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Fig. M. (left-hand side) and

21 (right-hand side), Computed displacements of embankment dams subjected to

mapitade 6] carthquakes for sails having little or no strength loss due (o earthquake-induced defarmations

yulilng of the soil to oceur, ky. iLis arelatively simple matter of double integration to determine
th: ausplacements that will develop for representative forms of carthquake motions. Com-
piittions of this type have heen made by Ambraseys (1973), Sarma (1975) and Makdisi and
Sed (1978) for earthquakes having a magnitude of about 64 and the results qre remarkably

smilar as shown in Figs 20 and 21, (Some assumplions necessanily had to
te results on a common basis as shown in these figures but it is believed th
e reasomable and do not
wns for a large number of earthquakes have also heen made by Franklin

be made to present
at the assumptions

alfeet this peneral conclusion to any significant extent.) Computa-

and Chang (1977).

Ince carthyuakes with magnitudes up to 8] or so may develop in California and the displace-
nents increass with magnitude, the results of computations of this type have been extended to

= igher magnitude events in the Makdisi and Secd study,

lo minimize the scatter of the computed displicements it has been found

These results are shown in Fig. 22,

convenicnt to plot

he results as shown in Fig. 22, where displacements are normalized with respect to the effective
peak acceleration &, and the natural period of vibration of the embankment T,.
With the aid of churts such as those shown inFigs 19and 22 it isa relatively simple matter

1o evaluate potential displacements during shaking for embankments jn_which the yield
acceleration is reasonably constant, Typical cxamples of computed displacements for carth

kembankments which do not lose more (han 157 of their original strength
shaking (i.c. many clayey soils, some dense saturated

during earthquake

sands and clayey sands) are shown in

Tablesdand 5. It may be seen that if the soil does not build up large pore pressures and change
strength substantially during shaking and if the embankment is initially designed to withstand

carthquakes producing crest aceelerations less than about 0-75g are within acceptable limits,

If this is in fact the case,
rp\ perform a pseudo-static analysis for a seismic cocflicient of 0:1g for magnit
L

Jun inertia force of about 041 or 0 I5g without yielding, the computed displacements for most

then to ensure acceptable performance it is only

necessary fo
ude 6} carthquakes
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Fig,22.  Computed displacements of : L
tdred defivinations i .\I:E‘i: ::Lh;l::r;;rnl dams for goils having litile or no strength loss due 1o carthquake

4 . lose more than 15% of their initial strength due 1p earthquake shik;

:::ﬁ:md dl:f,iu-'n!m“ or Ezulhj up large ore pressures. This leads us h.'u?k to the cnn:ﬁm‘?::
¢ pscudo-static analysis pmccdurr.;h Provides an acceptable method of analysis for (hese

pes of 1o be made by the design engineer is sim ly whether ¢
Tiscunbe b o s e delormen o e

hian g 21 However, both field ang laboratol expericnce indicates the
fei‘:?‘:'.:ni:r::; shg; snnd_s and in some cascs dJense saturated mnd?\\'ili not lose snhsmnti:l
o 0 de rrnauonbm a result Ofl.‘ill'IquuﬂkC or simulated carthquake loading and thys

Pscudo-static analyses will gencrally provide an acceptable method of ensuring |
PC:Irarmlnncc for cmbankments constructed of these Iypes of soil. In cqses of dm.rl‘mf= | cq.u.a -
: ca rcl‘u.‘ lnhnmltr_wry study will invariably provide (he information from ﬁ-hic :
ngmut:rmr decision CﬂﬂCtrl‘!iﬂg the nppf:'cnhi]f!y of the method ean be made, 1y should alsg
e:mh.d .l:h.':f even some soils which might he vulnerable to the development of large pore
Pressures and some Strength loss under conditians of strong shaking may show Jj

.(I%S] Lype of analysis represented a major sie forward j i
::::‘); ?g,?:?'ﬁ“ﬁg cmb:fnkmcnl. pcrl'?rm.'lnc:: during cj.'nrlhqul:lkcs an:lj ::I I:?:gl;;:n?;f;:
e e P cmentarlaor_r. It is an Inferesting by-product that the use of this improved
Sed on the prediction of embankmeny displacements should ultimatel lcnd,: h
for some Fyn-lw of soil and conditions (i.e. thase which do noy bzild u T i
Or cause signifi ant strength loss due 1o carthquake shaking and assor::i:trgc:

obtain a facior of safety of the order of 1-15 IOI?
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PARTICLE BREAKAGE (E) PER CENT —> I 6 | 54 b
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A fr:fr;_F
L—Guu|awmjde‘rla|dLnuLuMw.LLﬁsJ 6 S Y L
Average No. Number of
Equivalent of Contacts Contacts Average
Vold Diametar pPer sq. Intergranular
;* Materlal Ratle cm par. Pitice meter Force - Kg
# Sand 0.50 0.02 6 97 x 10° 1.79 x 1074
Rock{ill 0.70 20 7 39.7 400
(After Marsal 1963)

Note that the averoge Intergranular forces at polints of contact between the rockflil pnrucles are
of the order of two million times greater than icn- 'r.hn sand partlcles - -
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CONF INING PRESSURE Oy ,Kg/cm'

P PR T = PR el e le s s e aholy, —yo—p JS2

Pa
Materlal Particle dlU C.‘P an kg
Shape mm Lo

Crushed, sound basalt X (1) Angular 1 19 0.30 860
Quarry-blasted, granitic gneiss Q) Sub-angular 6 14 0.32 130
Quarry-blasted, granitic g .eiss A (3] Sub-angular 53 2.5 c.62 130
Alluvial sand and gravel @ (P) Sub-rounded 0.2 105 0.34 580
Quarry-blasted, sound silicifled conglomerate © (I}  Angular 5 15 ©0.45 230
Quarry-blasted, sound diorite @ (D) Angular 20 5 0.56 170

