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Introduction
The highway d esig n  e n g in e e r  i s  c o n s ta n tly  fa c ed  w ith  th e  n e c e s s i ty  

o f  making d e c is io n s  dependent on a  knowledge o f th e  s t r u c tu r a l  p ro p e r t ie s  

o f  s o i l s .  For in s ta n c e ,  in  th e  d esig n  o f  a  b rid g e  w ith  i t s  approaches, 

he must d ecide  on a sa fe  b e a r in g  value f o r  th e  fo u n d a tio n  s o i l ,  the  p re s ­

su re  w hich w i l l  be e x e r te d  a g a in s t  the  abutm ent by th e  a d ja c e n t f i l l ,  th e  

s a fe  s lo p es  to  use  in  c u ts  and on f i l l s ,  th e  amount and r a te  o f  s e tt le m e n t 

o f  abutm ents and f i l l s , and s im i la r  fa c to rs *

In  th e  d esig n  o f  la rg e  s t r u c tu r e s ,  d e ta i l e d  in v e s t ig a t io n s  are  

u s u a l ly  made to  p ro v id e  s p e c i f ic  d a ta  on the  s o i l s  w hich w i l l  be u t i l i z e d .  

In  th e  d e s ig n  o f  sm a lle r  s t r u c tu r e s ,  i t  i s  common p r a c t ic e  f o r  the  en g in ee r 

to  r e ly  more h e a v ily  on th e  lo g  o f  a  few b o r in g s , p a s t  ex p erien ce  w ith  

s o i l s  in  th e  same l o c a l i t y ,  and on r u le s  o f thumb. This i s  due to  no la c k  

o f  d e s ir e  on th e  p a r t  o f  the  e n g in e e r  to  u t i l i z e  the  r e s u l t s  o f  s o i l  t e s t s  

b u t r a th e r  to  th e  b e l i e f  th a t  th e y  can be o b ta in e d  o n ly  th rough  la b o r io u s  

and c o s t ly  t e s t s  and t h a t  in v o lv ed  and te d io u s  com putations a re  re q u ire d  

to  t r a n s l a t e  th e  r e s u l t s  in to  in fo rm a tio n  o f  p r a c t i c a l  v a lu e .

Ihe pu rpose  o f  t h i s  r e p o r t  i s  to  p re s e n t  p ro ced u res  f o r  s t r u c t u r a l  

t e s t s  o f  s o i l s  which can be perform ed w ith  a minimum o f  tim e and equ ip­

m ent, to  show th e  a p p l ic a t io n  o f  th e  t e s t  r e s u l t s  in  a sim ple design  

problem , and to  i l l u s t r a t e  c u r re n t  p r a c t ic e  by exam ples a b s tr a c te d  from  

th e  a u th o r rs r e p o r ts  as c o n su lta n t in  p r iv a te  p r a c t ic e  and w ith  th e  U. S. 

Bureau o f  P u b lic  Hoads.

F o r th e  sake o f  s im p l ic i ty  some approx im ations have been used  and 

many c o n s id e ra tio n s  have been on ly  m entioned o r  e n t i r e l y  n e g le c te d . The
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d e s ir e d  f a c to r  o f  s a f e ty  i s  a  m a t te r  o f  econom ics and w i l l  depend on th e  

adequacy o f  sam pling and t e s t i n g  and th e  improvement o f  a n a ly se s  th ro u g h  

c o r r e la t io n  w ith  o b se rv a tio n s  d u rin g  and a f t e r  c o n s tru c tio n . I t  i s  

b e lie v e d , how ever, th a t  th e  a n a ly s is  p re se n te d  i s  a  reaso n ab le  approach 

to  th e  u t i l i z a t i o n  o f  s o i l s  in v e s t ig a t io n s  in  th e  problem s o f th e  d esig n  

e n g in e e r .

F ie ld  E x p lo ra tio n

The in v e s t ig a t io n  o f  s o i l  fo u n d a tio n s  f o r  b r id g e s  and embankments 

may be d iv id e d  in to  th re e  p a r t s ,  as fo llo w s :

1 . F ie ld  e x p lo ra t io n  and sam pling .

2 . L ab o ra to ry  t e s t i n g  o f  sam ples.

3 . A n a ly sis  o f f i e l d  and la b o ra to ry  d a ta .

The f i r s t  s te p  in  th e  fo u n d a tio n  in v e s t ig a t io n  o f a given s i t e  i s

a  g a th e r in g  and d ig e s t  o f  a v a i la b le  d a ta  on su b su rface  c o n d itio n s  and the  

b e h a v io r  o f  o th e r  s t r u c tu r e s  in  th e  v i c i n i t y  o f the  p roposed  p r o je c t .  

V aluable d a ta  on su b su rface  c o n d itio n s  a re  o f te n  o b ta in ed  from maps, 

a e r i a l  p h o to g rap h s , and p u b lic a t io n s  o f  F e d e ra l and S ta te  g e o lo g ic a l 

su rv e y s . A p re l im in a ry  g e o lo g ic a l su rvey  b ased  on o u tc ro p p in g s  and o th e r  

su rfa c e  in d ic a t io n s  i s  g e n e ra l ly  made on la rg e  p r o je c t s .  From such a

su rvey  and th e  r e s u l t s  o f  re co n n a issan ce  e x p lo ra t io n s , an e n g in e e r-

g e o lo g is t  w i l l  o f te n  be a b le  to  sk e tc h  the g e n e ra l g e o lo g ic a l s t r u c tu r e  

o f  th e  s i t e ,  e s tim a te  th e  c h a ra c te r  and dep th  o f the  s o i l s  and in d ic a te  

th e  lo c a t io n  o f  p o s s ib le  b u r ie d  ch an n e ls , s l id e  a re a s ,  f a u l t s  and o th e r



su b su rfa c e  i r r e g u l a r i t i e s .  F or exam ple, a t  th e  In d ia n  Head Road c ro s s in g  

o f  P isca taw ay  C reek, M aryland, s t i f f  c la y  was found by  b o rin g s  w ith in  a  

few f e e t  o f th e  55 fo o t  d ep th  p re d ic te d  from  g eo lo g ic  maps.

G eophysical methods a re  u sed  on some p r o je c t s  s in c e  th e y  a re  r a p id  and 

r e l a t i v e l y  cheap and f a c i l i t a t e  d e te c t io n  o f su b su rfac e  i r r e g u l a r i t i e s  which 

may be m issed  by in d iv id u a l  b o r in g s . This method was used  to  advantage a t  

th e  W ashington N a tio n a l A irp o r t  to  p lo t  v a r ia t io n s  in  dep th  o f  g ra n u la r  f i l l  

over s o f t  s i l t .

Auger b o rin g s  and wash b o r in g s  a re  used  m ost commonly to  e s t a b l i s h  

th e  s o i l  p r o f i l e  and to  o b ta in  u n d is tu rb e d  sam ples f o r  la b o r a to r y  t e s t i n g .  

Such b o r in g s  a re  made a t  th e  lo c a t io n s  in d ic a te d  as c r i t i c a l  in  th e  p re ­

l im in a ry  su rv ey , o r a t  r e g u la r ly  spaced i n t e r v a l s ,  i f  e s p e c ia l ly  c r i t i c a l  

a re a s  do n o t e x i s t .

In  auger b o rin g s  th e  h o le  i s  advanced by r o t a t i n g  a  s o i l  auger w hile  

p re s s in g  i t  i n to  th e  s o i l  and l a t e r  w ithdraw ing  and em ptying th e  s o i l - la d e n  

au g er. By t h i s  method th e  s o i l  p r o f i l e  and dep th s  a t  w hich u n d is tu rb e d  

sam ples sho u ld  be tak en  can be de term ined  w ith  g re a te r  accu racy  than  w ith  

o th e r  m ethods. S ince th e  bore h o le  i s  made w ith o u t the  a d d itio n  o f w a te r , 

auger b o rin g s  a re  p a r t i c u l a r l y  w e l l - s u i te d  f o r  advancing  b o rin g s  in  

m a te r ia ls  above th e  ground w a te r l e v e l ,  e s p e c ia l ly  when u n d is tu rb e d  sam ples 

a re  to  be o b ta in e d  o f th e se  m a te r ia l s .  The d e te rm in a tio n  o f th e  f r e e  

g round-w ater l e v e l  i s  a lso  f a c i l i t a t e d  by auger b o r in g s . Due to  th e se  

advan tages and th e  developm ent o f  l i g h t  com pact, m o to rized  d r i l l i n g  r i g s ,  

p o w er-o p era ted  augers  a re  be in g  used  e x te n s iv e ly 'in  fo u n d a tio n  e x p lo ra t io n s .



A wash b o r in g  i s  advanced p a r t l y  b y  a chopping and tw is t in g  a c tio n  

o f  a  l i g h t  b i t  and p a r t l y  b y  j e t t i n g  w ith  w a te r  w hich i s  punqped th ro u g h  th e  

ho llow  d r i l l  ro d  and b i t ,  F ig .  1 . C u ttin g s  a re  removed from th e  h o le  by 

c i r c u la t in g  w a te r . The d r i l l  rod and b i t  a re  moved up and down by  

p u l l in g  and s lac k e n in g  th e  rope and a re  a t  the same tim e r o ta t e d  back and 

f o r th  by  means o f th e  t i l l e r .  The w a te r  i s  pumped from a sm all sump or 

tub  and th e  s o i l - l a d e n  w a te r  from th e  bore  i s  d isch a rg e d  in to  th e  same 

r e s e r v o i r  where the  co arse  m a te r ia l  s e t t l e s .  Changes in  th e  c h a ra c te r  o f  

th e  s o i l  a re  de term ined  p a r t l y  by th e  f e e l  o f  th e  t i l l e r  o r  r e s i s ta n c e  to  

p e n e tr a t io n  and r o ta t io n  o? th e  b i t ,  and p a r t l y  by  exam ination  o f  th e  

c u t t in g s  in  th e  wash w a te r  as i t  emerged from th e  c a s in g . When a  change 

in  m a te r ia l  i s  in d ic a te d ,  a s p l i t  tube  w ith  heavy w a lls  i s  d r iv e n  in to  th e  

bo ttom  o f th e  ho le  and p u lle d  o u t ,  th u s  p ro c u r in g  a  sample o f s o i l  w ith  i t s  

n a tu r a l  com position* The number o f blows o f  a  drop-hammer o f  s p e c i f ie d  s iz e  

re q u ire d  to  d r iv e  th e  tube in to  th e  s o i l  p ro v id e s  in fo rm a tio n  as to  th e  

s t i f f n e s s  o f  f in e -g r a in e d  s o i l s  o r  th e  com pactness o f sand$ see F ig . 1 .

In  g ra v e l ly  m a te r ia l ,  th e se  p e n e tr a t io n  v a lu es  a re  a p t to  be e r r a t i c  and 

u n r e l i a b le .  The sam ples which a re  p re se rv e d  in  j a r s  (F ig . 2) w ith  t i g h t  

to p s  p ro v id e  a  means o f v is u a l  in s p e c tio n  o f  'the fo u n d a tio n  m a te r ia l .  The 

c h a r a c t e r i s t i c s  o f th e  d is tu rb e d  sam ples end th e  r e s i s ta n c e  to  p e n e tr a t io n  

o b ta in e d  from b o rin g s  c a r e f u l ly  made to  adequate d ep th s  and co v erin g  th e  

l a t e r a l  e x te n t  o f  the  proposed  c o n s tru c tio n  a re  s u f f i c i e n t  f o r  d e s ig n  p u rposes 

in  many c a s e s . Such d a ta  was used  to  check th e  founding  e le v a t io n s  f o r  th e  

main su p p o rts  o f  th e  Chesapeake Bay B ridge a t  Sandy P o in t ,  M aryland.
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!Die fo llo w in g  found ing  e le v a t io n s  were in d ic a te d  

P ie r  Number 23 24 25 26 27 28

N egative  E le v a tio n  91 95 100 116 124 130

These e le v a t io n s  a re  w e ll  below  th e  upper p a r t  o f  th e  sand , which i s  

n o t c o n s is te n t ly  f irm . A c h a r t  f o r  e s t im a tin g  a llo w ab le  s o i l  p re s su re s  ( fo r  

one in ch  s e t t le m e n t)  on sand from  p e n e tr a t io n  r e s i s ta n c e s  i s  p re se n te d  by  

T ersag h i and Peck in  S o i l  M echanics in  E n g in eerin g  P r o p e r t ie s ,  p .  423.

F or exam ple, f o r  p ie r  26, th e  lo w est p e n e tr a t io n  r e s i s t a n c e ^ , i s  37- F or 

an a d ju s te d  N o f  15 p lu s  1 /2  (37-15) eq u a ls  26 to  a llow  fo r  low p e rm e a b il i ty  

t h i s  c h a r t  g iv es  an a llo w ab le  p re s su re  o f  2 .4  which m u lt ip l ie d  by  2 /3  to  

a llo w  f o r  submergence g ives 1 /6  to n s  p e r  square  f o o t  as th e  a llo w ab le  n e t  

p re s su re  (g ro ss  p re s su re  minus p re s su re  o f  m a te r ia l  d is p la c e d ) .  The 

p re s s u re  o f m a te r ia l  d is p la c e d , assum ing no w a te r  in  th e  p i e r  i s  54x63 

p lu s  10x 77 p lu s  17x85 p lu s  35x125 eq u a ls  10,000  pounds p e r  square  fo o t  o r 

5 to n s  per  square  f o o t .  The g ro ss  a llo w ab le  p re s su re  i s  then  1 .6  p lu s  

5 .0  eq u a ls  6 .6  to n s  p e r  square  f o o t .  S im ila r  c a lc u la t io n s  give r e s u l t s  as 

fo llo w s j

P ie r  Number 23 24 25 26 27 28

Minimum P e n e tra t io n 55 55 53 37 47 47

N et B ea rin g , T / s q . f t 2 .1 2 .1 2 .1 1 .6 1 .8 1 .8

D isp lacem en t, T /sq . f t . 3 .9 4 * 1 4*3 5 .0 5 .5 5.3

Gross b e a r in g , T / s q . f t . 6 .0 6 .2 6 .4 6 .6 7.3 7 .1

In  c o n c lu s io n , th e  e le v a tio n s  in d ic a te d  a re  s a t i s f a c t o r y  f o r  a g ross  

p re s su re  o f 6 to n s  p e r  square  f o o t .

D uring b o r in g  o p e ra tio n s  u n d is tu rb e d  sam ples which p re se rv e  th e  

s t r u c tu r e  and d e n s i ty  o f th e  m a te r ia l  as w e ll as i t s  com position  a re  tak en
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from f in e - g r a in e d  p l a s t i c  s o i l s  f o r  th e  purpose o f making la b o ra to ry  t e s t s  

to  determ ine c o n s o lid a t io n  c h a r a c t e r i s t i c s ,  s h e a r in g , and com pressive 

s t r e n g th s .  V arious ty p es  o f  sam p le rs , as shown d iag ram m atica lly  i n  F ig . 3 , 

a re  u sed  f o r  t h i s  p u rp o se , b u t  th e  p r a c t ic e  o f ta k in g  sam ples 2 in ch es  in  

d ia m e te r  w ith  th in -w a lle d  s t e e l  tu b in g  (S helby  tu b in g )  has become w idespread  

d u rin g  th e  p a s t  few y e a r s .  Most a u th o r i t i e s  a g re e , how ever, t h a t  sam ples 

3 to  5 in c h es  in  d iam e te r , taken  w ith  th e  more e la b o ra te  sam p le rs , a re  l e s s  

d is tu rb e d  by  d r iv in g  and, th e r e f o r e ,  a re  more r e p re s e n ta t iv e  o f  th e  

s t r a t a  sam pled.

The p o s s i b i l i t y  o f  g e t t in g  b e t t e r  sam ples w ith  p is to n - ty p e  sam plers 

i s  shown by  th e  c o n so lid a tio n  t e s t  r e s u l t s  in  F ig .  4 , tak en  from re c o rd s  o f 

th e  tu n n e l l i n e  o f  the  Chesapeake Bay C ro ssin g  a t  Sandy P o in t .  The sh arp  

change in  c o m p re s s ib i l i ty  a t  th e  p re -c o n s o l id a t io n  lo a d  i s  e v id e n t f o r  the 

p is to n  sam pler b u t was l o s t  in  sam ples taken  in  open tu b in g .

The proposed  f i l l  and abutm ent, shown in  F ig . 5,  w i l l  be u sed  to  

i l l u s t r a t e  th e  a n a ly s is  o f  f i e l d  and la b o ra to ry  d a ta  in  co n n ec tio n  w ith  th e  

s o lu t io n  o f v a rio u s  d esign  prob lem s.

The e x p lo ra t io n  by au g er and wash b o rin g s  d is c lo s e d  th e  c o n d itio n s  f o r  

th e  s i t e  shown in  F ig .  3 and th in -w a lle d  s t e e l  tu b in g  was u sed  to  p ro cu re  

con tinuous sam ples th ro u g h  the  s i l t  in  o rd e r n o t  to  m iss any e x c e p tio n a lly  

weak s t r a t a .  Samples were tak en  from fo u r  b o rin g s  to  determ ine th e  h o r i ­

z o n ta l  v a r ia t io n s  o f  th e  s o i l  p r o p e r t ie s .  F ig u re  6 shows a p l a t  o f  th e  

v a r ia t io n s  w ith  d ep th  o f  th e  p r o p e r t ie s  o f  th e  s o i l  from  th e  ty p ic a l  b o rin g . 

Such a  p lo t  a id s  in  d e r iv in g  average v a lu es  and in  s e le c t in g  sam ples fo r  

f u r th e r  t e s t s .  F o r s im p l ic i ty  o f  i l l u s t r a t i o n ,  th e  t e s t  r e s u l t s  on in d i ­

v id u a l sam ples, which re p re s e n t  average p ro p e r t ie s  o f th e  fo u n d a tio n  

m a te r ia ls  and th e  f i l l  m a te r ia l  sampled from an a d ja c e n t cu t w i l l  be con-



■7-

s id e re d  h e r e a f t e r .

F i l l  Compaction

The r e p o r t  o f th e  c l a s s i f i c a t i o n  t e s t  r e s u l t s  i s  shown in  ta b le  1 .

The com paction t e s t  r e s u l t s  f o r  th e  c la y  f i l l  m a te r ia l  a re  shown in  

ta b le  1 and p lo t te d  in  F ig .  7 where th e y  a re  compared w ith  th e  zero  a i r  

vo ids r e l a t i o n  and th e  lo c u s  o f  optimum m o is tu re  c o n te n ts  f o r  maximum 

d e n s i ty  f o r  average  s o i l s .  I t  would be p r a c t ic a b le  t o  s p e c ify  t h a t  th e  

s o i l  be compacted in  th e  f i e l d  to  a  d ry  d e n s i ty  (w eight o f  d ry  m a te r ia l  

f o r  u n i t  volume o f  w et s o i l )  o f 102 pounds p e r  cub ic  fo o t a t  i t s  n a tu r a l  

m o is tu re  c o n te n t o f  22 p e rc e n t o f  th e  d ry  w e ig h t o f  s o i l  shown i n  F ig . 7 .

I f  th e  average d e n s i ty  in  th e  cu t i s  105 pounds p e r  cub ic  f o o t ,  a  volume

in c re a s e  o f  = .03 from c u t to  f i l l  i s  t o  be ex p ec te d . A volume

d ec rea se  i s  more o f te n  en co u n te red , e s p e c ia l ly  f o r  shallow  c u ts .  F ig u re  8 

i s  u s e f u l  in  r e l a t i n g  v a rio u s  m easurem ents o f  m o is tu re , vo id s  and d e n s i ty .

The com paction o f  th e  s lo p e s  o f  th e  f i l l  and th e  m a te r ia l  beh ind  th e  

abutm ent i s  o f te n  d i f f i c u l t  w ith  r o l l e r s  used  f o r  th e  main body o f  th e  f i l l .  

Due to  th e  r i g i d i t y  o f  the  abutm ent, a d ja c e n t compaction i s  p a r t i c u l a r l y  

n e c e s sa ry  to  c o n tro l  d i f f e r e n t i a l  s e t t le m e n t.  This and th e  s im ila r  problem  

o f  tre n c h  b a c k f i l l  a re  i l l u s t r a t e d  in  F ig . 9* Use o f  s e le c te d  f i l l  m a te r ia l  

and s p e c ia l  tam pers (o r  v ib r a to r s  f o r  g ra n u la r  f i l l )  have been used  to  

ad v an tag e .

F i l l  S tre n g th

The s t a b i l i t y  o f  th e  f i l l  depends upon th e  s t r e n g th  o f th e  s o i l  in  

i t s  w eakest c o n d itio n . This c o n d itio n  would occur d u rin g  a  w et season  in  

w hich th e  s o i l  would absorb  w a te r  to  i t s  c a p a c ity  u n d er th e  r e s t r a i n t  o f 

th e  su rro u n d in g  s o i l .



