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ABSTRACT

Large volcanic landdides are one of the most hazardous of geological processes. They have occurred
about once every 25 years during the last 500 years, and are a serious risk for the population due to
their great volume and mobility. In spite of their destructive potential there are few comprehensive
studies analysing large landdides on volcano flanks, and the mechanisms of such mass movements are
not yet resolved. Within the last few years, severa hypotheses concerning the potential causes of
volcanic landdides have been proposed including processes such as dike intrusion, volcanic spreading,
hydrothermal alteration, seismic shocks and caldera collapse events.

Tenerife exhibits three large subaerial valleys originated by giant flank failures with ages ranging
from Upper Pliocene to Middle Pleistocene. The northern submarine flank of the idand is characterised
by a voluminous apron of landdlide debris. The La Orotava valley has been selected for analysis due to
the amount of available data concerning its structure and evolution, and has been used as a test site to
validate new assumptions that could be applied to other volcanic areas.

The site investigation has revealed that the present morphology of the La Orotava valley was formed
by two different failures: one in the western sector and the other in the eastern sector. The mechanical
stability of the predide volcano flank was strongly reduced by geologic, morphologic, climatic and
volcanological factors which play a fundamental role in the initiation of the landslides. Widespread
residua soils (paleosols) might have acted as potentiad dip surfaces, while deep erosive canyons
probably evolved into the lateral limits of the failures. A high coastal cliff and a humid climate have
also contributed to the critical stability conditions. The location of the landdide amphitheatre is
perpendicular to the active Dorsdl rift zone and adjacent to the Las Cafladas caldera, both important
influences on the stability of the volcano dopes. On Tenerife, the relationship between large volcanic
landslides and vertical caldera collapses is supported by atemporal coincidence of at least two failures
with caldera collapse events.

The mechanical behaviour of a residua soil sampled in the La Orotava valey has been analysed.
Red coloured residua soils are generally located at the top of phonoalitic pyroclastic deposits and are
proposed as potential dip surfaces due to their very weak behaviour and their flat, homogeneous
characterigtics. They represent the only planar surface within the succession making up the volcano
dopes. Their weak mechanica behaviour is characterised by volumetric collapse during shearing, a
substantial reduction of shear strength for high normal stresses, and a significant increase of pore water
pressure during undrained loading. The last feature is fundamenta to the stability of volcano flanks
since it strongly reduces the soil strength. Earthquakes, common processes in active volcanic areas, and
saturated conditions can generate high excess pore pressures indicating the importance of regiona
climate and seismicity.

The stability analysis has considered three different mechanisms. 1) ground acceleration due to
seismicity - including both tectonic earthquakes and volcano-tectonic seismic shocks produced by
caldera collapse; 2) horizontal stress due to dike intrusion, and; 3) vertical shear stress due to caldera
collapse. The results indicate that ground acceleration principally decreases the mechanical stability of
volcano flanks, enabling failure. Horizontal stresses due to dike intrusion can aso influence dope
stability, but preferably act as a preparing factor destabilising the slope, and not as a final triggering
mechanism. The 3D numerica simulations show the significant effect of deeply incised canyons
creating high shear stress at their base.

Applying the results to the La Orotava events, the following scenario is assumed: First, deep narrow
canyons, weak residual soils, humid climate, coastal cliff and persistent dike intrusion have significantly
reduced the mechanical stability of the volcano dope and determined the limits of the failing mass.
Then, seismicity generated by the caldera collapse episode at the end of the Gugjara cycle at ~0.56 Ma
triggered the catastrophic landdides.

The results of the mobility analysis show the important influence of water on the runout distances of
landdlides. Subagueous drag forces reduce the velocity, while hydroplaning effects strongly increase the
runout distance. For Tenerife, the model indicates that a diding mass can advance great distances, tens
of kilometres away from the idand, at water depths exceeding 3000 m, as can be observed in the
bathymetric data.
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1 INTRODUCTION

1.1 Hazardsfrom large volcanic landdides

Large volcanic landdides are one of the most hazardous geological processes. Their volumes can
exceed tens or even hundreds of cubic kilometres covering areas as large as
1000 km?. Moreover, their velocity easily surpasses 100 m/sec and runout distances greater than 100
km have been observed. After the 1980 eruption and associated debris avalanche at Mount St. Helens
(Voight et a., 1981), the analysis of large volcanic landdides gained worldwide attention and their
importance has been repeatedly demonstrated by disastrous events, which claimed thousands of lives
(e.0. Nevados de Huascaran in 1970; Plafker and Ericksen, 1978 or Nevado de Ruiz in 1985; Pierson
and Janda, 1994). Recent studies show that large volcanic landslides are a common process during the
evolution of large stratovolcanoes (Siebert, 1984; Ui et al., 1986). Large-scale failures have been
observed world-wide at severa hundred volcanoes and have occurred about every 25 years during the
last 500 years (Siebert, 1992; McGuire, 1996b; Voight and Elsworth, 1997).

The occurrence of large volcanic landdides represents different hazards for the neighbouring
population. The direct hazards include not only the debris avalanche and associated lahars, but also the
possihility of explosive eruptions and lateral blasts which can be triggered by the opening of the magma
conduit due to the decompression caused by dope failure (e.g. Mt. St. Helens or Bezymianny; Siebert et
al., 1987). In addition to these direct hazards, large landslides at coastal or oceanic volcanoes can
produce tsunamis and affect areas far away from the volcano.

1.2 Problem

Many causes refering to large volcanic landdides have been proposed, but their explanation in
mechanical terms has not been resolved yet. Generally, failure of natural dopes occurs only if the dope
angle exceeds the friction angle of the soil or rock, assuming zero cohesion and no external forces.
Friction angles of the mgjority of materials composing volcanoes are assumed to have values between
30 and 40 degrees (Voight et a., 1983; lverson, 1995; Voight and Elsworth, 1997) and have a
negligible cohesion. Therefore, they build stable slopes from a geomechanical point of view. However,
many large landslides in volcanic areas are characterised by failure surfaces with a small inclination and
a gentle dope angle. The giant Hawaiian landdides, for example, are assumed to dide over a failure
surface prabably inclined less than 10 degrees and slope angles prior to failure are likely less than 12°
and amost certainly less than 19° (e.g. Dieterich, 1988, Iverson, 1995).

An additional feature increasing the difficulty of the analysis of large volcanic landdides is the scale
effect. Failures at volcanoes can involve up to 20 % of the whole edifice and surpass the volumes of
non-volcanic landdides by two or three orders. Conventional causes such as groundwater pore pressures
are not able to initiate such giant mass movements with failure lengths and widths of several kilometres
(Hadrlimann et al., 1997).

Hence, there must exist significant external forces that enable the failure of volcano flanks. These
external forces are commonly generated by volcanic or tectonic processes. The destabilising effects of
volcanic activity are very complicated, while the tectonic processes mainly include seismic shocks.
Explosive and effusive eruptions, magma injection, hydrothermal ateration, volcanic spreading, caldera
collapse episodes and volcanic or volcano-tectonic tremors are often related to each other and are
characterised by many direct and indirect influences on the stability of volcanoes.

Detailed, comprehensive geotechnical studies analysing the stability of volcano flanks are not
common and anayses including a mechanical approach hardly exist. The causes of large volcanic
landdides have not yet been resolved and many hypotheses have been proposed without geotechnical
data.
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1.3 Test site

The La Orotava valley has been selected as test Site of the geotechnical analysis. The valley is
located at the northern flank of Tenerife and covers an area of more than 100 km® The origin of the La
Orotava and the two other valleys located on the iSand has been a controversy since the last century.
Their landdide origin, however, is supported by recent bathymetric studies that have identified
voluminous landdide deposits on the northern and south-eastern submarine slopes of Tenerife (Watts
and Masson, 1995; Teide-Group, 1997).

Apart form the analysis of the La Orotava events, many stability calculations have been carried out
for general volcano dopes in order to facilitate the application of the results to other locations with
volcano instabilities. Therefore, the landdide events in the La Orotava valey have been used as a
practical case trying to establish general rulesthat can be applied to other volcanoes.

1.4 Goals

The main goas of this work is to answer three fundamental questions refering to large volcanic
landdlides:

1) 'Why such large mass movements can occur?
2) 'Whereisthefailure located?
3) 'When does failure occur?

The first question evauates the potential causes of large volcanic landdlides and investigates the
significant features influencing on the mechanica stability of volcanoes.

The second point analyses the morphologic and geologic features, which destabilise the volcano flank
and may evolve into the limits of the landdide. The definition of potential weak layers composing the
volcano and creating potential dip surfaces of the failures is another aim concerning this second
guestion.

The third question concerning the timing of the failure is perhaps the most difficult to answer. If
large volcanic landdlides have to be predicted, a wide range of disciplines as distinct as geotechnics,
material science, fluid mechanics, seismology, volcanology and geodesy must be brought together. In
this work, this point is only studied marginally and without the aim of establishing an exact predictive
timing.

Another aim of the study is the improvement of the insights regarding to the natural examples that
have occurred in the La Orotava valley. The potential causes of the large volcanic landdlides occurred in
the valley and the chronological, geological and morphological evolution of the valey are two important
topics of this research. On the other side, the evaluation of the influence of the volcanic and tectonic
activity on the initiation of the failuresis an additional objective.

Moreover, another aim is the application of the results obtained from the study of the La Orotava
events to other locations. The determination of common roles and critical features concerning volcano
stability is an important point of the study.

At last, the understanding of the dynamics and an explanation refering to the great mobility of large
volcanic landdides on oceanic islands is another aim.
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1.5 Thesisstructure

After some introductory statements, it follows the State-of-the-art refering to large landdlides in
genera and to large volcanic landdlides in particular. In addition, the potential causes of large failures at
volcano flanks are reviewed.

The Chapters 3 to 6 contain the main part of the text and are structured as in a standard geotechnical
analysis of mass movements. The four Chapters include the site investigation, the laboratory analysis,
the stability analysis and the mobility analysis. Each Chapter starts with a short introduction and ends
with some conclusions related to the Chapter.

Chapter 3: Site investigation.

The site investigation gives first an overview of the landslide events occurred around the Canary
Idands. Second, it describes the geology, morphology and volcanic activity of Tenerife. Then, the
results of the geomorphologic analysis concerning the whole idand are presented including the
northern subaerial and submarine flank of Tenerife and specialy the La Orotava valley. The
following geologic analysis mainly focuses on the La Orotava valley and its adjacent areas. At
the end, the inferred predide conditions are explained. Although the site investigation has been
performed on Tenerife, some of the findings are proposed to be common in other locations.

Chapter 4: Laboratory analysis.
The laboratory analysis can be divided into two test programmes both of them studying a residua
s0il (paleosol) found in the La Orotava valley which has been considered a potential zone for the
dip surface. First, the results of the mineralogical analysis, chemistry and microstructure of this
soil are described and second, geomechanical parameters of the material are explained using the
results obtained from the geotechnical tests. A specia interest is focussed on the bonding or
cementation of the soil which is a particular feature of this material.

Chapter 5: Stability analysis.
This Chapter provides an overview of the analytical and numerical models used in the study of
the stability of volcano flanks. First, global limit equilibrium models have been used to carry out
a quantitative study calculating a globa factor of safety of the volcano flank, and second, the
numerical continuum models based on Finite Element and Finite Differences have been employed
to perform a study computing the stress-strain field inside the flank.

Chapter 6: Mobility analysis.
Large volcanic landdlides on oceanic idlands are characterised by a huge mobility. This Chapter
analyses this particular feature incorporating novel ideas such as hydroplaning or drag forces into
well-known mobility models.

Findly, some concluding remarks and ideas refering to future works are presented. Then, the
reference list and an Appendix including the publications arising from this thesis are completing the
text.
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2 STATE OF THE ART

2.1 Terminology of mass movements

Slope movements can be classified in many ways, each one having some usefulness in emphasising
features appropriate to the recognition, avoidance, control, correction, or other purpose for the
classification. The classification of Varnes (1978) listed in Table 2.1 is one of the most used and
completein itsway.

Generdly, large volcanic mass movements are classified as 'dides including trandational dides and
rotational slumps. Slumps are dow-moving, rotational failures, deeply rooted in the volcanic edifice and
are characterised by only a dight disruption of the structural coherence. Such type of failure has
principally been found on the Hawaiian ridge (Moore et al., 1989; Moore et a., 1994). Trand ational
dides often evolve into avalanches or flows. The term debris avalanches is rather usua for such events
and was introduced after the 1980 eruption of Mount St. Helens and its associated destructive sector
collapse (Voight et al., 1981; Voight et a., 1983; Glicken, 1996). Debris avalanches are rapid moving,
more superficial failures than dumps and form amphitheatre-like scars and extensive deposits. The
movement is characterised by flowage in a dry or wet state, or both, and the initid massive diding
blocks disintegrate into fragments ranging in size from small particles to blocks of hundreds of meters.

If the debris avalanche has a large water content, its matrix may continue to flow downdope as a
lahar after its coarser parts have come to rest. Lahar is an Indonesian word describing mudflows and
debris flows that originate from the dopes of a volcano. Both types have an extremely great mobility,
can flow at velacities exceeding 100 m/sec and travel over 100 kilometres from a volcano.

In summary, the most common types of large mass movements occurring at volcanoes can be
described by the classification of Varnes (1978) as trandational or rotationa dides and flows.
Sometimes the same event can gtart as a dide, then evolve to a debris avalanche and ending as a lahar
(Iverson et al., 1997; Mothes et a., 1998). Hereafter the genera term ‘landdide is used for al types of
mass movements.

Table 2.1: Terminology of mass movements (after Varnes, 1978)

TYPE OF MATERIAL
TYPE OF MOVEMENT BEDROCK ENGINEERING SOILS
Predominantly Predominantly
coarse fine
FALLS Rock fall Debrisfall Earth fall
TOPPLES Rock topple Debristopple Earth topple
Rotational Few Rock slump Debris Sump Earth Sump
SLIDES| Trandational units Rock block didel Debris block slide | Earth block dlide
Many units Rock dide Debris dide Earth dide
LATERAL SPREADS Rock spread Debris spread Earth spread
FLOWS Rock flow Debris flow Earth flow
(deep creep) (soil creep)
COMPLEX Combination of two or more principa types of movement
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2.2 Examplesof largelanddides

In contrast to large volcanic landdlides, non-volcanic failures of similar scale occur more frequently
and diverse studies refering to such events have been published in historic times. However, thereis not a
big amount of comprehensive geotechnical works analysing large landdides since the mgjority of
landdlide studies focuses on shallow, small-scale event.

Figure 2.1 shows some geometric relations of volcanic and non-volcanic landdides indicating the
volume and the mobility of the events. The mohility is represented by the H/D-ratio where H is the
vertical height and D is the runout distance. Lower H/D-ratios indicate a greater mobility and vice
versa. A clear relationship between higher volumes and greater mobility can be seen which confirms this
well-known correlation between volume and runout distance (Heim, 1932; Hs[11975; Corominas, 1996).
Figure 2.1 shows that the volcanic landdides are generally more voluminous than the non-volcanic ones,
and that mass movements on volcanoes are characterised by an enormous mobility and great runout
distances. Moreover, the graph indicates that landdlides on volcanic idands surpass the maximum
volume of terrestrial volcanic events by one or two magnitudes. Maximum volumes exceeding 1000 km®
have been detected around the Hawaiian archipelago (Moore et al., 1989; Moore et a., 1994).
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Figure 2.1: Mobility versus volume of non-volcanic and volcanic landdides. Sai: Saidmarreh, Hi:
Flims, Hel: Mt. St. Helens, Sha: Shasta, Soc: Socompa, Pop: Popocatepetl, Ali: Alika, Wai: Wailau,
Nuu: Nuuanu. Data after Hsi(1975), Harrison and Falcon (1937), Ui (1983), Siebert (1984), Moore et
al. (1989), Lipman et a. (1988) Urgeles et al.(1997,1999).

In the following, some non-volcanic large landdides will be described, and afterwards the most
important volcanic events at terrestrial volcanoes and volcanic islands will be presented.

The classic landdlide at Elm, Switzerland, in 1881 is perhaps the best observed historical event of its
kind and was comprehensively investigated just after the catastrophe (Buss and Heim, 1882; Heim,
1932). The failure was caused by quarry activity at the base of the slope, occurred after recent heavy
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rains and involved two rockdlides that overrun the village of ElIm. While the study of these events has
mainly focussed on the high mobility, the failure mechanisms have only been analysed marginally.

After the Vaiont Dam catastrophe in Italy, which occurred on October 2, 1963, and caused at least
1800 casudlties, severa geotechnical hypotheses about the failure mechanisms of large landdlides have
been proposed. There, actively creeping for at least 3 years took place before the dope failed suddenly
within the Mam formation consisting thin-bedded limestone intercalated with clays (Bromhead, 1992).
The failure occurred in association with arise in the reservoir level, but the superposed effect of artesian
groundwater conditions, progressive failure or pore fluid vaporisation may aso have been involved
(Skempton, 1966; Voight, 1978c). The dide involved a total volume of material of 0.25 km® which
drove the water over the dam generating a huge wave.

The Flims, Switzerland, rockdlide in prehistoric epoch with an estimated volume of 12 km?® (Heim,
1932) is assumed to be one of the largest landdlides ever occurred in mountainous terrain. A huge block
of Jurassic limestone having a thickness of 600 - 800 m did on a bedding plane with a dip of 11 - 16°
and dammed the Rhine valley aong 11 km. The Rhine has now cut a canyon through the landdide
deposit and the scarps of this canyon show that the mass had moved amost as a single unit and not as
completely fragmented (Goguel, 1978).

Another enormous prehistoric landdide is the Saidmarreh event in southwestern Iran (Harrison and
Falcon, 1937; Watson and Wright, 1967). Involving a total volume of about 20 km®, it had been
considered to be the largest subaerial non-volcanic landdlide known on earth. The failure with a width of
about 5 km, a length of 15 km and a thickness of about 300 m occurred at a ope composed of
limestone dipping about 20°and resting on thin bedded sequence of marl and limestone. The immediate
trigger of the landdlide is stated to have been an earthquake, but evidence smply notes that the region is
seismically active (Watson and Wright, 1967).

After the EIm event, the second classical historic landdlide in the Swiss Alps is the Goldau event in
1806 (Heim, 1932; Zehnder, 1988). The Goldau or Rossberg rockdide involved massive *
conglomerate layers, 60 to 120 m thick, that did on marls dipping between 11 and 307 A total volume of
about 0.04 km?® did off after heavy rains, covered the village of Goldau and killed more than 400
persons.

There are many other large landslide events that have occurred in historic times, but the majority of
them have not been analysed properly. The mechanics of the failures have not been studied, and we
often only know where and when they occurred and how many fatalities were caused. The study of large
landdlides is a young research topic and scientific analyses started at the end of the last century. Heim's
masterpiece 'Bergsturz und Menschenleben' (Heim, 1932) was the beginning of several fundamental
overviews published in this century and refering to landdides (eg. Voight, 1978b; Eisbacher and
Clague, 1984; Dikau et al., 1996).

Large volcanic landdides can exceed several cubic kilometres in volume and generaly surpass the
volumes of non-volcanic events by two or three orders of magnitude (Figure 2.1). Recent studies
indicate that catastrophic failures have occurred world-wide at several hundred volcanoes (Ui et d.,
1986; Siebert et a., 1987). Siebert (1992) calculated that large volcanic landdlides have taken place
globally by an average of four times a century during the past 500 years, which was commented to be
an underestimated frequency concerning the big amount of failures during this century (McGuire,
1996b). Moreover, it is assumed that 75 % of the Andean volcanoes with heights in excess of 2500 m
have experienced one or more failures (Francis, 1994), and more than 100 events have been observed at
Japanese Quaternary volcanoes (Inokuchi, 1988).

The most important historic eruptions associated with large volcanic landdlides occurred on Mount
St. Helensin 1980, on Bezymianny Volcano in 1956, on Bandai Volcano in 1888 and on Unzen in 1792
(Gorshkov, 1959; Moriya, 1980; Lipman and Mullineaux, 1981; Voight et al., 1983; Siebert et a.,
1987). The best documented and analysed event is the one which was associated with the climatic
eruption of Mt. St. Helens on May 18, 1980 (Lipman and Mullineaux, 1981; Voight et al., 1981,
Voight et al., 1983; Voight et d., 1985; Glicken, 1996). The destructive failure was preceded by severa
months of magma intrusion and associated large-scale deformation of the volcano flank. The collapse
started with a 5.2 magnitude earthquake (Endo et a., 1981) and the north dope began to dide
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northwards aong a previoudly formed fracture system. A dide block | (Figure 2.2) failed within seconds
producing alateral blast by the explosion of exposed magma and hydrothermal chambers (Voight et al.,
1981). At the same time the retrogressive failure continued in the unstable crown behind of dlide block |
and caused the failure of two additional slide blocks Il and I11. The multiple slope failures led to the
development of an enormous debris avalanche that travelled downward in pulses involving materia with
a volume of about 2.5 km® and burying an area of about 60 km* (Voight et al., 1981; Voight et al.,
1983; Glicken, 1996).

The event at Bezymianny is assumed to have occurred similar to the one at Mt. St. Helens including
retrogressive failures that produced a landslide event with a total volume of about 0.8 km?® (Gorshkov,
1959; Siebert et al., 1987). At Bandai, the landslide included a total volume of about 1.5 km® and
covered an area of 34 k. The volcano flank failed probably in a retrogressive sequence including three
main stages during a phase of severa phreatic eruptions (Moriya, 1980; Siebert et al., 1987; Voight and
Elsworth, 1997). In contrast, the landslide at Unzen in 1972 is assumed to be caused by the saturation
of the volcano by hydrothermal waters and intense seismicity (Siebert et al., 1987). The debris
avalanche of about 0.34 km?® entered the sea and generated a catastrophic tsunami that caused about
15000 fatalities.

Other examples of catastrophic landdides on volcanoes have been taken place without associated
explosive eruptions, but have also caused thousands of casuaties. The landdide at Nevados Huascara,
Peru, in 1970 caused an estimated 18000 fatalities. The event was triggered by the strong 7.7 magnitude
earthquake situated 130 km to the west off the coast of Peru. The mass movement originated as a rock
and ice fall on the sheer west face of the peak and incorporated a total volume on the order of 0.05 to
0.1 km®. In 1962, a similar event with a smaller volume killed about 4000 people. Both failures were
finaly developed into lahars characterised by extreme velocities and large horizontal runout distances.

At Nevado del Ruiz volcano, Colombia, a small explosive eruption in 1985 melted the ice cap at the
summit and generated a large lahar (0.017 km®) causing more than 20000 casualties (Pierson and Janda,
1994). Similar recent examples, but without fatalities, were observed a Mt. St. Helens in 1982 and
1983 andsat Redoubt volcano, Alaska, in 1989 causing lahar-type mass movements with volumes up to
0.034 km”.

At the Mt. Rainier, more than 55 large mass movements occurred during the Holocene and future
events present significant risks to local communities (Crandell, 1971). The mass movements include
debris avalanches and |ahars with volumes up to 3 km® and runout distances of more than 100 km such
asthe well known Osceola mudflow (Vallance and Scott, 1997).
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Figure 2.2: Profile of Mt. St. Helens landdlide. Dashed line indicates the predide topography. Thick
lines show the failure surfaces and the approximate boundaries of the three dide blocks. Grey shaded
areaindicates the dome intrusion (after Voight et al., 1983)



State of the art

Recent submarine geophysical techniques have enabled the detection of many extensive landdide
deposits on the sea floor around volcanic islands caused by giant slope failures. The major amount of
such events have been identified around the Hawaiian archipelago (Moore, 1964; Lipman et al., 1988;
Moore et a., 1989; Garciaand Hull, 1994; Moore et d., 1994; Moore et a., 1995), but aso around the
Canary Idands (Holcomb and Searle, 1991; Watts and Masson, 1995; Masson, 1996; Urgeles et a.,
1997; Carracedo et a., 1999; Urgeles et al., 1999), La Rénion Isand (Chevallier and Bachelery, 1981,
Duffield et al., 1982; Laat et al., 1989; Labazuy, 1996), Stromboli (Kokelaar and Romagnoli, 1995),
St. Augustine Island (Begé and Kienle, 1992; Siebert et al., 1995; Waythomas, 1997), Ritter Island
(Johnson, 1987), Tristan da Cunha (Holcomb and Searle, 1991), Martinique (Semet and Boudon,
1994), Cape Verde (Elsworth and Day, 1999) and others.

Mogt of these studies, however, have focussed on the description of the offshore bathymetric data
including the accumulation zone of the landdides and an analysis of the mechanics of the failures mostly
lacks. Only the Hilina event on Mauna Loa, Hawaii, and the Piton de la Fournaise failures on La
Rénion have been investigated more comprehensively, because both events are characterised by active
displacements currently measured. The Hilina event, a typical dump, is an enormous, active creeping
landdlide that involves most of the southeast flank of Kilauea volcano (Figure 2.3). The Slump covers
about 5200 km?, is about 100 km wide and 40 km long and has an inferred maximum depth of 5 km
(Moore et a., 1989). Its location on an active volcano induces that the mass movement is influenced by
sustained magmatic, seismic and hydrothermal activity. The head scarp of the dump is located adjacent
to the active East Rift zone and the Kilauea caldera.

The recurrent landdides on Piton de la Fournaise volcano were defined as debris avalanches and
include at least three different events (Labazuy, 1996). A total volume of 550 km® was estimated for the
entire submarine accumulation zone. The multiple failures cut a huge amphitheatre into the volcano
edifice with lateral scarps of heights between 100 and 300 m. The amphithestre lies between two rift
zones and the large Enclos caldera is located at its head (Figure 2.3a). Recent magma intrusions and
flank eruptions provoked seaward displacements of the materials filling the amphitheatre and a big part
of the volcanic edifice (Duffield et al., 1982).

The examples of the Hilina and Piton de la Fournaise landdides have not only been selected due to
their big amount of data, but also because of the volcanic setting adjacent to the failures which are
similar to the one on Tenerife. The La Orotava valley events and both of the described examples are
characterised by the presence of an important rift zone and of a collapse caldera.
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Figure 2.3: Cross sections of landslides on volcanic islands. @) Piton de la Fournaise on La Rénion with
Enclos caldera, (b) Hilina landdlide with Kilauea caldera, and (c) Hilina landslide with east rift zone.
Arrows indicate slope movements. Dashed lines represent the inferred ring faults of the calderas, thick
solid lines show intruding dikes and grey-shaded area indicates the magma chamber. Modified from

Duffield et dl. (1982).
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2.3 Causesof largelanddlides

Generally, large landdlides originate either by increasing the destabilising forces (driving forces) or
by reducing the strength of the materials involved, or both. The causes of dope failures include:
1) preparing factors, and 2) triggering mechanisms. Landslides can have several preparing factors
destabilising the natural dope, but only one mechanism finally triggering the failure. By definition a
trigger is an external stimulus such as intense rainfall, a seismic shock or another mechanism that
causes a near immediate response in the form of a landslide by rapidly increasing of the stresses or by
reducing the strength of dope materias (Turner and Schuster, 1996). On the other hand the preparing
factors or destabilising processes can include geological, morphological, physical and human
components and can affect the dope stability over days, weeks or even years.

Large non-volcanic landdides mainly have many preparing factors including geologic features such
as bedding and foliation, rock alteration from weathering, the history of previous motions, hydrologic or
climatologic variations and morphologic features, amongst others. On the other side, the triggering
mechanisms of such large events include strong and/or long-lasting rainfals, rapid snow melts, strong
earthquakes or a combination of different factors (Heim, 1932; Voight, 1978c; Eisbacher and Clague,
1984; Turner and Schuster, 1996).

In contrast, the causes of large volcanic events are more complex due to the influence of volcanic
activity. The volcanic activity produces many different processes destabilising directly or indirectly the
natural dopes. These processes include explosive or effusive eruptions, volcanic or volcano-tectonic
tremors, magma intrusion in form of dikes, sills or domes, inflation or deflation of the magma chamber,
hydrotherma alteration and caldera collapse episodes. The complexity of factors influencing on the
mechanica stability of volcanic sopes can been seen in Table 2.2, where non-volcanic and volcanic
agents are listed. In this study, however, only some of these factors have been studied including agents
of point 1 (morphologic and geologic features), point 2 (e.g. earthquakes) and point 3 (pore fluid
pressure enhancement and changes in structure).

In the following Sections the most important causes will be described dividing into non-volcanic and
volcanic causes. Sometimes, the division between non-volcanic and volcanic causes is diffuse because
they are often correlated with each other. Hydrothermal ateration can be taken as such an example
since the hydrogeological setting with the existence of water and the volcanic activity generating heat
and gas are two indispensable factors for this process. Another example are the seismic shocks which
can be caused by atectonic, volcano-tectonic or volcanogenic origin.
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Table 2.2: Causes of volcanic landdides (after Voight and Elsworth, 1997).

1. Inherent causes
- Initial composition _ _
Texture : loose, porous, weak materials are slide-prone
Bedding attitude relative to slope face N
Layering sequences in relation to strength and permeability
Discontinuity systems : faults, joints, dikes, bedding planes
Slope forming process history, movement history :
ding slip and fault dip history and orientation of movement
Initial physicochemical setting _
conditions of weathering and ateration
History of seismicity and seismic damage
Ambient (seasonal) groundwater conditions

2. Increase of shear stress
- Removal of lateral or underlying support of slopes _
- Erosional processes producing, steepening, or undercutting natural slopes
- Prior mass movements
- Phrestic explosion near base of slope
Static loading _ _ _
- Natural deposition : slope or river sedimentation
volcanic sedimentation (tephra, lava) _
- Weight of water added by natural precipitation or by exsolved volatiles
- Seepage pressure and joint water pressures
- Magma pressure )
- Swelling pressures in expansion clays
Dynamic loading _
- Regional or local tectonic earthquakes _ _
- Vibrations from volcanic earthquakes, explosion and eruptive processes
- Vibrations from aﬂacent, rapidly moving landdlides
Increase of surface slope _
- Magma intrusion related deformation (cryptodomes)
- Regional tectonics (slow or episodic change)
- Slope changes due to depositional processes

3. Reduction of shear strength
- Physicochemical factors

- Hydrothermal alteration

- Softening of clays

- Hydration of clay minerals

- lon exchange of clays

- Wesatheri n?

- Solution of grain cement _

- Decomposition of organic materials

- Physicochemical fracturing

Pore fluid pressure enhancement

- Heavy rainfdl or rapid snowmelt

- Changes in groundwater flow regime _ _ _

- Pore-pressure changes in aquifers adjacent to magma.intrusion, due to poroelastic

deformation, thermal exOPansi on, or separation of gas from magma chambers

- Pore-pressure changes due to hydrothermal processes

- Thermal expansion of pore fluid due to frictional dip

-Vibration induced pore fluid pressure rise

- Shear deformation induced pressure rise

- Consolidation seepage induced by surcharge

- Base level change in reservoirs, lakes or oceans _

- Flow boundary condition changes (e.g. iced or EI ugged flow egress points)

- Enhanced glacier melting due to increased geothermal flux

Changes in structure

- Disturbance, remoulding _ _ _

- Particle reorientation due to dlip or dynamic loading ; peak to residual strength loss

- Grain collapse in atered, weakened tephra deposits

- Fracturing and loosening of val(lﬁl walls, stress relief etc. _

- Deep seated fracturing associated with magma intrusion, stress relief, geothermal

processes, physiochemical alteration _ _
- Adjustments to groundwater flow paths; dope drainage enhanced or impeded

12
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2.3.1 Non-volcanic factors

Morphologic factors

The dope angle has traditionally been assumed to be one of the most important morphologic features
which influences the stability of the volcano flanks. The dope angles of 55 Quaternary volcanoes, which
have undergone major slope failure, are shown in Figure 2.4. Large landdides appear most likely when
the dope angle exceeds 207 but mass movements on volcano flanks with an inclination of less than 10°
have aso been observed (Siebert, 1984). While the events with slope inclinations of about 30°mainly
occurred at steep-sided stratovol canoes, the events with a slope angle of about 10°are characteristic for
volcanic idands. In addition, the comparison of the elevation above base of 845 Holocene volcanoes
with that of volcanoes which have suffered large landdide events suggests that failure can occur with
edifice heights as low as 500 — 1000 m. The most critical height of volcanic edifices, however, seemsto
be between 1000 and 1500 m (Siebert, 1984).

Similar results revealed the analysis of 55 rock avalanches exceeding volumes greater than 10° m® in
mountainous terrains (Hermanns and Strecker, 1999). This study suggests that vertical relief contrasts
between the breakaway zone and the toe of the failure must exceed a threshold of 400 m and dope
inclinations must be steeper than 20?
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Figure 2.4: Influence of dope angle on the failure of 55 Quarternary volcanoes (after Siebert, 1984).

Geologic factors

The geologic setting including texture, bedding, discontinuities or weathering conditions strongly
influences on the stability of natural dopes (e.g. Pearce and O'Loughlin, 1985). The orientation of rock
layering and discontinuities, or bedding planes, exfoliation joints and cleavage dipping dope outwards
often encourage mass movements, and long-term weathering decreases the frictiona resistance of the
rock. However, the mechanica properties of the materials composing volcanoes are not well known and
geotechnical studies on volcanic deposits hardly exist. Nevertheless, some potentiadl weak layers
destabilising the volcano flanks have been proposed by several authors. Weak pyroclastic rocks were
detected at Bandai or Stromboli within the volcano dopes (Siebert, 1984) or at the contact with the
basement (Van Wyk de Vries and Francis, 1997). Hya oclastite deposits as a potentia dip surface have
been proposed for the events on La Rénion and Kilauea volcano (Duffield et a., 1982) and the
destabilising effect of aductile layer of olivine cumulatesis another factor found on Hawaiian volcanoes
(Clague and Denlinger, 1994).
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Eisbacher and Clague (1984) defined water saturated pyroclastic deposits and fractured lava flows
as soil and rock types with high risk of landdide initiation and described different cases in the western
hemisphere: the Dusty Creek landdlide in 1963 with a poorly consolidated tuff breccia and columnar
jointed dacites, the Pylon Peak event in 1975 with weakly consolidated pyroclastic rocks or the
Guatemaalanddlidesin 1976 at steep dopes of Pleistocene pumice deposits.

Hydrologic and hydrogeological factors

The relationship between the climate and the groundwater system is a fundamenta point in the
stability analysis of natural dopes. There isincreasing evidence that water plays an important role in the
stability conditions of volcanic edifices, as it does in non-volcanic dopes. Pore water pressure controls
the strength of the material and thus the dope stability mechanics. The significant effect of pore fluid
pressure in the initiation of landslides has mainly been constrained for non-volcanic events (e.g. Iverson
et a., 1997), while only theoretica models have been applied to those associated with volcanic events
(Elsworth and Voight, 1995; Day, 1996; Voight and Elsworth, 1997). In volcanic environment,
hydrothermal alteration does not only play a magor role in increasing susceptibility to failure, but the
common association of latera collapse events with phreatic explosions supports a significant
involvement by hydrothermal pore fluids in the failure process (McGuire, 1996b). The effects of
volcanic activity on the pore fluid pressures and the hydrothermal ateration are the topic of many recent
and running research projects and will be discussed in the Section refering to volcanic factors later in
this Chapter.

Sea level changes

Many of the largest landdlide events are located on volcanic idands (Figure 2.1) and the destabilising
effect of sea level changes on the stability of the volcanic edifice has been proposed by different authors
(Bray, 1977; Firth et al., 1996; McGuire, 1996a; McGuire et a., 1997; Ablay and Hilimann, 1999).
The principa origins of sea level changes are twofold: 1) the globa climatic variations with the
associated increase of the ice sheets; and 2) the vertical movement of the volcanic idand due to magma
loading and unloading. The construction and destruction of the volcanic edifice applies a vertical stress
to the lithosphere deforming the oceanic crust upwards or downwards. The resulting flexural moat in the
oceanic crust can have a depth of up to 2500 m asin Tenerife (Watts et a., 1997) or 1000 m asin Gran
Canaria (Funck and Schmincke, 1998).

The correlation between mechanical stability of oceanic islands and sea level fluctuations is complex
and the destabilising factors include many different processes such as sea wave erosion at the coast, sea
water loading onto the submarine volcano flank or pore pressure changes. The most important factor,
however, plays the suggested relationship between large rapid sea level changes and its influence on the
volcanic activity (McGuire et d., 1997).

Tectonic seismicity

Seismicity in volcanic terrains can have tectonic, volcanic or volcano-tectonic origins. Often a clear
distinction between tectonic and volcanic earthquakes is difficult. In contrast to purely tectonic
dynamics, where al seismic failures can be ascribed to double-couple systems of shear forces acting on
two orthogonal planes, the seismic source at active volcanoes may be highly complex, since it often
involves interactions between gas and liquid or liquid and solid (Ekstrin, 1994; Ferrucci, 1995).
However, while the tectonic shocks can be characterised by shear failures, the volcanic shocks are
generaly tensional failures.
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Here, a short overview of the tectonically induced seismicity and its influence on sope stability will
be given, while a detailed description of the volcanogenic and volcano-tectonic seismicity will be
presented in Section 0 concerning volcanic factors.

Strong tectonic earthquakes are assumed to be the most frequent triggering mechanism of large
landdlides in mountainous terrains characterised by ongoing tectonism (Plafker and Ericksen, 1978;
Eisbacher and Clague, 1984; Crozier, 1992; Schuster et al., 1992; Jibson and Keefer, 1993; Tibaldi et
a., 1995; Hermanns and Strecker, 1999). Every year, small- or large-scale slope failures occur due to
tectonic seismicity (Albini and Vogt, 1992) and the catastrophic earthquakes at Northridge in 1994 and
a Kobe in 1995 are only two examples to illustrate the hazard of tectonically induced landdides (Harp
and Jipson, 1996; Okimuraet al., 1996).

The destabilisng effects of an earthquake on a natura dope mainly depend on the geologic
underground, the magnitude of the tremor and the epicentre distance (Okamoto, 1984; Kramer, 1996).
The study of 40 historic tectonic earthquakes and the landslides associated with these events revealed
the maximum distance from the epicentre to cause sope falure as a function of magnitude (Keefer,
1984). The results indicate that the occurrence of landslide events decreases exponentialy for higher
epicentre distances. This feature can be explained by the use of geotechnical earthquake engineering,
where the influence of a seismic shock on a natural dope is generadly calculated by the acceleration
released. Using a peak acceleration attenuation relationship, a maximum horizontal acceleration
coefficient (PHAC) can be estimated for different magnitudes and distances to the epicentre. A near-
source attenuation with worldwide data is shown in Figure 2.5 applying the component for hard-rock
sites (Campbell and Bozorgnia, 1994). The graph indicates that the PHAC increases logarithmically
with proximity to the epicentre and linearly with increasing magnitude. Therefore, to have a PHAC high
enough to exceed the stability limit of the volcano dopes and to trigger a landdlide it is necessary to
have either a close, moderate earthquake or a distal one of large magnitude. The significant influence of
the epicentre distance on the acceleration magnitude can be verified by comparing an earthquake
occurring at a distance of 50 km with a tremor at a distance of 5 km. Assuming a magnitude of 5.0 for
both events, the distant earthquake produces a PHAC of 0.01, in contrast to the proximal tremor, which
generates a PHAC of 0.29. This suggests that adjacent and shallow volcanogenic or volcano-tectonic
earthquakes are much more favourable to produce large dope failures at volcano flanks than a distal
purely tectonic tremor.
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Figure 2.5: Variation of peak horizontal acceleration coefficient (PHAC) with epicentre distance for
different earthquake magnitudes (after Campbell and Bozorgnia, 1994).
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2.3.2 Volcanic factors

Since the Mt. St. Helens event in 1980 the influence of volcanic activity on the stability of volcano
flanks has intensively been studied. The complex interactions due to active volcanism have originated
many potential theories refering to the significant mechanisms provoking a failure, but the relationship
between landdlide triggers and volcanic activity has not yet been resolved. A summary of some proposed
causes concerning large volcanic landdides is listed with examples and references in Table 2.3. Each of
these processes will be described in the following Sections.

Table 2.3: Potential processes generating large landdlides on volcanoes.

process

example

reference

explosive eruption

Bezymianny, Bandai

Siebert et al. (1984, 1987, 1992)

dikeintrusion / ‘rifting’ Hawaii Dvorak et a. (1986)
Dieterich (1988)
Iverson (1995)
Elsworth and Voight (1995)
Mt. Etha McGuire et al. (1990,1991)
Canary Islands Carracedo (1994)
Cape Verde Elsworth and Day (1999)
dome intrusion Mt. St. Helens Voight et a. (1981, 1983)
inflation of magma chamber | Hawaii Denlinger and Okubo (1995)
La Rénion Duffield et al. (1982)
Mt. Etnha Lo Giudice and Rasa (1992)
seismic shocks (tectonic, Mt. St. Helens Voight et a. (1981, 1983)
volcano-tectonic or volcanic) | Nevados Huascara Plafker and Ericksen (1978)
Mt. Etnha Montalto et a. (1996)
caldera collapse event Tenerife Martiet a. (1997)

volcanic spreading

Mt. Etna, Central Costa Rica
Mombacho (Nicaragua)

Borgiaet al. (1990, 1992, 1994)
vanWyk deVries and Francis (1997)

hydrothermal alteration

Nevado del Ruiz
Mt. Rainier
Mt. Pelé

Lpez and Williams (1993)
Frank (1995)
Zlotnicki et al. (1998)
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Explosive eruptions

Failures related to explosive eruptions have been the first large volcanic landdlides in being classified
(Siebert et a., 1987). Higtoric eruptions have been studied and the associated dope failures were
divided into the following two types of landdides distinguishing between the magmatic activity during
the eruption:

I.  ‘Bandai-type’, characterised by steam explosions without eruption of juvenile products
I1. ‘Bezymianny- type', characterised by a magmatic explosion

However, Siebert et a. (1987) concluded that additional factors have played an important or the most
important role in the mgjority of the analysed cases and that often a combination of processes or
conditions have caused the failure. A good example of this hypothesisis the Mt. St. Helens event, where
the dope failure produced the eruption, not vice versa. Therefore, the idea proposed by Siebert et al.
(1987) represents more a classification of large dope failures at stratovol canoes than a definite cause of
the landdlides. This is verified by the fact that the authors defined an additional type of large volcanic
landdlides: an ‘Unzen- type occurring without related explosive eruption but with associated seismic
shocks.

Finally, Siebert et a. (1987) classified historic eruptions with associated partial failure of the
volcanic edifice. The mgority has been defined on one hand by type | including the events at
Bezymianny, 1956; Mt. St. Helens, 1980; Shiveluch, 1854 and 1964, Augustine 1883, amongst others
and on the other hand by type Il including the events at Bandai, 1888 or Ritter Island, 1888. A dope
failure related to the Unzen-type has only been documented at Unzen, 1792, and at Chaos Crags, ca.
1650 (Siebert et al., 1987).

Dikeintrusion

Most volcanic eruptions are supplied with magma through fractures. Magma filled fractures, frozen
or fluid, are referred to as dikes when they are sub-vertica and as sheets when they are inclined
(Gudmundsson et d., 1999). Only a smal part of all dikes reaches the surface (feeder dikes) and
provokes an eruption.

Where repeated dike intrusion is favoured by extensional tectonics, so that it occurs aong a
persistent linear axis, the process is commonly called ‘rifting’. The theory of volcanic rift zones was
determined on the Hawaiian Ridge and was defined as flank-preferentia intrusive-eruptive zones that
converge at the summit caldera or central zone of avolcano (Léat et al., 1989).

From a geotechnical point of view, the intrusion of dikes into bedrock influences in many forms on
the mechanica stability of volcanoes. Generaly, the principal factors caused by dike intrusion can be
divided into:

1) horizontal stress perpendicular to the dike

2)  mechanically and thermally generated pore fluid pressure
3) hydrothermal alteration

4)  volcanic seismic shocks

Point 2 includes the pressurisation of pore fluids due to magmatic intrusion and is perhaps one of the
most complicated processes related to volcanic sope stability (e.g. Elsworth and Voight, 1992). It
depends not only on the mechanical and thermal strains but also on the related processes such as
hydrothermal activity, hydrofracturing or seismic shocks (Elsworth and Voight, 1995; Voight and
Elsworth, 1997).
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Dike intrusion or rifting are suggested to be the principal causes of large dope failures especially on
Hawaiian volcanoes (Dvorak et a., 1986; Elsworth and Voight, 1995; Iverson, 1995; Voight and
Elsworth, 1997), but also at Mt. Etna (McGuire et al., 1990; McGuire et al., 1991), La Rénion
(Chevallier and Bachelery, 1981; Laéat et al., 1989), the Canary Islands (Carracedo, 1994) or Cape
Verde (Elsworth and Day, 1999). Continuous measurements of the deformations along zones affected
by persistent dike intrusion may give an idea of the influence of the horizonta stress acting on the
adjacent dope and are being carried out a many sites. At Kilauea volcano, an average horizontal
displacement rate of 0.5 m per year has been observed between 1970 and 1989 (Denlinger and Okubo,
1995), and at Mt. Etna an average rate of 0.93 m per year has been detected between 1983 — 1985 and
0.4 m per year between 1981 — 1989 (McGuire et a., 1991).

The study of 30 landdides occurred at volcanic edifices revealed that the axes of the failure
amphitheatres often show a preferred orientation normal to the dominant direction of the dike intrusion
(Moriya, 1980; Siebert, 1984). On volcanic islands, a similar feature has also been observed correlating
the landdide events with the axis of the rift zones. Failures perpendicular to a rift zone or failures
located between two rift zones are the most common cases. Examples of the first case have been
described in the Hawaiian archipelago (Dvorak et al., 1986; Dieterich, 1988), the Canary Islands
(Carracedo, 1994) and at Stromboli, Italy (Romagnoli and Tibaldi, 1994); and the second case have
been detected at Piton de Fournaise, La Rénion (Léat et al., 1989), e Golfo, Hierro (Carracedo, 1994)
and Valle de Bove, Mt. Etna (McGuire et a., 1990; McGuire et a., 1991).

Dikes represent only one form on how magma can intrude into the volcanic rocks, and there exist
many other intruding styles such as domes or sills. The Mt. St. Helens event is the most common
example of a volcano failure that has been affected by dome intruson (Voight et al., 1981).
Deformation measurements from the summit point above the dome during the week before the
catastrophic failure occurred gave horizontal values of about 2.5 meters per day and vertical values of
about 1 meter per day (Moore and Albee, 1981; Paul and Gratier, 1987 ).

Inflation or deflation of the magma chamber are other processes related to magma movements and
are proposed to be an important agent to the sope stability in Hawaii (Denlinger and Okubo, 1995), La
Rénion (Duffield et al., 1982) and Mt. Etna (Lo Giudice and Rasa, 1992).

Caldera collapse episode

Cddera collapse episodes are cataclysmic infrequent events, which form large subcircular
depressions up to 100 km in diameter generated by the collapse of overlying roof rock into a shalow
magma chamber typically accompanied by voluminous eruptions of pyroclastic materials (Williams and
McBirney, 1979; Druitt and Sparks, 1984).

The destabilising effects during a caldera collapse episode are complex and include many different
processes. The most important mechanical influences on the stability of the volcano flank can be
summarised as.

1) changes of the dress field due to pre-eruption inflation of the magma chamber and
associated magma intrusion

2) hydrothermal alteration caused by point 1

3) shear dress along the ring fault caused by the vertical collapse of the roof into the
decompressed magma chamber

4) seismic shocks caused by both the shear stresses on the ring fault mentioned in point 3 and
the associated explosive eruption

5) accumulation of eruptive products on the volcano sopes

On Tenerife, a relationship between caldera collapse episodes and large-scale dope failures has been

proposed due to the temporal coincidence of at least two caldera collapses with giant volcanic landdides
(Martiet al., 1997).
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There exist data on severa caldera collapse episodes during historic times. In the following, two
different events will be described in a brief mode explaining the most important features refering to the
caldera collapse and the destabilising effects.

The caldera collapse episode on Fernandina, Galapagos Idands, in 1968 is the best documented
event and the only one with seismic records (Filson et a., 1973). The episode started with small seismic
shocks about one month before the collapse occurred. Some flank eruptions during the last three weeks
were observed, before a major eruption initiated the vertical caldera collapse that took place during 9
days from 11" — 19" June. A strong seismic activity with earthquakes of maximum magnitudes up to
5.0 was recorded during the vertical collapse episode. The total subsided area covers about 8 km?® and
the entire length of the boundary fault is assumed to be 10.5 km. The caldera floor had dropped as a
whole several hundreds of meters without altering a large tuff cone in its centre. The subsidence reached
amaximum of 350 m in one corner. However, along about 3.5 km of the boundary fault much less than
200 m was measured (Filson et a., 1973).

The century's most voluminous eruption and the resulting caldera collapse at Mt. Katmai, Alaska,
during June 1912 was recently studied using seismographic data (Abe, 1992). A sequence of moderate
seismic activity began five days before the first eruption. The main eruptive phase lasted 60 hours and
yielded about 15 km?® of solid volume producing about 30 km?® of eruption products (Hildreth, 1983).
Approximately half of the volume is represented by ash-fall units and the other half by pyroclastic flow
deposits. During this phase, the formerly cone-shaped volcano collapsed, leaving in its place a caldera 3
km in diameter and nearly 1 km deep. Strong seismicity was detected during the main eruption and the
related collapse including 14 shocks with magnitudes between 6.0 and 7.0.

Two other significant caldera collapse episodes have been reported during the past 150 years. The
basaltic volcano Askja in the central part of lceland collapsed in 1875 during a gigantic explosive
eruption and at Kilauea, Hawaii, important events occurred in 1868 and 1924. In 1924, the Kilauea
caldera subsided 85 m and doubled its diameter due to a submarine eruption more than 50 km to the
east.

Recently, significant unrest at large caldera systems have occurred in three locations of the world:
Long Valey (USA), Campi Flegrel (Italy) and Rabaul (Papua New Guinea).

Volcanic seismicity

Two main sources of seismic shocks in the vicinity of volcanoes can be distinguished (Hoblitt et al.,
1997): 1) those generated by the movement of magma or by formation of cracks through which magma
can move, and those resulting from gas explosions within a conduit; 2) seismic shocks that result from
readjustments of a volcanic edifice following eruption or movement of magma. While the first category
is assumed to include pure volcanogenic tremors, the second category can be defined as vol cano-tectonic
earthquakes. Seismic shocks belonging to the first category rarely have Richter magnitudes greater than
5.0 and generally have foci at depths of less than 10 km. The relationship between volcanic activity and
earthquakes of category 2 is less well understood. Few quantitative data are available concerning the
maximum magnitude of such earthquakes, although events larger than magnitude 5 have been observed.

