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Foundations of Tall Buildings on Sand in Sâo Paulo (Brazil)

Fondations de grands bâtiments sur sable à Sâo Paulo, Brésil

by Milton V a r g a s ,  Professor, University of Säo Paulo

Summary

The author describes a method for determining the load 
bearing capacity and predicting the probable settlement of 
buildings founded on sand in Sâo Paulo, Brazil.

He reviews the geotechnical properties of sand with particular 
reference to this material in and around Sâo Paulo, introducing 
the concept of a "modulus of compressibility” for sand, obtainable 
from triaxial compression tests, loading tests or observed settle­
ments of structures founded on sands with similar properties. 
The behaviour of the foundations of seven high buildings on 
sand is discussed.

Sommaire

Description et commentaires sur une méthode pour la déter­
mination des charges admissibles et pour la prévision des tasse­
ments des fondations de bâtiments, utilisés avec succès à Sâo 
Paulo (Brésil).

Les caractéristiques géotechniques des sables en général, et de 
ceux de Sâo Paulo en particulier, sont décrites pour introduire 
la théorie du « module de compressibilité » des sables, ce qui 
peut être obtenu par des essais de compression triaxiale, des 
essais de charge ou l’observation des tassements de structures 
fondées sur sol sableux identiques.

Le comportement des fondations de sept grands bâtiments 
sur de tels sables est mentionné.

1. Geotechnical characteristics o f the Sao Paulo sands

T he soil in the C ity o f Sao Paulo  (Brazil) is a  te rtia ry  

deposit overlying a stra tum  o f gneiss. In  the centre o f the city  

there  are  hills rising to  760 m etres above sea level, and  valleys 

w ith  bo ttom s a t approxim ately  730 m etres above sea level. 

T he hills a re  form ed by  eroded layers o f m ottled  stiff clay, 

silty  clay  and  fine sand  w ith clay, irregularly  disposed and  

w ith a  g ranulom etric com position  w hich varies bo th  vertically 

an d  horizon tally  ( 1).

T here is a deep sand stra tum  underly ing the c lay  below 

the 735-m etre level. I t is angu lar grained sand, w ith little 

clay , varying from  coarse to  fine sand. E rra tic  lenses o f  clay 

and  silt occur w ithin this stra tum . The natu ra l g round  w ater 

sevel coincides approxim ately  w ith the top surface o f this 

ltra tum , w ith the result th a t the sand is perm anently  subm erged.

M axim um  grain sizes o f these sands range from  2 to  0-4 mm. 

Percentages o f grains below 0-1 m m  vary  from  15 to  60 per 

cen t and  their clay  con ten t varies from  2 to  20 per cent.

The void ratios o f these sands lie betw een 0-7 and  0-55, 

averaging 0-65. A t their m axim um  density , the void ra tios are 

ab o u t 0-5 and  a t m inim um  density  ab o u t 1-2. U ndisturbed  

sam ples taken  from  the bo ttom  o f com pressed a ir caissons, 

w hen subjected to  triaxial com pression tests have show n 

little tendency to com press, w hich proves th a t these sands 

are  com paratively  dense.

Several tall buildings in Sao Paulo are founded  on  such 

sands, by m eans o f spread footings, mats, caissons or piles.

2 . Penetration resistance of the Sao Paulo Sands

M easurem ent o f the penetration  resistance o f a  split-spoon 

sam pler into the g round  during test borings has proved  to be 

the m ost reliable m ethod for judging the degree o f com paction.

The penetration  resistance is m easured, in Brazil, by coun­

ting  the num ber o f blows, o f a 60 kg ham m er, falling from  

a  height o f  75 cm  necessary to produce the first 30 cm pene­

tra tion  o f a  sp lit-spoon sam pler. This has an  external d ia­

m eter o f 46 mm . The casing o f  the borehole has an in ternal 

diam eter o f 50 mm.

T he penetra tion  resistances o f Sao P aulo  sands, a t the 

site o f several tall buildings, described in  a  previous paper (2) 

gave average values o f 15 blows fo r a penetra tion  of 30 cm, 

ranging from  a m inim um  value o f 5 to  a m axim um  o f 28.

This penetra tion  test m ethod  is n o t precisely the sam e as 

the A m erican “ S tandard  P enetration  T est” , bu t it is know n 

th a t the A m erican m ethod  gives results 1-3 to  1-7 times greater 

than  the B razilian one for certain  states o f com paction , so 

the penetra tion  resistance o f  the Sao Paulo  sands, if m easured 

by the above test, gives a  resistance o f 22 blows for 30 cm 

penetration . This average value is derived from  values varying 

from  a m inim um  o f 7 to  a  m axim um  o f 47.

