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CHAPTER 1
| NTRODUCTI ON

1-1.  Purpose. The purpose of this manual is to present basic princi-
ples used in the design and construction of earth |evees.

1-2. Applicability. This manual applies to all Corps of Engineers
Divisions and Districts having responsibility for designing and con-
structing |evees.

1-3.  References. Applicable references are listed in Appendix A

1-4.  (Objective. The objective of this manual is to develop a guide
for design and construction of levees. The manual is general in nature
and not intended to supplant the judgnent of the design engineer on a
particular project.

1-5.  Ceneral Considerations.

a. Ceneral.

(1) The term | evee as used herein is defined as an enbanknent whose
primary purpose is to furnish flood protection from seasonal high water
and which is therefore subject to water |oading for periods of only a
few days or weeks a year. Enbanknents that are subject to water |oading
for prolonged periods (longer than normal flood protection requirenents)
or permanently shoul d be designed in accordance with earth damcriteria
rather than the levee criteria given herein.

(2) Even though |evees are simlar to small earth dans they differ
fromearth danms in the follow ng inportant respects: (a) a |levee em
bankment may become saturated for only a short period of tine beyond
the limt of capillary saturation, (b) levee alignnent is dictated
primarily by flood protection requirenents, which often results in con-
struction on poor foundations, and (c) borrow is generally obtained from
shallow pits or fromchannel s excavated adjacent to the | evee, which
produce fill material that is often heterogeneous and far fromideal.
Selection of the |evee section is often based on the properties of the
poorest material that nust be used

(3) Nunerous factors nust be considered in levee design. These
factors may vary from project to project, and no specific step-by-step
procedure covering details of a particular project can be established.
However, it is possible to present general, |ogical steps based on

1-1
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successful past projects that can be followed in | evee design and can be
used as a base for devel oping nore specific procedures for any partic-
ular project. Such a procedure is given in table I-I. Information for
i mpl enenting this procedure is presented in subsequent chapters.

(4) The nethod of construction nmust also be considered. In the

Table 1-1.  General Design Procedure

Step Procedure

1  Conduct geol ogical study based on a thorough review of available data in-
cluding analysis of aerial photographs. Initiate prelininary subsur-
face explorations.

2 Analyze prelininary exploration data and fromthis analysis establish
prelimnary soil profiles, borrow locations, and enmbankment sections.

3 Initiate final exploration to provide:

a. Additional information on soil profiles.

b. Undisturbed strengths of foundation naterials.

c. Mre detailed information on borrow areas and other required
excavations.

4 Using the information obtained in Step 3:

a. Determne both enbanknent and foundation soil parameters and
refineprelimnary sections where needed, noting all possible
probl em areas.

b. Conpute rough quantities of suitable nmaterial and refine borrow
area |ocations.

5 Dvide the entire levee into reaches of simlar foundation conditions,
enbanknent  height, and fill material and assign a typical trial
section to each reach.

6 Analyze each trial section as needed for:

a. Underseepage and through seepage.
b. Slope stability.
c. Settlenent.

7 Design special treatment to preclude any problens as determned
from Step 6.

8 Based on the results of Step 7, establish final sections for each reach.
9 Conpute final quantities needed; determine final borrow area |ocations.
10 Design enbanknent slope protection.

1-2
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past |evees have been built by methods of conpaction varying from none
to carefully controlled conpaction. The |ocal economc situation also
affects the selection of a |evee section. Traditionally, in areas of
hi gh property values, high land use, and good foundation conditions

| evees have been built with relatively steep slopes using controlled
conpaction, while in areas of |ower property values, poor foundations,
or high rainfall during the construction season, unconpacted or sem -
conpacted levees with flatter slopes are nore typical. This is evident
by comparing the steep slopes of |levees along the industrialized Chio
River Valley with |evees along the Lower M ssissippi R ver which have
much broader sections with gentler slopes. Levees built with snaller
sections and steeper slopes generally require more conprehensive inves-
tigation and analysis than do | evees with broad sections and flatter

sl opes whose design is nore enpirical. Wuere rainfall and foundation
conditions permt, the trend in design of levees is toward sections with
steeper slopes. Levee naintenance is another factor that often has
considerabl e influence on the selection of a |levee section.

h. Levee Types According to Location. Levees are broadly classi-
fied according to the area they protect as either urban or agricultura
| evees because of different requirements for each. As used in this
manual , urban and agricultural |evees are defined as follows:

(1) Urban levees. Levees that provide protection fromflooding in
communities, including their industrial, conrercial, and residentia
facilities.

(2) Agricultural levees. Levees that provide protection from
flooding in lands used for agricultural purposes

c. Levee Types According to Use. Some of the nore common terns
used for |evees serving a specific purpose in connection with their
overal | purpose of flood protection are given in table 1-2

d. Causes of Levee Failures. The principal causes of levee fail-
ure are

(1) Overtopping.
(2) Surface erosion.
(3) Internal erosion (piping).

(4) Slides within the | evee enbanknent or the foundation soils.

1-3
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Table 1-2. Cdassification of Levees According to Use

Type Definition

Mainline and tributary | evees Levees that lie along a mainstream and
its tributaries, respectively.

Ring |evees Levees that conpletely encircle or "ring"
an area subject to inundation from al
directions.

Set back | evees Levees that are built |andward of exist-

ing |evees, usually because the exist-
ing levees have suffered distress or
are in sone way being endangered, as by
river mgration.

Subl evees Levees built for the purpose of under-
seepage control. Sublevees encircle
areas behind the main |evee which are
subj ect, during high-water stages, to
high uplift pressures and possibly the
devel opment of sand boils. They nor-
mally tie into the main |evee, thus
providing a basin that can be fl ooded
during high-water stages, thereby
count erbal anci ng excess head beneath
the top stratum within the basin.  Sub-
| evees are rarely enployed as the use
of relief wells or seepage berns nake
t hem unnecessary except in energencies

Spur | evees Levees that project fromthe main |evee
and serve to protect the main |evee
fromthe erosive action of stream
currents. Spur levees are not true
| evees but training dikes

1-4
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CHAPTER 2
FIELD | NVESTI GATI ONS

2-1. Prelimnary and Final Stages. Many field investigations are con-
ducted in two stages: a prelimnary stage and a final (design) stage.

Normally, a field investigation in the prelinminary stage is not exten-
sive since its purpose is sinply to provide general information for

project feasibility studies. It will usually consist of a genera
geol ogi cal reconnai ssance with only limted subsurface exploration and
sinple soil tests. In the design stage, nore conprehensive exploration

is usually necessary, wth nore extensive geol ogi cal reconnai ssance,
borings, test pits, and possibly geophysical studies. The extent of
the field investigation depends on several factors. Table 2-1 lists
these factors together with conditions requiring extensive field inves-
tigations and design studies. Sometimes field tests such as vane shear
tests, groundwater observations, and field punping tests are necessary.
Table 2-2 sunmarizes, in general, the broad features of geologic and
subsurface investigations.

Section I.  Geol ogi cal Study

2-2.  Scope. A geological study usually consists of an office review of
all available geological information on the area of interest, and an
on-site (field) survey. As nost |evees are located in alluvial flood-
plains, the distribution and engineering characteristics of alluvia
deposits in the vicinity of proposed |evees nust be evaluated. The
general distribution, nature, and types of floodplain deposits are
directly related to changes in the river and its tributaries. Each

| ocal area in the floodplain bears traces of river action, and the

al luvial deposits there may vary widely fromthose in adjacent areas.
The general nature and distribution of sedinents can be deternined
through a study of the pattern of local river changes as a basis for
selection of boring Iocations.

2-3. Ofice Study. The office study begins with a search of available
information, such as topographic, soil, and geol ogical maps and aeria
phot ographs.  Pertinent information on existing construction in the area
shoul d be obtained. This includes design, construction, and performance
data on utilities, highways, railroads, and hydraulic structures. Avail-
able boring logs should be secured. Federal, state, county, and |oca
agencies and private organi zations shoul d be contacted for information

2-4.  Field Survey. The field survey is comenced after becom ng
famliar wth the area through the office study. Walking the proposed

2-1
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Table 2-1. Factors Requiring Intensive Field
I nvestigations and Design Studies

Fiel d Investigations and Design Studies
Fact or Should Be Mire Extensive \Were:

Previ ous experience There is little or no previous experience in
the area particularly with respect to
| evee performance

Consequences of failure Consequences of failure involving life and
property are great (urban areas for
i nst ance)

Levee hei ght Levee heights are great

Foundation conditions Foundation soils are weak and conpressible

Foundation soils are highly variable along
the alignment

Potential underseepage problens are severe

Foundati on sands may be |iquefaction
susceptible

Duration of high water H gh water |evels against the | evee exi st
over relatively long periods

Borrow material s Avai |l abl e borrow is of low quality, water
contents are high, or borrow materials are
variabl e along the alignnent

Structure in |evees Reaches of |evees are adjacent to concrete
structures

2-2
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Table 2-2.  Stages of Field Investigations

Investigation or analysis produced by rapid field reconnaissance and discus-
sion with know edgeable people is adequate for design where:

a. Levees are 10 ft or less in height. .
b. Experience has shown foundations to be stable and presenting no under-
seepage probl ens.

Use standard |evee section devel oped through experience.

Prelinnary geological investigation: Required for all cases except those
in 1 above. Use to decide the need for and scope of subsurface explora-
tion and field testing:

a. Ofice study: Collection and study of

1) Topographic, soil, and geol ogical maps.

2) Aerial photographs.

3) Boring logs and well data. . .

4) Information on existing engineering projects.

b. Field survey: Cbservations and geol ogy of area, docunented by
witten notes and photographs, including such features as:

1) Riverbank slopes, rock outcrops, earth and rock cuts or fills.
2) Surface materials.

3) Poorly drained areas, .

4)  Evidence of instability of foundations and slopes.

5 Energing seepage. , ,

6) Natural and man-made physiographic features.

Subsurface exploration and field testing and nore detailed geol ogic study:
a. Prelimnary phase:

(1) Wdely but not necessarily uniformy spaced disturbed sanple
borings (may include split-spoon penetration tests).

éZ; Test pits excavated by backhoes, dozers, or farmtractors.

3) CGeophysical surveys (Seismic or electrical resistivity) to
Interpol ate between widely spaced borings.

(4) Borehol e geophysical tests.

b. Final phase:

Addi tional disturbed sanple borings.

Undi st urbed sanpl e borings. _

Field vane shear tests for special purposes.

Field pun'Fl ng tests (primrily in vicinity of structures).

Vter table observations (using piezoneters) in foundations and
borrow areas.

O1TB~RWN-
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alignment is always an excel |l ent means of obtaining useful information.
Physical features to be observed are listed in table 2-2. These itens
and any others of significance shoul d be documented by detailed notes,
suppl enented by photographs. Local people or organizations having
know edge of foundation conditions in the area should be interviewed.

2-5. Report. \Wen all available information has been gathered and
assimlated, a report should be witten that in essence constitutes a
geol ogi cal, foundation, and materials evaluation report for the proposed
levee. Al significant factors that mght affect the alignnent and/or
desi gn shoul d be clearly pointed out and any desirable changes in align-
ment suggest ed.

Section II. Subsurface Exploration
2-6.  Ceneral

a. Because prelininary field investigations usually involve only
limted subsurface exploration, only portions of the follow ng discus-
sion may be applicable to the prelimnary stage, depending on the nature
of the project.

b. The subsurface exploration for the design stage generally is
acconplished in two phases, which nay be separate, in sequence, or con-
current: (1) Phase 1, the main purpose of which is to better define the
soil types present and to devel op general ideas of soil strengths and
perneabilities; (2) Phase 2, provides additional information on soil
types present and usually includes the taking of undisturbed sanples for
testing purposes.

2-7. Phase 1 Exploration. Phase 1 exploration consists alnost entirely
of disturbed sanple borings and perhaps test pits excavated with back-
hoes, dozers, farm tractors, etc., as summarized in table 2-3, but may
al so include geophysical surveys which are discussed |ater

2-8. Phase 2 Exploration. Phase 2 subsurface exploration consists of
both di sturbed and undi sturbed sanple borings and al so may incl ude
geophysi cal nethods. Undisturbed sanples for testing purposes are some-
times obtained by handcarving bl ock sanples fromtest pits but nore
usual ly by rotary and push-type drilling nmethods (using sanplers such as
the Denison sanpler in extremely hard soils or the thin-walled Shel by
tube fixed piston sanpler in nost soils). Sanples for deternining con-
solidation and shear strength characteristics and val ues of density

and perneability shoul d be obtained using undisturbed borings in

whi ch 5-in.-diameter sanples are taken in cohesive materials and

2-4
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Table 2-3. Phase | Boring and Sanpling Techniques

Techni que Remar ks

1. Disturbed sanple borings

a. Split-spoon or standard l-a. Prinmarily for soil identification
penetration test but permts estimte of shear
strength of clays and crude estimte
of density of sands; see para-
graph 5-3d of EN 1110-2-1907
(ref. A-3a(8))

Preferred for general exploration of
| evee foundations; indicates need and
| ocations for undisturbed sanples

b. Auger borings [-b. Bag and jar sanples can be ob-
tained for testing
2. Test pits 2. Use backhoes, dozers, and farm
tractors
3. Trenches 3. Qccasionally useful in borrow areas

and | evee foundations

3-in,-dianeter sanples are taken in cohesionless materials. EM 1110-2-
1907 (ref. A3-a(8)) gives details of drilling and sanpling techniques,

2-9. Borings.

a. Location and Spacing. The spacing of borings and test pits in
Phase 1 is based on exam nation of airphotos and geol ogi cal conditions
determned in the prelimnary stage or known from prior experience in
the area, and by the nature of the project. [Initial spacing of borings
usual ly varies from200 to 1000 ft along the alignment, being closer
spaced in expected probl emareas and w der spaced in nonprobl em areas.
The spacing of borings should not be arbitrarily uniformbut rather
shoul d be based on available geologic information. Borings are normally
laid out along the |evee centerline but can be staggered along the
alignnment in order to cover nore area and to provide sone data on near by
borrow materials. At |east one boring should be |ocated at every major
structure during Phase 1. In Phase 2, the |ocations of additiona

2-5
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general sanple borings are selected based on Phase 1 results. Undis-
turbed sanple borings are |ocated where data on soil shear strength are
nmost needed. The best procedure is to group the foundation profiles
devel oped on the basis of geological studies and exploration into
reaches of simlar conditions and then |ocate undisturbed sanpl e borings
so as to define soil properties in critical reaches.

b. Depth. Depth of borings along the alignment should be at
| east equal to the height of |evee but not less than 10 ft. Boring
dept hs shoul d al ways be deep enough to provide data for stability anal -
yses of the levee and foundation. This is especially inportant when the
|l evee is | ocated near the riverbank where borings nust provide data for
stability analyses involving both |evee foundation and riverbank. Were
pervious or soft materials are encountered, borings shoul d extend
t hrough the permeable material to inpervious material or through the
soft material to firmmaterial. Borings at structure locations should
extend wel | below invert or foundation elevations and bel ow the zone of
significant influence created by the load. The borings nust be deep
enough to pernit analysis of approach and exit channel stability and of
under seepage conditions at the structure. In borrow areas, the depth of
expl oration shoul d extend several feet below the practicable or allow
able borrow depth or to the groundwater table. If borrowis to be ob-
tained from below the groundwater table by dredging or other neans,
borings should be at least 10 ft bel ow the bottom of the proposed
excavation.

2-10.  Ceophysi cal Exploration.

a. Use of geophysical methods of subsurface exploration is ex-
pected to increase as a part of foundation exploration for |evees
because of the long, relatively narrow areas to be explored and the in-
creasing cost of borings. Table 2-4 summarizes those geophysica
nmethods nost appropriate to |evee exploration. These nethods are a
fairly inexpensive means of exploration and are very useful for inter-
pol ating between borings which, for reasons of econony, are spaced at
fairly wide intervals. Geophysical data nust be interpreted in conjunc-
tion with borings and by qualified experienced personnel or msleading
information is alnost certain to result. Because there have been
significant inprovenents in geophysical instrumentation and interpreta-
tion techniques in recent years, nore consideration should be given to
their use.

b. Currently available geophysical nethods can be broadly sub-
divided into two classes: those acconplished entirely fromthe ground
surface and those which are acconplished from subsurface borings.

2-6
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Table 2-4. Applicabl e Geophysical Mthods of Exploration
Nane Principle Primary Use

1. Seisnmic nethods

a. Refraction

bh. Continuous
vi brati on

Based on tine required for
seismc waves to travel
from source to points on
ground surface, as nea-
sured by geophones spaced
at intervals on the
surface

Refraction of seismc waves
at the interface between
different strata gives a
pattern of arrival tines
versus distance at a line
of geophones

The travel time of trans-
verse or shear waves gen-
erated by a mechanica
vibrator consisting of a
pair of eccentrically
wei ghted disks is re-
corded by seismc detec-
tors placed at specific
di stances from the
vi brat or

(Conti nued)

2-7

Uilized to deter-

mne depth to
rock or other

| ower stratum
substantially
different in wave
velocity than the
overlying nmate-
rial. Generally
linmted to depths
of 5 to 500 ft.
Used only where
wave velocity in
successive |ayers
becomes greater
with depth

Vel ocity of wave

travel gives in-
di cation of soi
type. Travel
tine plotted as a
function of dis-
tance indicates
depths or thick-
nesses of sub-
strata. Usefu

in determning
dynam ¢ rmodul us
of subgrade reac-
tion and obtain-
ing information
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Table 2-4. (Continued)

Nane Principle Primary Use

for the natural
period of vibra-
tion for founda-
tions of vibrat-
ing structures

b.  Continuous
vi bration
(Cont i nued)

2. Electrical nethods

a. Resistivity Used to determ ne
depths up to
100 ft of hori-
zontal subsurface

strata. Princi -

Based on the difference in
electrical conductivity
or resistivity of strata
Resistivity of subsoils
at various depths is
determ ned by passing a pal applications
known current between two for investigating

el ectrodes and measuring foundations of
the potential difference
bet ween two internediate
el ectrodes. Resistivity
Is correlated to material

type

dans, |evees, and
other large
structures, par-
ticularly in ex-
ploring granular
river channel
deposits or bed-
rock surfaces.

Al so used to nea-
sure depth to
saturated zones

or aquifers
b. Equi potenti al Location of lines of equal Del i neation of
mappi ng potential around a vertical bound-

aries and zones
of limted hori-
zontal extent.
Can trace lines
of water flow or
| ocate bodies
such as clay

pl ugs

current electrode
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Exploration fromthe ground surface will generally be adequate for |evee
design purposes. Ceophysical ground surface exploration can involve

(1) seismc refraction and (2) electrical resistivity. Information ob-
tained fromseisnic refraction surveys includes material velocities,
delineation of interfaces between zones of differing velocities, and

the depths to these interfaces. The electrical resistivity survey is
used to locate and define zones of different electrical properties such
as pervious and inpervious zones or zones of higher ionic activity such
as clayey strata. Both nethods require distinct differences in prop-
erties of foundation strata materials in order to be effective. The
resistivity nethod requires a high resistivity contrast between nate-
rials being located, while the seismc nethod requires high contrast in
wave transmission velocities. Furthernore, the seismc nethod requires
that any underlying stratumtransmt waves at a higher velocity than the
overlying stratum Difficulties arise in the use of the seismc nethod
if the surface terrain and/or |ayer interfaces are steeply sloping or
irregular instead of relatively horizontal and smooth. Therefore, in
order to use these nethods, one nust be fully aware of what they can and
cannot do. EM 1110-2-1802 (ref. A-3a(3)) describes the use of both
seismc refraction and electrical resistivity. Dobrin (ref. A5c) is a
val uabl e, general text on geophysical exploration. Applicable geophys-
i cal exploration methods based on operation fromthe ground surface are
sunmarized in table 2-4.

¢c. Recent devel opnents in the use of downhol e | ogging devices have
shown that these tools can be used with success in correlating subsur-
face soil and rock stratification and in providing quantitative engineer-
ing parameters such as porosity, density, water content, and noduli
They al so provide valuable data for interpreting surface geophysica
data. The purpose in using these nethods is to allow cost savings to
be made in the exploration programw thout |essening the quality of the
information obtained. This can be done by reducing the nunber of
borings required to determ ne subsurface stratification and by allow ng
sanpling to be done only in those zones where sanples are necessary for
| aboratory testing, thus reducing the nunber of undisturbed sanples.

Section IIl. Field Testing
2-11. Prelimnary Strength Estimates. It is often desirable to estimte

foundation strengths during Phase 1 of the exploration program Various
met hods of prelimnary appraisal are listed in table 2-5.

2-12.  Vane Shear Tests. Were undisturbed sanples are not being ob-
tained or where sanples of acceptable quality are difficult to obtain,
in situ vane shear tests may be utilized as a means of obtaining
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Table 2-5.  Prelimnary Appraisal of Foundation Strengths

Met hod

Renar ks

1. Split-spoon penetration
resi stance

2. Natural water content of
di sturbed or genera
type sanples

3. Hand exam nation of dis-
turbed sanpl es

4. Position of natural water
contents relative to
liquid and plastic
limts

5, Torvane or pocket
penetroneter tests on
intact portions of
general sanples or on
wal | s of test trenches

1-a.  Unconfined conpressive strength,
tsf, of clay is about 1/8 of nunber of
bl ows per foot, or N8 , but consid-
erable scatter nust be expected
CGenerally not hel pful where Nis |ow

1-b. In sands, N values less than
about 15 indicate low relative densi-
ties. N values should not be used to
estimate relative densities for earth-
quake design

2. Useful when considered with soi
classification, and previous experi-
ence is available

3. Useful where experienced personne
are available who are skilled in
estimating soil shear strengths

4-a.  Useful where previous experience
is available

4-b. If natural water content is close
to plastic limt foundation shear
strength shoul d be high

4-c. Natural water contents near liquid
limt indicate sensitive soils usually
with | ow shear strengths

5. Easily perforned and inexpensive but
results may be |low, useful for pre-
limnary strength classifications
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undrai ned shear strength. The apparatus and procedure for performng
this test are described in Appendix D of EM 1110-2-1907 (ref. A-3a(8)).
The results fromthis test may be greatly in error where shells or
fibrous organic material are present. A so, test results in fat clays
must be corrected using enpirical correction factors as given by Bjerrum
(ref. A-5a) but these are not always conservative

2-13. Goundwater and Pore Pressure Chservations. Piezoneters to
observe groundwater fluctuations are rarely installed solely for design
pur poses but should always be installed in areas of potential under-
seepage problens. The use and installation of piezometers are described
in EM 1110-2-1908 (ref. A-3a(9)). Permeability tests should always be
made after installation of the piezoneters; these tests provide informa-
tion on foundation perneability and show if piezoneters are functioning.
Testing and interpretation procedures are described in EM 1110-2-1908
(ref. A-3a(9)).

2-14. Field Punping Tests. The perneability of pervious foundation
materials can often be estimated with sufficient accuracy by using
existing correlations with grain-size determnation;, see TM 5-818-5
(ref. A-2)). However, field punping tests are the nost accurate means
of determning perneabilities of stratified in situ deposits. Field
punping tests are expensive and usually justified only at sites of

i nportant structures and where extensive pressure relief well installa-
tions are planned. The general procedure is to install a well and

pi ezoneters at various distances fromthe well to nonitor the resulting
drawdown during punping of the well. Appendix Il of TM 5-818-5

(ref. A-2)) gives procedures for performng field punping tests

2-11



EM 1110-2-1913
31 Mar 78

CHAPTER 3
LABORATORY TESTI NG
3-1.  Ceneral.

a. Reference should be made to EM 1110-2-1906 (ref. A-3a(7)) for
current soil testing procedures, and to EM 1110-2-1902 (ref. A-3a(4))
for applicability of the various shear strength tests in stability
anal yses.

b. Laboratory testing prograns for levees will vary from nininal
to extensive, depending on the nature and inportance of the project and
on the foundation conditions, how well they are known, and whet her
exi sting experience and correlations are applicable. Since shear and
other tests to determne the engineering properties of soils are ex-
pensive and time-consumng, testing prograns generally consist of water
content and identification tests on nost sanples and shear, consolida-
tion, and conpaction tests only on representative sanples of foundation
and borrow materials. It is inperative to use all available data such
as geol ogi cal and geophysical studies, when selecting representative
sanples for testing. Soil tests that nay be included in |aboratory
testing prograns are listed in table 3-1 for fine-grained cohesive soils
and in table 3-2 for pervious soils, together with pertinent remarks on
purposes and scope of testing

3-2. Cassification and Water Content Deterninations. After soil
sanpl es have been obtained in subsurface exploration of |evee founda-
tions and borrow areas, the first and essential step is to make visua
classifications and water content determnations on all sanmples (except
that water content determ nations should not be made on clean sands and
gravels). These sanples may be jar or bag sanples obtained fromtest
pits, disturbed or undisturbed drive sanples, or auger sanples. Field
descriptions, laboratory classifications, and water content values are
used in preparing graphic representations of boring |ogs. After exanin-
ing these data, sanples of fine-grained soils are selected for Atterberg
limts tests, and sanples of coarse-grained soils for gradation tests

Section |I. Fine-Gained Soils

3-3. Use of Correlations. Conparisons of Atterberg limts values wth
natural water contents of foundation soils and use of the plasticity
chart itself (fig. 3-1), together with split-spoon driving resistance,
geol ogi cal studies, and previous experience often will indicate poten-
tially weak and conpressible fine-grained foundation strata and thus the
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Table 3-1. Laboratory Testing of Fine-Gained Cohesive Soils

Test Renar ks

Visual classification and water O all sanples
content determ nations

Atterberg limts On representative sanples of founda-
tion deposits for correlation with
shear or consolidation paraneters,
and borrow soils for conparison with
natural water contents, or correla-
tions with opti mum water content and
maxi num densities

Perneabi lity Not required; soils can be assuned to
be essentially inpervious in seepage
anal yses

Consol i dation CGeneral Iy performed on undi sturbed

foundation samples only where:

a. Foundation clays are highly
conpressi bl e

b. Foundations under high |evees
are sonewhat conpressible

c. Settlement of structures within
| evee systems must be accu-
rately estimted

Not generally performed on levee fill;
instead use al | owances for settle-
ment within | evees based on type of
conpaction. Soretimes satisfactory
correlations of Atterberg linits
with coefficient of consolidation
can be used. Conpression index can
usual ly be estimted from water
content.

