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SYNOPSIS T h is  p a p e r d e s c r ib e s  th e  use o f  s p e c ia l  t e s t  m ethods u t i l i z i n g  an a ncho red  t i e  back 
sys tem  f o r  th e  p e rfo rm a n c e  o f  v e r t i c a l  lo a d  t e s t s  up to  1750 m e t r ic  to n s  on 60 m e te r lo n g ,
1 .0 0  m e te r d ia m e te r  r e in fo r c e d  c o n c re te  p i l e s  c o n s t ru c te d  f o r  th e  fo u n d a t io n s  o f  th e  P r e s i-  
d en te  C osta  e S i lv a  B r id g e  ( R io - N i t e r o i  B r id g e )  a c ro s s  Guanabara Bay in  B r a z i l .  A ls o  de ­
s c r ib e d  i s  a 100 to n  h o r iz o n ta l  lo a d  t e s t  p e rfo rm e d  on two s im i la r  ty p e  fo u n d a t io n  p i l e s  w ith  
th e  r e s u l t i n g  l a t e r a l  d e f le c t io n s  m easured w it h  d e p th  by means o f  s lo p e  in d ic a t o r  e q u ip m e n t. 
The p a p e r p re s e n ts  a b r i e f  d e s c r ip t io n  o f  th e  s u b s u r fa c e  c o n d it io n s  a c ro s s  th e  B a y ,th e  c h a ra c ­
t e r i s t i c s  o f  th e  p i l e s  te s te d ,a  d e s c r ip t io n  o f  th e  t e s t in g  a p p a ra tu s , th e  f i e l d  r e s u l t s  o b ta in ­
e d , an a n a ly s is  o f  th e  d e te r m in a t io n  o f  th e  h o r iz o n ta l  s o i l  m odu lus fa c to r s  and a com parison  
o f  th e  m easured l a t e r a l  d e f le c t io n s  be low  th e  mud l in e  w i t h  th o se  com puted by e la s t i c  methods 
assum ing a h o r iz o n ta l  s o i l  m odulus v a ry in g  l i n e a r l y  w it h  d e p th .

SUBSURFACE CONDITIONS AND TYPE FOUNDATIONS VERTICAL LOAD TEST METHODS AND RESULTS

The t y p i c a l  s u b s u r fa c e  p r o f i l e  a c ro s s  th e  
Bay o f  Guanabara b a s ic a l ly  c o n s is ts  o f  a 
h ig h ly  i r r e g u la r  s u r fa c e  b i o t i t e  g n e is s  
o v e r la in  by d is c o n t in u o u s  s e d im e n ta ry  s t r a t a  
v a r y in g  fro m  v e ry  s o f t  o rg a n ic  c la y e y  s i l t s  
t o  s t i f f  c la y s  and lo o s e  to  v e ry  com pact 
sands and g ra v e ls  in c r e a s in g  in  d e n s i ty  w ith  
d e p th . The u p p e r p o r t io n  o f  th e  g n e is s  
b e d ro c k  e x h ib i t s  v a r io u s  t r a n s i t io n  zones 
o f  d e c o m p o s it io n  g r a d u a l ly  a l t e r i n g  fro m  a 
com pact r e s id u a l  s o i l  d e r iv e d  fro m  th e  
p a re n t b e d ro c k  to  f r a c tu r e d  and u l t im a t e ly  
sound ro c k  e n c o u n te re d  a t  d e p th s  v a ry in g  
fro m  15 t o  70 m e te rs . The d e p th  o f  w a te r  
a c ro s s  th e  Bay v a r ie s  fro m  a minimum o f  6 
m e te rs  a t  th e  R io  sh o re  to  2 3 m e te rs  in  th e  
a re a  o f  th e  m ain n a v ig a t io n a l  spans.