*Yoid ratio, before testing
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F TasLE 4.1
o b st
7 EXCAVATION OF QUJ_IEEETS AND FO'INDATILN AREA (FROM ASCE VOL. 98 sm 10, ocr. 1972)
E = e - —"
i i e
l DESIGN AGENCY DAM HEIGHT COMMON MATERIAL MAXIMUM ABUTMENT CRITERTA WITH REGARD
i (n IN M.  REMOVED FROM SLOPE TN CORE CONTACT TO CONTACT AREAS
4 FOUNDATION _ AREA oF SHELL
TR L T T -
: ,-f"-w" 7 ‘;-'-"-_ i e e ——
% Bechtel Corp. New Don Pedro ~ 177 Entire Dam 0.36H:1V (70%) Firr{l undisturbed rock, slope 907
or less.
B. C. Hydro W.A.C. Bennett. 183 Core and filters 0.5H:1V to 2ZH:1V with ele- Foundation material equivalent o
vation, averlying fill; overhangs rerioved.
B. C. Hydro Mica 244  Coit 0.36H:1V (70°) Foundation material equivalent
to overlying fill.
California DWR Oroville 3 Tatire dam 0.25H:1V less than 3 m. high Depth governed: normal capability
4 of hecavy cxcavation equipment
produced foundation whose
~irenpth was  greafer than fill
materials,
—~do- Cedar Springs 65 Entire dam 0.5H: V less than 4.5 m ig" -
i ~do- Pyramid 116  Entire dam LH:1V more than 4.5m. high -
Snowy Mt. Authority Talbingo 162 Entire din 0.75H: 1N Foundation materiai equivalent to
; averlying fill.
Burcau of Reclamation Trinity 164  Core - Foundation material equivalent to
overlying fill.
Bureau of Reclamation Ruedi 98 Cutoff tre.ach Overhangs removed -
_ Bureau of Reclamation Blue Mesa 119  Core \ 0.6H:1V =
¢ /
i — _ ——
: / A
4 1 / ontinicd
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/' TasLE 4.1 (Continued)

{ Continwc

DESIGN AGENCY

(1)

DAM

HEIGHT COMMON MATERTAL
IN M. REMOVED FROM
FOUNDATION

MAXTMUM ABUTMENT
SLOPE IN CORE CONTACT
AREA

4

CRITERIA WITH REGARD
TO CONTACT AREAS
OF SHELL

Corps of Engineers
Corps of Engineers
Corps of Engineers
Corps of Engincers
Corps of Engineers
Corps of Engincers
Corps of Enginecrs
Corps of Engincers
Harza Enginecring

Harza Engineering
Harza Engincering

Harza Engincering

T. A. M. 5.

Alamo
New Hopan
Termitus -
Lauvrel

Brckcnl Bow
Canyon

Carters

DeGray
Ambuklao

Derbendi Khan
Angat

Guri

Bassan Addakhii -

85 Core and filters
64 Entire dam
76 Coro
84 Entire daun
69 Entire dam
, 68 CutolT trench
146  Entire dam
74 Entirc dam
131 Coreand filters

135 Entire dam

131 Corc

85 Corc und cut off
trench,

73 Coue

Vertical cliffs and overhangs
removed.

1H:1V

Vertical cliffs and overhangs
removed.

Vertical cliffs and overhangs
more than 3m. high and
6m. long removed.

1H:1V
0.25H:1V

0.1H:1V

0.1H:1V fresh rock.
0.25H:1V weathered rock.

0.5H:1V

AHIY

Overhangs removed.

| Weathered rock with strength in
‘excess_of roekfill. ——— =~

Foundation material equivalent to
overlying fill.

Badly weathered rock and vertica
clifs removed.

Trimmed to allow compaction
equipment within 0.9 m.

All alluvinm removed.

Founqation material equivalent to
overlying fill.

Foundation material equivalent to
overlying fill,

-
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ation can be greatly accelerated by reducing the lengm oi v o, /

aage path. For example, if 2 laboratory sample, 4 cms. thick -with S A

nage on both sides requires 1 hour for 90%, consolidation, a layer of e el e = — X

same clay in the field 10 m thick and resting on an impervious ledge s 1 = ST T sl

i1d require (5% 100)* hours or about 28} years for the same degree of o L & TR PO A

solidation. The mechanism of radial drainage through vertical sand . #Z/ | -E TN NS gr vEn

ins is different from that of vertical drainage as the arca of .flow 2% ol e N e AR '

reases as the flow approaches the sand drains and the gradient has to E Le | s ’eﬁf’ NN gnE .

ceasc towards the drains. Nevertheless, assuming for rough com- S gl Eaof teseno : \‘\\ MHH <o g )

rison that the time will still be inversely proportiona.l to length of § | & [~ -—wvermicacrow N h N 3 T fl;"

yinage path, if yertical sand drains aré SO located that the drainage 8wl o (8)RADIAL FLOW SEb, L p

th is reduced to 2m, the time for 90 % consolidation will reduce to oo0s 00! oa 010 T 5 Mg =

35th or 1.14 years and consolidation can more or less keep pace with TIME FACTOR | Ty AND To o e
Average Consolidation b, S J

(2) For vertical flow ina ¢lay st :
t .
g and lower surface clay stratum of - thickness 2H d

/ (b) For radial flow to axial drain wells in clay 'cylilnd'm;s o i

- A o, Oval:l‘esuf n (n=ratio of influence zone dia. to well dia). ool W

& construction of the dam. . - : _
The theory for the design of sand drains was worked out by Barron
. 1948 (Ref. 4)- He also took into account the factor of *‘smear’ as
Smear results from a remoulding of the soil around

I PUN D | A "
rained on both upper : 1
snboluppet: gy

\

\
L'( AR ot

ell as resistance. )
1e drain which reduces its permeability, and can considerably reduce g e T K oy /
he eficiency of the drains.  Kurma Rao et al. (Ref.5) have " developed 3120 g - Tone = . 0o 2 '_;"_:;/5 P
lesign charts taking ithe cate of ‘loading into account but excluding ) ur ek M ”’5’1 :’_"., S5 T
.amear. ‘Typical curves of Barron -are reproduced in figs. 4.4 (a) and | B0 cAse RATIO,S RESISTANCE n::':oﬁ S bl S
$.4 (b). e S G '_".'.._'- Poie ; :I..:'...;:::.?'; | E . =3 sl ~ : :,:,_ . .1'-63'1"'*: gl A
- The time factor Ty for radial drainage is gven by il Sbi2 IR iz « 80 sl | o« p ':: : 423 Ty o)
so toie et e nowemye B0 NUGEIRAD arad gl - N R vEs oo el
T,=—%5 ...(4.1) S \eo REPR . vES o B
o lzlY = " 7 pRrr xah L% ; w ] D T 3
: . . : 7 : R R 2y 2 NN CASE C
where d, is the effective diameter of the zone of influence. If the drains € la MK fcasE o
are arranged ina triangular pattern, the zone of infiuence is hexagonal a A A
and can be appruximalcd by a circle. C, is the coefficient of consoli- - CASES N ;
dationfor horizontaldrainage and ¢ is the time interval. Fora given degree & case £l NI ‘\‘.k n
of consolidation, the time factor T can be read from Barron’s Curves. ® Tl o= g
\ 004 006 o 02 06 06 10
s : . a & BW 12 14

Koowing the time factor and C, the drain spacing d,, for obtaining the
’ . = . TME FACTOR, Ty .-

