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On the Methodology of Landslide 
Investigations in Soviet Russia 
D. P. KRYNINE, Consulting Engineer, Berkeley, C a l i f o r n i a 

The present paper i s based on Russian i n f o r m a t i o n con­
cerning the l a n d s l i d e i n v e s t i g a t i o n s done by s p e c i a l 
f i e l d s t a t i o n s l o c a t e d e i t h e r i n the regions w i t h a-
bundant s l i d e s or i n the v i c i n i t y o f a l a r g e s l i d e i n 
a s t a t e of slow motion i n which f i n a l f a i l u r e may or 
may not take place. Slides only, as d i s t i n c t from 
f a l l s and f l o w s , are considered i n t h i s paper. Rus­
sian approaches t o the s l i d e c l a s s i f i c a t i o n are d i s ­
cussed f i r s t , a f t e r which cracks and f i s s u r e s I n the 
s l i d i n g body are considered i n d e t a i l . Methods o f 
measurement o f the displacements a t the surface and 
of those a t a depth are described. The paper ends 
w i t h the methodology of computing the balance o f s l i d ­
i n g masses a t a given slope, the negative balance be­
i n g g e n e r a l l y an i n d i c a t o r of the tendency o f the s l i d e 
t o s t a b i l i z e . 

•SLIDES ONLY as d i s t i n c t from f a l l s and f l o w axe considered i n t h i s pa­
per. The w r i t e r became i n t e r e s t e d i n the I n f o r m a t i o n concerning the meth­
ods o f s l i d e study as used a t the present time by Russian engineering ge­
o l o g i s t s and engineers. Because these simple, b u t r a t h e r e f f i c i e n t meth­
ods are not w e l l known outside o f Russia, t h i s paper has been prepared 
f o r I n f o m a t i o n only. B a s i c a l l y i t represents an o u t l i n e o f s e v e r a l chap­
t e r s o f a book w r i t t e n by a Russian woman engineering g e o l o g i s t ( l ) w i t h 
i n f o r m a t i o n from other sources and some w r i t e r ' s comments. 

FIELD SLIDE STATIONS 
The s l i d e research i n Russia i s done by f i e l d s l i d e s t a t i o n s l o c a t e d 

a t d i f f e r e n t p a r t s o f the country. The f i r s t s t a t i o n o f t h i s k i n d was 
organized i n I930 a t the Koutchouk-Koy s l i d e I n the Crimea; and i n the 
same year the f i r s t i n s t r u c t i o n s f o r long-term observations were published. 
Methodology o f making i n v e s t i g a t i o n s o f s l i d e s a t f i e l d s t a t i o n s was a f ­
terwards g r a d u a l l y developed and discussed i n the s p e c i a l press; and i n 
19314- the f i r s t A l l - U n i o n s l i d e conference took place. 

N a t u r a l s l i d e s g e n e r a l l y are not I s o l a t e d phenomena but are spread, 
over a t e r r i t o r y c h a r a c t e r i z e d by c e r t a i n geologic and geohydrologlc con­
d i t i o n s , and s i m i l a r i t y i n the development of the slopes. A s l i d e i s j u s t 
a step i n the process o f denudation or gradual slope f o r m a t i o n o f a r e g i o n . 
Therefore, a f i e l d s l i d e s t a t i o n should be l o c a t e d w i t h i n a c e r t a i n r e g i o n 
c h a r a c t e r i z e d by the abundance of s l i d e s . I t may be also l o c a t e d I n the 
neighborhood o f a huge s l i d e as i n the example o f the Crimean s l i d e a l ­
ready quoted. 

Stages of a S l i d i n g Process 
A f i e l d s l i d e s t a t i o n has t o c l a s s i f y l o c a l s l i d e s and e s t a b l i s h the 

stages o f the s l i d e development i n d i f f e r e n t s l i d e types. Schematically 
speaking, i f the sequence o f s l i d e stages i n the s l i d e s o f a given type 
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i s known, the present stage o f the s l i d e may be determined, f o r Instance, 
from v i s u a l i n s p e c t i o n and the next probable stage f o r e c a s t . Slavlanov (2) 
g i v e s , f o r i n s t a n c e , the f o l l o w i n g example o f stage sequence. A r i v e r 
s t a r t s t o undermine a bank which becomes steeper, and i n which f i s s x i r e s 
appear. A new f a c t o r takes place, namely p e n e t r a t i o n o f water i n t o the 
body o f the slope through f i s s u r e s w i t h a c t i v a t i o n o f the whole process. 
The next stage w i l l be separation o f the s l i d i n g mass and i t s t r a n s l a t i o n . 
At the lower, f l a t t e r p o r t i o n s of the n a t i i r a l slope the s l i d i n g masses 
are a r r e s t e d and the f o r e p a r t o f the s l i d e ("tongue" i n Russian t e r m i n o l ­
ogy) enters the water. This i s the stage o f temporary e q u i l i b r i u m . I n 
the n a t u r a l s t a t e the groimd water w i t h i n the slope has o u t l e t s f o r d i s ­
charge t h a t may be covered or closed by s l i d i n g masses. Consequently the 
ground water may change i t s course and wet p o r t i o n s of the slope, hereto­
f o r e dry. I n t h i s connection fissiares and pools appear a t the surface 
of the s l i d i n g mass. This stage i s c h a r a c t e r i z e d by a l t e r n a t e periods o f 
motion and r e s t . I n connection w i t h described phenomena, the r e l i e f o f 
the l o c a l i t y g r a d u a l l y smooths out and the p o s i t i o n o f the s l i d i n g mass 
i s s t a b i l i z e d on the slope. The s l i d i n g body i s f i n a l l y g r a d u a l l y cover­
ed up w i t h s o i l coming from the I n l a n d or may be eroded and disappear. 

Generally, the stage sequence observations shoiild l a s t a considerable 
time and encompass a l a r g e number o f s l i d e s . Excessive automatization I n 
the use o f stage-sequence schemes should be avoided, however, and i n each 
p a r t i c i i l a r case the environment c o n d i t i o n s p r o p e r l y appraised. 

A c t i v i t i e s o f a F i e l d S l i d e S t a t i o n 
I n order t o o b t a i n a s u f f i c i e n t number of observations i n the most 

econcmlcal way, simple sets o f observations are done on a great number of 
o b j e c t s spread throiagh the r e g i o n assigned t o the s t a t i o n ; and the more 
complicated the observations the fewer the number of i n d i v i d u a l o bjects 
of study. F i n a l l y , such complicated long-term observations as s o i l or 
water balances (discussed a t t h e end o f t h i s paper) are done on a few ob­
j e c t s o n l y . 

The r e g i o n assigned t o a s t a t i o n may be frcm s e v e r a l t e n t h s o f a 
m i l e t o s e v e r a l hundred miles long (e.g., along a r i v e r canyon). On a 
p o r t i o n o f the r e g i o n w i t h e s p e c i a l l y Intense s l i d e s (perhaps 12 t o 30 
ml l o n g ) , r e g u l a r v l s i i a l observations are done from one t o f o u r times a 
year; a d d i t i o n a l observations are done a f t e r heavy displacements o f ex­
i s t i n g s l i d e s ; a f t e r new s l i d e s have s t a r t e d ; a f t e r heavy r a l n s t o i m s ; a f ­
t e r earthquakes; d u r i n g c o n s t r u c t i o n , e t c . On some i n d i v i d u a l s l i d e s 
where I n s t r u m e n t a l survey i s done (e.g., systematic displacement meas­
urement or ground water s t \ i d y ) , observations are dme every two t o f i v e 
days, and sometimes every day. 

More s p e c i f i c a l l y , t h e f o l l o w i n g types o f observation sections may 
be d i s t i n g u i s h e d : 

1. Sections c o n t a i n i n g s l i d e s a t the stages when they t h r e a t e n or 
may t h r e a t e n t h e s t a b i l i t y o f e x i s t i n g or planned s t r u c t i i r e s or f a c i l i ­
t i e s . The o b j e c t i v e o f the observations i s the e l a b o r a t i o n o f measures 
te n d i n g t o decrease the a c t i v i t y o f the s l i d e and s t a b i l i z e i t . The ob­
s e r v a t i o n s are short-termed and g e n e r a l l y coincide w i t h the p e r i o d o f 
p r e l i m i n a r y or f i n a l engineering i n v e s t i g a t i o n s f o r a given s t r u c t u r e . 

2 . Sections on which the a n t i - s l i d i n g s t r u c t u r e s already e x i s t and 
t h e i r e f f e c t i v e n e s s I s s t u d i e d . I n the m a j o r i t y o f cases t h e observa-



t i o n s have t o confirm complete s t a b i l i t y o f the s e c t i o n or show the r a t e 
o f s t a b i l i z a t i o n . The observations Eire raxe, but may l a s t decades. 

3. Sections w i t h t y p i c a l s l i d e s I n progress f o r o b t a i n i n g Informa­
t i o n on the s l i d i n g law. Such sections may serve as f i e l d l a b o r a t o r i e s 
( f o r Instance, by observing the s t a b i l i t y o f e x p e r i m e n t a l l y excavated 
slopes under v a r i a b l e c o n d i t i o n s ) . These are u s u a l l y long-term observa­
t i o n s . The f u l l - s i z e experiments are combined w i t h the work o f the i n ­
doors l a b o r a t o r y where the experiments on smaller scale are done. I n com­
pa r i n g the r e s u l t s the s i m i l i t u d e laws may or may not be used. I n the 
l a t t e r case the experiments are p u r e l y demonstrative, b u t may be sometimes 
h e l p f u l i n the s o l u t i o n o f some p a r t i c u l a r problems. 

Mapping o f the Region 
The s l i d e observations should be preceded by the mapping i n o f the 

whole r e g i o n under the s t a t i o n j u r i s d i c t i o n using 1:25,000 t o 1:100,000 
scales. The contours o f l a r g e s l i d e s are shown on such maps, and smaller 
s l i d e s are i n d i c a t e d by conventional signs. 

The b a s i c ' p o r t i o n of the r e g i o n under the constant observation by the 
s t a t i o n i s u s u a l l y mapped on a 1:5,000 t o 1:10,000 scale, seldom l a r g e r . 
The mapping i s supposed t o (a) give the c h a r a c t e r i s t i c s o f each i n d i v i d u a l 
s l i d e ; (b) e s t a b l i s h the dependence of the s l i d e morphology on the p e t r o g ­
raphy, g e n e t i c s , l o c a t i o n of the slope making formations, and on the p l e n -
t i f u l n e s s of the a q u i f e r s ; (c) r e c o r d the presence and i n t e n s i t y o f other 
physlco-geologlc phenomena; (d) r e c o r d a l l s t r u c t u r e s , p a r t i c u l a r l y those 
designed f o r s l i d e a r r e s t i n g purposes, and a l l a r t i f i c i a l f a c t o r s t h a t may 
p o s s i b l y a f f e c t the slope s t a b i l i t y . 

I n d i v i d u a l s l i d e s are mapped on 1:500 t o 1:2,000 scale, and very l a r g e 
ones on 1:5,000 scale. I n t h i s case geologic sections are shown. I n t h i s 
connection a l l a v a i l a b l e data should be u t i l i z e d concerning the magnitude 
and d i r e c t i o n o f the displacements o f the formations, t h e i r t i p p l n g s and 
t w i s t s and other data obtained from the study o f f i s s u r e s and other de­
formations a t the surface o f the s l i d e and from observations on reference 
p o i n t s . Large-scale mapping i s accompanied by b o r i n g and sampling o f s o i l s 
and rocks, and sometimes by the determination o f the d i r e c t i o n and v e l o c i t y 
o f the ground water f l o w , i n c l u d i n g pumping. Geophysical i n v e s t i g a t i o n s 
are sometimes used. The b o r i n g logs should i n d i c a t e not only the sequence 
o f s t r a t a , but also t h e i r l l t h o l o g y , and t e c h n i c a l l y important p h y s i c a l 
p r o p e r t i e s ; presence, c h a r a c t e r i s t i c s and o r i e n t a t i o n o f cracks and f i s ­
sures, s l i d i n g siirfaces and sl l c k e n s l d e s (and scratches on them), also c o l ­
lapsed and smashed zones. Data from bore holes have t o be checked against 
those from trenches and t e s t p i t s . A l l basic bore holes must be sunk from 
3 t o 7 f t i n t o t h e n a t u r a l ground and one or two holes go t o a deeper hor­
i z o n whose I m m o b i l i t y d u r i n g the s l i d i n g process i s above doubt. When the 
s t r a t a are h o r i z o n t a l , a t l e a s t one bore hole on the slope must reach the 
e l e v a t i o n o f the bottom of the deepest hole sunk throi;igh the s l i d i n g body 
I t s e l f . 

Slope H i s t o r y 
A p u r e l y g e o l o g i c a l problem o f great Importance i s the h i s t o r y o f a 

given slope considered as a whole. For a competent g e o l o g i s t , t h i s i s the 
b a s i s o f the understanding o f the present day s l i d e s and p o s s i b l e prognosis 
o f coming ones. Often the h i s t o r y o f the slope i s connected t o the h i s t o r y 
o f a water b a s i n o r a r i v e r canyon o f which the slope i s a p a r t . 



I n a d d i t i o n t o the h i s t o r y o f the slope i n remote times the s t a t i o n 
gathers a l l p o s s i b l e I n f o m a t i o n concerning the present h i s t o r i c a l p e r i o d 
( o l d maps, newspapers, questioning o f the neighbors, e t c . ) . 

SLIDE TERMINOLOGY AND CLASSIFICATION 
The Russian term f o r the s l i d e i s "opolzen." The s l i d i n g body proper 

i s the "body of the opolzen." The v i s i b l e v e r t i c a l c l i f f - l i k e scarp where 
the s l i d i n g body separates from the r e s t o f the e a r t h mass i s " p u l l - o f f -
w a l l . " The s l i d i n g surface on which the s l i d i n g body reposes, i f p r a c t i c a l 
l y Immobilized, i s i t s "bed." The s l i d i n g body i s l i m i t e d by the r i g h t and 
l e f t " f l a n k s " or "sides," r i g h t and l e f t being considered i n the d i r e c t i o n 
of s l i d i n g . The foremost p o r t i o n of the s l i d e i s i t s "tongue" (not " t o e " ) . 

A new s l i d e changes the appearance o f the slope. The r e l i e f changes, 
f i s s u r e s and steps appear near the top o f the s l i d e , rock formation may-
become v i s i b l e , t h e r e are new ground water o u t l e t s and swampy spots. I f 
the d i s p l a c e d masses keep the new p o s i t i o n f o r a c e r t a i n time, the slope 
appearance changes again: the f i s s u r e s are g r a d u a l l y f i l l e d up, t h e i r edges 
smoothen, and the newly exposed surfaces are covered w i t h v e g e t a t i o n . This 
i s the t r a n s f o r m a t i o n of the s l i d e i n t o an " o l d s l i d e . " The d u r a t i o n o f 
t h i s t r a n s f o r m a t i o n depends on the c l i m a t e . I t may be o f the order o f sev­
e r a l hundreds o f years i n dry c l i m a t e , whereas i n the presence o f consid­
erable r a i n f a l l and r i c h v e g e t a t i o n two and even one year may s u f f i c e . I t 
i s necessary t o d i s t i n g u i s h between " o l d " and "ancient" s l i d e s . The l a t ­
t e r are healed up s l i d e s (scars) formed i n past g e o l o g i c a l times. 

As may be concluded from Emel'ianova ( l ) , the terms "new" or "modern," 
" o l d , " and "ancient" s l i d e are used by the s t a t i o n s ' personnel. There are 
also s l i d e c l a s s i f i c a t i o n s by Popov and Maslov, discussed l a t e r . 

The slopes w i t h o l d or ancient s l i d e s or slopes w i t h o u t s l i d e s a t a l l 
may be s i m i l a r t o those on which new or modern s l i d e s are developed so f a r 
as the c o n d i t i o n s o f slope f o r m a t i o n and existence are concerned. A l l such 
slopes deserve a t t e n t i v e study i n order t o c l a r i f y the reasons why \mder 
apparently I d e n t i c a l c o n d i t i o n s the s l i d e s may or may not develop; why the 
s l i d e s may be a c t i v e or completely healed up. 

Sli d e C l a s s i f i c a t i o n 
Popov's S l i d e C l a s s i f i c a t i o n (3) i s i n r e a l i t y an adaption of F. P. 

Savarensky's (3a) c l a s s i f i c a t i o n "somewhat developed and made p r e c i s e r . " 
Savarensky, a well-known Russian g e o l o g i s t , working mostly I n engineer­
i n g geology and seismology, was the f i r s t i n Russia t o introduce i n t o the 
s l i d e c l a s s i f i c a t i o n the time o f m a n i f e s t a t i o n o f the s l i d e and i t s s t a t e 
( s t a g e ) . His c l a s s i f i c a t i o n , m o d i f i e d by Popov, i s given i n Table 1. On 
the basis o f Table 1, Popov elaborated another t a b l e (Table 2) which i n 
r e a l i t y contains a small l i s t o f f e a t u r e s on which a r e g i o n a l s l i d e c l a s ­
s i f i c a t i o n shoxild be based and a small l i s t of measures f o r the c o n t r o l o f 
l a n d s l i d e s . Table 2 i s formulated i n general terms and has no immediate 
p r a c t i c a l value f o r a f i e l d engineer or g e o l o g i s t . I t i s not presented 
here. 

Maslov's {k) s l i d e c l a s s i f i c a t i o n considers f o u r c h a r a c t e r i s t i c s 
of the l o s s o f slope s t a b i l i t y , namely: (a) form, whether f a l l , slump 
w i t h shear and r o t a t i o n , shear a t settlement, s l i d i n g , creep-displacement, 
creep, f l o w s , p l a s t i c and viscous deformation, sec-ular reworking o f the 



TABLE 1 

CLASSIFICATION OF SLIDES ACCORDING TO AGE AND STAGE 

Age Stage C h a r a c t e r i s t i c s Age Stage 
Of Age Of Stage 

Recent Moving With recent base 
l e v e l of er o s i o n , 
and l e v e l o f 
abrasion 

Process tending t o 
establishment o f 

Suspended. 