The 1 .6  m e te r d ia m e te r  fo u n d a t io n  p i l e s  sub ­
je c te d  to  lo a d  t e s ts  c o n s is te d  o f  tw o ty p e s . 
Type A c o n s is ts  o f  a c a s t in  p la c e  r e in f o r c ­
ed c o n c re te  u n i t  e x te n d in g  down to  th e  to p  
o f  decomposed ro c k  fo l lo w e d  by an e x te r n a l  
c o n c re te  p lu g  s o c k e te d  in t o  r o c k .  The Type 
B u n i t  c o n s is ts  o f  a c a s t in  p la c e  r e in f o r c ­
ed c o n c re te  p i l e  s u p p o r te d  on 5 -1 2 "  H 
(150 k g /m ) s te e l  s e c t io n s  p r e v io u s ly  d r iv e n  
to  th e  to p  o f  decomposed ro c k  and e x te n d in g  
up to  th e  to p  o f  th e  p i l e .  B o th  ty p e  p i le s  
in c o rp o ra te d  th e  use o f  a perm anent 10 mm 
t h i c k  s te e l  s h e l l  and a l l  c o n c re t in g  was 
p e rfo rm e d  by use o f  t re m ie  m ethods. The 
d e s ig n  w o rk in g  lo a d  f o r  th e s e  fo u n d a t io n  
p i l e s  v a r ie d  fro m  650 to  1000 m e t r ic  to n s  

d ep e n d in g  on th e  lo a d in g  c o n d i t io n s .

A lo n g  th e  p o r t io n  o f  th e  b r id g e  c ro s s in g  th e  
Bay a t o t a l  o f  5 v e r t i c a l  and 12 h o r iz o n ta l  
lo a d  t e s t s  w ere p e r fo rm e d .T h is  p ap e r r e p o r ts  
th e  r e s u l t s  o f  2 o f  th e  v e r t i c a l  and 1 o f  th e  
h o r iz o n ta l  t e s t s .

1000 Ton V e r t i c a l  Load T e s t

T h is  lo a d  t e s t  was p e rfo rm e d  in  th e  a re a  o f  
th e  m ain n a v ig a t io n  spans ( P ie r  99) on a 
r e p r e s e n ta t iv e  Type A p i l e  as d e s c r ib e d  
above . The t o t a l  fo u n d a t io n  f o r  t h i s  p ie r  
c o n s is te d  o f  32 such p i l e s .  The p h y s ic a l  
sys tem  used in  a c c o m p lis h in g  th e  lo a d  t e s t  
c o n s is te d  b a s ic a l ly  in  th e  ja c k in g  o f  th e  
t e s t  p i l e  a g a in s t  a p r e - c a s t  c o n c re te  re a c ­
t i o n  b lo c k  by means o f  4 h y d r a u l ic  ja c k s .
The r e a c t io n  lo a d s  to  be a p p l ie d  t o  th e  t e s t  
p i l e  w ere p ro v id e d  th ro u g h  a s e r ie s  o f  20 
g roups  o f  12-0  mm t i e  back  c a b le s  w h ich  were 
f i x e d  to  th e  to p  o f  th e  r e a c t io n  b lo c k ,  
e x te n d in g  a lo n g  th e  e n t i r e  le n g th  o f  th e  
t e s t  p i l e  and u l t im a t e ly  a nch o re d  in t o  th e  
u n d e r ly in g  b e d ro ck  m a te r ia l  by g r o u t in g .  
R e fe r to  F ig .  la .

A lth o u g h  t h e o r e t ic a l  c o n s id e ra t io n s  and p re ­
v io u s  f i e l d  e x p e r ie n c e  in d ic a te d  t h a t  th e  
in f lu e n c e  o f  th e  a n c h o r lo a d s  on th e  s e t t l e ­
ment b e h a v io r  o f  th e  t e s t  p i l e  d u r in g  th e  
t e s t  was n e g l ig ib le ,  i t  was n e v e r th e le s s  
d e c id e d  to  i s o la t e  th e  c a b le s  by w ra p p in g  

them  i n  p la s t i c  ta p e  down to  a d is ta n c e  o f  
a p p ro x im a te ly  6 .5  m e te rs  be low  th e  p i l e  t i p  
e le v a t io n .  Below t h i s  l e v e l  th e  u nco a te d  
c a b le s  were p re s s u re  g ro u te d  to  a d e p th  o f  
a p p ro x im a te ly  15 m e te rs .E a c h  s e t  o f  th e  t i e
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b ack  c a b le s  was p r e - t e s te d  up to  1 .2  t im e s  
th e  maximum lo a d  to  be a p p l ie d  d u r in g  th e  
t e s t .  The r e s u l t i n g  to p  o f  p i l e  movements 
was m easured by th e  use o f  e x te n s o m e te rs  w ith  
an a c c u ra c y  o f  0 .0 1  mm. F o r s a fe ty  p u rposes  
th e  e lo n g a t io n  o f  th e  t i e  b ack  c a b le s  was 
a ls o  m o n ito re d . A s p e c ia l  " t e l l  t a l e "  d e v ic e  
was a ls o  in s t a l l e d  to  m o n ito r  th e  d e fo r ­
m a tio n  a t  th e  t i p  o f  th e  t e s t  p i l e  u s in g  a 
f ix e d  w o rk in g  p la t f o r m  as a r e fe re n c e .  The 
to p  o f  p i l e  s e t t le m e n t  r e s u l t s  o b ta in e d . 
d u r in g  th e  lo a d  t e s t  a re  shown in  F ig .  l c .

