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MEASURED REBOUND
OF SLAB TO 1958
MAXIMUM 23~

PREDICTED REBOUND OF SLAB TO 1958
IF ANCHORS HAD NOT BEEN INSTALLED

3§
FLOOR SLAB—"
MEASURED ELONGATION OF ANCHORS TO 1958

ANCHORS AT 4.5’ CENTERS EACH WAY

FIG. 13.—SCHEMATIC SECTION OF SECONDARY BASIN SHOWING
EFFECT OF ANCHORS

shows the total rise of the concrete suiface as measured by differential level-
ing. The difference between these two represents rebound of the shale below
the bottom of the anchors. The top curve shows the predicted rebound range
of the slab within two to three years if anchors had not been installed.

CONCLUSIONS

The history of a foundation problem in the Pierre shale at the Oahe project
has been followed. The geology of the area has been examined, including the
effect of glaciation and the development of the river trench. Differential re-
bound of the Pierre shale following stilling basin excavation has been described,
the physical properties of the Pierre shale presented, and probable cause of
the movements discussed. The major redesign of the structures to control
and accommodate further movements has been outlined. Two points appear
to be of major significance;first, abrupt major differential rebound can occur
in foundations under certain conditions and, second, once the abrupt movements
occur, the quantitative effect on the structures to be placed thereon appears to
be virtually impossible to determine. Design must then be based upon quali-
tative data and the best judgment that can be brought to the problem.
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MECHANICS OF INCLINED FILTERS IN EARTH DAMS

By V. J. Patel,l A. V. Gopala Krishnayya2 and K. L. Arora3

SYNOPSIS

The stability of the upstream and downstream slopes of an earth dam in-
creases because of the reduction in pore pressure resulting from the instal-
lation of a filter along the base of the dam. A further reduction in pore
pressure can be achieved if a vertical or an upstream slanting filter is con-
nected to the downstream by a horizontal filter.

The pore pressure on the slip surface can be calculated from the rapid
drawdown flow net constructed under the assumption of steady conditions, free
drainage of the material and a rigid incompressible embankment. However,
when the material of the dam is impervious clay, which has poor drainage
qualities the application of the rapid drawdown flow net is questionable. The
validity of the rapid drawdown flow net in such material has been studied in
this paper and it is found that, irrespective of the method used for calculating
pore pressures, the factor of safety is practically unaffected if the filter is
placed near the axis of the dam.

It is shown herein that the position of the critical slip circle for a given
upstream slope of an earth dam is practically unaffected by the height of the
dam, soil characteristics, method of calculation of the pore pressure and the
location of filter. The location of the critical slip circles for various upstream
slopes have been determined and asimple method of locating them for a given
upstream slope is presented. The average slope of the arc of critical circle
lying between the base of the dam and one-half the height for any upstream

Note.—Discussion open until August 1, 1964. To extend the closing date one month,
a written request must be filed with the Executive Secretary, ASCE. This paper is part
of the copyrighted Journal of the Soil Mechanics and Foundations Division, Proceedings
of the American Society of Civil Engineers, Vol. 90, No. SM2, March, 1964.

1 Asst. Prof. of Civ. Engrg., Indian Inst. of Tech., Kanpur, India.

2 Lecturer in Civ. Engrg., Indian Inst. of Tech., Kanpur, India.

3 Senior Tech. Asst., Indian Inst. of Tech., Kanpur, India.
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slope is practically the same, leading to the conclusion that if an inclined fil-
ter with this slope is provided in the dam, the design will become scientific
and economical. Based on the calculations, a stability chart is given which
can be used for designing earth dams.

INTRODUCTION

The main topic of this paper is the validity (or non validity) of rapid draw-
down flow nets in the case of materials that are not freely draining. This un-
certainty still prevents the designer from adopting bold designs because the
factor of safety depends on the factor of ignorance. Trollope, the general re-
porter on earth dams, slopes and oven excavation at the Fifth International
Conference on Soil Mechanics and Foundation Engineering wrote, concerning
the paper of Patel and Maheshwari,4 that “the authors have made most inter-
esting and valuable study of the influence of the location of anupstream sloping
filter on the flow net and hence on the stability of earth dams. Their work is
based on the model experiments in which steady state conditions were devel-
oped. Consequently care must be taken in extrapolating their findings in the
case of complete rapid drawdown, to materials that are not freely draining.”
Anagnosti commenting on the same work4 wrote, “It is necessary toemphasize
that the results presented in the report and calculations may be used only in
the case of rigid incompressible embankments. 'Pore pressures in an earth
fill embankment due to consolidation of fill after drawdown should be inves-
tigated, applying the theory of consolidation or by introducing the triaxial test
constants A and B in the well-known Skempton’s equation. Therefore, the pore
pressure due to consolidation of the fill is tobe added to the pore pressure of
the water head of non-steady filtration. It is not clear at the moment what the
effect of the excessive pore pressure is to the filtration flow net.”5 Doubts
have also been expressed as towhether the same critical slip circle would be
valid for various positions of the filter.6 Thus, further investigation is nec-
essary to discover: (1) Whether the flow net of rapid drawdown can be used
for the stability analysis of earth dams with materials that are not freely
draining; and (2) whether only one critical slip circle exists in earth dams
independent of the position of the filter.

Notation.—The symbols adopted for use in this paper are defined where
they first appear and are arranged alphabetically in'the Appendix.

SM 2 ]

4 patel, V. J., and Maheshwari, B. L., “Pore Pressure in Earth Dams,” Proceed-
ings, 5th Internatl. Conf. on Soil Mechanics and Foundation Engrg., Vol. II, Paris, July,
1961, pp. 687-690.

5 Proceedings, 5th Internatl. Conf. on Soil Mechanics and Foundation Engrg., Paris,
Julg, 1961, Vol. 1I, pp. 690, Vol. I, pp. 351.

