cannot be
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neglected, however, and must be accounted for separately. The hydraulic head loss through a filter
and screen will depend upon: (1) the diameter of the screen, slot width, and opening per foot of
screen, hydraulic conductivity and thickness of the filter; (2) any clogging of the filter or screen by
incrustation, drilling fluid, or bacteria; (3) migration of soil or sand particles into the filter; and (4)
rate of flow per foot of screen. Graphs for estimating hydraulic head losses in pipes, wells, and
screens are shown in Figures 59 and 60. The hydraulic head loss through various sizes and types
of header or discharge pipes, and for certain well screens and (clean) filters, as determined from
laboratory and field tests, are given in Figures 59 and 60. Head losses in the screened section of a
well, Hs, are calculated from Figure 59b. This head loss is based on equal inflow per unit of screen
surface and turbulent flow inside the well and is equivalent to the entire well flow passing through
one-half the screen length. Other head losses can be determined directly from Figure 59.
Hydraulic head loss within a wellpoint system can be estimated from Figure 60. As stated in the
first paragraph of this section above, flow into a well can be impeded by the lack of “wetted screen
length,” in addition to hydraulic head losses in the filter or through the screens and/or chemical or
biological clogging of the aquifer and filter.
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TOTAL HYDRAULIC HEAD LOSS IN A WELL (Hw) IS

TYPE OF PIPE _Cc (100/C)"#
_ STEEL (NEW) 125 0.67
H,, = He+H+H,+H, 1) STEEL (AVG. CONDITION) 110 0.83
PVC (POLYVINYL CHLORIDE) 150 0.47
CORRUGATED METAL 70 1.92
WHERE  He=ENTRANCE HEAD LOSS (SCREEN AND FILTER); 100 (= : : . =
ESTIMATE FROM CURVE a . /' /' /7
< L NOMINA / / / /
Hs = HEAD LOSS IN SCREENED SECTION OF WELL; 5 :D'AF"",,E,,IER
ESTIMATE FROM CURVE b for A DISTANCE OF ONE-HALF PR oo : Vs
THE SCREEN LENGTH. ;E 14 W,/Wzﬁzfzy ) 74 Lt et 81012} 151821242730 |||
Hr = HEAD LOSS WITHIN THE RISER AND CONNECTIONS; e ' 7 FaTATeTaT
ESTIMATE FROM CURVE b 53 /17 VAW a
= /Y 7 / /
Hy = VELOCITY HEAD LOSS; o 1 10 100 1,000 10,000 100,000
DISCHARGE, GPM
ESTIMATE FROM CURVE ¢ A RIS R N S
THE VALUE OF H, MUST BE SUBTRACTED FROM THE COMPUTED (b)
VALUE OF h,, TO OBTAIN THE LIFT OR WATER LEVEL IN A WELL.
Entrance head loss for wood well screens.
5 — T ——
[ Note: | | | "]
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Figure 59. Hydraulic head loss in a well (Adapted from Leonards, 1962 and TM 5-818-5)
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TOTAL HYDRAULIC HEAD LOSS IN A WELLPOINT (Hw) IS

Hy, = He+Hs+H,+H,
WHERE He = ENTRANCE HEAD LOSS (WELLPOINT AND FILTER)
Hs = FRICTION HEAD LOSS WITHIN THE WELLPOINT
= FRICTION HEAD LOSS IN RISER, SWING CONNECTION, AND VALVE
Hv = VELOCITY HEAD LOSS IN RISER, SWING CONNECTION, AND VALVE
HYDRAULIC HEAD LOSSES FOR TYPICAL WELLPOINTS AND RISERS CAN BE ESTIMATED FROM THE PLOTS BELOW.

