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At rest coefficient of earth pressure in saprolitic soils from granite 
Coefficient en repos en sols saprolitiques du granit
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ABSTRACT: The methodologies for evaluation of Ko on natural soils are still far from being consecrated, with special emphasis on 
residual soils, where there is a strong lack of documented experience. This paper will give an insight on the up-to-date experience on 
this subject, giving emphasis to results obtained in some experimental sites in Porto’s Metropolitan zone. The importance of the accu
racy on the determination of these values for modeling underground works will be summarily illustrated with a comparison between 
numerical simulations and observations of real tunneling recent case history.

RESUME: Les méthodes pour l’évaluation du Ko dans les sols naturels sont encore très loin d'être consacrés, en particulier dans les 
sols résiduels pour lesquelles il n’existe pas de suffisante expérience documentée. Cet article donne une vue sur l'état d'art dans cette 
matière et sur l'expérience locale, particulièrement pour des champs expérimentaux dans la région du Porto. L’importance de la 
exactitude de l'évaluation des valeurs du Ko pour la modélisation des comportements des travaux souterrains est illustré par une 
comparaison des résultats de simulation numérique avec les observations d'un cas historique réel d'un tunnel.

1 INTRODUCTION

1.1 Scope

Young residual (saprolitic) soils from granite dominate large ar
eas in North of Portugal, where significant civil and industrial 
development is ongoing. Important excavation works, involving 
earth-retaining structures and tunnels (road and subway) - con
ditioned by excavation stepping phases and supporting systems -  
are being designed and under construction. The importance of Ko 
values on the implementation of numerical simulation is obvi
ous, but a general feeling of great empiricism and deep doubts 
prevail in the definition of in situ at rest stress state.

This paper will give an insight on the up-to-date experience 
on this subject, giving emphasis to results obtained in some ex
perimental sites in Porto’s Metropolitan zone. In these cam
paigns several experimental methodologies have been used, in
cluding very different equipments, such as: self-boring or 
prebored pressuremeter, dilatometer, triaxial tests over Class 1 
samples with radial strain control, and, more recently, cross ori
ented seismic surveys (in situ and in laboratory), which are 
nowadays considered most promising methodologies.

The importance of these values in underground works will be 

summarily illustrated with a couple of comparisons between 
numerical simulations and observations of real tunneling recent 

case histories.

1.2 On the at rest stress state in residual soils

The evaluation of the at rest coefficient of earth pressure, Ko, is 
of vital importance for the application of well defined constitu
tive laws in geotechnical analysis, namely numerical, as me
chanical answer of geomaterials is dependent on the correct 
definition of the initial stress state. The value of Ko depends on a 
large number of factors as the type of soil, void ratio, stress his
tory, strength characteristics and others, being most the well- 

known semi-empirical proposals a correlation of some of these 
factors. As example we can cite those of Jaky (1944), for granu
lar materials, or from Mayne & Kulhawy (1982), for fine soils 
with different OCR, or inter-crossing results from cone- 
penetration tests with these fundamental factors, such as those of 
Houlsby & Hitchman (1988) or Kulhawy & Mayne (1990).

Due to the cemented microstructure of these residual geoma
terials, those proposals are jeopardized as those index factors are 
not expected to command the genesis of these soils. It can be 
emphasized that, for both classical index patterns:
(i) the angle of shearing resistance integrates some components 

that result from the structural fabric itself, and not only from 
granular patterns, leading to at rest stress states equilibrium 
that result from the resistance of that natural structure, dif
ferent from those expected in transported granular soils;

(ii) the concept of overconsolidation ratio has not the same 
meaning in residual soils as in transported soils; being their 
mechanical properties inherited from completely diverse 
genesis when compared to stress-history.

Therefore, the exercise to correlate experimental parameters 
in the same correlation terms as in transported soils will be lim
ited and fundamentally incorrect.

Vaughan & Kwan (1984) have suggested a structural inter
pretation of the rock masses weathering process based on the 
hypothesis that the rock is a quasi-elastic structure. By this, the 
authors have associated the weathering evolution to a reduction 
of stiffness and shear strength. The vertical effective stress de
crease (associated to a loss of mass -  weight -  due to decompo
sition) leads also to a decrease of the horizontal stress. This last, 
considering the stability of the structural matrix and ignoring 
collapsible secondary effects, is governed by the absence of 
horizontal strains, will be evaluated by elastic formulations, as it 
follows:

£/, = 7  K - u - ^ - u  ct'v) =  0  => K0 = w
c  a v l —u

being v the Poisson ratio. Being the values of v always less or 
equal to 0.5, the principles of the Theory of Elasticity, expected 
values for Ko will be always less than 0.5. This can explain the 
regional experience on obtaining low values for at rest horizontal 
effective stresses. Indeed, with the loss of stiffness on weather
ing process, the influence of the parent rock stress state becomes 
negligible. Values for vertical stresses are exclusively related to 
overburden factors and horizontal stresses will be commanded 
by the referred condition null strain on elastic medium. It is in
teresting to reproduce Vaughan et al. (1988) analysis of the 
genesis of residual soils: while losing weight, there is some su
perficial erosion which, on the contrary of transported soils
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where relative higher values of horizontal stresses are kept with 
an increase of Ko, but also some dissolution and lixiviation in
ducing a grain and void ratio changing diminishing the effect of 
the parent stress history and creating that new elastic equilibrium 
(schematic process illustrated in Vaughan & Kwan, 1984).

2 EVALUATION OF Ko BY IN SITU TESTING

2.1 Methods
The horizontal stress can be measured by in situ testing under 
several techniques both directly (passively or actively) or 
indirectly (Clarke, 1996).

The drawbacks of most of the proposed techniques -  even 
considering the test results most advanced interpretation analysis
-  are usually associated to the processes of installing the instru
ments or equipments. More recently, promising trends in use and 
interpretation of seismic tests, especially those performed in 
boreholes, have been assumed (Jamiolkowski & Manassero, 
1996). For the estimation of Ko it has been postulated that when 
both horizontal and vertically polarized shear waves are meas
ured during cross-hole tests one can attempt to estimate the coef
ficient of the earth pressure at rest (Sully & Campanella, 1995). 
Moreover, it is recognized that there is an important obstacle to 
this recourse that lies on the high value of the exponent that cor
relates the polarized velocities, which requires a very high reli
ability and precision, difficult to assure. For these reasons, al
though some research is ongoing in our team on seismic wave 
propagation potentialities, what follows will concentrate on the 
most common active in situ tests.

2.2 Pre-bored pressuremeter (PMT)
2.2.1 Procedure and conventional interpretation
The evaluation of Ko from pressuremeter such as Minard's 
equipment (PMT), suffers from the drawbacks of pre-boring 
processes, which usually induces disturbance and consequently a 
changing on the natural states equilibrium. Baguelin et al. (1978) 
have emphasized this idea by distinguishing the values of natural 

horizontal pressure ( p 0 )  and p 0 M . this last corresponding to the 
volume (V0) on the starting linear pseudo-elastic phase, well 
above the beginning of soil stressing. Some exceptions to these 
limitations can be found in some stiff grounds, where pre-boring 
disturbance is small and the initial part of the pressure-expansion 
answer is well defined by a large number of input points.

Traditionally, the evaluation of p0M is strongly conditioned by 
the judgement of the operator and analyst, often graphically in
terpreting the inflection point between recompression and virgin 
loading branches, or the inflexion in yield curve (Cassan, 1978).

Trying to avoid the obvious limitation of associating p0M to 
P o ,  a direct estimating method, proposed by Cassan (1978), was 
followed in an experimental campaign. As suggested by the 
author, after the application of an initial pressure, higher that the 
“probable” value of p0, the water circuit is isolated, suppressing 
also the external air pressure; the soil stands then on null strain, 
while there is a decreasing of the pressure in the pressure gauge 
until it stabilizes in the value of p0, taking due count of the water 
column and all the inertial corrections.

2.2.2 Experimental data on saprolitic soils from granite
Results from tests executed in different depths have revealed 
values of Ko largely higher than those expected from local expe
rience, This was confirmed by the simultaneous execution of 
self-boring tests that will be described on following.

Apart from the obvious reasons associated to the pre-boring 
process, that discrepancy is also due to the characteristics of the 
equipment itself to determine low values of Ko- This is proved as 
it is followed. By definition:

being pQ the pressure measured in the surface gauge, h the

water height from surface down to the testing point and hw the 
piezometric level. As consequence:

Po +Yw(f* ~hw)K, (3 )

*0 =

By admitting, on extreme, that pQ will become null and that

the water table is below the testing point (h =h+a\ where h is the 

depth and a the height from the reservoir level to the surface):

Y w(h + a)
yh (4)

Taking Y=20kN/m3 and yw=10kN/m3, it results:

K0 = l/2 + l/2-a/h (5)

proving that, in this circumstance, it is unfeasible to obtain val
ues for Ko less than 0,5, even for high testing depths.

As consequence all the values turn to be overestimated. This 
was confirmed in experimental sites on residual soils from gran
ite (Viana da Fonseca, 1996) where the values were substantially 
higher than 0.60 and, mostly, higher than the unity.