With recent base 
l e v e l of er o s i o n , 
and l e v e l o f 
abrasion 

e q u i l i b r i u m 
A c t i o n o f cause tempo­
r a r i l y balanced by 
some " s e c u r i t y agent" 

A r r e s t e d Cause t e m p o r a r i l y 
e l i m i n a t e d 

Completed A c t i o n o f cause 
discontinued 

Ancient Exposed 

Burled 

With a d i f f e r e n t 
p o s i t i o n o f erosion 
and abrasion 

Only s o i l and eluvium 
a t the sinrface 
S l i d e covered w i t h 
l a t e r deposits 

slope; i n t o t a l seven forms i f f a l l and f l o w are not considered; (b) char­
a c t e r of deformation, e.g., understanding under " s l i d i n g " a displacement 
along the planes o f s t r a t i f i c a t i o n , breaks, ancient movements, e t c . ; un­
der "creep-displacement" almost h o r i z o n t a l displacement along a weak l a y e r 
o f cementing m a t e r i a l between two s t r a t a caused by l a t e r a l pressure; ( c ) 
v e l o c i t y o f deformation expressed q v i a n t l t a t i v e l y o n l y , e.g., "s m a l l and 
exceedingly small" i n cm or mm per year; (d) n a t i i r a l environment (mostly 
geology of the s i t e ) . 

Cracks and Fissures 
I n the Russian o r i g i n a l s discussed here no d i s t i n c t i o n I s made be­

tween "crack" and " f i s s u r e s . " The general term used t h e r e i s equivalent 
t o English " f i s s u r e . " I n t h i s paper the term "crack" i s g e n e r a l l y used; 
the term " f i s s u r e " i s also used when r e a l closed f i s s u r e s are described. 

Cracks and f i s s u r e s a t the s l i d e surface are caused by stresses and 
displacements w i t h i n t he s l i d e body. I n the case o f an elementary (sim­
p l e ) s l i d e i n clayey m a t e r i a l t h e r e are t e n s i l e stresses and t e n s i l e 
cracks and f i s s t i r e s a t the t o p o f the s l i d e ; whereas a t the tongue the r e 
may be b u l g i n g and, hence, compression cracks and f i s s i i r l n g . This i s t r u e 
i n the case o f non-sensitive c l a y . I f the c l a y i s s e n s i t i v e , or i f there 
i s a sudden increase i n the bed gra d i e n t close t o the tongue, c l a y may 
move or f l o w down and spread on the t e r r a i n . There may be also f i s s u r e s 
i n the n a t u r a l groimd above the s l i d e and below i t s tongue. 

The p o r t i o n o f the simple s l i d e between the upper (extended) and the 
lower (compressed) zones i s a "displacement zone." I f the curvature o f 
the s l i d e bed (shearing surface) i s constant, e.g., as i n the case o f a 
p e r f e c t c i r c u l E i r or plane shearing surface, the body o f the s l i d e i s not 
stressed and no fissiores are formed on i t d u r i n g the s l i d i n g process. I f , 



i n such a case, t h e r e are engineering s t r u c t u r e s b u i l t a t the " d i s p l a c e ­
ment zone," they w i l l be simply t r a n s l a t e d and may be t i p p e d one way or 
the other according t o t h e i r r e l a t i v e p o s i t i o n w i t h respect t o the shear 
surface. 

Figure 1 shows the crack c l a s s i f i c a t i o n by Ter-Stepanian (k) who sub­
d i v i d e s a l l cracks on the s l i d i n g body i n t o siirface cracks and deep cracks 
or f l s s \ i r e s . I n t h e i r t u r n , the surface cracks c o n s t i t u t e fowc l a r g e 
groups i n d i c a t e d on p l a n ( F i g . 1, bottom). 

Group I . Upper Cracks ( F i g s , l a and l b ) , open a t t o p , more or l e s s 
v e r t i c a l , edges not smashed. Cracks ( F i g . l b ) are i n r e a l i t y f a u l t s (or 
shear) surfaces. May be covered by the dry m a t e r i a l f a l l i n g from the up­
per "shoulder." Cracks ( F i g . l a ) are t e a r ( o r t e n s i l e ) cracks, not very 
l o n g , dying out a t the ends; both shoulders are a t the same l e v e l . 

Group I I . Side Cracks (F i g s . I c , I d , l e and I f ) , along sides o f s l i d ­
i n g body, r i g h t and l e f t , considered along d i r e c t i o n of movement. Each 
crack has two "shoulders," one movable on the s l i d i n g body, the other un-
movable on the r e s t o f the mass. At the beginning of the s l i d i n g process 
both shoulders have equal e l e v a t i o n s but not so a f t e r w a r d , when the shoul­
ders move r e l a t i v e l y up and down, becaiise o f h o r i z o n t a l (and not v e r t i c a l ) 
displacements. However, a t the end o f the process t h e r e i s a tendency f o r 
the movable shoulder t o be lower than the unmovable a t the t o p p o r t i o n s o f 

the s l i d e , and higher a t the lower 
ones. This i s explained by the ero-
sionsQ. a c t i o n a t the cirques o f the 
s l i d e and the accumulative a c t i o n o f 
i t s tongue. 

There may be f o u r types o f 
cracks along the sides of the s l i d ­
i n g body. "Pushing" cracks ( F i g . 
I c ) are formed when th e d i r e c t i o n 
o f motion makes an acute angle w i t h 
the edge o f the s l i d i n g body, and 
both compression and shear stresses 
are a c t i n g . Basic pushing cracks 
( F i g . I c ) are accompanied by sec­
ondary c v i r v i l i n e a r secondary crack 
probably caused by t o r s i o n . The 
presence o f a moment i n t h i s case 
has been I n d i c a t e d i n the United 
States by A. M. R i t c h i e ( ^ p. 55 ) , 
and by the Russian i n v e s t i g a t o r s 
thanselves ( l , p. kc). "Squeezing" 
cracks ( F i g . I d ) are o f the same 
o r i g i n as cracks ( P i g . I c ) , o n l y the 
acute angle i s l a r g e r i n t h i s case. 
Also the secondary cracks are heav­
i e r ; and t h e r e i s a l o n g i t u d i n a l 
r o l l o f e a r t h m a t e r i a l squeezed up 
from below. 

I f t h e l o n g i t u d i n a l sides o f 
Types o f cracks on a the s l i d i n g body are p a r a l l e l t o 

s l i d e . eeich other and t o the general d l -
Flgure 1. 



r e c t l o n o f s l i d i n g ( F i g . l e ) , the f i s s u r e s separating the s l i d i n g body 
from the r e s t o f the mass, are t y p i c a l shear f a i l u r e f i s s v i r e s covered 
w i t h " l i n e s " t h a t probably are p o r t i o n s o f the shear p a t t e r n and t r a c e s 
of wearing. I n such cases s l l c k e n s i d e s may develop a t t h e v e r t i c a l o r 
almost v e r t l c a l ' s l d e s o f the s l i d i n g body. I f the s l i d i n g body tends t o 
widen i n the d i r e c t i o n o f impending motion, "separation" cracks ( F i g . I f ) 
are observed. Roughly such cracks approach a s t r a i g h t l i n e , the shoulder* 
are o f t e n t o r n and t h e r e are no " l i n e s " and no signs o f f r i c t i o n on them. 

Group I I I . C e n t r a l Cracks, are c o n v e n t i o n a l l y termed "compression 
cracks," though i n t h e i r f o m a t i o n t e n s i l e stresses also p a r t i c i p a t e . 
"Smashing cracks" ( F i g . I g ) are i n r e a l i t y transverse closed f l s s i i r e s 
w i t h one or more transverse e a r t h r o l l s . The shoulders o f the f i s s u r e s 
are l e v e l . These cracks are formed a t the place where the movement of 
the s l i d i n g body i s decelerated by some ob s t a c l e , e.g., a heave i n the 
bed o f the s l i d e . 

"Opening" cracks are formed e s p e c i a l l y i n t h e zone between the mid­
dle and the lower p o r t i o n o f the s l i d i n g body ( F i g . I h ) . These Eire t r a n s ­
verse v e r t i c a l cracks, formed by t e n s i l e stresses, e.g., i n the case when 
the e a r t h m a t e r i a l accimiulated i n the lower p o r t i o n o f the s l i d e , creeps 
over some obstacle (e.g., a heave i n the bed) and breaks. The shoulders 
of these cracks are l e v e l . 

Group IV. Lower Cracks. The f i s s u r e s f o m e d a t the end o f the 
tongue ( F i g . 11) are j o i n t s connecting the s l i d e w i t h the surrounding 
s o i l mass. These f i s s i i r e s are closed, t h e i r upper shoulder i s h i g h , some­
times t i p p e d and even overturned; t h e i r lower shoulder i s o f t e n hidden by 
the e a r t h m a t e r i a l . 

This p a r t i c u l a r c l a s s i f i c a t i o n does not cover a l l kinds o f cracks and 
f i s s u r e s t h a t may appear a t the surface o f a s l i d i n g body, e.g., dessica-
t l o n fissin:es; t e c t o n i c cracks, e.g., caused by f a u l t s ; weathering f i s ­
sures, e t c . Besides cracks and f i s s u r e s t h e r e may be other deformations 
of the s l i d i n g body such as f o l d s , decrease and increase i n thickness and 
other phenomena known as " s l i d e t e c t o n i c s . " 

The importance and general s i g n i f i c a n c e o f cracks a t the s l i d i n g body 
i s w e l l known (^, p. 5^)J here the methodology o f crack study on the t y p ­
i c a l s l i d e s o n l y as prewiticed by t h e Russian f i e l d s l i d e s t a t i o n s , w i l l be 
b r i e f l y discussed. I n d e s c r i b i n g a crack i n a r e p o r t or a paper the f o l ­
l o w ing items are considered: (a) whether t h e crack i s i n d i v i d u a l or be­
longs t o a s e r i e s ; (b) shape i n p l a n ( s t r a i g h t , cxirved, wavy, broken, 
e t c . ) , i t s l e n g t h and i t s o r i e n t a t i o n and p o s i t i o n on the s l i d i n g body; 
(c ) w i d t h , max, mln, average; (d) depth and s t a t e o f the v i s i b l e bottom; 
(e) w a l l a o f the crack (whether smooth, w i t h " f r i c t i o n m i r r o r s , " scratches 
or " l i n e s , " or rough, notched, smashed; ( f ) s t a t e o f the shoulder edges, 
whether sharp, f a l l e n o f f , rounded; s t r a i g h t i n p l a n t o r n , indented; (g) 
d i f f e r e n c e i n l e v e l o f the shoulders; (h) h o r i z o n t a l t r a n s l a t i o n s along 
the crack; ( i ) p o s s i b l e r e l a t i o n o f the crack t o geologic c o n d i t i o n s , e.g., 
changes I n t h e character o f the crack when I n t e r s e c t i n g d i f f e r e n t rocks; 
( j ) m a t e r i a l f i l l i n g t h e crack; ( k ) geohydrological s i g n i f i c a n c e o f the 
crack; ( l ) p o s s i b l e causes o f t h e crack. I n c e r t a i n cases p i t s and t r e n c h ­
es are used f o r t h e d e t a i l e d survey o f a crack. Sometimes d e t a i l e d i n ­
strumental mapping o f cracks f o r i n d i v i d u a l sections o f a l a r g e s l i d e i s 
advisable. An American example o f such mapping should be r e c a l l e d ( 7 ) . 



DEFORMATION OF STRUCTURES 
A s l i d e may occur under, or close t o , an e x i s t i n g s t r u c t u r e . I n t h i s 

case the s t r u c t u r e may be h e a v i l y damaged o r , under c e r t a i n circumstances, 
may continue i t s s e r v i c e . F i n a l l y a s t r u c t u r e (e.g., a road) may be con­
s t r u c t e d on a s l o w l y progressing s l i d e . I n a l l these cases observations 
on the s t a t e of the s t r u c t u r e are needed. The primary o b j e c t i v e of these 
observations i s t o e s t a b l i s h the r e l a t i o n s h i p o f the a c t i i a l or p o s s i b l e 
damage of the s t r u c t u r e w i t h i t s p o s i t i o n on the s l i d e . I t already has 
been suggested i n t h i s paper t h a t the s t r u c t i i i r e s l o c a t e d a t the c e n t r a l 
p o r t i o n o f an elementary s l i d e are o n l y s l i g h t l y damaged, i f a t a l l . Ob­
v i o u s l y , the c o n s t r u c t i o n and depth of the f o i m d a t l o n and the general con­
d i t i o n o f t h e s t r u c t u r e p r i o r t o s l i d i n g are o f Importance. 

T i p p i n g and displacement o f p a r t s o f s t r u c t i i r e s are measiured i n t h r e e 
m u t u a l l y perpendicular d i r e c t i o n s and shown schematically on the plans o f 
the s t r u c t u r e . Cracks and f i s s u r e s are given s p e c i a l a t t e n t i o n . P a r t i c ­
u l a r l y , t o e s t a b l i s h whether a crack i s widening or n o t , rectangular 
pieces o f t h i n glass 1 t o 3 cm wide are o f t e n f i x e d w i t h gypsm or cement 
on the shoulders o f the crack. Gypsum and cement overlays across the f i s ­
sure are also used. 

DEFORMATION OF VEGETATION 
Plants may r e s i s t s l i d i n g or be e n t r a i n e d by the s l i d e according t o 

where t h e i r r o o t s are f i x e d . I n huge s l i d e s the whole r o o t system i s gen­
e r a l l y l o c a t e d w i t h i n the s l i d i n g body. I n a c y l i n d r i c a l s l i d e an i s o ­
l a t e d v e r t i c a l t r e e t i p s up slope; and moves forward, i . e . , down slope, 
i n t h e case o f p l a s t i c f l o w . Young t r e e s r o t a t e d by an e a r l y s l i d e grow 
v e r t i c a l l y a fterwards, a growth which permits one t o estimate how much 
time has t r a n s p i r e d since the s l i d e . I t should be r e a l i z e d t h a t bent 
t r e e s are also found i n windy regions. 

DISPLACEMENTS OF SLEDIHG BODIES 
Magnitude, d i r e c t i o n and r a t e are t o be recorded i n the study o f 

s l i d i n g body displacements. Regular siirveylng operations are performed 
on a system o f "monijments" (Russian " r e p e r " ) placed on and outside the 
s l i d e . Besides determining whether or not t h e r e i s a displacement of the 
s l i d i n g body, t h e boixndaries o f " a c t i v e " s l i d e s or those o f secondary 
s l i d e s ( c i r q u e s ) w i t h i n huge o l d s l i d e s may be determined using such ob­
s e r v a t i o n s . I t may also be found whether the s l i d i n g process i s s t i l l 
p rogressing and, i f so, what k i n d o f movement i s t a k i n g place: e i t h e r d i s ­
placement o f the s l i d i n g body as a monolith; or d i f f e r e n t i a l displacement 
of i t s p a r t s ; o r , f i n a l l y , a p l a s t i c f l o w . I t may be d i s c l o s e d whether 
t h e r e i s a l a t e r a l or an upward growth o f the s l i d i n g body. Data f o r the 
s t r e s s d i s t r i b u t i o n stxuSy w i t h i n the s l i d i n g body may be c o l l e c t e d . So 
f a r as the a n t l - s l i d i n g s t r i i c t u r e s are concerned, data f o r the design of 
such s t r u c t u r e s may be c o l l e c t e d , and when the s t r u c t u r e s themselves are 
constructed t h e i r e f f i c i e n c y checked. 

Observations on "monvments" are r e f e r r e d t o t h r e e m u t u a l l y perpen­
d i c u l a r axes. Displacements of a p o i n t along the axes and f u l l displaxie-
ment i n space, v e l o c i t i e s o f displacement and increase or decrease of the 
t r u e distance between the monuments are determined. Changes i n the t r u e 
distance between the monimients I n d i c a t e t e n s i o n or compression close t o 
the s l i d e ' s surface. R o t a t i o n o f the s l i d i n g body about a h o r i z o n t a l or 
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Figure 2 . Approximate determina­
t i o n o f the depth o f a s l i d e ( 8 ) . 

v e r t i c a l a x i s i s found from the angles o f r o t a t i o n o f l i n e AB connecting 
the two monuments A and B i n t h e v e r t i c a l o r h o r i z o n t a l plane, r e s p e c t i v e ­
l y . I n t h e i r t-urn, the values o f these angles are computed from the co­
ordinates o f p o i n t s A and B. 

Monument observations may be 
used f o r deteimlnlng the depth o f 
the s l i d i n g body and the c o n f i g ­
u r a t i o n o f the s l i d i n g (shear) 
surface. The method proposed by 
Buckingham (8) i s described by 
Qael'lanova J l , p. 59)• Durliag a 
displacement o f the s l i d i n g body 
volume A i and ABBi ( F i g . 2 ) , may 
be assumed equal t o the volimie o f 
s o i l passed through s e c t i o n BC. 
I f t h e h o r i z o n t a l displacement o f 
p o i n t B i s A and assuming a u n i ­
form d i s t r i b u t i o n of the v e l o c i ­
t i e s o f the moving s o i l along ver­
t i c a l BC, 

aepth BC = ^ea^AiABBl 

I f t h e s l i d i n g body i s severely 
broken dxaring the displacement, 
Eq. 1 may l e a d t o considerable 
e r r o r s . 

Location o f Monuments. The 
monuments are l o c a t e d i n l o n g i ­
t u d i n a l and tr a n s v e r s e , m u t u a l l y 
perpendicular rows. The l o n g i ­
t u d i n a l rows are u s \ i a l l y p a r a l l e l 
t o t he general d i r e c t i o n o f s l i d ­
i n g . Some monuments sho\ild be 
placed beyond the perimeter o f the 
s l i d i n g body proper. I f the r e i s 
a water basin a t the f o o t o f the 
slope, t h e r e should be monimients 
placed i n water w i t h a t l e a s t one 
monument unmovable. A d d i t i o n a l 
l o n g i t u d i n a l montmient rows are 
needed (a) on ccmplex s l i d e s w i t h 
secondary cirques ( F i g s . 3 and k)} 
(b) on f r o n t a l s l i d e s o f considerable l e n g t h along the slope; and ( c ) when 
besides t r a n s l a t i o n a lso r o t a t i o n may be expected. Figure 5 shows a case 
when m o n o l i t h i c s l i d i n g takes place along a plane d i p p i n g o b l i q u e l y t o the 
slope. I t should be noted, however, t h a t i n many cases one good l o n g i t u d ­
i n a l monument row may s u f f i c e . 

Sometimes monuments are l o c a t e d i n t r i a n g l e s as f o r a d i m i n u t i v e t r i -
a n g u l a t i o n . P r a c t i c e has shown, however, t h a t the readings obtained from 
a s u f f i c i e n t number o f m u t u a l l y perpendicular monument rows are e a s i e r t o 
aneilyze and are more l l l i i s t r a t i v e than those obtained from t r i a n g u l a r s e t s . 

Location o f monvmients f o l l o w i n g a re c t a n g u l a r g r i d may be u s e f u l i n 

Figure 3 . Location o f monimients on 
a medlimi size two-step s l i d e (sche­

matic s k e t c h ) . 
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Figure h. Location of monuments on 
a hiige old s l i d e with secondary 

cirques (schematic sketch). 

the case of p l a s t i c flow and creep 
when the s o i l mass moves l i k e a 
stream of viscous l i q u i d . 

