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RESUMEN

Diversas investigaciones se han centrado en el estudio de los factores que controlan los deslizamientos superficiales y ac
llos asentados a profundidad. Los deslizamientos superficiales han sido analizados con base en diferentes técnicas de ma
monitoreo y modelaje, etc., mientras que el principal objetivo de los estudios de deslizamientos asentados a profundidad esté
relacion con los mecanismos de movimiento y con los factores que afectan los cambios de niveles freaticos, y por laanto afec
la estabilidad de las laderas. Los deslizamientos a profundidad estan controlados por las propiedades de los matsgiades, los ra
geologicos y las condiciones hidrologicas. En regiones mediterraneas de clima semiarido, como en las Alpujarras (sureste
Espafia), donde la presente investigacion fue desarrollada, estos factores tienen gran importancia. Debido a la presgscia de eve
extraordinarios de precipitacién, comunes en este tipo de ambientes, los cambios en las condiciones hidroldgicas juégan un pe
trascendental en la ocurrencia de este tipo de deslizamientos. Dado lo anterior, el objetivo de este trabajo fue investigar |
posibles escenarios en los cuales se pueden llevar a cabo este tipo de fendbmenos. La metodologia utilizada consideraria combing
de tres diferentes modelos que han sido calibrados con datos de campo, los cuales se aplicaron en forma de un anddisis en cas
Diferentes series de datos de precipitacion fueron utilizadas como base para el modelo de percolacion del suelo, ebcual perm
obtener los datos necesarios para establecer el modelo de infiltracion, cuyos resultados fueron finalmente incorporados er
andlisis de estabilidad de laderas. Los resultados del modelaje indican que existe la posibilidad de que haya granolessfluctuaci
en los niveles freaticos, lo cual afectaria la estabilidad de las laderas. Estas fluctuaciones ocurririan si los vataieside per
fueran 20% del valor medio de la precipitacion. La presencia de eventos extraordinarios, un cambio en las condiciongs climatic
y/o en la cubierta vegetal, darian lugar a un incremento en los valores de percolacién, y por ende tendria repercusion en
inestabilidad de las laderas.

PALABRAS CLAVE: deslizamientos asentados a profundidad, semiéarido, hidrologia, estabilidad de laderas, sur de Espafia.

ABSTRACT

The aim of this research was to investigate the possible scenarios of occurrence of deep-seated failures under semi-a
Mediterranean and mountainous conditions, triggered by water-table shifts caused by changes in the precipitation regimen in
area of Andalucia, Spain. The methodology involved the combination of three different models calibrated with field data. The
models were applied in a cascade analysis. The input of the soil water budget model was provided by rainfall, supplyeng the upp
boundary for the seepage model, which was then used for conventional slope stability analysis. Modelling results indicated th
large water-table and pressure head fluctuations would occur and affect slope stability when percolation rates reach 20% of t
mean rainfall value. These conditions could be the result of the presence of extreme events, a change in the climateeaegime or
removal of the vegetation cover.

KEYWORDS: deep-seated failures, semi-arid, hydrology, slope stability, southern Spain.

INTRODUCTION main precipitation occurs in autumn, winter and during th

first half of spring, while the dry season occurs in the summe

The area of study, the Alpujarras, comprises part of the months from June to October (Figure 2). The mean annu

Guadalfeo basin, south of the Sierra Nevada in Andalucia, rainfall at nearby meteorological stations is 525 mm a

Spain (Figure 1). This typical Mediterranean environmentis Torvizcén, 471 mm at Lanjarén and 490 mm at Orgiva. Th
characterised by mountain slopes, frequently undercut by mean annual temperature i@8but during the summer it
ephemeral rivers. The whole basin is drained by the Andarax can reach up to 3€. Mediterranean semi-arid climate is

river to the east, the Guadalfeo river to the west and the Chico characterised by a marked dry period, seasonal concentrati

river in the central sector. The climate is Mediterranean. The high inter-annual variability of rainfall intensity, intense
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Fig. 1. Location of the studied area.

