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iNTRODUCTION 

Purpose Of Investigation 

The purpose of this investigation was to det ermine 

whether landslides could be predicted for hill slopes 

of known inclinations from data secured by laboratory 

tests performed on samples of the ground under consider

ation. Specifically, the investigation was to show 

whether a correlation existed between experimentally 

determined values for 1·riction and cohesion of ground 

and calculated values based upon the confie,-uration of 

ea rth masses that had slid. The ability to determine 

the stability of slopes from experimental data is of 

obvious significance. 

Principles Of Soil Mechanics Involved 

The combination of forces that resist movement of 

an earth mass along a boundary surface are due to co

hesion and friction. Coulomb in 1781 formulated the laws 

governing the forces which act in masses of homogeneous 

earth. Coulomb's laws a s stated by William Cain are: 

"Law I. The maximum frictional resistance along 

any portion of a plane in t he interior .of a mass of earth 

equals the normal pressure on t h e portion of t he plane 

considered, multiplied by f, the coefficient of friction, 

where f is a constant for t h e earth considered. The 

friction is t hus independent of the a rea pre ssed. 



ttLaw 2. The maximum cohesion equals the area 

considered under compression, multiplied by a constant 

c, the coefficient of cohesion or cohesion per unit area. 

The cohesion is thus independent of the normal :pressure." (1). 

Renee 

Where 

p = f N + ca 

p = the force acting parallel to the slip 

surface to produce movement at the instant 

of impending motion. 

f = coefficient of friction 

N = force normal to slip surface 

c = coefficient of cohesion 

a • area of slip surface. 

Coulomb's laws have been found to hold in laboratory ex-

periments and they have been accepted by modern workers 

for practical application (2). 

Cohesion 

The force of cohesion is so variable within a large 

earth mass that many students of soil mechanics have pre

ferred to neglect it. Presumably cohesion is a function 

of area and is independent of pressure but since in

creasing pressure brings more of the surface of the par

ticles in contact, cohesion is indirectly effected by 

pressure. 

It is important that one recognize the presence and 

appreciate the function of cohesion in giving stability 



to slopes inclined more steeply than t he angle of repose 

which the materia l would possess in t he loose granular 

state. I n the case of cohesionless materials the angle 

of rep ose is a pproximately equal to ¢ , the angle of 

internal friction. If a slope in either cohesive or 

non-coh esive material is cut at an angle equal to or 

smaller than ~it will be stable to any height because 

the frictional resistance to sliding varies with t he 

height of slope in the same proportion as the force 

activating sliding . 

In ground endowed with cohesion it is not safe to 

assume tha t because a slope steeper t han ¢ stands to 

a height h, Etability will be maintained if the slope 

is extended to greater heights. Such an assumption is 

erroneous because as the height of the slope is aug

mented, the force which activates sliding increases 

more rapidly than the cohesive force which restrains 

sliding. Ultimately, as the height of slope is i n 

creased, the activating force would surpass the res

training force and a slide would occur. It is unsafe 

therefore to extend steep slopes in co hesive ground 

much beyond the heights fo r which they have been known 

to be stable. 



Internal Friction. 

Internal friction for granular material is a rather 

complex phenomenon different in many respects from fric

tion between smooth surfaced solids. In a granular mater

ial sliding is resisted by friction which arises from 

the particles rolling, sliding, and a brading one another 

at a boundary surfa ce. The co efficient of f riction for 

a g iven granular material may vary, depending upon th e 

density of the packing and the thickness . of the layer 

involved in rolling. Terzaghi states: 

"For perfectly cohesionless material (clean dry 

sand or the like) the angle of internal friction depends 

to a large extent on the density of t he structure. For 

high densities its value appreciably decreases with pres

sure while for low densities the effect of t he pressure 

on the valu e of the coefficient of inter nal friction is 

very small." (3). 

For all practical purposes t he coefficient of 

friction is a ssumed to be i ndependent of pressure. 

Hydrodynamic Stress. 

Under conditions of f ree drainage t h e norma l static 

fri ct ion that a material inherently possesses may be ex

pected to act to resist motion. Wh en drainage is i mpeded, 

an increase in pressure or a sudden decrease in poiosity 

of a saturated soil will induce a hydrodynamic stress 



within the material. ·r he load will then be supported 

partly by the skeleton of solid material and _partly b y 

the trapped water tha t cannot escape quickly enough. The 

frictional resistance wi 11 be a function only of that 

portion 0f t he load supported by the skeleton of solid 

material. In cohesive, homogeneous, water-saturated, 

a ir-free soils, any change of loading produces an in-

stantaneous change in the stress of the pore water and 

of the solid material. (4). 

If p = the increase in l oad 
1 

w = t he hydrostatic pressure induced in 

the pore water 

p = t he portion of p1 carried by the solid 

skeleton after time interval t. 

f = nor mal static coefficient of f riction. 

f • hydrodynamic coefficient of friction. x 

Then under t he assumption that the _;::i ore-water hydrostatic 

pre ssure was zero ~rior to the change in loading , 

Only the portion p of the additional load p1 , may i ncrease 

the pressure between gra ins and thereby raise the friction-

al resistance; th erefore t h e coefficient of hydrodynamic 

I . 



v 

internal friction amounts to 

fx• f {p
1

-w) 
---

P1 

Increase of t he hydrostatic pre ssure acts to lessen fric-

tion and reduction of hydrostatic pressure increases fric-

t ion. .As the v1ater drains a way with the passage of time, 

the stress w is reduced to zero and the normal static 

friction is capable of acting. The physical cause of 

slipperiness on the surface of fat clays is the hydrostatic 

lift produced by the rapid applicat ion of ioad. "If one 

steps suddenly on a very slightly inclined clay-surface 

the foot slips, although even a very fat clay has a fa ir

ly large internal friction (friction angle at least 11 

deg.) In the rapid application of t he pressure of the 

foot, the gr eatest part of the we i ght of the body is com-

pensated for by hydrostatic pr essure, and the fr iction 

produ ced by the remaining weight is not sufficient to 

prevent the slip." (5). 

Many landslides may be attributed to t h e reduction 

of frictional resi s tance a rising from an induced hydro-

dynamic stress. Terzaghi and Casagrande have described 

several slides attributable to t hi s cause (4), (6). 

Gene rally this stress is not induced by an increase in 

the external loading but more often by a decrease in 

2. . 



volume of t he saturated material. Casagrande ha s shown 

that "The density in the loose state of many cohesi onless 

soils, particularly medium and fine, uniform sands, is 

considerably above t h eir critical density! Such materials 

*Critical density is the state in which a s oil can under

go any amount of deformation without volume change. 

in their loose state tend to reduce their volume if exposed 

to continous deformation. If the voids are filled with 

water and the water cannot escape as quickly as the defor

mation is produced, then a temporary transfer of load on 

to the water takes place.rr (6). Deformations sufficient 

to cause volume changes and oonsequent hydrodynamic 

stresses in saturated soils may be produced t hrough Jarring. 

The jarring action may be considered as the trigger force 

that initiates the slide. In itself it would be insuffi

cient to cause slides but under the proper conditions it 

may initiate the series of physical phenomena that end in 

a landslide. 

Theory Of Slip-Surfaces 

For purposes of facilit ating calculations perta in

ing to stability it is helpful to know the shape of ~he 

surfa ce along which earth masses break. 

Coulomb's Hypothesis. 

Coulomb and many of the workers followi ng him assumed 
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the slip surface to be a plane. Laboratory and field 

observation show this assumption to be wrong except for 

materials entirely devoid of cohesion, like loose dry sand. 

Resal's Hypothesis. (7). 

Resal i n 1910 assumed a curved slip surface and 

derived a differential equation for the curve. 

Where 

Ez..._ = tan ( i - °' ) 
·dx 

i : inclination of slope to horizontal 

o<.= angle formed between the slope and 

the tangent drawn to t he slip-curve. 

I 
------..."'-__ J_ . 

Fig . 1-a, Slip-curve, Resal's method. 

According to Terzaghi (3), Resal did not succeed in 

solving his equation but on the basis of several assump-

t ions arrived at an approximate formula for determining 

the critical height of a slope. 

3. 



111--------------------~9 ----------------------· 

Where 

h = c s in i cos ¢ 
1 · ~ sin 2 ( i - fZl ) 

2 

h1= critical height of slope 

c = coefficient of cohesion 

j = angle of inclinati on of s lope to 

horizontal 

<J = angle of internal friction 

~ • wt. of earth per unit volumne. 

Frontard's Hypothesis. (8). 

Several years later Frontard succeeded i L solving 

rlesal's differential equation for the slip surface 

curve and from it developed the following equati on for 

the critical height of slopes: 

h = t c J /n ; c c J ¢ 
1 L\ si !J ( i - I) [ 

coJ ~ 

J t n i ( / -.fin ¢ ) + 

. ...... 
.f/IJ L - .f/O ~ 

.5/11 t. ( / - f /h ~) ] 

f .5/ 17 (/-? ) f i /7 (i -f ~ ) 

Qrc co .f 

According to Terzaghi this equation is useless because 

by making certain fundamental a ssumptions regarding the 

direction of the forces a cting, t h e problem became over-

developed (3). 

Becker's Hypothesis. (9) 

In 1916, Becker, after a study of the Panama Uanal 

5 . 



slides derived an equation f or the curve along which 

slides occur. However, as Terzaghi has pointed out, 

"Becker's theory includes several misinterpretations 

of the laws of applied mechanics--. rr ( 3). 

Petterson's Hypothesis. (10) 

Petterson in ~veden assumed t hat the slip-surface 

was cylinderical and that the trace of the slip-surface 

on a vertical plane was the arc of a circle. f his assump

tion has been checked by thorough field investigations 

(11) and found to be approximately true. It has been 

accepted by recent workers in t he field of soil mechanics 

as corresponding closely enough to the actual field con

ditions. 

