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Abstract: By comparing landslides triggered by Hurricane Mitch in the metropolitan area of Tegucigalpa, 
Honduras with the results of a regional GIS-based slope-stability analysis, we establish relative hazard categories 
for future landslide occurrence.  The stability analysis employed here is the infinite-slope analysis, which uses a 
slope map derived from a 1:10,000-scale triangulated-irregular-network model with 10-m-cell centers, a geologic 
map recently modified by Japanese geologists of  the Japan International Cooperation Agency (JICA), and esti­
mated shear strengths for each of the geologic units.  Fully saturated conditions were assumed for the slopes sub­
jected to the intense rainfall during Hurricane Mitch. Slope stability in terms of factor of safety (FS) values were 
calculated for each cell of the map. Values near 1.0 indicate possible failure and correlate well with actual land­
slides triggered by the hurricane.  A statistical analysis comparing the distribution of landslides with FS values 
allowed the grouping of FS values into landslide hazard categories. 

INTRODUCTION 

The intense, prolonged rainfall of 
October 29-31, 1998, from Hurricane 

Mitch triggered more than 200 landslides 
in and around Tegucigalpa, Honduras. 
Landslides triggered by Hurricane Mitch 
within the Tegucigalpa area are docu­
mented as a 1:10,000-scale landslide 
inventory map by Harp and others 
(2002). The landslide source areas on 
this map indicate the least stable slopes 
within the Tegucigalpa area during the 
rainfall conditions that existed during 
Hurricane Mitch. All but four landslides 
in this inventory were debris flows that 
mobilized from relatively shallow soil 
slides originating within colluvium or 

METHOD OF ANALYSIS 

The slope-stability model that we use 
for the initiation of debris flows is 

the infinite slope model. This model por­
trays the slope as a rigid friction block on 
an inclined plane. The ratio of the length 
of the block to its thickness is assumed to 
be infinite; thus, this analysis is appropri­
ate for relatively thin slabs of soil such as 

weathered bedrock. These four land­
slides are deep-seated slump/earth flows 
and debris slides and are described in 
Harp and others (2002). 

The purpose of this report and 
accompanying maps is to quantitatively 
estimate the susceptibility and hazard of 
slopes within the metropolitan area of 
Tegucigalpa to future debris flows from 
an extreme event such as Hurricane 
Mitch. To do this, we use a Geographic 
Informations Systems (GIS) analysis 
based on a simple limit-equilibrium 
model of an infinite slope in materials 
having both frictional and cohesive 
strength. 

those that form where debris flows 
initiate. 

The limit-equilibrium equation for 
the static factor of safety (FS) of this 
infinite slope is the ratio of the resisting 
forces on the slope element to the driving 
forces: 
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c’ tanφ’ mγw tanφ’ 
FS = + −γtsinα tanα γtanα 

where FS is the factor of safety, c’ is the  
effective cohesion, φ’ is the effective fric­
tion angle, α is the slope angle, γ is the 
material unit weight, γw is the unit weight 
of water, t is the slope-normal thickness 
of the slope element, and m is the propor­
tion of the element thickness that is satu­
rated. High values of factor of safety 
reflect stable slopes while low 
values reflect relatively unstable slopes; 
values less than 1.0 indicate statically 
unstable slopes. Using equation 1, we 
calculate the FS for each slope element 
(grid cell); ranges of FS are then colored 
to produce a susceptibility map. 

Slope Map 

Atriangulated-irregular-network (TIN) 
model derived for the Tegucigalpa 

area permits calculation of the slope of 
the land surface. The TIN model used 
for our slope map is derived from a topo­
graphic map having a 2.5-m contour 
interval provided by the Japanese 
International Cooperative Agency 

Equation 1 

For purposes of simplicity, the unit 
weight of the soils (γ) is estimated to be a 
constant 15.7 kN/m3 (100 lbs/ft3), and 
the slab thickness is estimated to be a 
constant 2.4 m, reflecting the average 
debris-flow thickness in the region. For 
conditions during Hurricane Mitch, we 
assume a fully saturated soil column 
(m=1). Evaluating this equation thus 
requires knowing or estimating the slope 
angle (α) and the shear-strength parame­
ters, which include the effective cohesion 
(c’) and the effective friction angle (φ’). 
Shear strengths are assigned to specific 
geologic units; therefore a geologic map 
of the area is also required. 

(JICA). From this we constructed a TIN 
model to produce a slope map with 
10-m-grid centers. Grid centers of 10 m 
were chosen as the optimal spacing given 
the scale of the topographic map from 
which it was derived. A slope map con­
structed from the TIN for this same area 
is shown in figure 1. 

