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Abstract

The temporal trend of displacement of a landslide on a low-gradient clay slope in the Italian Dolomites as a
function of precipitation was simulated with a combined hydrological-slope stability model based on groundwater
and surficial displacement observations. Piezometric records and lithological profiles {rom boreholes suggest the
occurrence of preferential groundwater flow through a very permeable top layer of about 1 m thickness, which overlics
a less permeable, compact clay layer penetrated by dead-end cracks. To simulate groundwater levels in this system, a
linear reservoir model with two outlets was applied, where the upper outlet drains the permeable top layer, and the
lower outlet drains the dead-end cracks in the clay layer. The reservoir was assigned a bottom boundary level varying
in time. This was done to represent an inferred yearly fluctuation of a matric groundwater level due to regional Aow,
which controls the thickness of the unsaturated part of the clay layer absorbing water from the cracks. Groundwater
output from the model was used in a visco-plastic stability model to simulate the velocity of landslide movement,
taking into account a phenomenon of strength regain that occurs in the clays along the slip surfaces. Calibration and
validation on 3 years of groundwater and displacement data showed that both models yield good results. Thus, good
estimates of cumulative landslide displacement were obtained as a function of precipitation. The general concepts
underlying the models offer possibilities for regionalization because from a geological point of view, this landslide is
typical of many others in the Dolomites. © 1998 Elsevier Science B.V.

Keywords: Displacements; Dolomites; Groundwater; Landslides; Models; Monitoring

1. Introduction stopes is required. However, landslides are difficuit

phenomena to investigate because they are com-
monly geologically and morphologically very com-
plex. Consequently, many models for simulating
the temporal behaviour of landslides remain con-
fined to a specific site for which all particular
features are considered.

This paper presenis an attempt to model the

In order to assess landslide hazard in mountain-
ous areas related to meteorological factors, a con-
ceptual understanding of relations between
precipitation, pore pressures and stability of hill-
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(28]

temporal activity of a slow-moving landslide on a
low-gradient clay slope in the Dolomites (north-
east [taly). The models applied were kept as simple
as possible to enable future regionalization; many
landslides occur on geologically and morphologi-
cally similar slopes in this area { Angeli et al., 1992,
1996¢). On the basis of permanent monitoring of
precipitation, groundwater levels and surficial dis-
placement, a concept for the temporal behaviour
of the landslide in relationship to meteorology is
proposed. This is incorporated into a combined
numerical hillslope hydrology—stability model. A
linear reservoir model for simulation of ground-
water levels was coupled to a visco-plastic stability
model. Because the latter model is discussed in
detail by Angeli et al. (1996b), the focus will be
on the hydrological model, and the combination
of the two models.

2, Alvera landslide study area
The Alvera landslide is situated near Cortina

d’Ampezzo in the Dolomites. Fig. I shows its
location and Fig. 2 shows a schematic geological

M.G. Angeli et al. | Engineering Geology 49 (1998) 1-13

cross-section. The landslide is described in detail
by Angeli et al. (1992), Deganutti and Gasparetto
{1992), Gasparetto et al. {1994), Gasparetto et al.
(1995), and Angeli et al. (1996a,c). The geological
structure of the area is characterized by a repeated
succession of dolomitic and pelitic rocks. This
structure has strongly influenced the morphologi-
cal evolution of the area since the retreat of the
Witrmian glaciers (Panizza et al., 1996): the land-
scape is dominated by steep dolomitic walls
{Dolomia Principale) with gentler slopes at their
base, developed in less-resistant formations. The
landslide developed on a low-gradient slope
(average inclination 7.3°) and involves lithotypes
belonging to the San Cassiano Formation, which
consists mainly of interbedded marls, shales and
grey-coloured calcarenites. In the study area, a
particularly clayey facies of this formation prevails.
As a result of its nature, the San Cassiano
Formation is subject to intense weathering, with
the consequent production of a clayey-silty mate-
rial which is largely involved in several landslides,
including the Alvera landslide. The vegetation on
the landslide consists of tall grass and patches of
reed. Laboratory tests, carried out on samples

ITALY
J
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Fig. t. Geographical setting of the Alvera landstide.

altitude (m.as.l.)

21000

190{H

170(H

1500+

1300

L1040~

Fig. 2. Schematic geologi
Carnian~Raethian p.p.} v
Carnian) pelites and mark
crystalline dolomites; (4)
and grey-colowured calcare

from various depths
surface, provided the
Since 1989, a n
installed consisting
equipped with elect
inclinometers and 1
the continuous meas
ment {see Fig. 1). T
30m in depth. The
piezometer tube are
rated. Moreover, a
topographic survey
movements to be de
tion was also set up i
{both rainfall and
temperature and sm
recorded automatica

Table |
Geotechnical characterist

Bulk unit weight
Clay content

Liquid limit
Plasticity index

Residual shear angle




is described in detail
nutti and Gasparetto
74}, Gasparetto et al.
'6a,c). The geological
iterized by a repeated
| pelitic rocks. This
1iced the morphologi-
ce the retreat of the
;al., 1996): the land-
zep dolomitic walls
entler slopes at their
ant formations. The

low-gradient slope
d involves lithotypes
10 Formation, which
ed marls, shales and
n the study area, a
is formation prevails.

the San Cassiano
nse weathering, with
f a clayey-silty mate-
in several landslides,
ie. The vegetation on
grass and patches of
ded out on samples

