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ABSTRACT

Calabria consists of a series of Hercynian and Alpine metamoiphic rocks overlain by 

younger sediments. Ancient landslides are widespread but their precise origin are uncertain.

The susceptibility to failure of weathered rocks in the area was investigated by analysis of 

ground models involving geology, topography, weathering, remote sensing and laboratory 

studies. In addition, data collected in the field and the laboratory have allowed the geotechnical 

character of lithologies subject to failure during the 1908 Messina Straits earthquake (M = 7.1) 

to be examined.

Analysis of slope stability by the infinite slope model reveals areas prone to instability 

under static conditions. Remote sensing was used to verify the model. Investigation of 

historical earthquake epicentres and satellite imagery has identified seismic centres in the 

Messina Straits and the Gioia-Tauro basin and shows that the former is a site of maximum 

seismic hazard. Estimates of ground motion for a specific design earthquake were calculated 

and applied to the ground model to assess slope deformation during seismic loading in the 

Villa San Giovanni area. Comparisons are drawn with slope failures which occurred during the 

Messina Straits earthquake and other landslide-causing events to evaluate the use of digital 

terrain models in seismic risk assessment.

Analysis of the three dimensional ground model indicates that weathered regolith in 

Calabria is prone to slope failure. Seismically-triggered landsliding often involves detachment 

along zones of drainage impedance where excess pore pressures may occur during earthquakes. 

In addition topographic amplification leads to high stresses generated at ridge lines leading to 

failure.
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INTRODUCTION.

The risk of earthquake-induced landslides in a developing region such as Calabria has 

to be taken into consideration by planning authorities and engineers. In making such an 

assessment a number of factors must be considered, such as the static and dynamic stresses 

involved, the topography, the geology and the source of material liable to fail. Additional 

complications are provided by the effects of pore water pressures and anthropogenic factors.

The geology of Italy is complex (see chapter 1) and a wide range of lithologies are 

present, mainly Alpine and pre-Alpine metamorphic rocks, some igneous rocks and 

consolidated and unconsolidated sedimentary rock sequences. Calabria was formed due to 

microplate dispersal which resulted in Alpine and Hercynian metamorphic rocks being 

emplaced in their current position during the last 10 Ma. Sedimentary rocks of various ages 

were deposited on top of the crystalline basement These range from clastic sediments to 

limestones, and the association of sedimentary rock sequences with certain metamorphic rocks 

define some of the major Calabrian geological units. The boundaries of these tectonic 

movements are the Taormina line, which strikes NW-SE across northern Sicily and the 

Sangineto line which strikes SW-NE in northern Calabria. During the Quaternary Calabria has 

undergone uplift which has been accompanied by the formation of marine erosion surfaces.

The active tectonic features of Calabria are the grabens of the Straits of Messina and Catanzaro 

trough which accommodate bending of the arc. The Messima and Cosenza grabens allow 

extension in an E-W direction. The boundary faults of these grabens are seismically active.

Exposed metamorphic and igneous rocks are frequently weathered to great depths, and 

are prone to landsliding under static conditions (Burton 1969). The effects of weathering on 

slope stability are discussed in chapter 2.

Earthquake-induced landslides fall into two types. The first is predominantly soil- 

material failures, such as liquefaction of sand lenses and thixotropic behaviour of clay masses. 

The second is wedge sliding or block failure due to slip along joints in hard rock. Both are end 

members of a series of event types which depend on the character of the material. In weathered 

rock, the former will occur where weathering attains grade IV or more, and the latter where 

weathering does not exceed grade III. Problems are created by this simplistic classification in 

grade III rock, as the rock mass may behave more like a soil. The line between soil and rock 

mechanics in weathered rock is a difficult one to draw. Any attempt to assess the risk of 

earthquake-triggered landslides needs data on the lithology, intensity of weathering, topography 

and the occurrence of palaeoslides. Throughout the thesis weathering will be classified
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according to Fookes et al. (1971).

The geological structure of Calabria is investigated to assess sites of seismic risk 

(chapter 6). Sites can be divided in primary and secondary sites of hazard based on the 

recurrence and size of earthquakes in that area. Two primary sites of seismic hazard are 

recognised. The first is the Messina Straits which has a maximum credible earthquake of Mk =

7.1 and the Cosenza graben. Both extensional structures show earthquakes in excess of Mk >

5.0 and earthquakes are recurrent on these fault zones. Although the boundary faults of 

Messima graben were responsable for the catastrophic 1783 earthquake, the occurrence of 

otherwise low seismicity marks it as a secondary site of hazard. Other secondary sites are in 

Capo Vaticano, Ferruzzano and Catanzaro.

In order to gain data on the factors controlling seismically-triggered landslides a 

limited back analysis was performed. To do this it was necessary to choose a smaller area. The 

area chosen was the northern sector of the Straits of Messina (Villa San Giovanni area). There 

were three main reasons for this choice. Firstly, there was good data on seismicity of the 

Straits. Secondly, there are good historical records of earthquake damage for the 1908 Straits 

of Messina earthquake. Thirdly, seismically-triggered landslides in weathered rocks could be 

located and classified with some degree of confidence. The recurrent seismicity of the Straits 

of Messina gave added value to any investigation of the area, since it would be useful if zones 

of maximum hazard could be identified. On the basis of lineament and seismological analysis 

in chapter 6 the 'design earthquake' for the area was taken as M = 7.1, epicentral distance = 

13.2km.

An examination of aerial photographs and satellite imagery (chapter 7) revealed that a 

number of ancient landslides existed in the Villa San Giovanni area. To assess the possibility 

that these were induced by seismic activity, slope stability analysis, based on a digital terrain 

model (DTM) was done. The estimates for c’ and <|>’ were drawn from the data in chapter 5, 

and a worst case scenario was assumed. For most of the slides, the stability analysis was 

inconclusive because of the severity of sample disturbance prior to testing. Additionally the 

lack of groundwater data made interpretation of the results difficult. One landslide was found 

to be stable under static stresses with the phreatic surface at ground level. The morphology of 

the slide, which showed lateral spreading, was appropriate for an earthquake-triggered landslide 

and it was classified as such. It was not possible to suggest a time, location or magnitude of 

the causative earthquake on the evidence available.

A number of earthquakes induced slope failure. Investigation of the available 

seismological parameters yield peak horizontal acceleration as being the most complete factor
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of strong ground motion. The calculation of acceleration is based on the correlation between 

Modified Mercalli Intensity and peak acceleration (Murphy & O’ Brien 1977). Attenuation 

curves and magnitude-acceleration relationships have been established and the acceleration 

values of nearfield earthquakes determined. Curves predict acceleration to be greater than 2g 

for the study area. Analysis of intensity records suggest values of l-1.5g indicating that a 

saturation level was reached at that value.

Although seismically-induced slope failure is common in unlithified sedimentary 

materials, its occurrence in weathered rocks is less so (chapter 8). The presence of thixotropic 

material, such as Na+ smectite can influence the stability of slopes during earthquakes. The 

variation in landslide type during a number of Calabrian earthquakes allow some conclusions 

to be drawn about the factors which influence the stability of slopes during earthquakes 

(chapter 9).

In summary, in this study it has been necessary to assess the seismic activity and slope 

stability of Calabria, before being able to comment on the slope stability during earthquakes. 

The thesis is divided into two sections. The first is chapters 1 to 3, which assesses the 

techniques and current knowledge of the problem, and the area in which the problem exists. 

The second part is chapters 4-8 which present data on slope stability conditions, material 

properties, plus seismological and seismotectonic factors which affect the area. Chapter 9 

summarises the evidence to suggest possible mechanisms of seismically-triggered landsliding in 

Calabria, and possible avenues for further research.



CHAPTER 1 
THE GEOLOGY AND TECTONICS

1

1.1 THE TECTONICS OF THE MEDITERRANEAN AREA.

Calabria covers a land area 15080 km2 and shows considerable terrain diversity 

between low lying soft sedimentary terrains to high altitude, rugged Hercynian and Alpine 

metamorphic massifs. The location of the study area is shown in figure 1.1.1.

The Mediterranean sea occupies a 4000 km long depression which lies between the 

Straits of Gibraltar and the coast of Lebanon. The barrier formed by Calabria, Sicily and 

Tunisia divides the Mediterranean into western and eastern sections. In the west narrow 

continental shelves slope steeply to the abyssal plains of the Balearic, Ligurian and Tyrrhenian 

basins. The eastern Mediterranean is an island arc system composed of the Crete Arc, the 

Hellenic trough and the Ionian basin. The basins appear to be totally surrounded by Alpine 

orogenic belts and have undergone deformation (Hersey 1965). The thickness of undisturbed 

sediment on the abyssal plains of the western basins indicate that there are no active plate 

boundaries there. However in the eastern Mediterranean an irregular cobblestone submarine 

geomorphology indicates that sedimentation has not kept pace with tectonic activity (Lort 

1971). The arc system of Crete and the fossil arc system of Calabria represent zones of 

subduction.

Calabria is formed by a mountainous spine which has been in part covered by 

sediments of varying genesis and varying ages from the Triassic to Holocene. It divides the 

Tyrrhenian and Ionian basins, both of which show high Bouguer gravity anomalies of 260 and 

310 mGals respectively. Calabria is isolated between two zones of compression belonging to 

the African and the Eurasian plates.

Initial collision of the African and the Eurasian plates gave rise to uplift of the Alps in 

the early Tertiary. However during the Cretaceous, subduction of the oceanic crust beneath 

Calabria occurred. Knott (1987) has suggested that is was then part of the Iberian micro-plate. 

Tectonic transport direction was to the north-east (i.e. towards the Apulian plate) and sediment 

provenance indicates that a deep basin existed between the Calabrian and the Apulian terrains. 

The Calabrian terrain lay at the north-western margin of the Neotethys Ocean. Subsequent 

deformation gave rise to the emplacement of the Liguride complex on the Apulian margin 

(Knott 1987) as an accretionary wedge. The formation of the Apennine mountains was due to 

continent to continent collision resulting in the overthrusting of limestone and crystalline units 

onto the Apulian carbonate platform. The carbonates of the Apennines are very similar to the 

Palermo Mountains in Sicily. Palacomagnetic data indicates that the landmass of southern
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Europe has undergone anticlockwise rotation and that new oceanic crust generated during this 

rotation may now underlie the Tyrrhenian and Balearic basins. Such deformation occurred after 

the final consumption of continental crust prior to 40 Ma and collision at the end of the 

Eocene gave rise to the Apennine and Maghrebian nappes. Deitrich (1987) has observed that 

the nappes of northern Calabria show affinity with the Austroalpine nappes of the Alps, and it 

has been suggested that later emplacement was the result of microplate dispersal. The tectonic 

plates which from the Mediterranean area are shown in figure 1.1.2.

1.2 MEDITERRANEAN NEOTECTONICS.

The kinematics of the Mediterranean plates can be determined by an examination of 

focal mechanisms and earthquakes epicentres. The plates mentioned by McKenzie (1970) are 

shown in table 1.2.1. The African, Eurasian and the Arabian plates, together with motion on 

the Aegean and Turkish micro-plates give rise to the pattern of seismicity observed at present. 

But earthquakes on the Greek mainland do not conform to this model of plate boundaries and 

motions and McKenzie (1970) suggested that these are the result of interactions of plates too 

small to be resolved by seismicity.

Plate boundary Description.

Azores-Gibraltar.

The boundary between the Eurasian and the African 
plates which extends into North Africa, the Red Sea and 
Iran. This has exhibited several large earthquakes e.g. 
1775 Lisbon earthquake. Displays strike slip motion at 
the Azores, but overthrusting east of Gibraltar. There is 
no sharp boundary to the east of Sicily.

North Anatolian 
Transform system.

The boundary between the Eurasian and Turkish plates. 
Motion is approximately 0.11m per year. Connects with 
the northern boundary of the Aegean plate.

Turkish-African. Joins the southern boundary of the Aegean plate, passes 
through northern Cyprus and connects with the North 
Anatolian Transform fault

Aegean-Eurasian. A deep (1500m) trough associated with high magnetic 
anomalies. Formed by dextral strike slip motion and 
extension.

African-Aegean.
Characterised by intermediate focus earthquakes beneath 
Greece and the Southern Aegean. African margin is 
overthrusting the Mediterranean floor.

Table 1.2.1 M editerranean plates and their boundaries.

1.2.1 Aegean and Turkish microplate activity.

The greater seismic activity of Yugoslavia, Turkey and Greece (often greater than 7.0)



is often associated with slip on major faults resulting from the rapid motion of the Turkish and 

Aegean microplates. The Aegean plate motion is south-west relative to the Eurasian plate.

Fault plane solutions indicate that movement of the Turkish microplate is west relative to the 

Eurasian and African plates.

1.2.2 The Apulian Microplate.

The eastern part of Italy (Apulia) lies on the Apulian plate which has been overthrust 

by the movement of the Eurasian plate giving rise to the Apennine and Maghrebian nappes. 

The Apennines have been thrust over the west of this block (the Apulian foreland) with 

compression occurring in an east-west direction. Seismic refraction data indicate the existence 

of continental crust beneath the Adriatic, which is consistent with overthrusting onto the 

Apulian foreland (McKenzie 1970.) The Adriatic basin is possibly the result of normal faulting 

which is kinematically consistent with the existence of normal faults on the west side of the 

Apulian platform.

1.3 THE SEISMICITY AND NEOTECTONICS OF CALABRIA.

The majority of the large Italian earthquakes occur in the area between 

north, and 14o30*-16°30’ east where deep crustal events of magnitude greater than 7.0 have 

occurred Mulargia et al. (1984). The geophysical evidence characterising the straits of Messina 

are as follows:

1: The existence off a seismic reflector in the lower Tyrrhenian basin with 

earthquake focal mechanisms down to a depth of 500km (Martini and Scarpa 

1982) and a predominantly down dip focal mechanism (Gasperini et al. 1982).

2: Calc-alkaline volcanic activity in the Aeolian Islands dated at approximately

1.5 Ma.

3: Basaltic volcanism in the Tyrrhenian abyssal plain.

4: Clockwise rotation of Calabria giving rise to the so-called Calabrian Arc.

5: Related north-south motion of Sicily.

6: General compression of the area offshore to the south-east of the Calabrian 

arc.

7: General uplift of Calabria amounting to approximately 1500m during the 

Quaternary.

The Tyrrhenian region is characterised by earthquake activity which has focal depths 

varying between 250-340km (intermediate) with a few earthquakes between 400 and 500km 

(deep). Focal mechanisms of the intermediate earthquakes appear to have maximum pressure 

axes (P) plunging at 60° in a west-north-westerly direction, a tcnsional (T) axis plunging 30°



and oriented east-south-east (Ritsema 1972). The deepest earthquakes of the Tyrrhenian sea arc 

located in the centre just below the bathyal plain. The joint hypocentral distribution method 

(JHD) allowed Gasperini et al. (1982) to define a lithospheric body plunging north west with 

an average dip of 45° that dips almost vertically until as far as 250km. Between 250 and 

340km the dip is approximately 50°, and at greater depths it is quasi-horizontal. The slab is 

almost continuous in the central part of Calabria, but is less well defined between 40°-41° 

north. To the south the structure is interrupted west of the Eolian Islands. The majority of the 

deep earthquake energy appears to be released in the zone of maximum concavity in the 250- 

340km depth range. Earthquakes exhibit predominantly down dip, compressive, focal 

mechanisms,which arc mainly parallel to the dip of the seismic reflector. Lateral curvature 

gives rise to compression in the inner arc, and extension in the outer arc.

The horizontal stresses in the crust are characterised by two main features: Bending, 

and the possibly associated uplift of Calabria. The horizontal deformation reflected by the 

"Calabrian Arc" is accomplished through the formation of a number of angular and swelling 

grabens. The Straits of Messina itself has been interpreted as one such feature. (Ghisetti and 

Vezzani 1979). The uplift of Calabria combined with the simultaneous subsidence of the sea 

floor has resulted in crustal extension.

From the study of both marine and continental deposits of Pleistocene and Holocene 

age Ghisetti (1980) concluded that southern Calabria had undergone uplift in the last 1.5Ma 

and that in the last 0.7Ma a change in that rate had occurred. The rate of change has been 

different on the Calabrian and Sicilian sides of the Straits of Messina; Calabria experienced an 

almost exponential increase in uplift occurring over the last 0.2Ma with a rate of uplift of 

approximately 1.5mm per year at around 80000 years before the present. Similarly high values 

of 1.2-1.5mm/year have been inferred for the Peloritani range in Sicily for the last 2000 years 

(Burton 1964). Mulargia et al. (1984) suggest that the internal zone of Calabria is undergoing 

uplift as evidenced by geodetic surveys and changes in sea level, (corrected for the 2mm/year 

rise in Mediterranean sea level), they also suggest that periodic subsidence occurs and that this 

is related to normal faulting.

Deformation of the "arc" is accomplished by the formation of grabens which are the 

result of the interaction of normal and strike-slip fault mechanisms. In addition to the presence 

of the "graben structures", Calabrian and Sicilian deformation is further accomplished by three 

principal fault zones (figure 1.3.1): The Sangineto line (Northern Calabria), the Taormina line, 

(north-east Sicily) and the Kumcta-Alcantara line (nonhem Sicily.) At first the Sangineto and 

Taormina lines were interpreted as transcurrent faults (sinistral and dextral respectively.)



7

Structural sketch o f the Calabrian arc. 1 main Quaternary volcanoes on land; 2 uppermost M iocene- Quaternary 
deposits; 3 Cretaceous-Eocene flysch (Sicilide &. Cilenlo units); 4 uppermost Oligocene-lowermost Miocene terrigenous 
deposits of the Serre-Aspromonte-Peloritani; 5 crystalline units o f the Serre-Aspromonte-Peloritani ( including the Sti’ > 
sequence ); 6 Longobucco and the Longi-Taonnina units; 7 Calabrian alpine units (7a Austroalpine nappes ; 7b 
Penninic and Ligurian ophiolite bearing nappes); 8 Apenninic and Maghrebian units; 9 M esozoic - Tertiary deposites 
of the Apulian and Sicilian foreland ; 10 front of the pliocene compression ; 11 Isobaths of the subducted lithosphere 
beneath the Tyrrhenian Sea.

Figure 1.3.1 Generalized geological map of Calabria ( Ghisetti & Vezzani 1981 ).
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(Amodio Morelli et al. 1976). The Taormina line corresponds to the Calabria-Peloritani units 

overthrust in turn onto a sequence of Cretaceous flysch, which is thrust onto the Sicilian 

Maghrebian nappes.

The three principal fault zones mentioned control the character o f faulting in southern 

Italy. In the north general fault trends are approximately north to south,in southern Calabria 

they change to approximately north-east to south-west, and in Sicily the trend is almost east- 

west.

1.4 CALABRIAN GEOLOGY.

In any investigation of the geology of southern Italy it is useful to divide the Calabria- 

Peloritani range into two sectors composed of a number of units. They are a northern sector 

(table 1.4.1) which extends southwards to the northern margin of the Serra S. Bruno and a 

southern sector (table 1.4.2) which includes the greatest part o f the Serre, Aspromonte, and the 

Peloritani mountains. The two sectors will be treated separately.

1.4.1 The N orthern  Sector

The northern sector can be subdivided into groups. The first o f these tectonic groups 

form an upper unit which consists of metamorphites and plutonites derived from a crystalline 

basement originating in pre-Alpine times.

Unit name Age Lithology Metamorphism

S. Donato Triassic to lower 
Miocene.

Carbonates and 
evaporites. 

Phyllites and mafic lavas 
occur.

Greenschist

Verbicaro Middle Triassic to 
Lower Miocene.

Cherty limestones and 
dolostones. Occasional 

mafic lavas.
Low grade 

Greenschist.

Frido Upper Cretaceous Slates, limestones and 
quartzites.

Greenschist

Diamante-
Terranova

Jurassic to lower 
Miocene. Forms an 
ophiolite complex 

with the Frido unit.

Calcareous schists and 
other metamorphic rocks 

Correlates with the 
Gimigliano unit.

Blueschist superimposed 
upon greenschist

Malvito Jurassic to lower 
Cretaceous.

Serpcntinitcs, meta- 
basites and gabbro. 

Calpionella limestones 
and radiolarian cherts.

Prehnite-Pumpellyite.
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Bagni

Hercynian 
basement with 

lower Traissic to 
Cretaceous 
sediments.

Crystalline limestones, 
cherts, mctapcllites, 
metaconglomerates, 

metapsammites, phyllites 
and mafic lavas.

Low grade greenschist 
superimposed upon 

Alpine blueschist facies.

Castagna Pre-Hercynian.
Gneisses, migmatites and 

mica schists.
Greenschist to 

amphibolite facies 
overprinted by Alpine 

blueschist.

Polio-
Copanello Pre-Hcrcynian.

B i oti te-ga met-gneisses 
with sillimanite and 

cordierite. Meta- basites 
and peridotitcs.

Amphibolite and 
granulite facies of 

Hercynian age with an 
Alpine blueschist 

overprint

Table 1.4.1 The geologic units of the no rthern  C alabria  sector.

The structurally lower group is younger in age and is composed of Cretaceous 

terrigenous sediments, Jurassic ophiolites and a cover of sedimentary rocks. The lower group is 

composed o f two lithological units,this can be correlated with the Penninic and the Ligurian 

units o f the western Alps and the Apennines.

The Longobucco unit consists of low grade Hercynian metamorphic rocks and intrusive 

igneous rocks with a Mesozoic sedimentary cover. It can be divided into three sub units 

separated by thrust contacts and distinguished by sedimentary covers.

1: The sedimentary cover of the upper unit consists o f quartz conglomerates 

and quartzarenites grading upwards into shallow water limestones o f lower 

Liassic age overlain by a middle Liassic turbidite sequence.

2: The middle group is characterised by a cover of lower Liassic bioclastic 

limestones followed by condensed pelagic sediments of middle Liassic to lower 

Cretaceous age (which include ammonite-bearing nodular limestones,red marls 

with pelagic bivalves, radiolarites and calpionella limestones.)

3: The lower sub-unit shows a similar sequence to that of the middle sub-unit, 

but also includes Eocene red marls and globeriginids.

The succession ends with terrigenous deposits o f Eocene age representing a typical 

wildflysch with blocks of radiolarites, calpionella limestone and red marls.

1.4.2 The Southern Sector

The post orogcnic sequences arc syndcpositional with the orogenic event which gave 

rise to the Apennines through microplate dispersal (Alvarez et al. 1974.) Tortonian-Pliocene 

age sediments arc mainly conglomerates, with arenaceous intercalations. There are two
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sections: The lower section, which shows some displacement, and a "truly neo-autochthonous" 

upper part (Pieri 1975). The post-orogenic sequence contains gypsum-bearing formations with 

clays, marls, limestone and chalk, overlain by sands and gravels o f Quaternary age. Marine 

terraces can be observed at different levels, with main terraces occurring near 25m, 500m, 

1000m and 1500m above sea level. Later Pleistocene marine sediments have been incised by

fluvial processes.

Unit name Age Lithology comments

Variegated
shales

(Sicilide
Unit)

Turanian to 
Eocene.

Sandstones and shales with 
conglomerates. Variegated shales 
contain limestones, calcarenites, 
sandstones, cherty sandstones. 

Overlain by the Albidona flysch 
and Gorglione arenites and 

argillites.

Variegated shales 
are red, green, 

grey and purple 
shales up to 

2000m thick. 
Overlain by tuffs 
o f Eocene age.

Saraceno Miocene.
500-600m of Calcareous turbidites, 
black shales sandstones and clays.

Cilento Mesozoic and 
Palaeogene.

Limestones and ophiolites in rare 
tectonized outcrops from the deep 

water Jurassic environments. 
Overlain by 100-300m of 

Calpionella limestone, shales and 
quartzites.

Sometimes called 
the Liguride 

complex, limited 
to the Cilento 
peninsula in 

Calabria.

Stilo Carboniferous 
and Devonian

Carboniferous granodiorites 
intruded into metamorphosed 

nodular limestones and metapelites 
of Devonian age. In southern 

Calabria these occur as klippen and 
technically overlie the amphibolite 
facies rocks which overlie further 

metamorphitcs.

Occurs mainly in 
northern Calabria. 
Isolated outcrops 
near Capo Del’ 
Armi and Capo 

Spartivento.

Longi-
Taormina

Hercynian. Low grade Hercynian 
metamorphites with Tertiary 

sedimentary cover. The top of this 
sequence is lower Miocene marls 

and siltstones.

Comparable to 
the Longobucco 
unit. The unit is 
overthrust onto 

the Monte Sorro 
unit.

Table 1.4.2 Geological units of the southern C alabria  sector.

1.5 QUATERNARY GEOLO GY AND C LIM A TIC  CHANGE.

1.5.1 C lim atic change in Italy.

Evidence of climatic change in southern Italy from Laghi di Monticchio (Watts 1985)



in the southern part of central Italy (see figure 1.5.1), indicates the dominance of Gramineaey 

Artemisia, and Pinus until between 20,000 and 40000 BP. After this, while Gramineae 

remained evident in the pollen record, Quercus underwent considerable expansion, with Ulmus, 

Fagus, Coryliis also expanding and Tilia ( a thermophilic species) to a lesser extent. The 

evidence indicates a climatic amelioration between approximately 21,000 BP and 18,000BP 

which is consistent with the glacial maximum and subsequent deglaciation o f northern Europe. 

Evidence o f glacial processes has been observed by the Servizio Geologico d ’ltalia (1:500,000 

map) in the form of fluvioglacial sediments in the Aspromonte mountains. The complete 

deglaciation of Calabria occurred between 10,000 to 1,500 BP. (Vita-Finzi 1984) as indicated 

by the extension of the drainage system.

1.5.2 Landsliding in C alabria.

Calabria is the most landslide prone area of Italy (Burton 1969). The combination of 

uplift and in some places the considerable thickness of weathered regolith continues to be a 

distinct problem. Table 1.5.1 shows a variety of landslides which Sorriso-Valvo (1984) shows 

commonly occur in Calabria. Carrera (1982) shows that similar slope failure types occur at 

shallow depths.

Although the assumed high rates of uplift contribute to the landsliding phenomena o f 

the region, the contribution of earthquakes cannot be ignored. Calabria has a long history o f 

seismically-induced landsliding. The Calabrian earthquake of 1783 (M = 7.1) induced 

considerable landsliding in southern Calabria, especially on the southern flank of the Gioia- 

Tauro basin. Many landslides were large enough to dam rivers. Lyell (1853) reports the 

formation o f 215 lakes as a result of the 1783 earthquake. Landslides were mainly slumping 

and sliding o f cohesive materials. Cases of pure sliding did occur, but this was a result of 

detachment o f weak material from crystalline bedrock. Slides were apparently planar, with 

some arcing at the crown.

1.6 CONCLUSIONS.

The geology of Calabria has been controlled by the tectonic events which has led to 

the emplacement of thrust sheets. Three geological supergroups can be identified; the 

crystalline units of the Alpine chain; the sedimentary units which formed the Apennines, and 

the ophiolite-bcaring nappes.

According to Pconi 1975:

1: The lowest units arc calcareous and siliceous sediments of Mesozoic age.

2: Highly tcctonizcd carbonates make up the skeleton of the Apennine range.

3: A sequence of shales overlie the Calabrian crystalline rocks, and are
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intercalated with the post orogenic sequences.

4: Calabrian crystalline rocks can display considerable depths o f weathering.

Substrate Lithologies Slope angle Failure type Comments

Hard
crystalline

rocks

Granodio rites 
granites, 

schists and 
Gneisses

>35°
Rock block slides, 

debris flow, 
lateral flow 

and toppling.

Toppling is often 
earthquake- 

induced. 
Lateral flows are 

the
result of the 

failure 
o f material which 

support the 
sliding 
mass.

Hard
sedimentary

rocks

Limestones,
dolostoncs

and
pelites.

>35°
Failure types are 
similar to those 

for
crystalline rocks.

Often give rise to 
ridges and rugged 

terrain.

Plastic rocks

Clays & 
marls, jointed 

and 
weathered 

metamorphic 
rocks

>13°

Rotational slips 
and mudslides in 
clays and marls. 

Shallow sliding in 
weathered 
regolith.

Soft
Sediments

Detrital and 
evaporitic 
rocks wiLh 

soft to over
consolidated 
clays, stiff 
marls and 

sandy clays.

Considerable 
variation in 

slope angle is 
displayed 

between soft 
clays/ marls 

and the 
conglo
merates 
groups.

Shallow sliding, 
mudflows and 

rotational slips in 
the weaker 

members of the 
group, while the 
conglomerates 
display rock 

topples and rock 
falls after tafoni 

weathering.

Weaker units 
show smooth 

slopes, while the 
stronger materials 
are characterised 
by vertical cliffs, 
rocky ridges and 
rugged gorges.

Table 1.5.1 Landslide types and substrates (After Sorriso-Valvo 1984)

Southern Calabria constituted a unique, undivided chain until the end of the Oligocene. 

All the crystalline units have subsequently been overlain by lower Miocene terrigenous 

sediments which outcrop without interruption between Stilo and the Taormina line. Terrigenous 

sequences are represented by coastal conglomerates, and litharcnites which grade upwards into 

turbiditic sandstones. The top of this sequence is truncated by large slides o f chaotic clays 

containing olistoliths of quartzarcnitcs similar to the Numidian flysch. Four groups o f units can
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be identified in the Calabria- Pcloritani Arc. They are:

1: Alpine nappes,exposed in central and northern Calabria.

2: The Longobucco unit.

3: The Longi-Taormina unit which is the lowest tectonic element o f the 

Peloritani mountains and derives from the same palaeogeographic realm as the 

Longobucco unit.

4: The Serre-Aspromonte-northem Peloritani unit, including the Stilo 

Evidence from the Quaternary reveals that Calabria has undergone considerable uplift 

in the last 1.5 Million years. Deeply incised valleys testify to the rapid uplift o f the Calabrian 

and Sicilian region. Other evidence in the form of raised terraces can be readily identified from 

aerial photographs around the Calabrian coast. The Quaternary climatic changes are evidenced 

by pollen records from Laghi di Monticchio, although no such evidence has been reported 

from Calabria itself.

The relationships between the various geological units, the active tectonics, 

geomorphology and scismically-triggered landslides will be further discussed later in the thesis.
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SLO PE STABILITY DURING EARTHQUAKES
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Until the Alaskan earthquake o f 1964 many engineers and geologists were unconvinced 

that earthquake-induced landsliding was a significant problem. During the Alaska earthquake 

recorded failures have been predominantly in clays, due to thixotropy (Anchorage), or in sandy 

deposits where the crucial mechanism was liquefaction. Rock falls as a result o f  tensile failure 

are normally associated with far-field events. Rock weathering has been shown to reduce the 

strength o f rock materials, and as such it must be assumed that weathering results in increased 

hazard from earthquake-triggered slope failure. In the following chapter the strength o f slope 

forming materials, both soil and rock will be reviewed, since weathering results in the 

decomposition of rocks to soils.

2.1 SLOPE STABILITY IN W EATHERED RO CK  M ASSES

2.1.1 Stability o f rock masses

Rock weathering has been repeatedly shown to reduce the strength and durability of 

rock material. The strength of material can be described by the Mohr-Coulomb failure criterion 

(equation 2.1.1) when failure occurs through the soil material. In rock slopes, however, failure 

normally occurs at discontinuities. Weathering reduces the cohesion and friction parameters 

because of the development of clay minerals and microcracks. These result in  a reduction of 

cohesion and friction due decreasing intact grain-grain boundaries.

t = c ;+ (o n-Lz) tancj)7 u u

Given the fact that the shear strength of rock joints is the controlling stability factor the 

strength of the material is only an influence on the stability of the rock mass. Barton (1976) 

defined joint shear strength in terms of joint roughness coefficients (JRC) and joint 

compressive strengths (JCS) as shown in equation 2.1.2 The influence of joint roughness, joint 

compressive strength and base friction angle is apparent. Joint compressive strength and joint 

roughness coefficient are both reduced by weathering, as is the <J>b parameter for reasons 

discussed above.

x = an t a n  ( J R C lo g 10 ( - ^ £ 5 )  ) 2.1.2
^  n

Rock slope failure can occur either because the shear stresses across the rock jo in t

become so great that asperities in the rock joint are fractured, or are overridden. The latter is
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important at low normal stresses. Consider the strength o f a rock as described in equation 

2.1.2. The shear stress developed against a rock irregularity on a discontinuity surface is shown 

in equation 2.1.3.

x = (o  -u )C O S0 2.1.3

The exceedancc of the shear strength by the shear stress leads to failure. Therefore a 

rough joint in an undisturbed state displays a peak strength. During displacement shearing o f 

asperities occurs and strength is reduced. After a critical displacement approximately 50mm 

(Crawford and Curran 1982), the shear strength of the discontinuity can be assumed to be 

residual. The influence of joint roughness is shown in equation 2.1.2. As displacement occurs 

on the discontinuity surface the joint shear strength moves from the top left hand comer to the 

bottom right hand comer of the diagram shown in figure 2.1.6. Typical joint roughness 

coefficients are shown in figure 2.1.1. A consideration o f the values shown in figure 2.1.1 and 

the strength path during displacement shows the importance of asperities and prior motion 

during rock slope failure. The general principles outlined here serve to demonstrate the shear 

strength o f rock masses and the importance of roughness, friction and strength.

Attempts have been made to categorize the strength of the rock mass rather than just 

rock discontinuities for engineering purposes. The rock quality designation (RQD) of Deere et 

al. (1967) is a good example of rock mass classification which relies on core recovery as an 

indication of rock mass stability. The use of stereographic projection methods in rock 

mechanics is common, especially for evaluating rock slope stability. A full review of such 

techniques can be found in Hoek and Bray (1978).

2.1.2 The determ ination of rock m aterial properties

The determination of rock material properties is an important factor in evaluating 

stability. Attention will be paid here to the point load index test which has been used to 

investigate the mechanical properties of weathered rocks with moisture characteristic of field 

conditions at the ground surface. Although laboratory-determined strength parameters are more 

accurate, the Is(50) test is quick and can be done in the field with limited preparation. Loading 

occurs between two load platens which arc cone shaped subtending an angle of 60°. Although 

a compressive stress is applied through the platens, failure is tensile in character as in the 

Brazil test. The test is considered invalid if failure does not occur diametrically between the 

two ’points’. The Is(50) test should be performed on samples greater than 40mm in size, since at
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Figure 2.1.1 Joint roughness coefficients for rocks masses 
(after Barton & Choubrey 1977).



diameters less than that the platens can no longer be considered as ’points’. Two types o f tests 

can be done using the point load test which require pre-cut samples and are not easy field tests. 

A third is the irregular lump test which can be done on any sample as long as the diameter 

requirement if fulfilled. Results are most repeatable when samples can be obtained with at least 

two faces parallel or nearly parallel.

Samples are tested until failure, and the stress at failure and the axial distance between 

the loading platens noted. Point load indices are calculated (equation 2.1.4) and corrected to 

50mm standard sample diameter using the equations or charts of (Bieniawski 1975). 

Corrections may be applied for the shape of the irregular lump. Empirical ( figures 2.1.2 and 

2.1.3) relationships allow the calculation of unconfined compressive strength and Young’s 

modulus from the point load index. The relationships between the point load strength index 

and unconfined strength, and Young’s Modulus, are shown in figures 2.1.2 and 2.1.3.

Other field moduli such as rock mass moduli are well beyond the scope o f the current 

work, but portable shear boxes for measuring joint shear strength from rock cores, and plate 

loading tests, are used in the assessment of rock mass deformability.

2 .13  The effects of w eathering on rock masses

The parameters influencing stability as shown are strongly influenced by weathering. 

The effects of weathering on the rock mass are shown in table 2.1.1. Extensive work has been 

done on the engineering properties of weathered rock masses (Fookes et al. 1972, Irfan & 

Dearman 1978, Fookes et al. 1988). None has managed to predict accurately the effects of 

weathering on the gcotechnical properties of rocks.

Fookes et al. (1988) produced a series of regression equations relating various 

petrographic indices (such as the micropctrographic index) to a number of tests such as 

aggregate impact value, and point load strength. A selection o f the relationships derived is 

shown in equations 2.1.5 to 2.1.7.

J _ + 0 .5 5  
P1 Q 7  r = 0 .7 9 2.1.5
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( s 5 0 )
SST-1Q1 .1 

12 . 5
r = - 0 .9 3 2 .U

' S (50)
.  V 1 - 51

0 . 6 3
r = 0 . 7 9 2.1.7

Weathering
Grade

Description

I Intact rock with discontinuities closed. The rock mass 
is 100% rock.

II Intact rock which can be differentiated into three sub 
groups on the basis of the degree o f discoloration. 

Grade Iii rock shows only surface discoloration. Grade 
Ilii has staining at depths of up to 1cm. Grade Iliii 

weathered rock has staining throughout the rock 
material. Minimal loss of rock strength has occurred up 

to this point.

III Rock material is weathered throughout Discontinuities 
are open and spheroidal weathering m ay be evident 

The rock mass is still greater than 50% rock material. 
Rock material shows considerable loss o f strength.

IV Greater than 50% of the mass is weathered to a 
residual soil. Corestones remain, and relic structure is 

evident e.g. relic joints.

V Rock is completely weathered to a residual soil. Relic 
rock mass structure remains.

VI Rock mass is completely weathered, evidence of 
original structure is no longer present. Pedogenic 

processes act upon the mass.

Table 2.1.1 Engineering classification of w eathered rock masses 
after Irfan  and Dearm an (1978.)

Equations 2.1.5 and 2.1.6 define point load index for dolerites in terms o f lpt the 

micropetrographic index o f Baynes et al. (1978), and the SST, the magnesium sulphate 

soundness test. The third equation refers to granites. A wider range of inter-index correlations 

can be found in Gourley (1986) and Fookes et al. (1988). Some point load strength index 

values are shown in table 2.1.2.
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Weathering grade Is(50) Dolerite1 Is(50) Granite

lb 7.89 11.1

11 4.14 4.0

111 0.17 0.12

IV 0.13 0.12

Table 2.1.2 The effects of w eathering on 1 ^  values 
after Gourley (1986).

Failure within rock material commonly occurs in an intergranular rather than an 

intragranular manner (Bell 1978). Stress path testing shows void ratio as a critical parameter. 

Microcracking and void creation as a result of weathering severely depletes rock strength. 

Onodera (1974) observed that the mechanical strength of a granite decreased rapidly as the 

density o f microcracks increased from 1.4 to 4%, the increase in micro-discontinuities being 

the reason for much of the loss of strength in the rock material. The first effect o f rock 

weathering is the break down of primary minerals to form secondary minerals causing tensile 

failure. Such stresses can be extremely large as shown in table 2.1.3. Secondary mineral 

development is the reason for the loss of iron from the ferromagnesian minerals. The later 

deposition o f the iron oxides and hydroxides on the rock material to varying depths is used to 

estimate the degree of weathering.

Weathering process Stress

Freezing (max. at -20°C)3 200MPa

Salt crystallization4 2-20MPa

Hydration of Salts4 lOOMPa

Clay expansion4 2MPa

Table 2.1.3 Typical forces exerted by w eathering processes 
Fookes et al. (1988).

The exact nature of the minerals produced during weathering is controlled by climatic 

as well as mineralogical factors, hcncc there is a climatic control on strength reduction via

1 Results shown arc mean values from tests on saturated and dry samples.

2 Samples fractured between loading platens before application of load.

3 After Oilier (1984).

4 After Tucker and Poor (1978).
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weathering. A good example is the hydrolysis of biotitc to form vermiculite which involves a 

positive 40% volume change leading to radial micro-fracturing (Birkland 1984). A summary of 

some of the most important weathering processes are shown in table 2.1.4.

Process Description

Oxidation A natural response to the atmosphere involving 
electron loss. The most common form of 

oxidation is Fe2+ to Fe3+.

Reduction Common in waterlogged, anaerobic sites, but is 
generally less common in rock weathering.

Hydration Primarily the addition of water to a mineral. The 
process is responsible for hydroxide formation 

from oxides. Any associated positive volumetric 
change and be important in physical weathering.

Hydrolysis Hydrolysis is the process by which mineral 
cations are exchanged for H+ resulting from 

mineral-water reactions, and is important in the 
formation of clay minerals. A volumetric change 

may also be involved.

Solution A chemical process which affects carbonates 
which is usually more complex than simple 

carbonate solution, and involves a number of 
steps and phases.

Table 2.1.4 Sum m ary of Chemical W eathering Processes.

Some secondary minerals derived from the weathering of minerals in varying climates 

are shown in table 2.1.5. In addition rock masses may be hydrothermally altered, which leads 

to a weathering-like effect of rock decomposition unrelated to present or palaeoclimatic 

' regimes. Deep weathering profiles at Stirling, Scotland provide a good example o f

hydrothermal alteration. Further porosity and permeability generation within the rock material 

increases fluid flow, enhances weathering rates, and increases the pore volume in which pore 

water pressures can be generated.

Young’s Modulus is primarily a measure of elasticity within the rock material it is 

expressed as the gradient of the strcss-strain curve at 0.5 of the unconfined compressive 

strength o f the material. It will be affected by weathering by a decrease in the elasticity o f the 

rock due to yield along microfracturcs, and plastic deformation of secondary minerals resulting 

in non-elastic, non-rccoverablc strain. Microfracturcs develop in weathered rock due to the 

expansion of clay minerals as a result of hydrolysis and hydration. These processes initiate 

tensile fracture between grains.
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A review in table 2.1.6 shows the effects of weathering on material strength, R.Q.D. 

and porosity (figure 2.1.4). The relationship between porosity and strength has already been 

demonstrated. Ultimately as rock mass weathering proceeds joints become filled and the 

stability becomes a function of the filling material, strength and normal stress as illustrated in 

figures 2.1.5 and 2.1.6. Figure 2.1.5 shows the effects of joint infill and the resulting behaviour 

with respect to normal stress. The development of joint infill is strongly affected by 

weathering. Figure 2.1.6 shows the effects of joint asperities, and the importance o f normal 

stress in determining how sliding will occur. The reduction o f the strength of the rock material 

due to weathering will affect at what stresses the different behaviour shown in figure 2.1.6 will 

occur. Eventually the rock mass strength is significantly reduced, and the elasticity is lost. The 

primary engineering geological problem posed by weathering is the extreme variability shown 

in distribution, so that significant problems arc encountered when zones of weathered material 

are encountered unexpectedly, or when weathering occurs within the design life o f a structure 

or slope to change the stability conditions from stable to unstable.

Climatic Regime Primary Minerals Secondary Mineral

Arid Biotite. Smectite.
Plagioclase. Kaolinite.

Temperate Biotite. Vermiculite,
Plagioclase. Smectite, Kaolinite.

Humid Tropical Biotite. Kaolinite.
Orthoclase. Kaolinite.
Plagioclase. Kaolinite.

Humid Tropical Biotite. Kaolinite,
Orthoclase. Kaolinite, Gibbsite,
Plagioclase. Gibbsite.

Table 2.1.5 Variation in Secondary mineral production with climate
(after Birkland 1984)

2 .13  Summary

Weathering is a means by which the rock mass adjusts to the environment in which it 

exists. In general it can be said to result in the formation of lower density materials such as 

clay minerals. The degree of weathering varies strongly with climate, mineralogy, structure and 

time of exposure. Much work has been done on the assessment of weathering as an 

engineering geological problem and the evaluation of the loss o f mechanical competence with 

increasing weathering. To that end research has distinguished between rock material and rock 

mass weathering.
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Grade Strength R.Q.D. Effective Porosity

I Very high Very High 
90-100

Very Low

II

Ranges from 
very high 

(Hi) to 50- 
60% of that 
of grade I 

rock.

75-90 5% increase in porosity 
from that of fresh rock.

III 30% of that 
of fresh rock.

40-75 7% increase from that o f 
fresh rock.

IV 15% of that 
of fresh rock.

10-40 10% increase in porosity 
from that of fresh rock.

V Extremely
low

0-10 20% porosity increase 
from that of fresh rock.

VI Extremely
low

0 >20%

Table 2.1.6 The effect of w eathering on rock m ass properties, 
after Beavis (1985)

Rock mass properties.
As varied by weathering.

1 0 0 - -

9 0 -

8 0 *

7 0 -

6 0 -

5 0 -

4 0 -

3 0 -

2 0 -

Weathering Intensity.

Strength. — RQ.D. Porosity.

Figure 2.1.4 Variation in rock mass properties with weathering, 
after Beavis (1985). Y axis units refer to percentage units shown 

in table 2.1.6

A number of mechanical and pctrographic indices have been produced to indicate the
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weathered state of rock material and masses. The requirement to assess future performance has 

resulted in a number of rock durability indices (Fookes et al. 1988, Oliver 1979.) The 

significance o f geological and climatic history cannot be over-emphasised and an understanding 

o f processes will help to avoid problematic situations, rather than undertake expensive 

improvement and remedial work.

2.2 SOIL SLOPE STABILITY 

After weathering of intensity IV slope stability is no longer accurately modelled by 

rock mass classification methods because failure is more likely to occur through the weakened 

material. Hence the factors controlling the stability of soil slopes will be reviewed along with 

the method of stability calculation which will be employed later in the thesis.

2.2.1 Landslide classification

Classifications of landslides are made on the basis of water content (falls, slides and 

flows), morphology and material involved in failure. Vames (1959) has produced a 

classification of types of landslides, according to the water content, and the size o f the 

component materials. Slope failure here will be categorized as shown in table 2.2.1. A number 

o f slope stability models have been proposed to attempt to model the stability of slopes 

(Bishop 1961, Janbu 1965) although none of them takes account o f the effects of dynamic

loads generated by blasting or earthquakes.

Type of movement Bedrock Coarse soil Fine soil

Falls
Mass in motion travels most of the 

distance through the air. Includes free 
fall, movement by leaps and bounds 
and rolling fragments of rock or soil.

