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In the north-western region of Portugal residual
soils from granite are dominant. Their porous
cemented structure leads to a complex geotech-
nical behaviour, quite distinct from that of
transported soils with a similar grain size
distribution. The paper describes some of the
studies carried out at an experimental site on
which a fairly homogeneous saprolitic soil 6 m
thick was encountered. These studies included:
(i) a full-scale load test of a circular concrete
footing (1´20 m diameter), under carefully con-
trolled conditions and with extensive monitor-
ing; (ii) in situ testing techniques (SPT, CPT,
SBPT, CH) and (iii) laboratory testing on high-
quality block samples, including triaxial tests
with local strain measurement. The discussion is
concentrated on the interpretation of the pres-
sure±settlement curve from the footing load test,
for a range of pressures typical of working
conditions, by means of linear and non-linear
elastic analyses based on stiffnesses from the
laboratory and in situ tests. Some practical
conclusions are extracted regarding the use of in
situ and laboratory test results in analytical and
empirical or semi-empirical methods for settle-
ment estimation on these residual soils.

KEYWORDS: residual soils; deformation; footing;
full-scale tests; in situ testing; laboratory tests.

Les sols reÂsiduels du granit dominent le littoral
de la reÂgion nord du Portugal. Les fabrique et
structure de ces sols et particullieÁrement leur
matrice ceÂmenteÂe et poreuse conduissent aÁ des
comportements geÂotechniques complexes, treÁs
diffeÂrents des sols transporteÂs avec granulomeÂ-
trie similaire. L'article deÂcrit une partie des
eÂtudes reÂaliseÂs sur un terrain expeÂrimental ouÁ
apparaissent des niveaux super®ciels typiques
des sols saprolitiques du granit de la reÂgion. Les
eÂtudes reÂaliseÂs comprennent: (i) un essai de
charge d'une semelle circulaire de beÂton armeÂ
(avec 1´20 m de diameÁtre), soigneuse et extensi-
vement instrumenteÂe; (ii) diverses essais in situ
(SPT, CPT, SBPT, CH); (iii) essais en labor-
atoire sur des eÂchantillons de haute qualiteÂ
retireÂs des blocks tailleÂs en puits, comprennant
des essais triaxiaux avec instrumentation interne
des deÂformations. La discussion est concentreÂe
dans l'interpreÂtation de la courbe de charge-
ment-tassement obtenu de l'essai de charge de
la semelle en utilisant des reÂsultats des essais in
situ et en laboratoire, consideÂrant les niveaux de
charge typiques des conditions de service. On
extrait des conclusions sur l'application des
reÂsultats des essais in situ et en laboratoire
aux meÂthodes empiriques et semi-empiriques
pour l'eÂvaluation des tassements des fondations
en sols reÂsiduels du granit.

INTRODUCTION

In the north-western region of Portugal residual
soils from granite are dominant. The thickness of
these regional saprolitic soils may sometimes attain
20 m, with more common values of 5±10 m. Due
to their speci®c genesis such soils present complex
characteristics, which are a consequence, on the
one hand, of their overall variability and inhomo-
geneity and, on the other hand, of the spatial
arrangement and distribution of the particles and
pore spaces. Coarse and resistant quartz grains are
bonded by fragile clayey plagioclase bridges, re-
sulting in a fabric with medium to high porosity.
The feldspars are subjected to intense weathering

processes, typical of high average annual precipita-
tion and well-drained ground pro®les. The mech-
anical and hydraulic behaviour of these soils is
often quite distinct from that of transported soils
with similar densities and grain size distributions.

Most of the current buildings and structures in
the region are founded on footings on these soils.
The behaviour of shallow foundations under typical
working conditions, in which stress and strain
levels induced in the ground are low to moderate,
seems to be considerably dependent on the ce-
mented structure of the saprolitic soil. This has
been one of the main issues addressed in a re-
search programme at the University of Porto on the
geotechnical characterization and modelling of re-
gional saprolitic soils.

A major part of the experimental work was
carried out at a given site on which a fairly
homogeneous saprolitic soil 6 m thick was encoun-
tered. The central element of the experiments was
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the execution of a load test on a 1´20 m diameter
rigid reinforced concrete footing. In association
with this test an extensive geological and geotech-
nical characterization was undertaken, including in
situ testing [SPT, CPT, SBPT, cross-hole (CH)] and
laboratory testing for chemical, mineralogical and
physical identi®cation, as well as oedometer and
triaxial testing on high quality block samples.

