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ABSTRACT

A one-dimensional deterministic slope stability model (infinite slope model) was used to calculate average safety factors
and failure probabilities for the city of Manizales, in central Colombia. An engineering geological data base has
been created on the basis of a series of parameter maps (geology, geomorphology, Digital terrain models and slope
classes), using logic reasoning in Geographic Information Systems (GIS). A two-dimensional hydrological model
was applied to estimate groundwater levels in relation to rainfall events. A simple method for the calculation of horizontal
seismic acceleration was used for different earthquake events. To calculate average safety factors a number of scenarios
were developed, by combining the effects of groundwater and seismic acceleration with different return periods. A simple
method for error propagation was used to calculate the variance of the safety factor, and the probability that it will be less
than 1, for each pixel, within a time period of 20 vears. The highest probability value of the various scenarios was selected
for each pixel, and a final hazard map for transiational Jandslides was constructed. The results presented here are a first
approach towards a deterministic landslide hazard analysis using GIS. It has a number of drawbacks, which should be
solved in future work.
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INTRODUCTIOM

A large amount of research on landslide hazard zonation has been carried out over the last 30 years as the
consequence of an urgent demand for slope instability hazard information for planning purposes. Overviews
of the varicus siope instability hazard zonation technigues can be found in Hansen (1984), and Varnes {(1984).
Initially the investigations were oriented mainly fowards problem solving at the scale of site investigation and
development of deterministic models. A wide variety of deterministic slope stability methods is now available to
the engineer. Reviews of these can be found in, for example, Graham (1984), and Anderson and Richards
(1987). Deterministic, or physically based, models are based on physical laws of conservation of mass, energy
or momentum. The parameters used in these models can be determined in the field or in the laboratory. Most
deterministic models are site-specific and do not take into account the spatial distribution of the input
parameters. Models which take into account the spatial distribution of input parameters are called ‘distributed
models’. Deterministic distributed models require maps which give the spatial distribution of the input data. The
application of deterministic models for the zonation of landslide hazard in larger areas, however, has never seen
a more extensive development, due to the regional variability of geotechnical variables such as cohesion, angle of
internal friction, thickness of layers, or depth to groundwater. Furthermore, the calculation of safety factors
over larger areas involves an extremely large number of caloulations, which could not be executed without
the use of Geographic Information Systems (GIS}.
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Despite these problems, deterministic models are increasingly used in hazard analysis over larger areas.
Currently, only the use of deterministic models will result in real hazard maps, according to Varnes’s (1984)
definition: ‘Natural hazard means the probability of occurrence of a potentially damaging phenomenon within
a specified period of timé and within a given area’. Deterministic models, combined with the magnitude/
frequency information of triggering events, (rainfall, earthquakes), make it p@ssxbie to derive a probability
of failure, which can then be used in risk studies or in the design of enginéering structures.

Deterministic slope stability models are only applicable in landslide hazard zonation when the geomor-
phological and geological conditions are fairly homogeneous over the entire study area and the landstide
types are simple, In more heterogeneous areas they may lead to an undesirable generalization.

For the apphcatmn of GIS in deterministic modelling, one-, two- or three-dimensional approaches can
be followed. The most complex calculation procedure, using three-dimensional slope stability programs,
requires the sampling of data at predefined grid-points, and export of these data to an external three-
dimensional slope stability model. This is only applicable for very small areas, where a large amount
of data is available, and is therefors not used in regional slope stability zonation.

Also the use of two-dimensional slope stability programs in a GIS environment is seldom used (Van Asch
et al. 1993). This method requires the selection of a number of profiles from a digital terrain model (DTM)
and other parameter maps. The resulting data are exported to external slope stability models. The main
advantage of this approach is that externally existing models can be used without losing time in programming
the model algorithms in a GIS. The disadvantages of model calculations outside GIS are data conversion, and
the use of results of the model calculations in the construction of a landslide hazard map. The safety factors,
calculated afong the profiles, should be interpolated, or linked to geomorphological units, which may be very
difficult.

