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I. SYNOHSII-*5

Landslides are the natural phenomena of earth movanent invclving

not only hillsides and mountainsides but also cuts and fills of

roadways, channels and other engineering structures. The purpose

of the thesis is to study classifications of landslides, the causes,

the methods of analysis and the methods of control of the slide type

of earth movement. In addition, there is a mathezxatical example to

illustrate the various methods of analysis .

Many systems of classification and cause of landslides have been

developed. Those of Baltzer, Hei.m, Ladd and Terzaghi are discussed

in this paper. actually, no slide will fit into any one class of
7 these systems, or be due to any one cause, for its character is a,

compound

one.Therehave been various methods suggested for the analysis of

landslides; all of them are based on simplifying assimptions and use

trial and error methods or semi-mathema,tical methods to reach a satis—·

factory result. In this paper, the basic methods of analysis, as

well as the most recent technique, have been explained briefly. Since

most of the methods used require many complex steps to pmve, the proofs

E are referred to by a footnote which indicates the seurce of the proof
for those who are interested in further research.
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IE. Ccmpound Slides, rath respect tc character cf movement and I
I

of materials I

F. Unclassified and special cases
I3. Dr. Karl ’I.‘erz„a;;hi*s Cla:ssii‘icat:?-<>11, 1925 (7)
I

Dryzasvcmcnts — earth movancnts involving comjlstely effective I
static friction I

A. Crecs — ccntinuous mass mcvements
I

B. Lanislides — spontaneous mass movemnts

C. Settling; Flows -· flows resulting from rapid chanqge in
porcsity

Plastic movement ~ mass movement partly or entircly nithout

static friction

D. Disruption Flows — flows resulting from disruption through

swelling an dislocaticn

E. Flcws ~ resulting from hydrostatic cvcrloid in the contained
water called forth by overload

F. Squeezing cut — reduction of resistance through a tremendous
overload in hydrostatic pressure

A. Ladd*s Classification (2)

A. Flcws — This type of slide includes those which actually

flow as semi—liquids, there clayey materials er volcanic
ssh er decomoosition products become water saturdated.and II
there is freedom for movement I

B. Slope Readjustments — Slides bclonging tc this class are
geographically distributed over extensive areas cf the

III
I
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world end, in frequency, they are far more common than all I
other types. They have been important moulders of topo-

graphic form, moving successively down slopcs to streems

where eir material is gradually remmred by srosion.

C. Undermined ßtrata —- This class exoludes 0;,;::e6 o=::lor1,g;5.ng

clearly to subsidence and due to midezcmiziing by erosion

where it leads solely to rock falls tales acc1:mula—·

tion.

D, 5tructnra;L félides - This type of slide inclufzes, p;‘·imar§ly,

all of those whose movement is upon dwinite, pre—e;¤;Lsting

structaral planes.

E. Clay ction from ancient clay ·- filled cavos opened by

cut (rare) .

For the oonvenience of analysis, the term slide vdll be defined

as all landslides which involve unconsolidated mterial- in mzich the

movement is along slip—surface, and the term. flow vdll bo defined

as those movements which do not have a slip-·surfa.ce. However, "creep"

which was defined by Terzaghi (1) , as a cont inuous downhill movement

which proceeds at an average rate of less than one foot per decade,

could be treated as a special case of a. flow.
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1. Analysis of the stability of unsupported vertical banks
(1) Plame surface of failure (Fig. 2 )

.. 1 p, .L..Z T6m6 Y Z fan 69
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(2) Curve Surface of Failure — derived hy Fellenius

her

Z(3)Tensile Crack and Their Effect ( Fig. 3 )

It has hee observed during the study of many slcpe failures
that vertical cracks appear near the top of the slope prior to
failure. The cracks are noticeablc from the top of the slope
extending back to the upper end of the failure surface that later
develops. It seems likely that these cracks are the result of
tensile forces on the soil resulting from the force of gravity
acting on the mass of the slcpc. Soil, having little if any tensile
strength, readily develops failure planes or cracks under these forces.

The formation of tension cracks near the potential sliding surface
destroys any shear strength of the soil in this region and therehy
decreases the resisting force along the slide surface. In addition,
the tension cracks may be the source of other forces that ted.to
create failure. Surface water entrapped in the cracks can exert an
appreciable driving force on the soil mass. Expansion and contrac~
tion of cohesive soils within the cracked zone and the action of frost
within the cracks can further weaken the soil and hasten a failure.

Terzaghi estimates the maximum depth to which tensile cracks may
reach down from the surface to be one—half of the unsupported height

IIII
I
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of the cut. roxäore the critical heiyght cf a bank unweakeneci by

tensile cracks, tal.}, be reduced by such cracks to a ··.ralue /7c; , which

can be determined in accordance with the consex·v*:itive assmpticn of

Terzaghi (8) , from

: /*16/ —

Z/7
/ _: Ä 5,5es Z 2.585 __ /.27ju

from (2) O" 5 y y ' Y (3)
( 2. Analysis of the stability of slopinyg face bamk _

(1) Plane surface of i’ailux‘e

As Fig. L , if the (internal friction eagle) was incrmased

to without any failure, the he ight would be increased hy semi··

emperical (9)
46 (26 +0.2) 6055et Z X 606*;:5

· _ __ _ 4i / + S °r1 ¢SJ-HCB /1-6/- 6/- E-oscp

XC05/1

Cos¢

(2) Circulzzr arc surface of failure
Actually, the usual surface of failure not ·g>l;.¤nesurfacebut

a curved one. Various a;;z:u;<.1ptions of the shape oa? this curve have

been made for the purpose of analysis. circular arc ana the logari··

thmic spiral are the most common assumptions. The f-or.:;:e1· ie themoster

WE 5 W
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popular one, but though the latter has some theoretical advantages,

it takes much more time to compute than the former. Taylor has shown

that the results obtained by the logarithmic spiral differ only slight·

ly from those obtained by use of the circular arc.