N evertheless, by  observing com pression during triaxial 

tests, these are  “ dense sands” , so th a t m easurem ent o f com ­

paction  by penetra tion  resistance alone m ay  give an  estim ate 

o f com paction  w hich is low er than  actually  occurs.

3. Estimating allowable loads

Estim ation  o f allow able loads in sands for spread footings, 

is m ainly  done by loading tests on  plates. A cast iron  test 

plate  o f 80 cm  d iam eter is placed on  the g round  a t foundation  

level, and  loads are applied to  it by  an  hydraulic jack  reac­

ting against a  dead load. The loads is applied by  incre­

m ents and  the settlem ent which occurred  after each increm ent 

is m easured. N o  increase o f load  is m ade un til the 

settlem ent caused by previous loads becom es stabilised. 

The allow able pressure for a spread footing  foundation  is 

adm itted  to  be equal to  h a lf the pressure producing  a settle­

m ent o f 25 m m  under a  test load.

The au th o r established a statistical corre la tion  between 

resistance to  penetra tion  an d  allow able pressure, as show n in 

the follow ing table :
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Correlation between penetration resistance (Brazilian Method) 
and allowable pressures for Sào Paulo Sands

Corrélation entre la résistance à la pénétration 
(Méthode Brésilienne) 

et les charges admissibles pour les sables à Sâo Paulo (Brésil)

Table 1

Penetration 
resistance 

(blows/30 cm)
Compactness Allowable pressures (kg/cm2)

<  5 loose
f ine sands <  1

coarse sands <  1-5

5- 10 m edium

fine 1 -2-5

coarse 1-5-3-0

10- 25 com pact

fine 2-5-5-0

coarse 30- 5- 0

>  25 very com pact _ >  5-0

■ f  «•/ il

1
W  =  / —  (cr2 — aT)dz

o

( 1)

where :

az is the vertical p re ssu re ;

aT is the radial pressure (when foundation  is no t circular,

we adm it aT =  ~  (ax +  cr„);

Ez is the “ m odulus o f com pressibility” which for sands is 

a  function  o f depth  T.
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The “ m odulus o f com pressibility” could be estim ated from  

triaxial com pression test curves. This m odulus will include 

im m ediate deform ation as well as consolidation , if we base 

its calculation  in a  com pletely drained triaxial com pression 

test which w ould be the m ost satisfactory  w ay to  carry  

o u t a triaxial test on a  sand sample.

F o r determ ining the m odulus o f com pressibility, it w ould 

be m uch easier if we could assum e a certain  specific strain  

o f the specim en, e, and  com pute Ez by the form ula :

(2)

An increase o f 10 per cent per m etre o f depth is allowed 

for deep foundations.

L oading tests are used to  determ ine the bearing capacity  

o f piles, based on  a load which produces a settlem ent o f 15 mm, 

d ivided by 1-5.

Since penetration  resistance of sand increases approx i­

m ately w ith depth , piles are driven or cast-in-place to  a depth  

w here resistance to  penetration  exceeds 15 blow s for 30 cm. 

T im ber piles have been tested up  to  a load o f 20 tons, whereas 

precast reinforced concrete piles w ith a cross section 35 cm 

square will take a  test load o f ab o u t 50 tons. Cast-in-place 

concrete piles, m ainly o f F rank i type, will support loads o f 

up to  120 tons or even greater.

S tatic form ulae for theoretical determ ination  o f point 

resistance and  skin friction o f piles are no t com m only  used. 

D ynam ic form ulae are com m only  used to  determ ine the bea­

ring capacity  o f test piles during driving.

4. Estimating the settlement of buildings on sand

Settlem ent o f tall buildings founded on  Sao Paulo  sands 

have been estim ated by calculating the d istribu tion  o f vertical 

and  radial pressures on the soil. The “ m odulus of com press­

ib ility” vertically is p roportional to  the final radial pressure a t 

each po in t (the corresponding coefficient o f p roportionality  

oc is assum ed). The settlem ent is com puted by the integral :

B ut if we try  to  estim ate the value o f s, we find th a t the 

specific strain  o f a sand foundation  soil is very small. In 

Sao Paulo , it was found  in one case, th a t it w ould be abou t 

0-13 per cent in the upper stra ta , bu t th a t it fell rapidly  with 

depth. Being very sm all the above secant approaches the 

initial tangent to  the curve, so th a t the determ ination  o f Ez 
from  a triaxial com pression is too  m uch inaccurate.

H ow ever, by m ?ans o f  a triax ial com pression  test, it is 

found  th a t the secant m odulus is p ro p o rtio n a l to  <yr, fo r a 

certain  specific deform ation , and  this m ust be true  also for 

the lim iting value o f e -► 0, th a t is the in itial tangen t m odulus.