A summary of seismic events associated with volcanic or volcano-tectonic processes is listed in
Table 2.4 including the recorded or estimated magnitudes of the events. Seismicity associated to large
explosive eruptions has been described many times, but the exact relationship between eruption and
seismicity is not aways clear. However, magnitudes during eruptions rarely exceed 6 (Abe, 1992) and
generaly range from 4 to 5 (Okada, 1983). Data on the seismicity related to the historic eruptions at
Bandai in 1888, Unzen in 1792, Bezymianny in 1956, Shiveluch in 1964 and Mt St. Helens in 1980
have been published recently and show, that maximum magnitudes are about 5.0 (Gorshkov and Dubik,
1970; Okada, 1983; Voight et al., 1983; Siebert et a., 1987). The epicentre depths are normally located
within the volcanic structures in depth ranging from about 1 to 5 km.
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Table 2.4: Volcanic and volcano-tectonic processes and associated seismic activity (References see
text).

process location year magnitude
explosive eruption” Unzen 1792 5.0
Bandai 1888 5.3
Bezymianny 1956 5.0
Shiveluch 1964 55
Mt St. Helens 1980 5.2
rifting - dumping” Kilauea, Hawaii 1975 6.6
1983 7.2

inflation or deflation of Long Valey, Cdifornia 1980 6

magma chamber"" Campi Flegrei, Italy 1983/84 4.2
caldera collapse event” Katmai, Alaska 1912 7.0
Sakurgjima, Japan 1914 6.7
Fernandina 1968 5.2
Piton de la Fournaise 1986 3.3

¥: volcanogenic shock
V! vol cano-tectonic shock

Earthquakes with magnitudes of 6.6 (Kaapana earthquake in 1975) and 7.2 (Kaoiki earthquake in
1983) have occurred at the Hilina fault system on Kilauea volcano, Hawaii (Eissler and Kanamori,
1987; Elsworth and Voight, 1995). These earthquakes may have been related to the movement along the
head scarp of alarge gravitational ump, which may have been caused by forceful dike intrusion along
an active rift zone (see Figure 2.3). Therefore, the earthquakes are provoked by a combination of
volcanic processes, large creeping mass movements and tectonic mechanisms and should correctly be
defined as tectonic or vol cano-tectonic shocks.

Earthquakes with a volcano-tectonic origin have aso been detected adjacent to calderas mainly
provoked by inflation or deflation of the magma chamber. A sequence of seismic shocks that occurred
near the Long valley caldera, California, in 1980 included four events of magnitude 6+, which may have
been triggered by magmatic intrusion (Julian, 1983; Aki, 1984). In the Campi Flegrei, Itdy, the
inflation of the magma chamber provoked in 1983 and 1984 seismic activity of maximum magnitudes of
4.2 in adepth between 2 and 4 km (Dvorak and Berrino, 1991).

However, the highest magnitudes associated with a volcanic process have been reported during
cadera collapse episodes. These catastrophic events produce very strong earthquakes of mainly
volcano-tectonic origins. The only available seismic records referring to a caldera collapse event is the
collapse episode on Fernandina in the Galapagos Idands in 1968 (Filson et al., 1973). In spite of the
modest event some 75 earthquakes with magnitudes up to 5.0 occurred. For the century’s largest caldera
collapse event in 1912 at Mount Katmai, Alaska, a study has been carried out and origin times,
epicentre locations and surface-wave magnitudes could have been caculated. During the two days of
strong seismic activity, 14 earthquakes had a magnitude equal or greater than 6.0 and the largest
earthquake had a magnitude of 7.0 (Abe, 1992). A similar case to the Katmai event and one of the
largest earthquakes of possible volcano-tectonic origin occurred adjacent to the caldera of Sakurgjima
volcano, Japan, in 1914 (Abe, 1992). There the earthquake had afocal depth of 13 km and a magnitude
of 6.7. Another volcano-tectonic event represents the pit-crater collapse at the Piton de la Fournaise in
1986, which incorporated a total collapsing volume of only ~0.01 km® provoking a swarm of seismic
shocks with maximum magnitudes of 3.3 (Hirn et a., 1991).
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Volcanic spreading may also generate volcano-tectonic earthquakes with high magnitudes. However,
observations or data refering to such types of seismic shocks have not been found in literature.

In summary, earthquakes directly associated with movement or eruption of magma seldom exceed a
magnitude of about 5.0, while seismic shocks which have volcano-tectonic origins can reach high
magnitudes up to about 7.0. However, as seen in Figure 2.5, the destabilising influence of seismic
shocks on natural dopes not only depends on the magnitude of the event, but also on the epicentre
distance. Therefore, volcano-tectonic earthquakes related to a vertica caldera collapse or to large-scale
creep movements along rift zones (dumping) are the most critical seismic shocks refering to the stability
of volcanoes. The high magnitude and the vicinity to the volcano flank convert such earthquakes to
perfect candidates of potential triggering mechanisms of large volcanic landdlides.

Hydrothermal activity

Hydrothermal alteration is the reaction of rocks or minerals by hot water and other fluids. The liquid
is normally heated by magma or in association with magma (Gardner et a., 1995). Hydrothermal
alteration of the volcanic material can reduce the shear strength and thus could play an important role in
the volcano stability. Hot water and other fluids heated by magma change the material properties of the
surrounding rocks and are able to weaken even hard, compact lava flows into unsound material.

Hydrothermal alteration has been described in severa landdide events as an important factor
contributing to the dope ingtability. The exposure of extensively atered pyroclastic rocks after the
failure of volcanic conesin Japan (Moriya, 1980), weakening of magjor portions of the Mount St. Helens
cone prior to its failure (Voight et al., 1981) and hydrotherma alteration at Nevado del Ruiz volcano
(Lpez and Williams, 1993), Mt. Pelé (Zlotnicki et a., 1998) and Mt. Rainier (Crandell, 1971; Frank,
1995; Crowley and Zimbelman, 1997; Vallance and Scott, 1997) are only some events found in
volcanological literature. Other examples of hydrothermal activity associated with failures of volcano
flanks are described on St. Lucia and Dominica in the Lesser Antilles islands, where Fumaroles are
located along the head scarp of the rotational dides (Roobal et al., 1983).

On the other side, pore fluid pressures generated by hydrotherma systems may aso influence on the
mechanica stability of volcanoes. The relationship between these two factors is complex depending on
many different parameters, but natural examples and theoretical models have illustrated the significant
effect of pressurisation due to hydrothermal alteration on the initiation of large volcanic landslides (Day,
1996; Day et d., 1997; Voight and Elsworth, 1997). Enhanced fluid pressures and fracturing induced
by shallow magma intrusion and hydrothermal ateration have been mentioned for the Mt. St. Helens
event (Voight et a., 1981) and for the collapse at Bezymianny volcano (Siebert, 1984).
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Sressregime

The local stress field in a volcanic edifice is mainly controlled by two different features. 1) the
regional tectonic stress regime; and 2) the gravitational stress regime which is mainly influenced by the
general morphology of the volcano and modified by local topographic anomalies. This theory was
supported by Finite Element Methods modelling the Hawaiian volcanic rift zones (Dieterich, 1988) as
well as by studying the eruptive fissure and feeder-dike disposition a Mount Etna (McGuire and Pullen,
1989). Numerical analyses of the effects of regiona stresses on the mechanicd stability of Strombali
and Vesuvius volcano have revealed the significant influence of a strike-dlip stress regime (Russo et al.,
1996; Russo et a., 1997). Similar studies have been carried out for the active intraplate volcanoes
Marion, Tristan da Cunha and La Rénion and have shown that the stress field inside the volcanic edifice
strongly depends on the applied regiona stresses and the selected magmatic pressure in the magma
chamber (Chevallier and Verwoerd, 1988).

One specific phenomenon generated by the stress field of the volcanic edifice is spreading. The
influence of gravitational spreading on the stress regime of volcanoes and the potential destabilising
mechanisms have been analysed numericaly (Van Wyk de Vries and Metala, 1998) and aso at the Mt.
Etna (Borgia et al., 1992), at the Mombaco volcano, Nicaragua (Van Wyk de Vries and Merle, 1996;
Van Wyk de Vries and Francis, 1997) and at the central Costa Rica volcanic range (Borgia et a., 1990;
Borgia, 1994). The mode of volcano spreading assumes a radial displacement away from the volcanic
centre, unbuttressed on a weak and incoherent basement (e.g. clay-rich layer for Mt. Etna), due to the
loading of the edifice. Van Wyk de Vries and Merle (1996) showed that severa relations between
volcano geometry, mechanical properties and life-time of the volcano predict the spreading potential and
the relative hazard of alarge-scale failure.
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2.3.3 Geotechnical considerations

Failure mechanisms related to large-scale landdides might be different from those involved in
medium- and small-scale events for which many geomechanica models have been proposed. Thus, a
size/scale effect is probably important when analysing large dope failures. However, it is reasonable to
make use of standard models and strategies as a starting point to study large volcanic landdlides. This
study has applied standard geotechnical approaches studying the mechanisms of large volcanic
landdlides.

Two phenomena that have been observed in small to medium failures could also be very important in
large ones and have been considered in detail in this Section: 1) progressive failure, and
2) undrained loading.

Progressive failure

Almost every description of large historical landdlides refers to some aspects of time-dependent
deformation before the sudden initiation of the failure occurred. Creep-like movements seem to precede
most of the large landdides and have been observed prior to many events such as Frank, Hope, Gros
Ventre, EIm or Vaiont (Buss and Heim, 1882; Mathews and McTaggart, 1978; Voight, 1978c; Voight,
1978a; Bromhead, 1992). The causes-effect relationship of such creeping are proposed to be twofold: 1)
the progressive reduction of strength (e.g. Skempton, 1966); and 2) the pore fluid vaporisation due to
frictional heating (e.g. Habib, 1976).

The influence of dow displacements along existing bedding planes and the resulting reduction of the
shear strength to the residua strength has first been mentioned by Skempton (1966) after the Vaiont
catastrophe. The residua strength is a minimum vaue of soil strength and is generated at large
displacements aong existing dlip surfaces. A laboratory research on the strength reduction due to
congtant displacements along dip planes showed that strength reduction occurs in a transitional sense
for materials with a clay fraction between 25 to 50 % (Skempton, 1985; Tika and Hutchinson, 1999).
The residua strength is generaly not relevant to first-time dides in previousdy unsheared soils, but in
old landdlides, in bedding shears of folded strata and in sheared joints or faults.

The evolution of a creeping mass strongly depends on the pore fluid pressure changes associated
with the movement. Due to its complexity and the lack of data refering to natura examples, this
argument was investigated almost always theoretically (Habib, 1976; Voight and Faust, 1982; Voight et
a., 1985) and an application has hardly been carried out (Goguel, 1978). Generdly, these authors
follow the suggestion that heat due to diding friction can transform pore water into vapour and thus
change the pore fluid pressure. Applying the effective stress principles, this change affects directly on
the strength of the material and can decrease the apparent coefficient of kinetic friction. Because dow
creep movements produce little fluid pressure enhancement, however, most of the studies have focused
on the dynamic problem of landdides, rather than the static problem, which cause the initial movement.
A recent publication intended to adapt this frictional heating theory to creeping motion over long periods
of time using atheoretica approach (Davis et al., 1990).

Progressive slope failure should be taken into account during the analysis of large volcanic landdides
because creeping movements, saturated conditions and heat transfer are common features in volcano
flanks. Especidly the reduction of material strength caused by sow movements can be applied to
materials composing volcanic edifices, since significant displacements exist in volcanic terrains due to
magma intrusion or the local and regiona stress regime. Evidence for these processes might be the
creegping slumps at submarine volcano flanks such as the one at Kilauea (Denlinger and Okubo, 1995)
or aborted lateral collapses aong rift zones such as the one at el Hierro (Day et al., 1997).
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Undrained loading

The difference between drained and undrained loading is fundamental in geotechnics and strongly
influences on the stability of natural slopes (e.g. Lambe and Whitman, 1979). The two distinct loading
conditions mainly depend on the pore fluid pressure, P,.. Undrained conditions occur whenever externa
loads change at a rate much faster than the rate at which the induced pore pressure can dissipate and,
consequently, the water pressure in the voids increases. Such conditions generaly require both a fast
loading mechanism such as seismic shocks and saturated conditions. On the other side, drained
conditions exist when the pore pressures caused by external loads can dissipate and remain constant. A
drained loading occurs in dry conditions and/or ow loading mechanisms.

The key point of this concept is that undrained loading conditions can significantly reduce the
material strength due to an increase of pore water pressure. Figure 2.6 illustrates the fundamental
differences of drained and undrained loading using the data obtained from standard triaxia tests. The
result of the drained test indicates a dow and/or ‘dry’ loading and is characterised by a high material
strength, while the result of the undrained test has a much lower strength representing a fast loading of
saturated material.
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Figure 2.6: Drained (dashed ling) vs. undrained loading (solid line) illustrated by two stress paths of
triaxia tests. Dots represent initial and fina stress conditions of the tests. x-axis indicates the mean
effective stress applied to the samples during the tests and y-axis shows the material strength (deviator
stress). Inset illustrates how the stress vectors are defined during triaxial tests.

In summary, undrained loading is an important feature studying the initiation of large volcanic
landdlides, since the two conditions seismic shocks and saturated materia are frequently certain in
volcanic terrains,

In this study, the effect of undrained loading on the behaviour of a common soil found on Tenerife
has been investigated in detail. It is proposed as one of the most important mechanism producing large
volcanic landdlide on the idand and may be applied to volcano collapses at other locations.
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3 SITEINVESTIGATION

3.1 Introduction

Site investigations are essential in geotechnical analyses of mass movements. Landdides in volcanic
terrains are commonly characterised by complex geologic and morphologic settings due to the existence
of many constructive and destructive processes caused by volcanic activity. Thus, a comprehensive
analysis of the test site is fundamental in order to define the predide conditions and to understand the
evolution of the landdide. In this study, the landdide events of the La Orotava valley located at the
northern flank of Tenerife have been selected as main test site. On Tenerife there are three important
landslide amphitheatres - the valleys of Glimar, La Orotava and Icod - being the La Orotava valley the
one which has been considered to be the most appropriate location to study the mechanisms of large
volcanic landdlides.

The landdide origin of the La Orotava and the two other valleys on Tenerife have not yet been
proved definitively and the controversy about the evolution of these large depressions has divided the
scientists in different groups. The discussion on the origin of the large valleys on Tenerife aready
started in the last century when some naturalists proposed theirs ideas (Von Humboldt, 1814; Buch,
1825; Lyell, 1855). One of the oldest theories suggests a volcanic explosion as the main mechanism of
the valleys formation. A big explosion like the one of Krakatau, VVesuvius or Santorini caused a volcanic
depression and formed the valleys (Hausen, 1956; Fuster et al., 1968). This theory was especialy
supported referring to the Icod valey and the Las Cafadas caldera. Ridley (1971) has distinguished
between the Icod valley which has typica volcanic collapse features, and both the La Orotava valley
and the Guimar valley which have been caused by the migration of magma towards the volcano flanks
and failed by a ‘trap-door' type mechanism. Another theory explains the origin of the valeys by a
combination of lava accumulation and fluvial erosion. Repeated lateral accumulation of volcanic
material combined with constant fluvial erosion has produced a lateral expansion of narrow canyons
into wide valleys (Fritsch and Reiss, 1868; Palacios, 1994). Today, the most accepted theory suggests
that large landdides originated the valleys. This theory has recently been confirmed by two bathymetric
studies (Watts and Masson, 1995; Teide-Group, 1997).

Several potential causes have been proposed to explain the initiation of the landdlide events. These
include: the persistent rift activity along the structural axis of the isand causing gravitationa
landdiding (Carracedo, 1994), the ‘trap-door’ mechanism proposed by Ridley (1971) or an
impermeable, volcanic breccia acting as ‘lubricating level’ and thus destabilising the volcano flanks
(Codllo, 1973; Bravo Bethencourt and Bravo, 1989; Ancochea et al., 1999). Recently, the hypothesis of
the caldera collapse episode as a potentia trigger of the large landslides has been suggested by Marti et
al. (1997).

The chapter is divided into four main parts. The first part includes the explanation of the geological
setting of the Canary Idlands in a short form and extensively the one of Tenerife. This part shows that
large dope failure is a common phenomenon in the Canary archipelago. In the second part of this
chapter, the results of the geomorphologic analysis are presented including information on the whole
idand of Tenerife, on its northern flank and in detailed form on the La Orotava valey. The third part
refersto the geologic study and field surveys carried out at the La Orotava valley area and includes data
on geochronology, hydrogeology, lithology, volcanism etc. In addition, some geotechnical observations
will be explained focussing on the material strengths of the volcanic deposits found in the test site. In
this study, the morphology of the test site will be described prior to the geology, but many results are
correlated with each other. Finaly, al of them will be summarised in the last part of the Chapter
describing the assumed predide conditions.

The main objective of this chapter is to determine the predide geologic and morphologic conditions
of the La Orotava valey area and the extension of the large landdides. The characterisation of the
morphological and geologica features favouring the initiation of the dides is another objective.
Moreover, the tempora and local relationship between landdiding and volcanic activity is also a
principa aim.
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3.2 TheCanary ldands

The Canarian archipelago contains seven islands and is located in the eastern Atlantic Ocean near
the African coast. Large landdides are common morphologic features on these volcanic idands and in
the 90™ several submarine deposits derived from giant failures of volcano flanks have been detected
using swath bathymetric and side-scan sonar data (Figure 3.1). A summary of the large
landdlides till now detected in the Canary Idands is listed in Table 3.1, containing a total of
seventeen events on four islands. The mgjority of these mass movements have been defined as debris
avalanches which have failed at the dopes of shield volcanoes, but significant collapses with post-shield
ages have a so been observed. Generally, the construction of a volcanic island implies afist stage with a
fast growth of a basaltic shield volcano and a second stage with the dow formation of a composite
stratovol cano.
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Figure 3.1: Large landdide events around the Canary Idands. Tenerife: Gl for Glimar, A for Anaga,
ED for East Dorsal, LO for La Orotava, | for Icod and T for Teno; Gran Canaria: N for North, NW for
Northwest, W for West, SW for Southwest and RN for Roque Nublo; Las Palmas: PV for Playa de la
Veta complex and CN for Cumbre Nuevo; El Hierro: EG for El Golfo, EJ for El Julan and LP for Las
Playas. Contour linesin km below sealevel. Modified from Ablay and Hurlimann (1999).

On El Hierro exist three subaerial amphitheatres generated by the El Golfo event in the northwest,
the Las Playas or San Andrés event in the southeast and the El Julan event in the southwest including
each of them hundreds of cubic kilometres (Holcomb and Searle, 1991; Day et d., 1997; Soler, 1997,
Urgeles et a., 1997; Gee et a., 1999). On Gran Canaria, four giant siide scars truncate the shield
(Funck and Schmincke, 1998), while a small debris avalanche has been described from the post-shield
Roque Nublo centre (Garcia et a., 1994). On La Palma, the complex subaeria escarpment at the
western side of the idand has been generated by multiple landdide events forming a huge submarine
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debris apron with the Cumbre Nueva event and the Playa de la Veta complex (Carracedo et a., 1999;
Urgeles et al., 1999). On Tenerife, two major failures with shield ages have been detected: one in the
Anaga and the other in the Teno peninsula (Watts and Masson, 1995; Watts and Masson, 1998;
Cantagrel et a., 1999). During the post-shield stage, four different events have affected the northern
side of the idand and one have failed at the southern flank (Watts and Masson, 1995; Teide-Group,
1997; Ablay and Huarlimann, 1999; Cantagrel et a., 1999). Around the two oldest Canary Idands
(Lanzarote and Fuerteventura) and around Gomera no submarine surveys have been carried out and
hence no deposits have been found. However, large sector collapses might have occurred on these
islands, too.

Table 3.1: Large landdide events detected around the Canary |dands (References see text).

idand landdide amphitheatre age volume
orientation [Ma] [km?]
Gran Canaria North N 12-14 > 60
Northwest NW 14 -
West W > 14 -
Southwest SW - -
Roque Nublo SW 3.5 20
Tenerife Teno N 5.6-6.3 -
Anaga NNW >45 -
‘old post-shield' NNW 3.0-23 560 — 650
East Dorsal NNW < 0.56 25-100
GUlimar SE - -
LaOrotava NNW 0.73- 0.56 80—-130
Icod N 0.17 80
LaPama Cumbre Nueva WSW 0.560 95 - 200
PlayadelaVeta W 0.8-1.0 650
El Hierro El Golfo NW 0.136 -0.021 | 150-180
El Julan S 0.16 -
Las Playas SE 0.882 - 0.545 -
San Andrés (aborted) SE 0.545-0.176 -

The analyses of the spatial distribution and the temporal occurrence of all the dides occurred around
the archipelago indicate several interesting points. It seems that regiona tectonics, climate and sea level
changes may have influenced large-scale dope failures.

The first observation is that the spatia distribution of the landslide amphitheatres on the Canary
Isdands may depend on the regiona tectonic framework and the structural axes of the islands. Many
amphitheatre orientations are located either perpendicularly to the main structura axis of the idand or
limited by two important axes. Especiadly the first relationship is quite common for large volcanic
landdides (Siebert, 1984) and has been proposed for the events in the Canary Idands (Carracedo,
1994).

The Canary Idands region is affected by various fault systems (Figure 3.2). These can be divided
into two types of families: the Atlantic family and the African family (Mezcua et al., 1992; Arafia,
1995). The fractures of the African family generally contain ENE-WSW and NNE-SSW orientations.
The ENE-WSW trend coincides with one of the two main axes on Tenerife and has a perpendicular
orientation to the mgjority of the landdide events on this idand. The Atlantic family has a principa
orientation of WNW-ESE and trends paralel to the transform faults of the Middle-Atlantic Ridge. In
some case this trend is shown by the existence of a main NW-SE strike-dlip fault system, which could
be the prolongation of the transforming fracture zones crossing the ocean floor from the Middle-Atlantic
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Ridge and loose definition approaching to the continents (Arafia, 1995). On Tenerife this NW-SE
orientation coincides with a second structural axis limiting the spatial landdlide distribution to the west.
On Gran Canaria the amphithesatre of the Roque Nublo debris avalanche is perpendicular to one of the
main structural arrangements of the island as well with this NW-SE direction (Garcia et al., 1994). On
El Hierro with its particular triangular silhouette and triple star shaped structural alignments, the axes
define the subaerial limits of al the three dope failures. Moreover, on Las Pamas the two landdide
escarpments are perpendicular to the rift zone on the idand with a N-S orientation (Carracedo et a.,
1999).
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Figure 3.2: Simplified tectonic framework and structural axes of the Canary Islands. Solid lines show
structural axes and dashed-pointed line indicates the strike-dip faults, which caused the 1989
earthquake (black box for the epicentre location). Inset illustrates the alignments of the African family
(solid lines) and of the Atlantic family (dashed lines).

The second important observation refering to the spatia distribution of the landdide events is the
relationship between the climatic conditions on the islands and the locations of the amphithestres.

Generally, the climate of the Canary Idands can be determined as semiarid-subhumid. The idlands
have a stable weather with constant trade winds from the north to northeast. These winds, in addition to
the orographic effect, induce mainly the precipitation of the area (Ecker, 1976; Paacios, 1994).
Additionally, there is a temperature inversion at an adtitude of about 1500 m asl., which strongly
influences the vertical distribution of rainfall, creating the characteristic ‘mar de nubes (sea of clouds)
in heights ranging from 800 to 1500 m asl. with maximum precipitation rates (Marzol, 1988).
Conditions of atmospheric instability can generate clouds up to 2000 m as.l., which surpass the
mountain ridges dightly to the southern part and can originate precipitation at the upper parts of the
southern slopes. Maximum mean precipitation recorded on Tenerife is about 1000 mm, while as much
as 1800 mm has been observed on the northern side of the idand (Ecker, 1976). In summary, the
maximum precipitation rates in the Canary Islands obtain the north to northeastern parts of the isands
located between 800 and 1500 m asl. and in minor importance the highest areas of the south to
southwestern parts. On the other side, precipitation is higher in the western idands than in the eastern
isands, where the trade winds cannot discharge their humidity due to the absence of large orographic
systems. All these features can be seen in the Satellite Image of the Canary Idands where the humid,
wet parts of the islands are shown by the green colour due to intense vegetation (Instituto Geografico
Nacional, 1988). A relationship between humid areas and large landdiding has been proposed for the
Tenerife events (Hurlimann et a., 1999b) and has also been observed for the giant slope failures around
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the Hawaiian Islands (Maore et a., 1994). On Tenerife, this hypothesis matches unconditionally since
all of the amphitheatres are located in the humid north and northeastern parts of the island. On Gran
Canaria exists a very dry part in the south where no amphitheatre has been detected, while the most
humid area is located in the north to northeast where a huge landdlide event has occurred. A correlation
between climate and landdlide initiation is difficult on Las Palmas and El Hierro, since these western
idands are characterised by al in al wetter climates.

On the other hand, the climate may also have influenced on the temporal occurrence of landdliding on
the archipelago. Generally, the basic situation of the climate has not been changed since the Pleistocene
and the changes of the precipitation rate have always been related to the climatic changes of the Western
Sahara (Selby, 1985; Lomoschitz, 1995). Three important periods of high precipitation and severa
humid intervals have been proposed within the Quaternary. The three periods of higher precipitation
have been determined at 0.3 MaB.P., from 0.125 to 0.09 Ma B.P. and around 8500 a B.P.. The shorter
humid intervals occurred severa times between 40000 to 10000 a B.P. and represent short climatic
changes. A comparison between these climatic data and the ages of the landdides (Table 3.1) does not
reveal a clear correlation, but additional, detailed data on climatic changes in the Canary Islands area
and exact ages of the large failures might help to find a relationship. Such a relationship would be
realistic since precipitation rates and the associated hydrogeological conditions are significant factorsin
the initiation of the many slope failures (e.g. Turner and Schuster, 1996). Rainfall-induced landdlides
are a common phenomenon on the Canary Idands and have been investigated e. g. in the Tirgana
depression (Lomoschitz, 1995). However, such mass movements are generally of a small scae and
related to short, strong rainfalls caused by the occasiona arrival of the polar front in winter or by
tropical depressionsin summer and not related to longer climatic changes.

Finaly, the temporal relationship between sea level changes and large failures of volcano flanks in
the Canary Idands has been analysed (Figure 3.3). The main causes of sea level fluctuations are firgt,
the globa climatic variations with the associated increase of the ice sheets and second, the vertical
movement of the volcanic isand.
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Figure 3.3: Correlation between sea level changes and landdide events. Sea level changes smplified
from temperature data by Winograd et a. (1997).

Here, the sea level changes caused by the glaciations avoiding the vertical movement of volcanic
idands have been studied including worldwide data (Hag et a., 1987; Winograd et d., 1992), data
collected on the Atlantic coast of Africa (Giresse, 1987) and data of the Canary Idands (Lietz and
Schmincke, 1975; Meco et a., 1992). Hag et a. (1987) determined three significant falings of the sea
level with previous maximums during the last 3 million years. The first time has occurred between 3.0
and 2.8 Ma with a descent of about 140 m, the second time between 1.8 Ma and 1.6 Ma with a faling
of about 90 m and the third time between 0.76 Ma and 0.8 Ma with a descending of about 90 m.
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Comparing these data with the ages of the landdlides in Table 3.1 a relationship between large failures
of volcano flanks and sea level changes can be seen. The first descent between 3.0 and 2.8 Ma can be
related to the huge 'old post shield' landdide complex on Tenerife and the third falling between 0.76 Ma
and 0.8 Ma correlates with the assumed age of the Las Playas event on El Hierro. The sea level changes
during the last 600 ka are better constrained (Winograd et al., 1992; Winograd et a., 1997) and the
temperature variations have been modified into a graph plotting sea level changes versus time (Figure
3.3). Then, six landdide events can be associated with large cooling phases and thus with fallings of the
sealevel: at about 0.55 Mathe La Orotava and East Dorsal events on Tenerife (Ablay and Hurlimann,
1999) as well as the Cumbre Nueva landdide on La Palma (Carracedo et a., 1999), at about 0.17 Ma
the Icod landdide on Tenerife (Watts and Masson, 1995) and the EL Julan event on El Hierro (Urgeles
et al., 1997) and at about 60 ka the El Golfo debris avalanche on El Hierro (Urgeles et a., 1997).

On the other hand, uplift or subsidence of the idand can change the level of the coastline of a
volcanic idand (Watts et a., 1997). Vertical movements caused by volcanism are common features
during the evolution of volcanic idands. The continuous magma loading of the growing edifice applies a
vertical stress to the lithosphere. Therefore, the oceanic crust deforms under the additional weight and
creates a flexural moat. In the case of Tenerife the idand rises amost 8000 m above the expected depth
of the oceanic crust and consequently represents an enormous load on the lithosphere. The flexural moat
in the oceanic crust has a depth of about 2500 m (Watts et a., 1997). A similar flexure of a maximum
depth of 1000 m has been detected in Gran Canaria (Funck and Schmincke, 1998). However, the
vertica movement due to magma loading is a dow process and has a much minor influence than the
faster sealevel changes caused by climatic changes.

As explained in Chapter 2, the sea level changes produce many direct and indirect influences on the
stability of volcanic idands. Some of them will be analysed mechanically during the stability analysisin
Chapter 5. However, the interaction between sea level changes and volcanic activity proposed by
McGuire et a. (1997) is assumed to be the most important feature causing large-scale failures on
volcanic idands and inducing the correlation shown in Figure 3.3.
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3.1 Tenerifeldand

Tenerifeis the largest of the seven Canary Ilands and has a total surface of 2057 km?. The shape of
the idand can be compared with a triangle oriented to the northeast (Figure 3.4). The population of the
island exceeds 600'000 persons which can be the double or triple during tourist's high season. There are
two mgjor towns on Tenerife; Santa Cruz de Tenerife in the northeast and Puerto de la Cruz in the
north. The vegetation of the idand is very variable including humid subtropical forests in the north to
dry, desert-like areas in the south. The landscape of the idand is characterised by old deeply eroded
volcanic ranges at the eastern and western extremities, a quite smooth part with gully erosion in the
south to southwestern zones, two recent volcanic ridges oriented NNW-SSE and NE-SW, respectively,
and a central volcanic complex with two huge stratovolcanoes. Figure 3.4 shows a satellite image of
Tenerife taken by Landsat 5 (Sensor T.M.) located at an dtitude of 705 km. There exist three valleys
originated by large landdlide events: the La Orotava and Icod valleys in the north and the Gliimar valley
in the southesast.
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Figure 3.4: Satellite image of Tenerife island.
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3.3.1 Geological evolution

The geologic evolution of Tenerife is summarised in a geological map (Figure 3.5) and in
stratigraphic columns (Figure 3.6). The onshore geology began in the Late Miocene with the growth of
several mafic shield volcanoes. Three eroded remains of these shields can still be found on the idand: in
the western extremity the Teno massif, in the eastern extremity the Anaga massif and in the southern
part of the idand the Rogque del Conde massif. The age of this shield phase congtituting about 90 % of
the total volume of the island has been proposed to be between 6.0 and 4.5 Ma (Fuster et al., 1968;
Abdel-Monem et al., 1972; Ancocheaet al., 1990).

Towards the end of the shield phase started the construction of a large volcanic complex in the
central part of the idand. The sequences of this volcanic complex - called the Las Cafadas edifice
(LCE) - are distinguished into two main groups: a dominantly mafic Lower Group with ages ranging
from 3 Mato 2.1 Maand afelsic Upper Group with ages between 1.59 Maand 0.179 Ma (Marti et .,
1994). The Upper Group is subdivided into three formations called Ucanca (ranging from 1.59 to 1.18
Ma), Gugjara (850 - 570 ka) and Diego Hernandez (370 - 179 ka) characterised by thick sequences of
phonolitic lavas and pyroclastics. Each of these volcanic cycles started with predominantly mafic
volcanism and finished with a voluminous (5 - 15 km®) pyroclastic eruption. The associated vertical
caldera collapses have been proposed at 1.02, 0.56 and 0.18 Ma, respectively, forming a multiple
depression called Las Cafadas caldera (Marti et al., 1994). Chronologica data and the distribution of
pyroclastic rocks suggest that the Lower Group started in the southeastern central part (Fuster et al.,
1994; Huertas et al., 1994) and the focus of the Upper Group activity migrated then northeast (Arafia,
1971; Marti et al., 1994; Bryan et al., 1998; Ancocheaet d., 1999).
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Figure 3.5: Simplified onshore geology of Tenerife. Colour shades as defined in Figure 3.6. Thick solid
line indicates the extension of the Las Cafadas caldera (LCC).
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Since the last caldera forming event at 0.179 Ma the volcanic activity has built the huge Teide-Pico
Vigjo complex located inside the Las Cafiadas caldera (LCC). It comprises mainly intermediate to felsic
lavas erupted from the two stratocones Teide and Pico Vigo which have both experienced summit
collapses associated with young phonolitic eruptions (Ablay, 1997; Ablay and Marti, 1999).

Additionally, about 2 Ma ago have started basaltic eruptions along the two structural axes of the
isand: the NW-SE orientated Dorsal Ridge and the NNW-SSE orientated Santiago Ridge. These
prominent rift zones are characterised by monogenetic cones constructed on sub-parallel basaltic fissure
systems concentrated near the crests of the rifts. The Dorsal rift zone can be divided into two different
sections: 1) the central, old section, and 2) the western and eastern sections with younger ages. The
central section is at least 1.8 Ma old (Féraud et al., 1985) whereas the western and eastern sections are
covered by younger volcanics with ages younger than 0.5 Ma. The age of the Santiago Ridge is poorly
congtrained but probably of the same age than the young Dorsal Ridge sections. The two rift zones
intersect the LCC and can be connected through the intra-caldera Teide-Pico Vigo vent system (Ablay
and Marti, 1999). Flank volcanism has also occurred in the southern part of the idand. However, this
southern volcanic zone is a broad area of basaltic fissure vent systems on the lower to middle flank of
the LCE and differs from the other two well defined rift zones (Marti et al., 1996; Bryan et al., 1998).
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Figure 3.6: Smplified volcanic stratigraphy of Tenerife. 'm’ for mafic and 'f' for felsic.
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3.3.2 Morphologic features

The geomorphology of volcanic terrains results from a combination of constructive and destructive
processes. On Tenerife, the principal constructive feature is the huge 3718 m high stratovolcano Teide
located on the top of the LCE. Additional morphologic features are the two structural axes with steep
sided flanks, the smooth southern dopes flattened by the phonoalitic pyroclastic deposits of the LCE and
the deeply eroded remnants of the shield volcanoes especidly exposed a the Teno and Anaga
peninsulas. Apart form these features the morphology of the idand is mainly characterised by two major
destructive processes. first, large scale landdiding and second, caldera collapse episodes. Both
processes have chiefly modified the morphology of the central part of Tenerife (Figure 3.7) and have
strongly influenced on the evolution of the whole idand. The LCE has been affected by multiple caldera
collapse episodes forming a large dlliptical depression caled Las Cafadas cadera. The LCC is open
towards the north and bounded to the south and east by high walls up to 500 m. The tota length of the
visible caldera wall is about 27 km. The northern and western caldera walls are absent or covered by
recent lavas except for an isolated segment called La Fortaleza forming part of the Tigaiga massif. The
spur-formed Roques de Garcia adjacent to the south wall divides the LCC into two sectors. A lower
sector including the Ucanca caldera and a higher sector containing the Gugjara and the Diego
Hernandez calderas (Figure 3.7).

At the northern flank of Tenerife the Tigaiga massif separates the Icod and La Orotava valleys,
which are amphithestres derived from large slope failures (Bravo, 1962; Coello, 1973; Navarro and
Codllo, 1989; Ablay and Hurlimann, 1999). A third amphitheatre, called Glimar valley, is located at
the southeastern flank perpendicular to the Dorsal Ridge. All of these escarpment areas include
subaerial extensions of more than 100 km? and many tourist resorts and villages are settled on theirs
floors. Whereas the Icod valley is aimost completely filled by recent lava flows, the La Orotava and
Giuimar valleys are only partly infilled by postdide materials and high lateral scarps up to 600 m can be
observed. In the Guimar valley the amount of filling volcanics is especialy in the upper part very
limited. Consequently, the head scarp towards the Dorsal Ridge is characterised by strong fluvia
erosion forming deep barrancos and aluvia fansin the valley floor.

Comparing the chronology of these two major geologic processes, there exists a relationship between
the inferred ages of the landdide valleys and the caldera collapse episodes (Marti et a., 1997). The age
of the Icod landdlide is assumed to have occurred at 0.17 Ma (Watts and Masson, 1995) coinciding with
the ending of the Diego Hernandez cycle at about 0.179 Ma (Mitjavila and Villa, 1993). The age
estimate of the La Orotava valley ranges from 0.78 to 0.57 Ma (Ancochea et al., 1990; Marti et al.,
1997) coinciding with the Gugjara collapse at about 0.56. The age of Glimar valley is poorly
constrained.

Opposite page:

Figure 3.7: Morphology of the central part of Tenerife. Suggested limits of landdides (thick dashed
lines). Caldera wall: visible (solid line), buried (dashed) and absent (dotted). Limits of the three vertical
caldera collapses (thin dashed line).
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At present, the extension of the Icod valley and the origin of the LCC are one of the major
uncertainties of the geologica evolution of Tenerife. The principal problem is the location of the head
scarp of the Icod landdlide: One hypothesis proposes this breakaway zone at the lower northern flank of
the Teide stratovolcano excluding the LCC into the failure (Hurlimann et a., 1997; Marti et al., 1997;
Marti, 1998; Hirlimann et a., 1999a) and the other suggests the head scarp at the southern caldera wall
including the LCC (Navarro and Coello, 1989; Watts and Masson, 1995; Watts and Masson, 1998;
Ancochea et d., 1999; Cantagrel et a., 1999). Initidly, Watts and Masson (1995) joined together the
Icod and La Orotava failures and proposed that this giant landslide also included the LCC. The southern
calderawall was interpreted as the slide headwall, while the Tigaiga massif was explained as a detached
dide block. The landdiding interpretation of Watts and Masson (1995) was criticised by Marti (1998)
who pointed out that the Icod and La Orotava valleys have different ages and are thus likely to be the
products of different landdide events. He also gave the volcanologica arguments for the Las Cafiadas
caldera having formed by multiple vertical collapse events. Watts and Masson (1998) accepted the
hypothesis of multiple landdides but restated a landdlide origin for the LCC in order to explain the
disparity between the modest volumes of the valeys and the huge volume of offshore deposits. They
described additional data which alowed them to recognise two different landdides: one from the La
Orotava valey and the other from the Icod valey. But, the Icod landdlide was till related to the
formation of the Las Cafiadas caldera. A similar model has been proposed by Ancochea et a. (1999),
assuming that the LCC has been formed by repeated landdlide events to the north.

During this study a model inferring a simultaneous occurrence of latera flank failures and vertical
caldera collapses has been established (Hurlimann et al., 1997; Marti et a., 1997, Ablay and
Harlimann, 1999; Hirlimann et al., 1999a; Hurlimann et a., 1999c; Hurlimann et al., 1999d). The
model proposes a mechanica relationship of these two processes according to which the Icod valley has
been formed by landdiding and the LCC by multiple vertical caldera collapse episodes. According to
this modédl, the head of the Icod valley would be located at the northern dopes of the Teide — Pico Vigo
volcano complex.

3.3.3 Volcanic activity

In this Section, the most important volcanic features of the central part of Tenerife will be described
in order to recognise the volcanic processes that may have influenced on the formation of the large
landdlides. A comparison between the spatial distribution of both the landslide amphitheatres and the
volcanic features may help to improve the understanding of the initiation of large slope failures. In
addition, other destabilising processes associated with the volcanism on Tenerife will be described.

The main volcanic features adjacent to the landdide escarpments are the Las Cafadas caldera and
the two rift zones (Figure 3.7 and Figure 3.8). The LCC is a huge depression measuring 16 x 9 km
Situated at an atitude of about 2000 m as.l.. The two landdide amphitheatres Icod and La Orotava
valley intersect the caldera at the northern and at the northeastern border, respectively. Both of them
have incorporated large sections of the LCC truncating the caldera limits along distances greater than 5
km. An important fact for the stability of the volcano flank is the downfal distance of the volcano roof
during a caldera collapse. The subsidence distance strongly influences the magnitudes of both the shear
stresses generated along the ring faults and the associated seismic shocks (see Chapter 2). The tota
subsidence of the Las Cafiadas collapse episodes is not completely constrained but likely exceed 1000
m. The maximum height of the calderawall near Gugjara peak is about 600 m and two drillholes inside
the caldera show that more than 500 m of mafic and intermediate lavas from the postcaldera Teide-Pico
Vigjo complex occupy the central-eastern part of the caldera (Servicio de Planificacion Hidraulica,
1992).

On the other side, the two rift zones clearly influence the spatia distribution and extensions of the
landdide valleys. Especialy, the Dorsa Ridge with its persistent magma injection seems to have
affected the gtability of the volcano flanks adjacent to this active rift zone. The head scarps of both the
Giimar and the La Orotava valley are located aong the Dorsal Ridge and dope failure has occurred
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perpendicular to it. Inside the LCC the intra-caldera Teide-Pico Vigjo vent system connects the two rift
zones (Ablay and Marti, 1999) and may have affected the initiation of the Icod landdlide.

Inflation or deflation of shalow magma chambers may have been associated with volcano
instabilities during the evolution of the LCE (Marti et al., 1994). The predide slopes of the Icod and La
Orotava valleys adjacent to the magma chamber might have been destabilised by such processes
(Hdrlimann et a., 1999d).

Processes of hydrothermal ateration are not well constrained in the central part of the idand. There
exist two locations with important hydrothermally atered rocks inside the LCC, both of them however
with very limited extensions. One is Situated adjacent to the Teide crater where some fumaroles can be
observed and the other is located at Roques de Garcia.

Data on the seismic activity on Tenerife are very scarce. A local network of seismographic stations
has been installed in 1975 and until the 5.2 magnitude earthquake in 1989 (Figure 3.2) only very little
activity has been recorded. Historically, however, important earthquakes related to volcanic eruptions
have occurred (Mezcua et d., 1992). On Tenerife two moderate earthquakes with intensities of about
VII (M.SK.) took place in 1706 and 1909. Generaly, the seismic activity on the island is moderate and
with low magnitudes (M £ 5) and chiefly related to volcanic processes (Canas et a., 1995).
Additionally, it can be mentioned that the Spanish Ministry of Public Works has defined a critica
seismic acceleration coefficient of 0.04 g for the design of buildings on the whole idand of Tenerife
(BOE, 1995).
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Figure 3.8: Principal features of volcanic activity on Tenerife. Dashed lines show the suggested limits of
the large landdides. Solid line indicates the extension of the Las Cafiadas caldera. Dots show the
eruptive vents indicating the two principal structura axes on theidand.
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3.4 Geomorphologic analysis

Volcanic landforms are characterised by a geomorphologica evolution differing from other
landforms originated in sedimentary rocks. Both constructional and destructional processes due to the
volcanic activity generate the morphology in volcanic terrains.

In this study, the geomorphologic analysis has been divided into three parts. The first part has
studied the geomorphology of the whole idand in order to creaste simplified morphologic profiles of the
volcano flanks. Afterwards, these profiles have been used at the beginning of the numerical stability
analysis (see Chapter 5). The second part has analysed the northern submarine and subaerial flank of
Tenerife and describes the occurrence of the different dope failures during the evolution of the idand.
At last, the third part has focused on the morphology of the La Orotava valley area and analyses in
detail the geomorphologic features of the largest subaerial amphitheatre on Tenerife.

The methods have been similar in al parts including the study of Digital Elevation Models (DEM)
using Geographic Information Systems (GIS), the interpretation of aerial photographs, the anaysis of
existing geological data and field surveys. Subaerial and especially submarine morphologies have been
analysed using different DEMSs. In total three DEMs have been imported and studied using different
GlStools:

Two topographic DEMs:

One with a pixel size of 100 m created from the topographic maps with the scale
of 1: 200'000, and

another with a pixel size of 25 m prepared from the 1:50'000 maps. Both sets of
maps have been published by the Spanish 'Instituto Geogréfico Nacional'.

One bathymetric DEM with pixel size of 100 m containing swath bathymetric

data obtained during the 1995 Teide cruise of the Spanish research vessel

Hespérides (Teide-Group, 1997).

The GIStools applied during this study include: 1) the datisticad analysis of GRID-coverages
containing cells with computed morphologic information, 2) mapping shaded reliefs containing different
illuminated conditions, 3) contour mapping; and, 4) building or stacking of topographic profiles (ESRI,
1998).

The subaerial morphologic features have aso been studied by means of the interpretation of aeria
photographs. Two different sets of photographs have been used:

black and white aerial photographs from 1987 with the scale of 1 : 18000
colour aeria photographs from 1992 with the scale of 1 : 50' 000

The photo interpretation has mainly focussed on three surface characteristics: 1) the hydrological
features including the drainage network and the watersheds, 2) the significant morphological features
including different types of scarps, marine cliffs etc. and 3) volcanic features including cones, lava
flows etc.
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3.4.1 Tenerifeldand

A geomorphic analysis of the entire idand has been carried out using GIS. The definition of an
idealised volcano flank similar to the natural slopes on Tenerife not affected by large-scale dope failure
has been the main objective of this part of the geomorphologic analysis.

During the first step the subaerial part of the present island morphology has been divided into two
types of zones. one characterised by a 'regular, natural' evolution without the influence of significant
geomorphologic changes and the other characterised by the occurrence of important geomorphologic
processes such as landdide events and caldera collapse episodes. Finally, the zones formed during a
'regular, natura' evolution have been analysed comprehensively excluding the two peninsulas Anaga
and Teno with their deeply incised morphologies. The study area has been divided into a northern part
including the north flanks between Teno and Icod valley, the top of the Tigaiga massif and the zone
between La Orotava valley and Anaga and a south part including the southern dopes west of Gulimar
valley and the zone between this amphitheatre and Anaga.

The DEM of the idand with a pixel size of 100 m has been smoothed to avoid the influences of
insignificant morphologic features such as small erosional barrancos and volcanic cones. At last the
analysed GRID coverage has contained cells with a pixel distance of 250 m and the total humber of
cells inside the study area has been 19'735. Therefore, atotal area of about 1250 km? has been analysed
which represent about 60 % of the total surface of the island. Each cell has been linked to two values
indicating the mean elevation and the mean dope angle of the cel. To simplify the analysis these two
values have been classified. The elevation has been separated into classes with steps of 250 m starting
a sealevel and finishing at 2500 m a.s.l.. The dope angle has been divided into classes with steps of 5
degrees. Since the two classified values have been linked, they have dlowed a statistical analysis for the
different study sections incorporating information about sope angle and elevation.

Figure 3.9 illustrates the results of this analysis plotting the average dope inclination for the northern
and southern part of the island at each dtitude. Additionally, an average value of both parts has been
caculated characterisng a global dope of Tenerife Idand. The results show a very different
morphology up to an atitude of about 500 m. Within this elevation the slope angle in the northern part
has an average value of about 17° whereas the computed value in the southern part is only 7°. The zones
higher than about 500 m illustrate a uniform slope angle in both parts of the idand with an average
value of about 11° A similar dope inclination has been proposed for the volcanoes not affected by
large-scale landdlides in Hawaii. There, the idand flanks slope probably less than 12° and almost
certainly lessthan 19° (Mark and Moore, 1987; Iverson, 1995).
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Figure 3.9: Subaeriad dope inclination versus dtitude computed using GIS. Northern flank (dashed
line), southern flank (dash — dot line) and average values (solid line).
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The dope angle vs. dtitude data plotted in Figure 3.9 can aso be illustrated by topographic profiles
of the southern and northern volcano flanks. Figure 3.10 shows the simplified dope profiles unifying the
subaeria part obtained from the GlS-analysis with the submarine part as interpreted from the available
bathymetric data (Watts and Masson, 1995; Teide-Group, 1997).

Generally, the subaerial isand dopes on Tenerife are similar on the northern and southern side. Only
within the first 500 m a.s.l. exist some strong differences. The idealised northern slope starts at sea level
with a steep and high coastal cliff, whereas the southern dopes are smooth near the coastline. This
coagtal cliff in the north may be formed by the influence of sea wave erosion due to constant winds
arriving from north to northeast. Additionally, the southern flank of Tenerife are covered by large
pyroclagtic deposits flattening the morphology (Bryan et a., 1998) and only insignificant sea wave
erosion alters the coast.

The morphology of the submarine flanks of Tenerife has been interpreted in severa recent works
(Watts and Masson, 1995; Teide-Group, 1997; Ablay and Hirlimann, 1999). Here, the main results
will be summarised refering to Ablay and Hirlimann (1999) for the northern slopes and to the data
published by the Teide-Group (1997) for the southern slopes. The northern submarine slopes can be
divided into three different sections. Near the coast exists a relatively smooth 1 to 2 km wide erosiona
submarine platform down to about -100 m and with an inclination of about 6°. Beyond this insular shelf
lies a 100 to 600 m high steep sope with inclinations ranging from 4° to 16°. The morphology deeper
than about -600 m can be defined as a convex slope with gradients of about 6° for depths less than -
1600 m, gradients of about 4° for depth ranging from -1600 to -2400m and gradients of about 2° at a
depth of about -3500 m. The southern offshore lope starts with an smooth insular shelf and changes the
morphology at the shelf’s edge into a steep dope down to a depth of -800 to -1800m and with gradients
of 15 - 16°. Beyond this steep slope are located slopes with gradients of about 3°.

The abrupt submarine changes of dope inclination near the sea level are common features on
volcanic idands. In Hawaii (Mark and Moore, 1987) and on Réunion Idand (Lénat et a., 1989) this
marked dope change is assumed to be the result of volcanic activity, including: 1) the chilling effect of
water, that tends to increase the effective viscosity of lava flows, 2) the surf action, which causes the
spreading of the lava flows after entering the sea; and, 3) the bouyant effect of the water on the
propagation of the lava flow, which may be the most important process. On Tenerife, the platform and
steep submarine sope may have been formed by a combination of these processes and additiona
accumulation of material eroded by the important erosion due to sea waves. Coastal platforms formed
by marine abrasion have been found around many ocean idands (Nunn, 1995).

4000
- / -
F 2000 - .~ N
[ —
e r - 4
= 0 sea level Z B
-2000 | |
0 10000 20000 30000

horizontal distance [m]

Figure 3.10: Simplified profiles of the flanks of Tenerifeidand. Morphology of northern sopes (straight
line) and of southern dopes (dash - dot line). Vertical exaggeration: 2x.
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3.4.2 Northern flank of Tenerife

The morphology of the La Orotava valley is strongly related to the evolution of the north flank of
Tenerife. During the post-shield stage the northern submarine and subaerial dopes have been affected
by at least four episodes of large landdide events. an old landdide episode and the three young events
Icod, La Orotava and East Dorsal. Heresfter, a short summary of the morphology of the north flank of
Tenerife will be given starting with the submarine zones and ending with the subaeriad areas. A
complete overview of the results obtained from the morphologic study of the north flank of Tenerife will
be published in the paper by Ablay and Hirlimann (1999).

