
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


2/18

“In Situ” Shear Tests and Triaxial Tests of Foundation Rocks 
of Concrete Dams

Essais « in situ » de cisaillement et essais triaxiaux sur les roches de fondation des barrages 
en béton

by J. L. Se r a f i m , H ead, D am s Studies Section 
and

J. J. B. Lo pe s , A ssistan t R esearch  Engineer, L ab o ra tô rio  N ac ional de E ngenharia  Civil, L isbon

Summary

The importance of the shear strength of foundations of large 
concrete dams being recognized, a large number of in situ tests 
was carried out on large areas of rock. Results of these tests 
are given by the authors who take into account the index of 
alteration (weathering degree) of the rock. Triaxial tests up to 
failure were also made on samples of the same rocks using lateral 
pressures similar to the stresses applied to the foundations. 
Measurements of strains up to failure were carried out, showing 
important aspects of the behaviour of rocks, and more particularly 
of weathered rocks.

1. Introduction

The forces transm itted by concrete dams to their foundat
ions always include shear stresses whatever the type of dam 
may be. It is generally considered in the designs that failure 
can take place in a concrete gravity dam, either of the massive 
or buttress types, by sliding along a jo in t near the foundation 
or along the foundation itself [1,2]. These considerations can 
also be applied to arch dams and this is confirmed by certain 
failures which have occurred.

In these conditions it becomes necessary to know the shear 
strength of the foundation rock. This has been attempted, 
although not very frequently, by means of triaxial tests on 
small samples believed to be representative of the rock for
mations, and especially by means of in situ  or field shear tests 
carried out on blocks of rock cut on the site [3, 4, 5] or on 
concrete blocks moulded against the rock [6,7].

W ith a view to studying geological problems, triaxial tests 
on small, cores were carried out by Von K arman (1911) 
[8, 9,10], G riggs  (L936) [11], Price (1958) [12] and Wuerker 

(1959) [13], among others. The triaxial tests made by the 
U.S. Bureau of Reclamation [14] are also particularly note
worthy because they concern studies of rocks of dam foun
dations.

Since 1957, the Laboratorio Nacional de Engenharia 
Civil (L.N.E.C.) has been carrying out tests to determine 
the shear characteristics of foundation rocks. These studies 
consist mainly in triaxial tests on cores taken from rock 
blocks and in situ  shear tests on large blocks of rock or 
concrete moulded against it.

Owing to the great alteration found it has only been possible 
to interpret the results of these tests by introducing a class
ifying index (/') for the weathering degree of the rock. This 
index was only used for schists and altered granites and was 
defined as being the percentage of water absorbed through 
immersion by a sample dried at a 105° C.

Sommaire

Reconnaissant l’importance de la résistance au cisaillement 
des fondations des grands barrages en béton, on a fait un grand 
nombre d’essais in situ sur de grandes surfaces de roches. On 
présente les résultats obtenus dans ces essais en tenant compte 
du degré d’altération de la roche. On a exécuté aussi des essais 
triaxiaux, jusqu’à la rupture, sur des échantillons des mêmes 
roches, en employant des pressions latérales semblables aux 
contraintes appliquées aux fondations. Des mesures des défor
mations jusqu’à la rupture ont fourni des renseignements impor
tants sur le comportement des roches, notamment des roches 
altérées.

The work of Mr. A. Hamrol, at the Foundations Section, 
was particularly im portant for the definition and determina
tion of that index as well as for the carrying out of some 
in situ  shear tests and triaxial tests. A reference is also made 
to  the assistance given to this work by Mr. J. B. Folque, 
H ead of the Foundations Section and to the guidance given 
by Mr. M. Rocha, D irector of the Laboratory.

2. Triaxial tests on cores

The cores for these tests were cut out in three orthogonal 
directions. The size of the samples is 12 cm in height and
5 cm in diameter. The tests have been carried out in a triaxial 
apparatus (Fig. 1) initially used for the determination of the

Fig. I Triaxial apparatus. 
Appareil triaxial.
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Fig. 2 Results of triaxial tests of granités.

Résultats des essais triaxiaux des granits.

uplift factor [15], Lateral pressures on the cores can be applied 
in this apparatus, up to a maximum of 50 kg per sq. cm. In 
order to prevent pressure on the pores of the samples, these 
were wrapped in rubber sleeves.

The first triaxial tests w ithout measurement of deformation 
were carried out chiefly on the rock of Alto Rabagao Dam  
site, a granite found in all stages of alteration. In this case 
only the samples cut in the vertical direction were tested as 
this granite has shown a marked orthotropy. About 60 samples 
were tested.

All the tests were performed on samples saturated by 
immersion for 24 hours. The lateral pressures employed were
0, 5, 20 and 40 kg per sq. cm.