The most suitable method for the use of deterministic models in a GIS epvironment is one-dimensional
infinite slope modelling (Ward et al., 1982; Brass et al., 1989; Murphy and Vita-Finzi, 1991). It is the
only model which calculates slope instability on a pixel basis, and is therefore very suitable to be used in
a raster GIS.

The one-dimensional infinite slope model describes slope stability in the simplest form. It is only applicable
for the calculation of shallow translational slides. Slope stability is calculated for the pixels on a map, using
information combined from several input maps, such as slope angle, soil depth, soil strength, and depth to
groundwater, Calculations for each individual pixel will result in safety factor values, which can be used
to create a hazard map.

The basic formula for the infinite slope model is (after Graham, 1984):

& + z(ycos® B — payN cos Bsin § — yumcos® §) tan ¢’

F= >
z{7ysin B cos B+ payN cos” 3

(1)

where F = safety factory, ¢ = effective cohesion (Pa), z = depth of failure surface below the terrain surface
(m), which is equal to the thickness of ashes as we are assuming a failure surface at the base of the ashes,
~ = unit weight of soil (Nm"™ 3}, B _zermm gurface inclination (9), p =bulk density (kgm™), ap = peak
horizontal acceleration in rock (ms™2), N = amplification of seismic acceleration in soil material (dimension-
less), 7, =unit weight of water (Nm™), m = groundwater/scil thickness ration z,/z (dimensicnless),
z,, = height of water table above failure surface (m), and ¢’ = effective angle of shearing resistance (°).

For calculation purposes Equation ! was divided into two parts (Equation 2), later indicated as B; and B;:

_ d tan @' (ycos? § — panN cos Bsin § — y,mcos” §) @
z{vysin Scos 3 + pay N cos? 8) ~sin Bccs,ﬁ + pa, N cos® 8
THE STUDY AREA

In the framework of two international research projects, financed by the European Community, UNESCO
and The Netherlands government, 3 methodology was developed for the use of GIS in landslide hazard
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Figure 1. Location of the study area in Colombia

zonation (Van Westen ef af., 1993). The methods were tested in a study area in central Colombia, surrounding
the city of Manizales (see Figure 1). Manizales (300 000 inhabitants) is located at an altitude of 2000m on
the western flank of the Cordillera Central, near the Nevado del Ruiz volcano. Owing to its unfavourable
topographic location, large parts of the city are built on steep slopes, which are mostly modified by cuts
and (hydraulic) fills to provide adequate terrain for housing. Manizales has suffered strongly from landslide
problems. The landslides are a result of the geological and geomorphological setiing of the area, the wet
climate, and the fact that the area is located in a seismically active region. The geology of the area consists
of metasedimentary schists of the Quebradagrande formation of Cretaceous age covered by fluvic-volcanic
materials of Tertiary age (Manizales and Casabianca formations, consisting of debris flow material, pyroclastic
flows, alluvial materials and intercalated ashes) with different degrees of weathering. Nearly the entire area is
mantled by volcanic ashes of Quaternary age {Naranjo and Rios, 1989). The thickness of the ashes varies
from 11 m on the flat hilltops to 1 m or less on very steep slopes. The ash deposits contain layers with textures
ranging from very fine (< 63 um) to very coarse (> 5000 um) (Van Westen ef af., 1993). These changes in
texture cause perched watertables in the ashes, which can trigger soilslips, soil avalanches, and translational
slides. Most translational slides are caused by high groundwater levels in the volcanic ashes overlying
impermeable residual soil developed on schists of the Quebradagrande formation.

THE INPUT DATA

To evaluate the stability of the entire city of Manizales on a general scale (1 : 10 000) the following steps were
taken:

. construction of an engineering geological data base;

. groundwater modelling;

. calculation of maximum horizontal seismic accelerations;

. slope stability calculations using different scenarios for groundwater levels and seismic accelerations;
. calculations of maximum failure probability within a given time period.