In this paper the results of the experimental
studies are presented and discussed, mainly in
regard to the pre-failure deformation behaviour of
the saprolitic soil. The pressure±settlement curve

from the footing load test, for typical working load
levels, is compared with those obtained by using
simpli®ed linear and non-linear elastic analyses
based on deformation moduli taken from the lab-
oratory and in situ tests.

GENERAL CHARACTERIZATION OF THE

EXPERIMENTAL SITE

Figure 1 shows the experimental arrangement
adopted for the footing test and the location of in
situ tests in the vicinity.
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The results of SPT and CPT tests and the values of
the maximum shear modulus, G0, obtained from
cross-hole tests are shown in Fig. 2. It is observed
that the CPT cone resistance, qc, increases linearly
with the at-rest effective vertical stress, ó 9VO

whilst G0 reveals a very low variation.
The variation of grain size distribution and

Atterberg limits with depth is summarized in Table
1. This table contains the results obtained with
specimens taken from the SPT sampler and from
blocks trimmed in ditches 1±2 m deep. On the
whole, the results reveal a fairly homogeneous
ground pro®le which can be classi®ed as SM (silty
sand) or SM-SC (silty clayey sand) according to
the Classi®cation for Engineering Purposes (ASTM
D2487, 1989).

Table 2 includes some natural physical proper-
ties of the soil at the experimental site and the
corresponding typical range in the region (da Fon-
seca, Matos Fernandes, Cardoso & Martins, 1994).
The degree of saturation, Sr, is very often in the

range 90±95% and the corresponding suction le-
vels are very low.

Table 3 presents some state indices commonly
used for residual soils. In the Collins (1985) classi-
®cation the values of Xd correspond to the meta-
stable zone, which characterizes highly porous
(¯occulated) fabrics with an interparticle cemented
matrix.

Figure 3 illustrates the plotting of the CPT test
results on the Robertson (1990) classi®cation chart.
It can be observed that: (i) almost all values are
situated in typical zones associated with cemented,
aged or very stiff natural soils; (ii) with respect to
grain size distribution the values fall mainly in the
zones for sands or silt=sand mixtures.

INITIAL STRESS STATE

Regional experience suggests that values of the
coef®cient of earth pressure at rest, K0, are rela-
tively low. This is in agreement with the conclu-

Table 1. Grain size distribution and Atterberg limits

Depth:
m

Clay:
%

Silt:
%

Sand:
%

wL:
%

wP:
%

1´2 8 25 62 28 25
1´7 4 29 65 29 24
2´1 6 26 63 27 19
2´7 8 29 58 30 21

Borehole 3´5 3 23 68 31 28
SP3 4´0 5 25 63 32 21

4´8 5 29 59 NP
5´2 5 22 67 NP
5´6 5 21 67 NP
6´2 5 22 67 32 28

0´8 7 19 64 NP
1´2 7 31 55 32 25
1´7 6 24 65 30 22
2´1 6 22 63 NP
2´5 6 24 59 28 24

Borehole 3´0 5 22 60 28 25
SP4 3´6 5 20 64 28 22

4´0 4 21 65 28 21
4´6 5 21 64 NP
5´0 5 24 58 31 25
5´3 4 22 62 NP
6´0 4 19 66 28 26

Blocks 1´0±1´5 5±7 14±23 64±67 28±40 19±26

Table 2. Natural physical properties

ãs: kN=m3 e Sr: % w: % k: m=s

Exp. site 25´7±26´5 0´60±0´85 70±100 15±27 10ÿ6 ±10ÿ5

Regional 25´5±26´7 0´40±0´85 60±100 10±30 10ÿ6 ±10ÿ5

ãs: unit weight of solid particles; e: void ratio; Sr: degree of saturation; w: water
content; k: coef®cient of permeability.
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sions of Vaughan & Kwan (1984) for cases where
the weathering processes do not generate expansi-
ble minerals.

The four tests with the Cambridge self-boring
pressuremeter (SBPT) included in the experimental
studies lead to an average value of K0 equal to
0´38. This value has been globally corroborated by
the results of incremental triaxial tests with null
radial strain (da Fonseca, 1996).