Figure 5. Location of monuments i n 
the case of an oblique s l i d e . Ar­
row shows direction and angle of 
dip of the s l i d i n g plane (schematic 

sketch). 

Location of monvment rows should be f i r s t planned on a large-scale 
topographic map according to available geomorphological information. The 
plot should be then corrected i n the f i e l d by a geologist and an engineer 
together, according to the presence of cracks and sheeu: steps, conditions 
of v i s i b i l i t y , e t c . 

Monument Types. Monuments may be b a s i c , f o r long-term observations, 
and working, f o r short duration use. MommientB of e i t h e r type may be ex­
posed or covered with earth. The monuments of the l a t t e r type are better 
so f a r as preservation of the monument i s concerned but often are d i f f i ­
c u l t to f i n d i n the f i e l d . I t i s advisable to make a l l monuments exposed 
and to cover them only i f t h e i r safety i s threatened. 

The base of a monument should be placed below the freezing depth ex­
cept f o r that case when the displacements of the mantle only are consid­
ered. 

Figure 6 shows one covered monument (a) and two exposed. There are 
many types of working monvmients; concrete i s tised i n most of them fo r s t a ­
b i l i t y . A very common type i s shovm i n Figure 7, l e f t . I n t h i s case the 
montmient of a metal 1 i c rod or pipe segment driven fran the bottom of a 
shallow excavation f i l l e d afterwards with concrete. I n the s o i l s subject 
to swelling t h i s type of monimient i s replaced by a concrete slab with a 
v e r t i c a l rod placed at the bottom of a r e l a t i v e l y deep p i t and f i l l e d with 
compacted c l a y ( F i g . 7, r i g h t ) . 

Duration of Monument Observations. P r a c t i c a l l y always, observations 
on a s l i d e , even i n the areas served by f i e l d stations, s t a r t a f t e r the 
s l i d e has already moved so that infoimation on a very i n i t i a l stage of 
s l i d i n g i s missing. The s l i d i n g process develops non-uniformly and there 
may be periods of quiet between the displacements, l a s t i n g scmetimes for 
years. Again, the h i s t o r y of seme s l i d e s i s limited to one displacement 
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F l g i i r e 7. 
short-term 
one I S 

T y p i c a l monuments f o r 
observations (the r i g h t 

used i n frost-expansive 
s o i l s ) . 

Figure 6. Types o f "basic monments 
f o r long-term observation. 

on l y . Therefore, i t i s not neces­
sary very o f t e n t o perform f \ i l l 
surveying operations, i . e . , de­
t e r m i n a t i o n o f the thr e e c o o r d i ­
nates X, y, z o f a l l monuments. 
For instance, f o r intermediate 
observations o f a s l i d e , done h 
t o 6 times per year, a systematic 
determination o f one or two coordinates may s u f f i c e . The v e r t i c a l c o o r d i ­
nate z may be determined by simple l e v e l i n g . The coordinate x may be foimd 
from the l o n g i t x i d l n a l monument rows, o f t e n by simple measiirement o f the 
distances between the monuments. The I m m o b i l i t y of basic monuments should 
be checked once i n awhile, however. 

Measurement o f any o f the coordinates x, y, z should be done I n dry 
weather or d u r i n g a f r e e z i n g s p e l l . Obviously no coordinate measxirement 
should be done d u r i n g v i s i b l e s l i d e movement. 

S i m p l i f i e d Observations. Regular surveying operations are expensive 
and r e q u i r e considerable time f o r t h e i r completion. S i m p l i f i e d observa­
t i o n s between r e g u l a r surveying operations are performed i n order t o i n ­
v e s t i g a t e whether or not the r e are displacements d u r i n g a c e r t a i n time i n ­
t e r v a l and what i s the nature o f these displacements. Temporary "marks" 
are placed or m^ide a t the surface o f the s l i d i n g body f o r t h i s purpose. 
Placing one mark a t each side o f a f i s s u r e and measuring distance between 
these marks may I n d i c a t e the pressure or t e n s i o n I n the s l i d i n g body. Both 
o f these marks may be l o c a t e d a t the surface o f the s l i d i n g body, or one 
on i t , and the other o u t s i d e , i . e . , a t the unmovable s e c t i o n o f the e a r t h 
surface. A great number o f mark pedrs may operate simultaneotisly a t d i f ­
f e r e n t sections o f t h e s l i d e . Marks may be l o c a t e d along the estimated d i ­
r e c t i o n o f s l i d i n g and distances between them measured. To study a r a p i d 
s l i d i n g motion, a l o n g graduated r o d I s f i x e d a t the surface o f the s l i d ­
i n g body along the d i r e c t i o n o f s l i d i n g . Outside the edge o f the s l i d e , 
i . e . , on t h e unmovable e a r t h surface, a telescope tube i s f i x e d perpendic­
u l a r t o the r o d . Readings o f the r o d euce then p l o t t e d against times o f 
observation. 

Obviously the marks should be simple, inejqpenslve and conv e n i e n t l y 
l o c a t e d . A p a i r o f mon\ments from an e x i s t i n g longitudinaJ. monument row 
l o c a t e d on b o t h sides o f a f i s s u r e or crack may work as marks. Boulders, 
t r e e s , bTJildings and s t r u c t u r e s o f a l l k inds may a l s o be u t i l i z e d f o r the 
purpose. 
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DISPIACEME3STS AT A DEPTH 

Russian t e c h n i c a l l i t e r a t i a r e (9) advances the idea o f existence of 
a " l a n d s l i d e nidus," or t h a t r e g i o n of the slope where the l o c a l concen­
t r a t i o n o f t a n g e n t i a l stresses occurs. The complete s l i d i n g cycle caused 
by these stresses c o n s i s t s of a phase o f deep creep which may l a s t f o r 
years, and a phase o f shear I n the form o f quick displacement. An o l d 
s l i d e may he healed up and become a c t i v e again, and t h i s may he repeated 
s e v e r a l times d u r i n g the long g e o l o g i c a l h i s t o r y o f the slope. Thus i n 
one s l i d e t h e r e may be t r a c e s o f s l i d i n g surfaces a t d i f f e r e n t l e v e l s . 
I t i s d i f f i c u l t t o l o c a t e the shearing surface from a bore hole even i n a 
recent s l i d e ; more c o r r e c t data are obtained from p i t s and trenches. 
Russian f i e l d s l i d e s t a t i o n s use deep monuments f o r the purpose. 

P r a c t i c a l l y a l l methods o f the f i e l d deep displacement-study are basec 
on t h e c o n s i d e r a t i o n o f deformation o f a s t r a i g h t l i n e ( u s u a l l y v e r t i c a l ) 
w i t h i n the s l i d i n g body. When i n t e r s e c t i n g a s l i d i n g siarface or a break 
the experimental s t r a i g h t l i n e i s displaced and the displacement o f the 
s l i d i n g body equals the distance between the ends o f the segments o f the 
experimental v e r t i c a l l i n e . W i t h i n a displaced b u t m o n o l i t h i c b l o c k , the 
experimental l i n e i s s t i l l s t r a i g h t , but may be t i p p e d . I n the case o f a 
p l a s t i c f l o w , the experimental l i n e i s curved and may be broken. General­
l y the shape o f the curve i n t h i s case depends on the law o f v e l o c i t y 
changes along the v e r t i c a l . 

I n one type o f deep monuments t h e i r deformation i s determined by care­
f u l l y excavating the e a r t h m a t e r i a l around the monument which i n t h i s case 
may be used f o r one observation o n l y . A simple type o f such monuments con­
s i s t s o f a bore hole f i l l e d i n by wooden c y l i n d e r s k t o 10 i n . i n l e n g t h , 
f r e e l y standing on each other and f i l l i n g the bore h o l e . I n another type 
the bore hole i s f i l l e d w i t h some loose m a t e r i a l , e.g., g r a v e l , sand, f i n e 
c o a l , e t c . The c o l o r o f t h i s m a t e r i a l obviously should d i f f e r from t h a t 
o f the slope m a t e r i a l s . Very important i n t h i s case I s the determination 
of the o r i g i n a l d e v i a t i o n o f the bore hole from the v e r t i c a l which can be 
determined by p l a c i n g i n t o the hole a glass c y l i n d e r f i l l e d w i t h a p p r o p r i ­
ate l i q u i d , e.g., a c i d a f f e c t i n g glass or some dye. I n the l a t t e r case 
the w a l l s o f the glass c y l i n d e r should be l i n e d i n s i d e w i t h paper. The 
d i f f e r e n c e between the highest and the lowest l e v e l o f l i q u i d i n the glass 
c y l i n d e r and i t s diameter f u r n i s h the data f o r computation o f the slope 
of t h e bore hole a t the l e v e l where the experimental glass c y l i n d e r i s 
placed. 

The excavation o f a monument i s c o s t l y and time consuming and i s gen­
e r a l l y done when th e monvment i s displaced h o r i z o n t a l l y 3 t o 5 f t * Figure 
8 represents a sketch o f the w a l l o f an excavation showing the displEUJement 
o f a monument c o n s i s t i n g o f wooden c y l i n d e r s . The momment i s sheared, dls 
placed v e r t i c a l l y 120 cm and t i p p e d k2 cm. Symbols on the sketch mean: ( l ] 
loose yellowish-brownish c l a y , s l i g h t l y p l a s t i c ; (2) grey s t i c k y c l a y s ; (3] 
sandstone fragments and I n c l u s i o n s ; (k) shearing ( s l i d i n g ) surface; (5) 
o r i g i n a l p o s i t i o n o f monument. 

A method p e r m i t t i n g constant obseirvations o f the s l i d e displacements 
c o n s i s t s i n the excavation o f s p e c i a l p i t s and trenches w i t h n o n - r i g i d 
timber b r a c i n g . Bracing o f a c y l i n d r i c a l p i t (hole o f l a r g e diameter) may 
c o n s i s t o f concrete r i n g s I5 t o 25 cm (6 t o 10 i n . ) h i g h , l y i n g f r e e l y on 
each o t h e r . H o r i z o n t a l displacements Eire w e l l recorded by such I n s t E i l l a -
t i o n s b u t the v e r t i c a l component o f the s l i d i n g displacement cannot be cor­
r e c t l y measured u n t i l the i n s t a l l a t i o n i s completely sheared. 
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BALANCE OF SKEDING MASSES 
A s l i d i n g mass may or may not 

vary i n weight d u r i n g the s l i d i n g 
process. Increase i n weight i s 
due t o (a) a c t i v e p a r t i c i p a t i o n i n 
the s l i d i n g process o f the masses 
u s u a l l y l o c a t e d a t the t o p and a t 
the sides o f the s l i d e ; (b) deep­
ening o f the s l i d i n g hodyj (c) 
gradual a r r i v i n g o f e a r t h m a t e r i a l 
from t h e areas above t h e t o p o f 
s l i d e , because o f f a l l s (e.g., as 
w i t h the Crimean s l i d e s ) , and be­
cause o f e r o s i o n o f these areas; 
(d) a r t i f i c i a l a d d i t i o n s t o the 
s l i d i n g mass (e.g., because o f the 
earthwork on r a i l r o a d s and h i g h ­
ways l o c a t e d on the s l i d i n g body); 
(e) d e p o s i t i o n o f sediments on the 
s l i d e ' s tongue and a t the f o o t o f 
the slope (e.g., i n the case o f 
fo r m a t i o n o f a sea or r i v e r t e r ­
r a c e ) . Decrease i n weight o f the 
s l i d i n g body may take place because 
of (a) the slope's f o o t abrasion, 
e r o s i o n , f l a t t e n i n g of slopes; (b) 
e r o s i o n o f the slope w i t h forma­
t i o n o f ravines and g u l l i e s ; ( c ) 
s u r f i c i a l s o i l removal ( a b l a t i o n ) ; (d) a r t i f i c i a l removal o f e a r t h masses 
i n grading, b u i l d i n g o f cuts and excavations, removal o f s l i d e s or heaves 
on the r a i l r o a d s and highways; (e) subsurface erosion. What i s meant un­
der the terms "balance o f s l i d i n g masses" i s the d i f f e r e n c e , p o s i t i v e or 
negative, o f the increase and decrease of the weight o f the masses con­
s t i t u t i n g the s l i d i n g body. 

Displaced s o i l s are more or l e s s saturated; and besides water may be 
disp l a c e d Independently from the s o i l . Hence, s t r i c t l y speaking, the b a l ­
ance o f e a r t h masses and the balance o f water should be prepared Independ­
e n t l y , both o f them being the components o f the general balance o f d i s ­
placed masses. Hereafter, the water balance on the slope i s not consid­
ered separately from t h e earth-mass balance. 

With c i r c u l a r - c y l i n d r i c a l s l i d i n g surface the c o n d i t i o n s o f e q u i l i b ­
rium o f the s l i d i n g body depend on the p o s i t i o n o f i t s center o f g r a v i t y . 
When the center o f g r a v i t y i s lowered, s t a b i l i t y o f the s l i d i n g body i n ­
creases and vice-versa. Therefore, when considering a s l i d e w i t h c i r c u l a r -
c y l i n d r i c a l s l i d i n g surface, i t i s necessary t o consider separately the 
p o r t i o n s o f t h e s l i d e separated by a v e r t i c a l plane passing through i t s 
center o f g r a v i t y (deteimlned a t a c e r t a i n i n i t i a l time moment) and par-
ELLlel t o the s t r i k e o f the slope. The p o s i t i o n o f t h i s v e r t i c a l plane 
I n space i s considered constant and t h e d i s p l a c e d masses are v i s u a l i z e d 
as passing through t h a t plane. I n t h i s way, the center o f g r a v i t y of the 
s l i d e i s v i s u a l i z e d as moving i n spaxie, and not w i t h i n the e a r t h mass. 
The negative balance o f the upper p o r t i o n o f the s l i d i n g mass, and the 
p o s i t i v e balance o f i t s lower p o r t i o n mean the downward displacement o f 

Figure 8. I d e a l i z e d page from the 
f i e l d book o f a s l i d e observer 
showing t r a n s l a t i o n and r o t a t i o n o f 

a deep monument. 



Figure 9. Balance o f s l i d i n g mass­
es: (1) limestone; (2) c l a y j (3) 
t o d y o f opolzen; {k) beach g r a v e l ; 
(5) removed m a t e r i a l ; (6) added ma­
t e r i a l ; (7) center o f g r a v i t y ; (8) 
d i r e c t i o n and l e n g t h o f d i s p l a c e ­

ment. 

the center o f g r a v i t y and increase 
i n s t a b i l i t y . The p o s i t i v e "balance 
o f the upper p o r t i o n and the nega­
t i v e balance o f the lower p o r t i o n 
correspond t o decrease i n s t a b i l i t y . 
I f the s i g n o f the two "balances i s 
the same, t h e i r absolute values are 
t o he compared: 

Example: The s o l i d l i n e AED 
i n Figure 9 shows t h e p o s i t i o n o f 
the s l i d i n g body i n 19il-7, w i t h i t s 
center o f g r a v i t y a t C. 

Before I952 the f o l l o w i n g oc­
c u r r e d ( f o r symbols I , I I , I I I , I V , 
see P i g . 9 ) : 

I . There was a limestone o u t f a l l , 3^0 m3 i n volume. 
I I . Because of gradual s e t t l i n g , I80 m3 o f imported g r a v e l were placed 

on the e x i s t i n g highway. 
I I I . As a r e s u l t o f t h e r a v i n e and g u l l i e s , growth I 7 0 m3 o f e a r t h were 

washed o f f . 
IV. As a r e s u l t o f abrasion, the volume o f the tongue decreased by 

1,850 m3, whereas t h e v o l m e and the regime o f sediments i n the 
shore p o r t i o n of the sea d i d not change s u b s t a n t i a l l y . No suf-
f o s l o n i n the slope was r e p o r t e d . S u f f o s i o n (term used by some 
Russian engineering g e o l o g i s t s ) i s the i n t e r n a l e r o sion and r e ­
moval o f the eroded m a t e r i a l a t the base o f a slope. 

The average displacement o f t h e s l i d i n g body f o r 5 y r , I947-I952, as 
measTored along a monument row passing through the center o f g r a v i t y C was 
95 cm h o r l z o n t E i l l y and 2h cm v e r t i c a l l y . 

Assimie the f o l l o w i n g u n i t weights o f the m a t e r i a l s : limestone, 2.35 
tons per m3; g r a v e l , I.85 tons per m3; e a r t h m a t e r i a l s o f the s l i d i n g 
body ravines and g u l l i e s , 1.75 tons per m3. Then: 

1. Balance o f t h e upper p o r t i o n o f the s l i d e ABE. 
The increase i n weight c o n s i s t s o f the weight o f the limestone out­

f a l l (2.35 X 3hO = 799 tons) and the weight o f Imported g r a v e l (I.85 x 
180 = 333 t o n s ) . T o t a l Increase = 799 + 333 = 1,132 t o n s . 

The volume o f the m a t e r i a l l o s t by erosion i n the ravines (17O m3) 
shoxild be broken i n t o two p a r t s . Assimie t h a t I30 m3 have been eroded I n 
the upper p o r t i o n o f the s l i d e and 1̂ 0 m3 i n the lower. This gives a l o s s 
i n weight i n t h e upper p o r t i o n o f the s l i d e equal t o 1.75 x 130 = 227 t o n s . 

Assvmie, furthermore, t h e average depth o f the s l i d i n g body a t I 8 m 
and i t s f r o n t w i d t h ( p a r a l l e l t o the s t r i k e o f the slope) a t 100 m, the 
volimie o f e a r t h m a t e r i a l s t h a t passed through s e c t i o n BE i s O.95 x I 8 x 
100 = 1,710 m3 and i t s weight 1.75 x 1,710 = 2,992 t o n s . Hence, the 
t o t a l s o i l balance o f the upper p a r t o f the s l i d e ABE i s + 1,132 - 227 -
2,992 = - 2,087 t o n s . 