S

M.G. Angeli et al. | Engineering Geology 49 ( 1998) 1-13 3

abtitude (m.as.1.) 0 400 m
21060
19007
F 1K)
13004
1 3017
1100~

Advera
Cortina

ﬁ?%

R. Bigontina

Fig. 2. Schematic geological cross section of the slope affected by the Alverd landstide. Legend: (1) Dolomia Principale (Upper
Carnian—Raethian p.p.} white and grey cyelic dolomites with stromatholitic and massive lithozones; (2) Raibl Formation (Upper
Carnian} pelites and marls, limestones and microcrystalline dolomites; (3) Dolomia Cassiana { Lower Carnian) white greyish, massive
crystalline dolomites; (4) Quaternary deposits {scree slope): (5) San Cassiano Formation (Lower Camnian) interbedded maris, shales

and grey-coloured calearenites; and (6} landsiide body.

from various depths in the slope and from the slip
surface, provided the geotechnical data in Table 1.

Since 1989, a monitoring system has been
instalied consisting of 11 open-pipe piezometers
equipped with electric.pressure transducers, four
inclinometers and 11 steel wire extensometers for
the continuous measurement of landslide displace-
ment (see Fig. 1). The boreholes range from 9 to
30m in depth. The top 2Zm of each open-pipe
piezometer tube are closed, the remainder is perfo-
rated. Moreover, a network of benchmarks for
topographic surveying has allowed superficial
movements to be detected. A meteorological sta-
tion was also set up in order to record precipitation
{both rainfall and snow water equivalent), air
temperature and snow cover thickness. Dafa are
recorded automatically every 10 min.

Surficial movement averages about
0.08 m year~!. The inclinometric measurements
revealed that a narrow zone at 5 m depth below
the ground surface accounts for 75% of the
recorded deformation, while the remaining 25% 1s
caused by a broad creep zone between 17 and
25 m depth.

3. A concept for the temporal behaviour of the
landslide

First, some observations relating to the hydrol-
ogy of the landslide are summarized, based on the
monitoring data and some additional field meas-
urements, Four piezometers show no significant
response to any meteorological event. OFf these,

Table 1
Geotechnical characteristics of the Alverd landslide (Angeli et al., 1996b)
Bulk unit weight Any depth 18.7kNm™?
Clay content Any depth 30-63%
Shear surface 68-71%
Liquid limit Any depth 47.7-71.0%
Shear surface 91.5-99.1%
Plasticity index Any depth 15.5-33.0%
Shear surface 44.5-51.1%
Residual shear angle Any depth 16.7° {direct shear test)

Shear surface

15.9° (ring shear test)
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two are known to be broken by ground movement
and the perforated section of another was blocked
by excessive benthonite sealing. All four were
excluded from further analysis. A representative
example of the remaining piezometer records, the
record of S5, is shown in Fig. 3, together with the
corresponding extensometric record. The following
features in the records are striking:

(1) Above a certain “threshold” level, ground-

water fluctuations are invariably rapid (within
a few days), strong (up to almost 1 m} and of
short duration (within days), following liquid
precipitation (Hennrich, 1995). The threshold
level lics between —0.40 and —1.50 m in the
piezometers; in 85 it is about — 1.00 m. Peaks
following snowmelt in early spring have a
longer duration.

The fall of groundwater below this level
strongly depends on the season. In winter, no
fall at all is observed even when (liquid)
precipitation is zero for weeks. In summer, the
fall of groundwater is much faster, even after

(3)

very large precipitation events. In the case of
a sufficiently large event, a groundwater rise
can be as strong and as rapid as in other
seasons, no matter how low the initial level is.
Other summer events seem not to be large
enough to generate infiltration into the cracks.
Surficial movement is correlated to ground-
water peaks above the threshold level.

These features gave rise to the following

considerations:
(1} The rapid piezometric responses are attributed

to an infiltration process through a superficial
system of interconnected cracks. This system
not only works as a fast flowpath from the
ground surface to the water table, but is also
capable of rapidly discharging the infiltrated
water (Fig. 4). The depth of this crack system
is assumed to correspond with the “threshold”
level. The surficial movement seems to be
related to this short-term hydrological regime,
at least at this location.
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Fig. 3. Characteristic response of piczometers and extensometers on the Alverd landslide: example 85,
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Fig. 4. Hydrological concept of the Alvera landslide, as inferred from groundwater and displacement data.

(2) The extension of occasional *dead-end” cracks
to greater depth, where they may dissect the
perforated sections of the piezometers, pro-
vides short pathways for infiltrating water
{Fig. 4), and is a reasonable explanation for
the rapid groundwater rises recorded by the
piezometers.

{3) The marked seasonal difference in the rapidity
of the fall of groundwater levels is believed to
be caused by an annual cycle of regional
matrix flow. This flow, which is independent
from both (superficial and *‘dead end™) crack
systems, reaches its maximum level at the end
of winter, and its minimum level at the end of
summer. The drainage rate from the “dead
end” cracks could then be explained by the
head difference between the water level in
these cracks and the regional groundwater
level; in other words, the thickness of the
unsaturated part of the clay layer (Fig. 4).

(4) The failure of many smaller summer precipita-
tion events to produce any groundwater rise
suggests a water deficit in the matrix of the
root zone caused by evapotranspiration, which
must be replenished before infiltration into the
cracks can occur.

