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1. Introduction
Human and economic losses generated by landslides occur 
every year in all countries; however, the impact of landslides 
varies considerably according to the local geological 
conditions and socio-economic vulnerability [1, 2]. Although 
landslides do represent changes in terrain morphology 
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within the natural and continuous geomorphological cycle 
[3] their occurrence in recent decades has been closely 
tied to world population growth and consequent urban 
expansion on susceptible slopes to this type of processes 
[4, 5]. 

Landslides are caused by a variety of hydrological, geological, 
and anthropological factors, compelling researchers to take 
an interdisciplinary approach to predicting their occurrence 
[6]. The factors controlling the occurrence and distribution 
of landslides can be categorised as quasi-static variables 
or dynamic variables. The quasi-static variables contribute 
to slope susceptibility, which defines the spatial distribution 
of landslides, and dynamic variables control the triggering 
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hydrological tank model that includes water storage in 
the soil and a geotechnical, classical analysis of infinite-
slope stability under saturated conditions. The model was 
proposed to improve understanding of the mechanisms 
associated with slope instability and rainfall infiltration in 
mountainous areas located in rainy environments, where 
increased population pressure has led to the expansion of 
development into landslide-prone areas.

More recently, a number of studies has examined 
the forecasting performance of linear and non-linear 
hydrological models [38, 39]. Linear models have been 
widely applied in hydrology simulation, and especially in 
models based on unit hydrograph. However, several authors 
do not consider it a safe practice because hydrological 
events of great magnitude underestimate the discharge 
flow when nonlinearities are not considered. Nonlinearity 
is more critical for small catchment in complex terrains 
during intense rainstorms [40].

This paper compares the forecasting performance of 
linear and nonlinear SHIA_Landslide model, to evaluate 
the nonlinearity effects on the performance of a combined 
hydrology and slope stability model in tropical and 
mountainous terrains. The study simulates the September 
21, 1990 rainstorm event in the La Arenosa catchment, 
where more than 600 of landslides were triggered during 
just three hours of rainfall.

2. The model SHIA_Landslide
SHIA_Landslide is a FORTRAN program for computing 
positive pore pressure changes as well as resulting changes 
in the factor of safety due to rainfall infiltration, using a 
physical and conceptual based, distributed hydrological 
and geotechnical coupled model to provide an assessment 
of slope-failure condition.

The hydrological module of SHIA_Landslide is formed by two 
fundamental components: a water balance that simulates 
the dominant hydrological processes in the catchment 
and a routing component that simulates the flow of water 
through the river network. Each grid cell corresponds to a 
system of five interconnected tanks that communicate with 
their respective tank in the downstream cell. The first four 
tanks represent the basin’s runoff production processes, 
while the last tank represents the transfer process runoff. 
A more detailed description of the SHIA_Landslide can be 
found in [37].

The first tank (T1) is called static storage and represents 
interception and water detention in puddles and the 
capillary water storage in the soil-rooting zone, which is a 
function of field capacity and effective root depth. The only 
outflow from this storage is real evapotranspiration (E

1
). The 

second tank (T2) is called surface storage and represents 
water on the hill’s sloped surface that is flowing over the 
slope and has not infiltrated. The third tank (T3) represents 
the gravitational water storage in the residual soil between 
field capacity and saturation. This tank models the water 

factors on landslide-prone-slopes and characterise 
landslides’ temporal patterns, such as rainfall [6, 7]. 

Regarding to landslides induced by rainfall, two different 
failure mechanisms have been discussed in the literature. 
The first mechanism is based on the idea of the rainfall rate 
exceeds the percolation rate, creating a perched subsurface 
water flow in the residual soil parallel to the slope. Failure 
occurs due to increased pore pressure caused by the rapid 
reduction of shear strength in undrained conditions, which 
has been called static liquefaction of the material by several 
authors [8-12]. The second failure mechanism proposes the 
development of an advancing wetting front from the slope 
surface in which the material is still in an unsaturated state 
when failure occurs due to reduced suction, as the mass 
behaves like a rigid body [13-15]. 

The complexity of calculating the probability of obtaining 
an increased critical pore pressure or reduced suction 
and, consequently, predicting a rainfall-triggered landslide 
occurrence, is a function of many intimately related 
parameters. One of the most important recent advances 
that has allowed researchers to consider all of these 
variations is the use of physically based models [16-22].

