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PHILLIPS URANIUM CORPORATION

BOX 26236 4665 INDIAN SCHOOL ROAD N E TELEPHONE 605 266-5891
ALBUQUERQUE, NEW MEXICO 87101

March 19, 1980

Mr. J. ", Whiteman, Chief

Design and Construction Section

State of New Mexico Natural Resources Department
Water Resources Division

Bataan Memorial Building

Santa Fe, New Mexico 87503

Dear Mr. Whiteman:

This will confirm receipt of your letter dated March 18, 1980 and our meeting
of the same date in our offices.

Pursuant to a telephone request made by Mr. Don Lopez of your staff, a meeting
was held to discuss additional needs of the State Engineer's Office in support
of Phillips Uranium Corporation's propcsed Nose Rock evaporation pond dam
design.

As discussed and summarized, the State Engineer's Office is requesting that
Phillips provide additional defensive measures to protect against the possi-
bility of embankment cracking, to ensure filter criteria, and to control seep-
age. In addition, other items discussed were the possibility of placing a
protective blanket of material between the dam construction material and the
slope protection material riprap, graveling the crest surface of each stage

of the dam, rroviding a map which showed the general borrow areas of the material

to be used for construction, and an evaluation of selected shear strength
parameters based on any redesign which may be required as a result of this
discussion.

More specifically, with regard to the defensive design mechanisms requested,
Mr. Lopez indicated that there was a need to incorporate a {ilter mechanism
in the first stage of the dam. With regard to the foundation materials, Mr.
Lopez indicated that these materials are sensitive to increases in moisture
content, and a defensive mechanism should be incorporated to preclude the
possibility of embankment cracking. With regard to the procedure used in
compaction, it was requested that we consider the poesibility of changing the
specification from the use of a modified proctor to the use of standard com~
paction in order to accommodate a more flexible structure.

There was a lengthy discussion with regard to the filter criteria, and Mr.
Lopez requested that we provide him with the gradation curves of the material
we propose to use. There appeared to be some confusion as to the excavation
depth of the cutoff tremnch. It should be made clear that, in the first stage,
when excavating and constructing the cutoff trench, the trench will be exca-
vated down to the suitable foundation rock.
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Discussion having been completed, it was agreed that Mr. Jim Tinto and Mr.
Bob Booth would evaluate the existing data and determine if any additional
field work would be required in preparation of a response to your request.
It is anticipated that the additional work which you have requested can be
completed prior to July 1, 1980. As I indicated during the meeting, I would
prefer to meet with you once again after we have prepared our response to
your request and discuss the particulars in order to expedite your review.

Attached herewith, for your information, is a list of the attendees at the

meeting. I trust that the contents of this letter accurately reflect your

request. If you have any comments or corrections, please advise me at your
earliest convenience.

Sincerely yours,

U, < Ve Q \\>\ . \-\-:‘\\
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JRV: imm- (RC) Juan R. Velasquez 3
Attachment
¢cc: Mr. Don Lopez, State Engineer's Office

Mr. William Fleming, NMEID

Mr. Robert Booth

Mr., James Tinto

Mr. Richard Peacock

Mr. Merle Miller




LIST OF ATTENDEES

March 18, 1980

D. T. Lopez, State Engineer's Office

J. L. Whiteman, State Engineer's Office

Richard Peacock, Phillips Uranium Corporation--Nose Rock

J. H. Tinto, Davy McKee

Merle Miller, Engineering and Services, Phillips Uranium Corporation
R. D. Booth, Sergent, Hauskins & Beckwith

Juan R. Velasquez, Phillips Uranium Corporation

J. L. Whiteman, State Engineer's Office

W. M. Fleming, New Mexico Enviromnmental Improvement Division
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1. NET RESERVOIR EVAPORATION INCLUDES 10 INCH
AVERAGE ANNUAL PRETIPITATION.

2. EVAPORATION PER YEAR IS BASED ON THE AVERAGE
ESTIMATED POND SURFACE AREA DURING THE YEAR.

3. WATER FROM SAND DISPOSA L AREA IS BASED ON SANDS
DRAINING FROM 76% SOLIDS TO 85% SOLIDS.

4 ALL VOLUMES ARE SHOWN IN ACRE-FEET.

6. WATER VOLUMES ARE BASED ON PROJECTED MILLING

CAPACITIES AND ULTIMATE TAILINGS DISPOSAL

CAPACITIES OVER 20 YEARS OF OPERATION.

