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565314 Abstract

->d45  Flysch materials are one of the most challenging geological materials and often give rise to slope
36 instability problems. Due to its natural heterogeneity, geomechanical characterization of Flysch
géw materials is somewhat difficult. The Spanish Basque Arc Alpine region is a very well-known

358 location for flysch materials. In this paper, an area of approximately 100 km? in the region is

3;19 intensively studied and their flysch materials geomechanically characterized. A total of 33 locations

39
4@0 are investigated by a broad geological-geotechnical investigation, involving petrographic analyses,
41

23%21 geomechanical stations, boreholes and mechanical laboratory tests. In addition, a slope inventory

44 : — — : ——
482  was carried out to assess the situation in the existing slopes in the area. Characterization of

46

2223 materials is carried out in terms of RQD, RMR and GSI as well as using the Hoek-Brown failure

3%4 criterion. Different correlations are assessed, establishing their appropriateness for estimating the

51

525  mechanical parameters of a flysch material rock mass.
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1. Introduction

Flysch is one of the most problematic geological materials. The presence of flysch materials is often
the source of slope instability problems, with accidents being reported during work construction and
over the duration of a structure’s service life (Morales et al. 2004; Marinos et al. 2006, 2011; Gong
et al. 2010; Fortsakis et al. 2012; Akin 2013; Cano and Tomas 2013; Vassilis 2019). In the field of
geotechnical engineering, flysch materials commonly include other flysch-like sedimentation
deposits, i.e. complex lithological sequences mainly composed of turbidites, slumps and
olitostromes (Kuenen and Migliorini 1950; Bouma 1962; Sanders 1965; Hoedemaeker 1973; Mutti

et al. 2003, 2009; Saroglou et al. 2019).

Geomechanical characterization of rock masses has been an important topic in geotechnical
engineering since its development. Several geomechanical indices, such as Rock Mass Rating
(RMR) (Bieniaswki 1989) or Rock Mass Quality (Q) (Barton et al. 1974), were developed to help
engineers tackle typical geotechnical issues such as slope stabilization and tunnel construction.
However, many of them were developed for igneous rock masses, which generally present
prismatic block shapes. Conversely, flysch materials are characterized by tabular and planar block
shapes. Some proposals have been put forward for heterogenic materials (like flysch), such as the
work conducted by Popiolek et al. (1993), Unal (1996) Wu et al. (2017) and Saroglou et al. (2019).
Similarly, Morales et al. (2004) studied flysch materials in the Basque Arc (Basque-Cantabrian
Basin, North East of Spain) and proposed a classification of flysch rock masses in terms of the
uniaxial compressive strength of the intact rock and the Geological Strength Index (GSI) calculated

according to Hoek (2000), Marinos et al. (2001) and Marinos (2019).

This paper is focused on the study and characterization of the flysch materials found near
Astigarraga, a village located close to the city of San Sebastian (Basque Country, Spain), where a
railway line has been proposed. Flysch materials in this area correspond to the Upper Cretaceous
and are identified as “Upper Cretaceous Flysch” on regional studies (EVE 1998). A broad

geological-geotechnical investigation was performed, including boreholes, geomechanical stations
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and an inventory slope. Laboratory tests were also carried out to achieve more accurate
petrographic and mechanical descriptions. It should be noted that, although the railway construction
will involve some dynamic loading that can affect the mechanical behavior of the rock masses, such

effects were considered to be outside the scope of this work and so were not taken into account.

Although the area under study belongs to the Basque Arc, unlike Morales et al. (2004), who
examined a total of 99 locations spread over 3000 km?, in this paper the investigation focuses on a
detailed area, with a total of 33 locations assessed over approximately 100 km?. Besides this, the
area explored corresponds to a place where no samples were studied by Morales et al. (2004). Thus,
this paper aims to validate the work of Morales et al. (2004) and enable its extension to all flysch
materials. In addition, the mechanical behavior of such materials is studied, assessing the degree of
suitability of the use of different correlations and approximations to estimate mechanical

parameters.

2. Geographical and Geological Situation

The study area is located in the Basque-Cantabrian Basin (BCB), located on the northern margin of
the Iberian Peninsula, Spain (Fig. 1). The Basque-Cantabrian Basin is an inverted Mesozoic
extensional basin, connecting the Pyrenees in the East with the Cantabrian Mountains in the West.
At present, it is considered part of the Pyrenean-Cantabrian belt, extending for more than 1000 km
from the Mediterranean border of France and Spain to the western end of the Iberian Atlantic coast

(Tugend et al. 2014).

The development of the Basque-Cantabrian Basin is linked to the opening of the North Atlantic
Ocean and the formation of the Bay of Biscay in the Mesozoic (Le Pichon et al. 1971; Ziegler 1988;
Garcia-Mondéjar et al. 1996; Roca et al. 2011). The basin underwent two major rifting episodes
during the Permian-Triassic and the Late Jurassic and high subsidence rates occurred during the
Cretaceous. Therefore, the sedimentary record of the BCB is characterized by several kilometers of
Mesozoic to Paleogene sedimentary sequences, composed of coastal siliciclastic and marine

carbonate deposits (Garcia-Mondéjar et al. 1996).
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The sedimentary BCB infill was thrusted and folded (i.e. uplifted) during the Alpine orogeny
compression (Late Cretaceous to Middle Miocene) as a consequence of the collision between the
Afro-lberian and the Eurasian plates, resulting in a basin inversion (Camara 1997; Gomez et al.
2002; Tugend et al. 2014). The most intensely deformed area of the BCB is the Basque Arc
(Feuillee and Rat 1971), which is a north and south-verging thrust belt characterized by the arched
shape of its structural elements. This complex area, placed between the Basque Paleozoic Massif to
the East and the Bay of Biscay coastline (Fig. 1), is composed of a number of vergent thrust sheets,
strike-slip sub-vertical faults and major fold structures. The latter include (from N to S) the North-

Biscay anticlinorium, the Biscay synclinorium and the Bilbao anticlinorium (Abalos et al. 2008).