Saed flal

required consolidation in 2 given time f can be worked -out . from Fig. 4.4—Effect of smeay : : =
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&8 . LARTI AND ROCKFILL DAMS
; A1<s TanLe 4,3 ‘(
1/, WATERTIGHT DIAPHRAGMS IN ALLUVILM [XEF. 17]
e - S S e e e
;:r ."'(.-""J_i'l’ j;,;‘)(“" ,’_‘ s > s |2 E 55| 2B | 2@ jg;-—-l i‘E:—_’, gA;u
Lr y P S g ) E £ (2l E Jz=12=| 25 2522« |28.8
e £ = ] =1l & |2 |E8]| % l-'-»v SRt
I N ~48 g S 1Z| 8 |3 %:! £° [SE (2% 12 8
Uty S s, 3l 8 |28f 52 B 35 (5% 8
o /;’, il San Valenlino  Italy 1950 R 35§ 20 20— 2 5000
), Byt UG Maria af lego  Lualy 1954 R 30 35 740 PSS 0.6 7,500
E i) - w Box Canyon USA 1955 R 69 25 5T 2.5
AN st =~ Vernago Italy 1956 R 67 50 26 2.5 10,000* LP
S | e Monguelfo Ttaly 1957 B 35 20 30
¥ e L ] Riviere Aia ltaly 1957 R 16 8§ 10 MM
e L g ! Vodo Tialy 1960 B 42 35 35 PS 0.55 2,100 g
e Zoceolo Italy 1960 R 66 100 50 PS 0.6 33,100 70
e Lp bl o Wanapum USA. 1962 R 52 24 26 ST 305 LP
& £ 2 T2 Rhinau France 1963 40 MM 080 6,000 100
i kb Shek Pik Hong-
ALV i e f Kong 1963 R 20 20 20 PS5 2x0.50 8,500 LE
S Allegheny US.A. 1964 R 51 55 56 0.76 10,700 200
; Comanche US.A. 1954 R 55 28 5T 2,52 LP
| Sesquile Colombia 1964 R 52 100 76 PS MM 055
: La Valetta Mexico 1964 R B8 0.50
: Mangla Pakistan 1564 R 72 7 §T 308
§ Manicouagan 2 Canada 1564 B T3 25 0.75
i Manicouagan §
i {cofferdam) Canada 1564 R % 76 PS 0.6
. Obra India 1964 R 30 15 M.M 2x0.6 LE
; Peneos Greece 1964 R 49 18 MM 06
: Pizrre Benite France 1964 20 20-30 M.M 0.5-0.6 60,000
i Selevir Turkey 1964 R 3150 21 21 PS 0.60 2,000
: Freistritz Austria. 1965 R 22  >J00 47 MM 05 32,000
i Arrow
': (cofferdam) Canada 1965 R 135 52 MM 075 226
i Bourg les
i Velence France 1965 16 16 MM 050 10,500
i Arrolo Duro Brazil 1966 21 35 MM 04
; Bittenbrun Germany 1966 R 7,50 10 10 PM (g.?g) 21,150
3 Ukai India 195 R 80 0 MM 060 23,400 -
: Guluc Turkey 1966 B 13 25 26 PS 060
Vallabregues France 1567 19 30 MM 0.60 44,500
Eberlaste Austria 1857 R 26 >124- M.M 15,000
i Duncan Canada 1963 R 32 330 / 18 « ST 305
b
i Razzaza } waqg 1968 R 15 20 /23 MM 0014500
| West Point US.A. 1968 R 24 [ 18 ST 150
< Jose Maria | P.5/
Morelos Mexico 1963 R 60 80 I'-. 88 MM 0.60 15,000
! Premicre Chute Canada 1969 B 38 6 60 MM 075 5500
f Las Tortolas Mexico 1962 R 40 10 | 23 ST 3.00 6,000 e
i Manicovagan3 Canada  Pro- R 107 105 105 PSS 2x0.60 /
: S Ject b
: ()R : Farther (2).PS : Concrete piles. (3) IP : Diaghragm extended by grouting, — }",”""
: i : rockfill dam. - \lﬁ\’u Castin situ wall. ~ IE : Greuting between dnl_hragms (. ,
4 1y '§4 L B : Concrete dam. “ ST Slurry trench. ) -\pprmm.;tc faure, ) Vo \_M"
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CONTROL OF SELPAGE THROUGH FOUNDATIONS 99
TABLE 4.4
MINTMLM LOWER LIMIT
_TYPE OF GROUT dys OF SOIL OF PERMEADILITY REMARKS
— MM cus/stc
Neat cement 1.0 0.5t0 1.0 Effectivencss  de-
! e pends on fineness
of cement.
Clay-eement-bentonite 0.610 0.8 0.5x10°! to dgs of clay should
P W Sy 1.0x 102 be 30 microns or
less
Clay-chemical or Ben- 0.30 1.0x10-2
tonitc-chemical
Chemicals— (sodium 0.10 1.0 10-3
silicate with rea gent) L
.(x_fp[_.a c_tc_)_) . Any formation ' * oS E oy b

4.7.12 Some further examples of vse of grouting

1. Girna Dam in Maharashtra, India—It is a 33m high zoned
earth dam. Owerburden in the river bed wasabout 12 m deer clean sand
with d,; more than 1 mm and permeability of about 0.1 cms sec. Dueto
problem of dewatering, a partial cut-off trench of about hzlf the depth
was provided, and it was decidzsd to treat the rest by grouting. Bentonite
cement grouts used initially reduced the permeability to about 1/10th
orly. Silicate-Aluminate grouts were used later under pressures upto
67 kg/cm® and succeadad in reducing the permeability to below 53 1074
ems/sec. Ths basic mix used was as below—

Sodium silicate 3 litres
Sodium aluminzte 110 gms. '
Water 5 litres

Piczometers indicated a head drop of over 947 across the curtain. In
four years of observation there was only a slight increase i pizzometric
head downstream of the curtain, and it scems to have reached stability.

Detailed description of expericnce at Girna has been given by
Shiyekar (Ref. 26). Eighteen relief wells with 15 ems. diameter well
screen and 15 cmis of filler alround were also provided, 15 m apart.