Numerous soil profiles showed a transition of a
superficial, oxidized root zone into a reduced clay
layer. The depth of this transition corresponds
with the depth of the superficial crack system, and
provides a possible physical representation of this

system by plant roots and macropores. However,
the deeper “dead end’ cracks are more probably
caused by movement of the landslide. These con-
siderations are schematized into the following
hydrological concept: a layer with a continuous,
isotropic, permeable crack system overlies a layer
with dead-end cracks in an otherwise clayey
matrix. For convenience, these two layers will be
referred to as the “‘root zone” and “clay layer”,
respectively.

4. Hydrological model

The hydrological concept outlined above was
incorporated into a numerical model by adapting
the model EPL (estimation of piezometric levels)
(Hendriks, 1992}, An application of this model to
another landslide study is given by van Asch et al.
{1996). The model consists of two linear reservoirs
placed in series [Fig, 5{a)}]. It was adapted such
that the water level in the upper reservoir is
influenced by the lower one whenever the latter is
full [Fig. 5(b)]. In fact, the model now consists of
one reservoir with two outlets, but for convenience
the terms “upper/lower reservoir” will be used in
the explanations. The following equations govern
the level in the reservoirs:

dSe= (P~ 0 ~Q,) dt, (L
S—S¢

O =
& k

) (2a)
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water
s, level
b Qy = 8yl
water
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5,
Q& = Sk
@
water level
s | g e — Q= (8-80/%,
Se
v Qp = Sfk,
(L)

Fig. 5. (1) The EPL-model {Hendriks, 1992); (b) adaptation of
the EPL-model for simulation of groundwater levels on the
Alvera landslide.

(Zb)

where § is storage (L); P is the effective precipita-
tion (L); Q; is the discharge from the upper
reservoir (LT ™1); @, is the discharge from the
lower reservoir (L T™1); Sc is maximum storage
of the lower reservoir (constant) (L}; and ky, A
represent the discharge coefficients for upper and
lower reservoirs, respectively (T).

If the upper reservoir is empty (§=<S5¢), then
0,=0, and Eqgs. (1) and (2b) are combined to:

ks 40 =(P—0y) dt. (3)

By discretizing dr to Ar, dQ, to O{t+Af—04(r)
and O, to 0.5{0,(r + A} + Qa(t)3, Eq. (3) becomes

(Hendriks, 1992):

IICZ - At
O (t+ A= O, (1) PA:.

R, —_—e
Joy +0.5A0 7 Jey +0.50¢

(4)
The mean storage in a timestep is then given by:
0.5{St+ AN+ SO =05k {Q{t + A+ O(1)}.

(5)

If the upper reservoir is not empty (3= S¢), then
Eqs. (1), {2a) and (2b) are combined as:

ky0s— S
k, dQ2=(Pmi——5—QZ) dr. (6)
iy

By applying the same discretization, this can be|
rewritten as:

O, (1 + A=

Weidoy OO+ AL(2k, P— ke O5(8) — k5 O (1) +28¢)

e by + Ar{ley +k3) (7

and the mean storage can again be found with
Eq. (5). A particular situation occurs when
S(t) < Sc and S{r+A#) =S¢ In this case, Eq. (3)
applies until Se is reached; from then, Eg.(6)
applies.

To calculate the fraction of the timestep T
needed to reach S in this case, Egs. (1) and (3)
are combined to the differential equation (Q, still
being zero):

L
dS=(Pm——S) ds, (&)
ky
which can be solved to yield
|
t=—k;In (Pm——S)—i-C‘ (9)
2

The beginning of the timestep is defined as 1=0,
with S, the storage at the beginning of the timestep,
known [§(z=0)]. The constant C is then known
and Eq. (9) becomes:

1 1
l=kz In (P__S(I=0))“‘*ln (P_._. _S>.
ke, k

(10).
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remaining part o
equation is Eq. (7'
of Ar. The mean :
can then be calcule
The opposite si
S(r+ A1) < S¢] can
combining Egs. (]
differential equatio
to groundwater lev
ity or storage capa

5. Application of th
Alvera landslide

In the Alvera Iz
reservoir represent:
reservoir the clay le
the landslide area
flow that was inferr
probably has a mu
the extent of this
properties are knov
to assess. Based .
regional flow is ass
it must not be par
the reservoir model
cale, Therefore, it
boundary conditior
timestep, but varie
to a sinus-function
reservoir is physica
the dead-end crack
above the regional
from the cracks is
below the regional
surrounding the cr:
to the annual cycle
table, ‘the lower re
through the year. T
water table, the smu
reservoir Sc [Eq. (
charge from it since
[Eq. (2b)]. Dischar
remains unaffected
remains constant. '
function describing




I

4 ——— PAL
fe, +0.5At

}
(4)
step is then given by:
{Q@+An)+ 0D}
(5)

t empty (S=S¢), then .
combined as: '

Qz) dt. (6)

retization, this can be |
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T is obtained by taking Sc for S. During the
remaining part of the timestep, the governing
equation is Eq. (7), but with Ar*=Ars—T instead
of Ar. The mean storage for the whole timestep
can then be calculated from S(¢), S(r+A¢) and T.
The opposite situation [ie. S{r)>Sc and
S(t+Ar) < Sc] can be handled in a similar way by
combining Eqs. (1) and (6) and solving the
differential equation. Storage levels are converted
to groundwater levels through division by a poros-
ity or storage capacity parameter R,