The 8 km-long projected stretch of the high-speed Vitoria-Bilbao-San Sebastian railway line will
connect the Basque cities of Hernani and Renteria, through the area surrounding the village of
Astigarraga (Fig. 2). The railway track will run through a geologically diverse area located between
the eastern end of the North Biscay anticlinorium of the Basque Arc and the Cinco Villas Massif.
Earthworks related to the railway construction will be affected by the varied sedimentary lithologies
present, which reflect the palaeogeographic evolution of the Bay of Biscay basin. These comprise:
Upper Triassic red clays and evaporites of the Keuper facies, with sub-volcanic intrusions
(dolerites) deposited in continental environments during the rifting phase; Lower Jurassic
limestones, dolomites and marly limestones deposited on a shallow marine platform during the
opening of the North Atlantic Ocean; Aptian to Early Albian sequences of Urgonian reef limestones
with intercalations of detrital deposits of sandstones, clays and marls; sediments of the supra-
Urgonian complex (Upper Albian to Lower Cenomanian), composed of sandy calcarenites,
sandstones and conglomerates from fluvial to transitional environments (Oiartzum Formation);
Campanian to Lower Paleogene turbiditic successions from a deep, open marine environment
(calcareous and siliciclastic flysch facies); and, lastly, the overlying Quaternary fluvial deposits of

the Urumea river and coarse-grained colluvial sediments from bedrock weathering (see Fig. 2).
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This research is focused on materials belonging to the Upper Cretaceous turbidite sequence or
“Upper Cretaceous Flysch” on regional studies (EVE 1998). That Upper Cretaceous turbidite
sequence consists of more than 700 m interbedded marls and marly limestones, becoming a more
quartz-rich facies towards the upper part of the section (due to the increasing presence of clastic
turbidites, resulting from density currents). According to such noticeable variations in lithological
composition, two different units were differentiated: the Lower Itziar Formation, informally named
“Calcareous Flysch” and the Upper Aguinaga Formation or “Siliciclastic Flysch” (Baceta et al.
2011). These sedimentary successions were deposited in the flysch trough of the Basque-Cantabric
Basin (Mary et al. 1991; Pujalte et al. 1995). This interplate trough formed from smaller basins
generated in previous rifting stages at the start of the Pyrenean convergence (Pujalte et al. 1998).
Limestones, marls and occasional turbidites were deposited in a hemipelagic setting with an
estimated water depth of 800 to 1500 m during an interval of increased subsidence. The Upper
Maastrichtian to Paleocene was characterized by relative tectonic stability and only slight
subsidence (Pujalte et al. 1998). The complete sequence has been dated as Cenomanian to Lower

Maastrichtian in age (Eve 1988; Mathey 1982; Morales et al. 2004).

3. Materials and Methods

3.1. Geological-geotechnical investigation

A geological-geotechnical investigation including 24 petrographic analyses, 33 geomechanical
stations and 40 boreholes was carried out. It should be noted that other tests were also conducted
but only those relevant to the topic developed in this article are considered here. A total of 33
locations were investigated (see Fig. 2), of which 18 belonged to the upper flysch unit (Siliciclastic
Flysch or Upper Aguinaga Formation) and 15 to the lower unit (Calcareous Flysch or Lower Itziar

Formation).

Mineralogical and petrographic properties were analyzed by performing thin sections and studying
them under a polarizing petrographic microscope in order to determine grain size and quantitative

mineral content.
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Geomechanical stations identified the intact rock lithology and the existing discontinuities,
registering their typology (e.g. joints, faults, etc.), orientations and main properties (e.g. spacing,
persistence and aperture). The rock mass fracturing state was studied by plotting the discontinuities
through stereographic projection, a kind of azimuthal projection where the source point for the
projection is located on the top of a sphere and the plane of projection is the equatorial plane (the
hemisphere plotted corresponds to the lower one). Discontinuities were then grouped into sets of

similar characteristics (typology, orientation and properties).

Boreholes were carried out by core drilling with a diameter of 89 mm. The depths investigated
ranged between 16 m and 114 m and a total of 124 undisturbed rock samples were extracted in
order to carry out different laboratory tests. Mechanical properties were explored by means of 90
uniaxial compressive strength tests, 18 point load tests, 25 Brazilian tests (tensile strength tests) and
12 triaxial tests (confined compression on rocks). Additionally, 12 direct shear tests were performed
to obtain the angle of friction of the joints. Identification tests (e.g. unit weight) were also
conducted. All of these tests were based on ISRM (2007) recommendations and ASTM standards
(ASTM D7012; ASTM D3967; ASTM D5731; ASTM D2664; ASTM D5607). The value of the
RQD (Rock Quality Design) was directly obtained from the boreholes performed (i.e. by drilling)
when that was possible. Otherwise, RQD was obtained using the correlation given by Palmstrom

(1974) from the volumetric joint count value J, obtained from the geomechanical stations.