Figure 3.11 shows a combined shaded relief and contour map of the northern flank of Tenerife
computed by the DEMs with pixel size of 100 m. The submarine zone of the shaded relief illustrates a
wide undulating region representing the North Tenerife debris apron located between the offshore
extensions of the Teno and Anaga massifs characterised by deeply incised terrain.

Generally, the morphology of the study area shows three different surface features associated with
the large landdide events. 1) onshore amphitheatres, 2) offshore troughs located near to the idand; and,
3) lobesin the distal part of the debris apron.

The determination of the exact onshore extensions of the landdide amphitheatres has been
complicated by postdide materias filling the origina escarpments. Finally, the tentative limits of the
dope failures have been defined as illustrated in Figure 3.12 using the available geologic and
morphologic data. Apart from the giant failures which have originated the valleys of Icod and La
Orotava, a third large landslide event has been inferred to be located at the eastern part of the Dorsal
Ridge forming the East Dorsa amphitheatre. The existence of the East Dorsa event is not only
supported by the morphologic study (Ablay and Hirlimann, 1999), but also by geological evidences
obtained from the water tunnelsin the east Dorsal area (Navarro, 1998).

The seawards offshore continuation of the landslide amphithestres is characterised by three
submarine troughs (Figure 3.11): the Icod trough adjacent to the Icod valley, the La Orotava trough
adjacent to the La Orotava valley and the East Dorsal trough adjacent to the eastern termination of the
Dorsad Ridge where the East Dorsal amphitheatre has been assumed to be. The landdide troughs are
channel-shaped features bordered by sub-vertical walls up to 600 m high and lengths between 5 and 20
km. In the distal part of the debris apron in a depth of about 3500 m b.s.l. three deposit lobes have been
identified: the Icod lobe, the La Orotava lobe and the East Dorsal lobe. The lobes are characterised by
steep ridges at the latera margins, arcuate transverse ridges and hummocks up to 300 m high.
Hummocks and latera margins or levées are typica features described at many subaeria volcanic
debris avalanches (e.g. Glicken, 1996) and non-volcanic mass movements (Corominas, 1995), and the
transverse ridges can be interpreted as pressure ridges formed by material pilling up behind the deposit
front.

Two supplementary morphologic features detected by the bathymetric/topographic data and already
mentioned in the previous Sections are the shallow coastal platform and the stegp onshore cliff (Figure
3.11 and Figure 3.12). The north Tenerife platform is characterised by water depths of less than 200 m
and an average value of less than 100 m. A clear difference in the platform width can be observed
between the two sections adjacent to Teno and Anaga characterised by an average width of about 4500
m and the central part of the north flank corresponding to the post-shield complex where the platform is
narrow and the average width is about 1600 m. This variance may determine the lateral extension of
the old post-shield landdlide episodes occurred in the LCE materials deposited between the old shields
volcanoes Teno and Anaga. The onshore cliff along the shores is a good morphologic feature indicating
the existence and extension of large slope failures. Steep cliffs with heights up to 500 m (e.g. northern
side of Tigaiga massif) can be detected at the volcano dopes not affected by large landslides during
recent times. In contrast the present, coastal cliffs inside the La Orotava and the Icod valey are
generaly smaller than 50 m.
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Figure 3.11: Shaded relief of the northern flank of Tenerife. Contour linesin 50 m. LO for La Orotava
and ED for East Dorsal.

A geomorphologic map (Figure 3.12) covering the area of Figure 3.11 illustrates a detailed view of
the landdide limits and surface forms of the north flank of Tenerife. The most important
geomorphologic areas and features have been drawn including the three landdide events Icod, East
Dorsal and La Orotava.
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In total three young post-shield landdides have been assumed. Two of them have been interpreted to
comprise multiple failures including the La Orotava landslide events and the East Dorsal events. The
Icod dlide has been assumed to incorporate only one failure with a single breskaway zone.

The Icod landdlide includes the subaeria Icod valley, the Icod trough and the Icod lobe with three
different sub-lobes. The existence of sub-lobes can be interpreted as an accumulation process
characterised by several pulses. Each pulse may have deposited one sub-lobe. The Icod lobe is overlying
the La Orotava lobe to the east and therefore of younger age, which is consistent with the onshore
chronology.

The East Dorsal landslides comprise an onshore as well as an offshore breakaway zone, the East
Dorsd trough and the East Dorsal lobe. The onshore breakaway zone is assumed to underlie the eastern
part of the Dorsal Ridge while the offshore failure scarp is located at the west border of the East Dorsal
trough. The East Dorsal lobe is divided into two sub-lobes each of them formed from an impulse of the
onshore and offshore material, respectively.

The La Orotavalanddides involve the La Orotava valley, the La Orotava trough and the La Orotava
lobe. A structura relationship between the trough walls and those of the onshore La Orotava valey is
suggested by their spatiad correlation and corresponding orientations. The morphology of the La
Orotava valley is attributed to a combination of two failures. This explains the contrasting slope
orientations and headwall strike directions of the eastern and western valley sectors and the non-
paralelism of the bounding walls. The east La Orotava dide is inferred to have affected the eastern
sector of the valley. Failed materid is inferred to have travelled northwest along the La Orotava trough.
This is suggested by the coincidence in the orientations of the east walls of the valley and trough, and
the dope direction of the eastern valley floor. Further down slope, the disappearance of the main La
Orotava trough is attributed to its burial beneath the Icod landslide. Muted ridges within the Icod
landdlide trending parallel to the La Orotava trough are interpreted as the attenuated longitudinal fabric
of the east La Orotava dide. The west La Orotava failure is inferred to have affected the western sector
of the valley, probably contemporaneous with the east La Orotava event. The west La Orotava dide is
inferred to have entered the trough used or formed previoudy by the east La Orotava dide then turned
north to exit the trough, forming the sub-lobe La Orotava® (Figure 3.12).

In addition to these young post-shield events exists an old post-shield landdide complex. The
deposits of this landdlide complex characterised by hummocky surface are illustrated as 'old landdide
regions in Figure 3.12 and encompass an area 35 km wide extending from the coast to about 40 km
offshore. The down dope limits of the hummocky terrain together with the correlative dope break at
-2100 m to -2200 m occurring within the Icod and La Orotava dides are inferred to mark the front of
the old post-shield deposits (Figure 3.13).
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Figure 3.13 illustrates a schematic interpretative cross section trough the north flank of Tenerife.
The inferred geometries of older and younger post-shield landdide deposits and failure surfaces are
projected onto an idealised, slope-normal section. This section starts at the top in the Las Cafiadas
caldera and includes down dope the Tigaiga massif, the onshore steep zone, the offshore coasta
platform and the submarine debris apron.
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Figure 3.13: Idealised longitudinal geological cross section through the north flank of Tenerife. LCC
indicates the Las Cafladas caldera

Figure 3.14 shows an idealised transverse profile through the north flank of Tenerife illustrating the
three young post-shield failures East Dorsal, La Orotava and Icod and aso the assumed failure surface
of the old post-shield failure complex. The breakaway zone of this landdide complex might have been
partly submarine and partly subaeria ranging from the west border of Anaga aong the Dorsal Ridge
and the Santiago Ridge to the east border of Teno.

W E

Icod La Orotava East Dorsal

Teno Tigaiga Anaga

Figure 3.14: Idealised transverse profile through the north flank of Tenerife. Solid thick line indicates
the present topography and thin solid line shows the assumed topography previous to the three young
post-shield dides Icod, La Orotava and East Dorsa. Thin dashed lines illustrate the inferred failure
surfaces of the young post-shield dlides and thin dashed-dotted line indicates the failure surface of the
old post-shield dlide complex.
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While the ages of the Icod and La Orotava landdlides (about 179 ka and 560 ka) have been estimated
in previous studies (e.g. Ancochea et al., 1990; Watts and Masson, 1995; Marti et a. 1997), the ages of
the East Dorsal and the old post-shield landslides have been inferred analysing the available geologic
and morphologic data. No constraints on the age of the East Dorsal event are available other than the
observation that it covers the La Orotava lobe and is therefore younger than 560 ka. Age constraints of
the old post-shield events offered by platform geometry and onshore geochronological data (Carracedo,
1975; Ibarrola et al., 1993) suggest that the most likely age is between 2.3 and 3.0 Ma with the age of
3.0 Maassumed to be more possible due to the platform width adjacent to the Tigaiga massif.

The failure of a mgjor part of the north flank of Tenerife a about 3.0 Mais inferred to have formed
a large amphitheatre with its axis and deepest point at the western sector of the present La Orotava
valey (Figure 3.14). Erosiona products and later post-shield volcanics have been accumulated within
this huge depression. The rebuilding of the LCE is suggested to have involved the piling up of volcanics
against the headwall of the amphithestre, which explains the northwest doping morphology of the
Tigaigamassif and its oblique truncation by the sea.

An important fact in each landdide study is the volume of materia involved. There are two modes to
caculate the landdide volumes: 1) volume estimates refering to the deposit; and 2) volume estimates
concerning the breakaway zone. However, the volume of the deposit is generaly about 20 to 25 %
greater than the volume of the breakaway zone due to rupture of the massive rock mass into debris
(Voight, 1978c; Nicoletti, 1991). A recent example of an observed volcanic landdide event indicates
that the Mt. St. Helens debris avalanche has increased its volume about 20 % during its transportation
phase (Voight et a., 1981). Volume estimates for the entire debris apron have been proposed by Watts
and Masson (1995) and Teide-Group (1997). Here, each landdide episode has been calculated
separately including on the one hand the volumes of the lobes and on the other hand the volumes of the
amphitheatres (Ablay and Hurlimann, 1999). The most voluminous event with a total amount of
material exceeding 500 or even 600 km?® has been attributed to the old post-shield landslide episode that
probably incorporated many single events. The three young post-shield events East Dorsal, La Orotava
and lcod have all of them volumes of about 100 km®. Thus, a total volume of the debris apron can be
suggested as about 900 km® coinciding quite well with the estimates of 1000 km® by Watts and Masson
(1995) and 1200 km® by Teide-Group (1997). However, both of them excluded the existence of a huge
old post-shield landdlide episode and hence proposed other facts in order to justify the volume difference
between the debris apron and the young post-shield amphitheatres including only about 210 km®. Watts
and Masson (1995, 1998) have defended the disparity in volume by inferring that the Las Cafiadas
caldera was emptied through the Icod valley. However, the geometries of the offshore deposits, 1cod
valley and Las Cafiadas caldera argue against this. Moreover, detailed gravity studies of central
Tenerife by Camacho et a., (1991) and Ablay and Kearey (1999) suggest that the headwall of the Icod
valley does not equate with the southern Las Cafadas caldera wall, but is located further to the north
beneath Teide. On the other hand, Teide-Group (1997) has suggested that the proxima part of the
debris apron comprises dump deposits derived from the outer edge of the shallow submarine platform,
while distal parts comprise debris flow deposits derived from the Ssumps. However, the observation that
the central section of the platform is relatively narrow compared to that adjacent to the shields is better
explained by its younger age than by failures from its seaward edge. The prominent lobes and troughs
developed on the debris apron show clear connections to the young landdlide valeys and are better
interpreted as young post-shield debris avalanches derived from the onshore valleys.
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3.4.3 ThelLaOrotavavalley area

The morphology of the La Orotava valey has been studied including the lateral scarps, the coast
ling, the Dorsal Ridge area and the valley floor (Figure 3.15). In addition, a detailed geomorphological
analysis has been carried out for the two areas, where the predide deposits crop out: 1) the St. Ursula
wall and the Los Organos areain the east; and, 2) the Tigaigawall in the west.

The La Orotava valley is the largest visible landslide amphitheatre on Tenerife and is bordered by
two characteristic lateral escarpments. the eastern Santa Ursula wall and the western Tigaiga wall
(Figure 3.15) Both scarps are very steep and have maximum heights of about 500 m in the middle parts.
In contrast to the Santa Ursula wall, which is characterised by a dightly convex morphology with a
general NNW-SSE direction, the Tigaigawall has alinear N-S orientation with an opening at the lower
end. At the head of the valey to the south, the Dorsal Ridge with a SW-NE direction extends to heights
ranging from 1900 m in the eastern parts to 2300 m in the western parts. The width of the valley
reaches amost 10 km at the coast and increases continuoudly towards the upper areas. The longitudinal
distance varies between about 9 km in the eastern part to 14 km in the middle/western parts (Figure
3.16). At the south-western limit of the valley (el Portillo) exists a connection to the Las Cafiadas
Caldera, which is characterised by a plateau-like morphology.

The La Orotava amphitheatre can be divided in three parts: 1) a rather uniform lower part up to an
dtitude of about 500 m, 2) an irregular upper part higher than 500 m; and, 3) a quite rough and
complex head wall area. The lower part is characterised by a small dope inclination, especidly in the
centre of the valley. At the coast, where the tourist resort ‘Puerto de la Cruz' is located, the barranco
deposits and recent lava flows have formed a significant delta. The higher part of the La Orotava valley
is characterised by an irregular morphology due to lava accumulation and fluvial erosion. In the centre
of the valley exists a steep zone located between 500 and 800 m. The head wall of the valley presents a
complex morphology. In the eastern sector where predlide deposits crop out, the fluvial erosion has
formed a well developed, rough relief characterised by deeply eroded barrancos and catchments. In the
central sector, adjacent to the observatory station ‘lzafia , the morphology is affected on one hand by the
pyroclastic accumulation of the volcanic cones along the Dorsal Ridge flattening the upper part of the
La Orotava valley and on the other hand by fluvial erosion forming deep gullies. The western sector of
the amphitheatre's head wall is open to the Las Cafadas caldera and the surface morphology is
influenced by the lava flows coming out from the calderainto the valley.
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Figure 3.15: Shaded relief of the La Orotava valey. The contour interval is 100 m. White solid lines
show the topographic profiles presented in Figure 3.16 and Figure 3.17. Thick dashed line indicates the
inferred extension of the landdide amphitheatre.

Longitudinal and transverse profiles of the morphology affected and not affected by the landdide
events have been drawn (Figure 3.16 and Figure 3.17). The longitudina profiles of the morphology not
affected by the landdides show a significant coastal cliff of heights up to 500 m, especiadly at the
Tigaiga massif (Figure 3.16b, profile 3). This high coastal cliff lacks inside the La Orotava valley and
thus indicates the extension of the landdide amphitheatres. The dopes above the cliffs are characterised
by average seawards inclinations of about 11° on the Tigaiga massif and about 13° at the St. Ursula
side. The longitudinal sections inside the valley have a concave morphology at the east side and a linear
shape in the western part. Transverse profiles show the smooth valley floor (Figure 3.17, profile 5) and
the irregular morphology in the upper part of the valley (Figure 3.17, profile 8).
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Figure 3.16: Longitudina topographic profiles 1 to 4 of the areas affected (straight line) and not
affected (dashed line) by the landslide events. a) Eastern part of the La Orotava valley near Santa

Ursula wall and b) western part of the valey near Tigaiga wall. Vertica exaggeration is 2. Locations
areindicated in Figure 3.15.
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Figure 3.17: Transverse topographic profiles 5 to 8 of the La Orotava valley. Vertical exaggeration is 2.
Locations are indicated in Figure 3.15.
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In the next step, the lateral scarp areas have been analysed comprehensively. First, the results
obtained from the geomorphologic study of the western Tigaiga wall will be presented and then the
eastern scarp area including the St. Ursulawall and the zone of Los Organos will be explained.

At the beginning an extensive study of the dope inclinations of both scarps have been performed
using GlS-tools as explained in Section 3.4.1. The DEM with a pixel size of 25 meters has been
incorporated into the GIS. Then, a new DEM (called ‘DEM10’) with a pixel size of 10 m has been
generated using a triangulated irregular network and linearly interpolation, and the areas of the two
lateral scarps have been clipped out of the DEM10. Finally, the Tigaiga wall DEM has contained
380990 cells and the St. Ursula— Los Organos DEM 364’ 762 cells. In the next step, the slope angle of
each cell of the DEMs has been computed and analysed by the Arc/Info module GRID (ESRI, 1998).
The objectives of these calculations have been on one side the determination of the general morphology
of the lateral walls and on the other side the detection of small open scarps indicating failure zones of
the large landdides. Moreover, the spatial distribution of the slope angles in the DEMs gives necessary
data to check the results obtained from the interpretation of the aerial photographs. At last, the cells of
the DEMs have been divided into four different classes of dope angles each of them shaded by a
different colour:

l. 0 - 30 degrees (white shaded)
Il. 30 - 40 degrees (light-grey shaded)
1. 40 - 50 degrees (dark-grey shaded)
V. 50 - 90 degrees (black shaded)

In the second part, a geomorphologic map of each lateral escarpment zone has been established using
the results of the GIS modelling, the agrial photograph interpretations and field observations. Genera
features refering to mass wasting, accumulation processes, fluvial erosion etc. have been incorporated in
these maps and geomorphologic zones have been determined for the entire study area.

First, the results concerning to the Tigaiga wall area will be presented. The Tigaiga wall is a more
than 10 km long sub-vertica scar limiting the La Orotava valey to the west. Its height constantly
increases from the top at La Fortaleza to the middle part reaching there a maximum height of about 500
m (Figure 3.18). In the lower part the wall dightly decreases its height and terminates abruptly at the
coast, where the steep coastal cliff falls down from an atitude of about 500 m to sea level. The upper
part of the Tigaiga wall is characterised by sparse, grassy vegetation with some pines while the part
below about 1500 m is mainly covered by dense vegetation. Several open scarps can be seen in the wall
indicating the inclination of layers composing the Tigaiga massif. These layers generally are formed by
sound, resistant material (lava flows) in comparison to weak deposits (pyroclastics) not able to create a
vertical relief (Chorley, 1984; Gerrard, 1988). In the lower part near the coastline, these layers are sub-
horizontally while their dip increases towards the higher zones running almost parallel at the top of the
massif near La Fortaleza (Figure 3.18).

In Figure 3.19 the results of the GIS-modelling are illustrated analysing the slope inclinations of the
Tigaiga wall. The section of the DEM studied is limited in the longitude between the UTM coordinates
342.6 and 346 km and in the latitude between the coordinates 3132 and 3143 km. The top of the
Tigaiga massif is characterised by a smooth relief with dope angles less than 30° except of some
erosiona gullies. At La Fortaleza a very steep scarp towards the south indicates the caldera wall of the
LCC. The south sector of the Tigaiga wall located higher than about 1500 m. comprises mainly slope
angles of 30 to 40° with some areas with inclinations up to 50°. In the middle part of the wall, where the
horizontal width of the scar is greatest, the gpatia distribution of the dope angles is very
inhomogeneous including quite smooth zones (inclination less than 30°) and very steep zones
(inclinations higher than 50°). The northern sector of the Tigaiga wall with its general NNW- SSE
orientation clearly differs from the southern sector with its N-S orientation. The northern sector is
characterised by very steep zones in the higher areas of the escarpment including large scars with dope
angles higher than 50° and smooth zones at the foot of the escarpment. An average slope angle of 33.5°
has been calculated for the entire Tigaiga wall and a maximum value of 70.8° located in the open scars
of the northern sector.
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Figure 3.18: Photograph of the Tigaigawall taken from the Dorsal Ridge in NWW direction.

51



Siteinvestigation

zm

‘ HHHHHHMM
n £l

b E
SLOPE ANGLE

3140

3135

€
=,
(]
S slope angle
g ] <s0°
[ ] 30-40°
Bl 40-50°
3 Bl 50
341 Longitude [km] 345

Figure 3.19: Slope inclination map of the Tigaiga wall. Contour lines in 100 m. Inset shows overall
distribution of slope anglesin the DEM (number of cell vs. dope angle).
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A geomorphologic map is shown in Figure 3.20 incorporating the results obtained from the GIS-
modelling, the interpretations of the aerial photographs, field observations and geologic data.

The Tigaiga wall has been divided into two different morphologic units, while the zones adjacent to
the wall have been divided into four units. The two units characterising the morphology of the wall are
separated by the magnitude of the postdide mass wasting processes that have affected the origina
lateral scarp generated by the large La Orotava dlide: on the one side minor processes and on the other
side significant processes. Significant postdide mass wasting processes including major secondary
landdlides have changed the relief of the lower sector of the origina Tigaiga wall. In contrast, the
morphology of the upper part of the wall has only been affected by minor fluvial erosion. This area is
characterised by a quite continuous east dipping relief inclined by about 35°. In the lower part of the
Tigaiga wall, the secondary, postside landdlides have formed two very marked arcuate escarpments
located between Risco de Miguel and Corona as well as two linear scarps adjacent to € Lance (Figure
3.20). The breakaway zones of the two arcuate escarpments are characterised by circular morphologies
with large open scars in theirs highest zones. Such features are quite typical for rotational sope failures.
The material involved into these secondary landslides exceeding 1 km® has been transported seawards
and the deposition has been dtarted at the foot of the dope. A submarine continuation of the
accumulation zone has been observed by the bathymetric data (Figure 3.12) and by the existence of
dide deposits in the active coastal cliff up to 2 km east of Punta de Gundastés. Therefore, the extension
of the secondary landdide deposits in the underground may surpass the eastern border defined at the
surface in Figure 3.20. The causes of the secondary dope failures may have been the critical stability
conditions of the lateral escarpment generated by the large La Orotava dide and the following erosiona
processes undercutting this high scarp. An important point is that only the lower part of the Tigaiga
wall has been affected by secondary dides. This part is characterised by higher precipitation and a
wetter micro-climate than the upper part caused by the temperature inversion at an dtitude of about
1500 m.

The study of the drainage network has shown the particular northwest sloping morphology of the
Tigaigamassif differing from the general N-S orientation of the La Orotava valley floor that has aready
been explained in the previous Section 3.4.2. At the foot of the Tigaiga wall exist a degply incised
barranco draining almost the entire lateral escarpment area and entering into the sea east of the Punta el
Gundastés as the Barranco de la Calera. This deep gully has a N-S orientation starting at the connection
of the valley with the Las Cafiadas caldera and may indicate the origina western limit of the large
western La Orotava landdlide.

The coastal cliff is characterised by an active and a passive sector. The active marine cliff runs
amost along the whole coast while the passive one is limited to the coastal part of the Tigaiga massif
(Palacios, 1989; Palacios, 1990). There, previous marine abrasion during an epoch of higher sea levels
has formed a huge cliff with heights up to 400 m and very steep slopes.

Opposite page:
Figure 3.20: Geomorphologic map of the Tigaigawall area. Contour linesin 50 m. Legend see below.
geomorphologic features geomorphologic areas
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In the next step the eastern valley limit has been studied using the same methods as for the western
valley limit. The area studied includes both the NW-SE oriented and about 5 kilometre long St. Ursula
wall and the complex Los Organos area located to the northwest of the central part of the Dorsal Ridge.

Figure 3.21 shows a photograph of the eastern valley limit taken from the Tigaiga wall to the
northeast. The lower sector of eastern valley limit (St. Ursula wall) is characterised by scarce
vegetation, a rocky terrain and erosiona canyons running down the slopes while the central sector is
covered by dense pine forest and characterised by a quite smooth relief. In the highest sector adjacent to
the Dorsal Ridge (Los Organos ared), a rough morphology is visible with amost no vegetation and
many open scars (located in the shadow). The changes of the vegetation due to the temperature inversion
are similar to the ones observed in the Tigaiga wall. However, the vegetation cover is generally poorer
in the St. Ursula wall since its location is not directly exposed to the winds coming generaly from the
north to northeast. The height of the St. Ursula wall increases constantly form the coast to the central
part where it reaches a maximum height of about 500 m. Then the escarpment continues with a similar
height up to the Los Organos area characterised by its heterogeneous relief. The maximum altitude of
the study area can be found at the top of the Dorsal Ridge with 2000 m. In contrast to the Tigaiga wall,
no linear areas of open scars indicating the inclination of some layers are visible. In the St. Ursulawall,
the open scars are distributed in a speckled mode indicating no general trend and thus inferring more
homogeneous geologic deposits composing the escarpment.

The dope angles in each cell of the DEM has been computed using GIS and the fina results are
shown in Figure 3.22. The section of the DEM studied includes the longitude interval between the UTM
coordinates 353 and 357 km and the latitude interval between the coordinates 3135.5 and 3142.5 km.
The dope inclination map clearly determines the steep valley limits forming two different axes of steep
zones. one with a NW-SE orientation indicating the St. Ursula wall and the other with a NE-SW
orientation representing the escarpments of the Los Organos area. The orientation of very steep zones
with dope angles higher than 50° confirm the directions of these two axes. Therefore, the results of the
dope angle map shows that the St. Ursula wall and the Los Organos area are situated perpendicularly.
Additionally, a histogram indicating the overall distribution of dope inclination in the DEM is shown in
the inset of Figure 3.22. In contrast to the histogram computed for the Tigaiga wall (Figure 3.19) the
distribution of the eastern valey limit is more homogeneous. The mean sope angle of the study areais
about 22° and a maximum value of 73.5° has been computed. Focussing only on the St. Ursulawall an
average dope angle of 34.9° has been calculated.

The GIS-modelling in addition to the interpretations of the aerial photographs and the field surveys
have shown that the largest open scarp is located in the Los Organos area hear the picnic place La
Caldera (coordinates: 354200/3135150). This sub-vertical wall with a length of about 200 m and a
height of amost 100 m faces northwest and may indicate the location of the head scarp of the eastern La
Orotava landdlide (Figure 3.23 and Figure 3.24). Other significant scarps with similar orientations but
minor magnitude have been observed in the Los Organos area and confirm this hypothesis. A common
hilldope evolution characterised by fluvia erosion and small mass wasting processes can be rejected to
have formed such large vertical walls (Chorley, 1984; Gerrard, 1988). The location of this inferred head
scarp can be seen in the upper part of the longitudina profile crossing the eastern area of the valley
(profile 2 in Figure 3.164).

All these observations combined with the submarine morphology (Figure 3.11) infer that the eastern
La Orotava landdide has failed in a sector limited by the St. Ursula wall as lateral escarpment and by
the vertical walls at Los Organos as head scarp. The general direction of the large landdide movement
can be assumed to be to the northwest coinciding with the bathymetric data, too. This fact is aso
supported by the study of the hydrological pattern and the orientations of deep, narrow canyons which
will be presented later in this Chapter.
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Figure 3.21: Photograph of the St. Ursulawall and Los Organos area taken from the Tigaigawall in NE
direction.
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Figure 3.22: Slope inclination map of the St. Ursula wall and the Los Organos area. Contour lines in

100 m. Inset shows overal distribution of dope anglesin the DEM (number of cell vs. dope angle).
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Figure 3.23: Photograph of sub-vertical wall in the Los Organos area assumed to be the head scarp of
the eastern La Orotava landdlide (overview).

Figure 3.24: Photograph of sub-vertical wall in the Los Organos area assumed to be the head scarp of
the eastern La Orotava landdlide (zoom).
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The results obtained from the GIS-modelling have been combined with the ones achieved from the
interpretation of aerial photographs and field observations in order to create a geomorphologic map of
the eastern valley limit (Figure 3.25).

The study area is divided into four different units. two units characterising the valley walls
(St. Ursulawall and Los Organos ared) and two units representing the resting zones of the study area.
Asdonein the Tigaigawall, the two units describing the valley walls have been classified refering to the
magnitude of mass wasting processes that have affected the sopes. Because no secondary landdlides
(major processes) have been detected in this area, the two units have been defined as zones affected by
intermediate and minor mass wasting processes. The zones classified by minor processes have only been
modified by dight fluvid erosion and thus might correspond quite well to the morphology represented
by the original landslide amphithestre. The regions classified by this unit are the main part of the St.
Ursula wall and the front sides of the bulges located in the Los Organos area. These regions are
characterised by many large open scars with NW-SE direction in the St. Ursula wall and NE-SW
direction in the Los Organos area. The zones classified by intermediate mass wasting processes mainly
include the three large catchments of the Los Organos area that have been formed by significant
erosional processes. There, the fluvial erosion strongly altered the original landdide headwall and large
open scars hardly exist. The two units characterising the resting zones of the study area include: 1) the
recent postslide volcanics affected by fluvial erosion principally covering the valley floor and the zones
east to the St. Ursula wall; and, 2) scree/sandy deposits that have been detected at the foot of steep
dopes.

In contrast to the Tigaiga wall many volcanic cones are located adjacent to or within the St. Ursula
wall and the Los Organos area. Pyroclagtics and lava flows derived from these eruptive centres have
changed the origina landdide amphitheatre simultaneously to the mass wasting processes described
above. Especidly the two large cones situated in the west and northwest of Roque Gordo (Figure 3.25)
have changed the morphology in this area and actually cover parts of the valey floor. Additiondly, lava
flows derived from the eruptive vents located at the top of the St. Ursula wall have mostly covered the
lower part of the wall flowing over the lateral escarpment into the La Orotava valley. One of these flows
has formed a big bulge at € Pinito piling up a big amount of lava layers.

The drainage network in the study area shows similar gully erosion at the foot of the St. Ursula wall
as observed at the Tigaiga wall. The lava accumulation of the two mentioned cones near Rogque Gordo
has separated the main gully in the upper part into three different patterns that join in the Barranco de la
Arena in the coastal zone. The drainage network of the large catchments in the Los Organos area is
characterised by a clear dendritic pattern indicating the significant fluvial erosion.

The coagta cliff can be divided into an active sector along the whole coast with abrasion heights up
to maxima 20 m and a passive sector outside the valley with heights up to 250 m.

Opposite page:
Figure 3.25: Geomorphologic map of the St. Ursulawall and the Los Organos area. Contour lines in 50
m. Legend see below.
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In order to study the morphologic particularities of the Los Organos area, two types of topographic
profiles have been created and compared. On the one hand, longitudinal profiles have been drawn aong
the ridges that have been defined in Figure 3.25 as areas with minor mass wasting processes including
the ridge of Montafia Crucita, the ridge of Rogue Grande and the ridge of Rogue Gordo. On the other
hand, longitudinal profiles have been drawn inside the three fluvial catchments that have been defined in
Figure 3.25 as areas with intermediate mass wasting processes. Figure 3.26 shows the two types of
profiles and indicates the morphologic differences between ridges, fluvial catchments and the top of the
St. Ursula wall. The profile of the St. Ursula wall infers the morphology previous to the large La
Orotava landdides, while the profiles of the ridges represent the morphology affected by the large dope
failure and minor posterior erosion. A clear slope break is visible indicating the assumed location of the
head scarp of the eastern La Orotava landdlide. This sector of steep slopes has an average inclination of
amost 40° and includes at its bottom the sub-vertical walls of the Los Organos area previousy
mentioned (Figure 3.23 and Figure 3.24). The profiles of the catchments indicate the same head scarp
area, but strongly affected by fluvial erosion. The dopes in these zones have a quite linear profile with
an average dope angle of 30 degrees.
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Figure 3.26: Topographic profiles of the Los Organos area. Thick lines indicate the morphology of the
ridges and thin lines the one of the catchments. The dashed line shows the top of St. Ursulawall.

Finally, the geomorphology of the entire La Orotava valley will be described including the main
results of the previous sections and descriptions of additiona morphologic features relevant for the
study of the large landdide events. A summary of al the morphologic features is given in a genera
geomorphologic map of the La Orotava valley area defining the inferred limits of the two large
landdlides (Figure 3.27).

As mentioned in previous sections, the coastal cliff is a good morphologic feature to define the
extension of the large landdlide events. In the case of the La Orotava dides, high and steep coastal cliffs
have been detected outside the valley at the Tigaiga massif and at the St. Ursula side (Figure 3.27).
These cliffs contain an old, passive scarp located at an atitude of 200 to 400 m and a young, active
scarp with a height of tens of metres. Inside the La Orotava valley, only the small active cliff is visible
since the high cliff has been removed by the large landdide events.
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Figure 3.27: Simplified geomorphologic map of the La Orotava valley.
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The morphology of the head wall of the La Orotava valley represents the breakaway zone of the
large dope failures and comprises the Los Organos area in the east, a central part characterised by
many recent volcanic cones and the western area including the northeast sector of the Las Cafadas
caldera. There are two morphologic features defining the locations of the landdide head scarps. The
large sub-vertical wall at Los Organos is assumed to indicate the head scarp of the eastern landdide and
the northwards facing wall at Risco Verde may denote the head scarp of the western dide (Figure 3.27).
The scarp at Risco Verde is characterised by a geologic unconformity in the calderawall (Marti et a.,
1994) and has a perpendicular position to the Tigaiga wall. A similar perpendicular situation can be
observed for the eastern landslide between the directions of the Los Organos scarp and the St. Ursula
wall. In addition, the extension of the western head scarp is limited to the east by a steep westwards
facing dope west of lzafia (Figure 3.15 and Figure 3.7). Moreover, an arcuate smooth slope break
connecting the scarps a Risco Verde and Izafa can be assumed in Figure 3.7 and in the aeria
photographs.

The drainage network inside the La Orotava valley can be divided into three sectors. two latera
sectors including one in the west adjacent to the Tigaiga wall and another in the east adjacent to the St.
Ursulawall, and a central sector occupying a large part of the valley floor from Izafa a 2300 m as.l.
down to Puerto de la Cruz (Figure 3.27). All of the sectors are characterised by a generally parale
hydrologic pattern with NNW-SSE orientation in the eastern sector and N-S orientation in the western
sector. Each sector comprises one or two principa barrancos with gully erosion. The most important
gullies are the Barranco de la Calera at foot of Tigaiga massif, the Barranco de la Arena at the St
Ursula wall and the Barranco de la Suerte in the central part. Similar canyons but with greater depths
have been observed outside the valley limits on the Tigaiga massif and in the west of the St. Ursula
wall. Such deep, narrow canyons have been formed by fluvia erosion and are common surface features
on Tenerife and on others oceanic idlands such as Hawaii (Nunn, 1995). They can reach depths of more
than 300 m and especially occur in the areas not affected by large landdide events. The Barranco de
Ruiz incised into the Tigaiga massif (Figure 3.27) is an excellent example of this morphologic feature.
Since the beginning of the Upper Group, fluvia erosion has cut a very deep canyon into the volcanic
deposits mainly composed of lava flows and phonoalitic pyroclastic flow deposits (Figure 3.28). Such
deep, narrow canyons not only reduce the latera strength of the dope by their existence, but aso
increase shear stress at their base, reducing therefore safety conditions (Hurlimann et al., 1999b). Thus,
the lateral limits of large volcanic landdides may have been developped aong these canyons.

The morphologic onshore and offshore observations of the north flank of Tenerife and the
assumption of deep, preslide canyons located at the Tigaiga wall, the St. Ursulawall and in the central
part of the valey encourage the hypothesis of two major landdide events limited by deep, narrow
canyons. A western dide with the head scarp at Risco Verde and an eastern dide with its breskaway
zone in the Los Organos area (Figure 3.27).
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Figure 3.28: Photo of the Barranco de Ruiz, a deep, narrow canyon eroded into the Tigaiga massif.
Photo taken from Icod e Alto to the north.
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3.5 Geologic analysis

The geologica analysis has focussed on the La Orotava valley area, since the geologic evolution of
Tenerife has aready been described in Section 3.3. Especialy the eastern and western valley limits
composed of predlide deposits have been studied, but aso the valley floor, the Dorsal Ridge and parts of
the Las Cafladas caldera have been included into the geologic study.

The geological analysis of landdides in volcanic areas differs from landdides in other areas in
several aspects. Especially the fact, that a significant postdide deposition can occur, must be taken into
account. In the case of the La Orotava valley, volcanic materias associated with the postdide volcanic
activity havefilled a grest part of the landslide amphithestre.

The available data of subaerial and underground geology have been carefully analysed containing
geologica maps at a scale of 1:25000 (IGME, 1988a), geochronologica data (Abdel-Monem et al.,
1972; Carracedo, 1975; Féraud et a., 1985; Ancochea et d., 1990; Ibarrola et al., 1993; Marti et al.,
1994), information obtained from the water galleries (Servicio de Planificacion Hidraulica, 1991,
Navarro and Braojos, 1991; Servicio de Planificacion Hidréulica, 1994), interpretation of aerial
photographs and field observations.

In the first part, the geochronological data will be presented. Then, the general geology of the La
Orotava valley area will be explained including the zones of the Tigaiga massif and the eastern valley
limit. In the next part, the information of both the underground geology and the hydrogeology will be
explained. Finally, some genera comments on the geomechanical behaviour of the volcanic materias
found in the study area will be given and the geologica characteristics of a weak layer that may have
acted as potentia dip surface will be described.

In addition, geochemical and mineralogical information of volcanic materials sampled in the La
Orotava valley area has been obtained from energy dispersive X-ray fluorescence and X-ray diffraction
technique. The results of atota of twelve samples achieved from these analyses will be presented in the
next Chapter (Laboratory analysis).

The data from 6 different works with a total amount of 28 samples have been selected out of the big
amount of geochronological studies carried out on Tenerife (Abdel-Monem et a., 1972; Carracedo,
1975; Féraud et al., 1985; Ancochea et al., 1990; Ibarrola et al., 1993; Marti et al., 1994). The data
chosen refer to the La Orotava valley area and have strongly improved the understanding of the geologic
evolution of the valey. All the age data selected are listed in Table 3.2 including information on the
corresponding geologic sequence, the rock type, the location name and the reference cited. The
coordinates of the 28 samples have been imported into the GIS and theirs exact positions have been
calculated. Figure 3.29 shows the positions of the age data located inside or adjacent to the La Orotava
valley. Most of the samples are situated at the Tigaiga massif. This large remnant between the Icod and
the La Orotava valley is mainly composed of materials with ages of the Upper Group sequence Gugjara
(age data ranging from 0.93 to 0.56 Ma). Some older materials of Ucanca or Lower Group ages have
been found at the base of the massif (age data ranging from 2.28 to 1.03 Ma), and several isolated areas
of phonalitic pyroclastic flow deposits with Diego Hernandez ages have been sampled at its top (age
data of 0.37, 0.27 and 0.17 Ma). Only one data (0.78 Ma) exits at the eastern limit of the valley
determining the age of a lava flow from a volcanic cone located to the east of the St. Ursula wall,
overflowing the lower part of the wall and depositing its material on the valley floor (Figure 3.24). Four
age data have been found along the Dorsal Ridge: one refering to a dike (0.43 Ma) and three concerning
lava flows (0.56, 0.81 and 1.54 Ma). Inside the valley limits exist three age data: one of a young
basdltic flow in the upper part of the valley (0.05), another of a phonolitic clast in a breccia deposit at
the coast (0.73 Ma) and a data without exact location obtained from a phonolitic flow interbedded by
two different breccia deposits that have been found in a water gdlery of the La Orotava valey (2.3
Ma).
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Table 3.2: Age data with description of rock type and location

sequence rock type location age [Ma] | reference
Y oung Dorsal basaltic flow LaOrotava 0.05 1
Diego Hernandez | non welded pyroclastics LaFortaleza 0.17 4
Diego Hernandez | basdltic flow Tigagamassif*, km14.1| 0.27 1
Diego Hernandez | welded phonalitic flow LaFortaleza 0.37 1
Y oung Dorsal basaltic dike Dorsa Ridge 0.43 5
Y oung Dorsal trachybasdltic flow Fuente de Joco 0.56 1
Gugjara phonoalitic flow Fuentes del Bardo 0.56 2
Gugjara trachybasdltic flow Barranco de Ruiz, 555m 0.56 2
Gugjara phonoalitic flow Tigaiga massif*, km 16 0.67 3
Gugjara phonoalitic flow Tigaiga wall, Fuente de| 0.69 2
Mesa
Gugjara phonolitic block in breccia | Playade Los Rogques 0.73 2
Gugjara phonoalitic flow San Juan de laRambla 0.77 2
Old Dorsd basaltic flow Mirador de Humbol dt 0.78 1
Gugjara trachytic flow Tigaigamassif*, 0.80 1
km 12.85
Gugjara trachytic flow Tigaigawall, 1410 m 0.80 2
Old Dorsd basaltic flow Dorsal road, km 27.8 0.81 1
Gugjara trachyphonoaliltic flow Tigaigamassif*, km 16.3| 0.83 2
Gugjara basdltic flow Road C-820, km 56, 0.84 3
above Playa de Socorro
Gugjara phonalitic flow Tigaigamassif*, km 12.3| 0.93 1
Ucanca trachybasdltic flow Tigaigamassif*, km 13 1.03 3
Ucanca basaltic flow el Terreno 1.10 1
Ucanca ignimbrite San Juan de laRambla 124 1
Ucanca phonalitic flow Tigaigamassif*, km 12 1.35 3
Old Dorsd basaltic flow Montafia | zana 154 3
Lower Group submarine basaltic flow San Juan de laRambla 2.23 2
Lower Group trachybasdltic flow Barranco de Ruiz 2.26 2
Lower Group trachybasaltic flow, Gdlery ‘LosAjos 2.28 2
just above breccia deposit
Lower Group phonalitic flow water gdley in La 23 6

Orotavavalley

* road form Los Realgjosto Icod de los Vinos
1: Ancocheaet a. (1990)

2: Ibarrola et a. (1993)

3: Abdel-Monem et al. (1972)

4: Marti et a. (1994)

5: Féraud et a. (1985)

6: Carracedo (1975)
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Several interesting facts refering to the chronologica evolution of the La Orotava valley have been
found in Table 3.2 and Figure 3.29. An age estimate of the La Orotava landdides can be established
comparing the data of the valley limits with the data inside the valley floor. On the basis of the youngest
lava flows cut by the valley and the oldest flows occupying the valley, the age of the valley has been
estimated as between 0.78 and 0.56 Ma (Ancochea et al., 1990). In addition, the phonoalitic clast found
within the breccia at the coastline (Playa de los Rogues) has an age of 0.73 Ma (Ibarrola et a., 1993),
which reduces the maximum age of the valey. Marti et a. (1997) proposed that the age of the La
Orotava valley coincides with the vertical collapse which has terminated the Gugjara cycle at about 0.56
Ma. They verified their hypothesis, because the valey does not contain any pyroclastic products of the
Gugjara formation (0.85-0.56 Ma), which are widespread across the idand. So, the age of the La
Orotava dlides can be assumed to have occurred between 0.73 and 0.56 Ma with the termination of the

Gugjaracycle at 0.56 Ma as the most possible age.
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Figure 3.29: Geochronologica data in the La Orotava valley area. Ages are given in Ma. Dashed lines
indicate roads. Contour lines are in 500 m.
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The stratigraphic column refering to the geologic evolution of Tenerife Idand (Figure 3.6) has been
specified for the La Orotava valey area (Figure 3.30) using the existing geochronologica and
geological data.

The products deriving from the Las Cafiadas edifice and from the Dorsal Ridge have been divided
each of them into two main sequences. the predide deposits and the postdide deposits. The age of the
La Orotava landdides have been assumed to be at the end of the Guajara cycle a about 0.56 Ma.
Therefore, the simplified stratigraphy of the La Orotava valley area includes four different deposits: 1)
the predide Las Cafiadas edifice deposits containing Lower Group materials and the two Upper Group
cycles Ucanca and Gugara, 2) the postdide Las Cafiadas edifice deposits comprising the Diego
Hernandez cycle and the Teide-Pico Vigo formation, 3) the predlide Dorsal Ridge materias caled Old
Dorsa Ridge; and, 4) the postdide Dorsal Ridge materias called young Dorsal Ridge. Additionaly,
two different breccia deposits have been incorporated into the stratigraphic columns: an old predide
breccia and a young postslide breccia.
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Figure 3.30: Stratigraphic columns of the La Orotava valley area.

In the following, the importance of the two breccias as significant layers in the evolution of the La
Orotava valley will be explained. The exact origin of these breccias has not yet been resolved and there
exist many geologic descriptions about this particular deposits sometimes caled ‘Mortalon' (Coello,
1973; IGME, 1988b; Coello and Bravo, 1989; Navarro and Coello, 1989; Carracedo, 1994; Palacios,
1994). Generdly, these authors have described one thick widespread breccia deposit without
distinguishing it into a younger and an older layer as proposed here. Codlo (1973) caculated a
maximum thickness of the entire breccia sequence of more than 450 m studying the water galleries cut
into the La Orotava valley. He described the entire deposit as a volcanic breccia. Furthermore, the
breccia deposit has been interpreted as material related to a mgjor flank failure (Bravo, 1962; Navarro
and Coello, 1989) or as an altered, plagtically deformable, clay-rich explosive breccia (Carracedo,
1994). In this study, both the old and the young breccia have been assumed to be deposits composed of
different poligenic layers formed mainly by mass wasting processes. A similar origin has recently been
proposed for a breccia layer detected in the boreholes drilled into the filling materials of the large
landslide escarpment on La Palma (Carracedo et a., 1999). There, the breccia has been defined as a
collapse-filling sedimentary deposits containing alluvial and scree deposits.
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The old breccia is reported to underlie a wide region of the north flank of Tenerife extending from
the eastern part of the Dorsal ridge to the Icod valley in the west (Coello, 1973). It contains coarse sub-
angular to sub-rounded clasts of predominantly mafic lithologies supported by a clayey matrix (Codlo
and Bravo, 1989). A trachybasdltic flow overlying the breccia at the base of the Tigaiga massif has
yielded an age of 2.28 Ma (Ibarrola et a., 1993) and an age data of a phonalitic flow located above the
brecciain a water gallery of the La Orotava valley has given 2.3 Ma, constraining the minimum age of
the breccia at about 2.3 Ma. The reported distribution of the brecciais consistent with a relationship to
the old post-shield landdide whose deposits have been identified by the bathymetric data of the north
flank of Tenerife (Section 3.4.2). The old brecciais thus interpreted as erosional products occupying the
amphitheatre of the post-shield landdide that may have occurred at about 3.0 Ma.

The young breccia crops out in the coastal cliffs of the La Orotava valey and has also been
encountered in water galleries intersecting the valley floor (Carracedo, 1975; Ibarrola et al., 1993). The
coastal outcrops are located in the western part of the valey between Punta e Gundastés and Punta
Piedra Gorda. There, these breccia-like materials mainly include materials of mass wasting processes
derived from the La Orotava dide amphitheatre. The field observations have indicated that these breccia
layers contain alluvia products of the valley fill, valley head and lateral scarps, small-scale secondary
landslide deposits and autoclastic, hyaloclastitic and peperitic lava facies. In addition, some phonoalitic
pyroclastic deposits with Diego Hernandez age are interbedded between the young breccia constraining
its age between 0.37 and 0.179 Ma (see Figure 3.30). A supplementary age data of the young breccia
offers a phonalitic clast inside the deposit with 0.73 Ma (Ibarrola et al., 1993) verifying the maximum
age of the breccia. The mass wasting processes originating the young breccia started just after the large
landdide events and have continued with great importance till an erosiona equilibrium has been
established. This fact explains why the breccia deposits are aways the first materials filling the
landslide amphitheatres and why they reduce their importance stratigraphically upwards. A similar
stratigraphic sequence has been detected in other landdlide valleys on Tenerife (Servicio de Planificacion
Hidraulica, 1991) and on La Palma (Carracedo et al., 1999).

The analysis of the geochronologica data in addition to the study of the geological maps (IGME,
19884), the interpretation of aeria photographs and field surveys have provided a simplified geological
map of the study area (Figure 3.31). The resulting map reveals that the postdide volcanic activity has
covered the main part of the origina landdide amphitheatre and the predide deposits only crop out
along the lateral valley limits and in the eastern part of the Dorsal Ridge. Almost the entire valley floor
is covered by postdide lavas flowing down from eruptive vents located along the Dorsal Ridge (mafic)
or inside the Las Cafiadas caldera (intermediate to phonalitic). In the northwestern part of the valley
severa isolated areas of phonolitic pyroclastic flow deposits associated with the Diego Hernandez cycle
have been observed. Additionally, three historic intermediate lava flows derived from isolated eruptive
cones are located in the lower part of the valley. At Risco Verde exits a significant unconformity in the
materials composing the calderawall. Only postslide deposits of Diego Hernandez age crop out north of
the Risco Verde, while mainly predide deposits of Gugjara and Ucanca ages crop out to the south
(Marti et al., 1994).

In the following, the two lateral limits composed of preslide materials will be described. First, the
results of the geological study at the Tigaiga massif will be presented, and second the ones at the St.
Ursulawall and Los Organos areawill be described.

The geology of the Tigaigawall is mainly composed of thick sequences of phonalitic to intermediate
lava flows with Guajara ages. These lava flows are interbedded with phonoalitic pyroclastic deposits and
residua soil layers. The soil layers are generally located at the top of the phonolitic pyroclastic deposits
and characterised by their red colour. The dips and dip directions of the deposits have been measured in
the outcrops of the Tigaiga wall and indicate a genera dip direction to NNE (Figure 3.32). This
coincides with the assumed centre of the Gugjara edifice located in SSW direction inside the Las
Cafiadas caldera (Bryan et d., 1998) and the proposed predlide prolongation of the Tigaiga massif to
the east illustrated in Figure 3.13. Below the large Gugjara sequences, the basement of the Tigaiga massif
is formed by phonolitic pyroclastic deposits and lava flows of Ucanca ages, mafic to intermediate lava
flows of Lower Group and as lowest detected material the old breccia. At the top of the Tigaiga massif
exist some isolated phonolitic pyroclastic deposits associated with the Diego Hernandez caldera collapse
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episode. Finally, it can be assumed, that the western La Orotava dide has failed in the same materials as
those composing the present Tigaiga massif.
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n=33

Figure 3.32: Rose diagram of dip directions of the Gugjara materials composing the Tigaiga massif. Dip
classesarein 10°.

In contrast to the geology of the Tigaiga massif, the geology of the St. Ursula wall and the Los
Organos area is very homogeneous. The main sequences are composed of porphyritic basaltic breccia
deposits. The exposed materials contain textural features which suggest a strong volcanic activity
characterised by high eruption rates and the fast growth of a new volcanic edifice. Beds of thin lava
flows, lava breccias and sedimentary deposits originated by both dry and wet small-scale mass
movements (hyperconcentrated flows, lahars etc.) have been found in the Los Organos area. This infers
the proximity of the eruptive centre, while the St. Ursulawall is mainly composed of thicker lava flows
interbedded with less volcanoclastic materials. The measurements of dips and dip directions of the
materials indicate two interesting facts. First, the dips measured in the Los Organos area range from 14
to 40° indicating a steep sided volcanic edifice. Second, the situation of the eruptive centre inferred by
the dip directions (Figure 3.33) may have been situated near Montafia Crucita (see Figure 3.24) dightly
inside the Guimar valley. This location coincides with the results obtained from the study of the dike
distributions adong the Dorsal Ridge (Day, 1997) and the geologic data achieved from the water
galleries (Navarro, 1998). The construction of this large mafic stratovolcano has been occurred during
the Old Dorsal Ridge stage because of the 0.81 Ma age data of a basatic flow composing this edifice
(Ancochea et d., 1990) and may occurred simultaneoudly with the principal formation of the Tigaiga
massif during Gugjara cycle. Some phonoalitic pyroclastic deposits interbedded with predide mafic lavas
derived from the Dorsal Ridge have been detected at the coastline outside of the La Orotava valley near
La Quinta (Figure 3.31). These predlide materials are stratigraphically located below the mafic
materials composing the topmost deposits at St. Ursula, so that they have early Guajara or Ucanca ages.