In this investigation the writer's calculations are 

based on the assumption of a cylinarical slip surface. 

Methods Of Calculation 

Several methods may be employed to determine whether 

a ma ss will s l ide along a given curved surface wh en the 

coefficients of cohesion and frict i on are known. A section 

of unit thickness is taken through the slope and an assum

ed slip-curve is drawn. 'l'he s ection is commonly divided 

into segments and the f orces for e ach segment are treated 

separately. Fig. 1 illustrates the method used by Fellenius 

(12). The sectiQn is divided into a number of suitable 
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segments and a graphical solution is performed to find 

whether the block is in equilibrium. The directional 

paths of action of the known farces W, C, and F are drawn 

for eaoh of the segments. 

W • weight of segment 

C = cohesion exerted on segment 

F • resultant between tangential force of 

friction and force N, acting normal to 

slip- surface. 

F = N/cos ~ 
~. 
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The direction of F is along a line which is tangent to 

a circle with radius R sin ¢circumscribed a bout the 

cent er of t he slip-curve and which passes through the 

point where ~ intersects the slip- curve . 

Starting ·n t h forces a cting on segment I, a f orce 

diagram is constructed. Th e E force represents the 

resultant sideward thrust exerted by ea ch block upon 

t he lower adja cent one . If t he section is in equili

brium t he force diagram will close for t he l ast segment 

with E equal to zero and the space diagram will show t he 

segment to be free f r om rotation. 

In the force diagram the broken lines repre sent 

resultants of combined forces . fhe directions of these 

re sultan t s are used in the space di agram for determining 

the point through which the lat eral t hrust E acts . 

In order to determi ne whether a slope is stable it 

is necessary to ~ erform this graphical calculation for 

a series of probable slip- arcs . fhis is a tedious and 

time consuming task. 

Krey simplified the calculations considerably by 

assumi ng tha t the E force could be neglected and that for 

equilibrium the grcund reaction was equal and opposite 

to the weight of the section (13) . Fi g . 3 . Concerning 

the E forces , Terzaghi stated: 

"However, experience ha s shown that t he effect of 

the nature of t hese assumptions (position and magnitude 

of E forces) ha s but little influence on the final result 
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of the computation. This is essentially due to the f act 

the forces, E, are internal f orces of t he sliding wedge 

of earth v.hich in turn leads to both the horizontal and 

vertical components o f the forces, E, balancing each 

other within the wedge. The sum of all verti cal forces 

acting on t h e sliding surface is a l ways equal to the 

weigh t of the wedge, regardless of what the value and 

the direction of the E forces may be. Hence, the assump-

tions concerning E merely influence to a certain extent 

the distribution of t he vertical forces over the sliding 

surface." (3). 

With Krey's simplifica tion the problem of deter-

mining stability along various arcs may be conveniently 

solved by setting up an equilibrium equation for the 

moment s acting· to revolve the sect ion about t he c ent er 

O of the slide-arc. 

r (i T ) 

\Vhere 

r L e + w t~n ()) 

r • radius of slide-arc 

T • tan~ential component of WJ 
{wt • of segment) 

N = normal component o f W 

L = tot al length of arc 

c • coefficient of cohesion 

Tqn ~ = coefficient of friction 

The writer found by tria l that the results of 

7. 
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calculations made by dividing the whole section into 

segments differed only slightly from those attained 

by treating the entire section as a single unit. There-

fore, since the l atter method was much less time con-

suming, the sections in t hi s study were treated a s 

single units. The center of gravity was determined ex-

perimentally by cutting the section which wa s drawn to 

scale, out of a uniform grade of cardboard and suspend-

ing it successively from three different points. ~he 

point of intersection of the vertical lines dravm from 

t he points of suspension represented the 9osition of the 

oenter of gravity for the section (14). 

It was a ssumed for the calculations t hat the ground 

was homogeneous with regard to density, friction, and 
~ 

cohesion. The weight of a section was g iven in terms of 

its volume which was equivalent to its area, since it was 

assumed tha t the sections we r e of unit thickness. The 

area for each of the sections was determined with the 

aid of a planime ter. 

W = a n s d ~ a K 8 

Where W = weight of section 

a = pla.nimeter r eading 

n = planimeter constant of multiplicat ion 

f or converting reading into terms of 

sq. inches of area measured = 1.11 
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s = number of sq. ft. represented by one 

sq. inch of drawing. (dependent on 

scale) 

d = density of ground per cubic foot = 120 lbs 

K = (n s d). 

The coefficients of cohesion and friction that act-

ed at the instant of impending motion f or each of the 

slides investigated were determined graphically. J:;'ig. 3, ~ 

First the orig inal ground profile was reconstructed from 

survey data gathered in the field. A series of possible 

slip-curves were drawn to pass either through the toe of 

the reconstructed slope or the lower point where the break 

appeared to have occurred. One of these curves wa s con

structed to pass along the slip-surface exposed at the 

upper edge of the landslide. ~his curve represented the 

approximate trace of the actual slip-surface on a verti

cal plane of the section. The center of gravity for 

the section bounded by each slip-curve wa s located ex

perimentally. The weight, W, of the section was gra

phically represented as a yector acting on t he slip-

curve along a line passing vertically through the center 

of gravity • . At the point of intersection with the slip

curve, the vertical reaction Q was resolved into two 

components, a normal force N and a tangential force R. 

R represents the combined resistance of cohesion and 

friction along the slip surface. 



Where 

R : L c + N tan f> 

L = length of slip-arc 

o = coeffici ent of cohesion 

ti;:__ ¢ =coefficient of friction. 

For static equilibrium 

Q. • w 

9. 

R is t he resistance to sliding along the slip-curve 

when motion is imminent. The writer was interested 

in graphically calculating the values for ¢ and c that 

the slide-ground possessed, in order to make comparisons 

with the values for the coefficients secured by laboratory 

experiment. 

A method described by Terzaghi for d.eterming ¢ 

and c was used. The value of R for each slip curve was 

determined graphically by constructing an equilibrium 

force triangle and resolving Q. into components. A series 

of values for ~ was assumed and a corresponding series 

of c values wa s computed for each slip curve, using equa tion 

9. See Figure 43. The distances between the centers, 

o
1

, o
2

, o3 , of t he various slip-curves were plotted as 

abscissas. For ea ch slip curve the values of c corres

ponding t o different assumed ¢ values were plotted as 

ordina tes. The points corresponding to t he same value 

of ¢ were joined in a curve. Each curve shows a maximum 

point. The abscissa passing through a maximum represents 
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the position of the center of the most dangerous slip

arc for material possessing the given ¢ value. The curve 

whose maximum falls on the abscissa of the actual slip

aro serves to determine the values of ¢ and c that acted 

when sliding was imminent. 

Good judgment is more important in these computations 

than a high degree of accuracy for as Terzaghi ha s stated: 

1tThe assumptions that the sliding surface is strictly 

cylinderical and that natural soil deposits are perfect

ly homogeneous give the preceding computations the 

character of estimates. Hence no great accuracy is re-

quired in the numerical computations a~d the results ob

tained with an ordinary slide rule are sufficiently 

accurate.~ (3). 

The chief disadvantage of hypothesizing various 

arcs as possible slip-curves is that an infinite number 

may be dra\m through any one or two points. However 

this disadvantage was circumvented by means of a diagram 

developed by Fellenius which is here reproduced. Fig.4. 

Fellenius made a detailed study of numerous arcs passing 

through the toe of a plane slope wh ich terminated in hori-

zontal surfaces a t the toe and at the crest. From this 
Q 

study h e was fle to construct a diagram \IDich makes it 

pos sible to locate the centers of the most dangerous slip-

curves for slopes of different inclination and for ground 

possessing various relative proportions of friction and 
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cohesion. The following is a f ree translation from 

Fellenius with regard to this diagram: 

(The positions of the various slip-curves and the 

migration of the slip-curve centers corresponding to 

changes in the angle of slope and in the relative values 

of cohesion are shovm in Fig. 4. In this figure the toe 

(A) of the slope is regarded as fixed. 

The center points lie on curves which pass outward 

from the center of the most dangerous arc for the case 

when only cohesion is present. These curves asymptoti

cally approach the normals drawn to the mid-points of 

the respective hill slopes. If the ground possesses 

friction but no cohesion, the slip surface becomes a 

plane and the ground slope must be coincident with this 

plane for equilibrium. 

The center point curves have not been determined 

for the more steeply inclined slopes because in Slch cases 

plane slip-surfaces may be assumed without much error. 

With the aid of Fig. 4 it is possible to determine 

by eye the position of the center of the most dangerous 

slip-curve passing through the toe of slopes having 

inclinations varying from 1:1 to 1:4 and for ground 

having various relative proportions of cohesion and 

friction. It is not necessary to determine the center 

point more accurately than can be done with this diagram 

since small displacements to one side or the other have 
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negligible effects u pon the calculated results.) (12) . 

Fellenius also made a c~itical study of slip-curves 

which pass beneath the toe of a slope and break out on 

the l ower surface which intersects the slope. He calcul

ated that for ground •vhich possessed only cohesion the 

center of the most dangerous arc lay on a vertical line 

removed f rom the crest of the slope a distance ta), and 

as the proportion of friction relative to cohesion in

creased the center of the most dall{'"erous curve moved 

outward and downwaird :from a point on this line . l<'igs 5, 6. 

Of the curved slip-surfaces passing beneath the 

toe o:f the slope b'ellenius says: 
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(We have found t ha t for ideal cohesive ground devoid 

of friction the mo st dangerous slip-surface lies theoreti-

cally at an infinite depth. Eowever th e requisite cohesion 

for equilibrium along a surface lying a t sha llow depth 

beneath the foot of the s lope is only slightly less than 

the cohesion required along the infinitely deep lying 

surface. 

