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Figures and Tables

Figures

Figure 1-1. Schematic demonstrating the manner in which a properly designed filter

prevents the movement of base soils by seepage forces at the discharge face. The filter

supports the discharge face with closely spaced contact points as compaction melds the

two zones together such that bridging between the contact points prevents any

movement of base soil particles into the filter. At the same time, the filter is sufficiently

coarse to allow seepage water 10 €SCAPE FIEEIY. ..ouivurirricerrrirrerrert e 8

Figure 1-2. Eroding soil in the crack is caught at the filter face, stopping flow in the crack.
High gradients cause hydraulic fracturing from the crack to the adjacent filter. .......ccovveercerercecernenene 9

Figure 1-3. Eroding soil from a crack has been caught at the filter face, and hydraulic
fracturing from high gradients between water in the crack and the adjacent filter has
caused some widening of the filter cake near the Crack. ... sesesesaes 9

Figure 1-4. Eroding soil from the crack has been caught at the filter face, and hydraulic
fracturing from the high gradients between water in the crack and the adjacent filter has
caused further widening of the filter cake until the gradient is reduced. The filter cake
having a very low permeability covers the width of the crack and some distance on each
side of the crack. The remaining filter is open for collecting seepage flow through the

pores Of the SOIl DETWEEN CraCKS. ....vviviirereerererirertsese st sas s s s sse e ns 10
Figure 2-1. Simple cross section showing a chimney used in @ Nnew dam. .......ccoceeeveeereccrscerereeennes 19
Figure 2-2. Simple cross section showing a chimney added to an existing dam. ......cccccoveeeeeceererenee 19
Figure 2-3. Typical embankment dam design elements found in a central core design. ........c......... 20

Figure 2-4. Multiple zone chimney filter being constructed in zoned dam by concurrent
METNOA O CONSTIUCTION. ..ttt st sttt p e 24

Figure 2-5. Embankment dam breached after piping along the conduit. The view is
upstream. Note pre-cast concrete pipe placed on a concrete cradle and the use of
seepage collars (Photo Credit NRCS). ..o icierererireriressesseresesessesessesessssesassesssssssssssssssssssssssssssssssssssses 28

Figure 2-6. Filter protection used in the embankment section as it abuts the concrete
SECtioN Of @ COMPOSITE HAM. .eeveirereetrerte et a e e e s ee s e ae e ean e s e e e e snnnaen 30

Figure 2-7. Filter and drainage zones to provide pressure relief and drainage of backfill
next to training wall for a spillway chute. One individual is standing on top of the sand
layer (Photo courtesy 0f NRCS, TEXAS). ....cuuerrrerrerererierersersesseresssssesssssesessessessessesssssesssssssessessesssssesasssessens 31

Figure 2-8. Pressure washing joints and fractures in bedrock prior to dental grouting and
covering with blanket drain under downstream shell of dam. (Photo courtesy of NRCS.) ................ 32

Figure 2-9. Fine filter being placed on the bedrock surface under the downstream shell of
an embankment. View is toward downstream toe. Conduit is on the right of photograph.
Exposed bedrock not yet covered is in background behind excavator. (Photo courtesy of

NN { O T Y= o =0 - T 33
Figure 2-10. Gravel blanket drain being placed over fine filter shown in Figure 2-9. (Photo
Lo o TN () o H A LR (O T AN F= o = T = ) RS 34

Figure 2-11. Fine filter placed over gravel blanket drain shown in Figure 2-10. (Photo
COUrtESY Of NRCS, AlADAMA.) ..cucciieeeerererirerereetreeseres st s se s et rae e eas e s e e sa s e s sse e sas e ess e sasssnsssnsesassessnnsennanns 34
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Figure 2-12. Typical one-stage (left) and two-stage (right) toe drains in a trapezoidal
L= oo o 1RSSR 35

Figure 2-13. Rectangular cross section foundation trench drain with gravel filter
surrounding perforated collector pipe and fine sand filter in primary part of drain. Boxes
are contractor’s ingenious idea of placing the coarse filter around the pipe. By closing the
top of the box, fine drain fill can be placed and kept separated from the coarse drain

Figure 2-14. Trapezoidal foundation trench drain at toe of embankment. Coarse inner
filter surrounds perforated PVC collector pipe and fine filter provides filter compatibility
AL T (18 a0 F= o TE=T0 1S 38

Figure 2-15. 1950s era concrete pipe used as a toe drain. Water enters the pipe through

a gap left in the bell and spigot joints. A “Y” junction is shown with two laterals that

connect to a trunk line shown on the right side of the photo. Since connectors were not
manufactured for this configuration, intact pieces of pipe were broken and the pieces

used to stack together, making a protective cap for the junction. This junction was

exposed during excavation for a toe drain replacemMeENt......cccccceereerercerrerere s e saeesanaens 39

Figure 2-16. Clay tile pipe surrounded by gravel-size material. Note mechanical pencil for

scale. Surrounding the gravel is a mixture of silt and sand backfill that does not meet filter

criteria for the gravel. Seepage enters the pipe through joints between pipe segments.

The silt and sand can erode through the gravel backfill and enter the pipe through the

JOINES ettt ee et e e et et e e et e st eaesae s et et eae et e s e eReeae A e ae e e e eReeReeaeeReRenteteseeaeeaeeaeeaetetententeaeeneeaensennenean 43

Figure 2-17. Interior view of a reinforced concrete pipe from the 1950s. Note that the pipe
is overstressed, and cracks have formed at the crown and spring line. The pipe has also
deformed to an oval shape. In the foreground, a joint can be seen and sand that passed

TNIOUEIN TNE JOINT. <.ttt e e bt 44
Figure 2-18. Clay tile pipe from 1916 as it was exposed during excavation. Note that the
pipe was completely clogged with Silt aNd SANG. ..o 44

Figure 2-19. During modification of a dam, this toe drain pipe was exposed during

excavation. The pipe was completely clogged with the root ball shown in the foreground. It

was noted that a tree was growing over the toe drain, and the drain was probably the

water source in this arid region of CENtral OrEEON. .......ccccceeererereerercrtrrre et 45

Figure 3-1. Typical filter addition around a conduit near the centerline of a dam
LT a1 E=T =LY ] o PP

Figure 3-2. Typical filter addition around a conduit near the downstream toe of a dam. .................. 51

Figure 3-3. Cross section of a base soil covered by a geotextile that is then covered by

coarse gravel. Due to the voids in the gravel, the geotextile can “flex” into these voids,

resulting in the loss of positive pressure on the base soil discharge face. Base soil

particles can then detach and Clog the EOtEXTIIE. ... errrrerrereree s 56

Figure 4-1. This sketch illustrates how a filter seal develops as eroded particles are
carried from the sides of a crack in the base soil to the filter face. Eroded particles
accumulate and create a filter seal that effectively blocks further flow and subsequent

particle movement (after Sherard, 1984). ... ettt eas e e s sas e sae e ees 60
FIgure 4-2. NEF TEST QPPAIatUS. .....coereeerererirertre sttt se et st s st st as e s se e e nnas 62
Figure 4-3. CEF €St @PPAratus......ccccceecrererererirsserescresesessesessssessssessssessssssssssssssssssssssssssssnsssssssssssssssses 63

Figure 4-4. Figure 8-3 from USACE Engineering Manual EM 1110-2-1901. The figure
illustrates the VauBNaN TEST......co e s s nn s 71
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Figure 4-5. lllustration of relatively poor self-healing behavior. The sample does not
collapse well after 50% submersion. The test sequence begins at the lower right photo

and progresses counter-clockwise, ending in the lower left photo. .......ccccveeeercerrceerescre e 72
Figure 4-6. lllustration of relatively good self-healing behavior. The sample collapses

relatively qUICKIY @s it iS SUDMEISEA. ...ttt s 73
Figure 5-1. Example showing computational re-grading to the No. 4 sieve Size......c.ccovveveecrererennee 79

Figure 5-2. lllustration of an incorrectly designed filter gradation (blue line) because the
base soil gradation (red line) was not computationally re-graded to the No. 4 sieve size................. 80

Figure 5-3. lllustration of the original base soil material as shown in Figure 5-2 after
computational re-grading (red line). Re-grading results in a correctly sized (slightly finer-

grained) fILEN (DIUE TINE). wueereierirerererirerer ettt ettt ne st 81
Figure 5-4. Flowchart Of the STEP 2 PrOCESS. ...ceicerrvirerierirererssesssesese st sese s s sesssssses 83
Figure 5-5. lllustrative re-graded Dase SOil CUIVE. ... et se s s sne e s 87
Figure 5-6. Initial control points (A and B) for designing the filter.......cuvvrvrnirncenresrsresreseseennes 89
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Figure 5-9. The filter design process is completed when a candidate material is evaluated

and selected to function as an optimum first-Stage filter. ..o 94
Figure 5-10. Parapet wall cross-section with location of Zone 5 filter and aggregate base

COUISE TOI PAVING, .ttt sttt e et e b e R e et ee e s e ae e et ee s nneneas 95
Figure 5-11. Existing embankment dam core gradations before re-grading, ........ccecvveeereecrerrererenennes 96
Figure 5-12. Existing embankment dam core gradations after re-grading, .........cceceeeceererresencrererennns 97
Figure 5-13. Filter control points for INTErface L. ... 98
Figure 5-14. Gradation for C33 “concrete sand” plotted with the filter control points for

1Y (= 7= TSI RSSO STR SRS 100
Figure 5-15. Gradation for C33 “concrete sand” plotted with the filter control points for

Interface 1 from ARErNate METNOM. ......ccouieeirerircccre et a e 101
Figure 5-16. Gradation for ASTM D448 No. 467 plotted with the filter control points for

1) (= 0 7= T 2O 102
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Figure 5-18. Gradation for ATSM D448 No. 467 material plotted with modified control
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Figure 6-1. Horizontal piping gradient versus coefficient of uniformity. ....

Figure 6-2. Definition of filter width @and thiCKNESS......cccovrrieercrrr e
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= G T2 =SS PO 113
Figure 6-4. “Christmas tree” effect in a sloping chimney filter. (Photo courtesy of URS
L0700 T 1RSSR 115

Figure 6-5. The illustration on the left shows idealized spheres of two sizes and resulting

void space between the spheres. For the illustration on the right, three larger spheres

(red) are overlain on the original illustration. This demonstrates how the larger spheres

will replace once available void space, highlighted in DIUE. ......covcereerrie e 118
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Figure 6-6. Open work present in the right abutment foundation of Ochoco Dam. The
abutment consists Of IaNASIIAE AEDIIS. ..o sr e anaens 119

Figure 6-7. Exposed moraine cross section showing till overlying glacial outwash. Such
exposures provide an opportunity to obtain geologic information without an expensive
LS ][o) 2= 14 o] TN o o7~ =1 o RS SRSR 121

Figure 6-8. Exploration trench excavation SEQUENCE. ......cvcvriverireressenere s se s sessessssssesssnes 122

Figure 6-9. Exploratory trench excavated at a potential borrow area. During the
excavation, the boulder-size material was set aside to better characterize the deposit................. 123

Figure 6-10. Exposed vertical trench face indicating the stratigraphy of a potential borrow
area. This type of exposure provides a level of information not available by exploratory

o 1117 g ¥ =SSPV 124
Figure 7-1. Steps in maintaining impervious core one lift ahead of a chimney. ......cccccvvverrcerennee. 134
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Introduction

Filters in embankment dams are composed of specifically-designed enti-
ties (zones) of coarser-grained soils placed at specifically-targeted loca-
tions within or adjacent to the dam structure. Filters are designed and
constructed to achieve specific goals such as preventing internal soil move-
ment and controlling drainage, and are typically installed during new dam
construction. Filters have also been added to existing dams to meet spe-
cific requirements.

This document provides procedures and guidance for best practices con-
cerning embankment dam filter design and construction, and represents
an effort to collect and disseminate current information and experience
having a technical consensus. Currently available information was
reviewed, and when detailed documentation existed, it was cited to avoid
duplicating available materials. The authors have strived not to reproduce
information that was readily accessible in the public domain and
attempted to condense and summarize the vast body of existing informa-
tion, provide a clear and concise synopsis of this information, and present
a recommended course of action.

The authors acknowledge that there are variations in the procedures and
standards for filter design and construction. They focused on what they
judged to be the “best practice” and included that judgment in this docu-
ment. Therefore, this document may be different than some of the various
participating agencies’ own policies.

This document is intended for use by personnel familiar with embankment
dams, such as designers, inspectors, construction oversight personnel, and
dam safety engineers. The users of this document are cautioned that sound
engineering judgment should always be applied when using references.
The authors have strived to avoid referencing any material that is consid-
ered outdated for use in modern designs. However, the user should be
aware that certain portions of references cited may have become outdated
in regards to design and construction aspects and/or philosophies. While
these references still may contain valuable information, users should not
automatically assume that the entire reference is suitable for design and
construction purposes.
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If filters are not designed and constructed correctly, embankment dams
will have an increased probability of failure, which endangers the public.
The particular design requirements and site conditions of each embank-
ment dam are unique, and as such, no single publication can cover all of
the requirements and conditions that can be encountered during design
and construction. Therefore, it is critically important that embankment
dam filters be designed by engineers experienced with all aspects of the
design and construction of embankment dams.

Terminology

Through the decades, a number of terms have been used in association
with dams and filters. Some, due to their historical context, may be con-
fusing. This section will present some of the terminology and describe the
nomenclature used throughout this manual. The Glossary at the end of
this manual is also explanatory.

Dam hazard classification

Embankment dams, regardless of their size, create a hazard potential from
the stored energy of the water they impound. Examples, such as Kelley
Barnes Dam, which failed suddenly in 1977, show the destructive power of
water when it is released suddenly from behind even a small embankment
dam. This embankment dam was less than about 40 ft high and about
400 ft long, but when it failed, it released water downstream at an esti-
mated flow rate of over 24,000 cubic feet per second, killing 39 people.

The hazard potential of an embankment dam is based on the consequences
of failure rather than its structural integrity, and the hazard potential clas-
sification does not address the condition of the dam (i.e., safety, structural
integrity, or flood routing capacity). Hazard potential classifications are
assigned based on the dam’s potential for causing downstream damage but
say nothing about the safety or condition of the structure. An embankment
dam might be classified as having a low hazard potential based on the low
impact that a failure would have on the downstream area but yet have a
high probability of failure if it were in very poor condition.

The three hazard potential classification levels used in this document are
low, significant, and high as defined in FEMA 333:
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e Low hazard potential—Embankment dams assigned the low hazard
potential classification are those in which failure or mis-operation
results in no probable loss of human life and low economic and/or
environmental losses. Losses are principally limited to the owner’s
property.

e Significant hazard potential—Embankment dams assigned the sig-
nificant hazard potential classification are dams in which failure or
mis-operation does not result in loss of human life but can sustain
economic or environmental damage as well as many other types of
property and infrastructure damage. Significant hazard potential clas-
sification dams are often located in predominantly rural or agricultural
areas, but could be located in areas with population and significant
infrastructure.

e High hazard potential—-Embankment dams assigned the high hazard
potential classification are those in which failure or mis-operation will
probably cause loss of human life.

Often, low hazard embankment dams are small structures (height or reser-
voir volume). The term “small embankment dam” does not have a single
widely accepted definition. Some regulations may consider a 25-ft-high
embankment dam to be the largest dam in the small dam category, and
others may consider this to be the smallest dam in the large dam category.
For example, the International Commission on Large Dams (ICOLD 1994)
defines large embankment dams as being more than about 50 ft high. The
guidance in this document is considered to be technically valid without
regard to either the physical size or hazard potential classification of an
embankment dam.

Filter versus drain

Historically, the terms filter and drain have held different meanings by
different authors, and their use as both nouns and verbs has led to some
confusion. Filter material, when designed using the guidance in this man-
ual, provides both particle retention and drainage in embankment dams.
Therefore, a single material can retain or filter particle movement from a
base soil and have sufficient permeability to act as a drain. Since the
designed material performs both function s, the terms have become inter-
changeable, especially in relation to where the material is used in the
embankment cross section. This has led to some authors using the word
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drain for a filter and vice versa. Others have chosen to combine the terms
into filter/drain, filter-drain, and filter and drain.

Typically, the distinction between these terms can be made based on the
stage (sequential pattern or interval). As described in the manual, a first-
stage filter protects the base soil (core), and its primary function is particle
retention. In many instances, a second-stage material will also be used,
and its primary function is to provide drainage. While both materials meet
particle retention and drainage criteria, the emphasis of the first stage is
on particle retention, and the emphasis of the second stage is on drainage.
In accordance with this philosophy, this manual will use the term filter in
the context of embankment zones as the first-stage material. In a similar
manner, the term drain will be used for zones that function as second-
stage material. As an example, for a two stage chimney, the first stage
would be the chimney filter and the second stage would be the chimney
drain. For cases in which both stages are present, the term filter/drain
will be used.

Grain size distribution plots

The soil particle size gradation graph (also called the grain size cumulative
distribution curve) is the primary filter design tool used in this manual.
This plot is the physical representation of the dam’s base soil material and
filter material, and its proper usage and interpretation must be empha-
sized. For example, the conventional geotechnical method for plotting the
cumulative grain size distribution curve reverses the x-axis numerical scale
(particle size in millimeters). Instead of plotting the x-axis data in ascend-
ing order from left to right, grain size distribution curves are traditionally
plotted with the x-axis data in descending order left to right.

The reader is encouraged to note this traditional plotting convention and
to be aware that some grain size distribution curves may not be presented
in the traditional descending scale fashion. The curves may appear to be
horizontally flipped from the traditional fashion. This plotting inconsis-
tency may lead to confusion when establishing filter material bandwidth
(maximum and minimum particle sizes), discussed later in this manual.
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Particle size gradation

The most prominent component of filter design is the soil particle size
gradation (i.e., grain size cumulative distribution) of the base soil (i.e., the
soil to be protected, or the dam core) and the filter soil (i.e., the soil pro-
viding the protection). It is a common practice to describe a soil based on
its grain size distribution, or gradation. Since soils behave differently, in
an engineering sense, if they are of all one particle size or if they have a
wide range of sizes, terms came into being to describe these two different
soil gradation signatures. Since most filter soils are coarser-grained, sim-
ilar to concrete mix aggregates, it was recognized during concrete mix
design that aggregates containing roughly equal amounts of sand and
gravel made for a stronger and more economical product than aggregates
that were only composed of sand. Therefore, aggregate gradations that had
roughly equal parts sand and gravel were called well graded since they
performed well in concrete. In a similar manner, gradations that only
included sand sizes were termed poorly graded due the poor performance
of that mix design. While broadly (well) graded soils are acceptable in
some filter applications, it should not be concluded that they are superior
to more uniformly (poorly) graded soils. Uniformly (poorly) graded soils
are preferred for use in two-stage designs such as toe drains, and it should
not be inferred that they are “poor” or unacceptable for use.

To help alleviate this confusion, new terms were introduced that were
more generic to the shape of the gradation curve and did not focus on the
performance of a particular gradation. Gradations that included many soil
types, and when viewed on the gradation plot had a broad appearance,
were named broadly graded. On the other hand, a gradation of a single
soil type that appeared to be narrow on the gradation chart was named
narrowly graded. Since these narrow gradations were also uniform in
their distribution, the term uniformly graded was also used. Therefore,
the following terms are synonymous:

Narrowly graded = Uniformly graded
Broadly graded = W.idely graded

Poorly graded
Well graded

When using the standardized Unified Soil Classification System (USCS)
gradation methodology (hereinafter utilized exclusively), the distinction
between well and poorly graded soils is made via the coefficient of uni-
formity (Cu) and the coefficient of curvature (Cc) parameters, where
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Coefficient of uniformity, Cu = Deo/D1o

In this manual, the standard coefficient of curvature symbol (Cc) is
replaced by the symbol (Cz) to avoid confusion with the standard compres-
sion index symbol (Cc).