Zhis chart Losed o 2500 T [dasy anbly s

1 A=8B+D

2, G=[B~C)+(D-E)] ~F

Dry Tons Total Slime Water Liberated Sand Water Water Net Year End Avg.
Year Solids Tailings | Water Retained Shime Water Ruumad} Drained Evaporation| Water Vol. Pona
Per Year Water Acre-tt | in Slimes Water Acreft | in Sand | from Sands | Acre-ft Acre-ft Elev.
Acre-ft Acre-ft Acre-ft | Acre-ft |
\
0 A B C B-C D E D-E ¢ G |
1 377,800 434 9 365.4 46.3 3191 695 36.8 32.7 200.9 1609 6402.0
2 627,500 7229 6059 76.1 6208 117.0 61.2 558 4764 | 2601 6407.0
3 791,000 923.0 7755 984 6771 1475 78.0 695 619.8 386.9 64090
a B87,500 | 10366 8700 1104 759.6 165.6 876 779 700.2 6524.2 64110
5 887,500 | 10356 870.0 110.4 760.6 165.5 876 778 7389 622.8 6415.0
6 B87,600 | 10368 8700 1104 750 .6 166.5 B76 779 7676 692.7 6416.0
7 887,500 | 10366 87C.0 1104 769 6 165.6 B76 778 782.0 738.2 6417.0
8 B87,500 | 103686 870.0 1104 7696 165.6 B7.8 778 8379 737.8 6418.0
] B87,500 | 10356 870.0 1104 769 .6 1656.5 876 778 869.5 706.8 64190
10 887,600 | 10356 870.0 1104 769 .6 166.5 876 778 1.0 662.3 6420.0
1 887,500 | 10366 870.0 1104 759 .6 1656.6 876 778 901.1 608.7 64215
12 887,500 | 10366 | 8700 104 7596 166.5 876 778 9183 | 61789 64225
13 B87,500 | 10366 | 8700 1104 769.6 1655 876 779 9211 | 4343 64226
14 BB7,800 | 1,0366 | 8700 1104 760 6 1656.5 876 779 9240 | 3478 64230 |
16 887,600 | 10366 | 8700 1104 769 .6 165.5 876 | 718 9240 1 261.3 6423.0
16 887,500 | 10366 | 8700 1104 760 6 166.6 876 779 9240 7, 1748 64240
17 887,800 | 10366 | B70.0 1104 760 6 165.6 876 779 9384 | 739 6424.0
18 887,500 | 10366 | 87200 1104 758 6 166.5 B76 779 9412 | DRYING 64245
19 887,500 | 10366 | 87200 1104 768.6 1656.5 876 778 8706 | DRYING 6425.0
20 887,600 | 10356 | 8700 1104 750.6 1658 876 778 9706 l DRYING 6425.0 F*"
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30 SEEPAGE CONTROL IN EARTH DAMS

sand and silt 10 be in direet contact with the per-
forated pipe.,

ficommendations for Preventing Piping in
Emban“ments and around prpust s

Let s summarize and reem gnasize the precautions
that are needed in the design and construction of
flters and drains in earth dams and levees:

1. Do not allow materials larger than 1 1o 2in, in
size in the coarser layer of a two-layer drain.

2. Do not permit extremely wide ranges of particle
sizes in a filter layer, Broadly graded mixtures
with maximum sizes of several inches or more
tend 10 segregate during placement, creating
conditions conducive ta internal piping.

3. Require filter materials 10 be placed with
spreader boxes or othey cgumipment that does
not induce segregation.

4. Require filter materials 10 be well satursted ar
the time of placement and compaction. Most
dry aggregates tend 1o segregate badly during
bandling and placing.

wn

Do not permit filtees 10 become contammated
with hines that might he dropped from tires of
constiuction equipment, washed down slopes
by rainstorms, or transported by other acciden.
tal means,

6. Whenever possible, avaid the use of fler
layers that comain only sand sizes, since such
materials have little resistance 1o washing
through accidental coarse pockets, holes in
pipes, open joints in rock formations, openwork
gravel weams, and other large openings.

Require careful, thorough inspection of the
wark.

-3

3. REDULTION OF SEEPAGE

Basic Coreiderations

Seepage-reducing methods make use of relutively
impermeable cutoffs, grow curtains, and upstream
blankets, which consume energy at locations within
cross sections where large water pressures and seep-
age forees can have no detrimental elfects, The net
result of these methods is that water pressures and
seepage lorces are reduced in the critical exit re.
gions. These secpage-reducing features are usually
used in combination with properly designed filters
and drainage features, since seepage reduction

alone may be only partially eflective, as will be illus.
trated by several examples. Furthermore, the peed
for a conservative approach in designing dams
makes such a “second line of defense™ highly desir-
able.

Thin Upstream Sloping Cores

Figure 11a is a cross section through an earth dam
with an upstream sloping core of *aw permeability,
The foundation is assumed to be irapervious, Under
steady seepage, the small amount of water that seeps
through the core flows vertically downward in &
partially saturated zone and then maore or less hor.
tzontally in a thin saturated layver along the imper.
vious foundation. If the permeability &, of the core is
very low in relation to the permeability &, of the
downstream zone, as assumed i this example,
substantially all of the head loss oceurs in the up-
stream hall of the dam. and the downstream half is
relatively unaffected by the seepage. The condition
shown in Fig. 11a is the one that is often assumed 10
existin this kind of dam, bot if the permeabilities of
the core and the downstream zone approach each
ather, the elevation of the line of seepage in the
downstrcam zone rises, Figure 115 shows the flow
net for &, = 80k,, and Fig. 11¢c shows the lines of
seepage in the downstream zone for several ratios of
kolky. 1 is seen that even for koJk, = 200, the line of
seepage is higher than desirable in the downstream
cone of the dam. For this type of dam the down.

stream shell must be several hundred limes maore
ermealile ore,

Partizl Cutaffs

If an earth dam were constructed on a pervious or
semipervious earth or rock {aundation without any
cutef!, the line of seepage might rise to a high level
in the downstream half of the dam. thus decreasing
the stability of the downstream slope. Henee if the
dam in Fig. 11 were constructed on a foundation with
a coetheient of permeability equal 1o that of the
downstream “pe vious" zone (but the core has very
low permeabitity), the line of scepage might vise to a
high level, and large exit gradients could exist at the
toe (Fig. 12a). The height of the line of seepage and
the exit gradiemts can be lowered by a number of
methods, such as; (1) making the downstream shell
at Jeast 100 times more permeable than the founda

tion; (2) installing a relatively impervious cutoff into
the foundation; (3) grouting the foundation beneath
the core; (4 “stalling an impervious blanket up.

N ot it
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‘224 Foundation En'iﬂoo.iandbook

can develop  n designing and constructing filters and
drains for groundwater and seepage control, permcable ma-
terials are often placed over seepage exit surfaces to allow
secpage o discharge frecly while preventing the cromon of
soft, cohesionless formations, which couid lead to piping
faillures. I the basic criteria and concepts presented in
section 6.2 are always fulfilled in filters and drains, strug-
tures can operate permanently in safely without danger of
seepage fatlures. But, when these criteria are ignored or im-
properly used, senous dumage or falure can oceur. Also, if
the designers do not make adequate studies of probable
seepage conditions, they may not know what kind of drain-
age system s really needed, where it should be located, its
required size, or its detailed requirements.