REF SLOT OR MESH
WELLPOINT t OPENING
" NO. NO
CJAS T T T T T 15 ) IN MM
o FINE SAND MEDIUM SAND PEA GRAVEL
¢ Dys=0.30 mm Dys - 0.58 mm Dygs=7.0 mm 1 AAND B, GROOVED 1 0.30
2 Dy,=0.16 mm Dy =0.24 mm Dyp=2.2mm SLOT ’
210 { A i 10 2 C,WIREWRAPON
E Ref. no-»1 ‘ / PERFORATED PIPE 20 0.51
o
£ 8 3 D, WIRE MESH ON
+ Ref. no»11 ’
305 2 4 S 05 PERFORATED PIPE 28 059
f = ’ P 4 E,WIREMESHON
3 3 13 )
T oo =] — =12 |, PERFORATED PIPE 28 0.59
w0 ° 0 Wellodischar,;g, gpm ggr ft of sa::oreen 0 10 20 0 5 B, GROOVED SLOT 25 0.63
6 A GROOVED SLOT 25 0.63
(a) 7 D, WIRE MESH ON
PERFORATED PIPE 28 059
8 A GROOVED SLOT 50 127
&5, 9 B, GROOVED SLOT 30 0.76
j-’E‘ Note: Tests perfér_rr\ed ip open 10 F, PERFORATED PIPE
‘=g_ water, no foundation soil present Note: Headl lossesiinciude WITH 6-IN PEA-GRAVEL 5/32 IN. 397
g 20 ID of Slcree: 4 those in swing connection FILTER
e — inner  OD. length, =
D sl pipe m,,i_li CB z. ‘ Pipe length, ft=30 11 A, GROOVED SLOT 12 0.30
g | ® e 2 =110 12 A GROOVED SLOT 100 254
r- D 13 2§ 29 xp R | 0 ’
é 10 . gzo | 15 13 E, PERFORATED PIPE 5/32 IN. 397
E -% E 1%-in. pipe -, 30 CB MESH SF,
£ £ % COMMERCIAL BRONZE, ~ 40x45 031x0.38
%0 _ sE0 -~ SELF-JETTING
46— 20 40 60 80 TR % D MESHE, STAINLESS
X Well dicharge apn i " 2.in. pipe STEEL STYLED, SELF-  12x68 0.30x1.73
(b) 0(] 20 40 60 80 JETTING
0 Discharge, gom 1 EXCEPT FOR C, B, AND D, WELLPOINTS ARE PLAIN-
© TIP, 2-1/2-IN ID.
Figure 60. Hydraulic head loss in various wellpoints (Adapted from Leonards, 1962 and TM 5-
818-5)
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5.2.2.9 Well or screen penetration W/D. Most of the equations and graphs presented in this
document for flow and drawdown to slots or well systems were basically derived for fully
penetrating drainage slots or wells. Equations and graphs for partially penetrating slots or wells
are generally based on fully penetrating drainage systems modified by model studies and, in
some instances, mathematical derivations. The amount or percent of screen penetration required

for effective pressure reduction or interception of seepage depends upon many factors, such as
thickness of the aquifer, distance to the effective source of seepage, well or wellpoint radius,
stratification, required “wetted screen length,” type and size of excavation, and whether or not
the excavation penetrates alternating pervious and impervious strata or the bottom is underlain at
a shallow depth by a less pervious stratum of soil or rock. Where a sizeable open excavation or
tunnel is underlain by a fairly deep stratum of sand and wells are spaced rather widely, the well
screens should penetrate at least 25 percent of the thickness of the aquifer to be dewatered below
the bottom of the excavation and more preferably 50 to 100 percent. Where the aquifer(s) to be
dewatered is stratified, the drainage slots or well screens should fully penetrate all the strata to be
dewatered. If the bottom of an excavation in a pervious formation is underlain at a shallow depth
by an impervious formation and the amount of “wetted screen length” available is limited, the
drainage trench or well screen should penetrate to the top of the underlying impervious stratum.

5.3 Flow Net Analyses.

5.3.1 Flow nets (see EM 1110-2-1901 based on work by A. Casagrande in “Seepage
Through Dams,” 1937) are valuable where irregular configurations of the source of seepage or of
the dewatering system make mathematical analyses complex or nearly impossible. A flow net is
a graphical representation of flow of water through an aquifer and defines paths of seepage (flow
lines) and contours of equal piezometric head (equipotential lines). Considerable practice in
drawing and studying properly constructed flow nets is required before accurate flow nets can be
constructed. Flow nets are still a very useful tool to evaluate seepage flow conditions. Today,
the standard of practice is to use finite element seepage models. The numerical models are no
more accurate than flow nets, but they have a number of advantages. The most important
advantages include the greatly reduced time for evaluating complex seepage problems and the
ease of performing calibrations to known conditions, revisions of boundary conditions, and
parametric sensitivity analyses. Guidance for the use of finite element seepage models is
presented in Section 5.4. The study of flow net construction and flow net examples can be
instructive in understanding groundwater flow behavior associated with dewatering and to more
effectively use computer numerical analysis results.

5.3.2 Flow nets are limited to analysis in two dimensions; the third dimension in each case is
assumed infinite in extent. An example of a sectional flow net showing artesian flow from two
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line sources to a partially penetrating drainage slot is given in Figure 60a. An example of a plan
flow net showing artesian flow from a river to a line of relief wells is shown in Figure 60b.