In addition, a slope inventory was carried out to assess the situation in the existing slopes in the
area. A total of 44 slopes were analyzed (see Table 1 and Fig. 2), identifying their geographical and
geological situation, specific location, orientation, height, length, inclination and main geological,
hydrogeological and geotechnical properties (including lithology, presence of water, fracture
density, joint roughness, weathering and block shape). Any observed instability, such as planar
failures, wedge failures, toppling, or falls due to differential erosion and earthflows, were also
recorded, as well as the presence of any vegetation and erosive problems (e.g. scours, gullies, debris

and differential erosion).
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3.2. Geomechanical characterization

The Basic Rock Mass Rating (RMRg) quality index was computed following the definitions in
Bieniaswki (1989) for each rock mass analyzed. The index takes into account the uniaxial
compressive strength of the intact rock (ozi), the RQD, the spacing of the discontinuities, the general
features of the discontinuities (e.g. aperture, roughness and persistence) and the hydrogeological

conditions of the rock mass.

The Hoek-Brown failure criterion (Hoek et al. 2002) was used to characterize the mechanical
behaviour of the flysch materials. This is a failure criterion defined by the expression:
' a
o' =0'3+0y -(mb O3y SJ 1)
O
where ¢’1 and o’; are the effective major principal stress and the effective minor principal stress,
respectively and my, s and a are three parameters related to the intact rock type and the Geological

Strength Index (GSI):

GSI -100
m=m-€ P EE— 2
v Xp(zs-moj @
GSI -100
S=exXp| —— 3
p( 9-3.D j 3
11 GSlI 20

a—fa'{exp(‘fj‘exp[‘?ﬂ )

m; being a constant that depends on the nature of the intact rock and D is a parameter that depends
on the degree of disturbance of the rock mass. Values for the GSI and m; were adopted based on the
method proposed by Hoek (2000) and according to the adaptation for heterogeneous rock masses
(flysch) developed by Marinos and Hoek (2001) and Marinos (2019). Disturbance factor D was

considered according to the method given by Hoek et al. (2002).

4. Results

4.1. Mineralogical and petrographic properties
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The Calcareous Flysch (Itziar Formation: Cenomanian-Santonian (Mathey 1982)) consists of up to
200 m of calcareous turbidites dominated by dark grey to black marls and marly limestones,
rhythmically interbedded with argillaceous marls (Figs. 3a and 3b). Petrologically speaking, the
carbonate-rich facies are micritic limestones (Folk 1962) with detritic quartz grains and dolomitic
patches, or partially silicified, dolomitised wackestones according to Dunham (1962). The more
siliciclastic intervals of the sequence are marls or marly limestones with abundant microfossils.
Occasional thin intercalations of terrigenous sediments (quartz wackes, Pettijohn et al. 1987) are

also present.

The Siliciclastic Flysch (Aguinaga Formation: Campanian-Lower Maastrichtian; Mathey 1982)
consists of a thick, quartz-rich turbidite sequence overlaying the preceding calcareous turbidite
formation (Eve 1988). This unit is composed of up to 500 m of interbedded, fine-grained sandy
limestones, marls and sandstones, arranged in centimetric to decimetric layers, with the sandstones
being the dominant lithologies (Figs. 3c and 3d). The thickness of the sequence is variable and
there is a noticeable thickness reduction from West to East, changing from 500 m in the vicinity of
Renteria to less than 250 m surrounding Hernani. The sequence was dated as Upper Santonian-
Campanian (Mathey 1982; Abalos 2016). These facies exhibit numerous water escape sedimentary
structures (convolute bedding, dish and flame structures, etc.) together with abundant trace fossils
(e.g. zoophycus, paleodyction, chondrites, helmintoides, thalassinoides, granularia, etc.). The fine-
grained components of the succession are classified as quartz arenites (Pettijohn et al. 1987) or
calcarenites (Folk 1974). The carbonate facies consist of partly-silicified, calcareous mudstones
with quartz grains (Dunham 1962). These materials represent a distal turbidity fan and submarine
plain deposits, formed by deep water gravity flows (Bouma sequence intervals T¢, Tq and Te).
Palaeocurrent direction analysis indicates that turbidity flows came predominantly from the North
East (EVE 1998). The presence of thick mega-turbidite deposits containing blocks more than 5 m in

size towards the end of the series, suggests that some sort of catastrophic event occurred.

4.2. Laboratory tests
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The results obtained from laboratory identification and mechanical testing (unit weight, uniaxial
compressive strength, tensile strength, point load, confined compression and shear strength of the
joints) on flysch materials are summarized in Table 2. Siliciclastic Flysch materials showed an
average dry density of 26.4 kN/m?3, a uniaxial compressive strength average value of 24.83 MPa and
a tensile strength average value of 8.43 MPa. Triaxial test (confined compression) yielded average
values of 10 MPa and 39.5° for cohesion and friction angle of the intact rock, respectively. In this
formation, average residual friction angle of joints was found to be 23°. Calcareous Flysch materials
showed an average dry density of 26.4 kKN/m?, a uniaxial compressive strength average value of
22.89 MPa and a tensile strength average value of 6.49 MPa. Triaxial test (confined compression)
yielded average values of 8.6 MPa and 49° for cohesion and friction angle of the intact rock,

respectively. In this formation, average residual friction angle of joints was found to be 30°.