17 50 Ton V e r t i c a l  Load T e s t

T h is  lo a d  t e s t  was p e rfo rm e d  a t  P ie r  56 on a 
r e p r e s e n ta t iv e  Type B p i le .T h e  t e s t  p i l e  was 
one o f  12 such p i l e s  w h ic h  fo rm ed th e  fo u n d ­
a t io n  u n i t  a t  t h i s  p ie r .A s  shown i n  F ig .  l b  
and f o r  p u rp o se s  o f  th e  t e s t , t h e  p i l e  was 
f r e e  o f  th e  fo o t in g  b lo c k .  The t e s t  lo a d s  
were a p p l ie d  by means o f  6 h y d r a u l ic  ja c k s  
r e a c t in g  a g a in s t  a p r e - c a s t  c o n c re te  re a c ­
t i o n  b lo c k  a n c h o re d  t o  th e  e x is t in g  p ie r  
fo o t in g  b lo c k .  The to p  o f  p i l e  s e t t le m e n ts  
w ere m easured by means o f  e x te n s o m e te rs  w ith  
an a c c u ra c y  o f  0.01mm u s in g  th e  fo o t in g  
b lo c k  as a f ix e d  re fe r e n c e .  I n  a d d i t io n ,  
any movement o f  th e  b lo c k  i t s e l f  was m o n ito r ­
ed w it h  re fe re n c e  to  an in d e p e n d e n t bench 
m ark w h ic h  was d e e p ly  a nch o re d  in  th e  u n d e r­
l y in g  b e d ro c k . The r e s u l t s  o f  t h i s  lo a d  t e s t  
a re  in d ic a te d  in  F ig .  l c .

100 TON HORIZONTAL LOAD TEST

In  an a tte m p t t o  d e te rm in e  th e  in - p la c e  
h o r iz o n ta l  s o i l  m odu lus fa c to r s  so as to  
b e t t e r  e v a lu a te  th e  p i l e  fo u n d a t io n  b e h a v io r  
f o r  th e  c r i t i c a l  d e s ig n  c o n d i t io n  o f  h o r i ­
z o n ta l  fo r c e s  r e s u l t i n g  fro m  p o s s ib le  s h ip  
im p a c t a g a in s t  th e  c o m p le te d  b r id g e  p ie r s , a  
10 0 to n  h o r iz o n ta l  lo a d  t e s t  was p e rfo rm e d  
on a r e p r e s e n ta t iv e  Type A p i l e  s p e c ia l ly  
c o n s t ru c te d  in  th e  a re a  o f  th e  m a in  n a v ig a ­
t i o n a l  sp an s . S p e c ia l in c l in o m e te r  i n s t r u ­
m e n ta t io n  in s t a l l e d  w i t h in  th e  c o n s t ru c te d  
p i l e  e na b led  th e  d i r e c t  m easurem ent o f  p i l e  
d e f le c t io n s  w i t h  d e p th  u n d e r th e  v a r io u s  
lo a d  in c re m e n ts .

T e s t M ethods

The h o r iz o n ta l  t e s t  lo a d s  w ere a p p l ie d  to  
th e  t e s t  p i l e s  in  in c re m e n ts  by means o f  
tw o  F re y s s in e t  ja c k s  m ounted on one p i l é  
and s t r e s s in g  a c a b le  c o n s is t in g  o f  1 2 -1 2 .7  
mm d ia m e te r  s t e e l  s tra n d s  such t h a t  th e  two 
t e s t  p i l e s  spaced a p p ro x im a te ly  10 m e te rs  
a p a r t  w ere draw n to w a rd s  each o th e r .  The 
lo a d in g  sequence u t i l i z e d  was 1 5 , 2 3 , 31,
48 , 57 , 6 9 , 7 5 , 8 7 , 93 and 100 m e t r ic  to n s .  
A l l  lo a d in g  and u n lo a d in g  s ta g e s  were 
i n i t i a t e d  o n ly  a f t e r  th e  m easured d e f le c t io n s  
u n d e r th e  p re v io u s  in c re m e n t had s t a b i l i z e d .

