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Abstract

To safeguard the operations in rock quarrying, it is
required to evaluate slope stability hazards systematically.
This work investigates the slope stability in a rock quarry
in NW Portugal and demonstrates the significance of
geological, geotechnical, and geomechanical in situ
investigations. The rock mass is a monzogranite,
medium-grained, two-mica, essentially biotitic, predom-
inantly fresh to slightly weathered (W) to moderately
weathered (W3), and highly fractured. The geomechanical
classifications and geotechnical indexes RMR, GSI,
SMR, SQR, and Q-Slope allowed five geomechanical
zones. Globally, the Southern part of the quarry has a fair
to very good quality and the Northern part has a poor to
fair quality. Three cut-slopes were studied in the Northern
part of the quarry, which was considered unstable to
partially stable. Several potential failures may occur,
namely wedge slides and toppling failures. The applica-
tion of the RHRSmM?2 system and the SQI permitted the
classification of the cut-slopes with a high to very
high-risk level and an urgent to very urgent intervention.
RocFall and Swedge Rocscience software were used to
model block fall in different areas and potential rock
failures.
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1 Introduction

The hazard assessment of rock slopes is a vital issue for risk
analysis in quarries. The geomechanical characteristics of
rock masses, the geometrical parameters of slopes, and
external factors, like precipitation and blasting, are among
the most critical parameters that can lead to rock slope
failures (e.g., Wyllie & Mah, 2004).

In Northern Portugal, rockfalls are a common rock slope
instability (Trigo et al., 2020). This work assesses the sta-
bility of several cut-slopes in a granitic quarry, where there is
a history of frequent falling blocks with different shapes and
dimensions.

2 The Curvia Rock Quarry

The rock cut-slopes are in the Curvid quarry (Joane, V.
N. Famalicdo, NW Portugal; see Fig. 1). The geological unit
that outcrops in the study area is a monzogranite,
medium-grained, with a porphyric tendency, two-mica,
essentially biotitic (Montenegro de Andrade et al., 1986).
The rock mass is predominantly fresh to slightly weathered
(W1.,) to moderately weathered (W3) and highly fractured.

In the first stage, this work involved a geological, geo-
morphological, and hydrological description of the area and,
later, geotechnical and geomechanical in situ surveys and
investigations. Next, the scanline surveys were used to study
the free rock mass surfaces (ISRM, 2007). Then, the
geostructural data were analysed with Dips (Rocscience
software). Also, the weathering grade and rock strength were
evaluated considering the ISRM (2007) recommendations.
Finally, all the information was collected in a geodatabase,
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ZGM 1 - Poor rock mass quality (SMR = 27-37; RMR = 45-54; GSI| = 3545;
Q Slope = 0.01-0.10; SQR = 2.3-2.9)

ZGM2 - Poor to fair rock mass quality (SMR = 38-48; RMR = 49-59;
GSI| =43-53; Q Slope = 0.11-0.15; SQR =7.4-7.5)

ZGM 3 - Fair to good rock mass quality (SMR = 62-72; RMR = 52-62;
GSI| = 57-67; SQR = 27-27.6)

ZGM 4 - Good rock mass quality (SMR = 53-63; RMR = 58-68; GS| = 68-78;
SQR = 16-16.6)

ZGM 5 - Very good rock mass quality (SMR = 83-93; RMR = 61-71; GSI =72-82
SQR = 36.8-37.4)

Fig. 1 Curvia quarry. a Geomechanical zoning; b several aspects of the benches and cut-slopes

and geotechnical and geomechanical zoning mapping was Slope Mass Rating (Romana, 1985); Slope Quality Rating
performed. (Fereidooni et al., 2015) and Q-Slope (Barton & Bar, 2015).

To assess the rock mass quality was used rock mass Moreover, SMR, SQR, and Q-Slope, the Markland Test
classifications and geotechnical indexes, such as: Rock Mass (Wyllie & Mah, 2004), and the Eurocode 7 (NP EN 1997-1,
Rating (Bieniawski, 1989); Geological Strength Index (Hoek 2010) were applied for the stability analysis. The suscepti-
et al., 2013); Q-system (Barton et al.,, 1974; NGI, 2015); bility and level of geotechnical risk were evaluated using the
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Fig. 2 Stability analysis of the cut-slopes of zones ZGM1 and ZGM2.

RHRSm2 system and an updated version of the Slope
Quality Index (Pinheiro et al., 2015). Rockfall modelling and
potential rock failures were developed with RocFall and
Swedge software (Rocscience).

The integrated analysis of the various rock mass classi-
fications shows a rock mass of fair to very good quality in
the Southern part of the quarry (ZGM3, ZGM4, and ZGMS),
while in the Northern part, the rock mass is of poor to fair
quality (ZGM1 and ZGM2), (Fig. 1).

The three studied cut-slopes are in the geomechanical
zones ZGM1 (2) and ZGM2 (1). Their orientation is
NNW-SSE, with steep angles (75°-85°).

Considering the SMR values and the classes established
by Romana (1985), zone ZGM1 is considered unstable,

a Markland diagrams; b rockfall hazard and slope quality mapping

while zone ZGM?2 is partially stable. To emphasise the
proposals of stability and failure types of Romana (1985),
the cut-slopes were characterised based on the Markland
Test (Fig. 2a). In zone ZGM1, several potential failures may
occur, namely wedge slides, with effective sliding directions
towards SW and NW, and toppling failures. Moreover, in
zone ZGM2 wedge failures may occur, with active sliding
directions towards SW.

The analysis of the rockfall hazard (RHRSm2) and the
cut-slopes quality (SQI) allowed us to distinguish the zones
ZGM1 and ZGM2 (Fig. 2b). The slope state is less good in
zone ZGM1, with a higher risk level and rockfall hazard.
Therefore, in this zone, immediate intervention of the slopes
is required.
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Fig. 3 Geotechnical modelling of rockfalls from profile 6; a Topographic profile and potential rockfalls trajectory; b relation between maximum
total kinetic energy (kJ) and location (m); ¢ relation between the number of blocks and location (m); d general aspects of bench 3

The geotechnical modelling of rockfall was analysed in ~ Acknowledgements Labcarga|ISEP re-equipment program (IPP-ISEP|
zone ZGM1, applying the RocFall software. To illustrate PAD’2007/08), Centre GeoBioTec|[UA V(UID/GEO/04O35/2020) and
this, profile 6 was selected (Fig. 3). Profile 6 has an exten- CGEO (UIDB/00073/2020) supported this study.
sion of 73 m and a difference in elevation of 63 m (Fig. 3a).
If the rockfall takes place in bench 3, the maximum kinetic
energy generated is 7.79 kJ at 51 m (Fig. 3b), and the blocks
are quite distant from each other, whereas 70 blocks are
deposited at 15 m (Fig. 3c), and the mass of each block is
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