2, Obra Dam, U.P., India—At Obra Dam (Ref. 16), alluvial
grouting was used for 3Im wide sand between two concrete dizphragm
cut-offs (fig. 4.10). -

Two rows of holes were made, Im clear of the inner face of the
diaphragm. The holes were 3 m apart and staggered for the two rows,
Alternate holes, 6m apart, were first grouted by cement-bantonite
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'GROUTING PKACYICE (FROM &5 VOL. 98, s.m. 10, ocT. 1972) s
f
= _~ BLANFET GROUTING CURT..i¥ GROUTING
DESIGN AGENCY DAM ";l“:"r # s = T T PRESSURE SPECTFIATIONS
77 | HOLE sPACs | DiEPTH NO. OF DEPTH HOLE SPAC- | { d, 5
ING IN M, T A ROWE IN M. ING BN M. | - :
Bechtel Corp, New Don Pedro 177 Variable 1.5 2at3m. 15t 60 1263015 011 Kgemim '
B.C. Hydro WAC Benett 183 3 6t018.0 S atdSm. 60-105 459 0.22 16 0.36 Kgfem?jm o
B.C. Hydro Mica 244 6/3/1.5 15 m. Jat9m upto 90 12/6/3 <l3Kglem? t‘*"" v /.u
California DWR Oroville 235 Yariable 7.5 1 upte 60 3/1.5 T 0.22 Kglem¥m - ,y
California DWR Cedar Springs 65 Variable 1.5 2at3m 15 & 45 315 =do- (__'# R
California DWR Pyramid 116 Variable 1.5 - - 3/1.5 ~do- ]
Snowy Mt. Authority Talbingo 162 3 9.0 5 9-70 1.5 ~do-
Bureau of Reclamation Trinity 164 3 - 2 60 i -2to 17 Kglem?
Bureau of Reclamation  Ruedi 928 3 9.0 = 9-108 3.5 -
Burcau of Reclamation Navajo 122 3 150 - 9-78 3/1.5/0.75 —
Corps of Engineers Alamo b0 None MNone 1 6-56 6/3 0.67 to 3.3 Kg/cm?
Bureau of Reclamation  Blue Mesa 119 None None 1 48 3 0to 11 Kgjem?
Corps of Engincers New Hogan 64 None None 1 225 —_ 0.22 Kg/em?/m i
Corps of Engineers Terminus 76 None Mone ! 15 1.5 ~do- o
Corps of Engineers Laurel 84 Nene Tone - — — - =
Corps of Engincers Broken Bow 69 Mone Norn. i 36 6!3::‘{47;} upto 5 Kglem? ;
75/, g
Corps of Engincers Canyon 68 None None 1 45 s =) .
Corps of Engineers Caters 137 None None 1 - —_ Upto 11.9 Kglem® _ g
Corps of Engineers DeGray T4 None None 1 upto 35 3orless 0.66 to 0.88 Kg/em®/m Lt
Harza Engg. Co. Ambuklao 13 — 45t09.0 1 upto 90 3 0.22 Kg/em?/m =
Harza Engg. Co. Derbendi Khan 135 1.5 6.0 1 upto 119 1.5 1.3 Kelem? v
Harza Engg. Co. Angat 131 | 3 75090 1 upto 39 Z{D{f)i 5/1.5] Variabie E
. ! 1 2
Harza Engg. Co. Guri 85 | 13 \ 45t0 9 3  upte 6 1.5 0.22 Kg/em?/'m =
) 4 7
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and “noncritical"” filters is not considered.

In current design practice, however, many specialists agree that sand
an_d gravelly sands containing fine sand sizes, and having D5 of about
0.5 mm or less, are suitable filters for even the finest clays. Such filters
have been used for many major dams. Laboratory filter tests made for
the design of individual dams, using various test procedures, have gen-
erally given confidence that such filters were conservative. For clays with
some sand content (dgs > 0.1 mm), filters with Dis = 0.5 mm satisfy the
most widely used filter criterion, D.s/dg < 5. For finer clays, such as
soils 1-19 (Table 1), the criterion is not sansicd by a filter with Dys of
0.5 mm. It has been commonly assumed that a finer filter js not needed
for these very fine clays because they are sufficiently cohesive and ero-
slon resistant.

Laboratory tests of the types described in this paper can be used to
study filters for any given dam design. However, we tested a large num-
ber of different clays and silts and believe that the range of results is
valid for determining effective and economical, critical filters.

1. Sandy Silts and Clays. For silts and clays with significant sand con-
tent (dgs of 0.1-0.5 mm), the existing main filter criterion, D,s/dys =< 5
s conservative and reasonable. Plasticity of the base soil does not affect
the needed filter.

2. Fine-Grained Clays. For fine clays (des of 0.03-0.10 mm), sand or
gravelly sand filters with average D,s not exceeding about 0.5 mm are
reasonable and conservative. Plasticity or dispersibility of the clay do not
affect the gradation needed. Fig. 9 shows our recommended ranges of
gradation for coarsest acceptable filters. The bands of sand and gravelly
sands of Fig. 9 are considered about equal in filter properties. Use of

Ll g2
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#200 100 50 30 18 B wa 142710 27 3¢ = /
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FIG. 9.—Coarsest (Largest D,,) Filter Bands Considered Desirable for “Critical”
Filters for Very Fine Clays (CL and CH) -
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filter materials with a larger content of fine sand sizes than shown in

~ Fig. 9 is more conservative.

3. Fine-Grained Silts of Low Cohesion. For fine silts without significant
sand content (dgs of 0.03-0.10 mm) and low plasticity (plotting below
the A-line and with liquid limit less than 30) sand or gravelly sand filters
with average D5 not exceeding 0.3 mm are conservative.

4. Exceptionally Fine Soils, Clays and silts with dgg less than about 0.02
mm are not very common in nature, and only one was tested in this
program (soil 1, Table 1). For soils in this category, laboratory filter tests
are desirable, but a filter with average D; of 3.2 mm or smaller probably
is conservative for the finest silt or clay.

| The particle size distribution curve of the filter does not need to be
| generally similar to the base soil gradation curve. Filter criteria employ-

' ing ratios of Dsy/dsy or Dys/dys should not be used.

We did not test any tropical residual soils or highly plastic silts (MH),
but would expect them to have about the same filter requirements as
the clays tested with similar particle size distributions.

It should be noted that the base soils tesied in this program were gen-
erally fine-grained silts and clays. The coarsest base material was a clayey
sand with dgs of about 0.6 mm. No coarse internally unstable impervious
soils were tested. For certain internally unstable, gravelly impervious
soils the fines may enter the filter voids even if the coarser particles
cannot (5,6). These soils include obviously gap-graded soils, deficient in
sand size particles, and soils broadly graded from clay sizes to coarse

gravels. For these base soils whic s putside the scope of this study,
different filter criteria need to be a y.

1
SumMmARY AND CONCLUSIONS

A “critical” filter, such as a downstream filter in a central core dam,
should be capable of controlling and sealing a concentrated leak through
the core. Critical filters should also be stable in conventional laboratory
tests in which a relatively high gradient, such as 1,000, is applied over
a short length of core, such as a few centimeters.

Two different types of laboratory tests (slot and slurry tests) were de-
veloped using relatively high water pressure. Both produced identical
and reproducible results. The two types of tests give identical results.
The results realistically and conservatively measure the ability of a
downstream filter to seal a concentrated leak through the core of a pro-
totype dam.

The boundary range of filter size between successful and unsuccessful
tests for any given clay or silt was found to be narrow and well related
to the filter D5 size. This failure boundary, D,s;, was determined for
clays and silts of widely different geographic and geologic origin, in-
cluding a number of highly dispersive and erodible sodium clays.