The predide deposits composing the St. Ursula wall are partly covered by postdide lava flows
proceeding from eruptive vents located outside the La Orotava valey (Figure 3.31). Extensive zones at
the lower part of the St. Ursula wall are hidden by basdltic lavas flowing over the lateral scarp into the
valley. Another, smaller lava flow with intermediate composition descends the laterd escarpment in a
higher zone and at the base of the Los Organos area there are two small strombolian cones with some
associated intermediate lava flows of limited extension. The age of one of the basdltic lava flows at the
lower part of the St. Ursulawall have been determined at 0.78 Ma (Ancocheaet a., 1990).
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Figure 3.33: Rose diagram of dip directions of deposits composing the Los Organos area. Dip classes
arein 10°.

One of the most important stratigraphica units of this study have been the phonolitic pyroclastic
deposits. They have significantly helped to improve the understanding of the evolution of the La
Orotava valey. These deposits are covering large parts of the isand and theirs ages can be related in
most cases to one of the three Upper Group cycles defined by the geochronological study of the Las
Canadas calderawalls (Marti et al., 1994).

In the La Orotava area exist severa locations with significant phonolitic pyroclastic deposits which
have contributed to the determination of the age and the extension of the landslide amphitheatre. The
most important fact can be found in the valley floor, where widespread areas are covered by phonolitic
pyroclastic deposits (Figure 3.31). All of these deposits are related to the Diego Hernandez cycle, so
that since they must have been accumulated after the large La Orotava dides at the end of the Gugjara
cycle. Additional phonolitic pyroclastic deposits related to the Diego Hernandez cycle crop out outside
the valley limits as topmost layers at St. Ursula, € Lance, La Fortaleza, between Risco Verde and | zafia
and at several parts adong the Dorsa Ridge. In contrast, in-situ phonolitic pyroclastic deposits
associated to the Gugara cycle can only be found outside the valley limits. Three locations with
Guajara deposits have been found during the field surveys: 1) at the Tigaiga massif both in the Barranco
de Ruiz and in the Tigaiga wall, 2) at the coastal cliff of La Quinta; and, 3) at the Dorsal Ridge at
Fuente ddl Joco (Figure 3.31). The deposits at La Quinta might be of an earlier cycle since no exact age
data have been determined in this area. At ‘Fuente del Joco’, the trachybasaltic lava flow overlaying the
phonalitic pyroclastic deposit has an age of 0.56 Ma (Ancochea et a., 1990), thus the pyroclastic
deposit has to be related to the Guagjara cycle. Additionaly, also the phonoalitic pyroclastic deposits of
Ucanca age have only been found outside of the valley limits (at the Tigaiga massif). In conclusion, the
phonolitic pyroclastic deposits indicate that only the deposits with Diego Hernandez age are located
inside the valey limits, while the pyroclastic deposits of Gugjara and Ucanca ages are limited to the
areas located outside of the La Orotava valley.

The underground geology of the La Orotava valley area has been studied using the data of the water
galleries dug in volcano dopes (Codlo, 1973; Coello and Bravo, 1989; Servicio de Planificacion
Hidraulica, 1991; Navarro and Braojos, 1991; Servicio de Planificacién Hidréulica, 1994). Because the
morphologic analysis has reveded the latera limits and parts of the head scarps of the two landdlide
events, the underground geology has been studied in order to define the lower limits and the
continuations of the missing parts of the head scarps. The young breccia has been a key materia for the
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estimate of the lower limit since it marks the first postdide deposit filling the landdides amphithesatres.
However, its impermesble behaviour has caused that the majority of the water galleries stop when they
arrive to this hydrogeological barrier. So, only a few data exist on the contact of the predide and
postdide deposits in the underground giving some estimates on this limit and on the thickness of the
breccialayer (e.g. Coello, 1973).

Finally, two cross sections have been drawn indicating the simplified underground geology of the
western and eastern part of the La Orotava valley (Figure 3.34). Both parts present a similar geology
comprising predide and postdide deposits as defined in Figure 3.30. Above the basement containing
mafic Old Dorsal Ridge materias lie two other predlide materials. the old breccia related to the filling of
the amphitheatre of the old post-shield landdides (Ablay and Hurlimann, 1999) and predide LCE
deposits (Carracedo, 1975). The postdide valley-filling deposits mainly include the young breccia, the
Young Dorsal Ridge materials and especialy in the western part postdide LCE deposits containing
Diego Herndndez and Teide-Pico Vigjo materias. The depth of the dip surface can be assumed to be at
the lower limit of the young valley filling breccia. Exact data on this limit do not yet exist and thus the
thickness of La Orotava dides can only be approximated. Based on the morphological and geologica
analyses performed, the total thickness of the failures certainly has exceeded 500 m and maximum
values up to 1000 m cannot be excluded.
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Figure 3.34: Simplified geologic cross sections of the La Orotava valey. (a) Eastern part and (b)
western part. Geological shades as shown in Figure 3.30. Dashed line shows the inferred preslide
topography. Similar locations as profile 2 and 4 in Figure3.14. Vertical exaggeration is 2.

In addition, the underground continuation of the breakaway zones has been determined studying the
lithological changes from postdide filling materials to predide deposits in the water galleries. So, the
head scarp of the eastern La Orotava dide a the Los Organos wall could be prolonged about 3
kilometres to the west (Servicio de Planificacion Hidraulica, 1991). Similar contacts between old
predide materials and deposits filling the escarpments have been observed between Risco Verde and
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Izafia. There, the unconformity at Risco Verde could be extended in the underground to the east
(Navarro, 1998) indicating the north facing head scarp of the western La Orotava dide. Afterwards, this
area of the western landdide amphitheatre has been filled by a large amount of postdide volcanic
materials with Diego Hernandez age (Figure 3.34).

The water tunnels drilled in the La Orotava valley aso revea important information referring to the
hydrogeological conditions. These data represent the present situation influenced by the large water
amount consumed by the population and the tourist sector and not coincide with the situation half a
million years ago. But, the hydrogeological studies carried out on Tenerife have strongly improved the
understanding of the hydrogeological processes in volcanic terrains (Ecker, 1976; Custodio, 1989;
Servicio de Planificacion Hidraulica, 1991; Navarro and Braojos, 1991).

The hydrogeology in volcanic terrains is characterised by a complex system depending on 1) the
original composition of the deposits, 2) secondary processes such as alteration or compacting; and, 3)
fracturing caused by dike intrusion or other volcano-tectonic processes. The present hydrogeological
conditions in the La Orotava valley area can be simplified as follows. Apart from some perched water
tables situated close to the ground surface, the great mass of water resources is found in a general zone
of saturation above an impermeable basement. The lower limit of this saturated zone is defined by the
breccia deposits previousy mentioned.

The upper limit of the phreatic surface before the exploitation is difficult to estimate. However, the
Hydrologic Plan of Tenerife proposed, that it was relatively close to the ground surface, or even cut
through it in some areas and that water therefore surged naturaly at these points (Navarro and Bragjos,
1991). And that could be the position of the water table prior to the landslide events.

From a geotechnical point of view, the dopes in the study area are mainly composed of
1) hardened and molten lava flows, 2) welded and non-welded pyroclastic deposits; and, 3) secondary
reworked deposits of any origin. In genera, volcano flanks comprise a complex and irregular
stratigraphy and contacts are not so clear asin dopes formed by sedimentary rocks.

Molten lava from avolcano or other type of eruptive vent moves downhill by gravity. The movement
is determined by its viscosity which increases as the lava cools in contact with the underlying surface
and the air above. So, the base and top of a lava flow cool rapidly and develops an irregular surface
containing fractures, bubbles and lava breccias. The interior of a hardened lava flow is nhormally quite
coherent and compact. The development of a columnar structure as a result of shrinkage during cooling
is quite common. The thickness of lava flows changes downhill and often becomes thinner on the lower
part of the volcano flank.

Welded and non-welded pyroclastic deposits can be originated by mafic and salic eruptions and
mainly include tephra and ignimbrite deposits. Tephra consists of particles of rock that were expelled by
the pressure of gasses previously dissolved in the molten magma. The particles can be as small as silt
(volcanic ash) or as large as tens of meters. Deposits of tephra cover the ground in a layer of varying
thickness with little or no internal structure. The pyroclastic deposits from upwards eruptions tend to be
thicker and coarser grained close to the eruptive vent from which the particles were erupted and thinner
as well as finer outwards from the vent. Ignimbrites are formed by the deposition and consolidation of
hot ash flows, pyroclastic flows or nuées ardentes. The deposit is made up of glass shards, crystals and
lithic fragments, commonly in that order of decreasing abundance. In some cases the existence of a kind
of flow structure resulting from the parallel arrangement of the larger glass particles can be observed.
Ignimbrite deposits can be considerable and thick even kilometres or tens of kilometres from the vent
and generally comprise aflat plateau-like surface.

Secondary deposits can include aluvial deposits on the lower flanks of the volcano caused by
erosion and redeposition of tephra, residua soils generated by in-situ weathering and scree/sand
deposits formed by small-scale mass wasting processes.

The field survey carried out in the La Orotava valey has reveded that widespread residua soils
(also called paeosols) might have been potential dip surfaces for large landdlides. In contrast to the
solid lava flows and quite hard ignimbrites, residual soil layers interbedding these strata seem to be
characterised by a particular geotechnical behaviour (see Chapter 4). Red coloured residua soils are
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generally located at the top of pyroclastic deposits produced by explosive eruptions of phonalitic
magmas. The flat tops of phonolitic pyroclastic deposits (or ignimbrites) represent the only planar
surfaces within the deposits composing the volcano dopes. In Tenerife, extensive deposits have been
found within the central part of the idand either subaerialy exposed or covered by recent lavas. These
occur in regions adjacent to the Las Cafiadas caldera which are covered by pyroclastic deposits related
to explosive eruptions from the Las Cafiadas edifice (e.g. IGME, 1988a; Navarro and Braojos, 1991,
Bryan et al., 1998). Weathering processes change the phonalitic pyroclastic deposit into a residual soil
which is later covered by a lava flow, further modifying the soil by thermal processes. The result of
these processes is the occurrence of widespread red residual soils, severa decimetres thick, representing
the weakest materia found on the idand. The residua soils are characterised by a particular
geotechnical behaviour (see Chapter 4) strongly influenced by their double cementation. This
cementation or bonding is caused first by the lithification processes during the deposition of the hot
ignimbrite and second by the thermal dteration by the lava flow covering the weathered ignimbrite
deposit.

A photograph of residual soil layers interbedded between lava flows is shown in Figure 3.35 and
detailed photographs of residual soils are presented in Chapter 4 (Figure 4.3, Figure 4.4 and Figure 4.5)
where the geomechanical behaviour of such a residua soil has been comprehensively analysed. A
typica geologic column describing the residua soil isillustrated in a simplified mode in Figure 3.36.

Figure 3.35: Photograph of residua soils (red coloured) interbedded between lava flows (grey-brown)
and ignimbrites (white-brown). The stratigraphy represents the predide LCE deposits cropping out in
the Barranco de Ruiz (Tigaiga massif).
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Soil / rock classification Description
lava flow compact, coherent lava flow
lava breccia clasts of lava breccia with red

matrix from lower residual soil

residual soil, red colored, sandy-silty soil
paleosol with some small calsts
red
" |
e transition orange
3 |
gray-yellow

phonolitic pyroclastic deposit

phonolitic . )
pyroclastic with some small, anular litic
deposit fragments

Figure 3.36: Simplified geologic column indicating the formation of residua soils.

The geologic column of Figure 3.36 contains three main zones. the lower phonolitic pyroclastic
deposit, the upper lava flow and the soil layer interbedded between these strata. The lower zone is a
grey-yellow coloured ignimbrite deposit. The upper zone of the ignimbrite deposit has been affected on
one side by weathering processes and on the other side by therma alteration caused by the upper lava
flow creating a red to orange coloured transition zone. The thickness of this transition zone depends
both on the duration of the weathering and the temperature of the upper lava flow, but rarely exceeds
half a meter. The lower limit of the lava flow contains a lava breccia. The contact of the hot lava and
the soil has formed sometimes a thin layer of yellow-green coloured layer, which is a common feature of
volcanic (hydro-) thermal alteration (see Figure 4.12 in Chapter 4). The lava flow on the top of the
section is generally coherent and compact.

The field surveys have shown that there exist other weak materials such as clayey-silty aluvia
deposits in the La Orotava valley area but the residua soils are the only deposits with regiona
extension. Alluvia deposits have been found locally and thus are less efficient to act as a dip surface of
a landdide with an extension of several kilometres. Moreover, the homogeneous flat top of the
ignimbrites and therefore of the residua soils is quite unique for volcanic deposits and support the
hypothesis that these residual soils are the perfect candidate of the failure surface of the large landdlides.

Two studies of shalow landdlides in volcanic terrains have confirmed the results obtained in this
work and indicate the critica failure contacts in similar volcanic deposits. A study of rain-induced,
shallow landdlides in Dominica, West Indies, showed the significant influence of the contact between a
porous topsoil and a lower low-permeable deposit (Rouse et a., 1986). From the analysis of humerous
landdlides, the key failure plane could be defined at the base of the residual soil a the soil/rock
interface. Similar characteristics has been found in shallow mass movements in volcanic soils in Japan
(Kitamuraet a., 1988). All the landdlides occurred at the contact between the upper residual topsoil and
the lower, widely spread pyroclagtic flow deposits with a plateau like topography.
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3.6 Assumed predide conditions

In order to define the models for the stability analysis the predide morphologic and geologic
conditions of the La Orotava valley area has been assumed. The smplified preslide conditions have
been established using the data containing all the available geologic and morphologic information of
previous studies, the results obtained from the morphologic and geologic analysis and observations of
the field work.

The predlide morphology of the La Orotava valey has mainly been influenced by the volcanic
activity aong the Dorsal Ridge and in the Las Cafiadas caldera. A chain of volcanic edifices is assumed
to be situated along the Dorsal Ridge as indicated in Figure 3.37. The two major ones are a large mafic
stratovolcano in the eastern sector of the Dorsal Ridge and the huge Guagjara edifice inside the Las
Canadas caldera (Servicio de Planificacion Hidraulica, 1991; Marti et a., 1994). The deposits of the
two large volcanoes may have generated a canyon or depression in the centre of the actual amphitheatre
(Bco. de la Suerte) dividing the whole area geologically and morphologicaly into two sectors. In
addition to this central canyon, others narrow barrancos may have been formed at the contacts of the
different volcanoes (Bco. de la Calera and Bco. de la Arena). These canyons would correspond to
ravines created by fluvial erosion, oriented from the Dorsal Ridge towards the sea and characterised by
depths exceeding 100 m. This characteristic is consistent with the morphology found nowadays in the
Tigaiga massif and other areas not affected by the landdlide events. The canyons may have evolved into
the lateral limits of the landdides since they provide an easy for such processes (Hurlimann et al.,
1999).
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Figure 3.37: Morphologic features characterising the preslide conditions of the La Orotava valley area.

Dashed lines indicate the assumed landdide limits, thick grey lines show the predide canyons and
triangles indicate the mgjor predide volcanic edifices.
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The high coastdl cliff today visible at both sides out of the amphitheatre is an important morphologic
feature and may have been extended along the entire predlide coast of the La Orotava valley area.

The predide geology of the La Orotava valey area can be divided into two main sections. The
western part has been composed of intermediate to phonolitic lavas and phonolitic pyroclastics
belonging to the LCE. The western part has mainly been consisted of mafic materias derived from the
large stratovolcano in the east sector of the Dorsal Ridge and additional eruptive vents aong this rift
zone (Figure 3.37). Some layers of phonolitic pyroclastics related to the LCE have been interbedded
between the mafic materials, too. The residual soils formed above these widespread phonoalitic
pyroclastic deposits may have played a fundamental role in the initiation of the large landdide events.
Weak residua soils interbedded between sound materials have covered the entire area of the dide
extensions and therefore may have been acted as dip surface of the large landdlide events.

Before the formation of the La Orotava sides between 0.73 and 0.56 Ma the volcanism of the isSland
has been characterised by a very high activity. Strong magma intrusion and the formation of volcanic
edifices have affected the Dorsal Ridge. In the central part of the idand the huge Gugjara edifice has
been constructed and formed a volcano with a height similar to the present Teide — Pico Viegjo complex.
This high volcanic activity around the La Orotava valey has strongly influenced the stability of the
volcano flank. Many different destabilising processes associated with the volcanism has affected the
natural slopes including the accumulation of new volcanic material, changes of the stress in the Sope
due to magma injections, fracturing of the bedrock, pore pressure changes, hydrotherma ateration and
seismic shocks especialy caused by the caldera collapse terminating the Gugjara cycle.
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3.7 Conclusons

The dite invegtigation has included a comprehensive geologic and morphologic analysis of the large
landdlide events that have formed the La Orotava valey. In addition, other large volcanic dides on
Tenerife and in the Canary Idands have been studied marginaly in order to improve the genera
understanding of the mechanics of such destructive mass movements.

During the last years a tota of seventeen large landdide events have been detected around the
Canarian archipelago due to bathymetric surveys. The islands of Tenerife (seven events), Gran Canaria
(five events), € Hierro (three events) and La Palma (two events) have been strongly affected by this
geologic phenomenon. The analysis of these seventeen events has revealed severd interesting and novel
conclusions. First, there exists a strong correlation between the structural axes on the islands and the
breakaway zones of large volcanic landdides. The majority of the failures has occurred perpendicularly
to the main structural axis or has been limited by two axes. Second, a spatid relationship between areas
characterised by a humid climate and a higher probability of large landdide occurrence has been
detected. Most of the large failures have taken place in the wettest parts of the islands. This fact can be
seen in a perfect way on Tenerife, where all of the seven landslide events have occurred in the wet north
and northeast parts of the idand. Third, a temporal relationship between sea level falings and the
occurrence of large landdlides have been observed. Mogt of the events with exact age data could have
been correlated to a significant descent of the sea level. At last eight of the seventeen landdlides have
been associated with such a sea level falling and better age data of other landdide events would
certainly strengthen this relationship.

On Tenerife atotal of seven large landdlide events has been detected. Two dide events have occurred
during the shield stage at the north of Teno and Anaga, and five events have taken place during the post-
shield phase (old dlide complex, Icod, La Orotava, East Dorsal and Giiimar). The central north flank of
Tenerife, where the La Orotava valey is located, has been affected by the old post-shield slide complex
with a volume exceeding 500 km® and the three young post-shield landslides Icod, La Orotava and East
Dorsal with volumes of about 100 km® each of them. The causes of the failures have not yet been
resolved but the volcanic activity definitely have played a significant role. The caldera collapse episodes
of the Las Cafiadas edifice in the central part of the island have strongly influenced on the mechanical
stability of the volcano flanks. Thisfact is verified by atempord relationship between the landdide ages
of the La Orotava and Icod valley and the two caldera collapse episodes Guajara and Diego Hernandez.
On the other side, the Dorsa Ridge characterised by persistent dike intrusion may have played an
additional significant role in the initiation of the large failures. The breakaway zones of all of the post-
shield landdlide events are located near this active rift zone.

In this study the La Orotava valley has been selected as main test site due to the data available and
its location adjacent to the Dorsal Ridge and the Las Cariadas caldera. The La Orotava valey is the
largest visible amphithestre on Tenerife with awidth of almost 10 km and a length of up to 14 km. The
valey is bordered by high, lateral escarpments and filled by a big amount of postdide volcanic
materials. The subaeriad and submarine morphologic analysis and the study of the subaerial and
underground geology have revealed that two different landdide events have generated the La Orotava
valley: onein the eastern part of the valley with afailure movement to the northwest and the other in the
western part with a failure direction to the north. Morphologicaly, this can be verified by the
contrasting slope orientations and headwall strike directions of the eastern and western valley sectors,
the non-paralelism of the bounding walls and the two submarine accumulation lobes. Geologicaly, the
hypothesis of two different dide events has been intensified by the different materials composing the two
lateral limits of the valley and the assumed predlide geologic conditions. In the eastern part of the valley
the predide deposits are characterised by mainly mafic lava flows and volcanoclastic materias derived
from a large stratovolcano and other smaller cones situated along the Dorsal Ridge. In contrast, the
preslide deposits of the western part are composed of thick sequences of phonalitic to intermediate lava
flows interbedded with thinner layers of phonalitic pyroclastics all of them derived from the Las
Cariadas edifice.
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Several morphologic and geologic facts have congtrained the limits of the two landdide events. The
steep, coastd cliff is an important morphologic feature determining the latera extension of the dides at
the coastline. Before the occurrence of the failures, this coastal cliff has been extended along the entire
coastline with heights up to 500 m. Nowadays, this high cliff is missing inside the La Orotava valley
and remnants of it occur outside of the amphitheatre at the Tigaiga massif and the east Dorsal Ridge.
The steep, coastal cliff may have been the seawards limit of the landdlide events, since the base of the
subaerial volcano flank was unbuttressed due to its truncation by marine erosion.

The lateral limits of the amphitheatre are characterised by two sub-vertical escarpments composed of
predide materials and with heights of up to 500 m. In the west there is the Tigaiga wall with a length of
about 10 km and in the east is the St. Ursula wall with a length of about 5 km. The morphologic
analysis of the present hydrologic network and the assumed predide conditions suggest that deep narrow
canyons may have existed in the locations of these lateral walls. An additional canyon or depression
may have developed in the central part of the valley dividing it into two sectors. The large landdlides are
assumed to have exploited these lateral weaknesses and have developed the latera limits dong these
barrancos. Deep narrow canyons are a typical morphologic feature on Tenerife in areas not affected by
large failures, are characterised by depths exceeding 200 m and are formed by fluvia erosion.

The head walls of the two large landdide events could have been determined during the geological
and morphological analyses. The exact location of the breakaway zone of the western slide has been
difficult to define since the amphitheatre is filled in this sector by a huge pile of postdide volcanics.
However, morphologic features, a geological unconformity in the Las Cafiadas caldera wall and the
underground geology obtained from the water tunnels let assume that the head scarp of the western dide
is located at the top of the Dorsal Ridge between Risco Verde and |zafia. The failure has truncated the
northeast sector of the Las Cafadas caldera and thus has generated the particular unconformity in the
caldera wall at Risco Verde dividing predide materials in the south from postdide materids in the
north. The breakaway zone of the eastern La Orotava dide is located in the Los Organos area dightly to
the north of the Dorsal Ridge. There, high sub-vertical walls exposed in the preslide materials have been
detected during the morphologic analysis and are inferred to be the head scarps of the failure. A
westward prolongation of this breakaway zone has been observed in the underground geology obtained
from the water tunnels.

The definition of the basal dip surface has been the most critical step during the site investigation
because of the lack of exact data. The data on the underground geology obtained from the water tunnels
mostly terminate at an impermeable breccia layer found in depths of 200 to 300 m. This thick breccia
layer can be divided into two different units: an old unit infilled the old post-shield landdide complex at
about 3.0 Ma and a young unit. The young breccia unit is the oldest postside deposit and has been
formed by mass wasting processes filling the large landslide amphithestre created by the La Orotava
events. The thickness of the young breccia is not known but may involve 200 to 300 m. Therefore, the
total thickness of the postdide materials filling the original landslide amphitheatre may reach 500 m in
some sectors of the valley and atotal thickness of the entire failed materia has reached 1000 m.

The field surveys carried out in the La Orotava valley has revealed that widespread residual soils
(also cdled paleosols) might have been potential dip surfaces for the large landdides. Red coloured
residua soils are generally located at the top of pyroclastic deposits produced by explosive eruptions of
phonolitic magmas. The flat tops of phonoalitic pyroclastic deposits represent the only planar surfaces
within the materials composing the volcano slopes. Furthermore, the residua soils are the only weak
layer with regional extensions. The soils are characterised by a particular cementation caused by
thermal ateration and may have acted as failure surfaces of the large landslides due to their weak
mechanical behaviour.

In conclusion, the large volcanic landdides of the La Orotava valey may have been dab-shaped,
trangitional failures bordered laterally by deep narrow canyons, seawards by a steep coastal cliff, at the
head by an active rift zone with persistent dike intrusion and at the bottom by a weak residual soil layer.
Sab-shaped mass movements are common dide types in fractured, bedded rocks under tension
(O'Leary, 1991).
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The causes of the two La Orotava landdides are complex and include geologic, morphologic,
climatic and volcanic factors. The accumulation of new volcanic materia on the dope caused by the
fast growth of volcanic edifices and the horizontal pressure from the Dorsal rift zone have changed the
stress field of the volcano flank and has reduced its global stability. Simultaneoudly, fluvial erosion has
cut deep, narrow canyons along the contacts of these volcanic edifices and marine erosion has formed a
steep and high cliff along the coastline. These two morphologic features have reduced the stability of the
volcano dope laterally and towards the sea. Moreover, the humid climate in the north part of Tenerife
and in the La Orotava valley area has generated saturated hydrogeological conditions with high pore
water pressures and a residual soil layer may have acted as the failure surface of the landdides. Finaly,
a destructive caldera collapse episode has occurred at the end of the Gugjara cycle at about 0.56 Ma
and the strong seismicity associated with this collapse is inferred to have triggered the two La Orotava
landdlides.
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4 LABORATORY ANALYSIS

4.1 Introduction

The site investigation carried out in the La Orotava valley has revealed the existence of a potentia
weak layer in which the dip surface of the large volcanic landdides may have been occurred.
Widespread residual soils (or paleosols) are assumed to be the weakest materia in the volcano flank
with a sufficient large extension to cause a failure plane destabilising a sector of the volcano dope of
some kilometres in width and length. In this Chapter the results of a comprehensive laboratory study
will be presented analysing such aresidua soil.

Residual soils are products of rock weathering without transportation as sediments but accumulation
in place. Among the factors influencing the rate of weathering and the nature of the products are climate
(temperature and rainfall), time, type of parent rock, vegetation, drainage and bacterial activity (Blight,
1988). The extreme humid climate at the northern flank of Tenerife and especialy around the Tigaiga
massif together with the relative weakness of the phonalitic pyroclastic deposits (in comparison with
resistant lava flows) favour the development of residual soils.

In contragt to sedimentary soils, the residual soils are not well studied and the understanding of
volcanic residua soils is even less known. In this study, a residual soil which has been formed above a
phonolitic pyroclastic deposit and covered by a lava flow, has been analysed. Geotechnical studies on
smilar materias are very rare, because the construction of large buildings or civil engineering works,
which require a geotechnical analysis, is very limited on soils originated from these materials. Hazard
zonation maps generaly interdict important infrastructures on such deposits due to the probability of
future pyroclastic flow events. At Vesuwvius, Italy, a general geotechnica anaysis of volcanic soils
covering the historic sites of Pompeii and Herculaneum (Rippa, 1997) and a comprehensive study of a
homogeneous volcanic tuff found in the centre of the city of Naples (Aversa and Evangelista, 1998)
have been carried out. Moreover, a volcanic agglomerate in the Canary Idlands has been analysed due to
the construction of water dams (Uriel and Serrano, 1973; Uriel and Serrano, 1974; Serrano, 1976). The
same cause has aso led to an extensive research on phonolitic pyroclastic deposits in New Zeadand
(Moon, 1993a; Moon, 1993b). On Tenerife, a study of volcanic soils near La Laguna has been carried
out providing information on clayey lake deposits which has been formed due to accumulation of
transported volcanic material and intense westhering processes (Gonzalez de Vallgo et a., 1981).
However, the majority of the geotechnicd studies on volcanic residual soils have been performed on
soils generated above volcanic ashes or basdtic lava flows (Koizumi and Ito, 1963; Wallace, 1973;
Rouse et al., 1986; Hobbs et al., 1988; Kitamura et al., 1988; O'Rourke and Crespo, 1988; Sridharan,
1988; Belloni, 1989; Maccarini et a., 1989; Thrall and Bell, 1989; Wesley, 1990; Sudhakar, 1995; Zhu
and Anderson, 1998) and not on a soil generated on a phonoalitic pyroclastic deposit as in this study.
Consequently, the analysis carried out in this work is unique and tests on similar materials are very
scarce. This fact should be kept in mind comparing the results with other ones obtained from different
residua soils.

The stress — strain and strength behaviour of residual soils clearly differ from the one of sedimentary
soils. The most important features that influence on the mechanical behaviour of residual soils include
void ratio, density and bonding effects al of them almost independent of the stress history (Vaughan,
1988; Blight, 1997). Other factors are the relict structure and possible discontinuities of the parent rock
and also the great variability of weathering products originating weak mineral grains or agglomerations
of grains. However, the small effect of the stress history is the mgjor difference to sedimentary soils
which mainly depend on this factor.

One of the particular characteristics of residual soils is the presence of bonds between particles.
These bonds represent a component of strength and stiffness that is variable because of different
bonding minerals and differences in weathering processes. In general, bonds can be provided by a wide
range of agents, such as silicates, iron oxides, precipitation of cacite cement etc. A bonded soil (also
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called cemented soil) can be described as a mixture of soil particles and a matrix, which connects these
particles. The bonding matrix can have different origins depending on the structure of the parent rock,
wesathering processes or thermal heating. The strong bonding of some volcanic residual soils may be
explained by lithification processes during the deposition of the parent rock (phonolitic pyroclastic
deposits, tuff etc.). A very important fact from a mechanical point of view is that once the bonding is
broken by loading or strain, it is irrecoverable and the soil strength decreases.

A simplified interpretation of the bonding behaviour in residual soils has been postulated by
Vaughan et a. (1988) and will be shortly described. They propose that the different consolidation
curves between undisturbed and remoulded samples are caused by the bond strength, that exists in the
undisturbed sample and misses in the remoulded specimen. Figure 4.1 illustrates the tentative model of
the stress-strain behaviour of bonded soils defining both the bond stress and the bond strength. The
stress gpplied to the bonded sample is partially carried by the bonds and is called the bond stress. This
bond stress is a function of the difference in the void ratios of the remoulded and undisturbed soil, eyp
and ezu. On the other hand, the total stress that can be carried by the bonds of an undisturbed material
is defined as the bond strength.

At the beginning of the test during phase ‘A’ the compression of the bonded sample is less than that
of the remoulded sample. The bond stress increases with increasing stress values. The first yield
represents the stress at which some of the bonds start to fail. Up to this point the bond strength remains
congtant, since no bonds have been broken. During phase ‘B’ decreases the bond strength due to the
higher stress and strain, which break more and more bonds. Simultaneously, the bond stress still
increases. The second yield occurs, when the decreasing bond strength becomes equal to the increasing
bond stress. Thereafter, during stage ‘C’, both the bond strength and the bond stress decrease in a
matching manner. The two curves of undisturbed and remoulded samples should coincide, when the
bonding has been completely destroyed.
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Figure 4.1: Tentative model of the bonding in residua soils after Vaughan et a. (1988).
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In the analysis of large volcanic landdides - or large landdides in genera - a supplementary, very
important fact has to be taken into account. Due to the enormous thickness of the large volcanic
landdlide occurred on Tenerife - assumed as several hundreds of meters - the overburden stress exceeds
that of common shalow dides by at least two orders of magnitudes. Therefore, the stresses applied to
the soil mass at the slip surface would surpass 1 MPa for a material density of about 2500 kg/m®. This
significant scale effect has to be incorporated into the geotechnical study of deep seated landdides, since
the mechanical behaviour of materials confined by high stresses clearly differs from normally confined
materials (Petley and Allison, 1997). In this study, effective confining stresses up to 15 MPa have been
applied during the laboratory tests and some novel and unique results refering to the strength behaviour
of volcanic residual soils have been achieved.

Findly, the test programme carried out during this work has included: 1) Standard geotechnical tests
such as oedometer tests, ring shear tests, direct shear tests and triaxial tests; and, 2) an anaysis of the
mineralogy, chemistry and microstructure using X-ray fluorescence, X-ray diffraction technique and
environmental scanning electron microscopy. The main objective of this chapter is to determine the
mechanical behaviour of the residual soil analysed in this study. Particular attention has been paid to the
bonding effect and its influence on the geotechnica behaviour of the sail. The aim of the mineralogical
and geochemical analyses of twelve samples collected in the La Orotava valley area has been to obtain a
genera insight of the composition of the samples and to improve the understanding of the geologica
settings in the region.
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4.2 Methodology

4.2.1 Sampling

Two types of samples have been collected during the geological field survey in the La Orotava valey
area: 1) small hand-samples in order to study their mineralogy and chemistry; and, 2) block samples
which have also been anadysed by geotechnical laboratory tests and the environmental scanning electron
Mi Croscopy.

In total twelve samples of different geological deposits have been analysed. Information about the
sample type, data refering to its location and the tests carried out are summarised for each sample in
Table 4.1. Moreover, the locations of the samples are illustrated in a topographic map of the La
Orotava valley (Figure 4.2), and overviews of each outcrop are given by photographs in Figure 4.3 to
Figure 4.12. In addition to the twelve hand-samples used for the geochemica and mineralogica
analysis, block-samples of the three residua soils (RS1, RS2 and RS3) have been collected in order to
carry out mechanical tests. The residual soils have been sampled in block size, protected and brought to
the geotechnical laboratory of the UPC, where the samples are kept in a humid room of a constant
humidity of 90 % and a temperature of 25°C.

Table 4.1: Samples studied during the geochemical and geotechnical analyses

abbreviation sample type location X-coordinate | Y -coordinate| altitude | test carried
[m] [m] [m] out ¥
. XRF/IXRD
RS1 residual soil Pledradelos | 511350 | 3135710 | 1650 | ESEM
Pastores
GEOT
RS2 residual soil TresPinos | 343270 | 3138220 | 1155 XEZ?)?D
RS3 residual soil | Mirador Sergio | 344610 | 3135160 | 1188 | X %?C()?D
MO1 valley filling breccia | Playade Fgjana| 344680 3142280 10 XRF/XRD
- . Punta €l
MO2 valley filling breccia Gundastés 343730 3142440 15 XRF/XRD
BR1 preslide LosOrganos | 353930 | 3137490 | 1210 | XRF/XRD
breccia
BR2 preslide LaLadera 355440 | 3139420 | 1490 | XRF/XRD
breccia
EL1 valley filling breccia) - ) g 343260 | 3141550 | 120 | XRF/XRD
(matrix)
EL2 valley 'E'b'l'g;?()brecc'a o Lance 343260 | 3141550 | 120 | XRF/XRD
giap  |Phondliicpyroclasticl  Barrancode | 5,760 | 3140080 | 238 | XRF/XRD
deposit  (bottom) Ruiz
gt |Phonoliticpyroclastic)  Barrancode | 5,760 | 3140080 | 238 | XRF/XRD
deposit  (top) Ruiz
BI2 beked phonolitic |~ Barrancode | 500760 | 3140080 | 202 | XRE/XRD
pyroclastic deposit Ruiz

1) XRF.  X-ray fluorescence
XRD:  X-ray diffraction technique
ESEM: environmenta scanning electron microscope
GEOT: geotechnical laboratory tests
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Three residua soil samples (RS1, RS2 and RS3) have been collected at various locations on the
Tigaiga massif. The origin of these common and widespread soil layers on Tenerife are explained in
Chapter 3 (Site investigation). RS1-sample is situated near the site called ‘ Piedra de los Pastores’ inside
the eastern Tigaiga wall, which represents the western lateral scarp of the La Orotava valley. The
outcrop lays aong the forestry road starting from the C-821 near ‘el Portillo’ and continuing to the top
of the Tigaiga massif. The unit sampled is a red coloured, about 1 m thick residual soil formed at the
top of a phonolitic pyroclastic deposit and covered by athick lava flow (Figure 4.3). The RS2-sample
has been collected on the top of the Tigaiga massif near the location caled ‘Tres Pinos and is
characterised by its greyish colour, which is rather unusua for residual soils observed on the island
(Figure 4.4). Local geochemical effects and the extremely humid conditions in this area may explain this
feature. RS3-sample is located at the site called ‘Mirador Sergio’ taking the forestry road which starts
at the picnic place ‘Pedro Gonzalez' and continues up to the Tigaiga massif (Figure 4.5). The sample
contains several fault planes dipping towards the east, outwards of the Tigaiga wall and typical
dickendides are visible. A photograph of the RS3-sample is shown in Figure 4.42 (Section of the
laboratory results) with the red coloured soil and the black dickendides.

Two samples have been selected from the matrix of young post-shield valley filling breccias (MO1
and MO2). The samples have been collected from the so-caled 'Mortalén' deposit (IGME, 1988)
outcropping at the coast in the western part of the La Orotava valley (see Chapter 3). The MO1-sample
is located at the beach called ‘Playa de Fajana (Figure 4.7) and has been collected from the same
deposit which has been dated with an age > 0.73 Ma (Ibarrola et al., 1993). The sampled unit, which
can be classified as a massive, poorly sorted, volcanic breccia, contains a grey - reddish matrix and
polymict clasts. MO2-sample has been collected at the site called ‘Punta el Gundastés' which is a delta
composed of aluvia deposits, volcanic materials and deposits of small-scale landdides. The unit of
sample MO2 contains a reddish matrix and poorly sorted, monomict clasts (Figure 4.8).

Two samples of the matrix of mafic breccias (BR1 and BR2) have been collected in the south-
eastern part of the La Orotava valley driving along the forestry road which starts at the picnic place ‘La
Cadera near Aguamansa. These breccias are predide deposits and form the head wall and also parts of
the lateral scarp of the eastern La Orotava landdlide event. The BR1-sample has been taken from alarge
block fallen down of the verticad wall a Los Organos which may be the head scarp of the LOe
landdlide. The sampled unit can be classified as a very massive, volcanic breccia with a brown-grey
matrix and poorly sorted monomict clasts (Figure 4.9). The BR2-sample is situated at the location
caled ‘La Ladera which is still assumed to be inside the same head scarp of the LOe landdlide. The
outcrop is a lithic rich, thinly bedded breccia deposit with monomict, basaltic clasts ranging from
granule to boulder size (Figure 4.10).

Additionally, two samples from small-scale, secondary landdide deposits near the village Los
Realgos have been analysed (EL1 and EL2). Both samples have been collected at the same outcrop
along the road C-820 from Puerto de la Cruz to Icod. The EL1-sample has been taken from a large
block of a phonalitic pyroclastic deposit within the deposit and EL 2 has been taken from a red coloured,
sandy layer of the same deposits (Figure 4.6).
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Figure 4.2: Location of the samples analysed shown in a topographic map of the La Orotava valley.
Grey dashed line indicates roads. Interval of the contour linesis 500 m.

At lagt, three samples of phonoalitic pyroclastic deposits with different grades of baking (thermal
ateration) have been collected in the ‘Barranco de Ruiz' which is adeeply incised canyon in the Tigaiga
massif (Bl1t, Bl1lb and BI2). The samples are located aong the walking path from the picnic place at
the road C-820 to the village Icod € Alto. Baked phonalitic pyroclastic deposits are common deposits
on Tenerife and are characterised by their red colour. These deposits can be compared with residua
soils since their original material and the thermal ateration due to the covering of lava flow is the same.
However, the weathering processes are missing and thus have avoided the formation of a residua soil
above the phonolitic pyroclastic deposit. Bl1t and Bllb have been taken from the same phonolitic
pyroclastic deposits (Figure 4.11). BI1t represents the topmost zone strongly baked due to thermal
ateration and Bl 1b represents the lower zone with amost no influence of thermal ateration. The BI2-
sample has been collected of the small, grey - yellowish layer characterising the contact between the
upper lava flow and the lower phonalitic pyroclastic deposit, which is totally affected by the thermal
alteration (Figure 4.12).
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Figure 4.3: Outcrop of residual soil sample RS1. The reddish soil layer is covered and baked by a
thick lavaflow.

Figure 4.4: Outcrop of residua soil sample RS2. The greyish soil layer is located in one of the most
humid parts of theisland.
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Figure 4.5: Outcrop of residua soil sample RS3. The reddish soil layer is located above the yellow
phonolitic pyroclastic deposit and covered by a lava flow. The dteration from the top to the bottom
is clearly visible due to the change of colour (reddish for strongly altered and yellow for dightly
altered phonoalitic pyroclastic deposit).

Figure 4.6: Location of the samples of the valley filling breccia EL1 and EL2. The deposit has been
generated by a postdide small scale landdide event. EL1 has been taken from the large block of a
phonolitic pyroclastic deposit situated in the middle of the deposit. EL2 has been sampled from the
matrix of the deposit.
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Figure 4.7: Outcrop of the valley filling brecciaMOL1 at Playa de Fgjana. The sample has been taken
from the matrix of the breccia. The white colour of the deposits are salt minerals due to evaporation
of seawater.

Figure 4.8: Outcrop of the valley filling breccia MO2 at Punta e Gundastés. The sample has been
taken from the reddish matrix in the front of the photo.
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Figure 4.9: Location of the breccia sample BR1 near Los Organos. The sample has been taken from the
block fallen out of the vertical wall.

Figure 4.10: Outcrop of breccia sample BR2 near La Ladera.

92



Laboratory analysis

Figure 4.11: Hand sample BI1 representing a baked phonoalitic pyroclastic deposit. Bl1t has been taken
from the upper, reddish part of the sample with a maximum thermal dteration. Bl1b has been taken
from the lower part with minor effects of thermal alteration.

Figure 4.12: Photograph indicating the contact between the phonolitic pyroclastic deposit and the upper
lavaflow. Sample BI2 has been taken from the grey — yellow part at the top of the sample.
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4.2.2 Analysisof mineralogy, chemistry and microstructure

Two different methods have been applied to determine the mineralogical and whole-rock composition
of the fine fraction of the twelve samples. Firgt, using energy dispersive X-ray fluorescence (XRF) the
chemistry of the samples has been analysed qudlitatively and quantitatively. Second, X-ray diffraction
technique (XRD) has been employed to characterise the mineralogy of the samples and to determine
their mineral phases present.

X-ray fluorescence is nowadays the analytical technique most widely used in the determination of the
trace and magjor element chemistry of soil and rock samples. The major e ements are the e ements which
predominate in any rock analysis and theirs concentrations are given as a weight per cent [wt %] of the
oxide. The trace elements are defined as those elements which are present at less than the 0.1 % level
and theirs concentrations are expressed in parts per million [ppm] of the element. Using XRF, up to 80
elements over a wide range of sengitivities and in concentrations from as low as a few parts per million
to 100 % can be analysed. It is a rapid method and large numbers of precise analyses can be made in a
relative short time. XRF is capable of measuring all elements from beryllium (atomic number 4) to
uranium (atomic number 92). Different corrections have to be made for instrumental errors and for the
effects of sample composition on x-rays intensities. Alternatively, the x-rays may be detected without
being separated into different sequences, using a detector, which measures energy as well as intensity of
the x-rays. The magor elements are determined using one x-ray tube whereas trace elements are
determined using one or more different tubes. On the other hand, X-ray diffraction technique is a
versatile, non-destructive analytical method for identification and quantitative determination of the
various crystdline forms, known as mineral ‘phases, of compounds present in solid materials and
powders. Applying XRD the results can be illustrated graphicaly by diffraction pattern or
‘diffractograms’. The identification of the mineral phasesis achieved by comparing the x-ray diffraction
pattern obtained from the analysed sample with an internationally recognised database containing
reference patterns for more than 70,000 minera phases. XRF and XRD have been carried out for the
matrix of the samples, which has been remoulded and air-dried in order to analyse the dry powder.

Additionally, the microstructure of the residual soil sample RS1 has been analysed using an
environmental scanning electron microscope (ESEM). Microstructure has been proposed as an
important factor in the strength of clay-rich sedimentary soils and preliminary studies of pyroclastic
materials seems to confirm this idea (Moon, 1993b; Rippa, 1997). In contrast to the macrostructure of
the soil, which can be observed without magnification, the microstructure reveals information about
cementation and pea contact arrangements. Therefore, ESEM technique can lead to a better
understanding of the engineering properties and is especially useful for bonded soil. In this study, two
different specimens of the residual soil RS1 have been analysed using ESEM: Firgt, a specimen of the
undisturbed soil with an intact structure, and then a specimen of the soil with a broken bonding after
carrying out atriaxial test with large confining stress. The aim of the ESEM analysis has been a genera
comparison of the microstructure and the bonding of the two samples rather than the recognition of
specific mineras or a detailed study of the microstructural patterns.

4.2.3 Geotechnical analysis

In this study the geotechnical behaviour of the residual soil sample RS1 has been analysed
comprehensively, while the soil characterisation has been carried out for the samples RS2 and RS3.
After characterising and classifying the soil, standard laboratory tests including consolidation tests,
direct shear tests, ring shear tests and triaxia tests have been carried out to determine the mechanical
properties of the soil. An important topic during this research has been the study of the bonding effect of
the residual soil. The mechanical behaviour of residual soils depends not just on the initial porosity and
stress history, but mainly on the bonds between particles. The influence of bonding can only be detected
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if aset of tests under different values of vertical stress (direct shear test) and confining stress (triaxial
test) is carried out for the same soil sample. Moreover, the comparison between undisturbed and
remoulded specimens may improve the understanding of the bonding effect on the mechanica behaviour
of the soil. Therefore, the effect of the bonds on the stress-strain behaviour has been studied using
consolidation tests, direct shear tests and triaxial tests on undisturbed and remoulded specimens.

Soil characterisation

At the beginning of a geotechnical study, the generd characteristics of the sample must be analysed
to describe and classify the soil. The density of the soil, the density of the solids, the water content, the
porosity, the void ratio, the permeability, the particle size distribution and the Atterberg limits are
common properties characterising soils. All of these parameters have been obtained for the RS1-sample.
Additionally the particle size distributions have been determined for the samples RS2 and RS3,
respectively.

First, the natural density and the water content of the soil mass have been measured. Then, using the
volume of the sample the dry density and the void ratio have been calculated. Moreover, the specific
gravity of the solids has been determined during this step. Second, the particle size distribution for the
coarse-grained part of the soil has been obtained performing a sieve anaysis. A sample of dry soil has
been mechanically shaken through a series of sieves and the percentage retained or passed through each
sieve has been weighted. This analysis is impracticable for fine-grained soil particles, which has been
separated by sedimentation. A first estimate of the permeability has been calculated using data of the
particle size distribution. Moreover, the Atterberg limits have been determined using the fine fraction of
the soil sample. The liquid limit has been analysed by the Casagrande apparatus and the plastic limit by
rolling the soil into a pencil shape. Finally, the soil has been classified by the Unified Soil Classification
System, USCS, which was adopted in 1969 by the American Society for Testing and Materials as a
Standard Method for Classification of Soils for Engineering Purposes (Wagner, 1957).

Consolidation tests

In the consolidation tests (also called oedometer tests) stress is applied to the sample dong the
vertical axis. Only vertical strain is permitted and therefore the axia strain is egqual to the volumetric
strain. The major difficulty with the oedometer test is the side friction, which can be minimised by an
appropriate thickness-diameter ratio. This should be kept as small as practicable, usually 1: 3to 1: 4.
The consolidation tests can be used to obtain values of the primary and secondary compression. Till the
primary compression is reached (normally in less than one hour) dissipation of the pore water occurs
and afterwards, during the secondary compression, the vertical deformation is caused by the time-
dependent stress-strain properties of the mineral skeleton. Results of the primary compression can be
applied to the consolidation theory and a vertical strain value can be determined.

In this study, information refering to the consolidation of the soil has been obtained from two
different types of dataz 1) Data from the oedometer tests carried out in the standard oedometer
apparatus, and, 2) data acquired during the consolidation phase of the direct shear tests. All the
specimens, that have been undergone consolidation tests, are illustrated in Table 4.2 describing the size
of the specimen (illustrated by the height, Hge, and the diameter, Dg.e), the apparatus and the vertical
stresses applied. A range of vertica stressis given for the specimens that have undergone reloading.

Three oedometer tests in the standard oedometer apparatus have been performed using undisturbed
gpecimens of the RS1-sample. The specimens have been prepared with a diameter of 50 mm and a
initial height of 20 mm. The loading history of the three specimens has been the same, but the initia
time of soaking has been changed for each specimen. At last, the stresses applied have been defined as
10 kPa - 20 kPa - 50 kPa - 100 kPa - 200 kPa - 400 kPa - 800 kPa - 1600 kPa for the loading phase
and 800 kPa - 400 kPa for the unloading phase. One sample (RS1-O-UD2) has been loaded up to 2400
kPa. Information about the effect of the water has been obtained from different times of saturation. The
gpecimen RS1-O-UD1 has been saturated from the beginning, the specimen RS1-O-UD2 at 100 kPa
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and the specimen RS1-O-UD3 at 400 kPa. To analyse the bonding effect of the undisturbed specimens
an additional oedometer test has been carried out for a remoulded, soaked specimen (RS1-O-RM1).
This specimen has been prepared so, that the void ratio and moisture content of the sample have been
the same as the one of sample RS1-O-UD1. The remoulded specimen has been undergone the same
loading history as the undisturbed one. Additional information of the consolidation behaviour has been
obtained from the consolidation phase during direct shear tests before applying the horizontal shear
stress. Especially, data on the stress-strain regime related to high vertical stresses have been achieved
during the consolidation phase of the direct shear tests. The cylindrically shaped, undisturbed specimens
have been analysed inside the small shear apparatus, called SHEARL, applying vertical stresses up to
600 kPa and in the large shear apparatus, called SHEARZ, applying vertical stresses up to 15593 kPa.

In addition, the behaviour of the second compression of the soil has been studied by a long lasting
consolidation test, also called creep test. The creep test has been performed on a undisturbed specimen
with a high vertical stress of 2.598 MPainside the SHEAR?Z apparatus (specimen RS1-O-UDVI).

Table 4.2: Consolidation tests carried out on the RS1 sample

specimen Heeo - Doec | Vertical stress applied type of apparatus
[cm] [kPal
RS1-O-UD1 20-50 10 - 1600 Oedometer
RS1-O-UD2 20-50 10 - 2400 Oedometer
RS1-O-UD3 20-5.0 5 - 1600 Oedometer
RS1-O-RM1 20-50 10 - 1600 Oedometer
RS1-D-UDO 26-5.0 200 - 600 SHEARL1
RS1-D-UDI 3.2-7.0 5197 SHEAR2
RS1-D-UDII 3.7-7.0 5197 SHEAR2
RS1-D-UDIII 3.7-7.0 10395 SHEAR2
RS1-D-UDIV 3.7-7.0 15593 SHEAR2
RS1-D-UDV 36-7.0 2598 - 10395 SHEAR2
RS1-D-UDVI 32-7.0 2598 SHEAR? (creep)
RS1-D-RM1 3.2-7.0 5197 SHEAR2
RS1-D-RM2 32-7.0 10394 SHEAR2
RS1-D-RM3 3.7-7.0 15591 SHEAR2
Direct shear test

In the direct shear test the sample is located in a split cylindrical metal box. The upper or lower part
of the box can be displaced, whereas the other part is fixed. At the upper and lower ends porous stones
alow drainage of the sample during the test. A vertical load is transferred to the sample by means of a
loading plate on top of the upper porous stone. This load generates the normal stress for which the shear
strength is to be measured. During the test, the complete sample is submerged under water.