To determ ine  t h i s  s t r e n g th ,  d isk s  o f  s o i l  a t  22 p e rc e n t m o is tu re  

■were molded to  102 pounds p e r  cu b ic  fo o t  betw een rough porous p l a t e s ,  

lo a d ed  n o rm a lly  and in u n d a te d  u n t i l  th e  volume became c o n s ta n t ,  and th e n  

sh ea red  by  d is p la c in g  one p la te  p a r a l l e l  to  th e  o th e r .  See Appendix A.

A r e p o r t  o f th e  d i r e c t  sh e a r  t e s t  r e s u l t s  on th re e  s o i l  d isk s  under 

d i f f e r e n t  norm al lo a d s  i s  shown in  Table 1 . The d if f e r e n c e  betw een th e  

i n i t i a l  th ic k n e s s  and th e  th ic k n e s s  b e fo re  sh e a rin g  in d ic a te s  th a t  th e  com­

p a c te d  s o i l  w i l l  expand even a g a in s t  a  p re s su re  o f  2 k ip s  p e r  square  f o o t .

The r e l a t i o n  between th e  norm al s t r e s s ,  n , and th e  maximum sh e a r  s t r e s s ,  s ,  

i s  p lo t t e d  in  F ig . 10 and shows a  c u r v i l in e a r  r e l a t i o n .  A s t r a i g h t  l i n e  i s  

drawn in  t h i s  f ig u r e  to  approxim ate the  c u r v i l in e a r  r e l a t i o n  f o r  th e  range 

o f  p re s s u re s  o c c u rr in g  in  th e  c la y  f i l l  shown in  F ig . 5. This range o f 

p re s s u re  i s  from  aero  to  a  maximum w hich i s  ap p ro x im ate ly  th e  h e ig h t tim es 

w et d e n s i ty  o f  th e  f i l l  = 20 (102 x  1 . 22) »  20 x  124  = 2 ,480  pounds p e r  

square  f o o t  = 2 * 5  k ip s  p e r  square  f o o t .  The two p a ram ete rs  which d e fin e  

t h i s  l i n e  a re  th e  in te r c e p t  a t  n = 0 c a l l e d  th e  co h es io n , c , and i t s  s lo p e , 

w hich i s  c a l le d  th e  c o e f f ic ie n t  o f  f r i c t i o n ,  f ,  ( th e  angle o f i n t e r n a l  

f r i c t i o n  i s  a rc  ta n  f ) .  F or a  d i f f e r e n t  range o f  p re s s u re s ,  d i f f e r e n t  

v a lu e s  o f  c aad f  would be o b ta in e d .

C r i t i c a l  S lope

F ig u re  11 may be used  to  c a lc u la te  c r i t i c a l  s lo p es  o f  t e r r a c e s  o f  homo­

geneous m a te r ia l ,  which may f a i l  by s l id in g  along c y l in d r ic a l  s u r f a c e s .  For 

th e  f i l l  h e ig h t  and s lo p e  shown in  F ig . 5 and a  f a c to r  o f s a f e ty  o f F = 2 

a p p lie d  to  the  sh ea r s t r e n g th  from F ig . 10, e n te r  F ig . 11 a t  a  s lo p e  r a t i o

o f  2 , go up to  £  » «  0 .4  and f in d  a  0 .0 1 1 . S o lv ing  f o r  c
F 2 FwH



gives a required value o f .011 x 2 x 124 x 20 = 55 lb . per square foot or

.06  k ip s  p e r  square  f o o t .  Assuming no cracks developed in  th e  f i l l *  th e

a v a i la b le  cohesion  i s  0 .7  k ip s  p e r  square  f o o t ,  w hich i s  more th a n  ad eq u a te .

Tflfhile th e  s t r e n g th  o f  th e  f i l l  would p e rm it a  s te e p e r  s lo p e , t h i s  may be

p re c lu d ed  by  c o n s id e ra t io n  of s a f e ty ,  e ro s io n , o r la n d sc a p in g . I f  th e

a v a ila b le  s t r e n g th  were n o t so h ig h , th e  e f f e c t  o f th e  cohesion  be ing

d e s tro y ed  over p a r t  o f  th e  a rc  o f s l id in g  due to  sh rin k ag e  d u rin g  a  d ry

season  would have to  be c o n sid e re d . The d e n s i ty  o f the  s o i l  a f t e r  d ry in g

a t  110 C (see  Table 1) i s  120 pounds p e r  cub ic  f o o t  as compared to  th e

d e n s i ty  o f  102 pounds p e r  cubic f o o t ,  a t  w hich th e  f i l l  i s  to  be p la c e d .

This d if f e r e n c e  in d ic a te s  a  p o s s ib le  volume d ecrea se  o f 120-102 “  0 .1 5 ,
120

which would p ro b ab ly  cause sh rin k ag e  c racks whose dep th  would depend on th e  

c lim a te  and l o c a l  m o is tu re  c o n d itio n s .

F ig u re  11 may a lso  be u sed  to  e s tim a te  the s t a b i l i t y  of cu t s lo p e s .

C lay m a te r ia ls  'W ith n e g l ig ib le  e f f e c t iv e  in t e r n a l  f r i c t i o n  ( f  = 0) a re  th e  

most tro u b leso m e. As shown in  F ig . 1 1 , f o r  s lo p e s  f l a t t e r  th a n  3 /4 :1  th e  

most c r i t i c a l  a rc  p a sse s  below  th e  to e  o f  th e  s lo p e  andthe v a lu e  o f
FwH

depends upon th e  d ep th  to  a f irm  s tra tu m  o r th e  w id th  o f  a  th ru  c u t ,  w hichever 

g iv e s  the  low er v a lu e . In  c l^y  w hich i s  f i s s u r e d  from  d ry in g  o r p re v io u s  

o v e r s t r e s s ,  th e  l im i te d  s t r e n g th  betw een th e  b lo ck s  m ust be u sed  r a th e r  th an  

th e  h ig h  s t r e n g th  o f  th e  unbroken p ie c e s .  C o n sid e ra tio n  must a lso  be g iven  

to  g rad u a l lo s s  o f  s t r e n g th  due to  sw e llin g  a f t e r  u n lo ad in g  which may cause 

s l id in g  s e v e ra l  y e a rs  a f t e r  th e  c o n s tru c tio n  o f a  c u t as shown in  F ig . 12.

F o r exam ple, cu t s lo p es  a long  th e  Natchez Trace Parkway were composed of 

s t i f f  f i s s u r e d  g rey  c la y .

F ig u re  13 i s  a p lo t  o f  th e  maximum sh ea r s t r e s s e s  fo r  d i f f e r e n t  

norm al s t r e s s e s .  Because o f th e  l im i te d  s iz e  o f th e  sh ea r t e s t i n g  a p p a ra tu s ,
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th e  sh e a r  p lan e  i s  fo rc e d  to  p a ss  th ru  some o f  the  frag m en ts . N eg lec tin g  

th e  seepage fo rc e s  and assum ing t h i s  sample to  he r e p r e s e n ta t iv e  o f a  homo­

geneous mass,, c r i t i c a l  s lo p es  may be d e riv e d  from  th e  f ig u r e .  I f  th e  sh ea r 

p lan e  p a sse s  th ru  th e  fragm ents o f  s o i l ,  th e re  i s  some e f f e c t iv e  cohesion  and 

th e  c r i t i c a l  s lo p e  depends on th e  norm al s t r e s s  as in d ic a te d  by  l i n e s  1 and 2 . 

Thus, f o r  an average normal p re s su re  o f  4  k ip s  p e r  square  f o o t ,  th e  c r i t i c a l

s lo p e  a s  in d ic a te d  by  l i n e  2 i s  s  1 . 4 *1 . However, a  la rg e  mass may f a i l
2 .B

by  sh e a rin g  betw een th e  fragm ents where th e re  i s  no e f f e c t iv e  co h es io n , in

which c a se , th e  c r i t i c a l  s lo p e  i s  given by  l i n e  3 as «  2 . 6:1  f o r  no
6.2

l a t e r a l  flow  o f w a te r . For h o r iz o n ta l  seep ag e , t h i s  s lo p e  must be m u lt ip l ie d

by th e  r a t i o  o f  th e  w et s o i l  d e n s i ty  (102) to  i t s  buoyed d e n s ity  (102- 62)

1 05g iv in g  x  2 .6  6 . 6:1  as th e  c r i t i c a l  s lo p e  f o r  t h i s  extrem e c o n d itio n .
102—62

Such w eakening may be c o n tro l le d  by su rfa c e  o r  su b su rface  d ra in ag e

(see  F ig .  14)* S p e c ia l equipm ent has been developed f o r  d r i l l i n g  a lm ost

h o r iz o n ta l  h o le s  in to  th e  base  o f  a s lo p e  f o r  d ra in a g e  i n s t a l l a t i o n .

As a f u r th e r  exam ple, t e s t s  on u n d is tu rb e d  sam ples from  s t a t io n  445

on th e  In d ia n  Head Hoad n ea r p iscataw ay^ M aryland, showed a  minimum

c o e f f ic ie n t  o f f r i c t i o n  o f -A -  in d ic a t in g  th a t  a s a tu r a te d  cu t s lo p e  w ith
2 #3

no seepage would be j u s t  in  e q u ilib r iu m  w ith  s lo p es  o f  2 .3 :1 -  A 3 :1  s lo p e  

would g ive  a  s a f e ty  f a c to r  o f  1 .3 -  However, f i e l d  exam ination  re v e a le d  ample 

ev idence o f h o r iz o n ta l  seepage o f w a te r  tow ard the cu t f a c e .  For t h i s

c o n d itio n , th e  slope  re q u ire d  i s  3 x  ---------------s= 6 :1 . The advantage o f
125-63

d ra in ag e  i s  a p p a re n t. A s l id e  in  a  s im ila r  c la y  which th re a te n e d  th e  

fo u n d a tio n s  o f Young School in  N o rth e a s t W ashington, H. C ., was c o n tro l le d  

by  red u c in g  th e  s lo p e  to  6 : 1 .
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S tre n g th  o f Foundation  M a te r ia l

The fo reg o in g  a n a ly s is  presum es t h a t  th e  fo u n d a tio n  i s  n o t w eaker 

th a n  th e  f i l l  b u t  t h i s  rem ains to  be d e te rm in ed . The r e s u l t s  o f t r i a x i a l  

com pression t e s t s  (Appendix B) on the  fo u n d a tio n  m a te r ia ls  a re  re p o r te d  in  

Table 1 . The t r i a x i a l  t e s t  i s  an o rd in a ry  com pression t e s t  p lu s  p ro v is io n s  

f o r  a p p ly in g  a l a t e r a l  p re s su re  to  th e  sample th ro u g h  an im pervious membrane.

In  o rd e r  to  s im u la te  th e  _ f i e l d  c o n d it io n s , th e  t e s t s  a re  made q u ic k ly  

to  m inim ize c o n so lid a tio n  ahd th e  r e s u l t in g  in c re a s e  in  s t r e n g th .  The 

r e l a t i o n  betw een s t r e s s  d i f f e r e n c e ,  d , ( v e r t i c a l  minus l a t e r a l  p re s su re )  

and re d u c tio n  in  h e ig h t f o r  d i f f e r e n t  l a t e r a l  p r e s s u re s ,  \ 3 a re  shown in  

F ig .  15 , which w i l l  be co n sid e red  l a t e r .  The r e l a t i o n  betw een c r i t i c a l  

sh ea r s t r e s s  and norm al s t r e s s  i s  determ ined  in  F ig . 16 a s  th e  envelope o f 

s t r e s s  c i r c l e s  whose r a d i i  a re  h a l f  th e  maximum s t r e s s  d i f f e r e n c e ,  from  

Table 1 .

The sand has no cohesion  so t h a t  th e  shear s t r e n g th  i s  d i r e c t l y  p ro ­

p o r t io n a l  to  th e  normal s t r e s s .  The p r o p o r t io n a l i ty  f a c to r ,  f ,  which i s  

th e  c o e f f ic ie n t  o f  f r i c t i o n ,  may be c a lc u la te d  w ith o u t th e  c o n s tru c tio n  

shown in  F ig .  16 by c a lc u la t in g  a  fu n c tio n  = 1 + — from th e  t e s t  r e s u l t s  

and f in d in g  th e  co rresp o n d in g  value o f f ,  in  Table 2 , Thus, from  F ig . 16,

f o r  l  = 2 , Kp s  1 + £ £ -  3 . 5 ,  and f o r  I  = 4 , Kp = 1 + 2 i i  = 3 -4 -
2 4

U sing th e  average v a lu e  o f  = 3 .4 5  in  Table 2 , g ives f  = 0 .6 6 .

As i s  in d ic a te d  in  th e  low er p o r t io n  o f  F ig . 1 6 , th e  c o e f f ic ie n t  o f 

f r i c t i o n  fo r  th e  s i l t  i s  n e g l ig ib le  since, th e  low p e rm e a b il i ty  o f th e  s i l t  

r e s t r i c t s  i t s  d ra in ag e  and p re v e n ts  th e  a p p lie d  norm al s t r e s s  from  appre­

c ia b ly  in c re a s in g  th e  s t r e n g th  by f r i c t i o n  betw een th e  s o i l  g r a in s .  T h e re fo re , 

th e  sh e a r  s t r e n g th  o f  the  s i l t  i s  taken  as a  c o n s ta n t eq u a l to  h a l f  th e  

average  s t r e s s  d i f f e r e n c e .  U nconfined com pression t e s t s  a re  s u f f i c i e n t  fo r
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t h i s  type  o f  m a te r ia l  u n le s s  a p p re c ia b le  c o n s o lid a t io n  i s  a n t ic ip a te d  

b e fo re  th e  fo u n d a tio n  i s  f u l l y  lo a d ed . "While th e  c o n s tru c tio n  o f s t r e s s  

c i r c l e s  i s  n o t  n e c e s sa ry  in  th e  p re s e n t  exam ple, th e y  would be used  fo r  

more perm eable cohesive m a te r ia ls  and have been  shovm f o r  th e  purpose  of 

i l l u s t r a t i o n .

S lid e  Through Foundation

S in ce  s e v e ra l  la y e r s  a re  in v o lv ed  in  th e  problem  in d ic a te d  in  F ig . 5, 

th e  p o s s i b i l i t y  o f  r o ta t io n  a lo n g  an a rc  th ro u g h  th e  fo u n d a tio n  w ith  an 

assumed c e n te r  and r a d iu s ,  as in d ic a te d  in  F ig .  17 , w i l l  be an a ly zed . Such 

a n a ly s is  i s  based  on a  b a lan ce  between th e  moment te n d in g  to  cause r o ta t io n  

due to  th e  s o i l  w eigh t and th e  moment o f th e  r e s i s t i n g  fo rc e s  due to  th e  

Cohesion and f r i c t i o n  in  th e  s o i l .

The moment ten d in g  to  cause r o t a t io n  i s  due to  th e  f i l l  a lo n e  s in ce  

th e  fo u n d a tio n  m a te r ia l  b a la n c e s  i t s e l f .  The w e ig h t o f  a  v e r t i c a l  s l i c e  o f  

th e  s o i l  o f  u n i t  th ic k n e s s  i s  c a lc u la te d  as th e  d e n s i ty  o f th e  m a te r ia l  

tim e s  th e  c ro s s  s e c t io n a l  a re a . The r o ta t in g  moment i s  th e  w eigh t o f  th e  

s l i c e  tim es th e  h o r iz o n ta l  d is ta n c e  from th e  c e n te r  o f g r a v i ty  o f th e  a re a  

to  th e  c e n te r  o f r o ta t io n .  The r o ta t in g  moment of th e  f i l l  w ith in  th e  a rc  

o f  s l id in g  may be c a lc u la te d  as th e  moment o f  th e  e n t i r e  f i l l  minus th e  

moment o f th e  ap p ro x im ate ly  t r i a n g u la r  s e c tio n  beyond the  ra d iu s  o f  th e  

a rc  o f  s l id in g .  The s e c t io n  i s  drawn to  sca le  (p re fe ra b ly  on c ro s s  s e c t io n  

p ap er) so t h a t  re q u ire d  d is ta n c e s  and a re a s  may be determ ined  g ra p h ic a l ly .  

For th e  assumed c e n te r  o f r o ta t io n ,  0 , th e  moment o f the  e n t i r e  f i l l  in  

F ig .  17 i s  th e  w eigh t 124 x 20 x  70 = 174 k ip s  tim es th e  h o r iz o n ta l  moment 

arm “ 35 f e e t .  As shown in  Table 3 } th e  moment o f th e  f i l l  o u ts id e  th e  a rc  

i s  s u b tra c te d  to  g e t  th e  r o t a t i n g  moment, 5010 k ip - f e e t .
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The r e s i s t i n g  moment i s  t h a t  w hich would r e s u l t  i f  th e  maximum

f r i c t i o n  and cohesion  o f  th e  m a te r ia ls  were developed . The component o f

W, th e  w e ig h t o f  any s l i c e  noim al to  th e  a rc  o f s l id in g  (a s  a t  p o in t  P fo r

a re a  KEF in  F ig .  17) i s  w l w hich m u l t ip l ie d  by f  g ives th e  f r i c t i o n a l  r e -
R

■pm rr

s i s t i n g  f o r c e ,  . M u ltip ly in g  by  R g iv es  th e  co rrespond ing  r e s i s t i n g

moment, fWV.

In  th e  com putations shown in  Table 3 , th e  r e s is ta n c e  on a rc  BC due 

to  th e  w e ig h t o f  th e  f i l l  and o f  th e  sand a re  computed s e p a r a te ly .

The e f f e c t iv e  d e n s i ty  o f  th e  sand i s  b ased  on i t s  d ry  d e n s i ty  from  

f ig u re  13 o r _ 99 pounds p e r  cub ic  f o o t .  W ith t h i s  d e n s i ty  and zero
£ .L * *i-L
a i r  v o id s , F ig . 7 shows a  m o is tu re  c o n te n t o f  26 p e rc e n t g iv in g  a  t o t a l  

w et d e n s i ty  f o r  th e  5 f e e t  o f  sand  below  th e  w a te r  ta b le  o f  99 x  1 .2 6  -  

125 pounds p e r  cub ic  f o o t  o r a  buoyed d e n s i ty  o f  125-63  = 62 pounds p e r  

cub ic  f o o t .  Assuming an average  m o is tu re  c o n te n t o f 14 p e rc e n t in  th e  

15 f e e t  o f  sand above th e  w a te r  t a b le  (see  F ig . 6 ) g iv es  a  wet d e n s i ty  o f 

99 x  1 .1 4  = 113 pounds p e r cub ic  f o o t .  The average d e n s i ty  fo r  th e  e n t i r e  

20 f e e t  o f sand i s  th en  -|Q-̂ — £ = 100 pounds p e r  cub ic  f o o t .

A ltho  n o t needed in  th e  p re s e n t  a n a ly s is ,  th e  buoyed d e n s i ty  o f  th e  s i l t  i s  

s in g ly  i t s  w et d e n s i ty  minus th e  d e n s i ty  o f w a te r o r 101-63  = 38 pounds p e r  

cub ic  f o o t .

The le n g th  o f  a r c ,  L, re q u ire d  in  computing th e  cohesive  r e s i s ta n c e ,

cL, i s  s c a le d  d i r e c t l y  o r  c a lc u la te d  from th e  c e n tr a l  ang le  and th e  r a d iu s .

The cohesive  r e s i s t i n g  moment i s  cLR. The t o t a l  r e s i s t i n g  moment d iv id e d

by  th e  r o t a t in g  moment g iv es  1 .4 8  as th e  f a c to r  o f s a f e ty  w ith  r e s p e c t  to

s o i l  s t r e n g th  a g a in s t  r o ta t io n  about p o in t  0 . I f  c racks d e s tro y e d  th e

co h esio n  on a rc  AB, th e  f a c to r  o f  s a f e ty  would be reduced  by  540 -  n . r i
5010

t o  1 .3 7 .
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S in ce  p o in t  0 was assumed and may n o t de term ine  th e  m ost c r i t i c a l  

a r c ,  th e  fo reg o in g  com putation  was re p e a te d  f o r  o th e r  assumed c e n te rs  o f 

r o t a t i o n ,  The r e s u l t in g  s a f e ty  f a c to r s  a t  th e  assumed c e n te rs  a re  shown 

in  F ig .  1 7 . The minimum v a lu e , 1 .4 2 , i s  n o t h ig h  b u t may be co n sid e red  

as s a t i s f a c to r y *

A problem  s im ila r  to  th e  above was in v o lv ed  in  sand i s la n d  design  

f o r  th e  Chesapeake Bay B rid g e , as fo llo w s : C onsider a  sand f i l l  a t  S ta t io n

217, 100* x  4 0 0 1 on to p  a t  E le v a tio n  +10 w ith  2 :1  s lo p es  down to  E l .  -6 8  

r e s t i n g  on th e  s o f t  g rey  s i l t ,  abou t 1 4 1 o f  s o f t  b la c k  s i l t  having  been 

removed o r  d is p la c e d .