2. Balance o f the lower p o r t i o n o f the s l i d e BDB. 
There i s no a d d i t i o n o f new m a t e r i a l i n t h i s p o r t i o n . The l o s s i n 
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weight equals the weight o f the abraded m a t e r i a l (1.75 x 1,850 = 3,237 
tons) and t h a t l o s s by abrasion i n the ravines (1.75 x. kO = JO t o n s ) , 
t o t a l 3̂ 307 tons. The weight o f the m a t e r i a l passed through s e c t i o n BE 
(2,992 t o n s ) i s an increase i n weight of the lower p o r t i o n o f the s l i d e . 
Thus the t o t a l balance o f the lower p o r t i o n of the s l i d e i s : 

- 3,307 + 2,992 = - 315 tons. 
Both the upper and the lower p o r t i o n o f the s l i d e have negative s o i l b a l ­
ance. However, because the decrease i n weight o f the upper p o r t i o n o f the 
s l i d e i s l a r g e r than t h a t i n the lower p o r t i o n , the center of g r a v i t y has 
moved down during the 5-yr i n t e r v a l which shows a tendency f o r s t a b i l i z a ­
t i o n of the s l i d e . The balance o f the s l i d e as a whole i s - 2,087 - 315 
= - 2,402 t o n s , which means t h a t the t o t a l weight o f the s l i d i n g body i s 
decreasing w i t h t ime. Again, s t r i c t l y speaking, the weight of the o u t f a l l 
(799 tons) shovild not be considered because t h i s i s a displacement o f the 
m a t e r i a l i n s i d e the slope. Under t h i s assumption the negative balance o f 
the slope as a whole would be - 2,h02 - 799 = -3,201 tons and the average 
denudation I n t e n s i t y 3,201 t 500 =6.4 tons per l i n f t o f the slope per 
year. 

OTHER ACTIVITIES OF FIELD STATIONS 
Besides the continuous measurement o f the displacements connected 

w i t h the s l i d i n g process, as described, the f i e l d s l i d e s t a t i o n s are con­
d u c t i n g studies o f (a) the s l i d i n g f a c t o r s and (b) the e f f e c t i v e n e s s o f 
the a n t i - s l i d i n g measures. Study of s l i d i n g f a c t o r s i n a given environ­
ment encompasses s e l s m l c i t y , meteorology, hydrology ( i n c l u d i n g b o t h sur­
face and subsurface water, and water content regime o f the s l o p e ) , weath­
e r i n g , e t c . An Important s l i d i n g f a c t o r i s the undermining of slopes by 
both stagnant and c u r r e n t water, and p a r t i c u l a r l y by waves. 

The a n t i - s l i d i n g measures studies are r e g u l a t i o n o f the r u n - o f f , 
drainage, mechanical stopping o f s l i d i n g masses, m o d i f i c a t i o n o f s o i l 
p r o p e r t i e s , s t a b i l i z a t i o n o f slopes, e t c . 

The Russian f i e l d s l i d e s t a t i o n s belong t o d i f f e r e n t " m i n i s t r i e s " or 
Government r e p a r t i t i o n s . Most o f the s t a t i o n s are \mder the j u r i s d i c t i o n 
of the M i n i s t r y o f Geology, though some are i n the T r a n s p o r t a t i o n M i n i s t r y , 
i n the M i n i s t r y o f Coal I n d u s t r y ( l ) , e t c . The s t a t i o n s have t o submit 
p e r i o d i c a l r e p o r t s and prepare recommendations when requested. Prognosis 
o f s l i d i n g p o s s i b i l i t i e s I s also t h e i r r e s p o n s i b i l i t y . 

CONCLUSIONS 
The w r i t e r wishes t o emphasize the p i j r e l y i n f o r m a t i v e character of 

t h i s paper. No d e f i n i t e si;iggestions are made, but t h e w r i t e r b e l i e v e s 
t h a t the idea o f stationaj:y (or r a t h e r r e g i o n a l ) l a n d s l i d e s observations 
deserves a t t e n t i o n . Besides a thorough d i s c i i s s i o n o f the subject m a t t e r — 
a discussion the w r i t e r t h i n k s v e r y d e s i r a b l e — i t seems advisable t o s t a r t 
a few f i e l d s l i d e s t a t i o n s , not n e c e s s a r i l y e x a c t l y o f the Russian t y p e , 
i n zones a f f e c t e d by l a n d s l i d e s t h a t are produced as a n a t u r a l step i n 
the denudation process o f a given r e g i o n . Another proper l o c a t i o n o f such 
f i e l d s t a t i o n s would be next t o r i v e r canyons I n which s e v e r a l dams are 
planned. Quite a few f a c t s became known when, a f t e r the c o n s t r u c t i o n o f 
a r e s e r v o i r and l o c a l collapse o f i t s shores, expensive r e l o c a t i o n o f 
threatened highways and r a i l r o a d s running p a r a l l e l t o those canyons was 
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necessary. States and counties, and i n p e r t i n e n t cases the r a i l r o a d com­
panies, should be i n t e r e s t e d i n the idea. 
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Soil and Foundation Investigations on the 
Patapsco Tunnel Project 

ROBERT B. BAIffER, Chief S o i l s Engineer, and 
S. MURRAY MILLER, S o i l s Engineer, J. E. Grelner Co., Baltimore, Md. 

• t h e PATAPSCO Tunnel P r o j e c t constructed by the State Roads Commission 
of Maryland i s the l a r g e s t p u b l i c works p r o j e c t ever undertaken i n the 
s t a t e . I t i s comprised o f a twin-tube t u n n e l under Baltimore Harbor be­
tween the i n d u s t r i e i l areas of Canton and F a i r f i e l d o f Baltimore C i t y , t o ­
gether w i t h expressway approaches connecting the txmnel w i t h Baltimore-
Washington Boulevard and Baltimore-Washington Expressway on the west; w i t h 
the Glen Burnle Bypass and Governor R i t c h i e Highway on the south; and w i t h 
P u l a s k i Highway and the proposed Northeastern Expressway on the northeast. 
Figure 1 i s a l o c a t i o n map of the Patapsco Tunnel P r o j e c t . 

The e n t i r e roadway i s I7.6 mi lo n g . I n c l u d i n g 1.2 mi o f t u n n e l , and 
3.5 nil o f s t r u c t u r e s . The approximate cost o f the e n t i r e p r o j e c t i s 
$127,000,000. 

The pvirpose of t h i s paper i s t o describe the procedures f o l l o w e d I n 
the s o i l and foundat i o n studies f o r t h i s p r o j e c t from the c i v i l engineer­
i n g r e p o r t phase through the design and c o n s t r u c t i o n phases, and, f i n a l l y , 
i n t o the maintenance and operations phase o f the f a c i l i t y a f t e r i t was 
opened t o t r a f f i c . No attempt has been made t o discuss the many i n t e r e s t ­
i n g aspects o f the tvinnel i n v e s t i g a t i o n s and r e l a t e d c o n s t r u c t i o n featiu-es. 
The txinnel p o r t i o n of the p r o j e c t i s worthy o f an Independent paper. 

CIVIL ENGINEERING REPORT 
I n September 1953, the State Roads Commission of Maryland engaged 

J. E. Grelner Company t o prepare a c i v i l engineering r e p o r t . One o f the 
main reasons f o r the r e p o r t was t o I s o l a t e problem areas and t o estimate 
the c o n s t r u c t i o n cost o f the e n t i r e p r o j e c t . The r e p o r t i n c l u d e d a pre­
l i m i n a r y set o f plans and s p e c i f i c a t i o n s f o r the t u n n e l and i t s approaches 
and i n d i c a t e d the scope and general character o f the work. Design c r i t e r ­
i a were also prepared f o r the piirpose o f e s t a b l i s h i n g u n i f o r m i t y over the 
e n t i r e p r o j e c t . Because o f i t s t i m i n g w i t h regard t o the c o n s t r u c t i o n sea­
sons, i t was considered advantageous I n June 195̂ > t o s t a r t the design work 
on the t u n n e l s e c t i o n . This enabled the design engineers t o prepare a com­
p l e t e set o f plans and s p e c i f i c a t i o n s i n time t o s t a r t t he t u n n e l construc­
t i o n p r i o r t o the c o n s t r u c t i o n o f the approaches. This scheduling was nec­
essary because the t u n n e l was contemplated t o r e q u i r e 32 months f o r con­
s t r u c t i o n as compared t o 27 months f o r c o n s t r u c t i o n o f t h e approaches. On 
October 8, 195*+, "the c i v i l engineering r e p o r t was submitted t o the State 
Roads Commission. 

The f i r s t undertaking i n the s o i l and fo i m d a t i o n s t u d i e s was the i n ­
v e s t i g a t i o n o f a v a i l a b l e sources o f data. S o i l S\arvey Reports o f the U. S. 
Department o f A g r i c u l t u r e , r e p o r t s o f the Maryland Department o f Geology, 
Mines, and Water Resources, and p u b l i c a t i o n s o f the U. S. Department o f the 
I n t e r i o r were used i n developing the general s o i l and g e o l o g i c a l c o n d i t i o n s 
o f the area. 

To acquaint the reader w i t h the l o c a l s o i l s and geology, a b r i e f de­
s c r i p t i o n o f the general area I s o f f e r e d . 
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The Patapsco Tunnel P r o j e c t f a l l s completely w i t h i n the Coastal P l a i n . 

The predominant s o i l types are eroded sediments of an unconsolidated nature. 
Such topographic f e a t u r e s as low h i l l s , shallow v a l l e y s , f l a t p l a i n s , and 
numerous t e r r a c e s are c h a r a c t e r i s t i c o f t h i s p l a i n . Long, narrow peninsu­
l a s which extend i n a south e a s t e r l y d i r e c t i o n t o the Chesapeake Bay are 
separated by bodies of water which have "drowned" e x i s t i n g v a l l e y s . 

The surface s o i l s most prevalent along the route represent formations 
of the Potomac Group o f the Lower Cretaceous. Some recent sediments o f 
the Quarternary are aJLso evident. 

The Potomac Group consists o f thre e formations; namely, the Patuxent, 
the Arundel, and the Patapsco. These sediments r e s t upon c r y s t a l l i n e rock, 
which, w i t h the exception o f the most w e s t e r l y p o r t i o n o f the route near 
the Baltimore-Washington BoilLevaxd, l i e s f a r below the l i m i t s o f any foun­
d a t i o n c o nsiderations. 

The f i r s t deposits formed upon the rock were the coarse sediments o f 
the PatiJxent. A f t e r a p e r i o d o f erosive a c t i o n , clays o f the Arundel 
f i l l e d i n o l d drainage depressions, and then Increased i n depth complete­
l y covering the Patuxent. This process occurred under swampy c o n d i t i o n s 
as evidenced by the recovery o f l i g n l t l c substances and segments o f t r e e 
stumps du r i n g subsequent b o r i n g operations. 

A general a r e a l submergence o f the Coastal P l a i n f o l l o w e d and r e s u l t ­
ed i n the d e p o s i t i o n by streams o f sediments o f a coarse nature over the 
Arundel. This f o n a a t i o n i s known as the Patapsco. A prolonged p e r i o d o f 
erosive a c t i o n then took place. 

The s o i l s o f recent age encountered i n t h i s area are g r a v e l and c l a y 
deposits which were stream t r a n s p o r t e d from the northwest d u r i n g the per­
iods o f g l a c i a l a c t i o n . 

A f t e r a l l of the a v a i l a b l e i n f o r m a t i o n was compiled and analyzed, a 
f i e l d study was made, dur i n g which time the e n t i r e proposed alignment was 
covered on f o o t , observations made, and samples recovered f o r l a b o r a t o r y 
t e s t i n g . Special care was exercised t o assure t h a t a l l areas o f poor s o i l 
and foundation c o n d i t i o n s , as w e l l as areas o f e x c e p t i o n a l l y good s o i l s , 
were d e l i n e a t e d . 

Of the numerous areas o f questionable s o i l and fo u n d a t i o n c o n d i t i o n s 
which were observed and described i n the c i v i l engineering r e p o r t , f i v e 
have been s e l e c t e d f o r discussion o f t h e i r design treatments. Three o f 
the f i v e areas are discussed i n more d e t a i l i n the c o n s t r u c t i o n phase. 

The c i v i l engineering r e p o r t noted t h a t t he v a l l e y o f Herbert Run 
and the Kaiser f i l l represented two adjacent areas o f concern. Though 
b o t h areas were foundation problems, the s o i l c o n d i t i o n s were q u i t e d i s ­
s i m i l a r i n character. I n the v a l l e y , sediments o f organic s i l t y clays t o 
depths exceeding 10 f t were encountered. The low l y i n g t e r r a i n was very 
wet and swanrpy. Immediately t o the east o f t h i s s i t e was a l o o s e l y placed 
f i l l which, a t t h e time o f placement, was waste m a t e r i a l from the construc­
t i o n o f a nearby Kaiser Aluminum p l a n t . 

The t i d a l marsh west o f the Patapsco River was recognized d u r i n g the 
p r e p a r a t i o n o f the r e p o r t as an area deserving s p e c i a l f o u n d a t i o n consid­
e r a t i o n s . I n a d d i t i o n t o nmerous probings which revealed organic de­
p o s i t s continuous over sands and g r a v e l s , a mmiber o f undisturbed samples 
i n the organic deposits were recovered from c o n t r a c t b o r i n g s . The organic 
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s o i l was found t o v a r y from 12 f t near the s h o r e l i n e t o 35 f t i n the v i ­
c i n i t y o f one of the many t r i b u t a r i e s l o c a t e d i n the marsh. The r e s u l t s 
o f c o n s o l i d a t i o n t e s t s performed on the undisturbed sam.ples i n d i c a t e d 
t h a t settlements ranging from 1 t o 3 f t coiold be a n t i c i p a t e d . Eighty-
f i v e percent o f these movements would occur d u r i n g the c o n s t r u c t i o n p e r i o d . 

The t h i r d area discussed i s the miscellaneous f i l l west o f Potee Streel 
which extends f o r a considerable distance along the eastern bank of the 
Patapsco River. Because o f i t s extent and v a r i a b l e character, c o n t r a c t 
borings o f a l i m i t e d nature were taken throiagh t h i s reach. Organic sed­
iments and miscellaneous dumped m a t e r i a l s were d i s c l o s e d by the borings 
and foimd t o v a r y from 15 t o 35 f t . 

Compressible s o i l s n o r t h o f the t u n n e l were revealed by borings taken 
i n connection w i t h the advanced t u n n e l design. I n t e r m i t t e n t s o f t l a y e r s 
o f organic deposits were evident t o a depth o f 80 f t . 

The f i n a l area t o be discussed i s encountered i n passing through the 
r e f i n e r y p r o p e r t i e s of Standard O i l Company of New Jersey. Numerous mis­
cellaneous f i l l s o f shallow extent were observed. One c r i t i c E i l area i n 
t h i s v i c i n i t y was the miscellaneous f i l l adjacent t o Tank 502. 

DESIGN PHASE 
A f t e r acceptance o f the c i v i l engineering r e p o r t by the State Roads 

Commission and arrangements f o r f i n a n c i n g completed, s i x design engineer­
i n g f i r m s were s e l e c t e d f o r the a c t u a l design work o f the approach ex­
pressways. J. E. Grelner Company had already been r e t a i n e d by the Com­
mission as General Consultant t o act as i t s agent i n the s u p e r v i s i o n o f 
the work. During the progress o f the design work, the Commission decided 
t o extend the p r o j e c t a t i t s n o r t h e r n terminus. Accordingly, a seventh 
form o f engineers was sel e c t e d t o accomplish the a d d i t i o n a l work. 

With numerous design f i r m s performing t h e i r own s o i l and foundation 
s t u d i e s , i t was considered d e s i r a b l e t o e s t a b l i s h a set o f standard speci­
f i c a t i o n s f o r the performance o f a l l subsurface s t u d i e s . These s p e c i f i c a ­
t i o n s were p a r t o f an o v e r - a l l engineering s p e c i f i c a t i o n o u t l i n i n g t h e 
f i m c t i o n s t o be performed by the design engineering f i r m s . They assured 
t h a t adequate s o i l and foundation studies would be performed f o r the prop­
er design and treatment o f the s t m c t u r a l and roadway aspects o f the par­
t i c u l a r design s e c t i o n . 

A master s o i l p l a n and p r o f i l e was prepared f o r each c o n s t n i c t i o n 
s e c t i o n by the design engineer f o r t h a t s e c t i o n . These drawings served a 
number o f d i f f e r e n t purposes. They presented a ccmplete p i c t u r e o f the 
s o i l c o n d i t i o n s t o the c o n t r a c t o r f o r h i s i n t e r p r e t a t i o n so t h a t f u l l ben­
e f i t could be made o f the various s o i l s encountered. They also e v e n t u a l l y 
became a complete r e c o r d o f a l l o f the s o i l and foundat i o n studies which 
were performed when supplemented w i t h i n f o r m a t i o n obtained d u r i n g the ac­
t u a l c o n s t r u c t i o n . Where the data was too voluminous f o r i n c l u s i o n on 
the master set o f drawings, an a d d i t i o n a l r e p o r t was prepared o f such i n ­
f o r m a t i o n . I n an e f f o r t t o s i m p l i f y these plans, o n l y one t y p i c a l b o r i n g 
f o r each stnacture s i t e was included. The remaining s t r u c t u r e borings 
were shown on the design plans f o r the p a r t l c v i l a r s t r u c t u r e . Also i n c l i i d -
ed on the master p l a n and p r o f i l e sheets were t e s t data used i n the de­
velopment o f the design plans, such as compaction t e s t data, unconfined 
compression t e s t data, and c o n s o l i d a t i o n t e s t data. Figure 2 shows a 
t y p i c a l master s o i l p l a n and p r o f i l e sheet. 
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The scales s e l e c t e d f o r the drawings were the same as those used i n 

the p r e p a r a t i o n o f the c o n t r a c t plans; namely, 1 I n . = 10 f t v e r t i c a l l y 
and 1 i n . = 100 f t h o r i z o n t a l l y . The plans were kept s i m p l i f i e d by only 
showing h o r i z o n t a l alignment, s t a t i o n i n g along the c e n t e r l i n e every 500 f t , 
l o c a t i o n s o f b o r i n g s , and s i z f f i c i e n t topographic f e a t i i r e s t o permit proper 
o r i e n t a t i o n i n the f i e l d . These studies also Included interchange areas. 
The data obtained f o r i n c l u s i o n on the master s o i l p l a n and p r o f i l e sheets 
were developed from c o n t r a c t b o r i n g s , hand and power auger b o r i n g s , t e s t 
p i t s , and s p e c i a l types o f samples r e q u i r e d I n swampy areas. 

Altho\;igh the General Consultant provided general s p e c i f i c a t i o n s f o r 
the performance of t e s t b o r i n g s , i t was the r e s p o n s i b i l i t y of the design 
engineering f i r m s t o prepare the b o r i n g s p e c i f i c a t i o n s and supervise the 
a c t u a l b o r i n g operations f o r t h e i r p a r t i c u l a r s e c t i o n s . The design e n g i ­
neers' own f i e l d personnel supplemented the c o n t r a c t b o r i n g data w i t h 
whatever other necessary I n f o i m a t i o n was r e q u i r e d t o present a p r a c t i c a l 
r e p r e s e n t a t i o n of the a c t u a l s o i l and foundation c o n d i t i o n s . 