Coefficient of curvature, Cz = Cc = D302 / (Dso * D10)

where Deo, D30, and Do are the particle diameters corresponding to 60%,
30%, and 10% finer on the particle grain size cumulative distribution
curve, respectively.

Well (broadly) graded soils are defined in the USCS as:
Cu=4and (1<Cz<3),(i.e., Czis between 1 and 3, inclusive)
Poorly (uniformly) graded soils are defined by:

Cu<4and/or(Cz<lorCz>3),
(i.e., Czis not in the interval between 1 and 3)

Figure 1is a plot that illustrates the descriptive gradations.

Two other terms used to describe the gradation of a soil are gap graded
and skip graded. These terms essentially mean the same thing and
describe that condition when a range of grain sizes are missing from a
gradation. The terms came into use upon observation of the gradation test
where some sieves would have little or no soil particles retained. In other
words, a range of sieves were skipped, there was a gap in the gradation
data, or (most importantly) there was an absence of certain particle sizes.
Figure 2 is a gradation plot that illustrates this soil type. This manual will
use the term gap graded for these types of soils. Note that gap graded soils
can be internally unstable meaning that finer particles in the soil matrix
can be removed through the constrictions between the coarser particles in
the soil matrix during water flow.



Figure 1. Example of broadly and uniformly graded soils.

VIN3d



Figure 2. Example of a gap-graded soil where the medium sand sizes are missing.

VIN3d



FEMA XXii

Gradation symbols

Historical precedence has established a lower case “d” to represent the
particle size diameter of the base (soil whose integrity is to be protected)
and a capital “D” to represent the particle size diameter of the filter (soil
that protects the base). This nomenclature has been repeated by many
authors and is commonly used. This nomenclature is satisfactory when
designing a single filter for a single base, but may be confusing for two-
stage filters since the first stage filter becomes the second stage base. This
manual uses the following designation:

DxxY
where:
D = Particle diameter
XX = Percent passing for that diameter
Y = Material designation where:
B = Base

F = Filter (first stage)
E = Envelope (or second stage)

Example:

DisF = Particle diameter at 15% passing for a one-stage filter.
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Acronyms and Abbreviations

AASHTO

ASDSO

ASCE

CEF

CFRD

cm

CMP

c/sec

Cu

CY

DOT

d/s

EOS

FEMA

FHWA

ft3/s

HDPE

HET

American Association of State Highway Transportation

Officials

Association of State Dam Safety Officials
American Society of Civil Engineers
Continuing Erosion Filter

concrete face rockfill dam

centimeter(s)

corrugated metal pipe

centimeters per second

coefficient of uniformity

cubic yard(s)

Department of Transportation
downstream

equivalent opening size

Federal Emergency Management Agency
Federal Highway Administration

cubic ft per second

high density polyethylene

Hole Erosion Test
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ICOLD
kg/cm?2
mm
NEF
NDSRB
NRCS
pcf

Pl

PSD

psi

PVC
Q/A
Q/C
Reclamation
SCS
SEV
TAC
u/s
USACE

USCS

International Committee on Large Dams
kilogram per square centimeter
millimeter(s)

No Erosion Filter

National Dam Safety Review Board
Natural Resource Conservation Service
pounds per cubic ft

plasticity index

particle size distribution

pounds per square in.

polyvinyl chloride

guality assurance

guality control

Bureau of Reclamation

Soil Conservation Service

sand equivalent value

top of active conservation

upstream

U.S. Army Corps of Engineers

Unified Soil Classification System
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USDA U.S. Department of Agriculture
USGS U.S. Geological Survey

VPI Virginia Polytechnic Institute
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Symbols

Dss

DgsB

DisF

DisB

Cu

Ce

C;

Hydraulic conductivity (soil permeability to water)

Gradient, the ratio of head loss over the distance (length)
that head loss occurs: (Ah/Al)

The particle size diameter in millimeters of the 85th
percentile passing grain size

The particle size diameter in millimeters of the 85th
percentile passing grain size of the base soil

The percentage of soil passing the No. 200 sieve, fines
content.

The particle size diameter in millimeters of the 15th
percentile passing grain size of the filter

The particle size diameter in millimeters of the 15th
percentile passing grain size of the base soil

Coefficient of uniformity, as determined from a grain size
analysis, equal to the ratios Deo/D10, Where Dgo and Dio are
the particle diameters corresponding to 60 and 10% finer on
the cumulative gradation curve, respectively

Standard symbol for coefficient of curvature, replaced in this
manual with the symbol C; to avoid confusion with the
compression index symbol C¢

Coefficient of curvature (also coefficient of gradation), as
determined from a grain size analysis, calculated from the

relationship:

Cz = D30%/(Dso * D10)
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Dso

Dio

DssE

DisE

Gs

)

Where Dso, D30, and Dyo are the particle diameters
corresponding to 60, 30, and 10% finer on the cumulative
gradation curve, respectively.

The particle size diameter in millimeters of the 60th
percentile passing grain size

The particle size diameter in millimeters of the 10th
percentile passing grain size

The particle size diameter in millimeters of the 85th
percentile passing grain size of the envelope (second stage)

The particle size diameter in millimeters of the 15th
percentile passing grain size of the envelope (second stage)

Specific gravity

Void ratio (ratio of the volume of soil voids to the volume of
soil solids)

Buoyant unit weight of soil (saturated soil density minus
water density)

Density (unit weight) of water
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Unit Conversion Factors

Multiply By To Obtain

cubic ft 0.02831685 cubic meters

cubic in. 1.6387064 E-05 cubic meters

cubic yards 0.7645549 cubic meters

degrees (angle) 0.01745329 radians

degrees Fahrenheit (F-32)/1.8 degrees Celsius

feet 0.3048 meters

foot-pounds force 1.355818 joules

gallons (U.S. liquid) 3.785412 E-03 cubic meters

hectares 1.0 E+04 square meters

inches 0.0254 meters

inch-pounds (force) 0.1129848 Newton meters

miles (U.S. statute) 1,609.347 meters

miles per hour 0.44704 meters per second
ounces (U.S. fluid) 2.957353 E-05 cubic meters

pints (U.S. liquid) 4.73176 E-04 cubic meters

pints (U.S. liquid) 0.473176 liters

pounds (force) 4.448222 Newton

pounds (force) per ft 14.59390 Newton per meter

pounds (force) per in. 175.1268 Newton per meter

pounds (force) per square ft 47.88026 Pascal

pounds (force) per square in. 6.894757 kilopascals

pounds (mass) 0.45359237 kilograms

pounds (mass) per cubic ft 16.01846 kilograms per cubic meter
pounds (mass) per cubic in. 2.757990 E+04 kilograms per cubic meter
pounds (mass) per square ft 4.882428 kilograms per square meter
quarts (U.S. liquid) 9.463529 E-04 cubic meters

square ft 0.09290304 square meters

yards 0.9144 meters
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Purpose and Theory of Filters

General purpose and function of filters

Filters and drains have been recognized as a means of controlling and
directing the flow of seepage water through dams for hundreds of years.
Filters are used to prevent movement of soil particles from or between
various zones and foundations of embankment dams. Such movement, if
not controlled, can result in the development of concentrated leaks that
can lead to serious consequences and, in extreme cases, failure of an
embankment dam. In fact, approximately 50% of all dam failures are
attributed to excess seepage (Fell and Foster 2000). These failures are
progressive in nature and begin with the erosion of a few grains of soil,
usually undetected. The loss of those soil grains leads to greater seepage,
which leads to more soil erosion. This process continues until it is noticed,
but usually by this stage, it is too late, and complete failure of the dam can-
not be prevented. An embankment dam or other water retention structure
that is well constructed from appropriate materials and placed on a sound
foundation and abutments may be successful without the use of filters.
Many dams that are performing successfully have been constructed with-
out filters. However, it is known that many dams crack, are sometimes
poorly constructed, may be constructed from highly erodible material, or
may have foundation conditions that allow large amounts of
underseepage. These conditions are known to produce the potential for
severe distress that can lead to eventual failure of dams. Therefore, design
elements such as filters are used as a defensive measure to protect these
types of structures from the less than desirable conditions that may exist
or develop over the life of the structure. This manual presents discussion
of the proper design of embankment dam filters.

The information in this manual applies to granular filters manufactured
from natural earth materials by grading, screening, washing, and/or
crushing. It covers design principles for meeting particle retention and
drainage criteria, quality of materials, the use of filters in dams, and con-
struction considerations. The term filter as used in this manual includes a
soil gradation that meets both particle retention and drainage criteria. His-
torically, the terms filter/drain and drain have been used, sometimes
interchangeably. In this manual, the term drain refers to a soil gradation
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that is typically a second stage to the first stage filter and is used to convey
larger amounts of seepage.

The filter design criteria presented here can be applied to the design of a
wide variety of granular filters and drains that are included as elements for
many hydraulic structures. While the criteria and procedures in this man-
ual were initially developed for use in embankment dams, they can also be
used for drainage elements under spillway slabs, protection of levees
against blowout, design of riprap bedding, as well as many other
applications.

The design challenge for an embankment dam is to develop a safe cross
section that can be constructed from materials available to the site at min-
imum construction and maintenance costs. One of the most critical
requirements of a safe design is the provision of appropriate internal filter-
ing and drainage to control the saturation level and the seepage pressure
at a safe level and to prevent the removal of fine soil particles from the
critical zones in the embankment and the foundation. Economical design
requires the use of materials that protect against failure yet are easily con-
structed. Since filter materials are some of the costliest materials used in a
dam, effort is placed in minimizing the amount of material used. There-
fore, the balance of cost, constructability, and reliability go hand-in-hand
in providing an economically safe structure.

The main function of filters is to prevent movement of soil particles due to
water flow within and beneath embankment dams or other water-
retaining structures. Soil particle movement can occur through two basic
mechanisms: backward erosion piping and internal erosion. Backward
erosion piping occurs when soil particles are detached at the seepage exit
or seepage discharge face of intergranular seepage (water seeping through
the pores of the soil). Internal erosion occurs when soil particles become
mobile due to excessive flow rates. Filters provide protection against these
two anomalies progressing toward development of a concentrated (large)
leak that could cause excessive loss of water or eventual failure of the
structure.

A properly designed filter consists of a granular porous media with pore
size openings small enough to prevent migration of the base soil through
which water is flowing into the filter. At the same time, a properly
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designed filter will be sufficiently pervious to offer little resistance to water
flow.! The design of filters has evolved over time. Filters were first
included in the design of water impoundment structures to address the
problem of backward erosion piping in foundation soils that were suscepti-
ble to this problem. Later, designers recognized a second mechanism of
failure described as internal erosion. These two basic mechanisms are
summarized in the following sections.

Filters serve to accommodate high gradients through a dam by intercept-
ing the seepage flow from the zone containing high gradients (the changes
in hydrostatic head over a given distance) and reducing them to near zero
in the drainage system. The water stopping element of the dam is typically
a fine-grained soil that is subjected to a high gradient since the pressure
head through the dam must be reduced from the reservoir level on the
upstream side to the tail water elevation on the downstream side. Placing a
filter against the fine-grained soil (core zone) prevents the movement of
soil particles and protects it against erosion caused by these high
gradients.

Additionally, there is a requirement that filter material be of sufficiently
high quality so it will not be able to sustain a crack. In the past, material
guality was measured by maximum fines content and plasticity. More
recently, it has been found that other types of binders or cementing agents,
which were undetected by earlier test procedures, can also result in mate-
rial that can sustain a crack.

Historically, filter research has focused on the issue of protecting the fine-
grained core section of a dam because dam core failures have been experi-
enced multiple times. The filter protection concepts developed from that
work are not limited to dams. These same principles can be used in a wide
variety of other engineering applications. Filters are used not only to
protect the core zones of embankments, but other important zones as well,
such as toe and blanket drains. Other sections of the manual discuss the
various types of filter zones.

L Filters are designed for stability (particle retention) as well as permeability (water flow). Chapter 5

provides detailed considerations.
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1.3

Historical research and development of filter design

Early researchers determined that a properly designed layer of material
covering an area where seepage is discharging could block the movement
of the base soil materials while allowing seepage water to continue to be
discharged safely. This layer was termed a filter because it was capable of
blocking the movement of the base soil particles. Most of the early filter
research investigated material designs that were both sufficiently fine to
block the movement of the base soil particles and sufficiently permeable to
freely pass the seepage water. These studies focused on determining the
grain size of a filter required to protect a base soil. The most commonly
studied base soils were relatively low fines content slightly silty, fine,
poorly graded sands because those materials were the most susceptible to
backward erosion piping.

The concept of particle retention can be envisioned by considering a con-
tainer of equally sized spheres. The space between the spheres (voids) will
have a fixed maximum opening size based on the diameter of the spheres.
The size of a smaller sphere that can pass through these voids can then be
calculated. While this is a simple mathematical procedure, since soil parti-
cles are not spherical or all of one size, the theoretical application to earth
materials is limited. Therefore, development of filter criteria for soils cen-
tered on empirical relationships based on laboratory testing.

The chronology of these filter studies is summarized in Table 1. Additional
information is provided in the links given in the table.

Seepage and particle movement

Filters are designed to prevent particle movement from intergranular
seepage flow where no defects are present in the base soil and seepage
water flows only through the pore space of the soil mass. Flow may occur
through zones in an embankment or through its foundation. If a soil sus-
ceptible to backward erosion is not protected by a filter, the energy of the
water moving through the soil may be adequate to dislodge and remove
particles at the discharge face. The energy of water moving through the
soil is usually expressed by the seepage gradient, which is the available
pressure head at a particular location divided by the length of seepage path
to that location (usually where it outlets to the atmosphere or into another
zone). Along any given seepage flow path, each soil will have a critical
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Table 1-1. Chronology of filter studies.

Year Feature/researcher/organization
Overview {Link_001}

1902 Bohio Dam {Link_002}

1925 Terzaghi {Link_003}

1934 Harza {Link_004}

1940 Bertram {Link_005}

1941 U.S. Army Corps of Engineers {Link_006}

1955 Bureau of Reclamation {Link_007}

1965 Kassif {Link_008}

1982 Vaughan and Soares {Link_009}

1984 Sherard {Link_010}

1990 Peck {Link_011}

1994 International Committee on Large Dams {Link_012}

2001 Foster {Link_013}

2003 Milligan {Link_014}

gradient based on its properties where, if exceeded at the discharge point,
soil particles will be eroded away with the flowing water.

For silts and clays having a plasticity index (PI) greater than about 7, very
high gradients are required to initiate backward erosion piping. These gra-
dients are usually not achieved in conventional embankment dams and
embankment dam foundations. There are many impoundment structures
that were constructed without filters that perform well because the gradi-
ents are not large enough to produce piping conditions. Casagrande, in a
panel discussion at the Mexico City conference (Casagrande 1969),
expressed his views on the potential for intergranular seepage to cause
piping in a clay core of an embankment as follows:

As a matter of fact, I am not afraid at all of the water that
percolates through the clay core if there are no cracks.

For cohesionless soils (Pl < about 7), and particularly non-plastic soils,
much lower gradients will initiate backward erosion piping, which can
develop into a concentrated leak removed of soil particles and eventual
release of stored water. The critical gradient in these soils is dependent on
uniformity of particle size, mass and size of particles, and density (to a
lesser degree). Soils comprised of particles of fine, uniformly graded sand
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with no cohesive binder (typically classified as SP or SP-SM in the Unified
Soil Classification System) are very susceptible to being detached because
of low particle mass and lack of interparticle attraction. Larger sand parti-
cles or gravels are more resistant to particle detachment because of their
greater mass.

Well-graded sands are more resistant to backward erosion piping because
the small particles most susceptible to detachment cannot easily migrate
through the soil body to the discharge face because they are blocked by
larger particles in the mass. Soils that have been compacted or otherwise
are naturally dense usually have more resistance to backward erosion

piping.

Accurately defining conditions in which backward erosion piping may be a
problem is difficult. The foundation of an impoundment structure may be
mostly clay, indicating that a filter would not be needed particularly if the
impoundment structure is small. However, undetected silt or sand layers
may result in a vulnerable condition.

1.3.1 Protection against backward erosion piping

Granular filter material is placed in contact with a surface of the base soil
where seepage water will be percolating through the pores of the soil. Dur-
ing construction, compaction is used to ensure a positive contact between
the filter and the base soil (see Chapter 7). A properly designed filter is
cleaned of fine particles so that there are insufficient fine soil particles to
bind the granular filter particles together and prevent free flow of water.

As seepage flow patterns develop through embankments that impound
water and through their abutments and foundations, seepage gradients
may become large enough to exceed the critical gradient of the soil at the
discharge point. When the discharge face is not supported by a filter and
the critical gradient is exceeded, soil particles are eroded by seepage water
from the discharge face, forming a cavity or “pipe” that progresses from
downstream to upstream at a faster and faster rate as the gradient is
increased with the loss of soil. Eventually, a concentrated leak develops in
a pipe-shaped cavity that is formed if the soil is capable of supporting such
a cavity, and failure usually follows as the cavity enlarges rapidly from the
intense erosive forces. This phenomenon is called “piping.” Research
(Sherard et al. 1984) has shown that a properly graded filter will restrain
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the discharge face and preclude the movement of soil particles, preventing
piping as seepage water is collected into the drainage system and carried
to a safe outlet.

If filters are in contact with the soil subjected to intergranular seepage
flow, they support the discharge face with points of contact spaced at some
distance determined by the gradation of the filter (particles supporting
particles). Apparently, there is some bridging between the contact points
where the filter is in contact with the discharge face to prevent any particle
movement, including the very small colloidal particles. Coarser filters or
other materials that do not support the discharge face with closely spaced
contact points will not prevent soil particles from moving when the gradi-
ents exceed the critical gradient. Filters used in drainage systems are con-
fined by a downstream zone such that positive pressure is ensured because
the cover over the filter is large enough to prevent the seepage pressure
from exceeding the confining pressure of the drain and cover. If sufficient
pressure is not provided, the filter will not support the discharge face of
the base soil, and protection against backward erosion piping will be lost.

Figure 1-1 illustrates how the filter in contact with the soil discharge face
provides support and prevents soil movement.

Preferential flow and internal erosion

Filters are also designed to prevent particle movement from preferential
flow and internal erosion along cracks, anomalies, or defects in the
embankment. Preferential flow paths can occur in earth embankments,
their foundations, or at contacts between the fill and concrete structures or
bedrock. In this mechanism of soil erosion, soil particles are detached by
slaking along the preferential flow path (i.e., along the walls of a crack in
the soil), and the soil is subsequently eroded by water flowing at relatively
high velocity (compared to the velocity of flow in intergranular flow). The
eroded particles are then carried through the preferential flow path to the
filter face. Most soils are subject to erosion from this mechanism, and
modern filter criteria were developed to protect against this type of ero-
sion. Figures 1-2, 1-3, and 1-4 illustrate the way in which a filter works to
prevent internal erosion (Sherard et al. 1984a).

Some early studies were unsuccessful in defining filter boundaries for silts
and clays because, for intergranular flow (without a defect in the base soil),
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Figure 1-1. Schematic demonstrating the manner in which a properly designed
filter prevents the movement of base soils by seepage forces at the discharge
face. The filter supports the discharge face with closely spaced contact
points as compaction melds the two zones together such that bridging
between the contact points prevents any movement of base soil
particles into the filter. At the same time, the filter is
sufficiently coarse to allow seepage
water to escape freely.

failures could not be induced in laboratory specimens even when used
with a very coarse filter. The Waterways Experiment Station Study
reported in TM 183-1 (U.S. Army Corps of Engineers 1941) noted that
attempts to define filter failure boundaries for a loess (silt) and a sandy
loam were unsuccessful because the low permeability of the soil meant
that backward erosion piping could not be induced under the low gradi-
ents being used.
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Figure 1-2. Eroding soil in the crack is caught at the filter face,
stopping flow in the crack. High gradients cause hydraulic
fracturing from the crack to the adjacent filter.