F o r th e  sand f i l l ,  assume an ang le  o f  i n t e r n a l  f r i c t i o n  0 e q u a ls  35 

d eg rees  and a  w et d e n s ity  o f  123 pounds p e r  cub ic  fo o t*  For th e  s i l t ,  t e s t s  

from  b o rin g  17T were u sed  s in c e  th e y  show th e  l e a s t  d is tu rb a n c e  and a re  

c o n s is te n t  w ith  a n o rm a lly  c o n so lid a te d  m a te r ia l  as in d ic a te d  by  the  

g eo lo g ic  h i s to r y .  This g iv e s  somewhat g re a te r  c o m p re s s ib il i ty  and con­

s id e r a b ly  more s t r e n g th  th an  in d ic a te d  by o th e r  b o r in g s ,  such as 22D. The

s h e a r  s t r e n g th  f o r  sam ples i n  b o rin g  17T v a r ie s  from  .29 to  .39 tim es th e

buoyed overburden  p r e s s u r e ,  g iv in g  a  minimum s t r e n g th  o f  .29  tim es th e  

in te r g r a n u la r  p re s s u re .

F o r s t a b i l i t y ,  F ig .  11 in d ic a te s  t h a t  f o r  H eq u a ls  78, D eq u a ls  42 

(d ep th  o f  s i l t ) ,  w H eq u a ls  123 x  10 p lu s  68 (123-63) eq u als  5310, F eq u a ls  

1 and a s lo p e  r a t i o  o f  2 ; th e  average sh e a rin g  s t r e n g th ,  c , r e q u ire d  i s  

0 .1 5 4  x  5310 eq u a ls  820 pounds p e r  square  f o o t .  F or v e r t i c a l  sh ea r in  the  

sand f i l l ,  th e  average sh e a rin g  r e s i s ta n c e  as d e r iv e d  in  F ig .  18 i s

 £—g— —2 2  »  .35  x  1 /2  x  5310 «  930 pounds p e r square  f o o t .
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Assliming 3 /4  o f  th e  s h e a r  su rfa c e  in  th e  s i l t ,  i t  must have an average 

sh e a r  s t r e n g th  o f  820 -  1 /4  (930-820) = 790. The average p re s s u re  in  th e  

s i l t  w ith o u t th e  f i l l  i s  14 x  (77- 63) + 21 (85- 63) = 660 pounds p e r  square  

f o o t ,  g iv in g  a s h e a r in g  s t r e n g th  o f  .29 x  660 = 191 pounds p e r  square  fo o t  

which i s  n o t n e a r ly  enough i f  th e  f i l l  i s  p laced  q u ic k ly . I f  th e  lo a d  were 

a p p lie d  s lo w ly  enough so t h a t  th e  in te r g r a n u la r  p re s su re  could  in c r e a s e , 

s t a b i l i t y  cou ld  be m a in ta in ed . Assuming th e  average c o n so lid a tin g  p re s su re  

ov e r th e  s l id in g  su rfa c e  to  be h a l f  wH, a degree o f c o n so lid a tio n  under th e  

f i l l  lo a d  o f  a t  l e a s t  0 .7 8  i s  r e q u ire d . ( .7 8  x  .29  x 1 /2  x  5310 p lu s  191 = 

790, th e  re q u ire d  s t r e n g th .)

Tendency f o r  r o t a t io n  can be reduced  by red u c in g  the  dep th  o f f i l l  o r

by  a  su rch arg e  to  b a lan ce  p a r t  o f  the  r o ta t in g  moment, as shown in  F ig .  19.
2 0

S lid e s  need n o t alw ays be c i r c u la r  as shown in  Fig* -i^ w h en  n a tu r a l  weak 

p la n es  e x i s t .  These c o n d itio n s  a re  sometimes d i f f i c u l t  to  p r e d ic t  even 

w ith  con tinuous c o re s .

13hile s lo p e s  a re  o f te n  desig n ed  w ith  a  low s a f e ty  f a c to r  on th e  b a s is  

t h a t  r e p a i r s  a re  e a sy , t h i s  i s  no t th e  case when th e y  a re  a d ja c e n t to

s t r u c tu r e s  as  i l l u s t r a t e d  by a  f a i l u r e  in  a b r id g e  over th e  B e r lin  R ese rv o ir

n e a r  Akron, Ohio.

The b r id g e  i s  a  con tinuous re in fo rc e d  co n cre te  s t r u c tu r e ,  408 f e e t  lo n g , 

su p p o rted  by  th re e  r e in fo r c e d  c o n c re te  p ie r s  founded on rock  and abutm ents 

su p p o rted  by c a s t - in - p la c e  co n cre te  p i l e s .  The h e ig h t  o f  th e  t a l l e s t  p i e r  

above th e  fo u n d a tio n  i s  68 f e e t .  The e a s t  approach , where th e  f a i l u r e  

o c cu rred , i s  a compacted s i l t y  c la y  f i l l  w ith  2:1  s id e  s lo p e s  and p r o je c t s  

about 10  f e e t  above the  c r e s t  o f th e  dam w hich c o n tro ls  th e  w a te r in  th e  

r e s e r v o i r .  The p i l e s  f o r  th e  e a s t  abutment o f th e  b r id g e  were d r iv e n  th rough
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th e  f i l l  w hich i s  61 f e e t  h ig h  a t  th i s  p o in t .  The f i l l  under th e  b r id g e  

was c o n s tru c te d  w ith  a  2| - j l  s lo p e  p a r a l l e l  t o  th e  c e n te r  l i n e  and s u r ­

rounded th e  low er h a l f  o f  th e  e a s t  p i e r .  F or w id en in g , d u p lic a te  p ie r s  

and abutm ents were c o n s tru c te d  n o r th  o f and a d jo in in g  the  p re s e n t  b r id g e .

The b r id g e  and f i l l  were c o n s tru c te d  in  th e  w in te r  o f 1943 a s  th e  r e s e r v o i r  

was b e in g  f i l l e d  so t h a t  th e  p a r t i a l l y  c o n s tru c te d  f i l l  was su b je c te d  to  

f lo o d in g .

At th e  tim e o f  in s p e c t io n ,  th e  r e s e rv o ir  had been d ra in e d  and the  f i l l  

a d ja c e n t to  the  so u th  s id e  o f th e  e a s t  abutm ent had f a i l e d  by  s l id in g .

See F ig .  21 . The abutm ent had been fo rc e d  a g a in s t  th e  deck w hich , in  tu rn ,

had moved 2 j  in ch es  w e st. The e a s t  p i e r  o f th e  b r id g e  had been d isp la c e d

s u f f i c i e n t l y  to  cause a  c o n s tru c tio n  j o i n t  a t  about m idheigh t to  open on th e  

w est f a c e .  The i n s t a b i l i t y  o f  th e  n o rthw est c o m e r o f th e  f i l l  was in d ic a te d  

by th e  w estw ard t ip p in g  o f  th e  unbridged  e a s t  p i e r .  Based on s h e a r  t e s t s  on 

co re  sam ples tak en  from  th e  f i l l  a f t e r  th e  f a i l u r e ,  th e  S ta te  had c a lc u la te d  

a  f a c to r  o f  s a f e ty  o f th e  2 :1  f i l l  s lo p e  o f  1 .0 5 . They assumed a  c i r c u la r  

a rc  o f s l id in g  and used  an average cohesion  o f 438 .0  pounds p e r square  fo o t 

and an average ang le  o f  in t e r n a l  f r i c t i o n  o f 2 7 .8  d e g re es .

The b rid g e  e n g in e e rs  fav o red  p la c in g  a  s t r u t  betw een th e  e a s t  and 

c e n te r  p ie r s  to  su p p o rt th e  e a s t  p i e r .  S ince rem oval o f f i l l  under th e  

b r id g e  i s  n o t f e a s ib le  w ith o u t su p p o rtin g  th e  b rid g e  in d e p e n d e n tly , i t  

was p roposed  to  add r o c k f i l l  to  th e  e x i s t in g  s lo p e .

The w r i t e r  s t a t e d  t h a t  th e  3 :1  r o c k f i l l  s lo p e  which th e  S ta te  p roposed

to  add around th e  f i l l  should  h o ld  th e  u n fa i le d  s lo p e s  b u t  t h a t  in  th e  s l id e  

a re a  a t  l e a s t  a  4:1  rock  s lo p e  should  be p la c e d  u n le s s  th e  f a i l e d  a re a  i s  

trim m ed back to  a  2 :1  s lo p e  b e fo re  th e  s to n e  i s  p la c e d . This op in io n  was
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b ased  on an a n a ly s is  o f  th e  fo rc e s  re q u ire d  to  p re v e n t a  f a i l u r e  a lo n g  a 

c i r c u l a r  a rc  o f  minimum f a c to r  o f s a f e ty .  The a d d i t io n a l  r o c k f i l l  a c ts  

somewhat l i k e  a  g ra v i ty  r e ta in in g  w a ll  so t h a t  th e  su p p o rt i t  o f f e r s  

depends upon i t s  th ic k n e s s .  In  o rd e r  to  g e t s u f f i c i e n t  th ic k n e s s  to  g ive a 

s u b s ta n t i a l  in c re a s e  i n  s t a b i l i t y ,  a  r o c k f i l l  w ith  4:1  s lo p e  i s  recommended. 

The v a r ia t io n  in  th ic k n e s s  o f  th e  rock  la y e r  in  th e  f a i l e d  a re a  fo r  3:1  

and 4:1 s lo p e s  i s  shown in  Fig* 21.

B earin g  C ap ac ity  Under Abutment

The s t a b i l i t y  o f  th e  abu tm ent, w ith  th e  assumed dim ensions shown in

F ig . 5 i s  co n sid e red  n e x t .  The t o t a l  lo a d  due to  th e  l iv e  lo a d  and th e

w eigh t o f  th e  abutm ent p e r  u n i t  th ic k n e s s  i s  6 + 3 1 .8  -  3 7 .8  k ip s  as shown

37 $in  F ig . 22, and produces an average b e a r in g  p re s s u re  o f — 3 .1 5  k ip s  

p e r  square  f o o t .

To c a lc u la te  th e  s t a b i l i t y  o f  th e  abutm ent w ith o u t th e  f i l l  lo a d , as  

in  th e  case o f  a  p i e r ,  the  f a c to r s  and nom enclature g iven  in  Table 4 are

u se d . Thus 1 - 3 0  f e e t ,  B »  12 f e e t ,  D = 6 f e e t ,  w «  100 pounds p e r  cubic

f o o t ,  and f  = 0 .6 6 . S ince  c = 0 f o r  the  sand , Fc i s  n o t u sed . U sing a  

f a c to r  o f s a f e ty  o f  2 , e n te r  Table 4 w ith  f  = » 0.33 to  f in d  Fp ~ 6.3

and Fg = 1.4* S u b s t i tu t io n  o f  th e se  v a lu es  in  th e  form ula shown in  Table 4 

g iv es  q = 100 x  6 x  6.3 4 (1 -  .2 j§ )  100 x  12 x  1 .4  = 3780 + .92 x  1680 =*

5330 pounds p e r  square  fo o t  o r  5.3  k ip s  p e r square  f o o t ,  w hich i s  more than  

re q u ire d  by  th e  b e a r in g  p re s su re  o f  3 .1 5  k ip s  p e r square  f o o t .  A q u a l i t a t iv e  

p i c t o r i a l  r e p re s e n ta t io n  o f Table 4 i s  given in  F ig .  23.

S ince  th e  sand i s  u n d e r la in  by s o f t  s i l t ,  th e  p o s s i b i l i t y  o f a  r o ta t io n  

a long  an a rc  p a ss in g  th rough  th e  s i l t  cou ld  be an alyzed  as was done f o r  the  

f i l l  in  F ig . 17 . A rough a n a ly s is  o f such a p o s s i b i l i t y  may be made by 

com paring th e  b e a r in g  c a p a c ity  o f th e  s i l t  computed from  Table 4 w ith  th e
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abutm ent p re s s u re  reduced  by  th e  p re s s u re  re q u ire d  to  cause the  abutm ent 

to  punch th r u  th e  san d . This l a t t e r  p re s su re  i s  th e  sh ea r s t r e n g th  in  th e  

sand m u l t ip l ie d  by  th e  r a t i o  o f  th e  a re a  o f  sh ea r t o  the  b e a r in g  a re a .

The sh e a r  s t r e n g th  o f th e  sand i s  th e  c o e f f ic ie n t  o f  f r i c t i o n  tim es 

th e  average  l a t e r a l  p re s su re  w hich i s  u n c e r ta in .  However, as a  p ro b ab le  

minimum, th e  sh e a r  s t r e n g th  may be tak en  as  o n e - th i rd  th e  average v e r t i c a l  

p re s s u re ,  w hich i s  th e  average d ep th  o f  th e  sh ea r su rfa c e  below th e  

o r ig in a l  ground tim e s  th e  d e n s i ty  o f  m a te r ia l  above th e  s u r fa c e . From 

F ig . 22 , w ith  a f a c t o r  o f  s a f e ty  o f  1 , t h i s  sh ea r s t r e n g th  i s

1 /3 (6  + 1^)100  = 433 pounds p e r  square  f o o t  o r 0 ,43  k ip s  p e r  square  f o o t .  

The r a t i o  o f  a re a s  i s  th e  p e r im e te r -a re a  r a t i o  o f th e  abutm ent base  tim es  

th e  th ic k n e s s  o f  th e  l a y e r  o r ^  ~ Pre s su re  which

th e  s i l t  must su p p o rt ( in  a d d it io n  to  14 f e e t  o f  sand) i s  th e n  3 .1 5  -  -43 

x 3 .2 7  = 3 .1 6  -  1 .4 1  = 1 .7 4  k ip s  p e r  square  f o o t .  The b e a r in g  c a p a c ity  o f 

th e  s i l t ,  f o r  a  f a c to r  o f  s a f e ty  o f  2 a p p lie d  to  c = .65  and f  = 0 , i s

f o o t ,  w hich i s  more th a n  re q u ire d  i f ,  as assumed in  Table 4* th e  s i l t  i s  

co n fin ed  and canno t escape l a t e r a l l y .  Thus th e  fo u n d a tio n  has adequate  

b e a r in g  c a p a c ity  to  su p p o rt th e  abutm ent.

I f  th e  c la y  f i l l  o f h e ig h t H i s  p la ce d  a g a in s t  th e  abutm ent, the  

p re s su re  w hich i t  e x e r ts  w i l l  depend on i t s  m o istu re  c o n te n t . The minimum 

o r  a c t iv e  f o r c e ,  Pa , on th e  w a ll  may be c a lc u la te d  by  means o f  Table 2 and 

th e  fo rm ula

q = (1  -f- * 3 |^ )  x  5-7  + 1QPQg Q6 x  1 »  2 .07  + 0 .6  -  2 .7  k ip s  p e r  square

P re s su re s  on Abutment

(1)

assum ing adhesion  between th e  w a ll  and the  f i l l .
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This c o n d itio n  cannot be r e l i e d  upon and c rack s  from  sh rin k ag e  may 

red u ce  th e  e f f e c t iv e  cohesion  and in c re a s e  t h i s  f o r c e .  I f  c rack s  become 

f i l l e d  -with d e b r is  and th e  c la y  th e n  ab so rb s  w a te r ,  i t  can e x e r t  p re s s u re s  

in  ex cess  o f  2 k ip s  p e r  square  f o o t ,  as  shown by th e  sw e llin g  from th e  com­

p a c te d  s t a t e d  re p o r te d  in  Table 1 . The p re s su re  in  t h i s  case would be 

l im i te d  by  th e  maximum o r  p a ss iv e  fo rc e  w hich i s  ro u g h ly

pp ’  I T  *P + 2cHf %  ...............................  (2>
Because o f  t h i s  sw e llin g  and th e  d i f f i c u l t y  o f adequate  com paction

c lo se  to  th e  w a l l ,  i t  would be w e ll  to  borrow  from  th e  sand la y e r  to  make

th e  f i l l  beh ind  th e  w a ll  f o r  a  d is ta n c e  H t im e s Y&p £ ° r  sand  from

Table 2 . A ctive and p a ss iv e  p re s su re s  f o r  d ry  sand a re  shown in  F ig . 24

w h ile  e f f e c t s  o f submergence and d ra in ag e  a re  shown in  F ig s . 2$ and 26.

P re s su re s  f o r  v a r ia b le  w a ll  s lo p es  and su rc h a rg e s  a re  given in  Tables 5

and 6 . Assuming th a t  th e  sand as p laced  has a  w et d e n s i ty  o f 120 pounds

p e r  cub ic  fo o t  and i s  a d eq u a te ly  d ra in e d , th e  h o r iz o n ta l  fo rce  on th e  back

o f  th e  abutm ent i s  c a lc u la te d  from  e q u a tio n  1 . Adding one fo o t  to  the

h e ig h t  o f  26 f e e t  to  a llow  f o r  l i v e  lo a d  and ta k in g  Ka  from  Table 2 f o r
2

f  «  0 . 66 ,  fo rm ula 1 g iv es  — ° - |--2-7-  .290  * 12 ,  685 pounds, o r 1 2 .7  k ip s .

S ince  th e  abutm ent can move l a t e r a l l y ,  th e  p re s su re  in c re a s e s  u n ifo rm ly

H 2 7w ith  dep th  and th e  p o in t  o f  a p p l ic a t io n  o f  th e  fo rc e  i s  j  -  =— = 9 .0  f e e t

above th e  b a se . Because o f  th e  f r i c t i o n  betw een the  w a ll and th e  san d ,

th e re  i s  a ls o  a  downward fo rc e  w hich adds to  the  s t a b i l i t y  o f  th e  w a ll  b u t

iih ich  may be n e g le c te d  f o r  m oderate h e ig h ts .

As th e  abutm ent i s  pushed a g a in s t  th e  sand in  f r o n t  o f i t ,  a p a ss iv e

re s is ta n c e  i s  developed w ith  a  maximum h o r iz o n ta l  component from eq u a tio n  
io n  y

2 eq u a l to  ------ - -----  3*45 = 7 ,452 pounds = 7 .5  k ip s .  I f  th e  b ase  o f th e

abutm ent i s  rough enough, i t  can develop a maximum f r i c t i o n a l  r e s is ta n c e
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to  s l i d in g  o f  f  tim es th e  v e r t i c a l  lo a d  o r .66  x  3 7 .8  = 24*9 k ip s .

The r a t i o  o f  th e  r e s i s t i n g  h o r iz o n ta l  fo rc e s  to  th e  a c t iv e  fo rc e

g iv es  th e  f a c to r  o f  s a f e ty  a g a in s t  s l i d in g  which i s  = 2 . 55*
* 7

The in c r e a s e ,  p£ , o f  th e  p re s su re  a t  the  to e  over th e  average p r e s ­

s u re , P j = 3*15 k ip s  p e r  square  f o o t  on th e  b ase  o f th e  abutm ent i s  com­

p u ted  from th e  moment p e r  u n i t  le n g th ,  M , o f  th e  fo rc e s  abou t th e  c e n te r  

o f th e  b a se .
6Mq

Thus p^ = “ j r  ..........................................................  (3)

From F ig .  22 , Mo “  9 x  12*7 - 2 x 6 -  1 .5  x  3 1 .8  -  2 x  7 .5  = 39*6 k ip ; f e e t
/ Of"} £

p e r  fo o t  and p£ = B 1 .65  k ip s  p e r square  f o o t .

The t o t a l  p re s su re  a t  the to e  becomes 3 .1 5  + 1*65 “ 4*8 k ip s  p e r  

square  f o o t ,  which may be compared w ith  th e  p re s su re  re q u ire d  to  cause 

f a i l u r e  a t  t h i s  p o in t  as computed from  Table 4  fo r  B -  0 . Thus fo r  ,

c = 0 and f  w ith  a  f a c to r  o f s a f e ty  o f  2 = = .33  9 q -  wDF-p =

120 x ^6^x 6 .3 = 4 .5  k ip s  p e r  square  f o o t ,  which i s  s l i g h t l y  l e s s  th an  th e

c a lc u la te d  p re s su re  o f 4 -8 . This may be p e rm is s ib le  s in c e  th e  f a i l u r e  a t

a  p o in t  r a th e r  th an  t o t a l  f a i l u r e  i s  b e in g  co n sid e red .

S e ttle m e n t from S hear S tr e s s e s  

A ltho th e  fo reg o in g  c a lc u la t io n s  in d ic a te  th a t  the  f i l l  and abutm ent 

a re  sa fe  a g a in s t  a sh ea r f a i l u r e  in  th e  s o i l ,  some d isp lacem en t i s  i n ­

e v i ta b le  because  any change in  th e  lo a d  on th e  s o i l  causes s t r a i n s  th e r e in .  