An examgae of not tiking physical factors and laws into
dccount is the placement of macadam bases for roads on
silt, sund, and other fine-grained subgcades, and the clopging
that almost always takes place.  Another example 15 the
“French drain”, placed in soft, erodible svils without filter
protection.  Many field engincers believe that coane ong-
sized stone or gravel makes excellent drmnage material, al-
though in reality such materials provide no filter protection
to fine-grained soils. A small earth dam in central Califor-
nia failed because the field maintenance men placed 3<inch-
diameter “drain rock” over sand boils that developed at the
downstream toe. Fine foundution soil washed ont threugh
the course rock, unnoticed, until one mght the & faded
quite suddenly when an underground cavity reached the
reservoir side of the dam's foundation

A common deficiency of drainy for structures is inade-
quate water removal caused by the use of “pervious” drain-
uge materinls that are in reality relatively impervious
Countless structures and pavements have been damaged or
destreved because water pressures built ap i dranage lay-
ers that were only slightly more permesble than the sois
they were supposed to drain.

Roadheds and airficlds throughout the world are deterio-
fating prematurely because the “pervions™ hases that are
supposcd 1o be protecting them from groundwater und
seepage and infiltered water do not have sufficient perme-
ability 1o remove the water, and the pavements are foiced
1o carry traffic while in a completely Mooded state

.

6.2 DESIGN OF FILTERS AND DRAINS

1. Basic Considerations

As noted in section 6.1, the design and construction of all
important civy) engineering woiks involving the control of
groundwater and seepage by drainage requires careful pea-
logical and soils surveys, field and luboratory tests, and in-
terpretation and analysis of overall conditions, to determine
what kinds of drainage systems are needed and where they
can best be located, and to establish criteria on which to de-
velop reahistic designs Although natural canth formations
can in some cases enhance drainage, or minimize dranape
problems, the arrungements of natural formations can also
aggravate the problems of obtaining good drainage.

In most cases, the drainage of engineening works 1s uc-
complished by artificial devices, such as blanket dtains over
Secpage exits, intermittent line drains or trench drains, ver-
tical reliefl wells, horizontal drains with small-diameter per-
forated or slotied pipes, tunnels, pallenies, ete. Most dran-
age systems make use of porous filter aggregates 1o collect
the water and conduct it to outlets, often with the aid of
perforated or slotted pipes. of the formations heing dramed
are firm, nonerodible rocks, drainage may be obtuned sim-

ply by drlling small-diameter drain wells which feed the
water 1o exits or to gallenies. However, if the water-bearing
matenals are solt, erodible formations of soil or tock, the
porous aggrepate drainage materials must hold the crodible
materials himly in place, while freely allowing the water to
escape. This s in beeping with the bosic purpose of any
filter: to allow the cassage of a fluid or gas while separating
ool solid matter To ensure vomplete Qlter protection to
erodible materials, porous aggregate drain layers in contact
with the sotl must not have any continuous openings larpe
enough for the passage of the soil particles. Thus, filters
generally must be relatively fine-grained. In addition, every
dramage system must be capable of freely discharging all of
the groundwater and seepage that reaches it, under rela-
tively small hydraulic gradients and small excess hydraulic
head. Therefore, whenever appreciable quantities of water
must be removed, drainage systems must contain porous ag-
eregates of relatively high permeabilities. Uhus, filters gen-
crally must be relatively coarse-gratned.  Here are the two
basic, but conflicting requirements of porous aggregate fil-
ters and draing: they must be fine cnough to hold erodible
materials in place, but they must also be voarse enough to
discharge all of the water that reachey them.

How can a single type of filter aggregate inoa single<ayer
drain ever do both of these jobs properly” 1f the quantiues
of water heing discharped are relatively minute, a single-
layer dean of carefully specified, washed filter aggregate
might be adequate: but if any appreciable quantity of water
has to be removed, graded filter drains (using separate fine-
praned fayers for filters, and couarse grained layens to con-
duct the water) are nearly always required (Lovering, 1960,
Cedergren, 1902, 1967, Cederpren and Lovering, 1968 Win-
terkorn, 1967)

2. Piping Prevention

Some of the road and dam builders of ties past seem Lo
have understood the need for drains to provide filter pro-
tection of fine-grained soils, but this need was not univer
sally understood.  For example, some of the carly road
hutlders who understood soil behavior placed a thin layer of
dry stone screeniags on sofl subgrades before placing open-
praded “macadum”™ bases (Hewes and Ogelshy, 1954)
Others not so wise placed coarse stone directly on fine-
grained soil subgrades with the resull that within o short
time the stone worked down into the wet soil, became
clogeed, poorly drained, and low in strength. For many
decades after about 1800, roadbuilders made use of the
“French drain”, which was a trench at the edge of the road
backfilled with large-sized gravel or houlders. When these
drains were used in stiff clays and other nonerudible forma-
tions, they often served as relatively good conveyors of
water for long periods of time Unfortunately, however,
the French drains were often constructed in wet, erodible
sunds and silts without filter protection, with the result that
they frequently became clogged with the fine soil, and
the adjacent roads deteriorated from lack of subsurface
drainage.

