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Behavior of shallow foundations on a lateritic clay 

Conduite de fondations superficieles sur une argile latéritique

L.Décourt -  Luciano Décourt Engenheiros Consultores Ltda., Sâo  Paulo, Brazil

ABSTRACT: A series o f fortuitous and fortunate events has made the Rimini, a building of common size, (24 floors) with 
foundations designed by the author, object of intensive research. Not only the soil has been deeply investigated by, both, in situ and 
laboratory tests, but, also the behavior o f the building was monitored (settlement measurements) throughout the construction period. 
Field tests like the SPT-T (Standard Penetration Test complemented by torque measurements), the Marchetti Dilatometer Test, Cross 
Hole Test and Plate Load Test, using the da Silva (1983) Hydrodynamic Expansive Cell have been carried out. In laboratory, in 
addition to the conventional Undrained Triaxial Tests and Oedometer Tests, Resonant Column Tests have also been carried out. It was 
found that lateritic clays are much stiffer than non lateritic ones showing similar resistance in the light o f penetration tests (SPT-T). 
The analysis o f all these comprehensive field and laboratory investigations allows very important conclusions to be taken on the 
behaviour o f foundations in this soil, which stiffness could not be properly assessed on the basis o f routine field tests.

RÉSUMÉ: Une série d ’événements fortuits mais heureux, a fait du Rimini, un édifice de taille commune (24 étages), avec des 
fondations projetées par l’auteur, l’objet d ’une intense recherche. Non seulement le sol a été profondément enquêté à travers d ’essais 
“ in situ” et de laboratoire, mais aussi le comportement de l’édifice a été accompagné (measures de tassement).Des essais de champ 
comme le SPT-T, le dilatomètre de Marchetti, “crosshole”, essai de plaque en employant la cellule expansive hidrodynamique 
développée par da Silva (1983) ont été éxécutés. Des essais de laboratoire tels que triaxials, édométriques et de colonne ressonnante 
ont aussi été éxécutés. On a découvert que les argiles latéritiques sont beaucoup plus rigides que les autres non latéritiques, ayant la 
même résistance à la pénétration. L’analyse de tous ces essais a permis des conclusions très importantes ayant rapport au 
comportement de ces sols, dont la rigidité ne peut être correctement évaluée sur des bases d ’essais routiniers de champ.

1 THE EXPANCELL

The expancell is a hydrodynamic expansive cell developed in 
Brazil more than twenty years ago by engineer Pedro Elisio da 
Silva, the first results having been published in 1983. Its original 
application was to test simultaneously the side resistance and the 
base resistance o f bored piles without making use of any reaction 
system. A typical layout o f a pile load test using this procedure is 
presented in Figure 1.
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Figure 1. The Expancell in a Bored Pile. Apud da Silva (1983)

A very similar cell was later, but, independently developed in 
the United States by Prof. Osterberg (1984) where it is known as 
Osterberg Cell.

Presently this cell has many other different applications like 
for instance for load testing precast concrete piles and 
continuous flight auger piles.

A very original application o f this system was devised by 
Prof. Victor F. B. de Mello. Steel plates have been placed at the

bottom of some footings o f the Rimini building. The plates were 
made with diameters o f 30 and 50cm. The weight o f the building 
was used as a reaction system to allow very high stresses to be 
applied to the soil.

2 SOIL PROFILE

The soil profile at the site consisted of:
- an upper layer o f porous, sandy, silty, clay, red, with a tickness 
between 2.0 and 3.0m
- a layer o f sandy silty clay, stiff to hard, red and yellow, with a 
tickness o f about 15.0m (the bearing layer)
- a layer o f fine to medium sand with concretions o f limonite, 
dense to very dense, gray and yellow, up to the end o f the 
borings.

The water level was found at depths between 3.0m and 4.0m. 
In Brazil, the SPT is performed at every round meter of 

depth. N72 is the designation of the penetration resistance o f the 
Brazilian SPT that typically presents an efficiency of 72%.