The analysis of an earth slope by the circular arc surface of

failure was first proposed by h, E, Patterson in 1916 during a study

of a qnay failure in Gothenburg, Sweden (10), Since then many pro-

posals based on this assumption have been developed, but all of then

have utilized trial and error methods to locate the most critical center

graphically and semi•graphica1ly rather than a purely mathematical solu~

tion. The usual methods for the analysis of landslides on the assump—

tion of a circular arc of failure are shown in the following outline.

i. Methods of slices and area moments

A. Using trial and computation, locate·uze;nost unfavorable

surface and its center hy means of the following steps.

B. Üivide the cross—section above the slide surface into

vertical slices. A width of alice of about H/A to H/2 is

generally satisfactory.

C. Gompute the overturning moment of each alice due to its

weight.
I

D, Compute the resisting moment due to the cohesicn and

friction forcos along the sliding surface.

In illustration see Fig. 5 III
I

IIII
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By the zizetixod efslices7

2 pMo = Z W7 — Z l/\/Pf
3 I

_; .2
I

F , „ . _ „ .FS factor safety agaxhst slidang
0

By tim method of area mommts

The area below ggreazzd surface (shaded porticm) is omltted

since tige hameat ef this area about point 0 zero.

J.MOl

1

- leFS Mo

The experience of humereas investigaters he: leatä te the cievelop-—

ment of many useful hints to assiet in the ;h1itial eh.e;Lce ef a trial
center. These ggaicies are ef great help in I‘€:‘ÖllCj..i’Lgj the work of a
trial and error S(.Jl‘il.'ÜJiOI1• Fej.ltu·e surfaces have heeh claseified for p
this ami other as deep seated and tee elicies. The former

icohsist of those failure serfaeee that exteed belew aha heyeucl the tee

of the slope arhile the letter have failure mrfacee passing; through
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the tee.

Felleniue and other Swedieh investigatcre arrived at the ceh~

clueien that the meet critical deep eeated er base failure eliding

surface in a hemcgenene clay with ¢ = O had a center ef retaticn

lying en the bieacter ef the elcpe. It wee ebserved alee that the

meet likel critical center wee one teich had ai anple cf a nrcaieate·J „-

1Y 153 degreee between the radii te the ende ci the alide surface.

In the caee ef a tee circle failure the felleaing table and

eketch (Fig. 6} serve te indicate a method ef eelectlag a etarting

paint that will be et er near the critical center ef rctaticn.

.~ O 1> 0.,L U1 Q2

60 „ 29 1,0
Le 28 B'?

r
’ rw r'33 •iZ5 2c J J

2é.h 25 35
ie.l+ 25 553.1.3 25 5*7

In meet caeee it has been fcund that elepe anglec ef greater then

53 deereee are meet likel te fall b e tee slide vhilevtheec withCJ

elcpe anglee of leee then 53 degrcee are prcne tc rail by the deep

eeated type ef failure arc. In all caeee, the initial eelectien ef

the critical center ef retatien selected hy tgeee anthede eheald DG

verified hy trial centere at peinte eurrounding the initial cheice.

l
l
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B, Failure circle passing below tee of elope (Fig, 9 )

C __ _ (6)
FJH 2607*% + 60+u·+2

By Fig. 10 or Fig. ll, if the internal frictioh and elope

eagle are known, the stebility number 2-%,- could be found for toe

circle end base circle respectively.

(3) Logarithmic Spiral Surface of Failure

The eurve of failure V = VI @9-m"¢
- - (7)

i. ‘I‘aylor's semi-matheméltical solution (ll)

S. Curve of failure paseihg through the toe of elope

(Fig. 12 )

C__F
X H +I

·· (S)

m == QETCMH)yj

IS = — = f—i;——·· ·——~~~~—~(1-G)H 51nI 7(I 1+ m”-2m60$£
S + S; -1 __ _ __ __ 7:1 t ·« mgmwsz (ll)

q == TL — E j -—-----------(12)

c = Coheeioh

F == Factor of safety for cohesion
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‘ For any chosen values of z and t the dependent variables m, _ {
I

g, j, and q may be obtained from above empressions, then the critical {
I

value for eiéxr can be found. Taylor has investigated various slopes {
I

by trial and error methods for both the circular arc and logarithmic {
I

spiral surfaces of failure. He found that for a chosen slope angle I
the z and t in the logarithmic spiral surface of failure are approxi~

{
mately equal to the 2y and x respectively in the circular arc assump—tion. {b. Curve of failure passing below·the toe of slope ,