(R RV
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Engineering geological data base

Owing to the heterogeneous nature of the superficial materials in Manizales, its rugged topography and
the small amount of driflhole information available, the engineering geological data base could not be
obtained from interpolation of material depths, derived from drillholes and outcrops. Therefore, another
method was developed based on the use of logic reasoning in GIS. With this method the spatial distribution
of the various materials could be deduced from a very detailed geomorphological map, three landslide
distribution maps from different periods, a geological map, and two DTMs from different dates with
accompanying slope maps. Combining the different maps using conditional statements in GIS made it
possible to produce the engiheering geological data base. This data base describes the materials in three
dimensions, showing both the spatial distribution of four basic material layers, and their thicknesses. As
we are working with a two-dimensional GIS system (ILWIS) this was done by separating the spatial
information from the thickness information (see Figure 2). In this way eight different maps were used
which provide the soil profile for any pixel if they are read simultaneously using a pixel-information program.
The maps show the spatial distribution of the four layers with the same material codes and can be linked with
tables containing geotechnical properties derived from laboratory tests and field measurements. The procedure
is explained in detail in Van Westen ez af. (1993, 1994). One of the most important maps in the engineering
geological data base is a map displaying the thickness of volcanic ashes. The thickness of these deposits is
related to a large number of factors, such as the distance to the voleano, the slope angle and slope direction,
the predepositional relief and the amount of erosion that has taken place. Initially a model was established
for the calculation of maximum ash cover by means of multivariate statistical analysis, in which the ash
thickness, derived from driliholes and outcrops, was used as the independent variable, and the other factors
mentioned above, as dependent variables. From this analysis, only the slope angle turned out to be significant,
so that finally a relation was made between ash thickness and slope angle only.

Groundwater simulations

In the case of deterministic landstide hazard zonation, distributed hydrological and slope stability programs
are used to calculate the spatial distribution of piezometer levels and pore pressures. Also for hydrological
models a choice can be made between one-, two- and three-dimensional models (Okimura and Kawatani,
1986; Terlien et al., 1995; Terlien, 1996).

For the groundwater modelling a simple two-dimensional model was used (Van Asch er al., 1992). This
computer model calculates groundwater levels on a daily basis in layers with different hydrological properties.

Sequence Thickness Properties

1
2
3

Combining data in GIS
Reading profiles and properties for each pixel

Figure 2. Simplified structure of the engineering geological data base for Manizales. Separate maps are made for the spatial distribution
of materials (sequence), and for the thickness of materials. Profiles can be obtained by reading all maps simultanecusly in GIS, and
combining them with geotechnical properties from tables
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As we were interested in the contact between volcanic ash materials and residual soils we applied a two-layer
model to a large number of different profiles, with different values for slope angle, slope length, ash thickness,
and saturated hydraulic oenductmty The saturated hydraulic conductivity of the first layer (ashes) was deter-
mined by field mesurements, using the inverse borehole method, and were within a range of 0-1 to 1 m per day.
The differences in saturated hiydraulic conductivity are closely linked with the grain-size distribution of the indi-
vidual ash layers, which ranges from silt to sand. Since these layers alternate within a profile, with individual
thicknesses of decimetres, and are not continuous throughout the area, it was decided to treat the entire ash
cover as one layer. Whenever fill material derived from volcanic ashes was present, this was included in the first
layer. The average saturated hydraunlic conductivity of the second layer, composed of residual soil, was 0-005m
per day.

The maximum groundwater levels for each of these profiles were calculated for a 20 year period and
used in the construction of magnitude—frequency curves Then the profiles were linked to the maps using
the engineering geological data base and the topographic information, and groundwater maps were
derived for different return periods (Van Westen et al., 1993).

Seismic acceleration

In order to be able to calculate seismic acceleration, information should be available on the magnitude,
frequency, and distance of seismic events, the material sequences, geotechnical data, groundwater levels,
and topographic conditicns. Unfortunately, no seismic data from accelerographs were available for the
study area.

Many equations have been suggested to calculate peak ground acceleration for hard rock in relation to the
magnitude and focal distance of seismic event (Hays, 1980). These equations are applicable only in those
areas where they were developed. Donovan (1973) used worldwide data to derive a general equation:

ay = 132V M(R 4 25)7152 (3)

where @, =peak horizontal acceleration for hard rock (m s7%), M =magnitude (Richter scale), and
R = hypocentre distance (km).