Where 

c • r h (0.723) for infinitely deep 
4 

surface. 

r = wt. of ground per unit volume 

h ~ height of slope 

c = coefficient of cohesion 

The presence of the slightest amount of friction in the 

ground causes the most critical slip-surface to migrate 

u:pwards to a p osition of comparat ively shallow depth.)* 

*Free translation from Pellenius (12). 

In figure q the coeff icient of cohesion f or equili-

brium a long a surface a t depth d = h in ground devoid of 

friction is r h 0.720 which is only slightly less than 
4 

the requisite cohesion f or an inf initely deep lying sur-

face. 

With the assistance of t h e diagrams developed by 

Fellenius the writer was able to choose critica l slip-

curves for vtl.ich to carry out cohesion and friction cal-

aulations. 
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GENERAL RESEARCH PROCEDUP.E 

Field J.lethods 

The field procedure for the examinat i on of l and

slides was comparatively simple. Owing t o the fact that 

oore drilling equipment was not available to the writ er 

no direct investigations of subsurface conditions were 

performed. A slide was examined from several points of 

observation and the major axis and direction of slip were 

determined as accurately as possible. A line of levels 

wa s run a long the major axis of the slide parallel to 

the direction of movement. i his was done using a clino

meter and tape. The unbroken ground surrounding the l and

slide was carefully observed and slope mea surement s were 

taken. ·1'his latter informat ion was used to reconstruct 

the profile of the orig inal ground. 

A geolog ic examinat i on was made of each slide. '.i1hi s 

consisted mainly in a determination of the local structural 

relations, the a ttitude of the beds, t he lithology and 

general char acter of the ground. 

In the early part of this invest i gation the writer 

endeavored to s ecure representative samples of undisturb ed 

ground in which the slides had occur red. 'i'his was do ne 

for t h e Huntington slide by collecting l arge ir~egular 

blocks of siltstone which were trimmed down in the labor

at ory to su itable si ze for testing. '1.'he cohesive strength 



of these samples proved to be so hi gh tha t had the ori

ginal hi llside possessed aich strength no l andslide 

·...vou.ld have occurred.. It became obvious on reexamination 

of the landslide locality t hat t h e hill mass, because 

of the thorough fracturing of the ground, had. never 

possessed the cohesive strength of the individua l frag

ments. The high cohesive strength of the tested samples 

was a cons~ quence of th e adh esion between t he particles 

plus the capillary tension of i nterna l water plus the 

shearing strength of any cement which may have been pre

sent. Terzaghi has shown that internal capilla ry tension 

may exert tremendous forces on s oils, comparable t o strong 

external compression (4), {5). By introducing fractures 

into the ground all three of the agents v.,rhich may have 

a cted to produ~e a high co he si ve strength were v1eakened. 

Along the fissures the particles were not in close 

enough conta ct to adhere strongly to one another, the 

. openings we r e too large for capillary forces to act, 

and t he cement was broken. 

Many of the landslides examined were in shale 

ground that was badly fractured. It wa s impossible to 

cut an undisturbed sample f rom t his type of ground with 

the apparatus that the writer had available a nd value

less to measure the cohesion of the unfractured lumps. 

Samples were therefo r e collected from this t ype of ground 

simply by a_i gging with a garden trowel. ..Ln this way a 



few pounds of mat er i a l were collected from each of t hese 

slide localities for testing in t he l abor a t ory. 

General Laboratory Proced.ure 

The principal laboratory te st wa s to determine the 

angle of i nterna l friction possessed by the different 

samples of ground. For this purp ose t he apparatus shown 

in Fig. 7 was constructed. 

The apparatus is of brass. It consists of two 

rings which c ontain t h e sample and fit into an upper and 

lower block respectively. A plate fits into the upper 

ring and rests on t he sample. A load may be transmitted 

to the sample t hrough this pl ate by means of lever A. 

The upper block is held stationary. '11he lower block is 

free to roll on ball bearings except for the resistance 

to shear exerted by the sample being tested. A shea ring 

force may be applied by means of lever B. 

The samples of undisturbed ground were prepared for 

shearing by a method described below. It was found too 

difficult to cut cylinderical samples that would fit 

smoothly into the rings of the shearing apparatus. The 

Huntington Slide ground from which the first samples of 

undisturped material we r e taken is o1 well indurated 

siltstone difficult to saw and rather brittle. The 

samples were therefore prepared in the f ollowing manner. 



A lump of material was taken and broken into fragments 

small enough to fit into the rings of the shearing 

apparatus. A fragment was then placed in a mold illus

trated in Fig. 8. The mold was constructed of two 

sections A and B. The sample was first placed in section 

Bas shown and a ring of 7ood'e metal, W, (melting point 

65.6°C) was poured around its lower part. Above the 

metal the mold was filled to the surface with plaster of 

paris, P . By means of a trowel, the surface of the plaster 

was smoothed . Thin copper strips were fitted around the 

sample to form a plane of separation between the plaster 



of seotions A and B so that the shear stresses along this 

plane would be resisted only by the material making up 

the specimen. Section A was then fitted into place and 

plaster of paris was poured into it to form a ring around 

the sample . This was followed by Wood's metal . The 

specimen was then removed from the mold and the copper 

strips were extracted. It was then placed in the rings 

of the shearing apparatus where a snug but not too tight 

fit was accomplished by means of moist paper washers in

serted between the sample and the rings . 

After completion of a shearing experiment an outline 

of the sheared area was made on transparent paper. This 

area was measured with a planimeter and used to determine 

the stresses per unit of area exerted on the sample during 

the experiment . 

Samples of undisturbed ground were collected from 

only two slide localities and treated in the manner des

cribed above. The average shearing strength of the 

samples thus measured was far greater than the average 

strength of the ground in which the slides occurred. 

Moreover the shearing strength of these specimens was 

so variable that an average value possessed little sig

nificance . 

The shearing strength of ground depends on the com

bined forces of oohesion and internal friction . Of these 

two forces, cohesion is far more l ikely to vary for samples 



of similar material than is friction. ~'he great varia

bility in the shearing strength of the undeformed samples 

is attr~butable to variable values of cohesion. Since 

the cohesive strength of samples of undisturbed ground 

was far greater than that possessed by the ground mass 

taken as a whole, it was obvious that this experimental 

value of cohesion had no significance in calculations 

of ground stability. Experiments were continued there

fore only for the purpose of measuring the angle of in

ternal friction . 

The experimental procedure used for measuring the 

angle of friction is described below. A sample was dis

integrated with the hands or a rubber covered pestle 

until it passed a number 10 mesh screen. Water was 

added and a paste was made of the material. It was then 

pressed into the rings of the shearing apparatus with 

the hands and allowed to dry for one or two days. It 

was then sheared and a smooth surface was developed 

between the substance in the upper and lower rings. 

The rings containing the sample were placed together and 

contact between the contained material was made along 

the smooth surface. The sample was loaded normal to 

the slip- plane and the shearing force required to pro

duce movement was measured. The results were plotted, 

normal loads as abscissas and shearing forces as ordin

ates. ' he points follow straight lines remarkably well . 



The slope of t he curve is the angle of :friction. The 

ordinate for the extrapola ted curve, where the abscissa 

is zero, is t he value of t he cohesive force for the 

material a long the slip-pl ane. 

In addition to measuring the angle of internal 

friction of the various samples of ground, several 

other characteristics were determined. These l a tter, 

although not used in calcula ting resistance to sliding , 

serve to describe and identify the g round material . A 

description of the ground in terms of its physical 

characteristics is valuable to investigators for pur

poses of comparison. i wo such physical descr iptions 

were proposed by Professor A. Atterberg of KaJ.snar, 

Sweden. They describe soil characteristics that ha ve 

been termed the lower plastic and liquid limits. 

The lower plastic limit is determined as follows : 

Material passing a number 10 mesh screen is mixed 

with water to a pasty consi stency. The mass is then 

rolled on a glass plate into a thread 1/8 inch in dia

meter. The mass is rek:neaded and rolled until the 

moisture content drops to the point where the thread 

can no longer be rolled without breaking into fragments. 

This moisture content expressed in per cent of the 

weight of dried material is called the lower limit of 

the plastic stat e or t h e plastic limit . 



To determine the lo~er limit of the liquid state a 

flat porcelain cup is used . ~ ig. 9. Materia l passing 

t he number 10 mesh screen is mixed with water to a soft 

Figure 9. Determining liquid limit 

con sistency. It is spread on the bottom of the porcelain 

cup to a depth of about 1 cm. A standard V shaped notch 

is cut through the middle of the clay layer. ~he cup is 

subjected to taps on its under-surface by means of a 

standardized tapping device . f he moisture content of the 

material expressed in per cent of its dry weight, when 

25 taps with the standard instrument are required to bring 

the edges of the notch together, is called the lower limit 

of the liquid state or the liquid limit. 

The difference in the moisture content between the 

plastic and liquid limits is called the plastic index. 



A size analysis for each of the samples was also 

performed. .tt'or this purpose the writer used the hydro

meter method of textural analysis for fine grained materials 

described by Wintermyer , Willis , and Thoreen (15) , (16). 

SPECIFIC LANDSLIDE STUDIES 

Parker Ave . Landslide-San Francisco 

On Thursday morning, December 26, 1935, a landslide 

occurred on the west slope of Lone Lountain in San Fran

cisco. Much attention was attracted to this slide because 

of the attendant damage to streets and power lines and 

because the San Francisco Llollege for ,/o:r.ien, a new and 

costly structure, was left standing in an apparently un

safe position close to the edge of a steep thirty foot 

escarpment. Fig. 15. 

The following newspaper account describes the move

ments of the earth mass prior to the major slip on Thurs

day: 

"The unstable earth gave warning early Tuesday a~er

noon. A new six inch main to serve the subdivision gave 

way and spurted water. orkmen found an earth movement 

had shifted it about eight inches, according to E.G. Cahill, 

manager of utilities. When the water was turned off at 

3 p~m. Parker Avenue was exhibiting a bulge . 