(Fig. 13 )

c = Tonda Z 5 (/’>7;§fr>' -5mQ) ~ $7Öo<1>(/773Cog + cogq ){r
F X H sgtmäo ?Tcm‘¢ ¢/

1‘ jgfhjä Cd?) Ü-3)

.. . „ . (12)11. Frohlich s method of analysis

I
MewwedfümmI

IFS = M Iresisting) IM d1‘iV'i!'1g I
I

M (resisting) · The moment of all resisting forces acting {
upon the sliding mass long the sliding I
surface, turning about an axis, whose loca» {tion is compatible with the start of the Isliding movement. These forces are the sum
of frictional, cohesive, and normal stresses. {

M (driving) — The moment of all the other forces acting {
upon the sliding mass aove the sliding sur— Iface, turning about the same amis. These
forces are earth weight, hydrostatic uplift, {
surcharges, seepage pressure, earthquake Iactions, etc. I

E
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e1~a;m1¤aJ.2aet2·r¤a (Fig. an )
R — äesultant of all driving forces acting upon the slidingmase above arc AB.
Rc— Resultant of the cohesional stresees 0 x de acting uponthe slioing mass along arc AB at the instant when slidingbegins, this available resistance may be detennined by

means of a pohygon of forces.

¢ - Angle of internal friction
Q ~ Resultant of all oblique stresses along the sliding

Surface AB at the first moment of sliding, and aseing
through the point O of the logarithmic spiral•

RB= R

Re (a + e) = GPQ + Rede
._ CQ-? + Q ·«/ E (0+6p_g_ „ .........i.‘ :;.._E..____Z I: /4..él „ „ (lg)Kre Re G

(l) By trial, locate the most critical spiral cnrve.
(2) The center Chu of rotation may be chosen at the arc Ol, O2

of the evolute of the given logarithmic spiral (choose
point }A at the arc AB, for instance at the axie of symmetry
of the angle cl between OA and OB, trace the radius vector
A4—O and erect the normal to this raoius at 0, where the
tangent T at·p4, it is the average location of the center

}of rotation of the sliding mass.)

'

b. Analytic Manage (Fig. 15 )

'
0 = Cohesion along the arc AB {Rc_O = Resultant of cohesional stresses

I

I
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By eeewnpticn, RC_O is parallel to the chord AB = S

O O

=de== element of erc
ds cos c/> -: Vdé

• ___ VCLÜ( • A-,V:

rve,0 T‘"'¢

the moment produced by @(,0 is · @(,0 · O/(,0

9=¢¢
the moment produced by <;·d5 is j cds Vcosqß0=O

geot ol

9:0 °
I 29-Yäncß ÄS‘C·dc,0:C'(^;z[-__-i— @ ßZTOnqö O

I. c;n‘[ ————’ e2°‘E"""- ——’ ]E//Üflcß Z7'cm¢
__ C E

Ü'-_•

C! Z<«0 2sT6m4>

l



I

...39•

STÜZGG R (Ü¤+€) = gew °Öc,o „

__ 00K

g-ceFf 2-** @·STcm¢

,„ —-q

Substitute (15)into°

cg/2*~/Y) _ Ü .

C7

SinceV/»«
== /7 e" °‘ mf

c, _ V2; ‘ /7* _ Ü
·

· ____ R 272/r>¢ °I ° ‘ F5 — H,
0.+/"e”°‘7*’”¢’7c«r;<,bs:¤6 a+ )(V /*4 /3

·-· (1.6)

In practical cases, the values c & ¢ are known ifrcm labcratory

investigations. The anglee ol, ßjthe dietances rl, rg, a, and the

force R are represented in Fig. 16. The value of M which determines

I the location of the center of rotation variee between the extrene limits
of zero and unity. For practical computaticne, the average value

M = 0.5 gives fair results.

I
I
I
I
I
I
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(L;.) Janbu's Methoci (13)

1. <I> = 0 (Fig. 1.7)

Mr = available resisting moment about O

a
jo Sg RICJG

Mg = total ovcrturning moment about O

= (Q Lan — CTI„q—

S5 = the shear strength of the soil at point Z

Q = resultant of all vertical forces between points
A. & B, including the weight of the soil

G = resultant of all horizontal force, including
hydrostatic pressure in tension cracks

LQ & LG are moment arms about O or forces Q and G,‘
respectively

Fr = —§§— Fs = F r,1müc.

F.S. = Fe = The ratio between the shear strength available
and the average shear stress necessary for
equilibrium along the critical surface of sliding

II
I
I
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(A) Analysis of Simple Slopes }

__—· (rr)

XO= ’X»H (ls)

Procedures of locating the critical center

1) Using Fig;. ILS and by lmomcing the slope angle3the

depth factor d = , find the stability mxmber,

then compute Fs.