5.3.3 The flow per unit length (for sectional flow nets) or depth (for plan flow nets) can be
computed by means of equations (1) and (2), and (5) and (6), respectively (Figure 60).
Drawdowns from either sectional or plan flow nets can be computed from equations (3) and (4)
(Figure 60). In plan flow nets for artesian flow, the equipotential lines correspond to various
values of H-h, whereas for gravity flow, they correspond to H>-h?. Since section equipotential
lines for gravity flow conditions are curved rather than vertical, plan flow nets for gravity flow
conditions give erroneous results for large drawdowns and should always be used with caution.

5.3.4 Plan flow nets give erroneous results if used to analyze partially penetrating drainage
systems, the error being inversely proportional to the percentage of penetration. They give fairly
accurate results if the penetration of the drainage system exceeds 80 percent and if the heads are
adjusted as described in the following paragraph.

5.3.5 In previous analyses of well systems by means of flow nets, it was assumed that
dewatering or drainage wells were spaced sufficiently close to be simulated by a continuous
drainage slot and that the drawdown (H-hp) required to dewater an area was equal to the average
drawdown at the drainage slot or in the lines of wells (H-hc). These analyses give the amount of
flow Qr that must be pumped to achieve H-hp, but do not give the drawdown at the wells. The
drawdown at the wells is required to produce H-h, downstream or within a ring of wells that can
be computed (approximately) for artesian flow from plan flow nets by the equations shown in
Figure 61 and if the wells have been spaced proportional to the flow lines as shown in Figure 62.
The drawdown at fully penetrating gravity wells can also be computed from equations given in
Figure 61.
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ho IS SHOWN IN FIG. 35.

Figure 61. Flow and drawdown to slots computed from flow nets (Adapted from Leonards, 1962

and TM 5-818-5)
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CONSTRUCT PLAN FLOYY NET. SPACE WELLS PROPORTIONAL TO FLOW LINES. COMPUTE TOTAL FLOW TO SYSTEM FROM EQ 5 (FIG. 61)
FOR ARTESIAN FLOYY OR EQ 6 (FIG. 61) FOR GRAVITY FLOW. ASSUME INEQ 5 H' = H - ho. SEEFIG. 54, b, ¢; FIG. 56, b; AND FIG. 57 FOR
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USEEQ1
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HEAD INCREASES MIDWAY BETWEEN AND DOWNSTREAM OF WELLS MAY BE COMPUTED FROM EQUATIONS GIVEN IN FIG. 56.

Figure 62. Flow and drawdown to wells computed from flow-net analyses (Adapted from TM 5-
818-5)

5.4 Numerical Analyses. Many complex seepage problems, including such categories as
steady confined, steady unconfined, and transient unconfined can be solved using the finite
element method. Commercial finite element and finite difference software packages for analysis
of seepage in both two and three dimensions are now widely used throughout the geotechnical
engineering and geology professions. These codes can handle most cases of nonhomogeneous
and anisotropic media. Refer to EM 1110-2-1421 for a comprehensive overview and guidance
for the development of numerical models for groundwater flow, as well as a list of publications

pertinent to groundwater modeling.

5.4.1 Application of Numerical Methods to Practical Problems. Numerical methods are
useful for problems such as estimating seepage inflow for dewatering system design, the
effectiveness of a dewatering system, and other aspects of dewatering system design. Most
commercial software packages solve seepage problems using Darcy’s law, in the same manner as
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the simplified methods, but allow for complex geometries, material properties, and boundary
conditions to be modeled. As with all analyses, the results of numerical analyses are only as
good as the input values and assumptions. See Figures C.3 and C.7 in Appendix C for examples
of two-dimensional numerical methods applied to practical dewatering problems as well as
comparisons of the results of numerical analyses with the results of mathematical closed form
solutions to these problems.

5.4.2 Calibration of Models to Ranges of Existing Conditions.

5.4.2.1 Numerical analyses should be calibrated to observed existing conditions, whenever
possible. Calibrating the numerical analysis will lead to a higher degree of confidence in the
results of the analysis, relative to an analysis that is not calibrated.

5.4.2.2 Calibration in a numerical seepage model typically involves developing the model
geometry, material properties, and boundary conditions using best-estimate parameters based on
laboratory and field testing, and engineering judgment. The analysis should then be performed,
and pore water pressures measured by piezometers are typically compared to the model’s
estimated pore water pressures at the same location.