The tests carried out in this study are called consolidated-drained shear tests in order to obtain the
drained shear strength of the soil. The word ‘consolidated’ defines the consolidation at the start of the
test and the word ‘drained” means that the excess pore pressure is equal to zero at all times. The tests
run at a dow rate to permit the dissipation of the excess pore pressure. Normally, the displacement rate
has been maintained constant during the whole test with values between 0.05 mm/min and 0.005
mm/min. The direct shear test has been carried out in three steps: First, after trimming an undisturbed
specimen from the block sample, it has been ingtalled in the shear apparatus and soaked during one day.
Second, anormal stress has been applied to the specimen and the consolidation data have been collected
during the following day. Third, the specimen has been sheared to failure and the horizontal/vertical
displacements as well as the shear stress has been measured.
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This work has analysed the shear strengths of the soil using two different shear box apparatuses. A
small one for normal stress up to 600 kPa (hereafter called SHEAR1) and a large one for normal stress
up to 15.59 MPa (hereafter called SHEAR?2). This unusual high value is necessary analysing large
volcanic landdides, since their overburden loading exceeds the one of shdlow dides by at least two
magnitudes and refers to a different part of the stress-strength envelope in the Mohr-Coulomb criterion.
The SHEARL apparatus is an equipment from Mecéanica Cientifica and SHEAR2 is a modification of a
standard equipment designed and built during this study. Photographs of the two apparatuses are shown
in Figure 4.13 and Figure 4.14, respectively. In the SHEARL apparatus shear tests have been carried
out applying three different normal stresses (200, 400 and 600 kPa). The three shear tests have been
realised for an undisturbed specimen. First, the peak shear strength and the constant volume shear
strength have been obtained applying the horizontal stress in one direction. Then, the specimen has been
cycled to additional displacement and sheared again to provide a measurement of the residual shear
strength (applying the horizontal stress in the other direction and returning the sheared part of the
specimen to the initial position). This procedure has been repeated for the two other stresses using the
same specimen.

Additional direct shear tests have been carried out in the larger shear box apparatus (SHEAR?2)
applying normal stresses ranging from 2.598 MPato 15.591 MPa. Due to the large vertical loading and
the horizonta displacement limit of the shear box only the measures of the first run, peak shear strength
have produced redlistic values using SHEAR2. So, there does not exist neither constant volume shear
strength nor residual shear strength values. In order to estimate the residual shear strength for high
normal stresses some tests have been carried out with remoulded specimens of fine soil particles. The
remoulded specimen has contained only fine particles with diameters smaller than 0.425 mm passed
through the standard sieve No. 40 (ASTM series). Findly, three specimens have been prepared by
soaking and compacting the fine particles up to the desired natura density.

Table 4.3: Direct shear tests carried out on the RS1-sample.

specimen applied normal stress type shear test type of apparatus

[kPa]

RS1-D-UDO 200 first run and recycled SHEAR1

400 first run and recycled SHEAR1

600 first run and recycled SHEAR1

RS1-U-UDI 5197 first run and recycled SHEAR2

10394 first run and recycled SHEAR?2

10394 first run and recycled SHEAR?2

RS1-D-UDII 5197 first run and recycled SHEAR2

10394 first run and recycled SHEAR?2

RS1-D-UDIII 10394 first run failure SHEAR?2

RS1-D-UDIV 15591 first run failure SHEAR?2

RS1-D-UDV 10394 first run failure SHEAR?2

RS1-D-UDVI 2598 first run failure SHEAR?2

RS1-D-RMI 5197 first run failure SHEAR?2

RS1-D-RMII 10394 first run failure SHEAR?2

RS1-D-RMIII 15591 first run failure SHEAR?2

97



Laboratory analysis

Figure 4.13: Photograph of the small shear test apparatus SHEAR1 used during the geotechnical study.

Figure 4.14: Photograph of the large shear test apparatus SHEAR2 used during the geotechnical study.
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Ring shear test

The ring shear test is similar to the direct shear test with the advantage that prolonged deformation
will not cause a reduction of the contact area between the upper and lower parts of the specimen as it
occurs in the direct shear test. Hence, the ring shear test is a common apparatus to measure the residual
strength after large displacements. The apparatus used in this study is a Bromhead type ring shear
apparatus from Whykeham Farrance Engineering Ltd. The specimens analysed have been remoulded
fines of the RS1 sample passing through sieve No. 40 with a diameter smaller than 0.425 mm. The ring
shear tests have been carried out in three steps: First, the remoulded specimen has been ingtalled in the
apparatus and soaked during one day. Second, a normal stress has been applied to the specimen and
third, the specimen has been sheared by a dow displacement rate of about 0.048 mm/min. The
conditions during the tests have been maintained drained. In tota five ring shear tests have been carried
out applying normal stresses ranging form 200 to 600 kPa (Table 4.4).

Table 4.4: Ring shear tests carried out on the RS1 sample

specimen applied normal stress
[kPel
RS1-R-RM 1 300
RS1-R-RM2 400
RS1-R-RM3 200
RS1-R-RM4 500
RS1-R-RM5 600

Triaxial test

In comparison to the direct shear test and the ring shear test, the triaxial test allows to measure the
stress-strain behaviour in relation to pore pressure changes and therefore to effective stresses. During
the triaxial test the cylindrical specimen is encased in a rubber membrane and placed in a water-filled
pressure cell. The ends of the specimen are connected in such away that during drained tests the volume
of the escaped water can be measured and pore pressure can be determined in undrained tests. The cell
pressure provides the minor principal stress, s;, and the force imposed by the loading ram combined
with the cell pressure produces the major principal stress, s;. After saturation of the soil specimen, the
specimen isfirst subjected to a confined pressure. Then, in the second phase of the test the axial stressis
increased until the specimen fails. Using the convention of Lambe (Lambe and Whitman, 1979), all the
plots in the section of the results include mean effective stresses, p’, and deviatoric stresses, g, defined
as

p={81*55) (Eq. 4.1)
2

p'= (SLZS‘?) -u (Eq. 4.2)

qz—(s1 _253) (Eq. 4.3)

, Where u is the pore water pressure in the specimen. Two different apparatuses have been used in this
study: 1) A small apparatus for cell pressures up to 1700 kPa (hereafter caled TRIAX1) which is
known as standard GDS stress-path system including a Bishop-Wesley hydraulic cell with two GDS
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digital hydraulic actuators; and, 2) a large apparatus for cell pressures up to 5000 kPa (hereafter called
TRIAX2) which has been designed and built during this study. Photographs of both apparatuses are
shown in Figure 4.15 and Figure 4.16, respectively.

Two types of tests have been carried out in this study. On the one hand, the soil has been analysed by
consolidated-undrained tests (abbreviated CU-tests) in order to obtain the undrained shear strength of
the soil as well as the increase of pore water pressure in the specimen. On the other hand, consolidated-
drained tests (abbreviated CD-tests) have been carried out in order to achieve the drained shear strength
aswell as the volumetric strain behaviour of the soil during drained failure.

For the size of the undisturbed and cylindrical specimens have been selected the common dimensions
of 38 mm in diameter and 76 mm in length using the TRIAX1 apparatus and 50 mm in diameter and
100 mm in length using the TRIAX2 apparatus. After saturation and measurements of the permeability
using back-pressure technique and a constant axial flow rate, the soil specimen has been consolidated
with back pressures ranging from 100 kPa to 800 kPa and cell pressures between 800 and 5000 (see
Table 4.5). The specimen has been considered saturated when the pore-water pressure B parameter has
been equa or greater than 0.95 (Lambe and Whitman, 1979). Applying alow back pressurein TRIAX1
in order to receive a high effective confined stress has required a CO, - treatment of the specimen before
installing into the cell (carried out for specimen RS1-T-CU4). Once consolidated, the specimens have
been subjected to drained loading with open back pressure or undrained loading with closed back
pressure at a constant deformation rate of about 3 mm per hour (strain controlled conditions). The tests
have generaly terminated at a minimum axia strain of about 16 % for undrained tests and of 20 % for
drained tests. Due to the large deformations, all results refering to the stresses and strengths include the
correction of the failing area.

Table 4.5: Test conditions and type of apparatus during the triaxial tests

specimen Test | cel pressure | back pressure | effective confining | tyipe of apparatus

[kPa] [kPa] stress

[kPa]
RS1-T-CU1 cu 1100 500 600 (588)" TRIAX1
RS1-T-CU1r cu 1100 500 600 TRIAX1
RS1-T-CU2 cu 1200 300 900 (851)" TRIAX1
RS1-T-CU3 cu 1100 800 300 TRIAX1
RS1-T-CU3r cu 1100 800 300 TRIAX1
RS1-T-CU4 cu 1650 100 1550 TRIAX1
RSI-T-CUI cu 4000 500 3500 TRIAX2
RS1-T-CUIr cu 4000 500 3500 TRIAX2
RSI1-T-CUII cu 5000 500 4500 TRIAX2
RS1-T-CD1 CD 800 500 300 TRIAX1
RS1-T-CD2 CD 1400 500 900 TRIAX1
RS1-T-CD3 CD 1650 100 1550 TRIAX1
RS1-T-CD4 CD 1100 500 600 TRIAX1
RS1-T-CDI CD 4000 500 3500 TRIAX1

" exact measured values are in brackets

100



Laboratory analysis

Figure 4.16: Triaxia cell of TRIAX2 apparatus for cell pressure up to 5000 kPa.
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4.3 Resaults

4.3.1 Analysisof mineralogy, chemistry and microstructure

Mineralogical and chemical analysis

The twelve samples have been anaysed first using the energy dispersive X-ray fluorescence in order
to determine the sample chemistry and second using the X-ray diffraction technique to characterise the
mineralogy of the samples. The results of the X-ray fluorescence analysis are listed below indicating the
contents of selected mgjor elements (Table 4.6) and selected trace elements (Table 4.7) of the twelve
samples.

Table 4.6: Contents of selected major elements (unitsin wt %).

Sample SO, Fe,Os Ca0 TiO, K>0O Cl Al,Os
RS1 44.6 14.45 4.37 2.92 0.71 - -
42.8 15.80 4.72 3.35 0.81 - -
RS2 42.7 15.20 1.18 3.96 0.95 0.27 -
42.5 14.81 1.14 4.05 1.01 0.24 -
RS3 45.32 14.14 1.21 3.64 1.48 0.02 24.43
45.32 14.05 1.19 3.67 143 0.01 24.95
MO1 49.0 9.38 5.85 2.00 1.45 0.69 -
48.8 9.70 5.94 212 153 0.63 -
MO2 48.3 6.65 3.72 1.36 1.93 2.92 -
49.5 6.68 3.60 1.36 2.08 2.80 -
BR1 44.06 13.83 7.21 3.37 0.76 - 17.2
44.28 13.86 7.03 3.37 0.77 - 16.06
BR2 45.24 12.24 7.77 3.08 0.9 - 17.8
45.14 11.89 7.69 3.05 0.85 - 18.14
EL1 51.98 9.22 3.6 212 1.78 0.16 1941
52.14 9.18 3.22 2.08 171 0.18 19.17
EL2 47.22 6.44 0.55 1.57 0.94 0.05 27.77
46.7 6.37 0.46 157 0.99 0.05 25.78
Bl 1t 52.14 5.6 1.26 1.34 2.57 0.6 26.34
51.71 5.39 122 1.34 2.53 0.6 24.49
Bllb 53.04 5.42 0.96 1.26 2.92 0.16 23.04
52.94 5.42 11 1.29 2.67 0.19 19.78
BI2 57.18 4.25 1.69 1.13 3.32 0.82 18.73
58.71 411 1.7 112 3.54 0.54 19.84
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In the following, the twelve samples have been divided into four different groups to simplify the
interpretation of the data. The four groups are:

1) residua soils (including sample RS1, RS2 and RS3)
2) basdltic breccias (including sample BR1 and BR2)
3) valey filling breccias (including sample MO1, MO2 and EL 1)

4) phonoalitic pyroclastic deposits (including sample EL 2, Bl1b, BI1t and BI2)

The analysis of the major elements of the samples has revealed severa interesting points. First, the
SO, - content is very low for the residua soils formed above phonolitic pyroclastic flow deposits,
which have an SO, — content usually in the range of 55 — 65 %. The SIO, — content of the soil group is
similar to the one of the basaltic breccias. This particular feature may be explained by the effect of
weathering processes and also by the percolation from the basaltic lava covering the residual soils.
Secondly, the phonoalitic pyroclastic deposits are characterised by low SO, — contents and only the BI2
sample can be classified as a typica phonolitic pyroclastic deposit. Normally, the SiO, - contents in
ignimbrites ranges from about 55 % to about 65 %. Refering to the ignimbrites on Tenerife, the lowest
SO, — content has been assumed to be at about 55 % and the maximum content of Fe,Os at about 6 %
(Ablay, 1997; Bryan et a., 1998). Thirdly, the valey filling breccias are located in an intermediate
domain representing the wide variety of these deposits each of them generated by one or several mass
wasting events of different materials.

Figure 4.17 illustrates graphically the Fe,Os - content versus the SO, - content and shows an overall
decreasing of the Fe,Os - content for increasing SiO, - contents.
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Figure 4.17: Fe,Os - content versus SiO, -content for the twelve hand samples using XRF.

The analysis of the contents of the selected trace elements has confirmed the heterogeneous nature of
the twelve samples. Even within the same group exists a significant variance of content of some
elements. The RS3 - sample, for example, clearly differs from the two other residual soils and especialy
its Ce - and Nd - contents exceed the ones of RS1 and RS2. However, some genera conclusions can be
done refering to some specific trace elements. Focussing on the Ni — content, a clear difference between
the phonolitic pyroclastic deposits with zero or close to zero contents and the other samples with higher
contents can be seen. A similar contrast is shown by the Zr — contents which are much higher for the
phonoalitic pyroclastic deposit group than for the other groups.
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Table 4.7: Contents of selected trace elements (units in ppm).

sample| Ni | Zn | Br |Rb| Sr | Zr [ Nb | La| Ce | Pr |[Nd|Sm| Mn | Cu |As

RS1 | 115|162 | 8 | 30 |1000| 601 | 62 | 125|139 | 22 | 63 | 13 - - -
123|168 6 | 29 [ 915|636 | 66 | 112|117 | 17 |54 | 11 - - -

RS2 | 121 ({156 | 33 | 21 | 123|609 | 72 | 39 | 66 | 7 |33 | 7 - - -
12411441 33 | 25 (120|602 | 73 | 36 | 71 | 9 [ 39| 9 - - -

RS3 | 81.7 [140.1| 0.4 | 29.6 |434.8|541.3(137.4| 94.8 |224.9/23.5|91.4| 9.8 |3132| 71.1|1.3
54.4 |134.7| 0.5 | 28.1 [430.9|533.5|136.3| 97 [182.3|23.9(82.5| 5 [2677| 73.3|15

MOl | 69 (126 | 32 | 50 | 797 | 466 | 49 | 111|128 | 20 | 54 | 11 - - -
75 | 116 | 28 | 50 | 837|467 | 48 | 114|124 | 20 | 53 | 10 - - -

MO2 | 49 (133 | 76 | 61 | 991 | 571 | 62 | 147|169 | 24 | 66 | 11 - - -
49 | 147 | 84 | 56 [ 942 | 591 | 63 [ 142|160 | 23 | 63 | 11 - - -

BR1 [113.2|86.2| 0.7 | 25.7 | 669 |274.8| 70.1 | 56.5 |118.7|15.4(53.6| 0 [2207|80.3 (2.3
57.4 [100.5| 0.7 | 26.9 |679.8/286.9| 72.4 | 55.1 (118.8| 16.2|44.4| 0 |2014|106.6/1.8

BR2 | 55 |103.5| 0.6 | 19.2|1010|358.2| 81.9 | 82.2 |154.4|15.2|62.8| 0 [2247|69.8 (2.2
52.1(99.1| 0.5 | 19.6 | 1028(360.4| 82.9 | 82.9 [152.6| 18.2|60.7| 3.9 | 2026 | 69.1 [1.5

EL1 | 4.3 |131.7| 0.5 | 59.4|761.8|536.8/132.2| 88 |173.2/30.1|60.1| 15 {2200 54.1 |1.7
55.8 [119.5| 0.7 | 64.9 |700.5(560.5| 133 | 94.7 [169.7| 24.3|65.4|12.3| 2259 | 53.4 (0.7

EL2 | O |119.8| 0.4 | 41.5]| 474 |940.7|252.3|199.1|276.6|18.2| 123| 6.3 | 2218| 13.4 |2.4
5.2 |130.9| 0.3 | 49.1(315.5/979.6(262.1|183.5|297.4|20.7| 107 | 6.4 | 2526 | 30.8 |1.8

BIlt | O |231.6| 0.9 | 69.4|356.6{747.4/220.9/101.6|240.3| 22 |58.2|10.4|2302| 12 (0.2
0 |230.5| 0.9 | 72.4 |361.8|773.5/219.4| 94.3 [226.6|15.5| 56 | 6 [1987|35.1|1.9
BI1IB | O |270.3| 0.6 | 85.4|204.1| 853 |261.6/109.3|246.2| 22.5(63.8| 10 |2500| 0 |1.5
0O |294| 0.5 |81.9]| 222 | 863 |259.9|104.8|266.3|18.3| 61 | 7.9 | 2314| 10.9 |0.5
Bl2 | 0 [129.4| 1.1 |71.2|556.8|822.3[192.2| 110 |237.6| 24 |74.1|13.6|2465| 4.8 |1.3
0 | 135 | 0.9 | 73.5|558.4/768.5|181.8|113.7(219.7| 24.7|74.1{15.4{ 1991 | 31 | 1

During the analysis of the contents of the trace elements, some common trace elements of volcanic
material have been compared with the SO, - content. In Figure 4.18 the Rb — content has been selected
and plotted versus the SiO, - content. A clear increasing trend of the Rb - content can be seen for higher
SiO, — content. This trend coincides with other geochemica data achieved from volcanic materials on
Tenerife and of other locations (Bauer et al., 1973; Ablay, 1997; Bryan et a., 1998).
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Figure 4.18: Rb - content versus SiO, - content for the twelve hand samples using XRF.

To summarise the XRF — analysis, the samples can be characterised by a high content of metals and
a low content of silica. The large metalic content may explain the high density of the solids that has
been achieved by the geotechnica study (Gs = 2.965 for the RS1 sample). The analysis of the data from
a geotechnical point of view has not reveded any significant feature of important elements. For
example, the gypsum and the calciumoxide contents are quite low, which indicates that the samples have
no swelling characteristics. A curious feature which occurs especially in volcanic areas located near the
seq, has been detected by the Br - and Cl - content. The two samples of valley filling breccias MO2 and
MOL1 contain avery high Br - and CI - content which can be explained by the spray of seawater due to
their coastal location. However, Br - and Cl - contents may also be justified by a possible alteration of
the phonalitic pyroclastic deposits. Phonoalitic pyroclastic deposits are normally formed by pyroclastic
flows associated with phreatomagmatic eruptions, which can be induced by mixing of sea water and
magma in the magma chamber.

Additionally the samples have been anadysed by X-ray diffraction and for each sample a
diffractogram has been achieved. The results of the XRD analysis are shown graphically in Figure 4.19
and the most important mineras are indicated in the diffraction patterns. During this analysis, the
twelve samples are divided into three different groups. The residua soil group and the phonalitic
pyroclastic deposit group are the same as in the XRF analysis and the third group consists of all types
of breccias:

1) residua soils (including sample RS1, RS2 and RS3)

2) valey filling breccias and basaltic breccias  (including sample MO1, MO2, EL1, BR1
and BR2)

3) phonoalitic pyroclastic deposits (including sample EL 2, Bl1b, Bl1t and BI2)

Generdly, the main objective of an X-ray analysis during a geotechnical investigation is the detection of
the amount of clay minerds in the samples. However, the results have shown that the twelve samples
analysed during this study are not characterised by high clay contents. The X-ray diffractograms
indicate that the samples contain only a small or even no clay content (Figure 4.19). The most common
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clay mineral detected is called haloysite and appears especidly in the RS2, MO2 and EL2 samples.
Halloysite mineras are frequently present in residua soils and occur primarily in youthful soils from
volcanic deposits (Jimaez, 1963; Dixon and Weed, 1989).
Haloysite is the product of the transformation of the two-layered kaolinitic clay minerals (Millot,
1970), which can be described as

Kaolinite U Halloysite U disordered Kaolinites

Because of the relationships described above the structural composition of haloysite is similar to that
found in the common kaolinite mineras. The main difference being that halloysites normaly occur in a
partly or fully hydrated form with a structural formula given as

(OH)8A|4S| 4010* nHzO

,where n may be equal to zero, two or four (Attewell and Farmer, 1976). From the geotechnical point of
view the halloysites are classified as sheet silicate minerals, but are not platy in shape and generally do
not give low peak or residual strength. Their stability depends on the degree of hydration, with the partly
hydrated forms (n = 2) being the least stable, though the water does not influence significantly on
mechanica behaviour (Vaughan, 1988). Usually, the soils with alarge amount of halloysite have a very
high plasticity, low permesbility and display sensitivity to drying and aso to manipulation (Blight,
1997). The specific gravity of haloysite in the form with two H,O molecules is given as 2.55. In
contrast to the halloysite the highly expansive minera montmorillonite is not detected.

In addition to the halloysite minera, other clay or clay-like minerals with minor content have been
detected in some samples. Mogt of them belong to the group of sheet silicates defined as ‘mica . The
minerals of the mica group are characterised by low hardness and by perfect basa cleavage, readily
splitting into thin, tough, somewhat elastic laminae or plates (Lambe and Whitman, 1979). The mica
mineral bictite has been determined in the phonalitic pyroclastic deposit samples. Biotite is a widely
distributed and important rock forming mineral and has a similar composition as the mica minera
phlogopite, which has also been detected in some samples. Biotite and phlogopite contain to the primary
mica minerals, since they are dready formed in the magma. They differ from the secondary mica
minerals which are products of weathering. From a geotechnical point of view, however, both primary
and secondary mica minerals belong to the group of sheet silicates and are characterised by a similar
mechanica behaviour (Lambe and Whitman, 1979). In Figure 4.19 the peaks of the halloysite and
biotite minerals are located in the diffractograms. The peak called ‘clays indicates the position which
represents an estimate of the total amount of clay mineralsin the sample.

The most frequent, not clayey mineral detected in the twelve samples is the feldspar (especially the
albite mineral) which is characterised by the highest peaks in the diffractograms. Other important
minerals found in amost every sample are amphibols, pyroxenes and hematites.

Finaly, an important fact should be kept in mind interpreting the results of the XRD analysis. The
sample locations are near the surface and far away from the areas of volcanic activity, so that
hydrothermal ateration has not affected the geological units sampled. However, hydrothermal alteration
and its significant effect on the formation of clay minerals is a very important process influencing the
mineralogy of the volcanic materia (Frank, 1995; Crowley and Zimbelman, 1997). Studies at the
volcanoes of the Cascade Range have shown that smectite and kaolin (either as disordered kaolinite or
halloysite) are the most common clay-minera groups in the fumarole areas. Such clay mineras
generated by hydrothermal alteration can significantly weaken the volcano flank and prepare dope
failure. At the Mount Rainier, for example smectite, kaolin, jarosite, dunite and silica phases, with
lesser illite, gypsum and pyrite have been found within a debris avalanche main scarp (Frank, 1995).
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Figure 4.19: X-ray diffractograms of the twelve samples divided into three groups. a) Residua soils, b)

breccias, and c¢) ignimbrites.
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Microstructure

Two samples have been analysed using an environmental scanning electron microscope (ESEM).
Both of the samples have been taken from the residual soil RS1. One from the intact soil as it has been
sampled in the field and the other from a specimen which has been failed during a triaxial test applying
high confining pressure.

First, the microstructure of the two samples has been studied according to the terminology proposed
for the description of volcanic ash materia (Heiken and Wohletz, 1985) and to the microstructural
analysis of residual soils (Blight, 1997). Figure 4.20 shows the microstructure of the intact soil with an
open fabric organisation of generally rounded particles. Large macro-voids are visible and only a small
amount of a homogeneous groundmass can be detected. The larger particles are surrounded by
fragmentary material and an amorphous coverage which can only be detected by a higher magnification
(e.g. Figure 4.24). A similar coverage of the soil particles has been seen in other volcanic residua soils
and has been described as ‘viscous gel’ (Wallace, 1973). The microstructure of the broken soil is
illustrated in Figure 4.21. The microfabric organisation is much denser than in the intact soil and the
large macro-voids disappeared. The mgjority of the particles consists of fragmentary material and only
some large particles can be assumed. The overal assemblage of the particles is very compacted due to
the high stress applied to the sail.

Second, the bonding of the soil has been observed. Figure 4.22, Figure 4.23 and Figure 4.24 show
three different types of contacts which have been detected between the individua soil particles. In
genera, the ESEM analysis has reveadled that many different forms of bonds can exist in the same soil
sample. Some of them are characterised by an homogeneous, amorphous contact between two,
preferably rounded clasts as shown in Figure 4.22 or Figure 4.23, and others are characterised by a
heterogeneous contact consisting of tubes, flakes or plate — like bridge between the clasts (Figure 4.24).
A zoom of such a bridge between two soil particlesisillustrated in Figure 4.25 and clearly indicates the
heterogeneous origin of the bond which is formed by an amorphous mass, smal grains and some
crystals. On the other hand, yielded bonds have been detected in the broken soil sample after applying
high stresses. Figure 4.26 shows an example of a contact between two particles, which have been
broken during the loading. The relicts of the contact are till visible and only the weakest part of the
bridge between the clasts has failed.
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Figure 4.20: ESEM photograph showing the open microstructure of the intact soil (magnification =
200x).

Figure 4.21: ESEM photograph showing the compacted microstructure of the broken soil (magnification
= 200x).
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Figure 4.22: ESEM - photograph showing a bonding between two particles in the intact soil
(magnification = 400x).

Figure 4.23: ESEM - photograph showing a bonding between two particles in the intact soil
(magnification = 400x).
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Figure 4.24: ESEM — photograph showing a bridge — like bonding between two particles in the intact
soil (magnification = 400x).

Figure 4.25: ESEM - photograph showing a zoom of a bridge — like bonding between two particles in
the intact soil (magnification = 1800x).
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Figure 4.26: ESEM — photograph showing a failed, bridge - like bonding between two particles in the
broken soil (magnification = 400x).
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4.3.2 Geotechnical tests

Soil characterisation

The particle size distribution curves of the residual soil samples RS1, RS2 and RS3 are shown in
Figure 4.27. Generadly, the curves represent soils with sandy - (silty) characteristics, some gravel
components and a small clay fraction. RS1 sample is characterised by generally coarser particles than
RS2 and RS3 though the percentage of the clay fraction is similar for all the three soils. A comparison
of these results with published data on volcanic residual soils indicates that the residual soils analysed
contain very low clay contents. Typical vaues for clay contents of residual soils range from 20 to 80 %
although in most cases it reaches more than 50 % (Gonzalez de Vallgjo et al., 1981). Therefore, it can
be said that the three residual soils have undergone only a short time of weathering and reached an early
phase within the weathering sequence.
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Figure 4.27: Particle size distribution curves of the residual soil samples.

Since the following geotechnical tests have been carried out with the RS1 sample, a short description
of its particle size distribution curve is given. The particle size distribution curve indicates that the RS1
sample contains about 5 percent gravel-size particles, aimost 60 percent sand-size particles, about 30
percent silt-size particles and less than 5 percent clay-size particles. The sieve test shows that the soil
contains about 35 % of fine particles (d < 0.075 mm). Additionaly, three parameters were determined
to describe the distribution curve:

D]_o = 0.007 mm
D3 = 0.065 mm
Deo = 0.28 mm

Analysing the Atterberg limits of the residua soil has given the result that the sample has no plasticity.
So, the liquid limit and the plasticity index value do not apply in this case. However, the determination
of Atterberg limits and particle size distributions is a mgor problem during the analysis of tropical
residual soils since the effect of drying can notably change the results (Blight, 1997). Even air-drying at
ambient temperature can cause partid or complete dehydration of the clay minerals and can change
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them and their properties irreversibly. The most widely reported effect of drying on the particle size
distribution is to reduce the percentage of the clay fraction. Refering to the plasticity, allophane minerals
for example, become non-plastic without exception when air-dried or oven-dried (Wallace, 1973).

In the sandy-silty matrix of the soil pumice and some lithic fragments are chaotically plunged. Their
Size may range from few mm to several cm. There is no stratification visible and the graduation of the
residua soil is poor, which can be explained by the circumstance that the sample is aresult of an in-situ
weathered phonolitic pyroclastic deposit. Phonolitic pyroclastic deposits aways are chaotic formations
without internal structure or gtratification. This justifies the low value of the uniformity coefficient, C, ,
equa to four and the very high value of the coefficient of curvature, C. , equal to 2.16, which indicates
the poorly graduation of the soil. Using the USCS (Wagner, 1957) the residua soil sample can be
classified as a sandy, silty, no plastic soil with the abbreviation: SM.

The specific gravity of the grains, Gs, which aso represents the density of the solid phasg, r s, has
been studied twice and has given the high vaues of Gs = 2.972 and 2.959 or rs = 2.972 and 2.959
g/em®, respectively. However, this does not surprise regarding the parent rock of the soil sample and the
high content of metallic minerals. Residua soils generated form volcanic parent rock such as phonolitic
pyroclastic deposits or basats are characterised by a high specific gravity. Typical Gs - values of
residual soils formed above basalts in Brazil are assumed to be between 2.8 and 3.2 (Vaughan, 1988).
The mineralogy of the sample explains the high vaue, too. Finaly, the average density of the grains has
been defined as 2.965 g/cm® .

Table 4.8: Physical properties of the residual soil sample RS1.

specimen natural density water content| dry density | void ratio porosity
[g/em’] [%] [g/em’] [] [%]
RS1-O-UD1 1.52 28.75 1.18 1.52 60.31
RS1-O-UD2 1.53 26.40 1.21 1.45 590.15
RS1-0O-UD3 1.51 23.14 1.23 1.41 58.53
RS1-D-UDI 1.81 28.70 1.29 1.30 56.49
RS1-D-UDIII 1.60 24.91 1.28 1.32 56.80
RS1-D-UDIV 1.63 21.12 1.35 1.20 54.61
RS1-D-UDV 1.65 21.85 1.35 1.19 54.33
RS1-D-UDVI 1.50 30.67 1.15 1.58 61.24
RS1-T-CU1 1.60 23.12 1.30 1.28 56.14
RS1-T-CU2 1.59 25.98 1.26 1.35 57.45
RS1-T-CU3 1.54 29.24 1.19 1.49 50.84
RS1-T-CU4 1.53 29.58 1.18 1.52 60.32
RS1-T-CUI 1.40 20.01 1.17 1.53 60.47
RS1-T-CUII 1.51 23.95 1.26 1.35 57.45
RS1-T-CD1 1.32 12.64 1.17 1.53 60.47
RS1-T-CD2 1.37 12.05 1.22 1.43 58.86
RS1-T-CD3 1.40 12.76 1.24 1.39 58.16
RS1-T-CD4 1.44 13.42 1.27 1.33 57.08
RS1-T-CDI 1.56 24.03 1.26 1.35 57.45
average 153 22.75 1.24 14 58.17

The most important characteristics referring to the densities, the water content, the void ratio and the
porosity of the undisturbed RS1 samples are given in Table 4.8. Natural densities and the water content
of the specimens are not in-situ measurements and may be influenced by the time spent in the humid
chamber of the laboratory. However, the natural densities obtained ranging from 1.4 to 1.81 g/em® are
realistic looking to the dry densities, which have values between about 1.17 and 1.35 g/cm®. The void
ratios range from 1.19 to 1.58 and are much higher than in sedimentary soils and aso higher refering to
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other residual soils. These high values can be explained due to the young stage of the westhering
processes, which generdly cause a strong increase of void ratios (Blight, 1988). The porosity can be
assumed to range from 55 to 60 %, which is dightly higher than in other pyroclastic rocks (Moon,
1993; Aversa and Evangelista, 1998), but coincides with measurements on basdltic residua soils in
Hawaii (Zhu and Anderson, 1998). Using the average values aslisted in Table 4.8, an average degree of
saturation can be calculated and gives the value of 54.21 %. Summarising these data the RS1 sample
can be characterised as a high-porosity residua soil with alow density.

Consolidation tests

In generd, residua soils behave as overconsolidated soils. Their compressibility is relatively low at
low stress and increase when the yield stress has been exceeded. Here, the data refering to the
consolidation behaviour of the soil has been obtained by two different modes as described in Section
4.2.3: On the one hand using standard oedometer tests and on the other hand by applying a vertica
stress during the first step of the direct shear tests. However, only the data of the oedometer tests have
been used to define the stress - strain parameters described later in this chapter.

Figure 4.28 shows the behaviour of vertical strain versus time due to different vertical stresses
applied to the specimens. These curves, which are represented by a logarithmic scale of time values,
have been obtained by first time loading of the specimens and not include data on rel oading.
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Figure 4.28: Vertical strain - time curves for different vertical stresses due to first time loading.

The plots in Figure 4.28 indicate the particular consolidation behaviour of the residua soil. The
curves are characterised by a very fast primary compression at the beginning and a linearly decreasing
creep phase. Therefore, the curves can be drawn simplified by two lines of different inclinations. One
with a steep dope which represents the primary compression during the first seconds of the test, and a
smooth one which indicates the secondary compression. The dissipation of the pore water is completed
rapidly and therefore the primary compression lasts only a very small time. This feature can be
explained by the high porosity of the sample, which alows the water to dissipate quickly. The secondary
compression or creep is characterised by a continuing small increase of vertical strain and may be
explained by several processes. A common justification of creep effects in sedimentary soils is the
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ongoing locking of the soil structure after the primary compression or the fracturing of individual sand
particles (Lambe and Whitman, 1979). In bonded soils the most common explanation of the creep effect
is the failure of the bonds between the particles (Vaughan et a., 1988). A similar, ailmost instantaneous
primary compression and a small creep deformation has been observed in other volcanic bonded soils
(Aversa and Evangelista, 1998). However, they detected a significant increase of strain for vertical
stresses higher than a certain threshold value due to the total destruction of the bonding.

The behaviour of the particular secondary compression of the soil has been analysed by a long -
lasting oedometer test with a vertical stress of 2598 kPa. The curve of the consolidation is shown in
Figure 4.29 and indicates that the creep effect during the secondary compression phase continues till the
end of the test, when 90 days have been reached. Similar behaviour has been described in geotechnical
studies of other residual soils and of avolcanic clay in Japan (Koizumi and Ito, 1963). They carried out
creep measurements of the volcanic clay during more than 4 months and showed that the creep effect
continues constantly even after thislong time.
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Figure 4.29: Creep effect during the secondary compression phase over an extended duration.

The most characteristic parameters achieved from the consolidation curves are summarised in Table
4.9 including the vertica stress applied to the specimen, s, , the vertical strain, e, and the rate of the
secondary compression, C, . Moreover, using the consolidation theory of natural soils, the coefficient of
consolidation, ¢, , and the permeability, k, have been calculated. The permesbility values range from
7.00x10° to 1.39x10™ cm/sec, which can be classified as a low degree of permesbility (Terzaghi and
Peck, 1967). Additionally, the vertical strain achieved during the primary compression is illustrated in
Figure 4.30a and the rate of secondary compression in Figure 4.30b.

Table 4.9: Consolidation parameters for different vertical stress.

specimen Sy e C. Cy k
[kPal [-] [-] [cm?/sec] [cm/sec]
RS1-0-UD3 5 0.0013 0.0031 - -
RS1-0-UD1 10 0.0093 0.0875 0.078 1.97x10*
RS1-D-UDO 200 0.0732 0.3843 0.055 1.39x10*
RS1-D-UDVI 2598 0.2041 0.6903 0.050 1.26x10*
RS1-D-UDI| 5197 0.2214 0.7033 0.028 7.00x10°
RS1-D-UDIV 15593 0.3154 0.6338 0.045 1.12x10*
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Figure 4.30 shows the primary and secondary compression versus vertical stress applied to the
specimen. Both graphs indicate a change of the behaviour with increasing vertical stresses. The primary
compression increases dightly up to the value of 200 kPa and enlarges significantly for higher vertica
stresses. The secondary compression has similar characteristics. For vertical loads up to 200 kPathe C,
- values augment steadily and maintain constant for s, - values higher than 2500 kPa. Therefore, a
change of the stress - strain behaviour may occur for both rates at vertical stress between 200 and 2500
kPa. An estimate of the exact yield stress using linearly interpolated lines has given a s, - value of about
1000 kPa for both parameters. This value represents a critical stress of the soil which produces an
increase of the primary compression and a decrease of the secondary compression. An explanation of
this phenomenon may be found in the particular bonding of the soil and the assumed yield stress of the
bonds at about 1000 kPa. The influence of this yield stress or ‘critical pressure’ on the creep behaviour
has also been observed in other residua soils (e.g. Wallace, 1973). In that study, the creep rate of the
undisturbed specimens at loads greater than the critical pressure has been measured about ten times the
creep rate at loads | ess than the critical pressure.
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Figure 4.30: Strain achieved during primary compression (a) and secondary compression (b) versus
vertical stress.

Finally, the results of the three consolidation tests carried out in the oedometer apparatus will be
presented. The stress — void ratio relationship is plotted in Figure 4.31 as void ratio versus applied
vertical stress using a semi - logarithmic scale. Due to the high values of the secondary compression and
the associated vertical strains, the void ratios have been calculated by the vertical strains including the
secondary compression (24 h after loading) and not by the vertical strain related to the primary
compression (about 0.5 min after loading). The curves indicate severa interesting points. 1) The
saturation does not influence in any form. Neither a collapse effect nor swelling has occurred after
soaking. The two specimens, which have been initiadly loaded in natural condition behave as the
specimen soaked initially. 2) The void ratio decreases significantly in each sample and the difference of
the initial void ratio and the final void ratio exceeds 0.3 in each curve. 3) The yield stress is not very
clearly defined. This is quite typical for residua soils and has also been discovered in previous studies
(Vaughan et a., 1988; Leroueil and Vaughan, 1990). 4) The norma compression line (NCL) starts at
about 800 kPa and indicates the dope for the calculation of the stress-strain parameters. 5) The
unloading or recompression line obtained from the three oedometer tests are more or less paralld to the
portion of the curves obtained at the beginning of the tests which verify the correctness of the
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measurements. The initid, in-situ stress of the sample in the field has been determined as about 250 kPa
which corresponds to an overloading of about 10 m of volcanic material.
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Figure 4.31: Void ratio versus vertical stress from three oedometer tests on undisturbed samples.

The stress-strain parameters have been calculated from the curve obtained from the oedometer test of
gpecimen RS1-O-UD2 (middle curve in Figure 4.31) since the vertica stress for this specimen has been
increased up to 2400 kPa. The results are illustrated in Table 4.10 and give the values of the coefficient
of compressibility, a, , the compression index, C. , the coefficient of volume change, m, , the
constrained modulus, D, the Young's modulus, E, and the index of swelling or recompression, C.. As
mentioned above, the secondary compression or creep is characterised by significant values and can not
be neglected in the consolidation behaviour of the residua soil analysed. So, the stress - strain
parameters are listed in one column including the creep effect and in the other column without it. The
results coincide quite well with compressibility data obtained from other residua soils formed above
volcanic deposits (e.g. Hobbs et d., 1988). Moreover, the C, — vaue are within the proposed range for
residual soils which is defined between 0.2 and 0.4 (Blight, 1997). However, it should be kept in mind
that the compression index of residua soilsis assumed to correlate with the void ratio and both of them
decrease with deeper location (Blight, 1988).

Table 4.10: Stress-strain parameters obtained from the oedometer tests on undisturbed specimens.

parameter creep included creep excluded
a [MPa’] 0.0869 0.104
C.[] 0.2875 0.35
m, [MPa'] 0.0356 0.04
D [MPa) 28.07 24.79
E [MPa]* 23.392 20.66
Cs[-] - 0.014

*assuming a Poisson ratio of m= 0.25
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At last, additiona oedometer tests have been carried out on remoulded specimens in order to
compare the results with the ones obtained from the undisturbed specimens. Consolidation tests are
proposed to be the simplest experiments to detect the yield stress of the bonding in residua soils
(Vaughan et al., 1988; Blight, 1997). The data obtained from the oedometer tests are illustrated by a
semi-logarithmic graph in Figure 4.32a and in order to compare with the model proposed by Vaughan et
al. (1988) (see Figure 4.1) by alinear graph in Figure 4.32b. At the beginning both specimens indicate a
collapse behaviour due to the porous structure of the soil (Figure 4.32b). However, the volumetric strain
is higher for the remoulded specimen and the bond stress (difference between e,p and exy) is continuous
increasing up to a vertical stress of about 800 kPa. For values higher than about 1000 kPa the bond
stress is dightly decreasing which defines the second yield at about 1000 kPa.
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Figure 4.32: Void ratio vs. vertical stress of undisturbed and remoulded specimens using standard
oedometer tests. @ Semi-logarithmic scale and b) linear scale.
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Direct shear tests

The test programme of the direct shear tests can be distinguished into two different parts: 1) the tests
carried out using the SHEARL apparatus applying low normal stresses; and, 2) the tests carried out by
the SHEAR2 apparatus applying high norma stresses. A comparison of the results obtained from the
small apparatus SHEARL with the ones achieved from the large apparatus SHEAR? is considered to be
possible due to the almost negligible scale or size effects in direct shear testing of specimens with only
small differences in diameters (Cheung et al., 1988). All the tests have been carried out strain -
controlled and in drained conditions with displacement rates between 0.05 mm/min and 0.005 mm/min.
First, the data obtained from SHEARL and from SHEAR2 apparatus will be presented by means of
stress — strain curves refering always to undisturbed specimens. Moreover, a comparison of undisturbed
and remoulded specimens will be shown in order to describe the bonding effect. Finally, strength
envelopes will illustrate the results related to the shear strength parameters, once again dividing into
results obtained from SHEARL and SHEAR?Z apparatus, respectively.

The shear stress - horizontal strain curves obtained from the analysis of the specimen RS1-D-UDO in
the SHEAR1 apparatus are given in Figure 4.33. Each curve represents the data obtained from a
different normal stress, s, . The curves show quite clear peaks with increasing resolution for higher
normal stresses and peak shear strength values ranging from about 200 kPa for s, = 200 kPa to about
600 kPafor s, = 600 kPa. The constant volume shear strength has been selected as the final point of the
curve. Looking to the curves of s, = 400 kPa and 600 kPa the shear strength values till decrease at the
end, but the tests had to be stopped at that point due to the limited horizontal displacement of the shear
box. So, these two constant volume shear strengths may be dlightly higher than in redlity. Finaly,
comparing the pesaks of the stress - strain curves afailure of the soil have been assumed to be at strains
between 8 and 12 %.
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Figure 4.33: Results of direct shear test reloading the same initially undisturbed specimen in apparatus
SHEAR1. Numbers indicate the normal stress applied to the specimen.

The residual shear strengths have been determined by returning the upper part of the sheared
specimen as explained in Section 4.2.3. A typica curve of shear stress versus displacement including
the first run failure and the recycled shearing is shown in Figure 4.34 for specimen RS1-D-UDO and a
normal stress of 200 kPa. The solid line indicates the shear stress values for the horizontal displacement
into one direction (first run failure occurs) and the dashed line indicates the shear stress values for
recycled shearing (returning the sheared part of the specimen to the initial position). The decreasing
effect of the shear strengths can be observed easily. The values reduce from about 200 kPa for the peak
shear strength down to about 160 kPafor the residual shear strength.
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Figure 4.34: Determination of the shear strength values carried out by the drained direct shear test. The
graph is shown for anormal stress of 200 kPa.

The shear strength values achieved from the three shear tests carried out in the shear box SHEAR1
arelisted in Table 4.11. As expected the two following trends have been observed: 1) The shear strength
increases constantly for higher normal stresses applied to the specimen; and, 2) the shear strength values
decrease from peak shear strength to constant volume shear strength and to residual shear strength.

Table 4.11: Shear strengths for three different normal stresses using SHEARL.

applied normal stress| peak shear strength | const. vol. shear strength| residual shear strength
[kPa] [kPa] [kPa] [kPa]
200 198.68 180.85 158
400 407.54 387.16 321
600 580.74 530 489
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Typica shear stress — horizontal strain curves from the SHEAR2 apparatus are given in Figure
4.35. Each test has been carried out with a new specimen and no recycled tests have been performed. In
contrast to the stress - strain behaviour applying low normal stresses, the curves obtained applying high
normal stresses do not show clear peaks. The curves applying a normal stress of 2.59 and 5.2 MPa are
characterised by a dow increase of the shear stress up to constant value which maintains till a shear
displacement of about 10 mm (equal to a horizontal strain of 14 %). The curves refering to a normal
stress equal to 10.39 and 15.59 MPa show a faster increase of shear stress and don’'t reach a constant
shear stress value even for a fina shear displacement of more than 11 mm (testing a specimen with a
diameter of 70 mm!). Therefore, the shear stress — displacement curves indicate that the stress - strain
regime of the soil can be assumed to be ductile applying high normal stresses.
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Figure 4.35: Stress — dtrain curves for undisturbed specimens from direct shear tests using SHEAR2.
Numbers indicate the normal stress applied to the specimen.

Finally, the stress — strain curves of Figure 4.33 and Figure 4.35 have shown that the mechanical
behaviour of the residua soil during shearing strongly depends on the normal stress applied to the
specimen. For low normal stresses the stress — strain regime is preferably brittle and for high normal
stresses ductile.

A summary of the shear strength values achieved by the shear box SHEARZ is listed in Table 4.12
including the results obtained from undisturbed specimens as well as from remoulded specimens. The
tests shearing undisturbed specimens give peak shear strengths and the shearing of remoulded, fine -
grained specimens is assumed to perform an estimate of the residua strength values. However, the
residual shear strengths obtained are only insignificantly smaller or dightly higher than the peak shear
strengths. For the data achieved from a normal stresses of 5197 and 15591 kPa, the shear strength of
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the remoulded, fine — grained specimen is only 6 % smaller than the one of the undisturbed specimen.
For a normal stress of 10394 kPa, the shear strength of the remoulded, fine - grained specimen is even
dightly higher than for the one of the undisturbed specimen. A residua strength higher than the peak
strength is theoretically not possible and thus the results obtained from a normal stress of 10394 kPa are
not correct. The error can only be explained by the accuracy of the apparatus and the problems with it
mentioned in Section 'Methods. In order to achieve another vaue of the residual shear strengths of the
soil, the upper, sheared part of the undisturbed specimen has been returned to the initial position as done
in SHEARL (Figure 4.34). In SHEAR?2, however, the values obtained from this way are about 20 %
higher than the peak shear strength vaues, which can only be explained by shear box problems
explained in the Section 'Methods. Therefore, these ‘residua’ shear strength values are not listed in
Table 4.12 and have not been incorporated into the calculation of the strength parameters of the sail.

Table 4.12: Shear strengths for different normal stresses using SHEAR2,

specimen applied normal stress|  shear strength type of shear strength
[kPa] [kPa]

RS1-D-UDVI 2598 1226 peak
RS1-D-UDI 5197 2588 peak
RS1-D-UDI| 5197 2431 peak

‘residual’
RS1-D-RMI 5197 2280 (remoulded, fine - grained)
RS1-D-UDIII 10394 5255 peak
RS1-D-UDV 10394 4939 peak

‘residual’
RS1-D-RMII 10394 5435 (remoulded, fine - grained)
RS1-D-UDIV 15591 8707 peak
RSL-D-RMIII 15501 8200 residud

(remoulded, fine - grained)

A comparison of the stress — strain curves obtained from the two apparatuses has aso been carried
out. This comparison has included the data of remoulded and undisturbed specimens in order to analyse
the bonding effect of the soil. Figure 4.36 illustrates four typical stress — strain curves, normalised by
dividing the shear stress by the applied normal stress, t/s’, . Both an undisturbed and a remoulded
specimen have been sheared applying to each of them on the one hand a low normal stress of 200 kPa
using the apparatus SHEAR1 and on the other hand a high norma stress of 15591 kPa using the
apparatus SHEAR2. There is no significant difference between the curves obtained from the remoul ded
and the undisturbed specimens applying high normal stresses. The similar strength values of the two
specimens indicate that the bonding has already broken entirely during the normal loading of the
consolidation phase and the strength does not differ for undisturbed and remoulded soils. On the other
hand, the two curves obtained from the SHEARL apparatus applying low normal stresses strongly
disagree with the other ones. The shear strengths of the curves increase faster up to a peak value and
then lower to a constant volume strength. In contrast to the curves achieved from high normal stresses,
the shear strength values of the undisturbed and remoulded specimen applying low normal stresses don'’t
coincide and the values of the undisturbed specimen clearly exceed the ones of the remoulded specimen.
The clear difference of these two curves can be justified by the bonding effect. After the consolidation
phase applying a normal stress of 200 kPa, the bonded structure of the soil maintains intact in the
undisturbed specimen and thus strongly differs from the remoulded specimen with a destroyed bonding.
A similar behaviour has been revealed by direct shear test on gneissic residual soils in Brazil applying
different normal stresses (Maccarini, 1993).
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Figure 4.36: Horizontal strain versust/s,’ ratio for different normal stresses and both undisturbed and
remoulded specimens.

In conclusion, it can be said that the bonding effect in the residual soil depends on two main facts
during direct shear tests:

1) Thenormal stress applied to the soil. If the normal stress exceeds the yield stress of the bondsin
an undisturbed soil, the soil acts as a remoulded, ‘destructed’ soil. Once this yield stress has
passed, an initially remoulded and undisturbed specimen behave almost equal.
2) The gtructure of the soil. An undisturbed soil with an intact bonding clearly surpasses the shear
strength of a remoulded soil with destroyed bonds. This characteristic only happens, if the
normal stressis lower than the yield stress (see point 1).
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Analysing the volumetric behaviour of the soil during the direct shear tests the results are quite
surprising. Figure 4.37 shows the shear stress and the void ratio versus the horizontal strain during the
direct shear test of an undisturbed specimen applying a normal stress of 5.197 MPa. The lower graph
indicates the large decrease of void ratio during the failure. The maximum volumetric reduction occurs
before the peak shear stress is arrived and even continues for large horizontal strains. A dilatant effect
which is quite normal for sandy soils, has not been detected in any test carried out during this study.
Even applying small normal loads no dilatancy occurs, which distinguishes this residual soil from other
residual soils investigated by direct shear tests (Wallace, 1973; Blight, 1997).
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Figure 4.37: Horizontal strain versus shear stress and void ratio during direct shear test of an
undisturbed specimen with normal load of 5.197 MPa.
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In the next step, the strength envelopes have been performed for al the data obtained from the direct
shear tests, in order to determine the strength parameters of the soil,. Hence, the angle of interna
friction, f , and the cohesion intercept, ¢ , have been caculated using the Mohr-Coulomb failure law,
given by

t=c+s, tanf (Eq. 4.4)

, Wheret isthe shear stressand s, is the effective normal stress. The data obtained from SHEARL has
first been analysed separately, since the strength behaviour of the soils may be influenced by the
application of different normal loads. In a second step the data of both apparatus are presented together.