Rock fall

(extremely
rapid)

Debris fall Earth fall

Topples
Movement due to forces that cause an 
overturning movement about a pivot 
point below the centre of gravity of 

the unit. If unchecked will result in a 
fall or slide.

Rock topple 
(often the 

result of far- 
ficld ground 

motions.)
Debris
topple

Earth
topple

Rotational slides

Movement due to forces which cause 
a turning movement around a point. 

Motion occurs along one or a number 
of shear surfaces which arc concave 

upwards.

Rock slump 
(extremely 

slow to 
moderate.)

Debris
slump

Earth
slump
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Translational slides

Movement along a predominantly 
planar shear surface. Frequently 

controlled by planes of weakness such 
as faults or joints or when there are 

marked differences in shear strengths 
e.g. regolith over unweathered rock.

Rock block 
slides

Rock slides

Debris
slides

earth block 

slides

L ateral spreads

Distributed lateral extension 
movement in a fractured mass. It can 
occur along a well defined basal shear 
or zone o f plastic llow. Rock or soil 

extension may be the result of flow in 
a subjacent material.

Lateral 
spreads in 
rock (the 
result of 
subjacent 
flow of a 
weaker 
material

Lateral
soil

spreads

Flows (wet)

In rocks movement may be along 
shear surfaces as a consequence of 
folding, or simulate movement in a 

viscous fluid.

In soil movement is similar to motion 
in viscous fluids. Boundary may be a 

zone o f distributed shear or a sharp 
shear surface.

Includes 
spatially 

continuous 
deformation 
and surface 
as well as 

deep creep. 
Involves 

movement 
among 

relatively 
intact units.

Debris flow 
Solifluction 

Debris 
avalanches 
Soil creep 

Block 
stream

Sand or silt 
flow 

Rapid earth 
flow 

Earth flow 
Loess flow 
(Typically 
earthquake 
induced.) 
Sand flow

Complex

Movement is of one or more of the 5 
principal types described above. Most 
landslides are complex although one 

type of movement generally 
dominates over the others at certain 

areas or times.

Rock fall- 
dcbris flow.

Rock-fall
avalanche.

Slump-topple

Rock slide- 
fall.

Slump- 
earth flow.

Table 2.2.1 V arne’s classification of landslides (after H enson 1987).

The exact extent of the damage caused by slope failure resulting from climatic, 

anthropogenic or seismic sources cannot be evaluated with confidence. Recently UNESCO 

instigated a worldwide landslide report program (Bui. IAEG 1991) in an attempt to standardise 

landslide report methods. Very large landslides are capable of causing great damage as at 

Black Ven (Dorset), Stoncbarrow Hill (Dorset) and Abbotsford Slide (New Zealand). Landslide 

classification is covered in many texts (Brunsdcn & Prior 1986, Anderson & Richardson 1987),
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and will not be further elaborated upon here.

2.2.2 The Infin ite  Slope Model

Soil slopes arc usually analyzed mathematically, with the assistance o f a number of 

simplifying assumptions. Rock masses are analyzed stereographically. Soil slope stability will 

be examined with reference to the infinite slope model which, because o f a number of useful 

assumptions, is best suited to slope stability calculations with digital terrain models. Historical 

evidence for large landslides triggered by the 1783 Calabrian earthquake indicate that the 

geometry o f the failures is suited to analysis by the infinite slope model. The first assumption 

which makes the model useful is that the phreatic and shear surfaces are parallel to the ground 

surface. The assumption of linearity in the failure envelope is reasonable at the depths at which 

landsliding occurs. Assume the distribution of stresses shown in figure 2.3.1. Forces are 

resolved around a dipping shear surface. The dip of the shear surface is a  and the normal 

stress o n acts perpendicular to the shear plane with the shear stress % being parallel to the 

shear surface. Hence equations 2.2.1 and 2.2.2.

For normal stress:

o n-pghcosa  2.2.1

and for shear stress:

t=pghsina 2.2.2

A slope is stable as long as the shear stresses are not greater than the shear strength of 

the material. The shear stresses include not only earthquake accelerations but also changes in 

hydrological parameters affecting pore pressure. The factor o f safety, F  (the ratio of shear 

strength to shear stress) is defined in equation 2.2.3.

c'+ [ (y-nrfw) z c o s2a] taruj)7 2.2.3
y z s in a c o sa

A major assumption not already stated is that intcrslice forces do not contribute to the 

stability of the sliding mass. Other methods of stability calculation such as the ordinary method 

of slices or Janbu’s or Bishop’s methods include intcrslice forces. The interslice forces 

condition is difficult to build into a digital database unless it is on a very coarse level. The 

database calculations were performed at a pixel size of 50m to accommodate the integration of
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LANDSAT Thematic Mapper data. The calculation of intcrslice forces at such resolutions 

would be pointless. The infinite slope model also tends to yield lower factors of safety for any 

individual data set and as such is useful in determining the probability o f seismically-induced 

slope failure.

2.3 EARTHQUAKE-INDUCED LANDSLIDING

2.3.1 Earthquakes as an engineering hazard

Seismic Risk can be expressed simply as the relationship between the vulnerability o f 

an individual structure, the probability of damage, and the cost. A number o f different 

phenomena can be associated with earthquakes:

1: Shaking - Horizontal and vertical ground acceleration. Measured as either a 

rate (cm s'1) or as a fraction of gravity (g) e.g. 0.35g. The controls on the 

attenuation of seismic waves arc exceedingly complex. Although some ’simple’ 

attenuation models are available, they tend to treat all points between the 

hypoccntrc and any site as homogenous. Attenuation models used to predict 

ground acceleration at any particular site will be described later.

2: Ground Failure - Subsidence and settlement, liquefaction o f sand lenses and 

thixotropic behaviour of clays as at Niigata in 1967 (plate 2.1). Liquefaction 

and thixotropy achieve the same ends, that is the almost complete loss of shear 

strength in a soil mass. Settlement is another form of ground failure.

Liquefaction is common in sands.

3: Tsunami - Seismic sea wave generated by a sea floor event. These are 

seldom noticeable at sea, but tend to be magnified owing to decreasing depth 

and coastal constraints. An example of the effects of coastal constraints on 

seismic sea wave development was the tsunami generated by the 1908 Straits 

o f Messina earthquake which resulted in major loss of life.

4: Landsliding - Slope failure. Either causing damage due to movement of 

substrate or to subsequent impact on other structures. Some any landslides are 

an effect of liquefaction.

2.3.2 Ground shaking

Ground movement is characteristically described as three components or directions o f 

movement on a recording instrument (seismograph or accelerograph). Convention states that 

the motions are north-south, east-west and in a vertical direction. In truth, earthquake forces act 

together to produce a torque. Three parameters arc of interest in an engineering sense during 

earthquakes, the peak horizontal acceleration, duration and frequency. Of the three parameters
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duration and frequency are probably the most important, and the parameters for which least 

historical data are available.

Peak ground acceleration is taken only in the horizontal sense o f motion allowing 

considerable simplification of calculations. The rapid attenuation o f vertical ground acceleration 

outside the near-field provides some basis for the assumption. Estimates of peak ground motion 

can be derived from isoseismal data and records of damage. Trifunac and Brady (1975) and 

Murphy & O ’Brien (1977) related modified Mercalli intensity values to peak horizontal ground 

accelerations (PGA) (equation 2.3.1). Considerable scatter exists, and it is impossible to 

decorrelate the duration effects from acceleration effects in damage reports.

LogA h=0 . 01+0 . 30 V l Z l t l X  2.3.1

Another method of estimating PGA at a site is to examine the historical seismicity o f 

the region to determine the recurrence, distance, and magnitude parameters. Acceleration can 

be estimated from the equation of Milne and Davenport (1969) which expresses PGA as a 

exponential function of magnitude and the square of distance (equation 2.3.2). The equation 

was developed to assess attenuation of seismic waves for British Columbia although it has 

been applied usefully elsewhere.

,  _ 0 . 0 0 6 9 e x p (1,6AO 2.3.2
h 1 . l e x p (1,1M)+ r 2

Duration of strong ground motion is often reported in the historical literature, but can 

seldom be relied upon to be an accurate estimate of the period of strong ground motion. The 

lower limit of human perception to ground acceleration is 0.01 g. The duration o f motion is 

vitally important in determining the probability of slope failure and damage. Duration can be 

modelled as a bracketed duration. If a frequency of 1Hz is assumed, then the duration o f strong 

ground motion with acceleration of O.lg or greater can be derived from equation 2.3.3.

A =7 . 5TANH{M-6 . 0) +7 . 5 2.3.3

By reducing the level of acceleration to greater than 0.05g the duration is increased as shown 

in equation 2.3.4 (after Bullen and Bolt 1985). Attempts predict more accurately the duration 

of strong motion such as looking at the root-mean-square duration, have been made.



31

A = 17 . 5 t a n h ( M - 6  .5 )  +19 .0  L ' i A

Two factors exert a strong control on duration. The first is the mechanism of fault 

rupture, as the duration of movement is related to the time taken for rupture to occur. Hence 

the length of the fault segment in question is important. A good example is that o f bilateral 

fault rupture in the Loma Pricta (M = 7.4) earthquake of 18 October 1989. The reported 

duration was 25 seconds, which would have been longer had rupture propagation been 

unilateral. The second factor influencing duration is the geology o f the site. Soils with natural 

frequencies close to the circular frequency of the earthquake will resonate, a phenomenon 

erroneously known as amplification. The excitation of the soil column at the base leads to 

increased shaking. The change in frequency affects the ultimate duration of strong ground 

motion.

Frequency is probably the most difficult seismological parameter to predict, and 

probably equally important as duration in determining problems of earthquake-triggered slope 

failure. Frequency content determines the number of loading cycles acting upon a soil or rock 

mass. Frequency as stated earlier is an important factor for amplification. The Mexico City (M 

= 7.0) earthquake of 1985 led to considerable destruction due to amplification where lacustrine 

sediments where greater than 37m in depth. The Loma Prieta earthquake (1989) saw damage 

maximised on bay muds where frequencies of between 2.6 and 4.4 Hz were recorded.

To avoid the problems of having to estimate frequency content, duration and peak 

acceleration the Ariass intensity was proposed (chapter 8). The ariass intensity is fundamentally 

the summary of a velocity time record on a single integration of an accelerogram. Jibson 

(1987) proposed a relationship between moment magnitude and ariass intensity, with further 

relationships to critical acceleration and Ncwmark displacement (section 2.3.2).

2.3.2 C ritical accelerations for slope motion

Initial attempts to evaluate the possibility of seismically-induced failure involved the 

use o f a seismic coefficient which for the United Slates of America was typically chosen at 

about 0.15. The seismic coefficient was used in a pseudostatic analysis. The static and dynamic 

loads acting on a shear surface are shown in figures 2.3.1a and 2.3.1b respectively. The seismic 

coefficient amounted to reducing the shear strength of the slope in an amount controlled by the 

seismic coefficient. Full details can be found in Seed (1967). The results from this type of 

analysis always underestimated the stability of slopes since it assumed any displacement within 

the slope to be a state of failure. Transient shear stresses may reduce the factor of safety o f a 

slope to less than 1 temporarily, but not result in full scale failure. Following from the woric of
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Hudson (1956) and Seed (1965), Sarma (1973) developed a pseudostatic method based on the 

limit o f equilibrium slope stability analysis the concept of critical acceleration at which slope 

movement was begins was introduced. As a result of the integration o f acceleration-time 

histories between the values of and Ah, the amount of displacement could be calculated. A 

pore pressure factor is involved, but scismically-induced pore pressure changes are too 

complex to be realistically modelled in such an analysis. Working on the dynamic strength of 

rock masses Crawford and Curran (1982) showed that the angle of orientation between the 

incident wave and the shear surface is unimportant. Furthermore Crawford & Curren (1982) 

state that residual shear strength parameters of c and (j) are generally achieved after a net 

displacement o f 50mm. Besides producing the basic correlations shown in table 2.4.1, and 

establishing the relationship between earthquake magnitude and the area within which failure is 

initiated, Keefer (1984) showed that slope stability can be evaluated by a pseudostatic method 

which involves calculations of net movement within the slope.

The critical acceleration as defined by Sarma (1973) is:

c o s p + B s in p  ( tan i|x0-  (1 -2A ) sec\JiQ) - P s i n p - u 0a - ^  2 3 5

K° (!-£>) s in ( P ~ 0 )  + P c o s (p - 0 )

where

P=cotc|)/+Btan<t)/-S  (1 -2 A ) secij) ' 2.3.6

Crawford and Curran (1982) allowed the 6 value to fall to zero. In general the assumptions 

necessary in digital elevation models render the limit of equilibrium analysis unsuitable. Keefer 

(1985) thought the infinite slope model as appropriate because it gives the lowest factor of 

safety. The infinite slope model has been adapted for the dynamic case as shown in equation 

2.3.7. The above treatment described in equation 2.3.7 requires less information than equation 

2.3.5. Given the assumptions made in the seismic wave attenuation models there is likely to be 

little loss o f accuracy.

c+ [ ( y -  {1 +Ahg (m y  w) ) z c o s 2Q -Ahg s in Q ] tan ifr7 2.3.7
Y Z sin 0 c o s0 + A h<7Co£f0

Where pseudo-static methods arc most at a disadvantage is in dealing with pore water



Figure 2.3.1a Resolution of forces acting upon a shear 
surface under static conditions.

pgh

A h C o s  0

Figure 2.3.1b Resolution of forces acting upon a shear 
surface under dynamic conditions.
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pressures. In a study of soil liquefaction Seed & Idriss (1971) show that deformation and pore 

water pressure is a function of the frequency of loading cycles. As such pore water pressures 

are dependant on frequency of the seismic load relative to the permeability o f the material. As 

the water pressures increase due to grain rotation, the soil approaches a state o f liquefaction. At 

this point the soil behaves as a viscous liquid rather than a soil.

2.33  Calculation of Newmark Displacement

The Newmark displacement is the distance over which a landslide will be displaced on 

a shear surface with characteristic A ^  derived from c’ and <J>’ when subject to earthquake 

shaking o f a set magnitude and epicentral distance. Problems associated with the determination 

o f duration and the distribution and mode of seismic energy transfer to a landslide system can 

be simplified by the calculation of Newmark displacement. The calculation o f the Arias 

intensity (in ms'1) can be used to determine the amount of finite displacement within a soil 

body (equation 2.3.8).

I (a)= 0 . 9  8M „-1 .3  5L ogR -4  .9 0  2.3.8

Given the nature of the digital slope model a reasonable estimate o f critical 

acceleration can be given by equation 2.3.9.

A c -  [F S -D  g S in c t  2.3.9

Hence the Newmark displacement can be written:

L o g (Dn) = 1 . 34Mm- l . 8 5 L og{R )  -6  . 36 (Ac) - 5  .1 4  2.3.10

The Newmark displacement is given in centimetres. Residual shear strength parameters 

can be assumed between 20-100mm of finite displacement. A recalculation of slope stability is 

then required to assess ground conditions after shaking.

2.4 SE1SMICALLY TRIGGERED LANDSLIDES.

In the final section, the classification of earthquake triggered landslides will be 

reviewed along with some examples from around the world. Earthquake-induced landslides in 

Italy will be dealt with in chapter 8 in an attempt to determine mechanisms for dynamic slope 

failure in Calabria.
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2.4.1 Classification of earthquake-triggered landslides.

Keefer (1984) produced a classification of scismically-induced landslides based on 

failed material and the type of movement (table 2.4.1). Significantly, a number of materials are 

prone to failure. In general, stronger ground motion is required to produce slope failure in 

soils, rather than in rock masses, assuming that joint conditions are favourable for sliding or 

toppling. In the case of toppling, relatively low ground accelerations can be amplified by the 

effects o f topography to produce tensile failure within the rock mass. Weathering grade has an 

obvious effect here in the opening of rock joints from grade II onwards. The other critical 

factor in any analysis of slope angles and soil slope failure during earthquakes is pore water

pressure control.

Type of Failure Slope
Angle

Preferred  M aterial Type of M ovement

Rock falls >40° Closely jointed weak 
rocks,

corestones in weathered 
rocks

Bounding, rolling, free fall

Rock slides >35° Rocks masses 
discontinuities 

daylight in slopes

Translational sliding on 
basal shear surface

Rock Avalanches > 2 0 ° Weak materials either 
through 

jointing, weathering etc

Involves sliding and/or 
flow as a stream of 

fragments

Rock slumps
>15° Weak rock masses, 

either 
through weathering or 

joints

Translational sliding on 
basal shear surface 

some headword rotation

Rock block slides
>15° Tuff, weakly cemented 

pumice 
closely jointed 

sedimentary rocks

Translational sliding on 
basal shear surface

Soil falls
>63° Weakly cemented 

sands or gravels 
or unlithificd clays

Bounding, rolling, free fall

Disrupted soil slides

IV o Saturated colluvium, 
sandy or silty 

fill, fault gouge and 
alluvium

Translational sliding on 
shear plane 

or weakness in sensitive 
clay

Soil slumps > 1 0 ° Flood plain alluvium, 
poorly 

compacted sandy-silty 
fill

Sliding on basal shear with 
some headward rotation
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Soil avalanches
>25° Unsaturatcd sands, 

gravels, clays 
fill, till, alluvium and 

volcanic ash

Translational sliding with 
rapid soil flow

Soil block slides

oA
l Alluvium, till, volcanic 

ash,
acolian and clayey 

playa sediment

Translational sliding on 
basal shear surface

Slow earth flows >10° Clayey residual soil, 
till,

volcanic ash and 
colluvium

Translational sliding on 
basal

shear surface; minor 
internal flow

Soil lateral spreads >0.3° Silt-fine grained sands 
and

sensitive clays

Translation on basal zone 
of

liquified soil or clay

Rapid soil flows
>2.3° Saturated Loess soils 

Usually 
when combined with 

high rainfall

Flow

Subaqueous
landslides

>0.5° Deltaic sediments, 
lacustrine 

silt, tills, sands

Complex, generally 
involving 

lateral spreading/flow and 
slumping/sliding

Table 2.4.1 Seismically-induced landslides: type, morphology and material.

In addition to the classification of landslide types, Keefer (1984) also produced a 

number of upper bound curves from the analysis of 40 worldwide earthquakes. Of these the 

upper bound line for rockfalls and rockslidcs resolves into equation 2.4.1.

cfc r i t=12 5 - 6  . 15M2 r 2= 0 .97  2.4.1

Slope failure has not been directly related to seismological parameters. The relationship 

with distance alludes to PGA and duration, but no direct relationship was drawn. The work of 

Jibson (1987) focused on the effects of ridge lines in producing topographic amplification and 

the impact on slope failure. The analysis of wave frequency and acceleration data measured at 

different points along ridges showed that topographic amplification, and subsequently, 

landsliding was most likely at the centre of ridges.

2.4.2 H istorical landslides caused by earthquakes

Many earthquakes have caused landslides as in Calabria (1783), New Madrid (1811) 

and also Taiwan (1948), Peru (1970) and Iran (1989). Table 2.4.2 shows some landslides
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which have been caused by earthquakes. A case history of one of the most destructive 

earthquake triggered slope failures, the Huscaran slide will serve to highlight the key variables.

Location Failure type Slope conditions Earthquake

Madison
Canyon
(USA)

Rock Avalanche and 
many flows and 

slumps.

Gneiss, schist, 
dolomite and poorly 
consolidated Tertiary 

sediments.

Magnitude=7.1
(1959)

Anchorage
(USA)

Many submarine 
landslides over 

129,000m3

Sensitive silts and 
clays.

Alaska 
earthquake 

(M=7.5) 1964.

Khansu,
China.

Debris slides and 
Hows over 58,000 

km3
Loess

Major
earthquake,

> 200,00 dead.

Calabria,
Italy.

Slumps,slides and 
falls.

Loose regolith and 
unconsolidated 

sediments.

ii£

Arzino, 
Italian Alps.

400 landslides and 
rockfalls.

Rock faces and 
regolith.

Earthquake of 
1928 Mk = 6.6

Sakarya,
Turkey.

Many landslides > 
450,000 km3

Earthquake 1928, 
M = 7.1

Chile
Thousands of 

landslides and soil 
movement.

Earthquake of 
1960 

8.4 < M > 8.6

Nevado-
Huscaran,

Peru.

1000,000,000 m3 rock 
avalanche, 

13,000,000 m3 rock 
avalanche

Loose rock from 
tensile failure. 
Granodiorite

1970 earthquake 
o f magnitude 7.7

Table 2.4.2 E arthquake triggered slope movements 
(after Brunsden 1987).

2.4.3 The H uscaran  landslide

Possibly the most infamous earthquake-triggered landslide, the failure resulted in the 

deaths o f 18000 people in the towns of Yungay and Ranrahirca in Peru. The result o f the 

landslide can be seen in plate 2.2. The failure was initiated through toppling of jointed rocks in 

the Huscaran Mountains during the 31 May 1970 earthquake of magnitude 7.75, and focal 

depth of 15km. Thousands of landslides affected the area from debris avalanches to mudslides 

at epicentral distances of between 120 and 160km. Ranrahirca had been destroyed in 1962 by a 

similar slope failure, although it was somewhat smaller and not earthquake triggered. No strong 

motion instruments were available in the near field. An instrument located at Lima, 386km
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from the epicentre recorded unusually high levels of high frequency wave motion and peak 

acceleration was recorded as 0. lg  (Cluff 1971). A strong vertical component of strong motion 

was observed by witnesses, and the duration was 40-50 seconds.

The debris flow travelled 3.2 km vertically and 11.2 km horizontally and the village of 

Yungay was devastated by only part of the landslide. The mass failed from heights o f between 

5400-6000 m and involved a mass of material estimated to be 68,800,000 m 3. The west face 

o f Huscaran was overridden by the slide, but the only effect was to deposit a thin layer o f mud 

on the rock. In addition topsoil and grass were not removed indicating some form of fluid 

cushioning effect.

In addition to the main slide that destroyed Yungay and Ranrahirca a smaller avalanche 

broke off from the north face of Huscaran Mountain. The smaller failure killed a party of 

climbers and dammed the Llanganuco River.

2.5 CONCLUSIONS

Weathering amounts to an attempt by the rock mass to gain equilibrium with its 

environment. The development of intensely weathered rock masses gives rise to problems of 

stability. A review of cohesion and base angle of friction values (which will be reviewed in 

chapter 9) shows that the strength of rock decreases with weathering. In addition to a simple 

slope stability problem in the Calabrian area, the problem is exacerbated by frequent 

earthquakes which have produced landslides. Techniques for evaluating the stability o f slopes 

during earthquake ground motion have been developed. The assumptions inherent in such 

analyses when dealing with seismic forces in later chapters are insignificant compared to the 

assumptions made in the modelling process. The best method for the evaluation of seismically- 

induced slope failure is finite clement analysis. Despite being a better and more accurate 

method of modelling the behaviour of the ground as shown by Cotecchia (1987) it does not 

lend itself to wide scale hazard analysis and will not be referred to further. In short, an analysis 

can deal accurately with one site to the detriment of examining a larger area, or a holistic risk 

analysis can be performed, with some reduction in accuracy at individual locations. Although 

seismically-triggercd landslides arc not uncommon, such deformations are frequently in clays 

with low permeabilities and as such prone to pore pressure build-up or in poorly compacted 

sands where decreases in effective stress can seriously reduce the shear strength. The literature 

on seismically triggered slope failure in weathered regolith is not extensive.

The thesis will concentrate on the interaction between the properties of the ground and 

recorded seismological parameters. With the lack of literature on seismically triggered slope
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failure in weathered rcgoliLh in Calabria it is unclear why there is no widescale slope failure, 

despite the extensive outcrop of such materials.
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CHAPTER 3 
REM OTE SENSING 

IN GEOLOGY

Although remote sensing is now routinely employed in geological research its value in 

the analysis of structure, and in particular fault history, has been limited. Where structural 

history requires elucidation many authors confine their work to the identification of lineations.

In this chapter an attempt is made to discuss the techniques by which structural, 

lithological and geomoiphological information may be derived from remotely sensed imagery. 

Particular emphasis is placed on the use of remote sensing in the determination of degree of 

weathering in view of the importance of weathering in engineering geology and the 

significance of relic weathering profiles in the tectonic evolution of Calabria. The lack of 

studies which use remote sensing in the analysis of the geology and tectonics of Calabria in the 

literature is striking.

3.1 SPECTRAL PROCESSES 

The colour of minerals and rocks is controlled by the interaction between the minerals 

in the rock and the visible part of the electromagnetic spectrum. Different atomic and sub

atomic processes result in light being absorbed in different wavelengths. In this section the 

types of atomic processes (referred to as transitions) that commonly occur will be outlined. 

They are related to individual minerals in section 3.3

3.1.1 Transitional Processes

Three processes by which energy is absorbed and emitted by matter are referred to as 

transitions. Electronic and vibrational transitions occur in solids but rotational transitions do 

not. Rotational processes require the least energy to activate, and are common from the far 

infra-red and higher frequencies. Vibrational processes require greater amounts of energy, and 

thus occur in the thermal infra-red range. Vibrational processes can be considered as 

fundamental features, which are characteristic of any ion, or can result from either combination 

or overtone features. Such features are the result of bond bending or bond stretching which can 

be either symmetrical or asymmetrical in character. Vibrational processes are governed by: 

l:The number and mass of ions present in each group.

2:The geometry of the ions relative to one another.

3:The value of the interatomic forces.

Figure 3.1.1 indicates the range of wavelengths over which transitional processes occur. As 

Hunt and Salisbury (1970) observe, fundamental vibrational features occur in the mid infra-red, 

with combination and overtone features in the near infra-red region.
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Electronic processes require the greatest amount of energy, and thus only occur in the 

near infra-red and visible spectrum. These are primarily the result of either inter- or intra- 

atomic processes which are the result of electrons attaining higher energy levels in the atomic 

structure. Charge transfer also promotes electronic transitions.

Electronic processes in silicates are characterised by broad spectral features. The usual 

limit for electronic transitional features occurs at the Fe2+ band near 1.0pm. However, the 

feature observed in the orthopyroxenes at 1.8pm has been attributed to electronic transitional 

processes. If electronic processes are active, vibrational and rotational processes will also occur 

(assuming that the particles are free to undergo rotation) as a result of the greater energy 

requirement of the electronic processes over the vibrational and rotational transitions. The 

position of these transitions in the electromagnetic spectrum is governed by the ionic character 

of the material under examination, since this governs the energy requirements of transitional 

processes.

3.2 ELECTROMAGNETIC RADIATION

The other main control on the spectral properties of a mineral is the character (mainly 

frequency) of the incident radiation. Therefore, before moving onto the spectral properties of 

geological materials, the factors influencing the physical properties of electromagnetic radiation 

will be outlined.

Electromagnetic energy is produced whenever there is a fluctuation in the size or 

direction of an electric or magnetic field. In nature electromagnetic radiation is related to the 

temperature of the body emitting the radiation, since all matter in the universe above a 

temperature of 0 K (-272°C) emits some form of radiation. The exact nature of this radiation is 

dependent on the kinetic temperature of the object and its nature. Matter capable of absorbing 

and re-emitting all radiation incident upon it is referred to as a blackbody. The total energy 

emitted by a blackbody, its total radiant emission per unit area (H) in Wm'2, is indicated by the 

Stefan-Boltzman law (equation 3.2.1).

H ^ s T *  3-2 -1

At any particular temperature a blackbody emits electromagnetic radiation (EMR) with 

a range of wavelengths. However, its absolute kinetic temperature governs the wavelength at 

which the maximum amount of energy will be transmitted. The dominant wavelength is 

determined by Wein’s displacement law (equation 3.2.2) Equations 3.2.1 and 3.2.2 indicate that 

as temperatures increase the total energy emitted increases rapidly, and the wavelength at
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which the bulk of this EMR is emitted becomes shorter.

AT— 2928 3.2.2
T

The position of the various peaks and troughs in the spectral signature of a 

material (referred to, in reflectance, as Restrhalen bands and Christansien frequencies 

respectively) is dependent on the energy contained within a photon of electromagnetic energy 

and the energy required to activate the transitional processes within a material. Energy carried 

by a photon of light is shown in equations 3.2.3 to 3.2.5.

E = h f  3-2-3

Hence

E- h T

and

E _  1 . 9 8 6x l0~ 25 3.2.5
m

In actuality perfect blackbodies do not occur, although quartz comes close to the ideal.

Wein’s displacement law indicates that the Earth, with its ambient temperature of

approximately 300 K,will give the maximum emittance at approximately 9.7pm i.e. in the 

thermal infra-red region of the EMS.

Another factor of importance is the intensity of the incident radiation, equivalent to the 

amount of photons of energy contained in the electromagnetic radiation. The energy of a single 

photon of long wavelength radiation will thus be less than that of a single photon of short 

wavelength radiation. Therefore to produce the same measurable response the amount of low 

frequency electromagnetic radiation falling on a detector will need to be greater than the 

intensity of high frequency radiation.
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Figure 3.1.1 Regions of activity of varying spectral 
features in the electromagnetic spectrum (Drury 1987).
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the microwave regions of the electromagnetic spectrum (Drury 1987).
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3.3 THE SPECTRAL PROPERTIES OF NATURAL MATERIALS

3.3.1 The Infra-Red Spectral Characteristics of W ater

Water has three transitions which are the fundamental bending and stretching modes. 

These modes of energy transition are all active in the infra-red part of the electromagnetic 

spectrum. In the vapour phase water has spectral features at wavelengths of 2.73pm and 

6.27pm owing to the symmetrical stretching of the H-O-H bond in the OH ion, and at 2.66pm 

as a result of the asymmetric stretching mode in the OH* ion. Superimposed upon these 

features are numerous small features resulting from rotational processes. With water, features 

occur at 3.02, 6.06 and 2.94pms owing to the vibrational transitions noted previously. These 

occur with no modification of fine structure as a result of rotational transitions. The shift from 

the positions observed in water as a vapour phase is due primarily to the effects of hydrogen 

bonding. Other features of water occur in the thermal infra-red near 9.5pm, and at the upper 

limit of the thermal infra-red atmospheric window at 15pm (see figure 3.3.1).

3.32  The Spectral Characteristics of Minerals

Hunt and Salisbury (1970) have investigated the spectral character of the silicates. The 

spectral character of an individual mineral in the near infra red is governed by the vibration of 

Fe2+ and Fe3+ ions and by the various fundamental, combination and overtone features resulting 

from the vibrational transitions of the OH* ion. Thus, minerals such as the members of the 

plagioclase group (NaAlSi30 8 to CaAlSi3Og) are spectrally featureless in the near infra-red 

region, although the presence of features at 1.4 and 1.9pm may result from partial alteration to 

clay minerals. Differences in the reflectivity occur throughout the plagioclase group and allow 

identification.

In mafic minerals, where effects of Fe2+/Fe3+ are more important, and in hydrous 

ferromagnesian minerals, such as the amphiboles, the effects of the water molecule can be 

readily observed. The spectral characteristics of the pyroxenes in the near infra-red is 

inconclusive since it can be confused with other Fe-rich silicate minerals such as members of 

the olivine group. The primary spectral features in the near infra-red are the result of the 

transitional processes associated with Fe2+ within the crystal structure at 1.05, 0.9 and 1.1pm, 

but features of the Fe3+ occur at 1.8pm and 0.77pm.

The pyroxene group is not a group which in an unaltered state contain the OH* and 

therefore no features of the vibrational processes of OH* are observed. In the hydrated minerals 

such as amphibole1 however, common spectral features at 1.4pm due to the combination and

1 The general formula A2.3B(Si,Al4) 0 11(0H)2 where A can be Mg Fe2+ Ca and Na, B can be 
Mg Fe2+ Fe3+ and Al.
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overtone (2-2.5pm.) stretches of the OH* ion are evident. A broad band near 1.0pm is 

characteristic o f the electronic transitions associated with the Fe2+ ion, a feature common to the 

amphiboles. The effects o f the OH* group may not be observed in platy, hydrous minerals such 

as biotite, as they depend on the orientation o f the mineral (Hunt and Salisbury 1971). 

Therefore, the incorporation of molecular water into the crystal structure o f the silicate 

minerals results in the development o f spectral features. The effects o f the serpentinization of 

the mineral olivine which results in the development o f absorption features near 1.4 and 2.3pm, 

further illustrate the effects of water incorporation into the crystal structure. The olivine group 

shows spectral features belonging to the behaviour o f the iron near 1 micron. Figure 3 .3.2 and

3.3.3 show spectral features of some common minerals.

In silicates the primary control o f the spectral signature in the thermal infra-red region 

is the type of ion attached to the oxygen o f the silicon tetrahedron. The larger the valency and 

the smaller the mass, the greater the energy requirement for transitional processes to occur. 

Consider the differences in the position o f the main absorption features between quartz and 

fayalite. The cation in quartz (silicon) has a high charge and a relatively low mass. The 

vibrational process associated with the stretching o f the S i-0  bond occurs at 9.3pm. In fayalite, 

however, the ion often attached to the oxygen in the silicon tetrahedron is Fe2* has a higher 

mass and a lower valency, and the main absorption feature occurs near 10.4pm. In the Ca-rich 

plagioclase feldspars, where Al3+ frequently (approximately one time in four) replaces one o f 

the silicon ions, an absorption feature near 11.3pm is formed.

W ater is still an influence on the spectral character of minerals in the thermal infra-red 

since vibrational transitions of the OH* ion occur near 7pm. Crystal structure is also important 

in the thermal infra-red (figure 3.3.2). The plagioclase feldspars discussed previously show a 

characteristic feature near 10.4pm which is due to vibrational processes occurring at shorter 

wavelengths in calcium-poor feldspars due to vibrational stretching o f the S i-0  bond. Further 

in the thermal infra-red anorthite has a spectral signature distinct from but strongly related to 

orthoclase. It has a number o f complex absorption bands in the 12.5 to 50pm range, but at 

10.7pm there is an intense S i-0 stretching mode not observed in other feldspars. Steady 

enhancement o f the absorption feature near 10.7pm is the result o f increasing anorthite content. 

All feldspars can show wide variation in crystalline order reflected in the infra-red spectra.

3.3.3 Clay M inerals

The spectral features of clay minerals are dominated by the effects o f water within the 

crystal structure, resulting in spectral features which can be observed in other minerals that 

contain OH* groups. In the near infra-red, clay mineral spectra are dominated by the presence
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of the OH' ion. In the thermal infra-red the presence of absorbed water is again important since 

a major feature due to the vibration o f the OH* occurs near 9.3pm2. O f the kandite group, 

kaolinite is the most common followed by halloysite, dickite and nacrite which are spectrally 

similar between 8.3 and 40pm. Pattern variation is due to size, shape and orientation of the 

particles. Differences in the shape and intensity of the OH' bands make it possible to 

differentiate between clay minerals. In montmorillonite spectral features o f molecular water 

occur so strongly in the near infra-red that the features resulting from the combination and 

overtone stretches o f OH' cannot be recognised. In the thermal infra-red region it shows 

features similar to kaolinite. The spectral signature o f montmorillonite can also be altered by 

isomoiphous substitution and cation exchange. Widening o f absorption bands compared with 

essentially unsubstituted minerals such as pyrophyllite is evident. Radiometric identification of 

clay minerals must be treated with some caution since Kruse (1986) has demonstrated that 

small amounts of sericite in hydrothermally altered rocks can mask the presence of 

montmorillonite.

In chlorite, hydroxyl features in the near infra-red occur, as do Fe2+ features at 0.7 and 

0.9 and 1.1pm. Strong features arise from the OH' bond stretching o f the interlayer sheet near 

2.8 and 2.9pm. The exact position o f this doublet varies according to composition shifting to a 

longer wavelength as iron and aluminium content increases. The strong band near 14pm is the 

result o f OH' ion vibration in the interlayer hydroxyl sheet. With increasing amounts o f Mg2* 

due to the replacement of Al3+, chlorites become more dioctahedral in character resembling 

muscovite with a band at 13pm. However the weak doublet at 2.8 and 2.9pm due to OH' 

indicates that the hydroxide sheet still contains some trioctahedral character.

Other significant clay minerals are the dioctahedral and trioctahedral gibbsite and 

brucite sheets. Gibbsite spectra results from the fundamental bending o f the Al-O-H bending at 

10.34pm and 9.8pm, and fundamental stretching at 2.975, 2.917, 2.842 and 2.765pm. Like all 

clay minerals gibbsite shows features belonging to the OH* group. Brucite likewise shows 

features characteristic o f water. Alteration minerals such as goethite (Fe(OH)2) display features 

characteristic of Fe3+ near 0.55 and 0.9pm but shows no features of water.

3.3.4 W eathering and mineral spectra

The spectral information contained within the near thermal infra-red is considerable 

and therefore can allow examination o f the most weathered part o f the rock material (i.e. the 

surface). The dominant causes of spectral absorption features in the infra-red region is the

2 The presence o f absorption features due to water is of limited use in remote sensing, as 

similar attenuation of radiation at these wavelengths is produced by atmospheric water.
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presence o f the OH' ion. In either a bound state or in a molecular state this has a profound 

effect on the spectral signature. It is observed that the presence of iron in either its ferrous or 

ferric state also has considerable impact on the spectral character of a mineral. Minerals 

without these constituents are devoid o f a spectral character in the near infra-red and their 

identification must be made on the basis of reflectance values alone. In the thermal infra-red 

region, however, much more spectral data for silicate rock and mineral identification are 

contained.

In short, features in the near infra-red have considerable potential for the examination 

of weathering, as two of the effects of weathering are the release of iron from the crystal 

structure o f ferromagnesian minerals and the incorporation of the OH' ion in the crystal 

structure o f the mineral. The alteration o f ferrous to ferric iron results in various degrees o f 

alteration registering as different intensities in the various spectral features in the near infra-red. 

The formation of absoiption features near 1.8 pm as a result o f the ferric iron is the result. 

Features would also be expected at 1.4 and 1.9 pm as a result o f hydroxyl ions, and further 

features would be expected between 2.0 to 2.5pm. Although the production o f silica is 

indicated in some weathering reactions (Curtis 1976), no silica is actually produced except 

perhaps in mafic rocks (Robertson 1980). Rothery (1984) has shown that for natural surfaces in 

Oman absorption features for harzburgites are reduced by serpeminization and weathering. 

Weathering and mineralogy are important controls on the colour o f the rock evidenced 

particularly in dykes, which if epidote rich alter to a green weathered surface where the 

epidote-poor dykes weather to a grey colour (Rothery 1987). The spectral character of 

weathering products is strongly influenced by the clays produced, Al-rich clays give rise to 

absorption features at 2.1pm; Mg-rich clays, however, cause an absorption at 2.2pm. In general 

it can be said that the important absorption features in weathered products are the Fe3+ charge 

transfer at 0.9um, vibrational processes associated with the hydroxyl group, and the stretching 

o f Mg-O-H and the Al-O-H bonds (Rothery 1987).

3.4 REM O TE SENSING AND IM A G E PROCESSING

3.4.1 Introduction

Remote sensing is the examination of a target from a remote platform, airborne or on a 

satellite. Generally, airborne remote sensing provides photographs rather than images. However 

it is becoming increasingly common for airborne remote sensing campaigns to collect 

multispectral data instead of or in addition to photographic products. A photograph is an image 

of the object targeted displayed as hard copy, and produced by the action o f various chemical 

emulsions. Satellites generally produce digital images although they can be used for
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photogrammetry. Multispectral information is contained on magnetic tape, and is subsequently 

examined by the operation of various computer processes. In addition to images and 

photographs, data can be collected as spectral data without an image. This has been done for 

the Pisgah crater in California, where a non imaging spectroradiometer permitted increased 

lithological discrimination (Lyon 1972).

Remote sensing can produce massive quantities of spatial data. The integration of 

remotely sensed data with ground and map data is a considerable problem. In an attempt to 

examine the many factors which control slope stability (i.e. lithology, structure, topography etc) 

a system o f data management must be produced to allow examination o f large quantities o f 

data at any one time, or the search for some aspect of each of the different data sets. To cope 

with increasing amounts of data, geographic information systems (G.I.S.) have been developed 

to allow the storing and manipulation of multiple levels of spatially variable data. Data can be 

two main types, raster data and vector data. Raster data allow the storing o f data in a "grid" 

which has a set number of regular cells and which allows the allocation of other data to each 

raster cell. The vector method of data storage allows easier capture o f line and polygon data, 

but further assignment of information is more difficult. The ideal system is one which has a 

raster data file and a vector graphics file (e.g. ARC-INFO.)

3.4.2 Satellite Rem ote Sensing

Satellite platforms such as those used for LANDSAT TM and MSS are usually 800 to 

900km above the Earth’s surface in a sun-synchronous posidon. The ground resolution element 

(GRE) is a result of the instantaneous Field of View (IFOV), which is the area viewed at any 

instant by the satellite.

There are four basic assumptions inherent in remote sensing:

1: The source of the incident radiation is constant, i.e. the wavelength-intensity 

relationships of the light do not change.

2: The medium through which the electromagnetic radiation passes from source 

to detector affects the radiation in a known and regular manner.

3: The detector response is specific to the wavelength, intensity and direction 

o f the incident radiation.

4: The objects react with radiation differentially and equally.

In addition to the assumptions made, two other factors must be understood before any 

investigation o f geological remote sensing may be attempted. They are spectral and spatial 

resolution. The spectral resolution is the breadth of the electromagnetic spectrum over which 

data is collected, and varies from instrument to instrument. On LANDSAT data the spectral
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resolution is low, as data are collected in broad bands. Aircraft-borne multispectral scanners 

generally have good spectral resolution. Airborne imaging spectrometers have a spectral 

resolution in the order of 10 nm, and collect data in contiguous lOnm wide bands (Vane 1988). 

The spectral bandwidths in the LANDSAT Thematic Mapper are lOOnm to 200nm (see table 

3.4.1), and characteristic spectral features cannot be resolved because the radiance value 

observed is the mean of all values over the band examined. Therefore, LANDSAT data bear 

little resemblance to laboratory produced spectral radiometric data. Spatial resolution is a 

further problem of satellite remote sensing.

The ground resolution element is sometimes referred to as a picture element or pixel. 

Resolution on airborne multispectral scanners in the thermal infra-red region is about 7.5m.

The spatial resolution of LANDAST T.M. is 29m. A problem with the 29m GRE is that 

radiance data collected over a wide area may be the sum of the geological materials, 

vegetation, buildings, and any other object which exist within the pixel. Although these will 

contribute to the spectral data they will not be observed on imagery.

Band Waveband Resolution Wavelengths (p)

1 visible 30m 0.45-0.52

2 visible 30m 0.52-0.60

3 visible 30m 0.63-0.69

4 near infra-red 30m 0.76-0.90

5 near infra-red 30m 1.15-1.75

6 thermal infra-red 120m 10.4-12.5

7 near infra-red 30m 2.08-2.35

Table 3.4.1 Spectral bands on LANDSAT Them atic M apper 

3.4.3 Im age Processing Techniques.

Digital image processing seeks to enhance images in such a fashion that the image can 

be readily inteipreted and geological information more readily drawn from it. The basis of 

digital processing techniques is the digital number (DN) which is a measure o f brightness 

within the image; higher digital numbers indicate greater brightness. Different bands will have 

different DN values for different categories o f ground conditions For example, band 5 (Infra

red) will give low DN values in vegetated areas owing to the absorption o f infra-red radiation, 

and high reflection in soils and rocks.

The image histogram is the single most useful measure in digital image processing. 

The histogram shows DN values of the pixels of the image and displays the frequency o f
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occurrence of a brightness value displayed as a DN. The shape o f the image histogram is thus 

indicative of the homogeneity of the scene. A histogram with a single high value or a narrow 

range o f values corresponds to a high degree of homogeneity. A histogram with DN scattered 

over a wide range indicates an inhomogeneous scene. The histogram is displayed over the 

range o f 0 - 255 grey levels. Because extremes of brightness values do not commonly occur on 

the Earth’s surface the DN values are usually in a limited range. The operation o f contrast 

stretching spreads DN values in a chosen mathematical manner. The differences between light 

and dark objects on the ground should be recorded as differences on the image. In linear 

contrast stretching, the lowest DN value is assigned to 0 and the highest DN is assigned to the 

value of 255; other values within the original range are transformed accordingly.

Linear contrast stretches are of limited usefulness, because the digital number is 

affected by atmospheric scatter resulting in no DN with values of zero. The scatter can be used 

to perform atmospheric correction by identifying shadowed pixels, finding their DN and setting 

these, and pixels with lower DN values, to a DN value o f zero termed the cut off. Another 

method of performing atmospheric correction is to plot the DN of a long-wavelength band 

against a short-wavelength band e.g. LANDSAT MSS band 7 against band 4. The best fit line 

through the distribution will intercept the short- wavelength axis at a DN approximating the 

scattered component. The value is then used as a cut off. Since important information can be 

contained in shadowed areas the loss of information must be traded off against the value o f an 

image with a better contrast. Data with a very high degree of correlation give rise to ellipsoidal 

data within the multispectral space. Standard contrast stretching does little more than magnify 

the ellipsoid. However, by contrast stretching in directions parallel to the first principal 

component a better image can be obtained which uses the full range o f colours, which normal 

contrast stretching does not. The colour display is not related to the spectral data but by 

projecting the data back onto red - green - blue axes (Soha & Schwartz 1978) a decorrelation 

stretched image is produced. Such images have been found to be particularly useful in 

geological remote sensing, where lithological differences can be expressed as subtle colours 

due to relatively minor absorption features (Rothery 1987).

Spatial frequency filtering can mark areas o f change from one DN value to another or 

mark areas of differing ground conditions. There are two types o f boundary: sharp boundaries 

or edges, which are high frequency features, and gradational boundaries, which occupy large 

areas of the image and are low frequency features. As the resolution of the imagery becomes 

coarser the scale at which a boundary is a high frequency or low frequency feature changes. 