FOOTING LOAD TEST

General
The instrumentation used for the footing load

test consisted of (see Fig. 1): three displacement
dial gauges with 50 mm travel and 0´01 mm divi-
sions connected to the footing to record its settle-
ment; nine reference pins to survey the de¯ection
of the ground surface around the footing by means
of topographic electronic equipment; and four ver-
tical inclinometer tubes sealed at 6 m depth to
measure horizontal displacements in the ground;
the inclinometer tubes were also used to observe
the position of the water table.

The loading process consisted of 35 load steps,
including four unload±reload cycles. Values of the

stabilization time ful®lled a criterion commonly
considered as appropriate to saprolitic soils (GOST
20276, 1985 ± national Soviet standard): the settle-
ment shall not exceed 0´1 mm in a time interval of
4 h. The whole duration of the test was approxi-
mately 15 days.

During the test the water level remained practi-
cally constant at 1 m depth.

Bearing in mind the number of loading stages,
the piezometric readings and the adopted stabiliza-
tion criterion, one can consider that the test was
performed under drained conditions.

The loading process was concluded when the
observed settlement reached around 10% of the
footing diameter (ASTM D1194, 1989). The load
at the last stage corresponded to a pressure of
about 1000 kPa.

Pressure±settlement curve
The complete pressure±settlement curve from

the footing load test is shown in Fig. 4(a). As can
be seen in the enlargement of Fig. 4(b), there is a
clear increase of the settlement rate with load for
pressure values exceeding around 125 kPa. It
should be noted that the time for settlement stabili-

Table 3. Weathering and void ratio indices

Index (symbol) Reference Values

Lixiviation index (â)* Rocha Filho et al. (1985) 0´40±0´50
Degree of decomposition (Xd){ Lumb (1962)

Collins (1985)
0´59±0´63

Relative void ratio (er){ Vaughan (1988) 0´72

* â � ba1 (weathered rock)=ba1 (sound rock), where ba1 � (K2O� Na2O)=Al2O3.
{ Xd � (1ÿ Wf=Wf 0)=(1� Wf=Wq), where Wq is the weight of quartz, unaltered by
weathering, and Wf and Wf 0 are the weight of feldspar in the soil and in the parent
rock, respectively.
{ er � (eÿ eopt)=(eL ÿ eopt), where eL and eopt are the void ratio at the liquid limit
and at the optimum dry density.
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zation in each load step signi®cantly increased
above this pressure.

Although it is not precisely de®ned, this pressure
seems to represent a transition from an essentially
elastic behaviour to a phase in which the cemented
structure of the soil is substantially damaged. This
seems to be con®rmed by the small difference
between the inclination of the ®rst loading curve
and that of the ®rst unload±reload cycle (Fig.
4(b)). In the subsequent cycles the unload±reload
modulus is lower (Fig. 4(a)).

Figure 5 shows the vertical displacement of six
of the reference pins on the ground surface around
the footing. For the ®rst load stages settlements
increase at an approximately constant rate after
which a stabilization occurs.

At the end of the test the rotation of the footing
was measured with the help of a high precision
clinometer. The measurements were performed on
a smooth steel plate which had been previously

®xed to the top of the footing and carefully
levelled. The rotation angles were 18209, in the
plane of the settlement points T4 and T9, and 309,
in the perpendicular plane. This rotation was also
appreciated from the settlement measurements of
the three dial gauges resting on the footing.

This rotation explains the fact that the settle-
ments of points T7 and T8 become clearly smaller
than the corresponding ones, T6 and T5 respec-
tively, with the approach of the end of the loading
process. Consistent differences of settlements be-
tween points T4 and T9 are not detected due to the
large distance to the footing.

In relation to the horizontal displacements at the
surface and in the ground in the vicinity of the
footing, the recorded values are generally very
small, most of them of the order of magnitude of
the inclinometer equipment precision. The dis-
placements observed at the two inclinometer tubes
closest to the footing are illustrated in Fig. 6 for
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some stages of the test. In spite of some scatter, a
general movement towards the loaded area can be
observed during the initial loading steps followed
by a clear reversal of the displacement direction.
Nevertheless, ®nal displacements are still directed
towards the footing.

Note on the type of failure
The shape of the pressure±settlement curve is

typical of a punching shear failure mode. It should
also be noted that the end of the test corresponded
to a 100 mm settlement of the footing base while
the ground surface pins situated at 0´3 m from its
border did not reach values of settlement greater
than 10 mm (see Fig. 5(a)). The interpretation of
the curve with the purpose of estimating the bear-
ing capacity of the footing is beyond the scope of
this paper.