Proceedings, Symposium on Earth and Rock-fill Dams, University of Roorkee,
Roorkee, India, December, 1961.
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CRITERIA FOR STABILITY ANALYSIS

The stability analysis is generally carried out for the different conditions
possible such as construction period, full reservoir, partial drawdown, slow
drawdown and complete rapid drawdown of the reservoir water level. From
all these possibilities, generally speaking, the complete rapid drawdown con-
dition provides the minimum factor of safety. The factor of safety for earth
dams on pervious foundations is higher than for dams on impervious founda-
tions.! Similarly, slow drawdown gives a higher factor of safety than rapid
drawdown.® Thus, in general, sudden drawdown for an earth dam on an im-
pervious foundation represents the worst condition and hence is accepted as
the design criterion herein.

EQUATION STABILITY ANALYSIS
Adopting the Fellenius method of slices for the cylindrical slip surface and
assuming homogeneous isotropic material, Eq. 1a can be derived for the two-

dimensional case.

_ Z(do - du) tan ¢ - cZdl

F
. HE S S A R (117)
in which
= total restoring force
F = Fact = ata =3
s Bt et ety total force actuating the slice " * ° (1b)

do is the normal component of the weight of the slice acting on an area, dl, of
the slip surface; dl denotes the length of the slip surface of the slice; du rep-
resents the neutral force due to pore pressure acting normal to the slip sur-
face over an area, dl, during the case of rapid drawdown; c refers to the
cohesive strength of the soil per unit area on the slip surface; d7 stands for
the tangential component of the weight of the slice acting on the area, dl; ¢
equals the angle of internal friction of soil;and T indicates summation.
Eq. 1a can be written after summation as

F _(0-u) tan ¢ +ecl
s T

It is possible to write

& 2
O-Foﬂysat 8O0 B 00 08060 odo.e - (B

7 Patel, V. J., and Krishnayya, A. V. G., “Earth Dams with Upstream Slating Filter
and Clay Blankets on Pervious Foundation.” Proceedings, Symposium on Earth and
Rock-fill Dams, Roorkee, India, December, 19H

8 patel, V. J ., and Arora, K, L., “Effect of Slow Drawdown in Earth Dams with Up-
stream Slanting Filters,” Indian Journal of Power and River Valley Development,
August, 1961, pp. 9-14.
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the total normal force;

the total neutral force;
1 :=:bUH i cpaaldnbaveleoaiir sid. 0. an(3el

the total length of the arc of the slip circle, b' being a constant; and
r=F HY (3a)
s R

the total tangential force in which His depth of water retained on the upstream
face; ygat corresponds to the saturated density of the soil; yy, is the density
of water; b' equals the coefficient of slip circle as defined by Eq. 3c; and Fo,
F; and Fy are the coefficients of normal, tangential and neutral forces, re-
spectively, as defined by Egs. 3a, 3b and 3d.

Substituting for the various terms from Egs. 3a to 3d in Eq. 2 the factor of
safety can be expressed as

2 2 i
_(FoH Vi iis FuH -yw) tan ¢ + cb'H
FS = 3 NI (4a)
E Hy
T sat

or

! 7 i|
o u'w cb'
F =——'—‘tan¢+'_'_-_-0"" (4b)
5 I:FT F‘r'ysa.t 'ysatF'rl'l

For a given failure surface and pore pressure distribution

14 cB,
FALSABNCRBI = tan¢+H_y ...... (5)

sat sat

in which By and By are constants equal to Fo/Fr, F,/F, and b'/F
respectively.

METHODS OF COMPUTING PORE WATER PRESSURE
FOR RAPID DRAWDOWN

If the material in the earth dam is assumed to be able to drain the water
freely after complete rapid drawdown, the pore pressures can be computed
from the rapid drawdown flow nets.

SM 2 INCLINED FILTERS 91

If the material in the damis of impervious clay, free drainage is question-
able. The pore pressure in this case can be computed using Skempton’s pore
pressure coefficients as suggested by Bishop.® Referring to Fig. 1 the pore
pressure, u, at any point on the slip circle is

u='yw[hc-h' +(1-n) hr] (6)

in which n refers to the porosity of the pervious material of the casing of the
dam; h,. denotes the depth of the pervious material; h' represents the differ-
ence between the full depth of water, H, and the head corresponding to the
potential under full reservoir condition at the point where the pore pressure
is required; and h, is the vertical intercept between the upstream face of the
imperious zone and the point at which the pore pressure is required. If the
pervious material upstream of the impervious zone is not included in the sta-
bility analysis, Eq. 6 can be written as

usy, (hc-h')............... 1)

The validity of Eq. 7 is confined to steady state conditions only.

Water level before draw-down

\‘\-l Phreatic line

Equipotential line

before draw-down
45 Impervious fill-—oj

FIG. 1.—EARTH FILL DAM CROSS SECTION

Another method usually adopted in the absence of flow nets is to consider
pore pressure equal to full buoyancy. According to this method, Fy is assumed
equal to Fo. Taking vy as unity, Eq. 5 can be written as

1 By
Fs=B1<1-'r_)tan¢+Hy (8)
All three methods have been used in calculating the factor of safety herein.

. CALCULATION OF THE FACTOR OF SAFETY

Eq. 5 can be written in a more convenient form for a given slip circle as

9 Bishop, A. W., “The Use of Pore Pressure Coefficients,” Geotechnique, London,
Vol. IV, 1954, pp. 148-152,
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F cB
u 1 tan ¢ 2
B, - — + =T STOGNE, (9a)
|:1 F-r Ysatil Fs FsH."sat
or
1% F
c ' _ "gsat ’ ugl! tan ¢
_FH_._E_[-<B-__ > ool (91
s 2 4 FT 7sat Fs
or
c Y F
dad. sat[ < W] ) }
_d - sat e [Fp Rt tan ¢ Lo (19 Ol
H B
2 4 F‘r Ysat S
in which
c
F—-cd MR A A T AN (L7
s
and
tan ¢ _
F -ta,ngbd (9e)

From Eq. 9b

F
c i) ufessl tan ¢
TEHvEl i e - |B, - — — e, (10
FsH‘ysav.t B2 |: (1 Fr Ysat> Fs )