Figure 1-3. Eroding soil from a crack has been caught at the filter
face, and hydraulic fracturing from high gradients between water
in the crack and the adjacent filter has caused some
widening of the filter cake near the crack.
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Figure 1-4. Eroding soil from the crack has been caught at the filter face, and
hydraulic fracturing from the high gradients between water in the crack and
the adjacent filter has caused further widening of the filter cake until the
gradient is reduced. The filter cake having a very low permeability covers
the width of the crack and some distance on each side of the crack.

The remaining filter is open for collecting seepage flow through
the pores of the soil between cracks.

In Sherard’s June 1984 article, “Filters for Silts and Clays,” (Sherard
1984Db), the observation was made:

As a first effort, a number of conventional filter tests (with-
out an initial hole in the base specimen) were made with
compacted sand and sandy gravel filters using relatively
thin (30-60-mm thick) base specimens of clay and silt. The
specimens were compacted near Standard Proctor Opti-
mum water content. In these tests, the water pressure act-
ing across the base specimen was gradually increased to a
maximum of about 6 kg/cm, giving a hydraulic gradient of
about 1,000-2,000.
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At relatively low pressures, generally below 1.0 kg/cm, no
filter failures occurred, even for very coarse filter tests
lasting many weeks. The small quantity of water seeping
from the base sample into the filter had very little energy,
and there was no tendency for the fine clay or silt base
material to enter the filter pores.

In this same article, research showed that if water pressures were
increased to a point in which the base soil was hydraulically fractured,
concentrated flow would occur in the cracks that would erode through
filters that were overly coarse. Tests used for studying the compatibility of
filters and base soils are described in Chapter 4.

1.4.1 Protection against cracking and internal erosion

Embankment dams should be protected against erosion and cracking. In
the Seventh International Conference on Soil Mechanics and Foundation
Engineering held in Mexico City in 1969, Casagrande stated:

It is not possible to prevent entirely the formation of sub-
stantial tension zones and transverse cracks in the top of the
dams in the vicinity of the abutments, no matter what mate-
rials we use in the dam. Therefore, we must defend our-
selves against the effects of cracks.

Cracks or other preferential flow paths are more likely at the following
locations:

e Upper part of the embankment

e Overly steep abutments or above abrupt changes in the foundation or
abutment profile

e At the embankment/abutment contact

e At the embankment/foundation contact

e Around and above a conduit or other structural penetration through
the embankment

e At the contact between the embankment and spillway or abutment wall

¢ Narrow and/or steep cutoff trenches

During construction and during the first few years of service, particularly
the first filling of the reservoir, settlement is occurring in the dam and
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foundation.! Differential settlement can occur over short distances due to
differing settlement characteristics of foundation soils or abutments with
variable or steep slopes. These movements in the dam cause stress release.
The stress release may be both in the horizontal as well as the vertical
direction. Vertical stress release is caused by arching between two or more
locations that do not settle as much as a location between them. An outlet
works conduit is usually a vulnerable location for stress release and crack-
ing. Since the conduit passes all the way through the dam in a transverse
direction, it is a particularly critical area for cracking and concentrated
leak development. Sherard (1986) provides a thorough discussion of this
phenomenon. In addition to transverse cracks, longitudinal cracks can
also develop due to differential settlement or slope instability. Longitudi-
nal cracking is typically not as serious as transverse cracking due to com-
mon seepage paths through dams.

Most hydraulic fracturing occurs during the first filling of the reservoir as
a wetting front passes through the dam. As water under pressure encoun-
ters unsaturated soil of the dam, hydraulic fracturing occurs when the
water pressure exceeds the soil pressure. Many existing flood control dams
have not filled and thus these structures may have a higher risk of failure.

Internal erosion may initiate in zones of poor compaction or coarse lifts.
Other zones of poor compaction can occur in exposed surfaces during win-
ter shutdown, diversion gaps, and transverse joints. Openings may result
from overhangs on rock abutments or along structures or penetrations
through the dam around which the earthfill is poorly compacted. The zone
under the haunches of pipes that do not have structural cradles or concrete
encasement is a common location for voids and poor compaction. Animal
burrows and root holes are also possible causes of openings in
embankments.

Some cracks may be very narrow, particularly those caused by hydraulic
fracturing. Water penetrating the sides of the crack may initiate some
swelling of the unsaturated soil that could close the crack before erosion
begins to make it wider. The closing of cracks in this manner has likely

1 Note that flood control dams may not fill until many years after they are constructed. Since they have

not received this critical first filling, they should be considered “new” until that time.



FEMA

13

1.5

saved many dams over the years, but cannot be depended upon with any
certainty because it is a race to see which process progresses faster, swell-
ing or erosion. For dispersive soils, the erosion will generally always win,
which has resulted in the failure of many dams constructed of such mate-
rials. For more plastic soils, the reverse is usually true.

Desiccation cracking can occur in the crest of dams constructed of higher
plasticity clay in arid environments. These types of cracks can develop over
extended periods of time, will usually be worse in extended dry periods,
and typically occur in the upper part of the embankment above the normal
water surface. For these reasons, problems can occur during flood events
that raise the reservoir to elevations not seen historically. Water can then
flow through the desiccation cracks, leading to failure of the dam without
floodflows overtopping the dam.

The problems introduced by cracking in embankment dams are remedied
with the use of a filter. Since proper filter application will stop particle ero-
sion through a crack, a process known as self-healing, failure of the dam is
prevented. Therefore, embankment dams should include filter materials to
protect all zones subject to cracking for any reason. The filter must be con-
structed of free-flowing sand with low fines content that will not bind
together if a crack occurs. The filter materials should be installed at loca-
tions where it will protect all vulnerable areas. This issue is addressed
more thoroughly in Chapter 2.

Seepage collection and pressure reduction

Another main function of filter protection in dams and impoundment
structures is to provide for the collection of seepage water in such a way as
to reduce the seepage pressure in the downstream section of the dam and
carry the water to a safe and controlled outlet. In order to do this, the filter
and drainage system must have a permeability larger than any of the layers
in the dam or foundation that encounters the filter. When the filter zone
next to the soil has a permeability lower than some of the base soil strata,
pressure will build up in those layers with higher permeability. This unsafe
condition may also exist if the filter drainage system does not have suffi-
cient capacity to carry the volume of seepage water.
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2.1

Types of Filters and Applications

Introduction

This chapter will address the issues related to the use of filters and the dif-
ferent types of filters used in dams. It is recognized that the cost of filter
material, and how that contributes to the overall project cost, is an impor-
tant issue, especially for smaller dams. For these dams, especially in
remote areas, the cost of filter materials can be a significant portion of the
total project cost. In the interest of reducing costs, the designer can feel
pressured to reduce or even eliminate the use of filter material. While cost
is an important issue, the need to provide a safe structure is more
important.

Historically, many small dams (<50 ft high) have been built without any
filter or drainage zones, especially those constructed prior to 1980. Addi-
tionally, many mid-size dams (50 to 300 ft high) have been built without
“modern” filters, although they do contain graded transition zones. Many
of the dams in each of these categories have performed successfully for
many decades. On the other hand, there have been notable dam failures,
including all dam sizes that have resulted in loss of life and extensive prop-
erty damage. The failure of dams built without filters led to the general
design practice for embankments to change in the 1980s. While mid-size
and large dams, which are almost always high-hazard structures, are now
constructed with extensive filter elements, some question the level of pro-
tection required for small dams, primarily due to the cost issue. It should
be noted, however, that since the advent of the dam safety movement in
the late 1970s, the failure rate of embankment dams due to piping has
remained about the same. The reason for this can be two fold. First, as
dams age, they deteriorate due to undetected internal erosion and over
time eventually fail. Second, smaller structures continue to be built with-
out adequate filter protection and fail upon first filling.

Additional discussion of the function of filters is presented here
{Link_025}, filter use in terms of dual function is presented here
{Link_ 026}, and the design to satisfy function is presented here
{Link_027}.
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2.2

Filter and drainage zones

In the past, the use of filter protection in embankment dams has been
decided on whether or not the facility is either low or high hazard. A con-
cern with this philosophy is how the hazard classification can change with
time. As rural areas grow and urban areas spread, many low-hazard dams
are re-classified to high-hazard dams. The dam owner is then faced with
the challenge of upgrading a deficient structure, usually at a significant
cost. Therefore, it is recommended that all new embankment dams,
regardless of size or hazard classification, be designed with protective
filters.

Often during safety evaluation of existing dams, questions arise about
whether filters should be added. Due to the satisfactory performance of
many dams that do not include filters, typically an identified deficiency
must be present in these dams to justify the addition of filters. Dams with
conduit deficiencies would have a protective filter diaphragm added. Seep-
age deficiencies through the foundation should be addressed with the
addition of a toe drain, and for embankment seepage deficiencies, a chim-
ney should be used. Additionally, for older dams in metropolitan areas
with a large downstream population, and attendant consequences, filter
protection is added even when no known deficiency has been identified.

Reclamation (2007a) lists filter classes as follows:

Drainage filters (class I) — Filters whose purpose is to inter-
cept and carry away the main seepage within a dam and its
foundation. These filters may have to remove large
amounts of seepage for dams on pervious foundations or
dams of poor construction. The filters consist of uniformly
graded materials, typically in two stages. The filter must
meet the requirements for both particle movement and
drainage. Toe drains typically fall into this class.

Protective filters (class II) — Filters whose purpose is to pro-
tect base material from eroding into other embankment
zones and to provide some drainage function in order to
control pore pressure in the dam. These filters are typically
uniformly graded and in several stages, but they can also be
broadly graded in the interest of reducing the number of
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zones to make the transition to the base material. This class
includes chimneys, blankets, and transition zones on the
downstream side of a dam.

Choke (inverted) filters (class III) — Filters whose purpose is
to support overlying fill (the base material) from moving
into pervious or open work foundations. These filters are
typically broadly graded and have a requirement only to
stop particle movement. There is no permeability
requirement. Choke filter material is also used in
emergency situations in an effort to plug whirlpools and
sinkholes.

Seismic crack stoppers (class IV) — Filters whose purpose is
to protect against cracks that may occur in the
embankment core, especially caused by seismic loading
and/or large deformations. The dimensions of this class of
filter are controlled by expected displacement (horizontal or
vertical). While there is no permeability requirement for
this type of filter, it should be relatively free of fines so the
zone itself does not sustain a crack. A second stage (gravel)
filter may be required if concern exists that the first stage
finer zone might sustain or allow propagation of a crack.
Second stage filters may also be required for transition to a
coarser shell material. This class of filter is typically used
for chimneys and transition zones.

The following two sections describe, in general, filter protection as it is
used for new and existing dams. A specific description of embankment
elements is presented in Section 2.3

2.2.1 New dams

For new projects on sites having the following undesirable situations,
filters will be necessary:

e The core zone of the embankment is non-plastic (plasticity index [PI1]
< 7). Soils are not available to construct a core zone in the dam and a
rolled fill cutoff trench with higher PI values.

¢ Embankment and/or foundation soils are dispersive clays.
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e Foundation soils are erodible and/or susceptible to piping, and an
effective cutoff of seepage is not present.

e Potential for differential settlement in a transverse direction to the
embankment. Conditions that can lead to differential settlement
include steep bedrock profiles, problematic foundation horizons such
as soft clays, or collapsible soils. Differential settlement ratios greater
than 1.0 ft per 100 ft are excessive.

e Hydraulic fracture of the core zone is likely based on the potential for
arching of zones in the embankment.

e Artesian pressures under or downstream of the dam beneath structures
or clay horizons.

e Any penetration through the embankment, including conduits used as
either outlet works or spillways.

e Pervious (sand, gravel, and/or cobble foundation layers) foundations.

e Highly jointed or fractured bedrock foundations, including those types
of foundations that have been grouted.

e Dams in areas of significant earthquake loading (> 0.25 g) that provide
sufficient energy that could lead to cracking of the embankment.

e Dams located on active faults.

e Dams on rock foundations where the geologic processes over time have
resulted in tensile zones near the rock surface (pull apart).

e Dams on soil foundations subject to liquefaction.

Table 2-1 summarizes conditions and types of filter used to protect against
these conditions. Note that the listed conditions are independent of one
another and, if multiple conditions are present at a site, then combinations
of filter types will be required.

2.2.2 Existing dams

There are slight differences for application to new construction and modi-
fication to existing dams. For new construction, the chimney would be
placed near the centerline of the dam for central core designs, whereas the
addition of a chimney to an existing dam would require removal of a large
portion of the existing embankment to obtain this location. The central
location is desirable to maximize the confining stress on the chimney as
well as to minimize hydrostatic pressure in the downstream shell. There-
fore, modifications to existing dams will typically locate the chimney fur-
ther downstream than what would be used for new construction. When
chimneys are located downstream, sufficient overburden must be provided
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Table 2-1. Conditions encountered in embankment dam zones
and how they are protected by filters.

Possible Type of Filter

Feature Condition Consequences Needed
Embankment Impervious core Particle erosion, Chimney, blanket,

composed of nonplastic cracking toe drain

(PI £ 10) materials
Embankment Composed of dispersive Particle erosion Chimney, blanket,
and/or foundation | clays toe drain
Foundation Composed of erodible Particle erosion Blanket, toe drain

without cutoff

materials

Embankment Potential for differential Vertical cracking in Chimney, blanket,
and/or foundation | settlement of impervious | impervious core toe drain
core?
Embankment Hydraulic fracturing of Horizontal cracking | Chimney, blanket,
impervious coreb in impervious core toe drain
Foundation Artesian pressure Particle erosion, Blanket, toe drain
blowout of toe
Embankment Structural penetration by | Cracking, particle Conduit
conduit erosion diaphragm
Foundation Pervious materials Particle erosion Blanket, toe drain
Foundation Highly jointed/fractured Particle erosion Blanket, toe drain
rock
Embankment Seismic loading and/or Cracking Chimney, blanket,
and/or foundation | locations on active faults toe drain
Foundation Tensile zones near the Cracking Chimney, blanket,
bedrock surface toe drain
Embankment Founded on pervious Particle erosion Choke (inverted

foundation materials

filter)

a Conditions that can cause differential settlement include steep and/or irregular abutment

profiles and problematic foundation conditions such as discontinuous strata and strata
composed of materials of varying thicknesses and composition. Generally, differential
settlement ratios of 1 ft per 100 ft are considered problematic.

b Usually due to arching of impervious core between adjacent zones that are composed of

different moduli (normally stiffer than the core).

for stability against a potential full reservoir head. In a similar manner, the
blanket added during an existing dam modification would be shorter since

the chimney it connects to is further downstream. Examples of the two
arrangements are shown in Figures 2-2 and 2-3.
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7 Slope protection

Chimney filter
Blanket filter
Toe drain
Figure 2-1. Simple cross section showing a chimney used in a new dam.
<
'\j\Existing Dam@ Slope protection
H Stability berm
Chimney filter
Figure 2-2. Simple cross section showing a chimney added to an existing dam.

2.3 Embankment filter and drainage zones

Embankment dam seepage may be controlled by the use of seepage barri-
ers and filter/drainage zones. Seepage barriers are intended to prevent or
decrease seepage, while filter and drainage zones are intended to safely
control seepage. The most commonly used categories of filter and drainage
zones used in design of embankments are described in this section. Read-
ers are referred to the major U.S. Government embankment design agen-
cies, including the U.S. Army Corps of Engineers (USACE), Bureau of
Reclamation (Reclamation), and the Natural Resource Conservation Ser-
vice (NRCS) (formerly the Soil Conservation Service) for additional infor-
mation on detailed design methodology. Some designs will include only
one component or category of filter and drainage zone, but most designs
will include several. The information contained in this chapter is not
intended to serve as an embankment design procedure, but rather pre-
sents information on how filter and drainage elements fit into the overall
embankment design {Link_029}.

Sand or sand and gravel filter and drainage zones are important design
elements for many new designs and for repairs or upgrades of existing
embankment dams. Figure 2-3 is a composite diagram showing most of
the major categories of seepage control zones normally found in central
core embankment designs. Rarely would all of these zones be included in
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any one design. The purpose of Figure 2-3 is to provide a diagrammatic
description of the various zones.

Impervious
core

Transition zone
Riprap and bedding

Impervious Upstream
blanket _\ shell

L

Chimney drain

Chimney filter
Downstream shell

- {Seepage stability berm

_/&_ L _TD@nage ditch

Cutoff wall Drain  w—— Relief well

Trench
filter

I \ /? \
/i

Figure 2-3. Typical embankment dam design elements found
in a central core design.

Components of a modern embankment dam illustrated in are:

Core — Zone of low permeability soil that acts as the water
barrier in the dam.

Cutoff Trench — A cutoff trench to rock or other low
permeability strata that is integrated with the overlying
core.

Upstream Shell — Zone of higher strength soil to support the
upstream face of the core. The geometry of the upstream
core is sometimes dependent on the rapid drawdown
loading case.

Transition Zone — A zone on the interior side of the
upstream or downstream shells. Upstream transition zones
can also function as seismic crack stoppers.

Chimney Drain — Zone that carries away seepage coming
through the chimney filter and delivers it to the blanket
drain. It also acts as a transition zone between the chimney
filter and the downstream shell. Usually, this zone is com-
posed of gravel-size particles.
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Chimney Filter — Zone that protects the core from internal
erosion and piping. Usually, this zone is composed of sand-
size particles.

Riprap and Bedding — Riprap is the zone that protects the
upstream slope of the dam against erosion caused by reser-
voir wave action. Bedding under riprap protects against
particle movement of the protected zone after reservoir
drawdown.

Downstream Shell — Zone that supports the chimney and
downstream slope of the core.

Blanket Drain — Zone that provides foundation hydrostatic
pressure relief for pervious foundations and protects
against particle movement in soil foundations. It also
provides an outlet for seepage water collected by the
chimney.

Toe Drain — Collects water from the blanket drain as well
as any foundation seepage and safely conveys it away from
the embankment.

Drainage Ditch — Open trench downstream of the dam that
collects seepage water. It is most effective when it extends
into a pervious layer. It may also be used to collect water
from relief wells.

Relief Well — Collects seepage water in the foundation that
cannot be collected by toe drains due to overlying
impervious layers. It is typically used to reduce artesian
foundation pressures in confined layers.

Impervious Blanket — Extends the seepage path and
increases the head loss zone for dams on pervious founda-
tions when a cutoff under the dam is not practical.
Upstream blankets are integrated into the core of the dam.
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Cutoff Wall — Vertical water barrier in rock, also known as
a grout curtain. The grout curtain will fill all fractures,
joints, and other openings in the rock to prevent seepage
flow. Cutoff walls are used as the cutoff through soil
foundations. Cutoff walls are usually deep trenches
backfilled with a soil-cement-bentonite slurry.

Another type of zone often used in modern dam designs is a filter dia-
phragm around a conduit extending through an embankment. This cate-
gory of zone is described later in this chapter.

Elements that are needed in a particular embankment design depend on
geology, site conditions, available materials for construction, loading con-
ditions, and economics. Detailed embankment design is beyond the scope
of this manual. This chapter will address the chimney, blanket, diaphragm,
and toe drain elements.

Many embankment designs for seepage control include both foundation
and embankment filter/drainage zones that work together to provide a
complete system. In addition to filter and drainage zones, most designs
employ various methods to intercept seepage and control the quantity of
flow and hydraulic gradient. By including both seepage reduction mea-
sures and filter/drainage zones, a double line of defense is provided that
increases the safety of a structure. A summary of available U.S. Federal
Agency design guidance is given in {Link_028}.