5.4.2.3 If the pore pressures differ significantly (e.g., by more than a few feet of head), the
seepage model input parameters are adjusted, within reason, and the seepage analysis is re-
performed. The process is repeated until the pore pressures predicted by the seepage analysis
reasonably match pore pressures measured in the field by piezometers. With the advent of
numerical methods, inclusion of anisotropy is easier and hence greater consideration should be
given to the effect of varying this parameter.

5.4.3 Calibration of Models to Pumping Tests and Sensitivity Analyses.

5.4.3.1 As discussed in Appendix B, pumping tests that are properly instrumented with
piezometers and are conducted for a sufficient duration can be used to accurately estimate the
transmissivity and storativity of an aquifer and also leakage through aquitards from other
aquifers above and below the aquifer of interest. A two-dimensional plan view model of a
confined aquifer with a uniform thickness can be calibrated in transient mode to piezometric and
flow measurements made during and after completing a pumping test. By iterating values of
aquifer hydraulic conductivity and storativity in the model, the model can be used to refine the
selection of these parameters. If a three-dimensional local model is developed, it is possible to
use such a model in transient mode as a calibration tool to refine the selection of pertinent
aquifer parameters for unconfined aquifers, including anisotropy and hydraulic conductivity.
Further refinements can be made in a three-dimensional model by iterating the vertical hydraulic
conductivity and thickness assumed for aquitards above and below the aquifer of interest.
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5.4.3.2 In some instances, groundwater or piezometric data may not be available. In these
cases, it may not be possible to calibrate the seepage analysis until adequate data are acquired.
In such cases, sensitivity analyses may be appropriate. By varying one property and keeping all
other properties the same, it is possible to evaluate the significance of a single parameter and
how accurately it should be defined.

5.4.4 Verification of Models Using System Test Data. Plan view two-dimensional models
can be used in exactly the same way that plan flow nets are used to verify system tests of a
dewatering system. Plan view models are especially useful in checking the effective radius of
influence, the position of effective recharge boundaries and the average transmissivity of an
aquifer. Three-dimensional models are being used in industry and should be considered for
complex foundation conditions and critical structures.

5.4.5Two-Dimensional Models. Two-dimensional seepage analyses are typically most
useful in plan view for analyzing flow to dewatering systems from irregular recharge boundaries
in the same way that plan flow nets have been used in the past. Dewatering systems and
effective recharge boundaries are approximated as fully penetrating slots in such models.

5.4.5.1 Geometry and Meshing.

5.4.5.1.1 Model geometry should be based on ground surface survey data, subsurface
exploratory information such as borings or cone penetration tests, and other data. The geometry
of the seepage model should be simplified as much as practical but should capture the essential
elements of the surface and subsurface. Excessive detail in the ground surface geometry and
subsurface materials will lengthen computing times and can cause singularities in the model that
do not match actual conditions. Additionally, soil strata should not be extrapolated over long
distances between borings when only limited subsurface information is available. The
extrapolation of strata will often lead to unrealistic results, if the actual subsurface conditions
differ from those assumed.

5.4.5.1.2 Most commercial finite-element seepage analysis software allows the user to
select and vary mesh sizes. Mesh size is important for performing an accurate seepage analysis,
as an overly large mesh size may lead to numerical issues in the model and fail to capture details
in seepage flow and quantity, especially around buried structures. Therefore, the user should
select a mesh size where each material and/or geometric zone has at least two vertical elements
across the zone. At edges or corners of structures, the mesh size should be decreased to allow for
more accurate modeling of seepage flow. Excessively fine mesh sizes should be avoided, as they
tend to increase computing time inordinately. With modern computers, this is typically less of
an issue than in the past.
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5.4.5.2 Boundary Conditions.

5.4.5.2.1 Boundary conditions are important for numerical seepage analysis. Selection of
appropriate boundary conditions requires a great deal of engineering judgment, and improper
boundary conditions can invalidate the results of the seepage analysis.

5.4.5.2.2 Numerical seepage analyses allow the user to specify two types of boundary
conditions: head and flow. Typically, head boundary conditions can be defined either by total
head or by pore pressure. These are useful for modeling a body of water, such as a reservoir,
when the head is known.

5.4.5.2.3 Flow boundary conditions are useful when the amount of flow is known. A
typical use would be when an impermeable boundary is present in the subsurface, such as the top
of bedrock or a sheet pile wall. A boundary condition of zero flow can be applied to model this
surface. Other requirements for the flow boundary condition include the analysis of relief wells
or pumped wells, where the wells remove a known rate of flow from the aquifer.