Spatial frequency filtering operates by selectively enhancing variations in the DN. Fourier
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transform analysis allows various groups of frequencies to be recognised in the image which 

are then emphasised or suppressed by filters. Those which emphasise high frequencies and 

suppress low frequencies are high pass filters and vice versa.

Fourier transform analysis works in the frequency domain or in the spatial domain by a 

process called convolution. The former is more powerful, but the spatial version is used more 

commonly. Convolution functions by the use of matrix filters. Care must be taken in 

directional filters to avoid the production o f artifacts, which are lineations mimicking regular 

geological features. Directional filters have an asymmetrical weighting about the axis resulting 

in the enhancement of edges in one direction, so that edges in a preferred orientation can be 

examined. In an east-west filter features with a north-south orientation, with the bright side 

facing eastward, will be enhanced. If  the feature faces east-west it will be suppressed but 

features orientated 45° to the filter direction will also be enhanced. Therefore, for the 

production o f a full edge-enhanced image, convolution must be performed in the eight compass
4

directions. Edge enhancement is one of the most important image processing techniques (along 

with contrast stretching) in geological remote sensing.

Band Ratioing is a technique by which the effects o f topography can be removed 

unfortunately atmospheric degradation and random noise are also enhanced. A band ratioed 

image will enhance the spectral signature of the targeted material, providing the bands which 

are ratioed are chosen with consideration o f spectral features. On LANDSAT MSS, the choice 

o f a green (band 5) and red (band 6) ratio results in the enhancement o f the spectral features 

due to the F e-0  charge transition at 0.55pm. This particular band enhancement is needed 

because it would otherwise be masked by quartz, which reflects strongly at all wavelengths. 

Table 3.4.2 shows some band ratios which are frequently used in geological remote sensing 

projects.

3.4.4 Classification

The main aim of remote sensing is the recognition o f ground features by the evaluation 

o f spectral and spatial patterns. Spectral pattern recognition is referred to as classification. 

Classification processes can be split into two types. In unsupervised classification, the 

computer makes all the decisions; in maximum likelihood classification, the operator issues a 

set of guidelines to the computer. Problems with spectral classification are caused by 

topography and sun angle, which can result in a degradation of the spectral data. The problem 

can be partially rectified by band ratioing. In addition materials of differing spectral character 

may be contained in one ground resolution element resulting in confusion, although if  one 

material has a particularly strong spectral signature it will be evident. Contextual classification
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employs neighbouring pixels to weight the classification algorithm. Classification can be a 

rapid, accurate means of mapping type distribution, but in geological remote sensing textural 

information is often more useful.

Band Ratio Description Reference

5/7
distinguishes between the presence or 

absence of absorption bands in band 7. 
Altered rocks which contain clay minerals 

and micas have high ratios.

Podwysocki et 
al(1985)

4/5
Distinguishes vegetated areas from non 

vegetated areas due to low reflectivity owing 
to water absorption in band 5. Vegetation has 

a low value in this ratio.

Podwvsocki et al. 
(1985)

3/1
Distinguishes limonitic materials due to Fe3+ 

at short wavelengths. Limonite- rich materials 
yield high values in this ratio.

Podwvsocki et al. 
(1985)

(7 x 5)/4 Distinguishes between vegetated and 
unvegetated substrate. Bare rock appears dark 

in this band ratio.
Quari (1990)

Table 3.4.2 Some different band ratios used in geological remote sensing

3.5 CONCLUSIONS 

The position of spectral features in the electromagnetic spectrum is determined by the 

character of the material under examination. In geological materials the mineralogy will be a 

prime control on the spectral signature of the rock material. However, the usefulness o f 

remote sensing in geology has been demonstrated for lithological mapping (Lyon 1972,

Vincent 1972, Rothery 1987, Kruse 1988), structural mapping (Sabins 1969, Rothery 1984, 

Berhe & Rothery 1985), and engineering geological and hazard investigations (Beaumont 1979, 

Francis 1979, Warwick et al. 1979, Davenport 1985). If combined with interactive computer 

processing of digital images in order to highlight geological data not normally evident, remote 

sensing emerges as a useful tool. Although spatial (and in some satellite data spectral) 

resolution remains a problem, the use of airborne imaging spectrometers has increased the 

quality of data, especially with decreasing bandwidths and the collection o f data in contiguous 

bands at lower height and hence with better ground resolution. These improvements have 

allowed direct recognition of spectral features in ground materials, whereas such examination is 

not possible on LANDSAT data.

The spectral character o f the rock mass is predominantly conditioned by the rock 

material. Spectral absorption features are responsible for colour differences between lithologies
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as determined on LANDSAT T.M. although many are probably the result of spectral effects 

due to weathering of minerals within the top 100pm. The spectral signature may be further 

influenced by the condition of discontinuities within the rock mass. These may be faults (with 

associated fault rocks such as mylonites) and fractures (either of which may be infilled with 

weathered products,or by vein deposits). Further anisotropies in the rock mass such as dykes 

and sills will all add to the spectral signature of the rock mass, even if  the spatial resolution of 

the imagery is not good enough for such materials to be observed. The degree o f weathering 

will affect the spectral character of the rock mass and the material. Thus Rothery (1985) has 

attributed time-dependent spectral changes on the Craters o f the Moon lava field to weathering. 

Grainger & Harris (1986) show the importance of weathering in the stability o f slopes.

The hydrothermal alteration of rock masses has been studied in relation to associated 

mineralisation. Kruze (1987) has observed that montmorillonite, sericite and other altered 

minerals can be detected in argillised rocks. Care must be taken since it has been observed that 

the presence of opaque minerals, which can be formed as a weathering product, can quench 

spectral features of rocks (Hunt et al. 1974). Few basic or ultrabasic rocks show strong spectral 

features in the near infra-red, in contrast to the strong features in the thermal infra-red.

Remote sensing and digital image processing have be used to determine geological 

relationships in areas where seismically-induced slope failures have occurred. Knowledge of 

the spectral properties of natural materials help in the detection in landslides, which may or 

may not be earthquake-triggered.
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CH APTER 4.
FIELD  INVESTIGA TIO N O F W EA TH ERED  RO CK S

4.1 INTRODUCTION.

Fieldwork in Calabria and Sicily was undertaken in 1988 and 1989 to investigate the 

spatial distribution o f differing intensities o f weathering on the ground in support o f future 

remote sensing, establish the geotechnical properties o f rock subject to differing intensities o f 

weathering and determine the importance o f weathering in rock slope stability.

Field sampling followed the free survey method of the Soil Survey o f Scotland, namely 

sampling o f the substrate, rock, weathered rock, or soil at points controlled by changes in 

geomorphology and vegetation. A number of random points were sampled to determine the 

changes in mineralogy associated with weathering and the grade o f weathering at that point. 

The result was combined with weathering intensity mapping to provide spatial control on the 

extent of weathering.

Point load testing was carried out on an Engineering Laboratory Equipment instrument 

(plate 4.1). Pressure at failure were recorded on a dial gauge. Unconfined compressive strength 

was estimated by the application of a conversion factor from Bieniawski (1975): the conversion 

factor was taken to be 24. Young’s modulus was estimated from the empirical relationship 

shown in figure 2.1.3. In addition a type "L" Schmidt hammer (plate 4.2) was used where 

appropriate.

Three main study areas were considered. The first (site 1) is a coastal section between 

Cannitello and Bagnara Calabria (although not including either town.) The second is an area 

centred on the town of San Roberto (site 2) and the third and southernmost area includes the 

towns of San Stefano in Aspromonte, San Alessio d ’ Aspromonte, Laganadi and Calanna (Site 

3.) Mapping was done at a scale of 1:50,000 on exposed rock and road cuttings. Vegetation 

cover in all three areas (which ranges between 85 and 1Q0%) precluded any significant attempt 

at remotely sensed lithological mapping. Geological information was obtained from the Carta 

Geologica della Calabria at a scale of 1:25,000 produced by the Ufficio per il Mezzogiomo.

4.2 FIELD  RESULTS

The bulk of the materials encountered in the Calabrian area are metamoiphic rocks of 

varying lithologies. A number of igneous rocks occur, but mainly outside the main study areas. 

Figure 4.2.1 shows the distribution of the main igneous and metamorphic units, and their 

mineralogies at a scale o f 1:25,000.
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Figure 4.2.1 General geology of the Villa San Giovanni area. 
(Attzori et al. 1987).



Plate 4.1 The point load test from the Royal School of Mines 
Imperial College of Science, technology & Medicine, London.

( ELE instruments )

Plate 4.2 The type L-Schmidt hammer.
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4.3 AREA 1: CANNITELLO-FAVAZZINA.

4.3.1 T opography

The coastal section rises steeply out of the Straits of Messina to the first main erosion 

surface at about 500 m. Deeply incised gullies are common, and slope instability is evident.

Landslides have occurred in the past but no dating o f the resulting features was 

possible. Lower but less distinct erosion surfaces occur at about 100-150 m at Scilla and 

Cannitello.

4.3.2 G eneral Geology

The area consists predominantly schists and gneisses showing varying degrees of 

weathering. They include medium to coarse grained biotite gneisses near Favazzina, biotite 

schists at Scilla, and medium to fine grained granites at Cannitello. Crystalline materials are 

predominantly Hercynian in age. Intrusive rocks are common, Scilla rock is the result o f a 

strong pegmatite injected into the biotite schist. Porphyoblasts of biotite are evident and are up 

to 0.1 m in size.Recent sediments can be observed on ’piani’ and near coasts. Coastal materials 

are predominantly calcarenites some of which are highly fossiliferous. 14C dates yield relatively 

young dates o f less than 36,000 years BP. Other sedimentary materials mantle the area. They 

vary from river sequences to turbidites, and will not be discussed further. A number o f faults 

run through this area with a trend approximately parallel to the coastline. Other structures are 

found with a markedly varying orientation; there appears to be no predominant joint trend.

4.3.3 Field description of w eathered rocks

The northernmost coastal lithology examined in this area is a grey-brown, anisotropic 

(foliated), slightly to moderately weathered, strong to moderately strong, biotite gneiss. In 

places where there is evidence of grade III weathering approximately 60% vegetation cover 

occurs on the cutting face, and a rock to soil ratio of 90:10 is found. Foliation results from the 

orientation of biotite crystals within the rock, which weathers to produce the characteristic iron 

staining. The opening of discontinuities, and in grade III rock the beginnings o f spheroidal 

weathering, can be seen. In general spheroidal weathering in Calabria is evidenced only in 

biotite-rich, medium to coarse grained rocks (e.g. granites at Nicotera and the biotite gneisses 

at Conca dell’ Oro and Favazzina.) The material here is similar to that observed at Conca dell’ 

Oro on the eastern side of Calabria, where extensive weathering may be fault-controlled.

Geotechnical data derived from Schmidt hammer tests near Montalto and point load 

tests in the laboratory reveal extreme variability in the strength of the rock material. Two 

populations of data were taken during Schmidt hammer testing in the field, one on joint 

surfaces, the other parallel to the foliation. The full population had a mean of 38.9MPa, a
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median o f 38MPa and a standard deviation of 15.9. When split into two groups o f data, those 

parallel to the foliation gave a mean unconfined compressive strength o f 34.9MPa and a 

standard deviation o f 12.5. The other population (i.e. those at other orientations to the 

foliation) gave a mean strength of 46.5MPa and a standard deviation o f 16.4. The higher 

standard deviation is almost certainly the result o f variations in the orientation o f the hammer 

to the foliation. Data derived from the test are shown below in Table 4.3.1.

From the data shown in table 4.3.1 and the graph drawn from that data (figure 4.3.1) it 

can be seen that the strength of the rock decays with weathering. The effects of the orientation 

o f the compressive strength relative to the foliation in the rock is also apparent The top curve 

shows strength when the compressive force is at 90° to the foliation. The middle and bottom 

curves are for strength measured at 60°, and 45° to the fabric respectively.

Test no I*(50) MPa Grade Angle o f stress-foliation

1 2.1 Ilii 0

2 2.0 Ilii 0

3 1.7 Ilii 0

4 1.6 Ilii 0

5 1.0 Ilii 0

6 10.7 Ili 45

7 10.3 Hi 45

8 10.2 Hi 45

9 9.8 Ili 45

11 1.7 III 45

13 1.3 III 45

14 4.7 Ilii 60

15 4.5 Ilii 60

17 3.5 Iliii 60

18 2.9 Iliii 60

19 1.4 III 60

20 1.1 III 60

21 1.3 III 60

22 1.0 III 60

23 0.9 III 60
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24 18.0 lb 90

25 17.0 lb 90

26 16.5 Hi 90

27 15.2 Hi 90

28 14.2 Hi 90

29 11.2 Ilii 90

30 10.1 Ilii 90

31 8.8 Iliii 90

32 2.9 III 90

33 2.9 III 90

34 2.7 III 90

35 2.5 III 90

36 2.3 III 90

Table 4.3.1 Point load test results (MPa) for Plagioclase-biotite gneiss, Favazzina.

Grads la m othering  is 1 
Grade lb weathering is 2 
Grade Ili weathering is 3 
Grade Ilii weathering is 4 
Graae iliii weathering is S 
Grade III weathering is 6

19.00

1 <0.00 -

9.00

-  5t.9*e*°[:£2| 
Urn ■ 43.69ex01̂ ^

0.00
3 .0

W eathering intensity
4.0 3.0 S.02.01.0

Figure 4.3.1 Variation in point load index with 
weathering.

The rock mass is predominantly weathered to grade III, with occasional patches o f 

grade II. It has been intruded by a number o f grade II-III weathered acid veins, which were 

probably hydrothermally altered at the time of intrusion. Joint spacing in these veins is usually 

about 0.02m to 0.04m in size. Block sizes in the gneiss vary from 0.5m x 0.4m to 0.05m x
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0.02m. Although not from the same locality, the coarser grained rock of the same sequence 

and similar mineralogy from Conca dell’ Oro has been examined. It is a strong to moderately 

strong, slightly to completely weathered rock. The most intense weathering occurs nearest the 

coast and at the top of the sequence. The results of tests performed under laboratory 

conditions are shown in table 4.3.2

Plagioclase-biotite schist forms the headlands including Scilla rock itself. It can be 

described as grey, anisotropic, strong, unweathered to slightly weathered biotite schist. The 

material strength varies greatly with weathering and the angle o f the major principal stress 

relative to the foliation. Although predominantly grade II weathered rock, grade III rock occurs 

in zones. The material appears to be well graded. It is frequently intruded by ’Neptunian 

dykes’ which are fractures which have been infilled by fine grained calcareous mud and 

weathered crystalline rocks. These form slopes of around 45° and greater, although frequent 

exposures in road cuttings are found to be stable at lower grades o f weathering. The intensity 

o f weathering tends to increase up the unit.

Test No Is(50) MPa Grade Angle of stress-foliation

1 4.5 III 90°

2 3.5 in V
O o o

3 2.2 h i V
O O o

4 2.9 i i i V
O O o

5 3.1 h i 90°

6 3.7 i i i 90°

Table 4.3.2 results from  Conca dell* Oro.

Between 260m to 550m above sea level severely weathered regolith is overlain by 

sedimentary successions which support a closed shrub community. Felsic intrusions into the 

metamorphic material are ubiquitous, although they do not penetrate overlying sedimentary 

rocks. Lithologies are weathered to the same extent. Nearer San Roberto the schists and 

gneisses give way to granites and muscovite gneisses. No contact was found and it is assumed 

that the boundary here occurs beneath the sedimentary cover on the ’piano’. The weathering 

characteristics of these rocks will be discussed in the section dealing with area 2 .

A large landslide (of the debris slide variety) has occurred to the south east o f Scilla 

(plate 4.3) in the plagioclase-biotite schists already described. The location of the landslide in 

terrain which does not show evidence o f active debris flow or debris slide failure suggests it is 

earthquake-triggered. The failure surface here appears to be the boundary between grade II and
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grade III rock, since grade Ib/II material is clearly visible in the scarp, and grade III and IV 

material is evident in the toe. A number o f smaller scale slope processes, such as soil creep 

and rock and soil avalanching, are also found. The latter process would be an ’earthquake- 

related hazard’ although there is no evidence for movement of the main slide such as cracking 

o f the road and boulder arcs; the material seen in the road cutting in the toe o f the slide is well 

graded and friable (plate 4.4). Lateral shears are evident (plate 4.5) and the area is 

characterised by shallow sliding near road cuttings (plate 4.6).

Angle of stress to foliation

Weathering 45° 60° V
O o o

lb 330.4 283.2 413.0

Hi 241.9 212.4 361.1

Ilii 134.5 108.6 251.3

Iliii 66.1 83.4 207.7

III 39.5 26.9 62.8

Table 4.3.3 Mean compressive strength values (MPa) a t Favazzina calculated 
from  the I^50) test results shown in table 4.3.1.

Angle of stress to foliation

Weathering 45° 60°

oOO
V

lb 83160.0 71400 103740.0

Hi 61110.0 53760.0 90804.0

Ilii 34356.0 27888.0 63462.0

Iliii 17304.0 21616.0 52584.0

III 10689.0 7543.2 16480.8

Table 4.3.4 Mean values of Tangential Youngs Modulus (MPa) for weathered 
rocks a t Favazzina calculated from 1 ^  test results shown in table 4.3.1.

Test Ij(50) MPa Weathering Angle of stress to foliation

1 2.3 Hi 0

2 1.9 Hi 0

3 1.1 Ilii 0

4 0.9 Iliii 0

5 0.8 III 0



6 0.5 III 0

7 1.1 m 0

8 0.2 III 0

9 1.6 III 0

10 5.8 Hi 45

11 4.8 Ili 45

12 4.0 Ilii 45

13 4.0 Ilii 45

14 3.0 Iliii 45

15 2.5 m 45

16 2.3 m 45

17 1.9 m 45

18 1.3 III 45

19 9.4 Ili 90

20 8.9 Hi 90

21 8.6 Ili 90

22 8.5 Ili 90

23 8.1 Ili 90

24 7.8 Ili 90

25 5.6 m 90

26 5.3 III 90

27 4.8 m 90

28 4.1 m 90

Table 4.3.5 Point load test results for biotite schist near Scilla.

The geomorphology of this area is otherwise characterised by steeply incised stream 

valleys, with slope angles approaching 60-70°. Terracettes provide evidence o f active soil 

creep; such slope failure is ubiquitous. Weathering intensity changes rapidly laterally. The 

change from unweathered biotite schist to the orange, anisotropic severely to completely 

weathered schist is diffuse but extremely variable. Owing to the closely spaced schistosity, 

Schmidt hammer rebound test was not carried out on this lithology. Results from point load 

index testing are shown in table 4.3.5 and figure 4.3.2.
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Plate 4.3 Debris flow west of west of Scilla? note the 
new failure just to the left o f centre (561500, 4232250)

Plate 4.4 W eathered m aterial from the debris flow 
near Scilla (561500, 4232250).
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Stress-foliation

Weathering grade 0 45 90

Hi 49.56 113.3 205.3

Ilii 25.96 100.3 165.2

Iliii 21.24 92.0 129.8

IIII 19.82 47.2 116.8

Table 4.3.6 M ean compressive strength  values (M Pa) for w eathered rocks calculated 
from  the results shown in table 4.3.5.

0.00
Maximum com pressive s tre ss  a t 
90 aegrees to the  foliation. Graae la weathering Is 1

Graae lb weathering is 2
Grade Ili weatnering is 3
Graae Ilii weatnering is 4
Grade Iliii weathering is S 
Grade III weathering is 6

8.00 -j

8.00 q Maximum com pressive s tre ss  a t 
j  45 aegrees to the roiiation.

2.00

“ ~ T
Maximum com pressive s tre ss  a t 
0 aegrees to tne foliation.

0.00
5.0 6.04.02.0 3.0

W eathering intensity

Figure 4.3.2 Point load indices for plagioclase 
biotite gneiss near Scilla.

Angle of stress to foliation

Weathering grade 0° 45°

oO

Hi 13188.0 29064.0 51996.0

Ilii 7308.0 25830.0 42000.0

Iliii 6132.0 23772.0 33180.0

IIII 5779.2 12600.0 29946.0

Table 4.3.7 M ean values o f Tangential Y oung’s M odulus (M Pa) for 
w eathered rocks near Scilla calculated from  the test results.

The last lithology of interest in this area is found near Cannitello: a cream-white to
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orange, severely weathered, weak, granite. Vegetation covers the upper surface forming a 

shrub dominated, closed community. Owing to the intensity o f weathering and the decrease in 

block size, the Schmidt hammer test was not used at this location. However the I ^ )  test gave 

results shown in table 4.3.8. An alteration rim around the biotite crystals is due to the 

oxidation o f the biotite. The feldspars do not show ubiquitous alteration, except near the 

surface o f the material. Other materials in Calabria, such as plagioclase-biotite gneisses near 

Gambarie, show kaolinization o f feldspars. Garnets remain unweathered apart from some 

surface etching.

Grade Is(50)
(MPa)

Mean a

lb 26.2 24 24.5 26.2 22.1 - - - 24.6 1.5

Ili 10.3 8.25 10 10.1 11 16.1 12.5 13.4 11.6 2.2

IHi 9.8 8.9 - - - - - - 9.35 0.45

Iliii 6.2 3.5 4.1 7.1 5.3 2 - - 4.7 1.7

m 2.5 2.8 3.1 1.9 2.7 2.6 2.8 - 2.6 0.3

Table 4.3.8 Point load index test results (MPa) at Cannitello.

20.00 -
Grade la weathering Is 1
Graae lb weathering is 2
Grade Hi weathering is 3
Grade Ilii weathering is 4 
Grade Iliii weathering is 3 
Grade III weathering is 5

5 .0 0  -

0.00
5.0 5.04.02.0 3.0

W eatnering intensity
1.0

Figure 4.3.3 Point load indices o f weathered 
granites at Cannitello.

4.4 AREA 2: SAN ROBERTO

The plagioclase-biotite schists and gneisses which were described in area 1 are 

common in this area, although granites of the same lithological unit as that described at
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Cannitello arc predominant in the San Roberto river valley (see plate 4.7 to 4.9). The important 

feature here is the rapid lateral variation in the intensity o f weathering. Joint orientations 

change rapidly over short distances indicating the presence o f some form of structural 

discontinuity between the localities. I f  this is the case then the rapid variations in weathering 

may be the result o f hydrothermal alteration. The rocks in this area show varying intensities o f 

weathering.

Material property

Weathering Young's modulus 
(MPa)

Unconfined compressive 
strength (MPa)

lb 138108.0 578.1 MPa

Hi 57930.4 240.4 MPa

Ilii 53013.0 219.7 MPa

Itiu 26880.0 109.7 MPa

III 15507.4 61.8 MPa

Table 4.3.9 Compressive strength and Young’s modulus of granites at Cannitello.
Estimates were derived from the I**,) test results shown in table 4.3.8.

The deposition of recent river sediments makes it impossible to examine the 

distribution o f weathering in the river valley. Exposure was restricted to two main sources: 

roadside cuttings and landslides. Steep cuttings allow the road to run above the flood plain of 

the river, but the removal of toe support has given rise to active shallow translational sliding 

and creep (plate 4.10) shown by the inclination o f trees. To the east o f this area in the 

Aspromonte range the rapid lateral variation in weathering becomes less pronounced. Joint sets 

become systematic, and intrusions become more marked. In general it can be said that areas 

containing dykes will be more weathered than areas without. Weathering continues to become 

more intense westward. At Gambarie weathered profiles o f granitoid gneiss can be observed 

which support slopes in excess o f 60° even when saturated. They are white, anisotropic, 

severely weathered, weak felsic rocks. There is no evidence for the presence o f grade V or VI 

weathering.

Close examination o f the saprolite reveals the presence o f a cohesive outer surface, 

with a friable material within, possibly a form of silcrete. South-east o f Gambarie, major dam 

construction work allows the examination of sections o f rocks which are fundamentally the 

same as those observed in field areas 1 to 3. In particular a material similar to plagioclase- 

biotite schist was observed near Scilla. Locally garnets can be observed in these materials. A 

section in the dam construction site showed that a orange, anisotropic, discontinuous, slightly
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Plate 4.7 Unweathered granite, near San Roberto 
(565500, 4226110).

Plate 4.8 Grade III weathered granite, near San Roberto 
(565000, 4228000).
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weathered, strong biotite gneiss is overlain by a light brown, completely weathered sandy 

regolith approximately 0.3m thick. A set o f shear zones is evident within the rock mass and 

trending at 240°/21°SE, has also been intruded with acid gneiss veins which show higher 

grades of weathering. Nearer Gambarie larger felsic intrusions are very intensely weathered. 

Other than deeply weathered profiles associated with such intrusions, intense weathering in this 

area is restricted to depths of about 0.5-lm  in depth. Schmidt hammer rebound tests performed 

here gave the results shown in table 4.4.1

Test Grade: N-Value Strength.
(MPa)

Angle of hammer 
to foliation.

1 II 31 24.7 -45

2 II 34 25.5 -45

3 II 32 24.9 -45

4 II 52 56.4 -45

5 II 54 60.8 -45

6 II 60 62.8 -45

7 II 36 31.4 -45

8 II 52 54.9 -45

9 II 62 63.2 -45

10 II 51 54.9 -45

11 II 51 54.9 -45

12 II 42 41.7 -45

13 II 52 56.8 -90

14 II 51 54.9 -45

15 II 46 47.1 -45

16 II 38 37.3 -45

17 II 48 50.0 -45

18 II 52 56.9 -45

19 II 64 64.7 -45

20 II 46 44.1 0

21 III 44 42.2 0

22 III 49 49.0 0

23 III 38 31.4 0
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24 III 50 50.5 0

25 III 44 41.0 0

26 III 50 50.5 0

27 III 15 49.5 -20

28 III 28 21.6 -45

29 II 50 53.0 -45

30 III 28 21.6 -90

31 52 56.9 -90

32 II 45 45.1 -45

33 II 50 53.0 -45

34 II 48 50.5 -45

35 II 47 50.0 -45

36 III 30 14.0 90

37 III 25 7.8 90

38 III 33 18.1 90

39 III 38 31.4 0

40 III 40 34.3 0

41 III 58 62.8 0

42 III 34 28.9 -45

43 III 54 60.8 -45

44 II 60 66.7 -45

45 III 30 20.1 0

46 II 52 56.4 -45

47 II 58 61.8 -45

48 III 28 20.6 -45

49 III 30 18.1 -45

50 III 30 23.5 -45

Table 4.4.1 Schmidt ham m er results at Asprom onte (UTM=577500, 4219500).

W est o f Gambarie, the geology changes from granitoid gneisses to biotite schists, with 

localised migmatites. A weathering sequence ranging from slightly to severely weathered rocks 

can be observed (1000m above sea level) in a disused quarry. The change occurs over 4-5m
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vertically, with limited lateral variation upwards from grade II rock to grade IV rock and 

limited development of grade V and VI. The rock here is a grey, anisotropic, slightly 

weathered moderately strong biotite schist which weathers to an orange-brown friable sandy 

soil. The weathering ’front’ between soil and rock is an irregular horizon. A zone o f intensely 

weathered material occurs in a fault zone in the eastern end of the quarry.

Grade Is(50) (MPa) Mean c

lb 26.1 26.2 28.2 15.0 19.9 4.04

Hi 21.1 16.8 17.0 14.2 17.4 2.46

Ilii 8.1 6.7 5.1 4.9 6.2 1.30

Iliii 4.6 3.8 2.5 2.4 3.3 0.92

III 4 2.8 2.5 1.8 2.8 0.79

Table 4.4.2 Point load index test results (MPa) for G ranites, S. R oberto.

J0.00

25.00 :

Grade la weathering is 1
Grade lb weathering is 2
Grade Ili weathering is 3
Grade llu weathering is * 
Grade Iliii weathering is 5 
Graae III weathering is 5

.1 15.00 -j

|  10.00

5.00

6 8 .0 7 e x p ^ ‘° '5*3,)

0 00 'H I’l ■nri i r iv i  i i i'i t i 
3.0

fe a th e rin g  intensity
5.00

Figure 4.4.1 Point load indices for weathered 
granites, San Roberto.

Near San Roberto frequent exposure of the granites which outcrop extensively in the 

area can be studied in road cuttings. The rock is similar to that observed near Cannitello 

although there is some difference in the mean point load index of the material. Point load 

index test results are shown in Table 4.4.2.
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Weathering grade Unconfined compressive strength

lb 469.05

Hi 407.69

Ilii 146.32

Iliii 78.47

III 65.49

Table 4.4.3 Unconfined compressive strength (M Pa) determ ined from  I^S0)

Weathering Young’s modulus

lb 117705.0

Hi 102417.0

Ilii 37296.0

Iliii 20391.0

III 17157.0

Table 4.4.4 Tangential Y oung’s m odulus (M Pa) determ ined from  Is(50).

4.5 AREA 3: S. ALESSIO D ’ ASPROM ONTE.

Area 3 lies in the river valley which includes the towns of San Stefano in Aspromonte, 

San Alessio in Aspromonte and Laganadi. The crystalline schists and gneisses in the area are 

overlain by a sedimentary cover which become younger in an easterly direction. The major 

lithology which is evident here is a grey-green, medium to coarse grained augen gneiss, the 

augen being composed o f an aggregate of alkali feldspar. Cleavage planes composed o f 

muscovite are easily identifiable in hand specimen, with the material fracturing readily along 

them. Point load index test results are shown in table 4.5.1. In this rock mass the grade II 

weathering category is a deceptive indicator of the quality o f the rock. The "unweathered- 

slightly weathered" classification does not reflect the alteration of the more readily weathered 

minerals in the cleavage domains. The expansion of the material involved in the mica to 

chlorite coupled with vermiculite alteration has resulted in weakening along discontinuities in 

the rock.

The other novel lithology in this area is found south o f Calanna, approximately 200m 

above sea level. It is an orange-white, anisotropic, discontinuous, slightly weathered, very 

strong granitoid gneiss ( plate 4.11) The gneiss is intruded by dykes which are severely 

weathered (plate 4.12). Neither Is(30) nor Schmidt hammer rebound tests were carried out on this
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Plate 4.11 Extremely strong unweathered augen gneiss 
(562500, 4235000).

Plate 4.12 Intense weathering associated with felsic 
intrusions (577500, 4230000).
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lithology as samples for the former could not be taken due to the extremely high strength o f 

the rock m aterial. The crystal size was large enough to invalidate Schmidt ham m er readings.

Test Is(50) Grade Angle o f stress-foliation

1 0.8 III 60

2 0.7 Ilii 60

3 0.6 Iliii 60

4 1.2 III 60

5 0.6 III 60

6 0.1 III 60

7 0.04 III 60

8 6.0 Hi 90

9 4.9 Hi 90

10 3.7 Hi 90

11 6.5 Ilii 90

12 3.3 IHi 90

13 3.1 Ilii 90

14 3.0 Ilii 90

15 2.7 Ilii 90

16 3.8 Iliii 90

17 1.8 III 90

18 1.4 III 90

19 1.2 III 90

20 1.1 III 90

Table 4.5.1 Point load strength index results (M Pa).

4.6 SEDIMENTARY TERRAINS.

Sedimentary rocks in this area tend to be found on low lying piani. This does not m ean 

that there is no instability in such rock materials. M ost o f the examples that will be described 

are outside the three main areas.

4.6.1 Conglom erates.

Plate 4.13 shows toppling failure in conglomerates. A closer look at the conglomerates 

reveals them to be crystalline clasts from m etamoiphic rocks and andesites. W here the boulders
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have weathered and fallen from the sandy matrix mini-cavems can be observed (see plate 4.14) 

Persistent discontinuities allow such failure. Plate 4.13 also shows the contact between 

conglom erates and weak phyllites. Some m ud or debris flow type landsliding has occurred in 

the weathered parts o f these rocks.

4.6.2 C a lcaren ites.

Slope instability in calcarenites is observed predominantly in cuttings where the 

interaction o f the bedding plains and joints give rise to instability. Problem s near Capo delle 

Armi on the southern coast o f Calabria have required extensive netting to ensure that roads are 

kept free o f debris. Rock avalanches can be observed in coastal areas (see figure 4.15). Slides 

in road cuttings display similar characteristics.

6.00

3.00

•£♦.00

*
|  3.00

I  2'°° 1

1.00 -3

Maximum com press ive  s tre s s  a t 
90  a eg ree s  to  th e  foliation.

I**, -  3 0 .5 5 — 17.71+3.991*—

Grade la w eathering  is 1 
G raae lb w eathering  is 2 
G raae Hi w eathering  is 3 
G raae IIFi w eathering is  ♦
Grade Iliii w eathering  is 5 
G raae III w eathering  is S

Maximum com press ive  s tre s s  a t
60  a e g ree s  to th e  foliation.

Umi “  1 .2expt~°‘1*>

0.00
1.0 2.0 3.0 4 0

W eathering in tensity
8.0

Figure 4.5.1 Point load indices for weathered 
Augen gneiss, Calanna.

4 .6 3  C lays an d  M arls .

The combination o f rapid uplift and subsequently rapid erosion has led to a large 

num ber o f steep slopes in these weak rocks. Active soil creep is evidenced by terracettes, and 

shallow dipping surfaces formed by marine erosion during uplift are dissected by narrow river 

valleys. Active landsliding is obvious (plate 4.16) with a variety o f types and including 

rotational and translational sliding.

4.7 CO N C LU SIO N S.

The geology o f this area can be divided into two sections when considering weathering 

and landsliding. The first is composed o f the crystalline units o f Hercynian and Alpine age 

which form the topographic high areas o f Aspromonte and which, when intensely weathered,
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are prone to slope failure through debris and small translational slides on predominantly planar 

shear surfaces. Such slides are normally shallow in depth, and usually occur along the soil-rock 

interface (between grades III and IV rock). The unit can be further divided into two 

’physiographic’ units for the purpose of determining where the most intensely weathered 

material may be found: steep, dissected regions where there is only a shallow regolith, albeit 

for the most part a complete sequence from grades II through to V or VI, and nearly flat 

surfaces (piani) where there is a truncated sequence, with advanced grade IV, V and VI absent. 

This suggests that the piani represent a period of slower relative uplift when erosion surfaces 

could be cut into completely weathered materials. The deposition of Quaternary sediments on 

the regolith indicates that the sequence is older than Pleistocene in age. It is likely that the 

weathered profiles formed after the Alpine orogeny, indicating a Tertiary age for the 

weathering. Dissected terrain units represent periods when relative uplift rates were faster and 

there was not sufficient time for large erosion surfaces to be cut. In addition, intense deep 

weathering can be observed in association with intrusions and fractures, and is best displayed 

in area 3 where there is a strong relationship between faults and very intense weathering. It is 

not so obvious in coastal areas where deep weathering would not have had time to develop 

even along fault zones, although there is some evidence o f structural control further inland.

Spheroidal weathering is not common in Calabria, and is most evident in the 

granodiorite rocks at Sparro Quarry (see plate 5.4). It is the result of hydration and hydrolysis 

o f minerals in the rock leading to expansion of layers of primary and secondary minerals. The 

result is a zone of reduced strength along joint surfaces. The fact that spheroidal weathering is 

not more common in Calabria is probably the result of joint structure in the dominant rock 

types. Tectonic fracturing has resulted in small irregular joint blocks, but spheroidal weathering 

normally occurs in rock masses with regular joint patterns, such as the granodiorites discussed 

in chapter 5.6. The analysis of X-ray diffractograms indicates no significant change in 

mineralogy between the granodiorites which show spheroidal weathering, and other rocks 

which do not. Therefore a mineralogical explanation is not likely.

The second division consists o f sedimentary rocks, both lithified and unlithified. The 

lithified rocks are predominantly conglomerates and calcarenites. The conglomerates are prone 

to rock falls due to weathering of clasts and matrix, which allows material to fall from the 

matrix, and toppling failure along major discontinuities in the material. Strong ground motion 

would exacerbate both problems, but could not be wholly responsible for either. Calcarenites 

are prone to failure by block sliding on rock joints and bedding planes (or bedding parallel 

joints). Unlithified materials are prone to failure by shallow and rotational sliding. Soil creep is
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as common on these material as it is on weathered crystalline rocks.

In conclusion the character of slope movements in Calabria is strongly controlled by 

the weathering-limited environment. A combination of shallow weathering and steep slopes 

allows debris slides and flows and shallow sliding to be the dominant slope processes in 

weathered crystalline rocks. Where significant thicknesses o f weathering occur slope angles are 

too low to allow extensive landsliding. Furthermore the weathered regolith is overconsolidated, 

which contributes to the unusual stability o f steep slopes in weathered rocks.

In sedimentary rocks a variety of landslide types occur which are governed by the 

degree of lithification and the structure of the rock. Block sliding observed in road cuttings is 

the result of movement on bedding planes in calcarenites. Rotational sliding, mudflows and soil 

erosion are observed in clay marls. Toppling in conglomerates is evident due to sliding on 

weathered metamorphic rocks and associated tensile failure on master joints. The variety o f 

interactions between the structure and the more variable geotechnical parameters of the 

numerous sedimentary sequences allow a greater variety of landslide types in the sedimentary 

rocks.

The examination of ground conditions, and investigation o f how terrain is related to 

weathering in southern Calabria, were used to assist interpretation and processing of satellite 

imagery. Knowledge o f the weathering characteristics of rocks and the landslides which occur 

throughout the area is important in determining the accuracy o f ground models used to 

investigate landslides suspected of having been triggered by earthquakes.
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CH APTER 5 
LABORATORY SIM ULATION OF 

W EATHERED M ATERIALS.

It is essential, before any attempt at simulation of rock weathering in Calabria is made, 

to attempt to understand the processes that are observed in weathered rocks. The first part of 

chapter 5 is concerned with the effects o f weathering on some of the more widespread 

lithologies. Two methods o f investigation were used, thin section petrography to examine the 

primary and some o f the secondary constituents o f unweathered to moderately weathered rocks 

(Grades I to III), and X-ray difffactometry, to qualitatively analyse the mineralogy o f the 

severely to completely weathered material. The second part o f the chapter examines the 

mechanical properties o f completely weathered rocks in the Straits o f Messina area. The shear 

box test was used to calculate c ’ and values since the more accurate triaxial test would not 

have improved the precision o f the results owing to the extreme sample disturbance.

An attempt to simulate weathering in the laboratory was made, but mechanical 

difficulties with the climatic cabinet rendered the experimental program was short to show any 

clear results. The data pertaining to the simulations are given in appendix 1.

5.1 LABORATORY TECHNIQUES

5.1.1 M ineralogical tests

X-ray diffraction tests were run using a Cu k a  radiation source generating X-rays at 

35kV and 35mA. Samples were prepared by sieving weathered rock samples and retrieving the 

sample which passed the 53pm mesh. Material was dispersed by vibration for two minutes and 

transferred onto a glass slide by pipette, where it was left to air dry. This technique worked 

adequately for 11 o f the 12 samples for which XRD analysis was performed. One of the 

samples was found to peel from the glass slide on drying, and it had to be re-prepared using a 

2% calgon solution, with limited success. Four scans were done for each sample. The first 

scans were run on the orientated samples after drying and no further treatment, the second 

were run after heating for four hours in an ethylene glycol atmosphere at 60°C, the aim being 

to induce expansion o f swelling clays. The third set of samples were heated in a furnace at a 

temperature o f 330°C for four hours; the fourth at 550°C for the same duration, in order to 

drive off bound water in various states. Analysis produced graphs o f X-ray counts (Y) against 

angle in degrees (20). The d-spacings and subsequently the minerals were derived using 

Bragg’s Law (equation 5.1.1). Tables o f d-spacings were examined to determine the minerals 

present.
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5.1.2 S treng th  tests

Two methods o f evaluating the mechanical properties o f materials in the laboratory 

were employed. Shear box tests on samples obtained in the field were performed in the 

Department o f Engineering at the University o f Warwick. Loading rates remained constant at 

1.16mm/min. The shear boxes were constructed by Wykeham-Farrance and the shearing stress 

was measured by an ELE proving ring containing a dial gauge. Samples were tested rapidly in 

conditions approaching undrained shear after complete remoulding. These experimental 

conditions were chosen for two reasons. First because, as suggested in chapter 4, failure of 

weathered regolith in Calabria during earthquakes is rare because drainage occurs so rapidly 

that excess pore pressure generation does not occur. Second, seismically-triggered slope failure 

occurs predominantly in regolith which has failed and cr and <J>r can be assumed. In addition, 

extreme difficulty was encountered in collecting undisturbed samples in the field owing to the 

friable character o f the soil.

At initial stages o f shearing the dial gauge was read at 15 second intervals; after 2 

minutes (approximately 2.32mm displacement) readings were taken every 30 seconds since 

there was insufficient change to warrant more frequent readings. Although rates o f water flow 

through the weathered rock mass estimates are beyond the scope of the thesis it is worth noting 

that rapid drainage occurred from weathered samples.

5.2 D ESCR IPTIO N  O F UNW EATHERED TO M OD ERA TELY 

W EATHERED ROCKS

5.2.1 Paragneisses

Predominantly biotite gneisses o f medium to coarse texture, they contain quartz, 

plagioclase feldspar, biotite ± muscovite ± sillimanite. Accessory minerals include garnet ± 

cordierite ± alkali feldspar. Frequent leucrocratic dykes occur. Biotite-muscovite schists also 

occur in this unit. They are medium to coarse grained with a pronounced schistosity, and 

alternate with grey fine grained rocks o f quartz, plagioclase, biotite ( ± muscovite) 

composition. Mylonites are evident in the group and are associated with lenses and veins of 

quartz and quartzo-feldspathic masses. Minor amphibolites and amphibole gneisses occur in a 

zone o f compression from Laganadi to San Stefano d ’ Aspromonte. Amphibole gneisses 

contain hornblende, plagioclase, quartz, biotite ± titanaugite and occur in boudinage zones. 

Small leucocratic gneiss dykes commonly intrude the unit.



Predominant minerals throughout this sequence are quartz, plagioclase feldspar, biotite. 

muscovite, sillimanite and alkali feldspar but are not common to all lithologies. Amphibole can 

be observed in thin section in all rocks from this unit but usually as an accessory mineral.

Lithology #1: Schist. Occurrence: Very common.

Location: Disused quarry near Gambarie. Two samples were 

taken, one from a deformed shear zone to the eastern end o f 

the quarry and the other from an undeformed area.

Description: U nw eathered: A grey, fine to medium grained strong to moderately strong,

closely foliated, discontinuous, biotite schist. Cleavage domains 

are biotite-muscovite, with quartz and plagioclase forming the 

remainder.

M ineralogy: Grade III weathering: sericite forms a major secondary

component of the material (24.4%) mainly as alteration in the 

plagioclase (12.4%) and alkali (18.7%) feldspars allowing easy 

discrimination of K-feldspar from quartz. Chlorite is the only 

other secondary mineral which is observed (2.3%) forming 

from the biotite (6.3%) component o f the rock. Muscovite 

(12.3%) forms the cleavage domains with the biotite. Quartz is 

another of the primary constituents (23.6%).

W eathered: An orange fine to medium grained moderately strong to strong,

slightly weathered, quartz-feldspar schist. Decomposition 

appears to be the result o f expansion along cleavage domains. 

The first evidence of weakness in the rock is an increase in 

anisotropy index.

Lithology #2: Biotite Schist Occurrence: Very common, especially in areas 1 and 3.

Location: Unweathered rock from NE of Scilla.

Description: U nw eathered: A dark grey, fine to medium grained, strong to moderately

strong, closely foliated, discontinuous, feldspar-biotite schist 

Cleavage domains are biotite-muscovite, with quartz and 

plagioclase forming the remainder. Quartz filled en echelon 

tension gashes are common and occur near the outcrop o f the



sample.

M ineralogy: Unweathered material contains the primary minerals quartz

(26%), biotite (25%), plagioclase feldspar (18%), alkali feldspar 

(20%), muscovite (8%), and accessories, which include 

chlorite, sericite and amphibole, form the remaining (4%). 

Sericite development is poor, alkali feldspars and quartz are 

readily confused as twinning in the alkali feldspars is poorly 

developed. Sericite develops mostly along plagioclase feldspar 

twin planes.

W eathered: An orange fine to medium grained weak to extremely weak

biotite schist. Decomposition appears to be the result of 

expansion along cleavage domains. The first evidence of 

weakness in the rock is an increase in anisotropy index.

W eathering Effects:

G rade I-IEE: Rapid decrease in the amount o f biotite in the sample. It is

tempting to suggest that significant sericite development occurs 

between the current sample, and that first described. However, 

it must be remembered that the previous sample came from an 

area where higher metamorphic grades are observed. 

Sericitization could readily have developed as a pneumatolytic 

effect syngenetic with metamorphism.

G rade IH-V: The clays which are indicated by XRD analysis o f the

completely weathered rock is chlorite and smectite (Mg2*, Ca2+ 

or Na+ as the interlayer cation with kaolinite and allophane 

forming the other clay constituents. Residual minerals are 

feldspars (both alkali and plagioclase), biotite and muscovite.

Com m ents: This unit occur widely throughout Southern Calabria. From

Gambarie to Montalto garnets become more common and 

weathering in the material is reflected by iron staining on the 

rock mass and the kaolinization of feldspars.

Spectral analysis indicates the presence of small amounts o f ferric iron in the 

unweathered samples. The four (figure 5.1.3a-d) curves are indicative o f four grades o f the 

early stages o f weathering. The first is of an unweathered surface (a). Here the broad 

absorption features at 0.9 to 1.1pm indicate the presence o f Fe2+ and OH' from the biotite
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content of the rock which is evident in hand specimens. In the second sample those features 

are still evident The spectrum (b) here is taken from a biotite cleavage domain through which 

spontaneous failure occurred in the climatic cabinet. Since there were no open fractures in the 

sample upon beginning the climatic cabinet experiment, opening and failure must have 

occurred during running. With the increase in strength of the Fe3+ absorption feature and the 

visible presence o f iron staining in the fracture it can be concluded that failure resulted from 

weathering. However, spectra taken from a different schist sample before (c) and after (d) 

simulation shows that no significant change occurred during the cabinet experiment 

5.23  Felsic gneisses

Form a series of lithotypes from pegmatites to granitoid gneisses. Mineralogy is 

predominantly quartz, plagioclase feldspar, alkali feldspar, muscovite ± biotite. They are 

characterised by ’notable’ grain size and compositional heterogeneity. Frequently occurs 

concordantly to the paragneiss group and the augen gneiss group. A sub group is defined on 

the basis of the presence of cataclastites and the associated formation o f clinozoisite.

