1312 STABILITY ANALYSIS BY METHOD OF SLICES FOR STEADY STATE SEEPAGE

Figure 13.24 shows a slope through which there is steady state secpage. For | Effective stress
the ath slice, the average pore water pressure at the bottom of the slice is equal to | parameters are
#, = h,y,.. The total force caused by the pore water pressure at the bottom of the | to be used when
nth slice is equal to w,AL,. pore pressure is

Thus, Eq. (13.56) for the ordinary method of slices will be modified to read | considered

S leAL, + W, cos e - 1AL tan ¢ |
Fo=t 36y N\

'ﬁ W, sin a,

Similarly, Eq. (13.63) for Bishop's simplified method of
slices will be modified to the form

5 [eb, + (W, - b tan ¢] 1
F‘, - =] mh.'l-

(13.65)
25 W, sin a,

W, in Egs. (13.64) and (13.65) is the total weight of the shce

Note that W, in Egs. (13.64) and (13.65) is the total weight of the slice. ¥ FGURE1324 Stabilty analysis of slope with steady sate sezpage

Using the method of slices, Bishop and Mor (1960) and Sp
(1967) prmndedchaﬂshdﬁnrmmgﬂmﬁctordsde@ufﬂmpkdnpuﬂmm
into account the effects of pore water pi are given in Secti
13.13 and 13.15. :

1313 BISHOP AND MORGENSTERN'S SOLUTION FOR STABILITY OF SIMPLE SLOPES WITH SEEPAGE

Using Eq. (13.65), Bishop and Morgenstern developed tables for the calculation of

F; for simple slopes. The principles of these developments can be explained as
follows. In Eq. (13.65),

W, = vbz,  (13.66)
where 2z, = average height of the nth slice. Also in Eq. (13.65)
ul — hI'?"
So, we can el mERE St (|3 o7y
! YZ Yz,

Note that 7, is a nondimensional quantity. Substituting Eqs. (13.66) and (13.67)
into Eq. (13.65) and simplifying, we obtain

___1_ L c b, bz,
F=|@ha. x> yan a el el 368
T 7y Sin o =
~HH - Maty)
For a steady state scepage condition, a weighted average value of 7ys Can be taken,

which is a constant. Let the weighted averaged value of 7, be 7,. For most practical
cases, the value of 7, may range up to 0.5, So,

Constant
{
1 [C bn bnzu ]
= (1-r)tan¢
E=[_l%%sin%] 2-,:{ an"t m:w ] 13.69)
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The factor of safety based on the preceding equation can be solved and ex-
pressed in the form  F,=m' —n'r,  (13.70)
where m' and n' = stability coefficients. Table C.1 (Appendix C) gives the values
of m' and #' for various combinations of ¢/yH, D, ¢, and .
To determine F, from Table C.1, we must use the following step-by-step procedure:

1. Obtain ¢, B, and ¢/yH.

2. Obtain 7, (weighted average value).

3. From Table C.1, obtain the values of m’ and n for D = 1, 1.25, and 1.5

(for the required parameters ¢, B, 7., and ¢/yH).
4. Determine F,, using the values of m' and »' for each value of D.
5. The required value of F, is the smallest one obtained in step 4.

¥ EXAMPLE 13.10

A slope is 46.5 ft high. Given: slopes = 2 horizontal:1 vertical, ¢ = 20°, ¢ = 400
Ib/ft}, y = 115 Ib/ft%, and 7, = 0.28. Determine the factor of safety, F.