5. Application of the hydrological model to the
Alvera landslide

In the Alverd landslide case study, the upper

- reservoilr represents the root zone and the lower

L (1) —ka Q2(2) +25¢)
+ka3) (7}

again be found with
tuation occurs when
-. In this case, Eq. (3)

d; from then, Eq.(6):

n of the timestep T
case, BEqs. (1) and (3)
:ntial equation (Q, still

(8)

reservolr the clay layer. The model comprises only
the landslide area itself. However, the regional
How that was inferred from the piezometric records
probably has a much larger feeding area. Neither
the extent of this area, nor its geohydrological
properties are known and both entities are difficult
to assess. Based on the piezometric data, the
regional flow is asswmed to have an annual cycle;
it must not be part of the drainage equations of
the reservoir model, which work on a daily times-
cale. Therefore, it is incorporated as a bottom
boundary condition which is constant during one
timestep, but varies through the year, according
to a sinus-function with a 1 year period. The lower
reservoir is physically represented by that part of
the dead-end crack system in the clay layer that is
above the regional groundwater table. Drainage

. from the cracks is only possible from this part;

: below the regional groundwater table, the matrix

)

step is defined as r=0,
sginning of the timestep,
stant C is then known

i
—In (Pw — S).
'

(10)

surrounding the cracks is already saturated. Due
te the annual cycle of the regional groundwater
table, the lower reservoir expands and contracts
through the year. The higher the regional ground-
water table, the smaller the thickness of the lower
reservoir S¢ [Eq. {(2a)] and the smaller the dis-
charge from it since total storage S is also smaller
[Eq. (2b)]. Discharge from the upper reservoir
remains unaffected because (S—S¢) in Eq.(2a)
remains constant. The parameters of the sinus-
function describing the regional water table are

defined as follows: the yearly maximum is set mid-
February and the yearly minimum half a period
later, i.e. mid-August. These are the periods when
the highest and lowest levels in the crack system
of the clay layer are recorded. The maximum
regional groundwater level is equal to the top of
the clay layer (1 m below the ground surface), the
minimum level was set at 2 m below the surface,
which is slightly lower than the lowest recorded
level (in August 1990). With this function, the
regional groundwater level can be calculated as
function of the time of year:

2
GW o, = — 1.50~0.5 sin | — daymumber |, (11)
’ 365

where daynumber is 91+ k365 (k=1,2,...} so that
on 17 August sin[..]=1.

Porosity values for the superficial and dead-end
crack systems (R, and R,) were estimated from
ratios between effective precipitation and ground-
water rise in borehole 85, for 16 events between
1989 and 1995. Only winter events were considered
to minimize the difference between gross and effec-
tive precipitation. For example, in December 1995,
8.6 mm of rain caused a groundwater rise from
—1.71 mto —1.43 m (=280 mm) in the clay layer,
50 R, equals 8.6/280=0.03. In other words, 1 mm
of effective precipitation would cause an increase
in storage S of | mm, but an increase in ground-
water level of about 33 mm. Assuming that leakage
does not take place, such an wnusually low R-
value may be explained by the generation of local
over-land flow above the soil matrix which then
reaches a crack and infilirates after all. Thus, the
crack system receives more infiltration than its
areal equivalent.

Groundwater flow perpendicular to the slope is
neglected, Support for this assumption comes from
the observation that the major sireams bordering
the landslide are deep enough to capture most of
the flow through the superficial crack system. A
possible lateral component in regional matrix flow
is incorporated in the sinus function mentioned
above.

The conversion of gross to effective precipitation
is problematic because of the lack of data. Yet
evapotranspiration is probably important because
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many smaller summer precipitation events are
apparently buffered by a water deficit in the root
zone, In the model, a fraction of precipitation is
subtracted, followed by a fixed value, where the
former represents interception (only occurring
during precipitation} and the latter transpiration
by vegetation (which occurs also on dry days).
The interception percentage is set at 15% during
the season of maximum development of the grass
cover {June-September). In the other seasons,
interception is neglected. Transpiration is set at
2 mm day~! provided the mean daily air temper-
ature exceeds 5°C, otherwise it is neglected. A
negative precipitation surplus is entirely subtracted
from the water storage in the matrix of the root
zone provided this water storage is maximal; if
not, then the subtracted amount linearly decreases
with decreasing storage {Thornthwaite and
Mather, 1957). Thus, a water deficit is built up,
which must be replenished before infiltration can
occur into the cracks. The maximum water storage
in the root zone was derived from pF curves
measured on 25 root zone samples.

Finally, snow must be considered as well because
it is the main mode of precipitation during winter.
The meteorological station on the landslide records
snow water equivalent (SWE}. Snowmelt is gov-
erned by the following equation:

M=min[SWE, ¢(T— Ty, (12)

where M is the snowmelt rate (mmd ~%); T is the
mean daily air temperature (°C); 7, is the temper-
ature below which no snowmelt occurs (°C); and
¢ is the snowmelt coefficient (mm day ™ **C ™). This
“degree-day method” is used, for example, by
Bergstrém (1976). Padt {1987} obtained calibra-
tion values of 7, and ¢ for the Dolomites; these
are shown in Table 2.

To help the reader, a one-timestep example
of the modelling procedure is included in
Appendix A, using input parameter values from
Table 2, which shows the model parameter input
values that produced the best calibration fit. For
calibration, the S5 piezometer series was chosen
because it has the longest temporal span {7 years).
The model was calibrated for the period August
1992--September 1993, and validated for May
1990-July 1992.

