
An Appraisal of Measures for Improvement 
of Slope Stability^ 
R. G. HENNES, P r o f e s s o r of C i v i l Eng ineer ing , U n i v e r s i t y of Washington; 
S. E . HAWKINS*, Southern Rai lway System, A s h e v i l l e , N . C . ; and 
E . L . McCOY*, U . S. Corps of Engineers , P o r t l a n d , Oregon 

Genera l ly , a t tempts to increase the f a c t o r of safety of an e a r t h slope 
invo lve e i t he r drainage o r excavat ion . The objec t of dra inage i s a 
l o w e r i n g of the wate r table , w i t h an accompanying reduc t ion i n the m a g ­
nitude of unfavorab le f o r c e s . I n the presen t paper s e v e r a l graphs a re 
presented wh ich enable the engineer to es t imate the amount of dra inage 
necessary to achieve a d e s i r e d f a c t o r of safety. These graphs y i e l d 
safety f a c t o r s co r r e spond ing to v a r i o u s l eve l s of wa te r table i n an e a r t h 
mass where the f a i l u r e plane wou ld approx imate a Swedish a rc loca ted i n 
a c l ay bank unde r l a in by a pe rmeable s t r a t u m . 

A n a l t e r n a t i v e p rocedure i m p r o v e s s t a b i l i t y by unloading the s lope. 
I t i s shown that f l a t t e n i n g the slope i s much less e f f e c t i v e than benching 
p e r un i t of excavat ion. Graphs a re presented wh ich p l o t f a c t o r of safe ty 
against quant i ty of excavat ion f o r both benching and slope r educ t ion . 
B o t h <|>= 0 and <t> > 0 Cases a re cons idered . 

# W H E N T H E S T A B I L I T Y of an ea r th mass i s deemed to be unsa t i s f ac to ry , the e n g i ­
neer en t rus ted w i t h the task of i m p r o v i n g the s t a b i l i t y of the slope w i l l e lec t , gene ra l ly , 
e i the r to f l a t t e n the slope o r to d r a i n the unstable bank. E x i s t i n g methods of ana lys i s 
a r e adequate f o r the d e t e r m i n a t i o n of the f a c t o r of safety of the bank both be fo re and 
a f t e r the execut ion of the measures taken f o r the be t t e rmen t of s t a b i l i t y . The ob jec t ive 
of the presen t paper i s to extend the app l i ca t ion of ex i s t i ng a n a l y t i c a l p rocedures to the 
poin t where an engineer may des ign h i s 
lands l ide c o n t r o l measures to achieve a 
p rese lec ted f a c t o r of safety , r a the r than 
by t r i a l and e r r o r de t e rmine the f a c t o r of 
safety of a tenta t ive design. 

R E M E D I A L E X C A V A T I O N 

The increase i n s t a b i l i t y can be achieved 
by f l a t t e n i n g a c lay bank i s i l l u s t r a t e d i n 
F i g u r e 1. I t i s assumed that seepage 
f o r c e s a re neg l ig ib le i n a mass of m e d i u m 
c lay 40 f t h igh . The pe r t i nen t s o i l p r o p ­
e r t i e s a r e : 

un i t we ig th , 7 = 120 lb p e r cu f t 
cohesion, c = 1000 l b p e r sq f t , and 
f r i c t i o n , <|> = 6 deg 

I t i s evident that f l a t t e n i n g th i s slope ( i n ­
c r ea s ing the value of b) serves to increase 
the f a c t o r of safety. I f a r i s e of 1 f t i s 
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achieved i n a h o r i z o n t a l r u n of 2 f t ins tead 
of 1 f t , the f a c t o r of safe ty i s inc reased 
f r o m about 1. 38 to about 1. 67. 

