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SYNOPSIS. The o r i g i n  and  n a t u r e  o f  t h e  w eak s o i l s  w i t h  u n s t a b le  a r r u c tu r e C lo e s s  t y p e )  o f  

L ouren ijo  M arqu es  a r e a  i s  d e s c r ib e d .  P h y s ic a l  a n d  m e c h a n ic a l c h a r a c t e r i s t i c s  o f th o s e  s o i l s  
and r e s u l t s  o f  f i e l d  t e s t s  (d u tc h )  c o n e , S . P . T . , t e s t s  on p la t e s  and on p i l e s ) a r e  g iv e n .T h e  
a c t u a l  s e t t le m e n ts  o f  b u i ld in g s  h av e  been m e a s u re d  and f r o m  t h e i r  r o t a t i o n s  an d  c u r v a tu r e s  

h av e  b e 0n c a lc u la t e d .  A ls o  th e  m o s t f r e q u e n t  c o m p r e s s ib i l i t y  o f  t h e  s o i l  has  b een  c a lc u la t e d  
an d  com pared  w i t h  t h a t  o b ta in e d  f r o m  la b o r a t o r y  t e s t s .T h e  d i f f e r e n t  b e h a v io u r  o f  d r iv e n  and  
b o re d  p i l e s  i s  r e f e r e d  an d  t h e  r e l a t i v e  m a g n itu d e  o f  th e  s e t t le m e n ts  i n  s h a l lo w  an d  p i l e d  

fo u n d a t io n s  i s  p r e s e n te d .

L. INTRODUCTION

A l o t  o f  e x p e r ie n c e  an d  t e s t  r e s u l t s  h a s  been  

c o l le c t e d  i n  c o n n e c t io n  w i t h  th e  b e h a v io u r  o f  

fo u n d a t io n s  i n  th e  r e d d is h  f i n e  g ra d e d  s o i l s  

o f  L o u re n ijo  M a r q u e s .G ra n u lo m e tr ic  a n a l y s i s f 
m o is tu r e  c o n t e n t ,b u lk  d e n s i t y ,  p e r m e a b i l i t y ,  
c o m p r e s s ib i l i t y ,  s h e a r  s t r e n g th  and  
o th e r  l a b o r a t o r y  t e s t s  h a v e  b een  p e r ­

for med f o r  mor e t han t en year s  and al so f i e l d  t es t s
e .g . ,  dut ch cone, s t andar d penet r a t i on, p l a t e . The 
set t l ement  of  bui l di ngs  wi t h s hal l ow and deep foim 
dat i ons  have been measur ed. A f u l l  aocount  o f  so 
many r es ul t s  oar mot  he gi ven i n  t he l i mi t ed space 
aval hl e f o r  t hi s  paper . However  r e l evant  feat ur es  
ar e pr es ent ed. The r es ul t s  r e fer ed i n  t he paper  
have r ece i ved s t a t i s t i c a l  t r eat ment  and va l ues  most  
f r equent  and t he i nt e r qua r t i l e  r anges  ar e gi ven.

2.  OHi Gnr  add nat ur e  op t he s o i l s

The s o i l s  ar e quar t .zi t i c  r ed sandB, f i ne  t o medium, 
n- onogr anular  wi t h r ound gr a i ns . They have 16 + 3 , ^  
c- f 6i i t  and c l ay (d"fc0r076 mm), t he l a t t e r  not  
excedi ng yjL} and onl y 2,9 + 1,5?» of  coar se mat er i al  
(a 0,599 mm)© They for m ol d dunes . 30 t o 50 met erE 
hi gh depos i t ed i n t he Quar t emar y (Super i or  Pl i s t £  
cenio and Ep i p l i s t o c e n i c )• A f u l l  aooount  of  t he 
geol ogi cal  aspect s  of  t hese s o i l s  i s  gi ven by M*J«> 
l iacedo (1970® cl i r aat ec may be cons i der ed aB
semi—ar i d , megat her mio, wi t h a nul l  excess  of  
wat er  (Si l va  Soar es , 1964)-

t i ve  nor mal  s t r esso

3» PHYSICAL AND MECHANICAL CHABACTKRISTICS IN LAB«,

-------  Median

-------IS-'and 3̂ -d quartiles

1-428

•523

lo g  G '(b a r )

—I-------------------- 1_______

q

.128 -255 .510 1020 2.040 4080 8-160 

Fi g . 1 — Coef f i c i ent  of  vol ume change ver s us  ef f ec
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The f o l l owi ng t abl e  gi ves  t he phys i ca l  pr oper t i es  
o f  t he s o i l .