insolation, high temperatures and high potential Phyllites play an important role in slope failures in
evapotranspiration with a strong tendency to aridity (LOpez- southern Spain because of their relatively low strength, the
Bermudez, 1983). lack of permeability and the interactions with the

environmental conditions (Alcantara-Ayala and Thornes
The Alpujarride Complex includes five nappes of 1996; Alcantara-Ayala (in preparation)). Shallow failures taks

metamorphic and sedimentary rocks of Triassic and Permian place within th? rt_agolith surf_ace and sometimes_at depth of
age (Aldaya, 1969; Aldayat al, 1979) that resulted by or 3 meters within the profll_e. Deep-s_eated fa_ulures_ occt
overthrusting, due to the northwards motion of the African _malnly along the Guadalfeo river, both in the soil profile an
plate during the Alpine orogeny. The field site is located in the bedrock.

within the Alcazar nappe, containing mostly phyllites. Mass

movement within the nappes is important and relevant to the Petley (1996) has pointed out the difference betwee
causation of landslides, a serious natural hazard in Spain. the shallow and deep-seated failures on the basis of she
Landslides, rock slides and rock falls occur mainly in surface depth. Most landslides feature shear surfaces a
mountainous zones and in eroded Tertiary basins, comprising depth of less than 30 m, whilst deep-seated failure may tal
about two-thirds of Spain’s land surface (Ayala and Ferrer, place on shear surfaces of as much as 50 m below the surfe
1989). Deep-seated landslides, also known as deep-seat
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Fig. 2. Mean annual precipitation at Torvizcon meteorological
station.

gravitational deformations (DSGD), are very rare events.
They are not widely distributed spatially, but they can be
associated with large catastrophic events, flooding and air
blasting (Petley, 1996).

The Vaiont landslide (Voight and Faust, 1982 and
1992), the failure of Monte Faloria in Italy (Pasuto and
Soldati, 1990), and Monte Huascaran in Peru (Plafker and
Eriksen, 1978), are some examples. Deep-seated
gravitational deformations involve creep and sudden failure.
The former implies slow strain rates, whilst the latter
produces high rates of movement and can produce
catastrophic damage. Oyagial (1994) suggest that both

Modelling deep-seated failures
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Fig. 3. Strategy followed by this research.

calibrated with field data. The input of the soil water budge
is provided by rainfall. This supplies the upper boundary c

processes are interconnected, since creep acts as a processhe seepage model, which is used for conventional sloj

of preparation to trigger sudden failures.

During an early field campaign, two types of mass
movement were observed. Shallow failures took place
within the regolith, whilst deeper failures occurred both
within the regolith and within the bedrock. The deeper
failures involved a larger mass of soil and bedrock, and

stability analysis.

Soil percolation model

A soil-water budget model (Obando, 1996) was use
to simulate the soil moisture regime within the area. Rainfa

landslip surfaces could be easily identified at about 10-15 Series have been incorporated into the model as inputs. Tht
m depth, not at more than 50 m depth. They were related to different rainfall series were selected to run the mode

water-table fluctuations, and thus to extreme events such as Saturated hydraulic conductivity was set at 3.69s and

floods. While less extensive than the deep-seated failures 8-58°mM/s; the former value was obtained by Alcantara-Ayal:
defined by Petley (1996), they might induce or aggravate (1997), the latter, by Obando (1996) in semi-arid Spain. Th
floods. In this research we investigate the possible scenarios SCil was assumed to have a moisture capacity of 28%, b
of occurrence of these deep-seated failures, as a result of the same model was also run with values of 18% and 49¢

water-table fluctuations caused by changes in precipitation, Table 1 summarises the inputs used in modelling.

Daily precipitation records over 36 years were availabl
at Torvizcon meteorological station. Figure 4 shows th
variability of the rainfall regime in the area of study. Period:

We coupled different models parameterised by field of relative dryness, wetness, and average rainfall wel
experiments. Observations followed the strategy shown in identified. As input for the water budget model, daily rainfall
Figure 3. Three models were combined in a cascade analysis, series must be used. Model inputs included three sets of fiv

METHODOLOGY AND RESULTS
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Table 1

Inputs used in the soil percolation model.