Before the development of modern filter criteria, some
dam builders constructed drains with successively courser
layers of stone or gravel, placing the finer materials in con-
tact with the soil, and progressively coarser materials to-
ward the centers of the drains.  Creager et al. (1945)
describe the Tubeaud Dem in California, which was con-
structed in 1902 with a rock diain having two progressively
coarser filter zones between the foundation soil and the
rock drain
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Until the past few decades, carthwork design was con-
sidered more of un art than a science, with the result that
many efforts failed because fundamental factors were nol
understood or Laken into consideration. With the develop-
ment of the rational and experimental approach of soil
mechanies. carthwork design has become more of o science
than an art.  Bertram (1940), with the advice of Terzaghi
and Casagrande, conducted laboratory filter experiments at
the Graduate School of F agineering, Harvard University, to
test hilter criteria that had been suggesied by Terzagh
Bretram's work led to the fullowing widely used criteria for
designing filters:

D s tol Tilier) o Dy tof filter)

e e i R | R AL i
Dy (0! s0il) Bys (of st} 6.1)

The left half of Lq 6 1, & fundamental critenon for the
prevention of piping through filters, may be stated us
follows:

Piping criterion: The 18 percent size (Dys) of a filter
matenal must be not more than four or five tunes the ¥5
percent size (Dyq) of a protected soil. The ratio of Dy of
a filter 1o Dgg of a soil s called the piping ratio

The nght half of Eq 6.1 may be stated as follows

Permeability critenon: The 1§ percent size (Dyg) of a
filter must be at least 4 or S tmes the 15 percent size (D)
of u protected soil. This requitement will generally ensure
that filter layers wiil be several times mote permeable than
adjacent soils, but does not always guaruntee adeguate hy-
draubic conductivity in drains, s will be outhned in section
623

Muany researchers since Bertram have mude experimental
and theoretical studies of filter behavior and critena (Ceder-
pren. 19670) The U S Army Corps of | ngineers (1941)
and the UL 8 Bureau of Reclamation {Karpotf, 1955) have
done considerable work with filter eriteria and filter ma-
terials. Many theoretical studies have been made of the be-
havior of soils i relation to filters and fine filter materials
i relation to coarse muterials M oa filter layer satisfics the
feft balt of Fq. 600 i cvery part, il is vittwally ipossible
for piping to occur, ¢ven under extremely large hydraulic
pradients Some design organizations place additional re-
strctions on filter maternials Forexample. the U, § Burcau
of Reclamation Limits the maximum size of filter aggregates
10 3 anches in vrder 10 minumize seregation and bndging
of lurge particles during placement

The VL8 Army Fagincers (19585) normally himts the
piping 1atio 1o 5, and slso uses the following cniterion

S0 percent size of filter matenal
ok ot e e < 25 (6.2)
S0 percent size of protected soil =

i a protected soil is a plastic clay, the U § Army kn-
gineers (19554) allows much higher piping ratios than re-
quited by Fq 6.1, as indicated by the fellowing

“The above crteria will be used when protecting all soils ex-
cept for sedium 1o highly plastic clays without sand or sil part-
mps. which by the above criteria may require multiple-stape 11l
wes. Vot these clay soils, the O, size of the filter may be as
preal as 08 mm and the ubowe D, criteria will be disregarded.
Thes relanation in ernern for protecting medinm (o lighly plas-
e clays will sllow the use of 4 one-stage fiMer material; however,
the Tilier must be well praded, and 10 insuge nonsepregation of
the filter material, a coefticient of uniformity N, wbh, ol
not greater than 20 will be roquired. ™

I crushed stone is used. the U S Army | NRINCEES Tog-
ommends luniting the pipig ratio (2,5 of filter to Dy
soil) 10 Jess Than 8. The sate ratio is usually checked for im-
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portant works by performing filter tests in the luboratory
with matenals tepresentative of those to be used in the
construction,

Both the Corps und the Burcau also require that the
grainsize curves of filters and protected soils be somewhat
patatlel to cach other. This is the objective of Lg. 6.2

If perforated or slotted PIpes are used in drain wells,
drainage blankets, line drains, ele, no unplugged ends
should be allowed, and the filter materials surrounding the
pipes must have gradations that are compatible with the
sizes of the holes or slots. The following range in criteria 1s

commonly allowed by lurge designers of filters and draing
for carth dams

Dy size of filter material

| or2 (63)
hole width or diameter

When the filter criteria described above are satisfied in
CYery part of a futer or drain, piping cannot occur under
even extremely large hydraulic gradients. As pointed out in
section 6.1 3, adequate specifications and careful construc-
non are required if works as they are constructed are to be
completely safe from piping (roubles

When wellpoints and deep pumped wells are used for the
dewatenng of saturated soils, expenience has shown that
somewhat less stringent criteria sometimes may be used in
selecting filier materialy to install in “sand casings" around
the slotted or perforated well pipes o wellipoint screens or
slotied pipes. Under some conditions, expenienced installers
have been able to use slots at least as wide as the largest soil
particles with relatively little loss of soil through the open-
mngs. Slow development of the dewatering wells and well-
isants by oxperienced persons is important 1o the success
of these installations  Since the plugging of individual wells
or welipomts for dewatering is not likely 1o huve the serious
conseguences of falures of permanent relicf wells and
dramns for hydiaulic structures, smaller factors of safety
often can be tolerated, Wide departures from the recog-
nized filler entena are not recommended, however, even
tor these temporary asapes

3. Discharge Requirements of Drains

General  Bosides tunctioning permanently without becom-
g clogged by anfiltration or allowing piping of the adja-
cent soil, drains must also be capable of removing, with
small head and small hydraulic gradients, all of the water
that reaches them.  Although the knowledge ol designing
drains for discharpe requirements has been available for de-
cades (Darcy 1850 Creager, ¢t al., 19450), only recently
have senous cllorts been made to apply this knowledge to
the design of deainage systems for roads, carth dams, reser-
voirs, ete. (Lovenng, 1960, Cedergren. 1962, 1967; Lover-
g and Cedergren, 1968)  Engineers have long had an in-
twtive apprecution of the inherent capabilities of course
Stone as conductors of water (see section 6.2.2). Field
engineers and construction and maintenance people are still
to be found who believe that “drain rock " composed en-
birely of 2nch-hameter or larg or particles, is 3 “universal”
drammape matenal, suitable tor every dramnage problem. But,
a noted an section 6.1.3, when such coarse materials have
been used for graming fine sands, si'ts, and other crodibie
solls without filter prote o, senous inlidtration and pip-
g troubles have developed Bad experiences with coarse.
‘nprotected  rock  and cobbles in “French drains” and
“macadam™ bases, together with the development of the
tationad and experimental filter eriters described in section
6.2.2, led 10 a swing of the pendulum o the other extreme
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ol using nothing for highway drainage except sandy gravel
blends of fine filter aggregates. The bleads that have been
SO papular in recent yeurs usually contsin so many fines
that they are incapable of drmning voadbeds, even for
minor scepage conditions

lronically, many road builders have heen wilthng (o
specily fine-grained blends of sand and gravel tor roadbed
drainage (one of the most difficult Kinds of dianage),
whereas agnculturalists preter not 1o use beach sand for the
hedding of plants, because it is “too mnpervious to doam.
Yet, most beach sands are considerably more permeable
than the sand and gravel blends that have been used for
roadbed dramnage!