Most
f r equent

i n t e r qua r t i l e
r smge

Sp e c i f i c  gr a vi t y  
dr y dens i t y 

moi s t ur e  cont ent

2,65
1,61
5,25*

2,62 t o 2,65 
1,65 t o 1,56 
6,04 t o 4 ,23

A c or r e l a t i on bet ween voi d r a t i o  e_ and t an has  
been at t empt ed acoor di ng t o t he r e l a t i ons hi p  
e x t an <$>' -  A. The most  f r equent  va l ue  f o r  t he 
s hear  box t es t s  has  been A « 0 ,43 wi t h  a i nt e r qua r  
t i l e  r ange o f  0,40 t o 0 ,4 7 .
The aver age va l ues  of  t he per meabi l i t y measur ed i n  
t he l abor a t or y i s  2 ,25  x 10“ ^ c m/s . The vol umet r i c  
c ompr es s i bi l i t y  nu. at  na t ur a l  wat er  oont ent s  de-  
or eas es  r ap i dl y wi t h  e f f e c t i ve  pr es s ur e  , mainl y 
i n  t he i n t e r va l  -  0,128 t o » 0,225 ba r s  (F i g l ).  
Oedonet er  t es t s  have r evea l  i n s t a b i l i t y  of  s o i l  
s t r uot ur e  when wat e r  i s  added t o t he l oaded s o i l ,  
r i g .  2 shows dr ops  i n  se t t l ement  when wat e r  i s  
added t o t he sampl es  f o r  t he us ua l  s t ageB of  l oa ­
d i ng of  0,128,  0 ,255 ,  0 ,510 ,  1 ,020,  2,040 ba r s .
The maximum r a t i o  bet ween t he se t t l ement  a f t e r  
a ddi t i on o f  wat er  t o t he dr y s e t t l ement  (18 ,4 )  was  
r eoor ded f o r  t he pr es s ur e  of  0,255 ba r s .
Hovaver , i n  what  conoer ns  p r a o t i oa l  aspeót e of  foun 
da t i ons , no Impor t ant  pr obl ems  have a r r i ved fr om 
nu oh i n s t a b i l i t y  of  t he s o i l  s t r uc t ur e .

Fi g.  2 — Set t l ement  ver sus  ef f eot i ve pr essur e.

4 .  PHYSICAL ANT MECHANICAL CHARACTERISTICS IN SITU,

The dut ch cone poi nt  r e s i s t a nc e  have been measur ed 
on 91 poi nt s  and t he r e s ul t s  ar e showed i n  Fi g . 3

20 40 60 60 100 120 140 160 190 200

Rp  ( b a r )

Fi g . 3 — l Mt oh oone poi nt  r e s l s t aaoe  ver s us  dept h.

The r a t i o  bet ween t he pe i nx r e s i s t a nc e  Bp and t he 
number  Nb of  bl ows  f o r  one f oot  pe ne t r a t i on i n  t he 
St andar d Pene t r a t i on Xes t  has  been oa l c ul a t e d and 
t r ea t ed s t a t i s t i c a l l y . In  180 pa i r s  o f  t e s t s  t he 
most  f r equent  va l ue  obt a i ned i s  K m 5,24 and t he 
i n t e r qua r t i l e  r ange i s  6,96 t o 4 ,0 0 .  Li ne a r  r e ­
gr es s i on t od pa r abol i c  r egr e s s i on have been pe r f or  
med bet ween Rp and N. The pa r abol i c  r egr e s s i on f i l e  
be t t e r  t he r ecor ded r e s u l t s .

Tes t s  wi t h  c i r c u l a r  p l a t e s  o f  di amet er s  0 ,30  m
0,60  m and 0 ,75 ® have been per for med i n  a f ew s i ­
t e s . I t  appear s  t hat  i n  what  concer ns  ea r l y s e t t l e  
ment s , t hes e  i nc r eas e  wi t h  p l a t e  s i ze  f o r  t he same 
aver age pr e s s ur e . However  t he l i mi t i ng  pr es s ur es  
decr eas ed wi t h  i nor ea s l ng s i ze  i n  t he oas e shown 
i n  f i g .  4 .  Tes t s  have been oa r r l ed acoor di ng t o 
ASTM St anda r ds .