Rainfall Biomass Soil moisture K., (Hydraulic conductivity)
series capacity

Wet series | Bare surface | 18%, 28%, 49% 5.05 x 10° m/s, 8.58 x 10° m/s

(1961-1965) | 36% biomass 18%, 28%, 49% 5.05x 10° m/s, 858 x 10° m/s

51% biomass

18%, 28%, 49%

5.05x 10°m/s, 8.58 x 10° m/s

Mean series

Bare surface

18%, 28%, 49%

5.05x 10°m/s, 8.58 x 10° m/s

(1976-1980) | 36% biomass 18%, 28%, 49% 5.05x10° m/s, 8.58 x 10° m/s
51% biomass | 18%, 28%, 49% 5.05x 10° m/s, 8.58 x 10° m/s
Dry series Bare surface 18%, 28%, 49% 5.05x 10°m/s, 858 x 10° m/s
(1991-1995) | 36% biomass | 18%, 28%, 49% 5.05x 10° m/s, 858 x 10° m/s
51% biomass | 18%, 28%, 49% 5.05 x 10° m/s, 8.58 x 10° m/s
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ig. 4. Daily precipitation records of 36 years (Torvizcon meteorological station).

year periods, which represent wet, dry, and average years.of 538.16 mm was recorded, which is 0.23% lower than th
Thus, the study of the impact of short-term water inputs on overall mean. The minimum precipitation was 423.7 mm an
mass failure occurrence, may be simulated under different the maximum 671.2 mm. Finally, the dry series (1991-199¢
conditions of moisture. had a mean rainfall of 368.9 mm, only 68.39% of the overa
mean, whilst the minimum precipitation was 337 mm, an
the maximum 403 mm. This is less than 50% of the maximut

The 36-year series (Figure 4) features a mean precipitation for the wet series.

precipitation of 539.39 mm/year. The minimum total annual
rainfall was 259.8 mm, and the maximum was 1381 mm.
The wet series had a mean of 649.68 mm, a minimum There is a good correlation with the number of rainy
precipitation of 503.7 mm and a maximum of 834.9 mm, days and the mean rainfall per rainy day for all three serie
which represent 20% above the mean of the 36-year series.The wet series had 258 rainy days and 12.59 mm mean dal
The average or normal series were closest to the mean. Inwhilst the dry series had 168 rainy days and 10.97 mm me
the average rainfall series of 1976-1980, a mean precipitation daily rainfall.
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Modelling deep-seated failures

Table 2

Outputs of the soil percolation model.

Ksat= 5.05 x10-6 m/s Smc=18% | Smc=28% Smc=49%
Rainfall Biomass Mean Min. Max. Mean Min. Max. Mean Min. Max.
series (€4)
1961-1965 0.1 0.258 0.0144 | 0.436 0.287 0.047 0.436 0.314 0.089 0.436
Wet series 300 0.182 0 0.436 0.204 1x10™ 0.436 0.231 0.004 0.436
600 0.165 0 0.436 0.186 0 0.436 0.211 9x10™* 0.436
1976-1980 0.1 0.268 0.0216 | 0.436 0.297 0.0608 0.436 0.326 0.07 0.436
Mean series 300 0.185 0 0.436 0.208 0.0002 0.436 0.233 0.004 0.436
600 0.165 0 0.436 0.187 0 0.436 0.21 1x107? 0.436
1991-1995 0.1 0.233 0.0076 | 0.436 0.266 0.0314 0.436 0.301 0.076 0.436
Dry series 300 0.154 0 0.436 0.177 0 0.436 0.203 0.001 0.436
600 0.137 0 0.436 0.157 0 0.436 0.181 2x10™* 0.436
Ksat= 8.58 x10-6 m/s Smc=18% Smc=28% Smc=49%
Rainfall Biomass Mean Min. Max. Mean Min. Max. Mean Min. Max.
series (g
1961-1965 0.1 0.367 0.003 0.742 0.418 0.0212 0.742 0.474 0.093 0.742
Wet series 300 0.274 0 0.742 0.312 0 0.742 0.358 0.003 0.742
600 0.25 0 0.742 0.286 0 0.742 0.329 7x10 0.742
1976-1980 0.1 0.384 0.0058 [ 0.742 0.435 0.0328 0.742 0.491 0.1 0.742
Mean series 300 0.277 0 0.742 0.317 1x10* 0.742 0.36 0.004 0.742
600 0.249 0 0.742 0.285 0 0.742 0.326 7x10* 0. 742
1991-1995 0.1 0.318 0.001 | 0.742 0.372 0.0106 0.742 0.431 0.063 0.742
Dry series 300 0.227 0 0.742 0.262 0 0.742 0.304 9x10™* 0.742
600 0.204 0 0.742 0.234 0 0.742 0.273 1x10™* 0.742
Soil percolation model output day). Under all conditions of biomass the highest percolatio