2.3.1 Central core dam

Any given embankment zone will have one or more of four purposes:
strength, compressibility, water barrier, or drainage. For central core
dams, the primary water barrier (also called the core) will have low per-
meability but, as is typical for such materials, will have relatively low
strength. Availability of suitable core material may be limited depending
on the site. For these reasons, it is desirable to limit the size of the zone. If
abundant material is available, the entire dam can be made out of this
single zone, which is known as a homogenous dam. When the size of the
core is minimized, the side slopes are steep and require support. Support
is provided by upstream and downstream shells. Since the purpose of the
shell is to support the core, it only has to provide strength for that purpose.
This central core and shell arrangement is illustrated in Figure 2-3.



FEMA

23

It is generally desirable to obtain full seepage piezometric head drop near
or just downstream of the dam centerline. Depending on the material used
to construct the core, this head loss may be achievable by the core itself. If
the core material does not fulfill this role, and to provide assurance that
the head loss is achieved, drainage zones (also known as chimney drains)
are provided on the downstream face of the core. The zone immediately
against the core face is termed the chimney filter and provides drainage
and particle retention as described elsewhere. If needed, a second zone
downstream of the chimney filter is included, known as a chimney drain.
These two zones allow maximum piezometric head loss, and are included
in the cross section between the core and downstream shell, as illustrated
in Figure 2-3.

2.3.2 Diaphragm dam

While the layout of zones previously discussed is different for diaphragm-
type dams, the concepts are the same. A diaphragm dam achieves its full
head loss near the upstream face of the dam as opposed to the centerline
location for the central core layout described previously.

Today, diaphragm dam designs are typically concrete face rockfill dams
(CFRD). As the name implies, the diaphragm is a concrete slab on the
upstream face of the dam. While the concrete acts as the water barrier, a
secondary “impervious” material is used under the slab to attenuate any
seepage that may come through the slab joints. Beneath this impervious
layer are first and second stage filters that also act as a transition zone to
the rockfill section that constitutes the body of the dam.

In the past, some dams have been constructed with the core located in the
upstream one-third of the cross section, and in some cases, the core is
quite thin, approaching a true diaphragm appearance. This layout is sel-
dom used today in the U.S. due to concerns about upstream slope stability
and the high gradients imposed on thin sections. If such a section is used,
it must be protected by filters in a manner similar to that used for CFRD.

2.3.3 Embankment chimney filter and drain

Chimney filters are an effective method of protecting an impervious core
from potential internal erosion failures and, at the same time, effectively
controlling the phreatic surface through the embankment. A typical
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chimney filter under construction is shown in Figure 2-4. The use of a
chimney drain is dependent on the expected amount of seepage through
the core; cracking potential, especially related to seismic loading; and
composition of the downstream shell. If the downstream shell is coarser
than the filter (as defined by the filter criteria in this manual), a chimney
drain will be required. If rockfill is used for shell material (due to its high
strength and low cost), an additional zone or zones may be required
between the chimney drain and the shell. Since the drainage function has
been met by the chimney drain, these zones are usually called transition
zones. Particle retention criteria should be met between these transition
zone(s) and the shell.

Figure 2-4. Multiple zone chimney filter being constructed
in zoned dam by concurrent method of construction.

Vertical and inclined geometries are commonly used for design of filter
and chimney drains in an embankment dam. Note that while a vertical
geometry is similar to a structure chimney, inclined geometries are also
called chimneys. The type of geometry used is a function of the dam size,
construction method, and core geometry, as described in the next sections.
Chapter 7 includes additional discussion of construction considerations for
these two geometries.
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Vertical chimneys are used most often where impervious core material is
scarce and the downstream slope of the core is vertical. Additionally, ver-
tical chimneys are sometimes utilized where the dam is a homogenous
impervious structure where the chimney is constructed by the trenching
method. The primary advantage of a vertical chimney is that maintaining
proper location during construction is more straightforward and depend-
able than when constructing an inclined chimney. This results in being
able to specify a smaller width (say 4 or 5 ft), which requires less material.
Disadvantages of a vertical chimney include (1) a geometry more
conducive to longitudinal cracking at the impervious core-chimney bound-
ary and (2) a longer horizontal blanket drain is required, which results in a
greater quantity of blanket material.

Inclined chimney filter and/or drains have the advantage of lessening the
susceptibility of cracking at the impervious core-chimney interface and
requiring a shorter horizontal blanket drain that results in a smaller quan-
tity of blanket material. The main disadvantage of inclined chimneys is
that more difficulty is involved in maintaining proper location during con-
struction since the chimney location must be moved laterally after place-
ment of every lift. Additional information is available here {Link_029}.

Inclined chimney filter/drainage zones

Inclined chimneys can be constructed in one of two ways along with the
adjacent core material and downstream shell. The first is to construct one
lift ahead of the adjacent zones and the second is one lift behind, as
described in Chapter 7. An inclined configuration for an embankment
chimney filter has the following advantages and disadvantages:

e Advantages:

o Most inclined drains are constructed using the concurrent fill place-
ment method (discussed in Chapter 7). This method involves fewer
steps in construction and should be less expensive on a unit basis
than a vertical configuration.

o An inclined configuration lends itself better to constructing wide
drains, which can reduce construction-related uncertainty. See
Section 6.3 for further discussion on minimum zone thickness.

o Constructing a two-stage filter is easier.
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o The amount of filter required for an outlet blanket drain or strip
drains will be smaller for this configuration compared to a vertical
chimney configuration.

o The contacts (joints) between the chimney filter and the upstream
core and downstream zone are in compression and there is less
potential for cracking resulting from differential settlement.

e Disadvantages:

o Staking and maintaining limits of the drain zone during construc-
tion are more difficult than for a vertical drain.

o Contamination of the drain from adjacent embankment zones is a
problem because the concurrent method of fill placement is often
used.

o Contamination of the filter from construction crossings is more
likely because the drain is always exposed if the concurrent method
of placement is used.

o Care must be exercised to prevent damage to the filter zone from
overflow during construction. See the case history on
Tallaseehatchie Creek Site 1 in Alabama (Attachment E).

Vertical chimney filter/drainage zones

Vertical chimneys are constructed through core material by placing several
lifts and then trenching back through those lifts. The trench is then back-
filled with filter material and compacted. This method is also sometimes
referred to as the trench back method. This process is repeated until the
full height of the chimney is achieved. (See Chapter 7 for additional expla-
nation of this construction procedure.) Note that the trenching will require
that the top of the chimney from the previous trench be exposed by the
current trench. A vertical configuration for an embankment chimney filter
has the following advantages and disadvantages:

e Advantages:

o Staking and maintaining accurate control of the limits of the drain
zone during construction are simpler than for an inclined drain.

o This configuration lends itself to the cut and fill method of con-
struction, which results in less contamination from adjacent zones
of the fill than the concurrent method of construction.

o A vertical configuration lends itself better to constructing a rela-
tively narrow drain. Using a 3-ft-wide backhoe, the chimney filter
may be constructed to a 3-ft or greater width, resulting in a lower



FEMA

27

yardage of filter material than a inclined drain. See Section 6.3 for
further discussion on minimum zone thickness. Due to a smaller
volume of material relative to the inclined chimney, vertical chim-
neys are less expensive.

e Disadvantages:

o Differential strain between the filter zone and adjacent embank-
ment zones is more likely to result in surface cracking of the over-
lying fill than for a inclined drain. Differential settlement can result
in crack propagations to the top of the dam.

o Vertical wall caving during construction can result in an ineffective
filter.

o Potential for lower-permeability soil layers left in trench bottom
after each trenching cycle.

2.3.4 Appurtenant structures
Conduit filter diaphragm

Protection of conduits and other penetrations through embankment dams
cannot be overstated. These conduits will establish a preferred seepage
path directly through the embankment from the reservoir to the down-
stream toe. This condition was recognized in the past, and the remedy at
the time was to include antiseepage collars around the conduit, the idea
being that the flow path at the embankment conduit interface would be
interrupted. It is now known that the inclusion of these collars prevented
compaction equipment from getting next to the conduit, and adequate
compaction was not achieved. This results in a low-density zone surround-
ing the conduit to the outside limits of the collars. A preferential seepage
path then exists at the outside limits of the collars. An additional problem
results from differential settlement and cracking between the two zones of
differing densities. The outcome of this condition is shown in Figure 2-5.
While the use of seepage collars has not been permitted since the 1980s,
their use continues today. The proper method of protecting a dam against
piping failure along conduits is through the use of filter diaphragms.

A filter diaphragm is basically a type of chimney filter in the embankment
that is limited in extent both vertically and horizontally, although it should
be integrated into a drainage blanket, which will act as an outlet. Filter
diaphragms are used on smaller dams and in situations in which filter pro-
tection needs to be added to existing structures, as described in the next
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Figure 2-5. Embankment dam breached after piping along the conduit. The view
is upstream. Note pre-cast concrete pipe placed on a concrete cradle and
the use of seepage collars (Photo credit NRCS).

section. It should be noted that when a chimney is used in an embankment
cross section, it will surround any conduits and a specific filter diaphragm
is not needed. The filter diaphragm surrounds a conduit passing through
the embankment, and its purpose is to intercept seepage along the
embankment/conduit interface and prevent piping of those soils, as well
as intercepting cracks in the surrounding earthfill that could be caused by
differential settlement of the embankment caused by the presence of the
conduit. A detailed description of conduit diaphragms is included in the
companion FEMA Manual, Technical Manual: Conduits Through
Embankment Dams, FEMA 484 (2005). For the addition of filter protec-
tion to an existing unprotected conduit, see Section 3.2.

Filter considerations near concrete dam sections

Special attention must be given to the junction of embankments with con-
crete structures such as outlet works, spillway walls, lock walls, and power-
houses to avoid piping along the zone. An embankment abutting a high
concrete wall creates a tension zone in the top of the embankment similar
to that occurring next to steep abutments. Horizontally battered concrete
contact surfaces will ensure that the fill will be compressed against the
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2.4

wall as consolidation takes place. The interface of an earth embankment
and a concrete structure should be aligned at such an angle that the water
load will force the embankment against the structure to reduce seepage
along this interface. An embankment wraparound to transition from a
concrete dam to an adjacent earth embankment is recommended, as
shown in Figure 2-6. A filters or drain provided downstream of the
embankment core and beneath the downstream portion of the embank-
ment should be carried around to the downstream contact with the con-
crete structure.

Other structures

Filter and drainage zones are frequently placed around appurtenances to
provide protection along the structure. Such structures include spillway
chutes and outlet works stilling basins. Figure 2-7 shows a drainage zone
being constructed next to a battered concrete wall that is part of a spillway
chute. In this application, perforated pipes in a gravel backfill are used to
provide drainage behind the wall. Since the gravel drain is not filter com-
patible with the foundation, an intervening sand layer is used to provide
filter protection. This is a two-stage system used to protect the foundation
while providing drainage for the wall.

Foundation filter and drainage zones

The major types of foundation filters and drains included in the design
guidance published by the major U.S. Government design agencies are
described in following sections, with emphasis on their filter and drainage
function(s). The interrelationship between these foundation elements and
embankment filter zones are described in Section 2.3. Additional informa-
tion on foundation drainage is provided here {Link_030}. Foundation
dewatering may be required for installation of toe drains, and a brief
description can be found here {Link_032}.

2.4.1 Blanket drains

Blanket drains may be included in embankment designs both to collect
seepage from the foundation and to provide an outlet for seepage collected
by a chimney filter/drainage zone. Since a blanket is at the interface
between the embankment and foundation, it could be classified as either
an embankment or foundation element.



Figure 2-6. Filter protection used in the embankment section as it abuts the
concrete section of a composite dam.
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Figure 2-7. Filter and drainage zones to provide pressure relief and drainage of backfill next to
training wall for a spillway chute. One individual is standing on top of the sand layer (Photo
courtesy of NRCS, Texas).

Blanket drains must provide filter compatibility between foundation soils
or bedrock that is not filter compatible with the overlying embankment. A
properly designed blanket drain will protect finer embankment soils from
piping into underlying coarser foundation soils or bedrock with joints and
fractures as shown in Figure 2-8. It can also protect foundation soils from
piping into a coarser overlying embankment zone.

Situations in which blanket drains are used:
¢ When the downstream shell is founded on a pervious sand and/or

gravel foundation and the downstream shell soils are filter compatible
with the foundation, a blanket is not required because the foundation
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Figure 2-8. Pressure washing joints and fractures in bedrock prior to
dental grouting and covering with blanket drain under downstream
shell of dam. (Photo courtesy of NRCS.)

material effectively acts as a blanket zone. This configuration is inde-
pendent of whether or not a chimney is used.

e Ifachimney is included and there is no clear path for discharge, such
as a sand and/or gravel layer as described above, a blanket drain or
strip outlet drains must be included.

e Blankets are intended to collect foundation seepage and transmit any
seepage collected by a chimney to the downstream toe drain. Blankets
are not intended to control the phreatic surface through the dam since
the core material will have a higher horizontal permeability than verti-
cal permeability due to the material being placed and compacted in
horizontal lifts. Interception of primarily horizontal seepage is
achieved by a vertical drainage element, such as a chimney.

An example of a two-stage filter/drain blanket is shown in Figure 2-9 to
2-11. In this application, shown adjacent to an outlet works conduit, the
first stage filter is placed on the foundation to protect against soil erosion
caused by seepage flow from the foundation into the downstream shell.
Over that layer, the second stage gravel layer is placed that provides
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Figure 2-9. Fine filter being placed on the bedrock surface under the downstream
shell of an embankment. View is toward downstream toe. Conduit is on the right of
photograph. Exposed bedrock not yet covered is in background behind
excavator. (Photo courtesy of NRCS, Alabama.)

drainage of the collected water to the downstream toe of the dam. Over
that, another first stage filter is placed, which prevents erosion of the over-
lying shell into the blanket drain. This blanket then serves the purpose of
protecting two seepage paths: one from the foundation and the other from
the shell. Note that seepage through the shell can come from a phreatic
surface that is not adequately attenuated by the chimney or by the precip-
itation that can percolate through the shell.

Additional discussion of the historical background of the use of blankets is
described here {Link_030} and here {Link_033}.

2.4.2 Toe drains

Drainage trenches at the downstream toe of embankment dams, also
known as toe drains, have been used in embankment dam design for
decades. As with other types of filters and drains, the design and layout of
toe drains has changed through time. These types of drains are most often
constructed near the downstream toe of the embankment, although, in
some applications, they are placed under the downstream shell
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Figure 2-10. Gravel blanket drain being placed over fine filter shown
in Figure 2-9. (Photo courtesy of NRCS, Alabama.)

Figure 2-11. Fine filter placed over gravel blanket drain shown
in Figure 2-10. (Photo courtesy of NRCS, Alabama.)
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{Link_031}, a practice that should generally be avoided since removal of
the shell would be required if repairs are needed. The purpose of a toe
drain is to collect seepage from two sources: the chimney/blanket drains
and foundation seepage below the dam (underseepage). Toe drains placed
on dam abutments will also collect abutment seepage. In any of these
instances, the intercepted flow should result in a reduction of hydrostatic
pressure under the dam and downstream of the toe.

Toe drains should consist of a perforated pipe surrounded by a gravel
drain which, itself, is surrounded by a sand filter. This arrangement is
known as a two-stage toe drain (see Figure 2-12). An example of a two-
stage toe drain is presented in Attachment E, Case Histories — Narrow Toe
Drain. While foundation conditions vary, this arrangement is considered

Figure 2-12. Typical one-stage (left) and two-stage (right) toe drains
in a trapezoidal trench.

the minimum necessary for an effective drain. In the case of pervious
foundations, the importance of collecting seepage and, more importantly,
reducing pressure, cannot be overemphasized. For pervious foundations, it
may be tempting to cut costs, and since drains are high-cost items, they
may be the focus of such efforts. As described in Attachment A, such an
approach can lead to a design that does not achieve the goal of pressure
reduction and, in the case of modification to existing dams, can make the
existing situation worse.
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Single stage toe drains (a drain consisting of only filter sand and a drain
pipe) may also be considered in the interest of minimizing costs. Single

stage toe drains are not recommended due to potential uncertainties in

foundation conditions and structure performance upon first filling.

While toe drains transfer and discharge seepage away from the dam, they
also are important features for the monitoring of embankment dams.
Monitoring of dams is important because as dams age, their performance
will change. A design flaw or mistake made during construction can go
undetected for years, or even decades, and monitoring will aide in the
long-term performance of the structure. Toe drains permit three key fea-
tures in such a monitoring program: flow measurement, detection of
cloudy seepage, and sediment accumulation. All three can be achieved in
an inspection well installed either at the discharge end of the toe drain or
along the toe drain alignment. An inspection well generally consists of a
flow measurement device (either a weir or a flume) and a sediment trap
upstream of the measurement device. Details of toe drains and inspection
well configuration can be found in Embankment Dam Seepage — Best
Practices for Monitoring, Measurement, and Evaluation (FEMA 2009;
Pabst 2007b).

As described in the following sections and FEMA P-676, toe drains can be
constructed of several different geometries and construction methodolo-
gies. The type of configuration that is used is dependent on the expected
amount of seepage. Two types of trench geometry used are rectangular and
trapezoidal cross sections. Rectangular trenches with vertical side slopes
are typically used where seepage is expected to be small. Trapezoidal
trench sections are used where larger amounts of seepage are expected.

The potential for an increase in hydraulic gradient should be considered
when toe drains are added to or replaced in existing dams. At sites where
the piezometric head is near or above the ground surface, the addition of a
toe drain will decrease that pressure. However, it should be noted that the
differential head between the reservoir and downstream toe will increase.
This increase in differential head may lead to an increase in hydraulic gra-
dient through the foundation and subsequently increase the chance for
particle movement over existing conditions.
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Vertical versus trapezoidal trenches

As previously stated, toe drain trenches may be designed with either verti-
cal sides as shown in Figure 2-13 or sloping sides as shown in Figure 2-14.
Safety considerations will limit how deep a vertical trench can be exca-
vated if it is required that construction workers and other personnel enter
the trench. Trenches having vertical side slopes are less expensive since
they require less excavation and processed backfill. Complications exist for
the construction of two-stage toe drains in small spaces. One method used
to eliminate such problems is the use of a “dog house” form that allows the
introduction of the filter and drain material separated by a moveable form,
as shown in Figure 2-13. Care needs to be taken that sufficient material is
placed under the haunch of the pipe in order to provide adequate support.

Figure 2-13. Rectangular cross section foundation trench drain with gravel
filter surrounding perforated collector pipe and fine sand filter in primary
part of drain. Boxes are contractor’'s ingenious idea of placing the coarse

filter around the pipe. By closing the top of the box, fine drain fill can
be placed and kept separated from the coarse drain zone.

As indicated by the photographs in Figures 2-13 and 2-14, the trapezoidal
cross section permits for a deeper toe drain installation and a greater sur-
face area of drainage material for interception of water flow through the
foundation. Therefore, the trapezoidal section will provide a more robust
method of flow interception for sites with seepage concerns.

One-stage versus two-stage design

Historically, toe drains have incorporated one-stage and two-stage
designs, as shown in Figure 2-12. One-stage designs were used when small
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Figure 2-14. Trapezoidal foundation trench drain at toe of embankment.
Coarse inner filter surrounds perforated PVC collector pipe and
fine filter provides filter compatibility with foundation soils.

amounts of seepage are not expected. Two-stage designs are used when a
large amount of seepage is expected. Incorporation of a perforated drain-
age pipe to facilitate flow is almost always done on a two-stage design. Col-
lecting water in a toe drain system is not always easily accomplished, and
attention should be paid to how water flows through the system (Pabst,
2007a). Additionally, design of filters placed on foundation soils is compli-
cated by a greater variability of those materials than core material, or
other engineered fills. Gradation of a toe drain should be checked to make
sure the filter will not act as a barrier to any foundation units. Such barri-
ers do not provide sufficient pressure relief, and in situations where an
existing dam is being modified, the conditions can be made worse.