Allowable pressure evaluation
In order to establish the serviceability limit state

pressure the criterion proposed by DeÂcourt (1992)
was adopted as a reference. This stipulates that the
allowable pressure on a shallow foundation on
residual soil should correspond in its effect to a
settlement of 6´0 mm for a 0´8 m diameter plate
load test. This represents a settlement of 0´75% of
the diameter of the loading surface, which gives a
settlement of 9 mm in the present case.

For the footing test curve (Fig. 4) a 9 mm settle-
ment corresponds to an applied pressure of about
195 kPa.

INDUCED STRAINS IN THE GROUND

Figure 7(a) illustrates the maximum principal
(vertical) strain distribution under the centre of the
footing obtained from a simpli®ed non-linear elas-
tic analysis, to be presented below, whose results
closely ®t the ®rst part of the observed pressure±
settlement curve. Results are shown for three va-
lues of the applied pressure: 100, 200 and 400 kPa,
corresponding to a value near to the serviceability
limit state pressure and to half and twice that
value.

Figure 7(b), in which a logarithmic scale is used
for the strain, shows clearly that, for pressures of
100 and 200 kPa, strain values exceed 10ÿ3 only in
a restricted zone adjacent to the footing.

These results corroborate evidence from other
authors (Jardine, Potts, Fourie & Burland, 1986;
Burland, 1989; Tatsuoka & Shibuya, 1992; Jardine,
1995; Tatsuoka & Kohata, 1995) of the rather low
strain levels involved in a number of soil±structure
interaction problems, including shallow founda-
tions, under common working conditions.

A considerable in¯uence of the cemented struc-

ture of the soil on the behaviour of the footing is
therefore to be expected.

LABORATORY TESTING FOR MECHANICAL

CHARACTERIZATION

Note on sampling
Laboratory tests for mechanical characterization

were carried out on undisturbed samples taken
from large blocks trimmed in open ditches at a
depth of 0´5±1 m below the level of the footing
base. All the sampling and handling procedures
were undertaken with the utmost care in order to
preserve the natural structure of the saprolitic soil.

Taking into account, on the one hand, the homo-
geneity of the ground underneath the footing to
depths of about 6 m (see Fig. 2 and Table 1) and,
on the other hand, the conclusions on induced
strains that have just been presented, the above-
mentioned blocks can be taken as representative of
the saprolitic soil most intensely affected by the
loading of the footing.

Oedometer and triaxial specimens were obtained
by driving the rings or split tube samplers into the
blocks with the help of a static trust. The require-
ments of GCO (1990) about the cutting shoe, the
wall friction (smooth inox steel faces) and the use
of a non-return valve, have been adopted.

It is recognized that tube sampling may signi®-
cantly reduce stiffness and strength of soils (Hight,
BoÈese, Butcher, Clayton & Smith, 1992). Never-
theless, the very fragile structure of this granitic
residual soil did not allow the use of trimming
methods to obtain specimens directly from the
blocks. The use of these methods seems to be
more practicable in residual soils with a clayey
matrix, such as gneissic soils from Brazil (Costa-
Filho, DoÈbereiner, De Campos & Vargas, 1989).

Oedometer and isotropic consolidation tests
Figure 8 includes the results of oedometer tests

revealing three distinct zones typical of cemented
soils (Vaughan, 1988) and corresponding to differ-
ent states and ranges of the compressibility index:
(i) `stable', Cr � 0:007ÿ0:018; (ii) `metastable',
Ccs � 0:129ÿ0:289; and (iii) `granular or de-struc-
tured', Cc � 0:101ÿ0:172. In the ®rst state the soil
generally preserves its natural cemented structure,
while in the third state this structure is completely
destroyed; the intermediate state is associated with
progressive de-structuring, resulting from the gra-
dual breakage of interparticle bridges by compres-
sion. While the ®rst zone can be likened to an
overconsolidated state in transported soils, the sec-
ond, although apparently similar to a normally-
consolidated state, is really a transition state char-
acterized by higher values of compressibility than
the same material would have under remoulded
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conditions (granular state). Results for the re-
moulded soil are also included in the ®gure for
reference.

Therefore, a virtual preconsolidation stress, ó 9vp,
can be de®ned as the value which separates the
®rst two zones, where most of the stress states
generated by current loading conditions are situ-
ated.

In order to evaluate the virtual preconsolidation
stress the method proposed by Pacheco e Silva
(1970) was used, since it has demonstrated a good
reproducibility in residual soils. The values ob-
tained for virtual preconsolidation stress were

ó 9vp � 85ÿ140 kPa (see Fig. 8), more than 4 times
the natural at-rest vertical effective stress.