The results obtained from the tests carried out in the SHEAR1 apparatus are shown graphicaly in
Figure 4.38. The plotted lines indicate the ‘best-fit' linear envelopes for each type of shear strength over
the range of normal stresses.
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Figure 4.38: Mohr-Coulomb failure planes for different shear strengths obtained from tests in the
SHEAR1 apparatus. Straight line for peak shear strength, dashed line for const. vol. shear strength and
dashed - doted line for residual shear strength.

Then, the two strength parameters f and ¢ have been calculated. The Mohr-Coulomb failure planes of
Figure 4.38 have been represented by mathematical equations of the form of Eq. 4.4 and the resulting
expressions for each of the three shear strengths are:

peak shear strength : t =0.955s, +13.59 kPa
con. vol. shear strength : t =0.909s,
residual shear strength : t =0.810s,
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These equations represent the failure envelopes of the residual soil applying low normal stresses and
perform the strength parameterslisted in Table 4.13.

Table 4.13: Angle of friction and cohesion for the three shear strengths obtained from SHEAR1
applying low normal stresses.

type of shear strength angle of friction cohesion
[degree] [kPa]
peak shear strength 45.0 13.59
congtant volume shear strength 42.3 0
residual shear strength 39.0 0

The results give values of friction angles between 39 and 45 degrees which are higher than for other
residua or volcanic soils with friction angles ranging from about 20 to 30 degrees (Ruddock, 1967;
Wallace, 1973; Cheung et a., 1988; Hobbs et al., 1988; Kitamura et al., 1988; Sridharan, 1988). The
high values can be assumed to the different composition of the youthful residua soil, that contains a
large amount of sand fraction instead of the clay rich soils studied in the cited publications. Another
explanation may be a stronger bonding effect enforcing the material strength. The calculations of the
cohesion achieve small values with both residual and constant volume shear strengths of zero cohesion
and values of around 15 kPa for the pesk shear strength. These cohesion values support the results
obtained from other studies on bonded residua soils (Brenner et al., 1997). They propose that soils with
bonded structure are characterised by a cohesion intercept due to the strength of the cementation (peak
values). Once the bonding is completely broken the cohesion decreases and may reach zero as in the
case of the RS1 sample for the residual cohesion.
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In the following, the shear strength values and envelopes of the data achieved from SHEAR2
apparatus will be presented. The results obtained from undisturbed and remoulded specimen are
illustrated in Figure 4.39. Shear strength values and the envelopes of both types of specimens are very
smilar and do not differ significantly. This behaviour may be explained by the bonding effect of the
soil. The cementation of the soil particles already breaks during the consolidation phase of the test
applying large normal stresses higher than about 1000 kPa. Once the bonds are broken in the
undisturbed specimen, it behaves as a non-bonded or ‘ destructed’ soil and has smilar characteristics as
a remoulded specimen. Another feature supporting the similarity of the two types of specimens may be
found in the properties of the soil, which mainly consists of granular and non-plastic material.
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Figure 4.39: Mohr-Coulomb failure planes for the different shear strengths obtained from tests in the
SHEAR? apparatus. Straight line for peak shear strength and dashed line for ‘residual’ shear strength.

The Mohr-Coulomb failure planes shown in Figure 4.39 can be expressed by the following
mathematical expressions:

peak shear strength : t =0.521s,
‘residual’ shear strength:  t =0.517s,

The angles of friction and cohesions calculated by these equations are listed in Table 4.14 and represent
the strength parameters of the residua soil applying high normal stresses. The friction angles obtained
from the SHEAR?Z apparatus are about 27 degrees and the cohesion intercept is zero. The peak shear
strength and the ‘residual’ shear strength don't differ and give amost the same values. Additionally, an
overal or average friction angle has been caculated including the data of al specimens (undisturbed
and remoulded) and has given an angle of friction of 27.4 degrees.

Table 4.14: Angle of friction and cohesion for the three shear strengths obtained from SHEAR2
plying high normal stresses.

type of shear strength angle of friction cohesion
[degree] [kPa]
peak shear strength (undisturbed specimen) 27.5 0
‘residual’ shear strength (remoulded, fine-grained specimen) 27.3 0
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Finally, the peak shear strengths obtained from SHEAR2 applying large normal stresses are shown
together with the ones obtained from SHEARL (Figure 4.40). Two different types of strength behaviour
can be digtinguished: One represents the results for normal stress up to 600 kPa and the other for
normal stress higher than 2500 kPa. The fact that different normal stresses produce different shear
strength regimes is typical for residual soils due to the bonding effects (Maccarini, 1993; Brenner et a.,
1997). Generadly, the shear strength parameters within a low norma stress range exceed the ones of
higher normal stresses. For small normal stress the bonding of the soil is till intact which produces
overestimated shear strength vaues, whereas increasing normal stress destructs gradudly the
cementation between the soil particles and gives smaller shear strengths. Figure 4.40 verifies this
behaviour performing a friction angle of about 45%or low normal stresses and one of about 30%for high
normal stresses.
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Figure 4.40: Mohr-Coulomb failure planes obtained from peak shear strength values and the calculated
angle of friction distinguishing between low normal stress (dots) and high normal stress (triangles).

At last, the broken specimen has been studied after each direct shear test and photographs have been
taken in order to determine the mode of failure. The examination of the failure surfaces of the sheared
specimens has revealed that the failure takes place along a zone rather than a discrete plane (Figure
4.41). The lack of orientation in the sheared samples of soil RS1 differs from the field observation
obtained from sample RS3, which is characterised by several fault planes and typica dickendides
(Figure 4.42). This may be explained by distinct stresses acting on the soils, the influence of pre-
existing fault planes in the phonolitic pyroclastic deposits or the different mineralogy and grain size
distribution of the soils. The weathering stage of RS3 sample is more developed than the one of RSL,
and the RS3 soil consists in genera of finer particles than RS1. However, direct shear test carried out
on alophane soils, which contain a large percentage of clays, reveded similar characteristics as
obtained in this study and no discrete failure planes were detected (Rouse et a., 1986).
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Figure 4.41: Failure zone of undisturbed specimen after a direct shear test applying a vertica stress of
10394 kPa. The failure occurs aong a zone characterised by a very irregular morphology. The diameter
of the specimenis 7 cm.

Figure 4.42: Failure zone observed in residual soil RS3. Clear dickendide features are visible
characterised by the black colour.
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Ring shear test

Five ring shear tests have been carried out in order to achieve the residua shear strength after large
displacements. Normal stresses have been applied to the specimens ranging from 200 kPa to 600 kPa.
After transforming the rotated degrees into displacements with units in mm the shear stress -
displacement curves have been plotted as shown in Figure 4.43.

500 —
600 kPa
400 |- 500 kPa ]
g 400 kPa
=, 300 |
(7]
(7]
j 300 kPa :
7]
S 200 ~
7 200 kPa
100 ~
0 | | | | | | |
0 20 40 60 80 100 120 140 160

horizontal displacement [mm]

Figure 4.43: Shear strength versus horizontal displacement during ring shear tests applying low normal
stresses.

Assuming the cohesion to be zero, the angle of friction can be determined from the minimum values
of shear strength during the ring shear test using the expression:

t/s, =tanf (Eg. 4.5)

, Where t is the shear stress and s\’ is the effective norma stress. The values of the friction angle
calculated by Equation 4.5 range from 36.9 to 38.6 degrees (Table 4.15). The average of these residua
friction angles is about 37.5 degrees, which means that it is only insignificantly lower than the residua
friction angles obtained from the direct shear tests. The residua friction angle achieved by the direct
shear test applying low normal stress has been calculated as 39.5 degrees.

Table 4.15: Residua shear strength and friction angles obtained from the ring shear tests.

applied normal stress | residual shear stress | residual angle of friction
[kPal [kPa] [degree]
200 160 38.6
300 225 36.9
400 300 36.9
500 385 37.6
600 455 37.2
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Triaxial tests

The results obtained during the different triaxial tests can be distinguished in three main groups.
Results refering to: 1) the permeability, 2) the volumetric behaviour during the consolidation as well as
the failure phase of the test; and, 3) the stress — strain behaviour during failure. In this study, the point
1) and 2) have been studied marginally in order to focus on the stress — strain behaviour of the soil
during drained and undrained loading.

Congtant flow-rate permeability tests carried out prior to the consolidation of the specimen have
provided values of the permeability of the soil (Table 4.16). The permeability, k, ranges from
1.04 x 10* to 4.8 x 10™ cm/sec which does not significantly differ from the values obtained from the
oedometer tests (k between 0.7 x 10* and 1.97 x 10* cmy/sec). Because the geotechnical literature
provides very limited information on the permeability of residual soil, a comparison of the data obtained
is difficult. However, the values of permeability seem to confirm the results of the soil classification
tests, which reveded for example a quite high porosity. Finaly, it can be said that the residua soil is
characterised by a intermediate permeability according to the classification of soils due to their k —
value (Terzaghi and Peck, 1967). The cell, back and pore pressures applied in each permeability test as
well as the measured values are listed in Table 4.16.

Table 4.16: Permesability values obtained in triaxia cells and applied cell pressure, back pressure (inlet)
and pore pressure (outlet).

specimen cell pressure | back pressure pore pressure permesbility
[kPa] [kPa] [kP4] [cm/seq]
RS1-T-CU1 100 90 80 4.6x10™
RS1-T-CU2 100 90 80 3.5x10™
RS1-T-CU3 100 90 80 4.8x10™
RS1-T-CU4 700 600 570 3.1x10™
RS1-T-CUI 50 20 0 2.32x10"
RS1-T-CUI| 50 30 0 1.26x10™
RS1-T-CD1 20 10 0 2.0x10°
RS1-T-CD2 30 10 0 5.6x10™
RS1-T-CD3 30 10 0 7.2x10*
RS1-T-CD4 30 10 0 5.1x10*
RS1-T-CDI 50 20 0 1.04x10*

Measurements of the volumetric change have been collected during the confining phase of the triaxia
tests. Figure 4.44 shows the void ratio, e, versus the effective confining stress, p’, for the three
specimens to which a high effective confining pressure have been applied using TRIAX2. As in the
results obtained from the oedometer tests, there is no explicit yield stress or collapse visible. However,
the consolidation curves seem to change their behaviour at an effective confining stress value of about
700 kPa. After this value the e - log(p’) curves are parallel to each other and define the normal
compression line (NCL) similar to that obtained from the oedometer tests. The dope of the NCL isin
this case 0.373 and determines the compression index, C.., which has been calculated as 0.29 and 0.35
in the oedometer tests. A Cc-vaue of 0.373 agrees with compression indexes achieved from other
bonded residua soils (Blight, 1997) and coincides quite well with the value obtained from a volcanic
tuff using the same procedures (Aversa and Evangelista, 1998).
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Figure 4.44: Void ratio versus effective confining stress during confining pressure phase of triaxial tests
using TRIAX2.

Void ratios of the specimens have been measured before and after the tests and indicate the decrease
of volume during the triaxial test. The initial and final values of void ratio as well as the decrease of
void ratio achieved from the drained and undrained triaxial tests are listed in Table 4.17. The different
effect of undrained and drained tests on the void ratio is clearly visible, and the analysis of the data
should thus be separated into two different groups. Generally, the drained triaxial tests are characterised
by a much higher decrease of void ratio, since in these tests the reduction of volume is not only limited
to the consolidation phase, but also incorporates a significant reduction during failure. This contrasts
with the undrained tests, in which the void ratio maintains constant during failure. Moreover, both types
of tests represent a decreasing trend of void ratio due to higher effective confining stress.

Table 4.17: Void ratios during triaxial tests.

specimen effective confining initial final decrease of void
stress void ratio void ratio ratio
[kPel [ [ [
RS1-T-CU3 300 1.49 1.34 0.15
RS1-T-CU1 600 1.28 1.19 0.09
RS1-T-CU2 900 1.35 121 0.14
RS1-T-CU4 1550 152 1.28 0.23
RS1-T-CUI 3500 1.53 1.06 0.47
RS1-T-CUII 4500 1.44 1.00 0.44
RS1-T-CD1 300 153 1.16 0.37
RS1-T-CD4 600 1.33 0.89 0.44
RS1-T-CD2 900 1.43 1.01 0.42
RS1-T-CD3 1550 1.39 0.82 0.57
RS1-T-CDI 3500 1.35 0.74 0.61
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To improve the understanding of the volumetric behaviour during failure, the void ratio has been plotted
versus the mean effective stress. Figure 4.45 indicates the curves obtained from the drained and
undrained triaxia tests and additionally shows the critical void ratio (CVR) line interpolated by the
yielding points. The concept of the critical void ratio has been introduced by Casagrande and marks the
boundary between loose (contractive) and dense (dilative) states. The contractive state is located in the
upper right part of the plot and the dilative state in the lower left part. This concept normally applies for
sandy soils as for example the one analysed in this study. Since no dilatancy has been detected during
any test, all of the curves should start at the right side of the CVR line and then migrate at large strains
horizontally (CU - tests) or sub-vertically (CD — tests) towards the line. In particular the curves for low
confining stresses contradict this concept of the CVR. This contradiction has aso been found in other
tests analysing the behaviour of dense and loose samples, where the paths of the tests do not head
towards a CVR line but a somewhat diffuse, but clearly pressure dependent, zone of critical void ratios
(Wood, 1992). Therefore, the CVR-line computed from all the eleven failure points and drawn in Figure
4.45 only represents an estimation of the centre of a CVR-zone including the failure points of all paths.
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Figure 4.45: Void ratio vs. mean effective stress during failure phase of undrained (thin solid lines) and
drained (thick solid lines) triaxial tests. Dots represent yielding point. Dashed line represents the CVR —
line. Labels are the specimen names aslisted in Table 4.17.
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The analysis of the stress-strain behaviour of the soil is divided into two sections. Firgt, the results of
the tests carried out by the TRIAX1 apparatus applying low effective confining stresses up to 1550 kPa
will be presented. Secondly, the results of the TRIAX2 apparatus applying high effective confining
stresses up to 4500 kPa will be shown.

The results of the undrained triaxial tests carried out on the undisturbed specimens in the TRIAX1
apparatus are given in the form of stress-strain curves with additional data referring to the change of the
pore water pressure (Figure 4.46). Generally, the deviatoric stress increases rapidly up to the failure,
which occurs at an axia strain of between 2 and 5 %, and then decreases dightly. The stress-strain
behaviour changes again at a strain rate of about 12 %. After this point the deviatoric stress decreases
stronger than before and the pore pressure starts to augment dightly. These features are stronger
developed in the tests with effective confining stresses higher than 300 kPa. Such effect may indicate a
double mechanism of the soil due to the particle size distribution. Materials of silty-sandy composition
often exhibit two different behaviours caused by the different particle sizes.

400

300

300 kPa

(s-s5)2 [kPa]

200

100

0 2 4 6 8 10 12 14 16

b) 1400 : : :

1200 + 1550 kPa ml

1000 - _

800 — -

[kPa]

600 900 kPa n

Du

400 -~ —
600 kPa

200 — —
¥ 300 kPa 7

I \ I \ \ \ \ \
0 2 4 6 8 10 12 14 16

&, [%]

Figure 4.46: Undrained triaxial tests on undisturbed specimens at low effective confining stress obtained
from TRIAX1. a) Deviatoric stress vs. axial strain. b) Increase of pore water pressure vs. axial strain.
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The results of the drained triaxial tests are illustrated by curves indicating both the stress-strain
behaviour of the soil (deviatoric stress vs. axia strain) and the volumetric behaviour during failure
(volumetric strain vs. axial strain). The curves obtained from the test carried out by the TRIAX1
apparatus are shown in Figure 4.47. It can be seen that the slopes of the stress — strain curves are much
lower than in the undrained tests and no clear peaks have been developed. The initia tangent stiffness
increases for higher effective confining pressures, which coincides with the behaviour of sedimentary
soils and also with results obtained from another bonded soil (Maccarini, 1993). The maximum
deviatoric stress, which indicates the failure of the materia, is reached after axial strain rates higher
than 16 %. In contrast to other bonded residual soils (Maccarini, 1987; Aversa and Evangelista, 1998;
Zhu and Anderson, 1998), no dilatancy occurs and the volumetric strain decreases continuously. The
final volumetric strains indicate an enormous reduction of volume during failure. The reduction for an
effective confining pressure of 300 kPa has been 8 % and for an effective confining pressure of 600 kPa
even 13 %!
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Figure 4.47: Drained triaxial tests on undisturbed specimens at low effective confining stress obtained
from TRIAX1. Upper graph: deviatoric stress versus axia strain. Lower graph: volumetric strain
versus axial strain.
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Finaly, the effective stress path plots are given in Figure 4.48 using the mean effective stress, p’,
and the deviatoric stress, g, as defined by Lambe and Whitman (1979). The stress paths for low
confining pressures are characterised by particular loops at theirs tops, which diminish in the stress
paths for higher confining pressures and totally disappear for a confining pressure of 1550 kPa. Such
loops are quite unusua features and especialy occur during failure of bonded soils. Maccarini (1987)
detected a similar behaviour for weakly bonded artificial soils applying low confining pressures.
Moreover, the stress paths of the CU-tests illustrate the exceptional increase of the pore pressure for
high effective confining pressures. Whereas the stress path for low confining pressure is characterised
by a sub-vertical curve up to the peak or yield stress, the stress path for a confining pressure of 1550
kPa initiates smilar as a drained one, but then suddenly changes its behaviour decreasing the mean
effective stress significantly up to the yield stress. After passing the yield stress, the stress path aims to
the origin. This behaviour can also be observed at the other curves with distinct confining pressures
migrating all of them to the origin for large strains.
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Figure 4.48: Stress paths of undrained triaxial tests on undisturbed specimen using TRIAX1.

In order to compare the undrained with the drained stress paths, both of them have been plotted in
the same graph (Figure 4.49).

1600 p
L .
— e
S 1200 - y -
=,
N |
= 800 -
[7)]
- |
400 _
0 |

0 400 800 1200 1600 2000 2400 2800 3200
(s,+s,)/2 [kPa]

Figure 4.49: Stress paths of drained (dashed lines) and undrained (solid lines) triaxial tests on
undisturbed specimen using TRIAX1.
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The triaxial tests carried out by the TRIAX2 apparatus have applied high effective confining stresses
of 3500 and 4500 kPa, respectively. The results of the undrained triaxia tests are illustrated in Figure
4.50 and show the large increase of pore water pressure due to undrained loading. Maximum pore water
pressures reach about 3000 kPa for the effective confining stress of 3500 kPa and about 3750 kPa for
the effective confining stress of 4500 kPa. The stress - strain curves indicate clear pesaks of failures,
which occur at axial strain rates between 3 and 4 %. Before the failure takes place, the stress-strain
relation is linear-elagtic. After failure, the strength decrease constantly and a change of behaviour at
higher strains as seen in the results obtained from low confining stresses (Figure 4.46) does not occur.
Neither the deviatoric stress nor the pore water pressure exhibit such an effect seen in the tests carried
out by the TRIAX1 apparatus.
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Figure 4.50: Undrained triaxial tests on undisturbed specimens at high effective confining stress
obtained from TRIAX2. @) Deviatoric stressvs. axial strain. b) Increase of pore water pressure vs. axial
strain.
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During the drained triaxial test carried out in the TRIAX2 apparatus an effective confining stress of
3500 kPa has been applied to the specimen. The stress-strain curve increases continuously with a very
smooth slope and the failure does not occur within an axia strain of 24 % (Figure 4.51). However, a
maximum deviatoric stress indicating the yield stress may be approximated at about 3750 kPa. The
volumetric strain of the lower graph indicates a significant, contractant behaviour during failure, as
previously seen in the drained direct shear tests. The total volumetric strain at the end of the failure
reaches amost 14 %.
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Figure 4.51: Drained triaxia tests on undisturbed specimen at high effective confining stress obtained
from TRIAX2. Upper graph: deviatoric stress versus axia strain. Lower graph: volumetric strain
versus axial strain.
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The effective stress paths of all undrained triaxial tests on undisturbed specimens are given in Figure
4.52 including results obtained from TRIAX1 and TRIAX2 apparatuses. The genera shapes of the
stress paths for confining pressures higher than 1500 kPa are amost identical and confirm the strong
increase of pore water pressure during undrained loading, whereas the behaviour for low confining
pressure is characterised by aloop at the yielding point. After failure, the directions of the stress paths
change and the plots are sub-pardlel heading all of them to the origin.
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Figure 4.52: Stress paths of undrained triaxial tests on undisturbed specimen applying low and high
confining pressures.

Finally, drained and undrained stress paths have been plotted in the same graph (Figure 4.53) to
summarise all the results obtained from the triaxial tests carried out during this study.
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Figure 4.53: Stress paths of drained (dashed line) and undrained (solid line) triaxial tests on undisturbed
specimen applying low and high confining pressures
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From the stress paths of Figure 4.49 and Figure 4.53, the strength values of the residua soil can be
determined. Table 4.18 lists a summary of the peak and residua stresses obtained from the drained and
undrained triaxial tests on undisturbed and remoulded specimens. The data achieved from the remoul ded
specimens are defined by a ‘r' at the end of the specimen name and will be interpreted later in this
section. The peak strength corresponds to the maximum deviatoric stress and the residual strength is
assumed to be the minimum deviatoric stress after the failure. Since the deviatoric stress in some tests
has remained decreasing even after large axial strains, the final value does not exactly coincide with the
residual value and thus indicates in these cases an estimate of the residual strength, dightly higher than
the ‘true’ or correct value. For specimen RS1-T-CDI, no residual strength has been given, because the
deviatoric stress has not even passed the peak value.

Table 4.18: Peak and residual stress obtained from drained and undrained triaxial tests for undisturbed
and remoulded specimens.

specimen effective confining stress |  peak strength | residual strength
[kPal [kPal [kPal
RS1-T-CU3 300 236 153
RS1-T-CU3r 300 127 116
RS1-T-CU1 600 515 355
RS1-T-CU1r 600 223 186
RS1-T-CU2 900 576 395
RS1-T-CU4 1546 585 325
RS1-T-CUI 3500 1144 635
RS1-T-CUlIr 3500 1225 982
RS1-T-CUII 4500 1508 904
RS1-T-CD1 300 453 415
RS1-T-CD4 600 821 804
RS1-T-CD2 900 1025 947
RS1-T-CD3 1550 1633 1542
RS1-T-CDI 3500 3750 -

The values listed in Table 4.18 can be illustrated graphically in order to compare the different
strength values and to define the strength parameter of the residual soil. Figure 4.54 shows the peak and
residual strengths obtained from the drained and undrained triaxial tests on undisturbed specimens. At
lagt, the strength values have been divided into four different groups:

1) peak strength obtained from drained triaxial tests (CD peak)
2) pesk strength obtained from undrained triaxial tests (CU pesk)
3) residua strength obtained from drained triaxial tests (CD residual)
4) residua strength obtained from undrained triaxial tests (CU residual)

In contrast to the direct shear test, a particular influence of higher confining pressure on the strength
behaviour has not been detected. The strength values refering to low and high confining pressure are
quite similar and a significant difference between peak and residua strength valuesis not visible, either.
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4. : Peak and residual strengths obtained from drained (CD) and undrained (CU) triaxia tests
on undisturbed specimen.

Figure 4 54, a distinct behaviour between strength values

data. First, K¢ — lines have been performed for each of the four groups shown in Figure 4.54 using linear
interpolation of the strength values. Additionally, the strength data have been divided into values
refering to low confining stress and values concerning to high confining stress. Then, the angle of
friction of the soil, f , has been achieved for each group from the K - lines using the equation:
snf =tanq (EQ. 4.6)

, Where q is the inclination of the K; - line to the horizontal. Table 4.19 lists the results of the
calculations distinguishing between low confining stresses ranging from 300 to 900 kPa and high
confining stresses ranging from 1550 to 4500 kPa. Additionally, the results refering to undrained and
drained conditions as well as to the peak and residual strength are printed separately. In contrast to
Figure 4.54, where the strength values seem to increase linearly, the angle of internal friction indicate a

clear difference between low and high confining stress. Especialy the friction angle calculated from the
peak shear strengths of the undrained triaxial test implies a significant division.

Table 4.19: Peak and residual angles of friction obtained from CU and CD-tests.

angle of internal friction CU-test CD-test
[degree] peak residua peak residua
Low confining stress (300 — 900 kPa) 38.66 33.57 33.59 32.58
High confining stress (1550 — 4500 kPa) 30.76 33.24 31.25 29.91
Low and high confining stress 31.53 3331 31.46 30.92
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In addition to the drained and undrained friction angles, the apparent angle of friction has been
calculated for each undrained triaxial test (Table 4.20). The concept of the apparent friction angle, ',
was proposed by Sassa (1988,1992) and is similar to the approach using the K¢-line and Eq. 4.6. The
apparent friction angle can be expressed as

Omax/Plini = tan ' (Eq. 4.7)

where gma IS the maximum deviator stress of a stress path and p'i, the initia effective stress of the
undrained triaxia test. Assuming a fast loading and totally undrained conditions, the apparent friction
angle, ' 5, approximates better the material strength of natural slopes (Sassa, 1988; Sassa, 1992). The
resulting apparent friction angles of the soil can be divided into two groups of confining stresses as
proposed in Table 4.19. Here, the significant difference between high and low confining stress has been
discovered even more clearly. Up to a confining stress of 900 kPa, the f’ 4, - values range from about 34
to 40.5 degrees and decrease significantly for high confining pressures. The values of the apparent
friction angle for high confining stresses are between 20.7 and 18.5 degrees. This enormous reduction
from the drained friction angle of more than 30 degrees to the apparent friction angle of less than 20
degrees verifies the significant effect of pore water pressure during undrained loading and has to be kept
in mind during the stability analyses incorporating such type of soil.

Another parameter, which confirms the important effect of pore water pressure during failure is the
pore pressure parameter, A, (Lambe and Whitman, 1979). Again, two different regimes are visible
distinguishing between the results obtained from low effective confining stress and the ones from high
effective confining stress (Table 4.20). The pore pressure parameter is very high for high effective
confining stresses (near unity) and between 0.2 and 0.4 for low stresses up to 900 kPa. In sedimentary
soils, an A-value greater than one is associated with a loose structure which collapses upon load
application. So, the residua soil would act in this mode after fast, undrained loading with an effective
confining stress greater than about 1 MPa.

Consequently, the results obtained from the triaxial tests indicate the significant influence of both the
effective confining stress and of the loading type. The most critical scenario refering to the mechanica
stability of the residual soil can be determined as the combination of confining stress higher than the
yield stress of the bonds and undrained loading. Once the bonds of the soil are broken after
consolidation, the soil acts as a sandy material composed of a loose structure where liquefaction - like
processes may occur during undrained loading.

Table 4.20: Calculation of the apparent friction angle and estimate of the pore pressure parameter A for
different effective confining stresses.

effective confining stress apparent friction angle | pore pressure parameter A
[kPa] [degree] []
300 38.24 0.34
600 40.48 0.24
900 33.98 0.41
1550 20.68 0.97
3500 18.21 0.98
4500 18.75 0.99
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Since the bonding seems to be a very important feature strongly influencing the mechanical
behaviour of the residual soil, the fina part of this section will focus on this topic. So, the results of the
undrained triaxia tests on remoulded specimens will be presented and compared with the data obtained
from the undisturbed specimens. As shown in Table 4.18, three remoulded specimens with the same
initia void ratio as the undisturbed specimens have been analysed applying effective confining stresses
of 300, 600 and 3500 kPa.

First, the consolidation behaviour will be presented by the data achieved during the isotropic
compression in the triaxial cell TRIAX2. The volumetric strain versus the effective confining stress is
illustrated in Figure 4.55a by a semi-logarithmic curve and in Figure 4.55b by alinear curve. There are
some clear differences to the graphs obtained from the oedometer tests (Figure 4.31). First, a quite clear
yield stress can be seen in the triaxial data characterising the failure of the soil structure. This can be
atributed to the failure of the bonds and/or to an elastic - plastic limit of the soil. The undisturbed and
remoulded specimen contain different values of the yield stress. Figure 4.55a indicates that the
remoulded specimen reaches the yield stress already at about 100 kPa, whereas the undisturbed
specimen strength support the stress up to about 400 kPa. After passing a stress value of about 800
kPa, the curves are sub-paralel and the void ratios decrease similarly. Second, the initial collapse of the
remoulded specimen is much larger and significant than the one of the undisturbed specimen (Figure
4.55b). The void ratio of the undisturbed specimen decreases smoothly and shows no clear collapse
behaviour.
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Figure 4.55: Void ratio vs. effective confining stress of undisturbed (RS1-T-CUII) and remoulded
(RS1-T-CUIr) specimens during isotropic compression. a) Semi-logarithmic scale and b) linear scale.

In the next step, the stress — strain regimes and the behaviour of pore water pressure during
undrained loading have been andlysed for the undisturbed and remoulded specimens. The mean
deviatoric stress versus the axia strain are plotted in Figure 4.56a and indicate the different mechanica
behaviour of specimens confined with a low pressure (300 kPa and 600 kPa) and specimens confined
with a high pressure (3500 kPa). Focussing on to the curves with a low effective confining stress, the
strength vaues of the undisturbed specimens are clearly larger than the strengths of the remoulded ones.
In contrast applying a high effective stress during the consolidation phase, the strength of the
undisturbed specimen is amost equal or even dightly smaller than the strength of the remoulded
specimen. Similar characteristics can be observed in Figure 4.56b which illustrates the pore water
pressure versus horizontal strain. For the curves with low effective confining stress, the pore water
pressures increase greater in the remoulded specimens than in the undisturbed ones. This denotes the
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loose structure of the remoulded specimens which collapse during undrained loading, whereas the
bonding of the undisturbed specimens supports the soil structure. Looking to the curves with high
effective confining stress, the pore water pressure increases amost by the same amount in the
remoulded and in the undisturbed specimen, since both of them contain aloose and broken structure.

Generally, the data confirm the results obtained from the previous tests carried out in the shear box.
All the data indicate that the structure of the soil (undisturbed or remoulded) plays an important role for
low effective stresses and only a very small or any role applying high effective stresses. This can be
explained by the fact that the bonding sustains the structure of the undisturbed soil applying stresses
less than the yield stress of the bonds. Once the undisturbed soil has been loaded by a high stress
surpassing the bond strength, the bonds are broken and the soil acts as a remoul ded soil.
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Figure 4.56: Comparison between undrained triaxia tests on undisturbed (straight line) and remoulded
(dashed line) specimens. a) Deviatoric stress vs. axia strain. b) Increase of pore water pressure vs. axia
strain.
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Findly, the stress paths of the undisturbed and remoulded specimens are shown in Figure 4.57 and
confirm the clear difference of mechanical behaviour between soils with an intact bonding and soils with
a broken bonding. After the application of the confining stress, the only specimens with an intact
bonding are the undisturbed ones with effective confining stress up to 600 kPa. The stress paths of these
two specimens are characterised by a particular loops at theirs tops and a sub-vertical curve with almost
congtant deviatoric stresses up to the peak. The specimens with a broken bonding include the three
remoulded specimens and the undisturbed specimen confined by a high effective stress. The stress paths
of these specimens are very similar in shape. They have no loops and al of them direct to the origin
increasing strongly the pore water pressure.
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Figure 4.57: Stress path of undrained triaxial tests on undisturbed (straight line) and remoulded (dashed
line) specimen.

At last, the study of the failure planes of the broken specimen will be presented. Each specimen has
been analysed after taking it out of the triaxial apparatuses, once the drained or undrained test has been
terminated. Generally, the study has confirmed the results obtained from the specimens failed during the
direct shear tests. No discrete failure plane is visible and the failure has preferably taken place within a
zone, which is consistent with the sandy-silty grain size of the soil. This failure zone can be observed
quite wel in the undisturbed specimens failed during the undrained triaxia tests (Figure 4.58). The
failure zone is characterised by an inclination of about 45 degrees and occupies a section of severa
millimetres thickness. In contrast, the undisturbed specimens failed during drained triaxial tests are
generaly characterised by horizontal fracturing due to the large vertical compression and don’t contain
atypical 45 degrees failure (Figure 4.59). Any types of fractures are visible in the remoulded specimens
failed during drained or during undrained triaxial tests.
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Figure 4.58: Undisturbed specimen after undrained triaxial test with an effective confining stress of
4500 kPa.

Figure 4.59: Undisturbed specimen after drained triaxia test with an effective confining stress of
3500 kPa
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4.4 Conclusons

In this study a residua soil of the La Orotava valey area has been analysed comprehensively. This
type of deposit has been sdlected because the field surveys have reveded that it is the weakest
widespread material found on the idand, and therefore, a perfect candidate for providing a dip surface.
Residua soils commonly vary very widely and their engineering behaviour is difficult to predict. A
particular feature of many residual soilsis the bonding between the soil particles that strongly influences
on the mechanica behaviour of the soils. In this study, the residua soil is characterised by a double
bonding: one due to the initia lithification of the parent rock and the other generated by thermal
alteration due to the lava flow covering the soil.

The mineralogical study of the soil using X-ray diffraction has revealed the presence of the clay
minera ‘halloysite’, which is common in youthful soils originated from volcanic deposits. However, the
total amount of clay mineras is very small in the residual soil. The analysis of the microstructure has
shown for the intact soil an open, porous assemblage of the particles which are often connected by
different types of bonds. The broken, destructed soil has shown a compacted, dense microstructure and
the bonds failed. Specialy, the photographs of both intact and broken bonds are novel and confirm the
hypotheses established for bonded residual soils.

The soil characteristics obtained from the first step of the geotechnical analysis indicate that the soil
is a weathering product in an early stage along the evolutionary path. At last, the residua soil can be
classified as a porous, sandy-silty, no plastic soil with the standard USCS abbreviation, SM.

After vertica loading the residual soil collapses almost instantaneoudly. Then a small creep effect
starts and continues constantly. The compaction of the porous soil structure and the failure of some
weak bonds may cause the collapse during the primary compression, whereas the continuing creep effect
during the secondary compression may be explained by the persistent and dow failure of stronger
bonds. The general consolidation behaviour of the soil obtained from the oedometer tests indicates no
particularity, and the water does not influence. There is not a sharp change in the stress-strain curve due
to the failure of the bond strength at a well-defined yield stress as detected in other bonded residua
soils. This feature is assumed to be caused by the double bonding of the residua soils analysed in this
study.

The shear stress - strain curves obtained by the drained direct shear tests are characterised by clear
peaks with afurther drop for low normal stresses and smooth peaks without a later drop for high normal
stresses. On the other hand, all direct shear tests show a volumetric collapse during shearing, even at
high confining stresses. The Mohr-Coulomb envelopes performed for the shear strengths indicate the
significant effect of the norma stress on the material strength and show the reduction of t’/s’, with
increasing values of s’y . The peak shear strengths obtained from normal stresses up to 600 kPa give a
friction angle of about 45° and almost zero cohesion. In contrast, the envel ope refering to higher normal
stresses has a smaller inclination and thus, the resulting friction angle decreases to about 30 degrees and
the cohesion to zero. However, al these strength values are higher than the ones of other analysed
residua or volcanic soils which are characterised by friction angles ranging from about 20 to 30
degrees. The high value can be assumed to the different composition of the youthful residua soil, that
contains a large amount of sand fraction instead of the clay rich soils studied in the mentioned
publications. Another explanation may be a stronger bonding effect enforcing the material strength.

The residual shear strength parameters achieved from the ring shear tests indicate that the residual
friction angle does not decrease significantly for long horizontal displacements. The residual friction
angle obtained from the ring shear test is only dightly lower than the one obtained from the direct shear
test.

The results obtained from drained and undrained triaxia tests show the significant influence of the
effective confining stress. As in the direct shear tests, two different regimes can be defined: one for low
confining stresses and another for high confining stresses. The effective stress paths of the undrained
tests show for low confining stress particular loops at theirs tops which are quite unusual features and
especialy occur in bonded soils. The stress paths for high confining stress contain no loops and are
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characterised by a huge increase of the pore water pressure comparable with a liquefaction-like
behaviour. The calculations of the apparent friction angles have verified this specific behaviour of the
residual soil and indicate a strong reduction of the material strength of the soil during undrained loading.
A drained friction angle of about 35° has been calculated while for fast loading and undrained
conditions the apparent friction angle is only about 20° applying high confining effective stresses.
Therefore, the results of the triaxia tests show the very important effect of undrained loading and pore
water pressure. In the case of large volcanic landslides with a high overburden, the residual soil acts
smilar to sensitive materials, which collapses upon dynamic load application and increases strongly the
pore fluid pressure, in consequence reducing significantly the strength of the sail.

The bonding of the residua soil has extensively been analysed. The laboratory tests suggest, that the
bond strength of the soil breaks at an effective stress of about 1000 kPa exceeding the strength of
common residua soils. This may be explained by the different evolution of the soil. In contrast to
ordinary residud soils, the residual soil analysed in this study contains a bonding mainly produced by
thermal ateration. During the cooling of the pyroclastic flow deposit with a temperature of hundreds of
degrees lithification processes changed the original 1oose materia into a cemented one. Additionally, a
lava flow covering the residual soil has caused a second thermal ateration. Once the bonding has
broken, the mechanical behaviour of the soil is completely different. If the effective stress applied to the
s0il exceeds the yield stress of the bonding, the cementation of the soil structure breaks and the soil acts
as the remoulded samples analysed in the laboratory. Therefore, no significant difference of the stress-
strain regime exists between an intact specimen and a remoulded specimen applying to both of them an
effective consolidation stress higher than the bond strength. This fact is important refering to large
volcanic landdides with high overburden (hundreds of meters of volcanic material) and dynamic loading
(seismic shocks caused by volcanic activity). The confining stress normally higher than the yield stress
of the bonds destroys the cementation of the soil and causes a fragile soil structure which collapses
during fast, undrained loading as shown in the undrained triaxial tests.
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5 STABILITY ANALYSS

5.1 Introduction

After the geological and morphologica study of the test site and the laboratory anaysis of the
residual soil (paleosol), a stability analysis has been carried out. In this Chapter, the results of an
extensive stability analysis will be presented focussing on the causes of large volcanic landdlides in
genera and in particular on the events that occurred in the La Orotava valley.

Detailed, comprehensive geotechnical studies analysing the stability of volcano flanks are not
common. The publication of numerical models which study the causes of volcanic landdides have
started in the eighties after the event at Mount St. Helens (Voight et a., 1983; Paul and Gratier, 1987).
Moreover, anayses using finite element methods have been carried out for intraplate volcanoes
(Chevallier and Verwoerd, 1988) and at Stromboli and Vesuvius volcano (Russo et al., 1996; Russo et
al., 1997) studying the influence of magma pressure and regional stresses on the mechanica stability
and the surface deformation. Additionaly, the gravitational spreading and associated collapse hazard
for idedlised stratovolcanoes (Van Wyk de Vries and Merle, 1996; Van Wyk de Vries and Metaa,
1998) and the effects of dike intrusion at Hawaiian volcanoes have aso been studied (Elsworth and
Voight, 1995; Voight and Elsworth, 1997). The mgjority of these works have improved the genera
understanding of volcano stability, but a quantitative explanation of the stability problems
characterising large volcanic landdides has not yet been found.

In this study, two main types of approaches have been applied to analyse the volcano stability. First,
a globa limit analysis has been carried out using two simple types of analytica models achieving a
Factor of Safety of the volcano dope. On one hand, 2D limit equilibrium method (LEM) has been used.
On the other hand, the upper bound method (UBM) has been applied. Second, a continuum anaysis has
been carried out applying continuum equilibrium and mechanical congtitutive laws. The result of such
calculations is the stress - strain field of the volcano slope. The continuum analysis has included 2D
finite difference (FD) technique and both 2D and 3D finite element methods (FEM).

After a sengitivity analysis of the influence of the slope angle, material properties, hydrogeological
conditions and sea water using LEM, three additional mechanisms have been studied. The destabilising
effects of seismic acceeration regardless of the origin considered (tectonic, volcano-tectonic or
volcanic), horizontal stress due to dike intrusion and vertical shear stress due to caldera collapse events
have been analysed using different approaches. An overview of the agents studied in this work is listed
in Table 5.1 indicating the approach applied.

Table 5.1: Agents analysed during the stability calculations and approaches applied.

LEM UBM FD FEM
dope angle yes no no no
material properties yes yes no no
hydrogeological conditions yes no no no
sea water yes no no no
ground acceleration yes yes no no
horizontal stress due to dike intrusion yes yes yes yes
vertical shear stress due to caldera collapse no yes yes yes
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Two types of model geometries have been studied. At the beginning, the stability calculations have
been carried out for abasic 2D model representing a simple geometry of a common volcano flank. Such
a model has been sdlected in order to alow the application of the results obtained in a general form to
other volcano dopes affected by large landdides or with the potential to be affected in the future. On the
other hand, more ellaborated 2D and 3D models have been created approximating the predide
morphology of the La Orotava valey. However, the models do not match to al the predide conditions
because exact data refering to the geometry, the material properties and the boundary conditions are not
well congtrained. In genera, the models analysed congtitute a first step to understand the processes
causing large volcanic landdides and future additional information should be incorporated into the
models to improve the accuracy of the predictions.

The principal objectives of the stability analysis include on one hand the evaluation of the significant
parameters influencing on the mechanica stability of volcano flanks, and on the other hand the detection
of potentia failure zones within the volcano dope. These two aims should give answers to the
fundamental questions: 'why' and 'where' can take place large volcanic landdlides? Another aim of the
stability calculations is the improvement of the insights refering to the La Orotava valley events. This
test site is characterised by the complexity of the volcanic, volcano-tectonic and tectonic processes
influencing on the dlope stability. Therefore, the La Orotava valley is a perfect natural example to
compare the destahilising effects of each of these processes individualy and of a combinations of them.

5.2 Mechanismsapplied

Volcanic activity can produce many direct and indirect destabilisng mechanisms (e.g. Voight and
Elsworth, 1997). This study focussed on three mechanisms believed to occur in Tenerife, namely
horizontal ground acceleration due to seismic shocks, horizontal stress due to dike intrusion and vertical
shear stress due to caldera collapse. Since the influences of these three processes on the volcano stability
have been comprehensively evaluated in Chapter 2, this Section only defines how their destabilising
mechanisms have been incorporated into the model calculations and which magnitudes have been
selected.

5.2.1 Seismic shocks

Earthquakes are a common feature in volcanic areas and have triggered many destructive landdides
on volcanoes such as e.g. the Nevado Huascaran event (Plafker and Ericksen, 1978) or the Mount St.
Helens event (Voight et al., 1981; Voight et a., 1983). Since many seismic shocks adjacent to volcanoes
are provoked by a combination of volcanic processes and tectonic activity (see explanations in Chapter
2), the mechanism 'seismic shocks includes ground motion of volcanic, volcano-tectonic as well as
tectonic origin. Finally, the destabilising effect of a seismic shock has been incorporated into the
stability analysis by a ground acceleration without distinguishing its origin. Because a quantitative
evaluation of gtability is complex and requires an exact seismic record and detailed dynamic materia
properties, a pseudostatic approach has been used in this study to calculate the stability of the volcano
flanks under dynamic loading (Seed, 1979). In the pseudostatic method, the seismic shocks are applied
to the slope by a uniformly distributed effective horizontal acceleration, a, as shown in Figure 5.1.

Peak acceleration is the most commonly used ground motion parameter in seismic dope stability
analyses and many attenuation relationships have been developed (Kramer, 1996). All of them
incorporate the magnitude values of an earthquake and calculate with additional parameters the
adequate peak acceleration. The most important of these additional parameters is the epicentre distance
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of the affected dope (see Figure 2.5). This circumstance confirms that seismic shocks adjacent to the
volcano are the most dangerous ones refering to failure of the volcano sope. Earthquakes directly
associated with the movement or eruption of magma seldom exceed a magnitude of about 5.0 (Hoblitt et
a., 1997) and only caldera collapse events can produce seismic shocks with magnitudes reaching high
values up to 7.0 (Abe, 1992). However, in recognition to the fact that dopes are not rigid and that peak
acceleration exists for only a very short time, the acceleration coefficients used in the analysis should
correspond to values well below the peak acceleration. In the stability analysis of dams, it is suggested
that appropriate pseudostatic coefficients should correspond to one-third to one-haf of the maximum
acceleration, including amplification or deamplification effects (Kramer, 1996). Findly, a lateral
seismic acceleration up to 0.4 g, where g is the gravitational acceleration, has been applied. In previous
studies about landdides in volcanic zones the seismic loading has been simulated with magnitudes of the
order of 0.1 to 0.3 g for the Mt. St. Helens event (Voight et al., 1983) and a maximum of 0.5 g for
simulations within the focal zone of an earthquake (Belloni and Morris, 1991). Voight and Elsworth
(1997) incorporated in theirs calculations for Hawaiian landslides the 1975 Kalapana earthquake with a
magnitude of 7.2 and the 1983 Kaoiki earthquake with a magnitude of 6.6. They assumed that these
events represented lateral acceleration of the order of 0.1 g to 0.2 g. Reasonable maximum accel eration
of 0.4 g has been assumed in this study.
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Figure 5.1: Application of the three mechanisms analysed in this study. sy, is the horizontal stress due to
dike intrusion at the rear of the wedge, t, the shear stress caused by a vertical caldera collapse and a is
the horizontal acceleration due to seismic shocks.

An additiona approach to calculate the dynamic behaviour of natural dopes is the Newmark diding
block analysis (Newmark, 1965). Since earthquake induced accelerations vary with time, the
pseudostatic Factor of Safety will vary throughout an earthquake. Therefore, the diding block analysis
provides a prediction of the permanent displacement of a dope subjected to any ground motion.
Newmark’s method simulates a landdlide as a rigid friction block of known critical acceleration on an
inclined plane. The analysis calculates the cumulative displacement of the block as it is subjected to the
effects of an earthquake acceleration-time history, and the user judges the significance of the
displacement.

In the case of Tenerife, the lack of seismic records makes a correct anaysis very difficult using the
Newmark method. Therefore, only preliminary calculations with a sinusoid acceleration-time history
have been carried out. In that case, the assumption of a peak acceleration of a = 0.3 g has given
displacements of about 5 cm for the La Orotava geometry (Griindel, 1999).
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5.2.2 Dikeintrusion

Vertical intruson of magma (dike intrusion) is characterised by many destabilisng effects (see
Chapter 2). Here, the stability calculations of this process only refer to the horizontal stress generated
by the intruding magma and the related pore pressures changes, without focussing on other effects such
as e.g. hydrothermal alteration.

Dike intrusion has been simulated assuming that a planar dike is intruded in an instant at the rear of
the modd (Figure 5.1). The produced horizontal stress, sy, has been applied in the way proposed by
Elsworth and Voight (1995) defining it by the sum of magmastatic and overpressured components, Py
and Py ,

Sh=Prs+ Py (Eq. 5.1)
The magmastatic pressure is given as
Prs = he¥ g (Eq. 5.2)

where hy is the height of the dike and r , the density of the magma. The magma overpressure, Py ,
during dike intrusion is assumed to exceed lithostatic pressure by vaues ranging from 2 to 10 MPa
(Rubin and Pollard, 1987; Gudmundsson, 1990). Hence, in this study the maximum value of Py, inside
an intruding dike has been assumed to be 10 MPa.

Additionally, dike intrusion produces a significant increase of the pore fluid pressures by mechanical
and therma straining of the rock-fluid medium. The mechanically generated pore pressure, Ppn,, has
been studied by Elsworth and Voight (1992) at the Krafla volcano, Iceland, and defined through the
dimensionless pressure, Pp, , as

Por = » X(S lv; Pu) xr—l; (Eq. 5.3)

where py is the total pore fluid pressure after the intrusion, py° the initial pore fluid pressure, U the
propagation velocity of the dike front, w the intrusion width of the dike, k the permesbility of the porous
medium and mthe dynamic viscosity of the saturating fluid. On the other hand, the thermally generated
pore pressure, Pp; , has been defined by Delaney (1982) and Elsworth and Voight (1995) through the
dimensionless pressure, Py , as

(pﬂ - p?l)

Py =———F— Eq. 5.4
K, XAX 'k% (Eq )

where K, is the undrained bulk skeletal modulus of the solid, A the thermal strain, k the therma
diffusivity, n the porosity and c the hydraulic diffusivity of the porous medium.

An expression to compute Pp, Was presented by Elsworth and Voight (1992), using the theory of an
advancing disocated front. On the other side, an additiona expression to calculate Pp; based on a heat
diffusion mechanism was proposed by Delaney (1982).

In this study, the stability calculations mainly focus on the influence of the horizontal stress. The two
agents refering to the pore pressure changes have only been analysed marginally because of the lack of
appropriate data on the material properties. In addition, the magnitudes of the two pore pressures
strongly depend on the dike width, w, but Elsworth and Voight (1995) had to change this value in their
calculations by three orders of magnitude to obtain valuable results. Therefore, the applications of such
expressions to actual cases seem to be limited.
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5.2.3 Caldera collapse event

Many different processes influence on the mechanical stability of the volcano during a caldera
collapse episode. Simplified, the most important mechanisms can be divided into four types. 1) the pre-
eruptive inflation of the magma chamber, 2) the vertical shear stress caused by the friction along the
ring faults during the vertical collapse of the volcanic edifice, 3) seismic shocks related to the shear
stress or to the explosive eruption; and, 4) the accumulation of eruptive products on steep slopes. The
destabilising effect of the inflation of the magma chamber has been calculated numerically e sewhere
(Gudmundsson, 1988; Gudmundsson et a., 1997; Hirlimann et a., 1999d) and indicates that the shape
of the chamber and of the volcano flank as well as the magmatic overpressure play the major rolesin the
distribution of the stress field in the adjacent parts of the volcanic edifice. Since the seismic influence
has been analysed as described before and point 4 has been included in the preliminary sensitive
analysis, we focus in this section on the shear stress due to the vertical collapse of the volcano roof. A
vertical shear stress, t, , has been applied at the rear of the model in order to simulate the frictiona
stress along the ring fault generated by the volcano roof falling down into the magma chamber (Figure
5.1b). The only available constrains on this factor come from the seismic recordings and the proposed
model of the caldera collapse event in the Galapagos Idands (Filson et al., 1973). Additiona data have
been found in earthquake literature (Scholz, 1990) and also laboratory data of rock shear strengths have
been analysed (Goodman, 1989). Finaly, we have applied driving shear stresses of 30 MPa as a
maximum value, as proposed by Filson et a. (1973).

5.3 Approaches

5.3.1 Global limit analysis

There are two basic methods used in geotechnical engineering practice to evaluate quantitatively the
stability of natural slopes: the Limit Equilibrium Method (LEM) and the Bound Method (BM). The
LEMs consider the equilibrium conditions at a particular line applying the existing forces or
momentum, while the BMs calculate the energy equations due to movements. Both methods contain a
failure criterion which can be determined as drained or undrained (see Chapter 2, Figure 2.6).