As observed, the average values for both Calcareous Flysch and Siliciclastic Flysch are rather
similar in all cases, except for the angle of friction of the discontinuities and the results of the
confined compression tests, both of which showed higher mechanical values for the Calcareous

Flysch materials.
4.3. Geomechanical characterization

Geomechanical stations conducted on flysch materials showed that these materials were
characterized by at least 3 sets of discontinuities (occasionally 4 sets were identified). Fig. 4a shows
an example of a geomechanical station for a material belonging to the Calcareous Flysch, while Fig.
4b shows one for a material belonging to the Siliciclastic Flysch. In both units, no fault was
recorded. This number of sets lead to classifying the degree of fracturing of the studied rock masses
as being class VI (“three sets of discontinuities”) and VII (“three sets of discontinuities plus another
occasional one”) according to ISRM (1981). Moreover the block shape reported in the slope
inventory indicated that the rock masses analyzed consist of tabular-prismatic blocks, vertically
flattened and even sometimes exhibiting a planar shape (morphology which is expected for a flysch

deposit). Fig. 5 shows some of the slopes investigated.
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Geomechanical characterization results obtained for the 33 flysch locations investigated are shown

in Table 3. Values of uniaxial compressive strength for the intact rock (oi), the RQD, the Basic

Rock Mass Rating (RMRg) quality index, the GSI index and the Hoek-Brown failure criterion

parameters mj, mp, s and a (Hoek et al. 2002) are given. In addition, the mechanical properties of the

flysch rock masses, i.e. uniaxial compressive strength of the rock mass (ot), tensile strength of the

rock mass (otm), rock mass strength (o’cm) and Young modulus of the rock mass (En), are also

listed. The latter properties were obtained based on the expression given in Hoek and Brown (1997)

and Hoek et al. (2002), as well as taking into account the modifications of Marinos and Hoek

(2001):
o,=0,S"

5-0;
Oy =—

%.[m”‘l's‘a'(mb—s-s)]-( " j“

_ 4+s
o 2-(1+a)-(2+a)

D o 172 GSI-10
E, =[1-—||=| 10 ®
( 2j (100}

5. Analysis and Discussion

5.1. GSI vs uniaxial compressive strength
The 33 flysch materials identified in this study were plotted in a chart of GSI vs uniaxial

compressive strength of the intact rock (o), following the classification approach for flysch

materials developed by Morales et al. (2004) for alpine rock masses belonging to the Basque Arc.

According to that classification, 8 groups are defined depending on the position of the GSI vs oxi
pairs, ranging from very competent rock masses (massive or thick-bedded) to weak rock masses
with intense jointing or low intact rock strength. Table 4 lists the description of each rock mass

class given by Morales et al. (2004) as well as the “average” values of the Hoek-Brown failure

10

Q)

(6)

(7)

(8)
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criterion (Hoek et al. 2002) parameters mp, s and a which were also proposed by Morales et al.

(2004) for each rock mass class.

Fig. 6 displays the classification chart along with the location plotted by each of the 33 investigated
flysch materials. As can be seen, Siliciclastic Flysch materials (the upper flysch unit) tend to be
located at regions belonging to rock mass classes 1 and 2, which correspond to competent rock
masses (limestones and sandstones) with a thick-bedded, blocky structure. These materials are
expected to allow steep slopes without many instability issues. This was observed to be the case in
the slope inventory, where slopes of more than 25 m in height and reaching an inclination of 70° to
75° were reported to be reasonably stable, with only some retaining measures such as mesh and

horizontal or vertical drains (the majority of the horizontal ones being blinded).

Conversely, Calcareous Flysch materials (lower flysch unit) do not present a clear location on the
Morales et al. (2004) chart, with points in nearly all classes (except 6 and 7). However, most of
them belong to rock mass class 8, i.e. to the “worst” rock mass class. This phenomenon may be put
down to the existence of soft and evolutive materials (marls) in these flysch materials. Thus, where
marl content is lower, rock masses tend to belong to classes 1 to 3, while the greater the content in
marl, the lower the rock mass quality, up to rock mass class 8. The worse mechanical behavior of
those materials was also observed in the slope inventory that was conducted, generally finding that,
in general, they formed slopes of reduced height (around 3 to 4 m) and with inclinations of about
45°,

It should be mentioned that marls were not present in the Siliciclastic Flysch materials, so the
mechanical behavior of those rock masses is mainly given by their discontinuities. This results in
better geomechanical characteristics and higher values (Table 5) of the rock mass parameters (e.g.

oc, o, o'cm and Em), all of which translates into belonging to rock mass classes 1 and 2.

5.2. GSI vs. RMR correlation
Morales et al. (2004) also proposed a correlation between the Basic Rock Mass Rating (RMRg)

quality index and the Geological Strength Index (GSI). The correlation is:

11
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Fig. 7 tests the suitability of a such relationship on the 33 locations under study by comparing the
GSI obtained directly from observation of the geological formations, as indicated by Hoek (2000)
and Marinos and Hoek (2001), with the GSI obtained after applying the aforementioned correlation
from the computed RMRg. As observed, a high value of the coefficient of determination is obtained
(R? > 90%), so the correlation of Eq. (9) may be used for estimating the GSI of the flysch materials

of the area under study from the RMRg values with a good confidence level.