Using Eq. 9b, values of c¢/FgH for different values of tan ¢ /Fg can be calcu-
lated for different slip circles. The critical circle is the one which has the
highest values of ¢/FgH surrounded by lower values of c¢/FgH for a given value
of tan ¢/ Fg and yg,¢- This method of finding the critical circle has the ad-
vantage of eliminating two variables, namely ¢ and H. If Eq. 5 is used, fac-
tors of safety forevery slip circle can be calculated for different dam heights
cohesive strengths and angles of internal friction to find the critical slip circle:
The term, c/ FgHyg,t, of Eq. 10 is similar to Taylor’s stability number10
(¢/FcHygat) with the difference that the factor of safety is with respect to
strength instead of cohesion. Also the term, 1 /4,4, on the right side of Eq. 10
cannot be eliminated as is possible in dry slopes. The lowest and highest pos-
sible values of the saturated density of the impervious soil used for earth dam
construction may vary between 1.8tons per cu mand 2.2tons per cu m. Hence
an average value of 2.0 tons per cu m can be assumed in finding the values o}
c/FsH for various slip circles. It will be shown later that the variation of Ysat

has no effect in changing the critical circle and hence this method of f
the critical circle is advantageous. e

10 Taylor, D. W., “Stability of Earth Slopes, ”
. W, pes, "Journal of the Bost i i
Engineers, Boston, Mass., July, 1937. : on Soclety of Olvi
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LOCATION OF CRITICAL SLIP CIRCLES

The stability analysis for complete rapid drawdown was carried out for an
earth dam with a vertical filter for different upstream slopes,i.e.1on1,1 on
1.25,1 on 1.5,1 on 2,1 on 2.5,1 on 2.75 and 1 on 3 (1 vertical on 3 horizontal)
for filter positions of 0.25 H, 0.5 H,1.0 H, 1.5 H, 2.0 H and 2.5 H from the axis
of the earth dam, and for combinations of the soil characteristics, i.e. tangent
of the angle of internal friction, tan ¢, of 0.1, 0.2, 0.3, and 0.4; and saturated
soil density, Ygat, of 1.8, 2.0 and 2.2. A number of slip circles were taken,
all passing through the upstream toe of the dam and a few passing through the
dam foundation.

The following assumptions were considered necessary for the simplifica-
tion of calculations:

1. The material above the phreatic line is assumed fully saturated and
without pore pressure. The material in this zone will become saturated due
to capillary rise. This assumption will not lead to any appreciable change
from the true values. The values of c and ¢ for this material are also assumed
to be similar to the fully saturated zone for the simplification of calculations.
Thus the calculation yields a lower factor of safety than the actual factor of
safety, thus allowing the designer to be on the conservative side.

2. The material is homogenous, and isotropic.

3. Whenever part of the critical slip circle passes below the base of the
dam, the material in that part of the foundation is considered to be the same
as that in the earth dam. This part of the slip circle is rather small and lies
near the upstream toe of the dam. The equipotential lines for the rapid draw-
down flownet or for Skempton’s constant as suggested by Bishop,9 are vertical.

4. The water level in the reservoir is assumed to be at the dam height.

It can be seen that these assumptions will provide a calculated factor of
safety less than the actual factor of safety.

The values of cg/H (Eq. 9¢) have been computed, employing the variables
previously mentioned, for each slip circle, and using the neutral forces ob-
tained by different methods. Tables 1(a) to 1(f) show values of cq/H for the
upstream slope of 1 on 2.5 for a number of slip circles surrounding the criti-
cal circle. The critical circle is defined by the maximum value of cq/H. The
critical circles have been located for other upstream slopes also considering
all the variables (Fig. 2). In each case the center of the critical slip circleis
surrounded by the centers of the circles having lower values of cq/H.