These s t r a i n s  are  o f two k in d s— d is to r t io n  o r change in  shape a s s o c ia te d  

w ith  norm al s t r e s s e s .  TShile b o th  s t r a in s  may occur s im u lta n eo u s ly , th e y  

can be computed s e p a ra te ly  u s in g  P o is s o n 's  r a t i o  «  0 .5  f o r  d i s t o r t i o n  and 

P o is s o n fs r a t i o  ® 0 f o r  c o n s o lid a tio n .
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An im p o rta n t f a c to r  i s  i l l u s t r a t e d  i n  F ig .  27 which, shows th a t  w h ile  

th e  i n t e n s i t y  o f s t r e s s  red u ces  w ith  dep th  as the  in f lu e n c e  o f a s u rfa c e  

lo a d  s p re a d s , th e  t o t a l  lo a d  a t  any dep th  i s  n o t d e c rea se d . This i s  

a p p lie d  in  F ig .  28 w hich shows how a  sm all su rfa c e  lo a d  do esn * t lo a d  a 

deep s t r a t a  l i k e  a  la rg e  lo a d  would even though th e  a p p lie d  lo a d  p e r  u n i t  

a re a  i s  the  same. I t  i s  a lso  no ted  th a t  a sm all s e tt le m e n t t h a t  would be 

overlooked  in  a lo a d in g  t e s t  i s  im p o rtan t i f  i t  co n tin u es  over a lo n g  p e r io d .

F ig u re  29 g ives th e  s e tt le m e n t f a c to r s  f o r  p o is s o n 's  r a t i o  = 0 . 5  

under th e  co rn e r o f a  lo ad ed  re c ta n g u la r  a re a  a t  the  s u rfa c e  o f a  mass 

w ith  a  c o n s ta n t r a t i o  o f  s t r a i n  to  s t r e s s  d if f e r e n c e  o r shape modulus,ms *

The s t r e s s - s t r a i n  r e l a t i o n  as de term ined  b y  th e  t r i a x i a l  t e s t  i s  shown in  

f ig u re  1 5 . The modulus i s  th e  s lo p e  o f th e  s t r e s s - s t r a i n  cu rve .

S ince th e  modulus fo r  th e  sand i s  ro u g h ly  p ro p o r t io n a l  to  th e  l a t e r a l  

p re s s u re  and i s  n o t  c o n s ta n t ,  f ig u re  29 cannot be u sed  u n le ss  an e f f e c t iv e  

average modulus i s  d e term ined . O bserva tions d u rin g  f u l l - s c a l e  c o n s tru c ­

t io n  c o r r e la te d  w ith  b e a r in g  o r p e n e tr a t io n  t e s t s  on s o i l s  in  p la c e  can 

be u sed  in  d e te rm in in g  an e f f e c t iv e  modulus and e s tim a tin g  d isp la ce m e n ts .

F o r s t r e s s  d if f e r e n c e s  in  th e  s i l t  w e ll below  th e  maximum, (see

f ig u r e  15 ) th e  modulus i s  p r a c t i c a l l y  independen t o f  th e  l a t e r a l  p re s su re

and can be tak en  as th e  s lo p e  o f  th e  sec a n t th ru  p o in ts  on th e  average

curve re p re s e n tin g  th e  average i n i t i a l  and f i n a l  s t r e s s  d i f f e r e n c e s .  The

s t r e s s  d if f e r e n c e  in  th e  s i l t  b e fo re  c o n s tru c tio n  depends upon th e  g e o lo g ic  
in

h i s to r y  an d /th e  absence o f  o th e r  in fo rm a tio n  i s  assumed to  be z e ro .

The d isp lacem en t in  th e  s i l t  l a y e r  below  th e  co rn e r o f th e  to e  o f  

th e  abutm ent (shown in  F ig .  5) due to  th e  p re s s u re s  shown in  F ig . 22, 

may be c a lc u la te d  from th e  d if fe re n c e  betw een th e  s e tt le m e n t f a c to r s  a t  

th e  to p  and bo ttom  o f  th e  l a y e r .
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The p re s s u re  due to  th e  ex cav a ted  s o i l ,  — 1Q0Q~~ = k iPs Pe r  sclu a re

f o o t ,  i s  s u b tra c te d  from th e  abutm ent p re s s u re ,  3*15 k ip s  p e r  square  f o o t ,

to  g ive an average  in c re a s e  in  p re s s u re ,  p j  = 3-15  -  .72 = 2.43  k ip s  p e r

sq u are  f o o t .  The maximum d if f e r e n c e  from  th e  average p re s su re  rem a in s,

p2 ■* 1 .6 5  k ip s  p e r  square  fo o t  and i t s  e f f e c t  i s  added to  t h a t  o f  p in

th e  fo llo w in g  com putations u s in g  F ig .  29s

2. a t  bottom  o f  s i l t  = Ml -  3 .6 7  
B 12

f- a t  to p  o f  s i l t  = 3 4  = 1 .17
D  X2

L = f °  = 2 .5B 12

F-  ̂ a t  bottom  = 0 .338  

F}_ a t  to p  = 0 .128  

D iffe re n c e  « F^ -  0 .210

F^ a t  bottom  -  0 .210  

F^ a t  to p  * 0.089 

D iffe re n c e  = F2 = 0 .030

pF »  p ^ x  -f P2F2 a  2 .43  x  . 210 4  1 .6 5  x  .030 = 0 .56

U sing th e  d if f e r e n c e  in  z/B  a t  th e  to p  and bottom  o f th e  s i l t ,

average s t r e s s  d i f f e r e n c e ,  d = ------ = 0 .2 2 4  k ip s  p e r  square
• '  VB 3 .6 7  -  1 .1 7

f o o t .

From Fig* 15, th e  s lo p e  o f  th e  s e c a n t from d = 0 to  d = .224  i s  th e  

s t r a i n  p e r  u n i t  s t r e s s ,  mg = 0 .0 2 3 .

S e tt le m e n t, S = mspFB » .023 x  .36  x  12 = 0.15 f e e t .
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The s t r e s s  trg m sm itted  to  th e  s i l t  from  th e  f i l l  would cause a d d i-  

t i o n a l  s e t t le m e n t .  However, u n le s s  th e  s t r e s s e s  approach  th e  maximum 

s t r e n g th ,  th e  s e t t le m e n t due to  s h e a r  s t r e s s e s  occu rs  a lm ost as f a s t  as 

th e  lo a d  i s  a p p lie d  and cou ld  occu r u n n o ticed  in  th e  p re s e n t  c a se . I t  

i s  im p o rtan t in  th e  case o f  r i g i d  s t r u c tu r e s  and h ig h  l i v e  lo a d s  o r  when 

a d d it io n s  a re  made to  e x is t in g  s t r u c tu r e s .  I f  th e  c a lc u la te d  s e t t le m e n t 

i s  e x c e s s iv e , th e  degree o f d is tu rb a n c e  o f  the sam ple should  be co n sid e red  

s in c e  th e  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  o f  some s o i l s  a re  v e ry  s e n s i t iv e  

to  even s l i g h t  d i s t o r t i o n .

F ig u re  29 i s  a c tu a l ly  f o r  a  lo a d  a t  th e  s u r fa c e ,  whereas th e  fo o t in g  

i s  below th e  s u r fa c e . The e f f e c t  o f  p la c in g  a lo a d  below th e  s u r fa c e ,  as 

in  F ig .  3 0 , i s  in d ic a te d  in  F ig . 3 1 , b u t f o r  shallow  fo o tin g s  t h i s  e f f e c t  

i s  o f te n  n e g le c te d . The r e l a t i o n  betw een th e  s t r e s s e s  b ased  on th e  th e o ry  

o f  e l a s t i c i t y  as u sed  above and th e  b u ild in g  code d ev ice  o f  assum ing s t r e s s  

sp read  th ru  a  cone w ith  an g les  60 deg rees to  th e  h o r iz o n ta l  i s  shown in  

F ig .  3 2 .

S e ttle m e n t From Volume Change

The s e t t le m e n t due to  volume change o f  th e  u n d e rs o i l  i s  computed 

by means o f  a  s e t t le m e n t f a c to r  f o r  P o isson*s r a t i o  = 0 , taken  from 

F ig .  33 and co rresp o n d in g  to  g iven  lo a d s  and dim ensions and th e  s o i l  

c h a r a c t e r i s t i c s  from  c o n so lid a tio n  t e s t  r e s u l t s  (Appendix G), a s  shown in  

Table 1*

U sing th e  nom enclature o f  F ig . 33 and th e  d im ensions in  F ig . 17 , th e  

s e t t le m e n t  under th e  c e n te r  o f th e  f i l l  f a r  from th e  abutm ent r e s u l t in g  

from  c o n s o lid a t io n  o f  th e  s i l t  due to  th e  w eigh t o f  th e  f i l l  i s  computed 

as fo llo w s :
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p a  124 x  20 = 2 .5  k ip s  p e r  sq . f t*
•3

a  = 4 0 , B = 55 , |  = 0 0

z = 50 and 20

z -  .910  and .364
B

From F ig .  3 3 > F^ = .222 - .0 9 6  = .126

F2 = .120  -  .071 = .049

F = F i  4 a  F -  '226 + .049 = .162 f o r  1 /4  o f  f i l l
B ^ 55

F = 4 x  .162 = .648  f o r  e n t i r e  f i l l

The u n ifo rm  p re s s u re  u sed  to  re p re s e n t  the  tr a p e z o id a l  d i s t r i b u t io n  

o f th e  f i l l  w e ig h t i s  p  = p^ 1 “  -  2 .5 (1  ~2x§j ) = ■*••59 k ip s  p e r  s(lu a re

f o o t .

The average  p re s su re  in c re a s e  in  th e  s i l t  due to  th e  f i l l  eq u a ls

= -*-•59- = 1 .9  k ip s  p e r square  f o o t .
zTB .910 -  .364 ^

The average i n i t i a l  p re s su re  in  th e  s i l t  l a y e r  (b e fo re  th e  f i l l  i s  

c o n s tru c te d )  -  th e  p re s s u re  a t  th e  m iddle o f  th e  l a y e r  = 100 x  20 + 38  x  15 

-  2570 pounds p e r  square  fo o t  = 2 .6  k ip s  p e r  square  f o o t .

T o ta l o r  f i n a l  p re s s u re  = 2 . 6  k ip s  p e r  square  f o o t .

From th e  d a ta  in  Table 1 , p lo t te d  in  F ig . 34* th e  s lo p e  o f  th e  se c a n t 

betw een th e  i n i t i a l  and f i n a l  p re s su re s  i s  th e  s t r a i n  p e r  u n i t  p re s su re  

in c re a s e  = -  . 011 .

Then, S = mvpBF -  .011 x  1*59 x  55 x  .648 = 0 .62  f e e t ,  i s  th e  u l t im a te  

s e t t le m e n t which may occur v e ry  s lo w ly .

Time -  S e ttle m e n t

To c a lc u la te  th e  s e t t le m e n t a t  v a r io u s  tim e s , t im e -c o n s o lid a t io n  t e s t  

d a ta  a re  p lo t t e d  as in  F ig .  35 ( s o l id  l i n e s ) .  The i n i t i a l  l i n e a r  p o r t io n
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o f th e  t e s t  r e l a t i o n  i s  ex tended  in  b o th  d i r e c t i o n s .  I f  t h i s  s t r a ig h t  

l i n e  h a s  a p o s i t iv e  i n t e r c e p t  a t  zero  tim e , th e  in te r c e p t  in d ic a te s  con­

s o l id a t io n  w hich occu rs  as  th e  lo a d  i s  a p p lie d . Through t h i s  i n t e r c e p t ,  

a second l i n e  i s  drawn w ith  a b s c is s a s  0 .1 5  g r e a te r  than  th e  f i r s t  l i n e .

The in t e r s e c t io n  o f  t h i s  second l i n e  w ith  th e  t e s t  r e l a t i o n  curve 

de te rm in es  a  t h e o r e t i c a l  tim e , t^Q . T his i s  th e  tim e re q u ire d  f o r  90

p e rc e n t o f  th e  c o n so lid a tio n  to  o ccu r i f  a l l  th e  tim e la g  were due to

r e s i s ta n c e  to  th e  escape  o f w a te r . F o r th e  th in  la y e r  u sed  in  the  la b ­

o ra to ry  t e s t ,  th e  tim e re q u ire d  f o r  re a d ju s tm en t o f  th e  s o i l  p a r t i c l e s

i s  a p p re c ia b le  (secondary  c o n s o l id a t io n ) ,  b u t i t  i s  g e n e ra lly  assumed t h a t  

t h i s  becomes r e l a t i v e l y  u n im p o rtan t f o r  th ic k  l a y e r s .  F or h ig h ly  o rg a n ic  

s o i l s  th e  secondary  c o n so lid a tio n  m ust be co n s id e re d .

U sing th e  value o f  t^Q * 1 1 .7  m in u te s , from  F ig . 35 ,  w ith  th e  ‘i n i t i a l  

th ic k n e s s ,  H, o f  th e  sample (0 .5  in c h e s ) ,  th e  c o e f f ic ie n t  o f  c o n s o lid a tio n , 

cT, i s  computed as cv  = .. 21 H 2 = 21 *  ( 0 .5 ) 2 = ^  ^ 2  p e r  fflinute =
t^ Q  1 1 • 7

2
0 .045  f t .  p e r  day . The t im e , t ,  f o r  c o n so lid a tio n  o f  the  l a y e r  30 f e e t  

2 2
th ic k  i s  t  = S— T - «  {3PX .. t  -  20,000 T days where T i s  th e  tim e f a c to r  

Gy .045
from  Table 7 .

I f  one fa c e  o f  th e  c o n s o lid a t in g  l a y e r  i s  im p erv io u s , as in  th e  

p re s e n t  c a se , th e  value  o f  T depends on th e  i n i t i a l  p re s s u re  g ra d ie n t 

w hich i s  ap p ro x im a te ly  th e  r a t i o  betw een th e  in c re a se  in  p re s su re  a t  th e  

p e rv io u s  fa c e  to  th e  p re s s u re  a t  the  im pervious f a c e . T his r a t i o  may be 

d e term ined  g ra p h ic a l ly ,  as in d ic a te d  in  F ig .  36 , in  w hich a p o r t io n  o f  

th e  curve from  F ig .  3 3 > showing th e  r e l a t i o n  o f  F and S. aasf |  = o*
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has been  rep roduced  to  a  l a r g e r  s c a le .  The p re s s u re  a t  any p o in t  i s  

dFPj f t f o )  w hich i s  th e  s lo p e  o f  a  ta n g e n t to  th e  curve a t  t h a t  p o in t .

S in ce  o n ly  th e  r a t i o  o f  th e  p re s su re  a t  the  to p  (z/B  = -364) and bo ttom  

(z/B  = .910) o f  th e  s i l t  l a y e r  i s  re q u ire d , l i n e s  1 and 2 , p a r a l l e l  to  th e  

ta n g e n ts  a t  p o in ts  1 and 2 a t  th e s e  dep ths in  F ig . 36 a re  drawn th ro u g h  

th e  o r ig i n a l  and th e  d e s ir e d  r a t i o  determ ined  as th e  r a t i o  o f  th e  a b s c is s a s .  

This i s

X1
x j  = 1 .2 5 . F o r t h i s  v a lu e  o f  the  p re s s u re  r a t i o ,  th e  tim e f a c to r  from  

Table 7 f o r  a  degree  o f  c o n so lid a tio n  o f  0 .5  i s  by  in te r p o la t io n  0 .1 8  and 

th e  tim e re q u ire d  i s  t  = 20,000 T = 20,000 x  0 .1 8  -  3600 days o r  ap p ro x i­

m a te ly  10 y e a rs  f o r  a  c o n so lid a tio n  o f 0 .5  x  0 .62  -  0 .31  f e e t .

A com plete t im e -c o n s o lid a t io n  r e l a t i o n  may be c a lc u la te d  by u s in g  

v a lu e s  o f  T from  Table <8c f o r  o th e r  d eg rees  o f  c o n s o lid a t io n . The lo a d  has 

been assumed to  be a p p lie d  in s ta n ta n e o u s ly  a t  zero  tim e . I f  th e  lo a d  i s  

a p p l ie d  a t  a  uniform  r a t e ,  zero  tim e i s  tak en  as th e  m iddle o f  th e  con­

s t r u c t io n  p e r io d  and th e  s e tt le m e n t curve d u rin g  th e  c o n s tru c tio n  p e rio d  

a d ju s te d  fo ? th e  p o r t io n  o f  th e  t o t a l  lo a d  a p p lie d  a t  a  g iven  tim e .

At th e  back o f  th e  abu tm ent, th e  s e t t le m e n t due to  th e  f i l l  would be 

h a l f  t h a t  computed above b u t th e  s e t t le m e n t due to  p re s su re s  tra n s m itte d  

frcm  th e  abutm ent m ust be added. In  c a lc u la t in g  th i s  a d d i t io n a l  s e t t le m e n t ,  

th e  p rocedu re  o u t l in e d  above i s  fo llow ed  b u t i t  i s  n o t n e c e ssa ry  to  r e ­

compute my  and th e  p re s s u re  r a t i o .

As in d ic a te d  in  F ig .  34* th e re  would a ls o  be some volume change in  

th e  sand l a y e r .  However, th e  r e s u l t in g  s e tt le m e n t would be sm all and, as 

in d ic a te d  in  F ig .  35* i t  would occu r a lm ost as f a s t  as the  lo a d  i s  a p p lie d  

so  t h a t  i t  would n o t a f f e c t  a  pavement p la c e d  on th e  com pleted f i l l .
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I f  th e  c o e f f i c i e n t  o f  p e rm e a b il i ty  as d e f in e d  in  F ig .  37 i s  d e te r ­

m ined, th e  c o e f f i c i e n t  o f  c o n so lid a tio n  may be c a lc u la te d  as c = k
mvw

where w i s  th e  d e n s ity  o f  w a te r . The p e rm e a b il i ty  t e s t  i s  shown in  F ig .  38 

To e v a lu a te  f i s s u r e s  o r  s t r a t i f i c a t i o n  tlje  p e rm e a b il i ty  shou ld  be d e term ined  

in  th e  f i e l d  as shown in  F ig . 39* Such a p rocedu re  was used  to  advantage 

in  co n n ec tio n  w ith  th e  tu n n e l under th e  E l iz a b e th  R iv e r a t  N o rfo lk , V irg in ia .

A 2 0 -in c h  d iam e te r h o le  punched 31 f e e t  in to  th e  s i l t  showed r a th e r  

u n ifo rm  seepage when th e  c a s in g  was p u l le d .  The fo llo w in g  m easurem ents 

were reco rd ed :

Time a f t e r  p u l l in g  casin g  Depth o f  h o le  W ater above bottom

hours f e e t  f e e t
0 31 0
1 26 1
3 25 2 i

20 9 4

F or th e  i n i t i a l  flow  in to  an uncased h o le , th e  c o e f f ic ie n t  o f

p e rm e a b il i ty ,  k = -~ §  where Q = q u a n t i ty  p e r  u n i t  tim e - p i ?  r  j > 1

4  24D -  d iam e te r -  =2.
12

H = dep th  -  31 f e e t  

This g iv es  k = .1  f e e t  p e r day compared to  .0018 from la b o ra to ry  t e s t s .  

W hile th e  la b o ra to ry  value  was f o r  v e r t i c a l  p e rm e a b il i ty  and th e  f i e l d  t e s t  

i s  more l a t e r a l  flow , th e  la b o ra to ry  value  was e v id e n t ly  too  low , r e s u l t i n g  

in  a g ro ss  o v e re s tim a te  o f  the tim e re q u ire d  f o r  volume change to  o ccu r. 

P o s s ib ly  some more perm eable la y e r s  w ere m issed in  sam pling .

C o n so lid a tio n  o f s e v e ra l  con tiguous com pressib le  la y e r s  i s  i l l u s t r a t e d  

by  th e  fo u n d a tio n  o f  a 33 fo o t  r o l l e d  f i l l  o f  s i l t y  s o i l  c o n s tru c te d  over 

a  t i d a l  f l a t .  See F ig . 40* P ro p e r t ie s  o f  th e se  s o i l s  and o th e rs  in  t h i s  

a re a  a re  g iven in  Table . 8 . W hile s e tt le m e n t was a n t ic ip a te d ,  i t  was
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d ec id ed  to  a d ju s t  th e  ro ad  a t  th e  b r id g e s  n e a r  th e  ends o f  th e  f i l l  when 

n ecessary*  r a t h e r  th a n  ex cav a te  th e  com pressib le  s o i l s  in  th e  fo u n d a tio n  to  

e l im in a te  s e t t le m e n t .  See F ig .  41 .