Solution

£ 400
yH (115)(46.5)
We are given that ¢ = 20°, slopes = 2H:1V, and », = 0.28. The following table can now be prepared:

=0.075

Toe circle

or 0

So, F, = 1.269 ~ 1.27
Table C1.(g) )
Table C1.(h) )
Table C1.(i) )

Table C1.(h) )

¥ TABLE C.1 Values of m’ and n' Y TABLEC.1 Continved

a. Stability coefficients m’ and #’ for c/yH = 0 ¢ Stability coeficients m* and n° for ¢/yH = 0,025 and D = 1.25

Stability coefficients for ¢ Stability coefficients for earth slopes

Slope 2:1 Slope 3:1 Slope 4:1

Slope 2:1 Slope 3:1 Slope 4:1 Slope 5:1

100 0353 0441 058 0588 0705 0749 0882 0917 100 0737 0614 0901 0726 1085 0867 1285 " 1L0M
125 0443 0554 0665 0739 087 0943 1109 1153 125 0878 0759 1076 0908 1299 1098 1543 1278
150 0536 0670 0804 0893 1072 1139 1340 1393 150 10189 0807 12583 1093 1515 1311 1803 1545
175 0631 0789 0946 1051 1261 1340 1577 1639 175 1162 1089 1433 1282 1736 1541 2065 184
200 0728 0910 1092 1213 1456 1547 1.820 1.892 200 1309 1216 1618 1478 1961 1775 2334 2090
225 0828 1035 1243 1381 1657 L1761 2071 2153 225 1461 1379 1B 1680 21 2017 2610 237
250 0933 1166 1399 1554 1865 1982 2332 2.424 250 1619 1547 2007 1891 2437 2269 2879 268
275 1041 1301 1562 1736 2082 2213 26083 2706 25 LTE3 L7 2213 2111 2689 2531 3196 2976
800 1155 1444 1732 1924 2309 2454 2887 3.001 300 1956 1915 2431 2342 2953 2806 3511 3299
325 1274 1593 1911 2123 2548 2708 3185 3311 325 2139 2112 2658 2686 3231 3095 3841 3638
350 1400 1750 2101 2334 2801 2977 3501 3.639 350 2331 2321 2901 2841 3524 3400 4091 3998
375 1535 1919 2302 2558 3069 3261 3837 3989 375 2536 2541 3158 3112 3835 378 458 431 1
400 1678 2098 2517 2797 335 3566 4.196 4.362 40.0 2753 2775 3431 3399 4164 4084 4958 4TH4
. Stability coefficients m* and n* for ¢/yH = 0.025 and D = 1.00 d. Stability coefficients m’ axd n’ for ¢/yH = 0.05 and D = 1L.00

Stability coefficients for eart

Stability coefficients for eanh slopes

Slope 2:1 Slope 3:1 Slape 4:

Siope 3:1

o

100 0678 0534 0906 0683 1130 0846 1365 1031 100 0913 0563 LI8I 0717 1469 0910 1733
125 079 0655 1066 0849 1337 1061 1620 1282 125 1030 069 1343 0878 168 1136 195 1316
150 0901 0776 1224 1014 154 1273 1868 1534 150 LM5 0816 1506 LM3 1904 1353 2256 1567
175 1012 0898 1330 1179 1751 148 2121 1789 175 1262 0842 161 1212 2117 156 2517 185
200 124 1022 152 1347 1962 1698 2380 2050 200 1380 LO7I  LB40 1387 233 LTI6 2783 2081
25 1239 1150 1705 1518 2177 1916 2646 2317 225 1500 1202 2014 1568 2551 1989 B.055 2365
250 1356 1282 1875 1696 2400 2141 2921 259 250 1624 1336 219 L1757 2778 2211 3336 2651
215 1478 1421 2050 1882 2631 2375 3207 28% 215 1753 1480 1380 1952 3013 2444 3 2948
300 1606 1567 2235 2078 2873 2622 3508 3191 300 1888 1630 254 2157 3261 2603 393 325
325 1739 1721 2431 2285 3127 2883 3823 3511 325 2009 1789 2777 2370 3523 2961 4256 3585

-350 1880 1885 2635 2505 339% 3160 4.156 3.849 350. 2178 1958 2990 2592 3803 3253 4567 3927
375 2030 2060 2855 2741 3681 3458 4510 4.209 375 2336 2138 3215 2826 4103 3574 4959 4288
400 2180 2247 3000 2993 3984 3778 4885 4502 400 2505 2332 3451 3071 4425 3926 53H 4668