2) Using Fig;. 19, determine the unit coordinates XG and ya,

and compute the XO and Yo .

gs., Effect of Surcharge (Fiä-§• 20 )

F 1S VF N YH +q ‘ Q)
b. Effect of Pertial Submergence (Fig;. 21 )

F ‘ N. ——-9--—— - « —- 20()
c. Effect of Tension Cracks (Fig. 22 )

C,F = „———- ·~ ·- ·- 2}.

d. Combination of Surcharge, Submerggonce and Tension
Cracks (Fig. 23 )

F a- ,, „,„Q
"* Ci °' )/wHw

“S’ f“w^«r^»~.=y.~. ······<23>
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(B) Analysis of Lcacied Slopes
i

6. Tee circlee.n6.lysisF,S,

= [—~——i-l-- ·i— -• —··
··-·1+ xH

(ZA)

T, __ (|+2V|q)b·I/lv

Zt I·+ ZÜQ *TIh

C1 fj; ZP. ZP1. ZMT
Y}3 b“H 5 XH nv 5H

’ nh YH HM YH’

MT =— moment of forces PV 8: Ph about the tee

Prccedures for locating the critical center

2) Use 25 to find NS, then compute BB3.

3) see Fig. 26 to sind o<. e g.,

1;) Locete the critical center by

XC = /Xo H

b. Base circle analysis (Fig;. 27 )

. I · ZV} ~ Y}
I“ ng ~ Üä,

__: Jg (I+b‘)+^q·VIM + bng (VIv—bfI;)—‘k(b·D„„}‘M2?) I+¤q~I’\3, (1—1»ni—r>6,)‘

II



..-52-

S.6 ® CJ gg
läßllllllllll N. 2 2;)
II§§lIIIIIIIl .. 2;*
Illäällllllll NL =- QIllllälllllll „„ Q ftIIIIIINIQIIII N +2 fgIlllllüäßl22 X 6 2S; :7 .3 *2 2 S; E2

·—wIIIIIIIIIIWHII - Q *2 QIIIIIIIIIUVIIII S % Q
NtIllllßßlll Q3 3 9;) _;

N; gg;. IIIQQGWHI 6 +5-; 3 3*: -!l§äHIIIl ~ GQI!!!¢ZZHlI|IIl 2lll!Hl"
® Ln Q *0

ru——2./
SQQIIIIIIIIIII?IE§SllIIIlXIIx\

gllEE§§!lIIIXll\\IlIlIlI
IIII§§II- IH ‘I I.2 6 lllllüällll ~

\\IIIIIIIIlllEl.._’?
5;... N m gt



-53-

6. 1

ÄLoyered
sell

es rrZ ZZ, 1:;.... 6..,..

lzlg. ZS 5)Äxlwaznga ßllezor Slrcngfh lor Eugeared >Oil when Q

=O--1



I

-5h.

Proceduree fer locating the critical center

l) Gompute Mlh Ä, Mah
2) Use Fig;. 28 to find NS, then compute F.3. by

N6 CF.S.=[—————— ——- --···~·~··-2

3) The coordinates of the critical center are

(I+an1)l>-ny]X—· 26
Yß = (Y2—<I)H ——~——~(27)

sh = YZ H ~-——~—(26)

rC=|'“{+VEIVIzb —··-·—··—~-(29)

c. Analysis of layered soü. (Fig. 29 )

Average shear strength
n

G;C·<>·-(BO)

The other steps are the same as in the previous articles.

ii. 95 > 0
a. Simple slopes for zero neutral stress

—;(21)KH

II
II
II
I
I
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’h‘hen the slope angle amd Äap are known, Figure 30 may be

used. The F.S. and the coordinatee of the critical center

cam be found by

.. YH T¤¤¢ I}*c4> " C ··*········· (B2)

X9 ·'= /XOH

Y• = kÖ° H

b. Modified formule for simple neutral stress condition

C Iaß. = li- —~-~——~~»——(az}
Ya H

T

Gorygulcxt-e su'hmer,gence (Fig. Bl )

Yd= B’e=Y’= V-YW

;Ä3udden Eil"-Ü.-W€i<)'.„.’!’l (Fig;. 32

2 X} B/€7:3)

r$te:1c?.y seepege (Fi;. 33 )
I

+Y,;=Y,b’a=ä’·—H£—¥wH+DL,)
Zero ‘o«:>‘on<i.a‘ar3;‘ neutral force (Fini. Bl;. }

YA Z Ö/e *" Ö/

>
I
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5) Paiatially submorgged (Fig. 20 )

Y =
H “ 3/w Hw

c;— [wg,
c. Comb;i.¤ot:Lon of aurcharge, tousicm cmckaa, swomorggence

and seepage

N oF=—;f— ·--··~·—-—··--·—(3€‘$)S Pd
_ Pe TC1r><j>P M — —--—C_

PA __: z6„+H+<1~mH„
N4

M6 = Mw V1 Mr
Pe -·N2,

1. Using Fig;. 30, (3 and )\«.4> are known, and Nqf my

be found
2, Compute P d with interpolated from Fig. 21

3. Detwmine the FS .

. 1
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VI, NUt#@IOAL EXAFEPLES
A• COMPUTATIONS:

Example l, Given soil condition ae Figure 1+5,

<¢>.=C> , C„= Z50 'bä/0,„<+ 26 = M5 #@/0..4+.
<1>2 :0 . 62:600 ¤b%q„c+_ X. : 405 45/ww
[f) = 60 $1*

Design a safe slope for 20 foot (H 20 ft,)

cut, use FS ~ 1.,1+,

(l) By Janbu's Method

a, Base circle of failure
Assume Y - PQ • 108. lbs,/cu, ft•

C, *

C;Computethe depth factor d =·· D/H • 60/20 • 3
Assume various slope value b, by Figures 18 and 19
find Ne , x¤ and y, corresponding to each slope value•
Thßll Z NecF5 xH

