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siltstones, mudstones or marls. These rocks can alter-
nate in layers of tens of centimetres or they can be
present as massive strata (mainly sandstones with
Fig. 1. Schematic column of the mollassic formations in the Rhodope

basin, NE Greece: 1. sandstones, 2. clay shales or siltstones, 3.

sandstones with siltstones or clayey sandstones, 4. conglomerates, 5.

limestones, marly limestones or marles (from the Geolgical map of

Greece, 1:50,000, IGME, 1980).

Fig. 2. Geologic section in a molassic country, NW Greece (from the Geol

modified). 1. Bed rock of the already formed mountain belt, 2. molassic cou
occasional siltstone intercalations). Conglomerates oc-
cur rather commonly, forming thick bands in some
cases. Rather restricted limestone horizons may also be
present. Due to the fact that the sedimentation of the
detritus material took place close to the sea shore line
and the ongoing subsidence of the newly formed basin,
an alternation of sea, lacustrine and terrestrial deposits,
may characterise the molasses together with lateral
transitions from one lithological type of layer to the
other. A stratigraphic column and a geologic profile of
molassic formations from Greece are presented in
Figs. 1 and 2.
In some cases sandstones are very weak and can be

assimilated with sands; in such weak molasses, clays and
silts are also present and the material can be treated as
soil. These types of molasses are not considered in this
paper.
As the molasse characterise a series of sediments that

were formed and developed after the main orogenesis,
they have not suffered from compression or shear. They
are thus unfolded or contain mild gravity folds or
flexures. Inclination of strata is generally low and cases
with dips of more than 301 are infrequent or local.
Gravity faults are present, as in all post-tectonic basins
but their impact on the deterioration of the quality of
the rock is limited. In certain ranges molassic formations
may be deformed and overthrust by the final advance of
tectonic nappes. Again the decrease of their quality is
localised.
3. Molasse vs flysch

In contrast to molasses, the term flysch is used to
describe sediments produced early in the mountain
building process by the erosion of uprising and
developing fold structures. These are subsequently
deformed during later stages in the development of the
same fold structures. Flysch is thus produced in front of
the advancing orogenesis, folded with the other strata or
even overthrust by the advancing mountain belt. On the
other hand, molasses in the basins behind the already
formed mountain belt remain over the folded belt and
are undisturbed by the mountain building process.
Flysch, in contrast to molasses, has more rhythmic

and thinner alternations of sandstone and pelitic layers.
ogical map of Greece, sheet Ayiofillo, 1:50,000, IGME, 1979, slightly

ntry: alternation of sandstones, conglomerates, siltstones and marls.
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These suffered strong compressional deformations
which produced folds of many scales, sizeable sheared
zones and weaker surfaces, primarily in the form of well
developed bedding planes.
Fig. 4. Appearance of molassic rock core immediately after drilling.

Sandstones and siltstones are present but the bedding planes (mainly of

the siltstone) do not appear as defined discontinuity surfaces.

Fig. 5. Appearance of the same core as shown in Fig. 4 but after

storage in a core shed for 6 months. The sandstone remains intact but

the siltstones exhibit fissility followed by collapse.
4. Lithology

The sandstones members of the molasse are often silty
or marly and these exhibit low strength values. Their
unconfined compression strength may be about 10MPa
if they are marly or silty and more than 50MPa in their
typical granular form. A value of 20MPa may reason-
ably describe the typical unconfined compression
strength of the sandstone component of the molasses
in NW Greece. The unconfined compressive strength of
a typical siltstone can be about 15MPa. However,
siltstones may have a significant presence of clayey
materials (mudstones) and in the case of a clayey-
siltstone, mudstone or marl, the unconfined compressive
strength may be in the range of 5–10MPa.
All of these siltstones are very vulnerable to weath-

ering and development of fissility parallel to the bedding
when these rocks are exposed or are close to the surface.
In outcrops they appear thinly layered like siltstone
shales and when they alternate with sandstones, their
appearance resemblances similar alternation in flysch.
The weathering of outcrops shown in Fig. 3 can be
misleading when considering the behaviour of these
molassic rocks in a confined underground environment
in which the process of air slaking is restricted. This can
be seen by comparing the appearance of freshly drilled
core in Fig. 4 with that of the same core after storage in
a core shed for approximately 6 months, shown in Fig.
5.
In the freshly drilled core it is sometimes difficult to

distinguish between the sandstone and siltstone compo-
Fig. 3. Surface exposure showing alternating sandstone and siltstone

layers in a molassic rock mass in NW Greece.
nents of the molasse since the core may be continuous
over significant lengths. It is only after exposure that the
siltstone cores start to develop a fissile appearance and,
after a few months they collapse to a silty-muddy loose
mass. This process, which also affects the silty-sand-
stones, can result in a dramatic misinterpretation of the
engineering characteristics of molasses if inspection of
the core is not done immediately. Similarly, testing for
the unconfined compressive strength must be performed
as soon as possible after drilling and, in some extreme
cases, it has been found that this testing will only
produce reliable results if it is done on site immediately
after drilling.
Figs. 6 and 7 show very similar behaviour to that

described above in cores from rock from the site of the
Drakensberg Pumped Storage Project in South Africa
where site investigations were carried out in the early
1970s. The appearance of surface outcrops resulted in an
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Fig. 6. Freshly drilled sandstones and siltstones from the Drakensberg

Pumped Storage Project in South Africa (1972).

Fig. 7. Similar core to that shown in Fig. 6 but after storage for 6

months.
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extremely conservative assessment of the rock mass
behaviour. It was only after an exploratory adit was
mined and freshly drilled core was inspected and tested,
that realistic excavation designs were developed.
Fig. 8 shows the main powerhouse cavern of the

Drakensberg Pumped Storage Scheme during construc-
tion in about 1975. Based on tests carried out on site and
on the behaviour of exploration adits on the project [1],
a final design was developed using tensioned and
grouted rockbolts (6m long and 25mm diameter) and
a 15 cm thick shotcrete lining. A 5 cm thick protective
coating of shotcrete was applied as soon as possible to
all exposed rock surfaces in order to prevent air slaking.
A further 10 cm of wire-reinforced shotcrete was applied
later to complete the lining. No additional lining or
reinforcement was used and a suspended steel ceiling
was used to catch water drips and to improve the
appearance of the interior of the cavern. The system has
performed without any problems for more than 25
years.
5. The application of GSI to molassic rock masses

The molasses form rock masses with dramatically
different structure when they outcrop or are close to the
surface as compared to those confined in depth. This
means that care has to be exercised in the use of the
geological strength index (GSI) charts for assessment of
rock mass properties.
In the undisturbed in situ rock mass encountered in

tunnelling, the rock mass is generally continuous as
illustrated in the freshly drilled core photographs
described above. Even when lithological variation is
present the bedding planes do not appear as clearly
defined discontinuity surfaces. They are taken into
account by the intact strength sci of the mass. In such
cases the use of the GSI chart for blocky rock [2,3]
reproduced in Fig. 9, is recommended and the zone
designated M1 is applicable. The fractures and other
joints that are present, given the history of the
formation, are generally not numerous and the rock
mass should be assigned a GSI value of 50–60 or more.
Due to the benign geological history it is even expected