U sing th e  d a ta  o b ta in e d  from c o n so lid a tio n  te s t s *  an e s tim a te  o f tim e - 

s e t t le m e n t r e l a t i o n  was made b e fo re  c o n s tru c tio n  s t a r t e d .  S ince  th e  permea­

b i l i t y  o f  th e  f i l l  m a te r ia l  was u n c e rta in *  c a lc u la t io n s  o f  s e t t le m e n t f o r  th e  

th re e  la y e r s  w ere made on th e  b a s is  o f  v e r t i c a l  d ra in ag e  w ith  b o th  one and 

w ith  two d ra in a g e  f a c e s .  T ab le  9 in d ic a te s  th e  method o f  c a lc u la t io n  b ased  

on an average  v e r t i c a l  p e rm e a b il i ty  and average  c o m p re ss ib ility *  u s in g  tim e 

f a c t o r ,  T, from  Table 7 . Thus f o r  50 p e rc e n t c o n so lid a tio n  w ith  two d ra in ag e  

faces*  T «  .05 and

tim e , t  = 3830 x  #05 ■ 0 .5 2  y e a r s .

C o n s id e ra tio n  o f degree  o f c o n so lid a tio n  in  each la y e r  would make 

c o n s id e ra b le  d if f e r e n c e  in  r e s u l t s *  b u t l e s s  d if f e r e n c e  th a n  th e  u n c e r ta in ty  

o f  boundary d ra in a g e .

F ig u re  41 shows a  p r o f i l e  o f  th e  f i l l  and th e  lo c a t io n  o f  a  s e t t le m e n t 

p la te  w hich was p la ce d  d u rin g  c o n s tru c tio n . The s e tt le m e n t p la te  was composed 

o f  a  s t e e l  p la te  24 in ch es  square  to  which was screw ed a stem  o f  o n e -in ch  

p ip e .  The p3-ate and f i r s t  s e c t io n  o f stem  were p la c e d  2 f e e t  below  th e  

o r ig i n a l  ground s u rfa c e  and a tw o -in ch  guard  p ip e  was p la ce d  around ther stem . 

A d d itio n a l s e c tio n s  o f stem  and guard were added as th e  h e ig h t o f  th e  f i l l  

in c re a s e d . A f te r  com pletion  o f  the f i l l *  th e  guard p ip e  was capped. L evel 

re a d in g s  r e f e r r e d  to  a perm anent bench mark were taken  on th e  stem  a t  

r e g u la r  tim e in t e r v a l s  and th e  f i l l  s e tt le m e n t c a lc u la te d .  The graph  o f  th e  

observed  s e tt le m e n t over n in e  y e a rs  i s  shown in  Fig# 41*

A com parison o f  observed  s e tt le m e n ts  w ith  th o se  c a lc u la te d  as o u t l in e d  

above in d ic a te s  t h a t  th e  f i l l  may have a c te d  i n i t i a l l y  as a  d ra in  b u t t h a t  

i t s  r e s i s ta n c e  t o  flow  o f  w a te r  from  th e  fo u n d a tio n  in c re a s e d  as i t  became
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s a tu r a te d .

C a lc u la tio n s  f o r  two o th e r  lo c a t io n s  on th e  same f i l l  in d ic a te  u l ­

tim a te  s e t t le m e n ts  o f  0 ,8 1  and3.62 f e e t ,  a lth o u g h  th e  observed  s e t t le m e n ts  

were b o th  ap p ro x im a te ly  th e  same as shown in  Fig* 41* This shows t h a t  th e  

s u b s o i l  was more u n ifo rm  w ith  r e s p e c t  to  su p p o rt o f  a  35 fo o t f i l l  th an  

in d ic a te d  by  th e  th re e  in d iv id u a l  b o r in g s .

L eve l re a d in g s  on tem porary  s ta k e s  and th e  pavem ent a t  th e  to p  o f  th e

f i H  showed th e  same s e t t le m e n t as th e  p la t e  below  th e  f i l l ,  i n d ic a t in g  t h a t

th e re  was no c o n so lid a tio n  w ith in  th e  f i l l .  A s im i la r  re c o rd  o f  no move­

ment w ith in  a  r o l l e d  f i l l  was p re v io u s ly  re p o r te d  i n  P u b lic  Hoads based  

on re a d in g s  o f  a l i q u i d  l e v e l in g  d e v ic e , one end o f  which was b u r ie d  in

th e  base o f th e  f i l l  as in d ic a te d  in  F ig .  42 a long  w ith  o th e r  d ev ices  f o r

making f i e l d  m easurem ents.

The tim e re q u ire d  f o r  th e  c o n so lid a tio n  o f the  s i l t  l a y e r  shown in

Fig* 5 can be d ecrea sed  by  c o n s tru c tin g  sand d ra in s  as shown i n  F ig .  43

r i g h t .  The n a tu r a l  sand s tra tu m  (F ig . 5) w i l l  se rv e  as th e  sand b la n k e t

between th e  r e l a t i v e l y  im perv ious f i l l  and th e  com pressib le  foundation*

I f  sand d ra in s  18 in c h es  in  d iam e te r were c o n s tru c te d  10 f e e t  c e n te r  to

c e n te r  i n  a  hexagonal a r r a y ,  th e  e f f e c t iv e  sp ac in g , D, would be 1 0 .5  f e e t .

The r a t i o  o f  d ra in  o r  w e ll  d iam e te r to  e f f e c t iv e  sp ac in g  f o r  the  hexagonal 

1 5a r ra y  i s  =: 0 .1 4  and in te r p o la t io n  in  ta b le  3 f o r  0 .5  degree o f  c n n s o l i -
2 2 . 

d a t io n  g iv es  T = 0 .1 1  = and t  « = S 4 .1..£  = 270 days f o r
D c .045

50 p e rc e n t  c o n s o lid a t io n  as compared to  10 y e a rs  w ith o u t th e  d r a in s .  I f  

th e  s i l t  were s t r a t i f i e d ,  th e  h o r iz o n ta l  p e rm e a b il i ty  would be g re a te r  th a n  

th e  v e r t i c a l  and th e  tim e would be f u r th e r  reduced  by th e  r a t i o  o f th e  

v e r t i c a l  to  th e  h o r iz o n ta l  p e rm e a b il i ty .
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Low pe m e  a b i l i t y  o f  homogeneous c la y  as  a t  Game Creek on th e  New 

J e r s e y  ftxrnpike may make sand  d ra in s  n o t so  s a t i s f a c to r y *  > F o r exam ple,

13 f e e t  o f  f i l l  w eigh ing  120 pounds p e r  cub ic  f o o t  superim posed on a  20 

f o o t  d ep th  o f  th e  m a te r ia l  re p re se n te d  by Sanple 94-30L i s  c o n s id e re d ,

(c v  = ,03 f e e t  square  p e r  day , m^ = 5*5% p e r  k ip s  p e r  square  f o o t ) .

A s e t t le m e n t o f 5*3 f e e t  would be o b ta in e d  from  c o n so lid a tio n  in c lu d in g  

th e  w eigh t o f  a d d i t io n a l  f i l l  r e q u ire d  to  m a in ta in  th e  g rad e . F o r a f a c to r  

o f  s a f e ty  o f  1*5 a g a in s t  f a i l u r e  by  s l id in g ,  a  sh e a r in g  s t r e n g th  o f  555 

pounds p e r  square  fo o t  i s  re q u ire d  in  th e  s i l t .  At i t s  p re s e n t  m o is tu re  con­

t e n t  i t s  s t r e n g th  i s  o n ly  120 pounds p e r  square  f o o t ,  b u t when c o n so lid a te d  

under th e  w eigh t o f  th e  f i l l  i t s  s t r e n g th  would be 1055 pounds p e r  square  

f o o t ;  th u s  a  c o n so lid a tio n  o f  52 p e r  c e n t i s  re q u ire d  to  m a in ta in  s t a b i l i t y .

W ithout d ra in s  t h i s  would n e c e s s i t a te  a  fo u r  y e a r  c o n s tru c tio n  p e r io d . 

T h is  tim e cou ld  be reduced  t o  one y e a r  by  i n s t a l l i n g  18 in ch  d ra in s  8 f e e t  - 

a p a r t ,  b u t  h a l f  th e  s e t t le m e n t would occur a f t e r  the  c o n s tru c tio n  p e r io d .

To e lim in a te  p o s t- c o n s tr u c t io n  s e tt le m e n t e x t r a  f i l l  cou ld  be p la ce d  and 

l a t e r  removed. F o r 11 months c o n s tru c tio n  p e r io d  p r a c t i c a l l y  com plete con­

s o l id a t io n  cou ld  be o b ta in e d  by  p la c in g  10 e x t r a  f e e t  o f f i l l  and i n s t a l l i n g  

18 in c h  d ra in s  6 f e e t  a p a r t .  The above c a lc u la t io n s  su g g es t t h a t  ex cav a tio n  

and rep lacem en t o f  th e  s i l t  may be cheaper th a n  d ra in a g e .

Use o f  a  su rch a rg e  was su g g ested  a t  Morehead C ity , N orth  C a ro lin a  

where la n d  was to  be rec la im ed  f o r  w arehouse s i t e s  over 8 f e e t  o f  s i l t .

Thus, assum ing 20 f e e t  o f  f i l l  a t  120 pounds p e r  cu b ic  f o o t  p lu s  a  b u ild in g  

lo a d  o f  400 pounds p e r sq u are  fo o t  and u s in g  th e  maximum c o m p re s s ib i l i ty  f o r
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an 8 fo o t  l a y e r  o f s i l t  g iv e s :

S e ttle m e n t = c o m p re s s ib i l i ty  x  p re s su re  x  th ic k n e s s

F o r 1 0 ' f i l l  S = .09 x  1 .2  x  96 = 10 .4 "

F o r b u i ld in g  S = .04  x  .4  x  96 = 1 .5 W

U sing a c o e f f i c i e n t  o f  c o n so lid a tio n  o f  0 .1  f e e t  squared  p e r  day f o r  

an 8 fo o t  l a y e r  w ith  two d ra in a g e  fa c e s  g iv e s  134 days re q u ire d  f o r  90% con­

s o l id a t io n  o r 90 days f o r  80% c o n s o lid a t io n . Thus., no b u i ld in g  s e tt le m e n t 

due to  th e  s i l t  could  be ach ieved  by m a in ta in in g  a f i l l  w eigh ing  1 .6  * .8

e q u a ls  2 k ip s  p e r  square  fo o t  f o r  90 days w hich would g iv e  com plete c o n so li­

d a t io n  f o r  a 1*6 k ip s  p e r  square  fo o t  lo a d .

The above e s tim a te s  a re  co n se rv a tiv e  s in c e  some o f  the  m a te r ia l  i s  

d e f i n i t e l y  l e s s  com pressib le  and c o n so lid a te s  more r a p id ly .  In  any ev en t, 

o b se rv a tio n s  in  th e  f i e l d  o f  p ro g re s s iv e  s e t t le m e n ts  on the  f i l l  shou ld  be 

made to  in d ic a te  th e  tim e  re q u ire d  and th e  s e tt le m e n t to  be ob ta ined*

L a te r a l  T hrust

F ig u re  43 l e f t  'shows a n o th e r method o f c o n tr o l l in g  s e tt le m e n t n e a r  

abutm ents and o f c o n t r o l l in g  th e  l a t e r a l  t h r u s t  due to  f i l l  on s o f t  s o i l s  

as shown in  Fig* 44 w hich a lso  shows th e  erroneous assum ption sometimes 

used  as th e  b a s is  o f  design*

In  o rd e r  to  e v a lu a te  th e  l a t e r a l  p re s su re  tra n s m itte d  by  a  su rch arg ed  

s o f t  s i l t ,  s ix  Goldbeck p re s su re  c e l l s  were i n s t a l l e d  on th e  w est s id e  o f 

p i e r  No. 2 , b r id g e  No. 6 o f  th e  Pentagon Hoad N etw ork ,A rling ton , V irg in ia , 

e a r ly  i n  1946. The c e l l s  were a tta c h e d  to  two 2 5 -fo o t boards each  spanning 

th e  in s id e  o f one s e c t io n  o f  th e  cofferdam  p i l i n g  w hich was used  as a form  

f o r  th e  c o n c re te  base  o f  the  p i e r  below  th e  s i l t  l i n e .

The p i l e s  were p u l le d  in  March 1946, a llo w in g  th e  s o f t  s i l t  to  flow



a g a in s t  th e  p re s s u re  c e l l s .  The o r ig in a l  c ro ss  s e c t io n  i s  shown in  F ig - 45

w ith  th e  f i l l  w hich was com pleted O ctober 194-6 to  th e  w est o f th e  p i e r .  The

s lo p e  was r ip ra p p e d  and 25 in ch es  o f  g ra n u la r  base  p la c e d  on th e  f i l l  in  th e  

s p r in g  o f  1948. The re a d in g s  o f  the  p re s su re  c e l l s  a re  shown in  Table 10 .

Gore sam ples o f  th e  s o f t  s i l t  w ere ta k e n  in  Septem ber 1948 w ith  th e  

fo llo w in g  average t e s t  r e s u l t s :

M oistu re  c o n te n t, % o f  d ry  w e ig h t 31

Wet d e n s i ty ,  pounds p e r  cub ic  f o o t  119

Com pressive s t r e n g th ,  pounds p e r  sq- fo o t  800

C o n so lid a te d  sh e a r  s t r e n g th  -

C ohesion, pounds p e r  sq . f t .  400

F r i c t i o n  c o e f f ic ie n t  0 .35

Volume re d u c tio n  f o r  doubled lo a d , % 1*6

C o e f f ic ie n t  o f  c o n s o lid a t io n , f t .  sq .

p e r  day 0 .2

The average  n e t e a r th  p re s s u re  in  ex cess  o f f u l l  h y d ro s ta t ic  

p re s s u re  was found to  be

2 .8  pounds p e r  square in c h  a t  8 -fo o t depth  

5 .3  Do. 16 Do.

1 .1  Do. 24 Do.

an o v e r a l l  average o f  3 pounds p e r  square  in c h .

Assuming a  c o h e s io n le ss  f i l l  w ith  a  c o e f f ic ie n t  o f  f r i c t i o n  o f  .7  

and a d e n s i ty  o f  130 pounds p e r  dubic  f o o t ,  an average n e t e a r th  p re s su re  

w ith  no tim e  f o r  c o n so lid a tio n  was computed to  be 10 pounds p e r  square  in c h . 

A llow ing 500 pounds p e r  sq . f t , ,  cohesion  in  th e  f i l l  g iv e s  a computed 

p re s s u re  o f 4 pounds p e r  square  in c h . A maximum p re s su re  i s  shown by  th e
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f i r s t  re a d in g  tak en  (F eb ruary  1 9 4 7 ), a f t e r  com pletion  o f  th e  f i l l ,  i n ­

d ic a t in g  t h a t  tim e f o r  c o n s o lid a t io n  reduces th e  p re s su re  as would be 

ex p ec ted  from  th e  t e s t  r e s u l t s .

A nother example o f  l a t e r a l  t h r u s t  i s  a f fo rd e d  by a b r id g e  w hich was 

b u i l t  i n  1931 as p a r t  o f  th e  M emorial Highway to  Mount Vemoh over Boundary 

C hannel, c o n n ec tin g  th e  r i v e r  bank to  Columbia I s la n d ,  newly formed by 

h y d ra u lic  f i l l .  F ig u re  46  shows th e  deep l a y e r  o f  o rg a n ic  c la y  under th e  

Boundary Channel B ridge and a d ja c e n t f i l l .  The b r id g e ,  c o n s is t in g  o f  

tw in  c a n t i le v e r s  w ith  a sm all suspended span , was su p p o rted  on p i l e s  to  

ad eq u a te  b e a r in g  and d id  n o t s e t t l e .  However, th e  b rid g e  bu ck led  due to  

th e  l a t e r a l  p re s s u re  tr a n s m it te d  from  th e  a d ja c e n t f i l l  p la ce d  on th e  c la y . 

S e tt le m e n t o f a  bench mark s e t  i n  the  f i l l  on 1 June 1934 i s  shown in  F ig .

46 ,  p lo t t e d  a g a in s t  th e  sq u are  ro o t  o f  tim e , s t a r t i n g  a t  th e  mean tim e o f 

p lacem en t o f  th e  f i l l  a lm ost fo u r  y e a rs  p re v io u s . A p rim ary  c o n so lid a tio n  

curve was f i t t e d  to  t h i s  d a ta  and p ro je c te d  to  zero  tim e . A re c o rd  o f  th e  

f i l l  s e t t le m e n t  betw een 24 June 1932 and 1 June 1934 was su b seq u en tly  found. 

T his re c o rd , shown in  F ig .  4 6 , ag reed  w ith  th e  f i t t e d  t h e o r e t i c a l  curve w hich 

in d ic a te s  a  t o t a l  s e tt le m e n t b e fo re  p la c in g  o f  the  bench mark o f  4*8 f e e t .  

T h is  s e t t le m e n t had o ccu rred  due to  c o n so lid a tio n  in  a d d it io n  to  any th a t  oc­

c u rre d  due to  l a t e r a l  d isp lacem en t a t  the  tim e o f p la c in g  th e  f i l l .

The d isc rep a n c y  betw een th e  f i t t e d  t h e o r e t i c a l  curve and th e  a c tu a l  

f i l l  s e t t le m e n t a f t e r  te n  y e a rs  i s  acco u n tab le  to  the  5 p e r  c en t a d d i t io n a l  

lo a d  caused  by ap p ro x im ate ly  two f e e t  o f  a d d i t io n a l  f i l l  which was p la ce d  

to  keep th e  ro ad  re a so n a b ly  smooth.

Table 11 shows th e  p ro p e r t ie s  o f th e  fo u n d a tio n  c la y  based  on sam ples 

from  s e v e ra l  bo re  h o le s  w hich in d ic a te  some sandy s t r a t a ,  th e  c o n t in u i ty  

o r  e x te n t  o f  w hich was n o t d e te rm in ed . C o n sid erin g  a p re s su re  o f 2 .7  k ip s
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p e r  sq u are  f o o t  on a  65 fo o t l a y e r ,  th e  7 .0  fo o t  s e t t le m e n t (4 .8  p lu s  2 .2 )  

in d ic a te d  i n  F ig .  4 would re q u ire  a c o m p re s s ib i l i ty  o f  0 .040 which compares 

w e ll  w ith  th e  0 .043  average o f  th e  la b o r a to r y  t e s t  r e s u l t s  shown in  Table 11. 

Assuming v e r t i c a l  flo w , o n ly  th e  s e t t le m e n t re c o rd  in d ic a te s  a  c o e f f ic ie n t  

o f  c o n s o lid a tio n  (c )  o f  0 .2 8  f e e t  squared  p e r  day . Ih is  happens to  ag ree  

w ith  th e  a v e rag e , c ,  shown in  Table 11, b u t  th e  w eigh ted  average as used  

in  Table 9 f o r  th e  Pentagon f i l l  i s  o n ly  0 .1 0 , su g g e s tin g  th a t  th e re  was 

some l a t e r a l  d ra in a g e  w hich could  n o t be e v a lu a te d  frcm  th e  d a ta  a v a ila b le  

b e fo re  th e  re c o rd in g  o f f i e l d  s e t t le m e n ts .

The s i m i l a r i t y  o f  th e  p i e r  r o t a t io n  and f i e l d  s e tt le m e n t w ith  tim e 

shown in  F ig .  46  su g g es ts  t h a t  th e  l a t e r a l  movement o f th e  p ie r s  tow ard 

each  o th e r  i s  c o n tro l le d  by th e  l a t e r a l  c o n so lid a tio n  o f  th e  c la y  betw een 

th e  p i l e  g roups. I t  may be n o ted  th a t  s t r u t s  p laced  betw een th e  p ie r s  be­

low w a te r  in  August 1945 have shown no e f f e c t  on th e  r o ta t io n  o f th e  p i e r s .

I f  secondary  c o n s o lid a t io n , a p p a re n tly  independen t o f  th ic k n e s s , con­

t in u e d  a t  th e  r a t e  shown by  th e  l i n e a r  r e l a t i o n  betw een th ic k n e ss  change and 

lo g  o f  tim e betw een 1 and 24 hours in  th e  la b o ra to ry ,  th e  secondary  c o n so li­

d a tio n  would be sm all compared to  th e  p rim ary  c o n so lid a tio n  as shown betw een 

7 and 9 y e a rs  in  F ig . 41 and betw een 16 and 20 y ears  in  F ig . 4 6 .

P re s su re s  a ls o  occu r l a t e r a l l y  in  a con tinuous f i l l  as shwon in  F ig .