Conpaction a. Required only for conpacted or
senm conpacted | evees
b. \ere enmbanknent is to be fully
conpact ed, perform standard
25-bl ow conpaction tests

(Cont i nued)
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(Conti nued)

Test

Renar ks

Conpaction (Continued)

Shear

strength

o

o

(]

Wiere enbanknent is to be sem -

conpacted, perform 15-bl ow
conpaction tests

Pocket penetrometer, |aboratory

vane, and mniature vane
(Torvane) for rough estinates

Unconfined conpression tests on

saturated foundation clays
wi thout joints or slickensides

Qtriaxial tests appropriate for

foundation clays, as undrained
strength generally governs
stability

triaxial and S direct shear:
CGenerally required only when

| evees are high and/or founda-
tions are weak, or at |oca-
tions where structures exist
in |evees

R and S tests on fill nate-
rials conpacted at appropriate
wat er contents to densities
resulting fromthe expected
field conpaction effort
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Table 3-2. Laboratory Testing of Pervious Mterials

Test Renar ks

Visual classification O all jar sanples

In situ density determnations O Shel by-tube sanpl es of foundation
sands where liquefaction suscepti-
bility nust be eval uated

Rel ative density Maxi mum and m ni num density tests
should be performed in seismcally
active areas to determne in situ
relative densities of foundation
sands and to establish density con-
trol of sand fills

G adation On representative foundation sands

a. For correlating grain-size
paraneters with permeability
or shear strength

b. For size and distribution clas-
sifications pertinent to
l'i quefaction potentia

Perneability Not usually perfornmed. Correlations
of grain-size paraneters with
perneability or shear strength used
Wiere underseepage problenms are
serious, best guidance obtained by
field punping tests

Consol i dation Not usual 'y necessary as consolidation
under load is insignificant and
occurs rapidly

Shear strength For | oading conditions other than
dynam c, drained shear strength is
appropriate. Conservative values of

can be assuned based on S tests
on simlar soils. In seismcally
active areas, cyclic triaxial tests
may be performed
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need for shear and perhaps consolidation tests. In some cases, in the
design of low | evees on famliar foundation deposits for exanple,
correlations between Atterberg limts values and consolidation or shear
strength characteristics may be all that is necessary to eval uate

these characteristics. Exanples of correlations among Atterberg limts
val ues, natural water content, shear strength and consolidation charac-
teristics are shown in figures 3-2 and 3-3. Correlations based on

| ocal soil types and which distinguish between nornally and overcon-
solidated conditions are preferable. Such correlations may al so be
used to reduce the nunmber of tests required for design of higher |evees.
As optimmwater content may in sonme cases be correlated with Atterberg
limts, conparisons of Atterberg limts and natural water contents of
borrow soils as shown in figure 3-4 can indicate whether the borrow
materials are suitable for obtaining adequate conpaction

3-4.  Shear Strength. Approximate shear strengths of fine-grained
cohesive soils can be rapdily determ ned on undisturbed foundation

sanpl es, and occasionally on reasonably intact sanples from disturbed
drive sampling, using sinple devices such as the pocket penetroneter

| aboratory vane shear device, or the nminiature vane shear device
(Torvane). To establish the reliability of these tests, it is desirable
to correlate themw th unconfined conpression tests. Unconfined com
pression tests are sonewhat sinpler to performthan Q triaxial conpres-
sion tests, but test results exhibit nmore scatter. Unconfined conpres-
sion tests are appropriate primarily for testing saturated clays which
are not jointed or slickensided. O the triaxial conpression tests, the
Qtest is the one nost conmonly performed on foundation clays, since the
in situ undrained shear strength generally controls enbankment design

on such soils. However, where enmbanknents are high, stage construction
is being considered, or inportant structures are located in a |evee
system R triaxial conpression tests and S direct shear tests shoul d

al so be perforned.

3-5.  Consolidation. Consolidation tests are performed for those cases
listed in table 3-1. In sone locations correlations of liquid limt

and natural water content wth coefficient of consolidation, conpression
i ndex, and coefficient of secondary conpression can be used satisfac-
torily for making estinmates of consolidation of foundation clays under

| oad.

3-6. Perneability. Cenerally there is no need for |aboratory pernme-
ability tests on fine-grained fill materials, nor on surface clays over-
lying pervious foundation deposits. In underseepage anal yses, sinplify-
ing assunptions nust be made relative to thickness and soil type of
fine-grained surface blankets. Furthernore, animl burrows, root
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channel's, and other discontinuities in surface blankets can signifi-
cantly affect the overall effective perneability. Therefore, an average
val ue of the coefficient of permeability based on the dom nant soil type
(Appendix B) is generally of sufficient accuracy for use in underseepage
anal yses, and |aboratory tests are not essential

3-7. Conpaction Tests. The type and nunber of conpaction tests will be
i nfluenced by the method of construction and the variability of avail-
able borrow naterials. The types of conpaction tests required are
sunmarized in table 3-1.

Section Il. Coarse-Grained Soils

3-8. Shear Strength. Wen coarse-grained soils contain few fines, the
consol i dated drai ned shear strength is appropriate for use in all types
of analyses. In nost cases, conservative values of the angle of inter-
nal friction (@) can be assumed from correl ati ons such as those shown in
figure 3-5, and no shear tests will be needed.

3-9. Perneability. To solve the problem of underseepage in |evee foun-
dations, reasonable estimates of perneability of pervious foundation
deposits are required. However, because of difficulty and expense in
obt ai ni ng undi sturbed sanpl es of sands and gravels, |aboratory perne-
ability tests are rarely perfornmed on foundation sands. Instead

field punping tests or correlations such as that of figure 3-5 devel -
oped between a grain-size parameter (such as D) and the coefficient

of perneability, k , are generally utilized.

3-10. Density Testing of Pervious Fill. Maxinum and mini num density
tests on avail abl e pervious borrow materials shoul d be perforned in
accordance with procedures described in EM 1110-2-1906 (ref. A-3a(7)) so
that relative density requirenents for pervious fills may be checked in
the field when required by the specifications.

3-11



EM 1110-2-1913

31 Mar

ANGLE OF INTERNAL FRICTION (DEGREES)

45

40

35

78

RELATIVE

OENSITY

RIAL TYPE

@ osrainen FroN

30 EFFECTIVE STRESS
FAILURE ENVELOPES
APPROXINATE CORRELATION
IS FOR CONESIONLESS
25 NATERIALS WITHOUT —
POROSITY, n (FOR G = 2.68) PLASTIC FINES
ass | os oS o4 2.5 23 o5 a2 o.4s
]
vaID RATIO, & (FOR 6 =|2.68)
oll2 4 1P of agop SHB 4" s 1" 1| 03 Y o o3 as )
75 80 90 100 110 120 130 140 150
ORY UNIT WEIGHT (yD), PCF
(a) Angle of internal friction versus unit
weight (from NAVFAC DM 7 ref. A-4)
Figure 3-5. Exanple correlations for properties of

coarse-grained soils

3-12



o 10,000
w
g =
S o
- 5,000
» ‘I"
o 5oL B
/
x , n
f; n
> qc> ’/
s 2,000 '}
2 (o} (o)
o o)
3 a2 1/ LEGEND
5 1,000 —
w WELI... ]
N v O H-151A ~—
> —_
Lo ’ 500 AN ® H-183 ]
o O Fc-tos
o ——
< W ES-38
= i A ESs4 —
w l v A OR-1
o
. 200 ". Vv LDt —
f_’ } v L2
z y ® O LD4
W - . Lt
L ! 4 [RRL
w y
w { | NoTE: k, BASED ON FIELD PUMPING
o I TESTS.
(8] 50 U il 1 1 [ W
0.05 0.1 0.2 0.5 1.0 2.0
EFFECTIVE GRAIN SIZE OF STRATUM, D,., MM

10°

(b) Effective grain size, D, , versus
coefficient of perneability, ky (from
VES TM No. 3-424, ref. A-3b(2)

Figure 3-5. (Continued)

EM 1110-2-1913
31 Mar 78



EM 1110-2-1913

31 Mar 78
CHAPTER 4
BORROWN AREAS
4-1. CGeneral. In the past borrow areas were selected largely on the

basis of material types and quantities and haul distances. Today,
borrow areas receive nuch nore attention and nust be carefully planned
and desi gned, because of considerations such as environnental aspects,
increasing |and values, and greater recognition of the effects of borrow
areas wth respect to underseepage, uplift pressures, overall |evee
stability, and erosion. The follow ng paragraphs discuss sone factors
involved in locating and using borrow areas.

4-2. Avail able Borrow Materi al

a. Material Type. Alnost any soil is suitable for constructing
| evees, except very wet, fine-grained soils or highly organic soils. In
sone cases, though, even these soils nust be used. Accessibility and
proximty are often controlling factors in selecting borrow areas,
al though the availability of better borrow materials involving sonewhat
| onger haul distances may sonetines lead to the rejection of poorer but
nmore readily available borrow.

b. Natural Water Content. Were conpacted |evees are planned, it
I's necessary to obtain borrow material wth water content |ow enough to
allow placenment and adequate conpaction. The cost of drying borrow
material to suitable water contents can be very high, in many cases ex-
ceeding the cost of longer haul distances to obtain material that can be
placed without drying. Borrow soils undergo seasonal water content
variations; hence water content data should be based on sanpl es obtai ned
fromborrow areas in that season of the year when |evee construction is
planned. Possible variation of water contents during the construction
season should also be considered

4-3. CGeneral Layout. Cenerally, the nost economical borrow scheme is
to establish pits parallel and adjacent to the levee. If a levee is

adj acent to required channel excavation, |evee construction can often
utilize material fromchannel excavation. Large centralized borrow
areas are normally established only for the construction of urban |evees,
where adj acent borrow areas are unavailable. Long, shallow borrow areas
along the levee alignment are nore suitable, not only because of the
shorter haul distance involved, but al so because they better satisfy

envi ronment al consi derations.
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a. Location. Borrow area locations on the river side of a |evee
are preferable as borrow pits. Borrow area locations within the pro-
tected area are | ess desirable environmentally, as well as generally
being more expensive. Riverside borrow |ocations in some areas wll be
filled eventually by siltation, thereby obliterating the man-nmade
changes in the l[andscape. While riverside borrowis generally prefer-
able, required |andside borrow from ponding areas, ditches, and ot her
excavations should be used wherever possible. A bermshould be left in
pl ace between the | evee toe and the near edge of the borrow area. The
bermw dth depends primarily on foundation conditions, |evee height, and
amount of land available. Its width should be established by seepage
anal yses where pervious foundation material is close to the bottom of
the borrow pit and by stability anal yses where the excavation slope is
near the |evee. Cenerally, the width of this berm should be about
2-1/2 times greater for |andside berns than for riverside berns. Mni-
mum berm wi dths used frequently in the past are 40 ft riverside and
100 ft landside, but berm wi dths should be the maxi num possible since
riverside borrow areas increase the severity of underseepage effects.

In borrow area excavation, an adequate thickness of inpervious cover
should be left over underlying pervious material. For riverside pits a
mnimumof 2 ft of cover should be left in place, and for |andside pits
the cover thickness shoul d be adequate to prevent the formation of boils
under expected hydraulic heads. Topsoil from borrow and |evee founda-
tion stripping can be stockpiled and spread over the excavated area
after borrow excavation has been conpleted. This reinforces the inper-
vious cover and provides a good base for vegetative growth

b. Size and Shape. It is generally preferable to have riverside
borrow areas "w de and shal | ow' as opposed to "narrow and deep." Wile
this may require extra right-of-way and a | onger haul distance, the
benefits derived frominproved underseepage, hydraulic, and environ-
mental conditions usually outweigh the extra cost. In conputing re-
quired fill quantities, a shrinkage factor of at |east 25 percent shoul d
be applied (i.e., borrow area volunes shoul d be at |east 125 percent of
the |evee cross-section volume). This will allow for material shrinkage,
and hauling and other losses. Right-of-way requirements should be
establ i shed about 15 to 20 ft beyond the top of the planned outer slope
of the borrow pit. This extra right-of-way will allow for flattening
or caving of the borrow slopes, and can provide maintenance borrow if
needed |ater.

4-4. Design and Uilization

a. Slopes. Excavation slopes of borrow areas shoul d be designed
to assure stability. This is particularly inportant for slopes adjacent
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to the levee but could also be inportant for any slope whose top is
near the right-of-way limts. Borrow area slopes nust also be flat
enough to allow nowing, if required. Also, where |andside pits are to
be placed back into cultivation, changes in grade nust be gentle enough
to allow farm equipment to operate safely. The slopes of the upstream
and downstream ends of riverside pits should be flat enough to avoid
erosion when subjected to flow at high water stages.

b. Depths. Depths to which borrow areas are excavated w |l depend
upon factors such as (1) groundwater elevation, (2) changes at depth to
undesirable material, (3) preservation of adequate thickness of river-
side blanket, and (4) environnental considerations.

c. Foreshore. The foreshore is that area between the riverside
edge of the borrow area and the riverbank as shown in figure 4-1. If a

BORROW
AREA

x ' /
_ NATURAL

2
<
m
o« ZFORESHORE TRAVERSE BERM
W
& "
>
ad
-
VARIES LVARIES
BORROW
AREA

Figure 4-1. Plan of typical |evee and borrow areas
with traverse and foreshore

foreshore is specified (i.e., the borrow excavation is not be cut into

the riverbank), it should have a substantial wdth, say 200 ft or nore,
to help prevent nmigration of the river channel into the borrow area.
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d. Traverse. A traverse is an unexcavated zone left in place at
intervals across the borrow area (figure 4-1). Traverses provide road-
ways across the borrow area, provide foundations for transm ssion towers
and utility lines, prevent l[ess than bank-full flows from coursing un-
checked through the borrow area, and encourage material deposition in
the borrow area during high water. Experience has shown that when
traverses are overtopped or breached, severe scour damage can result
unl ess proper neasures are taken in their design. Traverse heights
shoul d be kept as |ow as possible above the bottomof the pit when they

Wl be used primarily as haul roads. In all cases, flat downstream
sl opes (on the order of 1V and 6H to 10H) should be specified to mni-
mze scour from overtopping. |If the traverse carries a utility line or

a public road, even flatter slopes and possibly stone protection shoul d
be consi dered.

e. Drainage. Riverside borrow areas should be so |located and ex-
cavated that they will fill slowy on a rising river and drain fully on
a falling river. This will mnimze scour in the pit when overbank
river stages occur, pronote the growh of vegetation, and encourage
silting where reclamation is possible. The bottomof riverside pits
should be sloped to drain away from the levee. Culvert pipes should be
provi ded through traverses, and foreshore areas should be ditched
through to the river as needed for proper drainage. Landside pits
shoul d be sloped to drain away fromor parallel to the levee with
ditches provided-as necessary to outlet points. Gavity outlets or punp
stations should be located so as to mnimze lengths of flow paths wth-
inthe pit area

f. Flow Conditions. To avoid damage from confined or restricted
flow through the riverside borrow areas, obstructions or inpedinents to
smoot h and uniform flow should be renoved if possible, or else protec-
tive measures nust be taken. Riverside borrow areas should be nmade
as uniformin width and grade as possible, avoiding abrupt changes.
Rermoval of obstructions that could cause concentrated flow includes
degradation of old | evee remmants and of narrow high ground ridges
beyond the borrow area, as well as renoval of tinber fromtraverses and
fromforeshore areas imediately adjacent to the borrow area. Cbstruc-
tions to flow that cannot be renoved include transm ssion towers, bridge
piers, and other permanent structures near the |evee. In such areas,
stone protection should be provided for the | evee or borrow area sl opes
I f scour danmage is considered probable.

g. Environmental Aspects. The treatment of borrow areas after
excavation to satisfy aesthetic and environmental considerations has in
the | ast few years become standard operating practice. The extent of
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treatment will vary according to the type and location of a project.
Ceneral Iy, projects near urban areas or where recreational areas are to
be devel oped will require nore elaborate treatment than those in
sparsely popul ated agricultural areas. Mninumtreatnment should include
proper drainage, topographic snoothing, and the pronotion of conditions
conduci ve to vegetative growh. Insofar as possible, borrow areas
should be planted to conform to the surrounding |andscape. Stands of
trees should be left remaining on | andside borrow areas if at al
possi bl e, and excavation procedures shoul d not |eave holes, trenches, or
abrupt slopes. Restoration of vegetative growh is inportant for both

| andside and riverside pits as it is not only pleasing aesthetically but
serves as protection against erosion. WIIlow trees can aid considerably
in drying out boggy areas. Riverside pits should not be excavated so
deep that restored grass cover wll be drowned out by long submergence
Agenci es responsi bl e for maintenance of conpleted | evees should be en-
couraged to plant and maintain vegetation, including tinber, in the
borrow areas. It is desirable that riverside borrow pits be filled in
by natural processes, and frequent cultivation of these areas should be
di scouraged or prohibited, if possible, until this has been achieved.

h. Cdearing, Gubbing, and Stripping. Borrow areas should be
cleared and grubbed to the extent needed to obtain fill material free of
obj ectionable matter, such as trees, brush, vegetation, stunps, and
roots. Subareas within borrow areas may be specified to remain un-
touched to preserve standing trees and existing vegetation. Topsoil
with |ow vegetative cover may be stripped and stockpiled for |ater place-
ment on outer |andside slopes of |evees and seepage berns.
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CHAPTER 5
SEEPAGE CONTROL
Section I. Foundation Underseepage

5-1.  General. Wthout control, underseepage in pervious foundations
beneath levees may result in (a) excessive hydrostatic pressures beneath
an inpervious top stratumon the |andside, (b) sand boils, and (c) pip-
ing beneath the levee itself. Underseepage problems are nost acute
where a pervious substratumunderlies a | evee and extends both |andward
and riverward of the | evee and where a relatively thin top stratum
exists on the landside of the levee. Principal seepage control measures
for foundation underseepage are (a) cutoff trenches, (b) riverside

i npervi ous bl ankets, (c) |andside seepage berns, (d) pervious toe
trenches, and (e) pressure relief wells. These nethods will be dis-
cussed generally in the follow ng paragraphs; detailed design, construc-
tion, and maintenance guidance is given in Appendixes B, C, and D. Turn-
bull and Mansur (ref. A-5f and A-5g) have proposed control neasures

for underseepage al so

5-2.  CQutoffs. A cutoff beneath a | evee to block seepage through per-
vious foundation strata is the most positive nmeans of elimnating
seepage problens. Positive cutoffs may consist of excavated trenches
backfilled with conpacted earth or slurry trenches usually |ocated near
the riverside toe. Since a cutoff nust penetrate approximately 95 per-
cent or nore of the thickness of pervious strata to be effective, it is
not economcally feasible to construct cutoffs where pervious strata are
of considerable thickness. For this reason cutoffs will rarely be
econom cal where they nust penetrate nore than 40 ft. Steel sheet
piling is not entirely watertight due to | eakage at the interlocks but
can significantly reduce the possiblity of piping of sand strata in the
foundation. Qpen trench excavations can be readily made above the water
table, but if they nust be made bel ow the water table, well point sys-
tens will be required. Cutoffs nade by the slurry trench method

(ref. A-3b(4) and A-3b(5)) can be nade without a dewatering system and
the cost of this type of cutoff should be favorable in many cases in
conparison with costs of conpacted earth cutoffs

5-3. Riverside Blankets. Levees are frequently situated on foundations
having natural covers of relatively fine-grained inpervious to seni-
pervious soils overlying pervious sands and gravels. These surface
strata constitute inpervious or sem pervious blankets when considered in
connection with seepage control. |If these blankets are continuous and
extend riverward for a considerable distance, they can effectively
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reduce seepage flow and seepage pressures |andside of the levee. \here
under seepage is a problem riverside borrow operations should be |imted
in depth to prevent breaching the inpervious blanket. If there are
limted areas where the bl anket becones thin or pinches out entirely,
the blanket can be made effective by placing inpervious materials in
these areas. The effectiveness of the blanket depends on its thickness,
| ength, and perneability and can be eval uated by flow net or approximte
mat hemat i cal sol utions, as shown in Appendix B. Protection of the
riverside blanket against erosion is inportant

5-4. Landsi de Seepage Berns.

a. Ceneral. If uplift pressures in pervious deposits underlying
an inpervious top stratumlandward of a | evee become greater than the
effective weight of the top stratum heaving and rupturing of the top
stratum may occur, resulting in sand boils. The construction of |and-
side berms (where space is available) can elimnate this hazard by pro-
viding (a) the additional weight needed to counteract these upward
seepage forces and (b) the additional length required to reduce uplift
pressures at the toe of the bermto tolerable values. Seepage berms nay
reinforce an existing inpervious or sempervious top stratum or, if none
exists, be placed directly on pervious deposits. A berm also affords
sone protection against sloughing of the landside |evee slope. Berns
are relatively sinple to construct and require very little maintenance.
They frequently inprove and reclaimland as areas requiring underseepage
treatment are often low and wet. Berns can also serve as a source of
borrow for enmergency repairs to the levee. Because they require addi-
tional fill material and space, they are used primarily with agricul-
tural |evees. Subsurface profiles must be carefully studied in select-
ing bermwdths. For exanple, where a levee is founded on a thin top
stratum and thicker clay deposits lie a short distance |andward, as
shown in figure 5-1, the bermshoul d extend far enough |andward to Iap
the thick clay deposit, regardless of the conputed required |ength.

O herwise, a concentration of seepage and high exit gradients may occur
between the bermtoe and the |andward edge of the thick clay deposit.

b. Types of Seepage Bernms. Four types of seepage berns have been
used, with selection based on available fill materials, space available
| andsi de of the levee proper, and relative costs

(1) lnpervious berms. A bermconstructed of inpervious soils
restricts the pressure relief that woul d otherw se occur from seepage
flow through the top stratum and consequently increases uplift pressures
beneath the top stratum However, the bermcan be constructed to the
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Figure 5-1. Exanple of incorrect and correct bermlength according
to existing foundation conditions

t hi ckness necessary to provide an adequate factor of safety against
uplift.

(2) Sem pervious berms. Sem pervious material used in construct-
ing this type of bermshould have an in-place permeability equal to or
greater than that of the top stratum In this type or berm sone seepage
wi || pass through the bermand energe on its surface. However, since
the presence of this bermcreates additional resistance to flow, subsur-
face pressures at the |levee toe will be increased

(3) Sand berns. Wile a sand bermw || offer less resistance to
flow than a sempervious berm it may also cause an increase in substra-
tumpressures at the levee toe if it does not have the capacity to con-
duct seepage flow | andward w thout excessive internal head | osses.
Material used in a sand berm shoul d be as pervious as possible, with a
m ni mum perneabi lity of 100 x 10" cmper sec. Sand berns require less
material and occupy |ess space than inpervious or sem pervious berns
providing the same degree of protection.

(4) Free-draining berns. A free-draining bermis one conposed
of random fill overlying horizontal sand and gravel drainage |ayers
(with a termnal perforated collector pipe system, designed by the sane
met hods used for drainage |ayers in dans. Al though the free-draining
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bermcan afford protection against underseepage pressures with |ess

| ength and thickness than the other types of seepage berns, its cost is
general |y much greater than the other types, and thus it is rarely
speci fied.

c. Berm Design. Design equations, criteria, and exanples are
presented 1n Appendix C for seepage berns.