6. Results and discussion of the hydrological model

Fig. 6 shows the simulation results. The response
pattern is reproduced very well, although some
recorded peaks are underestimated or missed. In
terms of model robustness, the parameters &, and
k, are the two calibration parameters. However,
model output is quite sensitive to changes in the

‘porosity values. A satisfactory physical explana-

tion of the low porosity values is still lacking.
Even if the supposition of over-land flow infiltra-
tion into cracks stated in Section 5 holds true,
considerable simplification is introduced by using
constant instead of transient values: swell—shrink
behaviour of clay and organic material may tempo-
rarily change the porosity of the crack system.
These are important reasons for detailed field
research on this subject.

Another important research topic is the meas-
urement of evapotranspiration parameters. Despite
the good results produced, values for these parame-
ters were a rough guess; if the values used are
unrealistic, they could offset another source of
error, thus producing reasonable results after all.
This exercise shows the difficulty of modelling
landslide hydrology: even if one of the simplest
possible conceptual hydrological moedels is applied
on a very well-instrumented landslides, several
processes remain unclear or unverified.

7. Slope stability modelling

In the classical approach to slope stability analy-
sis, soil strength is regarded as a unique resisting
force. As a direct result, movement starts as soon
as the equilibrium between driving and resisting
forces is modified by a finite pore-water pressure
increase acting along the slip swrface. At this
moment, a net force difference between driving
and resisting forces becomes available. This net
force is constant and the landslide moves subject
to constant acceleration with an infinitely increas-
ing velocity.

This is in contrasi with field evidence, which
shows that the velocity becomes constani with
time provided that the pore pressures along the
slip surface remain constant. In order to give a

Table 2
Input parameters to th
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Precipitation, lemperat
Snowmelt threshoid ter
Ceeflicient of snowmeli
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Interception
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Table 2

Input parameters to the hydrological model

Parameter Symbol Value

Precipitation, temperature P T Transient

Snowmelt threshold temperature Ty —03 ¢C)

Coefficient of snowmelt ¢ 1.9 (mm d ~1°C)
Potential evapotranspiration ET 2 (mmd ™Y (if T>5°C)
Interception i/ 0.13 P (summer only)
Thickness upper reservoir D, 1.00 w2

Thickness lower reservoir D, Minimum 0 m: maximum 2 m {sin furction)
Discharge coefficient upper reservoir I 0 {d)

Discharge coefTeicient fower reservoir ke 30 (d)

Porosity upper reservoir R, 0.06 (=)

Porosity lower reservoir Ry 0.03 (=)

0.2

- groundwater level {m below surface)

May-90

Oct-90 Mar-91 Jub-91

Dec-91

May-92 Oct-92 Mar-93 Aug-93

time (month)

Fig. 6. Predicted (grey) and abserved (black) groundwater levels.

clear explanation of this behaviour, the effects of
viscous resisting forces developing in the montmor-
illonitic clay composing the landslide had to be
considered. The development of a Bingham-type
visco-plastic rheological model (Angeli et al.,
1996b} led to the conclusion that once the fric-
tional resistance is overcome, the landslide starts
moving with a velocity controlled by a viscous

resistance term. The difference between driving
and resisting forces in terms of stresses now
becomes (see also Fig. 7):

nds\ ma mdy
| Te e e e e

where 7 is the driving stress (M LT "2); 7, is the

(13)
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resisting force (shear strength)

T+ (m/z)(ds/dr)

Tr

ds/dt

"Ibg

ds/dt
By

T

Fig. 7. Principle of the visco-plastic rheological model { Angell
et al., 1996b).

frictional resistance (M LT ~%); 5 is the coefficient
of viscosity (M LT ~1); z is the thickness of deform-
ing soil around the slip surface (L); v is the velocity
(LT™Y; m is the sliding mass (M); a is the
acceleration constant (L T ~%); A4 is the area of the
slip-plane portion corresponding to a sliding mass
m; (L2); and ¢ is time (T).
Integration of Eq. (13) yields:

X eln a—Y

Y

Yo

) (14}

where

A An
X= and Y=,
{1 — (6o — ) tan ¢) mz

and (o, —u) tan ¢’ is the residual shear strength
(MLT™); 4, is the total normal stress
(M LT ™%, and u is pore pressure (M LT ~3).

Because the landslide has failed already, the
frictional resistance 7, equals the residual shear
strength. The velocity becomes dependent on the
pore pressure variation only, when all other param-
eters are constant. Because the thickness of the
moving part of the landslide (5 m) is small com-

pared with its length (1500 m), the infinite stope
model can be adopted to calculate T and ¢ from
bulk unit weight, slope angle and residual angle of
internal friction along the slip surface {¢") of the
landslide (Table 1}. Pore pressure u can be calcu-
lated from recorded groundwater levels, slope
angle and unit weight of water. Due to the difficulty
of seperately determining n and z with laboratory
or in situ tests, they are combined as the term s/z
on which the model was calibrated. The term is
analogous to Bingham's expression for viscous
resistance ny, For more details about the model:
and its calibration see Angeli et al. (1996b).