The calculations of dope stability under drained conditions are based on the Mohr-Coulomb failure
criterion. The Mohr-Coulomb criterion consists of a linear envelope touching al Mohr circles
representing critical combinations of principa effective stresses, s'; and s',. The Mohr-Coulomb
criterion can be illustrated in terms of normal and shear stresses, s, and t, on the plane represented by
the point of tangency of a Mohr circle with the envelope

tmax = C + Sy tanf (Eq. 5.5)

where t e iS the maximum shear strength, s, the effective normal stress, ¢ the shear strength intercept
or cohesion and f the angle of interna friction. In addition, the effect of water is incorporated as

S,=S,- P, (Eq. 5.6)

where s, is the total normal stress and p,, the water pressure (Terzaghi and Peck, 1967). However, the
water pressure is usually included as a static water pressure, since excess pore water pressure due to
dynamic or thermal loading are difficult to compute and thus not able to take into account using the
drained failure criterion.
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Therefore, the undrained failure criterion is much more appropriate in the case of excess pore water
pressure. The undrained failure criterion has been assumed as

t o =C, (Eq. 5.7)

where ¢, is the undrained strength of the materia leaving apart the friction angle (also called the
f =0 — concept; Lambe and Whitman, 1979). During a stability analysis including volcanic mechanisms
the selection of undrained conditions is justified because the external loads change at a rate much faster
than the rate at which the induced pore pressure can dissipate. This assumption is adequate applying
seismic shocks and vertical shear stresses due caldera collapse, but does not match totally refering to the
horizontal stress due to dike intrusion, because dike intrusion is usualy a dow process. The undrained
analysis can be performed using total stresses, because Equation 5.7 is independent of water pressure.
Then, the problem becomes to estimate the strength ¢, which depends on the initial conditions of the
material.

In this study, the fina stability calculations have been carried out on the one hand using the LEM
and the drained failure criterion, and on the other hand using the Upper Bound Method (UBM) and the
undrained failure criterion.

It is assumed that these approaches, that are commonly applied to small scale problems, can also be
used in these large landdlides. The scale effect has not been considered here, as it is not yet well
understood, and the works focussing on this topic are still scarce.

Limit Equilibrium Method

In general, the LEM applied to a dliding block represents the condition at which the forces acting on
the block on an inclined plane tending to induce movement are exactly balanced by those resisting
diding. In order to compare the stability of dopes under conditions other than those of limiting
equilibrium, some form of index is required and the most commonly used is the Factor of Safety (FS).
Thisis the ratio of the total force available to resist diding to the total force tending to induce diding.
The calculation of the FS-value is simple for a single diding block on an inclined plane but is more
complex and requires additional assumptions for genera dip surfaces. Therefore the most LEM-codes
apply the method of dices (Bishop, 1955; Bromhead, 1992). This method divides the mass above the
dip surface into wedges or dices and calculates the forces or moments of each dice by imposing
equilibrium. Additional assumptions are required since the problem is not fully defined if only
equilibrium is considered (Bromhead, 1992). Finally, a FS-value can be estimated as

& el
gd

where t o refers to the strength of the material computed as given in Equation 5.5 or 5.7 and t is the
shear stress on the dip surface. Both integrals are computed along that dip surface. Thus FS > 1
indicates global safety conditions.

In this study, the commercial LEM-program ‘PCSTABL5M’ has been used (Achilleos, 1988). The
program bases on the two-dimensional LEM and contains the following methods to solve general dope
stability problems:

1) smplified Janbu, applicable to failure surfaces of genera shape
2) smplified Bishop, applicable to circular shaped failure surfaces
3) Spencer’ s method of dlices, applicable to any type of surface

On the other hand, a second LEM has been applied which has first been introduced by Iverson (1995)
and then improved by Elsworth and Voight (1995) and Voight and Elsworth (1997). This specific
approach has been developed in order to analyse the influence of dike intrusion on large failures on the
Hawaiian Idands incorporating stabilising and destabilising forces. The method is similar to those
considered in diding-wedge problems familiar to geotechnical engineers (e.g. Hoek and Bray, 1981). In
the following, the principal ideas of this approach will be explained.

FS=

(Eq. 5.8)
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The dope geometry is defined as a single rigid wedge bounded at the rear by a planar dike and at the
base by a potential failure plane of arbitrary inclination (Figure 5.2). The forces acting on the wedge
are:

the forces caused by the block weight Fuo
the seawater loading Feea
the static groundwater pressure Faw
the forces generated by seismic shocks Fs

the forces owning to the dike intrusion including:

- the horizontal, seaward force at the rear of the wedge Fai

- the uplift forces due to the mechanically induced pore pressure Fpm

- the uplift forces due to the thermally induced pore pressure Fp
LOﬁ Lon

Fpt Fpm Fgw

Figure 5.2: External forces and geometric parameters used in LEM. The external forces are indicated by
bold letters and geometric parameters by italics. The dashed line shows the sea level/water table.

Besides the parameters referring to the material properties (angle of friction and cohesion) and the
externa forces, the LEM can be defined by five geometric parameters: three angles including the slope
angle, g, the inclination of the water table, b, and the angle of dip surface, a, and the onshore and
offshore lengths of the dipping wedge, Lo, and Lo

Since the incorporation of vertical shear stresses is not convenient in the program ‘PCSTABL5M’,
only the destabilising effects of dike intrusion and seismic shocks have been analysed using LEM. The
vertical shear stress caused by caldera collapse episodes will therefore be analysed using the UBM.

For the assumptions described above, resolution of forces paralel to the basa failure plane gives the
total destabilising forces (shear force), and forces perpendicular to the failure surface contribute to the
stabilising forces (effective normal force). Then, Equation 5.8 can be resolved using this concept and
selecting drained or undrained conditions (Eg. 5.5 or Eq. 5.7).
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First, drained conditions have been assumed. The resolution of the stabilising and destabilising
forces without looking at the forces due to a possible dike intrusion at the rear of the wedge or a seismic
shock gives

e, +(F, >xosa +F, >xos(q - a) - F,,)*anf
- F,>sna - F »sn(q - a)

FS

(Eq. 5.9)

where c is the cohesion intercept and L, the length of the entire failure surface. In order to analyse the
seismic influence on the stability of a volcano flank, an average horizontal ground acceleration, a, can
be incorporated into the model. This process changes Equation 5.9 in the component of the block weight
Fu and isgiven as

o cxL, +(F, Xcosa - a>sina) +F_, xcos(g - a) - F,,)xanf

Eq. 5.10
F, Xsina - axcosa) - F__ >€in(g - a) (Eq )

Dike intrusion at the rear of the wedge will cause additional forces. These forces are the horizontal
force, Fq;, @ the rear of the wedge and the two uplift forces due to mechanically and thermally induced
pore pressure, Fpy, and Fp.. The additional forces caused by dike intrusion incorporated in Equation 5.9
gives
S-= cxL +(F, xosa +F_, xos(q - a)- F,, - F; >@na - Fp, - Fp,)xanf
F, xsna - F »8n(q - a) + F; xcosa

(Eq. 5.11)

Finally, a combination of dike intrusion and seismic shock can be calculated. The stability equation for
the incorporation of these two processesis given as

. cxLy, + (F, Xcosa - axsina)+ Fy, xcos(q - a) - F,, - Fy >sina - Fp,, - Fp,) xtanf fo 512
- F, ¥sina +axcosa)- F_, xsin(q - a) + F, xcosa (Eq.5.12)

Under undrained condition (Eg. 5.7) the sum of resisting forces at the failure plane can be expressed
as

6 max — Cu stp (Eq 5-13)

Then, this equation can be incorporated into Eq. 5.8 giving a final equation much easier than the one
under drained conditions. At last, the Factor of Safety applying dike intrusion and seismic shocks can be
expressed as

c, xL
FS= — Eq. 5.14
F, ¥sina +axcosa)- F_, >sin(q - a) + F, xcosa (Eq.5.19

representing the same conditions as Eg. 5.12 but under undrained conditions. The application of
undrained conditions and Equation 5.14 contains the difficulty to estimate the correct magnitude of c,.
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Upper Bound Method

The Bound Method (BM) is a common approach in soil mechanics and permits the incorporation of
drained or undrained shear strength of the material. The BM makes use of the important theorems of
plastic collapse based on the principle of virtual work, while the LEMs apply the equilibrium of existing
forces or momentum (Donald and Chen, 1997).

In this study, only the undrained Upper Bound Method (UBM) has been applied. The UBM is an
energy method and implies that by ignoring the equilibrium conditions an upper bound for the collapse
load can be calculated. This means that a natural slope loaded to this value must fail. An assumption
required for the Upper Bound Method is the perfect plagticity of the material (Chen, 1975). There are
severa techniques to calculate the upper bound. In this work the increments of movement have been
selected as the significant parameter.

The basic idea for the determination of the upper bound consists in the calculation of the work done
by both the interna stresses and the external loads during an increment of movement of a compatible
mechanism. This theorem can be expressed as

dw =dE (Eq. 5.15)

where dW is the increment of work of interna stresses and dE is the increment of work due to the
external loads. The work done by the internal stresses is the work dissipated by plastic straining in the
material in the thin dip surface that make up the compatible mechanism. It can be shown (Chen, 1975)
that, the increment of work of internal stresses, dW, is given for undrained loading as

dW =c, XL, >dw (Eg. 5.16)

where dw is the relative increment of displacement in the dip surface (Figure 5.3). It is assumed that the
diding block is rigid, and then al the energy is consumed by producing a relative displacement in the
dip surface.

If laboratory data on the undrained material strength are available, they can be incorporated into the
caculations. In this study, the undrained strength, ¢, has been approximated by the peak shear stress,
Opeak, Obtained from undrained triaxial tests as proposed by Lambe and Whitman (1979). As the value
of the peak shear stress depends on the effective confining dress, p' (see Chapter 4), the
c, —value is directly related to the overburden load. This correlation between p' and Qe @ Well as
between ¢, and the overburden can be defined by the apparent friction angle, f .5, Which represents a
practical parameter to characterise the material strength during completely undrained loading (Sassa,
1988; Sassa, 1992). Values of f 4y, are listed in Chapter 4 (Table 4.20) and the relation between p', Qpeax
and ¢, can be expressed as

Cu = Opeak = tan f 4ppp’ (Eq. 5.17)

assuming zero cohesion. In the UBM, the parameter ¢, determines a global value for the entire failure
surface, whereas the p' -values (overburden) are not constant. Hence, for a single wedge model as used
in this study (Figure 5.3) and assuming isotropic stress state (p' is equal to the effective vertical stress)
the globa c,-value can be estimated as

C, = Ytan f ppHs g, (Eg. 5.18)

where Hy is the maximum height of the diding wedge and ¢, the submerged unit weight of the soil/rock.
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On the other hand, the externa loads correspond to al the existing forces acting on the dope
including surface stresses, concentrated loads and the self-weight forces. Therefore, the increment of
work of the external loads is given as

dE = § F dw (Eq. 5.19)

where the second hand of the equation represents the sum of the scalar products of externa forces and
block displacements.

In this study all the external loads are written by forces in order to simplify the understanding of the
final equation and to make use of the forces defined during the LEM analysis. Finally, the externa
forces have been assumed to be (Figure 5.3):

the self-weight force of the diding block Fuo
the force of the seawater Fsea
the seismic force acting on the diding mass Fs
the force caused by the horizontal, seaward stress due to dike intrusion Fai

the force caused by the vertical shear stress due to vertical caldera collapse Fec

Lo L

on

Figure 5.3: External forces and geometric parameters used in UBM. The external forces are indicated
by bold letters and geometric parameters by italics. The dashed line shows the sealevel.

In contrast to the LEM, the modd's geometry using UBM can be defined by four geometric
parameters including the dope angle, g, the angle of the dip surface, a, and the onshore and offshore
lengths of the dipping wedge, Lo, and L. Since undrained conditions are considered, a total stress
analysisis performed and the position of the water table is not used in the calculations.

Moreover, the UBM enables the incorporation of the vertical shear stress due to caldera collapse
episodes, while this process has not been possible to apply correctly when using the PCSTABL
program. Here, the force caused by the vertical caldera collapse, F, is approximated by the product of
the shear stress along the ring fault (see Chapter 2) and the length of the rear boundary of the model. In
practice, the effect of F.. would be mainly local and concentrated at the lower right edge of the model.
Therefore, the formula is less redlistic, as it assumes average vaues of forces distributed along the slip
surface.
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The external forces normal to the dlip plane (Fp;, Fpm and Fq,, See Figure 5.2) do not contribute to

the externd work as F >dw=0 for them (Apart from the fact that Fg, is not used in undrained
conditions). Conseguently, the increment of work of internal stresses and of external |oads incorporated
in Equation 5.15 gives

¢, Xy, 20w = Fy >dW+ Fy >dW+ F, >t + Fy >dW+ F, > (Eq. 5.20)

The divison of dW and dE performs an UBM-ratio or UBM-Factor of Safety, FSygw, that can be
compared with a Factor of Safety of the slope calculated by LEM. However, it should be considered
that the UBM-ratio is either greater than or equal to the actual Factors of Safety (Atkinson, 1993). The
UBM assumes that the actua forces which produce failure are smaller than the computed ones, while
the LEM assumes that equilibrium conditions are still satisfied at failure.

At lagt, the incorporation of al external forces into the same equation using the concept of the UBM-
ratio and assuming the undrained failure criterion gives the fina equation

c, X

FSiem =

; ; ; Eg. 5.21
F, {sina +axcosa )+ F, xosa + F, >sna - F, >sin(q - a) (Eq.5:21)

Note that this equation is the same as (Eq. 5.14 obtained from the LEM approach and undrained
failure conditions, only with the additional term concerning the force F¢. caused by the caldera collapse
episode.

5.3.2 Continuum analysis

In this study, two distinct methods have been applied to carry out a comprehensive continuum
anaysis. On one hand 2D Finite Difference (FD) techniques has been used for the preiminary
calculations and on the other hand the Finite Element Method (FEM) has been applied in order to solve
2D/3D simulations. In general, both of these two methods contain three different steps: pre-processing,
numerical solution and post-processing (Zienkiewicz and Taylor, 1989). The main function of this pre-
processor step is the creation and definition of a suitable model, which has included the following points
in this study:

the definition of the initial geometry of the structure,
the decomposition of the structure into elements,

the definition of the material properties of the elements,
the definition of the loading or the external forces, and
the definition of the boundary conditions.

During the solution step each element behaves according to the defined linear or non-linear stress-strain
law in response to the applied forces and boundary conditions. By this way, the displacements of each
node and the stresses of each Gauss point can be computed. The post-processing step is generdly
facilitated by a post-processing program, which enables to display the resultsin different ways.
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Finite Difference Method

In this study, the preliminary calculations of the stability analysis have been performed using the
commercia finite difference program package called ‘FLAC (ITASCA, 1995). FLAC is a two-
dimensiona explicit finite difference code, which solves the equilibrium equation

fs _
—+b =0 (Eqg. 5.22)
X,

where s;j; is the Cauchy stress tensor, X the coordinate and b; the body forces vector. The FLAC
program alows multiple step stability analysis. The calculations have been carried out using different
input files including three steps for the analysis of the horizontal stress due to dike intrusion and four
steps for the vertica shear stress due to caldera collapse event (Table 5.2). In the first step, the model
has been equilibrated applying the gravity forces. In the second step, the seawater loading at the
submarine part of the dope as well as the water table has been incorporated. Then, the externa
mechanisms have been applied using one additiona step for the dike intrusion and two additional steps
for the caldera collapse event. Before the application of the external forces the displacements computed
during the first two steps have been defined as zero.

Before the application of the volcanic processes the materia properties have been assumed to be
isotropic and linearly eastic. Then, during the analysis of the volcanic processes, the Mohr-Coulomb
failure criterion has been introduced in order to detect zones of potentid failure. Finally, the results have
been plotted assuming the nodes with a Mohr-Coulomb ratio less than 1.0 to be potential failure zones.

The boundary conditions listed in Table 5.2 will be explained in detail in next Section.

Table 5.2: Modelling sequences during the FD analysis indicating the applied stress, material property
and boundary conditions (DI for horizontal stress due to dike intrusion, CC for vertical stress due to
caldera collapse).

model type | step applied stress material property boundary conditions
2D FD DI 1 gravity elastic base:Dx =Dy =0
seasdeDx =0
volcano sideDx = 0
2 seawater loading and elastic baseDx =Dy =0
hydrostatic pressure seasdeDx =0
(water table) volcano side:Dx = 0
3 horizontal stress dueto dike | Mohr - Coulomb | base:Dx =Dy =0
intrusion plasticity seasideDx =0
volcano side: free
2D FD CC 1 gravity elastic base:Dx =Dy =0
seasdeDx =0
volcano sideDx = 0
2 seawater loading and elastic baseDx =Dy =0
hydrostatic pressure seasdeDx =0
(water table) volcano side:Dx = 0
3 horizontal lithostatic stress elastic baseDx =Dy =0
at the volcano side seasdeDx =0
volcano side: free
4 vertical shear stressdueto | Mohr - Coulomb | base:Dx =Dy =0
caldera collapse plasticity seasdeDx =0
volcano sideDx =0
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Finite Element Method

The FEM was introduced to the geotechnical engineering a the end of the sixties in order to
incorporate non-linear stress-strain relationships in deformation analyses (Duncan, 1992). The basis of
FEM is that the medium to be analysed is approximated by an assembly of structural elements
connected at their nodal points. The displacement components of these hodes become the unknowns of
the problem, when external forces are applied to the model. These displacements are determined by the
following equation

F=KxU (Eq. 5.23)

where F is the vector that lists the externa forces, U is a vector of resulting displacements and K is the
stiffness matrix of the structure (Zienkiewicz and Taylor, 1989).

In this work, the commercia computer program ‘ABAQUS has been used (ABAQUS, 1996).
During the stability analysis, the final stress— strain field of the models has been calculated in two steps
(Table 5.3). Firgt, the equilibrium step has been carried out to obtain an initial state of geostatic stresses
in the model including the gravitationa force and the seawater loading. After this step the volcanic
processes have been incorporated into the model. The material has been assumed to be homogeneous,
isotropic and linear elastic during the whole analysis. In contrast to the FD calculations, no water table
has been defined in the FEM andysis. To define the mechanical stability of the dope, first the
distribution of principal stresses has been analysed and then two different failure criterions have been
applied: the Tresca and the Von Mises failure criterion. The Tresca failure criterion suggests that yield
would occur when the shear stress reaches a limiting value and is defined as the maximum difference
between the principal stresses. The Von Mises failure criterion applies a similar concept and can be
expressed in the index notation as

2

Oris = gsu S.j (Eq. 5.24)
where gyis iSthe Von Mises shear stress and S; the deviatoric stress tensor, defined as
S, =s; - pd; (Eq. 5.25)

where s isthe stress, p the mean stress and d; the Kronecker delta. The mean stress p is given as
1 1
p=§S“ =§(SXX+SW+SZZ) (Eq526)

Failure occurs when qns reaches a critical value.

The two criteria give the same yield stress in tension or compression, whereas the second one
predicts a maximum shear stress dightly larger than the first one. Since accurate data on the stress -
strain behaviour of volcanic material is lacking and this approach mainly has a qualitative purpose, the
results of the calculations are presented by the computed Von Mises shear stress values without defining
exact yielding zones. However, zones of maximum Von Mises shear stress values can be assumed to be
areas of potential failure.

163



Stability analysis

Table 5.3: Modelling sequences during the FEM analysis indicating the applied stress, materia property
and boundary conditions (DI for horizontal stress due to dike intrusion, CC for vertical stress due to

calderacollapse).

model type | step applied stress material property boundary conditions
2D FEM DI 1 gravity elastic base:Dx = Dy = 0
and seasideDx =0
seawater |oading volcano side:Dx = 0
2 horizontal stress due to elastic baseDx =Dy =0
dike intrusion seasideDx =0
volcano side: free
2D FEM CC 1 gravity elastic baseDx =Dy =0
and seasideDx =0
seawater |oading volcano side:Dx = 0
2 vertical force elastic base:Dx =Dy =0
seasideDx =0
volcano sideDx =0
3D FEM DI 1 gravity elastic baseDx =Dy =Dz=0
and seasdeDx =Dy =0
seawater |oading |lateral sides: Dx =Dy = 0
volcano sideDx =Dy =0
2 horizontal stress due to elastic baseDx =Dy =Dz =0
dike intrusion seasideDx =Dy =0
lateral sides: Dx =0
volcano side: free

54 Model description

The initid conditions of the northern flank of Tenerife before failure have been estimated using a
Geographic Information System (GIS). A simplified predide morphology of the La Orotava valey has
been edtablished by data containing al the geologic and morphologic information available.
Additionally, the results of the site investigation have been incorporated including information
concerning dike trends, vent locations and the distribution of pyroclastic deposits. Finaly, the initia
geometric conditions have been approximated in two types of models: 2D models representing a genera
ideslised volcano sope and 2D / 3D models characterising the assumed preslide morphology of the La
Orotava valey. The lack of information constraining the exact material properties and the boundary
conditions implies that the stability analysis cannot be considered as definite. However, the model
results serve to outline the mechanisms controlling the landslide process.

164



Stability analysis

5.4.1 Global limit analysis

During the quantitative analysis only 2D models have been investigated. Two generd types of 2D
models have been defined. One mode type assuming a volcano flank with a very simple geometry and
another type approximating the predlide morphology of the La Orotava valey (Figure 5.4). The simple
model has been analysed using LEM and UBM, whereas the La Orotava valley model has only been
studied using LEM. The smple model represents an idealised volcano flank and is characterised by a
wedge-shaped geometry with a constant dope angle and both an offshore and onshore part (Figure
5.4a8). The model length has normally been assumed to be 25 km with a Lo, / Lo - ratio of 1.5 and the
linear, specified dip surface has been defined as 9 degrees. Such a failure surface includes a vertical
head scarp of the landslide that seems to be quite unrealistic. However, this is the only practical manner
in the PCSTABL code to apply the horizontal stress caused by dike intrusion to the failing part of the
model. During the LEM calculations, the inclination of the water table has been defined as 10 degrees.
These five parameters defining the model's geometry have been called the standard geometric model
parameters and are listed with the selected magnitudes in Table 5.4. If not explicitly mentioned, these
are the values used for the stability calculations presented in this study.

Table 5.4: Definition of the standard geometric parameters used in the preliminary calculations of LEM
and UBM analyses.

geometric parameter symbol magnitude unit
dope angle g 11 degree
angle of water table b 10 degree
angle of dip surface a 9 degree
total modd length L 25000 m
onshore to offshore ratio Lon / Lot 15 -

The assumed 2D geometry of the La Orotava valley model is shown in Figure 5.4b. As described in
Chapter 3, the La Orotava valley may have been generated by two different failures with distinct
characterigtics. In this study, the model geometry analysed represents the idealised preslide morphology
of the western part adjacent to the Tigaiga massif. The modd is characterised by a coastal marine
platform, a coastal cliff, a smooth volcano sope and a steep zone adjacent to the centre of the volcano.
The model has atotal length of about 16 km at its base and heights ranging from 500 m b.s.l. at the left
boundary to a maximum datitude of 3250 m as.l. at the right boundary. The water table has been
difficult to define due to the lack of data refering to hydrogeological conditions in the past and the
heterogeneity of volcanic rocks and their hydrogeological parameters. Finaly, a quite high water table
has been selected based on the studies of the water tunnel network on Tenerife idand (Custodio, 1989;
Navarro and Braojos, 1991). The hypothetical dip surface has been chosen at a depth between 400 to
700 m below the predide surface.
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Figure 5.4: Geometry of the 2D models used in the quantitative stability analysis. @) A volcano dope
with a very smple model geometry. b) The assumed predlide geometry of the La Orotava valley.
Dashed line indicates the sea level / water table and thin line shows specified dip surface.

In al the models used during the quantitative analysis, the material properties have been assumed to
be homogeneous with values of fractured lava presented in previous works (Voight et a., 1983; Rubin
and Pollard, 1987; Dieterich, 1988; Elsworth and Voight, 1992). The unit weight of the fractured lava
aswell asthat of the magma has been defined as g = g, = 27 kN m>. In the LEM analysis, the cohesion
has been ¢ = 0 kPa and angle of internal friction f = 35° which could be assumed as conservative. In the
UBM cdculations refering to the undrained material strengths, the apparent friction angle has been
selected as 20° which corresponds to the value obtained from the laboratory tests performed on residua
soil (Chapter 4) and 35° which represents an upper limit of this value. The standard material parameters
used in the LEM and the UBM calculations are listed in Table 5.5.

Table 5.5: Definition of the standard materia parameters used for the LEM and UBM.

material parameters symbol magnitude unit

unit weight of soil/rock g 27 kN/m’
unit weight of magma O 27 kN/m®
unit weight of water Oy 10 kN/m’
cohesion of soil/rock C 0 kN/m?
friction angle of soil/rock f 35 degree
apparent friction angle f app 20 and 35 degree
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5.4.2 Continuum analysis

In the continuum stability analysis, both 2D and 3D models have been studied. First, preliminary
calculations have been carried out for a smple 2D model using FD. Then, during the FEM analysis 2D
and 3D models representing the simplified predide morphology of the La Orotava valey have been
established.

The 2D mode for the FD andysis has been defined by the geometry as shown in Figure 5.5a and has
been divided into quadrangular elements generating a total of 1296 nodes. The model length is 25 km
and the Lo,/ Lo -ratio is 1.5. The water table has been defined by a constant inclination of 10 degrees.
In the FEM analysis, the upper boundary of the 2D model has been modified in order to analyse changes
of dope inclination at the coast and near the eruptive cone (Figure 5.5b). The mode has been dissected
into 280 quadrangular 8-node elements considering plane-strain conditions. The tota model length has
been 25 km and no hydrogeological conditions have been incorporated.

a)
4000 -

[m]

-4000 —

b)
4000 -

[m]

-4000 —

Figure 5.5: Meshes of the 2D models used in the FD (@) and FEM (b) analysis. Dashed lines indicate
the sealevel. Rectangular areas show the zone of the model presented in the results.

Slope stability is atypical 3D problem and some morphologic features can only be reproduced by a
three dimensional modelling. Hence, in the FEM anadysis a 3D modd composed of 9840 8-node
elements has been defined (Figure 5.6). This 3D model approximates the simplified preslide morphology
of the La Orotava valley area including several significant morphologic features. A chain of volcanic
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edifices with heights up to 3500 m asl. has been assumed to be situated at the rear of the model.
Supplementary, three narrow canyons with depths of 200 m and widths of 100 m have been located at
the contact of the volcano edifices starting at the top of the model and going down to the coast line.
Major changes of slope inclination have been incorporated into the model at the base of the volcanic
cone and at the coast.
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Figure 5.6: Mesh of the 3D FEM-model representing the simplified predide morphology of the La
Orotavavalley area. ‘A’ shows the location of transverse section through a deep, narrow canyon

All the models during the qualitative analysis have been assumed to be homogeneous. Material
properties for fractured lava are based on several studies at Krafla volcano, the Hawaiian Islands and
the Mount St. Helens rock avalanche (Voight et al., 1983; Rubin and Pollard, 1987; Dieterich, 1988;
Elsworth and Voight, 1992). The densities of the fractured lava and of the intruding magma have been
givenasr, = r, = 2700 kg m*. During the calculation steps using linear elastic material properties, the
Young's modulus has been defined as E = 7.5x10° MPa and the Poisson’s ratio as n = 0.25. The
strength parameters for the Mohr-Coulomb failure criterion during the last step of the FD calculations
have been chosenasc =0 kPaand f = 35°.

Boundary conditions are difficult to define and can produce unredlistic yielding zones that are
artefacts of the modedl. In this work, attention has been devoted to the potential landdide zones on the
volcano flank to avoid such artefacts (rectangular areasin Figure 5.5).

The boundary conditions depend on the applied mechanism as well as on the dimension of the model.
A summary of the applied boundary conditions is given for the FD analysis in Table 5.2 and for the
FEM analysisin Table 5.3. During the equilibrium steps of al 2D anayses, the lateral boundaries (sea
side and volcano side) have been restrained in horizonta direction (Dx = 0) and the base has been fully
restrained in horizontal and vertical direction (Dx = Dy = 0). Then the two volcanic processes have been
incorporated into the model. Applying a horizontal stress at the volcano side due to dike intrusion, the
right hand side of the model has defined to be free, since sy, includes a magmastatic and overpressure
component (Dx = Dy = free). The base has been fully restrained in x- and y-directions, while the left
hand side has been restrained in x-direction. Applying a vertical shear stress at the volcano side dueto a
caldera collapse, the boundary conditions at the lateral boundaries have been restrained in x-direction,
while the base has been fully restrained.

168



Stability analysis

During the 3D FEM gtability analysis, the boundary conditions make use of the same concept only
adding the third dimension. In the equilibration step the base has been fully restrained (Dx = Dy = Dz =
0) and the four lateral sides have been restrained in the two horizonta directions (Dx = Dy = 0). In the
second step applying a horizontal stress at the volcano side due to dike intrusion the lateral boundaries
and the side of the dike have been restrained in the y-direction (Dy = 0) and the boundary opposite to the
dike has been restrained in x- and y-directions (Dx = Dy = 0).

The boundary conditions selected during the FEM calculations can produce unredlistic values in the
model which should be checked precisely. Hence, a sensitivity analysis of the effects of the boundary
conditions has been carried out at the beginning of the FEM computations and the results have revealed
that the boundary conditions selected in the cal culations are adequate and do not influence on the part of
the model on which the stability analysisis focussing.
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55 Realts

5.5.1 Global limit analysis
Limit Equilibrium Method

First, a sendtivity analysis has been carried out for an idedlised, homogeneous volcano Sope
studying the influence of the dope inclination, the sea water level, the groundwater table and the
material properties. The Factor of Safety (FS) has been computed assuming drained failure conditions
and using both specified linear failure surfaces (Figure 5.4a) and arbitrary circular-shaped failure
surfaces.

The influence of the dope angle on the stability of the volcano flank is shown in Figure 5.7a and
shows that flanks with an inclination greater than about 25 degrees seem to be unstable. All the results
have been calculated using the method looking for the most critical, circular-shaped failure surface. The
model length has been defined as 25 km with the initial point of the failure surface located offshore and
the final point located onshore. The inclination of the water table has been assumed to be one degree less
than the dope angle and the standard materia properties have been assumed as listed in Table 5.5. The
FSs calculated coincide quite well with data obtained from the study of collapsed volcanoes over the
whole world. The analysis of 55 Quaternary volcanoes affected by sector collapse indicate that dope
failure appears most likely when the inclination of the volcano flank exceeds 20 degrees (Siebert, 1984).
However, it does not explain the large landdlides on volcanic idands such as Hawaii and Canary Idands
that are characterised by low, predide dope angles between 10 and 15 degrees (see Figure 2.4).
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Figure 5.7: Influence of dope angle (), and Lon/Lo — ratio (b) on the stability of volcano sopes using
LEM. The model conditions are explained in the text.

Then, the effect of the sea water loading has been studied. The ratio between the onshore to the
offshore length of the mode has changed whereas the model geometry has been defined asq = 11°, b =
10° and a = 9°. The results do not depend on the model length. The FS-vaues indicate that the most
critical Loy/Lo — ratio is about 1.5 (Figure 5.7b). For this condition, the difference between the
destabilising uplift force due to the seawater and the stabilising sea water loading (weight of the water)
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reaches its maximum magnitude. Moreover, the graph of Figure 5.7b shows that a totally submarine
landdide (Lon/Lot — ratio near zero) seems to be quite unrealistic using model conditions as defined in
these calculations. In general, sea level changes within a redlistic magnitude do not significantly
influence on the stability of volcano flanks, though a sinking of the sealevel (avery small Loy/Lo — ratio
moves to about 1.5) may contribute to the mechanical destabilisation of the slope. Additionally, large
sea level changes may influence on the volcanic activity and hence indirectly on the dope stability
(McGuire, 1996a; McGuire et al., 1997). These arguments are supported by the chronological data of
the evolution of Tenerife Idand. The relationship between sea level changes, strong volcanic activity
such as caldera collapse episodes and large-scale landdiding has already been observed by Ablay and
Harlimann (1999) and can clearly be seen in Figure 3.3.

The influence of the material properties on the dope stability has been analysed changing the
magnitudes of the cohesion and the angle of friction. These two parameters have been selected in a quite
wide range with cohesion values between 0 and 500 kPa and angle of friction values from 20 to 40
degrees. The calculations have been carried out using both circular and linear failure surfaces and the
model's geometry has been defined by the standard geometric parameters listed in Table 5.4. The results
indicate that both the friction angle and the cohesion strongly control the slope stability. However, while
the friction angle of volcanic materials commonly range from 20 to 40 degrees, the cohesion is normally
assumed to be zero (Voight et al., 1983; Rubin and Pollard, 1987; Dieterich, 1988; Elsworth and
Voight, 1992). Therefore, Figure 5.8a only shows the effect of the friction angle caculated by the two
types of failure surfaces. The minimum FS-values computed for the two different failure surfaces have
been obtained for a friction angle of 20 degrees and zero cohesion. The digtinct safety conditions
comparing the two methods can be explained by the length of the failure surfaces which is longer for the
specified one and hence cause more frictiona strength.

Typica circular failure surfaces are illustrated in Figure 5.9 including the ten most critical dip
surfaces for the standard model parameters and an angle of friction of 35 degrees. The head scarp of the
most critical failure with a FS-value of about 2.5 initiates at an altitude of about 2200 m as.l. in the
upper part of the volcano slope and the toe of failure is located at about 200 m b.s.l in the submarine
part of the flank. The maximum depth of the landdlide exceeds 1000 m and is situated near the shoreline
in the onshore part of the dope.
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Figure 5.8: Influence of material property (a) and level of water table (b) on the stability of a common
volcano dope using circular (dashed line) and specified failure surfaces (straight line) of the LEM.
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On the other hand, the influence of the hydrogeologica conditions has been studied changing the
inclination of the water table. Figure 5.8b illustrates the FS-values versus different angles of the water
table for the two different types of failure surfaces. An extreme situation with a totally saturated
volcano dope (inclination of water table is equal to 11 degrees) till has a FS-value exceeding 2.0
refering to the circular failure surface and exceeding 2.5 refering to the specified failure surface. All the
results have been computed using the standard material parameters as listed in Table 5.5. However,
these calculations refer always to completely drained conditions and static pore water pressures. Excess
pore water pressures that often play an important role in the initiation of dope failure have not been
incorporated.

The results of the sensitivity analysis have shown that the stability of volcano flanks is related to
dope angles, material properties and hydrological conditions, but these factors are not able to
destabilise volcano slopes and cause large landdides. The FS caculated for a fully saturated,
homogeneous volcano flank with no cohesion and an angle of friction of 20° is still higher than 1.5 for
the linear specified failure surface and 1.2 for circular failures.
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Figure 5.9: Typica circular failure surfaces for a simplified volcano slope using LEM. Thick line
indicates the most critical dip surface. Vertical exaggeration: 2x.
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The preliminary results of the sensitivity analysis indicate that additional processes are necessary to
initiate large-scale failure of volcano dopes. Hence, external mechanisms such as ground accel eration
due to seismic shocks and horizontal stress due to dike intrusion have been incorporated into the model.

First, seismic shocks have been analysed using a pseudostatic approach. The FS-values are plotted
versus the horizontal acceleration for three different water tables in Figure 5.10. The model conditions
have been defined by the standard model parameters with changing groundwater tables and the FS has
been calculated for the specified failure surface. The results indicate the significant influence of seismic
shocks on the dope stability. The FS decreases sharply with increasing average ground acceleration
whereas the angle of the water table plays aminor role. The metastable limit (FS = 1.0) for areasonable
inclination of the water table of 10°islocated at about 0.3 g. Such a high seismic acceleration uniformly
distributed at the same time in the whole volcano flank (pseudostatic conditions) is rather unredlistic.
Due to the important scale effect refering to the involved diding mass, a ground acceleration of this
magnitude can only be generated by a strong earthquake (M > 5) with an adjacent epicentre (see Figure
2.5).
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Figure 5.10: Influence of horizontal seismic acceleration, a, and, inclination of the water table, b, on the
stability of a simplified volcano slope using linear specified failure surfaces and LEM.

Then, a horizontal stress due to dike intrusion has been applied at the rear of the model in order to
analyse its influence on the stability of volcano flanks. The most important parameter studying this
mechanism is the magma overpressure, Py,. The FS-values presented in Figure 5.11a have been
calculated for different P,-vaues using the specified failure surface. The model has been defined by the
standard model parameters and different groundwater tables. The results show that the dope stability
decreases insignificantly for a constant model length applying magma overpressures up to 10 MPa. The
volcano flank maintains very stable even assuming a totally saturated slope and a P,-vaue of 10 MPa
(FS = 1.94). On the other hand, Figure 5.11b plots the FS-vaues versus the modd length for four
different magma overpressures focussing on the influence of the failure length. The model conditions
have been selected as for the previous calculations except the L-vaue, which is free, and the b-value
which is equd to 10°. The graph shows the strong influence of the model length on the dope stability. A
maximum Pno-value of 10 MPa produces unstable conditions for a model length of about 3 km and a
common Pr-vaue of 5 MPa for a model length of about 2 km. The results obtained coincide with the
caculations carried out for the large landdides on the Hawaiian Idands indicating that the sope
stability mainly depends on the length of the failure, whereas the magma overpressures plays a minor
role (Iverson, 1995).
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An explanation of the minor influence of the magma overpressure in contrast to the strong effect of
the model length can be found in the definitions of the forces acting on the diding mass. Generdly, the
weight of the dliding mass resisting to failure increases much faster for greater model lengths than the
destabilising horizontal stress due to dike intrusion with a constant P,-value. This demonstrates the
insignificant influence of magma overpressures studying a large model (Figure 5.11a) and why the
influence of dike intrusion strongly increases for smaller model lengths (Figure 5.11b).
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Figure 5.11: Influence of magma overpressure, P, owning to dike intrusion on the stability of volcano
sdopes using LEM. &) P vs. FS for constant model length of 25 km and changing water table. b)
Mode length vs. FSfor changing Pr.

In addition, some calculations have been carried out incorporating the mechanically and thermally
induced pore fluid pressures into the 2D model as proposed by Elsworth and Voight (1995) and Voight
and Elsworth (1997). The computations indicate that the results strongly depend on the mechanical and
thermal properties selected. However, exact data on these properties are scarce and not well constrained.
A sendgitivity analysis carried out for the involved parameters indicate that especially the magnitude of
the permeability is fundamental and can significantly decrease or increase the Factor of Stability. In
volcanic terrains, the permeability may vary more than six orders of magnitude, from values at times in
excess of 10? mes™ in recent scoria, to values well below 10® mys™ in altered pyroclastic accumulations,
massive zones of lava and ignimbrites etc. (Davis, 1969; Custodio, 1989). Therefore, a comprehensive
and quantitative stability analysis is quite unredigtic due to the wide range of parameters magnitudes
and the results being very senditive to some of them.

Finaly, no quantitative results will be presented and only some overal comments refering to the
destabilising influence of these two pore fluid pressures will be done. The analysis of each pressure
shows that the destabilising influence of the mechanically induced pore fluid pressure is much stronger
than the one caused by the thermally induced pore pressure (Grindel, 1999). The mechanically induced
pore pressure strongly depends on the permeability assumed for the material composing the volcano
flank and on the assumed dike width. A small increase of the permeability value — in some case much
less than one magnitude — may change a dope characterised by high stability conditions into a dope
with a FS well below the metastable limit. On the other hand, the discrepancy between redigtic dike
widths and the values finally incorporated into the model has already mentioned in the previous Section
5.2.2 and aso in the paper by Elsworth and Voight (1995) indicating the limits and difficulties of these
caculations. The thermaly induced pore pressure is time-dependent and generaly affects the dope
during a period following the dike intrusion. This period may last weeks or months and hence the results
of the gtability calculations depend on the value selected for the time period. The FS-value, however,
does not significantly reduce even for an unredistic long period of 10 years (Grindel, 1999).
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In the next step, the geometry of the model has been adapted to the predide conditions of the La
Orotava valey and both ground acceleration due to seismic shocks and horizontal stress due to dike
intrusion have been incorporated into the new mode. The morphological and hydrologica conditions of
the model are shown in Figure 5.4b and the standard material parameters have been assumed. First, the
influence of the horizontal acceleration caused by seismic shocks has been anadysed. The FS-vaues
obtained confirm the significant effect of this agent (Figure 5.123). The stability of the slope reduces
sharply for increasing acceleration and reaches the metastable limit for an average ground accel eration
of about 0.26 g. Then, dike intrusion has been applied to the model and the results of these calculations
indicate the minor influence of this volcanic process on the dope stability (Figure 5.12b). The FS
decreases dightly in alinear mode with increasing magma overpressures, but does not generate unstable
conditions applying redistic Py.-values up to 10 MPa. The volcano dope would not even fail for an
exaggerated and unredlistic Pnp-value of 20 MPa. This coincides with the previous results (Figure 5.11)
since the length of the La Orotava dide is assumed to have alarge value of about 12 km.
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Figure 5.12: Stability analysis for the La Orotava valley using LEM. a) Horizontal acceleration, a , due
to seismic shocks. b) Magma overpressure, Pr,, owning to dike intrusion. ¢) A combination of both
processes with numbers indicating the applied magma overpressure.
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Sometimes the forceful movement of magma aong rift zones may produce volcano-tectonic
earthquakes such as at the Hilina fault system in Hawaii (e.g. Elsworth and Voight, 1995). Thus the
horizontal stress due to dike intrusion and the seismic shocks have been coupled and have been
smultaneously incorporated into the model. The results of these calculations are illustrated in Figure
5.11c and verify the mgjor influence of horizontal acceleration in contrast to the minor effect of magma
overpressure. The FSs applying different combinations of these two processes indicate that a seismic
ground acceleration of about 0.18 g aready enables the failure of the volcano flank assuming a value of
magma overpressure of 10 MPa due to dike intrusion.

Additionally, the La Orotava model has been studied using circular dip surfaces. The ten most
critical failure surfaces have been calculated for the predlide volcano slope characterised by the standard
material properties and no external mechanism (Figure 5.13). The toe of the landdide has been defined
to be located offshore and the head scarp at an dtitude higher than 1500 m. The most critical dip
surface with a Factor of Safety of 2.28 terminates just behind the submarine coastal platform within the
submarine steep slope and starts close to the top of the volcanic edifice. If the parametersf 5, = 20° and
¢ = 0 are used, the same critical dip surface has been found, but the Factor of Safety reducesto FS =
1.19. A toe of the dope failure in this area is supported by the results obtained from a comprehensive
morphologic analysis of the bathymetric and topographic data of the northern flank of Tenerife (Ablay
and Hurlimann, 1999). They proposed that the large landdide events of the La Orotava valley have
intersected the surface of the flank at the base of the present onshore steep zone. Moreover, the LEM
calculation has shown that the maximum thickness of the diding mass is about 1000 m which coincides
quite well with the morphologic and subsurface geologic data of the La Orotava valley (see Chapter 3).
However, there are two important facts that must be kept in mind interpreting the results of Figure 5.13.
First, the model has been selected as homogeneous without the existence of weak layers that may
influence the failure surfaces. Second, no external mechanism has been applied to the model. Especidly,
the horizontal stress caused by dike intrusion affect the stress field of the volcano flank and therefore the
dip surfaces. Third, only circular shaped failure surfaces have been calculated.
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Figure 5.13: Typical circular failure surfaces for the smplified predide La Orotava model using LEM.
Thick line indicates the most critical dip surface. No vertical exaggeration.
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Upper Bound Method

The second approach applied during the globa limit analysis has been the Upper Bound Method
(UBM). In contrast to the drained LEM caculations, the UBM has applied the undrained failure
criterion. Moreover, the UBM allows the possibility to incorporate shear stresses at the boundaries of
the model, which has not been possible with the LEM-program PCSTABL. Therefore, each of the three
external mechanisms, ground acceleration due to seismic shocks, horizontal stress due to dike intrusion
and vertical shear stress due to caldera collapse, have been analysed.

Two different undrained shear strengths of the material composing the homogeneous volcano flank
have been studied. The undrained strength, ¢,, has been estimated using Equation 5.18 and two different
apparent friction angles. A low one representing a weak material with an apparent friction angle of
about 20 degrees (e.g. the residual soil investigated in this work) and a high one characterising a sound
material with an apparent friction angle, f 4, Of about 35 degrees.

The influence of seismic shocks on the dope stability has been studied using the standard model
parameters. Figure 5.14 shows the UBM ratio versus average horizontal ground acceleration for the two
different material strengths. The graph matches quite well with the results obtained from the LEM
(Figure 5.10) and indicates the significant influence of this agent on the dope stability. The metastable
limit is reached at an acceleration of about 0.1 g refering to the weak dope material and at about 0.3 g
for the strong dlope material. The results may theoreticaly be applied to any scale of dope failure,
because the UBM ratios depend for the same materia only on the magnitude of the average ground
acceleration and not at all on the model length. However, as mentioned in the previous Section refering
to the LEM results, it is rather unrealistic that a seismic shock actuates at the same time with the same
high acceleration on afailing mass characterised by alarge volume.
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Figure 5.14: Influence of average ground acceleration, a, on the stability of a common volcano dope
using UBM. Results are given for two different apparent friction angles, f app.
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The destabilising influence of a horizontal stress due to dike intrusion has aso been analysed. This
horizontal stress has been applied at the rear of the model including a magma overpressure and a
magmastatic stress. Magma overpressures ranging up to 10 MPa have been incorporated into the
models each of them characterising a volcano flank of different length. The results are shown in Figure
5.15 and indicate the same substantial feature as obtained from the LEM analysis (Figure 5.11). The
value of the model length strongly influences on the dope stability. Figure 5.15a and b contain the same
results but are plotted with different x-axes. In Figure 5.15a, the x-axis is the magma overpressure and
the plots are given for different model lengths and material strengths. The UBM ratios denote that the
stability of the volcano slope reduces dightly for alarge model length such as 25 km and stronger for a
small length of 5 km. In Figure 5.15b, the x-axis is defined as the model length and the plots are given
for different Pno-values and materia strengths. The results in this figure show that the UBM ratios
decrease exponentialy for smaller model lengths with a much stronger destabilising effect for the sound
material. This clear influence of the material strength is visible in both graphs. The destabilising effect
of the dike intrusion is clearly stronger for the higher material strength. However, the UBM ratios
concerning to this material do not reach in any calculation the critica value of 1.0 for the mode
conditions analysed. Only the weak material strength enables dope failure. Critical conditions refering
to this weak materia are for example a failure length of 5 km and a magma overpressure of about 3.5
MPa or alength of about 12 km and a P,,.-value of 7.5 MPa.
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Figure 5.15: Influence of horizontal stress owning to dike intrusion on the stability of volcano dopes
using UBM. a) UBM ratio versus magma overpressure, P, for different modd lengths, L, and
apparent friction angles, f 5p,. ) UBM ratio versus model length for different Pro- and f opp-values.
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Finally, the destabilising influence of a vertical shear stress due to caldera collapse has been studied.
A vertical shear stress, t, has been incorporated at the rear of the model that has been characterised by
different material strengths and lengths. The results are illustrated in Figure 5.16 using two distinct
ways to plot the graphs: One with the vertical shear stress as the x-axis (Figure 5.16a) and the other
with the model Iength as the x-axis (Figure 5.16b). In general, the shapes of the plots are quite similar to
the ones obtained applying a horizontal stress due to dike intrusion (Figure 5.15). However, in contrast
to the dike intrusion the destabilising effect of the vertical shear stress due to caldera collapse is not able
to produce failure of a volcano dope using the model conditions defined in these calculations. Even a
small failure (L = 5 km) and a weak material (f 4, = 20 °) does not reach the unstable state applying a
vertical shear stress of 30 MPa. The UBM ratio for such conditions has been calculated as 1.08. Hence,
it can be concluded that only a vertical shear stress due to a caldera collapse event is unlikely to cause
failure of volcano flanks even for weak material strengths. However, it must be said that the important
destabilising effects of the seismicity associated with the caldera collapse have not been taken into
account in this step. Here, only the influence of the vertical shear stress has been analysed.
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Figure 5.16: Influence of vertical shear stress due to caldera collapse on the stability of volcano flanks
using UBM. @) UBM ratio versus vertical shear stress, t,, for different model lengths, L, and apparent
friction angles, f 450. b) UBM ratio versus model length for different t,- and f ,p-values.
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In addition, the destabilising influence of each of the three external mechanisms has been compared.
The destabilising parameters ground accel eration, a, magma overpressure, Py, and vertical shear stress,
t, have been normalised dividing them by the maximum values of each parameter assumed to be
realitic. These maximum values have been defined asa = 0.3 g, Py = 10 MPaand t, = 30 MPa using
the available data on each parameter (see Section 5.2). In this way, al of the three mechanisms depend
on a normalised destabilising dimensionless parameter and the results can easily be compared. The
calculations have been carried out for a model length of 10 km and two different materia strengths.
Figure 5.17 illustrates the UBM ratios calculated for each of the three mechanisms versus the
normalised destabilising parameter and shows severa interesting features. First, the average ground
acceleration due to seismic shocks is clearly the most destabilising process, whereas the influence of the
vertical shear stress due to caldera collapse and the magma overpressure due to dike intrusion is
smaller. A lower UBM ratio for the dike intrusion with a P.-value of 0 MPain comparison to the two
other mechanisms is caused by the fact that the horizontal stress applied to the model includes the
magma overpressure and the magmastatic component (Equation 5.1). Whereas the Py.-value is zero, the
Pms-vaue aready affects on the dope due to the stress caused by the weight of the magma column.
Moreover, Figure 5.17 verifies the results obtained from previous calculations indicating that the
material strength plays an important role. Finally, we can see that only the ground acceleration due to
seismic shocks and the horizontal stress due to dike intrusion enable a dope failure applying redlistic
values (the normalised destabilising parameter equal or less than 1.0). Average seismic accelerations of
realistic magnitudes reach the critical stability conditions for both material strength and horizontal
stresses due to dike intrusion only for slopes composed of the weak material.
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Figure 5.17: Comparison of the destabilising influence of the three mechanisms analysed using UBM:
ground acceleration due to seismic shocks (SS), horizontal stress due to dike intrusion (DI) and vertical
shear stress due to caldera collapse (CC).
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Two combinations of the destabilisng mechanisms have also been analysed. The mode conditions
have been selected with a model length of 10 km. First, the horizontal stress due to dike intrusion and
the ground motion due to seismic shocks have been combined and simultaneoudly incorporated into the
model (Figure 5.18d). The results indicate that a combination of these two mechanisms enables a ope
failure applying realistic magnitudes of ground accel erations and magma overpressures. A volcano flank
composed of the weak material (f 45, = 20°) aready fails applying for example a magma overpressure of
5 MPaand a average ground acceleration of 0.02 g. On the other side, a volcano slope composed of the
sound material fails during a seismic shock characterised by an average acceleration of 0.2 g applying a
magma overpressure of 10 MPa and an acceleration of 0.23 g applying a Pre-vaue of 5MPa.