5-5.  Pervious Toe Trench.

a. Ceneral. \Were a levee is situated on deposits of pervious
material overlain by little or no inpervious material, a partially pene-
trating toe trench, as shown in figure 5-2, can inprove seepage

WATERSIDE | LANDSIDE

PERVIOUS TOE TRENCH

THIN IMPERVIOUS STRATUM

20T T,

" . PERVIOUS STRATUM =

Figure 5-2. Typical partially penetrating
pervious toe trench

conditions at or near the levee toe. \Were the pervious stratumis
thick, a drainage trench of any practicable depth would attract only a
smal| portion of the seepage flow and detrimental underseepage woul d
bypass the trench. Consequently, the nain use of a pervious toe trench
is to control shallow underseepage and protect the area in the vicinity
of the levee toe. Pervious toe trenches are often used in conjunction
with relief well systens; the wells collect the deeper seepage and the
trench collects the shallow seepage. Such a systemis shown in fig-
ure 5-3. The trench is frequently provided with a perforated pipe to
coll ect the seepage. The use of a collector systemis dependent on the
volune of seepage and, to sone degree, the general |ocation of the |evee
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Figure 5-3. Typical pervious toe trench with collector
pipe (Figure5-6 shows trench details)

Col l ector systems are usually not required for agricultural |evees but
find wider use in connection with urban |evees

b. Location. As seen in figures 5-2 and 5-3, pervious drainage
trenches are generally located at the |evee toe, but are sonetines con-
structed beneath the downstream | evee slope as shown in figure 5-4

RIVERSIDE LANDSIDE

HORIZONTAL
DRAINAGE LA YER\

Figure 5-4. Pervious toe trench |ocated
beneath | andward sl ope
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Here the trench is located at the |andward quarter point of the |evee,
and discharge is provided through a horizontal pervious drainage |ayer.
Unless it is deep enough, it my allow excessive seepage pressures to
act at the toe. There is sone advantage to a location under the |evee
i f the trench serves also as an inspection trench and because the hori -
zontal pervious drainage layer can help to control enbankment seepage.

c. Geonetry. Trench geometry will depend on the volune of ex-
pected underseepage, desired reduction in uplift pressure, construction
practicalities, and the stability of the material in which it is being
excavated. Trench widths varying from2 to 6 ft have been used. Trench
excavation can be expedited if a ditching machine can be used. However,
narrow trench widths will require special conpaction equipnent. One
such piece of equipment (fig. 5-5), which is a vibrating-plate type of
conmpactor specially made to fit on the boom of a backhoe, has apparently
performed satisfactorily.

d. Backfill. The sand backfill for trenches nust be designed as a
filter material in accordance with criteria given in Appendix E. If a
col l ector pipe is used, the pipe should be surrounded by about a 1-ft
t hi ckness of gravel having a gradation designed to provide a stable

transition between the sand backfill and the perforations or slots in
the pipe. A typical section of a pervious drainage trench with collec-
tor pipe is shown in figure 5-6. Placenent of trench backfill nust be

done in such a manner as to mnimze segregation

5-6. Pressure Relief Wlls.

a. General. Pressure relief wells may be installed along the
| andsi de toe of |evees to reduce uplift pressure which nay otherw se
cause sand boils and piping of foundation materials. \Wells acconplish
this by intercepting and providing controlled outlets for seepage that
woul d ot herw se energe uncontrolled | andward of the |evee. Pressure
relief well systens are used where pervious strata underlying a |evee
are too deep or too thick to be penetrated by cutoffs or toe drains.
Relief wells should adequately penetrate pervious strata and be spaced
sufficiently close to intercept enough seepage to reduce to safe val ues
the hydrostatic pressures acting beyond and between the wells. The
well's must offer little resistance to the discharge of water while at
the same time prevent the loss of any soil. They nust also be capable
of resisting corrosion and bacterial clogging. Relief well systens can
be easily expanded if the initial installation does not provide the con-
trol needed. Also, the discharge of existing wells can be increased
by pumping if the need arises. A relief well systemrequires a m nimm
of additional real estate as conpared with other seepage contro
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Figure 5-5. Special equipnent for conpacting
sand in pervious toe trenches
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Figure 5-6. Pervious toe trench with
col l ector pipe

measures such as berms. However, wells require periodic maintenance and
frequently suffer loss in efficiency with time, probably due to clogging
of well screens by muddy surface waters, bacteria growth, or carbonate
incrustation. They increase seepage discharge, and neans for collecting
and disposing of their discharge nust be provided.

b. Design of Wll Systens. The design of a pressure relief well
systeminvolves determnation of well spacing, size, and penetration
to reduce uplift between wells to allowable values. Factors to be
considered are (a) depth, stratification, and perneability of founda-
tion soils, (b) distance to the effective source of seepage, (c) charac-
teristics of the landside top stratum if any, and (d) degree of
pressure relief desired. GQuidance on the nethod used to determ ne well
spacing and penetration is contained in EM 1110-2-1905 (ref. A-3a(6)),
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and U S. Arny Engi neer Waterways Experinment Station TM No. 3-424

(ref. A-3b(2)). Many conbinations of well spacing and penetration wl|
produce the desired pressure relief; hence, the final selected spacing
and penetration nust be based on cost conparisons of alternative com
binations. After the well spacing for a given reach of |evee has been
determned, the location of each well should be established in the
office and field to ensure that the wells will be located at critica
seepage points and will fit natural topographic features.

c. Design of Individual \Wlls. The design of the well involves
the selection of type and length of riser pipe and screen, design of
the gravel pack, and design of well appurtenances. A widely used
wel | design that has given good service in the past is shown in fig-
ure 5-7.

(1) Riser pipe and screen. The well screen normally extends from
just below the top of the pervious stratumto the bottomof the well,
with solid riser pipe installed fromthe top of the pervious strata to
the surface. In zones of very fine sand or silt, the screen is replaced
by unperforated (blank) pipe. The type of material for the riser and
screen shoul d be selected only after a careful study of the corrosive
properties of the water to be carried by the well. Many types of netals,
alloys, fiberglass, plastics, and wood have been used in the past. At
the present time, wood and stainless steel are the nost wdely used,
primarily because of their corrosion-resistant properties. Figure 5-7
shows a typical well using a wooden riser pipe and screen. \Wod will
not deteriorate as long as it is permanently subnerged but will deterio-
rate when subjected to alternate wetting and drying. For this reason
that portion of the riser above the | owest expected water table shoul d
be surrounded with concrete

(2) Filter. The filter that surrounds the screen nust be designed
in accordance with criteria given in Appendix E using the slot size of
the screen and the gradation of surrounding pervious deposit as a basis
of design. No matter what size screen is used, a mnimumof 6 in. of
filter material should surround the screen and the filter should extend
a mninumof 2 ft above the top and 4 ft below the bottom of the well
screen. Above the filter to the bottomof the concrete or inpervious
backfill, sand backfill may be used

(3) Well appurtances. In selecting well appurtenances, considera-
tion nmust be given to ease of maintenance, protection against contani na-
tion fromback flooding, danage by debris, and vandalism To prevent
wel I's from beconing backfl ooded with nuddy surface water (which greatly
inpairs their efficiency) when they are not flow ng, an al um num check
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val ve, rubber gasket, and plastic standpipe, as shown in figure 5-7, can
be installed on each well. To safeguard agai nst vandalism accidenta
damage and the entrance of debris, the tops of the wells should be pro-
vided with a netal screen or flat gate. The elevation of the top of any
protective standpi pes nust be used in design as the well discharge

el evation.

d. Wll Installation. Proper nethods of drilling, backfilling,
and developing a relief well nust be enployed or the well will be of
little or no use. These procedures are described in detail in Appen-
dix D of this manual.

Section Il. Seepage Through Enbanknents

5-7. General. Should through seepage in an enmbankment energe on the

| andsi de slope (fig. 5-8a), it can soften fine-grained fill in the
vicinity of the landside toe, cause sloughing of the slope, or even |ead
to piping (internal erosion) of fine sand or silt materials. In many
cases, high water stages do not act against the |evee |ong enough for
this to happen, but the possibility of a combination of high water and a
period of heavy precipitation may bring this about. |If landside sta-
bility berms or berns to control underseepage are required because of
foundation conditions, they may be all that is necessary to prevent
seepage energence on the slope. On the other hand, if no berms are
needed, |andside slopes are steep, and floodstage durations and ot her
pertinent considerations indicate a potential problem of seepage ener-
gence on the slope, provisions should be incorporated in the |evee sec-
tion such as horizontal and/or inclined drainage |layers or toe drains to
prevent seepage fromenerging on the |andside slope. These require

sel ect pervious granular material and graded filter layers to ensure
continued functioning, and therefore add an appreciable cost to the

| evee construction, unless suitable materials are available in the
borrow areas with only mniml processing required. \Were |arge quan-
tities of pervious materials are available in the borrow areas, it may
be nore practicable to design a zoned enbanknent with a |arge |andside
pervious zone. This would provide an efficient means of through seepage
control and good utilization of available materials.

5-8. Pervious Toe Drain. A pervious toe (fig. 5-8b) will provide a
ready exit for seepage through the enbanknent and can | ower the phreatic
surface sufficiently so that no seepage will emerge on the |andside
slope. A pervious toe can also be conbined with partially penetrating
toe trenches, which have previously been discussed, as a nethod for con-
trolling shallow underseepage. Such a configuration is shown in fig-
ure 5-8c.
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Figure 5-8. Enbanknent with through seepage

5-9. Horizontal Drainage Layers. Horizontal drainage |ayers, as shown
in figure 5-9a, essentially serve the same purpose as a pervious toe but
are advantageous in that they can extend further under the enmbanknent
requiring a relatively small amount of additional material. They can

al so serve to protect the base of the enbanknent against high uplift
pressures where shal | ow foundation underseepage i s occurring. Sonetines
hori zontal drainage |layers serve also to carry off seepage from shal | ow
foundati on drai nage trenches | ocated some di stance under the embanknent
as shown previously in figure 5-4.

5-10. Inclined Drainage Layers. An inclined drainage |ayer as shown
infigure 5-9b is one of the nore positive means of controlling interna
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Figure 5-9. Use of horizontal and inclined drainage |ayers
to control seepage through an enbanknent

seepage and is used extensively in earth dans. It is rarely used in

| evee construction because of the added cost, but mght be justified

for short |evee reaches in inportant |ocations where |andside slopes
must be steep and other control neasures are not considered adequate and
the levee will have high water against it for prolonged periods. The
effect of an inclined drainage layer is to conpletely intercept enbank-
ment seepage regardless of the degree of stratification in the enbank-
ment or the material type riverward or |andward of the drain. As a
matter of fact, the use of this type of drain allows the |andside por-
tion of a levee to be built of any material of adequate strength regard-
|l ess of permeability. When used between an inpervious core and outer
pervious shell (fig. 5-9c), it also serves as a filter to prevent mgra-

tion of inpervious fines into the outer shell. If the difference in
gradation between the inpervious and pervious material is great, the
drain may have to be designed as a graded filter (Appendix E). Inclined

drains nmust be tied into horizontal drainage |ayers to provide an exit
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for the collected seepage as shown in figures 5-9b and 5-9c

5-11. Design of Drainage Layers. The design of pervious toe drains and
hori zontal and inclined drainage |ayers nust ensure that such drains
have adequate thickness and perneability to transmt seepage w thout any
appreci abl e head | oss while at the same time preventing migration of
finer soil particles. The design of drainage |ayers nmust satisfy the
criteria outlined in Appendix E for filter design. Horizontal drainage
| ayers shoul d have a mnimumthickness of 18 in. for construction

pur poses.

5-12.  Conpaction of Drainage Layers. Placement and conpaction of

drai nage |ayers nust ensure that adequate density is attained, but
shoul d not allow segregation and contamnation to occur. Vibratory
rollers are probably the best type of equipment for conpaction of
cohesionl ess material although crawl er tractors and rubber-tired rollers
have also been used successfully. Saturation or flooding of the mate-
rial as the roller passes over it will aid in the conpaction process and
in some cases has been the only way specified densities could be
attained. Loading, dunping, and spreading operations should be observed
to ensure that segregation does not occur. Gadation tests should be
run both before and after conpaction to ensure that the material neets
specifications and does not contain too many fines
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CHAPTER 6
SLOPE DESI GN AND SETTLEMENT
Section |I. Enbankment Stability

6-1. Enbanknment GCeonetry.

a. Slopes. Low levees and levees to be built of good materia
resting on proven foundations may not require extensive stability
analysis. For these cases, practical considerations such as type and
ease of construction, maintenance, and operation, and slope protection
criteria control the selection of levee slopes. Wen there is concern
about the adequacy of avail able embankment materials or foundation con-
ditions, enbankment design requires detailed analysis.

(1) Type of construction. Fully conpacted |evees generally enable
the use of steeper slopes than those of |evees constructed by sem -
conpacted or hydraulic nmeans. In fact, space linitations in urban areas
often dictate mninum|evee sections and select material nust be ob-
tained and conpacted properly to obtain a stable section

(2) Ease of construction. A 1V on 2H slope is generally accepted
as the steepest slope that will permt machine placenent of riprap and
al so the steepest slopes that will ensure stability of the riprap
bl anket .

(3) Miintenance. A 2V on 5H slope is the steepest slope that can
be conveniently traversed with conventional mow ng equi pnent.

(4) Slope protection. R verside slopes flatter than those re-
quired for stability may have to be specified to provide protection from
damage by wave action.

(5) Floodfighting. Some districts specify a sonewhat flatter
upper |andside slope than necessary for stability to provide a ready
source of additional material should energency raising of the |evee
grade become necessary.

h. Cown Elevation. The |evee grade is established by the design
flood profile conputations plus allowances for settlement and freeboard.
The purpose of a freeboard allowance is to provide for those factors
that cannot be rationally accounted for in design flood profile conputa-
tions. Freeboard allowances for |evees have not been strictly stan-
dardi zed but m ni mum val ues nost commonly used are 2 ft for agricultura
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levees and 3 ft for urban |evees. Experience in actual flood and
results of hydraulic nmodel studies have indicated the need for addi-
tional freeboard in the followng |ocations

(1) The upstream end of a |evee segment. Overtopping of |evees
near their upstreamends during the rising stage of a flood when the
river level at the downstreamportion was still a few feet bel ow | evee
crest generally has caused greater damage than in the downstream reach
as a result of higher initial current velocities and greater depths and
durations of flooding. An additional freeboard of 0.5 ft is conmonly
specified at the upstreamend tapering to zero at the downstream
end.

(2) Drainage structure locations. To provide additional protec-
tion against overtopping in the vicinity of structures in |evees,
additional freeboard of 1 ft is conmonly specified to extend 100 ft on
either side of a structure.

(3) Near bridges and other constricted areas. Overtopping can
occur at these areas because of debris accunulations. An additiona
1 ft of freeboard at these areas extending 50 to 100 ft either side
shoul d be specified.

(4) Wave action. An additional freeboard all owance may be needed
to protect against wave action during design flood stage if severe wave
action is likely.

c. Cown Wdth. The width of the | evee crown depends primarily on
roadway requirenents. To provide access for normal maintenance opera-
tions and floodfighting operations, mnimmwdths of 10 to 12 ft are
commonly used with wi der turnaround areas provided at specified inter-
vals; these wi dths are about the mninumfeasible for construction using
nmodern heavy earthnmoving equipment. \Were the |evee crown is to be
used as a higher class road, its width is usually established by the
responsi bl e agency.
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* 6-2. Standard levee Sections and Mnimim levee Section.*

a. Many districts have established standard | evee
sections for particular |evee systens, which have proven
satisfactory over the years for the general stream regine,
foundation conditions prevailing in those areas, and for
soils available for levee construction. For a given |evee
system several different standard sections may be
est abl i shed depending on the type of construction to be
used (coqpacte , sem conpacted, unconpacted, or hydraulic
fill). he use of standard sections is generally limted
to I evees of noderate height (say less than 25 ft) in
reaches where there are no serious underseepage problens,
weak foundation soils, or undesirable borrow materials
(very wet or very organic). In many cases the standard
| evee section has nore than the mninum al | owabl e factor of
safety relative to slope stability, its slopes being
established primarily on the basis of construction and
mai nt enance considerations. \Were high |evees or |evees on
foundations presenting special underseepage or stability
Froblens are to be built, the uppernost riverside and

andsi de slopes of the levee are often the sane as those of
the standard section, with the lower slopes flattened or
stability berns provided as needed.

* b. The adoption of standard |evee sections does not
inmply that stability and underseepage anal yses are not

made.  However, when borings for a new | evee clearly
denonstrate foundation and borrow conditions simlar to
those at existing | evees, such analyses may be very sinple
and nmade only to the extent necessary to denonstrate _
unquestioned levee stability. |In addition to being used in

| evee design, the standard |evee sections are applicable to
initial cost estimate, enmergency and mai ntenance repairs. *
* c. The mninmum | evee section shall have a crown

width of at |least 10 feet and a side slope flatter than or
equal to one (vertical) on two (horizontal), regardless of
the | evee height or the possibly less requirenents indicated
in the results of stability and seePage anal yses. The

requi red di mensions of the mninmumlevee sectionis to
provide an access road for flood-fighting, maintenance, ang
I nspecti on.
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6-3. Effects of Fill Characteristics and Conpaction

a. Conpacted Fills. The types of conpaction, water content con-
trol, and fill materials govern the steepness of |evee slopes fromthe
stability aspect if foundations have adequate strength. Were founda-
tions are weak and conpressible, high quality fill construction is not
justified, since these foundations can support only levees with flat
slopes. In such cases unconpacted or sem conpacted fill, as defined in
paragraph 1-5, is appropriate. Sem conpacted fill is also used where
fine-grained borrow soils are considerably wet of optimmor in con-
struction of very low | evees where other considerations dictate flatter
| evee slopes than needed for stability. Unconpacted fill is generally
used where the only available borrowis very wet and frequently has
hi gh organic content and where rainfall is very high during the con-
struction season. \Wen foundations have adequate strength and where
space is limted in urban areas both with respect to quantity of borrow
and |evee geonetry, conpacted levee fill construction by earth dam
procedures is frequently selected. This involves the use of select
material, water content control, and conpaction procedures as described
in paragraph 1-5

b. Hydraulic Fill

(1) Hydraulic fill consisting largely of pervious sands can result
in satisfactory levees. Sand |evees can be built with one or two end-
di scharge or bottomdischarge pipes. One pipe should be at grade al ong
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the centerline and the second pipe, if used, should be near the |andside
toe so that increased amounts of coarse material will be deposited in
this area. Tracked or rubber-tired dozers or front-end | oaders are used
to nmove the sand to shape the |levee slopes. Gadation of the sands
shoul d generally be controlled so that at |east 70 percent passes the
No. 4 sieve and no nore than about 5 percent passes the No. 200 sieve.

In agricultural areas, slopes are generally 1V on 4H riverside and 1V on
5H landside. Wth these slopes and for levees up to 20 ft high, specia
provisions for control of through seepage are not required. \Wen ini-
tially exposed to floodwaters, seepage through the |evee nay be large
but with a 1V on 5H | andsi de slope, surface erosion is relatively mninor
and in a few days river sediments deposited on the upstreamface wll
tend to significantly reduce the flow.

(2) In urban areas, space is generally |imted and construction
procedures and the | evee section nay be altered. Nornmally the hydrau-
l'icked sand will be stockpiled and then nmoved to the site with trucks
or scrapers. Hauled material nmay be placed in lifts and conmpacted with
tracked or rubber-tired rollers to about 95 percent of standard effort
density. Wien the |andside slope is steeper than 1V on 5H, either an
I npervious bl anket on the riverside slope or an underdrain to contro
seepage i s required; the choice depends on cost and availability of
suitable material. The inpervious blanket is normally 10 to 12 ft wde
which will produce an effective thickness of about 3 to 4 ft normal to
the slope surface. Riverside slopes as steep as 1V on 3H or greater
are commonly used; slopes as steep as 1V on 3H are normal |y protected
with sod, or riprap if river currents as great as 3 fps are antici pated
Landsi de sl opes generally do not require protection, although native
grass will nornally appear naturally; sonetimes 6 in. of gravel or
12 in. of top soil and sod will be used to reduce dust and inprove
appear ance.

(3) Hydraulic fill consisting of fine-grained soils is usually
restricted to construction of stability or seepage berms with a centra
| evee zone constructed of haul ed borrow by the sem conpacted met hod.

(4) There may be situations in which it may be desirable to
utilize one type of construction for the central (and therefore higher)
portion of the levee, and utilize less desirable material and |esser
conmpaction quality in the flanking zones or berms. For exanple, if
material is in short supply and space permts flat |evee slopes, sem -
conpacted fill may be specified for the central portion and unconpacted
fill, utilizing poorer quality borrow or clay hydraulic fill, for the
outer zones.
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Section Il. Stability Analyses

6-4. Methods of Analysis. The principal nethods used to anal yze |evee
enbanknents for stability against shear failure assume either (a) a
sliding surface having the shape of a circular arc within the foundation
and/or the embankment or (b) a conposite failure surface conposed of a

l ong horizontal plane in a relatively weak foundation or thin foundation
stratum connecting with diagonal plane surfaces up through the founda-
tion and enbanknent to the ground surface. Analyses assuning a circular
arc failure surface are nade either using the Mdified Swedish Method
described in EM 1110-2-1902 (ref. A-3a(4)) (which considers forces on
the sides of slices), or the sinpler Swedish Slide Mthod (Method of
Slices), described in Appendix D of U S. Arny Engineer \Waterways Ex-
periment Station TM No. 3-777 (ref. A-3b(1)) (which assunes that side
forces are equal in magnitude and parallel to the base of each slice).
The wedge method for planar sliding surfaces is described in EM 1110- 2-
1902 (ref. A-3a(4)). The wedge nmethod is appropriate for weak founda-
tions requiring flat |evee slopes or for an otherw se strong foundation
containing a thin weak stratum  Conmputer prograns are available for

t hese anal yses, with the various |oading cases described in EM 1110- 2-
1902 (ref. A-3a(4)), so the effort of making such analyses is greatly
reduced, and primary attention can be devoted to the nore inportant

probl ens of defining the shear strengths, unit weights, geonetry, and
limts of possible sliding surfaces

6-5. Conditions Requiring Analysis. The various |oading conditions to
which a levee and its foundation nmay be subjected and which shoul d be
considered in analyses are designated as follows: Case |, end of con-
struction; Case I|I, sudden drawdown from full flood stage; Case Il
critical flood stage; Case 1V, steady seepage fromfull flood stage,
fully developed phreatic surface; Case V, steady seepage fromfull flood
stage, partially devel oped phreatic surface; Case VI, earthquake. Each
case is discussed briefly in the follow ng paragraphs and the applicable
type of design shear strength is given. For nore detailed infornation
on applicable shear strengths, nethods of analysis, and assunptions nmade
for each case refer to EM 1110-2-1902 (ref. A-3a(4)).

a. Case | - End of Construction. This case represents undrained
conditions for inpervious enbanknent and foundation soils; i.e., excess
pore water pressure is present because the soil has not had time to
drain since being loaded. Results fromlaboratory Q (unconsolidated-
undrai ned) tests are applicable to fine-grained soils |oaded under this
condition while results of S (consolidated-drained) tests can be used
for pervious soils that drain fast enough during |oading so that no ex-
cess pore water pressure is present at the end of construction. The
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end of construction conditions is applicable to both the riverside and
| andsi de sl opes.

b. Case |l - Sudden Drawdown. This case represents the condition
whereby a prolonged flood stage saturates at |east the major part of the
upstream enbanknent portion and then falls faster than the soil can
drain. This causes the devel opnent of excess pore water pressure which
may result in the upstream sl ope becom ng unstable. Design shear
strengths of inpervious soils for this case should be based on the nini-
mum of the conbined S and R (consol i dated-undrained) envel opes. For
free-draining cohesionless soils the S envelope alone should be used

c. Case IIl - Critical Flood Stage. This case refers to the con-
dition whereby some intermediate prolonged flood stage saturates the
enbankment and a condition of steady seepage is established. This case
Is the same as the partial pool case for earth dans as given in EM 1110-
2-1902 (ref. A-3a(4)), and the analysis is the same as is described
therein. The design shear strength of inpervious soils should corre-
spond to a strength envel ope m dway between the R and S envel opes where
the S strength is greater than the R strength and to the S envel ope
where the S strength is less than the R strength. The design strength
of free-draining cohesionless material should correspond to the
S envel ope.

d. Case |V - Steady Seepage from Full Flood Stage (Fully Devel oped

Phreatic Surface). This condition occurs when the water remains at or
near full flood stage [ ong enough so that the enbankment becones fully
saturated and a condition of steady seepage occurs. This condition may
be critical for downstream slope stability. Design shear strengths
shoul d be based on the sane envel opes as previously described for

Case I1I1.

e. Case V - Steady Seepage from Full Flood Stage (Partially
Devel oped Phreatic Surface). This case is essentially the sane as
Case |V except that the flood stage remains on the embankment |ong
enough to cause only partial saturation of the embanknment therefore re-
sulting in a steady seepage condition over only a portion of the embank-
ment. This case does require an estimte of how much of the enbankment
is subjected to steady seepage (i.e. determning the |ocation of the
partially devel oped phreatic surface). This estimate should be based on
(1) duration of flood stage, (2) permeability and effective porosity of
the enbanknent material, and (3) embanknent geonetry and zonation. |f
an enbanknent is analyzed for Case IV, then it need not be anal yzed for
this case and vice versa. However, if this case is analyzed in lieu of
Case IV it nust be denonstrated that Case |V cannot occur.
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f. Case VI - Earthquake. Earthquake |oadings are not nornally
considered in analyzing the stability of |evee because of the | ow proba-
bility of earthquake coinciding with periods of high water. Levees con-
structed of |oose cohesionless materials or founded on | oose cohesion-
| ess materials are particularly susceptible to failure due to
liquefaction during earthquakes. Depending on the severity of the
expected earthquake and the inportance of the |evee, seismc analyses
to determne liquefaction susceptibility may be required.