Figure 1. Slope map generated from the TIN of the central part of Tegucigalpa.
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Geologic Map 

The most recent geologic map of 
Tegucigalpa is that prepared by geol­

ogists of JICA (2001) at a scale of 
1:10,000. This geologic map is a modifi­
cation of part of a previous 1:50,000­
scale geologic map of the Tegucigalpa 
1:50,000-scale topographic quadrangle 
(Rodgers and O’Conner, 1990).  The 

JICA map portrays the geology of the 
Tegucigalpa area in greater detail and 
subdivides some of the generalized units 
shown on the previous map. For the pur­
poses of our analysis, we have used the 
digital files of the JICA geology in 10-m 
cells (figure 2). 

Figure 2. Geologic units in the central part of Tegucigalpa.


Strength of Slope Materials 

The shear strength of slope materials 
is a combination of two parameters: 

effective cohesion (c’) and effective 
angle of friction (φ’). We estimated rep­
resentative values of shear-strength 
parameters for each geologic unit by 
examining these units in the field and 
comparing them with geologic units 
elsewhere for which ranges of shear 
strength are known. This was necessary 
because almost no geotechnical data 
exists for the geologic units of Honduras. 
A few actual shear-strength values of 
material from the Río Chiquito 
Formation and the Padre Miguel Group 

were available from samples taken by the 
U. S. Army Corps of Engineers for the 
analysis of the slope stability of the El 
Berrinche landslide in Tegucigalpa.   The 
actual ranges of uncertainty for cohesion 
and friction angle are unknown. The 
ranges in these parameters that we have 
employed in our estimates result in as 
much as 15% difference in FS values for 
cohesion and as much as 20% difference 
in FS for friction angle. Figure 3 shows 
digital cohesion and friction-angle maps 
of the same area covered in figure 2. A 
list of the cohesion and angle of friction 
values are also listed in Table 1. 

3




Table 1. Shear strengths of geologic units 

[Conversion: 1 lb/ft2 = 0.0479 kPa] 

Geologic 
Unit 

Description c’ (lbs/ 
ft2) 

ϕ’ 
(degrees) 

Riverbank Clay,silt, sand, cobbles. 350 34 

Qal Clay, silt, sand, cobbles, boulders. 350 34 

Qe3 Terrace, sand and cobbles. 200 34 

Qe2b Terrace deposits, sand and cobbles. 300 34 

Qe2a Terrace deposits, silt, sand, and cobbles. 400 34 

Qe1 Terrace sediment, sand, cobbles. 300 34 

Qb Basalt 1000 43 

Qan2 Andesite 700 35 

Qan1 Andesite and rhyolitic tuff, weathered. 300 25 

Qdt Debris-flow deposits 300 35 

Tpm3 Padre Miguel Group, ignimbrite sequence, upper 
member, rhyolitic tuff. 

400 30 

Tep Padre Miguel Group, tuffaceous sediments, 
conglomerate, sandstone, and siltstone. 

500 20 

Tcg Padre Miguel Group, Cerro Grande member, 
weathered rhyolite and ignimbrite. 

300 25 

Tpm2 Padre Miguel Group, ignimbrite sequence, middle 
member. rhyolitic tuff. 

300 20 

Tpm1 Padre Miguel Group, ignimbrite sequence, lower 
member, rhyolitic tuff. 

500 25 

Tpml Padre Miguel Group, lahar sequence, debris-flow 

deposits. 

400 25 

Ti Intrusive rhyolite. 700 35 

Tm Matagalpa Formation, weathered tuff, tuff breccia, 
and andesitic flows. 

600 23 

Krc Río Chiquito Formation, mudstone, siltstone, 
sandstone, and conglomerate. 

300 20 

Kvn Villa Nueva Formation, conglomerate, sandstone, 

and volcanic tuff. 

300 38 
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B 

Figure 3. Shear-strength values for the area shown in figure 2.  (A) Cohesion. (B) Friction angle. See Table 1 
for a list of cohesion and shear-strength values. 
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FACTOR-OF-SAFETY MAP 

Using equation 1, the factor of safety 
is calculated for each 10-m-grid cell 

using the shear-strength values appropri­
ate for each geologic unit and the slope 
from the TIN model.  The resulting map 
is shown on Plate 1. The various cate­
gories of factor of safety are portrayed as 
different colors ranging from dark red for 
the lowest values or least stable slopes to 
light green for the highest values or most 
stable slopes. 