Collector Pipes

Collector pipes have a long history of poor performance in embankment
dams. Earlier materials such as clay, concrete, and corrugated metal pipe
have had poor strength and/or joint performance. Pipe junctions have also
been an issue since no manufactured products existed during this era, and
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the junction was usually made by a “field fit.” Figure 2-15 shows such a
junction for a'Y connection in clay tile pipe. Plastic pipe has also been
used, and while its performance has been better, it has not been without
its problems. Some polyvinyl chloride (PVC) products were brittle and did
not withstand the rigors of heavy construction, and aging has been an
issue with some high-density polyethylene (HDPE) products.

Figure 2-15. 1950s era concrete pipe used as a toe drain. Water enters
the pipe through a gap left in the bell and spigot joints. A “Y” junction is
shown with two laterals that connect to a trunk line shown on the right
side of the photo. Since connectors were not manufactured for this
configuration, intact pieces of pipe were broken and the pieces
used to stack together, making a protective cap for the
junction. This junction was exposed during excavation
for a toe drain replacement.

In the last two decades, corrugated HDPE pipe was a popular choice for
Reclamation toe drain construction. In the late 1990s, video examination
of Reclamation toe drains showed that a number of these installations
were exhibiting some form of distress, ranging from minor deformation to
complete collapse. Most of these cases were single-wall corrugated HDPE,
which has been found to experience strength loss with time. Due to the
high number of structural failures and lack of laboratory data on the
strength of perforated versus non-perforated plastic pipe, Reclamation
undertook a study to evaluate these products (Reclamation, 2009). That
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study found that perforated corrugated pipe (PVC or HDPE) had the same
load carrying capacity as non-perforated pipe since the strength of the pipe
comes from the outside corrugations, which are not perforated. The study

also demonstrated that perforated solid pipe has a diminished strength in
relation to non-perforated pipe and showed that some PVC products are
brittle. The report also addressed installation issues, commonly available
perforation sizes, and joint types for the different products. Since failure of
pipes designed based on static conditions (overburden) has occurred, it
may be that construction loads are the more critical loading condition.

Joints for corrugated HDPE and PVC pipes are typically bell and spigot or
butt joint with a collar. While gaskets are available for most of these joint
types so they are watertight, the greater concern is proper field installa-
tion. If pipe ends or couplers are damaged or get dirty prior to connection,
marrying the pipe segments can be difficult. Frustrated workers may
struggle with a pipe connection and give up prior to the joint being com-
pletely closed. Recent video inspections have shown that poor joint con-
nections are as much of a problem as crushing in the center section.

Taking these factors into account, profile HDPE pipe is recommended for
use in toe drain applications. The advantages of this pipe type over all
others are:

e Large load carrying capability.

e When a load carrying capability much greater than that needed for
overburden is used, the pipe is more likely to withstand poor or
incorrect installation methods.

e Joints are welded, strong, and water tight.

e Junctions are factory welded, strong, and water tight.

e Aftermarket perforations can be used allowing the designer to specify
the perforation size permitting more flexibility in the selection of gravel
envelope material.

Perforated collector pipes should always be inspected by video camera at
the end of construction to verify no damage occurred during installation.
Historically, a second method has been used to inspect toe drain pipe that
consists of pulling a ball or torpedo-shaped object through the pipe. While
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this method can be used, it should not be the sole source of installation
acceptance since the method is easily bypassed if not visually monitored.

Most perforated collector pipes will have some amount of material in the
pipe invert or contain some kind of clogging in the perforations consisting
of algae, roots, or sediment. Since power washing is now commonly avail-
able, it is possible to flush out such pipes. Before doing so, consideration
should be given whether the pipe will be damaged or an erosion condition
aggravated. If the drainage system design is of high quality, then cleaning
can be used. If the drains are of poor or unknown quality, cleaning should
be avoided since the system may have “self-healed” to a stable condition,
and cleaning it could reactivate material movement.

2.4.3 Relief wells

In a foundation where a pervious layer is overlain by an impervious layer
(or stratum), the pervious layer may contain high pressures or artesian
conditions. This can lead to heaving (blowout) of the overlying impervious
layer (aquaclude). In these situations, it may be impractical to construct a
toe drain down to the pervious layer, especially if it is a significant depth
(> 20 ft). In such cases, pressure relief wells can be used. Relief wells are
constructed with well screens, much like a water well, with an annular
space surrounding the well screen containing a designed filter pack. Relief
wells are usually outletted to the ground surface. A more detailed descrip-
tion of relief well design, construction, and maintenance is provided in
EM 1110-2-1913, “Design and Construction of Levees (USACE, 2000),

EM 1110-2-1914, “Design, Construction, and Maintenance of Relief Wells”
(USACE 1992), and NAVFAC DM-7. It should be noted that the particle
retention criteria for well design may differ from what is presented in this
manual. Typically, well design criteria are more strongly influenced by
permeability requirements.

Relief wells have a distinct disadvantage in that they require ongoing
maintenance to rejuvenate their flow capacity. Iron ochre and chemical
incrustations are a plague to relief wells, and the cost to maintain their
capacity must be factored into a life cycle cost for relief wells. Due to this
maintenance issue, as well as the ineffectiveness of wells intercepting
100% of foundation flows, toe drains are the preferred pressure reduction
measure.
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2.4.4 Slurry trench filters

As described previously, when drainage or filtration is required at the
downstream toe of a dam, a high water table or confined aquifer can make
filter/drain installation difficult. Another method used to install a filter or
drain is the slurry trench method. The use of a slurry trench seems coun-
terintuitive since slurry trenches are often used to construct cutoff walls
through dams. The use of a bentonite slurry is also contrary to construct-
ing a drainage element that provides high permeability relative to the sur-
rounding foundation. To overcome these obstacles, a slurry trench method
was developed using degradation technology (Fisk et al., 2001 and Gerhart
etal., 2005). In this method, a synthetic biopolymer or other organic
admixture, such as guar gum, is used in place of the bentonite admixture
used in more common slurry applications. These admixtures are mixed
with water to produce a slurry that stabilizes the trench long enough to
place the filter or drain backfill. Biodegradation of the slurry then occurs,
permitting the trench to act as a flow interceptor.

2.4.5 Modification of existing drainpipes

Many existing dams have seepage issues related to misunderstood site
conditions, poor design, poor construction techniques, or a combination of
all three. Adding to these problems can be the inclusion of improperly
designed drainage features. For several decades, toe drains consisted of
butt joint pipe surrounded by coarse gravel as shown in Figure 2-16. The
gravel seldom met particle retention criteria for the foundation soils, and
separation between the pipe joints was seldom controlled, thus permitting
passage of finer grain soil through the gravel filter. These conditions have
resulted in active piping through the drainage system.

Additionally, older drainpipes do not have sufficient strength and may be
cracked, deformed (see Figure 2-17), or completely collapsed. When the
pipe begins to fail, this leads to greater amounts of material entering the
pipe and rendering many systems completely clogged with foundation
material as shown in Figure 2-18.

Since many toe drain installations were installed with no consideration
given to future examination, video investigations can be complicated. If
pipe elbows and bends were typically installed, video cameras may not be
able to get past those points. Also, if the drain was clogged with material,
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Figure 2-16. Clay tile pipe surrounded by gravel-size material. Note mechanical
pencil for scale. Surrounding the gravel is a mixture of silt and sand backfill
that does not meet filter criteria for the gravel. Seepage enters the pipe
through joints between pipe segments. The silt and sand can erode
through the gravel backfill and enter the pipe through the joints.
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Figure 2-17. Interior view of a reinforced concrete pipe from the 1950s.

Note that the pipe is overstressed, and cracks have formed at the
crown and spring line. The pipe has also deformed to an oval
shape. In the foreground, a joint can be seen and
sand that passed through the joint.

Figure 2-18. Clay tile pipe from 1916 as it was exposed
during excavation. Note that the pipe was completely
clogged with silt and sand.
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or crushed, examination is not possible. Vegetation could also lead to
problems with existing drainpipes. As a concentrated source of water,
drains are attractive to plant roots. In extreme cases, root growth can
completely clog a pipe, greatly reducing its flow potential as shown in
Figure 2-19.

Figure 2-19. During modification of a dam, this toe drain pipe was exposed
during excavation. The pipe was completely clogged with the root ball
shown in the foreground. It was noted that a tree was growing over
the toe drain, and the drain was probably the water
source in this arid region of central Oregon.

Typically, a deficiency is identified for clogged pipes and a construction
effort is undertaken. Repair of existing drains is uncommon, and total
replacement is the more usual course of action. When replacing existing
drains, consideration should be given to the amount of flow collected by
those drains. While the pipe itself is in poor condition, and particle criteria
are not met, these conditions can result in attractive interception of
groundwater flow at the expense of particle retention. Replacement with
drains not meeting particle retention criteria can result in significantly less
interception of seepage. This, in turn, can result in higher pressures and
possible seepage discharge from the ground surface—a situation that did
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not occur prior to the repair. Attachment G describes these cases and how
to address them.

Recommendations

e For design of new dams, filter diaphragms are required around all con-
duits that pass through embankments regardless of embankment
height, site conditions, or hazard classification.

e Full filter protection is recommended for dams that are classified as
significant to high hazard potential.

e Cost should not be the sole basis for eliminating filter protection in
small dams.

¢ When modifying an existing dam, filter protection needs to only be
added for identified deficiencies or potential deficiencies that are
judged to pose unacceptable risks.

e Existing dams with large amounts of seepage can be made worse by the
addition of a new toe drain that is less permeable than more pervious
foundation layers. Such drains will act as barriers to more pervious
seepage paths and lead to an increase in pressure.

e Relief wells clog with time, resulting in diminished effectiveness. A
routine schedule of cleaning and pump testing should be part of the
relief well operations and maintenance requirements.



FEMA

a7

3.1

Additional Applications

Abandonment of old drains and grouting

Drainpipes, as referenced in this document, are structural pipes used to
convey seepage water collected in a toe drain system to a discharge point
downstream of the dam. The materials used for these pipes have changed
through history. Early dam construction typically used rigid pipe (clay tile,
cast iron), with flexible plastic pipe becoming more popular since the
1980s.

Additionally, corrugated metal pipes were commonly used in collector sys-
tems, but the experience with deterioration and subsequent piping of sur-
rounding filters into the pipes caused these materials to be regarded as a
poor choice for a collector pipe. Asbestos cement pipe was also historically
used in many collector systems, but the hazard from asbestos has led to its
discontinued use.

Many drainpipes in older structures are in poor condition. Causes of this
poor condition include deterioration, improper design, damage during
installation, and post-construction damage. Many dam safety deficiencies
are associated with the poor condition of these pipes.

The integrity of drainpipes should always be evaluated during dam safety
inspections. One of the most effective examination methods is to perform
a video examination of the pipe (Federal Emergency Management Agency
[FEMA] 2007). These investigations may discover that material has
eroded into the pipe, the pipe is deformed and cracked, joints are offset, or
the pipe has collapsed. This information can indicate a larger dam safety
issue that requires structural modification. The issue then becomes how to
deal with these pipes during the modification.

Ideally, all damaged or incorrectly designed pipes would be removed dur-
ing the modification. This is not always practical, and this section will
describe what steps can be taken to address these pipes and how those
steps relate to any filters that may be installed during the modification.
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Access to existing pipes is typically problematic since access features were
seldom incorporated into the original design. Additionally, if drainpipes
have changes in alignment, it will be difficult or impossible to get cameras
or repair tools past these bends even if the pipe is in good condition. An
excavation is then required into this area to gain access to the entire pipe
length. If the drainpipe was installed near the interior of the dam, or a
raise was added to the embankment, these excavations can become deep.

In other cases, installation of a replacement drainage system removes
some, but not all of the existing drain pipe. In either case, there are two
methods to address drainpipes that are not completely removed: slip lin-
ing or grouting. Slip lining consists of inserting a plastic pipe inside the
existing pipe that will take over the particle retention properties that are
missing in the existing pipe. As may be expected, depending on the condi-
tion of the existing pipe, this can be difficult to execute in the field. Sug-
gested guidance for this method follows.

1. Examine the interior of the existing pipe using a video camera. This should
be done prior to specification preparation. If the situation requires that it
be done during construction, the specification requirements for the con-
tractor will need to have enough flexibility to ensure modification objec-
tives are met without imposing a large amount of monetary risk to the
contractor.

2. Determine the foundation grain size distribution and calculate the perfora-
tion size of the replacement pipe using these data.

3. Determine the size of the replacement pipe. The diameter of the replace-
ment pipe should not be greater than one-half the diameter of the existing
pipe, although experience has shown that sizes even smaller than this are
required for practical reasons. Also note that sags or deformations and
joint offsets in the existing pipe can result in a reduced effective diameter.
It may also be prudent to have several pipe sizes available during construc-
tion to offer flexibility during installation. The wall thickness of the pipe
should be designed for the potential installation stresses and strains (see
the next step).

4. Determine the method of advancement for the replacement pipe. The
replacement pipe can be installed by pushing or pulling. If there is access
to only one end of the pipe, the liner will have to be pushed (deadheaded).
If both ends are open, a fish can be sent through to attach to the replace-
ment pipe, and it can be installed by pulling from one end and pushing
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from the other. For either method, a special front piece (torpedo) should
be utilized that will assist in guiding the liner through the existing pipe.
Note that even with ample clearance, the weight of the liner, coupled with
drag, will make unaided advancement impractical. If material is present
and begins to move within the annular space, even greater force will be
required. Therefore, some type of machinery will be needed for advance-
ment of the pipe. Such equipment includes utility tractors for pushing or
pulling and winches for pulling.

The second method, grouting, consists of placing a cement-based grout
into the existing pipe. It is recommended to grout the entire length of
existing pipe since leaving some sections open can result in later ground
subsidence if the pipe were to collapse. The grout should never be injected
into the pipe, but rather it should be placed by using the slick line method.
In this method, a grout line (slick line) is inserted to the far end of the pipe
(assuming access is from only one end) to be grouted and a temporary
plug placed over the open end. A hole is then made in the top of the plug.
Grout is introduced into the slick line and fills the pipe until it reaches the
hole in the top of the plug. Once grout comes out the hole, the slick line is
retracted while still supplying grout to the pipe. A calculation should be
made of the pipe volume and compared against the grout take. If the grout
take is less than the pipe volume, the pipe has not been completely
grouted. If it is greater, there was grout intrusion into the foundation. It
should be noted that the purpose of the grouting is to fill the pipe, not to
grout the foundation. For this reason, thicker grouts should be used at low
pressure. Additionally, grouting should never be done after new filter or
drain materials have been placed due to the possibility of grout intrusion
into those materials. Grouting operations should be completed prior to
foundation acceptance, which is then followed by fill placement. Note that
neither of the above methods eliminates the chance of having an internal
erosion failure. The best choice is simply to remove or replace the pipe.

Adding filter protection to existing conduits

Many existing dams, both large and small, were originally constructed
with outlet works or other conduits without filter protection. If a dam
safety issue has arisen due to poor performance of an existing conduit, or a
chimney filter is being added to an existing embankment, adding a protec-
tive filter to the conduit may be warranted. This section will focus on out-
let works or other types of conduits, such as spillway conduits, that were
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constructed and then covered with embankment fill. These conduits are
typically constructed in one of two ways: (1) cut and cover if they are con-
structed below existing grade and (2) at-grade if they were built on the
existing ground surface.

Conduits on soil foundations require filter protection around the entire
conduit. Exposing a conduit and adding a filter to only the sides and top
will leave the foundation under the conduit unprotected. Piping channels
can form under conduits since the conduit may act as a roof for the piping
channel. A reliable method for filter placement under a conduit is also
needed since any gap or low density areas will render the protection use-
less. Some methods have been proposed for addition of a filter under a
conduit that are considered unacceptable. Those methods are summarized
in Table 3-1.

Table 3-1. Unacceptable methods for adding filters under conduits.

Method Discussion

1. Excavating under half of the conduit and Filter material cannot be compacted
backfill with filter material. Next, excavate | sufficiently to prevent settlement once the

and backfill under the other half. water table rises.
2. Cutout a section of conduit floor, place Since reinforcement will be cut in
filter, replace floor. reinforced concrete conduits, the hoop

strength of the conduit will be lost.

3. After placing the filter using one of the Grouting operations should never be
above methods, grout from inside the carried out adjacent to filters since they
conduit to fill any voids between the can become contaminated with grout,
bottom of the slab and top of the filter. rendering the filter useless.

In the interest of providing intimate contact between the filter and the
bottom of the conduit, a section of the conduit should be removed and
re-constructed after filter placement.

3.2.1 Location of filter around conduit

The preferable location for adding a protective filter around existing con-
duits is near the centerline of the dam, but locations near the downstream
toe are also acceptable. The centerline location is preferable since the
greater overburden stress will provide greater confining stress that will
keep the filter in contact with the conduit and will have greater resistance
to hydraulic fracturing. Adding filter protection near the centerline of the
dam will require removal of a significant portion of the embankment,
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including the crest. If reservoir operation is to be maintained during con-
struction, this method may not be acceptable. A cross section of a typical
filter addition near the centerline of a dam is shown on Figure 3-1.

Figure 3-1. Typical filter addition around a conduit near the centerline of a dam enlargement.

Diaphragms can also be added to downstream locations, but sufficient
overburden is required to overcome any “blowout” concerns. Assuming a
seepage path exists along the existing conduit and full reservoir head is
expected at the filter diaphragm, sufficient overburden is required to over-
come the hydrostatic pressure. This can be accomplished by placing a sta-
bility berm at the downstream toe over the filter diaphragm. Assuming the
density of the berm is twice the density of water, the berm height should
be one-half of the reservoir height. A cross section of a typical filter addi-
tion near the downstream toe of a dam is shown on Figure 3-2.

Figure 3-2. Typical filter addition around a conduit near the downstream toe of a dam.
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Acceptable construction methods for the addition of a filter diaphragm
around an existing concrete conduit are included in Table 3-2. The proce-
dures would be similar for other conduit types, although the addition of a
cradle may be required.

Table 3-2. Acceptable method for addition of a filter to an existing conduit.

Step 1 — Excavate around the conduit, exposing it in the area of filter placement.
Step 2 — Sawcut through the conduit and demolish between the sawcuts.
Step 3 — Excavate into the foundation under the conduit profile a minimum of 2 ft. The

trench width (measured upstream to downstream) should be greater than 6 ft.
The upstream and downstream side slopes should be 2H:1V or flatter. An offset
of at least 1 ft should be used between the top of the excavation slope and the
sawcut face.

Step 4 — Inspect and accept foundation. Proof roll the foundation.

Step 5 — Place the filter material in the bottom of the trench and compact. Check the
filter density with an in-place density test.

Step 6 — Re-build the conduit.

Step 7 — Replace fill, including filter diaphragm around conduit. Construct stability berm,
if required.

3.2.2 Minimum dimensions for filters added to existing conduits

The minimum dimension for the addition of filter protection around exist-
ing conduits is a function of the conduit size and whether or not seepage

collars are present. For conduits that do not include seepage collars and
have an inside diameter of 2.5 ft or less, the guidance given in FEMA 484
can be considered. In that guidance, filter protection extends three pipe
diameters around the sides and top of the conduit and 1.5 pipe diameters
below the conduit. The filter thickness (measured upstream to down-
stream) should not be less than 3 ft. Since piping failure modes along con-
duits are based on flow along the outside of the conduit, the above rules
should be based on the outside or maximum structural dimension. If the
pipe is encased in concrete, or the pipe is set in a concrete cradle, the out-
side dimension of the concrete should be used.