The value of 0-24 m s ™2, derived by this method for the 1979 earthquake (magnitude 6-3, distance to hypo-
centre 130 km) was approximately twice as low as the scarce values for acceleration at the surface, reported in
Manizales (Geotecnia, 1980). This means that there is a strong amplification of the seismic waves due to
topographic and geotechnical conditions.

A very simple estimation of the amplification of the seismic wave due to different materials can be
obtained, derived from the work of Medvedev (1965):

N = 1-67{logio(v,p,) — logio(vipy)} + of 4

where N = amplification of acceleration {(dimensionless, v, = seismic wave velocxty of the material below
the contact (ms™?), p, = bulk density of the material below the contact (kgm™), v; = seismic wave velomty
of the material above the contact (ms™"), p; = bulk density of the material above the contact (kgm™ %), and
¢of = correction factor for the depth of the phreatic water level. The acceleration values at the surface can be
calculated by muitiplying N (Equation 4) by the maximum acceleration in hard rock, derived from Equation 3.

In order to be able to calculate return periods for acceleration values, return periods are first selected for
magnitudes of earthquakes. A record of 331 earthquakes occurring within the area between 4-5-6-0° porth
latitude and 74-5-76-5° west longitude was collected for the period 1922 to 1979 from the literature (James,
1986; Valencia, 1988; Page, 1986). On the basis of these data, the following relationship between magnitude
and return period was calculated (Valencia, 1988):

=82 —2-910g(57/RY) 5

where M = magnitude on the Richter scale, and RY = return period in years.

To calculate maximum acceleration in hard rock for seismic events one must assume a distance to the
hypocentre. A relatively short distance of 112 km was used (50 km to epicentre and 100 km depth of hypo-
centre), which is equal to the distance to the hypocentre of the 1962 earthquake. The resulting acceleration
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Table 1. Some values for peak acceleration at the rockhead (ay), calcnlated for different earth-
guakes. Assumed distance to hypocentre is 112km

Magnitude (Richter) Returns period (years) Peak acceleration in rock, ay (ms™)

75 032 0-578
69 20 .. 8-408
63 15 0-324
60 0 §-242
55 h 7 0214

values for several events are given in Table I. The data used to calculate amplification for a standard profile
in the Manizales area are given in Table I (after Geotecnia, 1980).

Based on the values in Table H the amplification for different sequences of materials can be calculated
from Equation 4, For example, a sequence of fill-ash—Manizales Formation—Quebradagrande Formation
will result in an amplification value of 0-48 + 1-51 + (23 = 2:22. A correction factor of 1 was used for
groundwater occurring within 1m below the surface and an amplification value of 0-5 for groundwater
occurring between | and 4m below the surface (James, 1986).

With data from Tables I and I and with the engineering geological data base, acceleration values can be
calculated for each pixel for a given seismic event.

EVALUATING POSSIBLE FAILURE CONDITIONS

As mentioned in the Introduction, the use of even a very simple slope stability model is only feasible in
relatively homogeneous terrain. Since the material thicknesses are the most crucial uncertainty in the analysis,
an evalnation was made of the critical depth of translational landslides, by solving Equation 2 for the case
F = 1. Based on this equation a number of different scenarios were evaluated.

In Figure 3 some of the values for the relationship between the depth of the sliding piane and the surface
slope angle, derived from 2 set of translational landslides that were measured in the Manizales area, are
plotted together with some critical depth lines for extreme conditions of ¢’ and m. It is clear from this figure
that landslides occur over a very wide range of soil thicknesses and surface slope angles. Slope angles are
generally larger than 25°, and soil thicknesses range from 1 to 10m. With the exception of one, all points
are located between the maximum possible limits of cohesion and groundwater/soil depth relations.
The conditions under which failure occurs are very different, and the use of one value for cohesion or
groundwater/soil depth relation will lead to a simplification. The straight line displays the relationship
between ash thickness and slope angle which was used to make an ash thickness map.