M o r e i n f o r m a t i o n on the r e l a t ionsh ip 
between slope angle and s t a b i l i t y i s p r e ­
sented i n F i g u r e 2, w h i c h shows the c r i t i ­
c a l heights co r r e spond ing to va r i ous slope 
angles i n spec i f i c so i l s . Convent ional ly , 
c r i t i c a l height i s the m a x i m u m height at 
wh ich a bank w i l l s tand ( f ac to r of safety 
of un i ty) at a g iven slope angle. However , 
F i g u r e 2 i s based upon a f a c t o r of safety 
equal to 1. 5 r a t h e r than un i ty , as a m o r e 
u s e f u l va lue . The assumed p r o p e r t i e s of 
the selected c lays a r e : 
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I t i s no tewor thy that slope angle i s not a dominant f a c t o r i n the s t a b i l i t y of the m o r e 
p l a s t i c c lay banks. 

B o t h F i g u r e s 1 and 2 were d e r i v e d f r o m cu rves showing the s t a b i l i t y f a c t o r , N , 
s 

f o r d i f f e r e n t slope angles and d i f f e r e n t s o i l p r o p e r t i e s by N . Janbu (1). N i s a pure 
s 

number showing how stable a slope i s f o r a p a r t i c u l a r homogeneous ea r th m a t e r i a l . 
The f a c t o r of safe ty , F ^ , as used on these p la tes i s found by 

^ s = N s - ^ 
i n w h i c h 

c = cohesion of s o i l i n l b / f t * 
7 = un i t w t of s o i l i n l b / f t ' 
H = height of slope 

Janbu's cu rves give i n f o r m a t i o n s i m i l a r to the s t a b i l i t y cu rves presented by D . W. 
T a y l o r (2). However , f a c t o r s of safety d e r i v e d f r o m T a y l o r ' s cu rves w i l l genera l ly be 
somewhat h igher . 

Reduct ion of Slope Angle . A p rocedure f o r r e m o v i n g m a t e r i a l i s to reduce the slope 
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angle as i n F i g u r e 3. R e f e r r i n g back to 
F i g u r e s 1 and 2, i t i s evident that t h i s p r o ­
cedure w o u l d increase the slope safety. 

A l r e a d y one ob j ec t i on to decreas ing the 
slope angle has been ment ioned. In add i ­
t i o n , f o r l a rge r educ t ion of the slope angle, 
new r i g h t - o f - w a y would be r e q u i r e d to ac­
commodate the f l a t t e r slope. L a t e r d i s ­
cuss ion w i l l a lso r evea l that t h i s method 
i s not the most economica l w i t h respect to 
the amount of m a t e r i a l moved. 

Benching . A second method f o r un load­
i n g a slope i s benching. He re the m a t e r i a l 
near the c r e s t of the slope i s r emoved , 
l eav ing a bench p a r t way down the slope. 
T h i s type of r e m o v a l takes m a t e r i a l f r o m 
the p a r t of the slope where i t w i l l do the 
mos t good. F i g u r e 4 i s a c ross - sec t ion of 
a benched slope. 

The benching method i s m o r e e f f ec t i ve 
because m a t e r i a l i s r emoved f r o m the up ­
p e r p a r t of the slope. A l l of the m a t e r i a l 
i n th i s l oca t ion p rov ides a l a rge d r i v i n g 
f o r c e to produce slope f a i l u r e . 

F i g u r e 5 shows the increase i n f a c t o r 
of safety due to benching and slope reduc­
t i on . Bo th curves s t a r t f r o m the same 
poin t wh ich i s the f a c t o r of safety f o r the 
o r i g i n a l slope p r i o r to unloading by e i the r 
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method. The inc rease i n F due to bench-
s 

i n g i s achieved by l o w e r i n g and widen ing 
the bench. F w i l l increase u n t i l the bench 

s 
i s h a l fway down the slope. Any f u r t h e r 
l o w e r i n g w i l l not increase F . The p r o p e r 

s 
r e l a t i onsh ip between depth and w i d t h of the 
bench can be obtained f r o m cu rves to f o l ­
l ow. 