Xo Z /X°H

Yo = 901-1

0 0. 0 1 .4-1 00 5 0 11 0 F
| 5 600 408 2o' 5.54- I.54 0.5 Z.8 40’ S6'

V5 5 600 406 LO' 560 I.55 unnecsssarg unnecessmg
Z Ö 600 1025 LO' $,60 455 qnnecesscnrg qnnecessorg

4
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b• Toe circle failure

ÄLÜ8 1bSOcuI ft!6

Ccmpute C • when critical center is
lOB8‘b8d•

Other procedures are same as the computation on a, ,

base circle of failure by Janbu's Method, a indicated

in VI, la!

3 si L L M L Es L L L L
f 5 52I IOB 20 5.6 L40 0-5 1,4 10’ 2ß’

As shown by the previous computations on page , for

b =C<>+ß =1 , the meat possible failure is toe circle. Therefore,

the following analysis is based on the case of toe circle cf failure•

(2) By Method of Slices

As shown in Figure M, use the critical center and the

possible tee circle of failure found by Jaubu*s Method to find

the F8 by the method of slices•



uI
..6;-

gg, Amagsg. su.) morkagä,) 23__(;_1;_,)_ 1:·§ft.} 2+: (fi;-lb}

1 12.5 108 1,350 6.7 9,010
2 37.5 108 1,050 2.2 8,910

Total 11,950
3 50.0 108 5,1:00 2.0 10,800

1 12.5 105 1,310 3.3 1:,325

5 50.0 108 5,100 2.5 1+0,500

6 37•5 105 3,910 7.8 30.700
7 1:1+.1. 108 1+,800 12.1+ 59,600
8 50.0 105 5,250 12.5 65,600

9 29.6 108 3,200 17.1 51+,700 1

10 50.0 105 5,250 17.5 91,700

11 7.8 108 81+0 21.2 17,800
12 148.9 105 5,11+0 22.1+ 115,000

13 15.6 105 1,610 26.2 13,000
Total §jj_,1_2._5

MQ * 533,725 ·· 17,950 *• 515,775 ff···1b
M¤R::(clxL1+c2xL2)

·· 29.7 (250 x 11.1+ + 600 x 37.1+)
··= 750,000 ft•·-lb

F5 ·· Mr ·· 750,000 · 1.1+5

kn
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Example 2. Given soil conditions es shown in Figure L;6.

CI) =IO° I C ='ZSO X:

IOSDesigna maadxmzm height for an economical and reason-
ably safe slope.

(1) By Jansuve washed
According to Janbu*s investigations, the critical slip
circle will iutersect the toe if the dimensionless parameter

Ace >O . Base circle analysis for <I> >—0 has not been
considered herein. For this example

__ XHT0•«d> __ I0§¤TcmIO°~H =Aeg .. ———-C - Z50 o.o74H

Ata is always greater than zero, therefore, the analysis
is based on the failure by a toe circle only. Assume a

heigit H, then compute )\ ca , by Figure 30. For various
slope values b, find Ncf and calculate FS.
a. H ·· 18*, }~¤4» · 1.33, FS =·· .132Ncf

a. as. gg 5; 5.5 FS
0.8 1.33 7.7 unnecessary 1.02,
1.0 8.2 unnecessaxy 1.07
1.5 9.5 unnecessary 1.25 —

2.0 10.3 unnecessary 1.36
I

I
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6. H- 16*, ?~¤4> ·· 1.13, FS · .1.10Ncf

1 2;:1. 1,,- 1, 1. 1,
0.8 1.18 7.1 unecessany 1.09

1.0 7.9 unnecessany 1.17

1.6 9.2 ggg §__L;_:_Qf_ 1_,_3_6_
2.0 10.0 unnecessary 1.18

The reasonable answer for this example is:

H ·· 16*
b • cot B ·• 1.5
F;- 1.36

The following analyses are based upon the above figures.

(2) By iäethod of Slices
As shown in Figure 16, the overtuzming moment is computed

es listed in following table:

19.- 2..·9s.1....W..... ..:;.....2.... ..2.. 2212 .....!2....<=<>¤·W 19-.2.2.
1 5.31 105 560 ·5.03 -3,250 13.0 .9711 S16 .1763

2 10.71 1,960 ··1.98 -3,800 1.6 .9960 1,951

3 32.25 3,300 2.11 8.11+0 5.5 .9951 3,365
1 10.00 1.,200 6.57 27,500 15.0 .9059 1,050

5 17.10 1,910 10.55 50,100 21.6 .9092 1,500
6 1.0.30 5,010 11.50 73,200 31.9 .0210 1,110

7 36.00 3,760 10.30 60,000 16.0 .6917 2,616

0 13.05 1,370 21.71 29,000 58.2 .5270 722

M, ·· 257,810 21,060R

R
R
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H cos

From previous page, M, " 257:8LPO 21:860
1%% Wc<>.s[sT¤¤Lo“ = 25.5x 21,860x -I7(oZ>=10?•,O0O
12-% CLV = 25.5 xZ5O x 40.5 = 258,000