The N72 values o f the four SPT borings initially carried out at 
the site, at depths from 4.0m to 10,0m varied between a 
minimum of 10 and a maximum o f 36. But, most o f the results 
were in the range:

1 6 < N 72<28 or N 72 = 22 + 6
In order to reduce the effects o f the natural heterogeneity of 

the soil, average values o f N 72 were computed for each depth.
In Table I, the average values on N72 are given:
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Table 1. Average Values of N72 4 S P E C IA L  L O A D  TE S T S

Depth (m)______________________________ N t^

4 . 0 - 4 .4 5 24

5 . 0 - 5 .4 5 25

6 .0 - 6 .4 5 28

7 .0 - 7 .4 5 22

8 .0 - 8 .4 5 17

9 . 0 - 9 .4 5 16

Later, 3 SPT-T bore holes (SPT with torque measurements) 
have also been carried out. The ratio o f the torque, measured in 
kgf.m to N72 was on average 1.15, a value that is typical for 
tertiary sedimentary soils o f S3o Paulo.

3 IDENTIFICATION OF LATERITIC CLAYS

Nogami and Villibor (1981) presented a soil classification, 
originally devised for highway purposes, that up to now has been 
considered the best option for the identification of lateritic soils.

The soil under study was submitted to this classification test 
and the conclusion was that it was a lateritic clay.

Ignatius (1991) proposed a very simple method for the same 
purposes, which is based in the Standard Proctor test parameters, 
the maximum unit weight o f dry soil, ydmax and the optimum 
moisture content h0„ and also Ayd and Ah of the dry side. 
Ignatius defined a parameter L:

A Yj  / Yj™,,

L "  A h / hot

For L > 0.3, the soil is considered to be lateritic.
For the soil under consideration the L value was 0.60, and 

therefore a lateritic soil. It is postulated that it is the lateritic 
behavior o f such soil that holds the main responsibility for its 
stiffnesses 10 times higher than that o f other non lateritic clay, 
with the same penetration resistance.

The highly disrupting nature o f the SPT and o f other 
penetration tests preclude them from the detection of the high 
stiffness that are probably caused by micro cements that might 
not subsist under dynamic loadings.

This very high stiffness might also be an explanation for the 
very high material index (Id) o f the Marchetti Dilatometer tests, 
that classified this soil as a sand and not as a clay. The difference 
between the corrected B and A readings AP, also designated PI -  
P0 defines the dilatometer modulus and also the Id. Since for this 
lateritic clay the stiffness is much higher than for other 
apparently similar clays the classification made according to 
criteria valid for non lateritic soils would certainly conduct to 
misleading results. Therefore a possibility might exist o f 
utilizing the Marchetti Dilatometer for identifying lateritic clays. 
If the soil is surely a clay and the computed Id is typical o f a 
sand, it is reasonable to suppose that this clay is a lateritic clay.

q (MPa)
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Figure 2. Load Test Results

Eight plate load tests were carried out by engineer Antonio 
Sobral, under the guidance o f Prof. Victor F. B. de Mello.

As already mentioned, the plates had 30 and 50cm in 
diameter and have been placed under the footings SP-7 and SP-8 
of the Rimini building. The size o f these two footings were 
respectively 3.10 x 3.95m and 2.55 x 4.35m. The bases of the 
footings were at the depth o f 6.0m. For the plates placed under 
these two footings the representative value of N72 was 32. The 
results o f all load tests carried out are presented in Figure 2.

Six out o f the eight tests have been performed under low 
pressures (q < l.OMPa). Only load tests no. 1, and 7, carried out 
under the footing SP-8, were loaded up to stresses o f 2.83MPa 
and 5.94MPa, respectively. The results o f some of these tests 
have already been reported by de Mello (1994).