A s shown i n F i g u r e 5, the safety of a 
slope can be inc reased any set amount f o r 
less excavat ion by benching than by slope 
r educ t ion . The r e su l t s of t h i s study a l so 
show that the g r ea t e r the s o i l s t rength the 
less i s the excavat ion r e q u i r e d to produce 
a g iven increase i n F by benching o r slope 
r educ t ion . 

T o a i d i n the d e t e r m i n a t i o n of the p r o p e r 
bench d imens ions and to compare the bench­
i n g and slope r educ t i on methods, the 
c u r v e s i n F i g u r e 6 th rough 9 have been 
p r e p a r e d . They p e r t a i n only to slopes of homogeneous e a r t h m a t e r i a l w i t h neg l ig ib le 
seepage f o r c e s . These cu rves a re i n genera l the same as found i n F i g u r e 5 except 
F has been rep laced by N ^ , the d imens ion less s t a b i l i t y f a c t o r a l ready ment ioned. 

T h i s group of cu rves inc ludes o r i g i n a l slopes of 1 to 1 and 2 to 1. F i g u r e s 6 and 8 a re 
f o r p u r e l y cohesive so i l s such as c lays i n wh ich the angle of i n t e r n a l f r i c t i o n i s z e r o . 
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Curves a re presented f o r th ree values of 
n ^ the depth f a c t o r . The reader i s r e f e r r e d 

to F i g u r e 3 f o r the d e f i n i t i o n of n^ . F i g ­
u r e s 7 and 9 show so i l s e x h i b i t i n g i n t e r n a l 
f r i c t i o n . Curves f o r th ree values of X„ 
a re inc luded on each. 

^ - y H tan<j> 
^c<|) c 

i n wh ich ^ = angle of i n t e r n a l f r i c t i o n , 
On a l l cu rves the vo lume of excavat ion 

i s found by : 

V = n . H ' 
A 

The d imens ion less quant i ty n ^ , the a rea 

f a c t o r , comes f r o m the cu rves . 
The depth of the bench f o r a p a r t i c u l a r 

value of N i s found by i n t e r p o l a t i n g be -
s 

tween the l i nes m a r k e d nj^, the bench depth 

f a c t o r , a lso a d imens ion less number . 

Depth of bench = Uj^H 

The bench w i d t h can now be found by 

W i d t h of bench 
" h 

' H 

F o r the slope r educ t ion cu rves , the reduced slope may be found by the use of n ^ o r 

b = 2 n . + b 
A o 
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Figure 15. Figure 16. 

i n wh ich 
b = reduced slope 
n . = a rea f a c t o r 

A 
b ^ = o r i g i n a l slope 

Example P r o b l e m 1. A p r o b l e m i s p resen ted i n the d e t e r m i n a t i o n of p r o p e r bench 
d imens ions to increase the safety f a c t o r of a slope to 1. 5. 

Given: I n i t i a l slope, = 1 

c = 600 l b / f t * 
<1> = 22 deg 
Y = 120 l b / f t * 
H = 60 f t 

F o r these g iven condi t ions the evaluat ion of ^ ^ . ^ i s 

. -yH tan(t> (120)(60) tan 22 deg , „^ 
*c<|>~ c - 600 

The s t a b i l i t y number d e s i r e d i s 

N . = F . Y 5 = i . 5 ( 1 2 0 K 6 0 ) = 18 
s s c 600 

B y use of F i g u r e 7, nj^ and n ^ can be de t e rmined by i n t e r p o l a t i o n between X g ^ = 4 

and X„ . = 6 

nj^ = 0. 38 

" A = 0-16 



23 

016 

ai4 

ai2 

016 

ai4 

ai2 

016 

ai4 

ai2 

016 

ai4 

ai2 

N 

016 

ai4 

ai2 
\ 

N 

016 

ai4 

ai2 

016 

ai4 

ai2 

E E 
s 

J30B 
E J 
1 
E 

3 
E 

<flo J30B 
E J 
1 
E 

3 
E 

• 
Q 

4 
5 

• 
Q 

4 
5 
004 DASHED LINE R E P R E S E N T S 

VWJUES FROM T A Y L O R ' S 
CHART WHERE v: , 

004 DASHED LINE R E P R E S E N T S 
VWJUES FROM T A Y L O R ' S 
CHART WHERE v: , 

UU2 UU2 

DASHED U N E REPfCSENTS 
VUJJES FROM TAYLOR'S 
CHART WHERE 

10 l a so 
FRICTION ANGLE, ^ 

45* SLOPE 
Figure 17. 