It is interesting to note that, even though materials studied by Morales et al. (2004) and those
assessed in the present paper both come from the same geographical/geological region (the Basque
Arc), the other authors did not analyze any samples from the area where the 33 studied samples
were obtained (see Section 1). Thus, the good match between the proposed rock mass classification
and the observed slope status in the slope inventory, as well as the high R? value found in the GSI
vs. RMRg correlation, confirms the appropriateness of the work of Morales et al. (2004) for

characterizing flysch formations.

5.3. Rock mass mechanical parameters

Since Morales et al. (2004) proposed representative values of the Hoek-Brown failure criterion
parameters (Hoek and Brown 1997; Hoek et al. 2002; Marinos and Hoek 2001) for rock masses
belonging to each defined class, the usefulness of that classification to estimate the shear strength of
flysch rock masses may be evaluated. As indicated by Hoek et al. (2002), equivalent cohesion (c)

and friction angle (¢) for a rock mass can be directly obtained from:

CZGCi'[(1+2.a)'s+(1_a)'mb'U'Sn '(S+mb'o-l3n)%1 (10)
e o
praizeay (1+a)-(2+a)
¢ = arcsin 6-am, (s+m,-0'y)" — (11)
2~(1+a)~(2+a)+6.a.mb_(S+mb_6.3n)

where mp, s and a are the three parameters that define the Hoek-Brown failure criterion and:

12



302

N7
38

1 1
2 3n =0 3max/O-ci

(12)
o 3max being the upper limit of confining stress.

Fig. 8 shows the comparison between the strength parameters (cohesion and friction angle) obtained
using Eq. (10) and Eq. (11) for the 33 flysch locations studied using the Hoek-Brown failure
criterion parameters mp, s and a (which were found experimentally, as indicated in Table 3) and the
ones given directly by the Morales et al. (2004) classification, according to the rock mass class to
which each location analyzed belongs (Table 4). For both calculations, the value of the upper limit
of confining stress (oamax) Was taken to be equal to 0.25- oci (Morales et al. 2004).

Together with that assessment, the graphs also show a comparison between the strength parameters

obtained from experimental values and those obtained by the classical correlation of Bieniawski

(1979):
c=5-RMR (13)
¢=5%5+9 (14)

where the RMR was taken to be equal to the RMRg computed for each of the 33 flysch locations
studied.

The results indicate a good coefficient of determination (R? = 86%) when estimating the value of
cohesion (c) from the Hoek-Brown failure criterion parameters my, s and a given by the rock mass
classification of Morales et al. (2004). Correlation is much lower (R? = 59%) when estimating the
value using the Bieniawski (1979) correlation, by means of the RMR. The better performance of the
rock mass classification from Morales et al. (2004) confirms the good degree of appropriateness of
that classification for analyzing flysch formations. The poor results for RMR may be explained by
the fact that, even though it is universally used in all rock masses in general, the RMR index was
originally developed for igneous rocks (especially for granitic rock masses), which tend to present
prismatic block shapes, while flysch formations are normally characterized by tabular and planar

block shapes.

13
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Regarding the friction angle ¢, both the RMR and the use of Morales et al. (2004) classification
values produce a low coefficient of determination with lower statistical significance (R?
approximately 60%). In the case of the RMR, this bad performance may have its roots in the same
reasons as those indicated above for the cohesion value. In terms of the Morales et al. (2004)
classification, poor performance may be attributed to the wide graphical area to which each rock
mass class is related in the GSI vs. o chart (Fig. 6). Besides, of the two parameters involved, the
GSI appears to have more importance in the classification. For instance, all rock masses with a GSI
of more than 50 belong to rock mass class 1, regardless of the value of the intact rock strength.
Similar issues may be observed with the other classes. Thus, use of the Morales et al. (2004)
classification may give a good estimation of the cohesion (whose relationship with the GSI is
probably higher in a rock mass than with the uniaxial compressive strength of the intact rock), but
only produces a rough estimation of the friction angle.

Finally, Fig. 9 shows the performance of the RMR in estimating the Young modulus (Em) of the

rock mass. Two correlations were used in this analysis. The one proposed by Read et al. (1999):

RMR

And that proposed by Gokceoglu et al. (2003):

E,, =0.0736. "R (16)

These correlations were applied to the 33 flysch locations studied and compared with the values of
Em obtained using Eq. (8) following the Hoek-Brown failure criterion (Hoek and Brown 1997;
Hoek et al. 2002; Marinos and Hoek 2001). As can be seen, the Read et al. (1999) correlation is
capable of capturing En values appropriately (R? near 80%), but performance is even higher (R? >
90%) when using the correlation of Gokceoglu et al. (2003). Thus, these correlations may be used
to estimate the rock mass Young modulus of flysch formations. It is important to mention that other

classical proposals like those of Bieniawski (1973) and Serafim and Pereira (1983) were also tested
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but their significance was very low (values of R? obtained were lower than 50%), so they are not
appropriate for such estimations.

7. Conclusion

A geomechanical characterisation of the flysch materials in an area of about 100 km? in the North
East of Spain was conducted. A total of 33 locations were analyzed through a complete
geotechnical investigation involving boreholes, geomechanical stations, a slope inventory and
laboratory tests. The materials studied corresponded to the “Upper Cretaceous Flysch”; two
formations were distinguished: the Lower, “Calcareous Flysch”, and the Upper, “Siliciclastic

Flysch”. From the different analyses performed, the following conclusions may be drawn:

- The use of the GSI vs. uniaxial compressive strength of the intact rock (o) chart given by

Morales et al. (2004) is appropriate for characterizing the flysch material.