Some of the general s p e c i f i c a t i o n s r e l a t i n g t o the s o i l and founda­
t i o n s tudies are mentioned. Normally, one r i g b o r i n g was taken a t each 
abutment or p i e r l o c a t i o n . Depending upon the s t r u c t u r a l design, borings 
were staggered i n such a manner t h a t the u n i f o r m i t y or l a c k t h e r e o f i n 
the s o i l p r o f i l e was e s t a b l i s h e d p r i o r t o I n creasing the mmiber of bor­
ings r e q u i r e d a t a s i t e . Contract borings were taken i n cut sections 
when the cut was longer than 500 f t and t h e depth o f cut exceeded 15 f t . 
Depending upon the l e n g t h o f the c u t , borings were spaced a t 300- t o 600-
f t I n t e r v a l s and taken t o depths o f a t l e a s t 5 f t below p r o f i l e grade 
l i n e . Rig borings w i t h undisturbed samples were also taken i n areas o f 
h i g h embankments and questionable subsurface c o n d i t i o n s . These samples 
were subjected t o l a b o r a t o r y analyses necessary f o r the proper s e l e c t i o n 
o f t h e f i n a l design treatment. 

Seven b o r i n g c o n t r a c t s were awarded by the Commission t o o b t a i n o r ­
d i n a r y d r y samples, core b o r i n g s o f a l i m i t e d n a t u r e , and undisturbed sam­
p l e s f o r t e s t i n g purposes. The aggregate amount o f these c o n t r a c t s was 
$84,900, which represented O.O67 percent o f the approximate p r o j e c t c o s t s . 

Other s o i l c o n d i t i o n s were obtained from auger borings w i t h p a r t i c i i l a r 
a t t e n t i o n given t o t r a n s i t i o n a l areas o f cut t o f i l l . These areas are 
q u i t e f r e q u e n t l y a source o f pavement d i s t r e s s and deserved s p e c i a l r e ­
view. 

The design i n v e s t i g a t i o n f o r t h e v a l l e y o f Herbert Runn and the 
Kaiser f i l l recognized two problems; namely, the undesirable s o f t organic 
s o i l s i n the v a l l e y and the presence o f a l o o s e l y dmped, unconsolidated 
embankment t o the east. Figure 3 i s the s o i l p r o f i l e o f t h i s area. The 
l i m i t s o f the u n s u i t a b l e m a t e r i a l were determined by a g r i d p a t t e r n o f 
32 hand auger bor i n g s and problngs which d i s c l o s e d as much as 20 f t o f 
s o f t organic clayey s i l t . Borings taken a t the s i t e of the s t r u c t u r e over 
Herbert Run provided undisturbed samples f o r f o u n d a t i o n studies I n t h e v a l ­
l e y area. These st u d i e s revealed t h a t the weight o f the i t O - f t embankment 
across the v a l l e y would r e s u l t I n settlements o f I n t o l e r a b l e magnitudes re­
q u i r i n g time o f settlement f a r beyond t h e p e r i o d o f c o n s t r u c t i o n . I t was 
decided, t h e r e f o r e , t h a t t h e u n s u i t a b l e s o i l be completely removed f o r t h e 
800-ft v a l l e y c r o s s i n g , t h e l i m i t s o f removal o f t h i s organic s o i l were 
as shown on Figure k, the standard s e c t i o n f o r removal o f u n s u i t a b l e mate­
r i a l . 
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The Kaiser f i l l immediately east o f the v a l l e y was composed of 30 f t 
of g r a n i i l a r m a t e r i a l s , which had been placed by a bottom dumping opera­
t i o n . At the time of t h i s o p e r a t i o n , i t had not been a n t i c i p a t e d t h a t the 
area would be u t i l i z e d i n the f u t u r e f o r an expressway. Figure 5 i s a 
view o f the unconsolidated f i l l m a t e r l E i l . i i 

m 

Figure 5. Unconsolidated Kaiser f i l l . 

Contract borings through t h i s area, which extended f o r 1,000 f t , i n ­
d i c a t e d t h a t the v e r y loose deposits had a res i s t a n c e o f 2 t o 5 blows per 
f o o t on a standard p e n e t r a t i o n spoon d r i v e n by a lUO-lb weight f a l l i n g 30 
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i n . This poor r e s i s t a n c e was co n s i s t e n t through t h e e n t i r e 3 0 - f t depth 
of the deposit. In-place d e n s i t y t e s t s d i s c l o s e d the average f i l l densi­
t y t o be 75 p c f . When compacted by the standard Proctor d e n s i t y t e s t , the 
same s o i l had a dry u n i t weight o f 120 p c f . The Highway Research Board 
C l a s s i f i c a t i o n f o r t h i s m a t e r i a l was A-2-4. 

Because the m a t e r i a l was o f very low d e n s i t y and would be subjected 
t o f requent v i b r a t o r y loads from t h e heavy volume o f t r u c k t r a f f i c , i t 
was the o p i n i o n o f the engineers t h a t harmf^il d i f f e r e n t i a l settlements 
could occur. I n the f i n a l design of t h i s s e c t i o n , the removal o f the 
Kaiser f i l l t o a depth o f 10 f t below p r o f i l e grade l i n e was considered 
adequate. P a r t i a l removal, r a t h e r than complete, r e a l i z e d s u b s t a n t i a l 
savings i n the cost o f t h i s s e c t i o n due t o the reduced earthwork q u a n t i ­
t i e s . Because the m a t e r i a l was granular i n character, i t was used as un­
derwater b a c k f i l l i n the v a l l e y t o the west where the un s u i t a b l e organic 
s o i l s were removed. A f t e r a surface p r e p a r a t i o n , the embankment up t o 
p r o f i l e grade l i n e was constructed i n accordance w i t h the standard com­
p a c t i o n requirements f o r f i l l s . 

The t i d a l marsh west o f the Patapsco River was i n v e s t i g a t e d by ob­
t a i n i n g 15 c o n t r a c t borings and 22 hand auger borings and probings. I t 
was found t h a t u n s u i t a b l e m a t e r i a l s extended t o a depth of 60 f t . These 
sediments were deepest toward the River and studies i n d i c a t e d a v i a d u c t 
type s t r u c t u r e t o be most economical over these deep deposits. 

Figure 2 shows the pl a n view o f the western l i m i t o f the marsh area 
i n the v i c i n i t y of S t a t i o n 29I. The presence of u n s u i t a b l e organic s i l t 
along the c e n t e r l l n e o f the expressway i s I n d i c a t e d on F i g i i r e 6. From 
t h i s i n f o r m a t i o n , i t was recognized t h a t p o r t i o n s o f the westboimd lanes 
between Stations 287 and 29I would be u n d e r l a i n by v a r y i n g depths o f or­
ganic s i l t . The eastbound lanes were l o c a t e d on f i r m ground. To f u r t h e r 
complicate the d i f f e r e n t i a l c o n d i t i o n s a t t h i s s i t e , the westbound lanes 
r e q u i r e d a f i l l o f ̂ i-O f t i n height t o b r i n g i t t o grade, whereas the east-
bound lanes r e q u i r e d only a 2 0 - f t f i l l . This poor c o n d i t i o n was recognized 
e a r l y i n t h e r o u t e s t u d i e s , b u t no change i n l o c a t i o n was made because i t 
would have been necessary t o r e l o c a t e an e l e c t r i c s u b s t a t i o n , the proper­
t y fences o f which were already a b u t t i n g the r i g h t - o f - w a y boundaries. 
Economic studies o f t h i s s i t u a t i o n favored a complete removal of the \m-
s u i t a b l e m a t e r i a l s and a b a c k f i l l w i t h clean granular s o i l s below the wa­
t e r l e v e l and the use of s a t i s f a c t o r y borrow m a t e r i a l s above t h i s eleva­
t i o n . 

The miscellaneous f i l l west o f Potee S t r e e t was found t o f o l l o w the 
Patapsco River f o r a considerable e x t e n t . I n v e s t i g a t i o n s through t h i s 
reach d i s c l o s e d the presence of several d i f f e r e n t types o f undesirable 
m a t e r i a l s . The o r i g i n a l surface s o i l s i n t h i s area were organic s i l t s 
which v a r i e d i n depth from 8 t o 25 f t . Beneath the s i l t l a y e r were e x c e l ­
l e n t deposits o f sand and g r a v e l . Because o f i t s poor supporting q u a l i t y , 
t h i s l a n d had never been improved f o r e i t h e r commercial or r e s i d e n t i a l 
purposes. At d i f f e r e n t times, i t had been u t i l i z e d as a mun i c i p a l dump­
in g area. Twelve borings taken f o r the Potee S t r e e t s t r u c t u r e and the 
f u t u r e Patapsco Avenue s t r u c t i i r e I n a d d i t i o n t o auger borings taken a t the 
l o c a t i o n o f f i l l s , f u r n i s h e d data t o d i f f e r e n t i a t e between the v a r i o u s l y 
c o n s t i t u t e d f i l l s ; namely, garbage f i l l s , t r a s h f i l l s , and cinder f i l l s . 
T h is i s shown I n p a r t on Figure 7« The most i i n d e s i r a b l e c o n d i t i o n e x i s t ­
ed a t the l o c a t i o n o f the t r a s h f i l l where the combined thickness o f t r a s h 
and organic s i l t was 30 f t . The ground water l e v e l through these f i l l s 
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28 

was very close to the water l e v e l of the Patapsco River and, I n many i n ­
stances, was observed to fluctiiate with t i d a l changes. This located the 
water l e v e l about 3 f t above the organic material. 

The p r o f i l e grade l i n e through t h i s area was approximately 50 f t a-
bove the sand and. gravel stratum. This resulted i n a f i l l of 30 f t i n 
height. Because of the magnitude of t h i s superimposed load, i t was neces­
sary to t r e a t the various underlying f i l l materials i n different manners. 
The garbage f i l l and trash f i l l were completely removed and graxLular mate­
r i a l s used to b a c k f i l l these areas. The section which was for the most 
part a cinder f i l l appeared capable of supporting the embankment and i t 
was decided to surcharge t h i s area rather than remove the cinders. This 
procediare resulted i n a savings of $300,000. The design specified a 20-
f t siarcharge load which was to be placed by a c a r e f u l l y controlled f i e l d 
operation. 

ThoiJgh settlement computations were made i n the underlying organic 
s i l t , i t was the opinion of the engineers that the settlement i n the c i n ­
der f i l l would be of more concern. Because of i t s heterogeneous charac­
t e r , settlement calciilations were of l i t t l e value i n these deposits. How­
ever, the f a c t that the water table was at the lower extremity of the c i n ­
der material indicated the lik e l i h o o d of very rapid deformations. 

Another area requiring s p e c i a l foundation design and construction 
treatments occurred i n the v i c i n i t y of the t o l l plaza which i s located im­
mediately west of the tunnel. Deep deposits of s i l t were encountered. 
The design engineers recommended the use of a surcharge load.ing to a c c e l ­
erate the consolidation of the unsuitable materials. Henry W. Janes, of 
Whitman, Requardt and Associates, thoroughly disciisses t h i s situation i n 
"Deep S i l t Consolidated by Surcharge F i l l on the Patapsco Tunnel Approach," 
HRB Proceedings, Vol. 37, P- 538 (1958). 

The compressible s o i l s north of the tunnel are discussed b r i e f l y to 
emphasize the desire of designers to keep substructure and superstructure 
costs i n economic balance. The roadway i n t h i s area ascends from the tun­
nel to the o r i g i n a l ground stirface and then to an elevated viaduct which 
crosses the r a i l r o a d yards i n Canton. Soft organic clays were the pre­
dominant s o i l throughout t h i s portion of the alignment and were under­
l a i n by Inteimlttent organic deposits to great depths. Design studies of 
the various foundation types indicated that retaining walls l e s s than 9 
f t i n height could be founded on spread footings whereas higher walls r e ­
quired cast-ln-place concrete p i l e foundations. Figure 8 indicates the 
open ramp north of the tunnel. The northernmost kOO f t of the walls on 
either side of the roadway are l e s s than 9 f t i n height. 

A miscellaneous f i l l near the Esso tank farm was crossed as the route 
continued north from the tunnel. I n addition to the presence of hetero­
geneous deposits of f i l l materials, other problems were encountered due to 
the maze of d i s t r i b u t i o n l i n e s which required relocation. These reloca­
tions were very c r i t i c a l because the change from one l i n e to another had 
to be made during periods adjusted to s a t i s f y the needs of the refinery. 
Water l i n e s for f i r e fighting, crude o i l d i s t r i b u t i o n pipes, and safety 
dike reconstruction had to be coordinated into the o v e r - a l l construction 
schedule. 

A 2 0-ft depth of gravel, brick, and cinders was underlain by 8 f t of 
so f t organic s i l t . The grade l i n e through t h i s area was 20 f t above the 
e x i s t i n g ground l i n e . Examination of the f i l l samples indicated that the 
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Flgiire 8. Open ramp near north p o r t a l of timnel. 

consolidation of the organic s i l t was the main consideration. I t was the 
opinion of the engineers that t h i s compressible layer coiild "be f u l l y con­
solidated dixring the construction period. 

CONSTRUCTION PHASE 
The construction phase of the project "became "by f a r the most impor­

tant. Situations arose which required immediate f i e l d decisions. Because 
judgment played an important part i n these decisions, i t was essential 
that the f i e l d personnel responsible f o r the s o i l and foundation aspects 
of the work be experienced and competent. 

I t must be appreciated that after construction was begim, the labor­
atory test data and of f i c e calculations were secondary i n importance t o 
actual f i e l d observations. The purpose of t h i s data was f u l f i l l e d when 
used i n designing foundations on questionable material. I t then remained 
fo r f i e l d observations t o govern f i n a l construction. 

Many areas of interest were encountered during the construction phase; 
however, only three have been selected for fxirther discussion i n t h i s paper. 

F i r s t to be discussed i s the t i d a l marsh west of the Patapsco River. 
This troublesome area was located i n two design sections and, consequently, 
was constructed by two contractors. 

The detailed studies favored the complete excavation of the imsuitable 
soft organic s i l t y clay. At the western shoreline of the marsh only 3 f t 
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of imsuitable s o i l vas evident. This depth increased as the alignment 
progressed further into the swamp to an area where the maximum center-
l i n e thickness was 20 f t . 

I n i t i a l l y , the unsuitable material was removed by a dragline i n an 
underwater operation. The selected materials for b a c k f i l l s a t i s f i e d the 
standard s p e c i f i c a t i o n f o r underwater b a c k f i l l s and consisted of either 
A -1 , A-2-k, A -2-5 , or A-3 s o i l s . The material was placed by dumping i t 
on the higher ground and then pushing i t into the excavation by a b u l l ­
dozer . 

As discussed lander the design treatment of t h i s area, the s o i l con­
ditions under the westbound lanes were much more c r i t i c a l than under the 
eastbound lanes. 

During the progress of the work, a tension crack was observed along 
the edge of the embankment. Borings, which were taken to e s t a b l i s h the 
cause for t h i s v i s i b l e indication of d i s t r e s s , revealed that there were 
areas not completely void of the unsuitable materials. A meeting was 
held between the design engineering firms concerned and the General Con­
sultant to e s t a b l i s h the course of action which should be taken to r e c t i f y 
t h i s d i f f i c u l t y . I t was the general opinion of the engineers that the 
probing method of assuring complete removal of imsuitable s o i l s was de­
f e c t i v e under c e r t a i n subsurface conditions and could prove misleading. 
To a l l e v i a t e t h i s s i t u a t i o n , i t was decided to remove the unsuitable ma­
t e r i a l by dragline and attempt to lower the water table by pumping so that 
the actual s o i l conditions could be viewed during the removal operations. 

Six days af t e r the "excavation in-the-dry" operations were begun a 
hurricane passed through the Baltimore region and inundated the entire 
area as shown i n Figure 9- I't was necessary to use two ^ l — i n . sump pumps 
on a 2k-lnr basis for 2-| days to ret\am the s i t e to i t s o r i g i n a l condition 
before the hurricane. Aside from the l o s s of t h i s working time, no damage 
was evident. 

Near the completion of the removal of the unsuitable s o i l , i t was 
necessary to operate on an aroiind-the-clock schedule. This continuous op­
eration was necessary because the organic s i l t s were unable to maintain 
stable slopes through the night and a great deal of time was l o s t each 
morning reestablishing stable working conditions. The lack of s t a b i l i t y 
was the r e s u l t of deepening s i l t deposits on an unfavorable cross slope 
away from the centerline of roadway. I n addition, i t was necessary to ex­
tend the standard l i m i t s f o r removal of unsuitable material (as shown i n 
Figure k) to provide a more stable condition. 

I t should be noted that the success of t h i s operation of removal i n -
the-dry below the water l e v e l of the surrounding marsh i s a d i r e c t func­
t i o n of the limited areas of operations. Bmall temporary dikes and gen­
e r a l l y two small sump pvmips were s i i f f l c l e n t to keep an area dry u n t i l the 
b a c k f i l l i n g was completed. The experience here l e d to the conclusion that 
excavation of unsuitable material In-the-dry, i f at a l l possible, i s a l ­
ways preferable. 

Figure 10 i s a photographic view looking south at the completed em­
bankment . 

The area over the cinder f i l l portion of the mlscellaaeous f i l l i n 
the v i c i n i t y of Potee Street was designed for the placement of a 20-ft 
surcharge load to accelerate the Incalculable settlement. Because the 
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Figure 9' Station 287—area of unsuitable material. 

Figure 10. Station 287—completed embankment. 
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Figure 11. Station 375—^main l i n e and off-ramp plan views. 

f i l l material overlying the r e l a t i v e l y t h i n layer of organic s i l t was var­
iable i n character i t was not the subject of settlement computations. Fig­
ure 11 shows the plan of the s i t e . 

I n March 195^, construction was begun on the main l i n e and off-ramp 
between the Potee Street and future Patapsco Avenue structures. S e t t l e ­
ment plates were placed along the main l i n e as w e l l as i n the off-ramp 
area. Abutting t h i s ramp to the north was a two-track embankment of the 
Baltimore and Ohio Railroad and to the northwest a r a i l r o a d bridge. Ob­
viously detrimental settlements to t h i s r a i l r o a d property could not be 
tolerated. The new embankment, the r a i l r o a d embankment, and the r a i l r o a d 
bridge were i n an area of qtiestlonable foundation subsoils, therefore, con­
t r o l s were established on one r a i l of the double track, the toe of slope 
of the r a i l r o a d embankment, and the abutment and f i r s t p i e r of the r a i l ­
road bridge so that settlements co;ild be c a r e f u l l y observed and construc­
t i o n operations controlled to avoid d i f f i c i i l t y . 