FRICTXm A N G L E , ^ 

Figure 18. 

60* SLOPE 

Now the vo lume of excavat ion, depth, and w i d t h of the bench can be computed. 

V = Uj^H* = 0 .16(60) ' = 575 f t V l i n e a l f o o t of slope 

Depth of bench = nj^H = 0.38(60) = 23 f t 

W i d t h of bench = — H = S4I (60) = 25 f t n, u . 0 0 

Example P r o b l e m 2. I n t h i s p r o b l e m the same given quanti tes found i n p r o b l e m 1 
w i l l be used but the f a c t o r of safety w i l l be inc reased to 1. 5 by reduc t ion i n slope angle. 

Given: I n i t i a l slope, = 1 

c = 600 l b / f t " 
^=22 deg 
•y = 120 l b / f t ' 
H = 60 f t 

X • and N w i l l a l so be the same as i n p r o b l e m 1. 
c<p s 

X . = 4 .85 
c<|> 

N ^ = 1 8 

In t e rpo l a t i ng between the dashed l ines f o r X ^ ^ o f 4 and 6 i n F i g u r e 7, n ^ w i l l be 

n . = 0 .34 
A 

The vo lume of excavat ion and reduced slope a re 

V = n ^ H ' = 0. 34(60) ' = 1220 f t V l i n e a l f o o t of slope 
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2 n ^ + b ^ = 2(0. 34) + 1 1.68 

A s seen i n F i g u r e 3, the slope c r e s t mus t be moved back a dis tance (b - b ^ ) H . F o r 

t h i s p r o b l e m 
(b - b^)H = (1.68 - 1)60 = 41 f t 

F r o m the r e su l t s of these two p r o b l e m s i t can be r e a d i l y seen how much m o r e e f f e c ­
t i v e benching i s than slope reduc t ion f o r i n c r e a s i n g the safety of a slope against f a i l u r e . 
Slope r educ t ion r e q u i r e s m o r e e a r t h r e m o v a l and a w i d e r a rea of excavat ion at the 
slope c res t . I f slope unloading i s be ing cons idered f o r c o n t r o l l i n g a lands l ide s i tua t ion , 
the r e s u l t s of the curves presen ted here indica te that benching should be cons idered as 

M . 4 0 F T • . 2 0 - a method f o r a ccompl i sh ing the d e s i r e d r e -
C . 6 0 0 L B / F T 2 sui t . 

Figure 
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Remedia l Dra inage 

I t i s genera l ly recognized by engineers 
that the i n s t a l l a t i o n of dra inage w o r k s i n 
an ea r th embankment o r cut has as i t s p u r ­
pose the r e l i e f of hydros ta t i c p r e s s u r e s 
r a t h e r than any subs tan t ia l r educ t ion i n the 
wate r content of the s o i l . I n t h i s connec­
t i o n the t e r m "wa te r t ab le" r e f e r s to that 
su r face which i s the locus of a tmospher ic 
p r e s s u r e i n the po rewa te r , and not to any 
s ign i f i c an t boundary between sa tura ted and 
unsa tura ted s o i l . F o r twenty y e a r s e n ­
g ineers have had ava i lab le p rocedures f o r 
d e t e r m i n i n g the l o c a t i o n of the w a t e r table 
subsequent to the i n s t a l l a t i o n of dra inage, 
a t leas t i n i dea l i zed s i tua t ions ; and they 
have been able to compute the f a c t o r of 
safety co r r e spond ing to p r e d e t e r m i n e d 
seepage pa t te rns . Such analyses, however , 
have i n v o l v e d a l abor ious t r i a l - a n d - e r r o r 
p rocess f o r each dra inage s i tua t ion . The 
engineer has had l i t t l e guidance i n h i s p r e ­
l i m i n a r y app ra i s a l of the o v e r - a l l e f f ec t s 
of any spec i f i c depress ion of the w a t e r 
table . The graphs presen ted h e r e w i t h a r e 
intended to r e p a i r t h i s de f i c i ency . 