To evaluate the accuracy of the map 
in portraying the relative stability of 
slopes, we have also plotted the landslide 
inventory from Hurricane Mitch for com­
parison. Most of the landslide locations 
correspond to the lowest factors of safety. 
We have plotted a histogram showing, 
for each factor-of-safety range, the per­
centage of cells in that range that are in 
landslide source areas (figure 4). 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 
0-1 1-1.5 1.5-2 2-2.5 

The proportion of cells within land­
slide source areas shown in figure 4 
decreases with increasing factor of safety. 
This distribution shows good agreement 
with the susceptibility analysis because 
most of the cells within landslides are 
located within the lowest factors of safe­
ty.  Ideally, all of the landslide source 
areas should be located in areas having 
factors of safety less than 1.0; however, 
analyses of this type are regional approx­
imations and contain generalized esti­
mates of both slope values and material-
strength properties such that the cluster­
ing of cells within landslide source areas 
within the lower factor-of-safety values 
shown in figure 4 is a good validation of 
the analysis results. 
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Figure 4. Histogram of probability (percent of landslide cells in a factor-of-safety 
range) versus factor of safety for landslides triggered by Hurricane Mitch in 
Tegucigalpa. 
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HAZARD CATEGORIES 

To provide a tool for future land-use 
planning and emergency prepared­

ness, the factor-of-safety (susceptibility 
map) has been modified to highlight the 
hazard levels within five different ranges 
of factor of safety.  The basis for this 
modification is the observed landslide 
distribution within each of these factor-
of-safety ranges (see figure 4). In accor­
dance with this distribution, factor-of­
safety values of less than 1.0 are catego­
rized as "very high", 1.0-1.5 as " high", 
1.5-2.0 as "moderately high", 2.0-3.0 as 
"moderate", and >3.0 as "low". The cor­
responding probabilities for each of the 
categories are: "very high"-1.03%, 
"high’-0.31%, "moderately high"-0.13%, 
"moderate"-0.07%, and "low"-0.03% (see 
Table 2).  These probability estimates are 
calculated by dividing the number of 
map cells within landslide-source areas 
in a given factor-of-safety range corre­
sponding to a landslide hazard category 
by the total number of map cells within 
that factor-of-safety range.  For example, 
there are 383 map cells within landslide-
source areas in the factor-of-safety range 
of 0.0-1.0 corresponding to the category 
"very high". There are 37,067 total cells 
within this factor-of-safety range. Divid­
ing 383 by 37,067 yields approximately 
1.03% or the probability that a given 
map cell within this hazard category will 
experience a landslide under saturated 
slope conditions produced by a rainfall 
event similar to that created by Hurricane 

Mitch. The landslide-hazard categories 
are depicted on Plate 2 as the landslide-
hazard map of Tegucigalpa.  

It should be noted that the hazard 
categories displayed on Plate 2 refer to 
source areas only. As debris flows are 
triggered, they commonly travel into map 
areas depicted as having lower hazard. 
Although models of debris-flow runout 
exist, it is difficult to accurately predict 
average runout distances for a given 
storm event or suite of geologic materi­
als. A more accurate sense of the range 
of runout distances and the hazard due to 
debris-flow movement is obtained by 
inspection of the debris-flow outlines, 
which are plotted on Plate 2. 

The utility of having these landslide-
hazard categories is to forecast what is 
likely to happen in future climatic events 
that trigger landslides (debris flows) in 
the Tegucigalpa area.  The probabilities 
listed above and depicted on Plate 2 are 
valid for extreme events similar to 
Hurricane Mitch, for which an assump­
tion of fully saturated soil conditions is 
reasonable. For less extreme rainfall 
events, fewer landslides will likely be 
triggered than the numbers produced by 
Hurricane Mitch. However, the distribu­
tion of triggered landslides for any storm 
scenario (notwithstanding possible local 
rainfall variability) is likely to be similar 
and therefore conform to the hazard cate­
gories estimated using the Hurricane 
Mitch inventory. 

Table 2. Hazard categories for landslides in the Tegucigalpa area 
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SUMMARY 

Using a slope map prepared from 
1:10,000-scale topographic data sup­

plied by the Japan International 
Cooperative Agency (JICA) and shear-
strength values estimated for the geologic 
units on a recent 1:10,000-scale geologic 
map produced by JICA, we have con­
ducted a GIS-based susceptibility analy­
sis that estimates the factor of safety of 
each 10-m cell based on an infinite-slope 
model (Plate 1). Then, using the inven­
tory of landslides triggered by Hurricane 
Mitch in Tegucigalpa of Harp and others 
(2002), a hazard map was constructed 
(Plate 2) by comparing the number of 
landslide source areas with the factor-of­
safety values. 

The hazard map constructed for 
debris flows in the Tegucigalpa area has 
five categories: very high, high, moder­
ately high, moderate, and low to describe 
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