"There was some movement later that day and some 

cracks showed in the hillside Wednesday . At 12:10 a.m. 



yesterday (Thursday) there apparently was a prelude of 

sufficient jarr ing force to stop the clock in the Gothic 

tower of the College library , although no impact was 

noted by IT . M. Putney , special police guard on the campus . " 

( 17) • 

In order to determine the cause of this landslide 

it is necessary to recognize all of the contributing 

factors . For this it is necessary to review the history 

of public and private improvements on and adjacent to 

Lone Mountain and ~o understand the geologic conditions 

at the site of the landsli de . 

Briefly , the history of improvements is as follows : 

In August of 1919 the pavement on Parker Avenue wa s com

pleted . t his improvement involved the r emoval of a prism 

of earth along the base of t he west side of Lone Mountain . 

In January of 1933 construction of the college on t r.e 

~op of the hill was completed . Two years pri or to this 

construction the hill top was graded and the excess rock 

was thrown on the slopes . On about October 15, 1935 

grading for the new subdivision at the foot of Lone 

Mountain immediately to the west of _tJarker avenue wa s 

completed . The ground adjacent to the street was reduced 

to the same level as the edge of t he pavement and f rom 

there it sloped gently downward toward the west and north . 

The landslide occurred on ~ecember 26 , 1935, approximately 

two and one- half months after the ground for t he subdivi

sion had been graded . 



A knowledge of the geology of the landslide locality 

is essential in order to complete the requisite infor

mation for determining the cause of the slide. unfor

tunately no borings of the slide mass had been made up 

to .arch 27, 1936, the date on which the writer con

cluded his field investigations. ihe geology to be des

cribed is b~ sed on surface observations and all subsur

face sketch es and descriptions are inferential, based 

on these observat i ons. 

The core of the bill is of greenstone , a much alter

ed basic rook composed in large proportion of serpentine. 

lt is exposed in the street cuts bordering the base of 

the hill and was encountered in the excavations for t he 

structure situated on the crovrn of the hill. it may be 

seen in many parts of San }""'rancisco forming an important 

lithologic member of the ~Tancisoan Series . 

Overlying and depositional upon the greenstone is 

a sandstone, moderately indurated and of variable thick

ness . I t is massive in character and grades upward from 

coarse angular particles of one and two inch dimensions 

to medium grained sand . ~he ba sal contact of this sand

sto e is very distinct and shows the irregularity of the 

old greenstone surface . .1..'hi s sandstone is well ex

posed along Parker and St Rose's avenues at the base of 

Lone Hount ain. 

The sandstone is overlain by windblown sand which 

is loosely compacted and appears to be held together 



chiefly by moisture . It is free running in many places 

where it is dry . It forms the major rock covering of 

the hill slopes and because of its loose character masks 

the contact with the underlying sandstone . on top of 

the dune sand and only )resent along the edges of the 

flat hill top is a comparatively thin layer of frag

mental greenstone material dumped during the grading 

operations prior to construction of the college • 

.t'he strat~graphic succession of rocks forming .Lone 

Hountain at the slide locality is comparatively simple 

with s er pentini zed greenstone at the ba se fo l lowed succes

sively upward by massive sandstone , dune sand , and recent 

ly excavated fragmental material . ·11he subsurface struc

tural relations , because of the irregular surface of the 

greenstone , are more compl ex but may be inferred from 

exposures in the street cuts and from evidence exposed 

on the steep face of the escarpment made by t he land

slide a t its upper edge . ihis escarpment is crescent 

shaped in plan and about thirty- five feet high . Almost 

the entire exposure is of dune material . however in the 

central section of the crescent about fifteen feet below 

the crest of the slope and underlying the wind- blown sand 

is a clay outcrop . ~his clay contains angular fragments 

of greenstone . As one moves laterally toward the ends 

of the crescent , the clay exposure passes into dune sand. 

This clay with its angular greenstone fragments appears 



to be a soil cover which f ormed as a weathering product 

on the formerly exposed slopes o f greenstone and which 

has been subsequently covered by dune sand. Its thick

ness is not known but is probably of the order of ten 

feet or less. The writer believes that the greenstone 

lies within ten feet of the clay exposure although no

where was it exposed on the face of the escarpment. 

The only exposure mowing greenstone in actual contact 

with the slide-mass is in the Parker avenue cut where 

the trace of the northern edge of the landslide passes 

along the contact between greenstone and sandstone. 

From this geologic evidence the subsurface struotural 

relations sho\m in figure lo have been inferred. 

It is very probably that t re greenstone surface be

neath the hill slope of Lone Mountain acted as a control 

on the shape and position of the slip-surface of the land

slide. It should be understood however that geologic 

structu.re alone is not the direct cause of landslides. 

The ultimate cause of landslides is an unbalanced com

ponent of the force of gravity acting on rock masses . 

The writer has made a study of t he Lone Mountain 

landslide with a view to quantitatively evaluating the 

effects produced by the removal of rock material conse

quent upon the various public and private improvements 

on and adjacent to Lone Mountain . 

The problem resolved itself into two parts: first , 
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greensfone 

Fig . 10 . Cut - crop along Parker Avenue showing 

contact between sandstone and greenstone . 

Fig . 11 . Escarpment formed by landslide at 

its upper edge . Parker Avenue slide . 



Fig . 10 . 0ut- crop along Parker Avenue showing 

contact between sandstone and greenstone . 

Fig. 11. Escarpment formed by landslide at 

its upper edge . Parker Avenue slide . 



to determine the values for t he coeff i cients of cohesion 

and :friction that had existed along the slip-surface wh en 

motion i mpended; second, using these coefficients, to 

determine the stability of the hill slope for t he various 

conditions which resulted from the civic improvements. 

To determine the values for the coefficients, a section 

was taken through the hillside as it existed just prior 

to the occurrence of the landslide. Fig. 17. Slip-curves 

c
1

, c
2

, and C
3

, were constructed. Curve c2 represents 

the approximate slip-curve along which the landslide is 

presumed to have occurred. It is drawn to pass through 

the outer edge of t re mound that was thrust up at the 

ba se of Lone llountain. Its curvature is based on the 

slope of the escarpment. l.~oderat e variations in curva-

ture a f fect the calculated values of friction and co-

hesion only slightly. 

Table l shows the values for the coefficients of 

cohesion that are required for maintaining equilibrium 

along eaoh hypothetical slip-surface when various valu es 

are a ssumed for the angle of friction . Figure 17 shows 

the data of table 1 pl otted to give a series of curves. 

The cur ve whose maximum falls on abscissa o
2 

shovts a 

friction angle of 15° and a cohesion of 98 pounds per sq. 

ft. for slip-curve c2 along \lbich the slide is presumed 

to have occurred. 



To check the va lue for the fri c tion angle computed 

by the method c escribed above, a second calculation was 

made, assuming a different set of conditions . A section 

of unit thickness having a post-landslide g round profile 

was taken and ~he values for the friction angles a long 

the slip-surface c
1

, c2 , C3 were com~uted. Fig. 18. 

Curve c
1 

is the curve along which sliding is presumed to 

have occurred . l n t his case it was assumed that once 

motion along the slip surface had started , cohesion 

vanished and frictional resistance alone finally brought 

the moving mass to rest. Owi ng to the momentum tha t 

the mass acquired during its descent, it must have moved 

beyond t h e position just necessary for static equilib-

rium and come to re st at a more stable position• :i'here

fore the frict ional resistance necessary to mai ntain the 

slipped- mass in its new position should be less than that 

which acted to bring the sliding mass to rest. !'his 

proves to be the case a nd serves as a check on the value 

computed by the first method . '!'he coefficient of friction 

calculated for t he mass in its new position is .211 com

pared to .268 which was requ ired to mai ntain the block 

i n its original position . 

Knowing the values for the coefficients of fr iction 

and cohe s ion it is possible to determine the stability 

of hillsides with various shapes and angles of s lope . 

Stabil i ty is defined as t he ratio of the f orce w~ich 

r esists t o the force which actuates movement a long some 



Fig. 12 . View of Parker Avenue landslide 

looking eastward . 

Fig . 13 . Offset in pavement of Parker Avenue 

along northern edge of landslide . 



slip-surface. A value of 1 indicates the lower limit of 

stability, that is when motion is i mpending. Slopes with 

stability ratios greater than 1 are stable; those with 

values less than l are unstable • 

. Figure 19 shows a section through the original hill

side prior to the construction of Parker avenue. the 

table on this plate shows that the hillside possessed a 

stability of 1 . 5 against sliding . 

Construction of Parker avenue , whioh entailed the 

removal of a sizable earth prism from the base of hill, 

oaused the stability against sliding on a surface pass

ing beneath the pavement to drop to 1 . 2 . At the same 

time it created a danger zone for slip- surfaces pass

ing through the toe of the slope in the Parker avenue 

cut . Fig. 20 . 

The final grading of the ground adjacent to and west 

of Parker avenue reduced the stability of the hillside 

for a slip-sur1koe passing beneath Parker avenue to a 

value of 1, the lower limit of stability . Fig . 17 . 

Failure occurred on December 26, 1935 . 

It is to be noted that construction of Parker avenue 

created a danger zone for slip-surfaces passing through 

the toe of the east slope of the out. J:..'ig. 20. Using 

the values for the coefficients based on the ground 

profile subsequent to the grading west of Parker avenue 

and prior to the landslide, the calculated stability 



against sliding on any of these slip- surfaces is less 

than 1 . Sliding should therefore have occurred . The 

fact that slides did not occur is evidence to the effect 

that the active coe f ficients for the g round in this dan

ger zone were greater than those which acted along the 

slip- surface of the Parker avenue alide . 