Reduct ion of Po rewa te r P r e s s u r e i n Clay 
Banks 

I n o r d e r to present g r a p h i c a l l y w i t h some 
quant i ta t ive values f o r a changing w a t e r 
table l e v e l , computa t ions were made i l l u s ­
t r a t i n g the e f f e c t of d i f f e r e n t w a t e r table 
l eve l s upon s e v e r a l s lopes w i t h d i f f e r e n t 
s o i l s t rengths . The p rocedure used was 
taken f r o m T a y l o r (2). H e n c e f o r t h m a t e r ­
i a l f r o m th i s r e f e rence w i l l be labeled 
" T a y l o r ' s v a l u e s . " 

The method of slope ana lys i s employs 
the Swedish c i r c l e , s o l v i n g f o r the f o r c e s 
g r a p h i c a l l y by the ^ - c i r c l e method. A s an 
i l l u s t r a t i o n of the method used to obta in the 
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c u r v e s , a slope of 45 deg w i t h a f r i c t i o n 
angle of 15 deg was chosen and i s shown 
i n the f i g u r e s . The so lu t ion i s indepen­
dent of height of the slope. F i g u r e 11 
shows the c r i t i c a l s l i p c i r c l e and l ines of 
ac t ion of the weight of the s o i l mass and 
of the cohesion d e r i v e d f r o m T a y l o r ' s 
values. F i g u r e 12 i l l u s t r a t e s the method 
used i n d e t e r m i n i n g the resu l tan t neu t r a l 
f o r c e f o r the d i f f e r e n t wa te r table l eve l s . 

The shape of the upper p a r t of the f l o w 
net i s one that w i l l never be found i n na­
t u r e . However , i t i s f e l t that i n o r d e r to 
s tandardize the f l o w nets f o r c o m p a r i s o n 
and to avo id i n t r o d u c i n g other v a r i a b l e s i n ­
to the so lu t ion , the assumpt ion shown i s 
necessary. The top f l o w l ine i s assumed 
to be tangent at the toe of the slope. T h i s 
may also v a r y i n na tu ra l condi t ions ; how­
ever , the v a r i a t i o n wou ld be d i f f i c u l t to 
de t e rmine and unnecessa r i ly compl ica te 
the so lu t ion . I n any case, the e r r o r i n ­
vo lved between comput ing the p r e s su re s 
used i n t h i s paper and ac tua l p r e s su re s i s 
v e r y s m a l l and would not a f f e c t the values 
obtained f o r the s t a b i l i t y numbers . F i g u r e 

13 shows the f o r c e d i a g r a m used i n the computa t ions of the s t a b i l i t y numbers . 
The s t a b i l i t y numbers computed f o r the s eve ra l slopes and f r i c t i o n angles w e r e 

p lo t t ed against the w a t e r table heights and a smooth cu rve d r a w n th rough the po in ts as 
shown i n F i g u r e 14. Values of the s t a b i l i t y number f o r a w a t e r table height of 0. 2H 
were r a t h e r sca t te red i n a l l cu rves because the g raph ica l so lu t ion of the f o r c e d i a g r a m 
r e q u i r e d the use of v e r y s m a l l angles. 

The r e su l t s of the computat ions a re shown i n F i g u r e s 15 th rough 18. The cu rve f o r 
h= 0 i s the cu rve shown on T a y l o r ' s c h a r t s f o r the ze ro boundary neu t r a l f o r c e . The 

dashed cu rve represen ts values f r o m T a y ­
l o r ' s cu rves f o r sudden drawdown, w h i l e 
the in t e rmed ia t e cu rves g ive values f o r 
steady seepage w i t h the wate r table l e v e l 
at the e levat ions shown. 