EXAMINATION OF RESULTS

For the given soil characteristics, the critical circle remains the same
even though the neutral forces are calculated by different methods. Tables
1(a), 1(c), 1(d). A qualitative explanation for these results can be given by
referring to Tables 2 and 3. The change in neutral force occurs approximately
in the same proportion for all circles when the filter position is changed.
From Table 2, it can be seen that the ratio of Fy/F; for the vertical filter
positions at 2.5 H and 0.25 H for a number of circles is practically equal to
1.3. Similarly, from Table 3 it can be seen that the ratios of Fu/FT calculated
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TABLE 1 -
-
cy g
Circle Fo I-‘“ b ’ " from Eg. 9¢ 3]
Number ¥r Fr P l?‘1' I O
i T TV dat tangg = 0.1 | tandd=0.2 | tandg = 0.3 | tandpd = 0.4 ©
H -~
(a) Pore Pressure By Bishop’s Method; ¥ g4 = 2.0.2 <
4 3.18 2.73 5.05 0,308 0.1620 0.1260 0.1080 0.0538 o
b, 3.20 2.35 4.52 0.375 0.1765 0.1370 0.0870 0.0489 ) g
8 3.10 2.28 3.80 0.465 0.2110 0.1595 0.1083 0.0567 w 9 ey
12 3.08 2.44 3.90 0,444 0.2084 0.1610 0.1132 0.0655 | o Ca
13 3.93 3.07 4.66 0.342 0,1625 0.1120 0.0605 0.0094 A o DE e
15 3.51 2,71 4.18 0.426 0.1876 0.1360 0.0840 0.0262 = 2 e
16 3.69 2.73 4.00 0.465 0.1920 0.1350 0.0760 0.0180 © ° s gL
19 3.10 2.40 4.05 0.428 0.2001 0.1530 0.1060 0.0539 fry VO
7 . .
(b) Pore Pressure By Bishop’s Method; ¥gat = 2.0.b A -
4 3.18 3.28 5.05 0.306 0.1516 0.1251 0.0887 0.0523 =
Ty 3.20 3.04 4.52 0.375 0.1839 0.1478 0.1096 0.0625
8 3.10 3.06 3.80 0.405 0.2217 0.1804 0.1393 0.0978
12 3.08 3.25 3.90 0.444 0.2190 0.1820 0.1446 0.1075
13 8.93 3.99 4,66 0.342 0.1727 0.1314 0.0901 0.0488
15 3.51 3.49 4.18 0.426 0.1969 0.1549 0.1128 0.0707
16 3.69 3.28 4,00 0.465 0.1987 0.1475 0,0962 0.0450
19 310 3.24 4,05 0.423 0.2121 0.1753 0.1348 0.1016 E
©
(c) Pore Pressure From Rapid Drawdown Flow Nets; ¥ga¢ = 2.0.3 w ’é
4 3.18 2.50 5.05 0.306 0.1598 0.1216 0.0833 0.0451 8 E
N 3.20 2.81 4.52 0.375 0.1814 0.1419 0.1023 0.0528 o (&)
8 3.10 2.20 3.80 0.465 0.2104 0.1578 0.1052 0.0626 - [-%
12 3.08 213 3.90 0.444 0.2045 0.1531 0.1016 0.0602 E =l
13 3.93 2.70 4.66 0.342 0.1588 0.1036 0.0468 -0.0068 -
15 3.51 2.42 4.28 0.426 0.1906 0.1411 0.0741 0.0191 w
16 3.69 2.48 4.00 0.465 0.1887 0.1275 0.0662 0.0050 |
19 3.10 2.32 4.05 0.423 0.2007 0.1524 0.1041 0.0558 <
]
(d) Pore Pressure By Full Buoyancy; ¥ gyt = 2.0.2 E
4 3.18 3.18 5.05 0.306 0.1665 0.1350 0.1035 0.07211 E
7 3.20 3.20 4.52 0.375 0.1856 0.1503 0.1145 0.0796 (]
8 3.10 3.10 3.80 0.465 0.2222 0.1815 0.1407 0.0999 |
12 3.08 3.08 3.90 0.444 0.2166 0.1771 0.1377 0.0983 .
13 3.93 3.93 4.66 0.342 0.1720 0.1301 0.0882 0.0462 P
15 3.51 3.51 4.18 0.426 0.1972 0.1553 0.1135 0.0717 (5
16 3.69 3.69 4,00 0,465 0.2040 0.1580 0.1120 0,0660 -
19 3.10 3.10 4.05 0.423 0,2104 0.1718 0.1335 0,0946 =9
(e) Pore Pressure By Bishop’s Method; Ygat = 1.8.2
4 3.18 2.73 5.61 0.306 0.1486 0.1189 0.0893 0.0597
7 3.20 2.35 5.022 0.375 0.1590 0.1209 0.0828 0.0447
8 3.10 2,28 4.22 0.465 0,1940 0.1520 0.1070 0,0636 <
12 3.08 2,44 4.33 0.444 0.1911 0.1510 0.1115 0.0716 i~
13 3.93 3.07 5.178 0,342 0.1501 0.1072 0.0642 0.0212 5
15 3.51 2.71 4.644 0.426 0.1722 0.1290 0.0858 0.0426 (&)
16 3.69 2,73 4.444 0.465 0.1761 0.1272 0.0783 0.0294 o
19 3.10 2.40 4.50 0.423 0.1852 0.1481 0.1110 0.0739 (5]
-
(f) Pore Pressure By Bishop’s Method; ¥ gat = 2.2.2 O
4 3.18 2.73 4.59 0.306 0.1757 0.1335 0.0913 0.0491
7 3.20 2.35 4.11 0.375 0.1918 0.1398 0.0878 0.0358
8 3.10 2,28 3.45 0.465 0,2300 0.1705 0.1105 0.0506
12 3.08 2,44 3.55 0,444 0.2264 0.1704 0.1152 0.0596 2
13 3.93 3.07 4.24 0.342 0.1762 0.1164 0.0566 -0.0032 fri] e
15 3.51 2.1 3.80 0.426 0.2032 0,1432 0.0832 0.0232 =) By
16 3.69 2.73 3.64 0.465 0.2076 0.1403 0.0730 0.0057 (5} gw? =
19 3.10 2.40 3.68 0.423 0.2174 0.1627 0.1081 0.0535 % S aq.'a
a "o 28
U =1on25F is vertioal at 0.25 1. 2 """"3‘&
iy F ;
g "lon2s, R vertical at 2.50 H.,
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by different methods are practically the same for different slip circles. Thus
the critical circle remains.the same even though the position of the filter or
the method of calculation of the neutral force is changed.

The critical circle is the same for a given value of tan ¢ 4 even though the
value of ygat are changed. Tables 1(a),1(e) and 1(f) show the values of cg/H

TABLE 2 2
Fu
Fu Fu F‘r at 2.5 H
Circle Number =—at 2.5 H —=—at 0.25 H
Fr Fr B
—at 0.25 H
Fr
4 3.28 2.73 1.20
q! 3.04 2.35 1.29
8 3.06 2.28 1.34
12 3.25 2.44 1.33
13 3.99 3.07 1.30
15 3.49 2.711 1.29
16 3.28 2,73 1.20
19 3.24 2.40 1.35

a
;—J =1on 2.5,—5 is vertical, Pore pressure by Bishop’s Method.