It is interesting to note that the pressure of
125 kPa, which corresponds to a transition of beha-
viour in the footing load test, falls reasonably with-
in the range found for the virtual preconsolidation
stress.

Values of Cr and Cc from the tests are reason-
ably consistent with those commonly reported in
the literature for similar soils (Lacerda, Sandroni,
Collins, Dias & Prusza, 1985). Nevertheless, the
values of the tangent-drained constrained modulus
calculated for the same consolidation effective
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stresses are substantially lower than the corre-
sponding tangent Young's moduli obtained from
triaxial tests (described in the following section)
after taking into account the effect of Poisson's
ratio. This may be due to the height of these
specimens being signi®cantly smaller than that of
the triaxial specimens, leading to greater damage
during preparation and handling. At small strains,
bedding and contact problems may also have con-
tributed to that trend.

Isotropic consolidation tests with local measure-
ment of axial and radial strain provided values of
the virtual isotropic preconsolidation stress of
ó 9mp � 40ÿ60 kPa. This range is slightly lower
than the one deduced from the oedometer tests:
considering K0 � 0:38 and taking the values of

ó 9vp indicated above, ó 9mp � 50ÿ80 kPa. This
conclusion corroborates the hypothesis of Vaughan
(1988) that yield surfaces for volumetric compres-
sion are anisotropic and may be centred on the K0

stress axis (see Fig. 9).

Triaxial compression tests
A large number of triaxial tests were performed

with different specimen sizes, consolidation stress
conditions and stress-paths.

In this paper are presented just the results from
compression tests on specimens of 100 mm dia-
meter with local strain instrumentation. The local
strain was measured with a pair of axial strain
inclinometers (Ackerley, Hellings & Jardine, 1987).
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The specimens were previously saturated by apply-
ing 10 kPa increments of the back and con®ning
pressures ± maintaining an effective isotropic stress
of 10 kPa, up to values of the order of 300 kPa to
achieve full saturation.

The adopted rate of deformation was
0´002 mm=min, chosen to ful®l the requirements of
drained shear conditions. Intermediate unload±re-
load cycles were performed starting at low to
moderate stress levels.

Peak strength parameters obtained from these
tests showed a good consistency ± ranges of 37±
388 for the angle of shearing resistance and 9±
12 kPa for the effective cohesion.

In Fig. 10 stress±strain curves from one of the
tests obtained by classical (external LVDT) and
local strain measurement systems are compared.
For these soils, as for many others, the former
technique leads to rather unrealistic values of stiff-
ness. The curve for the local instrumentation re-
sults is also included in Fig. 11 together with the
curves from other tests with similar measurements
but different consolidation stresses, ó 9c.

Figure 11 shows that the soil exhibits substantial
brittleness for the lowest effective consolidation
stress, while for the others the brittle behaviour
tends to vanish, probably due to the development
of volumetric (collapsible) plastic strains prior to
shearing. Thus, for consolidation stresses much
higher than the at-rest stress state, the stress±strain
response tends to be typical of de-structured mate-
rials. For the lower consolidation stresses (10 and
20 kPa) peak values of deviatoric stress are mobi-
lized before the highest value of the dilatancy ratio
is reached. This seems to indicate that the mech-
anical behaviour of the saprolitic soil is controlled

by cementation between particles rather than by
dilatancy phenomena related to particle interlock-
ing. This latter type of behaviour, typical of dense
granular transported soils, is not compatible with
the fabric of this soil which exhibits a low to
medium density (e � 0:60ÿ0:85) for an essentially
sandy soil.

In order to study the dependency of stiffness on
the effective consolidation stress, two types of
Young's modulus were considered: (i) `pseudo-elas-
tic', Eel, deduced from the initially-linear reload
branch of an intermediate unload±reload cycle; (ii)
initial tangent, Eti.

Assuming elastic isotropy, the Poisson's ratio í
was determined from the same reload branch as
Eel (Lade, 1988). The average value obtained was
íel � 0:26. It is interesting that this leads to an
elastic coef®cient of earth pressure at rest of:

K0 � í=(1ÿ í) � 0:35 (1)

which is reasonably consistent with the in situ
SBPT results.