MF=FS

·
Pi,. ¤¤ 361,000 •= 1.l+0

(3) By Tayl0r*s Method (circular arc)

Since cp = 10**
Q = 51opa cmgIe, = coi" L5 ·= 35°41’

From Figure 10, found

C =¤ 0.083
FXH

Using C ¤= 250 lb/sq.ft• X ·• 105 lb/0u.ft. and H •- 16

in the above expression,

F ¤· Factor of Safety for Cohesion

' 250 " ]·•79
105 x lb x 0.083

Assume FS ¤ 1.l+O

4>D· 10 - 7.15*
lll}

From Figure 10, found

C

'FFH

250 -· 0.106, H ·- 16.05* (named)1°I'läCT5ä'
Therefore FS •¤ 1.h.O

II
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(Z4) By Ta.;;lo1·'s Method (logaulthmic spiral)

As shown in Fiwre A7, <I>= |0" , 4 = §§°4l'

Aasumo Z = 9I"24' =1.S¢14 ¤~c1«I. cmd -1; :25*

By equetions 8, 9, 10, 11 and 12.

m6Ü
= —————·——'
I&""‘ 264/ 1+ (I.%%<L)‘—2¤I·?>$4CoS‘7I°l<I'
Z; = LES-

0.4%% J1+1.780~2x1.66A„¤(—o.0zA„4)
~ 2: tl

S‘ ~'
° o F: • rJ + I^ mxamc/Oßiy Z6 +56 [O 62 {O

%=1g0·—z ·—J = Z6°Z6'

Z ·I7+¤3 Z
$3‘(YYIäI) 5 X )„ 8Z, x 0,78 O' 04+4 (A)

Z 2.%; (B)
°ITcm <I>+|

ggéarfqt'

1——— = IA) <B)+(c = 0. 1 2. L,} .666-7;%,H I, O4 4 I; [ O E

= 0.07;
„ 7-CO‘ ‘ F §

I0§x1L0xo.o7§~I

1.11
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(5) ey Fr0h1ich* S ee+.h¤6.
As ehcmm in Fi,§§l11’6 1+8, cb ~ 10°, i ¤ 33° hl', H •• 16*,c •¤ 250

Assume ol =- 9l°’ 2L;* • 1.5% radieme amd t -• 26

From the previous calculatiou m •~ 1.331.
"‘ 1-•35

Then rl ¤ gl-I =• 1,35 x 16 • 21.6
‘

* X * 28•S

After drawing the logarithmic apirel curve of failure,

ccmgute the total driving force above the curve

· R •• 27,117 lbs

CI, • l+.6O [3 =• 26°26*

By equation 16 1.E*_ . .L'VT - Ü‘ |_*_ ä ZIGVPQ "S 0.,+ FT
62*'°‘T°'”¢

Tomb sm ([u«>1+[a)

2§D (28.8): (ZI.6 L
S-. [ ++.60

Mntoßin (o.§¤
‘H‘24-’+

2626)

Z 7 1 j-494.60
4.60+416

Z l + o.§S

Z |. QS
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Comparison of the results of analysis

Methods Factors of safety

..3s·.. ..€LrH .3, I
Circular arc

Janbu's l.h0 1.36 -—— ——·

Slices l.h5 l.h0 —·- —~·

Taylor*s ··— l.h0 0.083 1.79

Logarithmic spiral

Taylor's ~—j ·—— 0.075 1.99

Frohlich*e ~·· 1.55 —·~ ——·

On Example 1, Janbu*s and Slices method give very similar re~

sults. The variation in results is * 1.75%. No solution could be
E

found by Taylor*s methods using the circular arc or logarithmic spiral

surface of failure or by Frohlich's logarithmic spiral method, as

these methods do not consider a layered soil condition.

On Example 2, the variations in the results for the FS is from
—L.73% to +8.58%, for;Qgj;g_is i 5.06%, and for F it is t 5.29%.
Since most cf the calculation work has been done by slide rule and the

figures for graphical computation arc drawn to a limited scale, the

variation of the results does not appear unreasonable.

I

I
I I
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B. DISCUSSION OF RESULTS:

Various computational methods of analysis for landslides have

been discussed in previous paragraphs„ They indicate the progress

that has been made in the analysis of landslides, such as the change

from the assunption of a plane surface of failure to a curved surface

of failure and frau trial and error methods to semi···mathematioel

methods of computatiom Actually, however, when these methode of

analysis are applied to a practical problem with the usual complicated

soil conditions, a satisactory analysis ia not always possible.

The assumption of a circular arc surface of failure is for con—

venience in practical analysis, Janbu*s method, the most recent

technique to use this assumption, utilizes a mathematical solution

to locate the critical center of failure circle, It does not give,

however, a solution for the layered soil condition where the angles

v of internal friction of the strata are greater than aero• Most methods

of analysis usim the circular arc surface of failure, such as Taylor* s
_ and Jenbu*s case of ct >0 , are based upon the assumption that the

soil conditions are homogeneous and isotropic• Ho practical problem

is identical vdth this assumptiom For this reason, the method of

slicee is used extensively for the analysis of the more complex

problem
The logarithnic spiral surface of failure has its theoretioal

advantages, but the difficulty with both the graphicel and the semi-

mathematical methods of analysis is the time required to locate the
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critical surface of failure and to computc the related forces acting

upon the sliding scil ass. Also, it has not pcnaittad an analysis

fer the case of layered soil conditions. For these reasons, it is

rarely used to analyse the practical problem.