Lithology #3: Muscovite Gneiss. Occurrence: Extremely common in the S. Roberto

Area.

Location: Near San Alessio d ’ Aspromomte 

Description: U nw eathered: A white, unweathered, foliated, discontinuous, extremely strong

muscovite gneiss. Minerals evident in hand specimen are 

Muscovite and plagioclase feldspar. Some biotite may also be 

evident.

M ineralogy: Alkali feldspar is the single most abundant mineral (35%), with

muscovite (29%) the next most common. The absence o f good 

twinning makes the ready discrimination between quartz and 

alkali feldspar difficult, although sericite sometimes occurs on 

the alkali feldspar surface. Twinning is well developed in the 

plagioclase feldspars (13%), which tend to be nearer albite than 

anorthite in composition. Quartz is a major component forming 

17% of the mineral mass. Accessory minerals including 

opaques, hornblende form the remaining 6%, which also 

contains some sericite and chlorite.

W eathered: An orange-white, foliated, discontinuous, slightly weathered,

strong to extremely strong muscovite gneiss.
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Lithology #4: Feldspathic gneiss Occurrence: Common, especially near Calanna and

Bove Marina, Southern Calabria.

Location: Bove Marina, Calabria.

Description: Unw eathered: A white, coarse grained, anisotropic, moderately strong augen

gneiss. Quartz and feldspar are evident in hand specimens, as is 

muscovite. Biotite also occurs.

M ineralogy: Muscovite (17.2%) forms cleavage domains and is the

predominant mica. Microcracks occur within the micaceous 

zones. Alkali feldspars (17.8%) such as sanidine form the 

coarser grained materials and show a small amount of 

sericitization. Micro-cracking does occur in some of the more 

severely sericitized feldspars, mainly plagioclase (11%). Quartz 

(28.4%) is a major constituent and is evident in the weathered 

regolith. Cordierite (10%) and hypersthene (4.6%) occur as do 

accessory minerals (3.8%) including biotite and sericite.

Chlorite (7.2%) is common.

W eathering effects:

G rade I-EQ: Some sericitization of feldspars, although only significant in

plagioclase feldspars where it is controlled by cleavage 

orientation. Pervasive microcracks occur throughout the section. 

Grade Hi weathering is predominant in the rock mass. The rock 

mass shows iron oxide surface staining only.

G rade ni-V: No evidence of more intensely weathered material of this rock 

type.

Processes: Sericitization and oxidation o f iron minerals.

Comments: None.

Lithology #5: Feldspathic gneiss. Occurrence: Uncommon.

Description: Unw eathered: A white, unweathered, coarse grained, strong gneiss. Quartz

and feldspar are visible in hand specimens, as is muscovite.

M ineralogy: Feldspars are severely sericitized; sub-parallel zones o f sericite

occur in alkali feldspars. Microcracks permeate the fabric o f 

the material sub-parallel to the sericite. Quartz forms a fine

grained matrix, showing evidence of deformation around
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Weathering effects:

G rade 1-ID:

feldspar porphyryblasts.

W eathered: Initial weathering occurs along cleavage domains

predominantly composed of muscovite and biotite micas. Some 

iron oxidation is evident

Sub-Parallel sericite zones in feldspars trend sub-parallel to 

microcracks in the fabric of the rock. Microcracks cut across 

cleavage domains. Only minor weathering is observed in thin 

section, although some iron oxide is present.

Processes: Oxidation of mica in cleavage domains and sericitization of

feldspars.

G rade m -V : No moderately to severely weathered outcrop o f this rock was 

observed.

Com m ents: None.

5.2.4 Augen Gneisses.

The augen gneiss group form rock masses which are often intercalated with other 

metamorphic groups. Predominantly massive, coarse grained rocks with augen o f alkali 

feldspar (both pink and white varieties). Mineralogy is predominandy alkali feldspar, quartz, 

plagioclase, biotite ± muscovite ± sillimanite. A less common type is that where biotite is more 

important with small alkali feldspar augen. The lithotype is often intercalated with the 

paragneiss group although the structural and compositional relationships between these groups, 

and the augen gneiss - felsic gneiss groups is often blurred.

Lithology #6: Augen Gneiss. Occurrence: Common, found with feldspathic gneiss

(see lithology #4) at Bove Marina and near Calanna.

Description: U nw eathered: A green-grey, anisotropic, discontinuous, unweathered

moderately weak augen gneiss. Augen composed o f alkali 

feldspar. The rock mass classifies as a strong rock mass, the 

material is however moderately weak owing to close-spaced 

cleavage domains within the rock material.

M ineralogy: Petrographic examination shows coarse grained augen of K-

feldspar (36%) in fine grained domains o f muscovite (17%) 

and deformed quartz (21%). Plagioclase (19%) is evident in the 

ground mass and the augen. Cordierite forms a major (17%)
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Plate 5.1 Sericite on plagioclase and alkali feldspars.

Plate 5.2 Gtlorite altered from biotite.



Weathering effects:

G rade I-III:

Processes:

Com m ents:

Lithology #6: Biotite Gneiss.

Description: Unw eathered:

M ineralogy:

W eathered:
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component. Micro-fractures trend through cleavage domains, 

although microcracks occur at 90° to the main microfracture.

Unweathered rock shows pervasive microcracking forming two 

sub-parallel sets at approximately 90°. There is little 

sericitization of feldspars in the sample. The rock material is 

unweathered.

None indicated. Source of microcracking not evident in thin 

section petrography.

Moderately to completely weathered rock of this type was not 

observed. Exposure of this rock was mainly in road cuttings. 

Maximum intensity of weathering observed was Hi. Sampling 

was extremely difficult owing to the tendency to shear along 

cleavage domains.

Occurrence: Common through the Villa San Giovanni 

area.

Location: Near Favazzina.

A grey-white anisotropic medium to coarse grained, foliated, 

discontinuous, strong biotite gneiss. Foliation is the result o f 

orientated biotite crystals of 2-5mm in size. Feldspars form 

distinct augen in the material.

Although the sample examined was grade III weathered rock, 

plagioclase (24%) of which approximately two thirds was 

completely sericitized, and alkali feldspars (14%) were evident. 

Good twinning was developed in the plagioclase although 

frequently observed as ’ghost’ twins owing to extensive sericite 

development. Quartz (16%) and biotite (18%) were the other 

primary minerals. Biotite showed good evidence of 

chloritization (9%) and iron oxide (12%) development. Voids 

and cracks form the remaining 9% of the rock (see lates 5.1 & 

5.2.)

An orange-brown anisotropic medium to coarse grained 

foliated, discontinuous, moderately strong to weak biotite
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gneiss.

Weathering effects:

G rade I-3XI: Development o f iron oxides from the alteration o f biotite.

Expansion of the biotite foliation leads to m ajor loss of 

strength. Development o f chlorite from biotite is accompanied 

by the development o f sericite from feldspars.

Processes: Hydrolysis and hydration of constituents is accompanied by

oxidation.

Com m ents: It is worth noting that the sample was taken from a faulted

exposure of the rock type at the Scilla escarpment. Therefore 

the severe serictization cannot be attributed to the intensity o f 

weathering, and in fact the intensity o f weathering cannot be 

attributed solely to the length o f exposure, owing to the 

tendency o f faulted rocks to suffer alteration and develop zones 

of intense weathering (Brewer 1978, Hall 1986).

5.2.5 Plutonites.

Leucrogranodiorites can be differentiated into granitic and granitic-monzonite suites on 

the basis of micas. Fibrous sillimanite occurs as does andalusite (although rarely). Frequently 

intruded by veins tens o f centimetres to metres in size. Frequent mode o f occurrence is as 

dykes in medium to high grade metamorphic rocks accompanied by pegmatites and migmatites. 

Granites at Cannitello are part of this suit. Because of the homogeneity observed in the unit in 

the field only the sample from Cannitello has been examined in detail.

Lithology: Granite. Occurrence: Throughout Villa San Giovanni area.

Location: Cannitello.

Description: U nw eathered: A white, isotropic, medium grained, discontinuous, extremely

strong to strong granite. The least weathered material shows 

no significant discoloration, but an oxidation rim around biotite 

crystals is not uncommon. Joint block size is extremely 

variable ranging from 0.1m in diameter to blocks in excess of 

lm.

W eathered: A white to orange, isotropic, discontinuous, weak to extremely

weak, severely to completely weathered granite.
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M ineralogy: Predominantly biotite (25%), alkali feldspar (23.8%), quartz

(19.2%), plagioclase (19.2%), amphibole (5.5%), secondary 

products (5.5%) and accessories (including pyroxene: 3.3%) 

Relatively unweathered sericite is observed on the feldspars 

and biotite is slightly chloritized. Secondary products include 

visible chlorite, sericite and iron oxide.

Weathering effects:

G rade  I-D I: In hand specimen some kaolinization o f feldspars is evident. A

distinct alteration rim around biotite crystals is obvious.

Processes: Hand specimen indicate oxidation and hydrolysis to be the

dominant processes.

Com m ents: This section is approximately 40-50m above sea level. Yet

grade V weathered material has developed to a depth of 0.5- 

1.5m. Such a depth of weathering is found on similar 

lithologies at altitudes o f 500-700m. Given that there is no 

reason either mineralogically, structurally or climatically for 

rates o f weathering to be significantly faster at Cannitello, it 

can be assumed that the material has been exposed for similar 

lengths of time.

5.2.6 Conclusions

As is common with rock weathering, general oxidation of the Fe2+ in ferromagnesian 

and other iron bearing minerals occurs in southern Italy accompanied by pervasive 

microcracking. The formation o f microcracks is the result o f tensile stresses developed at grain 

boundaries as secondary minerals form through weathering. The development o f chlorite from 

micas (especially biotite) and sericite from the feldspars cannot however be attributed solely to 

weathering since it is likely that the majority of the metamorphic rocks have suffered 

pneumatolytic alteration during their history. It seems likely that weathering has increased the 

formation o f such minerals. Problems arise in determining other products owing to the staining 

o f secondary minerals with layers of iron oxide sufficient to mask their optical properties.

Hydration and hydrolysis of ferric materials appears to be the main process of 

weathering in Calabria, with clay minerals common only after the third grade o f weathering. 

Until that point clay mineral formation is a minor process, but sufficiently common to induce 

micro-cracking, given the estimates of the forces which can be exerted (chapter 2) relative to 

the tensile strength o f rocks.
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S 3  DESCRIPTION O F CO M PLETELY  W EATHERED RO CK S

XRD analysis was performed on two sets o f samples. The first set consisted of 

weathered regolith with partical sizes less than 2mm. The samples so examined were 

dominated by quartz, feldspars and micas, and the only clay peaks obtained were readily 

confused with the micas. Therefore, a second and much more rigorous analysis involving XRD 

investigation o f samples dry-sieved to less than 63pm was performed.

5.3.1 Paragneisses.

The first sample of the paragneiss group analyzed (figure 5.3.1) came from outside the 

main study area from a disused roadside quarry near Gambarie (approx 1100-1200m above sea 

level). XRD analysis of the < 63pm fraction indicates the continued presence o f alkali and 

plagioclase feldspars in the weathered material. The clay minerals are chlorite, smectite, and 

small amounts o f rectorite and members of the kandite group. Chlorite was evident in thin 

section and has survived weathering, whereas the sericite which is not present seems likely to 

have foimed the rectorite (a muscovite-smectite inteiiayer mineral). Similar analysis performed 

on completely weathered quartz-feldspar-biotite schist which forms the area around Scilla from 

a height o f approximately 450m (565000, 4231500) above sea level (figure 5.3.2) indicates the 

presence o f clays such as chlorite (which shows strong peaks) along with smectite ( Mg, Ca or 

N a ) which shows small peaks relative to the chloiite and the feldspars. Allophane and 

kaolinite may also be present Primary minerals which have remained in grade V weathered 

rock are alkali and plagioclase feldspars and the micas (biotite, muscovite and phlogopite).

Clearly some of the similarities in the analytical results stem from the similarities in 

parent material. Both contain alkali and plagioclase feldspar as residual minerals. The absence 

o f the primary minerals biotite and muscovite which is evident in thin section indicates a 

regolith in a more advanced stage o f weathering than that shown at 500m. The fact that both 

soil masses contain smectite and kandite group minerals indicates the derivation of both clays 

from the micas and feldspars respectively. Chlorite is evident in the unweathered material of 

both masses. The complete disappearance o f the micas (biotite and muscovite) from the first o f 

the two samples and the appearance o f rectorite indicates that micas have been completely 

transformed from biotite to smectite and chlorite with the generation o f iron oxides and 

decomposition o f muscovite to rectorite by hydrolysis.

53 2  Felsic gneisses.

Analysis of XRD traces from a sample of the felsic gneiss group near San Roberto 

(figure 5.3.3) indicates the interlayer clay minerals of chlorite-smectite and rectorite, although 

there is only one peak to indicate the latter. Three peaks indicate the presence o f halloysite in
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both air dried and glycolated powders. Primary minerals indicated in the diffraction trace are 

plagioclase and alkali (esp. microcline) feldspars. Biotite and phlogopite occurs, although there 

is no evidence o f the presence of muscovite which is evident in hand specimen. Sillimanite 

also occurs and is observed in other samples from the group. A sample taken from near S. 

Alessio d ’ Aspromonte (5.3.4) inside the study area again shows the presence o f the chlorite- 

smectite interlayer clay together with well developed smectite peaks in air-dry, glycolated and 

heated samples. Kaolinite also occurs with some halloysite. Two peaks indicate the presence of 

imogolite. The strong peak at 3.3-3.32 can be attributed to imogolite and alkali feldspars. Both 

groups o f feldspars occur, as does mica, especially phlogopite. The final sample o f the felsic 

gneisses in the Villa San Giovanni (figure 5.3.5) area was again taken near S. Alessio d ’ 

Aspromonte. Examination of the minerals indicated by the diffractogram shows strong 

similarities with the previous samples, with chlorite-smectite occurring together with halloysite, 

kaolinite and lepidocrocite accounting for the iron lost from weathering o f the iron minerals 

such as biotite.

To draw on an example from outside the main study area, a sample o f the felsic gneiss 

group from near Santa Elia (5.3.6) was examined. Rectorite, which showed only poorly 

developed peaks in the previous two samples, is absent although the interlayer chlorite-smectite 

and chlorite clays still occur. Pyrophyllite is evident in two peaks as is the micas muscovite 

and phlogopite. As is observed in the previous sample, members of the kandite group are 

present. Lepidocrocite forms the Fe3+ product.

5.3.3 Augen gneisses

Biotite gneiss collected near Favazzina were examined by XRD (figure 5.3.7). XRD 

traces from analysis o f the < 2mm fraction indicate the presence of quartz and micas. 

Secondary minerals are chlorite and possibly serpentine. The major mica peak is ambiguous 

and could be muscovite, biotite or phlogopite although biotite is obvious in thin section. 

Analysis of the <63pm fraction reveals multiple peaks indicating Na+ smectites and Na+ 

rectorites. Other clay minerals which are indicated include allophane and sepiolite. Serpentine 

is also evident in the fine fraction. Alkali and plagioclase feldspars are evident and give strong 

peaks and micas, particularly phlogopite. Only the sample described from between Favazzina 

and Bagnara Calabria contains significant quantities o f Na+ smectites and rectorites. The only 

significant slope failures reported in weathered regolith occurred in the augen gneiss group 

near the sample site. One possibility is that the Na+ cation in the interlayer spacing of the 

smectites did not have sufficient bond strength because of the single valency to resist strong 

ground motion and behaves as a thixotropic material resulting in significant loss o f joint shear
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strength during loading. A second sample collected in the same area reveals Na+ rectorite and 

chlorite-smectite interlayer clays. Muscovite, phlogopite and feldspars remain in the weathered 

regolith. Quartz remains in the coarser (>56pm) fraction. No landslides occurred in the vicinity 

o f the sample during the 1908 earthquake.

5.3.4 Plutonites.

The best example of the plutonite group is found near Cannitello (figure 5.3.9).

Samples for both thin section and XRD analysis were taken from the exposure, and a sample 

for XRD analysis was taken from near S. Roberto (figure 5.3.10). In general the sample from 

S. Roberto does not show well developed clay peaks, with rectorite only being evident after 

glycolation at 27.2 Angstroms. The higher cohesion values shown in table 5.4.5 may be the 

result o f vermiculite in the fine fraction. The presence o f vermiculite in the sample indicates a 

slightly wetter environment, which is probably a micro-climatic effect. Interstratified smectite- 

chlorite clays and kandite group minerals are also indicated. Owing to the poorly developed 

clay peaks in the sample such interpretations must be treated with caution.

The granite sample from Cannitello shows well developed clay peaks in the 7 to 44 

Angstroms. Clay minerals evident from the diffractogram are smectite-chlorite interlayered 

minerals with minor peaks indicating rectorite, kaolinite and vermiculite. Primary minerals 

observed in grade V weathered rock from the Cannitello exposure are alkali (microcline) and 

plagioclase feldspars, muscovite and possibly some ilmenite. Lepidocrocite also occurs as a 

secondary mineral.

5.3.5 Clay m arls

The only sample not taken from completely weathered crystalline rock was from the 

Miocene clay marls near Trizzano. These clay marls failed during the 1908 Messina Straits 

earthquake. X-ray diffraction (figure 5.3.11) indicates the presence o f chlorite-smectite 

interlayer clays and Mg2+ and Ca2+ smectites. Given that smectites are evidenced in several 

weathered regoliths and failure occurred only where Na+ smectites were indicated it can be 

assumed that failure in the clay marls at Trizzano was probably due to excess pore pressures in 

the soil mass inducing failure. Paragonite, pyrophyllite and K-feldspar are strongly represented 

in the diffractogram.

5.4 M ECHANICAL PR O PER TIES OF W EA TH ERED  ROCKS

Estimates of the mechanical properties of weathered rocks were obtained in the field 

and are discussed in chapter 4. Laboratory-based shear box experiments were used to determine 

c ’ and <{>’ for remoulded, completely weathered regolith discussed above. To understand what 

happens in the early stages of rock weathering in a Calabrian pseudo-environment a series of
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IOOO-Aĥ W * - ^

500

d-spacing (Angstroms)

untreated - - - —glycolation — -  330 degrees —— 550 degrees 

a b e d

Figure 5.3.9 XRD trace of weathered granite, 
near Cannitello (558850, 4230230).

5000

4500

4000

2500-

2000-

1500-

1000

500-

d-spacing (Angstroms)

—  untreated glycolation — -  330 degrees —— 550degrees

a b e d

Figure 5.3.10 XRD trace o f weathered granite, 
near San Roberto (565090, 4228000).



103

4000'

3500-

3000-

2500
n

i  2000-

1500-

500-

d-spacing (Angstroms)

untreated -----g lyco la tion   330 degrees—— 550 degrees

a  b e d

Figure 5.3.11 XRD trace o f weathered clay marts 
near Trizzano (564000, 4220000).

Dial Gauge to monitor 
vertical movement 
during shear

Proving Ring

Dial Gauge

Loading Plate

YokeShear Box 

Metal Box

G ear change

< \ \ W \  \ \ \ \ \ ^ \ \ \ V \ \ \ \ \ \ W \ ^
Soil SampleManual Wind

Porous stone and grilleBall Bearing

Hanger

, Weights

Figure 5.4.1 Schematic diagram of a shear box (Chen 1987).



Sh
ea

r 
St

re
ng

th
 

da
ta 

fo
r 

co
m

pl
et

el
y 

w
ea

th
er

ed
 

ro
ck

s
104

o> n
t- o  

£  CO
o> tL

h n ) « s * ^
i

CA
&o
>e<u
Si

*53tu
c n

w-j

✓■—v

£■ =is £>
SJ.aC v.

ocn
voin

o *—

in 
t  oo
* 2 s

&s5  o
2 3-  m

V300
C 
O

Si
”  c  « 60

ox> .t; 
c n  >
Tf °  oW-> M
Si E 
5) "o

e  e
j=
co
V
£

CO

CO

(MX) "®*»S "«JS

c .

M

CO

(•(Di)MaasMrc

a



105

indirect tensile tests were performed on two groups of samples from Sparro Quarry, at Capo 

Vaticano. One group of samples was subjected to 80 cycles in a climatic cabinet.

5.4.1 Paragneisses.

The most common rock type in the paragneisses group is a grey, unweathered, 

anisotropic, discontinuous, fine to medium grained, strong schist which is common near Scilla. 

The occurrence o f the same lithology is readily recognisable in the Aspromonte mountains, 

with a higher grade o f metamorphism (from feldspar or biotite to garnet grade).

The sample from the paragneisses group tested in direct shear was taken approximately 

450m above the site. Unweathered rock in an exposed cutting was tested for 1 ^ .  The sample 

was an orange-brown, severely weathered, weak feldspar-biotite schist. Figure 5.4.1 shows 

displacement-strain curves for samples under normal stresses of 22kPa, 144kPa and 294kPa. 

Peak strength was plotted against normal stress and a failure envelope was drawn. After 

discussion with Dr Derek Petley the failure envelope was drawn as a best fit line. Peak and 

residual strengths normally showed very little difference, as severe sample disturbance had 

reduced soil strength to residual values. Unfortunately a second sample o f the group was too 

small to be tested. The high cohesion o f the sample is indicative o f a high clay content, but 

analysis of particle size distribution performed by dry sieving shows otherwise, it is likely that 

the fines aggregate into granular peds.

Lithology
c p c r

(kPa) (°) (kPa) (°)

Biotite Schist 17.8kPa 28 17.2 28

Table 5.4.1 Peak and residual shear strength param eters, feldspar-biotite schist.

As the sample had been disturbed, density was determined by the addition of water 

until the liquid limit was exceeded. In an attempt to get an estimate o f the density prior to 

sample disturbance the sample was shaken until complete liquefaction occurred. The sample 

was oven dried for 16 hours at a temperature of 105°C - 110°C, carved into a rectangle or 

cube and the volume calculated. The weight was measured to 0.1 g on a digital balance. The 

dry density of the sample was 1.5gcm*3. The size and weight parameters were also determined 

prior to drying so that bulk density could be calculated. It should be noted, however, that such 

density determinations are made on the 2mm size fraction which is the fraction on which shear 

tests were performed. Examination o f the particle size distribution indicates that additional 

frictional strength could be derived from the coarser fraction of the in situ material. Bulk 

density was estimated for GIS purposes to be 18.7kNm'2
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5.4.2 Felsic Gneisses

Shear box tests on three samples of the felsic gneiss group yielded the results shown in 

table 5.4.2. The shear box tests indicate varying cohesion values for samples of weathered 

material which appeared very similar in situ, and no marked difference in clay mineralogy was 

observed in XRD analysis.

Lithology
c p

(kPa)
cr

(kPa) (°)
^ p

(°)
Bulk density 

(kNm'2)
Density

gem'3

Muscovite
gneiss

3.4 2.2 38 38 19.4 1.6

Muscovite
gneiss

13.6 12.2 34 34 20.7 1.7

Muscovite
gneiss

13.9 6.6 38 38 18.1 1.3

Mean 10.3 7.0 36.7 36.7 19.4 1.5

Table 5.4.2 Shear strength  param eters for the felsic-gneiss group

As the felsic-gneisses appear homogenous when examined in the field, the extremely 

low cohesion value of the first sample in table 5.4.2 is somewhat surprising. It may result from 

a slightly lower intensity of weathering than the original grading indicated and hence a lower 

clay content. The point load tests were done on samples taken from San Roberto. The stress- 

displacement curves are shown in figure 5.4.2b-d the failure envelopes are shown in figure 

5.4.3b-d.

5.4.3 Augen gneiss group.

The samples tested in the augen gneiss group came from the outcrop at Favazzina 

where shallow landsliding was observed in severely to completely weathered regolith. There 

were two main lithologies within the group. The first is a grey-brown, medium to coarse 

grained, anisotropic, discontinuous, moderately strong to extremely strong plagioclase-biotite 

gneiss (its strength being dependent on degree o f weathering). The second group is a more 

characteristic augen gneiss. Samples vary in colour but grain size is roughly similar. The most 

common is a green-grey, medium to coarse grained, anisotropic, weak to strong augen gneiss. 

The strength is highly dependent upon the orientation of maximum stress to the foliation. In 

general extensive weathering was not displayed by the augen gneiss group. There is no 

mineralogical evidence to suggest why, but it is likely to be related to the rock mass structure 

which has predominantly large (1-1.5m) joint blocks. The geotechnical parameters o f the 

samples taken from the group are shown in table 5.4.4, with stress-displacement curves in
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figures 5.4.2e-f and failure envelopes in 5.4.3e-f.

Lithology cp
(kPa)

cr
(kPa) (°)

<t>r
(°)

Bulk density 
(kNm'2)

Density
(gem*3)

Biotite
gneiss

10.2 6.6 38 38 20.2 1.5

Biotite
gneiss

11.4 9.9 30 28 18.7 1.5

mean 10.8 8.75 34 33 19.45 1.5

Table 5.4.4 shear strength param eters of w eathered augen gneiss group 
near Favazzina and  B agnara C alabria

The slightly higher cohesion and the lower friction angle would indicate the presence 

of a larger clay fraction in the second sample. The lower bulk density and the similar dry 

densities would support the hypothesis.

5.4 .5 Plutonites.

The best outcrop of the plutonites group is exposed near Cannitello. The granites at 

Cannitello were extensively tested by Is(50). Samples were easily obtained thanks to the blocky 

character o f the rock mass, and were collected where possible in a vertical zone to attempt to 

minimise lateral variation within the rock mass. It was not possible to collect a sample for 

shear box tests from above the ’hard rock’ samples. Grade IV weathered rock samples were 

collected from a zone of deep weathering approximately 25m east of the unweathered samples. 

The results o f shear box tests on samples from the plutonite group is shown in table 5.4.5

Location
c p cr ^ p 4>r Bulk density density

(kPa) (kPa) (°) (°) (kNm*2) gem'3

Cannitello 11.0 8.98 30 28 17.3 1.6

San Roberto 29.3 18.0 32 32 24.7 1.6

Mean 20.15 13.49 31 30 21.0 1.6

Table 5.4.5 Shear strength  param eters  of w eathered granites.

Considerable variations in observed cohesion values is again evident, with the sample 

with the higher cohesion showing a markedly higher bulk density. Stress-displacement and 

failure envelopes are shown in figures 5.4.7a-b and 5.4.8a-b. The higher strength o f the second 

sample is likely to be the result of vermiculite rather than smectite as the dominant clay 

mineral, which owing to its non-swelling nature is likely to mobilise more strength in a 

saturated sample.
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5.4.6 Sum m ary

An examination of the shear box test data revealed that completely weathered regolith 

in Calabria has low values of c ’ (10 - 30 kPa) and values of between 30° and 40° for 

completely remoulded samples. A straight line has been drawn for the failure envelope on 

figures 5.4.3a-h. Additional data could well show that a straight line is not appropriate, but 

there was insufficient time to conduct sufficient tests to define a convincing curve. Extreme 

difficulty was encountered while attempting to sample weathered regolith, to take undisturbed 

samples. The fact that the data were for remoulded soil was of course taken into consideration 

in their interpretation.

5.5 CONCLUSIONS

5.5.1 C alabrian  w eathering processes

In Calabria, weathering results in a number of clay minerals which are common to 

many different rocks. Given the metamorphic suites observed, petrography indicates that a 

limited number of minerals play an important role in rock formation. The important minerals 

are feldspars, which are frequently sericitized even in relatively unweathered rocks as a result 

o f pneumatolytic and metasomatic reactions. Sericite and chlorite are the two most commonly 

observed secondary minerals. X-ray diffraction indicates the presence of rectorite in small 

amounts, through chlorite-smectite interlayer clays to smectites containing varying cations. It is 

likely that weathering in the Calabrian environment results in the transformations of 

muscovite/sericite to rectorite and ultimately smectite by continued loss of K+. A similar 

reaction occurs from biotite leading to chlorite and chlorite-smectite minerals, with the 

production o f iron oxide and lepidocrocite. Quartz remains in the >53pm fraction; both alkali 

and plagioclase feldspars are evident as fines. Given that members of the kandite group occur 

in a limited amount of samples, some kaolinization is indicated, but it does not appear to be a 

dominant process, and is likely to be controlled by microclimatic effects. The main process of 

rock breakup is mica alteration leading to the development o f swelling clays o f the smectite 

group which induces tensile failure and microcracking.

Persistent weathering leads to the occurrence of a sandy regolith which shows varying 

cohesion values between 6 and 30 kPa and friction angle values between 28 and 38°. These 

quoted values must be considered as residual strength, due to the severe sample disturbance 

during transit. The observed shear strength parameters are not consistent with the stability 

observed on steep slopes. In addition the behaviour of the soil mass during sampling suggests 

that the mass is composed of a weakly cemented granular material. All the displacement-stress 

curves (figures 5.4.2a-h) show characteristics of a soil with a component of cohesion. It is
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concluded that clay minerals in the weathered mass aggregate into sand sized peds which are 

loosely bonded by clay and ferric cements. Upon saturation the clay peds break down and 

contribute to the strength of the material.

The processes which are responsible for rock disaggregation in Calabria are oxidation 

and hydrolysis. The combination of processes leads to the formation o f swelling clays which 

disrupt the rock fabric by inducing tensile failure. In grade II-III rock, the formation o f 

weathered products occur on grain boundaries, resulting in considerable microcracking without 

requiring large amounts of weathered products. The decay of crystal boundaries and the 

formation of stacked clay minerals in weathered rocks has been detected by scanning electron 

microscopy when dealing with weathering in Capo Vaticano (see appendix 1).

Significant problems were associated with sample disturbance. It became obvious that 

despite efforts to collect undisturbed samples it would be unsuccessful because of the friable 

nature o f the soil once the duricrust was penetrated. Therefore further analysis was done with 

this limitation in mind.

Examination of the shear strength parameters allowed investigation of materials which 

failed during ground shaking. Data collected by shear box tests made it possible to perform a 

limited back analysis of the stability o f the slopes in areas north of the Straits o f Messina 

affected by landsliding (chapter 7). The mineralogy of the weathered regolith may have played 

a vital role in favouring slope failure during the 1908 Straits of Messina earthquake.



CH APTER 6 
NEOTECTON ICS

Remote sensing was used to elucidate the neotectonic evolution o f Calabria. Before 

proceeding to a consideration o f slope conditions in southern Italy some thought must be given 

to the current ground deformations and those of the recent past. Remote sensing allows the 

activity o f faults and the evidence o f ground deformation to be assessed and earthquake 

recurrence to be evaluated. The aim of this chapter is to combine lineament analysis, 

neotectonic evidence (such as that o f piani or plateaus) and 14C dating to provide some 

indication o f the recent deformation of southern Calabria.

6.1 R EM O TE SENSING

6.1.1 Satellite im agery

The imagery employed was LANDS AT 5 Thematic Mapper scene 188/33. It is cloud 

free and was collected on 16 August 1988. The data have had some atmospheric correction 

performed. Image processing at UCL was done on the International Imaging Systems 0 2S) 

S600 image processing system at the Department of Geography. Data were stored on a VAX 

11/750 minicomputer. Additional data were derived from aerial photography and hardcopy TM 

imagery held in the department. The bands utilised for the detection o f regional lineaments 

were 4, 5, 6 & 7.

6.1 REGIONA L FAULT AND LINEAM ENT D ETECTIO N

6.1.1 M ethods o f linear detection.

Sub sections o f quadrant 4 o f 188/33 were examined at full resolution and subsampled 

image of the full quadrant was examined for regional linears. The image processing was not on 

geometrically corrected imagery. After processing the imagery was referenced to the UTM co

ordinate system.

Two types of output can be obtained. First, simple grey-level images can be converted 

from byte to postscript data and sent through JANET1 to the University o f London Computer 

Centre where they can be printed on bromide paper by the typesetting service. Hardcopy is 

sent to the department from ULCC by internal post. The entire process from data sending to 

receiving hard copy usually takes 2 days. The second is a photograph of the screen.

6.1.2 Edge E nhancem ent

Edge enhancement was performed in a conventional manner. Initially TM  band 5 was 

used in edge detection. Principal component 1 of a principal component analysis o f data in 

bands 4 and 5 gave an image suitable for high frequency filtering. The image contained

1 Joint Academic NET work.
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considerable terrain data while suppressing shadowed information to a level where it was 

useful. The result was edge enhanced by the 3 x 3 kernel shown below. Comparisons with 

other bands such as bands 5, 7 and 4 to enhance spectral data also proved useful.

- 1 -1 -1

- 1

oo - 1

- 1 - 1 -1

edge enhancem ent kernel

6.2 REGIO N A L FAULT SYSTEMS.

6.2.1 In troduction

Regional linear detection was performed on principal components 1,2 and 3 derived 

from TM  bands 4,5 and 6 as well as false colour composites o f those bands (plate 6.1). In 

addition a small scale LANDSAT TM band 5 (plate 6.2) mosaic was examined for details on 

the southernmost part of Calabria since TM data coverage existed only as far south as Archi. 

The linears were registered to the UTM grid during digitizing of lineaments, as were 

morphological features such as piani. Interpretation of the presence o f structures was based on 

the presence of linear features and of changes in terrain types.

For the analysis of regional linear features from digital data the 4 thematic mapper 

infra-red bands were used (cf chapter 3). False colour composites involving bands 6, 5 and 4 

were found to be useful after contrast stretching under a land mask so that the sea statistics for 

the image were not employed in the calculation. Hence, complex digital image processing such 

as principal component analysis could be kept to a minimum.

6.2.2 In te rp re ta tion  of fault systems

Interpretation of regional fault systems was done manually on hard copy imagery. A 

distinct NW-SE strike could be observed in the structural imprint on the southern part of 

Calabria. Further north the strike, lies closer to NNW-SSE. In general antithetic or conjugate 

systems can be observed. Figure 6.2.1 shows the distribution of linear features believed to be 

geological in nature. Additional data about the southern Sila and Aspromonte areas were 

obtained from the use of a false colour composite derived from bands 5, 6 and 7 subsampled 

by taking every 4th pixel in the X and Y directions giving a ground resolution o f 126m. Such 

a combination proved useful in determining many features, perhaps a result o f moisture 

differences in TM band 6.
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Plate 6.1 False colour composite T.M. image 
of southern Calabria (showing piani and raised beaches in dark 

orange-red, green vegetation is blue).



116

6.2.3 Regional drainage patterns

Regional drainage was detected by analysis of hardcopy LANDSAT T.M. data. Subtle 

variations in the stream pattern of the area o f interest reveals geological data in addition to 

morphological data. Stream changes and offsets reveal fault movements. The best example of 

the evidence that can be provided from stream data is the sinistral offset o f the major river 

draining the Gioia-Tauro basin. The drainage patterns of southern Calabria as determined from 

satellite image interpretation on primary streams are shown in figure 6.2.2. An obvious trend 

from the resistant metamorphic complexes to the lower lying coastal sections is evident. Such a 

thesis is complicated by the extensive outcrop of weak materials which fill the fault-bounded 

Gioia-Tauro basin. The areas that were investigated are shown in figure 6.2.3.

6.2.4 D istribution of Piani

The presence of piani has been noted on plates 6.1 and 6.2. Piani are noted as orange- 

red in plate 6.1 and mid-grey in 6.2. The most noteworthy fact about such terrain types is their 

notable absence in the northern Aspromonte mountains despite their presence in the Sila and 

southern Aspromonte ranges. The northern trend from the southern Aspromonte to the Sila 

mountains of piani is interrupted by two features. The first is the Gioia-Tauro basin and the 

second is the Messima graben.

There are two explanations for the absence of erosion surfaces in the northern 

Aspromonte mountains. If piani are assumed to have resulted from differing rates of uplift their 

absence can be explained in terms o f laterally differing material properties.

The existence of piani over zones of intense weathering indicates that pre- 

deformational material decomposition is a factor in determining their formation. There is no 

reason to suggest that there should be such an abrupt change in the weathering characteristics 

o f the northern Aspromonte mountains. The second and more likely possibility is that piani 

were formed in the northern Aspromonte Mountains but were later destroyed. If the dates of 

Fontes et al. (1972) are correct, indicating rates of uplift uncorrected for sea level change of 

1.25mm per year, then deformation and destruction of piani through extensional tectonics must 

have been going on since the Pleistocene when the glaciofluvial materials common on piani 

were deposited. Pleistocene and post-Pleistocene extensional deformation o f the western side of 

southern Calabria would also explain the 14C ages from fossil shorelines near Villa San 

Giovanni of >39,000BP where ages of 25-28,000BP are reported further south near Reggio 

Calabria, Archi and Capo delle Armi.

Further evidence to suggest that subsidence and extension have been active since uplift 

o f the piani is that coseismic subsidence occurred during the 1908 earthquake. Baratta (1913)
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Plate 6.2 LANDSAT TM image of southern Calabria.
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Figure 6.2.1 Faults detected by satellite imagery and historical 
earthquake epicentres.
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reports houses near Scilla abandoned owing to partial submergance after the earthquake. As 

much of the coast in that area is on crystalline rocks the original suggestion that settlement was 

the cause cannot hold, leaving coseismic downwarping as a more plausible explanation. The 

extensional character of the 1908 earthquake shown in the fault plane solution supports such a 

tectonic regime (see chapter 8).

6.3 LIN EA M EN T-EPICEN TRE RELATION SHIPS.

There is reasonable agreement between the presence of observed linear features and the 

occurrence of earthquakes. Great caution must be exercised when dealing with linear-epicentral 

relationships. Even at the scales of full resolution imagery and aerial photography, individual 

fault or fracture zones are extremely small compared to the error of earthquake location. 

Therefore a comparison is more usefully made between lower resolution imagery and linear 

features at the same scale. For the purposes of the thesis, even though macroseismic and even 

teleseismic epicentral determinations are known to be subject to severe errors, epicentres will 

be assumed to be correct.

In southern Calabria, particularly in the Straits of Messina, there is no evidence of 

earthquake recurrence since 1087 AD along individual structures detected on satellite imagery. 

Further north, where a number o f large structures are evident, distinct seismicity can be 

attributed to faults. The best example o f that is at Cosenza. Other structures show evidence for 

recurrent seismicity. While error in the epicentral location from macroseismic data is large by 

comparison with modem teleseismic data the increased temporal range given by incorporating 

macrosiesmic data outweighs the locational inaccuracies introduced. Deformation style was 

interpreted on the basis of the fault trace and a knowledge of topography based on detected 

illumination variations in imagery.

6.3.1 Cosenza G raben

The LANDSAT T.M. data indicate a graben trending approximately north-south and 

deformed by sinistral strike-slip motion. The valley has been filled by clays o f the Bradano 

Formation and subsequent fluvioglacial and fluviolacustrine sediments. It is likely that such a 

locality would hold palaeoseimic evidence such as that described by Ringrose et al. (1990) in 

Scotland. A number of earthquakes are associated with the structure and the site must be 

considered one of recurrent seismic hazard. Significant earthquake activity trends can be 

observed along the strike o f the graben. Unfortunately there is no published isoseismal data to 

indicate the direction o f the long axis of the isoseismal ellipses of the earthquakes shown. But 

the distribution of events suggests that the correlation between seismicity and such an 

extensional feature is convincing. The Cosenza graben must be classified as a grade A l fault
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by the classification of Bles et al. (1991), that is an active seismic fault which has moved 

during the Holocene and/or the late Pleistocene or both. The fault-plane solutions shown in 

figure 6.3.1 are predominantly extensional in character with some evidence o f strike-slip, 

consistent with the interpretation of the Cosenza valley as an actively deforming graben. 

Structures o f similar orientation can be observed in the northern sector of the Straits of 

Messina, with deformation of Pleistocene sediments indicating recent sinistral m ovem ent In 

cross section the earthquake hypocentres form a crude, westerly dipping plane, with a 

conjugate feature dipping to the east (figure 6.3.2) at approximately 38° and 59°. The fact that 

obvious traces can be observed on satellite imagery which traverse Plio-Pleistocene sediments 

is further indication of the active nature of the region. As the feature that shows the bulk o f the 

movement corresponds to reported earthquakes it can be concluded that extensional 

deformation is coseismic (already suggested by fault plane solutions) and strike-slip motion is 

aseismic.

6.3.2 The G ioia-Tauro basin

The main seismic event detected in or on the boundary of the terrestrial section o f the 

Gioia-Tauro basin was the 1783 Calabrian earthquake, which will be discussed in greater depth 

in chapter 8. The isoseismals indicate that the causative fault had a NE-SW trend. Analysis o f 

full resolution imagery as discussed above does not indicate the presence of a single large 

structure striking in that orientation. As the epicentre was determined from macroseismic 

records according to Kamick’s Law the depth parameter is not always available, and a default 

depth o f 33km is assigned. A large NE-SW trending lineament can be observed on both TM 

and TM imagery. It represents a sudden change in terrain type where Plio-Pleistocene 

sediments are juxtaposed against the hard crystalline rocks of the Sila massif. The most 

prominent trends in the Villa San Giovanni area are those which result from the juxtaposition 

o f weak sedimentary materials with the strong crystalline rocks. The structure indicated is 

composed o f minor en-echelon extensional and strike-slip structures. The magnitude o f the 

earthquake is inconsistent with such small lineaments. The scatter o f located seismic events in 

the years preceding and after the 1783 earthquake yields insufficient evidence to assess the 

accuracy of the event location. But the pattern of landslide distribution on the perimeter o f the 

Gioia-Tauro basin suggests that the causative fault is located beneath the Plio-Pleistocene 

sediments in the eastern margin of the basin, and that deformation was absorbed by settlement 

associated with prolonged strong ground motion in saturated sediments. Significant slope 

failure on the flanks of the basin can be attributed in part to scattering and diffraction of 

surface waves at the boundary between crystalline basement materials and poorly lithified
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sediments, the development of a number of en-echelon structures on satellite imagery is 

normally observed to reflect deep geological structures. Limited activity on the eastern flanks 

and the lack of seismicity on the western flank suggests that the structure is dormant. A 

number of large lineaments also strike parallel to the fault. The most prominent trends sub

parallel to the coast and appears to offset a major delta with sinistral displacement. Unlike the 

structures further south in the Scilla escarpment, which appear to coincide with the fault, there 

appears to be no normal sense o f motion. The fault includes a series o f parallel faults which 

strike NE-SW and correspond with the location of a series of earthquakes. Additional, smaller 

earthquakes along the strike of the fault system may have occurred throughout historical time. 

The majority of the earthquakes greater than Mk > 5.1 associated with the system are 20th 

century events, with only two in the 19th century. Unfortunately there are no fault plane 

solutions for any of the seismic events associated with the fault system. A cross section (figure 

6.3.3) reveals limited seismic activity through the basin. The majority o f them are shallow to 

intermediate focus.

6.3.3 Capo Vaticano

Satellite imagery reveals a number o f lineaments in the Capo Vaticano area. It is 

suggested that they are normal faults which have accomplished the progressive westward 

downthrow of the Capo Vaticano peninsula contemporaneously with uplift. Such an event 

sequence accounts for the relatively homogeneous character of the area, despite variations in 

geology from weak sediments to strong granodiorites. A slight topographic high is indicated on 

satellite imagery by radial drainage from the centre of Capo Vaticano. Distinct faults are 

evident in the region (figure 6.2). Some strike-slip deformation appears to occur on minor 

faults at the limit of image resolution and displays an E-W and a NNW-SSE orientation, but 

there is no substantial seismic evidence for faulting.

The cross section (figure 6.3.4) shows a number of intermediate earthquakes defining a 

zone o f seismogenesis evident between 200 and 300km in depth, and a distinct gap between 

110 and 195km. An easterly dipping zone of activity is also evident.

6.3.4 Eastern  C alabria

The eastern flank of Calabria displays a number of normal faults parallel to the coast 

which juxtapose Pleistocene sediments against the crystalline rocks o f the Aspromonte 

mountains. Fault-plane solutions for eastern Calabria show some strike-slip movement 

indicating reactivation of normal faults to allow bending of the arc. Focal mechanisms for the 

south-eastern area are limited. Plates 6.1 and 6.2 show a distinct raised beach and a lineament 

trending SW-NE which both show some evidence of increased moisture content. An obvious
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dip and a homogenous substrate are indicated by the parallel drainage in the eastern part of 

southern Calabria, with some slight evidence of stream displacement (plate 6.1 and 6.2) by 

dextral-strike slip. Further north well defined river offsets provide good evidence o f sinistral 

strike-slip movement. A cross section (figure 6.3.5) reveals no additional data.

6.4 TH E STRAITS O F M ESSINA

6.4.1 The M essina Straits.

The Villa San Giovanni image lies in the meizoseismal area of the 1908 Straits of 

Messina earthquake. It is estimated to have had a magnitudes between 7.1 and 7.5; the 

combination of strong ground motion and tsunami killed between 70,000-120,000 people and 

initiated a number of landslides near Reggio Calabria and between Favazzina and Bagnara 

Calabria. The earthquake was caused by an estimated 145cm of slip on the Messina-Commiso 

fault with a rupture length of 37km. The area was studied to determine the relationship 

between the long axis orientation of the meizoseismal zones of large earthquakes generated in 

the Messina Straits. Terrain and morphological data were used to examine lineaments from 

altering illumination angle on digital terrain models. Edge enhanced satellite imagery was 

supplemented by aerial photography to look for evidence of displacement along detected 

linears. Aerial photographic analysis allowed increased discrimination between faults and other 

linear features. The cross section of seismicity through the Straits indicate dominantly shallow 

focus events (figure 6.4.1).