The analysis of the results, expressed on normal-
ized logarithmic scales in Fig. 12, shows that the
dependency of these moduli on the consolidation
stress is bilinear, with a noticeable change of slope
at stresses of the order of 50±60 kPa. This shows
the favourable contribution to the soil stiffness of
the natural cemented structure for the lower con-
solidation stresses.

It is systematically observed that Eel values are
2 to 3 times greater than the values of Eti. This
discrepancy is believed to be due to slight move-
ments of the inclinometer footings anchored on the
wall of the specimens which signi®cantly affect the
initial sections of the stress±strain curves and,
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consequently, the values of Eti.
Several authors (Burland, 1989; Tatsuoka &

Shibuya, 1992; Tatsuoka & Kohata, 1995) suggest
that the small strain shear moduli evaluated from
triaxial tests with local strain instrumentation are
similar to those obtained by in situ seismic tests.
In the present case, for óc9 � 10 kPa, the shear
modulus evaluated from Eel (assuming íel � 0:26),
is Gel � 32:8 MPa. On the other hand, the maxi-
mum shear modulus obtained from cross-hole tests
for the same consolidation stress is G0 � 102 MPa
(see Fig. 2(c)). Therefore, the relation G0=Gel

� 3:1 may represent a largely inevitable effect of
sample disturbance.

Tatsuoka & Shibuya (1992) suggest a correction
method for the laboratory stress±strain curves
based on the assumption that the dependency of
the deformation moduli on the strain level is
similar in laboratory and ®eld tests, whilst the

absolute values of laboratory moduli may often be
lower than those from in situ testing due to sample
disturbance, ground non-uniformity and other ef-
fects. The method consists of correcting the mod-
ulus from laboratory tests by the above-mentioned
factor G0=Gel.

This procedure has been mostly applied in seis-
mic and other dynamic studies but its use for static
problems in which strain levels in the ground are
small to moderate does not seem to be unreason-
able.

The question of the adequacy of CID triaxial
tests for the characterization of the stress±strain
behaviour of the saprolitic soil, which exhibits K0

much smaller than 1´0, has been analysed by
comparing the tangent moduli evaluated for the
same deviatoric stress in CID and CAD triaxial
tests with the same effective consolidation radial
stress ó 93c (see Table 4).
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The results of these tests, which have all been
undertaken with a very low rate of deformation
(0´002 mm=min), seem to indicate a fair reproduci-
bility in CID tests of stiffness under initial condi-
tions de®ned by K0 , 1. Thus, if triaxial specimens
of this residual soil are isotropically consolidated

inside the volumetric yield surface and if local
strain measurement is used, CID tests can serve for
stiffness evaluation, thereby avoiding the frequent
dif®culty of ®xing an appropriate value of K0 to
be adopted in a triaxial testing programme.

FOOTING SETTLEMENT EVALUATION BY

TRIAXIAL TESTS RESULTS

Linear analysis
Table 5 includes the Young's modulus of the soil

for different load stages obtained by back-analysis
of the footing load test. The back-analysis assumed
a linear elastic layer with constant modulus under-
lain by a rigid base at 6´0 m depth loaded at the
surface by a rigid footing. It should be remembered
that the intermediate pressure shown in the table
approximately corresponds to the allowable pres-
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Table 4. Tangent Young's modulus from CID and
CAD (K0 � 0:5) triaxial tests, with ó93c � 10 kPa

ó1 ÿ ó3: Et: MPa
kPa

CID CAD

10 9´60 10´42
16´3 8´38 7´96
30 7´93 7´57
50 6´68 6´59

646 VIANA DA FONSECA, MATOS FERNANDES AND SILVA CARDOSO



sure according to the criterion of DeÂcourt (1992)
for residual soils.

Assuming elastic conditions, it is possible to
evaluate the position of the so-called settlement
centre, zl (Carrier & Christian, 1973). For circular
foundations, its position depends on the variation
of the Young's modulus with depth and on the
diameter of the footing, B. For the present case it
is expected that zl � B.

Considering the results of the CID triaxial tests
under a consolidation effective stress corresponding
to a depth similar to the footing diameter, the
tangent Young's modulus for the K0 shear stress
level was found to be EtK0 � 7:8 MPa.

The use of such a modulus in an elastic analysis
of the footing load test would lead to a crude
overestimation of the observed settlement.

However, if EtK0 is multiplied by the above-
mentioned factor G0=Gel one obtains 24´3 MPa.
This value would provide a good prediction of the
settlement for typical working conditions (applied
pressure up to about 200 kPa, see Table 5).