For those cases where a mathematical or graphical analysis cf

slope stabilihy is reasonable, it appears that the best tool presently

available is Janbu*s method. Coputations by this technique are ade-

quate to locate a critical center of rotation which may then be

quickly verified by the method of slices. This approach reduces the

time and labor otherwise necessary to define the critical center. If

Janbu's method is not applicable the moment area or slices methods

may be utilised for the stability analysis.

l
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VII, E—EI'HODG OF CONTROL

The complexity of the analysis of slides in either natural or man

made slopes is so great that there is no one method of control or
correction that is satisfacrtory for all cases, Bakerüß) indicates
severxteen different techniques suitable as correetive measures for
use in stabilising or controlling sliding areas. (See Table
1}methodsto be discussed in this section will be limited to the more
common and more eooncmical procedures,
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A. Drainage
One of the most cozmzon causes of landslides or emhanhmont

failures is oncess moisture mzich acts to reduce the ehear strength

of the mass and cohtrihutes, on occasion, a hydrostatio force to the

driving forces that are acting on the mass. It meld appear, there-

fore, that a large number of unstable slopes may he sthhilised or

controlled hy properly designed drainage systems. Elzozerience has

indicated that drainage facilities to control the inflow ofsurface
water to the slide area and internal drainage within

thearei‘req_uently successful stabilizdng measures. It should be

realized, however, that though dminage is valuahle, it is not always

successful nor can the desim of the drainage system he standardized.

Each design must he developed on the basis of the particular problem,

'Ihe following discussion illustrates several methods of
drainage that have proven to be successful for slide control.

l. Control of surface water
Rost (3*6) reports a slide in Monterey County, California

that developed shortly after the construction of a highI„·I·ay cut. In

this case, sm*·faoe water appeared to be softeningg the upper surface

of the cut slope to the extent that sliding was GCCLlI’l’Ll.„V2„§§• The

corrective action consisted of placing a blanhet of pcrvious material

over the out and installing interceptor drain along the too. The

details are indicated in Fig. 35. The pervious material provided a

fast drainage route out of the unstable area for szrface waters, vhile
I

I I
IIY I
I
I
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the tee drain provided a means of removal of the waters collected by

the blanket.

In similar situations many agencies have found the use of

an interceptor ditch at the head of the slope to he successful in

preventing the inflow of surface water.

2, Horizontal Dreinage

As used by most agoncics, horizontal dr inage consists of

a series of horizontal perforated drain pipes placed into the slide

mass. The drains serve to collect and:reuove impounicd waters that

exert hydrostatic forces on the sliding mess and also serve to reduce

the shear strength of the material within the slide ass. (Fig. 36 )

Arhwo Drainage und Metal Froducts, Inc. (ll) have reported

the use of this schema to successfully stabilize a cut slope in the

Yellowstone National Park. Te sliding mass in this case extended

approximately‘3§0 feet up the slope from the tee of a 25 feet deep

cut and was about 200 feet in extent along the tee. Exploratory

borings indicated the presence of free water under abnormally high —

pressure benesth the slide. Four 6 inch diameter holos were driven

into the slide area on a slope of 2 to 15 degrees above the horizontal.

A two inch perforated steel pipe was inserted into each hole. Measured

drainsge from one of these drains totaled 21,600 gallons per day which

decreased to a steady flow of about 17,000 gallons per day in the first

two weeks. Äll drains carried appreciable quantities of water from

the slide area. ho further movement has been reportod from this area.

I
I
l
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Other references to similar experionoes in the use of

horizontal drains may he found in the publications of the Armes
Co. (lg) and those of various engineers of the California highway

Department .(19*3

• Tl1.’lH€¢l.S

In those cases, where exneedingly large volumes of water g
must be removed from the slide mass or where very extensive drainage

facilities must he utilized tunnels have been used. During the con-
struction of Lookout Point Dam, on the Willamette River in Oregon,

the U.S. Army Engineers utilized an extensive systn of drainage

tunnels to stebilize a slope that was threatening to destroy a re-

located highway and railroad. The tunnels were driven by normal

mining methods at a slight slope above the horizontal und formed a

collecting aystei for a series of horizontal drains driven into th

unstable area frm within the tunnel.(2l)

h• Typical Drainage Installations

Several typical drainage installations that have been success—

fully used for slope stabilization are shown in Fig. 37, 38 add 39.