T hen it can  be stated  th a t a  p ro p o r tio n a lity  between Ez 
and  aT, actually  exists :

Ez = aar

It is well know n tha t the rad ial pressure in the g round  below 

a  foundation  is due to  the w eight o f  the soil plus the radial 

com ponent o f the applied pressure. T h a t is :

Ez = a.(K0y z  +  ar)

where :

K 0 is the coefficient o f ea rth  pressure a t rest, 

y  is the specifit gravity  o f soil and  

z  is the depth

Substitu ting  (4) in (1), we have :

(4!

' i

(a z -  a T)

( K0y z  + aT) '
dz

T he coefficient a  can be derived from  previous experience. 

In Sao Paulo it is ab o u t 1 000, based on  the observed se tt­

lem ent o f  buildings in this district.

T able II  shows a sum m ary o f settlem ent observation  in 

seven tall buildings founded on the Sao Paulo  sands. The 

first tw o are a m at and  footings respectively ; four are  founded 

on  piles and  the last one has a  special type o f foundation  

described later.

T he table shows also the values o f a  obtained  from  form ula

(5) know ing the settlem ent and  com puting  the d istributed 

pressures az and  ar in the soil, by the norm al procedure 

based on the T heory  o f E lasticity form ulae :



Set t lem ent  o f  Tal l  Bu i ld ing s on Sand  in Sào  Pau lo  (Br az i l ) 

Tassem ents des grands bât iments fondés sur sable à Sào  Pau lo  (Brési l)

Table 2

Ñame o f Building No. Oj 
Stories

Foundation type
Covered

area
(m 2)

Soil pressure 
(t ./ m 2) 

Load on 
piles (t .)

Penetration resistance Settlement
mm

a

Ave. Max. Min. Ave. Max. Min.

Banco  do Brasi l 25 Concrete m at 1 500 25 t ./ m2 12 25 5 21 28 15 900
CBI- Esp lan ad a 33 5 large foot ings 1 950 40 t ./ m2 15 30 5 22 26 17 1 150
Ho t el Sao  Pau lo 20 205 piles 600 47- 5 t. 15 28 2 12 15 8 2 175
Ban co  do Estad o 33 317 pi les 700 87 t. — — - 19 24 8 1 140
A ieved o  Vi lares 23 143 piles 270 42 t. 8 16 2 20 22 14 1 600
Ho t el  Jarag u á 25 295 piles 700 80 t. 6 20 4 26 30 14 1 600
Cop an 34 Caissons (p i les) 2 500 80 t ./ m2 5 10 2 26 29 14 -------------

5. The Copan Building

The C opan  Building, w ith its reinforced concrete structure 

now  com pleted, will be the largest concrete structure  ever 

erected in Brazil. It is ab o u t 130 m high and  covers an  area 

o f abou r 2 500 m 2. The floor o f the basem ent o f the building 

is 5 m below street level.

The building was designed to  be founded on  sand w ith the 

aid o f pneum atic caissons a t 13 m etres below street level. 

T his sand  was considered to be too  loose to carry  the pressure 

transm itted  to  it by  the caissons. I t was therefore decided 

to com pact the sand by  driving 8-m etre precast concrete piles, 

spaced one m etre apart, in to  the soil. These piles were driven 

before the caissons were sunk, w ith the aid o f a follower.

Som e tim e before that, the sam e type o f foundation  was 

used in a viaduct over one o f the m ain avenues in Sao Paulo. 

T hus a “ m odulus o f com pressibility” could be com puted from  

observation  o f the settlem ent o f the viaduct and  therefore 

the p robable  settlem ent o f the C opan building could be pre­

dicted. T he settlem ent so com puted, how ever, is three times 

greater th an  the observed settlem ent o f the com pleted struc­

ture. P robab ly  the final to ta l settlem ent will be only  half 

o f the com puted value or even less than  that. I f  the settlem ent

had  been com puted w ith an  assum ed a  coefficient o f  1000, then 

the com puted settlem ent w ould have been m uch closer to  

the value o f the observed settlem ent.

6. Conclusion

O bservation  o f the behav iour o f  the foundations o f seven 

tall buildings in  Sao Paulo  have show n th a t allow able pressure 

can be safely determ ined by correlation  between penetration  

resistance and  allow able pressures derived from  plate  loadings 

tests. E stim ated settlem ent can be m ade accurately  by  the 

use o f T heory  o f E lasticity  form ulae, assum ing th a t the 

“ m odulus o f com pressibility” increases proportionaley  w ith 

the confining pressure in the soil.
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