6.4.2 Fault detection by processed LANDSAT T.M .

The detection of linear features was achieved by analysis of principal component (PC)

1 from T.M. 4 and 5. It was assumed that PC 1 contains mostly topographic and illumination 

angle differences useful for the detection of fault or fracture systems (figure 6.4.2). In general 

lineaments can be assigned to either strike-slip, dip-slip (with some indication of the sense of 

movement) and fractures (those being lineaments without any evidence to suggest movement). 

Figure 6.4.3 shows streams detected from digital terrain models. A number of distinct 

structures can be determined and the implications of such features is discussed in the later 

sections. Interpretation of the imagery reveals the lineaments shown in figure 6.4.4. A 

summary of the trends of both normal and strike-slip faults are shown as rose diagrams in 

figures 6.4.5a-b.

The faults shown on figure 6.4.4 are classed on the basis of the relationship between 

the trend of the lineament and the topography derived from the digital terrain model (DTM). 

Strike-slip faults are assumed to be vertical, and the trend of the fault is not affected by the 

topography. Dip-slip faults are assumed to be dipping at an unknown angle and therefore the
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outcrop of the fault will change along strike depending on the topography. Knowledge of the 

illumination angle on the satellite imagery, the terrain characteristics on the DTM and the 

strike of the linear feature allowed an estimate of the direction of dip to be made. From that 

the relative ages of juxtaposed geological units allowed the type of fault to be recognised.

6.4.3 Extensional Faults

A number of extensional structures can be observed on the satellite imagery. The 

northernmost faults are parallel to the coast and can be interpreted as deforming the 

glaciofluvial erosion surfaces. Two of the sets o f linear features are thought to be extensional. 

The former is parallel to the coast and comprises the northern coast faults near Scilla (1), Piano 

Milea (2) and Cannitello (3) and the Castagnarella fault (6). Lesser features which are believed 

to reflect recent extension are small synthetic structures between Scilla and Piano Milea. The 

displacement between II Piano di Scilla and II Piano di Milea accounts for some 400-450m of 

vertical displacement over a horizontal distance o f 1500m. Given the general position o f II 

Piano di Scilla it seems likely that the piani form a downfaulted block. The Castagnarella 

lineament occurs between the piani at 500-600m and piani at 1000m but shows no other 

motion. On the northern coast no other piani are obvious at such low altitudes. Piani on the 

eastern coast at similar altitudes are also separated from the higher piani by what appears from 

satellite imagery to be extensional faulting. The indication is that deformation in southern 

Calabria has been achieved by footwall uplift and associated extension since the Pleistocene. 

Horst and grabens are exaggerated by rapid fluvial erosion as a result of increasing elevation 

and potential head. Stream erosion and the formation of small drainage basins and landsliding 

has led to significant fault scarp degradation.

A conjugate set of normal faults, with a general west-north-west to east-south-east 

trend, accommodates extension south o f II Piano di Milea and upper erosional surfaces at 

1000m. The extensional character of the linears is shown by the relationship between the 

observed topography and the linear trace. Downthrow has affected Pleistocene and older 

materials. The widespread but incoherent distribution of Pleistocene sediments, and their onlap 

against observed faults, indicate deposition prior to or during faulting. The lineaments observed 

striking WNW south of Piano Milea are the San Roberto (4), Catalano (5) and Campo Piale 

(12) faults. Of the three structures only the Catalano fault shows any indication of recent 

movement, in the form of a subtle trace traversing the Pleistocene sediments. Offset occurs on 

a conjugate structure, but there is little evidence of its time of occurrence.

South of the Catona River a number of synthetic faults indicate extension in a SW to
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Figure 6.4.5a Rose diagram showing the orientation of 
normal faults.

Figure 6.4.5b Rose diagram showing the orientation of 
strike slip faults.
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NE direction. The strike of the faults (19, 20, 25, 31 and 33) is approximately WNW-ESE. In

the area of the S. Giuseppe river, the orientation of the faults reverts to W SW  to ENE. The

most prominent feature is the Calcara-Podargoni (40) fault, which shows subtle tonal

differences across the lineation. The orientation of the feature relative to the topography

indicates a low angle normal fault. The full extension of the fault to the eastern coast is

inferred from the orientation of the stream on the raised beach.

Faults displaying a normal sense o f motion form two sets which are roughly conjugate

and are believed to result from the interaction between footwall uplift (predominantly the SE-

NW  trending structures) and the rotation of Sicily relative to Calabria by compound extension-

strike slip faulting resulting in the swelling grabens of the Straits of Messina. While there is

abundant evidence to suggest the movement of such normal faults during and after the middle

Pleistocene, apart from the limited evidence of structural control on the orientation of the

stream at the eastern end of the Calcara-Podargoni fault there is no evidence to suggest
♦

extensional fault movement during the Holocene.

6.4.4 Strike-slip faults

There are a number of satellite-detected lineaments which show evidence of deforming 

by strike-slip, or are straight enough in rough terrain to indicate a vertical structure. The most 

impressive strike-slip structure is the Calanna fault, which is believed to be sinistral on the 

basis o f an offset lineament, and accommodates differing rates o f extension along the Straits o f 

Messina graben. For that reason it is shown in figure 6.4.4 as extending into the Straits. 

Examination of low sun angle digital terrain models (figures 6.4.6a and 6.4.6d) indicates the 

presence of a linear feature marking a straight outcrop. Only one more structure shows a 

similar orientation to that at S. Peri, and is itself offset by other lineaments. The majority of 

structures believed to be strike-slip show an approximately NW-NNW strike, with a conjugate 

set striking SW. It is possible that two of the NW-trending structures are in fact one fault 

which has been offset by an E-W trending lineament at 559000, 4227000. However, since 

there is uncertainty about whether the strike-slip faults in question are one lineament, the line 

o f offset is assigned to the undifferentiated fractures class.

The strike-slip faults observed in this area are an expression o f the stress at the apex of 

the Straits of Messina swelling graben.

6.4.5 Digital terrain  models

Digital terrain models have been created from a data file containing over 16000 X,Y 

and Z co-ordinates. The model is the result of interpolation between data points, and the 

approximate ground resolution is 50m. The choice of ground resolution element was based on
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the practical limit of file size and the operational limits of MAPICS. The files created 

contained 301 by 301 rows and columns resulting in dealing with 90601 real numbers during 

calculations.

The digital terrain model (DTM) was shaded for low sun angles by use o f the program 

lamber. Illumination was directed from the four compass points at 35° from nadir. The results 

help the interpretation o f light on some of features detected on satellite imagery.

The single most prominent feature is the Scilla escarpment, best observed in figure 

6.4.6a where the illumination angle is from the north. G ose examination of the lambertian 

shaded DTM indicates that the fault which forms the escarpment does not terminate south o f 

Scilla but continues behind the Piano di Scilla. In the absence o f piani at other points along the 

coastline it is suggested that the Piano di Scilla was downthrown by the fault. A distinct NE- 

SW trend is evident in linears observed in the DTM models but not from simple analysis o f 

topographic maps.

6.4.6 Fault detection on aerial photographs

The best data source for determining ground features in this area remains aerial 

photographs. Ten stereopairs flown at a height of 4000m on the 28 July 1983 were examined. 

Not all lineaments detected on satellite imagery were on the aerial photographs. A list o f faults 

substantiated by air photo interpretation is shown in table 6.4.1. A number o f landslips are 

associated with the listed faults. There are two possibilities, that the landslides are fault- 

induced and resulted directly from fault motion at the time of motion or some time later due to 

changes in elevation, slope angle or water head, and that failure is a result o f zones of 

shattering or intense weathering/alteration in the fault zone. The latter is the suggestion 

favoured here.

Fault system Movement evidence Presence of landslides

Cannitello 
(250°N, 3.3km)

Stream evidence indicates 
possible left- 

lateral strike slip.

Marked by landslides in the area 
559000, 4231000 to 562000, 

4233000 of rotational and debris 
flow types. Rockfalls also occur.

Favazzina 
(240°N, 9km)

Good triangular slope facets 
are evident on DTM. No 

evidence of recent activity.

Rock block failures and rockfalls 
in moderately weathered biotite 
gneiss at the eastern end of the 

fault.

San Roberto 
(300°N, 13km)

Fault trace and triangular slope 
facets. No evidence of motion 

on aerial photograph.

Various landslides along fault 
trace at intersection with other 

faults. Landslides are not evident 
from the ground and are not 

believed to be active.
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Runci 
(~140°N, 8km+)

Triangular facets-no evidence 
of fault movement. Air photo 
evidence indicates that there 

may be two segments 
separated at 567000, 4232000

Various rotational and debris 
flow slides. Also ridge-line 

failures. Active shallow sliding 
evident along the strike of the 

valley containing the fault during 
fieldwork.

Fiumara 
(~160°N, 4km)

An earthquake occurred on the 
strike of the fault, with a 

smaller event occurring on a 
synthetic set in 1980. An 

additional earthquake lies close 
to the projection of the trend 

in the Messina Straits. No 
morphological evidence of 

motion.

Small slides at the end of 
the northern fault segment but 

are more likely to be associated 
with the intersection with the 

Cannitello fault

Engreste 
(80°N, 5km)

Triangular slope facets, but no 
evidence of recent motion. The 

fault is dissected by two 
conjugate strike-slip sets.

Small landslides observed by 
other workers, but mainly 

associated with intercepting 
stream valleys.

Catona 
(60°N, 5km)

Trace offsets the Engreste fault 
in right lateral deformation, 
The fault trace cuts recent 

alluvium.

None

San Peri 
(80°N, 8km)

Strikes parallel to the Calanna 
fault. Some indication of 
deformation on NW-SE 

trending extensional faults.

A few slides along the length of 
the structure.

Donica Fault 
system. 

(190°-210°N, 7km)

Sub-parallel structures show 
hillside offset from aerial 

photography. Not evidenced on 
satellite imagery but is on 

DTM (figure 6.4.6a)

Landslide system associated with 
overlap of two segments.

Schindilifa 
(220°N, 7km)

Offsets two other lineaments 
in right-lateral strike slip 
motion. Not observed on 

satellite imagery.

Large number of landslides at 
the centre and north east end.

Cerasi 
(100°N, 4.4km)

No evidence of motion. Offset 
occurs on the Schindilifa fault. 

Topographic relationships 
indicate a normal sense of 

motion.

Two slides on the western 
segment.

Chianchi 
(220°N, 5.25km)

No evidence of motion. Landslides are associated with 
both fault tips.

Table 6.4.1 Landslides and  faults in the Villa San Giovanni area .

Of the faults listed only a few show actual evidence o f motion. There is evidence that 

such structures have moved at some point but little evidence for dating the movement.
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6.4.7 Cannitello Fault

The fault is parallel to the coastline, which trends WSW-ENE. Its morphology is 

characterised by a long slope profile which shows very little variation along its length. It is 

predominantly straight in character. Diversion of SE-NW flowing streams indicates sinistral- 

strike slip motion, although a road constructed along the base o f the fault scarp may have been 

responsible. On aerial photography the Cannitello fault appears to terminate in a rotational slip. 

Satellite imagery indicates that the structure does not terminate at the landslide, but is in fact 

partially buried by a number of slope failures in the area between Porticello and Capo Paci 

indicating that such landslides postdate fault movement The fault may display two segments, 

o f which the second is buried. The debris slide at the eastern end of the fault (561250, 

4234500) must have failed either under water or into water since a number of calcareous 

neptunian dykes are evident at approximately 25-30m above sea level with plagioclase-biotite 

schist clasts within them.

6.4.8 Favazzina fault

The Favazzina fault trends parallel to the coast and offsets streams in dextral strike-slip 

motion. The fault is the main structure which forms the Scilla escarpment The well developed 

triangular slope facets (figure 6.4.6a), and the dip of the fault relative to the uplifted zone to 

the south, indicate an extensional structure. On the north-eastern section o f the structure block- 

sliding was observed in the field associated with intensely jointed, moderately weathered 

biotite gneisses. Slope failure occurred near Favazzina during the 1908 Messina earthquake.

6.4.9 Runci Fault System

The system occupies the fluvial valley which terminates at Favazzina south o f Runci. 

The structure is betrayed by triangular slope facets at varying points in the river valley. Such 

facets have different orientations along the valley, possibly a result of a number of overlapping 

fault segments. A number o f landslides can be observed along the strike o f the system together 

with a number of ridge line failures characteristic of seismically-induced slope failure as a 

result o f topographic amplification.

6.4.10 San Roberto Fault

The S. Roberto fault is a major topographic feature in the Villa San Giovanni area. 

Trending 330° it forms a major structural boundary between the unlithified sands o f the lowest 

erosion surface at 100-300m and the crystalline rocks (predominantly o f the felsic gneisses and 

granite groups) to the north and east. It predates or is contemporaneous with the Pleistocene 

sands and gravels of that group. Triangular facets are formed by active downcutting from 

tributary streams to the Fiumara river. There is no evidence to suggest recent movement along
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the feature. The San Roberto fault is the biggest fault observed in the area. A zone o f deep 

weathering can be observed to the east of S. Roberto which trends approximately parallel with 

the fault. Downfaulting along the structure left Piano di Milea as a horst; river valleys occupy 

the resulting grabens.

6.4.11 F ium ara  Fault

Two distinct fault segment were determined from image and aerial photograph 

interpretation. Two earthquakes in 1980 of magnitude 4 and 4.1 at shallow (<33km) depth 

were located close to the fault. Another epicentre 2.5-3 kilometres north o f the Calabrian coast 

may be associated with the structure but as two other linears terminate in the near vicinity, the 

inference is uncertain. Its epicentre was determined on the basis of macroseismic evidence. In 

view of the lack of evidence to suggest recent movement along either the San Roberto or 

Cannitello (Porticello segment) fault, the Fiumara fault can be tentatively identified as the 

causative structure. No landslides are associated with the Fiumara fault.

6.4.12 The Chianchi Fault

Although there is no evidence for recent motion on the lineament, the 1975 Reggio 

Calabria (M=4.0) earthquake may be tentatively assigned to the fault. It is possible that the 

Chianchi Fault is a continuation of the Laganadi Fault which has been displaced by right- 

lateral movement of the Cerasi lineament.

6.4.13 Faulting and seismogenesis

There is no evidence to suggest any significant recent movement on any o f the 

lineaments observed on satellite imagery or aerial photography. The structures which show 

evidence of recent movement by cutting Holocene fluvial sediments do not yield any indication 

o f the amounts of displacements involved. But the presence and orientation (and in some cases 

offsets) o f other structures yield conclusions about the neotectonic evolution of the Straits of 

Messina.

6.4.14 Coseismic deform ation

Baratta (1913) reported that some houses are uninhabitable owing to partial 

submergence during the 1908 earthquake and ascribed the effect to the settlement o f alluvium. 

The hypothesis is probably incorrect. There is a limited amount of material prone to 

liquefaction in the Scilla area. In view of well attested lateral spreading at Messina during the 

earthquake, the proposed failure mechanism would have been more evident than it was. On the 

other hand the sites in the northern section of the Straits of Messina subject to submergence 

are those which had been affected by normal faulting since the Pleistocene. There is additional 

evidence to indicate coseismic downfaulting in the Straits of Messina, including geodetic
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measurements made after successive earthquakes. During fieldwork no partially submerged 

buildings were evident in the area, suggesting that post seismic rebound occurred.

6.5 CONCLUSIONS

6.5.1 Neotectonic development of C alabria

Examination of imagery allows a number of points to be made. Despite strenuous 

efforts to discover Holocene raised shorelines in Calabria no 14C dates younger than 25000 

years have been reported (Murphy & Vita-Finzi 1991). Figure 6.5.1 shows the 14C ages that 

have been obtained. They show no clear trend. The piani have long been considered to be 

marine erosional features. U-series dating at heights of 101-176m gives ages of 82,000- 

144,000yrs. Pleistocene terraces have been reported up to a height of 632m. The distribution of 

features interpreted as raised shorelines in Calabria indicates that uplift has been non-uniform 

both spatially and temporally.

The analysis of lineaments in Calabria would suggest an axis o f upwarp which trends 

parallel to the arc. On the regional scale earthquake data are sparse, and in the south of 

Calabria there is a poor correlation between seismicity and structure. The only sites which 

appear to be unambiguously seismic are the Cosenza graben and the Straits of Messina. Both 

display extensional fault plane solutions. Limited seismicity in the vicinity o f the Catanzaro 

trough reflect the continued activity of the extensional feature. The Messima Trough, trending 

approximately N-S, shows low levels of seismicity and can be assumed to be dormant on the 

western flank buried beneath the sediments of the Gioia-Tauro basin. There is no evidence on 

satellite imagery for a western boundary fault.

Pleistocene deformation appears to have involved an axis of upwarp on what is now 

the western border of the Aspromonte mountains, with deformation migrating westward to the 

coast of southern Calabria, and extensional deformation occurring by footwall uplift. The axis 

of deformation trends parallel to the coast. Normal faulting related to the upwaip in the Villa 

San Giovanni area explains the >39,000 years 14C age from Cannitello. Such deformation is 

likely to have been the result of westward movement of the African plate.

By assuming a mechanism of inner arc compression of the fossil ’Benioff zone’ 

beneath Calabria (Gasparini 1982) the compressional earthquakes o f the Tyrrhenian Sea and 

the strike-slip earthquakes of northern Sicily can be accounted for, although cross sections 

through Capo Vaticano indicate that a seismic reflector is being deformed. Such an effect may 

be due to localised convection. In light of such a model, the distribution of earthquakes and 

their focal mechanisms would suggest a pole of maximum compression near 525000, 4345000 

UTM.
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Figure 6.5.1 Areas affected by coseismic deformation during 
the 1908 earthquake and some 14C dates for the area
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Such a mechanism cannot account for the north-south Cosenza and Messima grabens, 

which are almost certain to relate to the axis of uplift evidenced in the Villa San Giovanni area 

as a series o f blocks forming horsts and grabens which have been accentuated by river erosion. 

Although the Messina Straits swelling graben is also a north-south structure it is consistent 

with the tectonic mechanism proposed. While the mechanism is unclear, the axis o f upwarping 

may mark a more compressional phase in the development of Calabria, where more active 

deformation along the African margin led to thickening o f the relatively weak materials o f the 

arc with extension occurring on relaxation. While there appears to remain a regime of footwall 

uplift leading to deformation of Calabria, coseismic subsidence in the Messina Straits 

accommodates general arc extension. The analysis of recent seismicity and of satellite data has 

allowed seismotectonic trends in Calabria (figure 6.5.2) to be determined. It can be observed 

that extensional and compressional faults are parallel in both northern and southern Calabria. 

This reflects the changing tectonic regime over the area in the last 50 Ma. The thrust zones are 

related to Alpine orogeny and subsequent dispersal to the present position o f Calabria. The 

normal faults, however, relate to the tectonics of the Quaternary, where footwall uplift has 

allowed crustal extension in an approximately E-W direction. The clockwise rotation of Sicily 

and the anticlockwise rotation o f western Calabria explain features such as the Straits of 

M essina and the Catanzaro graben, while allowing the dextral strike-slip deformation o f active 

rivers on the eastern coast of Calabria.

Without this examination of the neotectonics in Calabria it would have been impossible 

to relate recent landslides to the geological past. Furthermore the conclusion that the Straits of 

M essina is a primary site of seismic hazard prompts a close examination o f that area so that a 

limited back analysis of slope instability may be performed.
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CHAPTER 7 
GROUND MODELLING AND 

VERIFICATION

A model dealing with the stability o f slopes under static conditions has been 

constructed. The model has a number o f inputs, namely shear strength parameters (c’ and O ’), 

measures o f intensity o f weathering, shear surface angle, phreatic surface levels, depth to shear 

surface, indices o f geology and topography. The model predicts slope instability over wide 

regions. Areas often show factors o f safety less than or equall to the value 1 which denote 

instability. There is in general good agreement with field evidence for slope movement, such as 

terracettes.

The slope stability calculation were done by the infinite slope model because it 

generally gives the lowest factor o f safety. In view of the limited time in the field, and the 

large area o f the meizoseimal field (the area o f highest damage around the earthquake 

epicentre) o f the 1908 earthquake, remote sensing (satellite imagery and aerial photography) 

had to be used to test the ground model. T he presence o f landslides, for example, was detected 

from processed images and the relationship between lineaments and landslide distribution was 

explored after further processing.

7.1 GROUND AND SLOPE MODELLING

7.1.1 Digital Elevation Models

A digital elevation model was prepared for part o f the image area. The data were 

digitized using the ISIS package and the slope gradients were computed using MAPICS. Each 

contour was digitized as a string o f points, and the value o f each string recorded. After 

digitizing the strings were output to a string file and broken up into individual points by use of 

a program called XYZ where values appropriate to the contour in question were assigned. 

Problems arose in cases where the contours lay within the match tolerance of the digitizing 

program. Such a problem could be avoided by assigning a low tolerance (e.g. 0.01mm) so that 

finding prior digitized control points would not be necessary. Alternatively data can be scanned 

for points that are too close together, and one o f them deleted. The co-incident point function 

avoids the problem created by locations with the same X and Y co-ordinate with different Z 

values. The raw data came from contours on Italian topographic maps originally surveyed 

between 1887 and 1893. Major routeways were revised in 1943 by the Royal Air Force from 

aerial photography. Contours were digitized at 50m intervals. Some o f the contours were not 

continuous and frequently contours o f different values above mean sea level crossed each 

other. The contours were therefore traced before digitizing and the most likely contour trends
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were chosen where there was any option. Some mis-registration occurred because the 

geological and topographic maps were on different grid systems, and Universal Transverse 

Mercator (UTM) grid was imposed upon the geological map of the western Aspromonte to 

ensure agreement.

The digital terrain model was used to evaluate slope conditions and was created on a 

grid on which local gradients in the X and Y directions were calculated and then converted to 

real slope angles by Pythagoras’ theorem. Figures 7.1.1 & 7.1.2 show the altitude and a slope 

angle classification map of the area derived from the DTM.

7.1.2 W eathering Intensity

Weathering intensity was evaluated from field examination supported by satellite 

imagery and aerial photography. A number o f sites were chosen around the area of Scilla to 

examine the relationships between weathering and geomorphology. From an area 

approximately 10km2 it was recognised that intensely weathered rock occurred near piani. 

Seismically-triggered landslides are known to have occurred in weathered regolith near 

Porticello and between Favazzina and Bagnara Calabria. A second area near San Roberto, 

where buildings constructed on crystalline rock were more badly damaged in 1908 than those 

on alluvium, did not show evidence o f seismically-triggerd landslides. No deeply weathered 

regolith was found in the area. The final area where weathering data were drawn was centred 

on S. Alessio d* Aspromonte where neither piani or extensive areas o f deep weathering were 

observed.

The depth to rockhead was estimated during field investigations and can be tied to the 

gross morphology of any individual terrain unit. While these cannot be claimed to be precise, 

they at least provide an estimate of weathering.

Area

T erra in  type 1 2 3

Piani >100m >100m >100m

Valley sides 0.5-1.5m 0.5-0.75m 0.5-1.5m

Coast sections 0.1-0.3m — —

Table 7.1.1 Depths of w eathering associated w ith different te rra in  types.

The terrain division has been kept simple so that the three types discussed can be 

readily determined from satellite imagery for slope stability calculations. The other factor 

examined was the intensity of weathering at the ground surface. In general crystalline units can 

be said to show grade IV and greater weathering on a potential shear surface. But the matter is
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complicated by the presence of fractures and master joints on the ground which, in general, 

create anomalous depths o f weathering. The anomaly is not always a negative one. In the case 

o f an ancient fault zone near S. Alessio the intensity o f weathering decreases near the fault 

zone thanks to reduced groundwater flow in the indurated fault. Finally imagery was also used 

to give an indication o f relative rock strength. In areas o f strong rock masses, for example, 

wide, sinuous valleys were assumed to indicate a general reduction in mass strength, and hence 

an increase in the intensity o f weathering.

It has already been noted that landslides frequently occur along the soil-rock interface. 

In steep terrains the phenomenon can be attributed to the shortage o f material prone to sliding. 

Therefore the analysis of slide types is terrain-dependent. Three analyses were performed, one 

for very shallow slides with a nominal depth of lm , one for slides with a nominal depth o f 

15m, the third for slides with a depth o f 150m. The assigned depths are not meant to refer to 

individual landslides. An isometric surface o f the digital terrain model of the area is shown in 

figure 7.1.3.

7.1.3 Cohesion and  friction angle

Cohesion values were applied to geological polygons on the basis o f the shear box 

tests described in chapter 5.

M aterial G rade Friction Cohesion
(kPa)

Com m ents

Gneiss

IV 27° 150 Results from 

direct shear tests 

on concrete-rock 

interface

in 29° 400

i i 35° 850

i 60° 1250

Micaceous gneiss IV 37° 30 Direct shear

Schist IV-V 15° 50 Undrained shear 

after consolidationIV 18° 70

Granite

V 25-34° 0 Results from 

drained triaxialIV 36-38° 0

V 22-40° 0 Remoulded

Table 1 . 1 2  Some shear strength parameters for weathered rocks.

As the main thrust of the work is towards the evaluation o f seismically-triggered slope 

failures in weathered crystalline rocks, shear strength parameters were applied to sedimentary 

materials on the basis o f examples in the literature. Cohesion and friction angle estimates for
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weathered crystalline rocks are shown in table 7.1.2. The work o f Cotecchia (1969) provided 

estimates for clay material from southern Italy. (Table 7.1.3)

M aterial c1
(kPa)

W ater
C ontent

Density
kgcm*3

Plastic 2 
lim it

L iquid  2 
lim it

Clay Mari 
(<35% clay)

40°
53°
46°

1.5
26
15

14-28% 1.7-1.93 10-25% 30-35%

Clay Marl 
(>35% clay)

18° 15 14-28% 1.5 — —

Colluvium 36° 33 — — — —

Regolith 33° 17 — — — —

Table 7.23  Some geotechnical properties from  Southern  Italy  
from  Cotecchia et al. (1969).

7.1.4 N orm al stress

The normal stress acting on the slope facet for which stability is being calculated is 

determined on the basis o f the depth to the shear surface and the unit weight o f the material in 

question. Unit weights for remoulded material are used since difficulty was encountered in 

obtaining undisturbed samples. The literature for seismically-triggered landslides indicates that 

the majority o f failures occur in colluvium, although examples from the 1908 earthquake do 

not support the generalization. As already mentioned, analysis for slides in weathered rock 

were assigned shear surface depths o f lm  and 15m which correspond with the evidence of 

sliding observed in the area. Deep-seated slides with depths o f >100m to the shear surface have 

been reported.

7.1.5 Shear surface inclination

The angle o f the shear surface from the horizontal is assumed to be parallel with the 

angle o f the ground surface determined from digital terrain models. Hence the digital data for 

the topography which has been digitized from 1:100,000 scale maps represent the inclination o f 

the shear surface for the calculation o f the stress acting on area.

7.1.6 P hreatic  surface

The phreatic level, like the shear plane was assumed to be parallel with the ground 

surface with seepage occurring parallel to the ground. The phreatic surface was taken to be at

1 where three values are shown these are minimum, maximum and mean values respectively.

2 Clay fraction
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the ground level. High intensity rainfall has revealed saturated soil masses near the surface. A 

second set o f calculations were done assuming a phreatic level at the shear surface.

7.2 M OD ELLED STABILITY CONDITIONS 

Stability conditions were modelled by applying the infinite slope model to the digital 

terrain model. A variety o f analyses were performed (table 7.2.1). A high water table as 

indicated in table 7.2.1 has the phreatic surface at the ground level, a low water table has the 

phreatic surface at the shear plane.

Param eter

Analysis c ’ z weight m a

High water- 
shallow

varies as 
lithology

1 varies as 
lithology

varies as 
lithology

1.0 as DTM

High water- 
intermediate

varies as 
lithology

15 varies as 
lithology

varies as 
lithology

1.0 as DTM

High water- 
deep

varies as 
lithology

150 varies as 
lithology

varies as 
lithology

1.0 as DTM

Dry-
shallow

varies as 
lithology

1 varies as 
lithology

varies as 
lithology

0 as DTM

Dry-
intermediate

varies as 
lithology

15 varies as 
lithology

varies as 
lithology

0 as DTM

Dry-
deep

varies as 
lithology

150 varies as 
lithology

varies as 
lithology

0 as DTM

Table 7.2.1 V ariance in shear surface param eters 

Eight different products were produced from the analysis o f the ground model. In 

addition to the stability analysis for the conditions shown in table 7.2.1 the result o f the 

different depth parameters were applied to a soil-rock interface. A raster data file was created 

by using estimated depths to rockhead from evidence observed during fieldwork. The grid cell 

size o f 50m causes some difficulty near the shore and in relatively narrow fault zones 

containing zones o f deep weathering.

7.2.2 Slides in a  sa tu ra ted  soil m ass

Initial analysis concentrated on the worst namely where the phreatic level is at the 

ground surface. Although there is evidence for high intensity rainfall and considerable surface 

runoff, the analysis is more likely to apply to a period of wetter climate such as during the 

European deglaciation, but it is examined here as the end o f a spectrum of hydrological 

conditions. In addition seismic pumping (groundwater movement caused by an earthquake due 

to elastic rebound on a fault) which appears to have occurred during the 1783 Calabrian
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earthquake at Santa Eufemia D ’ Aspromonte, can raise the groundwater level sufficiently near 

the surface for the m =l condition to be feasible.

Examination of figures 7.2.1a-c, which show stability analysis for depths of lm , 15m 

and 150m indicate a relative absence o f slides at shallow depths. Although shallow slope 

instability was evident in the study area, they occurred in two conditions; soil creep and cutting 

failure. The former is evidenced by the development o f terracettes on steep slopes (see plate

4.3 for example) and is not realistically modelled by the infinite slope method. Such soil 

deformations occur without a distinct shear surface. The second type o f shallow slope failure is 

associated with cuttings and poorly engineered roads. Shear is developed along the soil rock 

interface at depths o f between 0.5 and 1.5m. Such slides are not indicated in the analysis 

despite the topographic expression o f cuttings because the height o f the engineered slope is not 

sufficient to form a discrete height over the 50m ground resolution element and the steep slope 

is averaged out over the pixel.

The influence of both geology and topography is strongly observed in the results. It is 

evident that weathered rocks with the c ’ and <{>’ values discussed in chapter 5 are not prone to 

shallow failure in the model. The notable exception is the instability to be observed in the 

Fiumara valley. No evidence o f shallow sliding was observed there. A particularly interesting 

result was the indication o f slope failure behind the beach at Scilla. Shallow sliding 

immediately behind the railway station is causing hazard to the line and requires remedial 

work. The stretch o f coastline between Scilla and Favazzina displays notable rockfalls some 

shallow slope failure is indicated by vegetation stress, but there are no observable shallow 

slides.

Examination of intermediate to deep slides shows that slope stability decreases with 

depth and gives rise to large areas affected by slope instability. Even assuming the worst case 

conditions and conservative estimates o f friction, slope failure is not indicated on the Piano di 

Milea by virtue o f static stress even though palaeo-landslides are indicated both on aerial 

photography and satellite imagery, because o f the heavy vegetation cover in the region the 

detection of deep to intermediate slides was done purely by remote sensing and aerial 

photography.

7.2.2 Slope stability in dry soil masses

An initial glance at figure 7.2.2a-c shows the increasing stability o f the area when the 

high water level falls. The increase in stability conditions at Scilla indicate that drainage and 

netting may ensure the safety of the railway line. Some arcuate zones of instability do occur, 

and are likely to indicate intermediate to deep palaeoslides. The Villa San Giovanni area
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suffered liquefaction during the 1908 earthquake but the areas affected are stable under dry 

conditions regardless of depth in intermediate to deep sections. Continued instability is 

indicated in the clay marls in the southern part o f the study area, where various types of 

landslide can be observed in the field. The areas where debris slides occurred during the 1908 

earthquake (NE of Favazzina) also show zones of stability even on steep slopes under dry 

conditions.

7.3 REMOTE EVALUATION OF GROUND CONDITIONS

7.3.1 Image statistics

Image registration to UTM co-ordinates involved resampling by a nearest neighbour 

statistical process. The image was rotated by approximately 11-12° during correction. The 

resultant image was larger than 1100 pixels in size. Those which occurred outside the original 

image areas were registered as DN values o f zero. Data for the 512 x 512 subsection o f the 

study area are shown in table 7.3.1 for corrected imagery.

Control Point UTM UTM Co-ordinate error 
(x,y)

Point RMS 
error

Scilla Rock 562557 4234898 -0.083 1.758 1.760

Favazzina 566462 4235550 0.508
-1.368

1.458

Villa S. 
Giovanni

555629 4232028 0.091
-1.316

1.319

River-coastline
intersection

556089 4255019 -0.896
-0.474

1.013

River-coastline
intersection

555604 4226801 1.144 0.908 1.461

Capo P ad 561466 4234435 -0.761 0.495 0.908

Maximum
Errors:

1.144 1.758 1.760

Signed Mean: -0.000 0.001 1.320

Absolute Mean: 0.580 1.053 1.320

RMS E rro r 0.702 1.154 1.351

Table 7.3.1 Errors in image control points 

73 2  Image Processing for ground conditions

A number of techniques were investigated in an attempt to derive information on the 

ground cover, exposure of geological materials, drainage networks and terrain from satellite 

imagery. The imagery shows a high degree o f interband correlation as can be observed from
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table 7.3.2. A large component of the correlation was due to the water in the scene in the 

Straits of Messina.

1 3 3  False Colour Composites

Generally these were found to be unsatisfactory to discriminate between geological 

features. The distribution of vegetation made discrimination of geological materials extremely 

difficult in false colour composites (FCC). Figure 7.3.1a-g shows basic TM data which have 

been contrast stretched and edge enhanced. Figure 7.3.2 shows a simulation of the satellite data 

based on the topography shaded by a lambertian reflectance model. Figure 7.3.3 is a false 

colour composite of bands 7, 5 and 4. For maximum effect in enhancing the land a blotch 

plane was created. Enhancement was performed deferentially under the plane to yield more 

information. Although the FCC shows zones of vegetation stress adequately, the topographic 

differences are not sufficiently exaggerated to reveal the geomoiphological indicators of slope 

failure.

BandVBand 1 2 3 4 5 6 7

1 1.000 0.847 0.814 -0.26 0.429 0.543 0.631

2 0.847 1.000 0.974 0.394 0.807 0.686 0.886

3 0.814 0.974 1.000 0.327 0.815 0.704 0.921

4 -0.26 0.394 0.327 1.000 0.743 0.314 0.455

5 0.429 0.807 0.815 0.743 1.000 0.693 0.913

6 0.543 0.686 0.704 0.314 0.693 1.000 0.747

7 0.631 0.886 0.921 0.455 0.913 0.747 1.000

Table 1 3 2  Band correlation in geometrically corrected data 

73 , 4  Band Ratios

An examination of spectral features in weathered rocks shows a strong rise in 

reflectance at wavelengths longer than 0.6pm, the lower reflectance at shorter wavelengths 

being the result of the Fe3+ absorption feature at 0.55pm. Examination of a number of 

unweathered to slightly to moderately weathered rocks indicates no progressive change with 

weathering in this region. A ratio involving TM bands 5/4, 4/2 and 3/1 has been found to yield 

useful geological information despite the presence of vegetation. Unsupervised classification 

yields limited results, and some ambiguity is encountered when interpreting the results.

7.3.5 Principal Components Analysis

Principal components analysis (PCA) is used in three ways. The first method was to 

create difference images (which are images specifically to display differences between bands)
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Figure 7.3.3 False colour composite of T.M. bands 7, 5 & 4



162

to create masks for analysis of other imagery. Two principal components (PC) were generated 

from TM bands 5 and 4. The resultant image was used to differentiate areas of bare rock/soil 

and mixed pixels (pixels with more than one cover type), level sliced (on the basis of the 

digital number - c.f. chapter 3) and stored as a graphics plane, with the degree of slicing being 

determined from the vegetation observed on the ground during the summer of 1989. The 

graphics plane was later used as a mask for differential enhancement of image sub-areas. It 

was also found that PCI from bands 5 and 4 gave very useful terrain information in addition 

to showing the presence of roads (figure 6.4.2) The image was edge enhanced and used to 

interpret terrain information The kernel used in the edge enhancement is shown below.

-1 -1 -1

-1 8 -1

-1 -1 -1

edge enhancement kernel

The most useful image was generated by creating 6 principal components of TM bands 

1-5 and 7. Principal components 2, 3 and 4 are shown in figure 7.3.4 as a FCC. The second 

through to the fourth principal components showed geological variations which became evident 

when contrast enhanced under the mask described earlier in the section. The mixed pixel 

content of the mask allowed the discrimination of landsliding as evidenced through vegetation 

stress (yellow) and topographic change in PC3 (green) in figure 7.3.4. Discrimination between 

urban areas and recent gravels, sands and calcarenites provides useful data on the distribution 

of sites prone to damage during slope failure and seismic shaking.

Additional applications of PCA were made to gain some indication of where high 

ground water occurred during the time at which imagery was collected. If the assumption that 

ground water levels during summer periods are depressed is correct any indication of high 

water would indicate either a moisture retentive material (such as a clay or clay marl) or a 

recent rainfall. If the latter is the case then many of the landslides indicated on imagery could 

have been climatically induced. In any case a review of the literature indicates that earthquakes 

which have induced slope failure have occurred during winter months in which case the m- 

value in the infinite slope model should be 1 indicating the phreatic surface at the ground 

level. Principal components were generated from bands 6 and 5; the resulting image shows the 

distribution of moisture in the ground as TM band 6 is strongly affected by moisture content 

The majority of variation due to sun-angle on the emitted radiation is in PCI. Unfortunately it
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Figure 7.3.4 False colour composite of Principal 
components 2, 3 & 4.
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is not certain how DN values in PC2 of the band combination are related to the parameter, m.

7.4 IM AGE INTERPRETATION 

Interpretation of processed imagery either through computer-aided classification 

techniques or manual interpretation are dealt with under sub-sections dealing with the aim of 

the interpretatioa Most sections have used some automatic classification and manual 

interpretation to achieve the final result.

7.4.1 Geomorphology and Terrain

Terrain types were interpreted on the basis of texture and colour. The classification is 

supported by ground data. In general the area can be divided into marine terraces and disserted 

slopes. Terraces are shallow dipping, planar, slightly disserted erosional surfaces which are 

observed at 4 distinct altitudes. They are:

1: 0-10m surface composed of newly emergent beach rock.

2: 100m surface of soft sediments resting upon calcarenites.

3: 550m surface. Predominantly soft sands and gravels, underlain by 

considerable thicknesses of weathered metamorphic rocks.

4: 1000m surface with characteristics similar to that at 550m.

The dissected slopes tend to fall into two classes. Disserted hard rocks (metamorphites 

and conglomerates) form steep, narrow valleys; dissected soft rocks such as phyllites and mads 

form wider valleys owing to the weaker nature of the material.

The exposure of bare soil on otherwise vegetated areas is indicative of slope stability 

problems and is likely to have been the result of slope failure. The distributions of slope 

failures indicate that landsliding is more common in disserted terrains.

7.4.2 Landslide detection & stability analysis

Landslides interpreted from satellite imagery were referenced to UTM co-ordinate 

systems during digitizing. Where some indication of movement direction is evident the 

movement has been recorded. The orientation of landslides in the Villa S. Giovanni area shows 

a preferred orientation towards the south-west (figure 7.4.1). Such orientations are likely to be 

partly climatically controlled owing to slope aspect Simulation of the illumination and 

topographic effects by shading of a DTM using a Lambertian shading model indicates that 

such features are not purely artifacts of sun and platfoim orientation. Many landslides occur in 

north-easterly trending incised stream valleys on the western coast of Calabria. Hence the slope 

aspect is suitable for the deposition of moisture from sea winds. Significantly similar, 

orientations are to be seen near Villa San Giovanni where landslides again point towards the 

Straits of Messina. The distribution of slope failures and their types is shown in figure 7.4.2.



Rose diagram of landslide orientations 

Calabria. (N=232).

Figure 7.4.1 Rose diagram showing the preferred orientation 
of landslides interactively determined by remote sensing.
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7.4.3 Undifferentiated slips and shallow sliding

Shallow sliding is not detected on satellite imagery or aerial photography as discrete 

slides, although it can be inferred on the basis o f vegetation stress observed on imagery. The 

class o f shallow slides is thus likely to be under-represented. In the case o f the clay m ads 

occurring in the southern part o f the study area, the distinction between shallow sliding and 

planar landslides is somewhat difficult to infer, and considerable cross-over occurs. The class 

o f undifferentiated slips and slides as shown on figure 7.4.2 also includes planar and shallow 

slides, but classification occurs on the basis or absence o f material likely fall into shallow or 

undifferentiated slides class. Ultimately, many such slope failures are features with some 

geomorphic expressions of landsliding, but without adequate evidence for full classification. 

The shallow sliding indicated near Scilla is based on ground truth.

7.4.4 Planar landslides and rockfalls

Planar slides are generally detected as zones o f vegetation stress but interpreted as 

simple planar slides on the basis o f the material known to be on the ground. Again 

considerable confusion occurs in the clay marls which show evidence o f planar sliding in the 

field in addition to a number o f other slide types. In weathered metamorphic rocks planar 

sliding can be associated with limited topographic change, hence the classification o f planar 

slides on the large area o f vegetation stress in the eastern end o f the Fiumara River valley. 

Given the geomoiphology indicated on slope class maps it is believed that the shallow sliding 

described occurs on a degraded rotational slip which given the low factor o f safety for the area 

could have occurred under a variety o f conditions. The classification o f planar slide makes no 

assumptions about shear surface depth, but they are in general shallow (< 5m) failures, deeper 

features with better topographic representation are likely to be debris slides or flows.

Rockfalls are marked on the basis o f field evidence alone. The most common 

occurrence of rockfalls is in road cuttings. Such features are too small to be resolved on 

satellite imagery or aerial photography.

7.4.5 Rotational slips

Rotational slips have a very characteristic form on processed imagery. Assuming the 

failure is large enough to be resolved, the characteristic arcuate form and topographic change 

make for easy classification. Many o f the zones on which shallow sliding occur are ancient 

rotational slips. Figure 7.4.3 shows the distribution of large rotational slips. The occurrence of 

many features indicating rotational failures on DTM shows they are ancient features which 

cannot be dated on the basis o f available evidence. In the light o f the stability analysis 

rotational failures affected by later forms o f landslide are thought to be ancient features
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Cannitello'

Fiumara

Catona

3km

Landslide  

Inferred direction of slide movement.

Figure 7.4.3 Large rotational slips and directions 
o f movement.
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perhaps dating from wetter climatic periods during postglacial times. The survival o f ancient 

landslides would cast doubt on continued aseismic uplift o f the Calabrian arc as continued 

uplift is likely to result in rapid destruction of palaeoslide scars.

The biggest single feature believed to be an ancient landslide occurs on the northern 

coast between Porticello and Capo Paci. The landslide scar forms an arc subtended by the 

coastline. The part of the drainage system of the Scilla escarpment appears to utilise a half- 

graben at the rear o f the slide, but is otherwise unaffected and therefore indicates the ancient 

nature o f the deposit The palaeo-scar is interrupted by the track debris flow shown in plate 

4.1.

7.4.6 Earthquake-triggered landslides

Features are classified as earthquake triggered on the basis o f historical (debris slides) 

data and geomoiphological (slumps and flows) evidence. The debris slides marked in the area 

show some geomoiphic expressioa The classification o f debris slide or flow is on the basis of 

sketches from Baratta (1913) although on imagery the features are reminiscent o f rotational 

slides indicating a possible area o f confusion. The debris slide to the west o f Scilla is not 

indicated on satellite imagery, and appears to have occurred along the soil-rock interface. The 

drainage system in that area, as detected on DTM in chapter 6 shows no significant alteration 

and the slide must be considered an ancient feature, a view supported by the cementation of 

parts o f the failure by calcareous sediments.

The features on imagery and aerial photography indicated as slumps and flows are 

believed to be earthquake-triggered on the basis of the very high factor o f safety from slope 

stability calculations even for the worst case conditions, combined with the occurrence on 

materials prone to liquefaction, that is, unconsolidated cohesionless sediments. Given the 

directions o f slumping at Messina, Villa San Giovanni and Reggio Calabria during the 1908 

earthquake it is likely that the failures m aik a large earthquake (probably greater than 6.5) in 

the northern part of the Messina Straits or Tyrrhenian Sea.

7.4.7 Model-image comparisons

The match between the model and the interpretation o f slope failure (not necessarily 

failure type) is reasonable. The main source o f discrepancy is in abandoned cliffs near the 

western edge of the study area. Such anomalous failures can be accounted for by two factors. 

First lithology, for the rocks classified as weakly cemented calcarenites would fail 

predominantly through sliding on joint surfaces daylighting in slopes. Joints are poorly 

developed, but bedding shows a varying, shallow dip in a westerly direction and rock block 

failure is not generally evident. The fossil block slide at Capo Delle Armi shows the likely
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mode of failure, and is believed to have been triggered by an earthquake. The failures indicated 

by remote sensing in the calcarenites are likely to have been similar.

The second reason for the disparity between the model and the interpretation of 

imagery is an error in the estimated c ’ and <j>’: as no estimate o f the shear strength o f the rock 

joints were available for calculation it was assumed that the material at near surface was 

weathered, for which there is some field evidence, and is a frictional material. The absence of 

any form o f indicated failure in the stability model would suggest that landsliding has been o f 

the rock block slide variety and likely to have been seismically triggered. The morphology 

reflects the fossil nature o f sliding, and probably occurred as a submarine failure. It is likely 

that the method and parameters are overly conservative given the roughness o f the rock, and 

that stability under static stress conditions is representative.