Butterficld (1964) desciibes the materal used for the
care of the Howard A Ianson Dam in Washimgton as being
o blend of sand and gravel with o tminimum reguirement of
3% of matenal passing the No. 200 sieve. This dam is rela-
Lively watertight, even "hough the most LPEeriouns part was
made of the same basic ¢lass of matenal that highway engi-
neers have been trying 1o use to drain roadbeds! Many ex-
amples could be cited of not only toads, but carth dams,
levees, reservours, and other structures which have had seri-
ous troubles becsuse of lack of drainage resuiting from the
practice of not designing for disc harge needs.

Serious nusconceptions have existed in the minds of
many individuals as to the capabilities of various kinds of
parous aggregate “filter materials™ for use in drains und
“pervious” bases for roads and airficlds. Many pavements
that have been constructed on granular subbascs extending
across the full widths of shoulders have fated permaturely
because they actually were poorly drained. Water gets into
roadbeds much faster than it can get outl, and becomes
trapped within structural sections, even in roads bt on
high fills. Consequently, roads all over the warld are being
forced to carry tallic while they are o vompleteny
flooded  stute even though the dosigners and  builders
thought they were building we!' drained roads

Much of the problem of draining roadbeds and certain
other types of structures can be attributed to the fact that
permeability, the enginecring property contralling rute of
flow of water in porous media, s the most widely viryving
propeity of enginecnng materials. Other CagIcening prop-
erties, such as unit weight and shearing strength, vary over
minute ranges when compared with permeability.  Open-
work gravels and highly permeable filter agpregates cun hove
coethicients of permeability 5 to 10 bulion times those of
fat clays. These wide ranges in the value of @ property are
almost beyond haman comprehension, and tond to obscure
the true nature of seepage through soils and porous apgre-
gate drains. Viriations in the hydraulic gradients that cause
Now of water 11 porous media magnify the possible spread
of seepage behuvior by an additions! factor of at least 100,
gving an overall passible vanation of « tritlion times! It
must be obvious that depending on “intuition” or “rule of
thumb™ methods to solve dratnage problems and 1o select
drainage materials can be extremely misleading.

Analyzing flow in drains To apply the rational and expern-
mental methods of soil mechanics to the analysis of seepage
conditions in drains, 1t s first necessary Lo look for all pos-
ible sources of water that may enter a drain, and have 1o be
removed.  Then, it 15 necessary to consider the hy draudic
condiions within the dram and develop a design that will
ensure sulficient hydraubic conductivity o transmissibility
to remove the water without excessive butldup of head n
the drain.  Seepage within the surrounding water-beuring
soils and within he dramn can be analyzed with flow nets as
described in seciion 0.5, however. practical approximate

solutions can also be obtained with Darcy's law as outlinec
below,

A common form for Darcy's law for fow in porous
media s

q = kit (64

In Lq. 6.4, 4 is the seepage quantity teounit time flowing
through a perous material having a coefficient of permeahil-
iy A under a hydrawdic gradient ¢ in the direction of flow,
through a cross-sectional area A normal to the direction of
flow. With Darey's law it is possible to estimate quantitics
of seepage thot can flow from the soil and other formations
that contnibute inflow 1o 4 drain, and also to analy ze seep-
age within a deain. Reasonable estimates ol mflow guanti
ties trom the vanious sources can be made provided reason-
able values can be assigned to the following.

(a) The average oi effective permeabibitios of the for-
mations feeding water 1o a drain (see section 6 5.3 tor u
description of well pumping tests for determiming ekl
permeabilities)

(b) The average hydraulic gradients causing flow in the
formations bringing water to a drain.

(¢) The average cross-sectional arcus of the media
through which water is flowing toward a4 drain

Aller estimating probable maximum rates of SeC e
trom all known sources, it is then necessary (o analyze the
iy draulic conditions within the Jrain. When using Durcy's
law 1o study seepage in drains, the factors of importance
hecome more revealing if the equation s rearranged in the
following torm.

Ui
= A (6.5)
i

 Lg. 63, the term g is the seepage gquantity for which
adrain s being designed Usually the total estimuted inflow
rate should be multiplied by a fuctor of at least 5 or 10 10
provide a reasonisble margin of safety to tuke care of errors
e evalvating permeabilities of water-bearing formations and
other uncertinnties in the seepage estimates. The wllowahle
grachient 1 m a drain is selected by the designer as the maxi
mum gradient he considers desirable or sife to ensure the
regqured level of protection needed 1o safeguird the struc
ture being designed.  The gradient ¢ in g dreain is often re-
striicted by the peometry and orientation of the cross seg-
toan. For example, in o vertical drain in a dam (Fig. 6.2).¢
often can be about 1.0, whereas in a drain under a roadbed
(Fig. 6.3) or in a horizontal blanket drain m a dam (Fig
6.8) i is often limited to around 001 to O 05, depending
upon conditions

The ratio of /i in Eq. 6.5, which is equal 1o the produgt
of £ X A of a drain, may be defined as the minimum allow-
able conductivity or transmissibility of a drain.  Having
properly estimated g/t (allowing an adequate factor of
sifety ), 1t is then only necessary to design o dram with the
most satistactory and economicul combination of area A
and permeability & 10 provide the desired conductivity
One procedure i to select a permeahility representing an
avanlable filter materi! of o desired type and calculate the
wequired thickness 4. Alternately, a practicu! thickness of
filter can be selected, and the minimum required permeabil-
iy determined

Frequently, the most practics! design for a specific proj-
et is influenced either by mimimum practical construction
thicknesses, or by availability of materials, In almuost every
case anvolving the removal of appreciable Quantitics of
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Fig. 6.6 Layered dran under a pavement, for control of ground-

water seepage end surface infiltration,

water lrom roadbeds, airheld pavements, reservoir drains,
and many other kinds of structures, it will be found that
craded filters or multiple-laver druins are more satisfactory
nd economical than single-layer drains constructed of
sdends of sand and gravel (see Fig 6.6).