Samples of the dune sand and of the clay taken from 

the sllp- surface exposed at the upper edge of t he land

slide were tested in the l aboratory . The experimental 

values for the angle of internal friction are 21° for 

the clay and 41° for the sand . 1''igs. 21 , 22 . The gra

phically determined value for the angle of friction that 

acted vhen motion impended is 15° . Apparently the full 

fr i ctional properties of the ground as measured by ex

periment were not exerted at the instant of sliding. 

It is believed that the slip occurred partly along 

the buried w.rface of the greenstone and that the full 

force of friction was prevented from acting because 

of a film of water along the buried greenstone surface . 

Fig . 16. This filtp supp orted a portion of the super

incumbent load and consequently reduced the pressure . 

between the solid matter along this contact . ~·he effect 

of the decreased pressure W'd S to reduce the frictional 

resistance but leave undiminished the tangential force 

acting to produce sliding along this slip- surface. 

See appendix for calculations fbowing t he effect o• 



hydrostatic li~. 

Much of th water used to s~rinkle and irrigate the 

ground surrounding the college on top of the hill sank 

into the ground and probably percolated downwa r d along 

the buried greenstone sur:ta ce. Although the sandstone 

overlying the green stone is not an impervious rock, the 

passage of water through it was probably impeded suffi

ciently to cause a hydrostatic head of water to build 

up in the channel formed along the contact of the sand

stone and greenstone . 

The concept of a hydrostatic pressure acting along 

the greenstone is supported tiy the fact that the l and

slide did not occur along a surface passing through the 

toe of the Parker Avenue cut . As previously pointed out, 

a danger zone existed for slip- surfaces passing through 

the east toe of the Parker Ave:mJ.e cut. The requisite 

angle of friction for stability was greate r than that 

for the slip- surface aJ. ong which the slide actually occur

red . ~ o slide occurred through the toe because the static 

frictional force inherent in the material was not reduced 

through hydrostatic action. 

lleakness of t he hi l lside cannot be attributed to 

natural precipitation. Reports from the u. s. Weather 

Bureau show a total precipitation of 1.24 inches for the 

month of ~ovember and of 0 . 89 inches for the first twelve 

days of December followed by an interval of thirteen 



Fig. 14. Upthrust mound at the foot of Parker 

Avenue landslide . View looking westward . 



days :prior to the ti r~1e of the s _id.e during rm ich no pre

cipitation occurred. :i:his amount of rainfall is n o 

greater than ~he average for many years in the past and 

cannot logica lly be consid ered as the cause of the l a nd

sli de. 

'.!.'he _position of th e mound at the toe of the hi.nd

slide suggests that the ult imate cause of t he slide ;-:as 

the rem·Jval of the knoll and tre grad.inc; o f t he g round 

west of Parker Avenue. I t should be observed that the 

undisturbed ground at the base of the hill slopes down 

toward t he north. See figures 12 and 15. Loreover the 

mound wa s not thrust up along the entire front of the 

slide but only a l ong the n orthern half ·.1here the grad

ed ground was lower. From this it appears that as the 

ground surface sloped downward toward the north it 

passed be low the horizon re q_uired for equilibrium and 

a s a consequence when the h ill mass slid a mound vm 'f: 

thrust up where the ground lay below this horizon. 

A ohronologic summa ry of the factors contriJuting 

to cause the landslide is 

The construction of Parker Avenue in 1919 a nd the 

conse q_uent removal of a sizable ea rth p rism from the 

base of Lone l.!ountain reduced the stability of the hill

side. 

The continuous watering of the grounds a top the 

hill following construction of the oo llege in 1933 and 











the :probable percolation of the water along the buried 

greenstone surface served to create a hydrostat ic lift 
QI 

which resulted in the reduction of friction" resistance 

to sliding along t h is s.irface. 

The grading to the west of Parker Avenue, which 

was completed in October 1935, reduced the stability of 

the hillside to the limit of equilibrium. 

Failure occurred on December 26, 1935. 

Turk Street Landslides-San Francisco 

In addition to the large landslide along Parker 

Averrue several other slides have occurred on Lone Moun-

tain. Two such slides studied by the writer occurred 

on the south side of Lone Mountain along Turk Street 

near its i ntersection with Parker Avenue. '.L1hese have 

been designated in t his report a s landslides A and B. 

A is the westernmost of the two. 

The g round in iii ich these sl i des occurred is a 

dune sand, loosely packed and with practically no co

herence save that caused by moisture. Figure 24 shows 

the range of particle size and the high degree of sort

ing for t h is material. 

No greenstone was exposed in the immediate vicinity 

of these slides and the writer does not believe that these 

slips occurred aJ.ong a buried greenstone surface. 



Fig. 27. Landslide A along Turk Street, San Francisco . 

Fig. 28 . Landslide B along Turk Street, 

San Francisco. 



Fig . 29 . Escarpment a long upper edge of landslide B. 



'i'he graphical ca lcula tions, .t'i gs. 25 and 26, give 

a s the limiting values for equilibrium possessed by 

the ground of landslide A, 18° for the ang le of inter

nal friction a nd 50 lbs. per sq. fo ot for the coefficient 

of cohesion and for slide B, 12° a nd 220 l bs per sq. foot. 

'r he experiment al va l u e for t he ang l e of i nterna l 

friction of the dune sand i s 41°. ff ig. 22. Even under 

t he a s sumpt ion that the du ne sand possessed no cohesion, 

a friction angle of 41° should have been more than suffi

cient to give the slope a high degree of sta~ility. 

Stated in another way, slo:pes u p to a maximum steepness 

of 41° should have been stable. Yet t wo landslides 

occurred on slopes of a pprox i mately 25°. 

I t is obvious that ~h e se lands lides oc curred under 

conditions that nullified, a t least in part, the f rictional 

resistance inherent in the ground. L'he writer has not 

been able to secure verbal information concerning the con 

dit ions of t he ground at -·~h e time of slid.ing . It i s po s si

ble however t o infer the conditions that must have ex isted. 

~he effect of hydrodynamic stress upon frictional resis

tance was discussed earlier in this paper . '.L'h e loose 

texture and lithology of the ground involved in these 

l andslides are admirably suited for the development of 

a hydrodynamic stress and are therefore strongly sugges

tive of the phe nomena that caused the slide. 



The following description of the conditions leading 

to the landslides is inferred: The loosely packed dune 

sand became soaked with water as a consequence o f rains. 

Street cars and motor trucks passing along Turk Street 

created vibrations that were transmitted to the adjacent 

hillside. Such vibrations occurred at some instant when 

the dune sand was saturated with water. They were strong 

enough to produce in the sand structure a tendency toward 

a denser state of packing. ~he voids in the mass of sand 

were completely filled with w~ter. The reduction in volume 

during deformation was accompanied by an outflow of an 

equivalent amount of water. Because the water could not 

escape quickly enough, the volume decrease lagged notice

ably behind that which wculd have taken place had no 

water been present. Consequently a hydrodynamic stress 

was induced and t he pressure between the grains was trans

ferred in part or entirely onto t be water. This led to 

a consequent condition in the mass of little or no resis

tance to shear or a state of 1iquefaction and th e land

slides occurred. Figures 27 and 28 show the flow-like 

character of these landslides. 

This phenomenon is admirably demonstrated by means 

of an experiment described by Casagrande (6). 
/ 

rtrn the tank sho'fm ----- is deposited a fine quartz 

sand in a loose, saturated state, with free water stand

ing on its airface, and a weight is placed on the SJ..rface. 

'i 



Then a stick i s thrust into the sand, and suddenly the 

weight sinks below t he surface. The slight but rapid 

deformation ii roduced by the penetration of the stick 

results in a change of the sand structure and the for

mat ion of hydrodynamic stresses which quickly spread 

through the entire mass and so decrease the internal 

friction that the weight can no longer be supported. 

ttThis experiment can be made even more striking by 

letting water percolate in an upward direction through 

the sand, which changes it into an exceedingly loose 

state, and then draining away all water from the surface, 

so that capillary forces will be mobilized. In this 

state the surface can support a heavy weight without 

noticeable subsidence. Upon driving the stick into the 

sand under these cord it ions the whole mass seems to 

liquefy suddenly and the weight disappears completely. 

In this case the liberation of water due to deformation 

produces, a s a secondary effect, the disappearance of 

the c apillary forces vhich helped materially in carrying 

the load.rt 

Casagrande goes on farther to say, ncontrary to the 

belief of many engineers that a mass of sand will always 

be stable if the slope is less than the angle of repose, 

there are many examples on record of embankment s, dikes, 

etc., consisting of fi. ne, s aturated sands, being des

troyed by flowing out of t he entire mass as i f it had · 

been Sl.ddenly liquefied.~ 



Huntington Landslide 

The Huntington slide is a comparatively small land

slide along Huntington Drive near 1':i nto L! ourt in Los 

Angeles. It occur red on t he side of a hill wh ich had 

been trimmed and steepened to a 1:1 slope. 

The ground of th is locality cons i sts of thin bedded, 

f i ne gr a ined tuffaceous r ock wh ich, under t he microscope, 

is seen to contain an abundance of fine glass shards. 

The rock is fractured to a moder ate degree. Moreover, 

the entire w.rface of the h illside is covered with a 

network of cracks ha ving opening s wh ich va ry f rom a 

fracti on of an i nch up to t wo inches. ~hese cracks 

i ndica te an exceptionally h i gh shr inkage coefficient 

f or the ground. During rains much water probably pene

trates i nto the g round along these openings. 

The slip surface of t he slide intersects t he bedding 

planes of the rock composing t he hill. ·.rhe upper break 

of the slide is characterized by a steep escar pment a bout 

eight feet h i gh a nd crescent shaped in plan. 