Because the i n i t i a l settlement readings were most important, two l e v ­
e l runs a day were made. Shortly a f t e r construction was begun, rapid set­
tlements were observed adjacent to the main l i n e roadway embankment. Some 
heaving was also observed i n the loop area. At t h i s time the construction 
operations were halted and additional controls placed along the o r i g i n a l 
ground s\arface on both sides of the main l i n e f i l l . Thereafter, limited 
l i f t s of f i l l material were placed and t h e i r e f f e c t on the underlying com­
pressible s o i l s c a r e f u l l y observed prior to the placement of additional 
l i f t s . 
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Figure 12. Off-ramp slide f a i l u r e . 

The operations continued f o r the off-ramp according to plan u n t i l 
the elevation of the f i l l was w i t h i n 2 f t of the p r o f i l e grade l i n e . At 
t h i s time tension cracks were noted i n the f i l l and a slide occurred t o ­
ward the Patapsco River. The earth mass continued i t s movement f o r about 
2 hr after which time i t reached a stable condition. Figure 12 i s a view 
of the f a i l e d embankment. Because of a forecasted rain storm, the General 
Consultant and the design engineer immediately decided to have the con­
t r a c t o r grade the slide material to obtain proper drainage of the storm 
flow toward the r i v e r . The contractor was also requested t o remove some 
of the undisturbed embankment to relieve the pressure on the underlying 
stratum which had sheared. This material was not wasted but u t i l i z e d by 
the contractor i n other axeas which required borrow material. 

After reviewing the o r i g i n a l plan and p r o f i l e for the off-ramp, i t 
was the opinion of the engineers that a realignment of the ramp wit h i n the 
standards set f o r t h i n the design c r i t e r i a of the project would allow a 
safe and economical r e h a b i l i t a t i o n of the area. This was done as shown 
i n Figure 11. Certain advantages were gained from t h i s design change. 
The horizontal realignment placed the roadway and shoulders on embankment 
not influenced by f a i l u r e planes, and the lowering of the grade l i n e made 
i t possible to consider as surcharge, soils which i n i t i a l l y were below 
grade. 

Considering the f a c t that some heaving was experienced i n the o f f -
ramp loop area and the I n i t i a l settlements were appreciable, i t was de-
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Figure 13. Station 360—area of unsuitable material. 

Figure ik. As b u i l t — o f f - r a m p . 

cided that a s t a b i l i z i n g berm i n the loop would be beneficial. I t s pres­
ence would permit faster placement of main l i n e embankment by increasing 
the safety factor against a s l i d i n g f a i l u r e through the soils \inderlylng 
the loop. The materials used were obtained from an adjacent dredging op­
eration as shown i n Figure I3. Figure 1̂+ shows the loop area as i t ap­
pears at present. 
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Figure 15. Station 325—main l i n e — s e t t l e m e n t curves. 
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Flgiare l 6 . Station 325—embaakment and siu-charge. 

Figure 17. Retaining w a l l at Esso Tank 502 
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The f i l l placement along the expressway was watched very c a r e f u l l y 
a f t e r the d i f f i c u l t i e s encountered i n the area. I t was decided on the 
basis of f i e l d observations that 13 f t of surcharge would be adequate to 
obtain the desired r e s u l t s rather than the 20 f t o r i g i n a l l y thought neces­
sary. No further d i f f l c \ i l t i e s were experienced during or a f t e r the con-
st m c t l o n at t h i s location. Figvire 15 shows the curves obtained from the 
readings made on three settlement plates during the construction of the 
embankment and surcharge, the period of no change i n surcharge, and the 
removal of surcharge. The embankment and surcharge are depicted i n Figure 
16. From f i e l d r e s u l t s obtained within the construction schedule, i t was 
evident that r i g i d pavement co\ild be used i n conformance with the stand­
ard pavement section for the project. 

The f i n a l subject to be discussed i s a miscellaneous f i l l near the 
Esso tank farm. The problem here arose during the excavation for a re­
taining w a l l which was to contain the f i l l aroimd Tank 502. This w a l l , 
which attained a maximm height of 11 f t , was designed for a spread-foot­
ing foundation, but the excavation for the footing revealed the presence 
of unsuitable f i l l material. 

Cast-ln-place concrete p i l e s with an average depth of 25 f t were re­
quired to support the w a l l a f t e r t h i s dlsclostire. I t shoTild be noted 
that Tank 502 had experienced some d i f f e r e n t i a l settlements i n the past 
and the location of the retaining w a l l around t h i s rank required, there­
fore, that a l l precautions be taken so as not to aggravate t h i s s i t u a ­
t i o n . This i s shown i n Figure I 7 . An additional boring study of the s i t e 
was made which disclosed that the southbound lanes passed over satlsfeictory 
s o i l s while the northbound lanes were over unsuitable materials. The pres­
ence of bedsprlngs and brickbats combined with soft clays made the sampling 
operations quite d i f f i c u l t and i t was decided that actual removal of these 
materials should be undertaken. With c a r e f u l and continuous f i e l d super­
v i s i o n , the entire area of unsuitable s o i l which was found to be of lim­
i t e d extent, was removed by bulldozer and dragline. The removal of t h i s 
material was most Important because the f i l l over t h i s area was approxi­
mately 20 f t i n height and d i f f e r e n t i a l movements would have been quite 
serious. 

MAIMTENANCE AHD OPERATIONS 
The maintenance and operations phase of a large f a c i l i t y such as the 

Patapsco Tunnel Project normally does not gain f u l l significance u n t i l a 
few years a f t e r i t s opening. Thereafter, the costs of maintaining and op­
erating the project are expected to show an increasing trend. 

In a s t r i c t sense, the problem mentioned I n t h i s section i s incor­
r e c t l y categorized because only recurring d i f f i c u l t i e s from wear are us­
u a l l y considered as maintenance and operations. However, t h i s p a r t i c u l a r 
problem did occur a f t e r the roadway was opened to t r a f f i c . 

During the f a l l and winter of 1957 an abnormal amount of r a i n and 
snow f e l l i n a r e l a t i v e l y short period of time. The imusizally wet condi­
tions caused a n\jmber of surface s l i d e s i n cut sections and f i l l sections 
over 10 f t i n height which were on a 1 on 2 side slope. The grass had not 
had s u f f i c i e n t time to e s t a b l i s h I t s root system and consequently could not 
hold the l^-in. thick seeded t o p s o l l layer to the side slopes. At one area 
located near the top of a cut, s p e c i a l drainage measures were necessary to 
control the flow of surface water. 
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At a number of other locations of d i s t r e s s , i t was found that the 
to p s o l l was placed to greater depths than required by the plans and speci­
f i c a t i o n s . The general type of fail\are was the s l i d i n g of to p s o l l at the 
Interface of to p s o l l and underlying f i l l . The basic problem, which has 
yet to be resolved, i s a method whereby t o p s o l l can be placed so as to be­
come an Int e g r a l part of the o v e r - a l l f i l l . 

SUMMARY 
In October 193h, J . E. Grelner Company submitted a c i v i l engineering 

report to the State Roads Commission of Maryland describing the Patapsco 
Timnel Project with an estimate of project costs t o t a l i n g $130,000,000. 
Constr;iction was started i n A p r i l 1955^ and. the tunnel and i t s approaches 
were opened to t r a f f i c i n November 1957> approximate project cost 
for t h i s was $127,000,000. 

J . E. Grelner Company of Baltimore, Maryland, was the General Con­
sultant for the State Roads Commission and i n t h i s capacity was responsi­
ble for the preparation of the c i v i l engineering report and the o v e r - a l l 
supervision of the design and construction phases of the project. Eight 
design engineering firms were retained by the State Roads Commission to 
perform the actiial design and f i e l d supervision of construction for the 
various sections of the work. A l i s t of these design flnns follows: 
Design Design Engineering Design Design Engineering 
Section Firm Section Firm 

1 Green Associates, Inc. k Slngstad and B a i l l i e 
Baltimore, Md. New York, N. Y. 

2A Louis Berger & Associates 5 Joseph K. Knoerle & 
Orange, N. J . Associates, Inc. 

2B Clarkson Engineering Co. Baltimore, Md. 
Boston, Mass. 6 William H. MacFarland 

3 Whitman, Requardt, and Binghamton, N. Y. 
Associates 7 Rummel, KLepper and Kalil 
Baltimore, Md. Baltimore, Md. 

The design of the project i n troublesome areas was based upon informa­
t i o n available from borings, laboratory t e s t s , and f i e l d t e s t s . Certain 
areas were designated for elaborate f i e l d controls and ca r e f u l f i e l d ob­
servations. However, a l l of the problems encountered d-uring construction 
coi0.d not be anticipated at the time of design. The f i n a l treatment i n 
cer t a i n areas was the r e s u l t of f i e l d observations during the constnic-
t i o n when some subsurface conditions became more c l e a r l y defined. 

The importance of the revisions due to the f i e l d observations cannot 
be overemphasized as they affected the f i n a l costs and the construction 
schedule of the project. The r e s u l t s of these decisions stressed the im­
portance and valiie of assigning competent f i e l d personnel to supervise 
the s o i l s and foundation aspects of the work. Their presence assured a 
continuous reevaluatlon of the s o i l and foundation conditions as work 
proceeded. 



Mathematical Expressions for the Circular Arc 
Method of Stability Analysis 
RICHARD E. LANDAU, Chief S o i l s Engineer 
DeLeuw, Cather & B r i l l , New York, N. Y. 

• THE DETERMINATION of the conditions under which earth slopes w i l l be 
stable represents one of the most important applications of s o i l mechanics. 
A nmber of useful methods for investigating t h i s problem involve the 
c l a s s i c a l theories of Coulomb, Rankine, and Boussinesq. Other methods I n ­
volve t r i a l and error analysis for determining the most c r i t i c a l location 
of f l a t and c u r v i l i n e a r f a i l u r e planes. This paper deaJ-s s p e c i f i c a l l y 
with the c y l i n d r i c a l falliore plane as applied to the general solution of 
the slope s t a b i l i t y problem. 

Analyses involving use of the c y l i n d r i c a l plane are based upon the 
two-dimensional case ( l ) i n which the f a i l u r e surface i s represented by 
an arc of a c i r c l e (sometimes referred to as the Swedish C i r c l e ) . The 
r a t i o of r e s i s t i n g moment to driving moment (taken about the center of 
the fail-ure c i r c l e ) or r e s i s t i n g force to driving force (taken along the 
fa i l \ i r e arc) i s \ised as a basis for describing the r e l a t i v e s t a b i l i t y of 
the s o i l loading system for each s p e c i f i c f a i l u r e surface. By successive 
t r i a l s , the location of the weakest plane can be established, and i t s cor­
responding moment (or force) r a t i o serves as an indication of i t s factor 
of safety. (This r a t i o i s often used i n various forms to represent the 
factor of safety of the earth slope against s l i d i n g . Although there i s a 
great deal to be sa i d about the de f i n i t i o n of factor of safety ( 2 ) , i t i s 
not the purpose of t h i s paper to r a t i o n a l i z e the point. I t i s noted, how­
ever, that the equations presented herein may be used i n expressing any 
desired d e f i n i t i o n of factor of safety applied to the c i r c i i l a r arc type 
of s t a b i l i t y a n a l y s i s . ) Inasmuch as there are an i n f i n i t e number of t r i a l 
planes available for any problem (Fig. l ) , the complete solution i s often 

Subsoil 
Strata 

Overburden 
Strata 

Figijre 1. Typicsil c i r c u l a r arc f a i l u r e surfaces. 
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tedious and time consimilng. Where time limitations are imposed by design 
schediiles, i t i s often impossible to properly locate the most c r i t i c a l 
f a i l u r e plane. A number of attempts have been made to reduce the number 
of t r i a l s required (2) and, i n the case of homogeneous s o i l s , t r i a l was 
eliminated ( 3 ) . Unfortunately, the case of s o i l homogeneity i s r a r e l y i f 
ever encountered, and to date the general solution for heterogeneous s o i l 
conditions defies s i m p l i f i c a t i o n . The t r i a l and error process i s neces­
sary for the present; however, the electronic computer now makes a r i g ­
orous approach economically f e a s i b l e . 

One of the f i r s t papers on the subject of the use of electronic com­
puters for the solution of embankment s t a b i l i t y was presented at the 37th 
Annual Meeting of the Highway Research Board (k). Other papers have ap­
peared on the subject (^), p a r t i c u l a r l y i n England where the use of the 
Deuce electronic d i g i t a l computer i s widespread. These papers are tech­
n i c a l l y excellent but are oftentimes limited i n scope to s u i t the immed­
ia t e needs of the users. 

I t i s the purpose of t h i s paper to present rigorous mathematical ex­
pressions which w i l l permit d i r e c t application to computer programming as 
w e l l as to organized manual computation for the determination of the weak­
est f a i l u r e plane. Simplifying assimptions have been kept at a minimimi to 
f u l l y u t i l i z e the accurax:y potential of the high-speed computer. Basic 
equations are presented for solution of the simple s t a b i l i t y problem i n ­
volving a constant earth slope of homogeneous material foimded on a s t r a t ­
i f i e d subsoil. Special cases are also investigated, involving i r r e g u l a r 
or s t r a t i f i e d slopes, the condition of toe f a i l u r e , dam an a l y s i s , and re­
la t e d refinements demonstrating the f l e x i b i l i t y of the derived expressions. 
I n some Instances, simplifying assumptions are made; however, i t i s l e f t 
to the s o i l s engineer to determine the s u i t a b i l i t y of the assumptions be­
fore attempting to use the equations for any s p e c i f i c problem. Specific 
examples of the use of these equations i n the solution of a t y p i c a l road­
way embankment and an earth dam problem are presented i n the Appendix. 
The Appendix also contains the basic forms from which the equations pre­
sented i n the text are derived. 

GENERAL DERIVATION 
The method of investigating the s t a b i l i t y of earth slopes, involving 

a multi-layer s o i l system, has generally been based upon the vise of the 
method of s l i c e s . This Involves the determination of forces developed by 
v e r t i c a l segments of the s o i l system on corresponding incremental lengths 
of arc along the assmed f a i l u r e plane. The method developed herein does 
not use the concept of s l i c e s but. Instead, investigates the forces de­
veloped along the assmed f a i l u r e plane due to the e f f e c t of each s o i l 
stratum. This approach to the problem r e s u l t s i n completely rigorous 
mathematical expressions applicable to the general s t a b i l i t y problem. 

I n deriving many of the equations presented, a coordinate system was 
used to r e l a t e the geometry of the s o i l system with that of the f a i l \ i r e 
plane. The o r i g i n of t h i s coordinate system i s located at the toe of em­
bankment slope ( F i g . 2 ) . To simplify application to electronic computer 
prograHBoing, the f i n a l form of the equations was often altered so that 
dimensions may be used as positive numbers without regard to coordinates. 
The term L (see "GlossEiry of Symbols"), which represents the horizontal 
distance from the toe of slope to the v e r t i c a l axis through the center of 
the c r i t i c a l c i r c l e , i s one of the few terms i n the f i n a l equations that 
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Figure 2 . General earth slope problem. 

are measured i n accordance with the o r i g i n a l coordinate system, and con­
sideration mast be given to i t s algebraic sign. When the term L i s meas­
ured toward the embaiikment, i t s value i s negative, whereas when i t i s 
measured away from the embankment, i t i s po s i t i v e . When other exceptions 
are made, they are indicated i n the text. 

The basic solution of the slope s t a b i l i t y problem, as presented here­
i n , applies to the case of a uniformly sloping embankment of homogeneous 
material that i s i n f i n i t e i n extent, situated on an unlimited number of 
layers of subsoil materials, as shown i n Figure 2 , for which the follow­
ing simplifying assumptions are made: 

1. The embaiikment i s i n f i n i t e i n extent, has a unlfom slope, and 
i s homogeneous i n nature. 

2. The l i v e loading, inclioding i t s dynamic e f f e c t s , may be represent­
ed by a surcharge applied to the embankment. 

3. The subsoil can be represented as homogeneous horizontal s t r a t a , 
uniform i n thickness. 

k. The l i m i t s of the embankment slope, when projected downward onto 
the arc of the t r i a l c i r c l e , f a l l within s t r a t a having the same angle of 
In t e r n a l f r i c t i o n . 

5. The str e s s d i s t r i b u t i o n due to embankment loading i s transmitted 
only v e r t i c a l l y . 
Where i t i s desired to avoid using these assmptlons, supplementary math­
ematical expressions are presented i n the section e n t i t l e d "Special Cases." 
(Expressions to correct for the f i r s t and t h i r d assumptions as applied to 
embankments are found xmder the headings "Pore Pressure Distribution" and 
"Dam Analysis"; the second assmptlon may be eliminated i n accordance with 
the explanation given under the heading "Concentrated Live and Dead Load." 
Assumption k can be eliminated by the method described under the heading 
"Shear Moments." A system for reducing the error incitrred by assumption 5 
i s discussed under the heading "Shear Strength with Earth Slope Stress 
Distribution.") 
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Dead Load Moments 
The dead load driving moment for a v e r t i c a l embankment slope with the 

slope corresponding to the v e r t i c a l axis (axis through center of t r i a l 
c i r c l e ) of the f a i l u r e c i r c l e i s expressed by Eq. 1, and the dead, load 
r e s i s t i n g moment i s expressed by Eq. 2. 

Due to the existence of a sloping embaiikment, and the f a c t that the 
v e r t i c a l axis of the f a i l u r e c i r c l e may be located to either side of the 
toe of slope, a correction must be applied to both the driving and r e s i s t ­
ing moments. When the v e r t i c a l axis f a l l s outside of the embankment ( L i s 
positive or zero), the correction expressed by Eq. 3 must be subtracted 
from the driving moment. When the v e r t i c a l axis passes through the em­
bankment slope ( L i s negative), the value obtained from Eq. k i s to be 
subtracted from the driving moment, and that obtained from Eq. 5 added to 
the r e s i s t i n g moment. 

Shear Moments 
I n non-cohesive materials, there i s general agreement that shear 

strength i s adequately represented by the expression: 
S = p tan ^ 

where p i s the intergranular pressure ( t o t a l pressure minus pore pressure) 
normal to the plane of f a i l u r e , and ^ i s the angle of in t e r n a l f r i c t i o n of 
the material. However, the manner of treatment of shear strength applied 
to cohesive materials i s a point of controversy among engineers ( 7 ) . For 
cohesive s o i l s , the expression most often given i s slmilax to that for co-
hesionless s o i l s , except for the addition of the term C, representing the 
cohesion of the material. Thus, the shear strength of cohesive materials 
may be represented as follows: 

S = C + p tan ^ 
This relationship indicates that the shear strength of any material can 
be thought of as being represented by the addition of a constant (C) and 
a variable (p tan ^ ) . Separate eqxiations are derived representing the re­
s i s t i n g moment for each of these components and are referred to as moments 
due to cohesion and f r i c t i o n , respectively. The r e s i s t i n g moment due to 
cohesion i s given i n Eq. 6, and that dixe to f r i c t i o n i s given i n Eq. 7. 