- Siliciclastic Flysch materials (upper flysch unit) are mainly rock mass classes 1 and 2 according
to Morales et al. (2004) and showed good geomechanical characteristics. On the other hand,
Calcareous Flysch materials (lower flysch unit) showed poor geomechanical characteristics and
do not present a clear location in the Morales et al. (2004) chart but, due to the existence of soft

and evolutive materials (marls) in this flysch unit, many of the samples studied correspond to the

“worst” rock mass class (rock mass class 8).

- Estimation of shear strength parameters (cohesion and friction angle) for Upper Cretaceous
Flysch materials was poor. Neither the estimations using the RMR index nor the ones using the
Hoek-Brown failure criterion parameters (mp, s and a) given by Morales et al. (2004) yielded a

good performance, especially in terms of the friction angle. Further investigation is therefore

needed in this field.
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List of Figures

Fig. 1 Simplified geologic map of the eastern portion of the Basque-Cantabrian Basin showing the
location of the study area (star). Inset indicates the location of the detailed map depicted in Fig. 2.
Modified from Abalos (2016).

Fig. 2. Detailed geologic map and schematic stratigraphic section of the studied area showing
sample locations (33) on the “Calcareous Flysch” (blue stars) and the “Siliciclastic Flysch” (red
stars). The slope inventory carried out is also displayed (red and blue circles). The dashed line
represents the Hernani-Renteria railway stretch. Modified from EVE (1988).

Fig. 3. Photomicrographs of the terrigenous and carbonatic microfacies of the studied materials: (a)
Siltstone of the “Calcareous Flysch”; (b) Mudstone of the “Calcareous Flysch”; (¢) Quartzarenite of
the “Siliciclastic Flysch”. Note that the margins of some of the quartz grains arc scalloped in
contact with the clays of the matrix. This has occurred as a result of corrosion of the quartz during
diagenesis; (d) Mudstone in the “Siliciclastic Flysch”. The micritic matrix is partly recrystallized to
microspar and partly dolomitized. Abbreviations: ca, sparry calcite; cm, clayey matrix; d,

dolomite; m, micrite; Q, quartz. All figures under cross-polarized light.

Fig. 4. Geomechanical stations: (a) geomechanical station on Calcareous Flysch materials; (b)
geomechanical station on Siliciclastic Flysch materials. Corresponding joint sets are depicted in the
pictures. For each set, its dip and dip direction is indicated.

Fig. 5. Some slopes investigated in the slope inventory: (a) and (b) “Calcareous Flysch” slopes
(approximate height 3.5 m and 4 m, respectively; inclination 55° and 45°, respectively. Materials
consist of thick layers of marls and marly limestones alternating with argillaceous limestones which
dip downward about 25° to the SE); (¢) and (d) “Siliciclastic Flysch” slopes (approximate height 8
m and 14 m, respectively; inclination 65° and 75°, respectively. The rocks are basically thin-bedded
fine-grained sandy linmestones interbbeded with less competent layers of marls placed in

centimetric to demimetric layers. The whole sequence dips at 45° towards the North).
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Fig. 6. Location of the 33 flysch samples studied in a GSI vs. uniaxial compressive strength of the
intact rock chart, inside the 8 rock mass classes defined by Morales et al. (2004).

Fig. 7. Relationship between the GSI experimentally obtained and the GSI computed from the value
of the RMR according to the proposal of Morales et al. (2004).

Fig. 8. Shear strength parameters assessment: (a) Cohesion; (b) Friction angle. “Experimental data”
values were based on computing Hoek-Brown failure criterion (Hoek and Brown, 1997; Hoek et al.,
2002; Marinos and Hoek, 2001) parameters mp, s and a experimentally obtained (listed in Table 3)
and applying Hoek et al. (2002) expressions for cohesion and friction angle. “Estimated” values
were obtained either from the Hoek-Brown failure criterion parameters mp, s and a given by the
rock mass class according to Morales et al. (2004) or from the RMR through Bieniawski’s (1979)
correlation.

Fig. 9. Comparison between the rock mass Young modulus (Em) obtained from the GSI (Hoek and

Brown, 1997; Hoek et al., 2002) and that one obtained by correlations with the RMR.
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Table 1

Table 1. Basic data of the slope inventory.

Slope Lithology Geologic unit Height (m) Tilt / Geometry
S-1 Marly limestones Calcareous flysch 8 1H/2V
S-2 Marly limestones Calcareous flysch 3 2H/3V
S-3 Siliceous sandstones Siliciclastic flysch 2’5 Subvertical
S-4 Siliceous sandstones Siliciclastic flysch 6 1H/3V
S-5 Calcareous marls Calcareous flysch 4 2H/3V
S-6 Limestones Calcareous flysch 30 1H/2V
S-7 Limestones Calcareous flysch 30 Subvertical
S-8 Limestones Calcareous flysch 30 Subvertical
S-9 Marly limestones Calcareous flysch 5 1H/3V
S-10 Marly limestones Calcareous flysch 5 1H/3V
S-11 Marly limestones Calcareous flysch 1’5 2H/3V
S-12 Siliceous sandstones Siliciclastic flysch 8-9 Subvertical
S-13 Siliceous sandstones Siliciclastic flysch 10 Subvertical
S-14 Grey limestones Calcareous flysch 15 2H/3V
S-15 Grey-blue marls Calcareous flysch 8 1H/1V
S-16 Sandstones and siltstones Siliciclastic flysch 12 1H/3V
S-17 Grey marls Calcareous flysch 5 1H/3V
S-18 Grey marls Calcareous flysch 10 1H/3V
S-19 Limestones Calcareous flysch 3 Subvertical
S-20 Marly limestones Calcareous flysch 10 1H/3V
S-21 Sandstones and siltstones Siliciclastic flysch 7 Subvertical
S-22 Sandstones and siltstones Siliciclastic flysch 3 1H/4V
S-23 Sandstones and siltstones Siliciclastic flysch 15 1H/4V
S-24 Grey limestones Calcareous flysch 10 Subvertical
S-25 Grey limestones Calcareous flysch 20 1H/3V
S-26 Laminated marls Calcareous flysch 3’5 2H/3V
S-27 Calcareous marls Calcareous flysch 3 2H/3V