In the l aboratory the samples from t h is locality were 

treated in t wo ways. 1. Samples of undisturbed material 

were collected, prepa red as described earlier in t h is 

paper, and sh eared. 2. Samples wer e disintegrated, mois

tened a nd molded into t he testing apparatus and sheared. 



A group of values for the shearing strengths of un

disturbed material was secured. Fig. 30. '.t'he va lues 

are quite variable, even for material having a pproximate-

ly the same moisture cont ent and subjected to equal 

normal pressures. 

The significance of t he t ests on undeformed samples 

is that they prove definitely that no landslide would 

have occurred had the ground been unfractured and conse-

quently capable of exerting t he cohesion possessed by 

unf ractured s pecimens. 

From Fig. 31 the force acting to produce sliding 

is 6.75 K 

K = 13,320 pounds 

6.75 K = 90,000 pounds. 

~he length of arc along which sliding is assumed to have 

occurred is 112 fe et. l;he requ isite sh ear resistance for 
a 

equilibrium along this arc is 90,000 
112 

= 1800 pounds per 

square foot. A shearing s t rength greater than this ~ould 

insure stability of the slope. 'Elle sma llest experimentally 

determined va lue for the shearing strength of undisturbed 

and unfractured specimens is about 2450 pounds per s quare 

foot which would have been ample for s tability. .novrnve r, 

the average strength of the hillside, because of prevail

ing fractures and opening, was much less than the strength 

of individual unfractured fragments. 









Values for the angle of internal friction were de

termined experimentally in tests vvi th molded material • 

.B'ig. 32. Angles of 42° and 29° were determined f or 

the same material but with moisture contents of 21.4)b 

and 24.4% respectively. It was difficult to determine 

the friction angle for samples with a moisuure content 

greater than 24.4]!> . Internal hydrodynamic stresses 

were created in these samples when they were loaded with 

more than thirty pounds. Consequently fr iction wa s re

duced and the measurements lost their significance. 

The writer believes that the angle of friction may 

be reduced somewha t by the addition of a limited amount 

of moisture before a hydrodynamic stress begins to act. 

'l'he reduction in friction is believed to be caused by 

thin films of water forming around the particles and a ct

ing as a lubricant between them. Such a lubricating action 

depends u pon the shape and size of the particles and the 

accessibility of th e water. It is much weaker for large, 

equidimensional, angular grains than for small, scaly 

particles. 

Even if the ground is considered to have been entire

ly devoid of cohesion but to have possessed the experi

mental friction angle of 29°, it would have resisted 

sliding along the g
2 

slip-surface, which is ~he one along 

which the slide is presumed to have occurred. Fig. 31. 

If it were devoid of cohesion however, it should have 



slipped along a plane surface inclin ed at an angle of 

29° to the horizontal. The field evidence indicates 

h owever that the slip-surface is not plane but curved. 

This is indicated by the steep slope of the escarpment 

at the top of the landslide and by the topographic ex

pression of the slipped-ground. Since the most danger

ous slip-surface for material endowed with cohesion is 

curved, it must be concluded that the ground did possess 

cohesion. 

It is of interest to note, despite the fact that t he 

topogra phic expression of the land slide attests to a 

curved. slip-surface, if one a ssumes the ground to be de

void of cohesion a nd to have broken along a plane, then 

the experimental ¢ value of 29° shows a good correlation 

~·1 i th t he angle of inclination of the plane slip-surface. 

The trace of the plane drawn in the section between the 

toe of the original slope and the upper edge of the 

slide is inclined about 32° to the horizontal. ~his 

value differs only a little from t h e lower of t he t wo 

values determined experimentally for the angle of 

i nternal friction. Superfically it appears therefore 

that the Coulomb hypothesis of the maximum wedge sliding 

on a plane has more practica l value t han t he hypothesis 

of curved slip-surfaces. However this correlation may 

be purely accidental. 



Fig. 34. Huntingt on landslide. 

Fig . 35. Upper edg e of Huntington l andslide. 



Assuming a curved slip-surface the graphically de

termined values for the angle of friction and coefficient 

of cohesion which acted when motion impended are respect

ively 18° and 325 pounds per square f oot. This value for 

the friction angle is considerably lower than that de

termined by experiment. 

The reducti on in friction was probably caused by t he 

introduction of a hydrodynamic stress wh ich may have been 

developed as described below. During a r ain much water 

penetrated deeply into the hillside along cracks and 

fis.sures which had f ormed as a consequence of the high 

shrinkage coefficient of the ground. Ground that had 

been shrunkBn because of internal capillary tension ex

panded, especially in the free spaces along the cracks. 

Mud and water filled much of this space. 'l'he ground of 

the walls of the fissures became saturated. Conditions 

were suitable for the development of a hydrodynamic stress 

if a portion of the hillside weight could be shifted 

quickly to incr ease the load on the saturated ground. 

A passing motor truck probably set up enough vibration 

to jar the hill slightly and caused a transfer of load 

ont o the saturated ground. A hydrodynamic stre ss was 

developed; frict i onal resistance to sliding was reduced 

and t h e l andslide occtj.rred. 



Potrero Canyon Slide 

This landslide occurred on the west wall of Potrero 

Canyon about 1200 feet from its mouth. Potrero Canyon 

debouches from the Santa Monica Mountains at a point 

along the Roosevelt Highway about three miles northwest 

of Santa Monica. 

The canyon is very narrow, steep walled, and with 

an aver age depth of about 180 feet. It is incised in 

shaly rock belonging to the Modelo forr.iation of Miocene 

age. In the vicinity of the landslide the beds stand 

nearly vertically and strike across the axis of the can

yon. The Modelo formation ha s suffered much deformation 

in past geologic time and is intensely fractured. Scars 

of many old landslides can be recognized on the walls of 

the canyon. 

The attention of the writer was directed to this 

landslide because it had caused property damage. A 

small house that had been bui lt on t he west brink of 

the canyon wall was carried down with t he sliding ground 

and had to be moved and reconstructed. Fig. 36. 

The history of the movements of this l andslide as 

recounted to t he writer by t he owner of the damaged prop

erty is given below. For a long time prior to the 

occurrence of the landslide a crack existed parallel to 

the axis of the canyon and a bout eighty feet from the 



Fig . 36 . Upper edg e o f Potrero l andslid e. Vi ew 

l ooking southward . 

Fig . 37 . Upper edge of Potrero landslide . View 

look ing northward . 



Fig . 38 . Uper edge of Potrero s lide ~owing 

open cracks. View looking northwar d . 



brink. i mmediately after t he great rain storm of Decem

ber 31, 1933 a dovmward displacement of s evera l inches 

was observed to h ave occur red along t his crack. From 

that date on movements continued to occur, usually follow

ing heavy rain storms. The recently mea sured vertical 

displ acement of eig hteen feet a t t h e upper break of t he 

slide represents t he accumulated disloca tions for a 

period of t wo and one-half years. 

The graphica lly determined value s for t he friction 

angle and cohesion a t the instant when the slide wa s 

i mminent a.re respectively 10° a nd 2000 pounds per square 

foot. Fi g . 39 . 

The experimentally determined value for t he angle 

of internal f r i ction is appr oximately 35°. Fi g . 40. 

Assuming that the ground is devoid of cohesion , if 

it had been able to develop a frictiona l resistance 

equivalent to the experiment al ¢ value of 35°, sliding 

would n ot have occurred along curve g3 , f i gure 39, or 

any ot her hypothetical a rc passing t hr ough t h e t oe of 

the slope and t h e upper edge of t he slide. Sliding 

would not have occurred even along a plane between t hese 

two points although t he st ability would have been much 

les s than f or the curved slip-surfaces. However, her e 

as in t he Huntington slide, using t he hypothes i s of a 

plane slip-~irface and assuming cohesionless gDound, 



a fair correlation is found to exist between the angle 

o·f i nclination of t he slip-plane (31°) and the experi

mental angle of internal friction (35°). 

The field evidence, however, indicates that the 

slip-surface is not plane but curved. The steep escarp

ment which represents the upper portion of the actual 

slip-surface is very steep. Therefore this surface must 

curve to a more horizontal position with depth in order 

to intersect the open face of the slope. 

There is an apparent if not real correlation between 

the experimentally determined angle of internal friction 

and the inclination of a plane passing between the toe 

of the slope and the upper edge of the slide, but this 

plane is most certainly not the slip-surface. 

From the general history of the ground movement and 

from a comparative study of the graphically and experi

mentally determined values for the frictional resistance 

of the ground, it is apparent that water played an im

portant part in reducing friction and causing the slide. 

It is probable t hat during rains much water p ene

trated into the ground through the well developed sur

face crack. ·11his water soaked i nto the ground and sat

urated the surface layer of material in the walls of 

fissures. Thus t he ground was prepared to exert a hydro

dynamic stress if loaded suddenly. During rains when 







precipitation wa s heavy, water probably flowed into the 

fissures more quickly than it could drain away or be 

soaked up by the ground . Consequently a hydrostatic 

head of water f ormed in the fissures. ~his water, in 

the inclined fissures, exerted a lifting force upon the 

superincumbent load and reduced the :pressure between the 

grains of solid matter. Consequently fri ction wa s dimin

ished. In addition the water exerted a horizontal com

ponent of thrust which tended to push t h e ma ss i nt o the 

canyon. With conditions prepared by a rain storm a s 

described above, slipping of the ma s s is easy to under

stand. 

The canyon is very narrow at its bottom. As the mass 

slipped downward a bulge of ground formed at the toe of 

the slope. This bulge filled the bottom of t he canyon, 

buttressed itself against t he opposite wall and tended 

to prevent further sliding. However, water draining 

down t he floor of the canyon constantly eroded the 

fill away and allowed sliding to continue. 

Bel-Air Landslide 

The Bel-Air landslide is along the Roosevelt High

way a few miles northwest of Santa Monica, about 1000 

feet west of Pul ga _Canyon and i mmediately east of the 

Bel-Air Beach Club. 