Inasmuch as the derivation of Eq. 7 includes a constant embankment 
load, the moment due to f r i c t i o n must be corrected for the e f f e c t of the 
sloping embankment by subtracting the value obtained i n Eq. 8. 

This correction i s proper i f assmption No. h ±s correct. Where the 
error involved i n assvmiption No. h ±s not permissible, then a more exact 
solution can be made by using Eq. 8 incrementally, using VEilues of and 
L corresponding to the Intersections of the various s t r a t a with the as-
simied f a i l u r e plane projected onto the embankment slope l i n e . The appl i ­
cation of t h i s refinement, i t i s believed, may be necessary i n a limited 
number of cases. 

Where the pore pressure e f f e c t s are already included i n the values of 
C and <̂  used i n Eq. 6 and Eq. 7, or where no pore pressure e x i s t s , no 
further correction i s necessary. However, where pore pressure has not 
otherwise been taken into account, a further correction i n shear strength 
i s necessary. Because of the method used i n describing pore pressure, the 
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subject of moments ascrl"bed to those forces i s handled under a separate 
heading. 

DERIVATIONS—SPECIAL CASES 
The foregoing presentation permits the solution of most s t a b i l i t y 

problems involving simple slopes and loading configurations. However, i n 
order to analyze conditions which cannot "be handled by the basic equations 
the following sp e c i a l cases have been Investigated: (a) concentrated l i v e 
and dead load, (b) non-unlfoim slope, (c) s t r a t i f i e d slope, (d) f i n i t e 
berm, (e) f i n i t e embankment, ( f ) dam ana l y s i s , (g) pore pressure d i s t r i b u ­
t i o n , (h) shear strength with s t r e s s d i s t r i b u t i o n , and ( l ) toe f a i l i i r e i n ­
vestigation. Methods of handling these cases are developed and summarized 
In the following paragraphs. This l i s t of sp e c i a l cases i s not to be con­
strued as being the only s p e c i a l cases possible but are presented to dem­
onstrate that the derived expressions and the approach used i n t h e i r d e r i ­
vations may be extended to include many sp e c i a l cases. 

Concentrated Live and Dead Load 
The Incorporation of loads concentrated on an earth embankment may 

be desirable where heavy l i v e loads are encountered and dynamic effects 
become important. This type of loading i s assumed to e f f e c t the driving 
and r e s i s t i n g moments only, as t h e i r e f f e c t s on shear strength and f r i c ­
t i o n are assmed to be taken into account by dis t r i b u t i o n factors described 
i n the t e x t . When the value of moment V i s p o s i t i v e , the r e s u l t i s used 
as a driving moment, and when negative, i t i s used as a r e s i s t i n g moment. 

Concentrated load moment = V = P L ( 1 + I ) ( L - E^) 
where P L = Concentrated load; 

E L = Horizontal distance from toe of slope to 
load P L , with i t s algebraic sign; and 

I = Load increase factor due to dynamic e f f e c t s . 
( E L + L)2 ̂  2R(df+H) - (df+H)2 

Although the above l i m i t i n g equation i s s p e c i f i c a l l y for loads at the 
top of the slope, a s i m i l a r expression can be used for loads e x i s t i n g on 
the o r i g i n a l groimd surface, by using the term H as the height of the 
point of load application above the toe of slope. 

Non-Uniform Slope 
The condition of non-uniformity i n the embankment slope may be repre­

sented as a condition of a s t r a t i f i e d embankment. Thus, Eq. 1 can be ap­
p l i e d to determine the driving moments. The correction for the driving 
moments may be obtained by extending Eq. 3 , using the proper values of X L 
and L for each stratum, as shown i n Figure 3 A : 

e=si V Q Q 
Drive Correction = ^ ^ (Xg^ - Lg^) 

e=f+l 
where the subscript e i s used to denote embankment s t r a t i f i c a t i o n . Where 
the v e r t i c a l axis passes through the embankment, then the lower l i m i t 
( f + 1 ) i n the expression w i l l be changed accordingly, and a correction 
to the r e s i s t i n g moment w i l l be required. The i d e n t i c a l expression to 
that given above w i l l apply to the r e s i s t i n g moment correction except 
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Figure 3. ( A ) I r r e g u l a r earth slope, exact method; ( B ) . Irregular earth 
slope, alternate method. 
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that the upper l i m i t n w i l l "be reduced to correspond with the l i m i t i n g 
stratum encountered. Fxirther refinements may "be required which may i n ­
volve the use of Eq.. k and Eq. 5; however, such d e t a i l w i l l very r a r e l y 
he required. (Xg and take no sign.) 

An alternate p o s s i b i l i t y for the correction of s o i l moments for a 
non-uniform slope may he obtained by Eq. which equation I s derived i n 
accordance with Figure 3B. The derivation of t h i s expression i s based 
upon the determination of the weighted average s o i l c h a r a c t e r i s t i c s of 
the area bovinded by the embankment slope and the v e r t i c a l a x i s . These 
c h a r a c t e r i s t i c s are defined by Equations 9A, 9B and 9C, representing V^, 
Av and L A, respectively. The r e s u l t obtained by means of these expres­
sions represents the net driving moment correction due to the slope i r ­
regularity, and so i s exact only for the condition where the v e r t i c a l 
axis passes outside of the embankment. Where the vertica l , axis passes 
through the embankment, the correction to the driving moment obtained by 
Eq. 9 w i l l be l e s s than the a c t i i a l , but t h i s i s offset by the f a c t that 
no correction i s made to the r e s i s t i n g moment. When Eq. 9 i s negative, 
i t s numerical value i s added as a correction to the r e s i s t i n g moment. A l ­
though the use of Eq. 9 may s l i g h t l y a l t e r the position of the c r i t i c a l 
f a i l u r e plane, i t s p r i n c i p a l e f f e c t i s i n not presenting a true value of 
t o t a l s o i l driving and r e s i s t i n g moments when the v e r t i c a l axis of the 
f a l l i j r e plane passes throiogh the embankment. 

The method of obtaining the shear moment under the general case ap­
p l i e s , except that the number of s t r a t a i s Increased. The shear moment 
correction as given i n Eq. 8 must be altered by providing a summation us­
ing appropriate values of Xg and for the embankment s t r a t i f i c a t i o n . I t 
i s noted that i n most cases, the embankment slope can be approximated by 
an average value of b without causing an undue error i n the shear moment, 
which w i l l then permit using Eq. 8 d i r e c t l y for correction puJrposes with­
out summation. 

S t r a t i f i e d Slope 
The discussion presented under the heading "Non-Uniform Slope" I s 

d i r e c t l y applicable to the s t r a t i f i e d slope condition, except that density 
i s a variable with respect to the s t r a t a Involved. Thus, the following 
equation i s subtracted from the driving moments i n accordance with F i g ­
ure 3A: 

Drive Correction = ^ ^ (X^^ - ) 
e=f+l 

The above equation may be applied to the determination of the r e s i s t i n g 
moment i n the same manner as described for the case of non-unifom slope. 

The alternate p o s s i b i l i t y for moment correction, using Eq. 9 as de­
scribed for the non-mlfom slope, holds here as w e l l . However, i n apply­
ing the alternate method to shear moment correction, the use of a weight­
ed average density factor leads to an error which w i l l vary with the range 
of density VEilties involved; however, the error should generally be small. 
The error i n shear correction i s due to the f a c t that the weighted density 
average w i l l vary with the value of L. Although refinements can be made 
to reduce the error, such as r e l a t i n g L and 'YA* i s not believed neces­
sary that t h i s be done except where extreme accT;iracy i s needed. Where 
such accuracy i s required, then the alternate method should not be used. 
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F i n i t e Bena 
Where a f i n i t e bem I s used, Eq. 3 I s d i r e c t l y applicable as a re­

s i s t i n g moment, and Eq.. 8 i s appllcalDle as a shear moment. These equa­
tions represent the e f f e c t of trapezoidal earth forms and are therefore 
applicable to a single or multiple f i n i t e berm configuration, where the 
f a i l u r e arc does not cut through the berm. The alternate p o s s i b i l i t y de­
scribed for determination of moments In the case of the non-uniform slope 
applies. I n the case of the f i n i t e berm, a r e s t r i c t i o n i s placed upon the 
radius of the f a i l u r e plane, such that: 

(df + h s r + (B - L) 
2(df + hs) 

where B i s the horizontal distance from the toe of slope to the top of 
berm, as shown i n Figure k. 

Figure k. F i n i t e embaiikment and berm. 

F i n i t e Embankment 
The instance of the f i n i t e embaiikment i s such that the following re­

lationship holds, as shown i n Figtire k: 

(df + H)^ + (L + bH + E ) ^ 
2(df + H) R ^• 

where E i s the embankment width. This application I s Important i n the i n ­
vestigation of the s t a b i l i t y of roadway embankments along a plane trans­
verse to i t s centerline. 

The above equation i s based upon the assmption that the f a i l u r e 
c i r c l e does not i n t e r s e c t the f a r slope of the embarJsment. This assump­
t i o n i s v a l i d for the vast majority of slope s t a b i l i t y problems. VJhere 
the engineer prefers to provide a more detailed analysis by investigating 
c i r c l e s which exceed the above l i m i t s for R, then the method of correc­
t i o n described i n the i ^ e n d i x imder the heading "Investigation of Zoned 
Dam" may be used. 
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Dam Analysis 
I n order to apply these equations to the analysis of a dam, addition­

a l equations must be derived to express the geometry where the f a i l u r e 
c i r c l e passes through the upstream face and also to account for the ex­
istence of a zoned (non-horlzontally s t r a t i f i e d ) emhankment. 

Referring to Figure 5 for the variables, the distance above the toe 
of slope that the t r i a l c i r c l e w i l l pass throi;igh any i n t e r i o r slope i s 
given by the following expressions (for a toe or deep c i r c l e ) : 

_ -Ga + VGa^ + (ba^ + l ) (2Rdf - Da^ - df^) ha = 

where GQ = bgDa -
and Da = L + ma 
(The values of hg 

^ a ^ + 
(R - df) 

can be detemined i n accordance 
with the coordinate system and therefore may be 
applied to subsurface s t r a t i f i c a t i o n as w e l l as 
earth slope s t r a t i f i c a t i o n . ) 

The above equation i s applied to determine the l i m i t i n g points along the 
f a i l u r e arc corresponding to the boundary l i n e s for each zone. 

Figure 5« General zoned embankment problem. 

In order to provide for the moment of an i n t e r i o r zone as a correc­
t i o n with respect to the o r i g i n a l mass of the dam as a homogeneous mate-
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r i a l , the following equation i s used to correct the driving moment ob­
tained i n using Eq. 1: 

M - - [(Da + baJl)3 - (Da + ba Ha)3 
Mdc - — T - ^ 

(Da-l + ba-1 H)3 - (Da-1 + ba-1 ha-l)3 
ba_i 

+ (R - da)3 - (R - da-l)3 + 3R^ (da - da-l) 
where da = ba + df 

A description of the application of the above equations to the solu­
t i o n of a s p e c i f i c problem i s given i n the Appendix. 

Pore Pressure Distribution 
I t i s not possible to express the d i s t r i b u t i o n of pore pressure by 

mathematical symbols for application to a l l conditions, even where the 
case of s o i l homogeneity I s assumed. However, an expression can be giv­
en based upon the assumption that pore pressure at any point can be de­
scribed for a s p e c i f i c problem. I f the position of that point I s known 
with respect to the geometry of the system. Inasmuch as the f a i l u r e plane 
i s e a s i l y coordinated with respect to the toe of slope of the embankment. 
I t follows that i f tabular values of pore pressure are available and also 
coordinated with respect to the toe, that no rigorous mathematical expres­
sion i s needed. Thus, I f the pore pressure along the f a i l u r e plane at a 
height da above the low point of the arc I s known, and I f t h i s pressiare 
i s constant for a distance Ad equal to (da - d a _ i ) , then the smaller the 
value of Ad, the greater the accuracy i n the analysis of the e f f e c t of 
pore pressure. 

The problem thus resolves I t s e l f to the description of pore pressure 
at point da- From Figure 2 i t I s evident that the coordinate of any point 
can be expressed with respect to the toe of slope as (da - d f ) , (xa + L ) . 
The l a t t e r designation I s consistent with the d e f i n i t i o n that Xg_ and L are 
negative when measxired toward the embankment. As stated previously, the 
a v a i l a b i l i t y of a master tabulation of pore pressure related to the co­
ordinate system employed would be the most accurate approach to the prob­
lem f e a s i b l e at t h i s time. However, for application to electronic com­
puters where limited storage capacity i s available, i t i s desirable to ap­
proximate the value of pore pressiare by r e l a t i n g i t to two independent 
fact o r s , as given i n the following r e l a t i o n : 

Ua = Qa + Faf(H) 

where f ( h ) represents a function of the overbiirden construction load. The 
values of Qa and Fa are dependent only upon the geometry of the system, 
where the term Fa I s used to express the e f f e c t of the earth slope and 
i s a term encompassing a l l other factors affecting pore pressure. Assum­
ing a uniform embankment height, the reduction i n shear moment due to pore 
pressxire i s expressed by Eq. 10. The existence of a sloping embankment 
requires a reduction i n the pore pressure. The l a t t e r correction requires 
that Eq. 11 be added to the shear moment. Inasmuch as Eq. 11 i s related 
only to the earth slope, the Q factor i s not involved I n the expression. 

I n order to properly u t i l i z e Equations 10 and 11, I t i s necessary to 
r e l a t e the value of pore pressure with the geometry of the s o i l system un-
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der investigation. The valxies of Qa and Fa are Investigated for applica­
t i o n to s o i l s draining v e r t i c a l l y , horizontally and to a case Involving 
pressures i n earth dams. 

In the investigation of v e r t i c a l draining subsoil, i t i s assumed 
that the value of Q i s zero within the l i m i t s of the embankment. From 
the theory of consolidation, the pore pressiare v a r i a t i o n with depth i s 
parabolic; and to demonstrate the case, i t i s assumed that the ground 
surface always permits free drainage. The value of F^ can then be ex­
pressed as follows: 

Fa=M^l-^"'^^-^(°'-^)'^f J ' 

for da^df 
where m i s a constant varying from 1 to 2, depending upon whether the con­
dit i o n i s one of single drainage, double drainage, or an intemedlate 
drainage condition. The term M i s a factor which represents the maximum 
pore pressure e f f e c t of a unit embankment load. (This equation may be 
altered to s u i t the condition where the upper stratum i s not free drain­
ing, by substituting df - da for dĝ .) Pore pressure e f f e c t s beyond the 
l i m i t s of the earth slope can be corrected by use of the Q-term. 

Where only horizontal drainage i s e f f e c t i v e , the value of Fg would 
be constant with depth, and Fa would equal M. Although Q i s considered 
as zero within the l i m i t s of the slope i t may, nevertheless, be added 
when there i s superimposed pressure thro\;igh other means, such as ground 
water movement. Where both horizontal and v e r t i c a l drainage occur, as 
w e l l as water flow, the various terms may be combined to express the de­
s i r e d pore pressure d i s t r i b u t i o n . 

The conditions described above pertain to pore pressure below ground 
l e v e l ; however, a necessary consideration i s that of analyzing a combina­
tio n of pore pressure dlstribudion i n subsoils as w e l l as slopes such as 
earth dams. To demonstrate t h i s application, i t i s assianed that the equl-
potentlal l i n e s , as w e l l as the phreatic l i n e , can be described eilgebra-
I c a l l y , as i n Figure 6. 

Talcing the toe of the slope to be the origin, the general equation 
for the equipotential l i n e can be expressed as: 

ye = f(xg) + Cg 
Using the approximation that the pore pressure between any v e r t i c a l I n ­
crement at a s p e c i f i c horizontal distance from the toe of slope i s con­
stant, a s u f f i c i e n t l y large number of Increments i s a r b i t r a r i l y estab­
l i s h e d to assure desired accuracy. For any Increment or hypothetical 
stratum located ha above or below the toe of slope the horizontal distance 
from the toe to the intersection of t h i s l i m i t with the f a i l u r e plane i s : 

xa = L - VR2 - (R-df - ha)2 
(The sign i n front of the r a d i c a l i s t for hg^^O). 

Since yg must equal ha on the equipotential l i n e and Xg must equal Xa, 
then Cg must be: 

Cg = ha - f ( x a ) 
Thus, the equation for the equipotential l i n e passing through the f a i l ­
ure plane at the height ha must be: 
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ye = f ( x e ) + ha - f ( x a ) 

I f the equation of the phreatic l i n e can be expressed as; 
yp = f(xp) + Cp 

then the point on the phreatic l i n e hp corresponding to ha on the f a i l u r e 
plane can be determined, and the pore pressure at height ha on the f a i l ­
ure plane w i l l be: 

Qa = (hp-ha) 
with Qĝ  assumed constant for that portion of the f a i l u r e plane passing 
through the s t r a t m . When Qg_ i s negative, then the phreatic l i n e has been 
exceeded and the pore pressure i s zero. 

Equipotential 
Line 

Phreatic Line 
yp=f(Xp) t Cp 

Drainage 
Filter 

Flow Line 

Ye = ^^^e^ * «e 

Figure 6. Typical flow net for earth dam. 

The foregoing method may be applied to any system of equipotential 
and phreatic l i n e s that can be expressed alge b r a i c a l l y . Although most 
th e o r e t i c a l cases involve equipotential l i n e s of the type shown i n Figure 
6, for demonstration purposes, an application of t h i s method to the draw­
down condition where the equipotential l i n e s are v e r t i c a l and the phreatic 
l i n e follows the downstream face of the dam, w i l l produce the following 
general expressions for toe f a i l \ i r e investigations: 

h„ V R 2 - (R-da)g 
b ) 

where L<- •Xa < bH 
and 

Qa = t v (H-ha) 
where bH + E>-Xa>l3H 
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For the case where the f a i l u r e c i r c l e intercepts the downstream slope, 

Qa = ̂ w [(H-lia) -

where -Xa.>bH + E 
b^ = downstream slope of dam 
E = width of cre s t of dam 

This method may be applied to many types of flow net conditions; however, 
i t i s emphasized that each case must be investigated separately to deter­
mine that the use of algebraic representation of the equipotentlal and 
phreatic l i n e s w i l l not r e s i i l t i n undesirable error. 