A calculation was made to estimate the number of pixels in the map that would have safety factors lower
than 1 when the different conditions mentioned were applied (Table I1I}. From this table it can be observed
that groundwater/soil depth ratios of 0-5 and 1 lead to an extremely large percentage of pixels with a safety

Table I1. Geotechnical properties of the main material types in the Manizales area, used to calculate
setsmic amplification {(after Geotecnia, 1980)

Material Seismic velocity, v (ms™ Bulk density; plkgm™)
Fill 336 1300
Volcanic ash 038 1400
Manizales Formation 214 2600

Quebradagrande Formation 32 2600
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soil depth ratio (m = z,/5). A, ¢ = 5kPa,m = 1; B, = 10kPa,m = 1; C, d=10kPa,m=05D,¢ = 10kP2, m=0,E, ¢ = 15%Pa,
m = 0; F, the relationship between ash thickness and slope angle which was used to make the ash thickness map

factor less than 1. This situation is, of course, very unlikely. Groundwater/soil depth ratios are not constant
for different ash thicknesses. In the case of thin ash thicknesses this ratio may be as high as 1, and for thick
ash it is seldom higher than 0-3. The influence of cohesion can also be evaluated from Table Ii1. In the case of
a cohesion of 5 kPa and an earthquake acceleration an unrealistically high percentage of the area is predicted
to fail, even under dry conditions.

When the results of Table I are compareﬁ with Figure 3 it is clear that the map includes many other
combinations of slope angle and ash or fill thickness than those predicted with the model (straight line in Figure
3). The reason for the deviation is the occurrence of fill material on top of the ash. Fill thickness was calculated
as the difference in DTMSs between 1949 and 1989. For those pixels with a fill thickness value that value was
added to the thickness value coming from the straight line F in Figure 3. For those pixels where the terrain
had been excavated, the excavation depth value was subtracted from the depth obtained from the straight
line. The lower part of Table III displays the results of calculations performed on the fill materials. It appears
that for 3700 pixels (1 per cent of the map area) the slopes will always fail, even in dry conditions and with
high values for cohesion. This result must be due to errors in the DTMs and the slope maps.

Before the factor-of-safety maps were calculated it was considered important to remove the impossible
combinations from the data set, caused by srrors in the input data. The material maps obviously contain
many combinations of soil thickness and slope angle, which are caused by errors in calculating il thickness
from DTMs. All points falling to the right of the curve showing critical depth for a cohesion of 15 kPa under
dry conditions and without earthquake acceleration (line E in Figure 3) were displaced horizontally until
they reached line E. This means that with any small increase of groundwater level or earthquake acceleration
the terrain at these pixels will fail.

FACTOR-OF-SAFETY MAPS

Factor-of-safety maps were calculated, using Equation 2, for a2 number of scenarios, with different magnitudes
of rainfall related groundwater levels, and seismic accelerations. Six scenarios were calculated:

dry condition, without earthquake;

groundwater with return period of 20 years, without earthquake;

completely saturated condition, without earthquake;

dry condition, with an earthquake of 6-9 Magnitude, with a return period of 20 years and occurring at a
hypocentral distance of 112 km;

o
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Table IV. Parameters used in the calculation of safety factors for six different scenarios. The parameters, used as maps,
are given in bold. See Equation 1 for the definition of the parameters

Scenarios
Parameters in Equations 1 and 2 1 2 3 4 5 6
d (Pa) 10660 10000 19000 16000 10000 10000
z (m) ASHT ASHT ASHT ASHT ASHT ASHT
y(nm™) 11000 14060 16600 11060 14000 14000
p (kgm™) 1100 1480 1600 1160 1400 1400
ay (ms™2) 0 0 0 0-408 0-408 0-408
N () 0 0 0 N N§16 N20
tan ¢’ (=) 0-58 0-58 0-58 0-58 058 0-58
Y (Nm ™) 10000 10000 10000 10060 10000 16600
m (-} g M20 i 0 Mi616 W26

5. groundwater with return period of 0-16 years (occurring 2 months per year}, and an earthquake with a
return period of 20 years;
6. groundwater with return period of 20 years, and an earthquake with a return period of 20 years.