5.4.5.3 Analysis of Results.

5.4.5.3.1 The results of a numerical seepage analysis are typically used to evaluate two
factors: (1) the quantity and distribution of flow in both plan view and sectional models, and (2)
seepage gradients in sectional models.

5.4.5.3.2 Flow rates can be estimated by including flux sections within the model. The flux
sections should be placed at a location in the model where the rate of flow is desired, such as
around an excavation or relief well. The analysis will then estimate the rate of flow passing
through the flux section. See EM 1110-2-1901 for further discussion of using flux sections. A
plan view model can be used to design the well spacing to match the flow to an equivalent slot
representing the dewatering system.

5.4.5.3.3 In sectional models, seepage gradients are typically calculated to evaluate the
potential for quick conditions, or if heave, blowout or uplift of the bottom of an excavation will
be problematic. Most commercial seepage software will calculate and display nodal gradients,
which are gradients over a very small zone. These gradients are affected by the node placement
in the numerical analysis and may not represent true seepage gradients. The mesh size should be
fine in regions where it is desired to calculate heads, pore pressures, and hydraulic gradients.

5.4.5.3.4 Gradients in sectional models should be manually calculated by dividing the
change in head by the distance between two points where the user desires to estimate the
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gradient. Such a location could be from the bottom to the top of an impermeable confining layer.
These average gradients are more useful than nodal gradients.

5.4.6 Three-Dimensional Models.

5.4.6.1 Three-dimensional models are being used to design more complex dewatering
systems. However, for the simple dewatering projects, two-dimensional models or hand
computations can be used. Partially penetrating wells are one common example of three-
dimensional flow, and many solutions have been developed for partially penetrating wells and
well systems screened in a single homogeneous aquifer (see Section 5.2 and Table 9). A method
for designing a linear array of partially-penetrating wells using a two-dimensional finite element
sectional model of flow to a partially penetrating slot in conjunction with well factors presented
in EM 1110-2-1914 is included in the appendix detailing relief well design in EM 1110-2-1913.

5.4.6.2 Three-dimensional models are useful in evaluating the transient influence of a
dewatering system where the recharge is complex, and drawdown may cause excessive
settlement or affect the pumping level of existing water supply wells or leakage from surface
water bodies.

5.4.6.3 Practical guidance for the selection of software and the development and calibration
of three-dimensional numerical groundwater models is presented in EM 1110-2-1421.

5.5 Wellpoints, Wells and Filters. Wells and wellpoints should be of a type that will prevent
infiltration of filter material or foundation sand (if the screens are not surrounded by a filter
pack), offer little resistance to the inflow of water, and resist corrosion by water and soil.
Wellpoints must also have sufficient penetration of the principal water-carrying strata to
intercept seepage without excessive residual head between the wells or within the dewatered
area.

5.5.1 Wellpoints. Where large flows are anticipated, a high-capacity type of wellpoint should
be selected. The inner suction pipe of self-jetting wellpoints should permit inflow of water with
a minimum hydraulic head loss. Self-jetting wellpoints should also be designed so that most of
the jet water will go out the tip of the point, with some backflow to keep the screen flushed clean
while jetting the wellpoint in place.

5.5.1.1 Wellpoint Screens. Generally, wellpoints are covered with 30- to 60-mesh screen or
have an equivalent slot opening (0.010 to 0.025 inch). The mesh should meet filter criteria given
in Section 5.7.1 below. Screens generally used for wellpoints are slotted (or perforated) steel

pipe, perforated steel pipe wrapped with galvanized wire, galvanized wire wrapped and welded
to longitudinal rods, and slotted PVC pipe. Riser pipes for most dewatering wells consist of mild
steel or PVC pipe. Where the soil to be drained is silty or fine sand, the yield of the wellpoint
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and its efficiency can be greatly improved by placing the material with a relatively uniform,
medium sand filter around the wellpoint. A sand filter is considered to be a current best practice
for wellpoint filters. The sand filter should be designed according to criteria subsequently set
forth in Section 5.5.3. A filter will permit the use of screens or slots with larger openings and
provide a more pervious material around the wellpoint, thereby increasing its effective radius
(Section 5.5.4). Geotextiles have been used but can clog quickly compared to a properly
designed sand filter. Therefore, geotextiles should only be considered for very short duration
(less than 2 months) of dewatering. The consequences of plugging wellpoints (lost production
time, damaging foundations, and risk of failure of critical structures) must be carefully
considered against the small increase in costs to install sand filters.