B. Piling

Another method to prevent the landslide of a slope ie to force

the surface of failure into the deeper underground stratum by the use

of piles. lt is suggested that long enough pilos be used to peietrate

past the previous critical position of sliding surface. Then the most

dangerous position of oliding surface will be moved down to near the

II

I
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foot of the piles, and the piles will provide the shearing resistance

to raise the factor of safety. Hennes (9) has derived the spacing

of piles to prevent slides as follows: (Fig. AQ and bl )

Etc —-2PLTgn¢ —CL~(; ' = ‘ — Clef

-
AVC?D ”

Zt.—Zt.f+(Zpc—2pl)Ton4> + c (L/Y — LL)
” g * (36)

L — length of sliding arc

t - tangontial force along sliding surface caused by
soil mss

p — vertical force perpendicular to sliding surface
caused by soilxaass

¢ — angle of internal friction

c — cohesion of soil

A ~ cross section area of one pile

D — distance between centers of piles ih.the direction
parallel to the top of the bank

V
fp-·allowable shear stress of pile

The subscript c distinguishes forces along the original

critical sltling surface frm those alsng a sliding surface below the

foot of the piles, the letter being marked hy a subscript f•

lt is also possible that the above criterion will give a

spacing so great that the soil mass will shear off sn each side of

the sile and slide down between the piles. Therefore, another cri-

terion hs been established based on the assumption.that the total

cross section area of piles must be so large as to not exceed.the

‘

1
11 11
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C. Retainiug walls

As indicatcd im Table 1 , there are several types 0f retaiuimg

devices suitable for the control of sliding m¤ss@s„ In all of these

methods the principle involved is similar — am artificidl bloskimg

device is placcd im the path of the alidc bctwcmi ähc area tc be pro•

tested and th: hoc of the slide.

This systin of control is of limited use. To bc successful,

the blocking device must be axtcnded usfiiciemtly decp bc pamehrate

the stable material below the sliding mas andgmust be anchcrcd £imiLy

to the stable material. If these criteria arc met satisficd, the

slide may conccivmbly move tho retaiming structure dowm.the slopa with

the mavingaaass, Structurally, the device must bc able to véthstamd

the thrusb of the moving material. The above comsidcratioms imply

that this type of control is expasive and applicable only in rcstric—

ted cases. A fgiluxa sf the installation will rasult in complete

loss of all of the imvwstcmä im the control structure.

On the advantage side of the retaining device solution, the

restricted area necessary far the installation mxgt bc considered.

The limited space required vdll permit the minimur.righb—of—way damage

to the area. In adiition, this type cf camstructiou may be utilizsd

to excrt a control ever only that part of a slidimg ayca that may bc

critical.

The design cf a rctaining structure is a typicgl rctainiüg wall

design prcblmu amd affers mo cxceptional probluna. lt zgculd be

N
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realized at all times, however, that there is a primary necessity of

providing adequate drainage through the structure for impounded waters

within the controlled hess,
D. Removal er Addition of Material

Amy corrective measures which decreases the overturning er

sliding moment or inereases the resisting moment will be of assistance

in stabilizing a slide area. The most usual applications of this

method are illustrated by Figures L2, L3 and LL.

Tersaghi (22) discusses the use of toe or counter weigrt fill

to eliminate the tendenqy of a slide type failure through an embank~

ment constructed over a saft foundation. The prineiple of the eounter~

weight fill is simple. The moment of the added load of the counter~

weight fill acts in oppositien to the driving moment of the potential

slide. Design is accomplished through two considerations; (l) the

counterweight fill must be stable within itself and (2) the load

exerted by the fill must be sufficisnt to balance the excess driving

force of the slide mass.
The value of reducing the slope angle of ai unstable slope

and the removal of load from the slideaaass is ohvious froh an
inspection of Figures L2 and L3. Any modification of these pro—

cedures that eccomplishes a reduction in the driving force on the

unstable area is adventageous.

\

&
\
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VIII• CONCLUSIONS

Since the earliest recorded history of man, the stability of

natural and artificial slopes has bes of major concern to builders•

Early attempts to avoid slope failure are lost in antiquity but it

may reasonably be assumed that a great deal of engineering effort

was expended on these problems•

The developent of modern concepts of slope analysis was given

its major impetus by the Swedish investigators just after the turn

of the Twentieth Century• Since that time nuerous techniques of

mathematical and graphical analysis have been advanced and are in

use. A discussion of the mst representative and useful of these

techniques has been presented• Ehamples of typical design problems

using the selected methods has been presented to illustrate both the

procedure of analysis and the difficulties associated with each•

A comparison of the results of the illustrstive examples of the
methods of analysis indicates a rearkable uniformity among tham•
With considerations of time and mathematical complexity, it appears
that the method of Janbu is ideally suited for locating the most

critical center of rotation for a particular case. Once the critical
center has been established a detailed analysis for the problem in

question may be accomplished by the method of slices or one of the

other similar procedures„ For the case of a stratum with ,

Janbu*s method is of little assistance unless simplifying assumptions
my be made. If this is not possible, the only reasonable approach

I
I

I
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I
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to the problem is one of trial and error to determine the minimum

factor of safety using the method of slices,

The section of this report devoted to the control of slides

serves to illustrate the more typical situation of a movement, that

is not subject to a theoretical analysis• The great majority of

slides that occur in natural ground pass through complex soil strati·

fications that do not permdt the simplifying assumtions needed for

the various methods of mathematical and graphical analysis, In these

cases, the procedures for the control and stabilization of the moving

material depend exolusively on the characteristics of the particular

location, Each slide is a separate problem whose solution is not

necessarily similar to any other,

The control section of this report has presented a sumary of

the various methods for the field control of slides that may he used,

The choice of the applicable method is made only after extensive

study of the nature of the particular slide, The more common control

procedures have been illustrated hy reference to the case histories

of actual slides that have been successfully controlled,
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