5.  BEHAVIOUR OP SHALLOW FOUNDATIONS.

Hos t  o f  t he founda t i ons  o f  bui l di ngs  up t o t en 
f l oor s  i n  t he t own ar e  on f o o t i ngs , e i t he r  i s o l a t e d 
c r  s t r i p . Foot i ngs  o f  t he same bu i l d i ng  m ^  have 
l a r ge  di f f e r e nc e s  i n  s i ze  t o bea r  t he same pr es s ur e
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In  what  oonoe ms  t he maximum r ecor ded r a t i o  o f  t he 
d i f f e r e n c i a l  s e t t l ement  t o t he s pan, t an 9 »'  1» 
gr ea t e r  t han t he maximum a l l owed i n  some Coda o f  
Pr aot i oe  e . g . ,  U.3 . 3 .B.  Code (0 ,0 0 2 ) .  Never t he l es s  
t her e ar e  no s i ngs  of  or aoki ng o f  f i s s u r i n g .
Aut hor s  under s t and t hat  t an 8 I s  not  t he onl y or i -  
t i c a l  par amet er  In  what  oonoer ns  s t r e s s e s  i nduoed 
i n  t he s t r uc t ur e . These a r e  r e l a t e d t o our vat ur e 
mor e t han t o t he d i f f e r e n t i a l  s e t t l ement  i . e . »  t o 
t an 8 . In  f a c t , I f  t he bu i l d i n g  t i l t s  l i k e  a r i g i d  
body t he d i f f e r e n t i a l  s e t t l ement s  may he ver y l a r ge  
and no s t r e s s e s  i nduoed i n  t he s t r uc t ur e . In  one 
oas e a  r ow o f  f oot i ngs  has  r ot a t ed by an mo u n t  of  
3 x 1 CP^ r a d i a ns . But , s l noe i t  was  a n e a r l y  r i g i d  
body r o t a t i on t her e  was  no f i s s u r i n g . In  anot her  
cas e  gr ea t e r  r o t a t i on caus ed no s t r e s s e s  but  or ea-  
t ed d i f f i c u l t i e s  i n  t he v e r t i c a l i t y  o f  t he t r acks  
of  t he l i f t s .
In what  concer ns  cur vat ur e  i n  one bu i l d i ng  obser ved 
dur i ng f i ve  year s  l a r ge  os o i l a t l ons  wer e r eoor ded 
a f t e r  t he end o f  t he c ons t r uc t i on. Thi s  may be due 
t o s eas onal  va r i a t i ons  of  t emper at ur es  and moi s t ur e 
oont ent  i n  t he s o i l ,  g i v i ng r i s e  t o va r i a t i ons  In  
t he i n t o r a c t i on  of  s o i l —at r uot ur e  as  t ime goes  on.

6 .  COMPHESSIBILITY AS OBTAINED Ï BOM SETTLEMENT 
1ŒASTJHES ADD OEDOUETEH TESTS.

In  or der  t o br i ng  s t a t i s t i c a l  i nt o t he measur ement s  
e i t he r  In  f i e l d  and i n  l abor a t or y, compar i osons  
have been made bet ween t he f i e l d  c ompr es s i bi l i t y  C 
as  obt a i n fr om measur ed s e t t l ement s  aooor di ng t o 
t he us ual  for mul a  ( e .g .  J umi ki s , 1962)

Fi g . 4 — Ci r c u l a r  p l a t e  t e s t s .

However  i n  t he s e t t l ement s  r ecor ded i n  9 bu i l di ngs  
(about  200 ool umns) va r i a t i ons  ar e  ver y l a r ge  (be ­
t ween 1.1 and 8 .8  om) and t he s t a t i s t i o a l  t r eat ment  
o f  t he da t a  di d not  r evea l  a "mos t  f r e que nt " set t l e^ 
ment .
The maximum va l ues  r e gi s t e r e d wer e :

Di f f e r e n t i a l  s e t t l ement  (bet ween a 
col umn and t he next )

Rat i o o f  t he s e t t l ement  t o t he span

ù= 0 ,79 W a (1)

3,7 om

t an 6 à 9 a 
-  3 ,2 x 10“ 3 
r adi ans

Cur va t ur e (r a t i o  o f  t he i ncr ement  of  
t o t he aver age s pan)