The needed critical filters for clays are not significantly influenced by
cohesion or plasticity as measured by Atterberg limits. Needed filters
are about the same for ordinary nondispersive clays and highly disper-
sive clays having similar particle size distribution.
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In tests of this type, the base soil specimen is so imperviou
‘ ; s tha

«tqhuargi?t}' and energy of seepage water discharging fromF:he base soiltilt'nl:rer

'.T‘h ter l_;are too small to overcome the low cohesive forces in the soil
rmau-;:ﬁn&! ailrse lbeen a growing practice in recent years to use relatively
o gravels or small-size quarried rock for the transition placed di-

ctly on the upstream face of a central impervious dam core of cla
with no reference to filter criteria. We are confident that this practice }:s
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SEGREGATION PROBLEMS IN Coanse FiLTERs

The compacted sand and gravel filters used in our tests (Fi
from fau:]y uniform to moderately graded (C, general?v(l:ll%—és}]fa'?}%:ii
permeability generally is related to the Dy size in the approximate range
of k = 0.2 (D15)” to 0.6 (D1s)?, in which k is in centimeters per second
?Sd)?ls 15 in mulimeters (8). Their average permeability was about 0.35
15)°.
coTh‘?j pc-.nl-.:’r]n|=.'.fll;vilit}tf1 of coarse, well-graded sand
nsiderably less than the value calculated from this relati ip. Fi
shows the average gradation of a coarse sandy gravellaﬁln?e[:s?éﬂ;g;\?
used in a recent major dam. (Note that in Fig. 8: (1) Curve A is the
average gradation of a processed sandy gravel used as the “critical” filter
10 a recent major dam; and (2) Curve B is the gradation of the finer half
of Curve A.) Permeability tests on representative compacted specimens
gave a considerable spread of results, with a median value of the order
i ;J;f,i;= 2_:: 10°* cm/s. For the filter of Fig. 8, k = 0.35 (Dys)? gives k =
o 1;] cm/s, i.e., the permeability of the well-graded sandy gravel
er (Fig. 8) :s‘;nly about 2/17 or 12% of the permeability of a unif,
sa;'ld mthc;he s rmi D5 size (0.7 mm). i
N a sandy gravel filter, the gravel particles have igible influenc
on the filter action. They ﬂoatgi; a m};ss of sand sizr:;g];%]rtt,ilzlel?ﬂ:igq:
getg:up(l)-lrte suzles in1 ti;e sglnd that govern the sizes of particles which wnil
gt and seal the filter. In the finer half of the ilte
[-;urve B, Fig. ?), the D s size is about 0.35 mm (abui:ﬂtn ﬁzlfgf)i}vf]'{emgf
size of the entire material). Using this value in the equation & = 31§

y gravels is frequently
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{Dls]i, the computed k (4 x 107 ¢cm/s) is of the same general magnitude
as the measured k for the entire material (2 x 10 — 2 cm/s), taking iato
account the fact that the sand portion (curve B, Fig. 8) occupies only a
littte more than half the total volume. Thus, the coarse, well-graded sandy
gravel of Fig. 8 (with D5 of 0.7 mm and C, about 20) should be able to
catch particles about the same size as those caught by a uniform sand

filter with Dys of 0.35 mm and C, about 8.
| Based on the reasoning and test results illustrated here, we believe
that, for well-graded, coarse filters with maximum size particle of 1.5 in.
. or larger, it is appropriate to evaluate filter critenia as follows:

1. It is conservative to use the [ ; size of the entire material when
<} applying the filter criteria.

2. However, if permeability tests on compacted specimens show the
average permeability is less than about k = 0.05 (D5)”. it is reasonable
to use the Dys size of the finer portion of the gradation curve when
applying the filter criteria. This can be the finer 50% or the sand portion
finer than the No. 4 sieve,

Well graded sandy gravels are excellent filters tor silts and clays up
to a certain maximum coarseness bevand which segregation durng con-
struction becomes important. For excessively coarse materials, segrega-
tion during construction results in streaks or pockets of gravel particles,
without sand in the voids, accumulating at the filter face. 1f such a seg-
regated filter were used in a dam and an erosive concentrated leak de-
veloped, the voids in the segregated gravel pockets would have to fill
with eroded fines from the impervious zone before the filter could
function.

This segregation problem is difficult to evaluate except by experience.
The amount of segregation depends both on the nature of the filter ma-
terial and on the methods of hamiling and plaang it. In our experience,
sand-gravel filters with gravel content and maximum size shown in Fig.
8 {curve A) can be placed without significant segregation if considerable
care is taken, but a filter of this gradation is near the limit of desirable
coarseness for critical filters protecting fine-grained silts and clays. We
have observed segregation problems in sandy gravel filters similar to
Fig. 8, with only slightly larger maximum particle size and somewhat
larger D+, size. These problems occurred despite careful handling and
placement. Fur conservative practice, and to avoid excessive segresa-
tion, no more than 60% ot a well graded sand-gravel critical filter for a
clay core should be material coarser than the Na 4 sieve. Also. the max-

—

imum particle size should be no larger than about 2-in. (50 mm). Many |

successful dams with fine-grained clay cores have had somewhat cuarser
down-stream filters, but we believe these criteria are reasonable and not
too conservative.

AppLicaTiON TO PRacTICE (CAimicAL FILTERS)