The parameters used in Equation 2 for the six scenarios are presented in Table IV. As can be seen from this
table, some of the parameters are entered as values, and other are maps (shown in bold) related to different
return periods.

The resulting factor-of-safety maps were classified into three classes, and the percentages of cover of the
three classes were calculated (see Table V). The results show that the hypothetical scenario 3 — fully saturated
conditions — will produce most landslides (31-9 per cent of the map has a safety factor smaller than 1}.

The maps calculated on the basis of rainfall and earthquake are very similar, because a higher ground-
water table as well as a high value of seismic acceleration have the same influence on the factor of safety.
The combined effect of both a high groundwater level and a high value for earthquake acceleration will
have a much stronger effect, but the probability that these two triggering events occur simultaneously is
extremely low (less than 0-001). The map calculated for scenario 1 — dry conditions without an earthquake
— gives a good indication of the error in the calculation. The §-6 per cent with safety factors below 1, and part
of the 3-4 per cent with values between 1-0 and 1-5, are due to the presence of fill material on top of ashes.

The classified factor-of-safety map calculated for scenario 2 is given in Figure 4. The strong relationship
between the parameter maps (soil thickness, groundwater) and the slope angle is seen clearly in the map, as
most of the areas with low safety factors occur on steep slopes. The slopes north and south of the central
part of Manizales, where most of the squatter areas are located, have an especiaily high frequency of
unstable areas. The slopes in the northeastern sector of the city, where future urbanization is planned,
show a tendency to become unstabie after extreme rainfall as well as due to earthquake events.

Table V. Percentage of study area with classified safety factors for six different scenarios

Percentage for scenarios

Class Safety factory 1 2 3 4 5 6
1 01-1-0 06 1i-4 319 1.3 159 18-8
2 1-0-1-3 34 15-1 20-0 186 18-9 185
3 >1'5 96 735 481 801 655 62:6
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Figure 4. Classified factor-of-safety map for the study area calculated on the basis of groundwater levels related to a rainfall event with a
return period of 20 years (scenario 2)

FAILURE PROBABILITY MAPS

In the previous section, a method to calculate safety factors was explained, which uses average values for the
various input parameters. Most of these factors contain a large degree of uncertainty. For this reason, the use
of safety factors calculated from average values is not recommended. It is better to present the maps as average
safety factors plus or minus the standard deviation. Standard deviations and variances can be calculated in two
ways;

# Stochastic methods are sometimes used for selection of input parameters (Mulder, 1991). Hammond e? al.
(1992} presented methods in which the standard deviation of the factor of safety is caiculated from
selected input variables following the Monte Carlo technigue. This method requires a number of repeated
calculations, normally between 200 and 100 000, which all have to be stored in separate maps. This makes
the technique less suitable within a GIS.

e Another method for the calculation of the variance of safety factors is the use of error propagation
techniques (Burrough, 1987; Heuvelink, 1993). This requires the construction of difficult equations, following
rules for error propagation during arithmetical operations.

In this work a relatively simple formula for error propagation was used (Equation 6), based on Burrough
{1987), which only takes into account the variance of the most important parameters (s, ¢ tan ¢').

VAR(F) = B? (Vﬁi(c') + CQVAR(’")) + BiVAR(tany) (6)

z*
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where VAR(F) =variance of the safety factor, VAR(() =variance of effective cohesion, VAR
(tan ') = variance of the tangent of the effective friction angle, VAR(z) = variance of the ash thickness,
B, and B, =the two separate terms of Equation 2.

The variances of the cohesion and the angle of internal friction for the ash deposits can be calculated from
sampling point data. The standard deviations for ash deposits are in the order of 5 to 6 kPa for the cohesion,
and 3 to 5° for the friction angle. The variance used here are 25kPa for ¢’ and 0-005 for tan(y').