H “ 1 , 0 1  

x 1CT- 3 Pa4i _ 
ana per met er

Thes e va l ues  wer e t aken i mmedi at l y a f t e r  t he bu i l ­
di ngs  have been f i n i s h e d . As t ime goeB on t her e  ar e 
■t i l l  i mpor t ant  i nc r e a s i ng of  t he t o t a l  s e t t l ement s . 
In  one bu i l d i ng  a f t e r  f i we  ye a r s , t he t o t a l  s e t t l e ­
ment s  i nor eas ed by a maximum amount  o f  66*.  On t he 
ot her  hand t he va r i a t i o n  o f  t he d i f f e r e n c i a l  s e t t l e  
ment s  wi t h  t ime i s  qui t e  i r r e gu l a r . The r a t e  of  
se t t l ement  of  a ool umn i s  d e a r y  i nf l ue noe d by t he 
r a t e  of  s et t l ement  of  i t s  ne i ghbour s . I f  t hese t end 
t o s e t t l e  f a s t e r  t he r a t e  o f  s e t t l ement  of  t he 
ool umn al ao i nor e a s e a . I n  one oas e , t went y mont hs , 
a f t e r  t he cons t r uc t i on ended t he d i f f e r e n c i a l  set t l e 
ment s  Inor eas ed by an amount  va r i a b l e  bet ween 66 
and 228*.

wher e
A = Set t l emant  o f  a  r i g i d  f oo t i ng 
p -  aver age pr es s ur e  
W = shape o oe f f i o i e n t  
A -  ar ea  o f  t he f oo t i ng
C -  E / ( !  2 )
B = young modul us  
^ = Pol s s on’ s r a t i o ,

and

"(l a b )

wi t h  E -  - J_ x (1+ ^ )_(1—2V ) (2)
my 1 -  ;  V '

wher e m̂ . i s  t he Te r za gh i ' s  vol ume c ompr es s i bi l i t y as  
measur ed i n  oedomet er  t ea t s  (Gi r oud, 1969)« The 
va l ue t aken tot  t he Po i s Bon 's  r a t i o  was  -  0 ,3 .  
For mul a (2)  a l r eady t akes  i nt o  account  t he nu l l  la-  
t e r a l  defor mat i on of  t he oedomet er . Under  t hese 
condi t i ons  t he f o l l owi ng va l ues  wer e obt a i ned

The moat  f r equent  va l ue  

In t e r qua r t i l e  r ange

Cf i e l d
(ba r s )

°l a b
(ba r s )

195 204

183 t o 249 122 t o 368

The number  o f  l abor a t oi y t es t s  was 44 and number  of  
poi nt s  wi t h  measur ed s et t l ement  was 96.
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Al  t hou gli t he moot  f r equent  C va l ues  obt a i ned fr om 
measur ed s et t l ement s  and fr om l abor a t or y t es t s  ar e 
not  rauoh d i f f e r e n t , c ondi t i ons  i n  t he l abor a t or y 
ar e d i f f e r e n t  fr om t hose i n  t he f i e l d ,  al t hough t he 
sampl es  have been t es t ed at  "n a t u r a l " wa t e r  cont ent  
and f o r  t he same r ange o f  pr es s ur e  (1 t o 2 b a r s ).
In  f a c t  i t  has  been no t i c e d t hat  bet ween 2 and 24 
hour s  a f t e r  t he be ggi ni ng of  t he l a b . t e s t s  t her e 
was no s i gn i f i o a n t  s e t t l ement  o f  t he s ampl es , and, 
i n  oont r as t  t he s et t l ement s  i n  t he f i e l d  go on f o r  
ye a r s . Sur e l y for mul a (1)  and (2)  assume s o i l  an 
e l a s t i o  body and t he r e for e  s houl d onl y be us ed f o r  
i ns t ant aneous  l oadi ng and cor r es pondi ng s e t t l ement . 
These c ondi t i ons  ar e i mpr ac t i cabl e  i n  t he f i e l d .  
Al s o , for mul a  ( l )  does  not  t ake i nt o acoount  t he 
dept h o f  t he founda t i on and s t r e s s e s  i nduoed under  
a f oo t i ng by i t s  ne i ghbour s .

7 .  BEHAVIOUR OF PIL’iS AND PILED FOUNDATIONS.