5.5.1.2 Wellpoint Hydraulics. The hydraulic head losses in a wellpoint system must be
considered in designing a dewatering system. These losses can be estimated from Figure 60.

5.5.2 Wells. Wells for temporary dewatering systems typically have diameters ranging from
4 to 18 inches or more with a screen 20 to 75 feet long depending on the flow and pump size
requirements.

5.5.2.1 Well Screens. Screens and riser pipes for wells are generally constructed of the same
materials as for wellpoints. Good practice dictates the use of a filter around dewatering wells,
which permits the use of fairly large slots or perforations, usually 0.025 to 0.100 inch in
equivalent slot opening. As with wellpoints, sand filters are considered to be a best practice for
well filters, and geotextiles should only be considered for very short duration dewatering
projects. The slots in well screens should be as wide as possible but should meet criteria given
in the following sections

5.5.2.2 Open Screen Area.

5.5.2.2.1 The open area of a well screen should be sufficient to keep the entrance velocity
for the design flow low to reduce head losses and to minimize incrustation of the well screen in
certain types of water. Figure 63, based on model research performed by Williams (1985) and
funded by Roscoe Moss Company (1990), indicates that 3% to 5% open screen area is a
reasonable design value for efficient wells. The American Water Works Association (AWWA),
which had previously suggested an upper limit of 1.5 feet per second (ft/sec) in its Standard for
Water Wells, made major revisions to the standard in 2006 (AWWA A100-06). This revision
included a statement that “the standard no longer endorses the use of screen entrance velocity as
the sole criterion for determining the minimum length of well screen.” Powers et al. (2007)
recommends entrance velocities ranging from 0.03 to 0.2 ft/sec based on hydraulic conductivities
of the surrounding soils.
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Figure 63. Relationships between screen open area and well efficiency (Williams, 1985)

5.5.2.2.2 As a practical matter, well screen openings and percentage open area should be as
large as reasonably possible to minimize the effects of mineral incrustation and bacterial fouling
during the operation of a dewatering system. As the flow to and length of a well screen is
usually dictated by the characteristics of the aquifer and drawdown requirements, the required
open screen area can be obtained by using a screen of appropriate diameter with a maximum
amount of open screen area.

5.5.2.3 Well Hydraulics. Head losses within the well system (Hy) discussed in Section 5.2
can be estimated from Figures 59 and 60.

5.5.3Effective Well Radius. The “effective” radius rw of a well is the well radius that would
have no hydraulic entrance loss Hy. If well entrance losses are considered separately in the
design of a well or system of wells, 1w for a well or wellpoint without a filter may be considered
to be one-half the outside diameter of the well screens; where a filter has been placed around a
wellpoint or well screen, rw may generally be considered to be one-half the outside diameter or
the radius of the filter.

5.5.4Well Penetration. In a stratified aquifer, the effective well penetration usually differs
from that computed from the ratio of the length of well screen to total thickness of the aquifer.

5.5.5Screen Length, Penetration and Diameter. The length and penetration of the screen
depends on the thickness and stratification of the strata to be dewatered. The length and
diameter of the screen and the area of perforations should be sufficient to permit the inflow of
water without exceeding the entrance velocity given in Section 5.5.2 above. The “wetted screen

ETL 1110-2-586 e 24 May 2021 121



length, hyws” (or hy for each stratum to be dewatered) is equal to or greater than Qw/qc. The
diameter of the well screen should be at least 2 to 4 inches larger than the nominal diameter of
the pump bowl, but smaller screens have been used successfully on many projects.

5.6 Pumps, Headers and Discharge Pipes. The capacity of pumps and piping should allow for
a possible reduction in efficiency because of incrustation or mechanical wear caused by
prolonged operation. This equipment should also be designed with appropriate valves,
crossovers, and standby units so that the system can operate continuously, regardless of
interruption for routine maintenance or breakdown.