For conduits larger than 2.5 ft outside diameter, that do not include seep-
age collars, the minimum extent of filter protection should be at least 8 ft
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for the sides and top and 4 ft under the conduit. The filter thickness (mea-
sure upstream to downstream) should not be less than 8 ft.

For existing conduits that include seepage collars, regardless of conduit
size, the extent of filter protection is defined by the size of the collar. In
these cases, the filter extent should be not less than 8 ft beyond the limit of
the sides and top of the seepage collar. The filter should extend no less
than 4 ft below the bottom extent of the collar. The intervening space
between the outside of the conduit and the outside edge of the seepage col-
lar should also be filled with filter material.

Example: A 6-ft inside diameter reinforced concrete conduit has an exte-
rior horseshoe shape. The lateral external structure width is 8 ft. The
structure includes seepage collars that extend 4 ft beyond the outside
shape of the structure. That is, the extent of the seepage collars mimics the
outside shape of the structure on the top, sides, and bottom. For this case,
a diaphragm filter with the following dimensions would be used:

Side Extent beyond seepage collar: 8 ft
Extent beyond side of structure: 8 + 4 =12 ft
Top Extent beyond seepage collar: 8 ft

Extent beyond top of structure: 8 + 4 =12 ft
Bottom  Extent beyond seepage collar: 4 ft
Extent beyond bottom structure: 4 + 4 = 8 ft

Geotextiles in embankment dams

The following statement explains the current practice for using geotextiles
in U.S. dams. The statement is taken from the July 2007 draft of “Geotex-
tiles in Embankment Dams,” Status Report on the Use of Geotextiles in
Embankment Dam Construction and Rehabilitation:

Geotextiles are used in a variety of applications in embank-
ment dam construction and rehabilitation. Although policy
varies, most practitioners in the United States limit the use
of geotextiles to locations where there is easy access for
repair and replacement (shallow burial), or where the geo-
textile function is not critical to the safety of the dam should
the geotextile fail to perform.
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In a limited number of cases, geotextiles have been used as
deeply buried filters in dams in France, Germany, South
Africa and a few other nations. Most notable, is a geotextile
installed as a filter for Valcross Dam which has been suc-
cessfully performing for over 35 years. These applications
remain controversial and are not considered to be consis-
tent with accepted engineering practice within the United
States. Because geotextiles are prone to installation damage
and have a potential for clogging, their reliability remains
uncertain. Many organizations forbid their use in embank-
ment dams in critical applications where poor performance
could lead to failure of the dam or require costly repairs.
Designers are cautioned to consider the potential problems
associated with using a geotextile as a critical design ele-
ment in a non-redundant manner deeply buried in a dam.

It is the policy of the National Dam Safety Review Board
that geotextiles should not be used in locations that are both
critical to safety and inaccessible for replacement.

The authors of this manual concur with this policy, and additional discus-
sion is provided in the following section.

3.3.1 Technical evaluation of geotextile use in filter/drainage systems for
dams

Sand and gravel filters have been tested in research studies simulating
conditions within a dam and have been successfully used for many years as
the main feature of filter/drainage systems to prevent piping and concen-
trated leak development in dams. This testing and extended successful use
has demonstrated that the intended performance of these materials as
filters for dams has been met. This is not the case with geotextiles as their
usage in embankment dams has been very limited. It is useful to consider
the characteristics of sand filters in evaluating their success and to com-
pare these characteristics with geotextiles for determining whether geotex-
tiles can provide the same desirable performance.

Clean sand or sand and gravel mixtures act as a cohesionless material.
When there is very little or no binder material (fines such as silt and clay
or a cementing agent) within the sand, it will flow to a soil boundary such
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as the side of a trench or a soil zone in an embankment and apply a posi-
tive pressure. The soil boundary acts as a barrier or containment for the
sand as it is placed and compacted in a zone or trench. With no soil binder
or cementing agent, the sand will shift or cave to maintain a continuous,
homogeneous zone without cracks or openings as the dam settles or shifts
during construction or during the first filling of the reservoir or an
earthquake.

For intergranular seepage flow (seepage through soil with no cracks or
defects), filters designed using current criteria were successful in testing
studies for preventing any particles from detaching on the discharge face
under high gradients. Apparently, there is some arching between the
closely spaced contact points where the filter is in contact with the dis-
charge face to prevent any movement of particles. Testing and experience
shows that too coarse filters or other materials that do not support the dis-
charge face with closely spaced contact points as seen in granular filters
will not prevent soil particles from detaching when the seepage gradients
exceed the critical gradient of the soil.

Geotextiles by themselves do not apply a positive pressure to the surface
against which they are placed, as shown in Figure 3-3. Since the geotextile
is a flexible fabric, it must have a material placed on the downstream side
of the fabric to hold it against the discharge face. The material on the
downstream side would need to be configured so that the contact points on
the discharge face have similar spacing as the sand filter contact points.

Grid materials or gravels placed on the downstream side of geotextiles will
not provide the proper support to the discharge face, and contact points
will be too far apart to prevent soil particle detachment. The geotextile will
bulge out away from the soil surface between the points where gravel par-
ticles are in contact. If seepage gradients just upstream of the geotextile
exceed the critical gradient for the base material in the dam, soil particles
will be detached from the face and soil in suspension will arrive at the geo-
textile face. For geotextiles designed with an apparent opening size (AOS;
the equivalent opening size, EOS, was used before about 1993) to meet the
filtering requirements of the soil, the particles in suspension will be caught
at the filter face in a layered filter cake with a very low permeability. The
result will be clogging of the geotextile at all locations where high gradi-
ents exist (usually large segments of the drain). For fabrics with a larger
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Limitations of Geotextile Fabrics

Coarse
drainfill on
downstream
side of
geotextile
provides wide
spacing of
contact points
Soil Discharge Face on soil

discharge face

Figure 3-3. Cross section of a base soil covered by a geotextile that is then
covered by coarse gravel. Due to the voids in the gravel, the geotextile can
“flex” into these voids, resulting in the loss of positive pressure on the
base soil discharge face. Base soil particles can then
detach and clog the geotextile.

AOS, the soil will pass on through the geotextile, and a piping feature will
develop in the dam and progress toward failure.

This condition is exhibited in the gradient ratio test performed on geotex-
tiles. In this test, water under pressure is applied to a soil specimen that
has a geotextile placed under it. Pea gravel is used to support the geotex-
tile. In most cases, at least some clogging and/or passage of soil material
through the geotextile is reported in the test results. For the cases cited
(Giroud 2005) where geotextile use in dams has been successful (such as
Valcros Dam), the seepage gradient may not be sufficient to cause removal
of soil particles. Apparently no instrumentation has been installed to check
the gradients in Valcros Dam or other dams cited where geotextiles have
been successful, as these data are not given to support the performance.
The only evidence given for these successes is that the dams appear to be
performing well based on visual observation at the surface. It is possible
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that a given dam may be successful using a geotextile as the filter for the
drainage system if the gradients remain low; however, most dams have the
potential for high gradients that will cause particle detachment at the
drain/soil interface. Also, piping/internal erosion is time dependent and
may take more years to manifest itself visually.

There are many examples that demonstrate geotextiles do not prevent
detachment of soil particles at the drain/soil interface when critical gradi-
ents are exceeded. Geotextiles used under riprap on the Tennessee-
Tombigbee Waterway (U.S. Army Corps of Engineers, Engineer Technical
Letter No. 1110-2-286, “Engineering and Design Use of Geotextiles Under
Riprap,” dated 25 July 1984) showed that if the AOS was too small, clog-
ging of the geotextile was a problem, causing buildup of seepage pressure
under the riprap. This clogging could happen only if soil particles were
detached with seepage water flowing out of the channel bank behind the
geotextile. Using a larger AOS would allow the soil particles to pass
through the geotextile, but would then cause a potential piping problem.
This may not be serious for a channel with riprap, but would be very seri-
ous for an earth dam that retains a large reservoir of water serving as an
essentially infinite source of seepage water to develop a piping failure
condition.

Most studies and reports on using geotextiles for highway drainage work
indicate that geotextiles either clog or allow soil particles to pass through.
The most significant of these is Geosynthetics Research Institute paper
(GRI-18, “Rapid Assessment of Geotextile Clogging Potential Using the
Flexible Wall Gradient Ratio Test,” by T. D. Bailey, M. D. Harney, and

R. D. Holtz) presented at the Geo-Frontiers Conference, 2005. The results
cited in this paper indicated that most tests showed some to major clog-
ging while other tests showed particles passing through the geotextile.
While this may be acceptable for highway drainage, it is not acceptable for
earth dam drainage. Additional reports showing similar results are ASTM
STP-1281, “Recent Developments in Geotextile Filters and Prefabricated
Drainage Composites,” and NCHRP Report 367, “Long-Term Performance
of Geosynthetics in Drainage Applications.”

3.3.2 Historical use of geotextiles in earth dam construction

Geotextiles have been used as a separator between a sand filter and
coarser fill in downstream toe drains. As long as a properly designed sand
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filter is placed next to the soil where high gradients may exist, the soil fines
will be prevented from migrating to the geotextile where they could clog it.
A geotextile will perform a separation function if it is located between two
dissimilar soils or between a soil and a manmade material to prevent the
mixing of the two materials and not as a filter/drainage function. How-
ever, caution should still be exercised since even a small amount of fines in
the filter can clog the geotextile. For this reason, this arrangement is not
recommended.

There have also been successful drainage applications of geotextiles used
in trench drains away from the dam where the potential for high gradients
is very low. In these applications, the geotextile has been placed next to the
soil in a trench with a coarse gravel drainfill inside the geotextile with or
without a perforated or slotted drainpipe to carry the seepage water to a
safe outlet. In these successful cases, the seepage passing through the soil
does not have a gradient large enough to detach the soil particles where
the geotextile is not in intimate contact with the soil between the gravel
particles. It is recommended that this design not be used due to the diffi-
culty in determining the gradient at the drain and especially estimating
what the critical gradient will be.

Recommendations

e Due to issues with clogging, geotextiles should only be used in non-
critical areas of embankment dams.

e Existing drains, when abandoned but not removed, must be sealed to
prevent the chance of any material eroding into damaged or poorly
constructed drains. A sealing procedure, such as grouting, should not
contaminate any new or existing filters or drains.
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Laboratory Testing

Laboratory testing for particle retention

As described in chapter 1, laboratory studies have been used historically
to obtain empirical relationships related to soil particle retention
{Link_020}. This chapter summarizes and compares these test proce-
dures. Complete test descriptions are included in Attachment F.

Experiments on filter compatibility for silts and clays were reported by
Sherard (1984) in an American Society of Civil Engineers article, “Filters
for Silts and Clays.” First, intact specimens of silt and clay that were from
30 to 60 millimeters (mm) (1.18 in. to 2.36 in.) thick were compacted
against filters, some of which were significantly coarser than filter criteria
would require to protect the base soils against piping. The tests began with
hydraulic gradients in the range of 167 to 333. At these gradients, failures
in the base specimen could not be induced because the discharge energy
was insufficient to initiate piping. Only when applied gradients were
increased and hydraulic fracturing was induced were failures initiated.
Based on these tests on intact clay base specimens, researchers developed
an alternative test that used a preformed slot or hole in the base soil
{Link_021}. This was preferred to allowing the specimen to hydraulically
fracture because the flow path could be defined more precisely and studied
in more detail. The early experiments used a slot with dimensions of about
12 mm x 1.5 mm. The length of the base soil specimen was about 6.5 in.
(165 mm), and the filter section was about 3 in. (76 mm) long.

Outgrowth of this testing was the development of what is now called the
No Erosion Filter (NEF) Test. The following summary and conclusions
from Sherard’s (1989) paper, “Critical Filters for Impervious Soils,”
explains the change in experimental apparatus. Figure 4-1 illustrates the
concept.

1. The NEF test is the best available test for evaluating critical
filters located downstream of impervious cores in embank-
ment dams. This is considered the most valuable single
conclusion from the four-year long research effort. The
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Figure 4-1. This sketch illustrates how a filter seal develops as eroded
particles are carried from the sides of a crack in the base soil to the
filter face. Eroded particles accumulate and create a filter seal
that effectively blocks further flow and subsequent particle
movement (after Sherard, 1984).

conditions in the test duplicate the most severe conditions
that can develop inside a dam from a concentrated erosive
leak through the core discharging into a filter. For tests
with filters finer than the filter boundary (D15 smaller than
Di5b), there is no visible erosion of the walls of the initial
preformed leakage hole passing through the base speci-
men.

2. The NEF test is a simple test that can be made in any soil
mechanics laboratory. It gives reliably reproducible and
easily interpreted results, and it is well adapted for testing
the entire range of impervious soils used for dam cores.
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3. The filter boundary Di15b separating successful and unsuc-
cessful tests for a given impervious soil, as determined by
the NEF test, is unique. The boundary Di5b is independent
of the dimensions of the laboratory apparatus and is
dependent only on the properties of the protected imperuvi-
ous soil (base). The filter boundary Di5b can be considered
a property of the base soil in the same sense that results of
tests to determine the Atterberg limits and effective shear
strength parameters are considered properties of the
impervious soil.

4. Based on the results of NEF tests, soils used for the imperui-
ous sections of embankment dams fall into the four general
categories shown in Table 1 depending only on fine content.

The NEF Test apparatus and procedures are described in an article by
Sherard, et al.(1985). A schematic of the test is reproduced in Figure 4-2.

The Natural Resource Conservation Service (NRCS) procedure for per-
forming this test is reproduced in Attachment F. The Bureau of Reclama-
tion (Reclamation) developed a standard test procedure for the NEF Test
utilizing holes instead of a slot, and their procedure is referenced in
Attachment F.

4.1.1 Continuing erosion filter test

Foster and Fell (2000) presented a modification to the NEF Test known as
the Continuing Erosion Filter (CEF) Test. They recommended evaluating
an existing embankment filter differently than when designing a new filter.
The following quote is from their article:

An assessment of existing filters should consider how the
filter may perform in the event of a concentrated leak
developing through the core. The performance of filters in
dams is classified into three categories as follows:

e Seal with no erosion-rapid sealing of the concentrated
leak, with no potential for damage and no or only minor
increases in leakage
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Figure 4-2. NEF Test apparatus.

Seal with some erosion-sealing of the concentrated leak
but with the potential for some damage and minor to
moderate increases in leakage

Partial or no seal with large erosion-slow sealing or no
sealing of the concentrated leak, with the potential for
large erosion losses, large increases in seepage, and the
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development of sinkholes on the crest and erosion
tunnels through the core

The device used by Foster and Fell to evaluate the potential for continuing
erosion is shown in Figure 4-3.

Figure 4-3. CEF test apparatus.
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4.2

The following modifications were made to the NEF Test during the devel-
opment of the CEF Test:

e Water passing through the filter during the tests was collected and the
eroded materials dried and weighed to determine the loss of base soil
required to seal the filter.

e Progressively coarser filters were used until the filter was not sealed.

e Thicker base specimens were used to allow for greater erosion losses.

4.1.2 Rate of erosion tests

Subsequent researchers from the University of New South Wales (Wan
and Fell 2004) have used similar experimental setups to study the rates of
erosion of soils in which a successful filter is not present. This research
focused primarily on the issue of base soil erosion, especially the suscepti-
bility of a given soil to piping. They describe two laboratory tests that were
developed to study rates of erosion and the critical hydraulic shear stress
necessary to initiate piping erosion. These two tests are (1) the Hole Ero-
sion Test (HET) and (2) the Slot Erosion Test.

The HET uses a 6-mm (0.24-in.) hole drilled in a specimen to model the
erosion occurring in an embankment. This contrasts with the 1 mm size of
hole used in the NEF Test. The Wan and Fell tests used head differentials
of 50 to 1,200 mm (2 in. to 4 ft), whereas the NEF Test used 138 ft of head.

Reclamation became interested in this research since it is useful in risk
analysis. Reclamation, as well as other agencies, participated in this
research, especially the transition from the hole erosion setup to the slot
erosion method (Farrar 2007).

4.1.3 Recommendations

When filter testing is considered necessary for verification of a trial filter
gradation design, the procedures by NRCS or Reclamation (Attachment F)
should be used.

Laboratory testing for material quality

This section describes tests that may be used to evaluate the quality of pro-
posed filter materials. Since a critical feature of a filter is to protect against
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cracks in the base material, it is imperative that the filter itself not sustain
a crack. Historically, material quality testing of filters has concentrated on
fines content and plasticity of those fines. This was done by using conven-
tional test procedures for gradation analysis (ASTM C117) and plasticity
(ASTM D4318). Recent performance has indicated that other types of
binders, such as soluble minerals, may also contribute to adhesion in filter
materials and that these binding agents may not be detected by conven-
tional test procedures. Therefore, in addition to the conventional test pro-
cedures, additional tests are included in this section to more closely evalu-
ate material quality. It is recognized that some of these procedures have
not been in general use in the profession and some do not have an
accepted standardized test procedure. Tests described in this section are
not proposed as a requirement for all filter testing but are described to
provide coverage of topics not included in existing guidance.

A particularly good example of the detrimental effect of binding agents can
be found in recycled concrete. This material produced by crushing existing
concrete, such as paving, is popular for use as a concrete aggregate. Since
the gradation range of concrete aggregate is often acceptable as a filter or
drain material, it may be attractive to use this in embankment dam con-
struction. However, this material is unacceptable from a quality stand-
point since the cement continues to hydrate, even many years after initial
placement. This hydration can lead to the material obtaining strength and
subsequently sustaining a crack. Therefore, aggregate derived from con-
crete recycling should never be used for filter or drain material in embank-
ment dams.

Filter and drain materials are derived from clean sands and gravels similar
to aggregates (sand and gravel) that are used for production of concrete. It
is not surprising then that material quality testing used for aggregates can
also be used for filter and drain material. A variety of tests are available to
evaluate aggregate quality. It is noted that independent of material testing,
qualitative statements have been used in specification paragraphs for both
aggregates and filter/drain material. A typical specification statement, as
presented by the Federal Highway Administration (2006), is:

Aggregates used in concrete mixtures for pavements must
be clean, hard, strong, and durable and relatively free of
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absorbed chemicals, coatings of clay, and other fine
materials.

While such a statement may inform the contractor of intent, it is difficult
to enforce since the requirement is subjective. The test procedures pre-
sented in this section are beneficial in specifying the quality requirements
for a given material.

Background on material source selection is presented in Attachment A,
and a general discussion of material types is presented here {Link_022}.
Additional discussion is presented here {Link_023}.

4.2.1 Sampling

An important part of testing aggregates is obtaining a representative sam-
ple for the tests to be performed. The U.S. Army Corps of Engineers
(USACE) Engineering Manual 1804, Geotechnical Investigations — Appen-
dix F, Chapter F-12, “Sampling from Stockpiles and Bins, Transportation
Units, or Conveyor Belts” describes procedures to follow when obtaining
samples of aggregates for quality control or quality assurance testing.
ASTM D75, Standard Practice for Sampling Aggregates, also describes
sampling technigues. American Association of State Highway Transporta-
tion Officials (AASHTO) Test Method T2 describes sampling methods for
aggregates. In all cases, the sample must be large enough to represent the
material accurately. ASTM D75 includes the following minimum sizes of
samples of aggregates:

Maximum Size of Aggregate Minimum Sample Size Minimum Sample Size
(mm) (kilograms) (pounds)
Fine Aggregate
2.36 mm (No. 8 sieve) 10 22
4.75 mm (No. 4 sieve) 10 22
Coarse Aggregate

9.5 mm (3/8 in.) 10 22

12.5 mm (1/2in.) 15 33

19.0 mm (3/4 in.) 25 55

25.0 mm (1in.) 50 110
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37.5 mm (1.5 in.) 75 165

50 mm (2 in.) 100 220

4.2.2 Tests for clay lumps and friable particles

AASHTO Test T112 and ASTM C142 are used to determine the presence
and amount of clay lumps and friable particles. Specifications may require
a maximum value for acceptance. Samples are soaked 24 hr in distilled
water, and any particles that can be broken by finger pressure and
removed by wet sieving are classified as clay lumps or friable material. For
aggregate acceptability, ASTM C 33 allows no more than 3% clay lumps or
friable particles as measured in this test.