Ibe Economics of Aggregate Drains One of the primary
objectives of engineers is to design the most ¢conomical
siructures satisfying any given set of requirements. When
comparing vanous alternate types of drains for engineering
worky, relative costs and relative bencfit/cost factors should
be taken into account. By examination of Ig. 6.5, it is evi-
feot that drain transmassibility (a benefit) varies directly
with drain area A and drain permeability k. Whenever drain
transnussibility 18 amportant to engineening projects, two
basic questions ought to be asked: (a) How does the cost of
dram transmissibility vary with the cross-sectional area A4 of
drans” and (b) How does the cost of driin transmissibility
vary with drain permeability &

Obviously. if drain transmissibility &4 is to be increased
iy ancreasing the area or thickness of 4 drain, the cost will
mereuse essentially in direct proportion to thickness, sinze
doubling the number of cubic yards of filter material in o
drain virtually doubles the cost of the drain In vontrast,
the permeabilities of filters often can be increased hundreds
o thousunds of times, often at little or no increase in cost
per vubic yard, and sometimes at less unit cost. For exam-
ple, pluni-processed, washed blends of sand and fine gravel
with permeabilities of 10 to 20 ft/day have been produced
nd supplied in the western United States (1973) for prices
up 10 $12.00 and more per cubic yard. On the other hand,
“bud’seye™ roofing gravel, pea gravel, and one-sized
crushed rock or gravel in sizes up (o 1 inch, with permeabil-
tes from 3000 to 100 000 ft/day, have been supplied for
$3.00 10 $5.00 per cubic yard. Thus, materials with perme-
abilities of many thousunds of feet per day are being sup-
shed for the same or less cost per cubic yard than sand and
gravel blends with permeuabilities of 10 and 20 {tjday or
iess.  Comsequently, increasing the coarsencss and perme-
ubility of drainage aggregates can increase drain transmis-
siility huadreds or thousands of tunes, often at reduced
cost.

When pea gravel and coarser one-sized. highly permeable
hlter aggregates are used in drains, ("¢ piping criterion (kq.
o) should always be used to be sure that there is no dan-
per of clogging of piping This criterion will usually require
the placement of a fine filter luyer between the coarse filter
matenal and fine soils, as in Figs. 6.2, 6.3, and 6.6, which
requires use of “graded filters ™ When graded filters are
ased, the outer fine filter layers usually provide very little
of the total conductivity of a drain. In subsequent compar-
sonk of the benefit/cost factors of single-luyer drains and
praded-tilter drains, the conductivity of the outer filter lay-
ers of graded filters is assumed to be zero.  Thus, the
benefufeast factors in Table 6.1 were calculated on the as-
awmption that half of the totul aggregate in the graded fil-
ters is in the highly permeable conducting layer and half is
i the fine filter layers. Tabie 6.1 shows that the potentiyl
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TABLE 6.1. COMPARISON OF BENEFIT/COST
FACTORS OF SEVERAL SINGLE-LAYER AND
GRADED-FILTER DRAINS.

Thick ness of  Permeabitity

conducting  of conduct: Relative
Kind of part g part Relative benelit/cost
drain {lect) {It/day) kA cost factors
Single- 2 10 20 1 1
layer a4 10 40 2 1
6 10 60 3 1
2 20 . % 2
2 a0 80 1 4
Graded 1 1000 1000 f 50
filter 2 1000 2000 2* 50
2 5000 10000 2* 250
2 10 000 20000 2* 500
2 100000 200000 2° 5000

*Assumes that 50% of totai quantity of filter material is in the con-
ducting part of 1he drain,

Note: This study assurras that drains are flowing tull, end thet
q = kiA,

benefit/cost factors of single-layer drains do not change
with thickness, but the beaefit/cost factors of graded filter
drains can be hundreds or thousands of times greater than
those of the single-layer drains. The conclusion that must
he reached s that when appreciable amounts of water must
he removed by drains, stugle-luyer drains almost never can
be Justified, either from a water-removing standpoint, or
Jrom a cost stand point,

I the actoal water-removing needs of drains can only be
approximated (which often is the case), graded-filter or
multilayered drains can provide much greater waler-remoy-
ing capabilities thun single-layer drains, and at less dollar
cost. - Consequently, the widespread usage of graded-filter
drains would result in far fewer drainage failures than
would occur with single-layer drains.

A comparison of the potential economic benefits of
various classes of permeable materials, as conductors of
seepage, can be made on the basis of the cost of conveying
an arbitrary quaniity of water a given distance. Any con-
veyor or conductor of a material or substance can be rated
in terms of the cost of moving i grven amount of matenal
over a given distance, Thus, in carthwork it is customary to
use the term station-yard | and in freight hauling the cost
may be expressed for the ron-mile Similarly, the water-
conducting capubilities of drainage aggrepates of vanous
permeahilities can be compared on the basis of any cons
vement unis. Such a comparison can be made (Cedergren
and Lovering. 196%) with the aid of Darey's law, ¢ = kiA,
by multiplying the nght-hand side of the equation by unity
(LIL), as follows

q =kt

Henee,

in which Vs the volume of filter material having a cross-
sectional area A4 and a length L. 1t then follows that

'I
V= i‘ (6.6)

e b d———— s i e
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In £q. 6.6, V is the volume of filter material needed 1o con-
duct seepage Quantity g u distunce L under hydraulic gra)i-
ent 4 an o material with o coefficient of perineability &, In
most subsurfuce drains, both @ and [ will vary from point to
point, but a reasonable comparison of the theoretical capa-
bilities of various drainage materials as con veyors of seepaye
can be made for the assumption that both of these factors
are relatively constant.