Determining the variance of ash thickness is much more difficult. From the field observations a very large
variation of ash thickness for the same siope range was found. A simple calculation of standard deviations
for each slope range would not yield satisfactory results. The approach that was chosen instead to determine
the variance of ash thickness is based on the critical depth calculations, presented earlier in Figure 3. Based
on a variable groundwater table, and different seismic acceleration values, it is possible to draw approximate
upper and lower curves for critical depths (see Figure 5). In near-horizontal slopes the variance will be the
lowest. It will increase slightly in slope ranges of 5 to 15°, depending on the amount of erosion. Once the
critical depth curve is reached, the difference between the maximum and minimum critical depth will become
very large, depending on differences in groundwater depth/soil thickness ratios (m). In the steeper slope
ranges the variance becomes small again as the maximum and minimum curves approach each other. It is
also assumed that due 1o erosion there will be no more ash cover at slope angles larger than 60°,

In calculating the variance of the safety factor, only the variances of cohesion, friction angle and soil thickness
were taken into account. The variance of the groundwater depth/soil depth ration () and that of the seismic
acceleration were too difficult to take into account. Based on these, partly hypothetical, variances of the input
factors, the variance map for the safety factor was calculated, using Equation 6.

If it is assumed that the safety factors have a normal distribution, the deviation from the F = 1 value can
be calculated. This deviation is expressed by a Z-value {Blalock, 1979):

_1-AVG(F) _1-AVG(F)
~ JVAR({F)  SID(F)

(7

The Z-value can be considered as the distance between the average safety factor, AVG(F) which was calculated
in the previous section, and F = 1, expressed in ordinates of Z-standard deviation. The total area under
the normal curve is equal to 1. From a table of Z-values (Blalock, 1979) the area under the curve up to the
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Figure 6. Schematic representation of the calculation of failure probability. See text for explanation

average safety factor can be obtained, which is equal to the probability that values lower than F = 1 can
occur. A graphical presentation is given in Figure 6. The failure probability can be calculated for two
different cases;

1. The left part of Figure 6 shows the failure probability for a positive Z-value. FAVG{(F) < 1 then Z > §
{Equation 7) and the probability that F < | is formed by the total area indicated in the figure (> 0-5).

2. The right part of Figure § shows the opposite case with a negative Z-value. If AVG(F) > 1 then Z < 0
and the probability that F < 1 is formed by the total shaded area (< 0.5}.

Probability maps were calculated for the six scenarios presented earlier. Figure 7 shows the distribution
of the resulting probability classes for scenarios 2 and 5, with a differentiation of pixels with volcanic
ashes and fill materials. It is clear from this figure that the pixels with fill materials, calculated from
the differences in DTMs based on maps from 1949 and 1989, have the highest probability values.

The values for the failure probability calculated so far are only based upon the variance of the input
parameters — cohesion, friction angle and soil thickness — given a certain magnitude for rainfali-related
groundwater and/or seismic acceleration. To derive real probabilities, these values were multiplied by the
probability that a given event, described in each of the scenarios, will occur within a given time period. In
this case a design period of 20 years was used — the assumed design period for the low-budget housing
projects in the Manizales area. Multiplication by the time probability will result in very low total probability
values {which is the time probability multiplied by the probability based upon the variance of the input
parameters) for scenarios 3, 5 and 6, due to their low time probability values. Scenario 3 — fully saturated
conditions - is hypothetical, and will therefore result in final probability values of 0. For scenarios Sand 6
the final values will be very low, as the probability that both a rainfall event and an earthquake occur on
the same day will be low.