For pressures in the range o f l.OMPa and 3.0MPa the load 
test results can be given by:

log q = 0.365 + 0.214 log s 
Rr = 0.413

For a wider stress range only the results o f load test 7, under 
SP-8 are to be considered

log q = 0.308 + 0.408 log s 
R = 0.9973

The conventional bearing capacity may be assessed by 
extrapolation. Therefore, for a settlement o f 26.6mm (10% of the 
equivalent width, Beq) the stress will be 7.75MPa.

quc = 7.75MPa = 7,750kPa

Considering that the characteristic N72 value is 28, one may 
conclude that:

quc (kPa) -  277 N72

According to Ddcourt (1995) for shallow foundations in non 
lateritic saturated clays

quc(kPa) = 7 8 N 72

For deep foundations, as these plates must be considered, q uc 
is about 1.5 times higher and therefore:

quc (deep foundation) = 117  N72 kPa

This is a clear evidence that the bearing capacity o f these 
lateritic clays is o f an order o f magnitude of twice that 
corresponding to non lateritic ones showing equal N-SPT values.

5 OTHER TESTS CARRIED OUT AT THE SITE

In addition to the regular SPT and SPT-T normally carried out 
for routine foundation designs, many other tests were also 
performed, as mentioned in the abstract and presented by the 
author in a former publication, D icourt (1994).

6 SETTLEMENT MEASUREMENTS

Most o f the building columns were instrumented in order to 
allow settlement measurements to be made.

The settlement o f a given footing is not a sole function o f its 
own load, but depends also on the loads o f all other columns of 
the building. The reciprocal influence o f all column loads was 
analyzed using the Flea program developed by Small (1991) and 
the Milovic Tables, Milovic (1992).
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Due to lack o f space and time the analysis has been limited to 
only three footings, SP-7, SP-9 and SP-10.

The last measurements were carried out in 06/15/1993. The 
measured settlements o f columns P-07, P-09 and P-10 were, 
respectively, 3.18mm, 3.33mm and 2.0mm. At that time, the 
column loads were about 68% of the maximum nominal design 
values. The nominal stress under the footing was 400kPa. 
Therefore, the actual ones, at that time, were about 272.0kPa.

7 FOOTINGS ANALYSED

The main characteristics o f the three footings analyzed are 
presented in Table II.

Table 11. Footing Characteristics and Settlements

Footing D im ensions

(m)

Beq

(m)

Depth

(m)

n 72 Settlement, 

s (mm)

s/Beq (%)

SP-07 3 .1 0 x 3 .9 5 3.50 6.0 17 3.18 0.091

SP-09 4 .0  x 4.0 4.0 6.0 16 3.33 0.083

SP-10 2 .30  x 2.90 2.58 4.5 28 2.0 0.078

For practical purposes the relative settlements, s/Beq were 
assumed to be 0.1 %.

8 ELASTIC MODULUS (E)

For a settlement o f 0.266mm, that is 0.1% of Beq, the 
corresponding pressure would be:

q = 1,638 kPa or 1.64 MPa

For a square rigid shallow footing, according to the theory of 
elasticity one has:

qB /- — x I -  influence factor 
s - — )

u - Poisson’s coefficient

For a deep foundation, according to Ghionna et al (1994) and 
Décourt (1998) a reduction factor o f about 0.65 should be 
applied to the computed settlement.

Considering a value o f 0.84 for the influence factor I and 
|i = 0.25, the above equation turns into:

0.51 q
E = ---------  (deep foundation)

s / B

For a settlement o f 0.1% Beq the corresponding stress would 
be l,638kPa and the above equation will yield:

E = 835.38MPa

Again, normalizing for the N72 value one has:

E/N72 = 30

Table III. E (MPa) values from Back Analyses

Column M ilovic Tables Flea Program

H =  0.2

moIIa. Av. u = 0.2 n  =  0.3 Av.