takes place during winter. In the summer months the draina
) is very low because of the absence of rainfall. However, whe
A total of 54 runs were performed to predict the output - ¢omparing the results for different percentages of biomas
of the percolation variations for different parameters. Table (he pare surface is likely to have the highest monthl;
2 shows the results. The upper section assumes \akie percolation rate in the dry season. For example, if a me:
of 5.05 x 16 m/s and the second a value qf#8.58 x 10 value of 0.17 mm/day (36% biomass and 28% of soil moistu
m/s. Asimilar pattern for different variables is observed. The capacity) percolates into the soil, this would represent 17.5
main difference is due t_o different hydraulic conductivity ¢ the total precipitation of the 5-year period. On the othe
values; thus the runs using a value gf X 5.05 x 16 m/s hand if the biomass were to decrease, a bare surface wo
yield a maximum percolation of 0.436 mm/day, whilst for e capable of percolate 26.35% of the total rainfall. For eithe
Ksa= 8.58 x 16 m/s the percolation increases to 0.741 mm/ 4,6 of hydraulic conductivity, there is a high probability of
day. These results depend on the percentage of biomass ang,\, yalues, and a low probability of high values of
on the soil moisture capacity. As biomass decreases, the percolation, when the biomass is either 36% or 51%
percolation increases, and as the soil moisture content py,\vever, when the biomass is reduced to a bare surface, 1
increases so does the drainage. A further description and yopapility of high values of percolation increases.
analysis of the results yields a soil moisture capacity of 28%
and a K, value of 5.05 x 1€m/s, close to the real field

conditions. The output of the 1976-1980 mean series yields a me:

daily percolation of 0.29 mm for a bare surface, 0.20 mm fc

a surface with 36% of biomass and 0.18 mm for 51% ¢

The daily percolation pattern of the 1991-1995 dry biomass. This amounts to 20%, 14% and 12% of the tot

series is similar for different biomass conditions, but drainage five-year period of rainfall. The mean series yields a ver

into the soil increases as vegetation decreases. Thus the highehigh probability of low values for surfaces with biomass of

value of mean percolation (0.266 mm/day) is found for the 36% and 51%, whilst the other percolation values increa:
bare surface and the lowest for 51% of biomass (0.157 mm/ as the probability decreases.
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During the 1961-1965 wet series, the mean value of long-term variations in percolation, and to provide the initia
daily percolation is 0.286 mm for a bare surface, 0.204 for a conditions for transient solutions. Transient runs were carrie
surface with 36% biomass and 0.186 mm with 51% biomass. out to examine seasonal and short-term variations, and t
These percolation values represent 16%, 11.4% and 10.4%role-played by topography.
of the total 5-year period of rainfall, 1963 was the wettest

year, and the highest monthly_ pe_rcolation oc_:curred during The Almegijar landslide is in the north-eastern
winter at a rate of 12.5 mm, whilstin summer it decreased to Guadalfeo valley, south of the Sierra Nevada. It occurred