For the calculation of the overall hazard map for Manizales, all possible scenarios with respect to the
magnitudes of the triggering factors should be caiculated, and the results presented as probability values
within a 20 vear design period. Fortunately, a number of scenarios with combined rainfall and earthquake
effects can be neglected, as their time probability will be so low that it will not be significant. Therefore, a
selection was made of 15 scenarios, with the effect of one single triggering factor only. Out of the 15
maps produced for each of these scenarios, the highest probability value was selected for each pixel. The
resulting map is given in Figure 8. This map shows values up to ! in the steep squatter areas north and south
of the city centre. In those areas, it will be very likely that a translational slide may occur within a 20 year
period.
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DISCUSSION AND CONCLUSIONS

The final hazard map was checked with the occurrences of landslides. From the landslide distribution maps
from the 1960s and 1980s, only the scarps of surficial translational landslides, that had occurred between
1960 and 1990, were selected. The resulting map was overlain with the hazard map. The result shows that
2-4 per cent of the landslide scarps were in places with pixels having a probability larger than 0-1. This is
not a very good indication, as it is not required that all pixels within a potential landslide should have
high probability values. If the individual landslides are evaluated, 62 per cent of the 438 landslides had pixels
with a probability larger than 0-1. This means that 38 per cent of the shallow translational landslides were
not predicted. This may be caused by the fact that they did not occur in volcanic ashes, or that the landslide
occurred within the ash deposits themselves, and not on the contact between ashes and residual soils, for
which the hazard map is made.
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To test the accuracy of the actual probability values, the hazard map was overlain with the total landslide
distribution map of the 1980s. Of all pixels with a probability between 0-1 and €5, 20 per cent were actually
covered by landslides, and for the pixels with a probability larger than 0-5, 26 per cent. For this last group the
expected value should be somewhere around 75 per cent. This difference is caused mainly by the presence of
fill materials on top of ashes, which have probability values that are too high (see Figure 7). This leads to the
conclusion that the resulting safety factors and probability values should not be used as absolute values.
They are only indicative and can be used to test different scenarios of slip surfaces, groundwater depths,
and seismic accelerations. They can also be used to analyse the sensitivity of the various input parameters,

The method presented here has a series of drawbacks, which should be taken into account.

e The ash thickness map based on the model line (line F in Figure 3) is a rather conservative estimation.
Most of the pixels are stable under groundwater/soil thickness ratios smaller than 0-5, even when earth-
quake acceleration is taken into account. In reality, soil thickness may be much larger than calculated in
the model. : '

¢ When fill thicknesses are used the situation is reversed. More than a realistic number of pixels with fill
material will fail even under normal conditions (Figure 7). This is caused by errors in the DTMs and
by the assumptions that the fill material is deposited on top of ashes. The soil thickness map, which
was used in this study, is only 2 rough approximation of the real situation. More research should be
carried out to obtain a better model for ash thickness, and the errors in the DTMs should be reduced.

¢ The landstide hazard map was only calculated for the occurrence of translationat slides on the contact of
volcanic ashes and/or fills, and residual soils. For the inclusion of other landslide types and failure
mechanisms, other methods should be used.
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e The groundwater map is made using a simple two-dimensional hydrological model. Accumulation of
groundwater related to slope length or concavity was not taken into account. More research is required
to incorporate three-dimensional hydrological models in the analysis (Terlien et al., 1995; Terlien, 1996).

e The soil variables (cohesion, friction angle, density and saturated conductivity) are assumed to be uniform
for the same material, throughout the area. In future studies, the spatial variability of the soil strength
values should also be taken into account.

& For determining seismic acceleration values empirical relations, developed in other areas, were used.
Topographic amplification was not taken into account. Local information from accelerographs is
required to update these values.

# For the probability calculation only the variance of ash thickness, cohesion and friction angle were taken
into account.

e No effects of the city itself, such as loading by houses, impervious terrain surfaces, leaking water pipes, or
stabilization measures, were included in the calculations.

e The model which was used only outlines the initiation points of the landslides. Many landslides in the area
occur as soil avalanches, which destroy even more houses in the transportation zone. Neighbourhood
analysis should be used to model these areas, based on the initiation points provided by the map of
Figure 8.

The list of drawbacks makes clear that only general conclusions can be drawn from the resulting maps.
The probability map for translational landslides should be used, in combination with landslide distribution
maps and hazard maps for other landslide types, to make a general zornation map. The improvement of the
resulting hazard map by collecting more data may be very difficult, as many variables are very heterogeneous
within an urban area like Manizales. The method may be more applicable over more homogeneous areas at a
large scale {over 1:10000).
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