The calcarenite group is the single biggest discrepancy. The more accurate parameters 

associated with the other lithological groups give more reasonable results. Because of the 

inherent inaccuracies associated with the ground model, only a reasonable estimate is required 

to yield a useful estimate o f stability. While indicated stability or instability is not absolute and 

unquestionable, the method presents a useful technique for regional analysis. The results o f the 

stability analyses will be further discussed in context o f earthquake-triggered landslides in 

chapters 8 and 9.

7.5 CONCLUSIONS

7.5.1 G round  modelling

The assumptions needed for dealing with geological conditions within large 

homogenous units are severely limiting. There is little doubt that the single most important 

factor in the stability of slopes is accounted for by pore water pressure conditions, which are 

frequently flow impedance and diversion influenced by inhomogeneities within the rock mass. 

Shear strength parameters will seldom be homogenous in metamorphic rocks, and strength is 

highly dependent on the orientation o f stresses relative to the fabric o f the lithology. The 

effects o f smaller scale features such as boudinage, larger features such as faulting resulting in 

changing fracture conditions and weathering, and the injection o f dykes which can cause local 

hydrothermal alteration, and be in themselves more easily weathered than the host rock, can all 

change within the 50m ground resolution element used. When dealing with the rasterisation o f 

other polygon data similar problems were encountered, particularly in dealing with weathering 

intensity where small zones o f intense weathering observed in the field were lost to the 

coarseness o f the pixel. Similar objections can be raised with the conditions regarding the 

phreatic surface level. The assumption o f a ground surface parallel water table is severely
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limiting and has no real basis in fact. Evidence of seepage from slopes in the field would 

contradict the assumption which was made for operational simplicity.

An additional limitation is that the model is not truly three-dimensional in nature. For 

simplicity and ease o f working, the assumption is made that the geology is constant with depth. 

In the very obvious case o f piani, where sedimentary sequences overlie metamorphics, it is 

patently untrue in the case o f deep landslides given the observed thickness o f the sediments o f 

approximately 50-100m. The technique for three-dimensional geological analysis o f Morris 

(1991) would be a powerful addition to any engineering geological model. The accurate 

determination o f lithological boundaries would add an addition level o f reality, and the 

potential for having a truly three-dimensional GIS dealing with engineering geological 

problems would be a considerable advantage in the field o f engineering geological mapping.

However the practically two dimensional nature o f the ground model is a relatively 

simple problem compared with the absence o f realistic groundwater data. The assumption of 

two end members o f the hydrological spectrum is simplistic and was to present best and worse 

case scenarios. As an aid to interpretation and analysis o f features on the ground and of 

historical data, it is acceptable to assume the worst case scenario. A true risk assessment would 

require accurate groundwater data. The lack o f phreatic surface data was a major component in 

the choice o f slope stability model. Had there been sufficient data about the groundwater, the 

lim it o f equilibrium analysis would have been used because of the seismic calculations with the 

limit o f equilibrium model of Sarma (1973, 1976). Additionally the infinite slope model yields 

the lowest factor o f safety o f all the methods of stability analysis.

7.5.2 Rem ote sensing fo r engineering geology

The ground resolution of LANDSAT Thematic M apper is a limitation in engineering 

geology. It is a limitation however that must be balanced against the usefulness o f the 

multispectral data. The development o f airborne multispectral scanner instruments has given 

excellent results in arid areas (e.g. Harvey 1990). Decreasing bandwidths on new instruments 

also increase discrimination o f subtle geological features (e.g. Kruse 1989). These are however 

techniques which have worked well in arid and semi-arid areas. Calabria is a temperate climate 

and displays dense vegetation cover in upland areas where remote sensing would be most 

useful. However with suitable interpretation combined with even limited fieldwork useful 

results can be gained. The image limitations must be appreciated, and such data can only be 

obtained after suitable processing o f the imagery. The techniques outlined in this chapter have 

worked for one sub-scene o f the imagery, but may not work for another image, or even another 

sub-scene o f the same image where image statistics are different
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A major contribution that remote sensing can make to engineering geology is the 

detection of areas prone to high groundwater levels. Principal component 2 o f any two bands 

have been shown to be a difference image, that being one which highlights the difference 

between the two bands. The susceptibility o f TM band 6 (thermal infra-red) to moisture 

variations is evident by examining spectral data in that region. As such PC2 of band 6 and 

any other T.M. band (4 or 5 are likely to be best) will display variations in moisture content in 

the ground. Such an approach in a heavily vegetated area such as Calabria has severe 

limitations. However, such an analysis shows negligible differences in river systems between 

the two bands indicating the absence o f significant rainfall. Greater differences are indicated in 

areas interpreted as landslides in different band combinations, suggesting a strong moisture 

control even in the vicinity o f fossil slides. It is likely that it is an effect o f different moisture 

content in the vegetation on the slide. Such a use was realised after fieldwork had been 

completed and was not confirmed in the field. Therefore, determination o f moisture content by 

principal components analysis involving T.M. band 6 remains a possibility for future research.

Airborne multi-spectral data for the Messina Straits have been recently collected and it 

will be useful to examine both panchromatic aerial photography and LANDSAT T.M. data in 

light of new higher resolution multi-spectral data. In addition mixture-modelling techniques can 

be employed with such data to reveal useful information about groundwater and weathering.

The major failing o f remote sensing and aerial photography applied to such problems is 

that the results are objective and purely qualitative, even with the support o f ground truth. 

M ajor problems occur with repeatability even with the same interpreter (Fookes et al. 1991). 

Ultimately, what will be more useful will be shape-from-shading techniques such as that 

employed to investigate lineament interpretation in chapter 6. A major source o f information in 

remotely sensed products is the illumination differences. The ability to vary the azimuth and 

illumination orientation in digital terrain models by Lambertian shading and the incorporation 

o f a reasonable Minnert function to accommodate some diffuse reflectance will yield important 

data about the presence o f palaeo-landslides for engineering purposes. An examination of 

figure 7.3.2 shows that even employing the simulated satellite azimuth and orientation some 

landslides are beginning to be evident. Lower sun angles and a finer pixel resolution will 

further increase the usefulness o f the method.

There is a strong preferred orientation in the interpretation o f images of the o f the 

study area towards the Straits of Messina. The use o f corroborative aerial photography allows 

the possibility o f misinterpretation, due to illumination differences to be reduced. The 

possibility of climatic control has been discussed. But the orientation o f movement in the
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direction o f one o f the major loci o f seismicity in the Straits also suggest a significant external 

force input to slope failure.

The examination o f landslides detected by satellite imagery and remote sensing 

indicates that many slope failures may have been the result o f high intensity rainfall, high 

groundwater or the action o f ’static’ stresses. The limited back analysis in the Villa San 

Giovanni area has allowed improved interpretation o f slope failures listed in historical 

documents as being seismically-induced.
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CHAPTER 8 
CALABRIAN SEISMICITY AND 

EARTHQUAKE RISK ASSESSMENT

The seismicity o f Southern Italy and the probable magnitude and distance o f design 

events in the Straits of Messina are examined by the analysis of historical earthquake records 

and their relationship to visible structures detailed in chapter 6. The analysis has been done by 

examining the spatial and temporal distribution o f events o f magnitude >4. Certain areas within 

southern Italy have characteristic depth ranges. For many o f these the critical distance between 

hypocentre and site is usually too great to create a significant hazard. Southern Italy will be 

divided into a number o f seismic zones on the basis o f critical distance. Design events for 

those seismic zones will then be constructed. Only two events in the last 85 years were large 

enough and close enough to the study area to induce slope failure. Given the return times of 

large magnitude events in the Messina graben o f approximately 100 years (Mulargia et al.

1984) it is perhaps wise in this situation to adopt the ’worst case scenario’ and use magnitude 

> 7.0, and epicentral distance of 13.2 as the ’design’ event for slope stability. By using these 

parameters a partial back analysis of landslides during the 1908 earthquake may be performed.

8.1 CALABRIAN SEISMICITY

8.1.1 Southern Italian seismic records

The seismic records for Italy are composed o f instrumented and historical earthquakes 

dating from the 9th century with macroseismic magnitude determinations by Tinto et al. (1987) 

for magnitudes > 5 .1 . Figure 8.1.1 shows the pattern o f seismicity since A.D. 1000. Despite 

gaps in the record a clear pattern emerges. From A.D. 1100 to 1230 large magnitude 

earthquakes (>6.5) have return times in the source area (36-42°N and 12-18°E ) o f about 45-50 

years. From 1230-1620 there is no indication of earthquakes with macroseismic magnitude 

(Mfc) > 6.2 After 1627 (Mk=6.4) seismicity increased to a mean return time for M* > 6.0 of

24.5 years. Further details of earthquake return times are shown in table 8.1.1. The analysis of 

seismic events close enough to the study area and large enough to induce landslides gives a 

mean return time o f 21.7 years in the period 1550-1989.

8.1.2 Historical seismogenesis

A cross-section through the Calabrian arc reveals a concave-upwards zone of 

seismogenesis (figure 8.1.2) which has been interpreted as a detached section of oceanic crust 

subducted beneath the Calabrian arc. A number of cross-sections through the arc reveal a zone 

of maximum seismic activity between 4260000-4340000 UTM which includes the terrestrial 

extensional features in Capo Vaticano discussed in chapter 6. In any individual cross-section a
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limited amount o f seismicity is evident, and the seismogenic zone of the reflector covers a 

wide area. The majority o f historical records of earthquake data have their epicentres either on 

or near the coast, and the distribution o f events during the last millennium is unlikely to 

represent the true distribution of earthquakes.

Time period Macroseismic magnitude Return time

1100-1627 >6.0 76.67 years

1100-1230 >6.5 50 years

1230-1627 >6.0 110 years

1627-1989 >6.0 24.5 years

1627-1989 >6.5 37.5 years

Table 8.1.1 Return times of earthquakes of Mk > 6.0 (M urphy & Vita-Finzi 1991)

Compressional axes plunge approximately parallel with the seismic reflector. The bulk o f the 

seismic energy release is in the zone o f maximum concavity 210-320 km. South o f this 

reflector the seismicity is predominantly shallow focus and is associated with the volcanic 

centre o f Etna and with the Messina graben, which gave rise to the catastrophic 1908 Messina 

earthquake (M=7.1). North of the Calabrian arc, hypocentres likewise become predominantly 

shallow focus. The seismicity of Vesuvius and the Fhlegrean fields is too distant from the 

study area to create a significant risk. Apart from the seismicity o f the Straits of Messina 

significant seismicity has occurred on the Messima Graben. It has been suggested that 

movement on this structure caused the 1783 (M=7.1) Calabrian earthquake, which induced a 

number of landslides in the study area in addition to creating a number of lakes because of 

damming by large landslides. The seismicity of the Calabrian arc can be conveniently 

discussed by examining slices through the arc trending east to west. Each section includes 

earthquakes o f all magnitudes, but excludes those with the default depths o f 33 km and 0 km. 

The result o f such omissions is that few earthquakes prior to 1906 are plotted.

Analysis o f seismicity from 1178 indicates that shallow focus earthquakes show a 

distinct north-easterly trend from the Straits o f Messina to the Messima Graben (figure 8.1.3).

It is interesting to note that if  that line is projected southwest o f the Straits o f Messina it 

intersects Mount Etna, which shows marked seismicity. North o f the Messima Graben the trend 

of shallow focus events is predominantly northwest. Little seismic activity occurs southeast of 

the Messima Graben. A distinct seismic cluster exists in the vicinity o f Cosenza; the structural 

change associated with that area on satellite imagery is apparent, with the basin being filled 

with postglacial materials affected by strike-slip deformation as well as extension.
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The analysis of a number o f southern Italian earthquakes reveals that peak ground 

acceleration was extremely high. Examination of the earthquakes listed in table 8.1.2 shows 

that ground acceleration is considerably higher than that estimated by Milne and Davenport 

(1969). The conversion o f Murphy and O ’Brien (1977) (equation 8.1.1) shows that 

observed ground acceleration is consistently higher than that predicted.

L o g ( A h )  =0 .1 4  J ^ + 0 . 2 4 /f^ -0 .6  Q L o g D + $  8.1.1

Event Year Epicentre location 
(UTM) (UTM)

M k d
(km)

I  M A X

(MSK)

Catania 1169 529170 4150460 6.6 33.0 XI

Val di 
Noto

1693 515061 4131562 7.5 20.0 XI

Calabria 1783 587407 4242974 7.1 33.0 XI

Etna 1818 508827 4161509 5.6 5.0 IX

Mangone 1870 612099 4350948 6.6 12.9 X

Bisignano 1887 609153 4376438 5.5 4.3 v m

S. M aria di 
Licodia

1898 491174 4163728 5.2 6.0 v m

Straits of 
Messina

1908 550807 4224906 7.1 10.0 XI

Linera 1914 513200 4187033 5.1 5.0 IX

Gulf of 
Squilace

1947 636531 4284727 5.6 16.0 IX

Ferruzzano 1978 594142 4548607 5.5 18.0 VIII

Irpinia1 1980 525319 4513347 6.9 16.0 X

Table 8.1.2 Earthquakes from which seismic attenuation data were drawn.

Isoseismal fields were either digitized or typed directly to a database where distance 

between site and source was analysed. Where no individual locations were mentioned or only 

isoseismal maps were available, the midpoints between isoseismal lines were digitized and 

calculations performed on that basis. Such a procedure allowed the historical earthquakes of 

Calabria (1783) and Straits of Messina (1908) to be examined since they were not listed in the

1 Although not in Calabria the Irpinia earthquake of 23 November 1980 initiated numerous 
landslides.
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Atlas o f Isoseismal maps o f Italian earthquakes (1982). Analysis o f the intensities generated by 

the above earthquakes and additional events listed in the International Seismological Centre 

(ISC) catalogue allow calculation o f the peak ground acceleration generated by an earthquake. 

The estimate is an exponential curve and is shown in figure 8.1.4; the equation o f best fit line 

is shown in equation 8.1.2.

Ah- 0 . 0 3  ( e x p l0-63lA) 8.1.2

Analysis shows different attenuation curves for earthquakes with epicentres in Sicily 

and Calabria. Attenuation from the Messina Straits earthquake cannot be assumed to be 

representative o f all earthquakes in the Messina graben. Since that event was the only item of 

macroseismic data available for earthquakes in the Straits the dispersion o f seismic energy with 

distance will be discussed in the section dealing specifically with the Straits of Messina 

earthquake. The best fit line for the data as a whole (figure 8.1.5) is shown in equation 8.1.3.

2 . 8.1.3
b  £^0.984

8.1.3 Sicilian and Calabrian seismicity

As can be seen from table 8.1.2 five earthquakes were examined from Sicily. Of those 

two had their origins in the volcanic edifice o f Mount Etna. Ultimately seismicity in eastern 

Sicily can be divided into two groups o f seismic events based on magnitude which can be 

suitably modelled by an inverse power law. The first group includes small to intermediate 

earthquakes o f 5.0 < M < 6.5 and the large magnitude events which show markedly less 

dispersion with distance of 6.5 < M < 7.5. Both relationships are shown in equations 8.1.4 and

8.1.5 respectively.

Ah= ? ' 3 r 2= 0 .9 0 7  5 .0 * A f c 6 .5  8.1.4a  J l . 14711

r 2= 0 .8 3 4  6 . 5 s * f e 7 . 5  8.1.5

It is evident from figures 8.1.6 and 8.1.7 that earthquakes in the lower magnitude range 

attenuate more rapidly.
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Analysis of earthquakes with epicentres in Calabria (figure 8.1.8) yields the power law 

shown in equation 8.1.6. The attenuation o f peak horizontal acceleration in Calabria shows less 

rapid dispersion than similar magnitude earthquakes in Sicily. It is likely that the reduction is 

attenuation in Calabria is due to reduced absorption in competent metamorphic units of the Sila 

and Aspromonte Mountains.

A ^  3 ~85 8.1.6
d 'h '  -7 -0 .9 9 2

8.1.4 The S tra its  o f M essina

A cross section through the Straits of Messina shows that seismicity is dominantly
\

shallow focus with only five events in that latitude being deeper than 100km since 1908. In 

cross section (figure 6.4.1) there is little evidence to suggest the existence o f the fossil 

subduction zone which can be observed further north. Structures visible on satellite imagery 

around the Straits suggest an extensional regime within recent geological time (see chapter 6). 

The assumption o f extensional tectonics is confirmed by analysis o f fault plane solutions 

(Ghisetti 1981). Extreme scatter can be observed in figure 8.1.9, presumably the result of 

sudden variations in geology on both sides o f the Straits o f Messina.

8.2 EA RTH QUA KES AND LANDSLIDE CAPABILITY

The landslide capability of an earthquake can be evaluated as a function o f distance 

and magnitude. Keefer (1984) produced a number o f upper bound curves for different landslide 

types based on analysis o f 40 historical earthquakes worldwide. O f these, rockfalls are the 

furthest field events and normally represent tensional failure. Although there has been some 

discussion about the actual position of the upper bound in the 5.5-6.5 range the original 

position has been accepted for the purpose o f this work. Calculation o f the equation for that 

curve gives a best fit line with equation 8.2.1.

d crit=125-6 .15A T2 r 2= 0 .9 7  8.2.1

The co-ordinates at the centre o f the study area have been determined, and the critical 

distances ( d ^  ) for the earthquake records for southern Italy with magnitudes greater than 5 

since 1187 calculated. In cases prior to 1908 macroseismic magnitude was used in the 

calculations. The calculation produced 47 earthquakes (figure 8.2.1) during that time period 

which are detailed in table 8.2.1. The magnitude-frequency relationship (equation 8.2.2) has 

been calculated for events which are landslide-capable for the study area. The data and the 

regression line are shown in figure 8.2.2.
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L o g iN ) =a-bM

Contouring o f landslide-capable earthquakes (figure 8.2.3) has shown that there are 4 seismic 

centres in Calabria (Table 8.2.2) O f these one (Gioia-Tauro centre) is associated with the 1783 

Calabrian earthquake, which displayed a number of strong aftershocks over a 24 hour period. 

More recent seismicity in the zone consists o f low magnitude events the frequency o f which 

has increased in recent years. In the area o f the main 1783 earthquake there has been no 

significant seismicity between 1783 and 1978 (M=4.2). The east Calabria seismic centre is 

typified by earthquakes of predominantly low magnitude and shallow to intermediate focus. 

The four seismic centres are shown in table 8.2.2.

Year Longitude
(UTM)

Latitude
(UTM)

Depth
(km)

Mk Distance
(km)

1169 529170 4150460 332 6.6 87

1494 543751 4233742 33 5.1 19

1509 550870 4214920 33 5.6 20

1599 558627 4233836 33 5.1 5

1638 608246 4317592 33 6.1 98

1649 558627 4233826 33 5.1 5

1659 608626 4289848 26 6.9 75

1693 515061 4131563 36 7.5 110

1717 521900 4224777 33 5.6 41

1783 565627 4233890 33 6.1 4

1783 608853 4273202 6 6.7 63

1783 548173 4226000 33 5.1 15

1783 587443 4259645 10 6.6 38

1783 587407 4242974 13 7.1 28

1783 630207 4299053 18 6.7 96

1783 520134 4230320 33 5.3 42

1784 543799 4224865 33 5.1 20

1786 507013 4219202 33 5.6 57

2 Default depth
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1787 548173 4226000 33 5.1 15

1787 548172 4226000 33 5.1 15

1791 599964 4287514 16 5.6 68

1823 480715 4219222 33 5.9 83

1828 574255 4247282 33 5.1 20

1832 657232 4337293 24 6.8 142

1846 492936 4159288 33 6.1 100

1869 595790 4273035 16 5.6 54

1870 612099 4350948 13 6.6 130

1894 569954 4239475 11 5.7 11

1905 595524 4295229 22 7.0 72

1907 594788 4209764 26 5.9 39

1908 552559 4224918 8 5.3 12

1908 550786 4228235 8 5.3 12

1908 550807 4224906 10 7.1 13

1908 551683 4224912 16 5.1 12

1909 552574 4222968 8 5.3 13

1910 500000 4316850 200 6.5 106

1911 513220 4174829 1 6.3 75

1928 587802 4206356 120 6.0 35

1932 500000 4205885 25 5.6 67

1938 543077 4320367 270 7.1 127

1939 500000 4339412 15 5.6 67

1956 554532 4316850 234 6.2 90

1956 564764 4339312 215 6.25 108

1960 500000 . 4316850 250 6.2 106

1978 594142 4212530 26 5.5 37

1978 507511 4248608 18 5.5 58

Table 8.2.1 Landslide capable earthquakes in southern Italy.

8.2.2 The Straits of Messina seismic centre

The Straits of Messina seismic centre has given rise to some o f the largest and most
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frequent earthquakes in Calabrian history. Analysis o f epicentres in this seismic events within 

the centre with Mk > 5.0 yields equation 8.2.3. The regression line and the data points are 

shown in figure 8.2.4.

L o g (N )  = 3 . 9 7 4 - 0 . 465M r 2= 0 . 9 5  8-2-3

Seismic Zone Number of 
earthquakes

3

Magnitude
(minimum)

Magnitude
(maximum)

Comments

Straits o f 
Messina

218 3.0 7.1 First record 1223

Gioia-Tauro 8 3.2 7.1 First record 1720

Vibo Valentia 5 3.2 6.0 First record 1928

East Calabria 10 3.0 5.6 First record 1509

Table 8.2.2 Southern Calabrian seismic centres.

It is possible that the other three seismic centres mentioned could generate large 

magnitude earthquakes with recurrence times greater than the length o f the current record. But 

as the Straits o f Messina have historically produced the largest earthquakes in the Calabrian 

record, materials stable under shaking from a strong earthquake in the Straits o f Messina are 

likely to be stable under strong motion from other seismic centres. The exception to this would 

be areas in the northern part o f the study area which are closer to the Gioia-Tauro centre. 

There is, however, no indication o f earthquakes of a magnitude similar to the event of 1783 

occurring within the 700 years prior to that earthquake. On the basis o f these data, and the 

continued economic development o f Calabria, the design earthquake for slope stability 

calculations was chosen as M = 7.1, distance = 13.2 km, and nominal depth = 10.2 km. 

Analysis o f the historical record combined with estimates o f hard rock acceleration from the 

work o f Milne and Davenport (1969) (equation 8.2.4) yields figure 8.2.4.

,  _ 0 . 0 0 6 9 e x p (1-gw 8 2.4
h 1 .  l e x p (1-1" ) + r2

On the basis the magnitude and frequency ( figure 8.2.5 ) the design earthquake 

magnitudes at the above epicentral distances are shown in Table 8.2.3.

3 Before 1908 only earthquakes of Mk > 5.1 are recorded.
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Design period Design magnitude

10 Landslide capable earthquakes less than 
95% probable.

20 4.9

30 5.1

40 5.3

50 5.5

60 5.7

70 5.8

80 5.9

90 6.0

100 6.1

150 7.1

200 7.8

Table 8.2.3 Design times for earthquakes of different magnitude

Although this indicates that the design earthquake for a 200 period year is M t  = 7.8, 

epicentral distance, d = 13.2, there is no evidence to suggest that there has been a magnitude 

7.8 earthquake in Southern Italy during historical times, and the maximum credible event is 

still 7.1, 13.2.

8.3 ACCELERATION INTENSITY

The factors that influence strong ground motion are seismic energy release, attenuation 

of the wave front and site conditions with respect to amplification. Having decided that the 

maximum credible earthquake for the area is 7.1 a number o f other parameters can be 

calculated. The parameters to be dealt with are topographic amplification, soil amplification, 

acceleration attenuation, duration and dominant frequency.

8.3.1 Amplification

Ground acceleration is a stochastic process. Earthquake accelerograms are artificially 

produced from Fourier transform analysis. One of the most frequently quoted earthquake 

parameters is peak acceleration intensity, which is dependent on magnitude (and related to 

energy release) and the distance from the epicentre. The site conditions remain the main factor 

controlling the intensity of acceleration. A review of figures 8.3.1 and 8.3.2 shows the 

intensities of ground motions for two historical earthquakes in Calabria.

The relationship of Trifimac & Brady (1975) is unsatisfactory. For an intensity of XI
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the result suggests that acceleration was greater than that given by the empirical equation of 

Milne and Davenport (1969) and hence that considerable amplification occurred within the 

meizoseismal area. Similar calculations using the relationship o f Murphy and O ’Brien (1977) 

yield similar results. Two types o f amplification could have occurred in this area, topographic 

amplification and soil amplification. Jibson (1987) showed that maximum topographic 

amplification occurs in the centre o f ridge lines. Although ridge lines detected by satellite 

imagery are numerous, amplification does not account for the discrepancy between the 

suggested hard rock accelerations o f those observed during the 1908 earthquake. Again, Baratta 

(1913) suggests that the sediments forming the Piani acted to absorb ground motion, and less 

damage was reported on Piani than on surrounding regions. Such a phenomenon is exemplified 

by the evidence from San Roberto, which is reported to have suffered more severe damage 

than some of the surrounding villages built on recent sediments. San Roberto is constructed on 

granites and muscovite gneisses, which are intensely weathered, suggesting that the increased 

strength o f the weathered regolith by virtue of the cohesion allowed the more effective 

transmission o f surface waves.

Soil amplification is determined by the frequency content o f the surface waves relative 

to the damping ratio and resonance o f the soil column. The catastrophic damage associated 

with the 1980 Mexico City earthquake was primarily the result o f the soil amplification of far- 

field, low frequency accelerations by lacustrine sediments. Remote sensing has been used to 

identify areas underlain by considerable thicknesses o f soil material and was employed in slope 

stability calculations in chapter 7.

The homogenous level o f ground acceleration within the near field events can be 

explained by saturation either of the actual ground motion or o f the Modified Mercalli intensity 

scale.

In view of the amplification o f the lower intensity events, some physical control on the 

acceleration by the ground conditions must be exerted. The 1978 Feruzzano earthquake allows 

more precision in the estimation o f shaking since a number o f stations at which intensity was 

determined occur within the study area. Table 8.3.1 shows the accelerations detected at each 

site (converted from Modified Mercalli Intensity), predicted accelerations (after Trifunac & 

Brady 1975), site geology, and the amplification factor if  any.
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site Predicted4
(g)

Actual5
(%g)

Site geology Amplification
factor

Scilla 0.022 0.017
Coarse gravels and gravel 

sands which form thin 
erosion surfaces overlying 
crystalline rocks (Middle 

Pleistocene)

0.83

Villa San 
Giovanni 0.022 0.033

Predominantly crystalline 
clasts in a sandy matrix if 

varying degrees o f roundness 
and sphericity. Well 

developed cross-bedding dips 
at 3040°. Interpreted as a 
delta sequence overlain by 

fluvial sediments. Estimated 
300-400m thick.

1.52

Porticello 0.024 0.017
Coarse gravels and gravel 

sands which form thin 
erosion surfaces overlying 
crystalline rocks (Middle 

Pleistocene)

0.69

Calanna 0.028 0.033

Organic calcarenites 
intercalated with sands, clays 

and marls of lower 
Pleistocene age. Similar 
materials are found at 

Sinopoli which experienced 
slope failure during the 1783 

earthquake.

1.22

Gallico
Marina

0.023 0.033 Recent sediments. 1.43

San
Stefano6 0.029 0.017

Medium to course grained 
gneisses. Predominantly 

biotite- muscovite (± quartz 
± plagioclase ± biotite ± 
muscovite ± sillimanite) 
injected with leucrocratic 

dykes and occasional 
mylonites.

0.59

4 From Milne & Davenport (1969).

5 After Triftmac & Brady (1975).

6 San Stefano D ’ Aspromonte
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Catona 0.024 0.033 Recent sands and gravels 1.35
dissected by water flow.

Table 8.3.1 Actual and predicted ground accelerations in the study area 
from the 1978 Ferruzzano M, = 5.5 earthquake.

Amplification is frequency dependent Therefore the peak amplification will occur 

when the natural frequency of the material is matched by the circular frequency o f the wave. It 

is noteworthy that amplification during the earthquake occurred on the thickest sedimentary 

sequences and the lowest amplification on the weathered metamoiphic rocks. This is a maiked 

difference between the Straits of Messina and Ferruzzano earthquakes. Although both events 

can be considered near-field earthquakes, it appears that there was sufficient energy in the 

former to allow saturation o f ground motion. The efficient transmittance o f seismic waves by 

hard rock and strong soils here contrasts with the damping produced by weaker sediments. At 

the smaller Ferruzzano earthquake, which did not produce sufficient energy to saturate even the 

meizoseismal area, so that the frequency o f the surface waves relative to the period o f the thick 

sedimentary sequences allowed amplification.

8.4 THE 1783 CALABRIAN EARTHQUAKE

The macroseismic magnitude o f the main shock o f the February 1783 Calabrian 

earthquake has been estimated by Tinto et al. (1987) as 7.1. The isoseismal field of the 

earthquake (figure 8.3.1) shows the long axis o f the earthquake oriented NE-SW  along the 

strike o f the boundary o f the Gioia-Tauro basin and the Messima Graben. Analysis o f TM 

imagery of this area shows a large linear feature which corresponds with a number of 

landslide-capable earthquakes (figure 8.2.1). Examination o f the seismicity records for southern 

Italy shows that the earthquake was the peak o f a swarm of earthquake activity which 

increased and declined over a 10 year period from 1780 to 1790 for Mx > 5.0 as shown in 

figure 8.4.2 The total number o f felt shocks during the period o f activity was considerably 

higher and is shown in Table 8.4.1. Considerable geomorphological change was accomplished 

by the 1783 earthquake swarm. Large landslides were initiated throughout Calabria varying 

from rigid body movements such as rotational slides in clays and shallow sliding in weathered 

regolith to liquefaction. Sliding in weathered regolith occurred at Scilla, and part o f Scilla rock 

failed. Seismically-induced landslides caused damming of rivers and formed lakes.

Historical records tell o f outbreaks of malaria associated with the creation o f such 

water bodies. Although the exact location o f the failures is uncertain, the locations given in 

table 8.4.2 show that all the major landsliding in the area occurred on the southern flank o f the 

Gioia-Tauro basin. Lyell (1853) mentions a report from Hamilton that indicates that heavy
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rainfall occurred prior to the main shock.

Year Number o f events7 
(Ah >0.01g)

Number o f events8 
Mk > 5.0

1782 unknown 0

1783 950 9

1784 144 1

1785 50 3

1786 42 5

Table 8.4.1 Seismic events associated with the 1783 earthquake

8.4.2 Landslide-dammed lakes

In total 215 lakes and ponds are reported to have formed because of landslides during 

or after the 1783 earthquake. Considering the cartographic technology o f the time, the 

recording of the distribution o f such lakes is extraordinarily good. The total distribution o f 

landslides will be dealt with later. The lakes are up to 5km in length; the largest ones are 

shown in table 8.4.2.

In addition to the major landslides which created lakes, clear evidence of soil 

deformation is found in the descriptions by Lyell. Description o f fracture patterns and Assuring 

implies lateral spreading on liquefied sand lenses beneath more competent lithologies. The 

effects o f the 1783 earthquake prompted Dolomeiu to recognise the effects on undrained 

loading, although he did not know the mechanism responsible.

8.4.3 Liquefaction during the 1783 earthquake.

’At Messina, in Sicily, the shore was rent; and the soil along the port, which 

before was perfectly level before the shock, was found afterwards to be 

inclined towards the sea,-the sea itself near "Banchina” becoming deeper and 

its bottom in several places disordered. The quay also sunk down about 14 

inches below the level o f the sea, and the houses in that vicinity were much 

fissured. ’ (Lyell 1853. Principles o f Geology. 9th. Ed. v477.)

7 After Cotecchia & Melidoro (1969) from Mercalli (1897).

8 Data from Tinti et al. (1987)
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lake length
(m)

bread th
(m)

depth
(m)

location

Lago di San 
Bruno

1380 720 35 N. o f Cosoleto

Lago Cucco 535 240 17 NW  of Sitizano in the Serra 
Valley

Laghi dello 
Speziale

470 350 12 On the Duverso River N  of 
Sitizano

Lago Colucce 
ed Arena

830 170 26 On the Duverso River N of 
Sitizano

Lago di Santa 
Cristina

1250 440 52 On the Lago River to the 
west of S. Cristina. Runoff 

caused erosion during drainage

Lago di Cumi 1300 690 41 On the Lago River NW of 
Oppido Vecchia

Lago Tricucio 1065 117 19 In the Tricucio Valley and 
west of Oppido vecchia. 
Caused fluvial erosion

Lago del Birbo 820 285 31 On the Riganati river NW 
o f Tresilico

Lago di Lindi 60 26 3.6 In the Lindo River valley.

Lago Marro 1000 390 34 On the Marro River NE of 
Milochio

Lago del Passo 380 83 14 NE o f Seminara

Lago Tofilo 620 325 18 NE o f Seminara

Table 8.4.2 Lakes created by landslides during the 1783 earthquake.

The damage at Messina clearly indicates a minimum Modified Mercalli Intensity VIII. There 

seems little doubt that what was observed at Messina during the Calabrian earthquake was a 

product o f liquefaction. The disordering o f the sea bed combined with the Assuring o f houses 

points to landsliding. The very nature o f the area, low-lying with a high groundwater level, 

makes it susceptible to liquefaction. Fissures up to a 0.625 km in length in unlithified 

sediments were reported from other parts o f Calabria.
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Location Length
(m)

d (m) 
(Horizontal)

d (m) 
(Vertical)

depth
(m)

comments

Oppido 152
60m originally formed 

during the main shock 
and reactivated on 28 

March 1783

San Fili 800 0.75 7.5 Fissure o f similar 
dimensions occurred 

near Rosamo.

Cerzulle <1600 31.5 £30 In Plaisano district

La Fortuna <400 9 >77.5 In Plaisano district

Fosolano
District

90 90 9 Very large 
displacemnts probably 

the result of 
significant slope 

failure.

Fosolano
District

800 4.5 9

Fosolano
district

225 225 Very large 
displacemnts probably 

the result of 
significant slope 

failure.

Zefirio 800
Irregular 

displacement 
o f ’many 

feet*.

In the southernmost 
part of Calabria in 

calcareous sediments.

8.4.3 Landslides reported from the 1783 earthquake

At Terranova a vertical displacement of 1.8 m - 3.15 m was found while at Polistena 

many fissures o f ’great length and depth’ were observed. A drawing o f a deep fissure near 

Polistena (Lyell 1853 p479) shows an arcuate fissure displaying similarities to a landslide 

scarp. At Terranova changes in relative level on either sides o f fissures were accompanied by 

sand boils and settlement. Fissures in argillaceous materials ’swallowed houses* at Oppido, 

Terranova, Santa Christina and Sinopoli.

Sand boils which consist o f sand and water thrown up like fountains were said by 

Lyell to have occurred at ’the moment o f the shock’ indicating a low amplitude, high 

frequency phase o f movement prior to stronger motion. A related effect was the loss o f water 

from rivers and subsequent overtopping of banks. In marshy areas sand boils and sand 

volcanoes were extremely common.
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Terranova

’From each side o f the deep valley or ravine of Terranova, enormous masses of 

adjoining flat country were detached, and cast down into the course o f the 

river, so as to give rise to great lakes.’ Lyell (1853 p485).

The formation o f lakes has been discussed as evidence for large landslides during the 

1783 earthquake. The displacement of flat lying ground strongly indicates either liquefaction o f 

the mass itself, which is unlikely since it would not maintain sufficient coherence to dam a 

river, or liquefaction of an underlying stratum leading to failure. The latter view is supported 

by the report o f undamaged crops on the landslip masses after failure indicating little internal 

deformation, the mass moving as a rigid body on a distinct shear surface. Displacement o f the 

slide at Terranova was 150m vertically and 1200m horizontally giving an angle o f sliding o f 1 

in 8. Another landslide mass 60m high by 120m at the base in the Terranova valley indicates 

the susceptibility of the area to large earthquake-triggered landslides. Reactivation by the 1783 

earthquake resulted in a displacement of up to 6400m. Hamilton (lyell 1853) indicated the 

importance o f slope angle and high levels o f antecedent rainfall prior to the earthquake.

Soriano

’Innumerable fissures first traversed the river-plain in all directions, and 

absorbed the water until the argillaceous substratum became soaked, so that a 

great part of it was reduced to a state o f fluid paste’ Lyell (1853 p485).

The deformation at Fra Ramondo is a very good and obvious example o f the 

importance o f groundwater during earthquakes in inducing slope movement. The clay mass 

exceeded its plastic limit to ’a great depth’. Surrounding rotational landslides were deposited 

on the clay thus increasing deformation. The River Caridi was ’concealed* for many days and 

cut a new channel on emerging. Obviously sufficient deformation occurred for the river 

channel to be completely remoulded but no details of displacement are given for either the 

plastic mass or the adjoining rotational landslides.

Landslides near Seminara show horizontal and vertical displacements o f 60m and 18m 

respectively. Fissuring led to stream submergence in another part o f the platform and to slope 

failure again without significant evidence of internal deformation, with a farmhouse surviving 

intact on the sliding mass. Similar displacements occurred with up to 800m o f horizontal 

movement, at Polistena and about 800m at Mileto. Part o f Catanzaro displayed similar 

movements. Significant slope failure at Cinquefrondi occurred but the presence o f hummocky
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ground at the landslide site indicates internal deformation.

Mudslides

Near S. Lucido a mudslide o f sufficient size to bury trees and almost completely bury 

houses occurred. Reports of calcareous materials extruded from the ground and subsequently 

involved in mudsliding during the earthquake come from Laureana. East-west movement in 

two ravines produced a mass 67m broad by 4.5m deep. Trees uprooted by the mudslide were 

reported to have floated to the surface. When the mudslide dried out its surface was lowered 

by 2m.

Various additional failures

At Scilla ’huge masses’ became detached from cliffs and overwhelmed villas and olive 

groves. A continuous line o f cliffs was thrown down for almost a mile in length at Gian Greco. 

The remains o f the most interesting rockfall can still be observed at Scilla. Strong ground 

motion induced toppling failure, indicative of strong horizontal motion, o f the seven fingered 

section o f rock which had inspired tales o f the Hydra in the Odyssey. The sea near Messina 

was said to have ’boiled’, indicating some form of submarine landslide.

8.4.4 Some conclusions from the 1783 earthquake.

Lyell (1853) reports an estimate from Hamilton that close to 40,000 people died in the 

Calabrian earthquake with another 20,000 perishing from subsequent epidemics. The majority 

o f landslides reported by Lyell can be attributed to liquefaction, more commonly of an 

underlying bed or lens rather than o f the failed mass. It is evident that heavy rainfall prior to 

the earthquake was a highly significant factor in the development of slope instability, so much 

so that it becomes impossible to draw conclusions as to which factor was more important, 

duration or the climatic conditions. But the effect of fluid pressure evidently cannot be ignored.

8.5 TH E 1908 STRAITS O F M ESSINA EA RTH QUA KE 

The area described in chapter 7 has been analysed using the infinite slope model 

adjusted to accommodate components o f peak horizontal acceleration and their effect on both 

shear strength and stress. The results were treated in a similar manner to the analyses shown in 

chapter 7. The entire study area emerges as prone to shallow, intermediate and deep seated 

landslides during large earthquakes, yielding pseudo-static factors of safety o f less than 0.5.

The strong seismic centres associated with the Cosenza graben and the the Messima graben 

seismic centre have lower hazard values, since Poisson statistics do not take into account 

events which are dependent on the main earthquake shock (namely foreshocks and 

aftershocks). Many of the earthquakes on the boundary faults o f the Messima graben were 

excluded from the analysis since they were deemed to be foreshocks or aftershocks o f the 1783
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earthquake.

The Straits of Messina earthquake occurred on 28 December 1908 and had an 

estimated magnitude o f 7.1. Slip is believed to have occurred on the Commiso-Messina fault, 

the rupture length being 37 km and the displacement 145cm (Caputo et al. 1984.) The 

isoseismal field of the Straits o f Messina earthquake is shown in figure 8.3.2. An examination 

o f the seismicity o f the period 1900 to 1915, looking at both the total frequency and the 5 year 

running mean, shows that the 1908 earthquake occurred during a peak o f earthquake activity. 

The peak is not as marked as that for the 1783 earthquake swarm. Analysis of the terrain on 

full resolution satellite imagery indicates that the slides can be differentiated into those 

occurring in sedimentary materials (clays and marls) and those occurring in weathered 

crystalline rocks. Sauret & Bousquet (1984) suggest that failure may have been the result of 

liquefaction.

From the description o f settlement and lateral spreads in Messina during the 1783 

earthquake, it is likely that in such areas subsidence is the result o f liquefaction and lateral 

spreading. That conclusion does not, however, affect the fact that downwarping occurred 

during the 1908 earthquake. Figure 6.5.1 shows areas of bathymetric change. If  the bathymetric 

change had been solely the result of submarine landslides, a positive change as well as a 

negative one would be expected in the Straits o f Messina.

The account of the 1908 earthquake by Baratta (1913) reveals a number of phenomena 

which are certainly landslides, and others which are likely to have been landslide related. The 

landslides described in table 8.5.1 disrupted the railway track between Favazzina and Bagnara 

Calabria. The morphology indicated on contemporary sketches indicate that failures were 

debris flows or slides. The material dominant at the points o f failure is brown to orange, 

moderately weathered, discontinuous, moderately strong biotite gneiss. Evidence from chapter 

4 indicates that debris flow/slide type failure occurs in moderately weathered crystalline rocks. 

Many o f the slides detected on satellite imagery have a morphology indicative o f debris slides.

In the Scilla area Baratta (1913) reports ’a few landslides’ o f depths between 15 and 

20 m. Little is said about the occurrence of very shallow (0.5-1.5m) landslides. Diagrams made 

by Baratta after the 1908 earthquake reveal a number o f debris flow or slide type failures in 

the coastal area between Favazzina and Bagnara Calabria. Unfortunately, nothing is said of 

parameters such as depth to shear surface, displacement or landslide type. The landslides are 

shown in figure 8.5.1.
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Location Material Comments

Favazinna Moderately to severely 
weathered biotite 

gneisses o f the 
Aspromonte Units. Point 
load index results shown 

in chapter 4

Rock falls and 
translational sliding 
indicated on aerial 

photography. Landslides 
occurred outside o f the 

meizoseismal zone.

Favazzina Moderatley to severely 
weathered biotite 

gneisses of the 
Aspromonte Units. Point 
load index results shown 

in chapter 4

Rock falls indicated on 
aerial photography. 
Landslide occurred 

outside o f the 
meizoseismal zone.

Favazzina Landslide occurs in well 
graded, unlithified fluvial 

sands

Lateral spread observed 
on aerial photography.

slope stability 
calculations at c and <)> 
o f 0 and 25° indicate 

that the ground is stable 
even when saturated.

2.5km north east of 
Reggio Calabria

Clays and marls Landsliding common 
under normal conditions. 

Some shear strength 
parameters given in 

Chapter 6

2.5km east of 
Reggio Calabria

Clays and marls Landsliding common 
under normal conditions.

3km west-north-west 
o f Reggio Calabria

Clays and marls Landsliding common 
under normal conditions.

6km west-north-west 
o f Reggio Calabria

Clays and marls Landsliding common 
under normal conditions.

8km west-north-west 
o f Reggio Calabria

Weathered crystalline 
rocks

landslide occurs outside 
o f the meizoseismal 

area.

8.5.1 Landslides from the Messina earthquake of 1908

It is significant that, despite the large area o f exposed weathered rocks on steep slopes in an 

area prone to slope deformation during large earthquakes in the Messina Straits, the only 

significant slope failure occurred in one section of the augen gneiss group which outcrops 

extensively. Although field examination o f the outcrop revealed rockfalls resulting from wedge 

failure, such slides are small. X-ray diffraction analysis (chapter 5) indicated the presence of 

Na+ smectite as a significant clay mineral. XRD examination o f feldspar-biotite schist from
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above Scilla does not indicate the presence of the Na+ smectite despite similar primary mineral 

constituents.

The presence of Na+ as the interlayer cation in clay minerals constituent o f the only 

section o f weathered rocks which failed during the 1908 earthquake is significant. It is possible 

that the relatively weak single valency bond was insufficient to withstand strong ground motion 

and that the clay behaved as a thixotropic material. The XRD sample was obtained from joint 

infill: as mentioned earlier, the orientation o f joints is conducive to slab failure. Therefore, it is 

likely that following the loss of strength of the material, failure occurred through the soil and 

rock mass.

The presence o f liquefaction in weak materials near the coast is evident in plates 8.1 

and 8.2. A review of the stability conditions under static loads (chapter 7) shows that under 

wet conditions and increasing weight (reflected in varying depths to the shear surface) coastal 

areas are prone to soil deformation during large earthquakes. The earthquake analogy of 

increasing weight is the effect of strong vertical acceleration acting upward. The initial effects 

o f such a force vector is to increase the weight of the material. The rapid decrease in stability 

between the lm  and 15m analyses shown in chapter 7 strongly supports the importance of 

weight in stability evaluations. Landslides occurred mainly along an ancient fault scarp and 

coseismic slope failure may be a major component in fault scarp degradation.

8.6 ANALYSIS OF ITA LIA N  EARTHQUAKE-INDUCED LANDSLIDES

In recent years a number o f seismically induced landslides have been well documented 

in the literature. O f these the best are those associated with the 23 November 1980 Irpinia 

(M=6.7) earthquake. The 1976 Friuli earthquake also induced well documented slope failures. 

Although the Irpinia earthquake is not "landslide capable" for the Straits o f Messina area, it 

allows some checks on the proposed models.

8.6.1 1976 Friu li E arthquake

The Friuli earthquake (M = 6.4) induced extensive slope failure in the Alps and pre- 

Alps, including 250 landslides. Failures were reactivated in regolith and colluvium in addition 

to rock slopes. Rockslides varied in size with blocks up to several meters in size. Another 

strong earthquake (M = 6.1) shook the Friuli area in September with a hypocentral depth of 

10km. The long duration o f the May earthquake (50 seconds) and the steep topography of the 

area are likely to have significantly contributed to landsliding.