(continued) T (continued)
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Y TABLE C.1 Continued ¥ TABLE C.1 Continued

e Stability coefficients m' and n' for ¢/yH = 0.05 and D = 1.25 £ Stability coefficients m' and w' for c/yH = 0.075 and toe circles

Stability coefficients for earth slopes

Stability coetficients for earth slopes

Slope 2:1 Slope 4:1 Slope 5:1

Slepe 2:1 Slope 30 Slope 4:1

y Y ; 1562
175 1359 1108 1650 1303". 2004 1567 2373 1831
200 1509 1266 1834 1493 2230 1799 2643 2107
225 1663 1428 2024 1690 2463 2038 2921 2392
250 1822 1595 2222 1897 2705 2287 3211 2690-
275 1988 1769 2428 2113 2957 256 3513 299
300 2161 1950 2645 2342 3221 2819 3829 3324
325 2343 2141 2873 2583 3500 3107 4161 3665 : : :
350 2535 2344 3114 2839 3795 3413 4511 4025 i Souticien
375 2738 2560 3370 3111 4109 3740 4881 4405 = )
400 295 2791 3642 3400 442 4090 5273 4806 Somd Sem¥] B bt

£ Stability coefficients m' and n' for ¢/yH = 0.05 and D = 1.50 ' " ) ] m L

Slope 5:1

1610 1100 2 4 { ’ 3173 2130
1.872 386 342 27Ns
4357 3331
5024 4.001
5776 4759

(continued)

¥ TABLE C1  Continued ¥ TABLECI Continued

i Stability coeficients m’ and u' for c/yH = 0,075 azd D = 150 m. Stability cofficients m’ and ' for ¢/yH = 0.100 gnd D = 1.25
Stability coeMficients for eart Stability coefficients for earth slopes

g g Slope 2:1 Slope 3:1 Slope 5:1
Slope 3:1 Slope 4:1 “_pe = o g ope
i . & it -

. . . 3253 2158
2.681 L 2 3833 2.758
31z . 4451 3372
3588 2! 3458 5141 4072
4119 3. . 5921 4872

Stability coelf
for earth slopes i Slope 3:1

Slope 4

Stability coeflicients for eanh slopes

Slope 2:1 Slope 3:1 Slope 4

20 1841 1143 2421 1472 2582 1815 3549 2157
25 2102 1430 2785 1845 3458 2303 4131 2743
30 2378 L1714 3183 2258 3973 2830 4751 3am2
35 2692 2086 3612 2715 4516 3350 5426 4.050
40 3025 2445 4103 3230 5144 4001 6187 4831

(continued)
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13.14 MORGENSTERN'S METHOD OF SLICES FOR RAPID DRAWDOWN CONDITION

Water table

Morgenstern (1963) used Bishop's method of slices
to determine the factor of safety, F,, during rapid
drawdown. Morgenstern used the following
notations (Figure 13.25) H Water table after

—| drawdown

1. L = height of drawdown
2. H = height of embankment
3. B = angle that the slope makes with the horizontal

Morgenstern also assumed that

1. The embankment is made of homogeneous material and rests on an imper-
vious base.

2. [Initially the water level coincides with the top of the embankment.

3. During drawdown, pore water pressure does not dissipate.

4. The unit weight of saturated soil (y,) = 2y, (y. = unit weight of water).

Figures 13.26 through 13.28 provide the drawdown stability charts developed by Morgenstern.

Y FIGURE 13.26 Morgenstern's drawdown stability chart for ¢/yH = 0.0125 V FIGURE 1327 Morgenstern's drawdown stability chart for ¢/yH = 0.025




Exampl
: ample Water table before
tanB=1% I

|\ |

Water table after
drawdown

y=16kN/m3  Slope—3 (H): 1 (V)
tanB=14 | ° c= 20 kPa H=25m
=200 L=10m

- . = ? By Morgenstern’s method
1 W\\e M -
=20 \wk \ \30\ 0.05 =—=04

= 2 YH 16x25 H 25
\\\ ¢=2<x\‘
0

L/H

S e SERE T S T Now for ¢/(yH)=0.05, ¢ = 20°
7 : e and L/H =0.4 from graph,
Y FIGURE 1328 Morgenstern’s drawdown stability chart for ¢/yH = 0.05 FS = 1_4