6-6. Mnimum Acceptable Factors of Safety. The mnimumrequired safety
factors for the preceding design conditions along with the portion of

t he embanknent for which anal yses are required and applicable shear test
data are shown in table 6-1.

Table 6-1. Mninum Factors of Safety - Levee Slope Stability

M ni mum
Factor of
Case No.? Design Condition Sl ope Anal yzed Shear Strength Safety
(1) End of construction Riverside and landside® Qor & 1.3
L1(1) Sudden drawdown Ri versi de S where < R 1.0
R where < &'
[T1(1V) Internmediate river Ri versi de S where < R 1.4
stage
R ; S where R < Sd
IV(V) Steady seepage Landsi de S where < R 1.4
from full flood R+ 8 d
stage 5 where R <8
[V(VI) Ear t hquake: Riverside and |andside e 1.0
Cases I, 111, and
[V with seismc
| oadi ng

® Nunbers in parentheses are corresponding cases described in paragraph 1-1x of
EM 1110-2-1902 (ref. A-3a(4)).
high water can occur while this case applies, the additional increase in driving
forces due to the water nust be included in analyzing the landside slope.

‘ In zones where no excess pore water pressures are anticipated, use S strength.
Conposite shear strength envel ope.

® Use shear strength applicable for case analyzed.

6-7. Measures to Increase Stability. Means for inproving weak and
conpressi bl e foundations to enabl e stable embankments to be constructed
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thereon are discussed in Chapter 7. Methods of inproving enbanknent
stability by changes in enbanknent section are presented in the fol |l ow
ing paragraphs.

a. Flatten Enbanknment Sl opes. Flattening enbankment slopes will
usual Iy increase the stability of an enbanknent against a shallow foun-
dation type failure that takes place entirely within the enbankment.

Fl atteni ng embanknent sl opes reduces gravity forces tending to cause
failure, and increases the length of potential failure surfaces (and
therefore increases resistance to sliding).

b. Stability Berns. Berms essentially provide the same effect as
flatteni ng enbankment slopes but are generally nore effective because of
concentrating additional weight where it is needed nmost and by forcing
a substantial increase in the failure path. Thus, berns can be an effec-
tive neans of stabilization not only for shallow foundation and enbank-
ment type failures but for nore deep-seated foundation failures as well.
Berm t hi ckness and wi dth shoul d be determned fromstability anal yses
and the length should be great enough to enconpass the entire probl em
area, the extent of which is determned fromthe soil profile. Founda-
tion failures are normally preceded by lateral displacenent of nmateria
beneath the enbankment toe and by noticeabl e heave of material just
beyond the toe. Wen such a condition is noticed, berns are often used
as an energency neasure to stabilize the enmbanknent and prevent further
novenent. Al so, thick |andside berns can often serve as a source of
material for enmergency repairs to the main |evee enbankment.

6-8. Surface Slides. Experience indicates that shallow slides may
occur in levee slopes after heavy rainfall. Failure generally occurs

in very plastic clay slopes. They are probably the result of shrinkage
during dry weather and noisture gain during wet weather with a resulting
| oss in shear strength due to a net increase in water content, plus
additional driving force from water in cracks. These failures require
mai nt enance and could be elimnated or reduced in frequency by using

| ess plastic soils near the surface of the slopes or by chemcal sta-
bilization of the surface soils.

Section IIl. Settlenent

6-9. Ceneral. Evaluation of the amount of postconstruction settlenent
that can occur from consolidation of both embanknent and foundation nmay
be inportant if the settlement would result in loss of freeboard of the
| evee or damage to structures in the enbanknent. Many districts over-
build a levee by a given percent of its height to take into account
anticipated settlenent both of the foundation and within the |evee fil
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itself. Conmmon allowances are 0 to 5 percent for conpacted fill, 5to
10 percent for sem conpacted fill, 15 percent for unconpacted fill, and
5 to 10 percent for hydraulic fill. Overbuilding does however increase

the severity of stability problems and nay be inpracticable or un-
desirable for some foundations.

6-10. Settlement Analyses. Settlenent estimates can be nmade by theo-
retical analysis as set forth in EM 1110-2-1904 (ref. A-3a(5)). De-
tailed settlenent anal yses shoul d be made when significant consolidation
is expected, as under high enbanknent |oads, enbankments of highly com
pressible soil, enmbankments on conpressible foundations, and beneath
steel and concrete structures in |evee systens founded on conpressible
soils. Were foundation and embankment soils are pervious or senmiper-
vious, nost of the settlement will occur during construction. For im
pervious soils it is usually conservatively assuned that all the cal cu-
| ated settlenment of a levee built by a normal sequence of construction
operations will occur after construction. Were analyses indicate that
more foundation settlenment woul d occur than can be tolerated, partial or
conpl ete renoval of conpressible foundation naterial may be necessary
fromboth stability and settlement viewpoints. Wen the depth of exca-
vation required to acconplish this is too great for econom cal construc-
tion, other nethods of control such as stage construction or vertica
sand drains may have to be enployed, although they seldomare justified
for this purpose.
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CHAPTER 7
LEVEE CONSTRUCTI ON
Section |I. Levee Construction Methods

7-1. Cassification of Mthods

a. Levee enbankments classified according to construction nethods
used are listed in table 7-1 for |evees conposed of inpervious and seni -
pervious materials (i.e., those materials whose conpaction character-
istics are such as to produce a well-defined nmaxi mum density at a
specific optinumwater content). Wile the central portion of the

enbanknent may be Category | (conpacted) or Il (sem conpacted), river-
side and | andside bernms (for seepage or stability purposes) may be con-
structed by Category Il or Ill (unconpacted) methods

b. Pervious levee fill consisting of sands or sands and gravels
may be placed either in the dry with normal earthnoving equipnent or by
hydraulic fill methods. Except in seismcally active areas or other

areas requiring a high degree of conpaction, conpaction by vibratory
means other than that afforded by tracked bul | dozers is not generally
necessary. \Were underwater placenent is required, it can best be
acconpl i shed with pervious fill using end-dunping, dragline, or hydrau-
lic means, although fine-grained fill can be so placed if due considera-
tionis given to the low density and strength obtai ned using such
materials.

Section Il. Foundations

7-2.  Foundation Preparation and Treatnent.

a. General. Mninum foundation preparation for |evees consists of
clearing and grubbing, and nost |evees will also require sone degree
of stripping. Cearing, grubbing, stripping, the disposal of products
therefrom and final preparation are discussed in the follow ng
par agr aphs.

b. Qearing. Cearing consists of conplete renoval of al
obj ectional and/or obstructional natter above the ground surface. This
includes all trees, fallen tinber, brush, vegetation, |oose stone
abandoned structures, fencing, and sinilar debris. The entire founda-
tion area under the | evee and berms shoul d be cleared well ahead of any
foll owing construction operations.
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¢c. Qubbing. Gubbing consists of the removal, within the | evee
foundation area, of all stunps, roots, buried logs, old piling, old
paving, drains,and other objectional matter. Gubbing is usually not
necessary beneath stability berms. Roots or other intrusions over
1-1/2 in. in diameter within the | evee foundation area should be re-
moved to a depth of 3 ft bel ow natural ground surface. Shallow tile
drains sonetimes found in agricultural areas should be removed fromthe
| evee foundation area. The sides of all holes and depressions caused by

-grubbi ng operations should be flattened before backfilling. Backfil
shoul d be placed in layers up to the final foundation grade and com
pacted to a density equal to the adjoining undisturbed material. This

will avoid "soft spots" under the |evee and naintain the continuity of
the natural blanket.

d. Stripping. After foundation clearing and grubbing operations
are conplete, stripping is commenced. The purpose of stripping is to
renove |ow growing vegetation and organic topsoil. The depth of strip-
ping is determned by |ocal conditions and normally varies from6 to
12 in.  Stripping is usually limted to the foundation of the |evee
enbanknent proper, not being required under berns. Al stripped nate-
rial suitable for use as topsoil should be stockpiled for |ater use on
the slopes of the enbankment and berns. Unsuitable material nust be
di sposed of by nethods described in the next paragraph.

e. Disposal of Debris. Debris fromclearing, grubbing, and
stripping operations can be disposed of by burning in areas where this
Is permtted. Wen burning is prohibited by local regulations, disposa
I's usually acconplished by burial in suitable |ocations near the project
such as old sloughs, ditches, and depressions outside the [imts of the
enbanknent foundation but within project rights-of-way. Debris may also
be stockpiled for later burial in excavated borrow areas. Debris should
never be placed in areas where it nmay be carried away by streanflow or
where it blocks drainage of an area. After disposal, the debris should
be covered with at least 3 ft of earth and a vegetative cover
est abl i shed.

f. Exploration Trench. An exploration trench (often termed "in-
spection trench") should be excavated under all |evees unless specia
conditions as discussed later warrant its onission. The purpose of this
trench is to expose or intercept any undesirable underground features
such as old drain tile, water or sewer |ines, aninal burrows, buried
| ogs, pockets of unsuitable material, or other debris. The trench
shoul d be located at or near the centerline of hauled fill |evees or at
or near the waterside toe of sand | evees so as to connect with waterside
i npervious facings. Wile dimensions will vary with soil conditions and
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enbankment configurations, the trench should have a base of sufficient
width to allow backfill conpaction with regular conpaction equi pnent.
To backfill narrower trenches properly, special conpaction procedures

and/ or equipment will be required. Trenches shoul d have a nini mum depth
of 6 ft except for enbanknent heights less than 6 ft, in which case the
m ni mum depth shoul d equal the enbankment height. In sone cases they
can be deepened slightly to reach inpervious soil, thereby elimnating
under seepage problens. Side slopes should normally not be steeper than
1V on IH wth flatter slopes if needed for stability. Backfill should
be placed only after a careful inspection of the excavated trench to
ensure that through-going potential seepage channels or undesirable
material are not present; if they are, they should be dug out and the
excavation backfilled with conpacted material. Exploration trenches can
be onmitted where | andside toe drains beneath the |evee proper con-
structed to conparabl e depths are enployed (toe drains are discussed

in more detail later in this chapter).

g. Dewatering. Dewatering |evee foundations for the purpose of
excavation and backfilling in the dry is expensive if nmore than sinple
ditches and sunps are required, and is usually avoided if at all pos-
sible. The cost factor may be an overriding consideration in choosing
seepage control neasures other than a conpacted cutoff trench, such as
bernms, blankets, or relief wells. Were a conpacted cutoff trench in-
vol ving excavation bel ow the water table must be provided, dewatering is
essential. TM5-818-5 (ref. A-2) provides guidance in dewatering system
desi gn

h. Final Foundation Preparation. Except in special cases where
foundation surfaces are adversely affected by renolding (soft founda-
tions for instance), the foundation surface upon or against which fill
is to be placed shoul d be thoroughly broken up to a depth of at |east

6 in. prior to the placenent of the first lift of fill. This helps to
ensure good bond between the foundation and fill and to elimnate a
pl ane of weakness at the interface. The foundation surface should be
kept drained and not scarified until just prior to fill placenent in

order to avoid saturation fromrainfall.

7-3.  Methods of Inproving Stability.

a. Ceneral. Levees located on foundation soils that cannot sup-
port the | evee enbankment because of inadequate shear strength require
sone type of foundation treatnent if the levee is to be built. Founda-
tion deposits that are prone to cause problens are broadly classified
as follows: (1) very soft clays, (2) sensitive clays, (3) |oose sands,
(4) natural organic deposits, and (5) debris deposited by man. Very
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soft clays are susceptible to shear failure, failure by spreading, and
excessive settlenent. Sometimes soft clay deposits have a zone of
stronger clay at the surface, caused by dessication, which if strong
enough may elimnate the need for expensive treatment. Sensitive clays
are brittle and even though possessing considerable strength in the un-
disturbed state, are subject to partial or conplete |oss of strength
upon disturbance. Fortunately, extrenely sensitive clays are rare.
Loose sands are also sensitive to disturbance and can |iquefy and flow
when subj ected to shock or even shear strains caused by erosion at the
toe of slopes. Mbst organic soils are very conpressible and exhibit

| ow shear strength. The physical characteristics and behavior of or-
gani ¢ deposits such as peat can sonetines be predicted with some degree
of accuracy. Hghly fibrous organic soils with water contents of

500 percent or nore generally consolidate and gain strength rapidly.

The behavior of debris deposited by man, such as industrial and urban
refuse, is so varied in character that its physical behavior is diffi-
cult, if not inpossible, to predict. The follow ng paragraphs discuss
met hods of dealing with foundations that are inadequate for construction
of proposed |evees.

b. Excavation and Replacenent. The nmost positive nethod of deal -
ing with excessively conpressible and/or weak foundation soils is to
remove them and backfill the excavation with suitable conpacted materi al
This procedure is feasible only where deposits of unsuitable materia
are not excessively deep. Excavation and replacement shoul d be used
wherever economcally feasible.

c. Displacenent by End Dunping

(1) Frequently low |l evees nust be constructed across sloughs and
stream channel s whose bottons consist of very soft fine-grained soils
(often having high organic content). Al though the depths of such
deposits may not be large, the cost of renoving them may not be justi-
fied, as a | evee of adequate stability can be obtained by end-dunping
fill fromone side of the slough or channel, pushing the fill over onto
the soft materials, and continually building up the fill until its
wei ght displaces the foundation soils to the sides and front. By con-
tinuing this operation, the |evee can be finally brought to grade. The

fill should be advanced with a V-shaped |eading edge so that the center
of the fill is nost advanced, thereby displacing the soft material to
both sides. A wave of displaced foundation material wll develop (usu-
ally visible) along the sides of the fill and shoul d not be renoved.

A disadvantage of this method is that all soft material may not be dis-
placed which could result in slides as the enbanknent is brought up
and/or differential settlement after construction. Since this type of

7-5



EM 1110-2-1913
31 Mar 78

construction produces essentially unconmpacted fill, the design of the
| evee section should take this into account.

(2) When this method of foundation treatnent is being considered
for a long reach of |evee over unstable areas such as swanps, the pos-
sibility of facilitating displacenent by blasting nethods shoul d be
evaluated. Blasters' Handbook (ref. A-5b) presents general information
on methods of blasting used to displace soft naterials.

(3) The end-dunping nmethod is also used to provide a working
platformon soft foundation soils upon which construction equi pnent can
operate to construct a low levee. In this case, only enough fill mate-
rial is hauled in and dozed onto the foundation to build a working
platformor pad upon which the |evee proper can be built by conventiona
equi prent and nethods. Material formng the working platform should not
be stockpiled on the platformor a shear failure may result. Only snal
dozers should be used to spread and work the material. Were the foun-
dation is extremely weak, it may be necessary to use a small clanshel
to spread the material by casting it over the area.

d. Stage Construction.

(1) General. Stage construction refers to the building of an em
bankment in stages or intervals of time. This nmethod is used where the
strength of the foundation material is inadequate to support the entire
wei ght of the enbankment, if built continuously at a pace faster than
the foundation material can drain. Using this method, the enbanknent is
built to internediate grades and allowed to rest for a tine before plac-
ing nore fill. Such rest periods permt dissipation of pore water pres-
sures which results in a gain in strength so that higher enbanknent | oad-
ings may be supported. CQbviously this nethod is appropriate when pore
wat er pressure dissipation is reasonably rapid because of foundation
stratification resulting in shorter drainage paths. This procedure
works wel | for clay deposits interspersed with highly pervious silt or
sand seans. However, such seams nust have exits for the escaping water
otherwi se they thenselves will becone seats of high pore water pressure
and |low strengths (pressure relief wells can be installed on the |and-
side to increase the efficiency of pervious layers in foundation clays).
Initial estimates of the tine required for the needed strength gain can
be made fromresults of consolidation tests and study of boring data.

Pi ezometers shoul d be installed during construction to nonitor the rate

of pore water dissipation, and the resunption and rate of fill placement
shoul d be based on these observations, together with direct observations
of fill and foundation behavior. Disadvantages of this nethod are the
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delays in construction operation, and uncertainty as to its scheduling
and efficiency.

(2) Wth vertical sand drains. |If the expected rate of consolida-
tion under stage construction is unacceptably slow, it may be increased
by the use of vertical sand drains. Such drains consist of sand col utms
in the conpressible stratum their purpose being to reduce the |ength of
drai nage paths, thus speeding up prinmary consolidation. Drains are
generally 12 in. or nore in diameter, and spaced on 6- to 15-ft centers.
Before the drains are installed, a sand drainage blanket is placed on
the foundation which serves not only to tie the drains together and
provide an exit for escaping pore water, but as a working platform as
well. This drainage bl anket shoul d not continue across the entire base
wi dth of the embanknent, but should be interrupted beneath the center.
Johnson (ref. A-5d) presents details on the use of vertical sand drains.

e. Densification of Loose Sands. The possibility of |iquefaction
of loose sand deposits in | evee foundations may have to be consi dered.
Since nethods for densifying sands, such as vibroflotation, are costly,
they are generally not considered except in locations of inportant
structures in a levee system Therefore, defensive design features in
the | evee section should be provided, such as additional freeboard,
wider levee crest, and flatter slopes

Section Ill. Enbanknments

7-4.  Enbankment Construction Control.

a. Construction control of |evees may present sonmewhat different
problens from that of dans because

(1) Construction operations may be carried on concurrently al ong
many nmles of levee, whereas the majority of dams are |ess than about
1/2 mle in length and only in a few cases are dans |onger than 3 niles.
This neans that nore time is needed to cover the operations on many
| evee jobs.

(2) While inspection staff and testing facilities are |ocated at
the dansite, |evee inspection personnel generally operate out of an area
of fice which nay be a considerable distance fromthe | evee project.

(3) There are frequently fiscal restraints which prevent assigning
an optimum nunber of inspectors on | evee work or even one full-tine
inspector on snmall projects. Under these conditions, the inspectors
used nust be well-trained to observe construction operations, nininzing
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the number of field density tests in favor of devoting nore tine to

vi sual

observations, sinple nmeasurenments, and expedient techniques of

classifying soils, evaluating the suitability of their water content,
observi ng behavior of construction equipnent on the fill, and indirectly
assessing conpacted field densities.

b. Athough it has previously been stated that only limted founda-
tion exploration and enbanknment design studies are generally needed in
areas where |evee heights are | ow and foundation conditions adequate

(i.e.,

no question of levee stability), the need for careful construc-

tion control by conpetent inspection exists as well as at those reaches

where conprehensive investigations and anal yses have been nade.

Some of

the things that can happen during construction that can cause failure or
di stress of even | ow embanknents on good foundations are given in

table 7-2.

Table 7-2

Enmbanknment

Construction Deficiencies

Defi ci ency

Possi bl e Consequences

Organic material not stripped

from foundation

Hi ghly organic or excessively
wet or dry fill

Pl acenent of pervious |ayers
extendi ng conpl etely through
t he enbankment

| nadequat e conpacti on of enbank-
ment (lifts too thick, hap-
hazard coverage by conpacting
equi prent, etc.)

| nadequat e conpaction of backfil
around structures in enmbanknent

Differential settlenments; shear fail-
ure; internal erosion caused by
t hrough seepage

Excessive settlenments;
strength

i nadequat e

Al l ows uni npeded t hrough seepage
which nay lead to internal erosion
and failure

Excessive settlenents; inadequate
strength; through seepage

Excessive settlenents; inadequate
strength; provides seepage path
between structure and materia
which may lead to internal erosion
and failure by piping

7-5.

Enbanknent Zoning. As a genera

rule | evee enbanknents are con-

structed as honogeneous sections because zoning is usually neither
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necessary nor practicable. However, where materials of varying pernme-
abilities are encountered in borrow areas, the more inpervious naterials
shoul d be placed toward the riverside of the enbanknent and the nore
pervious material toward the |andside slope. Were required to inprove
under seepage conditions, |andside berns should be constructed of the
most pervious material available and riverside berns of the nore inper-
vious materials. Were inpervious materials are scarce, and the major
portion of the enmbankment nust be built of pervious naterial, a centra
-inpervious core can be specified or, as is nore often done, the river-
side slope of the enbanknent can be covered with a thick |ayer of
impervious material. The latter is generally nore economcal than a
central inpervious core and, in nost cases, is entirely adequate

7-6. Protection of R verside Sl opes.

a. The protection needed on a riverside slope to withstand the
erosional forces of waves and streamcurrents will vary, depending on a
nunber of factors:

(1) The length of time that floodwaters are expected to act
against a levee. If this period is brief, with water |evels against the
| evee continually changing, grass protection may be adequate, but better
protection may be required if currents or waves act against the |evee
over a |onger period.

(2) The relative susceptibility of the enbanknent materials to
erosion. Fine-grained soils of |owplasticity (or silts) are nost
erodible, while fat clays are the |east erodible.

(3) The riverside slope nmay be shielded from severe wave attack
and currents by tinber stands and w de space between the riverbank and
the |evee.

(4) Structures riverside of the |evee. Bridge abutnents and piers,
gate structures, ranps, and drainage outlets may constrict flow and
cause turbulence with resultant scour.

(5) Turbul ence and susceptibility to scour may result if |evee
al i gnment includes short-radius bends or if smooth transitions are not
provi ded where | evees neet high ground or structures.

(6) Requirements for slope protection are reduced when riverside
| evee slopes are very flat as may be the case for |evees on soft founda-
tions. Several types of slope protection have been used including
grass cover, gravel, sand-asphalt paving, concrete paving, articul ated
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concrete mat, and riprap, the choice depending upon the degree of
protection needed and relative costs of the types providing adequate
protection.

b. Performance data on existing slopes under expected conditions
as di scussed above are invaluable in providing guidance for the selec-
tion of the type of slope protection to be used.

c. Sometimes it may be concluded that |ow cost protection, such as
grass cover, will be adequate in general for a |evee reach, but with a
realization that there may be limted areas where the need for greater
protection may devel op under infrequent circumstances. |f the chances
of serious danage to the I evee in such areas are renote, good engineer-
ing practice would be to provide such increased protection only if and
when actual problems develop. O course, it nust be possible to accom
plish this expeditiously so that the situation will not get out of hand.
In any event, high-class slope protection, such as riprap, articul ated
mat, or paving shoul d be provided on riverside slopes at the follow ng
| ocations:

(1) Beneath bridges, since adequate turf cannot be generally
establ i shed because of inadequate sunlight.

(2) Adjacent to structures passing through |evee enbankments.

d. Riprap is nmore conmonly used than other types of revetments
when greater protection than that afforded by grass cover is required
because of the relative ease of handling, stockpiling, placement, and
mai nt enance.  Qui dance on the design of riprap revetment to protect
sl opes against currents is presented in EM 1110-2-1601 (ref. A-3a(2))
Wiere sl opes are conposed of erodible granular soils or fine-grained
soils of low plasticity, a bedding layer of sand and gravel or spalls,
or plastic filter cloth should be provided beneath the riprap.
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CHAPTER 8
SPECI AL FEATURES
Section |I. Pipelines and QGther Uility Lines Crossing Levees

8-1. Ceneral Considerations.

a. Serious damage to |evees can be caused by inadequately designed
or constructed pipelines, utility conduits, or culverts (all hereafter
referred to as "pipes") beneath or within levees. During high water
seepage tends to concentrate along the outer surface of pipes resulting
in piping of fill or foundation nmaterial. Seepage may al so occur
because of |eakage fromthe pipe. In the case of pipes crossing over
| evees, |eakage can cause erosion in the slopes. In addition, l[oss of
fill or foundation material into the pipe can occur if joints are open
Sone of the principal inadequacies that are to be avoi ded or corrected
are as follows:

(1) Pipes having inadequate strength to withstand | oads of over-
lying fill or stresses applied by traffic

(2) Pipe joints unable to acconmdate novenents resulting from
foundation or fill settlenent.

(3) Unsuitable backfill materials or inadequately conpacted
backfill.

b. Sonme state and local |aws prohibit pipes from passing through
or under certain categories of levees. As a general rule, this should
not be done anyway, particularly in the case of pressure lines. However,
since each installation is unique, pipes in some instances may be
allowed within the levee or foundation. Mjor factors to be considered
in deciding if an existing pipe can remain in place under a new | evee
or nust be rerouted over the levee, or if a new pipe should be laid
through or over the levee are as follows:

(1) The height of the |evee.

(2) The duration and frequency of high water stages against the
| evee

(3) The susceptibility to piping and settlement of |evee and
foundation soils.
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(4) The type of pipeline (low or high pressure line, or gravity
drainage line).

(5) The structural adequacy of existing pipe and pipe joints, and
the adequacy of the backfill conpaction.

(6) The feasibility of providing closure in event of ruptured
pressure lines, or in the event of failure of flap valves in gravity
lines during high water.

(7) The ease and frequency of required nmaintenance.

(8) The cost of acceptable alternative systens.

(9) Possible consequences of piping or failure of the pipe.

(10) Previous experience with the owner in constructing and main-
taining pipelines.

Ceneral criteria for pipes crossing levees are given in table 8-1.