4.2.3 Soundness tests

One test for particle soundness is ASTM C 88, Test Method for Soundness
of Aggregates by Use of Sodium Sulfate or Magnesium Sulfate. For accept-
ability, ASTM C 33 limits the average loss during five cycles of the sound-
ness test to 10% when sodium sulfate is used or 15% when magnesium
sulfate is used. This requirement should also be met for filters.

Another particle soundness test is ASTM C 131, Test Method for Resis-
tance to Degradation of Small-Size Coarse Aggregate by Abrasion and
Impact in the Los Angeles Machine. For acceptability, ASTM C 33 requires
no more than 50% loss during abrasion tests, and this requirement should
also be used for filter material.

4.2.4 Tests for plasticity of fines

Silt-size fines are less problematic from a plasticity standpoint than fines
that are clay size. For this reason, filter specifications often contain lan-
guage concerning the plasticity of any fines in the sample. Specifications
commonly require that any fines in the filter be nonplastic, as measured in
ASTM Standard Test Method D4318. This test for plasticity requires
obtaining at least 20 g of material finer than the No. 40 sieve. In cleaner
samples, a large amount of filter material may have to be sieved to perform
this test. Usually, the only test required is the plastic limit test. To demon-
strate that fines are nonplastic, it is only necessary to demonstrate that the
sample cannot be rolled out at any water content to a 1/8-in.-diam thread.



FEMA

68

4.2.5 Sand equivalent test

The ASTM test procedure for the Sand Equivalent Test is ASTM D2419,
and the AASHTO Standard Test Method is T 176. This test is more com-
monly used in specifying the quality of aggregates used in the manufacture
of concrete, but is useful in specifications for filters as well. Historically,
the test has not been used as frequently in specifications for filter
aggregates.

The Sand Equivalent Test is used to determine the relative proportions

of fines or claylike material in fine aggregates. Aggregate passing the
4.75-mm (No. 4) sieve is placed in a graduated, transparent cylinder that is
filled with a mixture of water and a flocculating agent. After agitation and
20 min of settling, the sand separates from the flocculated clay, and the
heights of sand and clay in the cylinder are measured. The sand equivalent
is the ratio of the height of the sand to the height of clay multiplied by 100.
A higher sand equivalent value (SEV) indicates cleaner fine aggregate.
Minimum specified SEVs for fine aggregate in asphalt mixtures range from
25 to 60. Concrete aggregate specifications commonly require a value to be
above 70 or 80. A value greater than 80 is considered by some experts as
appropriate for filter material.

4.2.6 Petrographic analysis

A petrographic analysis is another test that is not used frequently for eval-
uating aggregates proposed for a filter source. The provided information is
included here because the testing has occasionally been used for important
projects and those where the potential for cementing agents in the aggre-
gate are thought to be a possible problem. ASTM C 295, Standard Guide
for Petrographic Examination of Aggregates for Concrete, provides addi-
tional documentation of the quality of aggregates used for filters. Factors
evaluated in the procedure include:

¢ Whether the aggregate contains chemically unstable minerals

e Whether the aggregate particles are composed of weathered particles

e Determination of the proportions of cubic, spherical, ellipsoidal, pyra-
midal, tabular, flat, and elongated particles in an aggregate sample or
samples

e ldentification of potentially alkali-silica reactive and alkali-carbonate
reactive constituents, determination of such constituents
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guantitatively, and recommendation of additional tests to confirm or
refute the presence in significant amounts of aggregate constituents
capable of alkali reaction in concrete

¢ Identification of contaminants in aggregates, such as synthetic glass,
cinders, clinker, coal ash, magnesium oxide, calcium oxide, etc.

These factors are important for material quality in filters since they typi-
cally indicate when binding agents may be present. Chemically unstable
minerals, or minerals that can go into dissolution, can be re-distributed
through the soil mass and coat larger pieces of aggregate, binding them
together. A similar process can occur through alkali reaction.

The assessment of particle weathering and particle shape provides an indi-
cation of particle strength. Weathered particles will be weaker than parti-
cles that have experienced little weathering. Particles exhibiting a more
cubic shape are generally stronger than flat, tabular, ellipsoidal, spherical,
or elongated shapes.

ASTM Standard Test Method C 294, Standard Descriptive Nomenclature
for Constituents of Concrete Aggregates, is also useful in documenting
aggregates properties. It includes thorough descriptions of the various
rock types commonly used in the production of aggregates.

4.2.7 Vaughan test for cohesion

Vaughan and Soares (1982) introduced a test to evaluate the self-healing
properties of a filter zone in an embankment. Their interest in self-healing
properties arose from the problems that developed at the Balderhead Dam
in England. Vaughan proposed a test (sometimes referred to as the Sand
Castle Test) to evaluate the cracking potential of filter material. Vaughan
discusses this as follows:

For a filter to be effective if cracks form, it is necessary for it
to be noncohesive. If it is not, then it may itself sustain an
open flooded crack without collapse and so fail to protect a
cracked core. The inclusion of more fines in a filter to enable
it to retain material of clay floc size may give it cohesion.

Vaughan goes on to describe a test that he recommended to evaluate this
property as:
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A simple test, suitable for use in a field laboratory, has been
devised to examine filter cohesion. It consists of forming a
cylindrical or conical sample of moist compacted filter,
either in a compaction mould, or in a small bucket such as is
used by a child on a beach; standing the sample in a shal-
low tray (if a bucket is used the operation is exactly as
building a child’s sand castle) and carefully flooding the
tray with water. If the sample then collapses to its true
angle of repose as the water rises and destroys the capillary
suctions in the filter, then the filter is noncohesive. Samples
can be stored for varying periods to see if cohesive bonds
form with time. This test is, in effect, a compression test
performed at zero effective confining pressure and a very
small shear stress, and it is a very sensitive detector of a
small degree of cohesion.

The USACE recommends using the test in their manual on embankment
seepage control as:

Also, the amount and type of fines present influence the
capacity of a filter to self-heal by collapsing any cracks
within the filter (see Figure 8-3) [now Figure 4-4]. There-
fore, the maximum% fines and type (silt, clay, etc.) to be
allowed in the filter of an earth dam must be shown to be
sufficiently pervious by laboratory filter tests (I) and self
healing by collapse tests (Vaughn 1978).

Photographic results of successful and unsuccessful material performance
based on the USACE procedure are shown in Figures 4-5and 4-6,
respectively.

The lack of precision and the inability to express results quantitatively is a
shortcoming of this test {Link_024}. Specimen preparation has also been
identified as an issue. A more specific preparation procedure is presented
in Attachment F, Part V. A curing step is added to the procedure as a more
rigorous test of the material. By observation, it has been noted that filter
material placement can be exposed to drying and warm summertime tem-
peratures between placements, sometimes for several days. It is thought
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CRACK RACK COLLAPSES
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&
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: CAPILLARY SUCTION

IF SAND IS NONCOHESIVE

Figure 4-4. Figure 8-3 from USACE Engineering Manual EM 1110-2-1901.
The figure illustrates the Vaughan Test.

that these conditions may contribute to forms of physiochemical bonding
between soil grains.

4.2.8 Compressive strength test

Cementing of filters by drying can lead to a filter sustaining a crack rather
than preventing one. For this reason, tests to detect cementitious proper-
ties of filters should be considered in environments where filters may be
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Figure 4-5. lllustration of relatively poor self-healing behavior. The sample
does not collapse well after 50% submersion. The test sequence begins
at the lower right photo and progresses counter-clockwise,
ending in the lower left photo.

subjected to drying after placement. An example of such a test was
proposed by McCook (2002). The paper has the following discussion:

Compressive strength tests on filter sands may be helpful in
identifying sands with cementitious properties. These tests
should be considered for testing and qualifying sands pro-
posed for filters and drains in important projects. The low
cost and ease of performing the test with already available
equipment are factors encouraging the wider use of the test.
Additional research is needed to explore how important
factors such as molding water content affect the results.
Additional research is also needed to establish a value of
compressive strength that is excessive. Preliminary results
show that filters commonly have compressive strengths less
than 20 psi, but whether that value is an appropriate maxi-
mum allowable value is not clear with available data. An
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Figure 4-6. lllustration of relatively good self-healing behavior. The sample
collapses relatively quickly as it is submersed.

appropriate allowable level could be lower, perhaps 10 psi.
A level that is too restrictive might eliminate locally avail-
able aggregates and substantially increase the cost of haul-
ing in aggregates from a more distant source. Some means
of tying the results of this test to field performance is
needed.



FEMA

74

The procedure for measuring the compressive strength is included in
Attachment F.

4.2.9 Summary of test procedures for determination of material quality

The following table summarizes tests normally performed on aggregates
and are applicable for filter materials:

ASTM Standard AASHTO Standard
Test Test Method Test Method
Gradation (sieve analysis) C-136 T-27
Gradation (fines) C-117 T-11
Specific gravity (coarse aggregates) C-127 T-85
Specific gravity (fine aggregates) C-128 T-84
Clay lumps and friable particles C-142 T-112
Soundness (sodium or magnesium sulfate) C-88 T-104
Soundness (Los Angeles abrasion test) C-131 T-96
Sand equivalent D2419 T-176
Petrographic examination C-295

The use of these tests is dependent on prior knowledge of available source
material and judgment. If it is suspected that the source aggregate is of
guestionable quality, several of these tests can be used. If the source mate-
rial has been successfully used previously or the aggregate is judged to be
of high quality by visual examination, then fewer tests procedures would
be utilized.

It should also be recognized that many commercial pits will have the
results of several of these procedures and that data can be used in assess-
ing the source. If the data are not available from the supplier and the qual-
ity of the aggregate is in question, material quality testing described in this
section should be performed. Additionally, any test procedure that is
required in the specification should be performed prior to solicitation to
assure the source is acceptable.
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4.2.10 Recommendations

e Plasticity of fines of filter material should always be measured using
ASTM D 4318.

e When the quality of the candidate material is suspect, the self-healing
potential should be measured using the modified Vaughan or Compres-
sive Strength Tests.

e Quality requirements for filter material should be specified using test
results and not qualitative statements.

e Due to material quality issues, aggregate obtained from concrete recy-
cling operations should never be used for filter or drain material in
embankment dams.
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Filter Design Procedure

Background

The base soil is the core (designed water barrier) material whose integrity
must remain uncompromised during the dam’s life cycle. The filter soil
acts as the protective device or “fail-safe” mechanism to ensure proper
functioning of the core material. The filter soil particles are coarser-
grained than the base soil particles, to achieve the purposes discussed in
greater detail elsewhere in this manual.

This chapter presents a step-by-step procedure for selecting the proper
gradation band of a filter or drainage material whose purpose is to protect
a base soil material. The procedure applies to zones used in embankment
dams, foundation seepage collection zones such as toe drains, or any other
application where seepage occurs and particle movement is to be pre-
vented. This procedure can be used in both single- and multi-stage filter
applications. For multistage applications, the procedure is repeated for
each zone boundary progressing from the finest to the coarsest grained
soils.

Filter gradation limits achieved by this procedure will be a balance
between permeability requirements on the finer-grained particle distri-
bution side and particle retention requirements on the coarser-grained
particle distribution side. The window of fine-to-coarse limits allows for
flexibility in selection of the optimum filter gradation band required to
achieve the intended goal of the filter.

The procedure is primarily based on research performed at the Natural
Resource Conservation Service (NRCS) in the 1980s (Sherard 1984). That
research also influenced procedures used by NRCS, U.S. Army Corps of
Engineers (USACE), and Bureau of Reclamation (Reclamation). While
most design criteria are based on historical research by Sherard and
others, there are some differences between the procedures of each of these
U.S. Government agencies. These are elaborated on in {Link_015}. Addi-
tional research performed in the past decade by Foster and Fell (2001) and
others has contributed to the awareness of dispersive clay base soils and
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how they should be filtered. The procedure included in this chapter is a
compilation of the information from these sources.

5.1.1 Selection of base soil gradation

The first step in the filter design procedure is to determine the representa-
tive gradation of the soil being protected. Historically, design guidance has
indicated a single gradation with little explanation of how that gradation is
obtained. USACE {Link_016} and Reclamation {Link_017} provide narra-
tive assessments on base soil selection, and detailed considerations are
addressed in Attachment A. The information presented in Attachment A is
intended to elucidate which factors should be considered when evaluating
base soil data and choosing a representative gradation. The information
should be used as a guide rather than strict procedural requirements for
base soil selection.

Base soil selection is complicated by soil variability as it is represented in
gradation tests. Variability will be less for embankment fill since there is
blending and mixing of the source material as it is excavated from the bor-
row area and placed in the dam. On the other hand, foundation material
will have a greater degree of variability and present a greater challenge in
base soil selection. Foundation soils also present a challenge in that the
selection of accurate base soil gradations is only as good as the under-
standing of the geology. If the lithology of the subsurface deposits is poorly
understood, this can lead to incorrectly grouping multiple soil gradations,
resulting in a too coarse or too fine a filter for a given geologic unit. Proba-
bly the most difficult geologic conditions to quantify are undifferentiated
units. These are soil deposits that usually have limited areal extent and do
not warrant mapping them as unique soil layers. This may resultin a
broad range of soil types for consideration during base soil candidate
selection.

Consideration should also be given to sampling errors, classification
errors, and so-called outliers. Invariably, when numerous samples are col-
lected and obtained in earth materials, there will be one or two samples
that do not appear to match all others, even when the sampled layer is
thought to be homogenous. This variation can come from variability of the
materials themselves or from collection or laboratory (testing) errors.
When an outlier is on the finer side of the candidate gradations, a problem
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can arise if it is used as the representative base soil gradation since it will
result in a too-fine filter being designed.

Since foundation soils typically have greater variability than earthfill mate-
rials, as described above, the base soil selection procedure is different for
these two classes. As would be expected, the more variable class has a
longer list of characteristics that needs to be evaluated (see Figure A-15),
and the less variable material is simpler (see Figure A-14).

5.1.2 Dispersive clay base soil considerations

For base soils with more than 15% fines, adequate tests should be per-
formed to establish whether the clay fines are dispersive in character. The
crumb test (ASTM D 6572) and double hydrometer test (ASTM D 4221)
usually define this property adequately, but in some cases, pinhole, ASTM
D 4647, and chemical tests may also be required. The NRCS reference,
“Chapter 13, Part 633 of the National Engineering Manual, Dispersive
Clays,” contains useful advice for sampling and testing for dispersive clays
as does the Reclamation reference, “R-91-09, Characteristics and Prob-
lems of Dispersive Clay Soils.”

As the name implies, dispersive clay minerals tend to “come apart” when
immersed in fresh water, as opposed to flocculation (come together),
which is seen in all other types of clays. This dispersion tends to make the
nominal particle sizes effectively smaller than what is measured in non-
dispersive samples. Since the effective particle sizes are smaller, the reten-
tion rules based on a D15 size are not entirely representative. A different
set of retention criteria are used, as described later in this chapter.

5.1.3 Base soil computational re-grading

Computationally re-grading the base soil (i.e., calculating on paper instead
of field sorting) at the beginning of the filter design procedure is a critical
step that must be followed, when applicable, in order to obtain a correctly
designed filter. The concept of computational re-grading was developed by
Sherard to correct for broadly graded soils. Broadly graded base soils can
be internally unstable (i.e., inadequate particle retention), and re-grading
corrects for this phenomena. Permitting the inclusion of gravel (> sieve
No. 4 size) within a base soil gradation will lead to a large D85B size and
subsequently a large D15F size. Since gravel particles do not have any
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particle retention capability in broadly graded or gap-graded soils, the
resulting filter gradation will be too coarse to provide particle retention of
the finer fraction of the base soil (i.e., the filter will not meet particle
retention criteria for the base soil). The exception to this rule is that soils
with less than 15% fines do not require re-grading.

The procedure for base soil computational re-grading is illustrated in
Figure 5-1, with the steps listed below:

Figure 5-1. Example showing computational
re-grading to the No. 4 sieve size.

1. Obtain a correction factor (or adjustment ratio) by dividing 100 by the
percent passing the No. 4 (4.75-mm) sieve size of the base soil.

2. Multiply the percentage passing each sieve size of the original base soil by
the correction factor (or adjustment ratio).

3. Plot these adjusted percentages to obtain the computationally re-graded
gradation curve.

4. Use the re-graded curve plot to determine the percentage passing the
No. 200 (0.075-mm) sieve to use in step 4 below.

The problem of not re-grading the base soil gradation is illustrated graphi-
cally in Figures 5-2 and 5-3. Figure 5-2 shows a base soil that has not been
re-graded (i.e., original base gradation curve is shown). Sizing a filter for
this material results in a filter consisting primarily of coarse gravel, as



Figure 5-2. lllustration of an incorrectly designed filter gradation (blue line) because the base soil gradation (red line)
was not computationally re-graded to the No. 4 sieve size.
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Figure 5-3. lllustration of the original base soil material as shown in Figure 5-2 after computational re-grading (red line).
Re-grading results in a correctly sized (slightly finer-grained) filter (blue line).
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5.2

shown on the figure. This design results in the silt and fine sand of the
base material eroding through the voids in the coarse gravel filter.

Figure 5-3 shows the same base soil computationally re-graded beginning
with the No. 4 sieve size. The filter design based on the re-graded soil is a
fine gravel with 10% sand. This design will not permit movement of the silt
and fine sand of the base soil through the sand and fine gravel filter.

Filter design procedure

The following section provides a step-by-step procedure based on
Sherard’s research, guidance of Federal agencies, and other studies in the
last decade. More detailed discussions are found in Attachments D, G, and
{Link_027}.

Step 1: Plot the gradation curve(s) (grain-size distribution) of the base
soil material(s). Determine if the base soils have dispersive clay
content and note it for later use in the procedure.

Step 2: Determine if the base soil(s) have particles larger than the No. 4
sieve (i.e., gravel sizes). Also, determine if the base soil(s) are gap-
graded, thus potentially subject to internal instability (reduced
particle retention capability).

(a) If the base soil has no gravel particles, proceed to Step 4.

(b) If a base soil contains any particles larger than the No. 4 sieve, the
soil should be computationally re-graded on the No. 4 sieve (go to
Step 3), with the following exception: sands and gravels with less
than 15% fines that are not gap-graded and not broadly graded do not
require re-grading (proceed to Step 4).

A flowchart illustrating the Step 2 process is shown in Figure 5-4.

If the base soil is gap-graded (i.e., missing medium grain sizes), the coarse
grains may not deter the migration of the finer grains. The filter should be
designed to protect the finer grains rather than the total range of particle
sizes. USACE EM 1110-2-2300 (30 July 2004) illustrates how a gap-
graded base soil may be re-graded on the No. 30 sieve (identical in fashion
to the above procedure for re-grading on the No. 4 sieve), and the filter
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Figure 5-4. Flowchart of the Step 2 process.

design is based on the re-graded curve. The resultant filter design should
be checked with filter testing to verify its performance.

Step 3: Prepare adjusted re-graded gradation curves (i.e., re-graded)
for base soils that have particles larger than the No. 4

(4.75-millimeter [mm]) sieve.

Refer to either previous Section 5.1.3 or the above illustration for the
re-grading procedure.