TABLE 3 2
b c d
F
Circle <E) <fg> (E) (_Fg)_ (&) (&); <ﬂ S\ (S
Number| \F F F ) T \T Fy | \Fp T | i\
Ty T (T, U 1 ¢ 2 3 o T 3 T 1
4 2.73 | 2.50 | 3.18 1.09 1.27 1.17
7 2.35 | 2.31 | 3.20 1.02 1.38 1.36
8 2.28 | 2.20 | 3.10 1.03 1.41 1.36
12 2.44 | 2.13 | 3.08 1.14 1.44 1.26
13 3.07 | 2.70 | 3.93 1.14 1.45 1.28
15 2.71 | 2.42 | 3.51 1.12 1.45 1.30
16 2.73 | 2.48 | 3.69 1.10 1.49 1.35
19 2.40 | 2.32 | 3.10 1.03 1.34 1.29

8y F
=5 1 on 2.5, o is vertical at 0.25 H

bBy Bishop’s Method.

cBy rapid drawdown flow nets.
dBy full buoyancy.

calculated for yg,; values of 2.0, 1.8 and 2.2. A change in the value of ygyt
will equally change the quantity (Fu/F;) ygat in Eq. 9c for all slip circles
thus yielding the same critical circle.
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The critical circle is practically identical, with variations of tan ¢ 3. From
Table 1(a) it can be seen that for tan ¢4 values of 0.3 and 0.4, circle No. 12
becomes the critical circle, whereas for lower values of tan ¢ g» circle No. 8
is critical. From Fig. 2(d) it can be seen that these two circles are close to
each other lying in a narrow zone. The values of cgH for the two circles are
almost identical, indicating that there exists a narrow zone where any slip
circle will yield almost the same factor of safety. Contours of cd/H for an
upstream slope of 1 on 1.25, vertical filter at 0.25 H, Ygat = 2.0 tons per cu
m and pore pressure from rapid drawdown flow net is plotted in Fig. 3 for
different values of tan ¢ 5. The provision of a vertical or upstream inclined
filter close to the upstream face (Fig. 3) creates a narrow zone in which
any slip circle will yield practically the same factor of safety. Table 4 indi-
cates that circle No. 8 gives the minimum factor of safety at the upstream
slope of 1 on1 for all values of tan ¢4 Similarly it has been observed that
the variation of tan ¢ 4 has anegligible effect on changing the critical slip cir-

TABLE 4 2
%d
—— from Eq. 9¢
Circle & fg b F - H
T
Number | Fr ¢ Fr 1Fr ¥eatl 7 ftan gy = 0.1]tan ¢y = 0.2 | tan g = 0.3 [ tan g, = 0.4
3 1.22(0,725| 3.30 |0.252 0,2790 0.2505 0.2250 0.2090
4 1.30(0.875] 3.52 |0.216 0.2600 0.2340 0.2100 0.1925
5 1.48)0.785] 3.45 [0.255 0.2610 0.2270 0.1955 0.1795
7 1.7610.890 2.98 [0.330] 0.2960 0.2550 0.2090 0.1780
8 1.1810.756| 2.69 |0.357| 0.3460 0.3125 0.2820 0.2640
9 1.96 (0,752| 3.00 {0.336 0.2830 0.2280 0.1750 0.1355
11 1.67)0.638| 3.25 |0.297 0.2710 0.2250 0.1835 0.1665
12 1.75)0.614| 3.07 |0.318 0.2840 0.2320 0.1850 0.1600
13 1.9510.788| 3.14 |(0.330 0.2740 0.2190 0.1695 0.1370
&0, F
Sk lonl; & vertical of 0.25 H; Pore pressure using Bishop’s method; ysat=2.0

cle, which for practical purposes, can be defined for a given upstream slope
as a single critical circle.

Fig. 5 and Table 5 give the constant By and B, and values of aand Sfor the
location of the critical circles at various upstream slopes. It is interesting
to note that the values of constants B; and B, for the upstream slope of 1 on
2 compare well for different conditions of sta%aility analysis (Table 6). This
leads to the conclusion that the provision of a filter in an earth dam creates
a narrow zone in which any circle will yield practically the same factor of
safety. It means that the critical slip circle will not shift further upstream
with the provision of either an inclined or a vertical filter.

While considering earth dams on impervious foundations having higher
shear strength, the center of the critical slip circle for each slope is estab-
lished. All the arcs of the slip circles analyzed so far pass through the toe
of the dam. The validity of this assumption with special neference to earth
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dams having filters close to theupstream slope should be established. In gen-
eral, three cases can arise:

Case 1.—The foundation material is weaker (has a low shear strength) than
the material comprising the impervious zone of the earth dam. In this case,

(a) tan ¢d=0.2

(b) tan ¢d=0.4 (c) tan ¢d=0.1

FIG. 3.—CONTOUR LINES OF cd/H FOR SLOPE AND FILTER SHOWN IN FIG. 4
Py
st

IF\\

I S

Dam axis

FIG. 4

it is more likely that the failure surface will be “deep” i.e. passing through
the foundation material and not through the upstream toe.
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Case 2.—The foundation materials and material comprising the dam are
the same. In this case, for slope less than 53°, the critical circle will most
probably pass through the toe of the upstream face.

Case 3.—The foundation material is stronger (has a higher shear strength)
than the material in the impervious zone. The foundation material may be
pervious or impervious. It is already established that the pore pressure de-
creases considerably and hence the factor of safety increases as the founda-
tion material becomes more pervious, with higher shear strength, 4,7,11,12

50
?;.:, 45 | A rE i‘ Center of slip circle
o 4
£ 40 B
o
- 35
s
¥ 30
4 25
-3
—}
s (a)
320

10 15 20 25 30 (b)
Value of TU (cot i)
07 5 8
E\W" o~y
’
06 4 7
J /
b el | f o[t
5 1 9
s 05 / 2 H 6 3
s = F, =
/ ! 7
04 5
[ A
(c) . (@)

4
110£31'5882.08 25§30
Value of %(cot i)

03
' 10 15 20 25 30
Value of < (cot i)

FIG. 5

and hence the impervious material in the foundation, having a higher shear
strength represents the worst condition. This case will be considered herein.

The material used in the dam will generally be available at the site, thus
the material in the dam, is usually the same as in the foundation (Case 2).
Thus Case 1 hardly occurs and does not represent a general condition in earth

11 patel, V. J., “Designing of Earth Dams with Upstream Slanting Filter,” Proceed-
ings, First Asian Conf. on Soil Mechanics and Foundation Engrg., New Delhi, India,
February, 1960.