It is a comparatively small slide recently initiated 



Fig . 42 . Oblique a irp l an e ph ot og r aph s h owing 

Be l - .Air l a ndsl i d e a nd ot h er s lides a long the 

coa st h i g hway . 







5 

in a much older landslide mass as a resuit of slope steep-

ening consequent upon highway development . 'l'he Bel-Air 

Beach Club is constructed on the more ~ncient l andslide 

mass. The ground is composed of highly deformed and 

fra ctured shale of the Eodelo formation (Miocene). 

The graphica lly determined values for t h e f riction 

ang le and cohesion when the slip impended are respective

ly 10° and 800 pounds per square f oot. Fi g . 43. These 

valu es are for the assumed slip-cu rve g3 • As the pro

portion of cohesion to friction becomes smaller, the most 

dangerous curve for sliding becomes flatter. If ground 

were entirely devoid of cohesion, then the most danger-

ous slip-surface would be a plane. 

The experiment ally determined value for t h e angle 

of friction fo r a molded sample wi th a moisture content 

of 24 per cent is is0 • Fig. 44. This value lies between 

26° required for a plane slip-surface devoid of cohe sion 

and 10° for the curved surface g
3 

wh ich possesses cohesion. 

The most dangerous slip-curve for ground whi ch possesses 

cohesion and a fric t ion angle of 18° and which passes 

through point s A and B is one whose curvature is between 

tha t of the straight line AB and the curve g3 • It follows 

therefore t hat on the basis of the exp erimenta lly deter-

mined friction value this landslide wa s to be expe cted 

along some curved surface between AB and g3 , provided t he 

cohesion of the g round wa s not to0 great to prevent sliding. 
/\ 





The small angle of friction (18°) which t h e ground 

of this locality possessed wh en wet is all that ·.w,s necess

a ry to cause landsliding. Although hydrodynamic stresses 

and hydrostatic thrusts may have acted, the danger of 

sliding existed without t hem. 

1emesc al Landslide 

This slide is a t t he mouth of Temescal Canyon a long 

the ~- oosevel t .ighway about two and one-half miles north

west of Santa Uonica. It occurred in the lower part of 

a trimmed s lope, bordering the Highway. l'he acclivity 

had orig~nally been cut steeper but t he occurrence of 

several landslides led to re medial measures. ;.L;hese 

measures consisted in decreasing the steepness of slope 

and cutting t erraces at regula r intervals of eleva t i on. 

Along these terraces channels were excavated and. surfaced 

with asphalt to ca rry t he water tl:hat drained do\•m t h e 

acclivity du r ing rains. Desp ite t hese precautions a 

l andslide occurred. .!:! 'igs. 47, 48. 

The ground is co mposed of nodelo shale which is in

ten sely broken, more so t han in the ca ses described 

earlier in this paper. It is difficult to f ind. a firm 

piece of s hale larger than a few i nches on a side. 



Fi g . 46 . Obl i que airplane photog r aph 

showi ng _c'emescal land slide . 







Fig . 47 . Temesoal landslide . Note bulged lower 

surface . 

Fig. 48 . Temescal landslide . 
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The graphically c omputed values for t he friction 

angle and cohesion of the slid-ground are respectivefily 

23° and 275 pounds per square f oot. .t<'ig. 49. 

111he experimentally determined. fr iction angle for a 

molded sample with 35 per cent moisture content is 37°. 

Fig. 50. 

The slope of th e ground prior to the slide was 

approximately 36°. It is apparent therefore, even 

assuming cohesionless material, tha t no l andslide would 

have occurred had the ground exerted its full static 

friction. For this slide as for the others described 

earlier in this paper, the cause must be at t ributed to 

hydrodynamic stresses initiated probably during a rain 

after the ground had become saturated with water. As 

a conse quence of th e hydrodynamic stress, frictional 

resistance against sliding was reduced below the limit 

of stability and the landslide occurred. 

A moderately g ood correlation exi~t s between the 

experimentally determined friction angle l37°) and the 

inclinati on l36°) of a plane between t he upper and lower 

traces of t he slip-surface. Working on t h e hypothesis 

· of a plane slip-surfac e and c ohe sionless soil, it cou. ld 

have been said from the experimental fric t ion value 

that the tr immed slope was close to the limit of stability. 

However this correlation, which may be accidental, is not 

between th e slope of the actual slip-surface a nd the 







friction angle but between t he inclinat ion of a purely 

hypothetical plane and the fr ic t ion angle . 

Here a s i n several of t h e other slides already des

cribed, t he field evidence attests to a curved slip-sur

f ace. The exposed portion of the slip-~irface along the 

u pper edge of the slide is very steep whereas a portion 

of the lower tr ace of t h e slip-surface is well out i n 

front of the t oe. It is obvious that t h e slip-surface 

exposed at t h e upper edge of the slide must curve wi th 

depth i n order to intersect the ground a t the lower 

trace. See figure 47. 

CONCilJSI ONS 

The purpose of this investiga tion was to determine 

whether l andslide s cou ld be predic t ed from experimentally 

determined values for the f ri ctional resistance and cohes

ion of ground. Early in the investiga tion it became 

evident that the cohesive strength of und istu r bed samples 

as measured in the l abora tory was not t he same a s the 

average cohesive strength of a l a rge mass of ground in 

the field, · ·es pecially when the l atter wa s t horoughly 

fr actured. Heasurements of cohe sion f or undisturbed 

s amples had no significance t herefore and were not con

tinued. 

The friot iona l resistance was me a sured for molded 

samples from seven landslides. On t he assumpt ions of a 
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oylinderical slip-surface and ground possessed of both 

cohesion and friction it would have been possible in 

only one case (Bel-Air slide) to have predicted a land

slide with reasonable assurance on the basis of the ex

perimentally determined friction angle. In the other 

six cases friction, as determined from experiment, should 

have been sufficient to prevent movenent a l ong t h e cylin

derical slip-surfaces, even in ground devoid o~ cohesion. 

Assuming Coulomb's hypothesis of a plane slip-surface 

and ground devoid of cohesion , two of the slides (Potrero 

and Huntingt on slides) could have been predicted from 

the laboratory detennined friction data. That is to say , 

for t hese slides the measured angle of internal friction 

is approximately equal to the inclination of a plane 

drawn through the toe of the original slope and t he upper 

edge of the landslide. This correlation is probably 

accidental, since the field evidence clearly indica tes 

that the slip-surface is not a plane. 

The writer believes that the hypothesis of a cylin

derical slip-surface and the a ssumption of ground possess

ed of friction and coh esion leads to a truer understand-

ing of t h e mechanics of l andslides t han Coulomb's hypothesis. 

In order to properly estimate t he probability of land

slides the investigator sh ould have i nformatimn concerning 

the geology as well as the physical properties of the ground 

under consideration. t he locality should first be g iven 
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a thorough g e ologic examina tion which should yield in

formation concerning t he at t itude of strata and of joints 

or f issures, the lithology of the beds, t he magnitude and 

positi on of faults, the sh ape and position of unconform

ities, the character of the ground whether fractured 

or solid, and t h e position of the ground wa t er level. 

A:ny of t he se geologic elements may pl ay an important role 

in contributing to the cause of a landslide. 

The attitude of a ll surfa ces such a s bedding planes, 

joints, fissures, faults, and unconf ormities already 

developed within a ground ma s s should be determined. 

The danger of a slide is markedly increased if any of 

t hese surfaces dip toward the open face of a cut . It 

is i mportant to known t h e co nd.ition of the existing 

surfa ce, whether it is highly irregula r, plane, curved, 

rough , or smooth because the frictiona l resistance 

necessary to maintain stability varies with t he shape 

a nd inclination of the slip-surface. 

The li thology of the various r ock units should be 

determined with a view to estimat ing their permeability 

t o water and to gain so me understanding of the drainage 

channels through the mass. Water moving slowly between 

two i mpervious uni ts may create a sufficient hydraulic 

lift to reduce frictional resistan ce below the re quisite 

value for stabili ty. Materia l filling fissures or 
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coating the existing surfaces, and g ouge in fault zones 

should be examined. Clayey material, because of its 

low permeabili ty will develope hydrodynamic stresses 

when saturated and m?jected to rapid increases in load, 

As a consequence, friction will be reduced and slides 

may occur. 

It is well to know the fluctuations of the ground 

water level. The buoyant effect of t he water upon the 

ground mass may sufficiently reduce the pressure and 

consequently the fr i ct ion between particles so that 

a slip will occur. 

In ground that is more or less homogeneous, where 

definite cont inuous surfaces do not a lready exist or 

where there dip is into the hill, the elements con

trolling landslides a re some~hat different. 

If t he g round is badly fr actured it is best to 

assume it to be devoid of cohesion. In thi s type of 

ground the i mportant factors tha t should be determin

ed are the friction angle and permeability. 'l'he fric

tion angle may be determined by experiment a s describ

ed in this paper or by disintegrating material and 

measuring the angle of repose. -.L'h e former method is 

probably the better since the friction angle may be 

determined for different moisture contents and the 

effect of cohesion may be excluded. The friction angle 



sh ould be considered as t h e maximum angle of slope f or 

which t he g round will be stable when g ood drainage exists. 

In ground where no drainage is provided t he permeability 

must be considered in additi on to the friction a ngle. 

From assembled data it a ppears that material comp osed 

of particles sm·aller than fine sand is sufficiently 

i mpervious to cause the formation of hydrodynamic stresses 

when loads are suddenly a pplied to the s aturated mater ial. 

A size analysis or hand lense examination sh ould there

fore be sufficient to determine whether hydrodynamic 

stresses may be created. In ground where this possi

bility exists and where no provisions are made for water 

drainage a slide may occur even on slopes inclined much 

below t he friction angle. 