47  w ith  th e  problem  and methods o f  d is p la c in g  m a te r ia l  under th e  c e n te r  o f  

th e  f i l l .  F ig u re  48 shows method o f p re v e n tin g  l a t e r a l  th r u s t  by  a w illow  

m a ttre s s  w h ile  a llo w in g  slow  s e tt le m e n t as p ra c t ic e d  in  H olland and th e  u se  

o f  sand d ra in s  to  a c c e le r a te  s e tt le m e n t and accompanying s tre n g th e n in g  as 

u sed  in  th e  U nited  S ta te s .  F or exam ple, to  c ro ss  a bay o f Lake Couer 

d/CLene in  Id ah o , a  f i l l  was proposed  to  be b u i l t  to  e le v a t io n  2143 and i n  

w a te r  from  e le v a t io n  2122' to  2050*. The fo u n d a tio n  was s o f t  s i l t  to
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s tr a te m  5 a t  e le v a t io n  1975* The fo llo w in g  co n c lu s io n s  were b ased  on 

d e ta i l e d  a n a ly s is  c a r r ie d  o u t as p re v io u s ly  o u t l in e d :

I f  a  rock  f i l l  were p la c e d  r a p id ly ,  th e  s u b s o il  would have i n s u f f i ­

c ie n t  s t r e n g th  to  r e s i s t  th e  s id e  t h r u s t  and would flow  l a t e r a l l y .  The 

f i l l  would ten d  to  s l i p  downward and outw ard away frcm  th e  c e n te r l in e  and 

w ould t r a p  co m p ress ib le  m a te r ia l  below  th e  c e n te r  o f  th e  f i l l .  The s o f t  

s o i l s  would in tr u d e  in to  th e  vo ids o f  th e  coarse  ro ck  f i l l  and much o f th e  

f i l l  m a te r ia l  would be p re v e n ted  from  e f f e c t iv e ly  su p p o rtin g  th e  m a te r ia l  

p la c e d  su b se q u e n tly  as shown in  F ig . 49 . F o r s t a b i l i t y  th e  f i l l  would have 

to  be ex ten d ed  on a s lo p e  o f  1 .5  to  1 to  th e  to p  of s tra tu m  5*

I f  m a te r ia l  such as  aand, w hich would be f in e  enough to  p re v e n t in ­

t r u s io n ,  were u sed  f o r  c o n s tru c tin g  •fehe f i l l ,  i t  m ight be p o s s ib le  to  d i s ­

p la c e  th e  s o f t  s o i l s  from below  th e  c e n te r  o f the  embankment by j e t t i n g  o r 

th e  use  o f  e x p lo s iv e s . These p ro ced u res  have been used  to  s e t t l e  f i l l s  as 

much as 60 f e e t  in  s o f t  s o i l s  u n d e r sh allo w  w a te r b u t t h e i r  e f f e c t iv e n e s s  

f o r  th e  p re s e n t  case  i s  l e s s  c e r t a in .

A method o f  c o n s tru c tio n  w hich would sh o rte n  the  c o n s tru c tio n  p e r io d  

to  a  re a so n a b le  t im e , b u t i/ih ic h  would re q u ire  s p e c ia l  m a te r ia ls  and equipment 

and must be done w ith  c o n s id e ra b le  c a re  i s  o u tl in e d  as fo llo w s :

1 . P la c e  10 f e e t  o f  m a te r ia l  e q u iv a le n t to  a  c le a n , f in e  co n cre te  

sand u n ifo rm ly  over th e  p re s e n t  bottom  f o r  the  f u l l  le n g th  and 

w id th  o f  500 fe e t*

2 . C o n s tru c t 2 0 -in ch  d iam e te r v e r t i c a l  sand d ra in s  spaced 10 f e e t  

each  way in  t r i a n g u la r  a r r a y .  The bottom  of th e  sand d ra in s  

s h a l l  be a t  e le v a t io n  1975*
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3 . P lace  th e  r e s t  o f  th e  f i l l  u n ifo rm ly  to  p re v e n t o v e rlo ad  over 

a minimum p e r io d  o f  2 y e a r s .

4* I n s t a l l  po re  p re s su re  c e l l s  a t  numerous lo c a t io n s  betw een th e  

sand d ra in s  to  m easure th e  developed pore p re s su re  and th e  r a te  

o f  c o n s o lid a t io n , and th u s  p re v e n t th e  ra p id  lo a d in g  o f th e  

u n d e rs o i l  as th e  f i l l  c o n s tru c t io n  p ro g re s s e s .

Sand d ra in s  may a ls o  be u s e f u l  to  r e l ie v e  w a te r  p re s su re  u n d er dams 

o r  p re s s u re  from  p e rv io u s  la y e r s  under ex ca v a tio n s  as shown in  Fig* 50.

The open c u t  problem  o c cu rred  in  co n n ec tio n  w ith  th e  approaches to  th e  

E l iz a b e th  R iv e r tu n n e l a t  N orfolk,, V irg in ia . O ther methods of im proving 

s o i l  p r o p e r t ie s  a re  o u t l in e d  in  F ig . 51.

V e r t ic a l  Shear

When th e re  i s  a tendency  f o r  d i f f e r e n t i a l  s e t t le m e n t betw een two b o d ie s , 

v e r t i c a l  s h e a r  s t r e s s e s  a re  s e t  up w hich change th e  v e r t i c a l  p re s s u re s  as 

shown in  F ig*  52. To p re v e n t th e  s t r e s s e s  and i r r e g u la r  su r fa c e  caused by  

c u lv e r ts  p la c e d  on p i l e s  in  weak fo u n d a tio n s , i t  i s  sometimes su g g ested  th a t  

th e  c u lv e r t  b a l l o w e d  to  s e t t l e  w ith  th e  f i l l .  W hile th i s  i s  sometimes done 

a s  shown i n  Fig* 53, allow ance must be made f o r  lo s s  in  c le a ra n c e , v e r t i c a l  

sag  in  th e  p ip e  and th e  tendency  f o r  th e  p ip e  to  sp read  w ith  th e  f i l l .

V e r t ic a l  sh ea r i s  a ls o  im p o rtan t in  p i l e s  in  s o f t  s o i l  f o r ,  as shown 

in  F ig .  54, th e  sh ea r w hich tends to  h o ld  up th e  p i l e  in  d r iv in g  o r d o ing  a 

lo a d in g  t e s t  may be re v e rse d  by a f i l l  vfhich causes c o n so lid a tio n  o f th e  s o f t  

s o i l .  A case  in  p o in t  i s  b rid g e  8 o f  th e  Pentagon network shown in  F ig .  55*

To su p p o rt wing w a lls  a t  e le v a tio n  25 , p i l e s  were d riv e n  th rough  15 f e e t  o f  

r o l l e d  f i l l  and 10 f e e t  o f  dump f i l l  in to  the  c la y . Due to  th e  r e s is ta n c e  

to  d r iv in g  b u i l t  up in  th e  f i l l ,  th e  p i l e s  d id  n o t re ach  th e  sand and g ra v e l



below  th e  c la y .  "When f i l l  was p la c e d  around th e  w a l l s ,  s e tt le m e n ts  were 

ob serv ed  as  shown in  F ig .  55. In  an a ly z in g  th e  re c o rd  th e  observed  v a lu es  

w ere a d ju s te d  to  e l im in a te  th e  s e t t le m e n t due to  th e  O ctober 1942 f i l l  

le a v in g  p r im a r i ly  th e  s e t t le m e n t due to  th e  A ugust 1942 f i l l .  A curve f o r  

p rim ary  c o n s o lid a tio n  f o r  sim ple v e r t i c a l  d ra in ag e  was f i t t e d  to  th e  cu rve . 

As shown i n  Fig* 55* th e  f i t  was v e ry  good up to  3 months o r  90 p e rc e n t  of 

th e  in d ic a te d  p rim ary  c o n s o lid a t io n .

The th ic k n e s s  change o f th e  la b o r a to iy  sam ples o f th e  p e a ty  c la y  

p lo t t e d  a g a in s t  lo g  o f  tim e  was l i n e a r  from 1 to  96 hours and showed a 

s e t t le m e n t  p e r  cy c le  o f  20 p e rc e n t  o f  th e  t o t a l  f o r  each  lo a d  in c rem en t. 

From 8 to  80 months t h i s  would accoun t f o r  an a d d i t io n a l  s e t t le m e n t  o f 

20 p e rc e n t  beyond th e  in d ic a te d  p rim ary  s e t t le m e n t o r 0.2 x  0 .7 1  -  0 .14  

f e e t .  The observed  d if f e r e n c e  i s  0 .2 5  f e e t .  The ex cess  may be due to  th e  

secondary  c o n s o lid a t io n  from  th e  f i l l  p la c e d  in  Jan u ary  1942. I t  shou ld  

be  n o ted  th a t  th e  observed  re c o rd  i s  concave upward in d ic a t in g  th a t  th e  

l i n e a r  r e l a t i o n  shown up to  fo u r  days in  th e  la b o ra to ry  i s  n o t m a in ta in ed  

up to  80 m onths.

As a  f u r th e r  exam ple, th e  n o r th  abutm ent o f  th e  new 1 4 th  S t r e e t  B ridge 

o v e r th e  Potomac a t  W ashington was su p p o rted  on p i l e s  d riv e n  to  good b ea rin g  

a cc o rd in g  to  p i l e  d r iv in g  fo rm ulas and s h o r t  tim e lo a d in g  t e s t s .  D esp ite  

th e  f a c t  t h a t  b o rin g s  showed s o f t  o rg a n ic  c la y  below th e  p i l e s ,  th e  d esig n  

was approved because no tro u b le  had been ex p erien ced  w ith  th e  o ld  b r id g e  

w hich i s  s i tu a te d  n ea rb y  on a s im i la r  fo u n d a tio n . Subsequent in v e s t ig a t io n  

d is c lo s e d  th a t  th e  o ld  abutm ent had s e t t l e d  11 in ch es  b u t w ith o u t damaging 

th e  s im p ly  su p p o rted  t r u s s  span . The p resen ce  o f  th e  s e t t le m e n t was 

o b scu red  by  th e  g en e ra l s e t t le m e n t o f  th e  a d ja c e n t rec la im ed  marsh and th e
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u se  o f  th e  abutm ent as a  bench m ark. An e q u a l s e tt le m e n t cou ld  n o t be 

t o l e r a t e d  on th e  new b r id g e  w ith  con tinuous p la te  g ird e r  sp an s .

The abu tm ent, a s  shown in  F ig .  56, was b u i l t  above th e  o r ig in a l  

ground said th e  r o l l e d  f i l l  p la c e d , th e  m iddle o f th e  f i l l i n g  p e r io d  be in g  

in  F e b ru a ry  1949. Four months l a t e r  con tinuous re c o rd s  o f s e tt le m e n t 

were s t a r t e d  a t  th e  b rid g e  s e a t  and a t  th e  end o f  th e  w ing w a ll .  The f i l l  

and th e  w a ll  s e t t l e d  to g e th e r  due to  th e  com pression o f  b o th  th e  u p per and 

lo w er l a y e r s .  The s e t t le m e n t o f  th e  b r id g e  s e a t  i s  due p r im a r i ly  to  the  

low er o f  th e  two com pressib le  l a y e r s .  P lo t te d  a g a in s t  square  r o o t  o f  tim e 

i t  i s  seen  to  be l i n e a r  ex cep t f o r  th e  rebound due to  e x ca v a tio n  f o r  under­

p in n in g  w ith  p i l e s  to  sand and g ra v e l. I t  was c a lc u la te d  from la b o ra to ry  

t e s t s  t h a t  th e  t o t a l  s e t t le m e n t i n  th e  low er la y e r  would be 8 in c h es  under 

th e  b r id g e  s e a t  and 14 in c h es  under th e  w a l l .  By August 1949, th e  b rid g e  

s e a t  had  a ls o  moved 3 in ch es  tow ard th e  f i l l .

The s e t t le m e n t i n  th e  upper l a y e r  under the  end o f th e  w ing w a ll was 

c a lc u la te d  b y  s u b tr a c t in g  —r o f th e  observed  b r id g e  s e a t  s e tt le m e n t from  

th e  o b serv ed  w a ll s e t t le m e n t .  A p rim ary  c o n so lid a tio n  f o r  v e r t i c a l  con­

s o l id a t io n  was f i t t e d  to  th e  d e riv e d  curve and e x tra p o la te d  as shown in  

F ig .  6 . "When u n d e rp in n in g , re q u ire d  to  s to p  the  movement o f th e  abutm ent 

away from th e  b r id g e , was com plete th e  movement o f  th e  w a ll s topped  b u t th e

f i l l  co n tin u ed  to  s e t t l e .  By adding  o f  th e  observed b r id g e  s e a t  s e t t l e -
8

ment to  th e  e x tra p o la te d  curve f o r  th e  upper l a y e r ,  a  p re d ic t io n  o f  th e  f i l l  

s e t t le m e n t  was d e r iv e d . A check o b se rv a tio n  on th e  f i l l  a t  24 months shows 

e x c e l le n t  agreem ent as shown i n  F ig .  56.



-39 -

Based on th e  8 in c h  s e t t le m e n t o f  th e  b r id g e  s e a t  c a lc u la te d  from  t e s t  

r e s u l t s  on th e  low er l a y e r ,  25 p e rc e n t  o f  p rim ary  c o n so lid a tio n  o ccu rred  in  

s ix  m onths, in d ic a t in g  a c o e f f i c i e n t  o f c o n so lid a tio n  o f 0 .1 1  f e e t  squared  

p e r  day  b ased  on v e r t i c a l  c o n s o lid a t io n . As shown in  Table 8 , the  average 

la b o r a to r y  v a lu e  i s  0 . 04 , showing t h a t  th e  sand le n s e s  had a p p re c ia b le  

e f f e c t  in  a c c e le r a t in g  th e  s e t t le m e n t .

Records o f  th e  Bureau o f  P u b lic  Roads in d ic a te d  th a t  th e  two c h ie f  

t ro u b le s  w ith  b r id g e s  a re  s e t t le m e n t and d isp lacem en t o f  abutm ents w hich 

co u ld  be an aly zed  as  above and sco u r w hich has thus f a r  n o t been 

a d e q u a te ly  an a ly zed . One d i f f i c u l t y  has been t h a t  o b se rv a tio n s  a re  

u s u a l ly  tak en  a f t e r  f lo o d s  when d is p la c e d  m a te r ia l  may have been re p la ce d  

a s  shown i n  F ig .  57, o r  th e  b rid g e  a lre a d y  l o s t .  F ig . 57 a lso  su g g es ts  

th e  u se  o f  lo n g  p i l e s  w e ll  t i e d  in to  th e  p ie r  which have some chance o f 

h o ld in g  th e  p i e r ,  even though underm ined. I h i l e  n o t a d e q u a te ,fo r  d e s ig n , 

th e  fo llo w in g  c o n s id e ra tio n s  a re  o f  v a lu e  in  r e l a t io n  to  fo u n d a tio n s  where 

sco u r may be a f a c to r .

F low ing water can erode a lm ost any m a te r ia l ,  the  r a t e  depending on th e  

v e lo c i ty ,  suspended lo a d , and th e  r i v e r  bed . A given s tream  approaches a 

dynamic e q u ilib r iu m  between e ro s io n , suspended lo a d , and d e p o s it io n . How­

e v e r ,  f lo o d  flow s may cause extrem e v a r ia t io n s ,  th e  e f f e c t  o f  which may 

l a s t  f o r  y e a r s ,  o r  a  drought may have l e f t  d e p o s its  t h a t  a re  g ra d u a lly  r e ­

moved w ith  th e  renew al o f  norm al flo w . F lood i n t e n s i t i e s  in c re a s e  w ith  

d e f o r e s t a t io n  o r  pav ing  o f  la rg e  a re a s .

S cour i s  a c c e n tu a te d  a t  bends in  s tre a m s , by narrow ed s e c t io n s ,  con­

fin em en t o f  s te e p  banks and tu rb u len ce  caused by o b s tru c t io n s .  The danger

Scour



o f sc o u r  may be in d ic a te d  by a  s tu d y  o f  the  s tre a m ’s h i s to r y  and p re s e n t  

a c t io n .  However, th e  maximum sco u r occurs  a t  th e  h e ig h t o f  f lo o d s ,  

w hereas most o b se rv a tio n s  a re  made a f t e r  f lo o d s ,  when deep h o le s  may have 

been  r e f i l l e d  and s t i l l  d eeper lo o sen in g  o f th e  s o i l  may p a ss  unobserved .

Some o b s e rv a tio n s  have in d ic a te d  a r e l a t i o n  betw een th e  r i s e  o f w a te r and 

th e  d e p th  o f s c o u r . In  s e v e ra l  cases  th e  d ep th  o f  scou r has been th re e  o r  

fo u r  tim es  th e  r i s e  o f  w a te r . On th e  o th e r  hand, th e  g r e a te s t  sco u r does 

n o t alw ays accompany th e  h ig h e s t  w a te r , so t h a t  th e  above ru le  canno t be 

g e n e ra l .

Changed c o n d itio n s  a re  a  f re q u e n t cause o f fo u n d a tio n  f a i l u r e .  Re­

d u c tio n  o f  suspended lo a d , as by  d e s i l t i n g  r e s e r v o i r s  o r  s to ra g e  dams, in ­

c re a se  th e  c a p a c ity  f o r  sc o u r . Abutments o r  p ie r s  may in c re a s e  sco u r by 

in c re a s in g  d ep th  an d /o r tu rb u le n c e . Levees o r  approach f i l l s  to  b r id g e s  

may in c re a s e  sco u r by confinem ent o f  f lo o d  f lo w s . B locking  o f  th e  channel 

by  d e b r is  o r ic e  i s  a  f r e q u e n t  cause o f  in c re a se d  sc o u r . G rea te r sco u r may 

accompany in c re a s e d  g ra d ie n ts  due to  channel c le a r in g ,  d red g in g  o r  s t r a ig h te n in g .

On th e  p o s i t iv e  s id e ,  sco u r in g  i s  v e ry  slow  in  s o l id  ro c k , and i n t a c t  

c la y  has a  h ig h  r e s i s t a n c e .  On th e  o th e r  hand, beds o f  b o u ld e rs  r e q u ir in g  

b l a s t i n g  f o r  e x cav a tio n  have been washed o u t by  a s in g le  f lo o d  and s e v e ra l  

f a i l u r e s  have been caused by p la c in g  p ie r s  on th in  le d g e s , s u b je c t  to  under­

m in ing  and by p i l e s  b e in g  sto p p ed  sim ply because of h a rd  d r iv in g .

The danger o f  l a t e r a l  s h i f t  o f  th e  channel i s  l e s s  in  n a tu r a l ly  

s t r a i g h t  re a c h e s . P e r io d ic  in s p e c tio n  has p rev en ted  s e v e ra l  f a i l u r e s  by 

re v e a lin g  th e  developm ent o f  dangerous c o n d itio n s . Some p r o te c t io n  a g a in s t  

l o c a l  s c o u r may be a ffo rd e d  by  s h e e t  p i l i n g ,  r i p  ra p , o r  lo ad ed  m ats around 

fo u n d a tio n s . O ther c o n tro l d ev ices  in c lu d e  ancho ring  w ire  mefeh to  ex ten d



betw een p ie r s  and t i g h t  sh e e t p i l e  w a lls  a c ro ss  th e  channel j u s t  down 

s tream  from  p i e r s .

D e sp ite  a l l  re a so n a b le  p re c a u t io n s ,  and a lth o u g h  th e y  cannot be p re ­

d ic te d ,  th e  p o s s i b i l i t y  o f  unp reced en ted  f lo o d s  must be reckoned w ith .

C losing

The u t i l i t y  o f  s o i l  m echancis to  th e  d esig n  o f highway s t r u c tu r e s  

i s  w e l l  e s ta b l i s h e d .  VJhile n o t  p e r f e c t ,  s o i l  t e s t s  and a n a ly s is  a re  f a r  

s u p e r io r  to  p r o f e s s io n a l  o p in io n s . Improvements a re  b e in g  made c o n s ta n tly  

w hich a re  r e p o r te d  in  t e c h n ic a l  jo u rn a ls  and by such  o rg a n iz a tio n s  as th e  

Highway R esearch  Board and the  .American S o c ie ty  o f C iv i l  E n g in ee rs .

The c o r r e la t io n  o f  f i e l d  o b se rv a tio n s  w ith  la b o ra to ry  t e s t s  and a n a ly s is  

i s  p a r t i c u l a r l y  f r u i t f u l .
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METHOD OF DIRECT SHEAR TEST OF SOIL

Scope

1 , This method o f  t e s t  d e s te m in e s  the s h e a r in g  r e s is ta n c e  o f  a s o i l  

sample when s u b je c te d  to  a  con tinuous sh ea rin g  d isp lacem en t. The 

sam ple can be su b je c te d  to  v a rio u s  norm al lo a d s , t e s t e d  in  a i r

o r  im m ersed, and th e  norm al d isp lacem en t can be measured*

A pparatus

2 . The a p p a ra tu s  c o n s is ts  o f -the fo llo w in g s

(a) Sample form er -  A c u t t e r  o r mold f o r  form ing sam ples to  f i t  

th e  sh e a r  box. Samples can be compacted d i r e c t l y  in  th e  

sh ea r box*

(b ) Shear dev ice  -  The sample i s  p la c e d  in  a box made o f  two fram es 

w ith  an in s id e  d iam eter o f  1 -1 5 /1 6  inches*  See f ig u r e  ’53.