8-2. Ceneral Considerations for Pipelines Crossing Through or Under
Levees.

a. Ceneral. As has been noted previously, it is preferable for
all pipes to cross over a |levee rather than penetrate the enbankment
(bel ow freeboard) or foundation materials. This is particularly true
for pipes carrying gas or fluid under pressure. Before consideration
is given to allowng a pressure pipe (and possibly other types of pipe)
to extend through or beneath the levee, the pipe owner should provide
an engineering study to support his request for such installation. The
owner, regardless of the type of pipe, should show adequate capability
to properly construct and/or nmintain the pipe. Future maintenance of
pipe by the owner nust be carefully evaluated. It may be necessary to
forman agreement to the effect that should repairs to a pipe in the
| evee below the freeboard beconme necessary, the pipe will be abandoned,
sealed, and relocated over the |evee

h. Existing Pipes.

(1) Al existing pipelines nust be located prior to initiation of
enbankment construction. As previously noted, inspection trenches may
reveal abandoned pipe not on record. It is preferable that all aban-
doned pi pes be renoved during grubbing operations and the voids back-
filled. Any existing pipe should neet or be made to meet the criteria
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Table 8-1. Criteria for Pipelines Crossing Levees
New Pipeline Installation
Over Levee in or
Leaving Existing on Slopes and
Pipeline in In Levee Through Levee
Foundations of Bel ow Design Above Design
Pi pel i nes Proposed Levees H gh Water H gh Water
Must be known to be in good condition X
Mist have adequate strength to with-
stand |evee |oading X X
Mist have adequate cover as needed
to prevent danmge by vehicul ar X
traffic or heavy equipnent
Mist have adequate anchorage or cover X
to prevent uplift due to buoyance
Must have sufficient flexibility in
joints to adjust under expected
settlement and stretching of pipe X X X
Pressure lines must have provisions
for rapid closure in event of X X X
| eakage or rupture
Gavity discharge pipes nust have
provisions for energency closure
in event of inoperative flap
val ves on riverside end X X
Must have pervious backfill under
landside third of |evee where:
a. Foundation materials are
susceptible to piping X
h. Levee materials are
susceptible to piping X
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given in table 8-1. If this is not feasible and removal is not prac-
tical, they should be sealed, preferably by conpletely filling themwth
concrete.  Seal ed pipes nmust also neet the criteria given in table 8-1
relating to prevention of seepage problens.

(2) I'n general, existing pressure pipes should be relocated over
the proposed new |evee. Rupture or |eakage from such pipes beneath a
| evee produces extrenely high gradients that can have devastating
effects on the integrity of the foundation. Therefore, as indicated by
the criteriain table 8-1, it is inperative that pressure pipes be
fitted with rapid closure valves or devices to prevent escaping gas or
fluid from damaging the foundation.

(3) Although gravity drainage lines nmay be allowed or even re-
quired after the levee is conpleted, it is likely that existing pipes
wi Il not have sufficient strength to support the additional |oad in-
duced by the enbankment. Therefore, existing pipes must be carefully
eval uated to deternmne their supporting capacity before allowing their
use in conjunction with the new |evee.

¢c. New Pipelines. Generally, the only new pipelines allowed to
penetrate the foundation or enbanknent of the |evee are gravity drainage
lines. The number of gravity drainage structures should be kept to an
absolute mninum The nunmber and size of drainage pipes can be reduced
by using such techniques as ponding to reduce the required pipe capacity.
No pipe should be allowed to penetrate a | evee constructed of a per-
vious soil if the riverside or upstream inpervious blanket is |ess than
5 ft thick.

8-3. General Considerations for Pipelines Crossing over Levees. Re-
quiring a pipeline to cross over or within the freeboard reduces or
elimnates many of the dangers that are inherent with pipelines cross-
ing through the embankment or within the foundation. Problems do exist,
however, w th pipelines crossing over or within the freeboard of the

| evee. These pipes must be properly designed and constructed to pre-
vent (a) flotation if submerged, (b) scouring or erosion of the embank-
ment sl opes fromleakage or currents, and (c) damage from debris
carried by currents, etc. In sone areas climatic conditions wll re-
quire special design features. (Quidance on design nethods and con-
struction practices will be given later in this chapter.

8-4. Pipe Selection.

a. EM 1110-2-2902 (ref. A-3a(12)) contains a discussion of the
advant ages and di sadvantages of various types of pipe (i.e., corrugated
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metal, concrete, cast iron, steel, clay, etc.). The selection of a type
of pipe is largely dependent upon the substance it is to carry, its
performance under the given |oading, including expected deflections or
settlement, and econony. Although econony nust certainly be considered,
the overriding factor nmust be safety, particularly where urban |evees
are concerned.

b. The earth load acting on a pipe should be deternined as out-
lined in EM 1110-2-2902 (ref. A-3a(12)). Consideration nust also be
given to live |oads inposed from equi pment during construction and the
| oads fromtraffic and maintenance equi pnent after the levee is com
pleted. The respective pipe manufacturers' organi zations have recom
mended procedures for accounting for such live loads. These reconmended
procedures should be foll owed unless the pipe or roadway owners have
more stringent requirenents.

¢c. Required strengths for standard commercially avail abl e pipe
shoul d be determ ned by the nethods recommended by the respective pipe
manuf acturers' organi zations. Were cast-in-place pipes are used,
desi gn procedures outlined in EM 1110-2-2902 (ref. A-3a(12)) should be
foll owed. Abrasion and corrosion of corrugated steel pipe should be
accounted for in design using the method given in Federal Specification
WV P-405a (ref. A-l) for the desired design life. The design life of
a pipeis the length of time it will be in service without requiring
repairs. The termdoes not inply the pipe will fail at the end of
that tinme. Normally, a design life of 50 years can be economcally
justified. Corrugated pipe should al ways be gal vani zed and protect ed
by a bitum nous or other acceptable coating as outlined in EM 1110-2-
2902 (ref. A-3a(12)). Protective coatings may be considered in deter-
mning the design life of a pipe

d. Leakage fromor infiltration into any pipe crossing over
through, or beneath a levee nust be prevented. Therefore, the pipe
joints as well as the pipe itself nust be watertight. For pipes |ocated
within or beneath the enbanknent, the expected settlement and outward
movenment of the soil nmass nust be considered. Were considerable settle-
ment is likely to occur the pipe should be canbered (para 8-7). Gen-
erally, flexible corrugated netal pipes are preferable for gravity
lines where considerable settlement is expected. Corrugated netal pipe
sections shoul d be joined by exterior coupling bands with a gasket to
assure watertightness (Note 1). \Where a concrete pipe is required and
consi derable settlenent is anticipated, a pressure-type joint with con-
crete alignment collars should be used. The collars nust be designed
either to resist or accormodate differential movenent wthout |osing
watertight integrity. Were settlenment is not significant,
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pressure-type joints capable of accormodating mnor differential nove-
ment are sufficient. Design details for concrete collars are shown in
EM 1110-2-2902 (ref. A-3a(12)). Cast iron and steel pipes should be
fitted with flexible bolted joints. Steel pipe sections may be wel ded
together to form a continuous conduit. All pressure pipes should be
pressure tested at the maxi num anticipated pressure before they are
covered and put into use

Note 1--Pending revision of EM 1110-2-2902 designers of
corrugated netal pipes installed under |evees should specify
that the connecting joints for annular and helical pipe
should be Flexible Watertight, Rubber-Type Gasketed Joints.
Paragraphs 9.3.2 and 9.3.3 of Quide Specification CE- 02501
should be nodified as follows to insure watertight joints

a. The gaskets should be [imted to G ade SBE 43 or
SCE 43 of ASTM D 1056

b. The width of the gasket should be 1/2 in. less than
the width of the connection band required

c. The connecting bands shoul d be either the angle-Iug
or rod-and-1ug type corrugated coupling bands of the sane
material, coating, and thickness -as the pipe specified. Bands
with projections or dinples will not be permtted. The bands
shoul d provide a mnimumcircunferential lap of 3 in. and be
formed to fit and nesh with the corrugations of the pipe to be
connect ed.

(1) Angle-Lug Type. The bands shall not be |ess than
7in. wide for pipe 6 to 30 in. in diameter, 12 in. wide for
pipe 36 to 60 in. in diameter, and 24 in. wide for pipe 66 to
120 in. in dianeter. The bands shoul d have end connection
angles of not less than 2 in. by 2 in. by 3/16 in. by the
width of the band mnus 1 in. adequately fastened to each end
and shall be secured with 1/2-in.-diameter bolts. The 7-,
12-, and 24-in. bands shall be secured with a m ni mum of
2, 3, and 5 bolts, respectively.

(2) Rod-and-Lug Type. The bands shall not be |ess than
12-in. wide for pipe 6 to 60 in. in diameter, and 24 in. wde
for pipe 66 to 120 in. in dianmeter. Bands shall be secured
with 1/2-in.-dianmeter circunferential rods and cast-iron
silo-type lugs. A mninumof 4 circunferential rods shall be
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Note (Continued) .--used per band for pipes 6 to 30 in.
in diameter, 6 circunferential rods per band for pipes
36 and 60 in. in dianeter, and 8 circunferential rods per
band for pipes 66 to 120 in. in dianeter.

d. Grcunferential rods, lugs, connection angles, bolts,
and nuts shall be galvanized after fabrication.

e. After installation of coupling bands, the entire ex-
terior of each joint assenmbly, including bands, rods, |ugs
angles, bolts, and nuts shall be given one coat of cold
applied bitumnous conpound conformng to AASHTO M 243-73.

e. During the design, the potential for electrochem cal or chenica
reactions between the substratum materials or groundwater and construc-
tion materials should be determined. If it is determned that there will
be a reaction, then the pipe and/or pipe couplings should be protected.
The protective measures to be taken may include the use of cathodic pro-
tection, coating of the pipe, or use of a corrosion-resistant pipe
material .

8-5. Anti seepage Devices.

a. Antiseepage devices have been enployed in the past to prevent
piping or erosion along the outside wall of the pipe. The term "anti-
seepage devices" usually referred to nmetal diaphragms (seepage fins) or
concrete collars that extended from the pipe into the backfill material
The diaphragms and collars were often referred to as "seepage rings."
However, many piping failures have occurred in the past where seepage
rings were used. Assessnent of these failures indicated that the
presence of seepage rings often results in poorly conpacted backfill at
its contact with the structure.

h. \Were pipes or conduits are to be constructed through new or
existing levees to depths greater than the design freeboard allowance

(1) Seepage rings or collars should not be provided for the pur-
pose of increasing seepage resistance. Such features should only be
i ncluded as necessary for coupling of pipe sections or to accommodate
differential moverment on yielding foundations. Wen needed for these
E“rposﬁf’ collars with a mnimmprojection fromthe pipe surface should
e used.

(2) An 18-in. annular thickness of drainage fill should be pro-
vided around the landside third of the pipe, regardless of the size and
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type of pipe to be used, where |andside | evee zoning does not provide
for such drainage fill. For pipe installations within the |evee founda-
tion, the 18-in. annular thickness of drainage fill shall also be pro-

vided, to include a | andside outlet through a blind drain to ground sur-
face at the |evee toe, connection with pervious underseepage features,
or through an annular drainage fill outlet to ground surface around a
manhol e structure.

8-6. dosure Devices.

a. All pipes allowed to penetrate the embanknment or foundation of
a levee nust be provided with devices to assure positive closure
Gavity lines should be provided with flap-type or slide-type service
gates on the water side of the levee. Automatic flap-type gates are
usual Iy used where the water is likely torise to the "Gate C osing
Stage" rather suddenly and where the water stage is likely to fluctuate
within a few feet above and below the "Gate C osing Stage" for prol onged
periods of time during flood season. Automatic gates are also required
on slower rising streans or bodies of water where frequent visits from
operating personnel are not practical.

b. Slide-type gates are usually preferred as service gates where
the rate of rise of the water during mgjor floods is slow enough (mni-
mum of 12-hr flood prediction tine) to give anple time for safe opera-
tion. The principal advantages of the slide gate in conparison wth
automatic flap gates are greater reliability of operation and the ease
wi th which energency closure can be nade in event obstructions prevent
closure of the gate. Usually enmergency closure can be made by filling
the manhole with sandbags. The obvi ous disadvantage of slide-type gates
is that personnel nmust be on hand for their operation. Aso their ini-
tial cost is generally greater than that for a flap-type gate.

c. Aslide-type gate with a flap-type gate attachment is often
used and affords the advantages of automatic flap gate operation with
the added safety of the slide-type gate. Such installations usually
elimnate the need for a supplenental energency gate as described bel ow.

d. Experience has shown that service gates occasionally fail to
close conpletely during critical flood periods because of clogging by
debris, mechanical malfunctions, or other causes. This, of course, can
cause flooding of the protected areas. Suppl enental energency gates
are intended to mnimze these risks insofar as necessary and
econom cally practical. For an energency gate to be effective it nust
be located so that its controls are accessible during flood stage.

EM 1110-2-1410 (ref. A-3a(l)) fully describes suppl enental emergency
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gates and other closure devices and presents details of the analysis
that should be nmade in deternmining their necessity, primarily in urban
areas. Provisions required for emergency protection of other areas
shoul d be consistent with the risks and cost involved.

e. Pressure pipes should be fitted with valves at various stations
that can be closed rapidly to prevent gas or fluid fromescaping wthin
or beneath a levee should the pipe rupture within these areas. Pro-
visions for closure of pressure pipes on the water side nust also be
provided to prevent backflow of floodwater into the protected area
should the pipe rupture. Closure requirements for pressure conduits in
urban areas are given in EM 1110-2-1410 (ref. A-3a(1l)). These require-
ments shoul d generally be followed in other areas, but may be rel axed
to be consistent with the risks and costs involved.

8-7. Canber. The alignment of a gravity structure must be such as to
provide for a continuous slope toward the outlet. Settlement of the
enbankment and foundation can significantly alter the initial grade line
of a pipe. Therefore, the expected settlement of the |evee nust be con-
sidered in establishing the initial grade line. If the settlement will
result in an upward gradient in the direction of flow or not allow the
desired gradient to be maintained, the pipe should be canbered. The
anount of canber required can usually be taken as the mirror image of
the settlement curve along a line established by the final required
grade. The canber should then be laid out, preferably as a vertica
curve, on a grade such that all parts of the pipe will slope toward the
outlet when installed. If the gradient of the pipe is limted and the
camber will initially result in a slope away fromthe outlet, the por-
tion of the pipe fromthe inlet up to the point of greatest |oad may be
installed level. The remaining portion of the pipe is then installed

on a vertical curve tangent to the first portion of the pipe. Cenerally,
corrugated metal pipe is used if canbering is necessary. Regardl ess of
the type of pipe selected, novements at the joints nust be considered

as discussed in paragraph 8-4d

8-8. Installation Requirenents.

a. CGeneral. The installation of pipes or other structures within
the levee or foundation probably requires the greatest care and the
cl osest supervision and inspection of any aspect of |evee construction.
Most failures of |evee systens have initiated at the soil-structure
interface and therefore every effort nmust be made to ensure that these
areas are not susceptible to piping. O overriding inportance is good
conpaction of the backfill material along the structure. Pipes should
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be installed in the dry and a dewatering system should be used where
necessary.

b. Pipes Crossing Through or Beneath Levees.

(1) The preferred nethod of installing pipes within the enmbankment
or foundation of a levee is by the open cut nethod. Preferably, new
| evees shoul d be brought to a grade about 2 ft above the crown of the
pipe. This allows the soil to be preconsolidated before excavating the
trench. The trench should be excavated to a depth of about 2 ft bel ow
the bottom of the pipe and at least 4 ft wider than the pipe. The ex-
cavated material should be selectively stockpiled so that it can be
replaced in a manner that will not alter the enbanknent zoning

(2) After the trench has been excavated, it should be backfilled
to the pipe invert elevation. In inpervious zones, the backfill mate-
rial should be conpacted w th mechani cal conpactors to 95 percent stan-
dard density at about optimum water content.

(3) First-class bedding should be used for concrete pipe and other
rigid pipe, as shown in Plate 11 of EM 1110-2-2902 (ref. A-3a(12)) ex-
cept no granul ar bedding should be used in inpervious zones. For flex-
i bl e pipe, the trench bottom should be flat to permt thorough tanping
of backfill under the haunches of the pipe. Backfill should be com
pacted to 95 percent standard density at about optinum water content.
The backfill should be brought up evenly on both sides of the pipe to
avoi d unequal side loads that could fail or nove the pipe. Specia
care nmust be taken in the vicinity of any protrusions such as joint
collars to ensure proper conpaction. \Were granular filter material is
required, it should be conpacted to an average relative density of
85 percent and a mninum of 80 percent.

(4) In existing levees, the cut should be nmade on stable slopes
and the excavated material selectively stockpiled as was described for
new | evees. The pipe is installed as described in the previous para-
graphs. Inpervious material within 2 ft of the pipe walls should be
conpacted to 95 percent standard density at optinumwater content, wth
the remai nder of the backfill placed at the density and water content
of the existing enbankment.

(5) Installation of pipes in existing |evees by tunneling or jack-
ing should be discouraged. It is recognized, however, that in sone in-
stances installation by the open cut method is not feasible or cannot
be economcally justified. Were tunneling is allowed, netal liners are
required. The space around the liners should be pressure grouted for
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the entire length and the space between the inner pipe and |iners should
be filled with concrete. Pipes installed by jacking should be either
one piece steel (welded sections, if necessary), or a continuous sleeve
shoul d be used in which the pipe is placed, The annular space between
the pipe and sl eeve should be filled with concrete.

c. Pipes Crossing over Levees. Pipe crossings on the surface or
wi thin trenches in the enmbankment slopes shoul d be designed to counter-
act uplift of the enpty pipe at the design high water stage. This my
be acconplished by soil cover, anchors, headwalls, etc. Al pipes on
the water side of the |evee should have a mnimumof 1 ft of soil cover
for protection from debris during high water. It is desirable for pipe
on the landward side to also be covered with soil. Pipes crossing
beneath the | evee crown should be provided with sufficient cover to wth-
stand vehicular traffic as outlined in paragraph 8-4b. Were nounding
of soil over the pipe is required, the slope should be gentle to allow
mowi ng equi pment or ot her naintenance equi pment to operate safely on the
slopes and to allow traffic to nove safely on the crown.

Section Il. Access Roads and Ranps
8-9. Access Roads.

a. Access Road to Levee. Access roads should be provided to
| evees at reasonably close intervals in cooperation with state and | oca
authorities. These-roads should be all-weather roads that will allow
access for the purpose of inspection, maintenance, and flood-fighting
oper ations.

b. Access Road on Levee. Access roads, sonetines referred to as
patrol roads, should be provided also on top of the |evees for the
general purpose of inspection, maintenance, and flood-fighting opera-
tions. This type of road should be surfaced with a suitable gravel or
crushed stone base course that will permt vehicle access during wet
weat her without causing detrinental effects to the |evee or presenting
safety hazards to the | evee inspection and maintenance personnel. The
wi dth of the road surfacing will depend upon the crown wi dth of the
| evee, where roadway additions to the crown are not being used, and upon
the function of the roadway in acconmodating either one- or two-way
traffic. On levees where county or state highways will occupy the crown,
the type of surfacing and surfacing width should be in accordance with
applicable county or state standards. The decision as to whether the
access road is to be opened to public use is to be nade by the |oca
| evee agency which owns and maintains the |evee.
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(1) Turnouts. Turnouts should be used to provide a neans for the
passing of two notor vehicles on a one-lane access road on the |evee.
Turnouts should be provided at intervals of approxinmately 2500 ft, pro-
vided there are no ranps within the reach. The exact locations of the
turnouts will be dependent upon various factors such as sight distance,
property lines, levee alignment, and desires of local interests. An
exanple turnout for a levee with a 12-ft levee crown i s shown in
figure 8-1.

LANDSI DE

¢ LEVEE

2
o
n
®

> 24/ l

RIVERSIOE

Figure 8-1. Exanple of levee turnout

(2) Turnarounds. Turnarounds shoul d be provided to allow vehicles
to reverse their direction on all |evees where the |evee deadends and no
ranp exists in the vicinity of the deadend. An exanple turnaround for a
levee with a 12-ft crown is shown in figure 8-2

8-10. Ranps.

a. Ranps should be provided at sufficient locations to permt
vehicular traffic to access onto and from the |evee. Ranps may be
| ocated on both the landside and the riverside of the levee. Ranps on
the |l andside of the | evee are provided to connect access roads |eading
to a levee with access roads on top of a |evee and at other convenient
| ocations to serve |andowners who have property bordering the |evee.
Ramps are al so provided on some occasions on the riverside of the |evee
to connect the access road on top of the |levee with existing |evee
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Figure 8-2. Exanple of |evee turnaround

traverses where necessary. The actual |ocations of the ranps shoul d
have the approval of the l[ocal |evee agency which owns and nmaintains the
| evee

b. Ranps are classified as public or private in accordance with
their function. Public ranps are designed to satisfy the requirements
of the levee owner: state, county, township, or road district. Private
ranps are usually designed with | ess stringent requirenents and nmaxi mum
econony in mnd. Side-approach ranmps should be used instead of right-
angle road ranps because of significant savings in enbanknent. The
width of the ranmp will depend upon the intended function. Sonme w dening
of the crown of the levee at its juncture with the ranp may be required
to provide adequate turning radius. The grade of the ranmp should be no
steeper than 10 percent. Side slopes on the ranp should not be |ess
than 1V on 3H to allow grass-cutting equipment to operate. The ranp
shoul d be surfaced with a suitable gravel or crushed stone. Considera-
tion should be given to extending the gravel or crushed stone surfacing
to the | evee enbankment to minimze erosion in the gutter. In general,
private ranps shoul d not be constructed unless they are essential and
there is assurance that the ranps will be used. Unused ranps lead to
mai nt enance negl ect.

¢c. Both public and private ranps shoul d be constructed only by
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adding material to the levee crown and slopes. The |evee section shoul d
never be reduced to accomodate a ranp.

Section Ill. Levee Enlargenents

8-11. General. The termlevee enlargenent pertains to that addition to
an existing levee which raises the grade. A higher |evee grade may be
required for several reasons after a | evee has been constructed. Addi-
tional statistical information gathered fromrecent floodings or recent
hurricanes may establish a higher project flood elevation on a river
systemor a higher elevation for protection fromincomng tidal waves
produced by hurricane forces in lowlying coastal areas. The nost
econom cal and practical plan that will provide additional protection is
normal |y a levee enlargenent. Levee enlargenents are constructed either
by adding additional earth fill or by constructing a floodwall, "I"-type
or "inverted T'-type, on the crown.

8-12. Earth-Levee Enl argenent.

a. The earth-levee enlargenent is normally preferred when possible,
since it is usually nore economcal. This type of enlargenent is used
on both agricultural and urban |evees where borrow sites exist nearby
and sufficient right-of-way is available to acconmodate a wider |evee
section

b. An earth-levee enlargenment is acconplished by one of three
different methods: riverside, straddle, or |andside enlargment. A
riverside enlargenent is acconplished by increasing the | evee section
generally at the crown and on the riverside of the |evee as shown in
figure 8-3a. A straddle enlargenment is acconplished by increasing the
| evee section on the riverside, at the crown, and on the |andside of
the |evee as shown in figure 8-3b. A landside enlargenent is accom
plished by increasing the |evee section, generally at the crown and on
the landside of the levee as shown in figure 8-3c. Usually the river-
side | evee enlargenent affords the greatest econony, provided sufficient
and suitable riverside borrow exists. A landside enlargenent should
consi st of material at |east as pervious as the embankment and pref-
erably nore pervious. Landside |evee enlargenents are usually the
| east desirable from an econony standpoint, since additional right-of-
way often has to be purchased. Another possible econom ¢ advantage of
a riverside enlargenent over a landside enlargement is |ess material may
be required to construct the riverside enlargenent. The reason is that
on sone | evee systens the riverside slope of the |evee is steeper than
the |andside slope, and the slope of the enlargenent is normally made
equal to or flatter than the existing slope of the |evee.
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Figure 8-3. Enlargements

¢c. The nodified | evee section shoul d be checked for through seep-
age and under seepage as discussed in Chapter 5 and for foundation and
enbankment stability as discussed in Chapter 6. Sufficient soil borings
shoul d be taken to determne the in situ soil properties of the existing
| evee enbanknment for design purposes.

d.  An earth-levee enlargenent should be made integral with the
existing levee. Every effort should be made such that the enlargenent
has at least the same degree of conpaction as the existing |evee on
which it is constructed. Preparation of the interface along the
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existing | evee surface and upon the foundation should be nade to ensure
good bond between the enlargement and the surfaces on which it rests

The foundation surface should be cleared, grubbed, and stripped as
described in Chapter 6. The existing |evee surface upon which the Ievee
enl argement is placed should al so be stripped of all |ow grow ng vegeta-
tion and organic topsoil. The topsoil that is renoved shoul d be stock-
piled for reuse as topsoil for the enlargement. Prior to constructing
the enlargenent, the stripped surfaces of the foundation and existing

| evee shoul d be scarified before the first lifts of the enlargenents

are placed.