P-07 699 660 679 596 553 574

P-09 650 606 628 536 498 517

P-10 665 625 645 502 467 484

Overall average 651 525

9 COMPARISON OF LOAD TEST RESULTS AND 
SETTLEMENT MEASUREMENTS

The results o f the elastic moduli, back analyzed from settlement 
measurements, using both the Milovic tables and the Flea 
program are summarized in Table III.

In table IV, average and normalized values are presented.

Table IV.

Footing Em

(M ilovic)

Ef

(Flea)

n 72 Em/N Ef/N

SP-07 679 574 17 40 34

SP-09 628 517 16 39 32

SP-10 645 484 28 23 17

Average 34 28

The average values of moduli, normalized by N72 were 28 
and 34 on the basis o f the Flea program and Milovic tables.

These values compare reasonably well with the value of 30 
derived from the load tests.

Therefore, one may conclude that for this lateritic clay the E 
modulus, corresponding to a settlement o f about 0.1% of Beq 
may be computed approximately by:

E0,,%(MPa) s  30 N72

Just for sake of curiosity, it is interesting to compare this 
equation with that formerly proposed by the author Décourt 
(1995), Décourt et al (1989) for non-lateritic clays and for 
settlements of 1% of Beq

E|%(MPa) = 2.5 N72

The low stress level together with the lateritic characteristics 
o f the clay layer hold the main responsibility for the fact that the 
measured settlements o f the Rimini building were over 10 times 
lower than might be expected on the basis o f the traditional 
approach for computing settlements (theory of elasticity) with 
the E modulus given by the above formula.

10 WHAT THE EXPECTED SETTLEMENT OF THE 
RIMINI BUILDING WOULD HAVE BEEN

Consider a square footing with a width of 3.0m in a clay with 
N72 = 17, lateritic in one case and non lateritic in another.

Computing the settlements according to Décourt (2000) with 
the results o f the mentioned load test, and for any footing taking 
into account the contribution o f all column loads on the its 
settlements, the following values were obtained, Table V.

Table V. Computed Settlement Values for a Square Footing, B = 3.0m

Lateritic Clay Non Lateritic Clay

q (kPa) s (mm) s/B  (%) q (kPa) s (mm) s/B (%)

272 3.1 0.10 272 16.9 0.56

400 8.0 0.27 400 43.4 1.45

544 16.9 0.56

800 43.4 1.45

It is quite clear that if the clay were a normal clay and if the 
stresses were about 400kPa the expected settlements would have 
been higher than 40mm, and this could, by no means, be called a 
conservative design.

In practice, however, the final settlement would have been 
higher than 16.9mm but, lower than 43.41mm, most probably 
about 30mm that is 1% of Beq what, by the way, is a reasonable 
value.

For the Rimini building the final settlement was probably 
about 5.0 to 6.0mm, a very low value, unpredictable at the time 
when its foundations were designated.

677



11 DESIGNING SHALLOW FOUNDATIONS ON 
LATERITIC CLAYS

As it is well known, in Brazil and in many other countries most 
o f foundations are designed with basis on SPT (or more recently 
in Brazil with basis on SPT-T).

No matter what method or procedure is used for 
dimensioning shallow foundations, for a given settlement, the 
corresponding stress in a lateritic clay will be about double the 
one corresponding to a non lateritic one.

Most o f these formulas aim to define an allowable stress, 
(a concept no longer used by the author).

The allowable stress for a footing on a lateritic clay may be 
conservatively assumed to be two times bigger than that given 
by these SPT based formulas.

CONCLUSIONS

The outstanding stiffness characteristics o f lateritic clays are 
undetectable by routine penetration tests. The enormous amount 
of both field and laboratory tests carried out at the site o f the 
Rimini building allowed the identification o f a type o f clay that 
presents stiffness characteristics many times higher than that of 
other clays with equal N-SPT values.

As a consequence of this research new design rules are being 
proposed. Provided these rules are confirmed in other similar 
jobs, the cost o f foundations on these soils may be reduced to 
about one half o f those corresponding to conventional design 
approaches.
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