For homogeneous unfissured material possessing little 

cohesion such a s dune s and the factor of structural den

sity in addition to the fric tion angle a nd p er~eab ility 

must be consider ed in its effect u pon landslides. I f 

the na tura l s tructural density is less than t h e cr itica l 

density, t he material will a ssume a dens er pa cking when 

sub je cted to shearing for .ces. Such gr ound i;1hen saturated 

with water and j arred will tend to a ssume a denser 

structu r a l state. The water in the pores will t ry to 

escape a s t he porosity is di minished. I f the water 

cannot escape quickly en ough, hydrodynam~c stresses 



will be crea ted within t he ma ss. l'he pressure between 

the grain s will _be reduced and the whole me..ss may liquefy 

and produ ce a flow slide. 

The mos t ubiQuitous agent tha t acts to reduce fric

tion and cause slidi ::ig is water . No matter how high the 

normal fri ctional resi s tance of ground may be, if a hydro

dynamic stress can be i ndµced within it, sliding may 

occur. The hydrodynamic coefficient of friction which 

replaces the normal friction in such ca ses may drop as 

low a s zero, in which case the superincumbent lo~d is 

supported on a film of water. 

Ground t hat is badly broken possesses dangerous 

possibilities for sliding because of the almost complete 

loss of cohesi on and the ease wi t h which water penetrates 

into the interior of the mas s and prepares the ground for 

the initiation of a hydrodynamic stress. This statement 

is substantiated by field evidence along the coa st high

way for several miles northwest of Santa Monica in South

ern California. The bluffs along the highway near Santa 

Monica, commonly known a s the Palisades, stand very steep

ly and f ew l and.slides have occurred along them. 'i.ihey are 

composed of gravel bound by clay and are almost ent i rely 

without joints or fissures. :i.
1hey are able to s1iand so 

steeply because of their high cohesive strength Hhich 

has not been weakened by fractures. }arther along the 

coa_st, about two miles from Santa Monica the Lfodelo 



Fig. 52. Oblique airplane :photograph sho wing 

Palisades a long coast highway at Santa Monica. 
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shale outcrops . There is hardly a pl a ce where this shale 

is exposed for several mi les along the highVJay that land

s lides either ancient or r ecent have not occurred. ~his 

sha le i s intensely fractured and deformed. 

'.flhis study has sh01.m that in addition to friction 

measurements a t h orough field examination to consider 

every possi bility f or the penetration of water into the 

ground. mas s is necessary for a proper estimat ion of the 

probab ility of landslides. 
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APP:SNDIX 

Parker Avenue Landslide. 

The ex~erimentally dete r mined angle on i nterna l fric

tion for the clay of the ? arker avenue slide is 21 ° and 

for the dune sand is 41°. ·11he graphica lly comimted act

ing angle of f ri ct ion when motion i mpended is 15°. 

Let us assume t hat t he materi c:, l along the slip- sur

face i nherently possessed an a verage fricti on angle of 

25° . Let us then ca lculate the hydrosta tic left necessary 

to reduce the intrinsic friction angle of 25° to an a ppa rent 

one of 15° . 

Assume: 

1. The hydro s tatic lift act s nor ma l t o the surfa ce 

between points A and B. Fi gure 16 . 

2. ·r h e surface between A. and B is plane. 

3. '.i.1h e resultant of t he weight of t h e s ect i on a cts 

t hrough the l ower 1 /3 point betwe en A and B. 

4 . The co mp onent of the weight of t he s ection n or

ma l to AB i s 26.4K. See f i gure 1 7 . 
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Figure 53 

In figure 53 the frictional resistance induced by 

the normal force 26.4K is 12.3K when </J = 25° and 7.08K 

when <f = 15°. The reduction in frictional resistance 

from 12.3K to 7.08K may be caused without introducing 

a smaller friction angle if the normal force acting to 

press the particles together is reduced from 26.4K to 

l5.2K. This condition occurs when a hydrostatic lif't 

acts. The requisite hydrostatic lif't to create an 

apparent friction angle of 15° is ll.2K. 

K = 53,400 lbs. 

ll.2X.:: 596,000 lbs. 

P : w z A 



Where P = hydrostatic force act i ng on surface 

w • density of water 

z = depth to the center of gravity of the 

surface below water 

A = area of airfaoe 

Given p. 596,000 lbs. 

w. 6.2.4 lbs. per cu. ft. 

A• 170 sq. ft. 

-z To find 

- p z :r 

W'""I 

- - 596.000 z -
(62.4) (170) 

-z = 56 ft. 

To :produce the hydrostatic lift of 596,000 lbs. on sur

face AB a. film of water would ha.ve to stand to point C, 

figure 16. Under t he oo ndi tions stipulated this would 

result in an apparent friction angle of 15° along t he 

slip-surfa ce. 
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Parker Avenue Landslide 

R = L c+N tan¢ (see Fig. 3.) 

c = R - N tan 
L 

R = total resistance along curve 

N = total normal force a cting a t "g 11 

L = length of cli.rve in feet 

c • coeffici ent of cohesion 

tan¢ = coefficient of friction 

Table l 

R N L tan¢ 

4. 75K* 17.15K 412 ft . 10° .1763 

12° .2126 

15° .2679 

7.SOK 26.35K 434 ft. 10° .1763 

12° .2126 

15° .2679 

10. 9K 40.35K 467 ft. 10° .1763 

12° . 2126 

15° . 2679 

*· K • 53,~00 lbs. 

c 

.00420K 

.00267K 

.000364K 

.00715K 

.00506K 

.00184K 

. 00814K 

.00493K 

.000214K 
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Turk Street Landslide A-San Francisco 

Table 2 . 

Slip R N L (/J tan¢ 
Curve 

0 a.DK* l.O.OK 14& ft. l.2 0 .212.6 .0095oK 
l 

15° .2679 .00548K 

17° 03057 .00302K 

18° .3249 .00171K 

02 6o6K 18.5K 166 ft. 1.20 .Ol62K 

15° .Ol02K 

17° .00603K 

18° .00361K 

03 l0.2K 30.BK 185 ft. 12° .Ol95K 

15° .Ol03K 

17° .00433K 

18° .00108K 

* K : 13,320 lbs. 

See table I for explanation of symbols. 
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Turk Street Landslide B-San Francisco 

Table 3. 

Slip R N L p tan¢ c 
Curve 

01 4.SK* 13.lK 133 ft. 10° .1763 .Ol88K 

12° .2126 .Ol50K 

14° .2493 .Oll3K 

16° .2867 .00752K 

02. 6.6K 19.7K 144 ft. 10° o0215K 

12° o0167K 

14° .Oll8K 

16° .00625K 

03 8.5K 28.5K 160 ft. 10° .0218K 

12° .Ol50K 

14° .00875K 

16° .00188K 

04 l0.5K 40.2K 177 ft. 10° .Ol92K 

12° .0113X 

14° .00282K 

16° .OOo65K 

* K : 13,320 lbs. 

See table I for explanation of symbols. 



Huntington Landslide 

Table 4. 

Slip R N L (/J t an f?' c 
Curve 

ol 4.SK* 7.SK 98 ft. 14° .24 93 .0292K 

1.60 .2867 .026lK 

18° .3249 .0230K 

20° . 3640 .0200K 

02 . 6.BK l 2 . 3K 112 f t. .1 4 ° • .0329 K 

16° . 0287K 

18° .0246K 

20° .0203K 

03 9.4K 19.9K 133 ft. 14 ° . 0368K 

16° .0278K 

18° .0218K 

20° .Ol65K 

04 l2.9K 33 . 6K 1 54 ft. 14 ° .0292K 

16° .0214K 

18° .Ol30K 

20° .00455K 

* K : 13,320 l bs . 

See t able I f o r e xpl anat ion of symb ols . 



Potrero Landslide 

Table 5. 

Slip R N L tan¢ c 
Curve 

0 
1. 

13.5K* 20.4K 287 f't. io0 .1763 .0345K 

14° .2493 .0293K 

18° .3249 .0240K 

02 16.5K 28.lK 306 ft. 10° .0376K 

14° .0310K 

18° .0242K 

03 19.5K 38.4K 334 ft. 10° .0380K 

14° .0296K 

18° .0210K 

04 21.9K 50.9K 364 :ft. 10° .0355K 

14° .0253K 

18° .Ol48K 

* K = 53,400 lbs. 

See table I for explanation of symbols. 



Bel-Air Landslide 

Table 6. 

Slip- R N L ¢ tan ,¢ c 
Curve 

01 9.6K* 22.9K 216 ft. 10° .1763 .0259K 

12° .2126 .0218K 

14° .2493 .Ol81K 

16° .2867 .Ol39K 

02 ll.9K 30.5K 240 ft. 10° • .0270K 

12° .0225K 

14° .Ol79K 

16° .Ol33K 

0 
3 

l4.3K 40.SK 265 ft. io 0 
.0268K 

12 
0 

.0211K 

14° .Ol55K 

16° .0098K 

04 16.8K 54.IK 290 f t. 10° .0248K 

12° .Ol79K 

14° . OllOK 

16° .0041K 

* K : 30,000 lbs. 

See table I for explanation of symbols. 



Temescal Landslide 

Table 7. 

Slip- R N L <!J tan¢ c 
Curve 

0 8.lK* l2.7K 137 ft. 20° .3640 .0255K 
l 

23° . 4245 .Ol97K 

24° .4452 .OJ.75K 

25° .4663 .Ol60K 

02 12.4K 21.4K 161 ft. 20° .0286K 

23° .0205K 

24° .Ol80K 

25° .Ol49K 

03 l 8 .4K 34.4K 188 ft. 20° .0314K 

23° .0202K 

24° .OJ.65K 

25° .Ol28K 

* K = 13,320 lbs. 

See table I for explanation of symbols. 