Four  dr i ven p i l e s ,  t wo bor ed wi t h wa t e r  and one 
bor ed wi t hout  wa t e r , have been t e s t e d.

t hat  t he p i l e s  ar e t e s t ed a f ew weeks  a f t e r  i t s  
c onc r e t i ng and t he cons t r uc t i on of  a bu i l d i ng  t akes  
about  one ye a r , t ime s u f f i c i e n t  t o a l l ow t he wat er  
ar ound t he p i l e s  t o mi gr at e  t o s ur r oundi ng non sa— 
t ur e t ed s o i l .  Al s o , t he capi ng s l ab of  t he p i l e s  
may t ake an i mpor t ant  pa r t  of  t he over a l  l oad 
(VSs i c , 1969).
The r a t i o  bet ween t he medi an t ot a l  s e t t l ement  mea­
s ur ed i n col umns founded on i s o l a t e d  f oo t i ng (34 
mi l i me t e r s ) t o t he medi an of  t he t ot a l  s e t t l ement s  
measur ed i n  col umns founded on p i l e  gr oups  (5 mi l i ­
me t  e r e ) i s  ver y l a r ge . In t he cas es  de a l t  wi t h 
t her e  was  no s i gn i f i c a n t  e f f e c t  of  gr oup i n  t he 
s e t t l ement . Thi s  i s  under s t andabl e  f o r  dr i ven p i l e e  
s i nce  i f  i n  a gr oup a l a r ge r  vol ume of  s o i l  i s  
compr es sed, on t he ot her  hand a f t e r  dr i v i ng t he 
p i l e s  t he s o i l  has  an i nc r eas ed de ns i t y .
However  t he same r e a s oni ng does  not  appl y t o 
bor ed p i l e s ,  pos s i bl y  due t o p i l e s —cap i nt e r a c t i on,
i . e . ,  t he p i l e s  cap s l ab pl ays  a l s o an i mpor t ant  
r ol e  i n  r educ i ng t he se t t l ement  of  t he gr ouDo

8. CONCIDSIONS.

Fi g . 5 — Pi l e  t e s t s .

Tes t s  r e s ul t s  ar e gi ven i n  Fi g . 5» I t  i s  c l e a r  fr om 
t hese r e s u l t s  t hat  p i l e s  bor ed wi t h  wat e r  have a 
much l ower  bea r i ng c apac i t y and a much l a r ge r  set t l e 
ment  f o r  t he wor ki ng l oad (60 t o n ), t han t hose 
dr i ven or  bor ed wi t hout  wa t e r . However  t he s e t t l e ­
ment s  of  t he bu i l di ngs  founded on t hose bor ed p i l e s  
wer e not  s i gn i f i o a n t l y  gr ea t e r  t han t hose r ecor ded 
f o r  t he ot her  p i l e s .  Th i s  may be due t o t he f a c t

Reddi s h s o i l  i n  Lour engo I.'ar ques has  a ver y r egul ar  
gr a i n  s i ze  d i s t r i b u i t i o n . However  i t s  mechani cal  
c ha r a c t e r i s t i c s  have a l a r ge  s c a t t e r i ng . Ther efor e  
any s t udy o f  t hose c ha r a c t e r i s t i c s  and i t s  r e l a ­
t i ons  t o t he f i e l d  measur ement s  acqui r es  s i g n i f i ­
cance onl y when t her e i s  s t a t i s t i c a l  t r eat ment  of  
t he da t a . I t  i s  aut hor s  oe l i eve  t hat  t hi s  i s  a l s o 
t he cas e  o f  most  exper i ment al  da t a  i n  So i l  Mecha ­
n i c s .
Set t l ement  o f  p i l e  gr oups  i s  much l t s s  t han a n t i c i ­
pat ed fr om l oad t e s t  on a s i ngl e  p i l e ,  pos s i bl y  due 
t o p i l e —oap i n t e r a c t i on  whi ch s houl d be c a r e f u l l y  
i nve s t i ga t e d.
To obt a i n s a f e  conc l us i ons  t her e i s  a  s t r ong need 
t o cons t r uc t  r e l i a b l e  and cheep devi ces  t o measur e 
t he ac t ual  l oad at  any moment  i n  t he col umns  o f  a 
bu i l d i ng , i n  or der  t o obt a i n t he l oad s et t l ement  
cur ves  not  di vor ced fr om r e a l i t y .

9. AKNOWLAJJCMENT.

The l abor a t or y and f i e l d  measur ement s  have been car  
r i e d out  by t he Labor at or y of  Engi ne e r i ng of  Mozam­
bi q ue . Thanks  ar e  due t o Mr . 1'our a da Si l va  f o r  h i s  
har d wor k i n  t he t r eat ment  of  t he da t a  and t he pei '-  
for mance o f  t he c a l c u l a t i o ns .
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