Fig. 2a shows the curves for axial stress (cr3), a t failure as 
a function of the index of alteration for the different lateral 
pressures (a^ =  a2 = p ). From these curves the M ohr’s 
envelopes for granites with different degrees of alteration 
were obtained (Fig. 2c). Fig. 2b shows the M ohr’s circles for 
a granite in a certain degree of alteration. It should be noted 
how the shear characteristics of the rocks decrease considerably 
as their alteration increases.

The tensile tests on cylinders by diametrical compression 
are interesting [16], and these were used to complete the 
M ohr’s envelopes. The tests already carried out (Fig. 2a) 
show that this method is very useful for testing rocks.

Triaxial tests with measurement o f deformations were also 
performed on cores from Alto Rabagao Dam. These tests 
have been carried out mainly to  determine the variation of 
the moduli of elasticity and Poisson’s ratio up to failure,
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Fig. 3 Influence of the lateral pressure on stress-strain diagrams 
and on Poisson’s ratio obtained in triaxial tests.

Influence de la pression latérale sur les diagrammes 
tension-déformation et sur les coefficients de Poisson 
obtenus dans les essais triaxiaux.

and also their variations with the confining stress. An increase 
of the modulus of elasticity with lateral pressure has been 
observed (Fig. 3a), but nothing can be said so far concerning 
the variation of the Poisson’s ratio with this pressure.

Considering the variations of Poisson’s ratio with axial 
stress observed (fig. 3b), for a given lateral pressure, it can be
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assumed that the external forces begin to bring about the 
destruction of the internal structure of the material when 
the Poisson’s ratio reaches a value of 0-5. This leads to another 
criterion for the interpretation of the results of rupture tests.

3. Field tests

The problem of the determination of shear strength of large 
masses of rock, necessary for a thorough design of large 
concrete dams, is very difficult to solve from a practical point 
of view. Nevertheless a solution has been attempted by carry
ing out field shear tests on rock blocks of a reasonable size 
cut on the foundation, but kept attached to their base, and on 
concrete blocks moulded againt the rock surface. Such tests 
already include some particulars of the formation such as 
fissures, seams and local alterations. Both the rock and concrete 
blocks tested had square bases of 70 x 70 cm and were 30 cm 
high (Fig. 4).

Fig. 4 Loading system for shear tests.

Dispositif de chargement dans les essais de cisaillement.

The blocks of rock were surrounded by very rigid metallic 
frames duly bonded to them with m ortar or grout. The 
reference system was attached to points in the ground, far 
from the tests and regarded as fixed. The stresses normal 
to the base of each of the blocks assumed the values of 1.0,
2-5, 4-0 and 7*0 kg per sq. cm. Both the formations and the 
blocks were kept saturated during the tests. The tangential 
displacements were measured at two points and the normal 
ones at four points of the block, up to failure (Fig. 5).

Norm al forces were applied simultaneously. Only when 
stabilization of the deformations was reached were inclined 
forces applied. These were increased by steps, waiting for 
stabilization of the displacements at each step until loads very 
near failure were reached. This was nearly always obtained 
by an increase of the inclined force.

The normal and tangential stresses at the base of the blocks 
were calculated assuming an even distribution of these stresses. 
It was therefore adm itted that rupture occurred actually 
across the plane of the base, which is approxim ately true.

For tracing the Coulomb’s lines (shear characteristics) it 
must be admitted that, in a series o f tested blocks, all of them 
show about the same characteristics. The greater the hetero
geneity and anisotropy of the foundation, originated by faults, 
diaclases, foldings (the case of schists), microtectonics, alter
ations, etc., the greater will be the difficulty in obtaining 
acceptable results.

The classification of the type of alteration of the rock from 
which the blocks were cut was done before and after the tests. 
The results obtained through the tests carried out on the 44 
rock blocks of Alto Rabagao Dam site were interpreted accord
ing to two criteria for choosing the tangential stresses at 
failure. In the first .it was considered that the failure stress 
was the maximum tangential stress reached during the test 
and, in the second, it was considered that the tangential 
stress for which the direction of the vertical movement of the 
downstream side of the block was inverted (points A of Fig. 5) 
already caused the failure. After considering the results as a 
whole, and in spite of the dispersion, it was possible to obtain 
the diagrams of Fig. 7 where a relationship has been established 
between the tangential stresses and the index of alteration 
for the two criteria of failure mentioned above. The Coulomb’s 
lines result from the previous ones. It can be seen that even 
the very altered rocks (residual soil) present a cohesion of 
about 2 kg per sq. cm and the values of the angles of internal 
friction, for such soils, are reasonably close to 35 degrees.

The difference between the values obtained through the two 
criteria of interpretation should be noted, the lower values
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Surfaces de rupture de blocs de roche soumis au cisaillement.

5 3 6



M
'E
o
CDJÉ
H

I/)
C»
I/)
l/l
Ci»
I—

Tn

fU

c
0>>
en
C
(TJ

u 2 4
Index of a l t e r a t i o n  i (%) 

Fig. 7 Results of field shear tests on granites.