The cu rves should p r o v e u s e f u l i n e s t i ­
m a t i n g the values of l o w e r i n g the wate r 
table upon the s t a b i l i t y of the slope by the 
use of a drainage p lan . They may a l so be 
used to de t e rmine the m a x i m u m height of 
slope of a cu t to be made where s o i l s t rengths 
and the wa te r table l eve l s a re known o r may 
be es t imated . 

The cu rves presented assume that i n 
eve ry case the f a i l u r e w i l l occu r as a toe 
c i r c l e , that i s , the f a i l u r e a r c cuts the toe 
of the slope. 

I n a paper by N i l m a r Janbu a s t r a igh t 
l i n e i n t e r p o l a t i o n of the depth of the w a t e r 
table was used i n w o r k i n g out an example 
(1). The same example was used here 
w i t h the r e s u l t s shown i n F i g u r e 19. 
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Reduct ion of Wa te r P r e s s u r e i n an U n d e r l y i n g A q u i f e r 

D u r i n g r a i n y seasons an excess hydros t a t i c head may be b u i l t up i n the u n d e r l y i n g 
s t r a t a , th rea ten ing the s t a b i l i t y of the slope. T h i s f o r c e i s r e s i s t ed by the weight of 
the m a t e r i a l above. As the hydros ta t i c p r e s s u r e increases the shear ing res is tance of 
the pe rv ious l aye r i s reduced and when the ac t ive ea r th p r e s s u r e at the c r e s t becomes 
g rea t e r than the pass ive p r e s s u r e a t the toe of the slope p lus the shear ing res i s tance , 
the slope w i l l f a i l . T h i s f a i l u r e takes place as the phenomenon of "sudden spreading. " 
The c lay slope f a i l s and spreads v e r y r a p i d l y . The graphs presen ted here w i l l enable 
one to re la te the p i e z o m e t r i c head i n the pe rv ious s t ra ta , the i n t e r n a l f r i c t i o n of the 
pe rv ious s t r a t a , and the cohesion of the c lay bank to a c r i t i c a l bank height . Thus , i f 
the p i e z o m e t r i c head i n the sand s t ra ta i s r eco rded p e r i o d i c a l l y , a w a r n i n g of i m p e n d ­
i n g danger can be given and ac t ion taken to f o r e s t a l l f a i l u r e of the slope, o r the e f f ec t 
of a dra inage p l a n upon a slope that i s s l i d i n g o r i n danger of s l i d i n g may be es t imated . 

F i g u r e 20 shows the boundary condi t ions assumed f o r the so lu t ion of the graphs . 
The method used f o l l o w s the suggestions g iven by T e r z a g h i and Peck f o r the analyses 
of sudden spreading of c lay slopes (3). The phrea t i c l i nes were assumed to be s t r a igh t 
and emerge at the toe of the slope where the sand s t r a t a was located at the toe of the 
slope. Where the pe rv ious l a y e r was deeper the phrea t i c l i ne was assumed to be p a r ­
a l l e l to the ground su r f ace . The sand s t r a t a was assumed to have no cohesion w h i l e 
the c lay bank was assumed to have no i n t e r n a l f r i c t i o n . The cu rves showing values of 
the s t a b i l i t y number vs slope angle f o r the d i f f e r e n t f r i c t i o n angles and wate r table 
heights a re presen ted i n F i g u r e s 21 to 24. 

CONCLUSIONS 

The p reced ing analyses c o n f i r m a genera l i m p r e s s i o n that engineer ing e f f o r t s to 
i m p r o v e slope s t a b i l i t y , whether by excavat ion o r by drainage, a r e m o r e apt to be 
success fu l w i t h p r o b l e m s of i n s t a b i l i t y i n s t i f f s o i l s (and steep slopes) than i n so f t so i l s 
(and f l a t s lopes) . The graphs presented i n t h i s paper should a id the engineer to decide 
i n any o r d i n a r y instance whether excavat ion o r drainage o f f e r s the m o r e economica l s o l ­
u t i on of t h i s p r o b l e m . I f excavat ion, then i t has been made c l e a r i n the p reced ing pages 
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that benching requires less excavation •̂ han slope reduction in achieving a required 
factor of safety. 