Using Eq. 6.6, the Costs of both single-layer 8rains and
gruded-filter (multiple-layer) drains are compared in Fig.
6.7 on the basis of conducting | 8P ol seepage a distance
of 100 feet, Aggregates are assumed to cost $5.00/yd? | in
place. In the range of filter permeabilities of less than
about 4G ft/day, it is assuined that single-layer drains are
used; but for fijter permeabilities over 40 ft/day, graded
filter drains are required.  The costs of (he eraded filter
drains in Fig. 6.7 are based on the dssumption that only half
of the total cubic yards of filter muterials in graded-filter
drains is in the conducting part of these drains.

Referring to Fig. 6.7, thi. theoretical comparison of
drains shows that jt would cost over $10 000 to conduct |
8Pm a distance of 100 feel with asingle-liyer deain of filter
material with a permeability of 10 ft/day, discharging seep-
age under a hydraulic gradient of 0.02. In conlrast, 1 gpm
can be moved 100 feet for about $30 by a praded-filter
drain having a core of coarse pea gravel with 4 permeability
of 10 000 ft/day, under the same hydrauhic gradient

Using granulomet i prnciples 1o examine strength and
permeability characteristios of granular buses for roads,
Hans Winterkorn (1967) concluded that desirable strength
and permeability churacteristics can be expected of mineral
dggregates of relatively large dimensions, and of a single
size, or a very narrow range of sizes. Winterkorn's work
gives additional proof of the desirability of using graded-
filter drasns with internal ¢ores of high permeabiity where
large amounts of groundwater and seepage have to be re-
maoved from roadbeds, or other CNEINCCHINg structures,
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Fig. 6.7 Cost of filter bogregate per seepage unit (1 gpm conducted
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Fig. 6.8 Designing a drain for conductivity. (8) Cross section, (I
horizontal drain blanket (eniarped).

4. Examples of Designing Drains for Conductivity

Earth Dam on Pervious Foundation The earth dam in Fy
6.8 15 ussumed to have a relatively impervious core with
coelficient of permeability of 0.1 ft/day, anc its found.
tion is assumed to have a permeability 40 times greater, «
4 [t/day. The dam has a vertical nterceptor drain betwee
A and B, and a horizontal outlet blanket drain from B to (

Using the flow net to determine seepage thiough th
dam and foundation, the total rate (which must be remove
by the hurizontal part of the drain) is estimated to
4 ft/day (40 €1)(1.25/4) = 50 f1° /day per linear foot of dai
and drain. Allowing a factor of safety of 10, the conducti:
ity of the horizontal drain blanket should be (Q
Q2)(10) = (50 1t/day) (10) = 500 1° /day.

I is assumed that the maximum desirable head i th
horizontal blanket drain in the dam in Fig. 6.8 should ne
exceed 3 feet, us shown, the allowable averuge hydraul:
gradient in the horizontal blanket drain is 3 f1/65 fi
0.046; then the minimum required transmissibility o
horizontal part of the drain Is approximately 500/0.0
11000 ft’/d:uy. If the conducting layer in this drain is pe
gravel with a coefficient of permeability of $000 ft/day
the required thickness of this fayer is 11 000/5000 = 2.2 {1
Other classes of permeable materials might be considere
and their *hicknesses determined; however the desig
shown in [ g, 6.8b, with a 3-ft-thick core of material wit
A = 5000 ft/day would more than satisfy the stipulated g
charge needs of this drain.

Roadbed in Wet Cut with Springs  Assume that a highway

15 to be constructed in a deep cut in which pervious joint
in the bedrock cross the full width of the roadbed, and pro
duce a localized inflow of 10 gpm, equally distributed ove

a width of 50 ft, as shown in Fig. 6.9. A ratz of 10 gpm g

Lt 10 o inttow from MMngs

Drain ~

NN = Pavemeint und bas Fransverse deun
AN
08 "i‘, L8220 Coarse tilter
Uf S OS PRSC IO 1Y 10 |

100 f1). (After Cedergren and Lovering, Mighway Research Record,

Fig. 6.9 Design of an underdrain to remove inflow from springs
No. 215, HRB, 1960, p. 3)

under p roadbed in hilly terrain
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DRAINAGE METHODS a5
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Fig. 15. Effect of upstream blanket on position of line of seepage (a) Typical flow net (B/}
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for various values of 8/h.

Relief wells frequently offer the most economical,
positive control over underseepage (Turnbull and
Mansur, 1961a; Middlehraoks and Jervis, 1947) How-
ever, in some cases deep slurry trenches or other
thin cutofls may offer the most practical, economical
sodution (Cedergren, 1967),

Summary

In the preceding paragraphs a few of the many
seepage-reducing methods in widespread use have
heen described. Seepage-reducing methods depend
ot the introducton of relatively impervious elements
at the apstream side, or well within the cross section
ol a dam, i foundation, and its abutments, These
ipervious elements vestrict the area through which
secpage can occur, lengthen the seepage path, or re-
duce the permeability. Several flow-net studies pre-
semted in this paper show that seepage-reducing
methods must be almost perfectly efficient if they
are to greatly inerease stability and control under-
seepage, Since perdection is not casily attained, seep-
age-reducing methods often are not suficient alone,
and they usually should be combined with same form
ol drainage.