Résultats des essais de cisaillement sur place de granits.
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Fig. 8 Results of field shear tests on schists.

Résultats des essais de cisaillement sur place de schistes.
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corresponding to the second criterion as it concerns a pre- shows that the cohesion of a concrete surface exceeds the
rupture state. cohesion of the rock proper. Some of the results obtained

In Fig. 8 the results of the shear tests on schists, on the in these tests are presented in Table I. 
site of another dam, are given. The tests were carried out
parallel and perpendicularly to the schistosity planes of anal- 4 Rupture tests on rocks with inclined forces 
ogous rocks, showing aproxim ately the same index of alter
ation. Other tests on schists were reported elsewhere [17]. In addition to the field tests carried out for obtaining 

As for rupture tests on concrete blocks moulded against M ohr’s envelopes of the different weathered granites, it was 
rock, failure took place in the rock in almost every case. This also interesting to investigate the ultimate resistance of the

Table 1

Shear strength of rocks tested ” in situ ” 
Résistance au cisaillement des roches essayées sur place

M aterial
Criter ia fo r  

Types o f  tests appreciating

Classification o f  
the rocks according 

to the index 
o f  alteration

Shearing characteristics 
obtained in  “ in situ”  tests

the results
C kg/cm-2 0 °

Weathered granites 
from 

Alto Rabagao

Along the upstream- 
downstream 

direction

Maximum
stress

i  =  3 13-4 62-5

i  =  7 3-5 52

i  =  10 2-2 46-5

Movement
inversion

1 =  3 6-5 63-5

i  =  7 2-2 49

1 =  10 1-5 42

Weathered schists 
from Miranda 

plus 
Schist-concrete 

bonds

Parallel to cleavage

Maximum
stress

— 0 to 4 59 to 64

Perpendicular 
to cleavage — 3-5 to 9 60
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same rocks under the action of forces inclined at different 
angles to the normal to the surface.

In these tests, forces were applied on the rock surface 
through concrete blocks with different inclinations with 
respect to the normal to that surface. The results obtained 
were interpreted as a function of the index of alteration 
(Fig. 9). An im portant conclusion, is that the ultimate resis

tance of the foundation increases very considerably as the 
acting force approaches the normal to the surface. Another 
conclusion is that, in the case of forces normal to the surface, 
rupture occurs well within the plastic range.

Fig. 9 Field tests of rupture on rocks subject to inclined loads. 

Essais de rupture sur place de roches soumises à des 
charges inclinées.

In order to obtain a better interpretation of the results of 

the field tests on a heterogeneous foundation, analogous 
laboratory tests are under way in which the rock is represented 
by a block of a brittle material inside a very rigid concrete 

tank.

5. Comparison of field and laboratory tests

There is a remarkable agreement between the results of 
field shearing tests and of the laboratory triaxial tests carried 
out on weathered granites. This may be regarded as remar
kable because the consolidation pressure was not the same in 
both cases, being higher in the laboratory triaxial tests which 
makes it difficult to compare the tests. Nevertheless curves 
obtained in in situ  shear tests (maximum load criterion) 
and laboratory triaxial tests for indices of alteration of 3,5 and
7 are presented in Fig. 10. In conclusion it can be stated that, 
whilst triaxial tests are more useful for characterizing a given 
rock material with respect to its shear strength, in situ  shear 
tests are more im portant, as they indicate the strength of 

the rock formation as a whole.
These tests can also sometimes take into account the influ

ences of seams, fissures, local alterations, e tc .; they give a 
more accurate idea of the shear strength of the rock in the 
foundation. A part from alterations of the rock, which greatly 
influences strength, it is necessary to investigate carefully, 
for any given dam site, the directions of fissures or seams 
which may render possible a slide along surfaces of minimum 
resistance. Such fissures may very easily originate dangerous 

uplift pressure in the foundations.
As the final rupture of a dam and its foundation takes 

place under heavy strains, the conclusion is reached that the 
danger for the structure (above all in weathered rocks) lies 
not only in a deficient shear strength of the rock but also in 
its differential tendency to deform. The determination of the 
deformability o f a foundation is obviously of the utmost 

interest [18].
In weathered rocks shear tests of the concrete bond have 

shown that shear failure invariably occurs in the rock, but in 
the case of slightly weathered materials the shear strength 

of the rock-concrete bond should be carefully investigated. In 
any case, constructional measures should be adopted ensuring 
the co-operation of the rock downstream of the structure in the 
resistance of the foundation to shearing forces.

Normal s tre ss  0 ( k g c m '2)

Fig. 10 Comparison of triaxial envelopes with results of field 
shear tests.

Comparaison des courbes intrinsèques triaxiales avec 
les résultats des essais de cisaillement sur place.
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