Step 4: Determine base soil category based on percent passing the

No. 200 (0.075-mm) sieve in accordance with the following table.

Table 5-1. Base soil categories.

Percent Finer Than No. 200
Base Soil Sieve (0.075-mm) (after
Category re-grading where applicable) Base Soil Description
1 > 85 Fine silt and clays
2 40 - 85 Sands, silts, clays, and silty and sands
3 15 - 39 Silty and clayey sands and gravels
4 <15 Sands and gravels

Note: Table 5-1 is the same for USACE, Reclamation, and NRCS guidance (Table 2, USBR
Design Standards No. 13(5); Table B-1, EM 1110-2-2300; Table D-1, EM 1110-2-1901; and
NRCS Table 26-1)
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Step 5: To satisfy particle retention (internal stability) requirements, cal-
culate the maximum allowable DisF size in accordance with the
following table. Selection is based on the DgsB of the re-graded (if
applicable) base soil. Plot the result (maximum allowable DisF
size) as a single point on a preliminary design plot (illustrated in
Section 5.3).

Table 5-2. Filtering criteria.

Base Soil Category

Filtering - Maximum D1sF

The maximum D1sF should be <9 x DgsB, but not less than
0.2 mm, unless the soils are dispersive. Dispersive soils require a
maximum D1sF that is < 6.5 x DssB size, but not less than 0.2 mm.

The maximum D1sF should be < 0.7 mm unless soil is dispersive,
in which case the maximum D1sF should be < 0.5 mm.

For nondispersive soils, the maximum D1sF should be

3[40‘ A} [(4x D,B)—0.7mm*] + 0.7mm
25
where:
A =% passing No. 200 sieve after any re-grading.
When 4 x DgsB is less than 0.7 mm*, use 0.7 mm*
* - For dispersive soils, use 0.5 mm instead of 0.7 mm.

4

The maximum D1sF should be < 4 x DgsB of base soil after
re-grading

Note: Table 5-2 has essentially the same criteria as seen in USACE, Reclamation, and NRCS
guidance (Table 2, USBR Design Standards No. 13(5); Table B-2, EM 1110-2-2300;

Table D-2, EM 1110-2-1901; and NRCS Table 26-2). NRCS adds dispersive soil criteria, and
USACE adds wave/surge criteria.

Step 6: To satisfy permeability requirements, determine the minimum
allowable DssF:

Minimum DsF > 5 x maximum D1sB (Reclamation)

Minimum DisF > 3 to 5 x maximum DisB (USACE)

Minimum DisF > 4 to 5 x maximum D1sB (NRCS)

Minimum DssF is computed prior to any re-grading, if any, and should
not be smaller than 0.1 mm.

Plot the result (minimum allowable DisF size) as a single point on the
preliminary design plot (illustrated in Section 5.3).
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Step 77: Limit the width of the filter band and prevent gap-graded filter
design. After plotting the maximum and minimum DisF sizes on
the preliminary design gradation plot, check that their ratio is less
than or equal to 5 (i.e., maximum DisF <5 x minimum DisF). In
addition, check the Dio and Deo size limits to ensure coefficient of
uniformity (Cu) between 2 and 6.

Plot the results as points on the preliminary design plot (illustrated in
Section 5.3).

Additional discussion on preventing gap-graded filters is presented here
{Link_019}.

Step 8: To limit the amount of fines and oversized material, determine
the minimum DsF and maximum DiooF according to the following

table:
Table 5-3. Maximum and minimum particle size criteria.
Base Soil Category Maximum D1ooF Minimum DsF
<2in. 0.075 mm
ALL cat i
categories (51 mm) (No. 200 sieve)

USACE sets maximum size at 3 in. (75 mm), maximum 5% fines passing
the No. 200 sieve, and PI equal to zero.

Step 9: To limit segregation potential, determine maximum DgoF from
the following table:

Table 5-4. Segregation criteria.

If Minimum DF is: Then, Maximum DooF is:
Base Soil Category (mm) (mm)
<0.5 20
0.5-1.0 25
1.0-2.0 30
ALL i
categories 50-5.0 40
5.0-10 50
10-50 60
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5.3

Additional discussion of segregation is presented here {Link 019}.
Step 10: Determine the filter gradation band within the control points.

Select a gradation band within the control points (limits). Two methods
are presented based on the practice of NRCS and Reclamation.

The NRCS method is:

To prevent use of gap-graded filters, the width of the filter band is adjusted
such that the ratio of the maximum diameter at any passing less than 60%
is 5 or less. To check this at the DisF, divide the maximum DisF by 5, and
use the coarsest of the new point. At the Deo limits (Step 7 above), the
band width can be laterally adjusted to meet the Step 7 requirements. The
adjustable band width may be set to accommodate commercially available
gradations or other materials available at or near the project site.

The Reclamation method considers the purpose of the filter and provides
guidance for those cases. This method, along with examples, is presented
in Attachment G.

5.2.1 Drainpipe perforations

If the envelope filter will be used adjacent to a perforated pipe, then:

The maximum pipe perforation dimension should be no
larger than the finer side of the DsoE where DsoE is taken
from the gradation of the envelope (drain) material that
surrounds the drainpipe.

Design examples
5.3.1 General example

For the purpose of illustrating the procedures listed above for a single-
stage filter design, a hypothetical re-graded base soil curve is shown in
Figure 5-5. Steps 1 through 3 are not repeated since the base soil is already
computationally re-graded. The purpose herein is not to select the opti-
mum filter to protect this particular base soil, but to illustrate the steps
required to accomplish the filter design process.



Figure 5-5. lllustrative re-graded base soil curve.
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Since the percent fines passing the No. 200 sieve size is 15%, per Table 5-1
this re-graded base soil is in Base Soil Category 4, satisfying Step 4 in
Section 5.2.

Per Table 5-2, for a Category 4 base soil, the maximum DisF should be less
than or equal to 4 x DgsB, or (4 x 2.1) = 8.4 mm. Plot the max DisF =
8.4 mm as point A on Figure 5-6 to complete Step 5.

To satisfy permeability requirements (Step 6), calculate the minimum DisF
as 1/5th of the maximum DssF, or (1/5) x 8.4 = 1.68 m (must not be less
than 0.1 mm). Plot the min DisF = 1.68 m as point B on Figure 5-6.

An additional check of filter permeability is performed by computing the
ratio of the minimum DisF to the DisB of the coarsest soil in the base soil
band (before re-grading the soils). A rule of thumb commonly used is that
this ratio should be in the range of 4 to 5. Because permeability is propor-
tional to the square of the Dis size, filters designed using this guideline will
be at least 16 times and up to 25 times as permeable as the base soils with
which they are in contact. The minimum allowable DisF may need to be
modified in consideration of this additional check. This modification will
result in a narrower filter band that may be more difficult to supply, but
the increased permeability may justify this more restrictive design. Per
Step 7, limit the width of the filter band and prevent gap-graded design.
After plotting the maximum and minimum DisF sizes on the preliminary
design gradation plot, check that their ratio is less than or equal to 5 (i.e.,
maximum DisF <5 x minimum DgsF). In addition, check the Dio and Dso
size limits to ensure coefficient of uniformity (Cy) between 2 and 6:

(a) Find the maximum Dyo size and plot as point C:
C=pointAx0.7=8.4x%x0.7=5.88 mm
(b) Find the minimum Do size and plot as point D:

D = point B x 0.7 (but not less than 0.075 mm) =1.68 x 0.7 =
1.17 mm

(c) Find the maximum Deo size for Cy = 6 (point E):

E=pointCx6=5.9x6=354mm



Figure 5-6. Initial control points (A and B) for designing the filter.
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(d) Find the minimum Deo size for Cy =2 (point F):
F=pointDx2=117%x2=2.34mm
(e) Find the size of a “sliding bar” defined by points G and H where:

F<G<E
H=Gx5

As described later, this bar can be adjusted back and forth between
points E and F.

An alternative method to controlling the width of the mid-portion of the
gradation band using a vertical-sliding bar is described in Attachment D.

Figure 5-7 shows the layout of these points.

Per Step 8, the minimum DsF size is 0.075 mm (No. 200 sieve), shown as
point | on Figure 5-8. The maximum DiooF size is < 2 in. (51 mm), shown
as point J on Figure 5-8.

Per Step 9, the filter must not be overly broad in order to prevent possible
segregation during construction. Since the minimum DioF size is 1.17 mm
(from Step 7), the maximum DgoF size is 30 mm (from Table 5-4). The
maximum DgoF size is represented by point K on Figure 5-8.

The final step is to select a preliminary filter gradation band within the
control points (limits). Numerous filter material selections are possible,
depending on desired optimal filter function (particle retention and/or
drainage), commercial availability, and other concerns noted in this
manual (see Chapter 6). For example, the NRCS recommendation for
preventing selection of gap-graded filters is to adjust the width of the
preliminary filter band such that the ratio of the maximum diameter at
any percent passing less than 60% is 5 or less. To check this at the DisF,
divide the maximum DisF (point A) by 5, and use the coarsest of the new
point or point B. At the Dego limits, the band width determined by points G
and H can slide back and forth between points E and F. This sliding band
width is set to accommodate commercially available gradations or other



Figure 5-7. Additional control points (C through H) for designing the filter.
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Figure 5-8. Additional control points (1, J, and K) for designing the filter.
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materials available at or near the project site. Attachment G lists the
Reclamation methods and concerns for proper filter selection.

Figure 5-9 illustrates one possible filter material candidate that fulfills the
filter design requirements in the above example. This filter material would
have to be evaluated further to examine (1) if it is commercially or readily

available, (2) if it matches the designer’s goals for a single-stage filter, and
(3) if additional design considerations are needed (Chapter 6).

Resources are available for conducting a filter design and iterating to find
the most suitable filter material based on commercially-available aggre-
gate mixes. For example, there are numerous standardized soil mixes such
as the ASTM C-33 concrete sand that are commercially available and
readily supplied by commercial firms. Iterations to match the available (or
most economical) filter materials to the required design parameters will be
necessary, and computer applications may be enlisted to perform such an
endeavor. Navin et al. (2006) provides a comprehensive listing of
commercially-available mixes matched to filter design gradations in a
user-friendly spreadsheet application.

5.3.2 Detailed example

In this example, a filter is required in the construction of a flood-
protection parapet wall along the top of an existing dam as shown on
Figure 5-10. The location of the filter material is such that the filter is not
associated with a drainage feature, but is functioning as a separation layer
between the existing embankment dam core material and the aggregate
base course! for asphalt paving on top of the dam in an area of potentially
elevated seepage gradients directly behind the parapet wall during flood
surcharge. The filter (Zone 5) is to protect against piping failure caused by
seepage flow under the wall during flood surcharge. Interface 1 is the
boundary between the embankment dam core and the filter. Interface 2 is
the contact between the filter and the aggregate base course.

The following steps outline the procedure for specifying a filter material
for this example. This example checks for filter compatibility at the two

1 “Aggregate base course” is the standard naming convention for a pavement sub-base. This “base”

should not be confused with the base soil used elsewhere in this example.



Figure 5-9. The filter design process is completed when a candidate material is evaluated and selected to function as an optimum first-stage filter.
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Figure 5-10. Parapet wall cross-section with location of Zone 5 filter and
aggregate base course for paving.

interfaces: (1) embankment dam core to Zone 5 filter; and (2) Zone 5 filter
to aggregate base course.

5.3.2.1 Filter check for Interface 1

Because the seepage during flood surcharge flows from the existing
embankment dam core into the Zone 5 filter at Interface 1, the existing
embankment dam core material functions as the base soil and the Zone 5
material functions as the filter for this filter check.

Step 1: Plot the gradation curves of the base soil materials and
determine if the base soils have dispersive clay content. The gra-
dation curves for the existing embankment dam core material are plotted
on Figure 5-11. The gradation for the five samples is fairly uniform, with
the gradation curves falling within a 10-point band for percent passing
along the entire gradation curve. The existing embankment dam is located
in a region that is not known for dispersive clays.

Step 2: Determine if the base soil has particles larger than the
No. 4 sieve and if the base soil is gap-graded or potentially




FEMA

96

PERCENT PASSING (BY WEIGHT)

GRAIN SIZE DISTRIBUTION

SIEVE ANALYSIS HYDROMETER ANALYSIS
U.S. STANDARD SIEVE
PENIN U.S. STANDARD SIEVE NUMBERS TIME READINGS
IN INCHES
00 @ AN e 38w #8 #10 #16  #30 #40 #50  #100 _ #200 1w swn 1oMN_ BOMN R 3277’»}0
*
N
N

90 o 10

80

20

70 30

60

40

50 50

60

8
77
j’/i’/ /
YAV
VY,
7y

30

70

20

80

90

375 19 a5 475 236 1.18 6 3 15 075 037 019 009 005 002 001
2 425

PARTICLE SIZE IN MILLIMETERS

GRAVEL SAND

FINES

COARSE | FINE COARSE | MEDIUM | FINE

PERCENT RETAINED (BY WEIGHT)

Figure 5-11. Existing embankment dam core gradations before re-grading.

subject to internal instability. The existing embankment dam core
gradation curves include gravel contents in excess of 40% and fines
contents of 15 to 20%. The soil is also broadly graded, with C, = 398 to 811
(much greater than the limit of C, < 6) and C, = 0.64 to 1.57 (within the
broadly graded range of 1 to 3). The gradation curves should be
computationally re-graded.

Step 3: Prepare adjusted re-graded gradation curves for base
soils. Each of the five gradation curves were re-graded using the

procedure described in Chapter 5. The re-graded gradation curves are
shown on Figure 5-12.

Step 4: Determine the base category of the soil based on the
percent passing the No. 200 sieve in accordance with Table 5-1.



FEMA

97

Figure 5-12. Existing embankment dam core gradations after re-grading,

The percent passing the No. 200 sieve for the re-graded curves fall in the
range of 28 to 35%, resulting in a base soil category of 3 for all five grada-
tion curves. Based on the guidance provided in Attachment A for base soil
selection of earthfill materials with base soils that fall within one category
for an existing dam (Figure A-14), the fine side boundary of the base soil

gradation curves, as shown on Figure 5-12, should be used for filter design.

Step 5: Determine the maximum allowable D,;F size to satisfy
particle retention requirements in accordance with Table 5-2.
For base soil category 3, with a fines content of 35% and DgsB = 1.71 mm

from the fine side boundary of the existing embankment dam core grada-
tion curves, the maximum DssF is calculated as:

(D15F)max = [(40-35)/(40-15)][(4)(1.71 mm)-0.7 mm] + 0.7 mm = 1.98 mm
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This value is plotted as filter control point A on Figure 5-13.

Step 6: Determine the minimum allowable D;F to satisfy
permeability requirements. With D1sB = 0.005 mm from the fine side
boundary of the existing embankment dam core gradation curves, the
equation for the minimum allowable DisF gives:

(D1sF)min = (5)(0.005mm) = 0.025 mm

Figure 5-13. Filter control points for Interface 1.

This values is less than the minimum value of 0.1 mm specified in the
procedure, so the minimum DisF = 0.1 mm. This value is plotted as point B
on Figure 5-13.
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Step 7: Determine the limits of DeoF to limit the width of the
filter band and possible gap-gradedness. In accordance with the
guidelines provided in Chapter 5:
1. Maximum Dio anchor point (point C):

C=Ax0.7=(1.98 mm)(0.7) = 1.39 mm

2. Minimum Djo anchor point (point D):

D =B x0.7=(0.1 mm)(0.7) = 0.07 mm, which is less than the
minimum value of 0.75 mm

Because the calculated value of D is less than the minimum value of
0.75 mm provided in the guidelines, D = 0.075 mm

3. Maximum Deo anchor point (point E):
E=Cx6=(1.39 mm)(6) =8.34 mm

4. Minimum Deo anchor point (point F):
F=Dx2=(0.075 mm)(2) =0.15 mm

5. The size of the sliding bar (points G & H):

G >=0.15mm

H=Gx5
These values are plotted as points C through G on Figure 5-13.

Step 8: Determine the minimum D;F and maximum D,o0F to
limit the amount of fines and oversized material in accordance
with Table 5-3. For all base soil categories, (DsF) min = 0.075 mm and
(D10oF) max = 51 mm. These points are plotted as points | and J,
respectively, on Figure 5-13.
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Step 9: Determine the maximum DyoF to limit segregation
potential from Table 5-4. For all base soil categories, with a minimum
DioF = 0.075 mm, the maximum DgoF = 20 mm. This point is plotted as
point K on Figure 5-13.

Step 10: Determine the gradation band within the control
limits. As a trial, the gradation band for C33 “concrete sand” is plotted on
Figure 5-14 along with the filter control points from Figure 5-13 to
determine if it falls within the control points.

Figure 5-14. Gradation for C33 “concrete sand” plotted with the filter control
points for Interface 1.

The band width defined by points G and H was slid between points E and
F such that it coincides with the gradation band for C33 “concrete sand.”
Because the gradation band for C33 “concrete sand” falls within all of the
filter control points for Interface 1, C33 “concrete sand” can be used as the
filter material for this interface.
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Alternate method for limiting gap-graded gradation during
filter design: An alternate method for controlling the width of the mid-
portion of the gradation band, based on the guidance provided in Attach-
ment D, is shown on Figure 5-15. This method uses filter design control
points A, B, I, J, and K from Figure 5-13, with a sliding vertical band
defined by points L and M, that cannot cross the line between points A and
K and requires the filter gradation to be no greater than 35 points. The
gradation band for C33 “concrete sand” is also plotted in Figure 5-15 to
check its compatibility with the filter design criteria. Because the gradation
band for C33 “concrete sand” falls within all of the filter control points for
Interface 1, C33 “concrete sand” can be used as the filter material for this
interface.

Figure 5-15. Gradation for C33 “concrete sand” plotted with the filter control points for
Interface 1 from Alternate Method.
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5.3.2.2 Filter Check for Interface 2

Because the seepage during flood surcharge would flow from the Zone 5
filter material into the aggregate base course for the asphalt paving at
Interface 2, the C33 “concrete sand” filter material functions as the base
soil and the aggregate base course functions as the filter for this filter
check. The aggregate base course is an ASTM D448 No. 467 aggregate. The
gradation is illustrated on Figure 5-16.

Figure 5-16. Gradation for ASTM D448 No. 467 plotted with the filter control points for
Interface 2.

Steps 1-3: The gradation range for the C33 “concrete sand”, shown on
Figures Figure 5-14 and Figure 5-15, is fairly uniform, and has less than 5%
passing the No. 4 sieve. This material is not gap graded (Cy =4 to 4.2 and
C,=0.9t0 1.0). Therefore, the C33 gradations do not need to be re-graded.
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Step 4: The percent passing the No. 200 sieve for C33 “concrete sand” is
less than 2%, resulting in a base soil category of 4. Based on the guidance
provided in Attachment A for base soil selection of earthfill materials with
base soils that fall within one category, the fine side boundary should be
used for filter design.

Step 5: For base soil category 4, with a DgsB = 1.18 mm from the fine side
boundary of the C33 gradation curves, the maximum DssF is calculated by:

(D15F)max = 4 x DgsB = 4(1.18 mm) = 4.72 mm

This value is plotted as filter control point A on Figure 5-17.

Figure 5-17. Filter Control Points for Interface 2.

Step 6: With DisB = 0.18 mm from the fine side boundary of the C33
gradation curves, the equation for the minimum allowable DisF gives:



FEMA

104

(D15F)min = (5)(0.18 mm) = 0.9 mm
This value is plotted as point B on Figure 5-17.
Step 7: In accordance with the guidelines provided in Chapter 5:
1. Maximum D1o anchor point (point C):
C=Ax0.7=(4.72mm)(0.7) =3.30 mm
2. Minimum Dyo anchor point (point D):
D =B x 0.7 = (0.9 mm)(0.7) = 0