The value of lowering the water table increases when the slope has greater strength 
or internal friction. Therefore, in weaker slopes where trouble is likely to occur, low­
ering the water table wil l increase the safety of the slope by only a small amount. How­
ever, this small increase may assure the stability of the slope. It is difficult to make 
any general statement regarding the increased stability for all slopes upon lowering 
the water table as each slide wil l have different variables and conditions to be faced. 
However, in all cases the stability is increased, and the value of that increase may be 
estimated with the aid of the curves presented. 
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Appendix A 

Derivation of Figure 6 and 8, <t> = 0 
In general the curves for benched slopes are obtained by the solution of two problems. 

For a particular bench, as in Figure 4, the stability of the mass below the bench must 
be considered as well as the stability of the entire slope. This is shown by the two 
dashed critical circles. The curves in Figures 6 and 8 were found, then, by obtaining 
the factor of safety. F , for the small mass below the bench for a particular bench 

s 
depth, n^jH. Then F^ for the entire slope was determined for this value of bench depth 
and several bench widths, n H. When F for the entire slope was found equal to F 

G S S 
for the small earth mass, this determined the widest bench that could economically be 
cut for that particular bench depth and constitutes a point on the curve of N versus n . . 

S A 
Example Problem A-1 . This problem illustrates the above discussion by showing 

the procedure used in obtaining a point on the bench curve for n^ = 2, Figure 6. 
Given: b = 1 <}> = 1 

° _ „ c = 800 Ih/ft' 
"d " Y = 120 lb / f t ' n, = 0.1 h 
H = 30 f t 

The F for the small earth mass is obtained by determining N from Janbu's curve 
s s 

in Figure 2-1 (1). This figure is similar to the curves presented by Terzaghi and Peck. 
ŝ = N 3 ; ^ = 5 - 6 4 ( T ^ ) = l-39 

The X and y coordinates for the critical circle of the small mass below the bench is 
obtained from other curves of the same plot. The intersection of the critical circle 
and the bench line determines the width of the f i rs t tr ial bench in this example for the 
f i rs t tr ial 

n =2.05 e 
For this bench width F for the entire slope was obtained by following the procedure s 

outlined by Janbu {!). Benching is taken care of by considering the earth removed as 
constituting an upward force on the slope. 
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Since F for the entire slope is slightly smaller than F for the small mass, a wider 
s s 

bench may be cut necessitating another tr ial n . If F for the entire slope had been 
6 S 

larger for this f i rs t trial , the F for the smaller mass would be used for a point 
s 

on the final curves. This condition occurs for small values of n, and determines the 
% 

f i rs t part of the final curves which is concave upward. 
For a second tr ial let n =2.4. Using the same procedure as above 

6 

^ s = « - S - T 2 & - ) = l-42, f o r n ^ = 2 . 4 

Now F for the entire slope is larger than F for the small mass below the bench, s s 
To find the bench width where both are the same, all tr ial values are plotted as in Fig­
ure 10. The volume of the material removed per lineal foot of slope is 

V = n^n. e h 
Let n^ = n^n^ = (2. 05)(0.1) = 0. 

V = n^H' = 0. 205H* 

205 

Point A then represents the widest bench which should be excavated for a bench depth 
of = 0.1. 