0.5 rr;lm_/monr:h. HO\r/lv_e\r/]er, thef genelral_ tender;]_cyhin TOSt metamorphic rocks, typically phyllites. The profile runs
months is to have a high rate of percolation, as high as 4 mm perpendicular to the Guadalfeo valley, from north to soutt

in August, the driest month. Finally, for the wet series, there and the maximum height is 1190 m. Boundary condition
Is a high_probability of high values of percolation _and a low were assumed zero flux conditions at a distance from tt
probabl_llty of Iovv_ \_/alue_s for a bare surface with e|theg Guadalfeo valley. The left-hand boundary corresponds to tt
hydraulic conductivity. Given biomass percentages of 36% o .ched of La Lomilla. north of the Trevelez river. a
0 . ) )
anod 51%, the low values (0'1. mm/day) havg a probability of tributary of the Guadalfeo river, which runs north-east of th
42% to occur, where_as the highest percolation va_tl_ues (0.5 O town of Almegijar towards the main valley. The watershec
9'8 mm/o!ay, dependmg onJfhave a 15% probability. The of the Contraviesa Sierra, south-east of Torvizcén and ne
intermediate percolation values such as 0.3 mm/day have the| .« piadras de Carmona. was chosen as the right bound:

lowest probability (12%). The ground surface or upper boundary was taken as
infiltrating boundary unless the water table reaches th
In general the frequency distribution of the daily surface; in this case the boundary was fixed at the total he
percolation values from the model suggest that there is a very at that point and the flux was directed outwards as seepa
high probability of very low values, reflecting overall low
soil drainage. Other values tend to be more uniform
suggesting that extreme events or large storms may actually Steady-state analysis
provide a significant increase in the percolation. A seasonal
bias is clearly shown in the calculated values of the . . .
percolation. Even in large storms, the soil is able to filter the . S_teady-state sn_n_ulahons were undertaken in order |
impact of these extreme events on the percolation rate, which investigate the cor_mdl_tlons_ for significant moveme_nts .Of th
falls to a value of almost zero at the end of the summer season V&' t_able for variations in steady-_state percolatlon Input
The climate was assumed to remain stationary. A value
. e . . 8.4 x 10" m/s was used for the saturated conductivity of the
Note high sensitivity of the percolation rate to porosity phyllites and mica-schists within the area, and the wate
and vegetation cover. A lower vegetation cover leads to higher capacity was taken to be 15% by volume. The upper boundz
percolation rates due to lower transpiration losses, which ;¢ set up at a local percolation rate, which was kept constz
depends on intensity. Vegetation cover tends to reduce runoff through time. Anisotropy of the hydraulic conductance wa
atlow intensities, but at high intensity the losses at the surface 5,50 considered. The simulations were carried out wit
are high regardless of cover. A bare surface implies the percolation inputs of 3.4183 x 10m/s (10.78 mmiyear),
removal of the vegetation cover almost completely (leaving g 5000 x 16°m/s (26.80 mm/year), 1.7091 x1@/s (53.90

only enough for reseeding). The upper bound of 30G g/m mmiyear), 3.4338 x 10m/s (108.29 mm/year), and 4.2491
(36% biomass) is the actual upper limit of biomass due to y 109 m/s (134 mmlyear).

limiting rainfall in this area (Thornes and Brandt, 1993).
Finally, 600 g/m (52% biomass) may correspond to the
vegetation cover in the historic past, since soil thickness has The simulation suggests that the water table is ver
diminished as a result of intensive erosion (Thornes, 1976). sensitive to mean input rates of 4.2491 X &ffs and lower
(Figure 5). With mean input values of 3.4183 x'%f/s
0.78 mmlyear), the water table is low over the whole
ountainous complex. With inputs of 1.7091 x°1@/s
(53.90 mmlyear, the equivalent of 10% of the mean annu
dprecipitation), the water table occupies a middle positior
somewhat closer to the ground surface in the Almegijar are
For mean inputs equivalent to 20 and 25% of the total annu
rainfall, 3.4338 x 10 m/s and 4.2491 x 10n/s respectively,
Seepage model the water table is near to the surface on either side of tl
Guadalfeo river. However, north of the river, where mas
Steady state and transient solutions have been failure took place, the water table is closest to the grour
attempted. Steady-state runs were intended to investigate surface.