8-13. Floodwal | -Levee Enl argenent.

a. A floodwall-1evee enlargenent is used, when additional right-of-
way is not available or is too expensive or if the foundation conditions
wll not permt an increase in the |evee section. Economc justifica-
tion of floodwall-Ievee enlargement cannot usually be attained except
in urban areas. Two comon types of floodwalls that are used to raise
| evee grades are the | wall and the inverted T wall

b. The | floodwall is a vertical wall partially enbedded in the
| evee crown. The stability of such walls depends upon the devel opnent
of passive resistance fromthe soil. For stability reasons, | floodwalls
rarely exceed 7 ft above the ground surface. One common nethod of con-
structing an | floodwal |l is by combining sheet pile with a concrete cap
as shown in figure 8-4. The lower part of the wall consists of a row of
steel sheet pile that is driven into the |evee enbankment, and the upper
part is a reinforced concrete section capping the steel piling.

c. Aninverted T floodwall is a reinforced concrete wall whose
menbers act as w de cantilever beans in resisting hydrostatic pressures
acting against the wall. A typical wall of this type is shown in fig-
ure 8-5. The inverted T floodwall is used to make floodwal | |evee
enlargenents when walls higher than 7 ft are required

d. The floodwal | should possess adequate stability to resist al
forces which may act upon it. An | floodwall is considered stable if
sufficient passive earth resistance can be devel oped for a given pene-
tration of the wall into the levee to yield an anple factor of safety
agai nst overturning. The depth of penetration of the | wall should be
such that adequate seepage control is provided. Normally the penetra-
tion depth of the I wall required for stability is sufficient to satisfy
the seepage requirenments. For the inverted T floodwall, the wall should
have overal | dinensions to satisfy the stability criteria and seepage
control as presented in EM 1110-2-2501 (ref. A-3a(1l1)).
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Figure 8-5. Inverted T-type floodwall-Ievee enlargenent
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e. The existing | evee section should be checked for through
seepage and underseepage as discussed in Chapter 5 and for enbankment
and foundation stability as discussed in Chapter 6 under the additiona
hydrostatic forces expected. [If unsafe seepage forces or inadequate
enbanknment stability result fromthe higher heads, seepage contro
met hods as described in Chapter 5 and nethods of inproving enbankment
stability as described in Chapter 6 may be used. However, sone of these
met hods of controlling seepage and inproving enbankment stability may
require additional right-of-way for construction which could elimnate
the econom ¢ advantages of the floodwall in conparison with an earth
|l evee enlargement. As in earth |evee enlargenents, a sufficient nunber
of soil borings should be taken to determne the in situ soil properties
of the existing | evee enbankment for design purposes.

Section IV. Junction with Concrete O osure Structures

8-14. CGeneral. In sone areas, a flood protection systemmay be com
posed of |evees, floodwalls, and drainage control structures (gated
structures, punping plants, etc.). In such a system a closure nust be

made between the | evee and the concrete structure to conplete the flood
protection. One closure situation occurs when the |evee ties into a
concrete floodwall or a cutoff wall. In this closure situation the wal
itself is usually enbedded in the |evee enmbankment. In EM 1110-2-2501
(ref. A-3a(11)) a nmethod of making a junction between a concrete flood-
wal | and levee is discussed and illustrated. Another closure situation
occurs when the levee ties into a drainage control structure by abutting
directly against the structure as shown in figure 8-6. In this situa-
tion the abutting end walls of the concrete structure should be battered
10V on 1H to ensure a firmcontact with the fill.

8-15. Design Considerations. Wen joining a | evee enbankment with a
concrete structure, itens that should be considered in the design of
the junction are differential settlenent, conpaction, and enbankment
sl ope protection.

a. Differential Settlement. Differential settlenent caused by
unequal consolidation of the foundation soil at the junction between a
relatively heavy |evee enbanknent and a relatively light concrete
closure structure can be serious if foundation conditions are poor and
the juncture is inproperly designed. Preloading has been used success-
fully to mnimze differential settlements at these locations. In
EM 1110-2-2501 (ref. A-3a(11)) a transitioning procedure for a junction
between a | evee enbanknent and a floodwall is presented that mnimzes
the effect of differential settlenent.
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b. Conpaction. Thorough conpaction of the |evee enbanknent at the
junction of the concrete structure and levee is essential. GCood conpac-
tion decreases the perneability of the embankment material and ensures a
firmcontact with the structure. Heavy conpaction equi pnent such as
pneumatic or sheepsfoot rollers should be used where possible. In con-
fined areas such as those inmmediately adjacent to concrete walls, conpac-
tion should be by hand tanpers in thin |oose lifts as described in
EM 1110-2-1911 (ref. A-3a(10)).

¢c. Slope Protection. Slope protection should be considered for
the | evee enmbanknment at all junctions of |evees with concrete closure
structures. Turbulence may result at the junction due to changes in the
geometry between the levee and the structure. This turbulence wll
cause scouring of the |evee enbanknent if slope protection is not pro-
vided. Slope protection for areas where scouring is anticipated is
di scussed in paragraph 7-6.
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APPENDI X B
MATHEMATI CAL ANALYSI S OF UNDERSEEPAGE AND
SUBSTRATUM PRESSURE
B-1. Ceneral. The design of seepage control measures for |evees often

requires an underseepage anal ysis without the use of piezonetric data
and seepage neasurements. Contained within this appendix are equations
by which an estimte of seepage flow and substratum pressures can be
made, provided soil conditions at the site are reasonably well defined
The equations contained herein were devel oped during a study (reported
in U S Arnmy Engineer Waterways Experiment Station TM 3-424 (ref.
A-3b(2)) of piezonetric data and seepage neasurenents al ong the Lower

M ssi ssippi River and confirmed by nodel studies. It should be enpha-
sized that the accuracy obtained fromthe use of equations is dependent
upon the applicability of the equation to the condition being anal yzed,
the uniformty of soil conditions, and evaluation of the various factors
involved. As is normally the case, sound engineering judgment must be
exercised in determning soil profiles and soil input paraneters for

t hese anal yses.

B-2.  Assunptions. It is necessary to make certain sinplifying assunp-
tions before making any theoretical seepage analysis. The follow ng
is alist of such assunptions and criteria necessary to the analysis
set forth in this appendix.

a. Seepage may-enter the pervious substratumat any point in the
foreshore (usually at riverside borrow pits) and/or through the river-
side top stratum

b. Flow through the top stratumis vertical

¢c. Flow through the pervious substratum is horizontal

d. The levee (including inpervious or thick bernms) and the portion
of the top stratum beneath it is inpervious

e. All seepage is |amnar.

In addition to the above, it is also required that the foundation be
generalized into a pervious sand or gravel stratumwith a uniformthick-
ness and perneability and a semi pervious or inpervious top stratumwth
a uniformthickness and perneability (although the thickness and perme-
ability of the riverside and |andside top stratum may be different).

B-3. Factors Involved in Seepage Analyses. The volune of seepage (Q)

B- I
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that will pass beneath a | evee and the artesian pressure that can
devel op under and | andward of a |levee during a sustained high water
are related to the basic factors given and defined in table B-1 and
shown graphically in figure B-1. Oher values used in the anal yses
are defined as they are discussed in subsequent paragraphs.

A - POINT OF EFFECTIVE SEEPAGE ENTRY
B - POINT OF EFFECTIVE SEEPAGE EXIT

L |
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Figure B-1. Illustration of synbols used in Appendix B.

B-4. Determnation of Factors Involved in Seepage Analyses. Table B-2
contains a brief summary of nmethods normally used to determne the
factors necessary to perform a seepage analysis. The determ nation of
these factors is discussed in nore detail in the follow ng paragraphs
Many of the nethods given, such as exploration and testing, have
previously been nentioned in the text; however, they will be discussed
herein in nore detail as they apply to each specific factor. The use
of piezonetric data, although rarely available on new projects, is
nmentioned prinmarily because it is not infrequent for seepage anal yses
to be perfornmed as a part of renedial neasures to existing | evees in
whi ch case piezometric data often are available.

a. Net Head, H. The net head on a levee is the height of water
on the riverside above the tailwater or natural ground surface on the
| andsi de of the levee. H is usually based on the design or project
flood stage but is sonetines based on the net |evee grade

b. Thickness, z , and Vertical Perneability, k, , of Top

Stratum

(1) Exploration. The thickness of the top stratum both riverward

B-2
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Table B-1. Factors Involved in Seepage Anal yses

Fact or Definition
H Net head on | evee
M Slope of hydraulic grade line (at middepth of pervious stratum
beneath |evee
iC Critical gradient for landside top stratum
L, Distance fromriver to riverside |levee toe
L, Base width of |evee and berm
L, Length of foundation and top stratum beyond | andsi de | evee toe
L Di stance fromeffective seepage entry to effective seepage exit
S Di stance fromeffective seepage entry to | andside toe of |evee
or berm
X, Di stance from effective seepage entry to riverside |evee toe
Xs Di stance fromlandside |evee toe to effective seepage exit
d Thi ckness of pervious substratum
Z Thi ckness of top stratum
Zy Transformed thickness of top stratum
Zy Transformed thickness of |andside top stratum
Zy, Transformed thickness of riverside top stratum
Zn Thi ckness of individual |ayers conprising top stratum(n = |ayer
nunber)
z, Transforneq t hi ckness of |andside top stratumfor uplift
conput ation
Ky Vertical perneability of top stratum
Kp Vertical permeability of |andside top stratum
Ky, Vertical perneability of riverside top stratum
K; Hori zontal permeability of pervious substratum
K, Vertical perneability of individual |ayers conprising top
stratum (n = layer nunber)
Qs Total amount of seepage passing beneath the |evee
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Table B-2. Methods for Determination of Design Parameters

Fact or Met hod of Deternmination

H From design flood stage or net |evee grade

Ky, Kk, Fromlaboratory tests, estimations, and transformations

K; Field punp tests, correlations

Z, Foundati on expl oration, know edge of depth and | ocations of
borrow pits, ditches, etc.

Zy, Zp, From transfornations

d Foundati on exploration

i From equation B-9

M From pi ezormeters or from deternmining effective entrance and
exit points of seepage

L, From maps

L, From prelimnary or existing | evee section

L, From foundation exploration and know edge of |ocation of |evee

S From pi ezonmetric data or estimted from equations

X1 From knowing M or from equation B-7 or B-8

X3 From knowing M or from equation B-3, B-3A, B-4, B-5, or B-6

Qs From equation B-11 or B-12
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and landward of the levee, is extremely inportant in a seepage analysis
Exploration to determine this thickness usually consists of auger borings
with sanmples taken at 3- to 5-ft intervals and at every change of nate-
rial. Boring spacing will depend on the potential severity of the under-
seepage problem but should be laid out so as to sanple the basic geologic
features with internediate borings for check purposes. Landside borings
shoul d be sufficient to delineate any significant geol ogical features

as far as 500 ft away fromthe levee toe. The effect of ditches and
borrow areas nust be considered.

(2) Transformation. The top stratumin nost areas is sel dom
conposed of one uniformmaterial but rather usually consists of severa
layers of different soils. If the in situ vertical perneability of
each soil (k,) is known, it is possible to transform an overall effec-
tive thickness and perneability. However, if good judgment is exer-
cised in selection of these values, a reasonably accurate seepage
analysis can be made by using a sinplified procedure. Basically this
procedure consists of assuming a uniformvertical perneability for
the generalized top stratumequal to the pernmeability of the nost im
pervious strata and then using the transformation factor given in
equation B-1 to determine a corresponding thickness for the entire top
stratum

Fo=— (B-1)

where F, = transformation factor.

Sone exanples using this procedure are given in table B-3 and in
figure B-2.

Table B-3. Exanples of Transformation Procedure

Transformed Thickness,

Actual Actual kb ft
Thickness Permeability F, = — -1 x -
Strata £t om/sec t kn for kb 1 x 10 ecm/sec
Clay 5 1 x :LO_h 1 5.0
Sandy silt 8 2 x 10'2" 1/2 4.0
Silty sand 5 10 x 10_LL 1/10 0.5
z = 18 9.5

Zb=




EM 1110-2-1913

31 Mar

78

‘gqBIqs dog JO UOT}BWIOJSUBIL ‘g~g 9JInITd
|c|xH .h_
L
€
anvs t,.:w/ 50=% oL/l pOLx 0L =50 T
||||.I|.|r|.l~ aNVS ALTIS £q Inl.uu...l(wlww_mll.+
ol N s
AV g=¢ 1 i - =4 g7,
A e ———— Sp—— T AV1D 0 o
— —— — — ——— —— — n ﬂl M —— —— —— — ———— =
P~ AVID s=29, - _ 5
1711S AGNVYS _wH~n b QIO—X 3 II-I.II"I'LI © c/1 t._.IMaXNQU M .mH—N
A_ 171s AaNvs =192 rﬂ 1S AQNV h
1
SO
QNS Ll
' ot xi=€ '
=£ I v~ = 5=F
AYID .MI k4 AvID S z
*I N z "
1S AGNVS  ,8=%z v T3 2/} A T S T
3 AVAS G_E9, LS AGNVYS &
0 $=5 0
Illlllll'lv oL x | llllllll'lml n —_—————
v- ® ol x o1 ="'y
aNvs ALUS . 5=1lg 1US AGNVYS =%z @ oL/} v- S=1z
" — e el anvs ALis Ty
7 m L —
\ So=1; TITONVYS e
ANVS ALTIS olxol=F T
o1/1 v- =gt
ANVYS ALTIS
anvs t..:m/ .m.ournu aNVs .C,._a/ 5 ou.n._u - !
_z
——————===T 1 ———————r 1 2/1 pObx2="4 g%, N 1
4171S AQNVYS  p=T, M LIS AQNVS  p =29, N 171S AGNVS @
Illlllllll.*l " |I|.|.||||III-I " —— — v o o e
it oL x | © ot x 1=ty .
AVTID S=lz & v- AVTD Ss=19z & ' v- S=lg
t f B 1 Avad }
(59) 30v4HNS ANNOYO
L411dN I18VMOIY 235\ q IuNSS3dd WNLYH1S8NS ANV o Vivdls JvNLlDOV 35vO
WNKIXVW 90 NOILYLNdWOD —) 39y 4335 40 NOILY 1 NdWOD
HMOd V.IvH 1S GIWHOASNYHL WO ¥Od vivH1S OIWHOISNYHL

B-6



EM 1110-2-1913
31 Mar 78

A generalized top stratum having a uniform perneability of 1 x 10-4

and 9.5 ft thick would then be used in the seepage analysis for com
putation of the length to the effective seepage exit. However, the

t hi ckness z, may or may not be the effective thickness of the |andside
top stratum 1z, that should be used in deternmining the allowable pres-
sure beneath the top stratum  The transformed thickness of the top
stratum for estimating allowable uplift z, equals the in situ thick-
nesses of all strata above the base of the |east pervious stratum plus
the transforned thicknesses of the underlying nore pervious top strata.

This neans that z, will equal 2z, only when the |east pervious
stratumis at the ground surface. Several exanples of this transformation
are given in figure B-2. In making the final determ nation of the effec-

tive thicknesses and perneabilities of the top stratumthe characteris-
tics of the top stratumat |east 200 to 300 ft |andward of the |evee

must be considered. In addition, certain averaging assunptions are al-
most al ways required where soil conditions are reasonably simlar. Thin
or critical areas should be given considerable weight in arriving at such
aver ages.

¢c. Thickness d and Perneability k; of Pervious Substratum

The thickness of the pervious substratumis defined as the thickness of
the principal seepage-carrying stratum bel ow the top stratum and above
rock or other inpervious base stratum It is usually determ ned by
means of deep borings although a conbination of shallow borings and
seismc or electrical resistivity surveys may also be enployed. The

t hi ckness of any individual pervious strata within the principal seepage-
carrying stratum nust be obtained by deep borings. The average hori-
zontal perneability k; of the pervious substratum can be deternined
by means of a field punp test on a fully penetrating well or by the use
of correlations as shown in figure 3-5 in the main text. For areas
where such correlations exist their use will usually result in a nore
accurate permeability determination than that from | aboratory pernmea-
bility tests. In addition to the methods above, if the total anount

of seepage passing beneath the levee (Q) and the hydraulic grade |line
beneath the |levee (M) are known, k; can be estimated from

Q‘S
Kk, == (B-2)
f Md

d. Distance from Riverside Levee Toe to River, L,. This distance

can usually be estimated from topographic maps

e. Base Wdth of Levee and Berm L, . L, can be deternined from
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anticipated di nensions of new | evees or by nmeasurenment in the case of
exi sting |evees.

f. Length of Top Stratum Landward of Levee Toe, L; . This

di stance can usually be determined from borings, topographic maps, and/or
field reconnaissance. In determning this distance careful consideration
nmust be given to any geological feature that may affect the seepage
analysis. O special inportance are deposits of inpervious materials
such as clay plugs which can serve as seepage barriers and if |ocated
near the landside toe could force the energence of seepage at their near
edge, thus having a pronounced effect on the seepage analysis.

g. Distance from Landside Levee Toe to Effective Seepage Exit, x5 .

The effective seepage exit (point B, fig. B-1) is defined as that point
where a hypothetical open drainage face would result in the same hydro-
static pressure at the |andside | evee toe and woul d cause the sane
anount of seepage to pass beneath the |evee as would occur for actua
conditions. This point is also defined as the point where the hydraulic
grade line beneath the |evee projected landward with a slope Minter-
sects the groundwater or tailwater. |If the length of foundation and top
stratum beyond the landside |evee toe L; is known, x, can be esti-
mated from the followi ng equations

(1) For Ly = oo

k_z. .d
x3=%‘-= _fﬂ._ (B-S)
K1
wher e
o = o1 (B- 3A)

kfzbld
(2) For L; =finite distance to a seepage bl ock

-1
3 ¢ tanh cL

(3) For Lz =finite distance to an open seepage exit

tanh cL3
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(4) The relationship between z, and x; where L; is infinite
in landward extent has been conputed from equation B-3 and plotted in
figure B-3 for various values of k;/k, and assumng d = 100 ft. The
x. Vvalue corresponding to values of d other than 100 ft can be com
pﬁted from equation B-6 bel ow

xy = 0.1 va x,(a = 100) (B-6)

(5 If Lyis a finite distance either to a seepage bl ock or an
open seepage exit, the effective exit length x; can be conputed) by
using equation B-4 or B-5 or by multiplying x; (for Ly = o) by a
factor obtained from figure B-4.

h. Distance from Effective Source Seepage Entry to Riverside
Levee Toe, x; . The effective source of seepage entry into the pervi-

ous substratum (point Ain fig. B-1) is defined as that line riverward
of the |levee where a hypothetical open seepage entry face fully pene-
trating the pervious substratumand with an inpervious top stratum
between this line and the | evee woul d produce the same flow and hydro-
static pressure beneath and | andward of the levee as will occur for the
actual conditions riverward of the levee. It is also defined as that
[ine or point where the hydraulic grade line beneath the | evee projected
riverward with a slope Mintersects the river stage

(1) If the distance to the river fromthe riverside |evee toe L,
is known and no riverside borrow pits or seepage blocks exist, x;, can
be estimated from the follow ng equation:

tanh CLl
e (87)

(2) If a seepage block (usually a w de, thick deposit of clay)
exists between the riverside | evee toe and the river so as to prevent
any seepage entrance into the pervious foundati on beyond that point,
X, can be estimated from the follow ng equation:

1

1 ¢ tanh cLl

X (B-8)

where L, equals distance fromriverside |evee toe to seepage bl ock and
¢ is from equation B-3A

1. Critical Gadient for Landside Top Stratum i, . The critica

B-9
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gradient is defined as the gradient required to cause boils or heaving
(flotation) of the landside top stratumand is taken as the ratio of the
subnerged or buoyant unit weight of soil +y' conprising the top stratum
and the unit weight of water Y, OF

1 G, -1
1C=Yw= 1l +e (B-9)

wher e

&

specific gravity of soil solids

void ratio

(9]
1

. Slope of Hydraulic Grade Line Beneath Levee, M. The slope of
the hydraulic grade line in the pervious substratum beneath a | evee can
best be determined from readi ngs of piezometers |ocated beneath the |evee
where the seepage flow lines are essentially horizontal and the equi-
potential lines vertical. |[If such readings during high water are avail -
able, M can be deternmined fromthe following relation:

M= 28 (B-10)
wher e
Ah = the difference in piezonmeter readings
¢ = the horizontal distance between piezoneters.

This relationship is not valid, however, until artesian flow conditions
have devel oped beneath the levee. |f no piezoneter readings are avail -
able, as in the case for new |evee design, M nust be determ ned by
first establishing the effective seepage entrance and exit points and
then connecting these points with a straight line, the slope of which
is M

B-5. Conputation of Seepage Flow and Substratum Hydrostatic Pressures

a. General
(1) Seepage. For a levee underlain by a pervious foundation, the

natural seepage per unit length of levee, Q , can be expressed by the
general equation B-11.

Q = PkH (B-11)

where @ = shape factor . This equation is valid provided the

B- 12
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assunptions upon which Darcy's law is based are met. The nathenatical
expressions for the shape factor @ (subsequently given in this ap-
pendi x) depend upon the dinmensions of the generalized cross section of
the |l evee and foundation, the characteristics of the top stratum both
riverward and landward of the |evee, and the pervious substratum \ere
the hydraulic grade Iline Mis known from piezoneter readings, the
quantity of underseepage can be deternined from equation B-12.

Q, = Mk.d (B-12)

(2) Excess Hydrostatic Head Beneath the Landside Top Stratum

(a) The excess hydrostatic head h, beneath the top stratum at
the landside levee toe is related to the net head on the |evee, the
di mensi ons of the |levee and foundation, perneability of the foundation,
and the character of the top stratumboth riverward and | andward of the
| evee. The head h, can be expressed as a function of the net head H
as subsequently shown.

(b) The head h, beneath the top stratumat a distance x |and-
ward fromthe [ andside | evee toe can be expressed as a function of the
net head H and the distance x although it is nore conveniently re-
lated to the head h, at the levee toe. Wien h, is expressed in
terms of h, it depends only upon the type and thickness of the top
stratum and pervi ous foundation |andward of the | evee; the ratio
h,/ h, 1is thus independent of riverward conditions.

(c) Expressions for ¢ , h, and h, are discussed in the
foll owi ng paragraphs.

b. Case 1 - No Top Stratum \Were a levee is founded directly on
pervious materials and no top stratumexists either riverward or |and-
ward of the levee (fig. B-5a), the seepage Q can be obtained from
equation B-11 in which

d

=1 7086 (B-13)

The excess hydrostatic head | andward of the levee is zero and

h, = h, = 0. The severity of such a condition in nature is governed
by the exit gradient and seepage velocity that develop at the |andside
| evee toe which can be estimated froma flow net conpatible with the
value of ¢ conputed from equation B-13.

c. Case 2 - Inpervious Top Stratum Both Riverside and Landsi de.
This case is found in nature where the | evee is founded on thick

B- 13
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a. CASE 1 - No top stratum b. CASE 2 - Impervious topstratum
both riverside and landside

oL LJ_+_L2_.4___L3‘.1
H = 2<ﬂ l———H- =

$ - $ = d
L2 + 0.86d L] + L2 + L3
ho»nx=0 b n L3
o L+ L2 + L3
L3 - X
hx = h(J r for x < L3
hx =0 for x> L3
c. CASE 3 - Impervious riverside top d. CASE 4 - Impervious landside top
stratum & no landside top stratum stratum & no riverside top stratum
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BASIC DEFINITIONS AND EQUATIONS
HEAD BENEATH TOP STRATUM AT LANDSIDE LEVEE TOE . . . . . . . . . . . ho
HEAD BENEATH TOP STRATUM AT DISTANCE x FROM LANDSIDE LEVEE TOE . . . hx
SHAPE FACTOR FOR USE IN SEEPAGE EQUATION . . . . . . . . . . . « .. ;
SEEPAGE PER UNIT LENGTH OF LEVEE . . . . . . . . « . . .« . . QS = $ka

Figure B-5. Equations for conputation of underseepage flow
and substratum pressures for cases 1 through 4.
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(<I5 ft) deposits of clay or silts with clay strata. For such a condi-
tion little or no seepage can occur through the |andside top stratum

(1) If L; isinfinite in landward extent or the pervious sub-
stratum is blocked |andward of the |evee, no seepage occurs beneath
the levee and Q = 0 . The head beneath the | evee and the | andside
top stratumis equal to the net head on the levee at all points so that
H=h, = h.

(2) If an open seepage exit exists in the inpervious top stratum
at sone distance L; fromthe landside toe (i.e., Ly is not infinite)
as shown in figure B-5b, the distance fromthe |andside toe of the |evee
to the effective seepage entry (river, borrow pit, etc.) is L; + L,
and

¢ = (B-14)
Ll+L2+L3
The heads h, and h, can be conputed from
L3
h =H (B-15)
(o] Ll + L2 + L3
L3—x
h =h for x < L (B-16)
b'q o) L -3
3
h =0 for x> 1L
X -3

d. Case 3 - Inpervious Riverside Top Stratum and No Landsi de Top
Stratum  This condition may occur naturally or where extensive |andside
borrowi ng has taken place resulting in renoval of all inpervious mate-
rial landward of the levee for a considerable distance. Seepage is com
puted utilizing equation B-11 and the foll owi ng shape factor

d

$=
L, + L, + 0.434

(B-17)

The excess head at the top of the sand |andward of the |levee is zero
and the danger from piping nust be evaluated fromthe upward gradi ent
obtained froma flow net. This case is shown in figure B-5c.
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e. Case 4 - |npervious Landside Top Stratum and No Ri verside Top
Stratum This is a more common case than Case 3, occurring when exten-
sive riverside borrowing has resulted in removal of the riverside im
pervious top stratum (fig. B-5d). For this condition the seepage is
conputed fromequation B-11 utilizing the shape factor given in equa-
tion 18 below, the heads h, and h, can be conputed from equations
B-19 and B-20, respectively.

a
g = (B-18)
0.43 + L, + L3
L
h = H 3 (B- 20)
0.43d + L2 + L3
L3 - X
h =nh (B-20)
b'd o) L3

f. Case 5 - Semipervious Riverside Top Stratum and No Landsi de
Top Stratum The sane equation for the shape factor as was used in
Case 3 can be applied to this condition provided x;, is substituted for
L, as follows:

d

¢ =
x, + L, + 0.43d

(B-21)

Since no |l andside top stratumexists, h, = h, = 0. This case is
illustrated in figure B-6a

g. Case 6- Semnipervious Landside Top Stratum and No Riverside Top
Stratum  The sane equations for the shape factor and heads beneath the
| andside top stratumthat are used for Case 4 are applicable to this
case provided x; is substituted for L; (fig. B-6b). These equations
are as follows:

a
3 = (B-22)
0.434 + L, + g

*3
ho =i 0.434 + L, + g (B-23)
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a. CASE5 - Semipervious riverside top
stratum and no landside top stratum

l f—"1— B d
T

s ld

g R - o X

b. CASE 6 - Semipervious landside top
stratum and no riverside top stratum

— L
!