This observation suggests that the application of
a design methodology which corrects the values of

the deformation modulus from triaxial tests by
factors referenced to ®eld tests (cross-hole tests or
similar) may give good results. This is further
explored in the following section.

Simpli®ed non-linear elastic analysis
Taking into account the methodology proposed

by Wahls & Gupta (1994), the dependency of the
Young's modulus on depth and on the shear stress
level in the soil can be evaluated through the
results of triaxial tests using the classical equation:

Etl � pa Kl(ó 9ml= pa)nl (2)

where pa is the atmospheric pressure and Kl and
nl are dimensionless parameters.

Using the results of several triaxial tests with
different consolidation stresses and evaluating, for
each test, the tangent modulus, Etl, for distinct
shear stress levels, it is possible to compute, for
each of these levels, the corresponding values of
Kl and nl. This is reported in Table 6 where q and
qf are the current deviatoric stress and the devia-
toric stress at failure, respectively.

A law for the dependency of Kl and nl on the
shear stress level has then to be de®ned. Since nl

exhibits a modest variation, a constant average
value is adopted, nl � 0:375. For expressing the
dependency of Kl on the stress level, q=qf (com-
puted from the results of corresponding triaxial
tests), the following function is assumed:

Kl � CK log (q=qf )l (3)

the evaluation of CK being outlined on Fig. 13.

Table 5. Secant Young's modulus, Es, evaluated from
the footing load test

qs: kPa 95 190(�) 380

Es: MPa 23´1 19´4 15´3

(�) Approximately corresponding to the allowable pres-
sure for serviceability limit state design.

Table 6. Values of Kl and nl as function of the stress level

q=qf : % 0 10 25 50 75

Kl 520 256 142 88 74
nl 0´383 0´450 0´488 0´234 0´328
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Fig. 13. Variation of Kl with the stress level
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These parameters are subsequently used in a sim-
pli®ed non-linear elastic analysis of the footing
load test.

The analysis requires the discretization of the
ground in several layers ( j � 1, m) with a thick-
ness of Ähj and the application of a stepped
(i � 1, n) loading process. For the applied loading
step, Äqsi, the vertical and mean effective stress
increments in each layer j, Äóvij and Äómij, are
calculated by using, for instance, the Ivj and Imj

factors proposed by Giroud (1972) for rigid circu-
lar foundations:

Äóvij � IvjÄqsi (4)

Äómij � (1� í)ImjÄqsi (5)

Stresses at each stage are de®ned by:

ó 9vij � ó 9v(iÿ1)j � Äóvij � ó 9v0j � ÓiÄóvij (6)

ó 9mij � ó 9m(iÿ1)j � Äómij � ó 9m0j � ÓiÄómij

(7)

where

ó 9m0j � ó 9v0j(1� 2K0)=3 (8)

The corresponding vertical strain increments are
calculated by:

Äåvij � IejÄqsi=Etij (9)

in which

Iej � (1� í)[Ivj ÿ 3íImj] (10)

and Etij represents the tangent Young's modulus.
The settlement increment, Äsi, for each load step
can be de®ned by the equation:

Äsi � ÄqsiÓj[IejÄhj=Etij] (11)

and the total settlement is given by:

si � ÓiÄsi (12)

By means of this incremental process it is pos-
sible to select, for each layer, the appropriate de-
formation modulus. A value of Etij is adopted, for
each increment, by considering the average of the
values of ó 9m and q=qf corresponding to the
current step (i) and to the previous one (iÿ 1).
The value of qf is calculated assuming a Mohr-
Coulomb law with the ö9 and c9 parameters de-
duced from triaxial tests and the value of q given
by:

qij � ó 9vij ÿ ó 9hij � 1:5 (ó 9vij ÿ ó 9mij) (13)

The curve obtained by the application of this
methodology to the footing load test is compared
in Fig. 14(a) with the experimental one. The
analytical result is rather poor, as could be easily
predicted taking into account the linear back-analy-
sis presented above.

Although the linear elastic assumption for the
calculation of the incremental stresses may affect
the analytical results (Jardine et al., 1986), it is
believed that the main reason for discrepancy is
the under-estimation of stiffness by triaxial testing.

Figure 14(b) illustrates a comparison between
the observed settlements and the results of the
application of the non-linear simpli®ed procedure
in which the deformation modulus is now corrected
by the factor G0=Gel. The linear diagram obtained
by the application of the linear elastic analysis with
a constant modulus equal to EtK0. G0=Gel is also
shown.