The current technical literature on dams says relatively little about fil-
ters for fine-grained clays. Only a few specialized publications offer filter
criteria related to clay properties, and the difference between “critical”
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717 | TaBLE 3.1 a
“"( AVERAGE PROPFRTIIS OF SOILS (AFTER U.S.1.R.) Z
1' e —— e —— — = — e e e S SR S p—
PROCTOR COMPACTION COMPRESSIBILITY SHEARING STRENGTH o
I = (efrn R . e
SOIL . voID PERMEADILITY, 2
t(r:':ii-?:,ﬁ' MAXIMUM OPTIMUM RATIO ‘ AT 1.4 = wn
GROUP DpRy ) WATER Cop 10-6 oMs/sec, kg;'n'l.ﬁ '3‘5 Cy : Clal. TAN ¢ ﬂ
DENSITY CONTENT, PERCENT kg/m? kglein? kglem?® iy
(o ¢ 3 3 e ] = ]
IN T/m PERCENT _ (/) 7y, t'*jv*’—"'flw 2 o g
GW >1.90 <13.3 ()  (.026£.013) <1.4 (.) (.) (.) >0.79 ;
g % 106 . 8
GP >1.76 <12.4 6 (0.06440.033) <0.8 ) ) () >0.74 g
- x 108 o
GM >1.82 <14.5 {.) >0.3 <1.2 <3.0 () (.) >0.67 5
GC - >1.84 <14.7 ) 501 - <1.2 <2.4 () () >0.60 =)
SW 1.904-0,08 13.342.5  0.374(.) k) 1.44(.) (.) 0.440.04 (.) 0.7940.02 2
sp 1.76+40.03 12.,4+1.0  0.504:0.03  >15 0.840.3 () 0.2340.06 (.) 0.744-0,02 §
SM 1.824-0.016 14.540.4 0.48+40.02 7.3-44.7 1.240.1 3.040.4 0.524-0.06 0.204-0.07 0.6740.02 o
SM—SC 1.90-40.016 12,840.5 0.4140.02 0.840.6 1.440.3 2.941.0  0.5140.22 0.1540.06 0.66+0.07 51
sCc 1.814-0.016 14.740.4 0.4840.01 0.3+40.2 1.240.2 2.440.5 0.7640.15 0.1140.06 0.6040.07
ML 1.654-0.016 19.24+0.7  0.6340.02  0.5740.22 1,540.2 2.64+0.3 0.6840.10 0.094(.) 0.624-0.04
ML—CL 1,7420.03 16.840.7 0.5440.03  0.12540.07 1.04-0.2 2.240.0  0.6440.17 0.22+4(.) 0.624-0.06
CL 1.7340.016 17.340.3 0.5640.01 0.08-40.03 1.440.2  2.640.4 0.8840.10 0.1340.02  0.5440.04;
OL () () () ) ) ) ) () (.)
MH 1.314-0.06 36.343.2  1.154+0.12  0.1640.10 2.04+1.2  3.840.8  0.74+0.30 0.204-0.09  0,4740.05
CH 1.504+0.03 25.54-1.2 0.8040.04 0.054.0.05 2.6+1.3 3,941.5 1.04+0.34 0.1140.06 0.3540.09
OH () G0 O “ “ ) ) ) ()
The + entry indicates 90 percent confidence limits of the average value,’

(.) Denotes insufficient data, > is greater than, < is less than.
C effective stress value for samples compacted at Proctor’s dry density.

Ciat €ffective stress value for samples compacted at Proctor’s dry density, and saturated before testing.

Ly



& .

48
EARTH AND ROCKFILL DAMS

compa'ctive effort reduced flexibility. It was concluded from the beam tests
that highly plastic clays are more flexible than clays of low plasticit
bu_t the relative flexibility of clays of low plasticity can not be dist'z'
guished on basis of plasticity characteristics alone. "
_Eros:on resistance is ability to withstand the erosive action of water
Ical_ung through possible cracks. The erosion resistance is mainl
derived from both the cohesion of the fines and the resistive action ujir'
the coarse ParlicIcs to the flowing water and their tendency to get
_wcdgcd up in the leakage channel. This effect would be obtained best
in a}vclt_ graded sand gravel mixture with enough finer particles to
provfde mp;rviousness. As discussed later, filters play an important
rolc_m providing safeguard against failure by leakage—the croded
particles of the core, and also particles from cohesionless fine filter on
the upstream  side flowing into the crack, being unable to pass the
downstrcnm_ﬁlter, should gradually seal up the crack, However this
process requires some time and if a liny leak develops too rapidly* the
process u:_r scaling may not take effect. Thus if the core material }’m a
hlgdh crosion resistance, it \?rould not permit a leak to develop rapidly
fmr won.{ld e:!ab]e the sealing action to come into play. Definitive
jgnhzrm;non s mot yet available about erosion resistance of soils,
o .::l; : (Ref. 4h} has gra_;led .matcrial‘s ‘according to their erosion resis-
2 per table 3.2, l:xpe_n |:n¢nlal investigations carried out at Water
esources Development Training Centre (Ref. 5, 6) for fine grained
§mls indicated that erosion resistance normally increases with plasticity
index except that for highly plastic, expansive, organic clays it may be
lower than for well graded soils of lower plasticity. Blending with

. bentonite was found to improve the erosion resistance in all cases but

i

/i,

markedly in case of well graded soils. Erosion resistance was also found
to increase substantially with compacted density. -

TabLE 3.2

AN ATTEMPT AT AN APPROXIMATE CLASSIFICATION OF CORE MATERIALS
ON THE BASIS OF RESISTANCE TO CONCENTRATED LEAK.
(AFTER SHERARD, REF. 4)

Very good materials

{a) Very well-graded coarse mixtures of sand, gravel,

: and fines,
than 2 in. (50 mm), Dgo coarser than 1/4 in sars, Do

not more than 20% finer than T5p sieve, _~
e,

2. Good materials

(a) wdilg-zgsmded} mixture of sand, gravel, and clayey fiaes. Dyg is coarser than 1
in, mm). Fines consisting of inorganic clay (CL) wit icity i
mistbagly ga ¥ (CL) with plasticity index

{b) Highly plastic tough clay (CH) with plasticity index greater than 20,

Py
A

. (6 m";l.i- If fines are cohesionless,

i .
A e g " S s
/ & 77

-
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[
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3. Fair materials

(a) Fairly well-graded, gravelly, medium to coarse sand with cohesionless fines.
Dy coarser than 3/4 in. (19 mm). Dgg between 0.5 mm and 3.0 mm. Not
more than 25% finer than the 75 seive.

(b) Clay of medium plasticity (CL) wilh plasticity index greater than 12.

' 4. Poor materials

(a) Clay of low plasticity (CL and CL—ML) with little coarse fraction.
Plasticity index between 5 and 8. Liquid limit greater than 25.

(b) Silts of medium to high plasticity (ML or MH) with little coarse [raction.
Plasticity index greater than 10,

(¢} Medium sand with cohesionless fines.

5. Very poor materials
(a) Fine, uniform, cohesionless silty sand. Dgg finer than 0.3 mm.
(b) Silt from medium plasticily to cohesionless (ML). Plasticity index less
than 10.

Requirements of erosion resistance and flexibility would not always
g0 together—thus the top category of Sherard for erosion resistance may
not be equally good for flexibility. Also high compacted densityis
conducive to high erosion resistance but not to flexibility. However,
it is not at all difficult to reconcile these two requirements. Actually a
great variety of materials have been used in cores of earth dams.
Esmoil (Ref. 7) has discussed the properties of impervious materials
used in forty earth dams constructed by U.S. Bureau of Reclamation.
The distribution of the 54 soils used in these dams according to Unified
soil classification was as below (Table 3.3).