( ? )

R C - -» h =Wl

R ATy Lo ~J:: 0 0;43d : LZ + x3
3"

h. =h

X 0( X3 )

Figure B-6. Equations for conputation of underseepage flow
and substratum pressures for Cases 5 and 6

$ = d
0. +l.2 +x3

T

Y

N i el (B-24)

h. Case 7 - Semipervious Top Strata Both Riverside and Landsi de.
Where both the riverside and | andside top strata exist and are sem -

pervious (fig. B-7) the quantity of underseepage can be conputed from
equation B-11 where ¢ is defined in equation B-25.

- d i
v (B-25)

The head beneath the top stratumat the | andside toe of the levee is
expressed by

h, = H|~ e ( B- 26)
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cosh c(L3 - x)
x Mo cosh cL3

M

cosh cL3

sinh c(L3 - x)

sinh cL3
=0
c.. L3 is finite to an open seepage exit
BASIC DEFINITIONS AND EQUATIONS
dka
SEEPAGE PER UNIT LENGTH OF LEVEE . . . . . . . QS =$ ka = ;;—;—IE—;—QE
Hx3
HEAD BENEATH TOP STRATUM AT LANDSIDE LEVEE TOE . . . . ho v
TR A
KoL
THE FACTOR . . . . . & i i i e e e e e e e e e e v . c= Kz, d
fbL

Figure B-7. Equations for conputation of underseepage and
substratum pressures for Case 7
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The equations above are valid for all conditions where the |andside top
stratum is sempervious. However, the head h, beneath the seni pervious
top stratum depends not only on the head h, but also on conditions

| andward of the levee. Expressions are given below for typical condi-
tions encountered |andward of |evees.

(1) For

Ly=eh =he (B-27)

where e = 2.718 .

(2) For L; =afinite distance to a seepage bl ock

cosh c(L3 - X)

hy =By cosh cL, (B-28)
and
hO
hx(at x = L3) = m; (B-29)
(3) For Ly =afinite distance to an open seepage exit
sinh c(L3 - x)
by =hy sinh cL3 (B-30)
and
hx(at X = L3) =0 (B-31)

(4) The value of ¢ in equations B-27 through B-30 is as follows:

, 1
c = kfzb]_d (B-32)

(5) In order to sinplify the determnation of h, for various
values of x , the relationship between h,/h, and x/x; is plotted in
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figure B-8 for Ly =° and for various values of x5/ L; for both a
seepage block and an open seepage exit. Once x; , L, X3
and h, have been determned, the ratio h,/ h, can be obta| ned from

figure B-8 for any particular x/x; ; hy, can then be conputed from
h,/ h,
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Figure B-8. Ratio between head | andward of |evee and head
at | andside toe of |levee for |evees founded on sem pervious
top stratum underlain by a pervious substratum

(6) Values of h, and hy, resulting fromthe equations above are
actually hydrostatic heads at the mddle of the pervious substratum
where the ratio ki/ k, is less than 100 to 500, values of h, and h,
i medi ately beneath the top stratumwill be slightly Iess than those

conput ed because of the head |l oss resulting fromupward seepage through
the sand stratum
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APPENDI X C
DESI GN OF SEEPAGE BERMNS5
C 1. CGeneral. This appendix presents design factors, equations, cri-

teria, and examples of designing |andside seepage berms. A di scussion
of the four mgjor types of |andside seepage berns is presented in the
main text of this manual. The design equations presented are taken from
U S. Arny Engineer Waterways Experiment Station TM 3-424 (ref. A-3b(2)).
Design procedures are taken from TM 3-424 al so and from procedures de-
vel oped by the Lower Mssissippi Valley Division (ref. A-3b(3)).

C-2. Design Factors.

a. Seepage records, if available, should be studied to determne
the severity of the underseepage conditions during high water. A pro-
jection based upon these records of underseepage during high water to
the design flood should be made based on experience and judgnent.
Aerial photographs and borings should be used to eval uate geol ogi ¢ and
soil conditions. The location of drainage ditches and borrow pits
should be noted and considered in design. Additional borings should
be made where required to determine in situ soil and geol ogical data
needed for design.

b. The distance s fromthe |andside toe of the |levee to the point
of effective seepage entry is equal to the base width of the levee L,
plus the effective Iength of blanket x; on the riverside of the |evee.
The effective length of blanket x; can be determ ned by using bl anket
equations presented in Appendix B. The effect of riverside borrow pits
must be considered in determining x; . The thickness of the riverside
bl anket z,, should be the sane thickness as the blanket in the borrow
pit where a riverside borrow pit exists. The blanket equations assume
an infinite blanket length. However, this assunption may not be valid

if the river is close to the levee. |If the conputed value of x; is
greater than L, (distance fromriverside toe of levee to the river),
then x,; should equal L, . Distances to effective sources of seepage

effective lengths of riverside blankets, and vertical perneabilities of
riverside blanket materials at different sites along the M ssissipp
River at the crest of the 1950 high water period are given in table C1.
The val ues of x; are observed values adjusted to an assumed condition
of a riverside blanket of infinite length with the sane thickness as
that of the borrow pit. The adjustment was made by use of blanket equa-
tions presented in Appendix B to partially elimnate the effect of dif-
ferent top strata riverward of the borrow pits and different distances
between the levee and river at various sites.
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¢c. The thickness d and perneability k; of the pervious mate-
rials between the bottom of the blanket and the entrenched valley mnust
be determined before designing a seepage berm In Appendix B, para-
graph B-4c, methods are described to determine d and k;

d. The perneability ky; and effective thickness Z,, of the
| andsi de bl anket nust be determined before the seepage exit length X
can be computed. If the blanket is conposed of nobre than one stratum
and the vertical permeability of each stratumis known, the thickness
of each stratum of the blanket can be transformed into an equival ent
thi ckness of material having the same perneability as for one of the
strata. A procedure and exanple for transforming the actual thickness
of a stratified blanket into an effective thickness z,1 wth a uniform
vertical perneability is described in Appendix B, paragraph B-4b(2).
The critical thickness of the landside top stratum z, that should be
used to determine if uplift pressure is within safe linmts may or may not
be equal to z, for stratified layers. The procedure and exanples for
conputing z, for different conditions of soil stratification are also
presented in Appendix B, paragraph B-4b(2).

e. The seepage exit length x; can be calculated from equations
presented in Appendix B, paragraph B-4g. These equations are applicable
to conditions where the length of the landside blanket L; is either
infinite or finite

C-3. Design Equations and Criteria.

a. Design Equations. Equations for the design of |andside seepage
berns for the four major berm types are presented in figure CGIl. These
equations are valid when a landside blanket of infinite length exists.

A discussion of the four major |andside seepage bernms is presented in
paragraph 5-4.

b. Design Criteria.

(1) Where seepage berns overlay a |andside blanket (landside top
stratum) and the conputed head beneath the blanket at the |andside toe
of the levee is greater than 0.8 of the project design flow line, the
seepage berm shoul d be designed with an all owabl e upward gradient i,
t hrough the bl anket and bermat the | andside toe of the | evee of 0.3 and
an all owabl e upward gradient i, at the |andside toe of the berm of
0.8. Al berns should have m nimumthickness of 5 ft at the | evee toe,
a mninum thickness of 2 ft at the berm crown, and a mninmm w dth of
150 ft. The thickness of the berm should be increased 25 percent to
allow for shrinkage, foundation settlenents, and variations in design
factors.

C3
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Id——-————
b X
WITH BERM
o | (NITHOUT BERM
&

Notations
Cc= H’l h_ = head at landside toe of levee h = allowable head at toe Qb = flow intc berm per foot
.2, .4 ] - . N
751 of berm = i) 2, of levee
y! = submerged unit weight vithout berm = s = x3 X = required berm width s = distance from landside toe
of top stratun hé = head at landside toe of levee with t = required thickness of berm :Zml—evezrtz;”eit;:ir
yé = submerged unit weight berm at toe of levee ce rag Y
of berm i = allowable upward gradient at land- k, = vertical permeability of x3 = distance from land§1de toe
t of levee to effective
Yy, = unit weight of water side toe of levee berm N
w . source of seepage exit
H = total net head on i, = allowable upward gradient at toe F = fac?cr of safety against 4 = effective thickness of
levee of berm uplift at toe of levee :
pervious substratum
Formulas
Impervious Berm . :
5 = Pervicus Berm with
kt =0 Semipervious Berm, kt - l'Lbl Sand Berm Collector
=x (B 2 K 1 .
% =g (& ) s a+ff oz e ) 1+sc-h) X, =3 e e ) . n!
a X = a X = x3 logg r
sp 2¢c(2 + r) P ‘s
x, + X N 2+ r 2
PRy i T S By = 1+ exy # (S Eex,
‘o s +x, +X where: Hx
3 I h' = h = ——
, A =6+ 3sc(r +1) ¥! o o s+ x
B \ s ss h! - 2 —E 3
h0 N r = xo/ll R o} t FY" . y!
t= —— ' 2+ 2 t= 'R bl -z .z
1. Yt ho = ha 1+ Ccsp + ~z chp 14 p:' - FYV
Fy f v ; ¥,
w .- h!' - iczt 1+ —Tt
USE F > 1.5 T+ 1 B

o

X
k_Hd -
£ X
Q"o‘s"x L-e ’
3

Figure C-1. Design of |andside seepage berns on inpervious top stratum

(2) For conditions where the conputed upward gradient at the |and-
side toe of the levee is between 0.5 and 0.8 without a berm a bermwith
m ni num di nensi ons as specified in (1) above should be constructed.

Al so for conditions where the conputed gradient is less than 0.5, but
either severe seepage has been observed or seepage is expected to becomne
severe and soften the |andside portion of the |evee, the mnimm berm
should be constructed

(3) The width of the bermis usually limted to about 300 to
400 ft, although the design cal culations may indicate that a greater
bermwidth is required. Wen the selected width of the bermis less
than the cal cul ated width, using bermdesign equations of figure C1
the head h,) and bermthickness t at the levee toe will be |ess

C-4
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than for the conputed width. For the selected berm h, should be
reconmputed assunming an i; of 0.8 at the toe of the new bermand a
l'inear piezonetric grade line between the toe of the new bermand the
point of effective seepage entry. The design thickness of the selected
bermat the toe of the levee and the estimated seepage fl ow under the

| evee will be based on the value of h,’ corresponding to the selected
berm

(4) For conditions where no |andside blanket exists, the necessity
for a landside seepage bermw ||l be based on the exit gradient and seep-
age velocity as discussed in paragraph B-5b. The bermthickness at the
| andsi de toe should be of such magnitude that the upward gradient i,
does not exceed 0.3. The design thickness of the berm should be in-
creased by 25 percent to allow for shrinkage, foundation settlenents,
and variations in design factors. The head h,) beneath the berm at
the landside toe of the |levee can be determined from equation C 1.

n! = H(X + 0.43 D) — (C1)
x, + L+ X+ 0.43 D

In the above equation D is the transformed thickness of the pervi ous
stratum which is equal to d»/kh/kv > Ly

His the total net head on levee, X is the bermw dth, and x, is

the effective length of inpervious blanket riverside of the levee. If
no riverside blanket exists, the value of x, is assuned to be 0.43 D .
The rate of seepage Q below the Ievee per unit length of |evee can be

determined using equation C 2.

is the base width of the |evee,

kad
Q = — (G-2)
x, + L, + X + 0.43 D

In the equation above, k; 1is the permeability of the pervious sub-
stratum and d is the effective thickness of the pervious substratum
H, x3, Lo, X andD are as previously defined. If Q exceeds
200 gal per minute per 100 ft of levee, a riverside blanket should be
designed to reduce the seepage. Riverside blankets are discussed in
paragraph 5-3.

(5) The slope of berms should be generally 1V on 50H or steeper to

ensure drainage. If the bermis constructed after the |evee has caused
the foundation to consolidate fully, a slope of 1V on 75H can be used
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Wiere wide, thick berms are required, consideration may be given to
using a bermwith a broken surface slope to nore closely sinmulate the
theoretical thickness and consequently reduce the cost of the berm
Where this is done, the steeper riverward slope of the berm should be no
flatter than 1V on 75H and the | andward sl ope of the berm shoul d be no
flatter than 1V on 100H

C-4. Design Exanple. An exanple design problemwth solution is pre-
sented in table G2 illustrating the design of inpervious, sem pervious
sand, and free draining | andsi de seepage berns overlaying a thin |and-
side top stratum Each bermis designed for the same conditions using
the design equations and design criteria as presented in this appendix

Table C-2. Examples of Design of Seepage Berms

Designs based on following conditions:

H = 25 ft 2y =2, = 6.0 £t y' = 52,5 pef for impervious berms
kf = 1000 x 10_h em/sec io = 0.50 Y' = 57.5 pef for sand berm or pervious
berm with ccllector, F = 1.6
d = 100 ft 4, = 0.80 F = 1,6 for impervious berm
¥ =3 x lo_u cm/sec y' = 52.5 pef L, = o0
o1 3
s = 1000 ft xg = bso £t

Suggested Construction

Sugg?sted_Design Dimensions Approximated
—————amensions c o c Material
Reguired Berm Thickness Berm Approximate Thickness Berm Thickness R ired
Width s b &t Berm  Width Thickness at Berm  Width at 3 equire

X Thickness <} Crown X Berm Levee Toe Crown X Levee Toe yd~ per 100 ft
Type Berm ft t ft £t £t ft Siope ft It £t ft of Levee
Impervious 880 7.3 1k.2 2.0 800° 1o0n 75 2.7 2.5 800 15.9 28,600
L.9 10.6 2.0 Loo 1lon 75 7.3 2.5 Loo 9.1 9,100
Semipervious 280 3.8 8.6 2.0 275 1 on 75 5.7 2.5 275 7.1 5,200
sand 260 3.3 8.3 2.0 250 lon 75 5.3 2.5 250 6.6 4,500
Pervious with 215 2.9 T.7 2,0 200 1l on 75 L7 2.5 200 5.9 3.300f

collector

At toe of levee.

Head at toe of levee with berm, measured above surface of natural ground.

Thickness increased 25 percent for shrinkage, foundation settlements, and variations in design factors.

Calculations based on suggested construction dimensions.

Berm width considered longer than necessary. If boils developed LOO ft or farther landward of the toe of the levee, the
levee probably would not be endangered. Therefore, an alternate design for an impervious berm with a width of k00 ft

is also given.

Sand and gravel blankets and collector system are alsc required.

o 0o
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APPENDI X D
RELI EF WELL | NSTALLATI ON
D- 1. Gener al

a. Scope and Theory. The follow ng naterial provides guidance for
drilling personnel, design engineers, and inspectors responsible for
adherence to specifications and acceptance of conpleted installations.
Wlls are installed for a variety of purposes, including potable and
nonpot abl e water supply, dewatering, and pressure relief. Vile the
specifications for all types of wells are overlapping, the designed pur-
pose of the well dictates at |east part of the content of the specifica-
tions for the installation. This appendix is applicable to, and wll
treat only, permanent-type relief well installations. Hydrostatic pres-
sures build up within the foundations of dans and | evees and beneath
some structures not associated with the retention of surface water,
However , pressure relief wells are extremely conpatible with, and appli-
cable to, the protection of dams and |evees. The pressures within a
foundation can cause uplift and break-through, causing sand boils, |oss
of foundation materials, and ultimate |oss of structures. This water
must flow to relieve the pressures. Consequently, the whole purpose of
arelief well is to control the venting of these pressures to the sur-
face and prevent the loss of foundation materials. Because of fric-
tional resistance to flow through foundation materials, pressure dimn-
ishes with distance from the source. Therefore, areas of |ow resistance
to uplift and nearest the source are potentially dangerous. Figure DI
shows schematically the flow characteristics of water below a | evee in-
dicating that the point nost susceptible to sand boils is inmediately
adjacent to the landside toe

Figure D1 Flow characteristics at pressure relief well.

D1
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b. Description of Well. Wile the specific materials used in the
construction vary and the di mensions and methods of installation dif-
fer, relief wells are basically very simlar. They consist of a boring
to facilitate the installation; a screen or slotted pipe section to allow
entrance of groundwater; a filter to prevent entrance and ultimte |o0ss
of foundation material; a riser to conduct the water to the ground sur-
face; a check valve to allow escape of water and prevent backfl ooding
and entrance of foreign material detrimental to the installation; back-
fill to prevent recharge of the formation by surface water; a cover and
some type of barricade protection to prevent vandalismand danege to the
top of the well by nmintenance crews, |ivestock, etc. Figure 5-7 shows
a typical relief well installation. The boring is drilled |arge enough
to facilitate a mninumof 6-in. filter thickness continuously around
the screen. The boring is overdrilled in depth to receive segregated
filter material. The extent of overdrilling required i s dependent upon
the size of treme pipe used for filter placement and the total depth of
the well, but as shown in figure 5-7, a mininumof 4 ft is suggested
The backfill indicated as sand in figure 5-7 would nornally consist of
contam nated, segregated, or otherw se excess filter material. Its only
function is to fill the annular space around the riser pipe to prevent
col | apse of the boring; these granular materials are easily placed and
require a mninmum of conpaction. The backfill indicated as concrete in
figure 5-7 forms a seal to prevent inflow of surface water fromrains
and floods. The concrete backfill should contain an additive to prevent
or conpensate for shrinkage. Finely ground bentonite, commercially
available as a drilling fluid conponent, added at a rate of 10 Ib per
sack of cenent, has been proven to conpensate for shrinkage

c. Miterials for Wlls. Since pressure-relief wells are designed
and installed to protect the foundations of structures, selection of
materials for the well should be based on cost, performance, life ex-
pectancy, and ease of maintenance. |f possible, the life expectancy of
the well should be equal to or greater than the life expectancy of the
structure which it protects. Commercially available well screens and
riser pipes are fabricated froma variety of materials such as wood,
bl ack iron, galvanized iron, stainless steel, brass, bronze, concrete,
fiberglass, polyvinyl chloride (PVC), and other materials. How well a
material |asts depends upon its strength, resistance to damage by servic-
ing techniques, and resistance to attack by the chem cal constituents of
the water. Wbod has proven to be very stable in nost environnents in
well installations, as long as it is continuously submerged in water.
Stainless steel is apparently a very stable material in nost environ-
ments and has an advantage over wood, since a nore efficient screen can
be fabricated. Stainless steel screens made up on galvanized-iron pipe
or using galvanized-iron joints, are only slightly nmore durable than
gal vani zed screens and should be avoided in permanent installations.
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Fiberglass is a promsing material; however, its performance history is
relatively short. Brass and bronze are extrenely expensive and are not
conpletely stable in sone acid environnents. Porous concrete is diffi-
cult to install and is easily deteriorated by chemcal action. PVCis
al nost conpletely stable and easy to handle and install; however, it is
a relatively weak material and easily damaged. The life of iron screens
is extended by galvanizing, but neither can be considered pernanent.
Ferrous and nonferrous metals should never be placed in direct contact
with each other, such as the case of a brass screen and a steel riser;
the direct contact of these dissimlar netals causes an electrolysis
and a resultant deterioration of the material

d. Slot Type. A variety of slot types are available in the various
types of well screens. The wooden and PVC screens are linmted to open
slots of varying dimensions consisting of a series of saw cuts. Metal
and fiberglass screens can be open slots, |ouvered or otherw se shiel ded
slots, or "continuous slot." The "continuous slot" screens consist of
a skeleton of vertical rods wapped with a continuous spiral of wre.

The wire can be a variety of cross-sectional shapes. The trapezoidal -
shape wire provides a slot that is progressively larger toward the
inside of the screen. This shape allows any filter gravel that enters
the slot to fall into the well rather than clog the screen. The open-
type slots are advantageous in devel opnent of filter (paragraph D-3).
They al |l ow the successful use of a water jet, whereas, shielded slots
deflect the water jet and reduce or destroy its effectiveness in the
filter.

e. Dimensions. The size of the individual openings in a well
screen is dictated by the grain size within the foundation. The indi-
vidual slots should be as wide as possible, yet conpatible with a
single-stage filter fine enough to retain the foundation materials
(Appendix E). The anticipated maxi mum flow of the well dictates both
the minimumtotal open-slot area of the screen (the spacing and |ength
of slots) and the mninum dianmeter of the well. The dianeter must be
| arge enough to conduct the maxi mum anticipated flow to the ground sur-
face and facilitate testing and servicing of the well after installa-
tion. Head loss in the well should also be taken into consideration
in selecting a well diameter.

f. Filter. The filter should consist of natural material made up
of hard, durable particles. Crushed carbonate aggregates should be
avoi ded because they tend to break down and lose perneability. The
grain sizes should be reasonably well distributed over the specified
range, with no sizes mssing. The range of sizes is designed to neet
standard criteria, as described in Appendix E. It is often difficult
to purchase material that meets the required gradation and it becones
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necessary to have the materials specially blended. The special blends
are expensive and sonetinmes difficult to acquire, but essential to the
installation of acceptable permanent relief wells.

D 2. Installation of Relief Wells.

a. Ceneral. Proper installation of relief wells is the key to
their proper performance. Before installation is begun, all equipnent
and materials required for conpletion of the work should be on hand at
the site. The well screen and riser should be checked for proper nate-

rial, length, diameter, and slot openings. The filter nmaterial should
be checked against gradation specifications. Successful installation of
a well is often dependent upon orderly progression of each step; many

installations have been aborted because of delays.

b. Drilling. An open boring of sufficient size and depth is nec-
essary to facilitate the installation of a well. The diameter should
allow approximately 6 to 8 in. of annular space continuously around the
screen for an effective filter. An annular space less than 6 in. is not
accept abl e because insufficient roomexists to properly place the filter

material. The methods of providing an open boring in the ground are
nunerous. However, not all are acceptable for the installation of
permanent relief wells. Drilling methods considered acceptable are dis-

cussed in the follow ng paragraphs

¢c. Reverse Circulation Rotary. This method is considered to pro-
vi de the npst acceptable boring and, consequently, the nost efficient
well. This nethod should be used whenever possible for the installation
of permanent relief wells. Standard rotary drilling consists of rotat-
ing a cutter bit against the bottomof a boring, while a fluid is punped
down through the drill pipe to cool and lubricate the bit and return the
cuttings up the open hole to the ground surface. Reverse circulation
rotary is a simlar cutting process, except the drilling fluid is pulled
up through the drill pipe by vacuumand the drilling fluid reenters the
top of the open boring. Since the cross-sectional area of the boring is
many tinmes larger than that of the drill pipe, the slow downward vel oc-
ity of the fluid acting against the open boring does not erode the walls.
The drilling fluid consists of water and, unavoidably, a small anount of
the finer fraction of the natural nmaterial being drilled. The capacity
of adrilling fluid to carry the cuttings is directly proportional to
its velocity and/or viscosity. The reverse rotary nmethod generally em
ploys a low viscosity fluid (water plus a snall ampunt of soil) but a
high velocity is attained with the fluid returning up through the dril
pipe. The boring walls are stabilized by the excess hydrostatic head of
the colum of water in the boring which normally elimnates the need
for casing. Figure D-2 shows schematically the circulating system for
reverse-circulation rotary drilling.
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Figure D-2. Schematic diagram of circulatory system

(1) Equipnent. Reverse-circulation rotary drilling requires some-
what specialized equipment, nost of which is comercially available or

easily fabricated. Any rotary-type drill rig large enough to handle
the load of drill tools and having sufficient torque capability to
rotate the bit required can be adapted to this drilling nethod. As can

be noted in figure D-2, the drilling fluid punped fromthe boring is not
conducted through the punp. A high-pressure centrifugal punp is used to
circulate water through an eductor to create a vacuum on the drill pipe
Drill pipe and hoses should be of a constant inside dianmeter throughout
the systemto assure that material entering the system can be circul ated
conpletely through it. The cutter or drill bit can be fabricated by

| ocal welding shops. In alluvial deposits, a drag-type bit simlar to
the cutter head for a dredge is sufficient. However, roller-type cutters
are commercially available for use in consolidated deposits. The eductor
consists only of a pipe Y with a nozzle fitted into one end of the Y.
Optinmum circulation rate depends on the size of system However, once

it is acconplished, it is capable of subjecting the drill colum to about
28 in. mercury vacuum

(2) Problens.