Siliceous S .

S-28 . Siliciclastic flysch 7 1H/3V

microconglomerates

S-29 Limestones Calcareous flysch 6 Subvertical
S-30 Siliceous sandstones Siliciclastic flysch 6 Subvertical
S-31 Siliceous sandstones Siliciclastic flysch 3’5 1H/4V
S-32 Siliceous sandstones Siliciclastic flysch 7-8 1H/3V
S-33 Sandstones Siliciclastic flysch 25 3H/2V

Siliceous A . , .

S-34 . Siliciclastic flysch 3’5 Subvertical

microconglomerates

S-35 Siliceous sandstones Siliciclastic flysch 9 Subvertical
S-36 Sandstones and Siliciclastic flysch 10 Subvertical

conglomerates

S-37 Calcareous marls Calcareous flysch 5 1H/2V
S-38 Calcareous marls Calcareous flysch 12 1H/1V
S-39 Laminated marls Calcareous flysch 4 1H/1V
S-40 Limestones Calcareous flysch 14 1H/3V
S-41 Calcareous marls Calcareous flysch 14 1H/1V
S-42 Calcareous marls Calcareous flysch 25 2H/3V
S-43 Calcareous marls Calcareous flysch 18 1H/1V
S-44 Calcareous marls Calcareous flysch 21 2H/3V




Table 2

Table 2. Laboratory tests results on flysch units.

Triaxial test on

_ _ Wléinglft]t Uniaxia_l Tensile T;;Qt rocks (confined str?r:g?r: of
Geological unit compression strength : compression) .
(dry).ya  girength (MPa)  (MPa) ls50 o joints, ¢r
(KN/m?) (MPa)  ccu (MPa) (g)“ ©
Minimum 20.7 0.14 0.04 1.24 0.2 35.0 18.0
Siliciclastic =~ Maximum 28.5 76.25 12.47 4.38 19.9 44.0 30.0
Flysch Average 26.4 24.83 8.43 2.95 10.0 395 23.0
Std. dev. 1.4 18.08 3.56 1.30 13.9 6.4 9.7
Minimum 24.5 6.03 4.55 0.91 0.2 42.0 23.0
Calcareous  Maximum 27.6 49.87 9.83 4.55 16.9 57.0 37.0
Flysch Average 26.4 22.89 6.49 2.74 8.6 49.0 30.0
Std. dev. 0.9 14.10 2.40 1.76 11.3 3.2 11.8




Table 3

Table 3. Geomechanical characterization results.

Geological

Point flysch unit oci RQD RMRs GSI mj Mp S a oc Gtm G’em Em

1 Siliciclastic 37.7 50 60 54 7 135 0.0060 0504 286 -0.17 6.10 7729.8
2 Siliciclastic 424 45 62 55 8 160 0.0067 0504 341 -0.18 7.46 8683.3
3 Siliciclastic 40.0 55 57 52 7 126 0.0048 0505 270 -0.15 6.18 7096.3
4 Siliciclastic 42.3 65 61 48 7 109 0.0031 0507 227 -0.12 5.96 5796.6
5 Siliciclastic 38.6 63 64 47 7 105 0.0028 0507 1.95 -0.10 5.32 5227.5
6 Siliciclastic 40.1 65 47 35 11 108 0.0007 0516 097 -0.03 5.23 2670.4
7 Siliciclastic 41.1 54 58 43 8 104 0.0018 0509 1.63 -0.07 551 4284.7
8 Siliciclastic 325 48 59 38 9 098 0.0010 0513 095 -0.03 411 2857.2
9 Siliciclastic 425 72 69 58 14 312 0.0094 0503 4.06 -0.13 1032 10332.2
10 Siliciclastic 43.2 69 72 63 9 240 0.0164 0502 548 -0.29 9.69 13891.3
11 Siliciclastic 26.5 64 60 49 7 113 0.0035 0506 150 -0.08 3.82 4859.8
12 Siliciclastic 32.1 63 55 47 7 105 0.0028 0507 1.62 -0.08 4.42 4767.1
13 Siliciclastic 37.8 53 45 38 8 087 0.0010 0513 110 -0.04 451 3081.4
14 Calcareous 23.5 20 43 37 8 084 0.0009 0514 0.64 -0.02 274 2293.7
15 Calcareous 215 21 27 20 9 052 0.0000 0544 0.17 -0.01 1.65 824.5