TaBLE 3.3
IMPERVIOUS MATERIALS USED IN U.S.B.R. DAMS (AFTER ESMOIL, 1954)

U.s.C. GROUP NO. OF BOILS % OF TOTAL
GM 1 1.9
GM—SM _ 3 5.5
GC - 2 1.7
GC—sC 2 3.7
SM 16 29.6
SM=5C 3 5.5
sC | 13.0
ML 7 13.0
ML—CL 2 3.7

CL 10 18.5
CH 1 19
<4 100
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IMPERVIOUS CORE AND PROPERTIES OF CORE MATHRIAL
e e S S S b e et e et S a3
! cont I ] l a B ow I COMPAC TN
' el 2 -~ — P | ;-E.-E.. 5 i R
- el e 1 E|E. | BB (EDLEE
7 — S o = X =) &5 - 1] = 2 "
T s IMPERVIOUS w R | % 52 B 2 E | ;:2 ] O 12 =
NO. | = MATERIAL 2 |l =3 | 4z 5 75 G AR Iz ’
- Z = i TRy 20 < = = ’ B £ 5 B kil
:' g Z ¥ | > § | ZekE =@ (b)
e = u/s 1/s = = . < S& F 8 b = 7
E f ) f‘ - ! % - | = i fl ‘4:-49%’1:! T:!‘-
b N e o
1. Norck 300, Loess, loamy soil V. 0.25:1 035 1.9:7  2xio-8 750 1315 20 S0LRTR e,
2. Orgvills 235 Cobble, gravel+ Vi 0.90:1 0.50:1 2.0:1 I45 1 0.3 2.280 4 25 dcov.l00t -, 51Uy
clayey sand i -RTR )79 i
3. Portage 183 Silty sand Vi 1.00:1 0.10:1 1.1:1  1%10-7 0-3.5 . - %, .:.,/’é_’,
Llountain _ < i =~
4. Gozchenenalp 155 Alluvial4Clay A4 0.16:1 0.16:1 311 5%10-7  34.30 2,150 {| 6.0 0 SO-RTR
5. Gepatsch 155 Residual schist, gneiss Vv 0.25:1 0.25:1 A7 1x10%* 29 0 2100 !, 8.0 30 3 cov.4t UTR
(175 bentonite) :.'
6. Charvak 154 Loam A4 0.25:1 0.2%:1 1.8:1 W 31 Scov.heavvRTR
7. lafernillo 148  Clay Y. 00890 0039:1 550 Sx10-%  12.14 03505 16861 230 15 151-SER
8. D:rtlycndt 137 Loamy sand v 0.30:1° 03001 1.3 13 1.1 |.370,( 14.5 30-15 2cov. RTR or
Khon SFR
9. Couvar 136 Basalt talus+sandy  V, 0.45:] 0.25:1 3711 2x10-7 1.900§ 15.3 A0 Zceov. SOKTR
silt y, . 1
10. Rousd Butte 134 Silty sand Vy 0.38:1 0.087:1 291 7 }j,fj_," ¥ 0 591-RTR
11. Ambudao 131 . AV 0251 0251 193 fpT s 25 4 45 2 cov. SOL-RTR
12. ~Miboro 130 DG+4Clay soil (c) 1 b70:1 08511 L7:1 CIx10-5 3540 23 2050 7—4 o 6 cov. 20t SFR "
13. Netzehuvalo- 128 Weathicred v 0.20:1 0.20:1 2.0:1 22 0-2.0 1.750 .| 16—28 20 3 cov. Jt-ViR na MR
coyoll conglomerate 4 S
14. Fumas 127 Sandy and Silty clay I 0.70:1  0.30:1  38:] 15 10 1.677.! 19.2 30 SO0L-RTR . "
15, Ramgauga 126 Crushed clay shale v 0.24:1 0.24:1 2.0:1 8x10-7 : 0.98 1.760'; 15 Bairalt
16. Mangla 125 Clay Ve 0701 00001 1-7:1 ) v 'L
17. Anreat 125 Ciay 1 1.50:]. 1.00:1 7:0:1 : i o,
18. -Brownice 122 Ciay g s2 1 1.50:1 1.37:1 7.0:1 97x106 13 50 1.760520—25 15 6-8 cov. SFR
19. “Trangslet . 122 Moraine =/ W iserye, 1 2.00:1 1.30:1 2.7:1  1x10-" 45 0 2050 8.0 39 3 cov. 40t-RTR
, 20. Mud Mountain 127 Sand, gravel+silty lill_..- A" 0.15:1 0.15:1 2.6:1 s 5 o 15
; Note ; (3) V for vastical core, 1 {or inclined core, Vy for slightly inclined core wh

: ; \ ; ich may be considered as vertical cor(f.! )
- Cné=tg'?“?ﬂl": (gmber of roller passes) RTR =rubber tyred roller, SFR Shacps foot roller, VR vibratory ‘roiler.
(c) D.G.=Diuntevrated granite. - _ _ i



down in the core after construction. On the other hand, the cracks and
water losses in drill holes can always be explained as well by other
phenomena, and the authors know of no experience which can be un-
questionably attributed to cracks of this kind.

Also suspected when water is lost through drill holes or when leaks
develop through the dam is a second category of-internal cracks-which
seenr to-occurwhere a-relatively short length of embankment is under-
lain by a more compressible foundation material than that which exists
under the' rest' of the:dam, Fig. 2.3:5b. Tension may develop in the
lower part of the dam in the same way that it occurs in the lower
fibers of a simple structural beam, and if the tensile extension is severe,
cracks may open through the core. While this action has been sus-
pected at several structures (see, for example, Ref, 15), it is always
difficult to diagnose the trouble with complete certainty.

However, it is definitely known that localized internal cracks open
in impervious zones adjacent to interior concrete structures, Fig. 2.3:5¢.
‘Since ‘the “concrete-is-much. ressible~than-the- surrounding
soil, .concentrations of high-compressive stress-develop near the top of
the concrete structare. These stress concentrations are associated with
reliefl of stress in other areas and they sometimes cause tension and
cracking, At Neversink Dam, (Ref. 587) which had a rigid concrete
foundation cutoff wall extending well up into the embankment, crack-
ing of this type produced a pervious zone about 50 ft. above the foun-
dation in the otherwise very impervious core. Similar localized cracks
can open in the embankments adjacent to reinforced concrete outlet
conduits and even in the vicinity of steep, jagged, hard rock abut-
ments.!

2.3b Influence of Embankment Properties .

The amount of cracking which-will-develop at:a-given dam depends
on:the magnitude-of-the strain ‘imposed :and-on-the*deformability of
the -embankment? There exist no reliable guides, either from feld ob-
servations or laboratory tests, for estimating the maximum amounts of
embankment settlement which can take place at a given site without
the development of cracks. Cumulative records of embankment crack-
ing, perhaps supplemented by laboratory research on the stiffness of
compacted impervious soils, may in the future provide some definite
criteria for the designer.

* See the experience described in footnote on p. 135.
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Fig. 2.3:6 Range of gradation of soils suspected to be most critical embankment
materials from standpoint of cracking (Ref. 95).