1000 TON LOAD TEST 1750 TON LOAD TEST
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D e f le c t io n s  a lo n g  th e  le n g th  o f  th e  t e s t  
p i l e s  d u r in g  t e s t in g  w ere o b ta in e d  f o r  a l l  
lo a d  and u n lo a d  in c re m e n ts  a t  d e p th  in t e r v a ls  
o f  1 .5  m e te rs  a lo n g  th e  le n g th  o f  th e  t e s t  
p i l e s  b o th  above and be lo w  th e  mud l i n e .  The 
i n d iv id u a l  to p  o f  p i l e  d e f le c t io n s  were a ls o  
m o n ito re d  b y  th e o d o l i t e  re a d in g s  on g ra d u a t­
ed f i x e d  beams e x te n d in g  o u t  fro m  each o f  
th e  t e s t  p i l e s .  I n  a d d i t io n ,  th e  c u m u la t iv e  
to p  d e f le c t io n  o f  th e  p i l e s  was g r a p h ic a l l y  
re c o rd e d  on an o s c ilo g ra p h  i n s t a l l e d  on to p  
o f  one o f  th e  t e s t  p i l e s .

F ig u re  2 i l l u s t r a t e s  th e  t y p i c a l  t e s t  s e t  up, 
th e  s lo p e  in d ic a t o r  d e f le c t io n s  c u rv e s  f o r  
th e  t e s t  p i l e s  and th e  s o i l  p r o f i l e  i n  th e  
c r i t i c a l  a re a  be low  th e  mud l i n e .  As in d i c a t ­
e d , th e  s o i l  s u r ro u n d in g  th e  t e s t  p i le s  
c o n s is ts  e s s e n t ia l ly  o f  medium to  com pact 
s e d im e n ta ry  sands w i t h  s p o ra d ic  la y e r s  o f  
o rg a n ic  s i l t s  and c la y s .

Method o f  A n a ly s is  and T e s t R e s u lt

The t h e o r e t ic a l  h o r iz o n ta l  d e f le c t io n s  v a r y ­
in g  a lo n g  th e  le n g th  o f  th e  t e s t  p i l e s  were 
d e te rm in e d  by use o f  n o n -d im e n s io n a l c o e f f i ­
c ie n t s  and e la s t i c  s o lu t io n  p rop o se d  by 
Reese and M a tlo c k  f o r  th e  c o n d i t io n  o f  a 
h o r iz o n ta l  s o i l  m odulus Es v a ry in g  l i n e a r l y  
w i t h  d e p th , x ,  be low  th e  g round  l in e  f o r  a

p i l e  f r e e  to  r o t a t e  a t  th e  g round  (mud) l in e  
a t  w h ich  p o in t  th e  lo a d  i s  c o n s id e re d  
a p p l ie d .

where
2

Es = h o r iz o n ta l  s o i l  m odulus ( to n s /m  )

k  = c o e f f i c ie n t  o f  s o i l  m odulus v a r i ­
a t io n  (to n s /m -*) 

x = d e p th  be low  th e  mud l i n e  (m)

The a n a ly s is  was i n i t i a t e d  by d e te rm in in g  
v a lu e s  o f  k  by f i t t i n g  th e  s lo p e  in d ic a t o r  
m easured d e f le c t io n s  a t  th e  mud l in e  ( x  = o ) 
t o  th o s e  com puted by th e  e la s t i c  m ethod. 
S u p e rp o s it io n  m ethods were em ployed by sub ­
s t i t u t i n g  a h o r iz o n ta l  s h e a r fo r c e  P t and a 
moment M t a t  th e  mud l i n e  f o r  th e  a c tu a l  
h o r iz o n ta l  t e s t  lo a d  in c re m e n ts  w h ic h  w ere 
a p p l ie d  a t  th e  u pp e r end o f  th e  f r e e  s ta n d in g  
t e s t  p i l e s  a t  E le v .  + 2 .65m . Based on t h i s  
ty p e  a n a ly s is  th e  r e s u l t i n g  t h e o r e t ic a l  
d e f le c t io n s  a t  th e  mud l i n e  w ere  d e te rm in e d  
as th e  sum o f  th e  in d iv id u a l  d e f le c t io n s  
c o n t r ib u te d  by b o th  th e  h o r iz o n ta l  fo r c e  P .̂ 
and th e  moment M-t. These d e f le c t io n s  w ere