The agreement between the observed results and
the analytical curve obtained on the basis of the
corrected modulus is very good up to a value twice
the allowable pressure. Even the linear elastic ana-
lysis gives a good agreement up to loads close to
the allowable pressure.

FOOTING SETTLEMENT EVALUATION USING SPT

AND CPT TESTING RESULTS

SPT tests
Some empirical methods for the evaluation of

settlements of shallow foundations are based on
sensitivity analyses of the in¯uencing factors: the
applied pressure, qs, the footing width or diameter,
B, and the results from in situ tests like NSPT or
qc-CPT.

The expression of Burland & Burbidge (1985),
based on over 200 records of settlement of founda-
tions on sands and gravels, is well known:

s � áBBqsB
0:7=NSPT

1:4 (14)

with áBB varying between 0´93 and 3´09, the aver-
age being 1´71.

The application of this equation to the footing
load test provides a settlement two to three times
the observed one for working conditions. Rocha
Filho (1986) reported ratios of 1´5 to 2´5 after the
application of the same equation to Brazilian sa-
prolitic soils.

CPT tests
The semi-empirical method of Schmertmann

(1970) assumes a simpli®ed distribution of the
in¯uence factor for the vertical strains under the
footing, whose values are computed on the basis of
a deformation modulus variable with depth in
proportion to the CPT cone resistance:

Esi � áqci (15)

Schmertmann, Hartman & Brown (1978) found
á � 2:5 for axisymetric conditions in granular
soils.

It should be remarked that, in spite of using a
constant modulus for a given depth, Schmertmann's
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method provides a non-linear pressure±settlement
curve, since the strains depend on the ratio be-
tween the incremental pressure and the initial ef-
fective vertical stress at foundation level.

This method was applied to the footing load test
by adjusting the á parameter in order to ®t the
observed curve. As shown in Fig. 15, the best
agreement was achieved for á values of 4´0 to 4´5.
These relatively high values should probably be
attributed to the in¯uence of the cemented struc-
ture of the saprolitic soil, being situated in the
range referred to by Robertson & Campanella
(1988) as applicable for aged sands.

CONCLUSIONS

The paper has summarized the work conducted
at an experimental site to investigate the behaviour
of a saprolitic soil from granite.

The general characterization of the residual soil
has been presented in terms of the results of SPT,
CPT and CH in situ tests, as well as the grain size
distribution, Atterberg limits, physical properties
and weathering indices. A carefully-controlled load-
ing test of a circular reinforced concrete footing has
been described and the results have been analysed
with an emphasis on the pressure±settlement curve
for pressures up to the serviceability limit.

Fig. 14. Footing load test: comparison of the experimental curve
with the one calculated by simpli®ed non-linear analysis: (a)
deformation modulus from triaxial tests; (b) deformation modulus
corrected by the factor G0=Gel
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The results presented of oedometer, isotropic
compression and triaxial compression tests on high
quality block samples using local strain instrumen-
tation can be considered as typical of soils with a
cemented structure. In spite of the evidence of
such a structure in the laboratory test results and
of the careful choice of the parameters expressing
the stiffness of the soil (depending on the mean
effective stress and on the shear stress level), a
simpli®ed non-linear elastic analysis based on these
parameters provides a considerable overestimation
of the observed settlements.

This discrepancy suggests that, notwithstanding
the care taken in the sampling and testing of the
soil, the structure of the specimens may have been
substantially affected. A substantial part of this
damage may have been induced by tube sampling
from the blocks.

The evidence of that structural damage is the
high value (about 3) reached by the ratio G0=Gel

(maximum shear modulus from cross-hole tests
and from the reload linear branches of triaxial
tests, respectively).

The correction of the stiffness parameters by
means of the factor G0=Gel resulted in a very good
agreement between calculated and observed results.
This methodology, combining results from labora-
tory and in situ tests in a simple and apparently
favourable way, is an approach which has been
already explored by other authors.

The interpretation of the footing load test by
means of the Burland & Burbidge (1985) equation
based on SPT results leads to an overestimation of
the observed settlement by a factor of 2±3. If the
semi-empirical method of Schmertmann (1970) is
applied together with the CPT results the footing
settlement is accurately reproduced provided that

the value of á � E=qc is taken in the range of 4´0
to 4´5. Both methods identify this saprolitic soil in
the global typology of cemented or granular aged
soils.
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