12 Reinius, E., “Stability of Upstream Slope of Earth Dams,” Swedish State Com-
mittee for Building Research, Bulletin 12, Stockholm, 1949.
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dams. The critical slip circle may be tangent to the foundation surface if the
foundation material has the higher shear strength. Thus Case 1 and Case 3
necessitate taking a few more circles, some tangent to the base of the dam or
lying entirely within the dam in the case of the foundation material being
stronger, and some passing deep in the foundation and cutting the ground up-
stream of the upstream toe of the dam. Any slip circle, passing deep in the
foundation will cut the filter and hence the total percentage of dry material in
the sliding mass will increase, thus reducing the pore pressure. Also the cen-
ter of these circles will be downstream of that for circles passing through the
upstream toe. But the shearing stress decreases as the center of the slip cir-
cle moves downstream. Thus, in the special case of an earth dam with vertical
or upstream slanting filter near or upstream of the axis of the dam, it is likely
that the circles passingdeep in the foundation will have larger factors of safety
than those passing through the toe and lying upstream of the filter. This is
similar to the case in which the circle is tangent to the foundation surface or

TABLE 5

o | e

s degrees degrees Number E, /Fp b/Fr
lonl 41 24 8 1.18 5.38 0.357
1on 1.25 44 35 4 1.65 6.44 0.350
lonl.5 47 40.5 18 2.00 7.06 0.357
lon2 48.5 46 14 2,55 7.50 0.390
1 on 2.5 49 47 8 3.10 7.60 0.465
1 on 2,75 49 45 14 3.40 7.60 0.510
lon3 42,5 38 18 3.82 7.52 0.552

lies, entirely within the dam as it has to cross the filter. This fact is also
verified by stability analysis.

VALIDITY OF RAPID DRAWDOWN FLOW NETS

The last but the most important point to be investigated is the effect of the
nonvalidity of the rapid drawdown flow nets, on the factor of safety using ma-
terials that are not freely draining. Referring to Eq. 4b it is clear that the
difference in the factor of safety of the earth dam for two types of soils,
namely, freely draining and one that is not freely draining can be given as

(difference in Fu/F'r) tan ¢
Difference in Fs = 7

sat

Al

The change in the value of F,;/F; and the factor of safety for the upstream
slope of 1 on 3 for freely draining and non-freely draining material is given
in Table 7.

The change in the factor of safety when the filter is placed at 0.25 H only
affects the third significant figure and hence is quite negligible as the factor
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of safety is normally specified to two significant figures only. Thus the con-
troversy of the validity (or non validity) of the rapid drawdown flow net hardly
affects the factor of safety, leading to the conclusion that the rapid drawdown
flow net for freely draining material can also be used for materials that are
not freely draining when the filter is placed within 0.25 H of the axis because
the curves of Fy/F. for the freely and non freely draining conditions show a
tendency to meet as the filter is moved upstream (Fig. 6).

LOCATION OF INCLINED FILTER

Adrainage filter should have an inclination and location such that it reduces
the pore pressure to the minimum, thereby increasing the stability of the dam.

TABLE 6.—VALUES OF CONSTANTS B1 and B, FOR U/s OF 1 ON 2

B1 B2 Remarks

1 2.14 7.50 Earthquake during full reservoirl3,14

2 2.77 7.29 Using rapid drawdown flow net for
earth dam on previous foundation?

3 2.49 7.50 Using rapid drawdown flow net for
earth dam on impervious foundation

4 2.55 7.50 Earth dam on impervious foundation
1. Using rapid drawdown flow net
2. Using Skempton’s Constants
3. Using full buoyancy

TABLE 7
Filter position Difference Difference in FS for Y 2.0 and values of tan¢
form the axis in Fu/FT
of the dam 0.1 0.2 0.3
0.25 H 0.50 0.025 0.05 0.075
1.00 H 0.70 0.035 0.07 0.105
2.50 H 1.50 0.75 0.15 0.225

This can be achieved by providing an inclined filter in the vicinity of the criti-
cal slip circle. The arcs of the critical slip circles located for different up-
stream slopes pass through a narrow region (Fig. 7), suggesting that the
location of the filter for the maximum pore pressure reduction is approxi-
mately the same for all upstream slopes. Table 5 lists the values of aand g8

13 patel, V. J., and Bokil, S. D., “Effect of Earthquake on Pore Pressure in Earth
Dams,” Proceedings, 2nd Symposium on Earthquake Engrg., University of Roorkee,
Roorkee, India, November, 1962.

14 Patel, V. J., and Bokil, S. D., “Earthquake Resisting Designs of Earth Dams,”
Proceedings, 2nd Asian Conf. on Soil Mechanics and Foundation Engrg., Tokyo, Japan,
May, 1963, pp. 301-305.
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for different slope value used in Fig. 10. The centers of the critical circles
for various upstream slopes lie almost in a straight line meeting the axis at
a distance 0.5 H below the base of the dam. An inclined filter (slope 1 on 2)
located at -0.6 H effectively reduces the pore pressure on the different slip
circles for the various upstream slopes. The criterion for the location of the
filter is that it be parallel and close to that part of the arc of the critical slip
circle lying between the base and one-half the height of the dam.

The equipotential lines are traced by electrical analogy on “Teledeltos”
paper for full reservoir and rapid drawdown conditions for upstream slopes
of 1on1.25, 1on 1.5, 1on2, 10on2.5 1on2.75 and the upstream inclined
filter (slope 1 on 2) placed -0.6 H from the axis of the dam. The neutral
forces on the critical slip circle have been computed for different upstream
slopes for both the freely draining material and the non freely draining ma-

29
T T T o 33 I I l 43
Full b
2.8 Full buoyancy Z 3.2 Fuil buoyancy 4.2
27 7 3.1 ! ! 4.1~ Non freely draining —1
e / Non freely draining material ™\
: Non freely 30— material | L0 .
25 A draining | 29 39 |
material I .
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FIG. 6

terial [Fig. 8(a)). Bishop’s method yields smaller neutral forces than the
rapid drawdown flow nets. This is due to the narrow zone of impervious ma-
terial in which the values of h, will be less than h' (Eq. 6) for most of the
critical circle thereby resulting in a negative pore pressure. Hence to be on
the safe side, the neutral forces obtained from the rapid drawdown flow nets
have been used in the calculations [ Fig. 8(b)].