(a) It is necessary to maintain an excess hydrostatic pressure on

D5



EM 1110-2-1913
31 Mar 78

the boring to stabilize the boring walls. This requires that the water
colum in the open boring be higher than the static water level in the
formation. In nost nmaterials, a mninmm excess head of 7 ft is required
and an even larger excess head is desirable. Wen the static water |eve
is very near the ground surface, it has been achieved by |owering the
water level with well points. If the pressure is derived from a deeper,
artesian source, it is necessary to lower the pressure in the aquifer
with deep wells. O course, extensive neasures to |ower the groundwater
may not be economically justified. |In such a case, one of the other
available drilling nethods could be used

(b) Since the formation in which a well is installed consists pre-
dominantly of granular material that is generally very perneable, the
| oss of water into the formation presents a problemduring drilling. A
| arge supply of water is necessary to maintain a conpletely filled, open
boring. A sunp should be dug near the hole and connected to it to pro-
vide a gravity flow of water. During the drilling, all cuttings brought
up through the drill pipe are deposited in the sunp, gradually reducing
the volune of available water. A sunmp three times the anticipated vol -
ume of the conpleted boring is adequate. An instantaneous |oss of water
resulting in loss of excess head can cause failure of the boring walls.
Oten, during loss of water, if the rotation of the drill bit is stopped
the water loss is greatly reduced. The boring must be kept full of water
until the well screen, riser, and filter are installed

(c) In standard-rotary drilling, the flow of drilling fluid can be
directed to the |leading edges of the drill bit. However, in reverse-
circulation rotary drilling this is not possible. Consequently, in
zones and l|ayers of cohesive materials the bit can becone cl ogged
greatly reducing its efficiency. |If the material is not too sticky,
shaking the bit by raising and lowering will clear it. In very sticky
materials, it is sometimes necessary to pull the drill string and cl ean
the bhit.

d. Bailing and Casing. In cases where reverse-circulation rotary
drilling is not successful, an equally acceptable method of drilling
consists of bailing a hole while driving a steel casing into the hole to
stabilize the boring walls. It does not inject deleterious materials
into the formation. Loose to medium dense, clean, granular materials
can be bailed economcally. |If the granular materials are overlain by
a cohesive overburden which does not yield easily to a bailer, it is
more econonmical to auger through the overburden.

(1) Equipnent. Adrill rigwith a wire line hoist is adaptable
to this nethod of well installation. It should be renmenbered that |arge
casi ng, heavy enough to be successfully driven, presents a sizeable |oad
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to be handled by the drill rig. As will be discussed in the follow ng
paragraph, the casing often presents difficulties. The casing should
be flush-joint, or welded-joint steel pipe which is smoth on both the
inside and outside surfaces. Two types of bailers commonly used are
shown in figure D-3. The bailer is operated on a wire line by |owering

MAALELMAATERTT NI NV UGANA WA N o

SAND PUMP
BAILER ASSEMBLY BAILER ASSEMBLY

Figure D-3. Bailer and sand punp assenblies.

D-7



EM 1110-2-1913
31 Mar 78

to the bottomof the boring and quickly jigging it a nunber of tines to
fill it.

(2) Problenms. This nmethod of drilling produces good results but
often presents problems in operations. Thin layers of cohesive materials
or cemented materials within the formation can preclude bailing. Driving
a casing requires heavy equipment. It is difficult to advance the cas-
ing in hard zones. The penetration is also retarded by friction of the
granular formation against the outside of the casing. After the casing
is set, the boring conpleted, and the well installed, the casing is
renmoved. Since weight of the casing and the friction of the formation
make it difficult to pull the casing, often upward driving nmust be used
The casing should be pulled as the filter material is placed to avoid
the friction of the filter material inside the casing. Casing may also
be used with rotary wash-boring methods.

e. Standard Rotary. A recently devel oped self-destructing, organic
drilling fluid additive has made standard-rotary drilling practicable
for relief well installation and has gained popularity in the well
drilling industry. No bentonite clays are used in the drilling fluid.
The standard-rotary drilling nethod is described in paragraph D-2c. The
self-destructing drilling fluid is marketed under the trade name
"Revert." The nane is derived fromthe action of the fluid which re-
verts to the viscosity of water, normally in about three days. The tine
to reverting can be speeded or retarded by the addition of different
chemicals. The potential |oss of a hole fromloss of drilling fluid
and the potential balling of clay in the drill bit are greatly reduced
by use of this method.

(1) Equipment. .A rotary-type drill rig of sufficient hoisting and

torque capacity is required. The cutter or drill bit can be either of
the drag or roller design. The drill pipe should be as |arge as prac-
ticable to increase the volume of fluid to the drill bit and, con-

sequently, increase the velocity of the fluid returning up the open hole.

(2) Problens. The reverting process of the drilling fluid |eaves
a small anount of sliny ash which, unavoidably, is mxed into the filter
material. However, a large percentage of this ash is renoved during
devel opment of the well. Testing to determine the extent of the detri-

nmental effects caused by this ash residue has not been sufficient to
properly evaluate the process for permanent relief wells.

f. Installation of Wll Screen and Riser Pipes. Once the boring
is completed and the tools withdrawn, the boring should be sounded to
assure an open hole to the proper depth. The well screen and riser
pi pe are fabricated at the factory in lengths varying from4 ft to
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approximately 30 ft. The bottomjoint of the well screen should be
fitted with a cap or plug to seal the bottom of the screen. The | engths
of screen are connected together as they are lowered into the hole. The
made-up | engths of riser and screen nust be deternmined if the bottom of
the screen is to be set accurately at the designed depth. The nethod of
connecting the lengths of screen and riser vary: metal screens and
risers have nechanical, bolted, or welded joints; plastic and fiberglass
screens have either nechanical or glued joints; wooden screens have
nmortise and tenon-type joints. Each joint should be nade up securely

to prevent separation of the well during installation and servicing
activities. Each joint should be kept as straight as possible to facil-
itate ease of servicing and testing. The screen section of the well
shoul d be centered in the boring to ensure a continuous filter around
the well screen. This can be acconplished by attaching centering
spiders to the outside of the screen. Cccasionally, during the drilling
of a well, a zone of fine silt will be encountered which could penetrate
the filter material. In these zones the screen should be replaced by a
solid pipe or blank screen to prevent contam nation of the well by in-
trusion of this material. Immediately after installation of the well
screen and riser, the total inside depth should be neasured to check

agai nst the accunul ated neasurenents during installation. The exact in-
side depth of the well nust be known to prevent damage during devel oprent
and servicing of the well. The equipnent required for installation of
the screen and riser depends upon the type of naterial fromwhich it is
fabricated, but consists primarily of hoisting equipnent

g. Filter Placenent. Caution in design, control of manufacture
and transport of filter materials to the job site can be conpletely

negated by inproper placement in the well. Acceptable construction of
permanent relief wells demands that the filter be placed without segre-
gation. If the filter consists of varying sizes, it tends to segregate

as it passes through water, with coarse particles falling faster than
fine particles. A treme has been used to successfully place filter
materi al without significant segregation. The tremie pipe is placed to
the bottom of the open boring and outside the well screen and riser pipe.
Once the treme pipe is conpletely filled with filter naterial, it is
kept full until filter placenent is conpleted. The first material placed
in the treme pipe falls free through the water and is segregated. For
this reason, the hole is drilled several feet deeper than the design

el evation of the bottomof the screen to be sure that the segregated
filter material is deposited below the bottom of the screen

(1) Equi pnent. The hoisting line on the drill rig can be used to
handle the treme pipe. The trem e pipe should consist of steel pipe
| arge enough to facilitate the placement of filter, yet small enough to
fit between the screen and the boring wall. For this purpose, 4-in.
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line pipe is satisfactory. For convenience it should be cut into short
pi eces approximately 5 ft in length. If the pipe is slotted to allow
free movenent of water, it aids in placenent of the filter. A sl
hopper attached to the top of the treme pipe facilitates the use of a
smal | end-loader to handle the filter material. A mechanical vibrator
attached to the trem e pipe aids considerably in the novenent of the
filter gravel through the pipe

(2) Operation. After the treme pipe is made up and the hopper
attached, the pipe and hopper are filled with filter naterial and the
treme pipe is raised off the bottom of the boring. Oten the material
does not flow freely and it is necessary to shake the trem e pipe by
raising and lowering slightly. A mechanical vibrator helps to keep the
material flowing. As the hopper runs lowon filter material, the treme
should be lowered enough to stop the flow.  After the hopper is re-
charged, the process is continued until the filter nmaterial is brought
up to a specified distance above the top of the well screen. The filter
material should stand above the top of the well screen several feet, de-
pendi ng upon the Iength of the well screen, to conpensate for settlenment

during devel opment of the well. To prevent segregation, care nust be
taken in the placenent to ensure that the treme pipe is continuously
full. Once a filter is placed with segregated zones, the well will

likely produce foundation sands beyond tolerable limts. Should this
occur, the well would have to be grouted and abandoned.

D-3. Devel opnent of Relief Wells.

a. General. Developnent of the well renmoves sone of the finer
fraction of the filter material close to the well screen and grades the
filter from coarse to fine away from the screen

b. Method. Several methods have been devised for the devel oprment
of wells. The effectiveness of the method depends on the inside diam
eter and type slots of the screen and the thickness and gradation of
the filter material

(1) Surging block. The use of surging block, consisting of a
heavy steel weight with a diameter slightly smaller than the well screen
is the nmost effective devel opnent nethod for screens that have |ouvered
or protected openings. The surging block is also effective in screens
that have open slots. It is operated on a wire line. The surging block
is lowered to the bottomand raised to the top of the well screen repeat-
edly with a speed of I-1/2 to 3 fps. The block acts as a piston pushing
the water out of the screen and through the filter on the downstroke.
During the upstroke of the block, water is drawn back through the filter
and into the well, bringing some of the finer fraction of the filter
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with it. The surging shoul d be stopped at regular intervals and the
depth of sand inside the well screen sounded to deterni ne how nuch nate-
rial has been brought into the well. \When the material inside the well
amounts to 1 ft or nore, it should be bailed out to allow continued
devel opment of the |lower part of the filter.

(2) Water jet. A water jet is very effective in devel oping
filters around continuous slot-type, wre-wapped screens. The water
j et equipnent consists of small nozzles at the end of a pipe and can be
fabricated in local welding shops. The nozzles are directed toward the
screen slots. After the jet tipis |lowered into the screen, water is
punmped down and out through the nozzles at a high velocity. The size
and nunber of nozzles must be consistent with the size and | ength of the
pi pe through which the water is punped to ensure a high-pressure and
hi gh-velocity jetting action. This action requires a high-pressure,
relatively high-volune water punp. Normally, devel opment with a water
jet is started at the bottom of the screen. Jetting is acconplished at
one place for a fixed period of time. The jet is raised approximtely
0.5 ft, rotated slightly, and jetting is continued for another fixed
period of time. This process is continued until the entire well screen
has been jetted. Jetting can be repeated a number of times to obtain
the optinmum anount of devel opment of the well.

(3) Conpressed air. A low ng conpressed air to escape near the
bottom of the well screen results in a surging action through the well
and filter. This nmethod is best suited for a well with relatively thin
filter thickness and an open-slot screen. The equi pment consists of a
conpressor (approxi mately 200-cfs capacity) connected to a snall
(1/2-in.) pipe extended to the bottom of the well. The advantage of
using conpressed air in this way is that it can be continued unattended
over long periods of time and cannot damage the well.

(4) Punping. Punping should be acconplished at a sufficient rate
to produce drawdown in the well to near the top of the screen. The
wat er passing fromthe formation through the filter into the well re-

nmoves part of the finer fraction of the filter material. The punping
equi pment required depends on the size, yield, and anticipated drawdown
in the well. Punping, continued over a long period of time, is a rea-

sonably effective method of well developnent. One of the mgjor disad-
vantages of this nmethod is that granular material brought into the well
will pass through the punp.

c. Regardless of the nethod of developnent, a properly devel oped
well will not produce an appreciabl e anount of sand, and entrance | osses
through the filter will be reduced to an absolute nmininum In each of
t he methods di scussed above, the actual anmount of devel opment nust be
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recorded: the length, diameter, speed, and number of cycles of a surg-
ing block; the volume, pressure, and diameter of water jets; the rate

of pumping and length of time punped; conpressed air pressure and |ength
of time enployed. In addition, the amount of filter and foundation nate-
rials brought into the well and bailed out should be recorded. Upon
conpletion of the devel opment of the well, all material infiltrated into
the well should be bailed out. It is not always possible to know when

a well is properly developed, until it is tested and observations such
as drawdown, flow, and infiltration of sand are obtained. Often, it is
necessary to resunme devel opment procedures after initial testing of the
wel | has indicated a less than satisfactory efficiency. A permanent
relief well that continues to produce sand in excess of the specified
tolerance (on the order of 2 pt per hr) is not acceptable.

D-4. Testing of Relief Wells.

a. Ceneral. Performance of relief wells is deternined by punping
tests. The punping test is used prinarily to deternine the specific
yield of the well and the amount of sand infiltration produced by the
pumping. The information fromthis test will not only determne the
acceptability of the well, but will also be the basis for eval uating
any changes in performance or loss of efficiency with tine. The results
of this punping test nmust be nade a part of the permanent record con-
cerning the well.

b. Equipment. The equi pment required for a punping test consists
of a punp of adequate size to achieve a substantial drawdown. |If the
water level in the well is near enough to the ground surface and the
specific yield of the well is high enough to produce a substantial flow
(300 gpm) with a small drawdown, a centrifugal punp nmay be used. If the
water level in the well is nore than about 18 to 20 ft bel ow ground
surface, a deep-well pump will be required to affect substantial draw
down. A flow neter is required to nmeasure the punmping rate. A flat-
bott om soundi ng device and a steel tape are required to determne the
amount of sand infiltration deposited in the bottom of the well. A
suitably baffled stilling basin is used to deternine the anount of sand
in the effluent. A sounding device suitable for determining the depth
to the top of water is needed to find the exact drawdown in the well. A
well flow nmeter is desirable to measure the anount of flow at various
depths within the well to define flow from various zones.

¢c. Punping. The well nust be punped to obtain a specified draw
down or flow rate. Drawdown neasurements in the well should be nade to
the nearest 0.01 ft and recorded with the flow rate at 15-mn intervals
throughout the duration of the tests. Sufficient sand infiltration
determnations are necessary to establish an infiltration rate for each
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hour of the pumping test. The length of time that the punping test nust
be continued is normally specified for the particular project.

d. Records. Permanent records of the installation, devel opnment,
and testing of a permanent relief well nust be kept for evaluation of
future testing. To nonitor the efficiency and performance of the in-
stallation, the record nust include identification of the well, method
of drilling, type and size of well screen, and slot size. The filter
shoul d be defined as to type, depth, and thickness. Elevation of the
top of the well and the ground surface should be recorded. An abbre-
viated log of the boring should be included to define the depth to
granul ar material, the thickness of that material, and the percent pene-
tration of the well. Devel opnent data should include the nethod of
devel opnent, the amount of effort expended in devel opnent, and the
amount of material pulled into the well during devel opnent. The punping
test data should include the rate of punping, the anount of drawdown,
the length of time the punping test was conducted, and the amount of
sand infiltration during punping. Forns should be filled in conpletely
at the time each operation is conpleted and any additional observations
should be recorded in a "remarks" section.
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APPENI DX E
FI LTER DESI GN

E-1. A filter material must neet two basic requirements: (a) The
filter material nust be fine enough to prevent infiltration of the mate-
rial from which drainage is occurring, and (b) the filter material nust
be much nore perneable than the material being drained. These require-
ments are referred to as the "stability" and "pernmeability" criteria
respectively. Through the years criteria have evolved from | aboratory
tests and field experience that allow the designer to confidently design
in nost instances a filter material that will meet the two basic require-
ments. \Were it is not possible to meet the criteria given in the

foll owing paragraphs, the design nust be based on carefully controlled

| aboratory filtration tests.

E-2. To prevent infiltration of the material being drained into the
filter material, the follow ng conditions should be net:

Stability

15 percent size of filter materia

85 percent size of material being drai ned = > (E-1)
and
50 percent size of filter material
50 percent size of material being drained =25 (E-2)

To assure the filter material is nuch nore perneable than the materia
being drained, the follow ng condition should be net:

Perneability

15 percent size of filter material > 5 (E-3)
15 percent size of material being drained -—

The perneability of a soil is approxinately proportional to the square
of its 15 percent size. Therefore, the criterion given by equation E-3
assures the permeability of the filter material is at |east 25 tines the
permeability of the material being drained. Nornally, such differences
in perneability allow water to drain freely into the filter and then
safely discharge into a ditch or sone other type of collector system
However, where the inflow of seepage is great, hydraulic gradients
available for renmoving the water are small, and areas for discharging
the flow fromthe filter are limted (or any one or conbination of these
factors exist), the water-renoving capacity of the system shoul d be
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analyzed. This generally requires estimating the quantity of seepage
and then determning the required thickness and permeability of filter
material from flow net analyses.

E-3. The previously given filter criteria are applicable for all soils
with gradation curves approximtely parallel except for CL or CH soils.
Where the gradation curves are not approxinmately parallel, the filter
design should be based on filtration tests. For CL and CH soils without
sand or silt partings, the 15 percent size of the filter in equation E-
may be as great as 0.4 mm and equation E-2 may be disregarded. However,
if the drained material should contain partings or strata of uniform
nonplastic fine sand and silt sizes, the filter nust be designed to neet
the stability and perneability criteria

E-4. The following criteria are allicable for preventing infiltration
of filter material into perforated pipe, screens, etc.

Ci rcul ar openi ngs

50 percent size of filter naterial

hol e di aneter z 1.0 (E-4)
Sl otted openings
50 percent size of filter nmaterial
sTot width z 1.2 (E-5)

In many instances a filter naterial neeting the criteria given by equa-
tions E-1 through E-3 relative to the material being drained is too

fine to neet the criteria given by equations E-4 and E-5. In these
instances nultilayered or "graded" filters are required. 1In a graded
filter each layer nmeets the requirenents given by equations E-1 through
E-3 with respect to the previous layer with the final |ayer also nmeeting
the requirenents given by equation E-4 or E-5 when a collector pipeis
used. Gaded filter systens may al so be needed when transitioning from
fine to coarse materials in a zoned enmbankment or where coarse nateria
is required for inproving the water-carrying capacity of the system

E-5. The preceding criteria cannot, in nost instances, be applied
directly to protect severely gap- or skip-graded soils. In a gap-graded
soil such as that shown in figure E-I, the coarse nmaterial sinply floats
in the matrix of fines. Consequently, the scattered coarse particles
will not deter the mgration of fines as they do in a well-graded nate-

rial. For such gap-graded soils, the filter should be designed to pro-
tect the fine matrix rather than the total range of particle sizes.
This is illustrated in figure E-1. The 85 percent size of the tota

sanmple is 5.2 nm Considering only the matrix material, the 85 percent

E-2
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Figure E-1. Analysis of gap-graded material

size would be 0.1 mmresulting in a nuch finer filter material being
required. This procedure may al so be followed in some instances where
the material being drained has a very w de range of particle sizes (e.g.
materials graded from coarse gravels to significant percentages of silt
or clay). For nmajor structures such a design should be checked wth
filtration tests

E-6. A gap-graded filter material nust never be specified or allowed
since it will consist of either the coarse particles floating in the
finer material or the fine material having no stability within the voids
produced by the coarse material. In the former case the material may
not be perneable enough to provide adequate drainage. The latter case
is particularly dangerous since piping of the protected naterial can
easily occur through the relatively large, loosely filled voids provided
by the coarse material

E-7. The designer should specify that the filter material nust not be-
come segregated or contaminated prior to, during, and after installation
Segregation results in zones of material too fine to neet the pernea-
bility requirements and other zones too coarse to nmeet the stability
requirements.  Contamination of the filter material from nuddy water,
dust, etc., can clog the voids in the material rendering the drainage
system useless. In the event the filter material becomes segregated or

E-3
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contaminated, it should be renmoved and replaced with acceptable material

E-8. Seldom if ever, is a single gradation curve representative of a
given material. A material is generally represented by a gradati on band
whi ch enconpasses all the individual gradation curves. Likew se, the
required gradation for the filter material is also given as a band. The
design of a graded filter which shows the application of the filter

criteria where the gradations are represented by bands is illustrated in
figure E-2. Tests on the soil being drained indicate it varies froma
CL to a CH naterial. Therefore, the criterion that the 15 percent size
U.S. STANOARD SIEVE OPENING IN INCHES U. S STANDARD SIEVE NUMBERS HYOROMETER
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Figure E-2. Illustration of the design of a graded filter.

of the filter material cannot exceed 0.4 mmapplies and point ais
established in figure E-2. Filter naterial graded within a band such
as that shown for Filter Material Ain figure E-2 is acceptabl e based
on the stability criteria. (The fine limt of the band was arbitrarily
draw-n and in this exanple is intended to represent the gradation of a
readily available material.) A check is then made to assure the 15 per-
cent size of the fine limt of the filter material band (point b) is
equal to or greater than 5 tinmes the 15 percent size of the coarse
l[imt of the drained material band (point c). Filter Material A neets
both the stability and perneability requirenents and is a suitable
filter material for protecting the drained material.
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E-9. Although Filter Material A neets the filter criteria with respect
to the material being drained, it does not neet the criteria with
respect to the circular openings (1/4 in.) in the collector pipe and
consequently a graded filter is required. The second filter material
nmust neet the criteria given by equations E-1 through E-3 with respect
to Filter Material A For stability, the 15 percent size of the coarse
l[imt of the gradation band for the second filter (point d) cannot be
greater than 5 times the 85 percent size of the fine limt of the grada-
tion band for Filter Material A (point e). For perneability, the 15 per-
cent size of the fine limt (point f) nmust be at least 5 tinmes greater
than the 15 percent size of the coarse limt for Filter Material A
(point a). Wth points d and f established, the fine and coarse limts
for Filter Material B may be established by drawi ng curves through the
poi nts approxi mately parallel to the respective limts for Filter Mate-
rial A A check is then nade to assure the 50 percent size of the
coarse limt for Filter Material B (point g) is no greater than 25 times
the 50 percent size of the fine limt of Filter Material A (point h)
Filter Material B is also coarse enough to prevent infiltration into the
pi pe since the 50 percent size of the fine limt is equal to or greater
than the 1/8-in. opening of the pipe perforation.

E-10. Figure E-2 is intended to show only the principles of filter
design. A two-layer filter systemis normally all that is ever required.
The cost of a three-layer system woul d be excessive and shoul d be avoi ded
if at all possible.
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APPENDI X F
NOTATI ON
The synmbols that follow are used throughout this manual and correspond

wher ever possible to those recomrended by the American Society of Civi
Engi neers.

Symbol Term
c Cohesion per unit areaj; a constant for natural top stratum
where c¢ = kf::d
e! Effective cohesion in terms of effective stress
c, Coefficient of consolidation
CC Compression index
Ca Coefficient of secondary compression
d Effective thickness of pervious substratum
e Void ratio
Ft Transformation factor for permeability
ho Excess hydrostatic head
hé Hydrostafic head beneath landside toe of levee
hx Hydrostatic head beneath top stratum
H Net head
iC Critical gradient for landside top stratum
il Upward gradient at landside toe of berm

Upward gradient at landside toe of levee
Coefficient of permeability

Coefficient of permeability (top stratum)

o wol

Average horizontal coefficient of permeability

= .}

Coefficient of permeability (vertical)
Permeability of landside stratum

Permeability of riverside stratum

t“O'FEFWW

r
1 Distance from riverside levee toe to river
L2 Base width of levee and berm

F-1
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Symbol Term
L3 Length of top stratum landward of levee toe
a Slope of hydraulic grade line
Q Shear test for specimen tested at constant water content
(unconsolidated-undrained)
QS Total amount of seepage passing beneath levee
R Shear test for specimen consolidated and then sheared at
constant water content (consolidated-undrained)
S (a) distance from the landside toe of the levee to the point
of effective seepage entry
(b) shear test for specimen consolidated and sheared without
restriction of change in water content (consolidated-drained)
xl Effective length of riverside blanket
x3 Distance from landside levee toe to effective seepage exit
Zp Effective thickness of stratum
zt Transformed thickness of top stratum
2y Effective thickness of landside top stratum
zbr Effective thickness of riverside top stratum
zbt Effective thickness of top stratum
Yi Wet unit weight of soil
Yo Unit weight of water
Y! Submerged or buoyant unit weight of soil
¢! Angle of internal friction based on effective stresses
@ Shape factor to generalized cross section of the levee

and foundation

F-2
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8-13d 8- 16
Figure 8-5 8-17
I Y oL R I I I 8-11 8-14
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B- 5e B- 16

Figure G1 C4
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Material S----------cmm e D-lc D2
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3-9 3-11
Figure 3-5 3-13
Determination Of-------------mommmi - 2-14 2-11
Horizontal -------------cc i B- 4c B-7
Inclined drai nage, layer of ---------mommommn 5-10 5-13
5-11 5-14
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