8.6.2 The 1978 Ferruzzano earthquake

The Ferruzzano earthquake (M = 5.5) of 11 March 1978 is a good example o f the 

effects o f topographic amplification. The materials that failed rule out the possibility that
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Plate 8.1 Slope failure at Messina during the 1908 earthquake (Baratta 1913)

Plate 8.2 Slumping at Reggio Calabria resulting from the 1908 earthquake (Baratta 1913).
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amplification was from soil column resonance. In general the maximum (MSK) intensity o f the 

earthquake was registered as VII, but damage reports at individual sites indicate that intensity 

VIII was reached. Landslides were induced as a result o f the earthquake on slopes near the 

villages o f Roccaforte del Greco, Bova, Palizzi and Ferruzzano. The area had been affected by 

an earthquake in 1907.

Failure at Roccaforte del Greco occurred in augen gneiss overlying biotite-sillimanite 

gneisses. Joints are closed and weathering is limited to grades Iii-IIii. Soil is scarce because o f 

high erosion rates. The area is affected by landslides which show evidence o f creep but it is 

not known whether these were reactivated by the earthquake o f 1978. The slide debris runs for 

almost 500 m, and the scar indicates that significant topographic amplification may have 

occurred. In contrast the sliding at Bova affects Tertiary sediments.

Landsliding at Ferruzzano itself is more extensive: a number o f minor and major scarps 

are evident and slide, falls, flows and topples all occur in the area indicating a strong 

component o f horizontal and vertical ground motion and elevated pore pressures. The damage 

distribution during the 1907 earthquake is very similar to that during the 1978 earthquake. 

Landslides can be in excess o f 500m in length; the failed material is Middle Tertiary 

sandstones overlying the Argille Scagliose, a clayey melange deposit which shows part slide 

and part flow behaviour. Topples are the least common landslide type. Landslides types at 

Ferruzzano are shown in figure 8.6.1. The small number o f rockfalls indicate a predominance 

o f vertical rather than horizontal acceleration which would be expected in a nearfield 

earthquake.

8.6.3 1980 Irpinia Earthquake

The 1980 (M = 6.7) Irpinia earthquake occurred at a focal depth of 18km on a normal 

fault orientated 135°N with the isoseismal ellipse oriented 130°N. The isoseismal field o f the 

earthquake is shown in figure 8.6.2. Modified Mercalli intensity VIII was experienced over 

3000km2. The meizoseismal zone experienced an MSK intensity o f X (roughly the same as 

Modified Mercalli X). Landslides occurred at Grassano (Basilicata), Senerchia, Calitri and 

Caposele. Each landslide locality will be dealt with individually. In addition to the numerous 

landslides, liquefaction phenomena were observed 70km from the epicentre accompanied by 

water jets and sand blows. These liquefaction phenomena have been ascribed to the long 

duration o f the earthquake, approximately 80 seconds leading to at least 20 cycles o f loading at 

low acceleration (Da Roit et al. 1981).

The Grasano landslide

Repeated movements of the landslides in the town o f Grassano (S. Olliver 1990 pers.
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comm.) resulted from a number o f different earthquakes. After the 1930 Rionero earthquake in 

Northern Basilicata tension cracks were observed. Grassano appears to have suffered 

somewhat more from landsliding during earthquakes than other areas nearby. Earthquakes 

which are reputed to have induced slope movement at Grassano are shown in table 8.6.1.

It should be noted that slope movement has occurred at Grassano without seismic 

activity, for example in 1956 after heavy snowfall (S. Olliver 1990 pers. comm.). Normally 

stability calculations give a value o f F  = 1.2 in the variegated clays but is probably 

considerably less when phreatic surfaces are high. At its largest extent the Grassano landslide 

o f  1980 was 950m long, 550m wide and up to 100m deep. Figure 8.6.3 shows a cross section 

through the landslide and the geology o f the slipped and stable masses. I0 indicates the 

intensity in the Meizoseismal area.

Earthquake Date Magnitude
(Mk)

Location 
(Lat. long.)

Comments

1694 12:00 on 
08/09/1694

6.1 40.87°N
15.43°E

I0=X

1857 21:18 on 
16/12/1857

6.6 40.32°N
15.93°E

I0=XI

1930
00:08 on 

23/07/1930
7.0 41.07°N

15.70°E
Tension cracks described 
by untrained observers. 

I0=X d=35km.

1980 18:34 on 
23/11/1980

6.7 40.80°N
15.37°E

Numerous landslides 
occurred in MSK scale 

intensity o f VII and 
greater. Peak horizontal 
acceleration at Tricarico 

o f 0.05g. I= X

Table 8.6.1 Slope failures at Grassano

The Senerehia-Avellino Slides

Immediately downstream of Senerchia (Avellino) a complex landslide occurred in talus 

and alluvium which showed groundwater flow at shallow depth. The materials mentioned 

generally overlie clayey flysch formations which are frequently saturated (Cotecchia 1987). The 

Irpinia earthquake reactivated 28,000,000 m3 of earthflows. At Lioni near Avellino liquefaction 

was the cause of considerable structural damage.

The Caposele (Avellino) landslide

Failure occurred in the upper member of the variegated clays unit which is composed 

o f marly limestones, limestones, arenaceous and calcarenite beds in addition to the argillaceous
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member through which failure occurred. The two dimensional dynamic analysis performed by 

Cotecchia (1987) shows that the maximum dynamic stresses of 45-90KPa were mobilised 

immediately behind the landslide at the point o f maximum steepness. The maximum strain 

developed immediately below the break o f slope with deformations o f 2-6%.

The Calitri (Avellino) landslides

The Calitri landslide can be attributed to the 1980 earthquake despite the timing 

discrepancy. Calitri was found to be intact on the 24 September 1980; subsequent failure 

occurred through a complex rotational-translational landslide and a mudslide. The occurrence 

o f a mudslide signifies quantities o f water in the ground, and indicates slope failure was a 

function o f high ground water levels. It is likely that the presence of excessive groundwater is 

a function o f seismic pumping leading to the change in water levels following strong 

earthquakes. Failure occurred in Pliocene blue clays with areas o f varicoloured clays. Figure

8.6.4 shows a plan o f the landslide and figure 8.6.5 shows the area o f the landslide in cross 

section.

The Bisaccia Landslide

The earthquake reactivated a deep-seated landslide at Bisaccia in Irpinia. Bisaccia 

experienced M SK intensity VII during the earthquake. The town is constructed on ’polygenic 

conglomerate with abundant sandy-clay matrix and occasional clay-marl interbeddings.’ 

(Crescenti et al. 1984.) The formation unconformably overlies Oligo-Miocene varicoloured 

clays. The geomorphological situation is interpreted as a large scale landslide involving 

multiple slip surfaces. The town suffered severe indirect damage from mass movements and 

ground deformation. A tower affected by previous earthquakes underwent tilt accentuation after 

the event o f less than 1° (Crescenti et al. 1984) indicating post-seismic soil deformation and 

probably settlement due to changes in pore water pressure. Ground deformation continued, and 

levelling surveys indicated decreasing movement over the first months o f 1981. The slip- 

surfaces proposed by Cresenti et al. 1984 show rotational failure occurring in varicoloured clay 

formations.

8.7 CONCLUSIONS 

Although climatic data are difficult to obtain the majority o f earthquakes that have 

produced large scale slope failure have occurred during winter months where high intensity 

rainfall is common. These data appear not to be available for general release. Olliver (pers. 

comm.) comments that landslides caused by earthquakes at Grassano are frequently associated 

with high intensity rainfall, but there are exceptions. Historical records from Grassano indicate
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Figure 8.6.4 Sketch map of the Calitri landslide (Cotecchia 1987).
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that failure occurred a few days after seismic shaking. Bearing in mind the changes in stability 

achieved by the altered groundwater level, it is likely that delayed failure results from post- 

seismic changes in pore water pressure due to seismically-induced groundwater movement. The 

variegated clays that failed at Grassano are not dissimilar to the clay marls in the southern part 

o f the study area. The vast majority o f earthquake-induced landslides recorded have been in 

unlithified sedimentary rocks. The landslides in question have been earthflows and mudslides, 

the motion o f which has been the result o f undrained loading of a wet soil mass.

The few cases of seismically-induced landslides in crystalline rocks have been rockfalls 

at Scilla (1783) and Santa Cristina d ’ Aspromonte (1783) or shallow slides in regolith 

(Ferruzzano 1978). Failure is likely to have occurred along the soil-rock interface. Stability 

analysis indicates that the slopes o f that area are unstable even under dry conditions. Such 

instability is widespread, and the question o f why failure occurs only in the zone between 

Favazzina and Bagnara Calabria is im portant The presence o f Na+ smectite is significant. In 

addition, the ridge-line position o f the failures points to topographic amplification (Jibson 

1987).

In the context o f slope stability, peak horizontal acceleration emerges as the least 

useful of all the seismological parameters recorded about earthquakes. Its major drawback is 

that it occurs by definition only once, and may cause only minor amounts o f m ovem ent The 

Grassano slide o f 1980 during the Irpinia earthquake resulted in low peak horizontal motion 

(<0.05g), the implication being that failure was due not to the assumption o f residual shear 

strength parameters but to a build up o f excess pore pressures during consecutive low 

amplitude loading cycles. The relatively long duration o f the Irpinia earthquake indicates that 

duration as well as frequency is a significant parameter in determining the seismic stability o f 

slopes. The large number o f earthquake-induced landslides in the 1783 Calabrian earthquake 

can thus be attributed to its long duration (3 minutes). Although Modified Mercalli Intensity X 

indicates peak horizontal accelerations in excess of 1.5g (after Trifunac and Brady 1975) it is 

likely that such levels o f ground motion were never reached and that the intensity is 

erroneously assigned on the basis o f damage resulting from the long duration of shaking not 

the intensity.

A glance at the distribution o f landslides in Calabria which are known to have been 

directly triggered by an earthquake (figure 8.7.1) shows that some failures have occurred at 

great distances from the epicentres, witness the rotational and liquefaction failures at Cosenza, 

approximately 100km away from the epicentre during the 1783 earthquake, and liquefaction 

during the 1908 earthquake almost 150 km away from the epicentre. Figure 8.2.5 indicates that
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the peak acceleration at that distance would be approximately 0.15g, which is significantly 

higher than that predicted by Milne & Davenport (1969). Since the acceleration is estimated 

from Modified Mercalli intensities, the exact level o f horizontal acceleration must be treated 

with some scepticism. The distribution o f earthquake-triggered landslides associated with the 

1783 earthquake is a semi-circle on the southern side o f the Gioia-Tauro basin, where the 

sedimentary cover is thin and basement lies within a few hundred meters of the ground 

surface. The description of landslide types by Lyell strongly suggests some form of detachment 

along the soil-rock interface. The boundary here is twofold. First there is a seismic boundary, 

where diffraction o f seismic waves through the ground occurs. The inertia forces acting across 

the boundary are likely to be significant here. The problem is accentuated by significant 

rainfall, because the boundary acts as a zone of drainage impedance upon which excess water 

pressures may develop.

Soil dynamics models tend not to make use o f the shear stress parameters c ’ and <t>\ 

but emphasise the shear modulus o f the soil and the damping ratio. The Ramberg-Osgood soil 

model, for example, hinges on shear modulus. Such models of dynamic soil behaviour fail to 

incorporate the effect that strong ground motion has on pore pressures within soil masses. 

Elevated pore pressures can be achieved in two ways, by internal deformation within the soil 

structure and by raising the groundwater level. As the exact interrelationships between 

frequency, acceleration and duration are not known, the effects o f pore pressure are difficult to 

evaluate. Only when that part o f the earthquake-ground relationship is understood will a true 

method of seismic slope stability analysis be achieved.



CHAPTER 9 
EARTHQUAKE-INDUCED LANDSLIDES

Some conclusions on the mechanisms responsible for earthquake-induced landslides in 

Italy will now be advanced in the hope that the analysis will have general applicability. In 

many ways the relic weathered features in Calabria are unusual and landslides are primarily 

controlled by the availability o f suitable materials. Seasonality and high intensity summer 

rainfall provide sufficient water to allow failure wherever the materials (and topography) 

permit. The first part of the chapter will look at the mechanisms of seismically-triggered 

landslides and the second part of the chapter will look at the possible palaeoseismic 

implications o f seismically- triggered landslides. The chapter will conclude with suggestions 

for future research.

9.1 ENGINEERING GEOLOGICAL IMPLICATIONS

9.1.1 Slope failure in soil masses

Despite the presence of considerable thicknesses o f weathered material there is no 

evidence to suggest that even within the meizoseismal zones o f major Calabrian earthquakes 

liquefaction took place. The intensities o f the 1783 Calabria earthquake and the 1908 Straits o f 

Messina earthquake (MMI=XI) indicate peak horizontal accelerations > 1.5g. There are two 

possible reasons why liquefaction in completely weathered rock did not take place: either 

acceleration was not the major factor influencing slope stability, or the weathered material was 

not suitable for liquefaction. The merits o f both answers will be discussed separately.

9.1.2 Seismological parameters.

Jibson (1987) used Ariass intensity to calculate Newmark displacement. The origin of 

the technique lies in Newmark’s paper o f 1956 when a method of pseudostatic analysis was 

first presented. The Ariass intensity ( Ia ) is an integration o f the earthquake accelerogram, but 

it can be related to moment magnitude by the equation discussed in chapter 2. If earthquake 

acceleration-time histories are stochastic processes, the ha) value will be unpredictable. Even so 

the calculation o f I(a) is a useful parameter. Earthquakes at Friuli in 1976 and Ferruzzano in 

1978 with M SK intensities VI-VII have induced rock falls and slides. Such failure types tend 

to be far-field effects of large earthquakes or the results o f smaller events, and presumably will 

occur at lower accelerations which can be analyzed by use o f the pseudo-static methods. The 

1783 Calabria and the 1980 Irpinia earthquakes induced large scale slope failures. The former 

earthquake caused massive failures in the meizoseismal zone, thanks to ground accelerations 

and earthquake duration. Intensity is generally calculated from damage surveys but 

considerable damage resulted from the duration of motion, rather than its intensity. The only 

large slide reported in the crystalline massif o f Aspromonte occurred when overlying sandy
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materials and regolith became detached from the crystalline substrate.

The 1980 Irpinia earthquake does not present similar problems. Only 0.05g was 

registered at Tricarico yet slope failure occurred at Grassano. The indication is that duration of 

the earthquake o f 80 seconds would seem responsible for failure. But historical records 

investigated by C. Olliver (1990 pers. comm.) indicate that previous large earthquakes have 

affected landsliding in Grassano more than in other local areas. The question has to be asked 

whether there is some local amplification o f acceleration due to the substrate which would 

cause the acceleration-time history at Tricarico to be an unreliable record o f conditions at 

Grassano. O f course the answer may be in the re-activation and movement o f a landslide at 

MMI = VII. Lyell reports reactivation o f large landslides during the 1783 earthquake.

9.1.3 Geotechnical parameters

Slope stability conditions in exposed weathered rocks in Calabria are extremely 

variable. As reported in Chapter 4, cuttings near Gambarie stood at angles o f >70° even when 

saturated in completely weathered, highly porous leucocratic gneisses. The inference must be 

that undisturbed masses of severely to completely weathered rocks are extremely stable. In 

contrast, shallow sliding west o f Scilla occurred in a pre-existing landslide where shear strength 

parameters must have been residual. Rockfalls develop in grade n  and HI weathered rocks and 

shallow slides in grades IV and greater.

Larger scale rotational failures can also be observed in completely weathered rocks. 

Liquefaction is not a viable mechanism for slope failure in intensely weathered regolith owing 

to the high porosity witnessed in the field.

Under seismic loading, friction angle is a significant parameter in determining failure. 

The friction angles o f medium to coarse grained in-situ weathered soil masses are too high to 

allow significant internal deformation so that excess pore pressures will not be generated. 

Furthermore, if  the soil mass is extremely porous drainage from the mass is likely to decrease 

the likelihood o f failure. Only when a major drainage impedance such as a rock-soil interface 

is encountered will there be a reduction in the normal effective stress which may allow failure.

Such a model can only be verified by measurements o f porosity and by dynamic tests 

on undisturbed, soil grade, weathered rock masses to determine whether drainage occurs 

rapidly enough to prevent pore pressure build-up. An additional problem in trying to deal with 

seismically-triggered slope failure is the lack o f geotechnical data for failed masses under static 

conditions. It is unrealistic to assume that other parts of the soil mass were unaffected by 

strong ground motion and the resulting partial loss o f strength and elasticity. The smoothing of 

rock asperities is especially significant for block sliding. It has been investigated for stability
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under dynamic loads by Crawford & Curran (1982) and Hencher (1987, 1989), who showed that 

friction parameters were generally lower under dynamic loads than under static loads.

9 2  LANDSLIDE MECHANISMS

9.2.1 Liquefaction.

The liquefaction evident in the Straits of Messina in 1908, and inferred from the 

descriptions o f Lyell as widespread during the 1783 earthquake, leaves no doubt as to the 

importance o f water in the mode o f failure. Given that liquefaction can occur on low slopes (<5° 

in the Villa San Giovanni area) and at great distances from the epicentre, the primary control on 

liquefaction is the interrelationship between frequency (which is variable with distance) and 

duration. The rapid attenuation o f peak vertical ground motion, and the decrease in peak horizontal 

ground motion, indicate the likelihood of a control not based on acceleration. Indeed, the peak 

horizontal ground motion at Cosenza in 1908 is believed to have been modest (around 0.15g). 

Given the tendency for duration to increase with distance it is likely that liquefaction in the farfield 

will be controlled by duration but in the nearfield by frequency and rate o f undrained loading. 

Hence, for any given earthquake there will be an optimum point at which frequency and duration 

are equally important and liquefaction potential will be at an optimum for specified seismological 

parameters. Whether the geotechnical controls will be suitable for liquefaction is a different matter. 

A difficulty in assessing an area for liquefaction hazard is knowing whether liquefiable layers are 

present within more competent soil masses. If sufficient information about the geology and outcrop 

o f such materials is available some evaluation may be possible.

9.2.2 Planar slides.

The historical evidence for planar slides from Lyell indicates movement along zones of 

hydrological and seismic impedance. W ater flow along an interface with an impermeable layer or 

surface of markedly reduced permeability is likely to produce unstable conditions. Such slides 

occurred on the southern flank o f the Gioia-Tauro basin within 10- 15km of the epicentre. 

Estimates o f peak horizontal acceleration from the isoseismal records indicate that horizontal 

accelerations are likely to have been significant (0.8-lg).

The importance o f the vertical acceleration component in the nearfield cannot be ignored. 

Again a pore-pressure control is suggested, with the changing normal stresses in the soil mass due 

to vertical acceleration allowing re-orientation o f mineral grains in the soil. Such a reorientation 

would in itself be deleterious to the stability o f the material by creating micro-shear planes within 

the soil. Additional problems occur because o f increasing pore pressures
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pressures associated with internal deformation. Figure 9.2.1 is a diagrammatic representation of 

the occurrence o f failure. Such a mechanism does not require a soil-rock interface, merely some 

form of drainage impedance or pathway o f higher water content We must therefore conclude 

again that although shear strength will determine at what level o f shaking internal soil deformation 

will occur, as there is no method of predicting the interaction between vertical and horizontal 

ground motions there is no way of predicting soil deformation during an earthquake.

9.23  Rotational slips, avalanches and falls

Failure is a result in tensional stresses developed at the head o f the slide, and any zone 

of seismic impedance within the soil or rock mass will be prone to failure as a result of differential 

accelerations either side o f the shear surface. The slides at Ferruzzano appear to have been the 

result o f topographic amplification and failure.

Seismically-induced topples are also the result o f tensional failure, the Huscaran slide 

being the most notorious. Low frequency, horizontal acceleration results in rocking o f the blocks. 

Significant vertical acceleration acting in such a manner as to have downward motion acting in 

phase with downdip acceleration increases the risk of toppling if  an inclined surface is present, and 

weathering results in decreasing contact along joint surfaces. The mechanism for tensional 

earthquake-triggered slope failures is shown in figures 9.2.2. & 9.2.3.

Although Keefer (1985) observes that avalanches normally only occur at M  ̂  4.0 February 

1991 witnessed a snow avalanche triggered by an earthquake o f M, = 3.7. A distance from source 

to failure was not given in the USGS earthquake bulletin which reported the avalanche.

9.2.4 Post-seismic slope failure

Evidence from earthquake-induced landslides such as that at Calitri indicate that 

groundwater changes are responsible for initiating post-seismic landsliding. The mechanism here 

is likely to be some form of seismic pumping supplying increasing quantities o f surface and near 

surface water. Analysis o f water chemistry may indicate the source o f excess groundwater in a 

post-seismic environment: and the ejection o f sulphurous and saline waters4 miles from the coast 

during the 1693 Sicily earthquake, for example, strongly supports the hypothesis. Liquefaction and 

sand boils were observed during the earthquake and in Noto buildings sank into the sands.

9.2.5 Thixotropic behaviour of soils

The failures between Bagnara Calabria and Favazzina in Scilla Province show that even 

relatively small amounts of clay minerals which are prone to thixotropic behaviour can seriously 

influence the stability o f slopes. The failures are complicated by their occurrence at a site where 

strong topographic amplification is likely.
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9.2.6 Seismological parameters of rock slope failure

As rock slope failure occurs further from the epicentre than soil slope failures it must 

be concluded that rock slopes are more susceptible to the effects o f transient loads than are soil 

masses. The passage o f seismic waves in the farfield is characterised by low frequencies and 

amplitudes, with attenuation of vertical ground motions occurring so rapidly from the source 

that they are not considered in most engineering analyses. The work o f Crawford & Curran 

(1982) and others has shown that the analysis o f rigid blocks by pseudo-static methods are 

more accurate than similar soil slope analysis; Jibson (1987) maintains that the centre of ridge 

lines are sites o f maximum topographic amplification. Therefore the matter o f resonance is 

clearly one o f considerable importance and the damping coefficient o f natural materials as well 

as the circular frequency o f the wave at that point must be known if  an attempt to predict 

resonance and hence catastrophic disasters such as that which befell Yungay in 1970 are to be 

predicted.

9.3 PALAEOSEISMOLOGICAL INFERENCES

9.3.1 The Scilla Debris flow

Although generally discussed as a landslide the Scilla debris flow is evident from 

satellite imagery as an area o f disrupted drainage with some stream diversion from the Piano 

above. Its similarity in  lithology, intensity o f weathering, and general terrain morphology to the 

landslides triggered in basic schists and gneisses between Favazzina and Reggio Calabria 

strongly suggest a seismic component in initiating failure. Parts o f the slide exposed in road 

cuttings are cemented by calcareous cement at a height of approximately 25-50m. On the 

evidence o f a 14C date (Murphy and Vita-Finzi 1991) the slide can be shown to be > 39,000 

years old. The Messina and Gioia-Tauro seismic centres could have given rise to a earthquake 

(M* > 7.0) within 20 km of the slide.

9.3.3 A reviewed ’Modified Mercaili’ scale?

The geotechnical and geological parameters which are associated with the seismically- 

induced landslides required some modifications of the Modified Mercaili intensity scale. The 

changes are primarily related to earthquake-triggered landslides. Reports from earthquakes in 

Sicily clearly show evidence of damage associated with earthquakes o f Modified Mercaili 

intensity VII+ without any evidence o f landsliding.

Intensity Description

I Not felt except by very few under exceptionally favourable 
circumstances.

II Felt by persons at rest, on upper floors or favourably placed.
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in Felt indoors; hanging objects swing; vibration similar to passing of 
light trucks; duration may be estimated; may not be recognised as an

earthquake.

IV Hanging objects swing; vibration similar to that o f a heavy passing 
ducks, sensation o f a jolt like a heavy ball striking the walls; standing 

motor cars rock; windows, dishes and doors rattle.

V Felt outdoors; duration may be estimated; sleepers wakened; liquids 
disturbed; small unstable objects displaced; doors swing; pendulum 

clocks start, stop or change rate; small rockfalls occur w here jo in ts 
w ith low shear strength  daylight in slopes.

VI Felt by all; many frightened and run outdoors; walking unsteady; 
windows, dishes arid glassware broken; furniture moved or overturned; 
weak plaster and masonry D1 cracked; small bells ring, bushes shake.

Landslides occur by liquefaction during  periods o f high w ater 
levels in low perm eability  m aterials such as clays; rockfalls occur 

by tensional failure and  toppling.

VII Difficult to stand; noticed by drivers in motor cars; damage to 
masonry D, including cracks and chimneys broken at roof line, fall of 
loose bricks and architectural ornament; some cracks in masonry C2; 

waves in ponds; water turbid with mud; small slides and caving along 
banks o f wet cohesionless materials; large landslides occur due to 
excess pore pressures in m aterials incapable o f rap id  drainage.

vra Steering of cars affected; damage to masonry C or partial collapse; 
some damage to masonry B3; none to masonry A4; fall o f stucco and 

some masonry walls; twisting and fall o f chimneys, frame houses 
moved on foundations if  not bolted down; changes in groundwater 
flow; liquefaction o f sandy m aterials when wet; tension cracks 

evident on steep slopes where stability is m arginal.

IX General panic; masonry D destroyed; masonry C heavily damaged, 
sometimes with complete collapse; masonry B seriously damaged; 

general damage to foundations; serious damage to reservoirs; tension 
cracks in stable ground; liquefaction leads to sand boils an d  m ud

volcanos.

1 Weak materials, such as adobe; poor mortar, weak horizontally.

2 Ordinary workmanship and mortar.

3 Good workmanship and mortar, reinforced, but not designed to resist lateral loads.

4 Good workmanship, mortar and design; reinforced, especially laterally and bound together, 

designed to resist lateral forces.
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X M ost masonry and frame structures destroyed with their foundations;
Some well built wooden structures and bridges destroyed; large 

ro tational slope failures and  debris flows, lateral sp read  on low 
angle slopes; large slope deform ations a t sites o f drainage 

im pedance such as a t lithological boundaries o r  grade IV  : grade 
m  w eathered rock interface; rails bent slightly.

XI Rails bent greatly; underground pipes out o f service.

XII Damage nearly total; large deep seated rockslides and  rotational 
slips; lines o f sight and level distorted; objects thrown into the air.

Table 9.3.1 The role o f landslides in the M odified M ercaili Intensity  scale

But macroseismic evidence must be viewed with some scepticism given the importance 

o f frequency and duration o f strong ground motion over amplitude. Unfortunately there is no 

method for de-correlating the effects o f acceleration intensity from duration and frequency.

The orientation o f movement on features interactively interpreted as landslides on 

satellite imagery shows a strong trend in the direction of the Messina Straits. Although climatic 

control cannot be precluded, it is likely to be most effective near the coast; yet the landslides 

have occurred throughout the area in response to seismic activity in the Straits o f Messina.

If  the rate at which earthquakes have produced landslides since the beginning o f the 

century is representative of the rate o f earthquake-triggered landslides since deglaciation, it 

marks seismicity o f magnitudes o f 6.5-7.0 over the last 10,000 years BP. In making such an 

estimate o f the palaeoseismicity of Southern Calabria there are many poorly constrained 

variables, not least of which is the uncertainty of the interpretation.

9.4 SUMMARY

The mechanisms for failure o f slopes in variably weathered rocks are not simple. The 

primary control, as in virtually all landslide types, is the effect o f water, and its analysis is 

hampered by the cyclic nature o f earthquake loading. The major problem in examining the 

effects o f earthquakes on slope stability is the lack o f data on the interrelationships between 

frequency, acceleration and pore pressures. Major advances in the field will come from the 

examination o f pore water pressures, soil deformation and seismological parameters in the field 

from recordings made during a single event. The work of Keefer (1985) and Jibson (1987) still 

relies heavily on peak ground acceleration which, despite being the most commonly reported 

parameter, is almost certainly the least useful. The acceleration-frequency problem has been 

partly overcome by the use o f Ariass intensity. But the number o f unknowns involved in the 

analysis o f slopes subject to seismic loading currently renders the evaluation of a slope failing 

during an earthquake qualitative, and it is misleading to pretend otherwise.
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9.5 R E M O TE SENSING & D IG ITA L TERRA IN M ODELS

Remote sensing and digital terrain models were shown to have been useful in two 

ways. The first was in the analysis o f terrain for neotectonic and structural investigation. The 

second was in calculations o f slope stability over wide regions. There are two ways in which 

the results could be improved. In the first case the analysis of a wider area would give 

meaningful results since the coarseness o f the model favours the detection o f large scale 

phenomena. In the second, use o f additional geotechnical data and especially groundwater data 

would enhance the realism o f the results. Even so, low angle shading o f digital terrain models 

elucidates the presence o f fossil landslides through shape-from-shading techniques.

Remote sensing must be treated with some care. While it reveals useful information 

about regional structure and ground conditions, it does so only with the support o f ground data. 

Similarly, principal components analysis being highly dependent on image statistics, may not 

work on all images.

9.6 W EA TH ERIN G  IN  CALABRIA

Weathered regolith o f any significant depth in Calabria is believed to be a relic feature 

dating from pre-Pleistocene times and probably from the Miocene period. The stability evident 

in the field is in contradiction of the slope stability indicated by c ’ and <J>’ (chapter 5). The 

regolith is overconsolidated and cemented, and calculations of strength on disturbed material 

greatly underestimate the mechanical properties o f the weathered rock mass. The 

overconsolidation o f the weathered material is significant in dealing with seismic slope 

stability. The failures between Favazzina and Bagnara Calabria are debris flows involving soil 

and rock material, and further aided by thixotropic clay minerals.

It is unlikely that the deeply weathered profiles in southern Calabria would develop 

under the current climatic regime. Equally, any weathered regolith developed during the 

Holocene would behave differently under stress.

W hile climatic-cabinet simulations are useful in determining the mechanical properties 

o f rocks during mechanical ’weathering’ it remains extremely difficult to relate the experiments 

to the real world since chemical weathering cannot be accelerated adequately. The results must 

therefore be applied to engineering problems only with great caution.

9.7 FU R TH ER  RESEARCH

To elucidate the mechanics o f earthquake-triggered landsliding in weathered rocks it is 

necessary to examine the behaviour o f undisturbed regolith under cyclic triaxial conditions in 

order to determine the shear modulus and the damping coefficient Probably more significant 

would be the investigation o f the relationship between frequency and duration with pore water
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pressures rather than simple mechanical properties. For the best results the material examined has 

to be related to a seismically-triggered landslide so that morphological mapping and finite element 

analysis can be used to link dynamic properties to the witnessed field behaviour. A similar 

technique would be to instrument materials so that frequency and duration o f loading could be 

determined and related directly to dynamic slope failure.

9.8 REV IEW  O F MAIN CONCLUSIONS 

The examination of the geology o f Calabria has shown that a wide range o f geological 

materials are prone to slope failure under normal conditions and that landsliding is exacerbated 

by the occurrence o f earthquakes. Many of the weak rocks found in Calabria have been identified 

by Keefer (1984) as having the potential for seismically-triggered slope failure. Severely weathered 

crystalline rocks outcrop over large areas o f Calabria and are subject to landsliding. Shallow 

sliding is particularly common where engineering works have resulted in the removal of toe 

support, but deeper landslides also occur.

The analysis o f regional structure and seismicity shows that the Straits o f Messina is a 

primary site o f seismic hazard in southern Calabria. The area was chosen therefore for detailed 

investigation o f seismically-triggered landslides. Slope stability analysis based on the shear strength 

parameters determined in chapter 5 showed slope instability over large areas, so that it was 

impossible to state whether many o f the older landslides detected by satellite imagery and aerial 

photography had been triggered by earthquakes. The exception to this statement was the lateral 

spread observed on II Piano di Milea. Conservative estimates o f shear strength parameters yielded 

very high factors o f safety even when assuming the phreatic surface at the ground level.

An investigation of historical records indicated that landslides had been triggered in 

Calabria by a number o f earthquakes. Extensive slope failure occurred during the 1783 Calabrian 

earthquake, the 1908 Straits of Messina earthquake, and the 1978 Ferruzzano earthquake. The 

majority o f landslides occurred in unlithified sedimentary rocks, particularly scaly clays. From 

historical evidence, and knowledge o f the geology in the areas in which slope failure occurred, it 

became possible to draw a number o f conclusions.

1: The largest landslides (slumps and slides) approximated infinite slopes. A 

planar shear surface developed along the interface between soil (including 

weathering grades IV-VI) and rock. Failure could have developed by two possible 

mechanisms, tensional failure at the crown as a result o f topographic amplification 

o f ground motion, and progressive failure owing to inertial forces acting along a 

shear surface.
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2: debris slides are believed to have occurred almost solely at ridge lines and as 

such are the result o f topographic effects.

3: Liquefaction occurs through grain rotations which may be strongly affected by 

vertical ground acceleration accomplishing changes in normal stress.

4: Owing to the high porosity observed under field conditions severely to 

completely weathered rocks in Calabria are not prone to liquefaction.

5: Frequency o f cyclic loading and the duration o f shaking are more important than peak 

ground acceleration in determining slope failure. The widespread incidence of slope failure 

during the 1783 earthquake was the result of a combination of heavy rainfall prior to the 

earthquake and the long duration o f ground shaking.

6: Consequently it is misleading to determine intensity o f shaking and 

subsequently peak horizontal ground acceleration from the extent o f ground 

deformation.

More research is required to investigate the relationships between the duration and 

frequency o f ground shaking and the process by which pore water pressures develop in soils. The 

detailed examination of liquefaction has shown the importance of the number of loading cycles, 

but until changes in frequency are taken into account the occurrence o f earthquake-triggered 

landslides will not be fully explained.
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APPENDIX 1 
LABORATORY SIMULATION OF WEATHERING.

Al.1.1 The climatic cabinet

Given that in effect the mechanical and physical changes due to weathering are the 

result o f cyclic changes in the environment, accelerated weathering experiments can be 

achieved by the repetition o f the most extreme event (R. U. Cooke, pers. comm.) The mean 

monthly climatic data for two weather stations in southern Italy are shown below. In an 

attempt to simulate weathering processes a Rsons environmental cabinet was used to cycle 

temperature while maintaining a constant high humidity to promote hydration/hydrolysis when 

warm and ice crystallization when cold. The chosen cycles was based on the monthly means 

forecast taken over a 16 year average for Naples (table A l.1.1) and Palermo (table A l.1.2).

As it was necessary to accelerate the weathering process, maxima and minima 

temperatures used in the climatic cabinet exceeded the 16 year cycle. The minimum 

temperature was set at -5°C and the maximum temperature at 45°C. Two cycles were 

completer on a day. Partial penetration o f the ’stress front’ into the rock sample was expected 

to occur and the hypothesis that weathering occurs by gradual penetration through a series of 

microcracks tested. A humidity range o f near 100% was used in the experiment

Naples. Altitude: 110m (361 feet) 40°53’N  14°17’E.

Month Temperature
(Maximum)

Temperature
(Minimum)

Humidity
(07:00hrs)

January 20 -4 77%

February 20 -4 78%

March 25 -4 77%

April 27 1 79%

May 32 3 85%

June 35 7 75%

July 36 11 73%

August 37 13 74%

September 34 8 78%

October 29 3 79%

November 26 -2 81%

December 20 -4 80%

Table Al.1.1 Monthly climatic values for Naples
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The actual climate which was used in the cabinet is shown in table A 1.1.3 The 

temperature was controlled by the rotation o f a cam which caused the control lever to rise and 

fall depending on the shape of the template. Templates are cut from aluminium with the 

temperature relating to the radius o f the template from the centre o f the cam at any given time. 

Humidity is controlled in a similar manner. The second cam controls the ’wet bulb depression’ 

which is the difference in temperature between an exposed thermometer and a thermometer in 

a saturated environment Relative humidities were held nominally at 100%. Indications from 

saturated clay samples in the cabinet as part o f another experiment indicated that 100% relative 

humidity was not maintained evenly throughout the cabinet, despite the readings on the cabinet 

instruments. The clay samples, one of which was the clay marls previously described, showed 

evidence o f drying over a three-week period from a saturated state. The limited drying 

indicates high humidities, but not the 100% predicted by the controls.

Palermo. Altitude: 31m (102 feet) 38°06’N  13°19’E.

M onth Temperature
(Maximum)

Temperature
(Minimum)

Humidity
(07:00hrs)

January 30 0 76%

February 27 0 72%

March 30 1 72%

April 24 4 70%

May 36 8 71%

June 40 11 68%

July 41 14 64%

August 42 16 64%

September 41 11 66%

October 35 9 72%

November 32 5 74%

December 26 2 74%

Table Al.1.2 Monthly climate values for Palermo

In view of the somewhat uncertain, albeit definitely low, thermal gradient across the 

rock sample (38mm diameter x 19mm thick) a quantitative investigation o f rates o f energy 

transfer was not made. Dr H. J. Milledge (pers. comm.) indicated that the centre o f the sample 

would not reach the ambient temperature o f the cabinet, an assertion supported by Oilier and
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Ash (1983) who investigated the effects o f fire on the disintegration o f boulders in Australia.

Cyclic stresses are mobilized in the sample in relation to the differing thermal 

properties o f the rock material. Granodiorite was used in the climatic cabinet experiment since 

Oilier and Ash (1983) found it most susceptible to insolation weathering. The thermal 

properties o f selected rocks are shown in table Al.1.4.

Hour Temperature
(Centigrade)

Humidity
(%)

1 -3 100

2 5 100

3 13 100

4 21 100

5 29 100

6 37 100

7 45 100

8 37 100

9 29 100

10 21 100

11 13 100

12 5 100

Table A l .U  Clim atic cabinet tem peratures and  hum idities 

Samples were cut to 38mm diameter and 19mm thick for Brazil testing. The regularity 

o f the shape was intended to lim it microclimatic effects associated with variations and 

asperities on the sample. Samples were placed a regular interval of 75mm from each other. 

Such an attempt to minimise microclimatic effects failed owing to strong vibration during the 

running o f the cabinet which caused samples to slide to the centre o f the cabinet trays. Samples 

were carefully examined for evidence o f weathering before and after the cabinet experiments, 

and no changes were observed in hand specimen. Spectral analysis o f samples before and after 

cabinet simulation confirm the lack o f chemical change within the sample. Figure A1 show 

reflectance spectra in the visible and near infra-red part o f the electromagnetic spectrum. 

Reflectance measurements were made relative to an aluminium mirror on a Broker FT88 

spectrometer. Minor changes observed are associated with the detection of more or less of the 

primary minerals in the 3mm diameter of the aperture. Spectral analysis by the GER IRIS 

spectrometer o f granodiorites which have been weathered in the field (figure A2) show that
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distinct changes occur in the visible-near infra red wavelengths which are predominantly 

associated with the oxidation o f Fe2+ from biotite to Fe3+.

Rock/Soil
type

Thermal
conductivity

Density Specific
heat

Thermal
inertia

Basalt 0.005 2.8 0.2 0.053

Clay1 0.003 1.7 0.35 0.042

Dolomite 0.012 2.6 0.16 0.075

Gabbro 0.006 3.0 0.17 0.055

Granites2 0.0065-75 2.6 0.16 0.052

Gravel 0.003 2.0 0.18 0.033

Limestone 0.0048 2.5 0.17 0.045

Peridotite 0.0011 3.2 0.20 0.084

Quartzite 0.012 2.7 0.17 0.074

Rhyolite 0.0055 2.5 0.16 0.047

Shale 0.003-0.0042 2.3 0.17 0.034

Slate 0.005 2.8 0.23 0.049

Welded tuff 0.0028-
0.0044

1.8 0.20 0.032

Table A l.1.4 The therm al properties o f some rock m aterials 

Al.2.1 The Brazil Tests

The tests were performed on 20 samples of granodiorite from Sparro Quarry near 

Nicotera in Calabria. Samples were cut to 38.1mm diameter and 19.05mm thick. Faces were 

ground until they were parallel to within 0.2mm. The results are given in table Al.2.1 Samples 

were tested to first fracture in accordance with the recommendations o f Bieniawski & Hawkes 

(1978) at a loading rate of 200N/s. Stress, strain and various parameters o f acoustic emission 

were recorded. Moisture content was assumed to be constant. Tensile strength is calculated by 

equation A l.2.1 where P is load at failure in Newtons, D and t are the diameters and thickness 

measured in millimetres. The test jig is shown in plate A l. Acoustic emission data were 

collected to improve the quality o f results from the Brazil test and to aid interpretation.

1 This value is for moist clay soils.

2 and allied types.
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Plate A1 Brazil test jig with 
granodiorite sample.

Plate A2 Spheroidal weathering at Sparro Quarry, Calabria
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a  = 0 . 6 3 6 - £ — {MPa) 
c  D t

E -  (Af Pa)  Al.2.1

The Brazil test was chosen after discussion with Dr P. Meredith o f the rock and Ice 

Physics Unit, UCL who suggested that since cracking as a result o f weathering in a climatic 

cabinet was tensile failure, then the use o f the tensile stress may be more appropriate. Load 

was applied by a 20 Ton load frame in the Rock and Ice Physics Unit. Tests were performed 

under displacement control and recorded electronically. The transducer output was 10V which 

approximated to ±100kN of force. Acoustic emissions were detected by a Locan-AT system, 

with the transducer attached to the loading jig  as shown in plate 5.2. Software for statistical 

analysis o f the data produced by the logging system was written by Chris Stuart of the Rock 

and Ice Physics Unit.

A1.23  Sam ple description.

Samples are white, unweathered, homogeneous, medium to coarse grained, strong to 

extremely strong granodiorites. Such rocks are uncommon in the study area but have been 

examined here because o f the vulnerability o f granodiorites to temperature changes. In addition 

the relative homogeneity of the sample allows cleavage-weathering difficulties to be 

disregarded. The granodiorites o f the Stilo sequence are particularly common in the Capo 

Vaticano area of Calabria where good variations in weathering can be observed. Field 

observations show that the granodiorites are one of the few lithologies in the area to show 

good spheroidal weathering (plate A2). Sparro Quarry exhibited varying intensities of 

weathering. The soil grades can be found in three positions. The first is in situ weathered 

granodiorite, which occurs in the upper part o f the intrusion. It is likely that such a residual 

deposit was the natural regolith o f the hill before quarrying began. The second is as colluvium 

removed from the upper parts o f the quarry by slope wash. The third is in close proximity to 

felsic intrusions into the rock mass. The block size was variable but on average was about lm 2 

in surface area. The sample was taken from a corestone from grade IV weathered rock. The 

intensity o f weathering terminates very abruptly within corestones, with only a narrow 

weathering rind around an unaltered interior.

Initial analysis o f prepared test specimens shows signs o f iron (Fe3+) staining on the 

surface. Two other modes of alteration are evident. The first is the sericitization and 

kaolinization o f plagioclase feldspars, which is reflected in the cloudy appearance o f the 

feldspars reflected light microscopy. The second is the chloritization o f biotite, which gives rise 

to a slightly greenish appearance.
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Plate A3 Scanning electron photomicrograph of a biotite 
crystal in grade IV weathered rock (x8000).
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Figure A3 XRD trace of weathered granodiorite, Nicotcrra
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Sample diameter
(mm)

thickness
(mm)

density
(gem 3) (kPa)

Cabinet
cycles

1 38.02 18.44 2.72 18.14 80

2 38.05 18.12 2.72 15.22 80

3 37.95 18.50 2.72 19.40 80

4 37.56 18.45 2.79 16.98 80

5 37.93 18.00 2.73 17.32 80

6 38.00 18.04 2.72 17.72 80

7 38.03 18.32 2.71 17.04 80

8 37.97 18.41 2.74 18.66 80

9 37.91 18.49 2.74 14.98 80

10 37.99 18.44 2.72 16.70 80

11 38.04 18.07 2.73 16.84 80

12 INVALID TEST 0

13 38.00 18.42 2.72 15.00 0

14 38.06 18.44 2.74 18.12 0

15 37.97 18.47 2.73 15.96 0

16 37.98 18.07 2.73 17.42 0

17 38.00 18.29 2.72 18.30 0

18 38.00 18.44 2.72 16.24 0

19 37.93 18.45 2.75 14.82 0

20 37.98 18.43 2.73 16.18 0

Weathered
mean

— — 2.7326 16.1946 —

Unweathered
mean

— — 2.7283 16.5050 —

Weathered
a

— — 0.8462 1.448 —

Unweathered
a

— — 0.0199 1.372 —

M ean — — 2.7308 16.9042 —

a — — 0.0019 1.2422 —

Table Al.2.1 Description of Brazil tests samples.
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Both forms of alteration are apparent in samples which have been subject to climatic 

cabinet simulation as well as those which have not and is almost certainly hydrothermal in 

origin. Cleavage in the feldspars is generally not obvious; biotite cleavage is obvious at several 

levels o f magnification. Quartz can be readily recognised by the glassy lustre which it retains. 

Examination o f weathered products under the scanning electron microscope reveals the decay 

o f biotite crystals at the edge in grade III weathered rock. Stacked clays can also be observed 

(plate A3).

The relative proportion o f each mineral type can be determined in thin section. The 

presence of biotite (17.5%), plagioclase feldspar (26.6%), alkali feldspar (13.5%) and quartz 

(22.5%) can be noted in thin section. In addition to those primary minerals, sericite (10.6%) on 

feldspars gives rise to ghost cleavage plains in the sericitized crystals. Near biotite crystals, 

chlorite (3.9%) is obvious. In addition iron staining and vermiculite (distinguished from Fe3+ 

hydroxides by a pronounced pleochroism in thin section) can be observed. The vermiculite and 

iron staining comprise accessory (1.2%) minerals. Amphibole (3.1%) also occurs. X-ray 

diffraction reveals a number o f peaks in the clay region. Diffraction traces after different types 

of pretreatment are shown in figure A3, which indicates the presence o f chlorite-smectite 

interiayers and chlorite and imogolite as weathering products.

In conclusion, the main processes o f weathering in  the granodiorite, namely continued 

chloritization and sericitization, oxidation and hydrolysis, were not accelerated by climatic 

cabinet sim ulatioa The following sections consider whether any difference can be detected in 

the mode of fracturing in the two populations in the laboratory.