I t i s pointed out that the analysis of pore press\are may, i n certain 
locations along the faili:ire plane, produce a negative net f r l c t i o n a l mo­
ment. However, t h i s error i s inherent to the procedure used In the meth­
od of s l i c e s and i s compensated i n part by an excess shear resistance ef­
fected along other portions of the arc by the neglect of str e s s d i s t r i b u ­
t i o n . I n s p e c i f i c instances, i t may be necessary to u t i l i z e s t r e s s d i s ­
t r i b u t i o n factors i n the anal y s i s . I n such cases, where neutral stresses 
are large, the e f f e c t of such s t r e s s e s acting on the v e r t i c a l sides of 
hypothetical s l i c e s may be investigated a n a l y t i c a l l y by using the pore 
pressiire designation described herein. 

Shear Strength with Earth Slope Stress Distribution 
There may be instances where assumption 5 i s undesirable. I n such 

cases, i t i s necessary to take into account the ef f e c t of st r e s s d i s t r i b u ­
t i o n due to the earth slope. The approximations recommended i n t h i s so­
lut i o n are si m i l a r to those discussed under the heading "Pore Pressure 
Distribution." 

Although the total, s t r e s s may be described as the summation of fa c ­
tors as i n the case of pore pressure, unlike pore pressure the t o t a l 
s t r e s s at any point i s not perpendicular to the plane of f a i l u r e . I t i s 
therefore necessary to t r e a t each s t r e s s value as two components: 

Pv = + Fv(h) 
Ph = Qh + Fh(h) 

where Py and Ph represent the v e r t i c a l and horizontal s t r e s s , respective­
l y , at any point i n the subsoil due to the earth slope. The procedure 
that may be followed i s to determine the shear strength e f f e c t s due to the 
subsoil loading by means of Eq. T, taking the summation to the ground l i n e 
(dp) rather than to the top of slope ( d ^ ) . 

The derivation of the eq\iations for the eff e c t of earth slope s t r e s s 
d i s t r i b u t i o n on the shear strength along the f a i l u r e plane are not given 
herein; however, the equation for the shear strength e f f e c t of the v e r t i ­
c a l component P^ i s i d e n t i c a l with that given i n Eq. 7 applied so that 
P^ replaces the term Wg, - Va(^"'ia)' equation for the shear moment 
eff e c t of the horizontal component P^ i s : 

a + n' 
Mfh = 2 ' P h ^ ^ ( X a ^ - X a - l ^ ) 

a = 1 
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The qviallflcatlons applied to the use of t h i s method are similar to 

those stated for pore pressure. Where the values of Q̂ , F^, \ , and Fj^ 
can be related a l g e b r a i c a l l y with respect to the geometry of tlie s o i l sys­
tem, then s i m p l i f i c a t i o n s i n the use of electronic computers may be pos­
s i b l e . However, i t i s l e f t to the engineer to determine whether or not 
the assumption of s t r e s s d i s t r i b u t i o n i s desirable as compared to the us­
ua l assumption that such d i s t r i b u t i o n i s e n t i r e l y v e r t i c a l . 

Toe F a i l u r e Investigation 
Where i t i s desired to investigate s p e c i f i c a l l y for toe f a i l u r e , as 

shown i n Figiire 7, the depth dp to which the c r i t i c a l c i r c l e w i l l pene-

Alternate slope location for 

given value of R 

Figure 7. General toe f a i l u r e problem. 

t r a t e the subsoil i s not constant; therefore, the value of d for each 
stratum w i l l vary with the location of the center of rotation. However, 
the height h of the top of each stratum above the toe of the slope i s 
constant, as the s t r a t i f i c a t i o n i s assmed to be horizontal. To f i n d d 
for any stratum, df must be added to h. The vaJLue of df f o r each c i r c l e 
i s obtained as follows: 

df = R - -^R2 - iP 
Thus, the value of d for any stratum becomes: 

da = ha + df 
Using the appropriate values of d. Equations 1 through 11 may be 

used as previously described, applying the proper driving moment correc­
tions . 

LIMITATIONS 
The mathematical expressions presented are limited by the assumptions 

made i n t h e i r derivation. Where such assmptions are not permissible, they 
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may be eliminated, or the associated Inaccuracies reduced, by procedures 
outlined I n the text. The assumption that I s the most cumbersome to elim­
inate i s that dealing with the horizontal s t r a t i f i c a t i o n of the subsoil. 
However, suitable expressions may be obtained I n a manner similar to that 
used for non-horizontal s t r a t i f i c a t i o n i n embankments. 

The most d i f f i c u l t assumption to deal with I s that concerning the 
representation of distributed pressure (excess hydrostatic as w e l l as i n -
tergranular) where the theory can at best be presented as an approxima­
t i o n of the t r u t h . Where such d i s t r i b u t i o n can be expressed al g e b r a i c a l ­
l y , the assumption that such pressures are constant within each stratum 
i s a desirable postulate. I f greater acciiracy i s desired, the nmber of 
s t r a t a may be increased to any p r a c t i c a l l i m i t . Due to the many complex­
i t i e s involved i n t h e o r e t i c a l l y analyzing pressure d i s t r i b u t i o n , there 
i s no certainty that the approach described herein I s actually a l i m i t a ­
t i o n . 
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APPLICATIONS 
The expressions presented herein are believed to be the most general 

possible for application to the solution of the problem of embankment s t a ­
b i l i t y by the c i r c u l a r arc method of a n a l y s i s . These equations are now 
being programmed to permit the use of Bendix G-I5D electronic computer i n 
t h i s work. 

I t i s estimated that for a ten-layer system, under the most adverse 
conditions as concerns the number of var i a b l e s , i t would require no more 
than f i v e minutes to investigate any one c i r c l e location for a program 
set up on the interpretation system. With a reduction i n variables and 
number of l a y e r s , the machine time would be reduced proportionately. I t 
i s expected that those who are f a m i l i a r with computer operations w i l l be 
able to f i n d many simplifying methods i n applying the equations presented. 

Charts and curves, based upon these equations, are now being pre­
pared, using parametric values of the variables assuming a c i r c u l a r f a i l -
voce plane having a unit radius. These w i l l permit rapid solution of the 
s t a b i l i t y problem where electronic computers are not available. 

These equations cannot be used to replace the judgment of the s o i l s 
engineer, as such Judgment I s required In properly interpreting the nature 
of the problem, the physical c h a r a c t e r i s t i c s of the subsoil and embankment 
materials involved, as w e l l as to decide upon the a p p l i c a b i l i t y of the 
c i r c l e arc f a i l u r e plane. Although these equations are presented for a 
s p e c i f i c type of f a i l u r e plane, the method of analysis by investigating 
the e f f e c t of each stratum i s applicable to any type of assumed f a i l u r e 
surface. 
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G L O S S A R Y O F SYMBOIS 

a = Stratijm and zone designation subscript; 
Aw = Weighted area f o r correction of driving moments; 
b = Horizontal distance for \init r i s e of earth slope (positive 

when sloping upward and away from the toe of slope); as sub­
s c r i p t , represents downstream face of dam; 

B = Horizontal distance from toe of slope to top of berm; as sub­
s c r i p t , r efers to berm; 

c = Constant; as subscript, denotes correction; 
C = Cohesion; 
d = Height of top of stratum above low point of f a i l u r e c i r c l e on 

driving side of arc; as subscript, r e f e r s to dam; 
Da = (iHMa); 
e = Qnbankment s t r a t i f i c a t i o n subscript; 
E = aobahkment width ( f i n i t e case), or cre s t width (dams); 

E L = Horizontal distance from toe of slope to concentrated load 
(with sign); 

F = Load di s t r i b u t i o n factor due to earth slope; 
f = Subscript denotes s t r a t m at toe of slope, or f r i c t i o n ; 

f ( ) = Denotes algebraic fimction; 
Ga = baDa-(R-df); 
H = Height of eajrth slope; 
h = Stratum thickness, i n earth slope; as subscript, r e f e r s to 

horizontal component; 
I = Load increase factor due to dynamic e f f e c t s ; 
L = Horizontal distance from toe of slope to v e r t i c a l axis of 

t r i a l c i r c l e ; 
= Same as L, except measured from intersection of bottom of 

stratum e and earth slopeline; 
^A X y z ~ Moment arm, measured horizontally to toe of slope; 

* ' 'm = Constant denoting drainage condition i n subsoil; 
M = Maximum pore pressure e f f e c t of unit load; 

Mj) = Driving moment, dead and l i v e load; 
M])g = Driving moment correction; 
Mf = Frl c t i o n E i l moment; 
Mp = Moment reduction due to pore pressure; 
Mpc = Correction i n moment reduction diie to pore pressure; 

MR = Resisting moment, dead load; 
MRC = Resisting moment correction; 
Mg = Moment due to shear; 
Msc = Shear moment correction; 

n = Subscript designation f o r uppermost stratum; 
p = Intergranular pressure; subscript, designating phreatic l i n e ; 
P = Distributed pressure; 

P L = Concentrated load; 
Q = Load d i s t r i b u t i o n factor; 
R = Radius of t r i a l c i r c l e ; 
S = Shear strength i n subsoil stratimi; 
U = Pore pressure; 
V = As subscript, v e r t i c a l component; 
V = Concentrated load moment; 
Wa = Summation of unit loads above a given stratum; 
X = Horizontal distance from toe of slope i n coordinate systm; 
X = Horizontal distance from v e r t i c a l axis to intersection of top 
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of stratum with the f a i l u r e arc or earth slope l i n e ; 

X L = Horizontal distance from v e r t i c a l axis to top of slope; 
y = Ordinate location of point within coordinate system; 
Y = (R-d); density of stratum; 

•YA = Average density of t o t a l s t r a t i f i e d slope; 
^ = Angle of i n t e r n a l f r i c t i o n ; 

Ad The Incremental v e r t i c a l distance between s t r a t a ; and 
' = As superscript, represents dimensions taken with respect to 

s t r a t a to the side of the v e r t i c a l axis away from the toe of 
slope. 
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APPENDIX 
Mathematical Expressions for the Circular Arc Method of 

Stability Analysis 
INVESTIGATION OF FIVE-LAYER SOIL SYSTEM WITH BERM 

To demonstrate the application of the equations presented i t I s as­
sumed that I t i s desired to check the s t a b i l i t y of the proposed embankment 
construction shown i n Flg\ire 8. An i n f i n i t e embankment i s assumed where 

Initial Cen+er 

d 

^3 

Figure 8. Typical ̂ -layer s o i l system s t a b i l i t y problem. 

the slope i s l/b, with four subsoil s t r a t a and one embankment s t r a t m . 
Assuming that a berm may be required for s t a b i l i t y piirposes, a f i c t i t i o u s 
stratum i s added, such that dj^ = dc i n i t i a l l y . The expression for the 
driving moment MD i s obtained by means of Eq. 1. The driving moment needs 
to be corrected by subtracting Mjĵ ,, using Eq. 3 or Eq. k whichever i s ap­
plic a b l e . 

Due to the constant thickness of each s t r a t a , the r e s i s t i n g moment i s 
equal to the driving moment l e s s the driving moment of the embankment, 
such that: 

MR = MD 
(R - dq)3 - (R 

This i s corrected by adding Mĵ .̂ as given i n Eq. 5, when L i s negative. 
Discounting the eff e c t of the embankment, the shear moments on either 

side of the v e r t i c a l axis of the t r i a l c i r c l e are equal. Thus, using Eq. 
6 and Eq. 7 to take care of moments on both sides of the v e r t i c a l a x i s , 
the desired shear moment i s obtained. 

56 
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The values of Ŵ  through Wl̂. used i n Eq. 7 are as follows: 
wi = Yaha + -Yshs + y^h^ 
Wg = "Y3h3 + -Vî hî  
W3 = \hl^, 
% = 0 ( i n i t i a l l y ) 

To the above determined shear moment must be added the shear moment 
effe c t of the embankment, given by the following expression: 

a = 5 
£ 1 — 1 , 

plus the values obtained from Eq. 6 and Eq. 7 for a = 6. 
Due to the sloping embankment, Eq. 8 i s used to obtain the shear 

moment correction Vlsci which i s to be subtracted from the shear moment 
effe c t of the embankment. 

Having obtained the necessary general equations and using a suitable 
d e f i n i t i o n for the factor of safety, a program can be set up for solution 
by electronic computer. Although a program i s now being set up to i n ­
vestigate a more general case of s o i l s t r a t i f i c a t i o n , i t s application to 
t h i s would be approximately as described hereinafter. 

Inasmuch as the problem i s to Investigate an i n f i n i t e earth slope, 
the program w i l l s t a r t at the minimum radius for the deepest stratum to 
be investigated: 

R = d6 

having i t s center located at: 

L = - I (dg - d5) 
(Equations are available that w i l l permit a more desirable starting point; 
however, the use of such equations i s l e f t to the indiv l d i i a l . ) After t h i s 
i n i t i a l computation, the value of R w i l l be varied i n increments, and L 
maintained as a constant, and the factor of safety ( r a t i o of r e s i s t i n g mo­
ments to driving moments) determined for each successive position. When 
a point i s reached where the factor of safety at one location i s greater 
than the preceding, the computer i s returned to the previous location, 
R held constant and L i s varied incrementally away from the slope, u n t i l 
the factor of safety increases, at which point the machine w i l l revert 
back to the lower value. This cycle i s repeated automatically, with the 
computer searching u n t i l the location of the minimi mi safety factor i s de­
termined. 

Using the c r i t i c a l center so determined, the computer w i l l automat­
i c a l l y progress to the higher subsoil l a y e r s . The Investigation w i l l be 
continued u n t i l the factor of safety at a shallower stratum Increases, at 
which point the machine reverts back to the lower depth. 

Should the minimum factor of safety r e s u l t i n a value l e s s than that 
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desired, then d^, which i n i t i a l l y was set equal to dl).. I s set to Incremen­
t a l l y Increase by any desired value Ahg. The value of L w i l l automatical­
l y be increased by the value b Ahg, and the value of Wi through Wlj. i s I n ­
creased by the value "Y^hg. 

Such t r i a l s can be investigated for the established c r i t i c a l f a i l u r e 
plane and the berm height determined when the desired factor of safety I s 
obtained. I f necessary, the entire problem. Including the berm, can be 
checked by returning the machine to any desired value of R and L. 

Where desired, instead of investigating for a suitable berm height, 
the problem may be set up to determine the minimum slope for a s p e c i f i c 
factor of safety. 

INVESTIGATION OF ZONED DAM 
A t y p i c a l zoned earth dam section on an Impermeable base i s shown i n 

Flgiore 9. The required investigation i s based on a toe c i r c l e a n alysis. 

Figure 9» Typical zoned dam s t a b i l i t y problem. 

For s i m p l i c i t y , i t i s assumed that 'Yg = 'Ŷ  and. that the t r i a l c i r c l e 
i n t e r s e c t s the upstream face of the dam, at a point h^ located by the equa­
tio n given under the heading " D e r i v a t i o n s — S p e c i a l Cases: Dam Analysis." 
The analysis proceeds as i t wo\ild for a homogeneous embankment. To de­
termine the driving moment, Eq. 1 and Eq. 3 are used from d^ to (H + d f ) . 
By repeating the use of these equations from h3 to H a correction for the 



59 

effect of water may be obtained, using ('Ŷ  - 7^) i n place of y^^. No cor­
rection i s needed for the i n t e r i o r zone as Yc = "^d.- (When L i s positive, 
no moment correction i s made for subsoil moments.) 

The f r i c t i o n a l resistance i s then determined by means of Eq. 7, as­
suming a constant f r i c t i o n angle for the entire length of arc and go­
ing i n one step from df to (H + d f T h e f r i c t i o n a l correction for the 
downstream slope i s made by means of Eq. 8, by going from L to (L + bH). 
The f r i c t i o n a l correction for the water on the upstream slope i s made by 
going from (h^ + df.) to (H + dj.) i n Eq. 7, and then from (D^ + 123113) to 
(D3 + b3H) i n Eq. o, with b3 taking i t s algebraic sign. 

Knowing the values of h^ and h2 (equation for ha, given under the 
heading "D e r i v a t i o n s — S p e c i a l Cases: Dam A n a l y s i s " ) , from Eq. 7 an approx­
imate intergranular pressure correction i s obtained by replacing Tfg, tan 

with ("Ŷ  tan <|.̂  - -Yc tan 4,3), where = (Ya -^c) (H - ha). 
The shear resistance due to cohesion i s obtained by means of Eq. 6, 

using the value of from df to (H + d^) and then correcting for the up­
stream water by going from (hg + df) to (H + d f ) . The correction for the 
central core i s obtained by using (Sc - S^) i n place of Sa_ i n Eq. 6 and 
going from (h^^ + df) to (h2 + d f ) . 

I f h3 were found to be greater than H, the c i r c l e arc would not i n ­
t e r s e c t the dam backslope and the correction for water would be omitted 
from the ana l y s i s . 

The e f f e c t of pore pressure i s the remaining factor to be established, 
and t h i s i s done as i n the case of the embankment ana l y s i s , by assuming as 
many horizontal layers as i s desirable and applying Eq. 10 and Eq. 11. 

The equations may be used i n a si m i l a r manner for other configura­
tions of dams and for deep-seated f a i l u r e s i n dams as w e l l . 
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Stratum a 

equation of Arc X ^ + Y ^ ' B ^ 
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Figure 10. Driving and r e s i s t i n g moments. 
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eq.3 

e q 4 

—dr 
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Subtract from Drive Moments 
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Flgiire 11. Correction i n moment-drive and resistance. 
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Figiire 12. Shear mcanent due to cohesion. 
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Q'T) 
+ y~^q tan 4>Q J Y^dx 

a-1 

Luhere Wa'-^'ffa+i (da»|-da) 

Figure 13. Shear moment due to f r i c t i o n . 
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Figure 1̂4-. Correction i n shear moment due to f r i c t i o n . 
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Figure 15. Driving moment c o r r e c t i o n — a l t e r n a t e method. 
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Figure l 6 . Shear moment reduction due to pore pressure. 
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Figure I7. Correction for shear moment reduction due to pore pressure. 



Tabulat ion of Equations 
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Eq. I = ^ [ S R ' ('̂ a - d c i ) + (R- d a f " (R-dd-lT 
a-1 

E q 2 M, 
a=f' , 

6b 

a=-f + 
Ms = 

Y a - i ^ 

E q 7 

+ 

Q=l 

a = r> 
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Tabulat ion of Equat ions (Continued) 

E q. 9B Aw = A X + i'y Ay + Jf̂ z. A » + a+c. 

C L = Vx Ax * Vy Ay Ly + X,: A^Lg gtc 

* 
a-n 

HRB :0R-286 



THE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN­
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap­
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern­
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa­
tives nominated by the major scientific and technical societies, repre­
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-CoUNCiL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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