STABILITY CHART

As the values of constants Bj, By and B for the various upstream slopes
and for the inclined slope (1 on 2) and position (-0.6 H) of the filter are eval-
uated, it is possible to calculate the value of c4H of Eq. 9c for various up-
stream slopes and a filter slope of 1 on 2 at -0.6 H from the axis of the dam,

SM 2
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and for an average yga¢ value of 2.0 and tan ¢ 4 values of 0.0, 0.1, 0.2, 0.3 and
0.4 as shown in Figs. 9 and 10, which can be used for designing earth dams.
Given the height of the earth dam, the soil characteristics,tan ¢ and c,and
the factor of safety, Fg, for rapid drawdown, it is possible to design the up-
stream slope of the dam with an inclined filter of slope 1 on 2 at -0.6 H from
Fig. 8. For the preliminary stage, it is enough to assume an average value of
2.0 for ygat- For final calculations the actual value can be used. An illustra-
tive example follows.
Example.—1t is required to design an earth dam to retain water to a height
of 40 m for the following soil characteristics:
¢ =15°, ¢ =

7.5 tons per cu m, and Very 1.8 tons per cu m

at

The required factor for safety, Fg, is 1.25. For the preliminary design it
can be assumed that ygat = 2.00 tons per cu m.

_tan¢ _ 0.2679 _

tan¢d-Ts———1—'§5—-0.214
0=L"‘7.—5_6t r m
d Fs T35 ons per sq
c
arant
40 Baa0:10

Forcq/H=0.15 and tan ¢4 = 0.214, the upstream slope of the earth dam from
Fig. 8 is 1 on 2. Now the factor of safety can be calculated with ygyt = 1.8
from Eq. 9c. For an upstream slope of 1 on 2, from Table 5 By = Fg/F7
= 2.55 and By = b'Fr= 7.50. From Fig. 7(b) F,/F, = 0.898.

Hence substituting these values in Eq. 9c

0.898

——]:'8—> 0.2679 +

7.5 x 7.5

18 x 40 0.5495 + 0.7188 = 1.2683

A= (2.55 -
s

which is more than minimum Fg of 1.25.

The filter should have a slope of 1on 2 located-0.6 H from the axis of dam.
In order to illustrate the usefulness of an inclined filter, the effect of the hor-
izontal and inclined filters on the neutral forces, allowable height of dam and
seepage loss for an earth dam with an upstream slope of 1 on 2 have been
. = b' =
2.55; B2 o

= ——o -

g 735;

compared in Table 8, inwhich% = 1 on 2; B1

Ysat = 2.0; ¢ = 7 tons per sq m, and Fg = 1%3%

1. The reduction in neutral force is amaximum in the case of the inclined
filter.

2. The allowable height of the dam is appreciably increased by the inclined
filter for values of tan ¢ equal to or more than 0.4. Hence for higher values
of tan ¢ it will be advantageous to use an inclined filter.
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3. The quantity of seepage loss is not great in the case of an inclined fil-
ter when compared to a horizontal filter. It has also been proved15 that the
increase in quantity of seepage by provision of a vertical or upstream inclined
filter forms the negligible part of the total water loss.

4. The provision of anupstream inclined filter makes it possible to design
upstream and downstream slopes much steeper than in conventional design
with a central impervious core. This will result in saving of earth material
making the design more economical. 19,16

DESIGN OF THE FILTER

The filter should be thick enough todischarge the seepage through the dam.
The seepage will be a maximum under full reservoir conditions.

TABLE 8 ¢

Comparison of Horizontal Inclined filter

various effects filter at - 0.5 H (lon2)at-0.6 H
Neutral forces,

(F, /F'r ) 1.30 0.898
Allowable tan ¢ =0.20 28.2 30.1
height of
dam, in tan ¢ =0.30 36.3 39.5
meters,
for tan ¢ =0.40 45.6 57.6
Seepage quantity

a/kH 1.23 1.38
ay

Ui B = 5 = £ s 2 2 5 -
s 112 By =F, /Fp =2.55, By =b/Fr = 7.5 %, =2.0,c=7t/m", F =1.3

If q is the quantity of seepage through the dam per unit length, the thick-
ness required for the inclined filter (Fig. 11) is

t

1 %sinﬁ R AR ARG TR (1

in which k¢ is the coefficient of permeability of the filter material and 6 is the
inclination of the filter with the base of the dam measured counter clock-wise
from downstream.

The thickness of the horizontal filter, tg is calculated by treating the flow
through the section ABCD of the horizontal filter as the flow through a dam

15 patel, V. J., and Krishnayya, A. V. G., “Quantity of Seepage in Earth Dams with
Upstream Slanting Filter,” Vishwakarma, Calcutta-12, India, May, 1962, pp. 55-62.

16 patel, V. J., “Economy Resulting from the New Technic in Earth Dam Design,”
Vishwakarma, Calcutta-12, February, 1962, pp. 21-27.

I
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with upstream and downstream vertical faces separated by a distance, L, and
with tail water depth, t3. The quantity of seepage is accurately given by

2 2
(tz -t3) R R et T (41'3)

With a factor of safety of 2 and negligible tail water depth

e
q=3L

2

© o 6 0 0 0 0006000090 00

K
1t )

the thickness, to, required for the horizontal filter can be calculated from Eq.
14 after computing the quantity of seepage, q, from the flow nets.

FIG. 11.—FILTER CROSS SECTION

A minimum thickness of 2 m for the filter is recommended to facilitate
construction. A transition zone should be provided around the filter to avoid
migration of fine particles.

CONCLUSIONS AND RECOMMENDATIONS

1. There exists only one critical slip circle during rapid drawdown, full
reservoir or earthquake during full reservoir condition for a given upstream
slope irrespective of the height of the earth dam, soil characteristics and
methods of calculating the pore pressures.