In addition, field observations revealed different
pore pressure threshold values for triggering the!
landslide movement. On the basis of laboratory
tests carried out on the montmorillonitic clay,
these thresholds were attributed to soil strength
regain {thixotropy). Furthermore, it was found
that the longer the rest time of the landslide, the
higher the sirength regain relative to the residual
strength. This implies that landslide movement
after a long period of rest is triggered only when
the pore pressure exceeds the value at which the
landslide stopped. Direct shear tests revealed that
the net difference between the two pore pressure
thresholds, after identical periods of rest, exactly
corresponded to the soil strength regain that was
observed in the field. In this way, a more refined
mode] capable of explaining all the phenomena
operating in the field was obtained. Using the
observed pore-pressure series and strength regain
data, it was possible to reproduce the observed
trend of landslide displacement, again of S5
{ Angeli et al., 1996b).

8. Linked hydrological and slope stability modelling

The simulated groundwater levels were used as
input to the stability model in order to directly
obtain displacement values as a function of precipi-
tation. Results are shown in Fig. 8 for the period
September 1990-September 1993, again for bore-
hole 85. The correspendence between modelled
and observed deformation is good except in the
second half of 1992. This is probably due to a
decreased reliability of the displacement measure-
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Fig. 8. Predicted and observed landslide displacement.
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(2)

It must be realized that a validation was
carried out on one groundwater-displacement
record only, The performance of the combined
model depends on the success of a validation
against the other records without the necessity
of strongly modifying the model parameters.
Although the other records have similar pat-
terns, they are not yet long enough to carry
out a reliable calibration.

The good performance of the combined model
supports the physical interpretation of the
processes assumed in the two models, although
some of them need to be better quantified and

(3)

verified in the field. These processes may be
representative for similar low-gradient clayey
slopes, which are widespread in the Italian
Dolomites and many other mountain regions.
Therefore, the model has perspectives for
future use in regional landslide studies, pro-
vided the condition from conclusion 1 is
fulfilled.

The model can be applied for civil protection
purposes or climate impact studies in the
future. In fact, the prediction of landslide
movement on the basis of precipitation and
the possibility to provide a kind of an alarm
in case of extreme precipitation events can
represent in some practical cases a powerful
tool in order to preserve safety in densely
populated areas affected by large landslides.
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Appendix A

One-timestep example of hydrological modelling
procedure. Model parameters, as mentioned in the
equations in the text, should be assigned values
taken from Table 2

On 20 May 1990, mean air temperature was
7.9°C, and total precipitation was 9.8 mm. First,
effective precipitation is calculated from processes.
If snow were available, snowmelt would be
[Eq.(12)): 1.9(7.9-—0.3)=15.6mmd ™!, and
total precipitation for this day would increase to
25.4 mm. However, no snow was present on the
previous day, so the stored snow water equivalent,
and hence snowmelt, is zero.

Next, evapotranspiration losses are calculated.
In this time of the year, the grass vegetation is still
short; thus, interception is neglected. Because mean
temperature exceeds 5°C, potential evapotranspi-
ration is 2 mm d ~!. Actual evapotranspiration is
smaller than potential evapotranspiration if the
water storage in the root zone is maximal; this
difference becomes larger when the soil becomes
drier. At the beginning of the day, however,
the matrix was saturated; therefore, potential
equals actual evapotranspiration. Effective precip-
itation  becomes {1 —interception)? —actual
evaporation=1.00 x 9.8 —2="7.8 mm. This amount
infiltrates the landslide. Because the root zone is
saturated, as stated above, all this water enters the
crack system. If daynumber 2 is the 20th May; the
regional groundwater table becomes [Eq. (11)]:

GW o = —1.50—0.5 5in(27/365)2 = — 1.52 m.

Suppose that the groundwater level at the begin-
ning of the day (timestep) is within the clay layer:

G(t)=—1.40m. Because the apparent porosity
of the dead-end crack system in the clay layer is
0.03 (Table 2}, storage above the regional water
table is: S(1)=(—1.40~—1.52}»0.03=0.0036 m,
Eq. (2b) applies with, according to Table 2,
ky=50days and O,(r) becomes 0.0036/50=
72x107°md =t With FEq.(4), QU-+Ar) at

the end of the timestep can be calculated, withe

At=1day, O,(1)=72x107°md™!, P=78

mme=0.0078m and k,=50days: QO(+Af)=
23x107%md~ . Applying Eq. (2b) backwards
yields S(t+Af)=23x107*x50=0.011m. T
groundwater level at the end of the timestep
now calculated through division by the porosity:
G(t+A=0.011/0.03—1.52=—1.15m. Because
this value is stifl befow the boundary between the
root zone and clay layer (at —1.00 m), the use of,
only Eq. (4) was justified. Had G(s+At) become.
higher than —1.00 m, then the procedure should:
have to be repeated, using Egs.(7) and (10).
Finally, mean groundwater level for the day is
calculated: {~~1.40—1.15}/2=—1.28 m.