16 Calcareous 22.3 23 21 18 7 037 0.0001 0550 015 -0.01 1.39 748.4

17 Calcareous 30.0 35 28 25 15 103 0.0002 0531 036 -0.01 354 1298.8
18 Calcareous 27.4 45 41 36 11 112 0.0008 0515 0.70 -0.02 3.66 2338.2
19 Siliciclastic 50.2 70 74 69 3 099 0.0319 0501 892 -1.62 946 21152.0
20 Siliciclastic 51.3 77 74 69 11 364 0.0319 0501 912 -045 1456 213825
21 Calcareous 25.6 26 23 20 11 063 0.0001 0544 020 -0.01 219 899.7

22 Calcareous 30.1 18 26 18 8 043 0.0000 0550 020 -0.01 201 869.5

23 Calcareous 31.0 43 49 41 8 097 0.0014 0511 1.09 -0.04 3.97 3316.51
24 Calcareous 30.5 65 62 54 7 135 0.0060 0504 232 -0.14 494 4952.6
25 Calcareous 175 29 37 19 7 039 0.00010 0547 013 -0.01 1.13 702.3

26 Calcareous 12.3 36 45 38 7 077 0.0010 0513 036 -0.02 1.37 1757.7
27 Siliciclastic 13.4 60 66 58 7 156 0.0094 0503 1.28 -0.08 2.39 5801.7
28 Calcareous 20.5 24 23 17 8 041 0.0001 0553 012 -0.01 1.32 677.4

29 Calcareous 20.0 25 44 37 8 084 0.0009 0514 055 -0.02 233 2116.0
30 Calcareous 19.8 39 45 36 15 153 0.0008 0515 051 -0.01 3.09 1987.6
31 Calcareous 23.4 32 47 42 11 139 0.0016 0510 0.87 -0.03 3.58 3052.2
32 Siliciclastic 22.6 55 62 57 8 172 0.0084 0504 204 -0.11 4.17 7113.0
33 Siliciclastic 32.1 50 63 56 8 166 0.0075 0504 273 -0.14 578 8003.0

Notation: RQD: Rock Quality Index, in %; ozi: uniaxial compression strength of the intact rock, in MPa; RMRs: Basic Rock Mass
Rating (Bieniaswki, 1989); GSI: Geological Strength Index (Hoek, 2000; Marinos and Hoek, 2001); mi, mp, S, a: parameters of the
Hoek-Brown model (Hoek et al., 2002); oc: uniaxial compression strength of the rock mass, in MPa; am: rock mass tensile strength,
in MPa; o’em: rock mass strength, in MPa Em: Young modulus of the rock mass, in MPa.




Table 4

Table 4. Rock mass classes description and estimated Hoek-Brown parameters (Hoek and Brown,
1997; Hoek et al., 2002; Marinos and Hoek, 2001) for flysch deposits according to Morales et al.

(2004).

Rock mass
class

Description

Class 1

Class 2

Class 3

Class 4

Class 5

Class 6

Class 7

Class 8

Very competent rock masses, made up of high compressive strength (o)
materials, massive or thick-bedded. The discontinuities affecting the rock
mass do not constitute persistent and regular sets of weakness (GSI over 50).
They are generally either very compact sandstone and limestone or materials
of igneous origin.

Rock masses consisting of highly competent materials, with o values similar
to class 1, affected by wide-spaced discontinuity sets (GSI values under 50).
The rocks are basically thick-bedded blocky sandstones, limestones and
igneous materials.

The materials making up the rock mass have a o of less than 30 MPa and
relatively high GSI values (from 35 to 45). They are generally very competent
marls or claystones.

Rock masses with a GSI from 25 to 40 and a medium-high o value (over 25
MPa). This group largely consists of rock masses in which competent
materials, predominant (generally sandstone or limestone) and alternate with
less competent layers (argillaceous marls, siltstone or claystone).

Rock masses consisting of materials with a oci of less than 25 MPa, basically
marls and competent siltstone. The discontinuity rating is relatively high (GSI
between 30 and 40).

These are rock masses made up of materials of medium compressive strength
(oei over 20 MPa) or equal amounts of layers of very different strength. The
GSI value is between 25 and 35.

Rock masses consisting of siltstone and alternations with predominant
siltstone (o under 20 MPa). Their discontinuity rating is high, with
significant weathering (GSI ranging from 25 to 35).

These are weak rock masses as a result of intense jointing or because the rock
material itself has a low strength. This class also includes very weathered rock
masses. The GSI is under 27 and the o is no more than 15 MPa.
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Table 5

Table 5. Geomechanical characterization average values.

Geological flysch unit O RQD RMRs GSI Gc Otm G’cm Em
Siliciclastic Flysch

Average 37.0 59.9 61.6 52.0 3.03 -0.22 6.39 8040.5
Std. deviation 9.4 9.1 8.0 9.9 2.47 0.36 2.95 5556.5
Calcareous Flysch

Average 23.7 32.1 37.4 30.5 0.56 -0.02 2.59 23.7
Std. deviation 5.4 12.4 12.1 11.6 0.57 0.03 1.16 54

Notation: RQD: Rock Quality Index, in %; ozi: uniaxial compression strength of the intact rock, in MPa; RMRg: Basic
Rock Mass Rating (Bieniaswki, 1989); GSI: Geological Strength Index (Hoek, 2000; Marinos and Hoek, 2001); ox:
uniaxial compression strength of the rock mass, in MPa; ain: rock mass tensile strength, in MPa; o’cm: rock mass
strength, in MPa En,: Young modulus of the rock mass, in MPa.