5.6.1 Centrifugal and Wellpoint Pumps.

5.6.1.1 Centrifugal pumps can be used as sump pumps, jet pumps, or in combination with an
auxiliary vacuum pump as a wellpoint pump. The selection of a pump and power unit depends
on the discharge, suction lift, hydraulic head losses, including velocity head and discharge head,
air-handling requirement, power available, fuel economy, and durability of unit. A wellpoint
pump, usually consisting of a self-priming centrifugal pump with an auxiliary vacuum pump,
should have adequate air-handling capacity and be capable of producing a vacuum of at least 22
to 25 feet of water in the headers. The suction lift of a wellpoint pump is dependent on the
vacuum available at the pump bowl, and the required vacuum must be considered in determining
the pumping capacity of the pump. Characteristics of a typical 8-inch wellpoint pump are shown
in Figure 64. If the site is at a high elevation, atmospheric pressure can be materially lower than
at sea level, and the maximum suction lift will be reduced. Powers et al. (2007) suggests
reducing the theoretical suction lift 1 foot for every 1000 feet of elevation above sea level.
Characteristics of a typical wellpoint pump vacuum unit are shown in Figure 65. Sump pumps
of the centrifugal type should be self-priming and capable of developing at least 20 feet of
vacuum. Jetting pumps are high head centrifugal pumps; typical characteristics of a typical 6-
inch jetting pump are shown in Figure 66.
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Figure 64. Characteristics of 8-inch Griffin wellpoint pump (Courtesy Griffin Dewatering,
LLC.)
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Figure 66. Characteristics of 6-inch jet pump (Adapted from TM 5-818-5)

5.6.1.2 Each operational wellpoint pump should be provided with one standby pump
(connected to system, ready to operate) so as to ensure continuity of operation in event of pump
or engine failure, or for repair or maintenance, particularly for pressure relief systems, recharge
systems, and critical structures. For other, less critical projects, a few on-site stand-by pumps
that are ready to be placed in service if a primary pump fails may be adequate.

5.6.1.3 By overdesigning the header pipe system and proper placement of valves, it may be
possible to install only one standby pump for every two operational pumps. If electric motors
are used for driving the normally operating pumps, the standby pumps should be powered with
diesel, natural or LP gas, or gasoline engines. The type of power selected will depend on the
power facilities at the site and the economics of installation, operation, and maintenance. It is
also advisable to have spare power units on site in addition to the standby pumping units.
Automatic switches, starters, and valves may be required if failure of the system is critical; it is
good practice to test automatic switching one hour per week during operation of the dewatering
system. On projects where risks are very high, it may be advisable to include a contract
provision that allows the contracting officer’s representative to test automatic switching at any
time without the contractor’s involvement. Such unannounced testing should obviously only be

ETL 1110-2-586 e 24 May 2021 125



performed when a failure of the automatic switching system would not endanger the project and
people working on it.

5.6.2 Deep-well Pumps.

5.6.2.1 Lineshaft turbine or submersible pumps are generally used to pump large-diameter
deep wells and consist of one or more stages of impellers on a vertical shaft. Lineshaft turbine
pumps can also be used as sump pumps, but adequate stilling basins and trash racks are required
to ensure that the pumps do not become clogged. Motors of most large-capacity turbine pumps
used in deep wells are mounted at the ground surface, but submersible pumps with capacities of
up to about 1700 gpm are available and are commonly used in dewatering applications.

5.6.2.2 In the design of deep-well pumps, consideration must be given to required capacity,
size of well screen and riser pipe, total pumping head, and the lowered elevation of the water in
the well. The diameter of the pump bowl must be determined before the wells are installed, as
the inside diameter of the well casing should be at least 2 to 4 inches larger in diameter than the
pump bowl. Approximate capacities of various turbine pumps are presented in Table 10.

5.6.2.3 Electrically powered pumps require either power from a commercial source or one or
more motor generators. If commercial power is used, 100 percent standby power should be
provided for the system using motor generators equipped with automatic transfer switches. The
standby generators and automatic switching should be tested for about an hour every week that
the system is operated. Spare pumps, generally 10 to 20 percent of the number of operating
pumps, as well as spare starters, switches, heaters, and fuses, should also be kept at the site.

5.6.2.4 Lineshaft turbine pumps can be powered with either electric motors or diesel engines
with power takeoff clutches and gear drives. Where electric motors are used, 50 to 100 percent
of the pumps should be equipped with combination gear drives connected to diesel (standby)
engines. The number of pumps equipped would depend upon the redundancy designed into the
system and the criticality of the dewatering or pressure relief needs. Motor generators may also
be used as standby for commercial power. For some excavations and subsurface conditions,
automatic starters and weather protection may be required for the diesel engines or motor
generators being used as backup for commercial power.
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Table 10

Capacity of Various Size Submersible and Lineshaft Turbine Pumps

Approximate Maximum Capacity
(gallons per minute)