TWhile s h e a r in g ,  the u p p e r frame can move upward o n ly  and th e  

low er frame r id e s  on b a l l  b e a r in g s  w ith  a minimum c lea ran ce

o f  0 .0 1  in c h  between d ie fram es. This c lea ran ce  can be 

e l im in a te d , e x ce p t when s h e a r in g , by  screw ing to g e th e r  two 

wedges w ith  th e  upper frame h e ld  down by  fo u r screw s. The 

low er frame c o n ta in s  a  porous s to n e  whose h e ig h t may be 

a d ju s te d  by b ra s s  f i l l e r s  p la ce d  beneath* The norm al lo a d  

i s  a p p lie d  w ith  le a d  w eigh ts  th ro u g h  a le v e r  and a  guided 

p is to n  w ith  a  rough porous fa c e .  Two r e ta in in g  p in s  p re v e n t 

sh ea rin g  d isp lacem en t u n t i l  removed when the sh e a rin g  t e s t  

i s  s t a r t e d .

The sh e a rin g  and normal d isp lacem en ts  a re  m easured by
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m icrom eter d i a l s .  The sh e a rin g  d isp lacem en ts  a re  m easured by  a 

h an d -o p e ra ted  o r  m otor d riv e n  g ear system  th ro u g h  a  c a l ib r a t e d  

r in g  w hich d e f l e c t s  ap p ro x im a te ly  0.0002 in c h  p e r  pound.

(c ) B alance -  A b a lan ce  f o r  w eighing th e  s o i l  sample to  an 

accu racy  o f  0 .1  p e rc e n t .

(d ) Oven -  An oven f o r  d ry in g  th e  s o i l  sam ples a t  110 C (230 F ) .

P rocedure

3 . A sample o f  known w et w e ig h t and app ro x im ate ly  0 .5  in c h  th ic k  i s  

p re p a red  to  f i t  th e  sh e a r  box. W ith th e  sh e a r  box in  p la c e ,  

th e  sample i s  c a r e f u l ly  in s e r t e d ,  th e  p is to n  and guide assem bled 

o v e r i t ,  and th e  i n i t i a l  th ic k n e ss  determ ined  from  th e  v e r t i c a l  

d i a l  w hich i s  p re v io u s ly  c a l ib r a te d  under v a rio u s  lo a d s  w ith  a 

b ra s s  d is k  in  p la c e  o f  th e  sam ple. I f  th e r e  i s  danger o f w a te r 

o r  s o i l  ru n n in g  betw een th e  two fram es o f  the  sh e a r  box , th e  

c le a ra n c e  i s  e lim in a te d  by t ig h te n in g  th e  w edges. The d e s ire d  

norm al lo a d  i s  a p p lie d . The sample may be sh ea red  im m ediate ly  

o r  allow ed to  come to  e q i i l ib r iu m  under th e  norm al lo a d  e i t h e r  

in  a i r  o r  under w a te r  poured  th ro u g h  th e  p is to n  g u id e . When 

read y  to  sh e a r  th e  sam ple, th e  v e r t i c a l  Wial i s  re ad  to  determ ine  

th e  th ic k n e s s  change, th e  wedges lo o sen e d , i f  u sed , th e  sh ea r 

d isp lacem en t d ia l  s e t  to  z e ro , and the  r e t a in in g  p in s  and fo u r 

screw s in  th e  upper frame removed. The crank  i s  tu rn e d  20 revo ­

lu t io n s  p e r  m inute w hich produces a sh e a rin g  d isp lacem en t o f

0 .0 4  in c h  p e r  m inute (minus th e  d e f le c t io n  o f th e  c a l ib r a te d  

r i n g ) .  S u f f i c i e n t  d i a l  re a d in g s  a re  reco rd ed  to  d e f in e  th e  

r e l a t i o n  betw een sh ea rin g  d isp la ce m e n t, v e r t i c a l  d isp lacem en t, 

and sh e a r in g  lo a d .



The sample i s  removed and weighed and i t s  appearance n o te d .

The sample i s  d r ie d  to  c o n s ta n t w e ig h t a t  110 C (230 F) and th e  

d ry  w e ig h t d e te rm in ed .

4 . V alues computed from  th e  fo llo w in g  e q u a tio n s  a re  ta b u la te d :

M oisture  c o n te n t , p e rc e n t  a  100 -  i )
J d ry  w eigh t *

Dry d e n s i ty  £ ______ d ry  w eig h t________
th ic k n e ss  x  a re a  o f box

Volume change, p e rc e n t -  100 2ft.?1 -*-n
i n i t i a l  th ic k n e ss

S h e a rin g  o r  norm al s t r e s s  = o r  norm al lo a d
a re a  o f  box

The sh e a r in g  s t r e s s e s  and volume changes as o rd in a te s  a re  p lo t te d  

a g a in s t  th e  sh e a r in g  d isp lacem en ts  as a b s c is s a s .  The maximum o r 

o th e rw ise  d e s ig n a te d  sh e a r in g  r e s i s ta n c e s  as o rd in a te s  a re  p lo t te d  

a g a in s t  th e  co rre sp o n d in g  norm al s t r e s s e s  as a b s c is s a s .
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METHOD OF TRIAXIAL COMPRESSION TEST OF SOIL

Scope

1 . E l is  method o f  t e s t  de te rm in es  th e  r e l a t i o n  between v e r t i c a l  

s t r e s s  and s t r a i n  in  a  com pressed s o i l  sample under v a rio u s  c o n s ta n t 

l a t e r a l  p r e s s u r e s ,

A pparatus

2 . The a p p a ra tu s  c o n s is ts  o f  th e  fo llo w in g :

(a )  Sample Former -  A c u t t e r  and trim m ing im plem ents ( f ig u re  59 ) 

o r  a  s p l i t  mold w i th  two p is to n s  f o r  form ing a sample whose h e ig h t i s  

tw ice  i t s  d ia m e te r .

(b) T r ia x ia l  Device -  As shown in  f ig u re  60*th e  sample i s  p la ce d  

in  a  th in  ru b b e r s le e v e  between two d isk s  ( e i th e r  porous o r  im perv ious) and 

s u b je c te d  to  a c o n s ta n t v e r t i c a l  and l a t e r a l  a i r  p re s su re  w hich i s  m easured 

by a gage and m a in ta in ed  by a p re s s u re  re d u c tio n  v a lv e  connected  t o  a 

p re s s u re  r e s e r v o i r .  A d i f f e r e n t i a l  v e r t i c a l  lo a d  i s  a p p lie d  th rough  a 

s p h e r ic a l  b e a r in g  and a  lap p ed  p i s to n .

(c ) A ir Supply -  P ro v is io n  f o r  a vacuum o f  h a l f  an atm osphere 

and a  p re s s u re  o f th re e  atm ospheres a b s o lu te .

(d) (d) Loading Device -  A machine fo r  d is p la c in g  th e  p is to n  one

p e rc e n t  o f  th e  sample h e ig h t p e r  m inu te . The d i f f e r e n t i a l  v e r t i c a l  lo a d  

and d isp lacem en t a re  m easured by a  c a l ib r a te d  r in g  and m icrom eter d i a l  

a t ta c h e d  to  th e  p is to n  o r  by th e  lo a d in g  d ev ice  i t s e l f .

(e ) B alance -  A b a lance  f o r  w eighing  th e  sam ples to  an 

accu racy  o f  0 .1  p e rc e n t .

( f )  Oven. ~ An oven f o r  d ry in g  th e  sa n p le s  a t  110 C (230 F ) .
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P rocedure

3 ( a ) .  The p re p a red  w eighed sam ple, in  a l o o s e - f i t t i n g ,  th in  m eta l 

s le e v e ,  i s  p la c e d  on th e  lo w er d is k j  th e  ru b b e r s le e v e  i s  p u lle d  up 

around th e  m eta l s le e v e  which i s  th en  removed and th e  to p  d is k  i s  clamped 

in  p la c e .  For c o h e s io n le ss  m a te r ia ls  th e  sample i s  p re p a red  on th e  low er 

d isk  in  th e  ru b b e r s le e v e  w hich i s  su p p o rted  by a s p l i t  m eta l s le e v e  which 

i s  removed a f t e r  th e  to p  d isk  i s  in  p la c e  and a vacuum te m p o ra r ily  

a p p lie d  th ro u g h  the  lo w er d is k .

(b) The l u c i t e  c y lin d e r  i s  p u t in  p la c e  and th e  to p  o f  th e  d ev ice  

i s  b o l te d  down on i t ,  w hereupon, th e  assem bly  i s  p la ce d  in  th e  lo a d in g  

d e v ic e , c o n ta c t i s  made and ze ro  d isp lacem en t i s  re c o rd ed . Next th e  a i r  

p re s s u re  i s  a p p lie d  and zero  d i f f e r e n t i a l  v e r t i c a l  lo a d  i s  re c o rd e d .

The p is to n  i s  d is p la c e d  and th e  lo a d  and d isp lacem en t re co rd ed  u n t i l  th e  

v e r t i c a l  s t r e s s  becomes c o n s ta n t o r th e  sample i s  sh o rten ed  20 p e rc e n t 

o f  i t s  h e ig h t .  The sample i s  removed, w eighed, d r ie d  in  th e  oven to  

c o n s ta n t  w e ig h t, and w eighed a g a in .

(c )  G en era lly  th re e  sam ples a re  t e s t e d  under a i r  p re s s u re s  o f 

0 , 2 , and 4 k ip s  p e r  square  f o o t .
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C a lc u la t io n  and P lo ttin g ;

4 ( a ) .  V alues c a lc u la te d  from  th e  fo llo w in g  eq u a tio n s  a re  ta b u la te d .

M oisture  c o n te n t ,  p e rc e n t o f  d iy  w e ig h t I— 100 ( w et w eigh t -  1 )
d ry  w eigh t

I n i t i a l  d e n s i ty  -  i n i t i a l  w e ig h t
volume o f sample

S t r a in  -  re d u c tio n  in  h e ig h t  
i n i t i a l  h e ig h t

S tr e s s  d i f f e r e n c e  -  d i f f e r e n t i a l  v e r t i c a l  lo a d  ( 1 - s t r a in ) *
i n i t i a l  c r o s s - s e c t io n a l  a re a

*  To a llo w  f o r  in c re a s e d  a re a  assum ing c o n s ta n t volume.

(b) The s t r e s s  d i f f e r e n c e s  as o rd in a te s  a re  p lo t t e d  a g a in s t  the 

s t r a i n s  as a b s c is s a s .

The s t r a i n  betw een two s t r e s s  c o n d itio n s  w ith in  th e  range 

o f  th e  t e s t  v a lu e s  can be determ ined  from th e s e  c u rv es .

The maximum o r o th e rw ise  d e s ig n a te d  s t r e s s  d if f e re n c e  

d e riv e d  from  th e se  cu rves can be used  w ith  th e  l a t e r a l  p re s s u re s  to  

d e te m in e  a r e l a t i o n  betw een norm al and sh e a r  s t r e s s e s .



APPENDIX C

METHOD OF TEST FOE CONSOLIDATION OF SOIL

Scope

1 . T his method o f t e s t  i s  to  de term ine  th e  amount and r a t e  

o f th ic k n e s s  change in  a  b lo ck  o f  s o i l  when lo ad ed  a x ia l ly  and 

co n fin e d  l a t e r a l l y .

A pparatus

2 . The a p p a ra tu s  s h a l l  c o n s is t  o f th e  fo llo w in g :

(a ) S o i l  C u t te r . —  A c y l in d r i c a l  r in g ,  sharpened on the 

o u ts id ^  o f  th e  same h e ig h t and d iam e te r as th e  co n so lid o m ete r r in g  

and a  d ev ice  f o r  p ro d u c in g  a c o n tro l le d  a x ia l  movement o f  th e  c u t t in g  

r in g ,  see  f ig u r e  59.

(b) Trimmers. —  In s tru m e n ts  such as a  p iano  w ire  saw, 

sharpened  s t r a ig h t - e d g e ,  s p a tu la ,  e t c .

(c ) C onso lidom eter. — A c y l in d r ic a l  r in g  (d ep th  n o t o v er 

one h a l f  th e  d iam e te r) as shown in  f ig u re  61 to  h o ld  th e  s o i l  sample 

w ith  a  porous s to n e  above and below and ap p u rtenances p e rm itt in g  

im m ersion o f  th e  sam ple, tra n sm is s io n  o f  a x ia l  lo ad  and measurement 

o f  th ic k n e s s  under v a r io u s  lo a d s .  A m eta l b lank  o f  known th ic k n e ss  

i s  re q u ire d  f o r  c a l i b r a t in g  th e  d i a l  gage.

(d ) Loading D evice» —  A dev ice  fo r  ap p ly ing  c o n s ta n t s t a t i c  

lo ad s  to  th e  co n so lid o m ete r.

(e ) B a lan c e . — A ba lan ce  f o r  w eighing  th e  s o i l  sample to  

an accu racy  o f  0 .1  p e rc e n t .

( f )  Oven. —  An oven f o r  d ry in g  th e  s o i l  sam ples a t  110C(230F).
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Sample

3 ( a ) .  The sample s h a l l  be c u t from  th e  b lo c k  o f  s o i l  as d e sc rib e d  

in  p a ra g rap h  (b ) ,  and p la c e d  in  th e  co n so lid o m ete r r in g  so as to  p re se rv e  

i t s  m o is tu re  c o n te n t ,  d e n s i ty ,  and s t r u c tu r e .

(b) In  an atm osphere o f  95 p e rc e n t h u m id ity , th e  b lo ck  o f s o i l  s h a l l  

be c u t  somewhat l a r g e r  th a n  th e  f i n a l  sample w ith  one p lane  fa c e  perpen­

d ic u la r  to  th e  d i r e c t io n  in  w hich th e  lo a d  i s  to  be a p p lie d . The l i g h t l y  

g rea sed  c u t t in g  r in g  s h a l l  be p la ce d  on th e  o p p o s ite  face  and fo rce d  down 

g ra d u a lly  w h ile  th e  ex cess  m a te r ia l  i s  trimmed from  the  o u ts id e  to  m inim ize 

th e  p re s s u re  re q u ire d  on th e  r i n g .  When th e  r in g  i s  f u l l ,  th e  ex cess  s o i l  

above s h a l l  be removed w ith  a  p ian o  w ire  saw and th e  su rfa c e  tru e d  w ith  a  

s t r a ig h te d g e .  The co n so lid o m ete r r in g  s h a l l  be jkaced on a  smooth s u r fa c e , 

th e  c u t t in g  r in g  in v e r te d  over i t  and th e  sample fo rce d  in to  i t  w ith  a  

u n ifo rm  p r e s s u r e .  The second fa c e  s h a l l  be trimmed and th e  w eight o f  th e  

s o i l  sample p lu s  th e  r in g  d e te rm in ed . This t o t a l  w eigh t minus th e  w eigh t 

o f  th e  r in g  p re v io u s ly  determ ined  eq u a ls  th e  w et w e ig h t o f  th e  sam ple.

The co n so lid o m ete r s h a l l  be assem bled aroung th e  conso lidom eter r in g  as 

shown in  f ig u r e  2 ,  and th e  d i a l  gage read  to  determ ine  the  i n i t i a l  th ic k ­

n e ss  o f  th e  sample (N o te ) .

N o te .— The gage s h a l l  be c a l ib r a t e d  by ta k in g  re a d in g s  w ith  v a r io u s  

lo a d s  on a m e ta l b lan k  o f  known th ic k n e s s  in  p la c e  o f  th e  sam ples.
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Proceciure

4 ( a ) .  The lo a d in g  s h a l l  be s e le c te d  to  in c lu d e  th e  s t r e s s  changes 

a n t ic ip a te d  in  th e  m a te r ia l  re p re se n te d  by th e  sam ple. A ty p ic a l  s e r ie s  o f 

p re s s u re s  to  be a p p lie d  c o n se c u tiv e ly  to  th e  sample s h a l l  be 500, 100Q,

2000, 4000, 8000, 16000, 4000, 2000, 1000, 500 l b .  p e r  sq . f t .  U nless 

o th e rw ise  s p e c i f ie d ,  th e  sample s h a l l  be immersed in  w a te r  when th e  f i r s t  

p re s s u re  in c rem en t i s  a p p lie d . Each p re s su re  s h a l l  be m a in ta in ed  u n t i l  

th e  change in  th ic k n e s s  does n o t exceed 0 .0 1  p e rc e n t o f th e  th ic k n e ss  p e r  

h o u r. The f i n a l  th ic k n e s s  under each  lo a d  s h a l l  be re co rd ed . A f te r  th e  

a p p l ic a t io n  o f  each  lo a d  e x c e p t th e  f i r s t ,  th e  gage s h a l l  be read  a t 

0 .0 9 , 0 .2 5 , 0149* 1 , 4* 9 9 25., and 64 m inu tes  a f t e r  h a l f  th e  p re s su re  

in crem en t has been a p p lie d , th e  t o t a l  increm ent b e in g  a p p lie d  a t  a  uniform  

r a t e .

(b) A f te r  th e  l a s t  gage re a d in g , th e  sample s h a l l  be removed from 

th e  r i n g ,  d r ie d  t o  c o n s ta n t w e ig h t in  th e  over a t  110 C (230 F) and th e  

w e ig h t d e te rm in ed .

C a lc u la tio n s

5 ( a ) .  Values s h a l l  be c a lc u la te d  and ta b u la te d  from th e  fo llo w in g  

e q u a tio n s  s

I n i t i a l  m dsture c o n te n t , p e rc e n t = (^e t - -  1) x  100.a ry  w eigh t

o ven -d ry  w eigh t____________
I n i t i a l  o ven -d ry  d e n s i ty ,  l b .  p e r  cu. f t .  -  i n i t i a l  th ic k n e ss  x  a re a  o f  r in g
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R ed u c tio n  in  th ic k n e s s ,  p e rc e n t  =

_ f i n a l  th ic k n e s s  under lo a d v 
'  i n i t i a l  th ic k n e s s  '  x

C o n so lid a tio n , p e rc e n t  = ______ th ic k n e s s  change f o r  given tim e  .
t o t a l  th ic k n e ss  hhange fo r  g iven  increm ent

(b) Average t im e -c o n s o lid a t io n  d a ta  s h a l l  be c a lc u la te d  by  averag ing  

th e  p e rc e n ta g e s  o f  c o n s o lid a tio n  a t  a  g iven  tim e under th e  v a rio u s  p re s s u re s .

P lo t t in g

6 ( a ) . The s t r e s s - s t r a i n  r e la t io n s h ip  may be shown by p lo t t in g  th e  

p re s s u re s  as a b sc is sa s , to  a lo g a r ith m ic  s c a le  and th e  p e rcen tag e  re d u c tio n  

in  th ic k n e s s  as o rd in a te s  to  an a r i th m e tic  s c a le  p o s i t iv e  downward.

(b ) The tim e-con  s o l id a t io n  r e la t io n s h ip  may be shown by  p lo t t i n g  th e  

sq u are  ro o t  o f  tim e as a b s c is s a s  and th e  p e rcen tag e  c o n so lid a tio n  as 

o rd in a te s  in c re a s in g  downward.



Table 1
SOIL TEST RESULTS

LJU M .
Boring No.
Sample No.
Depth, feet

Borrow

2 - 8

[JI, LQX 
p i t

h i  p i n i^ L ie e r , 
2
2
4e>

2
5
*** /^  V

Per cent passing following; 
l]/2 in, sieve 
1 inch 
% inch 
% inch

No. 4 sieve 
No. 10 
No. 20 
No. 40 
No. 100 
No. 200

1 0 0

99

96

1 0 0

98

12

1 0 0

98

77

0.005 mm. 
0.Q02 mm. 
0.001 mm.

79

49

7

3 '

24

6

Ignition loss, per cent 
Liquid limit 
Plastic limit 
Plasticity index

7 8
56

?IF
i r

48
19

Shrunk density, pounds per cu. ft. 
Optimum moisture, % dry weight 
Maximum density, tb. per cu. ft. 
Loose density, lb. per cu. ft.

120
21

103

Consolidated shear strength, lb/sq. ft. 
Normal stress, lb/sq. ft.
Thickness reduction before shear, %

8 3 0  1630 
350 1000 
- 5 . 1  - 2 . 2

2300
2000

- 0 .8

Maximum stress difference in 
compression, lb/sq. ft. 

Lateral pressure, lb/sq. ft. 
Reduction in height at failure, %

5000
2 0 0 0

3 .6

9600
4000

3 .9

1200
0
9

1400
2000

o
C

Initial density, lb /  cu. ft. w et, 
Initial moisture, % dry weight

Tllnal m oistu re

126
23
31

12$
22
27'

128
22
24

1 2 0
21

121
^2

100
6 l

102
58

Cumulative % reduction in thickness 
for following loads:
0.04 kips per sq. ft.