One study of the performance of 17 dams, some of which cracked
and some of which were subjected to large strains without cracking,
furnishes a little information about the relationship between embank- .
ment soil properties and susceptibility to cracking (Ref. 95). Although
the evidence on which this study was based was sketchy, it indicates
that embankments of. inorganic clays of low to medium plasticity
(plasticity index less than 15) with gradation curves falling within
the range shown in Fig. 2.3:6 are probably more susceptible to crack-
ing when compacted dry than either'finer or coarser materials, It also
shows that wclays-of "higher plasticity ( plasticity index more than 20)-
which are finer than:the-gradation range in Fig. 2.3:6 will withstand
much larger deformations without cracking.

The study provides some evidence that susceptibility to cracking is
high in embankments of residual soils containing coarse particles of
soft rock, which break down and become appreciably finer when they
are being placed and compacted. It is difficult to get enough water
into such soils during construction, so that they are often compacted
at a lower water content than intended (Sec. 11.3¢). Moreover, em,
bankments--constructed .of. soft,. decomposing residual soils are often
anade more brittle :by: the -cementing - action of the partially decom-
posed.particles;nand -therefore~are ;more likely to crack with ‘small
deformations. than.embankments of ordinary soils.

" Most+of-the~embankments ‘studied which developed severe cracking
Were -compacted -at Jow construction- water contents {usually 5% or
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stream from the core: or (53) installing drainage wells
or other drainage Tacilities, Methods (2), (30, and (4
are secpage-reducing methods and will he discussed
i the fallowing paragraphs.

It may be seen in Fig 126 that if an impervions
cutell is instulled 1o 605 of tie depth of the pervious
Foundation. the flow net is modified and water rises
o a slightly lower Tevel than in Fig. 1200 but exit gra-
dients (as reflected by the distance between equi-
petential linest are reduced onlv slightly. Theoretical
positions of the line of seepage for several depths of
cutofl are given in Fig 12¢. It may be seen that the
cutoll must he essentially “perleet™ i is 1o have a
major influenee on the height of the line of seepage.
Sinee this is virtually impossible o achieve, other
seepage control methods generally must be used in
conjunction with cutolfs,

Figure 13 gives two flow nets tdrawn on trans-
formed se ns, for by = 25050 than are part of the
Studly ol seepuwe beneath o dam bailt ing natural

saddle separating g veservoir on the lelt From a lower
valley on the right. Beneath the apper cover of
relatively impervioas soil is g stratm ol highl
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pervious sand and gravel to a depth of about 30 f1.
Undder the pervious sand and gravel is a 30- 1o 00-f1-
thiek silty formation. which is underdain by gray elly
materials,

Preexisting piczometric levels were whi=erved al
tworor more depths at a nunther of locations, These
ohservations indieated the existence of downward
hvdraulic gradienms. since smaller head was mea-
sured in the bottom gravels than inthe upper gra els
at a given location, Seepase evidently was escaping
|'r'|;||i\t'|j. fl‘r‘l*'_\' Teva the lower 3_'r.'|\'t'].- on the river
bank atthe right. Springs that cmerged From the silty
formation velatively hish above the river evidenthy
were being Ted by infiltration of rainwater in the
peneral area showne Without soeh o supplemental
souree of water, the line of seepage could not have

emerged at sueh high levels unless the soil pronle

were suhstantially different Trom the eross section
.-|1n\\|l.

The ow net in Fig. 130 was constepcted so that
the equipotential lines were consisten with the o

served piezometer readings, From this flow el o

wits estimated et the sty formstion wis aboul
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60 11, = homogencous except Tor a 10-0-thick drain-
aze hlanket under the downstream hall of the dan.
A tapered Blanket, with the same permeabiliny as
he embamkment, extends THOO 0 upstream from
the din.

The low net in Fig 160 was eonstructed for the
assumption it all feemations are isotropic with re-
speet o permeability. For this condition. the uplin

eradient al the doswnsteeam toe i 0,25, 1 he ratin ol

horizemtal wevertival permeability is assumed to I 12
for all materials e, 1600 the aplift geadient e
downstean toeis inereased to LOziChe eompanted
Wanket weere smitted, the aphift gradient wonithd T
Fan, A uphilt gradient of 125 nsually woithl nt be

rrresive, bt L o more ix wnsalie,

Ay dam cites aned lever Tovations, underlying

strata have permeahilities hundreds or thousamls
of times those of the overlying natural blankets. and
the ratio of horizontal o vertical permeability ulten
ix greater than 910 1. Both of these conditions tend
po inerease the uplift gradients at the downstream
toe, These conditions often can be effeetively rem-
edied by installing drains through the blanket into
the wnderlving pervious stratum. 10 this dam is
mndified by exeavating i drain preneh with a 20-01
Bottom width inte the pervious stram. the aplift
aradients at the downstream toe are redueed 1o
I"\\ h'\l'i.

I general. dams on foundations comtaining highly
pervions, stratilied subsoils must have some hind of
deepeseated deainage i they are 1o be completely

sale sgainst Dlow g, piping and subsurfice erosion.
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stream from the core: or (5) installing drainage wells
or other drainage facilities. Methods (2). (3), and (4)
are seepage-reducing methods and will be discussed
in the following paragraphs.

It may he seen in Fig. 126 that if an impervious

eutoff is installed to 60% of the depth of the pervious

foundation, the Alow net is modified and water rises
o a slightly lower level than in Fig. 12a, but exit gra-
dients (az reflected by the distanee between equi-
potential lines) are reduced only slightly, Theoretical
positions of the line of seepage for several depths of
cutoff are given in Fig 12e. It may be seen that the
cutofl must be essentially “perfect™ if it is to have a
major influence on the height of the line of seepage.
Since this is virtually impossible 1o achieve, other
seepage control methods generally must be used in
conjunction with cutoffs, .

Figure 13 gives two flow nets (drawn on trans-
formed sections. for &, = 254,) that are part of the
study of seepage beneath a dam built in a natoral
saddle separating a reservoir on the left from a lower
valley on the right. Beneath the upper cover of
relatively impervious soil is a stratum of highly

pervious sand and gravel to a depth of about 50 ft.
Under the pervious sand and gravel is a 50- to 60-ft-
thick silty formation. which is underlain by gravelly
materials.

Preexisting piczometrie levels were observed at
two or more depths at a nunber of locations. These
observations indicated the existence of downward
hydraulic gradients, since smaller head was mea-
sured in the bottom gravels than in the upper gravels
at a given location. Scepage evidently was escaping
relatively [reely from the lower gravels on the river
hank at the right. Springs that cmerged from the silty
formation relatively high above the river evidently
were being fed by infiliration of rainwater in the
general arca shown., Witheut such a supplemental
source of water. the line of seepage could not have
emerged at such high levels unless the soil profile
were substantially ditferent {rom the eross seetion
shown,

The flow net in Fie 130 was constructed =o that
the equipotential lines were consistent with the ob-
served piczometer readings. From this flow net it
was es<timated that the silty formation was about
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