Our results suggest that recharge is strongly seasonal, 1
and that it may average as high as 16% of the annual averag
precipitation in the Alpujarras despite the low rainfall. This
is at least in part a result of the shorter growing season an
the lower evapotranspirational losses.
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Modelling deep-seated failures

1 —— 4.2491 x 16 m/s = 134 mm/year = 25%
2 —— 3.4338 x 160 m/s = 108.29 mm/ year = 20%
3 1.7091 x 16 m/s = 53.90 mm/ year = 10%

N 4 8.5000 x 169 m/s = 26.80 mm/ year = 5% S
‘E; 5 — 3.4183x 16°m/s = 10.78 mm/ year = 2% X
T A :

1 = | | ALMEGIJAR SECTION Y 300m

2 ] ] e i

3 o

2 1 e e e ] 1 ; \ j ! 1 1oom
c — T e - r !

Fig. 5. Output of the steady-state analysis of the Almegijar section. The water table is very sensitive to mean inpur8@s<df m/s
and lower values.

Transient analysis The results suggest that a change in percolation rat
either by decreasing rainfall or removal of the vegetatiol
cover may affect the long-term water table conditions an
may trigger landslides at the bottom of the slope on the nor
side of the valley.

According to the preceding steady-state analysis,
climatic or vegetation changes in the Alpujarride complex
would require a period of time to reach a new equilibrium
state. The time needed for this would be very long. In a
transient experiment, an input of about 10% of the current
rainfall value at Torvizcon meteorological station was
combined with stripping of the vegetation cover to study the
possible responses of the water table after a further run of 99 Slope stability analyses were undertaken using the Ge
years for the Almegijar section. slope software (Geo-slope, 1994, Version 3). The progral
Slope/W uses the transient or steady-state groundwat
conditions estimated by the Seep/W program (Geo-slop
1992) to compute slope stability using the same mesh. Ti
simulation permits critical angles to be defined such that th
cohesive strength can be set as a ratio of the regular cohes
of the rock; this has been used to represent the weak
structural elements in the mica-schists and phyllites.

Slope stability

The long-term transient experiment in the Almegijar
section shows a substantial water-table change. A saturated
wedge develops at the bottom of the slopes on both sides of
the Guadalfeo valley (Figure 6). Results show an inward-
moving wetting front like that of the Jubiley section described
by Thornes and Alcantara-Ayala (1998). The pressure head
(Figure 7) increases after about 50 years at nodes 547, 579
and 481, and continues increasing thereafter. Node 574 at To carry out the stability analysis of the Almegijar
the south side of the valley shows a similar increase of the profile, a subsection of transect was selected. This section
pressure head but of a lower magnitude, which causes nolocated north of the Guadalfeo river and south of Almegija
major problems of mass movement. The head pressure Steady-state groundwater conditions with recharges from 2
conditions remain more or less stable at node 508, indicating to 25% were used in the analysis. Unweathered phyllites we
more stable conditions in this part of the mountain. There is tested in a triaxial Hooke cell, to find the cohesion and th
a decrease of the pressure head at node 507 after 50 yearsangle of internal friction. An angle of internal frictign=
and an increase after 80 years. 32.9 and a cohesion valoes 12.6 MPa/riwere obtained.
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‘: ALMEGIJAR SECTION S
] i
T 11 300m
579
s
481 A~ 508 — 100 m
Y el

Fig. 6. Long-term transient analysis output. The water table change is represented by the development of a saturatéu wetigenatft
the slopes on both sides of the river.

Pressure head vs Time

30 .
20 -
Node 508
10 —
3 X
(<%}
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L 4 Node 579
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I
-60 ¢
0 50 100 150 200 Node 574
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Fig. 7. Pressure head graph showing an increase in the pressure head after about 50 years at nodes 547, 579 and 48&. Chang
percolation rates would affect the long-term water table conditions and therefore the stability of the slope.