.35 inundated
0 n

3 .5
1
2 
4

& 6  
#  . 04

o ;4
0 .6
0 .8
q .9
0 .6 '

6 .8
9 .8

1 2 .5
14-0
-S .5

Coef. of consolidation, ft. sq./day 
Corresponding pressure kips/sq. ft. 
Cpef. of permeability, ft. per day V  .

.045
2-4

c la y sand s i l t

EDW ARD S. BARBER 
Soils Engineer



Table —S o il pre«»\ur« function*

f  •f r i c t ion  ®o*f. !
( V W  - f )2j

VTi - 
1/ 17? - *

! % ’
; ( V i . f 2 .  r )2

I VTp -
\ Vl +f* 4 t

0 11.000 1 1.000 «» 1.000 I 1.000.06 0.906 > 0.961 i 1.106 t 1.061•10 .819 i •906 t 1.221 * 1.106• 16 •742 : .861 t 1.548 t 1.161•60 .672 , .820 i 1.488 t 1.221•66 .610 i .781 : 1.640 t 1.281
•80 i.654 i .744 ii 1.806 i 1.644•36 .605 , .710 i 1.987 i 1.410•40 .458 t .677 j 2.182 i 1.477•46 .418 i .647 i 2.592 i 1.647 *•30 .582 t .618 t 2.618 » 1.616
•69 .560 i .691 1» 2.660 t 1.691•60 .521 « * 566 i 5.117 i 1.766•65 .294 •645 j 3.596 ) 1*645•70 .271 . .621 t 5*689 i 1.921•T9 .250 i .600 i 4.000 t 2.000
• 80

t
.251 i .481 tt 4.529 i 2.081.86 .214 t .462 i 4.676 i 2.162•90 .198 i .446 : 5.042 t 2*245

•96 .184 t .429 t 5.426 i 2*329
1*00 .172 * .414 » 6.828 t 2.414



Table 3 — C a lc u la tio n  o f  s a f e ty  f a c to r  a g a in s t  r o ta t io n  
about p o in t  0 , f ig u r e  17.

R adius o f a r c ,  R -70, maximum f o r  assumed c e n te r  
R o ta tin g  moment -  174 x  35 -  14- 5 x  75 -  5010 k ip - f e e t

L -  le n g th  o f  a rc  
W -  t o t a l  w e ig h t o f  any s l i c e  
c -  cohesion  o f  s o i l  
f  -  c o e f f ic ie n t  o f  f r i c t i o n

Arc f x W x V  c x L x R

AB .8x1x16 -  10 .7x11x70 -  540

BC .66x17x32 -  360
.66x10x34 -  220

Cm    * .65x134x70 -  6100

W  .66x10x34 -  220

T o ta l 810 p lu s  6640 -  7450 k ip - f e e t

S a fe ty  f a c to r  -  7450 -  1 .4 8  
5010



T a b l e ^ , —  B earing  c a p a c i ty  f a o to r s  f o r  sh a llo w  r e c ta n g u la r  fTiorhingtt

( Length*L)

—  Width,

B earing  o e p a o ity  
p re s s u re *  q

\ A sX J J l s J U L

D ep th . D

_ i  _ _
^  K

E f f e c t iv e  s h e e r  r e s i s t a n c e ,  e * c+fiy ^
x  /  * \

\  - e - '  /  \\  N

/
Unit w eight ■ w

/
/

/✓

/ ^ ------

q -  (1  ♦ .3®) cFq ♦ t̂ JFd ♦ (1  -  ,2-jr) wBFB

F r ic t io n  
o o e f . ,  f

»♦
**
••

Bearing ca p a c ity  fa c to r s
Fc FD Fe

0 : 6 .7 1 .0 0 .0
.05 6 .6 1*3 0 . 0
.1 * 7 .6 1 .8 0 .1
.16 i 8 .9 2 .3 0 .2
.2 : 10 .4 3 .1 0 .5 5
.25 4 12 .1 4.0' 0 .6

.5 4 14 5 .3 1 .0

.36 4 17 7 .0 1 .6

.4 : 20 9 .0 2-5

.45 j 24 11 .7 3 .7

. 6 •4 28 16*1 5 .6

.55 J 34 20 8

.6 J 40 25 11

.66 1 46 3? 16

.7 t 68 41 22

.76 J 69 53 31

.8 ; 83 68 44

.85 t 100 ee 62

.9 : 120 109 85

.95 : 143 137 l i e
1.0.0 i 172 173 160



T a b le d  A ctive e a r th  p ressu re  fa c to r# fb r  oohesionless m a te r ia l.

Y
w a l l ;

SLIDING PLANE 

w « u n it  w eight
(t> •  angle o f  in te r n a l  f r i c t i o n  

PA * K -  T ota l load

■ 1.1 ■■ J ...
• 4 0 * 4 0 I -4> 0 * -* 0 4

(j) * 15 26 65 45
p *:< 

•
Z m Values oT'K

•
-1 0 : -10 .93 •48 .40 .84 .32 .26 .73 .19 .16 .59 .10 .09
-1 0 : . 0 .9.6 .63 .45 .90 .37 .32 .82 .25 .22 .70 .17 .15

0 :• -60 1 .03 .23 .15 .35 .02 .01 - - — _ —
0 : -50 .68 .40 .26 .63 .09 •06 .21 .01 .01 -
0 : -40 .98 .41 .30 .71 .17 .11 .44 .05 .04 .15 .004 .003
0 : -30 .94 .46 .36 .76 .23 .17 .56 .10 .07 .35 .03 .02
0 : -20 .87 .50 .40 .75 .28 .22 .61 .15 .12 .45 .07 .06
0 : -10 .97 .54 .45 ’ .91 .34 .28 .82 .21 .18 .71 .12 .11
0 : . 0 .97 .59 .52 .91 .41 .36 .82 .27 .25 ,71 .17 .18
0 : 10 1 .03 .66 .60 .99 .48 .44 .93 .35 .34 .84 .24 .27
0 : 20 1 .1 3 .74 .69 1.13 .57 .56 1.09 .43 .46 1.04 .32 .40
0 : 40 1 .5 4 1 .03 1 .0 4 , , 1 .64 .86 .94 1.69 .73 .95 1.70 .59 .99
0 : 60: 2 .8 2 1 .7 7 1 .97 1 3 .27 1.58 2 .0 3 3 .62 1.42 1.95 3.86 1.27 1 .58

10 : -10 • 93 •64 .57 .85 .39 .33 .73 .23 .20 .65 .13 .12
10 : 0 .97 .71 .66 .91 .46 .42 .82 .30 .29 .71 .19 .19
30 : -20 - - - - - - .65 .24 .20 .48 .09 .08
30 : -10 - - - - - - .73 .34 .32 .59 .15 .15
30 : 0 - - - - - - .82 .43 .46 .71 .24 .26
30 : 10 - - - - - .94 .57 .67 .85 .34 .42
30 : 20 - - - - - - 1.10 .75 .99 1.03 .48 .69

Values of Cot v
-10: -10 .18 ♦78 .96 .18 .69 .83 .18 .59 .70 .18 .49 .57
-10: 0 0 .62 .83 0 .56 .73 0 .48 .61 0 .40 .49
0 : -60 1 .73 2 .41 2 .4 8 1.73 1.92 1 .93 - - — _

0 : -50 1 .19 1 .7 7 1.96 1.19 1.57 1.59 1.19 1.30 1.31 —

0 : -40 .84 1 .57 1.71 .84 1 .30 1.36 .84 1.09 1.11 .84 .92 .92
0 : -30 .58 1 .30 1 .47 .58 1.09 1 .1 8 .58 .92 .96 .58 .76 .78
0 : -20 .36 1.09 1.27 .36 .92 1.02 .36 .77 .83 .36 .64 .67
0 : -10 .18 .92 1.13 .18 .76 .91 .18 ' .64 .72 .18 ,52 .57
0 : 0 .00 .77 1 .0 0 .00 .64 .80 .00 .52 .63 .00 .42 .50
0 s 10 - .1 8 .63 .90 - .1 8 .53 .73 - .1 8 .42 .58 - .1 8 .31 .45
0 : 20 - .3 6 .52 .82 - .3 6 .41 .67 - .3 6 .32 .57 k -  .36 .22 .41
0 : 40 - .8 4 .31 .76 - .8 4 .22 .66 - .8 4 .12 .57 -  .84 .03 .48
0 : 60 -1 .7 3 .11 .99 -1 .73 , .03 .98 -1 .7 3 - .0 5 .74 -1 .7 3 - .1 4 . 3o

10 : -1 0 .18 . 1 .25 1 .55 .18 .87 1.00 .18 .68 .77 .18 .53 .60
10 : 0 .00 1 .14 1 .44 .00 .75 .92 .00 .57 .69 .OG .43 .52
30 : -20 - ' - - - - - .36 .95 1.02 .36 .68 .72
30 : -1 0 : -_ - - - - .18 .90 .98 .18 .60 .66
30 : 0 ► - — - - - .00 .83 .94 .00 .52 .60
30 : 10 - tm - - - - - .1 8 .78 .94 - .1 8 .46 .58
30 * 20: - ■ . — • - - .3 6 .74 .93 - .3 6 .40 .58

H. Krey



Table b  -  Earth pressure f a c to r s  fo r  c o h e s io n le s s  m a ter ia l  -  n e g a t iv e  
surcharge -  v e r t i c a l  w a ll  -  zero  w a ll  f r i c t i o n .

15 20 2-5 30 ' 35 40 45
K fo r a c t iv e pressure

0 0*59 0 .4 9 0 .4 1 0 .3 3 0 .2 7 0 .22 0 .17

-5 « 55 .46 .38 o32 .26 .21 .165

-10 .53 .44 .37 .30 .25 .20 .16

-15 .50 .42 .35 .29 .24 .20 .155

-20 - .40 .34 .28 . .23 .19 .15

-25 - - .32 .27 .22 .18 .145

-30 - - - .26 .21 .18 .14

-35 - - - - .20 .17 .135

-40 - - - - - .16 .15

-45 - - - - .125

K fo r  p a ss iv e  pressure

0 . 1.70 2 .04 2 .46 3 .00 3.69 4 .6 0 5.83

-5
>

1 .50 1.79 2.14 2 ,58 3.12 3 .83 4 .75

-1 0 1.30 1.55 1.85 2.20 2.64 3.19 3 .9 0

-15 0 .9 3 1.30 1 .60 1.87 2.22 2.66 3 .20

-2C i 0 .8 8 1.28 1.55 1.85 2 .2 0 2.63

-25 : - 0 .82 1.23 1.50 1.80 2.14

-30 - - 0 .75 1.16 1 .43 1.91

-35 - - - - 0 . 6 7 1.08 1.33

- 4 0
j

- - - - 0 .5 9 0 .97

- 4 5 . - - - -  • - 0 .5 0



Table 7 «— E ffoct of boundaries cn t i ; . e o n s n  1 11 . -a ,*.Oil ♦

.P re s s u re  Wt dr&lnAge ’ 
d iv id e d  by 

ip re s  su re  a t  im pervious

fa  co Degree o f cons o l jd a t  icn

face 0*1 0*2 0 .3 0*4 0.5 0(6 0.7  , 0 .3 0*9
Aimo f i c t o r , ’T - cvt

■ “I F

o' 0 .049 0 ,100 0.154 0.217 0.29 0 .38 0 .50 0.66 0 * 8 $

0 .2 .027 .073 ,126 .196 .26 .35 .46 .63 ' 292"

0*4 m e . .056 .106 .164 .24 .33 .44 .60 .90

0*6? ; .012 .042 .092 .148 .22 .31 .42 .58 , : ,88.

oib .010 .036 .079 . 134 . 2 0 9 A— *3 «41 .57 • 86

1*0 .008 .031 .071 .126 .20 .29 .40 . 56 .85

1.5 .006 .024 .058 .107 .17 ’ .26 .38 .54 .83

2 .005 .019 .050 .095 .16 .24 .36 .52 .81

3 .004 .016 .041 .082 .14 .22 .34 , 50 .79

5 * .003 .013 .034 .069 .12 * c.0 .32 .48 .77

10
0

.003 .011 .028 .060 . n ,18 .30 .46. .75

I n f in i t e
*0

.002 ,009 .024 ,C48 .09 .16 .28 .44 .73

Two d ra in ag e  faces
t

. m■ * *002 , .008 ' .018 .031 .05 .07 .10 .14 .21

W ell d iam eter 
Eff eo tivo  speeing

0 .01

0*025

0.1

0 . 2

Time f a c to r .

V104 ,167 .24

ot
D2

t M z  ' .075 .124 .180
i
* .014. .037 -064 .006

V .006 .019 .035 .054

.35

.25

.132

.077

.44

.33

.178

.105

.58

.44

.24

.14

.78

.58

.32

.19

1*10

.88 

.4 4

i CD



Table -  Properties o f A lluvial Clays

P r o je c t :

Old Bound- B ridge 8 
a ry  Channel Pentagon 

B ridge  Network
New 1 4 th

Layer 1 2 3 Average Upper Lower Lower

% P a s s in g
#10 s ie v e 100 100 100 100 74 99 100
#40 s ie v e 99 94 98 99 72 97 87
#200 s ie v e * 88 70 75 85 59 65 71

•005 mm* ~ 47 25 45 30 27 22 32

L iq u id  L im it 56 120 33 51 61 23 58

P l a s t i c  L im it 18 24 16 13 13 6 26

C o e f f ic ie n t  o f  
C o n so lid a tio n  9 
f t .  s q . /d a y .14 *24 .10 .28 .17 •46 .0 4

Coispre s s i b i l i t y
s q . f t . / k i p  .043 .090 .009 .043 .030 .006 .015



Table f . -  Time-Consolidation of Three Layer System

C o e f f ic ie n t S e ttle m e n t
T h ick n ess , Com pressi­ o f  C o n so li-  MH IL, under 4 .3  k i p s / s q . f t .

Lssrer h b i l i t y ,  m. d a t i o n , c me (.4 3  mH)
F e e t S q . f t . / k i p F t .^  p e r  day F ee t

1 3 .0434 *14 .130 490 0 .5 6

2 5 .0902 .24 .451 230 1*94

3 5 .0088 .105 • 044 5410 0.19

T o ta l 13 .625 6130 2.69



Table 10 -  Readings o f P re s su re  C e lls  on W est S ide o f W est P ie r  o f 
Boundary Channel B ridge a t  N orth  End Of Columbia I s la n d , D. C.

P re s su re  , pounds p e r  square  in ch
D epth

F e e t
N orth  s e t  

Ju n eT46 F e b .147 A u g .'48
S outh  s e t  

Ju n e T 46 F e b . ’47 A u g .’48

8 4 .8 6 .0 7 .3 6 .0 7 .0 7 .8

16 1 0 .0 1 4 -0 1 1 .0 — 15 .0 ---------

24 1 2 .0 1 1 .0 1 2 .0 11 .2 11 .5 1 1 .8



Table / / .  -  C o n so lid a tio n  P r o p e r t ie s  of Cl 
a t  Boundary Channel B ridge

C o e f f ic ie n t  o f 1
Sample C o n so lid a tio n , c C o m p re ss ib ility , m cm

F e e t^  /d a y Sq. f t .  p e r  k ip

3A .35 .049 58
3B .03 .059 566
4 .28 •O46 78
5 .07 .033 430
6 .14 •046 155

11 .08 .050 250
12 1 .020 50

T o ta l 7 1 .95 .303 1587
Average .28 .043 229

~  0.10 
f t  /d ay

W eighted average v e r t i c a l  c «  --------------------1—  -  —r-=----
& Av. m x av gjjj. .043 x 229



TRIPOD

TUBMOTOR DRIVEN 
CANTILEVERED SPOOL

CASING

'HOLLOW 
! DRILL ROD

SM ITH S BORING 
#  6

WAREHOUSE

N

PLAN

# 6

WATER 
24 HRS,

10.3'

18 9*
LOST WATER 

23.2'

RIG

33.4-

372-

LOOSE
FINE

BROWN 5

SAND

SOFT
GREY 3

ORGANIC
SILT

DENSE COARSE
30GREY SAND

STIFF RED
SILTY CLAY,

12
SOME SAND,

SILT PARTINGS

DECOMPOSED
ROCK 42

^N Q  BLOWS 1 4 0 *  
DROPT 30", FOR 
12" PENETRATION 
OF SPOON 2"0.D,
I - 3 / 8 "  I. D,

LOG

/ 7 £ / - T Y P I C A L  b o r i n g



TIGHTLY
CLOSED

/
PROJECT 

LOCATION 
SAMPLE NO.

DAMP PROOF 
TAG INSIDE

IDENTIFICATION 
SCRATCHED ON

DISTURBED
SOIL

DUST TIGHT
BAG CLASSIFICATION 

SAMPLE

SCREW CAP 
WITH 

^G A SK E T

IMPERVIOUS
CAPJV

TAPED a  
PARAFFINED

IMPERVIOUS 

RIGID T U B E ^

SOIL 
C O R E 's J s J

IDENTIFICATION
PAINTED ON

BAG SAMPLE JAR SAMPLE TUBE SAMPLE

/ % ^ - S O I L  S A M P L E S



•DRILL
ROD

,CHECK 
VALVE

SPLIT
TUBE

LINER

SHOE

THRUST
BEARING

ROTARY
CUTTER

SAMPLER

SEAMLESS
STEEL

TUBING.

'TURNED IN 
ONE PERCENT

LINER ROTARY SHELBY TUBE PISTON

PISTON
ROD

^gJU N D ISTU RBED  SOIL SAMPLERS



/■yr-i i

f t

^  Ni

rl

o
^  ^  ^  ^  

— S*S&A/ >*2/M-£ A f/



f  BORING N O . 3 0  B O R I N G  NO,  A

- O B O R I N G  NO P.

P L A NB O R I N G  NO

S O F T  S  I L T 3 0

C L A Y  F I L L  2 0

20 *S A N D

1 0 '  R O C K  —
£ L £ £  _ _ J ______________________   ^ _... ______

C R O S S  S E C T I O N

7*=:

DATUM

6  K I P S  
PER FO OT

S A N D CLAT

O RI GI NA L G R O U N D

G R O U N D  W A T E f .

L O N G I T U D I N A L  S E C T I O N

FIGURE'5 ” -  F ILL A NO ABUTMENT S T A B * L U Y  PROBLEM



BORING NO 3 
Q .6 Q .0 — Sn

M O IS T U R E  CONTENT -  P E R C E N T  OF ORY W E IG H T

10

£{20U1
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I
X
fc
U 3 0

4 0

5 0

MEDIUM
SAND

S O F T  
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ORGANIC
SILT-*! ‘
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00
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i t<
>
Ui
-J

XL
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8 020 6 0
6 0

URAL MOISTURENA

5 0

4 0

COM PRESSIVE 
STR EN G TH  <

LIQUID
LIMIT—4

20

NATURAL
MOISTURE

I0 () g  3  A
COM PRESSIVE STREN G TH  -  KIPS PE R  SQUARE FOOT

F I G U R E  i  -  T Y P I C A L  B O R I N G
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Z E R O  A I R  V O I D 5  FOR  
S P E C I F I C  GRAVITY - 2 . 7 0

DENS IT Y AFTER DRYING—^
AVERAGE v 
L O C U S  OF \
O P T I M U M S — A

/ - D E N S I T Y  IN CUT
C O M P A C T I O N
T E S T  R E S U L T S S P E C I F I E D  F I L L  

D E N S I T Y

\ vt o o

O 1 0  2 0  3 0  4 0  5 0
M O I S T U R E  C O N T E N T  -  P E R C E N T  OP ORY W E I G H T

FIGURE 7 -  M O ISTU R E -  DENSITY R E L A T IO N S
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5  10 15 2 0  2 5
MOISTURE CONTENT,77?-  PERCENT OF DRY WEIGHT

E X A M P L E : -  GIVEN 772=17 ,  W0 = m ,  G=2J0  ( P O I N T o ) .  THEN,  7 7 ^ = 1 2 4  AND BY
INTERPOLATION BE T WE EN  0  AND 10 % AIR VOIDS CURVES,  CL = 8 ;  0 %AIR VOIDS CURVE GIVES  
a  =37.2, £ > = 0 . 5 9  AND FOR SATURATION AT CONSTANT 7 7 ^ ,  772 =  2 2 ,  7 ^ = 1 2 9 ;
FOR SATURATION AT CONSTANT 772, W0= 115 .6 ,  7 2 7 = 1 3 5 ,  2 / = 3 l . 5 ,  6? =  . 4 6

FIGURE 8  -  CHART OF S 0 L I D S - W A T E R - V 0 I D S  R E L AT I O N S  'OF SOIL M A S S E S .
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^
FIR M  STRATU M

■w= Ef f e c t i v e  u n i t  w e i g h t

c  = C O H E S IO N
f  = F R IC T IO N  C O E F F IC IE N T
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