I lograph 
Cables

MEASURED PI LE DEFLECTI ON CURVES

clayey-silt

Blows /I5cm 
(SPT)medium to coarse

Ti g.  2 100 Ten Hor i zont al  Load Test
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o b ta in e d  by use o f  th e  fo l lo w in g  e x p re s s io n : 

P+ T3 B Mt  T2 
y E l

y^_c = t o t a l  l a t e r a l  d e f le c t io n  com put­
ed a t  th e  mud l in e  (m)

y ^  = d e f le c t io n  a t  x  = 0 caused by P^ 
and Mt r e s p e c t iv e ly  (m)

, B = n o n -d im e n s io n a l c o e f f i c ie n t s  r e ­
la te d  t o  P^ and M^ r e s p e c t iv e ly

= s h e a r fo r c e  a t  th e  mud l in e  ( to n s )

= P^h = moment a t  th e  mud l in e  
( to n  «m)

= u n su p p o rte d  h e ig h t  o f  p i l e  (m)

1 /5

■ [ f î
-  r e la t i v e  s t i f f n e s s  

f a c t o r  (m)

p i l e  s t i f f n e s s  ( to n ^m  )

Based on th e  in d iv id u a l  t e s t  lo a d s ,  th e  com­

p u te d  v a lu e s  o f  k  a t  x  = 0 (mud l in e ) v a r ie d  
fro m  3 00 to  4 00 to n s /m 3  f o r  an a v e ra g e  o f  
342 to n s /m 3 . F o r d e p th s  b e lo w  th e  mud l in e  
( x > 0 )  th e  t h e o r e t ic a l  v a lu e s  o f  p i l e  de ­
f l e c t i o n  w ere com puted u s in g  in c r e a s in g  
v a lu e s  o f  th e  n o n -d im e n s io n a l D epth  C o e f f i ­
c ie n t  , Z ,
where „  _ x  . .  „  _ L

Z = and

w it h  L b e in g  th e  le n g th  o f  th e  embedded p i l e  
be lo w  th e  mud l i n e .  The com puted d e f le c t io n  
v a lu e s  f o r  fo u r  o f  th e  t e s t  lo a d s  f o r  t e s t  
p i l e  TE-3 a re  p re s e n te d  i n  F ig .  3 f o r  a 
d e p th  o f  10 m e te rs  b e lo w  th e  mud l i n e .  A ls o  
in d ic a te d  a re  th e  c o r re s p o n d in g  l a t e r a l  
d e f le c t io n s  o b ta in e d  fro m  th e  f i e l d  m easure­
m ents .

CONCLUSIONS

The 34 2 to n s /m ^  com puted as th e  avera g e  
v a lu e  o f  th e  c o e f f i c ie n t  o f  s o i l  m odu lus 
v a r ia t i o n ,  k ,  u s in g  th e  mud l i n e  d e f le c t io n  
f i t t i n g  a n a ly s is  com pares fa v o r a b ly  w i t h  th e  
v a lu e  o f  441 to n s /m ^  p rop o se d  by  T e rz a g h i 
f o r  th e  medium com pact subm erged g r a n u la r  
ty p e  s o i l s  s im i l a r  t o  th o s e  e n c o u n te re d  in  
th e  lo a d  t e s t  a re a .

C om parison o f  th e  m easured d e f le c t io n s  w it h  
th e  com puted v a lu e s  in d ic a te s  th e  v a l i d i t y  
o f  u s in g  a s o i l  m odu lus Es a n a ly s is  v a r y in g  
l i n e a r l y  w i t h  d e p th .

C o n s id e r in g  th e  r e s u l t i n g  perm anent s e t  
(3 .9  cm) a t  th e  mud l in e  f o l lo w in g  f i n a l  
u n lo a d in g  and th e  c lo s e  c o r r e la t i o n  in  th e  
com puted and o bse rve d  d e f le c t io n s  f o r  t e s t  
lo a d s  up to  100 to n s ,  i t  a pp e a rs  t h a t  th e  
R e e s e -M a tlo c k  ty p e  s o lu t io n  may have  a p p l i ­
c a t io n  t o  in s ta n c e s  w here  th e  s u r ro u n d in g  
s o i l  medium i s  b e h a v in g  beyond th e  e la s t i c  
ra n g e j an o b s e rv a t io n  made by  th e  a u th o rs  in  
t h e i r  o r ig i n a l  p a p e r .
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