References

van Asch, T.W.J., Hendriks, M.R., Hessel, R., Rappange, F.E.2
1996. Hydrological triggering conditions of landslides in
varved clays in the French Alps. Eng. Geol. 42, 239-251. ¢

Angeli, M.G., Menotti, R.M., Pasuto, Silvane, S., 1992. Land:

slide studies in the Eastern Dolomites Mountains, [taly.
Bell, D.H. (Ed.), Landslides. Proceedings of the 6th Interr
tional Symposium on Landslides, Christchurch, New
Zealand, Vol. 1. Balkema, Rotterdam, pp. 275-282. .
Angeli, M.G., Gasparetto, P., Menotti, R.M., Pasuto, A.
Silvano, 8, 1996a. Examples of mudslides on jow-gradien
clayey slopes, In: Senneset, K. (Ed.), Landslides. Proceeding
of the 7th International Symposium on Landslides, Trond
heim (Norway), Vol. I. Balkema, Roiterdam, pp. 141-145.
Angeli, M.G., Gasparetto, P., Menotti, R.M., Pasuto, A.
Silvano, S., 1996b. A visco-plastic model for slope analysi
applied to a mudslide in Cortina d’Ampezzo, Italy. Q. J. Eng;
Geol. 29, 233-240. -
Angeli, M.G., Pasuto, A., Silvano, S., 1996¢. Landslide hazard
in high mountain areas: case histories in the Ttalian Dola;
mites. J. Geol. Soc. China 39 (4), 401-422.
Bergstrom. S., 1976, Development and Application of a Conz
ceptual Runof Model for Scandinavian Catchments. SMHE
Report RHO 7, Norrképing. 0
Deganutti, A.M., Gasparetto, P. 1992, Soine aspects of a mud
slide in Cortina, Italy. In: Bell, D.H. {Ed.), Proceedings o
the 6th International Symposium on Landslides:

R

Christchurch (New Z
pp. 373-378.
Gasparetto, P., Panizza.
M., 1994, Research
Casale, R., Fantechi,
QOccurrence and Fores
Community { Final R¢
European Commisior
Gaspareito, P., Mosseln
mobility of the Alver?
Geomorphology 15, -
Hendriks, M.R.. 1992,
EPL model. Internal
ment of Physical Geo
Hennrich, K., 1995, Ana



he apparent porosity
m in the clay layer is.
we the regional water:
52)x0.03=0.0036 m.
ccording to Table 2,
becomes 0.0036/50=

5q‘ (4)9

in be calculated, with:
0~*md~!, P=78
50 days:  O(t+An)="

1 Eq. (2b) backwards:

*%x50=0011m. The
nd of the timestep is:
sdision by the porosity:
'=~[.15m. Because
boundary between the
t —1.00 m), the use of
Had G(t+ Ar) become
the procedure should
1g Eqgs.{7) and (10).
r level for the day is
Pee —1.28 m.

, Hessel, R., Rappange, F.E.,
conditions of landslides in
s. Eng. Geol. 42, 239-251.
nto, Silvano, S., 1992, Land-
lomites Mountains, Haly. In
-oceedings of the 6th Interna-
islides, Christchurch, New
terdam, pp. 275-282,
Menotti, R.M., Pasuto, A..
f mudslides on low-gradient
Ed.), Landslides. Proceedings
asium on Landslides, Trond-
1a, Rotterdam, pp. 141145,
Menotti, R.M., Pasuto, A.
istic model for slope analysis
a d’Ampezzo, ltaly, Q. }. Eng

). S.. 19%6c. Landslide hazard
histories in the Italian Dolo-
4}, 401-422,

it and Application of a Con-
dinavian Catchments. SMHI

1992. Some aspects of a mud-
I, D.H. {Ed.), Proceedings ol
Landslides.

'mposiun - on

QU +Ar at

M.G. Angeli et o | Enginecering Geology 49 ( {998) 1-13 13

Christchurch {New Zealand), Vol. 1. Balkema, Rotterdam,
pp. 373-378.

Gasparetto, P.. Panizza, M., Pasuto, A., Silvano, S., Soldati,
M., 1994. Research in the Cortina d’Ampezzo area. In:
Casale. R., Fantechi, R., Flageollet, J.C. {Eds.}, Temporal
Occurrence and Forecasting of Landslides in the European
Community { Final Report). Science Research Development,
European Commision, Brussels, pp. 741-768,

Gasparetto. P., Mosselman, M., van Asch, TW.F, 1995. The
mobility of the Alvera landslide {Cortina d’Ampezzo, Italy).
Geomorphology 13, 327-333.

Hendriks, M.R., 1992, Estimation of piezometric levels: the
EPL medel. Internal manual, Utrecht Usiversity, Depart-
ment of Physical Geography.

Hennrich. K., 1993, Analysis of the relation between precipita-

tion and groundwater of the Alverd landslide, Cortina
d'Ampezzo, Italy, M.Sc. Thesis, University of Heidelberg
(in German).

Padt, FJ.G., 1987. Hydrological regionalisation applied to
snowmelt and snowmelt runofl. Internal report, Earth Sci-
ences, Free University, Amsterdam.

Panizza, M., Pasuto, A., Silvano, S., Soldati. M., 1996, Time
occurrence and activity of landslides in the area of Cortina
d’Ampezzo (Dolomites, Italy). In: Soldati, M. (Ed.), Land-
stides in the Eurepean Union. Geomorphology 15, 311-326.

Thornthwaite, C.W., Mather, J.R., 1957. Instructions and
tables for computing potential evapotranspiration and the
water balance, Drexel Institute of Technology. Laboratory
of Clmatology. Publications in Climatology, Vol. 10 {3},
Centerton, N1, pp. 185-309.




NOTE TO CONTRIBUTORS
A detailed Guide for Authors is available upon request, Please pay attention to the following notes:

Language

Thegoffi%ial language of the journal is English, but occasional articles in French and German will be considered for
publication. Such articles should start with an abstract in English, headed by an English translation of the title. An abstract
in the language of the paper should follow the English abstract. English translations of the figure and table captions
should also be given.