4. DRAINAGE METHODS

Design of Drains

Drainage methods depend on the introduction of
highly permeable discharge elements into the cross
section. Filters for drains must be designed 1o pre.
vent piping, as deseribed in Section 2, and drains
must permit discharge of the seepage water without
excessive head loss,

As stated in Section 2, the following criterion is
used for ensuring that filters will be more pervious
than the sails they protect:

Dy (ol filter) . s
bos bl aedl) > Yued (2)

If the 15% size (Dy5) of a filter is 4 or 5 times the
15% size (1) of the protecied sail, the permeability
ol the filter generally will be at least 10 10 20 times
that of the soil. This ensures that the head loss in
the filter generally is not significant.

Equation 2 is a suitable eriterion for providing
adequate permeability in drainage sitwations similar
to those shown in Fig. 17, in which flow is across

the narrow dimension of the filier into considerably
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overflow weir,

mare pervivus materials which remoye the water, o the overall dimensions of a1 carth dam, it e !
However, in sume cuses, such as horizental drains comes tedious
i carth dams, water must flow theaugh the drain
under relatively sl hydraulic  gradients and although  soamewhat approximate  procedures  age
thiough comparatively smajl cross-sectional arcas, described in the follawing paragraphs,

as i the horizontal owtlet drain in Fig. 18. In such The total combined quantity of seepage ¢ from all
cases, Eq. 2 does not necessarily ensure adequate sources that must dise harge through a drain can he
discharge capacity, and the dram should be designed evaluated from
as a hydraulic conductor, capable of removing at
least several times the anticipated seepage quan:

and difficult to construect accurate flow
nels within the drains themselyves, Maore practical,

a flow net analysis in which i s
asswmed that the drains have an infinite permeabil.

iy, For a horizomal drain, the designer should en-
tiles. When draine are designed and built with sure that the dine of seep

ample discharge capacity, the line of secpiage does ol the draiu,
not tise above the drain zanes (Fig. 18).
The vequived minimum permeability: snd thick.

age does not rise 1o the tap

For a given permeability of the drain material,

the required thick mess hy for a given value of &, can
ness of a drain can be estimated witl, law nets or be computed using the following farmula, which is

with Davey's law, as deseribed in the following para- devived Tor Liminar flow s om the hasis of Darey's
graphs. In principle, one could sketeh flow uets 1o law):

detevmine, by tial and ervor, the necessary dimen.
s o ecnsure adeguate discharge capacity of the
deains. Figure 19 ix an ilustration of one such How
net o which all of the flow channels are compressed
within the boundaries of the drains.

hih,*
= T’/ (6G)
el

Fauation 6 was derived by Dupuit (1863) on the basis
ol simplifying assimphions and was shown by Charny

Sinee drams usuully are very slender in proporion 951) 10 bie the analytically exact solution for flow
Vertical
Water surtace 7 intersepor Dawnstream shell

S —— —— —————— T
—

less pervious than
deain

demin

Hoizona!
outlet
dran

secpoge ——
within drains

e e

Semipervious loundation

Fig. 18. Earth dam with internal drain designed to prevent line of secpage trom nising above top of drain

.




SEEPAGE CONTROL IN EARTH DAMS

Water surface

Ah

MR

Fig. 19.  Flow net for core and drains.

through the section shown in Fig, 206 (see Lo, 1969,
p. 7-3). 10as a very good approximation for the type
of drain shown in Fig. 20a, because the section has
such a small AL, ratio that the geometry of the
entrance and discharge faces has an insignificant
effect.

Il fow in a drain reaches a turbulent or semi-
turbulent state, discharge rates will be less than
those estimated on the basis of Darey's law, and the
required thickness of the drains wiil be laeger than
caleulated.

The minimam required permeability of a vertical
imterceptor drain such as shown in Fig, 19 can he
estiniated with Darey's law if the quantity of water
to be removed can be predicied with reasonable ac-
curacy. Thus in Fig. 20c, the discharge capability of
the vertical drain is g, = kyis Ay, and by rearranging
the terms, by = guliy A, Since for this nearly vertical
drain, iy can be taken as hy/Ly, which is nearly unity,
the minimum required drain permeability k, = ./ 4,

Frequently the minimum thickness of drains de-
pends on practical placement considerations such
us e steepness of the surfaces on which a drain is
to be constructed and on the costs of using spreader
boxes or movable forms in placing materials in
narrow drains as compared 1o the cost of placing
larger quantities of materials in wider drains by
inespensive placing and spreading methods, 11 there
18 a possibility that a dam may undergo shear be-
cause ol displacements along an underlying fault,
the drains should be made conservatively wide to

reduce the probability that they might be completely
severed,

Pervious Downstream Shells

At many dam sites abundant quantities of at least
twao difterent matevials with significantly different
permeabilities are available. In such cases, a per.
vious material is placed downstream of a less per-
vieus material, frequently with a narrow transition
hetween, Figure 174 is a cross section through such
a zoned dam, which rests on an impervious founda-
tion and has a thick impervious core. The line of
seepage in the downstream portion is very low, and
seepage has a negligible effect on the stability of the
downstream slope, which is the ideal condition in
woned carth dams. Large, well-drained musses of
carth in the downstream parts of dams have in-
herently large resistance 1o failure not oniy under
normal statie conditions, but al
caused by earthquakes,

It has been previously seen (Figs. 1le, 12¢. 14e,
and 156) that when carth dams are constructed on
semipervious or pervious foundations, the line of
seepage can rise substantially above the base of the
dam, greatly lowering stability and increasing
seepage proldems.

Zoning alone may not be sullicient to control seep-
age through an earth dam if either of the following
conditions exist:

under shocks

1. The permeability of the downstream zone is not
al least 100 times greater than that of the im-

!/ Line of seepage

: #
l\\r\ i

- . o

@) Horizontal drain

) fe) Vertica! deain

Fig. 20. Design of drain dimensions for discharge ¢ apacity