2.3 Self-boring pressuremeter (SBPT)
2.3.1 Tests description
On a selected experimental site, described elsewhere (Viana da 
Fonseca, 1998), a set of selfboring pressuremeters tests, using a 
Camkometer, were accomplished both by strain and stress con
trol (example in Figure 1).

From the obtained pressure-strain curves it is observed that 
stress control processes do not allow with the same accuracy as 
in strain control to define the very low stress levels, as it is desir
able to define with high confidence the starting of such curves, 
as well as the to implement unload-reload cycles in the primary 
levels of loading, recognized as most adapted to stiffness char
acterisation.

2.3.2 At rest coefficient of earth pressure from SBPT
From the results on SBPT, a systematic evaluation of Ko has 
been made from the average value of the lateral at rest stress, 
corresponding to the “lift-off’ value, that, is that point estimated 
from the pressure-cylindrical strain curve, or, which, more con
fident from the direct interpretation of the three strain gauges 
situated in the face of the cell under 120° (example in Figure 2).

A good convergence between each sensor answers was gen
erally obtained, which reveals a good result in the self-boring 
process. This is clearly associated to the fair homogeneity of this 
residual profile, with no dissemination of stones or boulders the 
might condition different strain responses. Some of these are 
slightly affected by restricted disturbances that are avoided by a 
linearisation technique.

Po = Po + Y„-h = Ko-a[0+1„-hw (2)
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Figure 1. Exam ple o f  SB PT  under strain control.
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Cauchy strain, ec (%) -  from the 3 strain gauges 

Figure 2. L if t-o ff ’ defined on three strain gauges (120°).
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Figure 3. Ko triaxial tests -  evolutive behaviour with stress level
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Deduced values of Ko have ranged between 0.35 and 0.38 
over fairly homogeneous saprolitic profile up to 7m deep.

Quality self-boring pressuremeter tests allow measuring hori
zontal stress without, theoretically, changing the magnitude of 
that stress, provided allowances are made for installation distur
bance. So far, although it is recognised that this unchanging of in 
situ stresses is unrealistic, from the several testing methods, 
SBPT is considered a preferential mean to evaluate Ko values in 
geomaterials (Clarke, 1996). In the present case the stability of 
this residual soil structure, due its cohesive component, and the 
systematic signs of good quality has enabled to assume this val
ues as patterns.

3 EVALUATION OF Ko BY LABORATORY TESTING

The evaluation of Ko in laboratory over high quality samples and 
by testing triaxial specimens has the great advantage of assuring 
homogeneous stress field and to be considered and elemental 
evaluation with full control of the border conditions. The fact 
that most of the tested samples where taken by block trimming, 
on shallow depths, and carefully prepared for the test itself, and 
that the structural cohesive component has an important role in 
maintaining the soil integrity, has enabled to consider that this 
samples where clearly classified as Class 1.

Viana da Fonseca (1996) has tested undisturbed samples -  
obtained as described above -  and also the same soil remoulded 
dynamically to the same density and moisture content. This was 
accomplished in a stress-path triaxial system and the specimens 
were instrumented radially with a Bishop type ring (LVDT). 
The value of Ko obtained on remoulded condition was practically 
constant and equal to 0.41, while on the undisturbed samples 
values of 0.35 to 0.38 were found within the stress range lower 
than the yield locus (elastic threshold). These values are coinci
dent to those obtained in SBPT. Ko values increase when stresses 
surpass that locus and tend to values of granular conditions 
(ruled by Jaky law, for instance). This evolutive behaviour from 
stable to meta-stable conditions is consequence of the progres
sive destructuring up to a critical state condition. Values of evo- 
Iute to 0.48, corresponding to <|>’ Cv = 32°, value confirmed in 
multiphase triaxial tests (Viana da Fonseca, 1998). Figure 3 
shows the results of one of the tests over undisturbed samples 
and proves clearly that evolution, more markedly after medium 
effective stresses of 80-90kPa, close to pseudo pre-consolidation 
stresses, defined on consolidation tests.

4 NUMERICAL BACKANALYSIS OF TUNNEL

For the access to a new railway bridge across the river Douro, in 
Porto, it was necessary to construct a 250m tunnel beneath an 
old and densely built-up zone. The ground profile was domi
nated by highly weathered granites and residual soils associated. 
In the analysis of the behaviour of the underground work nu
meric models were applied and the value of Ko was defined in

order to the results of the calculations reproduced as close as 
possible the behaviour of some monitored sections, where dis
placements and forces were measured (Almeida e Sousa, 1998 

Almeida e Sousa et al., 1997).
The tunnel section, represented in Figure 4, was excavated 

with the aid of a provisional steel framework placed at lm inter
vals in the longitudinal direction and consisting of semicircular 
ribs, each one supported by four struts. The final lining, 0.35m 
thick, was executed with concrete with a distance from the exca

vation face of 8 to 12m.
For the observation of the behavior, three main monitoring 

sections were defined -STU1, STU2, STU3 - with installation of 
several equipment types that allowed: i) the monitoring of the 
vertical displacements of points located at the surface and in 
points placed about 1.5 m above the crown of the tunnel; ii) the 
monitoring of the horizontal displacements of points placed in 
the lateral of the tunnel; iii) the monitoring of convergences; iv) 
the estimation of the forces mobilized in the temporary support 
columns.