2. The provision of a vertical or inclined filter creates a narrow zone in
which the factor of safety for different slip circles scarcely varies.

3. The critical slip circle will not move upstream with the provision of a
filter. Thus the critical slip circle is a function of the upstream slope only.

4. The validity (or non validity) of rapid drawdown flownets for materials
that are not freely draining does not change the factor of safety appreciably
when the vertical filter is placed at a distance of 0.25H or less from the axis
of the dam. Therefore, the rapid drawdown flow net can also be used for ma-
terials that are not freely draining.

5. The difference in pore pressures and hence the factors of safety calcu-
lated using full buoyancy and Skempton’s constants as suggested by Bishop is
negligible when the filter is placed at or beyond 2.5 H.
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6. The critical slip circles for different upstream slopes located from the
values of aand B ( Table 3) pass through a narrow region indicating the same
slope and positionof the drainage filter for all upstream slopes. An upstream
inclined filter (slope 1 on 2) located -0.6 H from the axis of the earth dam
effectively reduces the pore pressure on different critical slip circles for the
various slopes.

7. The stability charts and nomographs could be constructed for calculating
the factor of safety easily for earth dams with a vertical or inclined filter as
the constants B;j, B, and By in Eq. 9a are determined. The preliminary re-
sults thus obtained by using Fig. 9 can be further investigated for stability
with possible variations such as a pervious casing and saturated density of
the soil. While investigating further, the values of @ and B given in Table 3 can
be used for the location of the preliminary critical circle. This will enable the
designer to locate the actual critical slip circle in a few trials.

8. The thickness of the filter should be designed to drain the seepage safely
during the full reservoir condition (Egs.12and14). A minimum thickness of
two meters should be adopted to facilitate construction.

9. When the downstream slope is dry the preliminary stage can be deter-
mined by the use of stability charts given by Taylor.l0 Further investigation
would be necessary for possible variations regarding the distribution of the
pervious and impervious materials in the earth dam.

10. The thickness of an upstream pervious casing should be such that it
will be able to drain the seepage water upstream after complete rapid draw-
down. Since a drainage filter is provided close to the upstream slope, a num-
ber of flow lines run towards the filter after rapid drawdown thus reducing the
quantity of seepage towards the upstream slope. Moreover when the draina-
bility of the impervious clay core is poor a small quantity of seepage can be
expected upstream. It has been found that a nominal thickness of 3 m will be
sufficient for the pervious casing to drain the see;l)age as well as to protect
the clay core from the effect of drying and wetting. 7

11. A slope protection consisting of riprapshould be provided over the up-
stream pervious casing to protect the slope from wave action.

12. This information can be used in designing earth dams with inclined
zones and rock-fill dams if the upstream inclined filter is extended to the top
of the dam and material downstream of the filter is the same pervious ma-
terial as that of the filter.
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APPENDIX.—-NOTATION

The following symbols have been adopted for use in this paper.

B, B1 and B2 =  constants;

b' = length of the arc of the slip circle in the impervious
zone per unit height of the dam;

c = cohesive strength of the soil;

c = cohesive strength divided by the factor of safety with

e respect to the strength of soil;

d =  distance of the filter measured from the axis of the dam
along the base;

dl = lengthof the slipcircle of an elemental slice in the slip
circle analysis;

du = neutral force acting normal to the slip surface over an
area, dl;

do = normal component of the weight of the slice acting on
the area, dl;

dr = tangential component of the weight of the slice acting on
the area, dl;

Fs = factor of safety with respect to the strength of the soil;

Fu = coefficient of neutral force or pore pressure;

Fo =  coefficient of normal force;

F, = coefficient of tangential force;

H = depthof water retained on the upstream face, which will
be referred to as the height of dam in this paper;

h = the vertical intercept between the upstream face of the

b impervious zone and the point at which the pore pres-
sure is required;

hr =  the depth of the pervious material;

h' = difference between the full depth of water, H, and head
corresponding tothe potential under full reservoir con-
dition of the point where the pore pressure is required;

k = coefficient of permeability;

k = coefficient of permeability of the filter material;
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length of the horizontal filter;

length of slip circle in the impervious zone;
meter length = 100 cm;

porosity;

quantity of seepage per unit length of earth dam;
metric ton = 1000 kg;

thickness of the drainage filter;

pore pressure;

unit weight of water;

unit saturated weight of soil;

SM 2

angle of inclination of the filter with the base of dam
measured counter clockwise from downstream side;

normal force;
tangential force;
angle of internal friction;

the vertical line passing through the point of intersec-
tion of the upstream slope and the full reservoir water

level;
downstream side;
filter position;
filter slope; and
upstream slope.
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UNWATERING AKOSOMBO COFFERDAMS

By Donald J. Bleifussl, F. ASCE

SYNOPSIS

The Akosombo Dam is of the rockfill type, with a central vertical core of
impervious material. Unwatering of the foundation area required cofferdams
both upstream and downstream. Though the cofferdams were high, particularly
the downstream one, they had to be built practically entirely under water, It
was necessary to allow one season’s flood to pass over the uncompleted
cofferdams, and they could be sealed only after the flood had passed. The
upstream cofferdam was then sealed in the conventional manner, by dumping
sealing material on its upstream face from its crest. Because of the charac-
teristics of material available, sealing the downstream cofferdam in similar
fashion would have been expensive and time-consuming, and the time available
was short. A method of sealing was therefore devised and used that took ad-
vantage of the special circumstances existing and required no equipment that
was not already available. Artificial silting was induced by dredging clay
dumped into the river, and discharging it near and along the downstream face.
This method was entirely successful, and resulted in saving the contractor
both time and money.

Note.—Discussion openuntil August 1, 1964. To extend the closing date one month, a
written request must be filed with the Executive Secretary, ASCE. This paper is part
of the copyrighted Journal of the Soil Mechanics and Foundations Division, Proceedings
of the American Society of Civil Engineers, Vol. 90, No. SM2, March, 1964.
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