Sample Number: 1 (Fig A4a & A5a) Weathering: 80 cycles.

Failure occurred at a tensile stress o f 18.14 MPa and at an axial strain o f 0.42%. 

Fractures trended diametrically through the specimen. Failure occurred mainly at quartz-quartz, 

quartz-feldspar or feldspar-feldspar grain boundaries. The other mode o f fracture which 

occurred was intragranular through biotite crystals, parallel or sub-parallel to the cleavage, 

although segments o f the fracture could be observed to cut across the cleavage direction 

leaving a saw tooth appearance. Q ose examination revealed that such modes o f fracture occur 

by propagating along crystal cleavage zones for short distances and then cutting across crystals 

at zones of weakness. Some ferric staining could be observed on fracture surfaces in proximity 

to biotite crystals. Such an occurrence was not common enough to indicate whether fracture 

had propagated in that region because o f weakening induced by weathering.

The fracture shows predominant tension, but some strike-slip was evident at the edges.
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In addition in one zone there was compressive fracture, probably a manifestation o f antiplane 

shear. On the second examination compressive failure was considerably less pronounced than 

on first examination indicating time-dependent strain recovery near the fracture after failure.

The number o f acoustic emission events show a very low amount of hits. For the first 

test the threshold value for hits to be recorded was set to 50db, and it is not clear whether hits 

were too low in amplitude to be recorded. The number o f hits occurring in the 1.5 seconds 

immediately prior to failure compared with the energy of those occurring previously indicate 

low microcracking until 27 seconds followed by catastrophic failure and fracture development. 

Cumulative hit rate yields a graph with two distinct sections, both o f which are linear in 

character. The first shows a low level o f hits, although immediately prior to failure a different 

linear function is evident. The sudden change supports the original suggestion o f microcrack 

closure.

Sample num ber 2 (Figs A4b & A5b) Weathering: 80 cycles.

Fracture followed two modes. The first was intergranular failure in quartz - quartz and 

quartz - feldspar grain boundaries. The second was intragranular failure through biotite crystals. 

Intergranular fracture occurs through biotite - quartz and biotite - feldspar boundaries but such 

modes o f deformation are rare. The intragranular fractures o f the biotite crystals occur through 

crystal cleavage planes in the minerals and synthetic micro-fracturing can be observed parallel 

or sub-parallel to the primary fracture trend. The orientation o f the fracture was controlled by 

the cleavage plane. Some strike-slip deformation could be observed where bifurcation o f the 

fracture at a plagioclase feldspar crystal into sub-parallel trends led to uplifted biotite crystals. 

Fracture again coalesced into a single trend propagating in an intergranular manner.

The stress-strain curve recorded during the Brazil test shows small amounts o f axial 

strain in the initial stage o f the graph followed by a curvilinear section after approximately 

0.05% axial strain. Acoustic emission hits were not detected in the initial 9 seconds o f the test. 

The threshold value for the second test was lowered to 45dB. Failure occurred at a tensile 

stress o f 15.22 MPa at an axial strain o f 0.47% (0.178mm) at 33 seconds. The low strains are 

all within the initial period where no emissions were detected. Fracture closure is not reflected 

in the stress-strain curve after approximately 10 to 15 seconds, although it is noticeable that 

until that time no hits greater than 45dB were detected. The effects o f reloading can be 

observed on the stress-strain curve; reloading was marked by a massive increase in AE hits. 

The extremely rapid reloading o f the sample indicates that fracture is not pervasive. It is likely 

that first fracture was dominated by Griffiths fractures which occurred on the surface on the
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sample during climatic cabinet simulation. The fracture is evident only on one side o f the 

sample.

Sample number: 3 (Figs A4c & A5c) Weathering: 80 cycles.

The same modes o f fracture as in samples 1 and 2 can be observed, with intergranular 

failure occurring in the competent minerals and intragranular failure occurring where weak 

biotite cleavage planes are advantageously orientated parallel to the direction o f the 

compressive force. Close observation o f the fracture trend through the biotite crystals shows 

that deformation is sometimes manifested as shear zones cutting across biotite cleavage 

domains rather than as discrete fracture, and distinct fracture jogs are evident.

The stress-strain curve shows a much smoother form than that shown in sample 2. 

Failure occurs at a tensile stress o f 19.40 MPa and at a strain o f 0.57% (0.217mm) after 37 

seconds. The acoustic emission hits after 20 seconds show a much more irregular character 

than in sample 2. The indication is that prior to failure a number o f phases o f microcracking 

occurred in contrast to the character o f micro-crack development in samples 1 and 2. Stress- 

strain curves and acoustic emission hits are shown in figures A4c and A5c.

Sample num ber 4 (Figs A4d & A5d) Weathering: 80 cycles.

Failure occurred at 16.98 MPa after 32.7 seconds at a strain o f 0.49% (0.188mm). 

Fracture again followed the modes outlined in previous experiments. Microscopic examination 

o f the fracture revealed some Fe3+ staining on fracture surfaces near biotite crystals. At the 

crystal where such iron staining is most evident fractures cut across biotite cleavage at about 

50° to the cleavage and the first indications o f intragranular failure along feldspar cleavage 

planes was observed. Some compressive deformation was evident with clear micro-thrusting 

indicated by the sense o f dip o f the fracture, but once again after a limited period evidence of 

compressive failure was difficult to find.

The stress-strain curve showed early signs of reloading after failure although the 

acoustic emission hits showed the time o f reloading clearly. Again a low level of hits was 

observed prior to failure. A higher number of hits was to be expected given the lower 

threshold value o f the test (40dB) than in tests 1 and 2. Fracture coalescence begins 5-6 

seconds prior to failure similar to the timing o f micro-cracking in samples 1 and 2.

Sample num ber 5 (Figs A4e & A5e) Weathering: 80 cycles.

Failure occurs at a tensile stress o f 17.32 MPa with a strain o f 0.49% (0.188mm) after 

32.25 seconds o f testing. Failure was again intergranular in character. Fracture could be seen to 

traverse biotite crystals at angles as high as 70° to the cleavage. Otherwise the mode of 

deformation was unremarkable.
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The stress-strain curve shows a smooth curve progressing from the zone of 

microfracture closure until 25 seconds where the level o f AE hits indicate rapid microcrack 

development. Fracture occurs 5-6 seconds after the initial production o f significant AE hits. AE 

can be detected as a low background from as little as two seconds, whereas in previous tests 

the background AE was not observed until approximately 10 seconds into the test.

Sample num ber 6 (Figs A4f & A5f) Weathering: 80 cycles.

Tensile failure occurred at a tensile stress of 17.72 MPa and at a strain o f 0.47% 

(0.178mm) after 30.5 seconds. The diametric fracture is well constrained without the limited 

development o f synthetic fractures observed in other samples. Intragranular fracture is not 

observed in the sample although the orientation of biotite cleavage relative maximum 

compressive stress was seldom favourable. Fe3+ can be observed on the fracture surface near 

some biotite grains.

A smooth stress-strain curve for the test is shown in figure 5.4.10 with the initial 

quasi-linear section o f the graph (strain o f approximately 0-0.15%) corresponding with the 

initial period o f low energy AE hits. Significant AE hit rate changes occurs 5 seconds prior to 

failure as a general rise occurs prior to an initial period o f fracturing or fracture coalescence 

approximately 1 second prior to failure proper. Again there is a noticeable 2 second gap for 

reloading to occur.

Sample num ber 7 (Figs A4g & A5g) Weathering: 80 cycles.

In sample 7 failure occurs at a stress o f 17.08 MPa at a strain of 0.43% (0.164mm) 

after 27.5 seconds. As in the previous sample the fracture is well constrained. Mode o f fracture 

in biotite is intragranular both at high angles to the cleavage orientation and parallel to 

cleavage. Again some compressive failure can be observed which is subject to relaxation. 

Otherwise fracture occurs between grains (quartz-quartz, quartz-feldspar and feldspar-feldspar) 

with no evidence o f fracture occurring along cleavage plains o f the plagioclase feldspars.

No acoustic emission hits are evident prior to 4.5 seconds and a low background is 

evident until approximately 15 seconds when a rise in AE hits occurs with peaks of emissions 

at 16.25,17.5, 18.5, 21.0, 22.0 and 23.25 giving a mean time space o f 1.4 seconds during 

which an evident stress drop occurs. After 23.5 three main peaks o f AE activity can be 

observed at 24.25 and 25.75 with failure occurring at 27.5 seconds. The implication again is 

that small periods o f AE activity witnesses the propagation o f Griffiths fractures which only 

begin to coalesce after 24.25 seconds leading to longer rise times in emission. It should be 

noted that the samples were not lapped to remove Griffiths cracks from the surface after 

climatic cabinet simulation as it was believed that the formation of Griffiths cracks in the early
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stages of weathering would be critical to changes in the mechanical properties o f the material. 

The fracturing indicated by AE hits and the associated stress drop is not reflected in the stress 

strain curve, which suggests that the actual associated stress drops were small.

Sample num ber 8 (Figs A4h & A5h) Weathering: 80 cycles.

Failure occurred 35 seconds into the test at a tensile stress o f 18.66 M Pa and an axial 

strain o f 0.53% (0.2mm). Fracture propagated in an intergranular manner through quartz and 

plagioclase feldspar grain boundaries. Where fractures trended through biotite crystals 

deformation occurred at various angles o f orientation to the crystal cleavage. In biotite crystals 

where fracture cut across cleavage boundaries alteration (probably sericitization and 

chloritization) could be observed under reflected light.

The stress-strain curve gives no indication o f a significant difference from the results 

o f prior tests. No acoustic emission were detected prior to 9.5 seconds and the AE hit level 

remained low until 26.5 seconds when a progressive rise in hit frequency occurred leading to a 

sudden jum p in hits at 34.5 seconds and failure at 35 seconds. The effects o f reloading on the 

sample after failure can be seen in the jum p in hits at 38 seconds and the equally sudden fall 

o ff indicating renewed fracture. Chart recording o f stress and displacement had already stopped 

at that time which is why reloading is not obvious on the stress-strain curve. The similarity 

between small peaks prior to failure and the feature associated with reloading support the 

contention that small features indicate micro-crack coalescence leading to failure.

Sample num ber 9 (Figs A4i & A5i) Weathering: 80 cycles.

Sample failure occurred at a tensile stress of 14.98 MPa and at an axial strain o f 0.43% 

at failure. Fracture occurred after 26.5 seconds. The same modes o f fracture were observed as 

in previous samples. Additional observations show that fracture tended to cut across cleavage 

planes where chloritization or sericitization is obvious. Otherwise fracture was well constrained 

with few synthetic cracks in the sample.

The stress-strain curve, despite some minor irregularities at the lower end of the curve 

shows very strong linearity. Acoustic emissions start at 8.5 seconds into the test. A gradual 

increase occurs until 20 seconds when the first evidence o f persistent microcracking occurs. 

Peaks o f AE activity were recorded at 20.5, 22.0, 22.75, 23.25, 23.75, 24.25, 24.75 and 25.25 

after which emissions became more frequent and irregular as coalescence occurs leading 

towards the main fracture. The continual increasing frequency o f peaks of AE activity show 

increasing micro-cracking in the sample. There is no evidence o f either Fe3+ or fracture 

propagation through feldspar crystals.
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Sample num ber 10 (Figs A4j & A5j) Weathering: 80 cycles

Fracture occurred 28.5 seconds into the test at a tensile stress o f 16.70 MPa and at an 

axial strain o f 0.44% (0.167mm). Fracture occurred irregularly in an intergranular manner 

through quartz-quartz, quartz-feldspar and feldspar-feldspar grain contacts. Failure in biotite 

was predominantly intragranular, normally parallel or sub-parallel to the crystal cleavage.

Where biotites are sericitized or chloritized fracture occurs at high angles to the cleavage or as 

shear zones owing to the linkage o f crystal defects. Again in the sample compressive 

deformation can be noted which is relaxed over a two day period.

The stress-strain curve for the test shows that for the first stage o f deformation 

increasing strains are accomplished by relatively low changes in stress indicating micro-crack 

closure. The graph o f acoustic emission hits against time shows no acoustic emission hits 

greater than 40dB before approximately 6.5 seconds. A low hit rate occurs until 17.5 seconds 

and 21 seconds where ’swarms’ o f microcracks occur. To draw an earthquake analogy other 

peaks show small amounts o f ’foreshocks’ and well developed ’aftershock’ sequences, although 

the sequence o f events at 24 seconds seems to be a transition between the ’swarm’ type and 

the ’aftershock* dominant sequences. The centres o f the peaks o f activity o f whatever category 

are at 17.5, 21.0, 24.0, 25.5, 26.5, 27.5 and 28.5 seconds; they again show increasing activity 

as micro-cracking accelerates towards failure.

Sample num ber 11 (Figs A4k & A5k) Weathering: 80 cycles.

In sample 11 fracture occurred at a stress o f 16.84 MPa and at an axial strain o f 0.43% 

(0.164mm) after 28 seconds o f the tes t Fracture occurs was intergranular with the usual 

exception o f cleavage parallel failure in biotites. There is no evidence o f fracture transverse to 

the cleavage, and the biotites in the fracture zone show no evidence o f sericite or chlorite 

development. Some synthetic fractures are evident.

As in the previous sample the stress-strain curve shows a change in behaviour after 

0.1% axial strain. The AE results show no hits greater than 40dB prior to 5.5 seconds o f the 

test which is approximately 0.1% axial strain. Increased levels o f AE at 12.5, 14.0, 16.5, 18.5, 

20.0, 22.0, 23.0, 25.0 and 26.0 seconds were recorded after which frequency of hits increased 

until failure at 28 seconds. Peaks initially were broad with some degree o f asymmetry about 

them. Narrower peaks were generated as the test progressed and tended to be symmetrical. 

Sample num ber 12 Weathering: No cycles.

Sample 12 was accidentally destroyed during test preparation. Examination o f the 

modes o f fracture indicates obvious tensional failure at the edges o f the specimen with 

compressional deformation at the edges o f the sample. No stress-strain or AE data were
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recorded for the specimen.

Sample num ber 13 (Fig A41) Weathering: No cycles.

Failure occurred in sample 13 after approximately 25 seconds at a tensile stress of 

15.00 MPa and an axial strain o f 0.4%. Owing to experimental error no AE data were recorded 

for the sample. The stress-strain data show a change in the curve at 0.11% axial strain. Such a 

figure is not dissimilar to the changes shown in the ’weathered’ samples (1-11). Otherwise the 

stress-strain curve is unremarkable. Fracture again shows intergranular mechanisms between 

unweathered grain boundaries in quartz and feldspar. Where biotite crystals are unaltered fresh 

failure is predominantly cleavage parallel. Where weathering has occurred fracture tends to be 

transverse to cleavage planes. Some Fe3+ is evident on the sample surface and limited 

development can be evidenced on the fracture surface. The specimen displays markedly less 

cross-cleavage fracture than some o f the others.

Sample num ber 14 (Figs A4m & A51) Weathering: No cycles.

Failure occurred at a tensile stress o f 18.12 MPa after 38.5 seconds at an axial strain of 

0.55%. Fracture characteristics show nothing which has not been described in previous 

samples. What can be observed is fracture diversion to trend transverse to cleavage 

deformation of biotite crystals. However the majority o f fractures in sample 14 are 

intergranular in  nature.

Unlike samples 1 - 1 3  sample 14 shows no change in the gradient o f the stress-strain 

curve until near 0.25% axial strain, which was reached after 16.5 seconds. At 16 seconds there 

is a significant rise in the level o f AE hits, which had been nearly constant from 8 seconds. AE 

hit frequency continues to rise showing 4 episodes of micro-fracture prior to sample failure at 

33.5, 34.5, 37.0 and 38.0. The drop in activity immediately prior to failure is not dissimilar to 

stage in o f the seismic cycle.

Sample num ber 15 (Figs A4n & A5m) Weathering: No cycles.

Failure occurs in sample 15 after 29.5 seconds at 15.96 MPa after 0.45% (0.171mm) 

axial s tra ia  Intragranular failure in the sample is markedly less common and where 

intragranular failure occurs it is cleavage parallel in biotite crystals. There is a noticeable 

absence o f sericitized or chloritized biotite crystals in the zone o f maximum tensile stress.

The stress strain curve shows a change in gradient after approximately 0.135% axial 

strain. In other respects the curve is not unusual and failure occurs in the same strain region 

as described for the other samples. Acoustic emission hits greater than 40 dB do not occur 

prior to 4.5 seconds into the tests. At 19.0 seconds the first significant fracture episode occurs 

followed by episodes at 21.5, 24.0, 27.5 and failure at 29.5 seconds. Reloading occurs at 32.25
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and secondary failure is indicated by AE at 33 seconds although it is not indicated on the 

stress-strain curve.

Sample num ber 16 (Figs A4o & A5n) Weathering: No cycles

Unlike the other samples, which show some evidence o f compressional failure, sample 

16 shows tensional failure along the full length of the fracture. Failure occurs at a tensile stress 

o f 17.42 M Pa at an axial strain o f 0.55% (0.21%mm) with fracture occurring after 37 seconds. 

The fracture shows no iron oxidation at any point along the length and the only intragranular 

fracture which occurs is cleavage parallel.

The stress-strain curve for sample 16 shows a change in mechanical behaviour at 

0.21% corresponding with approximately 15 seconds of testing. After 14 seconds acoustic 

emission hits greater than 40dB are detected showing a slow increase until 30 seconds where 

the first peak occurs. The first feature is followed by peaks at 31.5 and 35.0 seconds prior to 

failure. The similarities between the third major peak and the reloading peak indicate that a 

significant stress drop must have occurred after the first fracture, in which case it can be 

argued that the first two episodes may be periods of existing micro-crack closure/propagation, 

the third is the initial fracture, and the fourth is the final failure.

Sample num ber 17 (Figs A4p & A5o) Weathering: No cycles.

Failure occurs at 31 seconds at a tensile stress o f 18.30 MPa and at a strain o f 0.48% 

(0.183mm). Fracture shows no evidence o f intragranular failure and intergranular failure is 

entirely cleavage-parallel or sub-parallel in the sample. No evidence o f alteration is observed 

and no transverse fracturing is evident.

The stress-strain curve is unremarkable showing different mechanical properties at an 

axial strain o f 0.12% with the curve between 0.35 until failure being almost completely linear. 

Acoustic emissions are first detected at 4.5 seconds, but the first real ’kick’ occurs at 22 

seconds followed by one tight and 3 distinct, tight fracture episodes prior to failure. The 

episodes o f fracture are characteristically long, being approximately 2 seconds in duration. 

Sample num ber 18 (Figs A4q & A5p) Weathering: No cycles.

Failure occurs at 30.5 seconds at a tensile stress o f 16.24 MPa and a strain o f 0.47% 

(0.178mm). Fracture characteristics have been described and are characterised by cleavage 

parallel failure where weathering is not evident to cleavage transverse failure were weathering 

is present In sample 18 the weathering evident is Fe3+ near biotite crystals showing transverse 

fracture.

The stress-strain curve shows that changes in the stress-strain curve occur at 0.12% and 

0.3% axial strain where the curve passes from linear to curvilinear back to linear again. The
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first change in line gradient is at approximately 6 seconds. AE hits begin after 7 seconds, with 

the first significant rise after 12.5 seconds. The next rise occurs at a swarm of events at 17.5 

seconds to be followed by peaks at 20.75, 21.0, 22.0, 23.25, 24.5, 27.0, 28.5 and 29.0 although 

the midpoint o f the peaks at 28.5 is somewhat objective. Reloading occurs rapidly after failure 

indicating that fracture is not pervasive and that again Griffiths cracks on the surface o f the 

sample are present and the result o f first fracture. As the same phenomenon was also evident in 

weathered materials, it can be considered an artifact o f testing and sample preparation.

Sample number: 19 (Figs A4r & A5q) Weathering: No cycles.

Failure occurs at a tensile stress o f 14.82 MPa at an axial strain o f 0.43% (0.164mm) 

after 29 seconds o f testing. The fracture is predominantly intergranular although intragranular 

failure does occur. Such failure tends to be cleavage parallel in biotite and there is one case o f 

fractures occurring cleavage-parallel in a plagioclase feldspar crystal.

The stress-strain curve shows a change in gradient at 0.12% axial strain, which 

corresponds with the initial detection o f AE hits at approximately 4 seconds. After the initial 

detection of AE the frequency o f hits does not rise significantly until 21.5 seconds, which 

marks the beginning of the occurrence o f micro-fracturing. Coalescence o f cracks occur at 26.5 

seconds and AE hits rise marking the major episode o f failure. Again reloading can be 

observed to be rapid.

Sample num ber 20 (Figs A4s & A5r) Weathering: No cycles.

Failure occurs after 29 seconds o f testing at a tensile stress of 16.18 MPa and an axial 

strain o f 0.43% (0.165mm). Fracture in sample 20 is unremarkable and shows many of the 

features described. Intragranular failure occurs cleavage*parallel in biotite crystals, but 

otherwise failure is intergranular in character.

The stress-strain curve shows a change in line gradient at approximately 0.12% strain 

which is reflected in the initial detection of AE hits at 6 seconds. The frequency o f acoustic 

emission hits increases slowly until 21 seconds when increasing sized peaks o f AE hits can be 

observed at 23.0, 25.25, 27.0 followed by failure at 29 seconds. The extremely rapid rate o f 

reloading indicates that fracture is not pervasive, which is confirmed by examination o f the 

sample under a light microscope.

Al.2.4 Implications of climatic cabinet data

80 cycles in a climatic cabinet were insufficient to reproduce even the very early stages 

o f weathering. There is no doubt that the stress-strain curves are similar, with microcrack 

closure occurring at 0.1-0.15% axial strain. Gosure o f microcracks is manifested by a marked
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change in gradient in stress-strain curves and the detection of AE hits. The AE records are 

different in each sample, but there is no persistent change between the rate o f acoustic 

emission hits o f the weathered and unweathered samples. On the other hand close examination 

indicates that even slight, almost insignificant variations in the state o f weathering appear to 

make significant differences to the fracturing

The data derived from close examination of the fracture under reflected light indicate 

that a number o f tentative assertions may be made about the deformation o f rocks subject to 

weathering. The first point is that even in unweathered granodiorites fracture will tend to 

propagate parallel to the cleavage in biotites, indicating that the strength across the crystal 

cleavage is less than the intergranular bonding with the quartz and feldspar crystals. Evidence 

o f sericitization, chloritization or the oxidation of Fe2+ in the biotite structure further reduces 

the strength o f the biotite crystal allowing cleavage transverse failure. The implication is that 

even at low states o f weathering biotite crystals in the rock material can result in zones o f 

weakness and stress concentration.

An examination of the tensile strength for the two populations shown in table A 1.2.1 

shows that the mean strength o f the unweathered rock (16.5 MPa) samples is slightly lower 

than that o f the weathered samples (17.2 MPa). The variance and the standard deviation o f the 

sample populations shows that such a level of difference in means is not significant The mean 

axial strain at failure between the weathered and unweathered specimens is even closer, with 

differences o f 0.4715 and 0.4712 respectively. The mean density o f the weathered samples is 

slightly higher than that for the unweathered samples. As the cabinet simulation was done 

without addition o f salts or other materials apart from distilled water there seems no reason for 

the increase in density unless the temperature changes and confined environment within the 

cabinet was conducive to deposition o f atmospheric pollutants onto the samples. Such an 

argument assumes that the apparent density change is real, though always within the population 

standard deviation. The absence o f any clear change in the AE hits between the two sample 

populations indicates that no significant change occurred during 80 cycles in the climatic 

cabinet.

A1.3 CONCLUSIONS 

A U .1 Climatic cabinet weathering processes

Chemically and mechanically no significant difference was detected between the 

’weathered’ and ’unweathered’ samples. The increase in tensile strength in the samples after 

climatic cabinet simulation is within the standard deviation and the error o f the chart recording 

system. The program for analyzing the data in the logging system averages information into a
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number of data bins and is an inaccurate method of examining stress-displacement 

relationships. The test results had to be read directly from the chart recorder. The duration of 

the test was on average 20-30 seconds. All the tests were done on the same day over a four 

hour time period, and the moisture content was therefore assumed to be constant.

Despite the problems, it is possible that the result reflects an actual trend. Dr R. J. 

Allison (pers. comm.) reports a small increase in strength after climatic cabinet experiments 

involving 400 cycles. Unfortunately, the mechanical problems allowed a limited amount o f 

cycles to be completed. A more sensitive test, such as measuring the Dynamic Young’s 

Modulus (Allison 1988, 1990 ), might have given better data. Further research into the effects 

of weathering o f rock materials in climatic cabinets, and the possibility of initial case 

hardening in rocks, is necessary to elucidate strength-time relationships.

One o f the more interesting results was the spontaneous failure o f feldspar-biotite 

schist from Scilla. The core contained no open fractures when simulation started, yet the 

sample failed after approximately 55-60 cycles along a biotite cleavage plane which showed 

distinct chemical alteration marked by iron oxides on its surface. It can be concluded that 

weathering is not a linear process and that attempts to model the mechanical changes due to 

weathering with a linear model are misleading. To draw an analogy with scaled rock masses, it 

took a sample which started with a slightly weathered discontinuity (grade lb) the same amount 

of time to acquire staining and discontinuity opening (grade Hii) as it did for no change to 

occur in completely fresh rock or for Griffiths cracks to form in virtually unweathered 

material.

The combination of laboratory and field examination (chapters 4 and 5) suggest that a 

time weathering curve would contain a three o f distinct phases, and be quasi-exponential. The 

initial section of the curve (phase I) involves a slight increase in strength, as material is 

mobilised from within the sample to anneal Griffiths cracks in the rock. A second phase begins 

when mineral alteration reaches a level where sufficient secondary minerals form at crystal 

boundaries to induce micro-cracking, and strength begins to decrease. The strength decay in 

phase II is almost exponential in character, as observed in weathering-point load strength 

curves in chapter four. In phase III strength decay slows as the sample reaches equilibrium 

with the current environment, and so much of the original material strength has been lost in 

any case, that there is little left to lose.

Although there is no evidence for case hardening in point load index tests the 

technique is not accurate enough to detect such subtle mechanical changes. Further research is 

required to elucidate the mechanical effects o f climatic exposure. It would be an interesting
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experiment to examine acoustic emissions during climatic cabinet simulations in an attempt to 

detect micro-cracking as it occurred.
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APPENDIX 2 
M OD IFIED M ERC A LLI SCALE O F 
SEISM IC INTEN SITY (ABRIDGED).

Intensity Description

I Not felt except by very few under exceptionally favourable circumstances.

n Felt by persons at rest, on upper floors or favourably placed.

m Felt indoors; hanging objects swing; vibration similar to passing of light trucks; duration 
may be estimated; may not be recognised as an earthquake.

IV Hanging objects swing; vibration similar to that of a heavy passing trucks, sensation of a 
jolt like a heavy ball striking the walls; standing motor cars rock; windows, dishes and

doors rattle.

V Felt outdoors; duration may be estimated; sleepers wakened; liquids disturbed; small 
unstable objects displaced; doors swing; pendulum clocks start, stop or change rate.

VI Felt by all; many frightened and run outdoors; walking unsteady; windows, dishes and 
glassware broken; furniture moved or overturned; weak plaster and masonry D3 cracked;

small bells ring, bushes shake.

vn ' Difficult to stand; noticed by drivers in motor cars; damage to masonry D, including 
cracks and chimneys broken at roof line, fall of loose bricks and architectural ornament; 

some cracks in masonry C4; waves in ponds; water turbid with mud; small slides and 
caving along banks of wet cohesionless materials.

vm Steering of cars affected; damage to masonry C or partial collapse; some damage to 
masonry B5; none to masonry A6; fall of stucco and some masonry walls; twisting and 
fall of chimneys, frame houses moved on foundations if not bolted down; changes in

groundwater flow.

IX General panic; masonry D destroyed; masonry C heavily damaged, sometimes with 
complete collapse; masonry B seriously damaged; general damage to foundations;

serious damage to reservoirs.

X Most masonry and frame structures destroyed with their foundations; Some well built 
wooden structures and bridges destroyed; rails bent slightly.

XI Few (if any) masonry structures remain standing; rails bent greatly; underground pipes
out of service.

XII Damage nearly total; lines of sight and level distorted; objects thrown into the air.

3 Weak materials, such as adobe; poor mortar, weak horizontally.

4 Ordinary workmanship and mortar.

5 Good workmanship and mortar, reinforced, but not designed to resist lateral loads.

6 Good workmanship, mortar and design; reinforced, especially laterally and bound together, 

designed to resist lateral forces.



References cited

266

Alvarez, W., Cocozza, T. & Wezel, F. C. 1974 Fragmentation o f the Alpine orogenic belt by 

microplate dispersal. Nature. 248. 309-314.

Allison, R. J. 1988 A non-destructive method o f determining rock strength. Earth Surface 

Processes and Landforms. 13, 729-736.

Allison, R. J. 1990 Developments in a non-destructive method of determining rock strength. 

Earth Surface Processes and Landforms. 15, 571-577

Anderson, M. & Richards, K. 1987 Slope Stability. 2nd ed. John W iley & Sons, New York.

Attewell, P. B. and Farmer, I. W. 1976 Principles of Engineering Geology. Cambridge 

University Press.

Attzori, L. Ghisetti, F. Pezzino, A. & Vezzani, L. 1987 Carta geologica dell* bordo occidentale 

dell Aspromonte.

Badger, C. W., Cummings, A. D. & Whitmore, R. L. 1954 The disintegration o f shale. Jl. of 

Inst. Fuel. 29. 417-423.

Barratta, M  1913 II catastrofe sismica Calabro-Messinese del 28 Dicembre 1908. Relaz. Soc. 

Geogr. Ital.. Rome, Academia Nazionale dei Lincei Press.

Barton, N. 1976 The shear strength o f rocks and rock joints. In t Jl. o f Rock Mech. and Min. 

Sci. 13. 255-279.

Beaumont, T. E. 1979 Remote sensing for the location and mapping o f engineering 

construction materials in developing countries. O. Jl. Eng. Geol. 12. 147-158.

Beavis, F. C. 1985 Engineering Geology. Blackwell, Oxford.

Bell, F. G. 1987 The Engineering properties o f soils and rocks. Butterworths, London 2nd ed,



267

Bertie, S. M. & Rothery, D. A. 1986; Interactive processing of satellite images for structural 

and lithological mapping in northeast Africa. Geol Mag. 123. 393-403.

Birkland, P. W. 1984 Soils and Geomorphology. Oxford University Press, Oxford. 2nd ed.

Bles, J. L., Colleau, A., Foumiguet, J., Godefroy, P., Lenotre, N,. Sauret, B., Combes, P.,

Dubie, J. Y., and Vaskou, P. 1991 Proposal for the classification o f fault activity in an 

intraplate collision setting: definitions and examples. Tectonophvsics. 194 279-293.

Brass, A. R., & Wadge, G. 1989 The prediction of landslide potential using an geographic

information system in the west Indes. Neotectonics & Resources. The 2nd Sino-British 

geological conference. Belhaven press, London.

Brewer, P. 1978 Geological report on Murrayshall Quarry, near Stirling, Scotland. Unpublished 

report, Kings.

Broch, E. & Franklin, J. A. 1972 The Point-Load Index Test. Int. Jl. Rock Mech. Min. Sci. 9. 

669-697.

Brunsden, D. 1987 Principles o f hazard assessment in neotectonic terrains. Mem. Geol. Soc. 

China. 9 305-334.

Brunsden, D & Prior, D. B. 1987 Slope instability John Wiley and Sons. 2nd ed.

Bullen, K. E. & Bolt, B. 1985 A An Introduction to the theory o f seismology. Cambridge 

University Press, Cambridge. 4th Edition.

Chen, H. 1987 The stability and mechanical behaviour o f colluvium slopes in Taiwan. 

University o f London Ph.D. thesis.

Cluff, L. S. 1971 Peru earthquake o f May 31 1970; engineering geology observations. Bui. 

Seis. Soc. Amer. v61, 3, 511-533.



268

Coats, D. R. 1977 Landslide perspectives. In Reviews in engineering geology, V3 Geological 

Society o f America.

Cotecchia, V. Travaglini, G. & Melidoro, G. 1969 I movimenti franosi e sconvolgimenti della 

rete idrografica prodotti in Calabria dal terremoto del 1783. Geol. Appl. e Idroeeol. 4 

1-24.

Cotecchia , V 1987 Chapter 9 Earthquake-prone environments in Slope Stability Anderson M. 

G. & Richards K. S. (editors) John Wiley and Sons Ltd, Chichester.

Consiglio Nazionale Delle Ricerche Progetto Finalizzato Geodinamica 1985 Catalogo dei 

Terremoti Italiani Dali’ Anno 1000 al 1980. Ed. D. Postpischi. Bologna.

Crawford & Curran 1982 The shear rate displacement on the strength o f rock joints. Int Jl o f 

rock mech and min sci. 19

Da Roit, R., Fontanive, A., Lojelo, L., Muzzi, F. & Spat, G., 1981; Terremoto Campania-

Luciano del 23 Novembre 1980: Evidenze di liquifazione di terreni non coesivi saturi. 

Att Conv. Ann. CNR-PF Geodinamica. Udine 1-15.

Davenport, C. A. 1985 Remote sensing o f natural geological hazards in the siting of

engineering facilities. Proc. Univ o f Dundee Summer School on Remote Sensing Appl 

in Civil Eng. 19 Aug-8 Sept 1984.

De Natale, G. 1988 Seismic and ground deformation monitoring in the seismogenetic region of 

the southern Apennines, Italy. Tectonophvsics. 15, 165-178.

Deschamps, A. & King, G. C. P. 1983 The Campania-Luciania (Southern Italy) earthquake of 

23/11/1980. Earth and Planetary Science Letters. 62, 293-304.

Dietrich, D. 1988 Sense of overthrust shear in the Alpine nappes o f Calabria. (Southern Italy.) 

Jl. of Struc Geol. 10. 373-381.

Drury, S. A. 1986 Remote sensing o f geological structure in agricultural terrains. Geol Mag.



269

123. 113-121.

Drury, S. A. 1987 Image interpretation in geology. Allen & Unwin, London.

Dorwick, D., J. 1987 Earthquake resistant design for engineers and architects. John Whiley & 

Sons, London, 2nd Ed.

Fookes, P. G, Dearman, W. R. & Franklin, J. A. 1971 Some engineering aspects o f rock

weathering with field examples from Dartmoor and elsewhere. 0  Jl of Engng Geol. 14. 

139-185.

Fookes, P. G. Gourley, C. & Ohikere, C. 1988 Rock weathering in engineering time. Q. Jl. 

Eng. Geol. 21. 33-57.

Fontes, J. C., Barrier, P. Di Geronimo, I. & Montenat C. 1987 Datations carbone 14 sur des

bivalves Pleistocenes superiers du Detroit de Messine. Doc, et Trav. IGAL 11. 101-104

Francis, P. W. 1979 Infra-red technique for volcanoe monitoring and prediction. Jl o f the Geol. 

Soc. o f London. 136 355-359.

Gasparini, C ,  Iannaccone, G., Scandone, P., & Scarpa, R. 1982 Seismotectonics o f the 

Calabrian Arc. Tectonophvsics. 84. 267-286.

Gasparini, C., Iannaccone, G., & Scarpa, R. 1985 Fault plane solutions and seismicity of the 

Italian peninsula. Tectonophvsics. 117. 59-78.

Ghisetti, F  & Vezzani, L. 1981 Contibution to the structural analysis o f the geodynamic 

evolution of the Calabrian Arc. (Southern Italy.) Jl o f Struc Geol. 3. 371-381.

Ghisetti, F  & Vezzani, L. 1982 Different styles of deformation in the Calabrian Arc (southern 

Italy:) Implications for a seismotectonic zoning. Tectonophvsics. 85. 149-165.

Grainger, P. & Harris, J. 1986 Weathering and slope stability on Upper Carboniferous 

mudrocks in south-west England. 0 . Jl. of Eng. Geol. 19. 155-173.



270

Gourley, C. S. 1986 Rock weathering in Engineering Time. Unpublished M.Sc. thesis, Queen 

M ary College, University of London.

Hall, A. 1985 Deep weathering in north-east Scotland and its Geomorphological significance. 

Zeit. Fur. Geom. 30 407-422.

Hamrol, A. 1961 A quantitative classification o f weathering and weatherability o f rocks. Proc 

5th inter. Conf. Soil Mech. and Found. Eng. 2. 771-774

Harp, E. L., Wilson, R.C., Keefer, D. K., Wieczorek, G. F. 1985 Seismically induced 

landslides: current resaerch by the U.S. Geological Survey. USGS Prof paper

Hencher, S. R. 1980 Friction parameters to withstand earthquake loading. The design o f dams 

to resist earthquakes 66-73 Institute o f Civil Engineers, Telford Press, London

Hunt, G. R. 1979 Near infra-red (1.3-2.4um) spectra of alteration minerals-potential for use in 

remote sensing. Geophysics. 44. 1974-1986.

Hunt, G. R. & Ashley, R. P. 1979 Spectra o f altered rocks in the near infra-red. Economic 

Geology. 74. 1613-1629.

Hunt, G. R. & Salisbury, J. W. 1970 Visible and near Infra-red spectra o f minerals and rocks:

I, Silicate Minerals. Modem Geology. X  283-300.

Hunt, G. R. & Salisbury, J. W. 1971 Visible and near Infra-red spectra o f minerals and rocks:

II, Carbonates. Modem Geology. 2 23-30.

Hunt, G. R., Salisbury, J. W. & Lenhoff, C. J. 1971 Visible and near infra-red spectra of 

minerals and rocks: II, Oxides and Hydroxides. M odem Geology. 2, 195-205.

Hunt, G. R., Salisbury, J. W. & Lenhoff, C. J. 1974 Visible and near infra-red spectra of 

minerals and rocks: IX, Basic and Ultrabasic Rocks. Modem Geology. 5, 15-22.

Irfan, T. Y. & Dearman, W. 1978 The engineering petrography o f a weathered granite in



Cornwall .England. 0 . Jl. Eng. Geol. 11. 233-244.

271

Irfan, T. Y. & Dearm an, W. R. 1978 Engineering classification and index properties o f a 

weathered granite: Bull. Intl. Assoc. Eng. Geol.. 17. 79-90.

Johnson, R. B. & DeGraff, J. V. 1988 Principles of Engineering Geology. John Wiley and 

Sons, London.

Jibson, R. W. 1987 Summary o f research on the effects o f topographic amplification o f 

earthquake shaking on slope stability. U.S.G.S. Open-file report 87-268.

Keefer, D. K. 1984 Landslides caused by earthquakes. Geol. Soc. Amer. Bull.. 95 406-421

Knott, S. D. 1987 The liguride complex o f Southern Italy- A Cretaceous to Paleogene 

accretionary wedge. Tectonophvsics. 142 217-226

Kruse, F. A. 1988 The use o f airborne imaging spectrometer data to map minerals associated 

with hydrotheimally altered rocks in the northern Grapevine Mountains, Nevada and 

California. Rem. Sens, o f Env. 24. 31-51.

Little, A. L. 1969 The engineering classification o f residual tropical soils. Proc 7th Inter. Conf. 

Soil Mech. Found. Eng.. Mexico, 1 , 1-10.

Lort, J. M. 1971 The tectonics o f the eastern Mediterranean: a geophysical review. Rev. 

Geophvs. & Space Research. 9, 2, 189-216

Lumb, P. 1962 The properties o f decomposed granite. Geotechnique. 12. 226-243.

Lyell, C. 1853 Principals o f Geology. 9th ed. Murray, London

Lyon, R. J. P. 1972 Infra-red spectral emittance in geological mapping: Airborne spectrometer 

data from Pisgah crater. Science. 175. 983-985.

Mantovani, E. 1982 Some remarks on the driving forces in the evolution of the Tyrrhenian



basin and Calabrian Arc. Earth Evol. Sci. 3, 266-270.

272

McKenzie, D. P. 1970 Plate tectonics o f the Mediterranean region. Nature. 226. 239-243.

Milne, W. G. & Davenport A. G. 1969 Earthquake probability. Proc 4th World Conf 

Earthquake Eng.. Santiago.

Mort, J. M. 1971 The tectonics o f the eastern Mediterranean: a geophysical review. Reviews in 

Geophysics and Space physics. 9. 189-216.

Mulargia, F., Baldi, P., Achilli, V. & Broccio, F. 1984 Recent crustal deformations in the

M essina Straits area. Geophysical Journal o f the Roval Astronomical Society. 76. 369- 

381.

Mulargia, F., Gasparini, P. & Tinti, S. 1987 Contour mapping o f Italian Seismicity. 

Tectonophvsics. 142. 203-216.

Murphy, J. R. & O* Brien J. L. 1977 The correlation o f peak ground acceleration amplitude 

with seismic intensity and other physical parameters. Bull. Seis. Soc. Amer.. 63 887- 

915.

M uiphy, W. & Vita-Finzi, C. 1991 Landslides and seismicity-an application of remote sensing. 

Eigth Thematic conference: Geologic remote sensing. Denver 29 April- 2 May 1991, 

771-785.

Ognibren, L. 1969 Schema introduttivo alia geologia del confine Calabro-Lucano. Mem. Soc. 

Geol. Ital. 8. 453-763.

Ognibren, L. & Vezzani, L. 1985 Nappe structure in Sicily, Calabria and Lucania;Italy.in The 

Geology o f Italy. C.H. Squyres (Ed) Tripoli.

Oilier, C. 1984 Weathering, Longman, 2nd Ed. Sidney.

Oliver, H. J. 1979 A new engineering geological rock durability classification. Eng. Geol. 14



273

255-279.

Onodera, T. F., Yoshinaka, R., & Oda, M. 1974 Weathering and its relation to the mechanical 

properties o f granite. Proc. 3rd Cong. Int. Soc. Rock Mech.. Denver, 2A, 71-78.

Pieri, M. 1975 An outline o f Italian Geology, in The Geology o f Italy. C.H. Squyres (Ed), 

Tripoli.

Podwysocki, M. H., Power, M. S., Jones, O. D., 1985 Preliminary evaluation o f LANDSAT-4 

data for mineral exploration, in Ungar, S. G. (ed), The Earth’s surface studied from 

space. Advances in Space Research. COSPAR, Pergammon Press, Oxford, 13-20.

Reiche P. 1950 A survey o f weathering processes and products. New Mexico University 

Publication in Geology, 3 University o f New Mexico Press.

Robertson, G. D. 1980 Possible quartz synthesis during weathering o f quartz free mafic rocks, 

Jasper County, Georgia, Journal o f Sedimentary Petrology. 50. 193-203.

Rothery, D. A. 1984 Reflectances of Ophiolite rocks in the LANDS AT MSS bands: Relevance 

to lithological mapping by remote sensing. Jl. Geol. Soc. Lond. 141. 933-939.

Rothery, D. A. & Lefevbre, R. H. 1985 The causes o f age dependant changes in the spectral 

response o f lavas, Craters o f the Moon, Idaho, U.S.A. Intl. Jl. Rem. Sens. 6, 1483- 

1489.

Rotheiy, D. A. 1987 Improved discrimmination of rock units using LANDSAT TM imageiy of 

the Oman ophiolite. Jl. Geol. Soc. Lond. 144. 587-597.

Saima, S. K. 1973 Stability analysis o f embankments and slopes Geotechnique. 23 423-433

Sarma, S. K. 1975 Seismic stability o f earth dams and embankments Geotechnique. 25 743- 

761

Sauret, B & Bousquet, J. C. 1984 Manefestations d ’instabilite du sol dan la zone epicenrale du



274

seisme de Messine de 1908: Le role de la liquefaction. BGRM 63-74 Paris.

Scandone, P. 1982 The structure and evolution o f the Calabrian Arc. Earth Evolution Science.

3 172-180.

Scott, L. E. 1955 Secondary minerals in rock as a cause o f pavement and base failure. Proc. of 

the Highway Res. Board. 34th annual meeting. 412-417.

Seed, H. B. & Idriss I. M. 1971 Simplified proceedure for evaluating soil liquefaction 

potential. J. Soil. Mech. Found. Div. ASCE, SM 9 1249-1273.

Soha, J. M. & Schwartz, A. A. 1978 Multispectral histogram normalization and contrast

enhancement. Proc. 5th. Canadian Svmp. on Remotes Sensing. Victoria B.C., 86-93.

Tinti, S. Vittori, T. & Mulargia, F. 1987 On the macroseeismic magnitude o f the largest Italian 

earthquakes. Tectonophvsics 138. 159-178.

Vane, G. & Goetz, A. F. H. 1988 Terrestrial imaging spectroscopy. Rem. Sens, o f Env. 24. 1- 

29.

Vincent, R. K. & Thomson, F. K. 1972 Rock type discrimination from ratioed infra-red 

scanner images of Pisgah crater, California. Science. 175, 986-988.

Vita-Finzi, C. 1975 Late Quaternary alluvial deposits in Italy, in The Geology of Italy. C.H. 

Squires (Ed), Tripoli.

Watts, W. A. 1985 A long pollen record from Laghi di Monticchio, Southern Italy: A 

preliminary account. Jl o f the Geol. Soc. London 142. 491-492.

Weinert, H.H. 1968 Engineering petrology for roads in South Africa. Eng. Geol. 2, 363-395.

Warwick, D.,Hartopp, P. G., & Viljeon, R. P. 1979 Applications o f infra-red linescanning 

technique to engineering geological mapping in south Africa. O. Jl. Eng. Geol. 12. 

159-179.



275

West, J. M, Moseley, M. J. & Donovan, H. B. 1971 The stability o f a valley side in weathered 

shale. O. Jl. Eng. Geol. 4. 1-23.

Youd, T. L. & Keefer, D. K. 1981 Earthquake-induced ground failure, in United States 

Geological Survey open file report 84-760. 231-238.