The observed behavior in STU3 contrasted with the verified 
on the other two. The movements near that section markedly ex
ceed those found in the remaining. This might be due to the fact 
that the weathering degree of the granite soil in STU3 (W5-W6) 
was higher than in the other two sections (W3-W4).

The finite element method was used for the numerical mod
eling of the tunnel's construction. The models used were 2D, 
trying to introduce the three-dimensional effect through a pro
cedure derived from the convergence-confmement method. The 
excavation of the tunnel was simulated in three phases (Almeida 
e Sousa, 1998). In the first phase, the simulation of the deforma
tion that occurs ahead of the excavation face, was made by re
ducing a portion of the nodal forces equivalent to the in situ 
stresses in the contour of the tunnel This relief factor was de
fined in a such way that the settlement on the tunnel axis ob
tained by calculation was equal to that observed at the instant 
when the driving edge reaches the section being analyzed. In the 
next phase, the simulation of the deformation occurring as a re
sult of the excavation of section itself is implemented. The effect 
of the temporary support is immediately admitted and the re
maining initial forces are partially reduced, being the relief fac-
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Figure 5. Horizontal displacements of the points located in the lateral of 

the tunnel section: FEM backanalysis versus observed behavior - STU3 

section (W5-W6: highly weathered granite, saprolitic soil - Ko=0.5)

tor defined in a such way that the numerically obtained values 
for the forces on the temporary support struts are equal to aver
age maximum values estimated by the correspondent instru
ments. The last phase seeks to simulate the deformation that oc
curs once the final lining has been installed. When the final 
lining is in place, the nodal forces initially installed in the con
tour of the tunnel are nullified.

To simulate the mechanical behaviour of the residual soils 
from granite, an elasto-plastic constitutive law was used, based 
on the Lade's model (Lade, 1988). In order to obtain the pa
rameters needed to characterise the behaviour of the soils, ac
cording to the that model used in this work, a number of triaxial 
tests were carried on undisturbed samples obtained in each of the 
three monitored sections (Almeida e Sousa et al., 1997).

The Ko value is naturally recognized as an essential parameter 
in the implementation of a elasto-plastic model and the analysis 
results are very sensitive to its values. A value of Ko=0.5 was 
initially taken, without any experimental basis. On the calcula
tions, it was verified that in the sections STU1 and STU2, unlike 
what it has happened in the section STU3 (Figure 5), the dis
agreements between the numerical results and the observed be
havior were significant, mainly regarding the horizontal dis
placements of the points located in the lateral of the tunnel.

Lateral displacements (mm)
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Figure 6. Horizontal displacements of the points located in the lateral of 

the tunnel section: FEM backanalysis versus observed behavior -  STU1 

and STU2 sections (W3-W4: moderately weathered granite - Ko=0.9)

The analysis of those disagreements confirms the hypothesis 
that one of the factors that might be responsible would be the as
sumed value for Ko for the least weathered material (too low). 
New calculations were carried out proceeding to a progressive 
increase in the values of Ko for W3-W4 horizons. As Figure 6 
illustrates, the calculation performed assuming for Ko a value of 
0.9 yielded a quite good approach to the observed behavior.

5 CONCLUSIONS

The evaluation of the coefficient of earth pressure at rest, Ko, in 
weathered masses from granite profiles suffers from several 
testing limitations, that explains the insufficient database in re
sidual soils. Regional experience indicate that Ko values are usu
ally low for high weathering degrees (W6-W5 rock masses, 
ranging from 0.35 to 0.50), becoming higher in moderate weath
ering levels (W4-W3 masses, with Ko values close to unity). 
These experimental data confirm the structural interpretation of 
rock masses weathering process, from Vaughan & Kwan (1984).

A FEM back-analysis of the behavior of some sections of na 
carefully monitored tunnel, has given emphasis to the impor
tance of a fundament assumption of the values of Ko and con
firmed with utmost clearance the above trends. These calcula
tions, when based on elasto-plastic models, demand for a 
rigorous assumption of Ko values due to their sensitivity to this 
parameter. Therefore, design of these underground works and 
demand for the development of more work in this area, mostly in 
such complex profiles such as those dominated by residual soils.
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