Second, the vertical shear stress caused by a cadera collapse has been coupled with seismic
acceleration (Figure 5.18b). In this combination seismic accelerations with higher magnitudes are
necessary to trigger sope failure. A volcano flank composed of the weak material fails at an average
ground acceleration of about 0.05 and 0.07 g applying t,-vaues of 30 and 15 MPa, respectively. A
volcano slope composed of sound material fails at an acceleration of about 0.28 g almost independent of
the vertical shear stress applied. Hence, as seen in Figure 5.17 the results obtained show that the
horizontal stress due to dike intrusion is more effective than the vertical shear stress due to caldera
collapse.

However, in the case of Tenerife, the seismic acceleration generated by a caldera collapse may
strongly exceed that generated during dike intrusion (see Chapter 2). The first one has a volcano-
tectonic origin and magnitudes of up to 7.0, while the second one is of volcanic origin and maximum
magnitudes of about 5.0 (Okada, 1983; Abe, 1992). Consequently, the initiation of the dope failure is
more likely to happen during a caldera collapse episode with strong ground motion than during dike
intrusion with associated moderate seismicity.
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Figure 5.18: Dedabilising influence of combinations of externa mechanisms using UBM.
a) Horizontal stress due to dike intrusion and seismic acceleration. b) Vertica shear stress due to
caldera collapse and seismic acceleration.
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5.5.2 Continuum analysis

Finite Difference Method

The two mechanisms, horizontal stress due to dike intrusion and vertical shear stress due to caldera
collapse, have been analysed using simple 2D models. First, the distribution of the shear stresses (Sy)
insde the moddl has been computed for each mechanism. Figure 5.19a illustrates the shear stress
distribution in the whole model after applying a horizontal stress due to dike intrusion with a magma
overpressure of 10 MPa at the rear of the model and Figure 5.19b shows the shear stress distribution
applying a vertical shear stress of 30 MPa caused by caldera collapse. The significant influence of the
boundary conditions can be observed in both models. Especialy the maximum shear stresses located
adjacent to the lower model limit have been produced by the boundary conditions and are unredistic.
Such artefacts are common features and should be analysed carefully. However, the area of the model
studied in this work is located near the upper onshore limit and has been less affected by these artefacts.
This fact has been checked by means of a sengitivity analysis varying the boundary conditions.

Figure 5.19: Shear dtress distribution and intensity corresponding to a horizonta stress due to dike
intrusion with a with magma overpressure of 10 MPa (&), and caldera collapse with a vertical shear
stress of 30 MPa (b). Contours are at 5 MPaintervals.

In order to visudise the yielding zones in the model, the Mohr-Coulomb strength-stress ratio has
been calculated in each node. The nodes containing ratios lower than 1.0 have been assumed to act as
potentid failure points. The material properties selected for the calculations of the Mohr-Coulomb ratio
have been c = 0 kPa, f = 32°. Figure 5.20a shows the conditions for the section of the model indicated
in Figure 5.5a applying a horizontal stress due to dike intrusion corresponding to a magma overpressure
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of 10 MPa. The yieding area starts in the uppermost part of the idealised volcano flank as athin layer
at a depth of about 200 - 300 m and continues down towards the coast as a superficia zone with a
thickness of up to 450 m. For a magma overpressure of 5 MPa the results are similar, but the affected
zone is thinner. The influence of a caldera collapse event has been anadysed applying 3 MPa and 30
MPa driving shear stresses, t, , at the rear of the model. In contrast to the dike intrusion, the potential
yielding zone for a maximum shear stress of 30 MPaiis at the subsurface. The failing elements extend to
a depth of between 100 and 300 m from almost the top of the slope down to the coast (Figure 5.20b). A
ty - vaue of 3 MPa does not change the stress field significantly thus demonstrating that only large
magnitudes of t, are able to destabilise volcano flanks.

Figure 5.20: Zoom of the zones corresponding to elements in which yielding may occur (Mohr-Coulomb
strength-stress ratio less than 1.0). a) Horizontal stress due to dike intrusion with a magma overpressure
of 10 MPa. b) Caldera collapse with adriving shear stress of 30 MPa.

Finite Element Method

An elaborate analysis of the influence of horizontal stress generated by dike intrusion and vertical
shear stress due to caldera collapse on the stability of the volcano flank has been carried out using
FEM. First, the distribution and intensity of the principal stresses within the model have been studied
after the equilibrium step as well as after applying two additional mechanisms. The distributions of the
maximum and minimum stresses, s; and sz, are illustrated in Figure 5.21 for the section of the model
indicated in Figure 5.5b. The magnitude of stress is proportiond to the length of the arrow within one
model but not comparable between different models because of atered scales. The results of the
equilibrium step applying the gravity and seawater loading show that the principal stresses represent a
distribution with generaly vertical orientations of s; except near the surface and sub-horizontal
orientation of s3 both of them increasing with deeper location (Figure 5.21a). The vaues of principal
stresses are negative in the entire model representing compressive conditions. The seawater does not
sgnificantly influence on the stress field of the volcano flank. After the application of dike intrusion
with a magma overpressure of 10 MPa the principal stress distribution changes completely (Figure
5.21b). Maximum and minimum principal stresses increase and rotate about 90° which especialy
occurs adjacent to the intruding dike and near the surface. In the offshore and the lower parts of the
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model the influence of dike intrusion reduces and the stress field changes dightly. After the
incorporation of a vertical shear stress of about 30 MPa at the rear of the model the distribution of
principal stresses aters only in the zones adjacent to the caldera collapse (Figure 5.21¢). The results
show that the direct influence of this volcanic process is much smaller than that of dike intrusion. The
shear stress applied produces a rotational clockwise movement in the upper right part of the model
producing small tensile stresses (s; < 0) in the middle part of the onshore slope near the surface. This
may explain small landslides from the caldera wall towards the caldera floor once the vertical collapse
has finished which would justify the presence of breccia deposits found inside of many collapse calderas
(Lipman, 1976).
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Figure 5.21: Influence of horizontal stress due to dike intrusion and vertical shear stress due to caldera
collapse on the stress field of the volcano flank. Orientations of principal stresses are displayed in the
area as indicated in Figure 5b. Inward pointing arrows represent compression and outward pointing
ones extension. @) Initial conditions of the model applying geostatic stresses. b) Incorporation of a
horizontal stress due to dike intrusion with P, = 10 MPa. ¢) Incorporation of a vertical shear stress due
to caldera collapse with t, = 30 MPa.
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In addition, the Von Mises shear stresses inside the moddl have been computed for each of the two
external mechanisms using the Equations 5.24 to 5.26. To detect potential yielding zones, the
distribution of shear stresses have been analysed looking for the maximum values near the surface and
avoiding the effects of unrealistic boundary conditions. First, the shear stress distribution of the whole
model will be presented (Figure 5.22) and then a zoom of the onshore volcano flank will be shown
(Figure 5.23).

The distributions of Von Mises shear stress inside the whole models present similar characteristics as
the distribution of standard shear stress using FD. The lower right parts of the models are strongly
affected by the boundary conditions of the base and contain unredistic values. The maximum shear
stresses (red shaded areas) are located in both models adjacent to the lower limit of the model. The
model refering to the horizontal stress due to dike intrusion has maximum values along the mgjor part of
the lower limit (Figure 5.22d), whereas the model affected by a vertical shear stress due to caldera
collapse contain maximum values near the lower right corner of the model (Figure 5.22b). On the other
hand, the offshore parts of the both models have almost not been affected by the external mechanisms

applied.
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Figure 5.22: Distribution and intensity of Von Mises shear stresses in the entire model after the
application of externa mechanisms. a) Horizontal stress due to dike intrusion with P, = 10 MPa. b)
Vertical shear stress due to caldera collapse with t, = 30 MPa.
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The following descriptions of the distribution of Von Mises shear stresses refer to the upper onshore
part of the model as indicated in Figure 5.5b. The Von Mises shear stress distribution caused by a
horizontal stress due to dike intrusion exhibits two zones characterised by unusualy high shear stresses
(Figure 5.233). The larger one is located on the higher part of the volcano flank, where the Sope
inclination changes from the steep cone to the smooth volcano flank, and shear stress values of almost
40 MPa have been calculated. The smaller one is located at the coast, where the marine erosion formed
a steep coastal cliff. Thisis usual, as shear stresses tend to concentrate in areas where the slope profile
changes. The vertical shear stress caused by a caldera collapse mainly affects the lower-right part of the
model (Figure 5.23b). However, this feature has been affected by the boundary conditions at the bottom
base of the modd (see Figure 5.22b). Near the surface the Von Mises shear stresses are quite low along
the smooth part of the volcano dope and strongly increase closer to the right boundary of the model,
where the shear stress has been applied.

Findly, the results of the 2D models indicate that the horizontal stress due to dike intrusion influence
much stronger the stress field of the volcano flank than the vertical shear stress caused by caldera
collapse which has a more local effect. It can be proposed that multiple dike intrusion along the Dorsal
Ridge has significantly destabilised the volcano flank in the upper onshore zone due to high shear
stresses preparing the head scarp of the large landdlides occurred in the La Orotava valley. This is
supported by the actual morphology and underground geology of the La Orotava valey which assumes
that the head scarp of the eastern dide may have started in that area of the volcano sope. The vertica
walls of the Los Organos area clearly support this hypothesis (see Site Investigation, Figure 3.23).

However, it should be kept in mind, that the destabilising effect of the horizontal stress due to dike
intrusion is only a preparing factor and ground acceleration due to a strong seismic shock is still the
most potentia triggering mechanism finally generating the dope failure.

a)

b)

65" 857 1054
-

Figure 5.23: Zoom of the distribution and intensity of Von Mises shear stresses after the application of
external mechanisms. a) Horizontal stress due to dike intrusion with P, = 10 MPa. Contours are at 5
MPa intervals. b) Vertical shear stress due to caldera collapse with t, = 30 MPa. Contours are at 20
MPaintervals.
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Finaly, the influence of morphologic features has been analysed using the 3D model. Specia
attention has been drawn on the destabilising effects of deep, narrow canyons. The stress field of the 3D
model has been calculated applying at the rear of the model a horizonta stress, which represents the
situation of dike intrusion with a P.-value of 10 MPa at the Dorsal Ridge. Again, the potentia yielding
zones have been approximated by the computation of Von Mises shear stresses. Firgt, the results will be
illustrated by a qualitative colour-shaded diagram indicating zones of maximum and minimum shear
stresses and then the additional graphics will present the values of Von Mises shear stresses computed
in the modd.

The colour-shaded diagrams of Figure 5.24 indicate the distribution of the Von Mises shear stresses
both in the upper part of the 3D model shown by a view from the north to La Orotava valley and in a
transverse section through a deep, narrow canyon. The location of the transverse section isillustrated in
Figure 5.24a by the line named 'A’". The colour scales are only of qualitative purpose where red shaded
areas indicate high shear stress values and blue shaded areas show low shear stress values. The results
denote two important observations. First, the maximum shear stresses at the surface are situated at the
same dope altitude as detected in the 2D model and the lowest values are located in the submarine zone.
Second, the deep and narrow canyons influence significantly on the sress field adjacent to these
morphologic features. That is usual, as changes in geometry tend to produce stress concentrations. A
significant maximum of shear stress has been calculated at the bottom of the canyon.

a)

Las Cafiadas

Do‘sa\ Ri00e Caldera

Figure 5.24: Digtribution of Von Mises shear stressesin the 3D FEM model applying a horizontal stress
due to dike intrusion with P, = 10 MPa. @ Upper part of the model. b) Transverse section trough a
deep, narrow canyon along line 'A'. Red coloured areas indicate high shear stress values and blue areas
show low shear stress values. Colour scales are different in each figure.
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In the next two diagrams, the upper part of the 3D model and the transverse section through the
deep, narrow canyon are given with the Von Mises shear stress values computed during the FEM
modelling. Figure 5.25 illustrates the distribution and intensities of the shear stresses in the model that
assumes the predlide morphology of the La Orotava valley. The superficial areas of maximum shear
stress are located in the upper zones of the smooth onshore parts of the volcano flank and maximum
shear stresses exceed 60 MPa. The situation of these maximum shear stresses coincides with the
proposed location of the head scarp of the eastern landdide. A failure within the areas of maximum
shear stresses would correspond to the formation of head scarps as it can be found in the Los Organos
area (see Chapter 3: Site Invegtigation). The different location of the head scarp of the western landdide
may be explained by the influence of the processes caused by the Las Cafadas edifice. The inflation of
the magma chamber and the vertical shear stress due to the caldera collapse are significant mechanisms
influencing on the stress field adjacent to the caldera (Gudmundsson, 1988; Gudmundsson et al., 1997;
Hurlimann et a., 1999d). Anacther interesting result obtained from the shear stress distribution of the 3D
model is that the offshore regions have amost not been affected by the influence of dike intruson and
are characterised by small shear stresses.

Las Cafadas
Caldera

Figure 5.25: Distribution and intensity of Von Mises shear stresses in the upper part of the 3D model
applying dike intrusion with Py, = 10 MPa. Contours are at 5-MPa intervals. View from the north to
the La Orotavavalley.
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The digtribution and intensity of the Von Mises shear stress in the transverse profile through the
canyon aong line 'A" (indicated in Figure 5.25) is displayed in Figure 5.26. The shear stresses strongly
increase near the canyon and highest values are situated at the base of the canyon reaching maximum
values of about 80 MPa. This characteristic indicates the importance of such morphologic units as
boundaries of landdides. The canyons not only reduce the latera strength of the dope by their existence,
but aso create potentia yielding zones at their base. Therefore, it can be suggested that the latera limits
of the large volcanic landdides occurred in the La Orotava valley have developed aong such canyons.
Deep, narrow barrancos are common features on Tenerife. They can erode as deep as hundreds of
meters into the volcano flank and are frequently found on dopes not previoudy affected by dope failure
in the humid parts of the idand. The 'Barranco de Ruiz is atypical example in the La Orotava valley
area (see Chapter 3) and additional canyons of significant destabilising effects may have aso existed
along the present limits of the amphitheatre prior to the formation of the valley.

1 km

70’ 60

Figure 5.26: Transverse section through deep, narrow canyon with calculated distribution and intensity
of Von Mises shear stresses. Contours are at 5 MPaintervals.
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5.6 Conclusions

In the last two decades, many advances have been made in understanding the causes of large
volcanic landdides. However, comprehensive geotechnical analyses concerning to the destabilising
factors of large volcanic landdides are still in a preliminary stage. In this study, the results obtained
from different types of stability models including both global limit and continuum approaches have been
presented. The destabilising effects of three different mechanisms generated by distinct volcanic and
volcano-tectonic processes have been analysed. Average ground accel erations due to seismic shocks, the
horizontal tensile stress due to dike intrusion and the vertical shear stress due to caldera collapse have
been incorporated into the models. The results are not definitive and have a conceptual purpose, but
they give new insights on how seismic shocks, dike intrusion and vertical caldera collapse affect the
mechanical stability of volcano flanks.

The results obtained from a sensitivity analysis of the stability of a volcano flank using LEM
indicate that the occurrence of weak materials (paleosols, pyroclastic layers, etc.) and pore water
pressure increase are insufficient to induce failures of large-scale landslides on volcanic edifices. Also,
changes of the sea water level and the associated sea water loading does not influence significantly on
the dope dability. Thus, external mechanisms, related to volcanic activity or volcano-tectonic
processes, are necessary to cause failure.

During the global limit analysis using both LEM and UBM, the destabilising influences of seismic
acceleration, horizontal stress due to dike intrusion and vertical shear stress due to caldera collapse have
been studied at a simplified volcano flank and at the assumed predlide morphology of the La Orotava
valley. In summary, the results indicate that the average ground acceleration due to seismic shocksis the
most important mechanism. The destabilising effects of horizontal stresses due to dike intrusion or
vertical shear stresses caused by caldera collapse are of minor magnitude with the vertical shear stress
being the less effective. The scale effect plays an important role and each of the three mechanisms
strongly depends on the volume of the failing mass. In general, the larger the failure the stronger must
be the destabilising influence of the external mechanism. Moreover, it's unrealistic that a seismic shock
generates in a volcano dope of several kilometres length in the same moment the same high ground
acceleration, since earthquakes generate time-dependent ground motion. The peak accel erations decrease
exponentially with epicentre distance and the seismic wave motion affects such a enormous mass at
different instants and with different magnitudes. The scale effect refering to the horizontal stress due to
dike intrusion and the vertical shear stress caused by cadera collapse is even more significant. The
destabilising influence of these two external mechanisms mainly depends on the basal length of the dope
failure. At a volcano flank characterised by common drained materia strengths redlistic magma
overpressures up to 10 MPa only enable landdliding for a maximal length of about 3 kilometres and
would never be capable to generate failure of adide with alength exceeding 10 kilometres.

Since many of the volcanic processes occur in a short time and generate undrained conditions, the
three externa mechanisms have been additionally analysed using the UBM and the undrained failure
criterion. The data obtained from the undrained laboratory tests on a residua soil have been used and
included into the UBM models. The results indicate the significant destabilising influence of undrained
conditions on the dlope stability and support the idea that the seismic shocks is the most important
process reducing the mechanical stability of volcano flanks.

After the analysis of a common simplified volcano sope, the landdide events occurred in the La
Orotava valley have been analysed. Since the assumed length of the dope failure is characterised by
about 12 km, the external mechanisms are not able to trigger independently a failure applying redlistic
magnitudes. Therefore, seismic acceleration and horizontal stress due to dike intruson have been
coupled and incorporated s multaneously into the model. By this way, the assumed failing mass reaches
critical stability conditions applying the two external forces with realistic magnitudes of magma
overpressure and seismic accelerations. Therefore, it can be proposed that a combination of these two
mechanisms may have caused the large volcanic landdide events in the La Orotava valley. Dike
intrusion along the Dorsdl rift zone may have significantly destabilised the volcano flank generating
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critical stability conditions. Then, ground acceleration generated by a strong and adjacent earthquake
has triggered the slope failures. Earthquakes with such features are characterised by a volcano-tectonic
origin and generally include processes such as caldera collapse episodes or slumping of the volcano
flank adjacent to a rift zone. Slumping due to persistent dike intrusion has been proposed at Kilauea
volcano, Hawaii, but is unredistic on Tenerife. Therefore, the seismic acceleration caused by caldera
collapse episode is the most potential triggering mechanism for the La Orotava landslides, since it can
easily overcome the critical stability conditions of the dope due to the magnitude and proximity of the
earthquake. An additional support of this hypothesis gives the age relationship between the caldera
collapse episode at the end of the Guajara cycle at about 0.56 Ma and the formation of the valley.

In addition to the calculations that have studied the Factor of Safety of the volcano dope, the
position of the potential dip surface has been searched calculating the most critical failure surfaces. In
spite of the simplifications used in this study, the results obtained from the computations analysing the
La Orotava events are interesting and coincide with the present morphology of the amphitheatre. The
most critical, circular-shaped dip surface calculated for the simplified predlide morphology ends near
the coastline in the offshore part and is characterised by an average depth of about 1 kilometre which is
consigtent with the assumed dip surface obtained form the site investigation (Chapter 3). Since the
effect of dike intrusion along the Dorsal Ridge could not be included into the LEM model, the starting
point calculated at the top of the Dorsal Ridge may have not been estimated correctly.

On the other hand, a continuum analysis has been carried out studying 2D and 3D models by
comprehensive numerical modelling. The results obtained from this analysis do not perform exact values
refering to stability of the dope, but achieve a global view of the stress field in the volcano flank and
hence enable to estimate where may have initiated the failure. Due to the complexity of a coupled
dynamic stress displacement analysis, only the influence of horizontal stresses due to dike intrusion and
vertical shear stresses caused by cadera collapse have been studied.

The FEM simulations carried out with the 2D models show the different effect of horizontal stresses
owning to dike intrusion and vertical shear stresses due to cadera collapse on the mechanical stability of
the volcano flank. Dike intrusion significantly affects the stress field of the entire onshore part of the
dope, whereas caldera collapse only influences localy and in an inconsiderable magnitude. The
distribution of shear stresses indicates that the most potential yielding zone due to dike intrusion is
located at the upper part of the smooth volcano flank starting at the surface and going down to a depth
of aimost 1 kilometre. A failure thickness of up to 1 kilometre is realistic for the La Orotava events and
is supported by the results obtained from geological and morphologica anaysis of the amphitheatre
assuming a maximum depth of the failure at about 1 kilometre.

Furthermore, the importance of morphologic features such as deep, narrow canyons has been
demonstrated using 3D FEM modelling. Deeply incised canyons are commaon morphologic features on
Tenerife and can preferably be found in the wet areas of the idand. The modelling results indicate that
these canyons not only reduce the lateral strength of the dope by their existence, but aso create
potential yielding zones at their base. Thus, it can be proposed that narrow, deep canyons may develop
into the lateral limits of the landdides. Otherwise, because of the lack of other discontinuities,
development of alateral failure surface would require much more energy to produce failure.

In addition to the agents studied during this stability analysis, there are other important factors
reducing the stability of volcano flanks. Weak layers such as volcanic residua soils may significantly
change the stress field and the stability conditions of the volcano flank. In this study, only homogeneous
models have been analysed without focussing on the effect of such weak layers. Another important
agent only marginaly analysed during this work is the pore fluid pressure. Pore fluid pressure
enhancement is a significant process in saturated sopes and may strongly increase due to mechanica
and thermal effects of intruding magma or due to the presence of volcanic gases. In this work, the pore
water pressure increase during undrained conditions has been considered by means of an apparent
friction angle in the calculations. Moreover, hydrothermal alteration can affect the stability of volcano
flanks weakening the volcanic rocks and reducing chiefly theirs materia strengths or augmenting the
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pore fluid pressure. All these processes are difficult to incorporate comprehensively into numerical
models but should always be kept in mind during the stability anaysis.

In conclusion, the main findings of the geotechnical stability analysis can be divided into two parts.
One part responds the question "Why such large mass movements can occur? and focuses on the causes
of the landdides. The other part answers the question 'Where occurs failure inside the volcano flank?
and studies the location of the potential dip surface. Exact answers to both parts have not been found,
but the results have chiefly improved the general understanding of large volcanic landdlides.

Refering to the causes, it can be said that the seismic acceleration seems to be the most effective
destabilisng mechanism. Strong ground motion may be generated by volcano-tectonic tremors caused
during caldera collapse events. The calculation results propose that a combination of seismic
acceleration and horizontal stress at the rear of the volcano flank due to dike intrusion may have been
the most important causes of the large dope failures in the La Orotava valley. Persistent dike intrusion
along the structural axis of the Dorsal Ridge may have generated critical stability conditions, while the
strong seismicity associated with the caldera collapse episodes has findly triggered the failure. In
addition, the [aboratory tests performed on aresidua soil confirm that undrained loading caused by both
seismic shocks and saturated conditions plays a fundamental role in the geotechnical behaviour of this
soil (Chapter 4). Therefore, landslides are more probable in wet areas that include large extensions of
phonolitic pyroclastic deposits and these residual soil layers. However, it should be kept in mind that
large-scale dope failures at volcanoes are very complex processes and many other agents significantly
influence the mechanical stability of volcano flanks.

Concerning to the location of the failure surface the stability analysis has revealed some important
insights especially for the La Orotava valley events. The LEM calculations have indicated that the most
critical dip surface at the assumed preslide volcano flank extends down to a maximum depth of about 1
kilometre. The toe of the failure is located in the offshore part of the volcano dope just behind the
coastal shelf. These results coincide very well with the actual morphology of the amphitheatre which
exposes lateral scarps of heights up to 500 m and the underground geology which assumes the failure
surface of the landslide events in a depth of about 500 - 700 m below the present valley floor. The
results obtained from the LEM anaysis support a failure surface a a maximum depth of about
1 kilometre. The FEM modelling has indicated that a significant zone of maximum shear stress is
located at the upper part of the volcano dope affected by dike intrusion extending down to about the
same depth. This area of maximum shear zones may denote the location of the head scarp of the large
landdlides and coincides with the present situation of the vertical walls found at Los Organos in the La
Orotava valey. Consequently, the results obtained from the stability analysis support that the head
scarp of the large volcanic landdide is located in the upper part of the smooth volcano dope, the
thickness may reach 1000 meters and the toe is situated in the offshore part of the volcano flank near the
coast line.
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6 MOBILITY ANALYSIS

6.1 Introduction

This chapter includes a preliminary analysis of the mobility of large landdlides and presents a smple
conceptual model, useful for the understanding of these events. The results will be published in
Hurlimann et al., 1999.

The travel distance of large landdlides generally exceeds the expected values (Figure 2.1) and recent
studies demonstrate that for volcanic landdides it may even surpass values for non volcanic landdides
(Ui, 1983; Siebert, 1984; Ui et al., 1986; Siebert et al., 1987). Numerous theories have been proposed
to account for the mobility of large mass movements including the influence of collisons among
individua grains within the diding mass (Heim, 1932; Hsl, 1975), a layer of compressed air trapped
beneath the diding mass (Shreve, 1968) and mechanica or acoustic fluidisation (Howard, 1973;
Goguel, 1978; Melosh, 1979). The enhanced mobility of volcanic landdides has typicaly been
atributed to pore fluid heating by volcanic processes (Ui, 1983; Voight et al., 1983). For subagueous
mass movements, the effect of the fluid medium on their mobility is poorly known, but the runout
distance of submarine landdides seems to be greater than for subaeria events (Hampton et al., 1996).
Recent |aboratory experiments have shown that hydroplaning of the submarine diding mass may have a
strong influence on landdlide mobility significantly increasing the runout distance (Mohrig et a., 1998).
In this work, to analyse the mobility of landdides on volcanic idands, a single block approach applied
to subaerial mass movements has been used. It is based on the works by Ui (1983) and Garcia et al.
(1994), which originates from the diding block model of Heim (1932). Additionally, the change in
medium from air to water has been incorporated into the model and the hydroplaning effect of
subaqueous diding masses has been simulated as proposed by Mohrig et a. (1998).

The main objective of this chapter is to analyse the mobility of large landdides focussing on events
on volcanic idands. Moreover, the influence of the water on the runout distance of subaqueous mass
movements will be studied. The results of the modelling will be compared with available geological,
bathymetric and topographic data on the northern flank of Tenerife. The bathymetric data show that
landdide materia derived from the onshore amphitheatres can now be found at more than 70 kilometres
from the shordine and some large hummocks or megablocks have been inferred to be in depth between -
3000 and -3200 m (Figure 6.1).
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Figure 6.1: Topography of Tenerife and bathymetry of the northern offshore slopes (contour interval is
100 m). Bold line indicates the selected profile for the calculations of landslide mobility.
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6.2 Model description

The mohility of the La Orotava landdide has been modelled mechanicaly in order to explain,
whether landdlide deposits could reach 70 km from the shoreline, or not. The model analyses the
mobility of landdlides which start subaerially and are deposited subaqueoudly. It is an extension of the
kinematical approach proposed for completely subaerial events by Ui (1983) and originates from the
diding block model of Heim (1932) which assumes the moving mass to be a rigid solid with constant
density and dimensions throughout the diding path. The find model used in this work is simple, but
valid to infer the qualitative behaviour and to check the feasibility of the runout distances.

To smulate the effects of the subagueous environment on the mobility of landdides, additiona
forces are incorporated into the model as illustrated in Figure 6.2. Normal and shear stresses on the
surface of the dliding mass due to the solid - fluid interaction can be integrated by two forces acting on
its centre of gravity: one on the movement direction and another perpendicular. In order to keep the
computations smple, the hydrostatic uplift force due to buoyancy and the drag force opposing the
movement have been used. The drag force, Fp has been determined using a classica fluid mechanics
approach (e.g. Streeter and Wylie, 1986) as

5 =; Kr VA (Eq. 6.1)

me

where K is a dimensionless shape coefficient, r e is the density of the medium surrounding the diding
body, v is the velocity and A is the surface opposing the movement. The hydrodynamic uplift force
should be used instead of the hydrostatic force, but this makes the model too complex. The value of K in
Fp is constrained by hydraulic experiments to lie between 0 and 2, which keeps the fina value of that
force well defined. The model does not consider turbulence effects, athough an increment of drag forces
could be incorporated. It is assumed that the transition from the subaerial to submarine medium is
immediate and without energy loss. All forces acting on the moving mass can be described at any point
during the dide using Newtons second law and the acceleration of the mass can be expressed as

Kr v
> (Eq. 6.2)

av _ (r-r.)/.

— =g~—™4{9ng-mcosqg )-— —™
g -9, " (sna-meos)-
where tistime, g isthe gravitational acceleration, q is the dope inclination, mthe coefficient of friction
and L the length of the body. The body density is assumed to be constant during the entire landdide
event (r = 2500 kg m®) and the density of the medium isr . = 0 kg m* for subaeria conditions and
I me = 1000 kg m™ for submarine conditions. Consequently, the analysed parameters in this step are m
and K/L.
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sea level

Figure 6.2: Forces acting on a subaqueous sliding mass. The forces incorporated into the computations
are the weight of the mass, W, the buoyancy, B, the drag force, Fp , and the frictiona force, F . q
represents the submarine slope inclination.

The hydroplaning effect of subagueous landdlides is also incorporated into the model. For high
velocities, it is well known that uplift forces become very important and that a diding body can loose
contact with the dip surface. This phenomenon has recently been reproduced in laboratory analyses of
subagueous debris flows (Mohrig et a., 1998). The experiments indicate that a minimum Froude
number, Fr, between 0.3 and 0.4 is necessary for hydroplaning to occur, using the following equation
defining the Froude number

Fr= v (Eq. 6.3)

\/gr - 150H cosq

I me (%]

where H is the height of the moving mass. In our model, the Froude number has been calculated at all
points during diding and hydroplaning was assumed to occur for Fr - values greater than 0.4. During
the cdculations hydroplaning was simulated by neglecting friction forces between the diding body and
submarine dope and setting the friction coefficient, m to zero.

The parameters selected for the mobility analysis taking hydroplaning into account are thus the
friction coefficient, m the ratio, K/L, and the height, H, of the diding mass. The friction coefficient has
been defined to be equal in subaerial and subagueous medium with values of 0.05 and 0.08. The value
0.05 corresponds to a lower, reasonable limit while 0.08 represents the value proposed by Ui et al.
(1986) and Garcia et al.(1994) for subaeria volcanic landdides. The shape coefficient and length of the
diding mass are combined and incorporated into the model using the parameter K/L with selected values
between 0 and 2x10° m™. This is because the shape coefficient generally ranges from 1 to 2, depending
on the morphology of the moving body (Streeter and Wylie, 1986), and the length of the diding massis
assumed to range from 500 m to infinity. The height of the moving mass is assumed to be between 50
and 200 m. Additionaly, Equation 6.2 has been resolved numerically assuming initial conditions with
zero velocity at t = 0 (Garcia, 1999).
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The topographic profile for the model calculations reflects the fact that the northern flank of Tenerife
has undergone recurrent landdliding (Ablay and Hurlimann, 1999) and that the genera inclination of the
dopes does not vary significantly between parts affected and parts unaffected by landdiding. A profile
of the present topography for the diding path is used starting in the La Orotava valley and finishing 85
kilometres seawards at a depth of about - 3700 m (Figure 6.3). The centre of the gravity of the diding
mass has been defined at 1500 m a.s.l. and the starting point of the calculations has been fixed at this
height.
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Figure 6.3: Topographic / bathymetric profile indicating the main morphologic sections of the northern
dopes of Tenerife. Vertical exaggeration is about 8x.

6.3 Reaults

First, the submarine effects on the mobility of the landdide has been considered including drag forces
and the hydrostatic uplift force, using Equation (6.2) regardless of possible hydroplaning. The velocity
curves were computed for different values of K/L to analyse the influence of the drag forces, using
friction coefficients of 0.05 (Figure 6.4a) and 0.08 (Figure 6.4b). The curves indicate a significant
effect of drag forces, which decrease the velocity strongly about 10 km downdope, where the dide
enters the subagueous medium. Only diding masses with unredlistic low K/L values close to zero
experience an increase in velocity after entering the water. Slides with more redigtic lengths and smaller
K/L values experience a velocity reduction. The runout distances calculated for the low mvalue of 0.05
are between 35 km for K/L of 2x10° m™ and 59 km for a K/L value of 2x10* m™. The calculations of
the velocity curves for the smalest and unredlistic K/L value could not be terminated since the
topographic profile finishes at about 85 km where the velocity still exceeds 150 m/s. A smaler K/L —
value implies a greater mobility of the dide; the longer the block the greater the runout because drag
forces are proportiona to the surface area of the block opposed to the movement. A large block may
break into several smaller blocks, but these will travel together as a single unit.
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Figure 6.4: The effect of the drag forces on the landslide mobility. The velocity curves for a coefficient
of friction of 0.05 (b) and of 0.08 (c) are plotted for three different K/L - values. The selected path for
the model calculationsis givenin Figure 6.3.

The runout distances for a mvalue of 0.08 are generally smaller than those with a mvalue of 0.05
and range from about 23 km (K/L = 2x10° m™) to about 78 km (K/L = 0 m™). Additional calculations
show that runout distances are very sensitive to the friction coefficient and even small changes have a
significant influence. Some supplementary information about the behaviour of large subaerial landdides
can be obtained from the onshore part of the velocity curves. Between the start point and the entrance
into the sea at about 10 km the dides rapidly accelerate and reach calculated velocities of 150 m/s for a
mvalue of 0.05 and 130 m/s for mequal to 0.08. Such velocities are typical of values estimated for large
subaeria volcanic landdides (Voight et a., 1983; Ui et a., 1986; Garciaet a., 1994).

These results show a strong reduction in landdide mobility after entering the water suggesting that
other processes must exist in order to account for the great runout distances of submarine landslides
observed (e.g. Hampton et al., 1996).
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The next step is therefore to analyse the influence of hydroplaning aong the subagueous part of the
dide path. For these caculations, the K/L value was fixed a 2x10° m™ which corresponds to
reasonable values of K = 2 and L = 1000 m. Calculations with smaller K/L values gave unreasonably
long runout distances. As in the previous calculations, the anaysed coefficients of friction are 0.05 and
0.08. Figure 6.5 illusgtrates the velocity curves for heights of the diding mass selected at 50, 100 and
200 m.

200

shore line
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100 A

v [m/s]

50 A

100

distance [km]

Figure 6.5: The effect of hydroplaning on the landdlide mobility. The velocity curves are plotted for the
coefficients of friction of 0.05 and 0.08 and sliding mass heights of 50, 100 and 200 m. K/L is 2 x 107
m™* for all curves. The selected path for the model calculations is given in Figure 6.3.

Subaerialy, the landdide velocity depends only on the coefficient of friction. The height of the body
does not have any influence as the drag forces due to friction with the air are neglected. At the coast, the
entrance into water strongly reduces the landdide velocity due to the effect of drag forces. However, in
both cases the velocity of the landdide is sufficiently high for hydroplaning to begin instantaneoudly.
During the first five kilometres of subaqueous transport, the movement is influenced by the subaerial
kinematic history and depends mainly on the velocity on entering the water. Thereafter, the calculated
cases are characterised by very similar behaviour. This can be attributed to the fact that as long as
hydroplaning is acting, only the gravitational driving force and the resisting drag force are in effect,
gravity accelerating the dide while drag forces act to retard it. Thus, the subagueous motion is
characterised by a kind of dynamic - stationary movement with an acceleration close to zero. Therefore,
the velocity for all calculated cases is the same between 20 and 30 km runout distance and does not
change until reaching the critica velocity for hydroplaning to occur. Since the propensity for
hydroplaning at a given velocity depends only on the body height, the slide with the greatest value of H
stops hydroplaning earlier than a dide with lower H vaues. Once hydroplaning has stopped, the basal
friction and the drag forces begin again to decrease strongly the velocity, the overall effect depending on
the mvalue. Hence, the calculated runout distances for a diding body with a height of 200 m are about
35 km for mequal to 0.08 and about 36 km for mequal to 0.05. For bodies with heights of 100 and 50
m the modelled runout distances reach about 54 km (H = 100 m) and 77 km (H = 50 m) with only a
minor influence of the mvalue.

The simulations performed show that from a physical point of view it is possible to reproduce large
runout distances for landdides such as those on the northern flank of Tenerife which include a
subagueous path. The incorporation of the hydroplaning mechanism makes theoretical models consistent
with the occurrence of landdide deposits several tens of kilometres from the shore line.

199



Mobility analysis

6.4 Conclusions

Once the volcano flank has collapsed, the failed mass generally transforms from a slow moving dide
into a fast and mobile debris avalanche (Ui, 1983; Siebert, 1984). The mode presented here represents
a preliminary effort to simulate the mobility of such large landdides moving down the subaerial dopes
of oceanic idands and continuing on the submarine dopes after entering the sea. The calculations
include major simplifications but provide some new and important insights, speciadly regarding the
submarine behaviour of the mass movement. The results indicate that the mobility of a landdide
changes totaly once it has entered a subaqueous medium. On one hand there exist drag forces acting to
reduce the velocity and mobility of the diding mass while on the other hand the hydroplaning effect acts
to increase the runout distance. The resistance to dliding induced by drag forces depends chiefly on the
length of the moving mass. The longer the block, the more runout will be produced. However, a block
can be broken in smaller parts and can move apparently as a single unit. The results obtained from the
model incorporating hydroplaning indicate that this effect will increase the runout distance considerably,
doubling the mobility for smal heights of the moving body. The height of the diding mass seems to be
the most important parameter influencing the propensity for hydroplaning and strongly influences the
final runout distance of the dide. In contragt, the friction coefficient plays a minor role during the
subaeria part of the dide path and does not significantly affect the mobility.

In addition to hydroplaning there exist other processes which might increase the mobility of large
volcanic landdides and which are capable of incorporation into the model. The introduction of pore
fluid pressures due to the interaction of ground or sea water, volcanic gases or fluids with the diding
mass should be considered in future calculations. Specialy, the incorporation of a pore pressure
dissipation term based on the consolidation theory proposed by Hutchinson (1986) may produce
interesting insights. Moreover, the incorporation of a mass change during the dide is within the scope of
our ongoing studies. Models with a changing landdide mass more accurately simulate the occurrence of
depositional processes and yield runout distances several times greater than models with a constant
mass (Van Gassen and Cruden, 1989).

In the case of the large volcanic landdides on the northern dopes of Tenerife the model presented
provides an interesting framework to interpret the events in a consistent manner. The results indicate
that a diding mass initiated on the subaerial part of the idand flank can advance great distances down
the submarine dope and stop tens of kilometres away from theidand at water depths exceeding 3000 m.
At least the model presented suggests that these runout distances are physically possible, and alows to
understand the main parameters controlling the problem. However, verification of whether the large,
punctual morphologic hights detected on the submarine north flank of Tenerife by bathymetric surveys
are megablocks related to giant landdide events (Teide-Group, 1997) or features of submarine
volcanism (Romero-Ruiz et al., 1998) requires additional geological and marine geophysical study.
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7 CONCLUSIONS

Large volcanic landdides are one of the most hazardous geologica processes due to their immense
volume and great mobility representing an enormous danger to the neighbouring population. Since the
1980 eruption and the associated debris avalanche of Mount St. Helens, hundreds of similar events have
been recognised world-wide, both on continental volcanoes and volcanic idands. Recent studies show
that large volcanic landdlides are common processes during the evolution of volcanoes and that they
have occurred at least 4 times each century during the last 500 years.

In the last two decades, many advances have been made in understanding the causes and mobility of
large volcanic landdides. Severa hypotheses concerning the potential causes of large volcanic
landdlides have been proposed, but interactions between the influencing factors and the stability of
volcano dopes have not yet been resolved. Many different processes associated with the volcanic
activity has been suggested as potential causes of volcano failures including dike intrusion,
hydrothermal alteration, volcanic spreading, inflation or deflation of the magma chamber, caldera
collapse events, accumulation of eruptive materials or seismic shocks. On the other hand, the dope
angle, weak pyroclastic deposits and pore pressure changes have been proposed as additiona agents
favouring lateral collapses of volcanic edifices. All these assumptions, however, are normally based on
gualitative analyses and a geotechnical approach requiring more quantitative information is still
unusual.

In this study, a comprehensive geotechnical analysis of the large volcanic landdides occurred in the
La Orotava valey has been carried out containing a site investigation, laboratory anaysis, stability
analysis and mobility analysis. The La Orotava valey is situated on the northern slopes of Tenerife and
is the largest landdlide amphitheatre on the island. During the last 3 Ma the flanks of Tenerife have
experienced severa large-scale dope failures. The Orotava valley has been selected for analysis due to
the large amount of available data concerning its structure and evolution. The approach used for this
test site can be applied to other locations, and thus, genera methodologies and results have aso been
derived in this thesis.

The site investigation has included a general study of the large volcanic landdides around the Canary
Idands and an extensive geologic and morphologic analysis of the events that have formed the La
Orotava valley. A total of seventeen lateral collapses have been detected around the Canarian
archipelago during the last years. The study of these failures concludes that the structural axes and the
climate strongly influence on their spatial distribution. Most of the amphithestres are located
perpendicular to the main structural axis or are limited by two axes and are situated in the wettest parts
of the idands. Moreover, many landdlide ages have been correlated with a significant descent of the sea
water level.

On Tenerife, seven large-scale failures have been detected: two during the shield stage and five
during the post-shield stage. Most of the events have taken place at the northern flanks generating a
huge submarine debris apron with atotal estimated volume of about 1000 km®. A temporal relationship
between the landdide ages and the caldera collapse episodes in the central part of the idand has been
observed for at least two events indicating the destabilising influence of this volcanic process on the
adjacent slopes.

The La Orotava valey is a huge landdide amphitheatre ailmost 10 km wide and up to 14 km long
partly filled by postdide volcanic materials. The valley is bordered by high lateral walls and the Dorsal
rift zone at its head. The site investigation has reveadled that two different landdide events have
generated the valley: one in the eastern sector and the other in the western sector. The thickness of the
deposits involved into the failure is difficult to estimate due to the postdide materials filling the
amphitheatre, but the analysis suggests a minimum depth of the dip surfaces of a least
500 m with a maximum value of up to 1000 m.
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The results obtained from the site investigation show that several morphologic and geologic factors
have significantly reduced the mechanical stability of the volcano flank prior to failure. A steep coastal
cliff up to 500 m high formed by marine erosion and deep narrow canyons with depths exceeding 200 m
created by fluvia erosion are the most important morphol ogic features and may have developed into the
distal and lateral limits of the failures. The field survey carried out in the La Orotava valley has
revealed that widespread residual soils (paleosols) might have been potentia dip surfaces for large
landslides. Red coloured residua soils are generally located at the top of pyroclastic deposits produced
by explosive eruptions of phonolitic magmas. The flat tops of phonolitic pyroclastic deposits represent
the only planar surfaces within the deposits composing the volcano dopes and the soil layers
characterise the only weak deposit with regional extension. These soils are developed by weathering
processes and later 'baked' by additional lava flows creating the particular bonded structure of the soil.

A residual soil sampled in the La Orotava valley has been broadly studied during the laboratory
analysis. The mineralogical study of the soil using X-ray diffraction has shown a small amount of clay
minerals and the analysis of the microstructure using electron microscopy has reveded a
bonded/cemented structure. The soil can be classified as a porous, sandy-silty, no plastic soil with the
standard USCS abbreviation, SM. The results of the geotechnical laboratory tests indicate a particular
mechanical behaviour of the soil. During normal loading and/or shearing occurs a strong volumetric
collapse, and a substantia reduction of the shear strength can be seen applying high normal stresses.
However, the most important feature is the significant increase of the pore water pressure during
undrained loading which generates a strong decrease of the material strength. Undrained conditions
generaly require both a fast loading mechanism and saturated conditions. Earthquakes, which are
common processes in active volcanic areas, can cause fast loading and saturated soils can be generated
by humid climate (e.g. La Orotava valley areaislocated in the wet part of the island).

The bonding of the residual soil may explain its particular mechanical behaviour. The bonded
structure probably originates by a double thermal ateration and breaks at an effective stress of about 1
MPa. Once the bonding is yielded, the soil acts as a sensitive materia collapsing during undrained
loading.

The laboratory tests have indicated that the residual soil layers are a perfect candidate for developing
into dlip surfaces of large volcanic landdides and that seismic shocks are the most suitable process
triggering the initiation of the failure. Moreover, the distribution of landslide valleys on Tenerife, al of
them being located in the humid parts of the idand, suggests the importance of water as a destabilising

agent.

During the gtability analysis 2-dimensionad and 3-dimensional models approximating the predide
conditions have been developed using global limit as well as continuum approaches. The sensitivity
analyses carried out by the global limit approaches including both Limit Equilibrium Method and Upper
Bound Method indicates that the conventional parameters such as the occurrence of weak materias
(paleosols, pyroclastic layers, etc.) and hydrostatic pore pressure increments are insufficient to induce
failures of large volcanic landslides. Thus, external mechanisms related to volcanic activity or volcano-
tectonic processes are necessary to cause failure.

The destabilisng effects of three different mechanisms have been analysed. Average ground
accelerations due to seismic shocks - including both tectonic earthquakes and vol cano-tectonic seismic
shocks produced along the ring fault during caldera collapse - , the horizontal stress due to dike
intrusion and the vertical shear stress due to caldera collapse have been incorporated into the models.
The results of the globa limit analyses indicate that the average ground acceleration due to seismic
shocks is the most important mechanism. The destabilising effects of horizontal stresses due to dike
intrusion or vertical shear stresses caused by caldera collapse are of minor magnitude with the vertical
shear stress being the less effective. The scale effect plays an important role and each of the three
mechanisms strongly depends on the volume of the failing mass. In general, the larger the failure the
stronger must be the destabilising influence of the external mechanism. At last, the position of the
potential dip surface has been calculated for the assumed predide conditions of the La Orotava valley.
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The most critical, circular-shaped dip surface calculated ends near the coastline in the offshore part and
is characterised by an average depth of about 1 kilometre.

While the global limit analysis performs 'exact’ values refering to slope stability, the continuum
approaches achieve a global view of the gtress field in the volcano flank. The continuum approaches
applied in this study have been Finite Element Method and Finite Difference techniques. The results of
these two approaches show the digtinct effect of horizontal stresses owning to dike intrusion and vertical
shear stresses due to caldera collapse on the mechanica stability of the volcano flank. Dike intrusion
significantly affects the stress field of the entire onshore part of the dope, whereas caldera collapse only
influences locally and in an inconsiderable magnitude. The distribution of shear stresses indicates that
the most potentia yielding zone due to dike intrusion is located at the upper part of the volcano flank
starting at the surface and going down to a depth of ailmost 1 kilometre. Moreover, the importance of
morphologic features such as deep, narrow canyons has been demonstrated using 3D modelling. The
results indicate that these canyons not only reduce the lateral strength of the slope, but also create
potential yielding zones at their base.

The stability analysis has indicated that ground acceleration due to seismic shocks is the most
potential triggering mechanism. However, many other agents such as horizontal stress due to dike
intrusion and geologic, morphologic or climatic features are necessary as preparing factors decreasing
the global stability of the volcano flank prior to failure. The thickness of the failing mass may have
reached 1000 m which is consistent with the results obtained from the site investigation.

The model presented in the mobility analysis represents a preliminary effort to simulate the mobility
of large subaerial/submarine landslides. The great runout distances observed in such mass movements
have been studied by the analysis of the friction between the moving mass and the slope, the drag force
due to the water and the hydroplaning effect. The results indicate that the mobility of a landdide
changes totally once it has entered a subaqueous medium. On one hand, there exist drag forces acting to
reduce the velocity and mobility of the diding mass, while on the other hand the hydroplaning effect acts
to increase the runout distance. The results show that especially the hydroplaning strongly influences on
the runout distance doubling the mobility for small heights of the moving body.

In the case of the large volcanic landdides on the northern slopes of Tenerife, the results indicate that
a diding mass initiated on the subaerial part of the idand flank can advance great distances down the
submarine dope and stop tens of kilometres away from the idand at water depths exceeding
3000 m. At least the model presented suggests that these runout distances inferred by the bathymetric
data are physically possible, and alows to understand the main parameters controlling the problem.

Several key points can be given focussing on the large volcanic landdides occurred in La Orotava
valley. The geotechnical analysis shows that a combination of severa preparing factors and one final
triggering mechanism may have caused the initiation of the large-scale failures. The preparing factors
include geologic, morphologic, climatic and volcanologica festures, while the fina triggering
mechanisms is assumed to be a strong seismic shock originated by a caldera collapse.

The horizontal seaward stress caused by the active rift 'Dorsal Ridge' may have significantly
destabilised the volcano flank. In addition, the existence of weak residua soil layers, deep narrow
canyons, a high coastal cliff and a humid climate has strongly influenced on the mechanical stability.
Other facts such as pore fluid pressures or hydrothermal alteration may have contributed to the decrease
of dope stability. All these preparing factors have not only reduced the stability to critical condition, but
have a so prepared the limits of the failure.

Finally, strong ground accelerations probably caused during the catastrophic caldera collapse
episode at the end of the Gugjara cycle at about 0.56 Ma have surpassed the critical stability conditions
and have initiated the large landdides. Volcano-tectonic seismic shocks generated by caldera collapse
are perfect triggering mechanisms due to their large magnitude and vicinity to the volcano flank.

The results obtained from this study are not definitive, but should be considered in future models for
predictions of catastrophic landdides. Many findings can be applied to other landdide events occurred
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on volcanic idands or terrestrial volcanoes, since saturated soils, erosive canyons, dike injection and
seismic shocks are common features in many volcanic aress.

This work is preliminary step analysing the mechanisms of large volcanic landdlides and the results
are not definite. Further investigations concerning causes and mobility are necessary due to the potentia
danger to the neighbouring population and infrastructure.

The approaches described in this thesis should be applied to other test sites in order to check the
validity of the results obtained from this study in a genera sense.

Moreover, the geologic and morphologic analysis of the La Orotava valey should be continued and
extended to the other amphithestres on Tenerife. Additiona field work would be necessary to improve
the predlide conditions. The study of the dip surface is fundamental and efforts should be done to find it
and to take samples of the material where failure took place. The dip surface can be found by a vertica
drill hole or by an extensive study of the water galleries.

Many mechanisms influencing on the stability of volcano flanks have not been studied in this thesis
or have only been analysed marginally. The generation of excess pore pressures due to dynamic loading
and magma injection should be analysed numerically, and the laboratory results of this study ought to
be incorporated into the calculations. On the other side, pore fluid vaporisation due to frictiona heating
along the dip surface should be studied in order to take into account the huge scale and overburden
stress of large volcanic landdlides.

The continuation of the mobility analysis is fundamental for hazard mapping. The model proposed in
this study could be improved and a 3-dimensiona approach should be worked out. A study of potentia
hazards caused by landslide induced tsunamis would be an additional inspiration for future investigation
work.
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