1315 SPENCER'S SOLUTION FOR STABILITY OF SIMPLE SLOPES WITH SEEPAGE

Takes into account the inter-slice forces

Satisfy the equations of equilibrium w.r.t both moment and forgé
(Bishop’s method satisfies only moment equilibrium)

Tatn P,

Phreatic surface

z . . i
hi)  —cvomn g FIGURE 13.23 () forces acting on the th slice;

(b) force polygon for equilibrium

Figure 13.29 shows the variation of ¢/FyH for
various values of the slope angle, 8; ¢.; and 7,
from Spencer’s analysis.

U hy.
Tal) B = = v 13.6
¢ = tan™! (ta%d’) 3.71) “= "y 136D
1
where z, = average height of the nth slice.

v, ¢, and ¢, — average values of unit weight, cohesion, and friction angle respectively,
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Charts for slope stability analysis of simple slopes with seepage by Spencer’s method

6 10 14 18 22 26 30 : 14 18
(@ Slope angle, B (deg) (), Slope angle, [} (deg) ’

Steps for Analysis

s 1. Determine ¢, v, H, B8, ¢, and r,
on 2. Assume a value of F,.
e 3. Calculate ¢/[F,yH).
006 4. With the value of ¢/FyH
3 o_oi and the slope angle, S,
enter the proper chart
F o0 . to obtain ¢,.
T 7R AR T 5. Calculate F, = tan ¢/tan ¢,.

Sk le, B (de; .
o : PR 6. Ifthe value of F, as assumed in step 2

FIGURE 13.29 Plot of ¢/F,yH against B for various

is not the same as that calculated

in step 5, repeat steps 2 through 5
values of ¢, (after Spencer, 1967) P 9, Tepe P
The center of the circle can also be determined
(App.C3/B M Das. We are not going to discuss.

¥ EXAMPLE 13.11
A slope is shown in Figure 13.30a. Determine the factor of safety, F;, of the slope,
using Spencer’s solution.

Solution A table can be prepared with several values of F,

¥ = 10160
0 =25
¢ =600 Ib/ft2
£y =025
B =20°

. H=75f

_tand

" tan &by

1.0 0.0727 10 2.645
15 0.0485 .5 1.803
20 0.0364 17 1.525

= 600 b/t y = 110/ H=75t
* From Figure 13.25b (for 8 = 207)

(a)

A graph can now be plotted with Fyuwume and Fimen (Figure 13.30b). From this
figure, we see that when F, = 1,65, the value of Fiuume is €qual t0 Fuen- S0,
for this slope,

F, = 1.65 A
3L
g ¥ FIGURE 1330 Factor of safety of a slope by using Spencer's solution
H
o>
I I—
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1316 H.UCTUATIUN OF FACTOR OF SAFETY OF P — point on potential failure surface APB

SLOPES IN CLAY EMBANKMENT ON
SATURATED CLAY

saturatéd soft clay

At t=0 i.e. before construction of embankment, pore pressure atP, u=
t=0 tpg=t,
Construction of embankment, maximum ht. reaches at t=t1 (Fig.a)
Rapid construction — undrained condition; pore pressure increases to uy; u,;>hy,,
Shear stress on any potential failure surface increases (Fig.b)
shear strength remain constant at t=c, (Fig.d)
Fs reduces up to t=t;

Groundwater
able
h
(ay
o
g
i ";‘ ;
3 E 3
Anﬂae shear stress, Tona - Fl
given surface through P %
|
B = Time
o n Time
@
)

%
Au'= excess pore water pressure
due to the stress imposed

Pore water pressure, u

i 2
i ©
| £ :
e |
| ]
Time

©

(©
¥ FIGURE 1331 (Continued)

¥ FIGURE 1331 Factor of safety variation with time for embankment on soft clay (redrawn after

Bishop and Bierum, 1960)
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