Maximum Pump

Bowl or Motor Inside Diameter of

Size (inches) Well (inches) Lineshaft Submersible
4 5-6 90 90
5 6-8 160 -
6 8-10 450 350
8 10-12 600 1,100
10 12-14 1,200 1,400
12 14-16 1,800 1,800
14 16-18 2,400 -
16 18-20 3,000 -

U.S. Army Corps of Engineers, American-Marsh Pumps, and Grundfos

5.6.3 Turbovacuum Pumps. For some wellpoint systems requiring high pumping rates, it
may be desirable to connect the header pipe to a 30- or 36-inch collection tank about 20 to 30
feet deep, seal at the bottom and top, and pump the flow into the tank with a high-capacity deep
well turbine pump using a separate vacuum pump connected to the top of the tank to produce the
necessary vacuum in the header pipe for the wells or wellpoints.

5.6.4Header Pipe.

5.6.4.1 Hydraulic head losses caused by flow through the header pipe, reducers, tees,
fittings, and valves should be computed and kept to a minimum by using large enough pipes.
Minor head losses can be computed using equivalent pipe lengths for various fittings, valves and
bends

5.6.4.2 Wellpoint header pipes should be installed as close as practical to the prevailing
groundwater elevation and in accessible locations. Wellpoint pumps should be centrally located
so that head losses to the ends of the system are balanced and as low as possible. If suction lift is
critical, the pump should be placed low enough so that the pump suction is level with the header,
thereby achieving a maximum vacuum in the header and the wellpoints. If construction is to be
performed in stages, sufficient valves should be provided in the header to permit addition or
removal of portions of the system without interrupting operation of the remainder of the system.
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Valves should also be located to permit isolation of a portion of the system in case construction
operations should break a swing connection or rupture a header.

5.6.4.3 Discharge lines should be sized so that the head losses do not create excessive back
pressure on the pump. Ditches may be used to carry the water from the construction site, but
they should be located well back of the excavation and should be reasonably watertight to
prevent recharging the groundwater at the excavation.

5.7 Redundancy
5.7.1Filters.

5.7.1.1 Filters are usually 2 to 3 inches thick for wellpoints and 3 to 6 inches thick for large-
diameter wells. To prevent infiltration of the aquifer materials into the filter and of filter
materials into the well or wellpoint, without excessive head losses, filters should meet the
following criteria:

Screen-filter criteria

Slot or screen openings < minimum filter D3

(10)
Filter-aquifer criteria
Max filter Dy
. , <5 (11)
Min aquifer Dgg
Max filter Dg < 41055 1
Min aquifer Dg, — 0> (12)
Min filter D;5 (13)

>2to5

Max aquifer Dy

5.7.1.2 The filter should be poured around the well screen in a heavy continuous stream to
minimize segregation. The filter may also be pumped into the well around the screen without
causing segregation. Practice has proved that the tremie method is not necessary for a poorly
graded filter if the filter is placed in a continuous stream. These criteria are different from
criteria for design of permanent and critical seepage control features, such as chimney and
blanket drains in dams. However, the above criteria are almost always adequate for the design of
dewatering wells or wellpoints, considering that practically all dewatering flow is from granular
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soils and dewatering is usually a short-term, temporary operation. If it is necessary to protect
soils finer than silty sand because of the duration of dewatering or for other reasons,
specifications should be modified to require use of non-perforated pipes opposite the fine soils
and/or design of filters using more stringent criteria to prevent loss of fines from clay and silt
strata. If a performance specification is used for dewatering, filter performance is typically
specified by requiring the contractor to demonstrate that filters are effective by limiting the
measured sand content of the discharge from wells or wellpoints to some value, usually 5 ppm
by volume. On projects with high capacity wells, limiting the maximum allowable sand content
in the well (or wellpoint) discharge to 2 ppm should be considered. Changing the discharge sand
content specification from 5 ppm to 2 ppm is not likely to make a significant difference in either
installation cost or bid prices for dewatering.

5.7.2General. The stability of soil in areas of seepage emergence is critical in the control of
seepage. The exit gradient at the toe of a slope or in the bottom of an excavation must not
exceed that which will cause surface raveling or sloughing of the slope, internal erosion (piping),
or heave, blowout, or uplift (as these terms are defined in EM 1110-2-1901) of the bottom of the
excavation.

5.7.3 Uplift or Blowout.

5.7.3.1 Before attempting to control seepage, an analysis should be made to evaluate the
need for pressure relief to prevent blowout or uplift of less pervious strata below the bottom of
an excavation that are underlain by 