56



[ Fof S=1.808, input 3.4183 x 1dm/s = 10.78 mm/ year = 2%
[ F of S=1.639, input 8.5000 x 10m/s = 26.80 mm/ year = 5% N ALMEGIJAR SECTION
[C]F of S=1.402, input 1.7091 x 20n/s = 53.90 mm/ year = 10%

[ F of S=1.027, input 3.4338 x 20n/s = 108.29 mm/ year = 20%

\\@//
B F of S=0.910, input 4.2491 x-1@n/s = 134 mm/year = 25%

N s

200 m

100 m

Fig. 8. Slope stability analysis based on the steady state outputs of
the Almegijar section. Under these conditions the water table would
produce considerable changes on the stability at the foot of

the slope.

Slope stability analysis (Figure 8) suggested that for
these steady-state conditions, any shifts in the water-table
would produce considerable changes in stability at the foot

of the Almegijar profile along the Guadalfeo valley. With
recharge inputs of 3.4183 x 10m/s (10.78 mm/year) or

8.5000 x 18° m/s (26 mm/year), the slope of the section

remains stable. With mean inputs of 1.7091 X d@s (53.9

mm/year) the area is still relatively stable. However, when
the input reaches 20% to 25% of the annual rainfall, the

conditions are unstable.

From our soil percolation model about 19-20% of the

total rain would percolate into the soil under rainfall

conditions such as those given in the wet, mean or dry series,
assuming a bare surface. Even for unchanged rainfall
conditions, the removal of the vegetation cover is enough to

destabilize the slope.

For the wettest year (1996) the percolation rate is 3.8056
x 10° m/s (120.01 mm/year) corresponding to 22.26% of the
annual precipitation (Alcantara-Ayala, 1997). When this
percolates into the bedrock, it causes instability at the foot of
the Almegijar section, where the Almegijar landslide took
place. Field observations suggest that an extreme event in
1996 increased the instability of the area, while the actual
movement of the Almegijar landslide has not been recorded,
photographs from 1993 to date show the evolution of the
landslide in time under different rainfall conditions. Figure 9
shows the Almegijar landslide before and after the 1996 event.

DISCUSSION

The performed experiments suggest that for the present
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vegetation cover (36%), recharge rates comparable wi
historically recorded droughts were unlikely to have
produced a significant lowering of the steady state positio
of the water table. However, the potential effects of chang
of the vegetation cover were demonstrated by removin
the vegetation cover almost completely. The overall so
drainage rate into the bedrock, increased in all rainfall serie
by around 6% of the percolation value for a vegetation cove
of 36%. For instance, the percolation rate with &
contemporary cover (36%) in the wettest year (1996) i
2.7557 x 168 m/s (86.906 mm/year), rising to 3.8056 x 10
®m/s (120.01 mm/year) after removal of the cover, mainl
due to the reduction of interception and evapotranspiratic
losses.

The steady-state experiments show the significanc
of the spatial occurrence of seepage. Because the divide
the northern side is higher and the slopes longer, seeps
rates and pore water pressures are likely to be higher th
to the south. This confirms the observation of Foster an
Smith (1988) that the overall topography is likely to play &
major role in the development of pore water-induced stres
seepage and landform evolution. In the Alpujarras, at lea:
the controlling conditions of mass failures include long-
term geomorphological evolution or the presence of extren
events either by raising the water-table or by slop
undercutting.

The experiment underscores the significance o
climate change for slope stability. Mediterranean areas a
subjected to desertification and therefore, changes of tl
vegetation cover are involved. These changes are al
expected to cause hydrological shifts, especially in sem
arid areas (Kirkbyet al, 1996). Changes in rainfall
distribution, duration, frequency and intensity influence
infiltration rates and seepage. Our results show the impa
of precipitation and vegetation changes on slope stabilit
Large water-table fluctuations are illustrated by the
development of an inward-moving wetting front, and the
increase of the pressure head after 50 years, due to |
removal of vegetation and the increase in precipitatior
Conditions of instability at the foot of the slopes were
demonstrated on a long-term basis.
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