The entire bench curve for = 2. 0 is determined by the method outlined above with 
nj^ being taken from 0.1 to 0. 5 at 0.1 intervals. For the final curve F^ was converted 
to N . 

s 
Example Problem A-2. The dashed lines on Figures 6 and 8 represent an increase in N for slope reduction and were obtained by the following method. Referring to Fig-s 

ure 8, a slope less than b^ was considered, such as b = 1. 5. The N value (5. 75) for 
this slope was obtained from Figure 2-1. The volume of excavation per lineal foot of 
slope was found by (b b ) 

Here a quantity is multiplied by H*, as in the case for a benched slope. Therefore, 
to plot this curve along with the bench curve 

^ • •'o 1 .5 -1 „ ,^ n^ = - 2 — = —2—=0.25 

The volume excavated would then be 
V= n.H'' = 0. 25H'' A 

This allows comparison of volumes of excavation for benching and slope reduction 
for the same value of N . The entire slope reduction curve was obtained by increas-s 
ing b by intervals of 0. 25. 

Appendix B 

Derivation of Figures 7 and 9, ^ >0 
These curves were derived similarly to those on Figures 6 and 8 in that F for the 

s 



29 

entire slope was compared to for the small earth mass below the bench for a certain value 
of bench depth. 

Example Problem B-1. Consider the determination of a point on the bench curve 
of Figure 7 for X , = 4. 0. 

C<J) 

Given: b = 1 <|> = 20 deg 
„° _ n 4 c = 419 lb/ft' ' 

7 =115 lb/ft" 
H = 40 f t 

F for the small earth mass is obtained from Janbu's curve in Figure 6 (1). s 
The X and y coordinates for the critical circle of the small earth mass are also ob­

tained from that figure. The intersection of this circle and the bench line determined 
the initial bench width of n = 0. 3. 

G 
F for the entire slope for a particular value of n must be accomplished by f i r s t 

5 6 
finding the approximate location of the critical circle for failure of the entire slope. Then F is determined by the us of the<|>-circle method. Locating the critical circle s 
will be discussed first . 

It was felt that the critical circle for a benched slope of a given slope angle would 
fall near the critical circle of a slope which had been reduced somewhat below the given 
slope angle, or a reduced slope would exist that had essentially the same driving mo­
ments due to the soil mass as the benched slope. At least if this condition was met the 
critical circle should give a reasonable value for F since minor changes of the c r i t i -

s 
cal circle do not change F appreciably. 

s Consequently F was determined for the critical circles of several reduced slopes s until a minimum F for the benched slope was found. Usually the slope was reduced s 
2 deg between each trial . 

In the current example the three tr ial critical circles used for n = 0. 3 were for 
reduced slopes of 38 deg, 36 deg, and 34 deg. It was found that F for a reduced slope 

s 
of 36 deg was the smallest and is bracketed by two higher values. Therefore this value of F was selected for n = 0. 3. s e 

Figure 10 shows the graphical procedure used in finding F by the <|>-circle method. 
s 

The resultant weight vector, W, was located by taking moments about the toe of the 
slope. From the intersection of W and the line of action of C, the total cohesive force 
acting along the critical circle, lines were drawn tangent to three different <t>-circles. 
C is then evaluated for the three cases. 

The factors of safety with respect to c and ̂  for the three values of were deter­
mined by 

p, _ c (effective) 
c c (required) 

P _ tan<^ (effective) 
<|> ~ tan«|) (required) 

Fg was then found from the small graph, Figure 11, such that 
F = F = F^ s c <̂  

F = 1. 36, for n = 0. 3 s e 
Since this value is smaller than F for the small earth mass, the bench may be 

s 
widened. The second width tr ial value is n =0. 4. This time the same critical centers 

e 
were used and the minimum F is 

s 
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F = 1.45, for n =0.4 s ' e 
Still smaller, a third trial bench width of n = 0. 5 was computed in a similar manner. 

F = 1. 53, for n = 0. 5 s ' e 
Again, as in Appendix A, all trial values are plotted (see Fig. 10) and a point on the 

final curve is obtained. Points were figured for values of from 0.1 to 0. 5 at 0.1 in­
tervals. 

The curves for reduced slope on Figures 7 and 9 were found by the same method 
outlined in Appendix A except that N values came from Janbu's Figure 6. 

s 