Preparation of the text

{a} The manuscript should preferably be prepared on a word processor and printed with double spacing and wide
margins and include an abstract of not more than 500 words.

(b} Authors should use IUGS terminclogy. The use of S.|. units is also recommended.

(¢} The titie page should include, the namel(s) of the author{s} their affiliations, fax and e-mail numbers. in case of more
than one author, please indicate to whom the correspondence should be addressed.

References

{a} References in the text consist of the surname of the author(s), followed by the year of publication in parentheses, All
references cited in the text should be given in the reference list and vice versa.

{b) The reference fist should be in alphabetical order.

Tables
Tahles should be compiled on separate sheets and should be numbered according to their segquence in the text. Tables
can also be sent as glossy prints to avoid errors in typesetting.

Hlustrations

{a) All illustrations should be numbered consecutively and referred to in the text.

{b} Drawings should be lettered throughout, the size of the lettering being appropriate to that of the drawings, but taking
into account the possible need for reduction in size. The page format of the journal should be considered in designing
the drawings.

{c) Photographs must be of good quality, printed on glossy paper.

{d} Figure captions should be supplied on a separate sheet.

{e) If contributors wish to have their original figures returned this should be requested in proof stage at the latest.

{f} Colour figures can be accepted providing the reproduction costs are met by the author. Please consult the publisher
for further information.

Page Proofs

One set of page proofs will be sent to the corresponding author, to be checked for typesetting/editing. The author is not
expected to make changes or corrections that constitute departures from the article in its accepted form. Proofs should
be returned within 3 days. The office fax number is: +31-20-48524589.

Reprints
Fifty reprints of each article published are supplied free of charge. Additional reprints ¢an be ordered on a reprint order
form which will be sent to the corresponding author upon receipt of the accepted article by the publisher.

SUBMISSION OF MANUSCRIPTS

Three copies should be submitted to: Editorial Office Engineering Geology, P.O. Box 1930, 1000 BX Amsterdam, The
Netherlands. flustrations: Please note that upon submission of a manuscript three sets of all photographic material
printed SHARPLY on GLOSSY PAPER or as HIGH-DEFINITION LASER PRINTS must be provided to enable meaningful
review. Photocopies and other low-quality prints will not be accepted for review.

The indication of a fax and e-mail number on submission of the manuscript could assist in speeding communications.
The fax number for the Amsterdam office is +31-20-4852696.

Authors in Japan please note: Upon request, Eisevier Science Japan will provide authors with a list of people who can
check and improve the English of their paper (before submission). Please contact our Tokyo office: Elsevier Science
Japan, 20-12 Yushima 3-chome, Bunkyo-ku, Tokyo 113; Tel. (03)-3833-3821; Fax (03}-3836-3064,

Submission of an article is understood to imply that the article is original and unpublished and is not being considered
for publication elsewhere.

SUBMISSION OF ELECTRONIC TEXT

Authors are requested to submit the final text on a 3.5” or 5.25" diskette, Both double density (DD} and high density (HD}
diskettes are acceptable. Make sure, however, that the diskettes are formatted according to their capacity (HD or DD)
before copying the files onto them. As with the requirements for manuscript submission, the main text, list of references,
tables and figure captions should be stored in separate text files with clearly identifiable file names. The format of these
files depends on the word processor used. Texts written with Display Write, MultiMate, Microsoft Word, Samna Word,
Sprint, TgX, Volkswriter, Wang PC, WordMARC, WordPerfect and Wordstar or supplied in DCA/RFT, or DEC/DX format
can be readily processed. In all other cases the preferred format is DOS text or ASCII. It is essential that the name and
version of the word processing program, the type of computer on which the text was prepared, and the format of the
text files are clearly indicated.

Authors are encouraged to ensure that the contents of the diskette correspond exactly to the contents of the hard copy
manuscript. Discrepancies can lead to proofs of the wrong version being made. The word processed text should be in
single column format. Keep the layout of the text as simple as possible; in particular, do not use the word processor's
options to justify or to hyphenate the words.

If available, electronic files of the figures should also be included on a separate floppy disk.




Fractal Models in the Earth Sciences

“Afractal is a mathematical set
or object whose form is
extremely irregular and/or
fragmented at all scales." So
reads Mandelbrot's definition
of the term which he coined
and widely popularised in his
famous monographs. This
volume presents the first
systematic summary of the
fractal modsls that have been
proposed to explain the
irregular features and
phenomena of the Earth —
from meandsring rivers and
rugged coastlines to the pore
space of reservoir sandstones
and the praediction of
earthquakes. No pravious
knowledge of fractals is
assumed. Conneactions and
analogies with other fields of
natural and technical sciences
{(physics, biology, fractography,
etc.) are always pointed out.
Mare than 300 illustrations are
included, demonstrating how
fractal geometry reveals
astonishing similarities
between natural phenomena at
widely different scales. The
pracise description of
mathematical algorithms; the
exhaustive list of references
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geological/geophysical
applications of fractals to the
end of 1982; and the
well-organized Author and
Subject Indices with cross
referances make the work an
indispensable refarence book
for anyone using fractals to
describe irregular data sets.

The readarship for this book is
wide and includes: geological
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describing and analysing
irregutar spatial data; as well
as applied mathematicians,
physicists and computer
scientists {ooking for new fields
of research.
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