Physically based modelling of rainfall-triggered landslides 
proposes hillside hydrology as a subsurface flow in a 
steady state [23] or vertical transient dynamic flows [24]. 
Other models based on the static state in kinematic wave 
hydrology have been used for saturated hillside slopes in 
many studies [25-27]. Several models are available in the 
literature. One of the first and most recognised physical 
models is called SHALSTAB [23]. SINMAP (Stability Index 
MAPping) [28], and LISA (Level I Stability Analysis) [29], are 
similar models using the hydrological SHALSTAB approach. 
The dSLAM (distributed Shallow Landslide Model) is a 
coupled hydrological-geotechnical model modified as the 
Integrated Dynamic Slope Stability Model (IDSSM) [16, 30]. 
CHASM (Combined Hydrological and Stability Model) is a 
distributed physically based two-dimensional model [31]. 
TRIGRS is a Fortran program [32], based on the transient 
one-dimensional vertical infiltration model created by 
Iverson [24]. A similar approach, using the analytical 
approximate solution of the Richards equation, is called 
HIRESSS (High REsolution Slope Stability Simulator) [33]. 
Recently, a model called GEOtop-FS was proposed [34]; and 
tRIBS (TIN-based Real-Time Integrated Basin Simulator), 
an infinite slope and movement module in a physically 
based, distributed hydrological model [35, 36]. 

All these available models have been applied to very 
specific environmental conditions that do not allow for 
adjustment to particular rainfall and terrain complexities, 
such as those for tropical and mountainous terrains. 
A conceptual and physically based model called SHIA_
Landslide for the prediction of rainfall-triggered shallow 
landslides in tropical environments and complex terrains 
was developed by [37]. The model is based on the Open 
and Distributed Hydrological Simulation methodology [38]. 
SHIA_Landslide is an original and significant contribution 
that offers a new perspective to analyse shallow landslide 
processes by incorporating a comprehensive distributed 
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column due to subsurface flow parallel to the slope surface 
through the soil layer and into the drainage system. The 
fourth tank (T4) corresponds to the aquifer, where vertical 
flow represents the system’s groundwater outflow and 
horizontal flow represents the base flow. The final tank (T5) 
represents the stream flow channel at the cell level, where 
each cell is connected to the downstream cell according to 
the drainage network. 

The vertical connections between tanks describe the 
rainfall, evapotranspiration, infiltration and percolation 
processes. Based on the tropical weathering profile, 
each grid cell is formed by three soil horizons with three 
different saturated hydraulic conductivities: residual soil 
(Ks), saprolite (Kp), and rock (Kpp), where the residual soil 
is more permeable than the underlying saprolite soil and 
the impermeable rock.

The horizontal connections describe the overland flow, 
subsurface flow and base flow. The model considers the 
horizontal transfer of water to eight possible neighbouring 
cells by using a single flow direction sub-model. Horizontal 
connections are based on the topology of the basin built on 
a grid cell type. 

To evaluate slope stability after the hydrological hillslope 
simulation, SHIA_Landslide uses an infinite slope stability 
analysis. Hillslopes, with steady subsurface flow parallel 
to the slope and the perched water level at distance Zw 
above the slide surface, have a pore water pressure of 

 [41], and therefore the factor of safety (FS) 
is shown in Eq. (1):

FS=  
C ' + γ Z −γwZw( )Cos 2βTanφ

γ ZSinβCosβ             (1)

where γ is the unit weight of soil, γw is the unit weight of 
water, Z is the soil thickness measured vertically, β is the 
gradient of the hillslope, and φ is the friction angle.

For the calibration process, SHIA_Landslide includes 
the split-parameter procedure for distributing model 
proposed by [42]. The effective parameters for the model 
at each cell are split into two components, a hydrological or 
geotechnical characteristic and a correction factor common 
to all cells that accounts for all modelling errors. Correction 
factors account for time and space scale effects together 
with the model and input errors, leaving the hydrological or 
geotechnical characteristics free of these problems while 
maintaining the parameter’s physical meaning. 

To evaluate the model performance, and if observed stream 
flow data is available, SHIA_Landslide provides the root 
mean square error (RMSE) and Nash-Sutcliffe efficiency 
coefficient (NS). Moreover, the model uses the total rainfall 
over the catchment and the outflows along the different grid 
cells for water balance, and considers the water storage in 
the tanks at the end of the simulation.

The model outputs four products during the simulation 
process. The hydrological module gives the hydrograph and 
perched water table variation for any point in the catchment. 
In addition, the geotechnical module outputs two maps, 
a susceptibility map before the target area is exposed to 
rainfall, and a landslide hazard map showing the spatial 
distribution of landslides triggered by rainfall.

Figure 1 shows the flow diagram structure of the coupled 
model, SHIA_Landslide, delineating the steps used in the 
hydrological and slope stability calculations.

3. Linear and nonlinear 
approach
A great advantage of the Open and Distributed Hydrological 
Simulation methodology implemented in SHIA_Landslide 
is that permits to include different approaches to estimate 
the flows in the vertical and horizontal direction. SHIA_
Landslide permits to estimate the overland flow and 
subsurface flow by a linear reservoir equation or a non-
linear approach.

In the linear reservoir approach, in which flow velocity (E
x
) 

is assumed constant and independent of flow magnitude, 
the discharge correlates water storage and a discharge 
coefficient, α, according to Eq. (2):

    (2)

where the water level of the tank х is represented by Sх 
and the discharge coefficient of the linear reservoir, α, is 
a function of the cell size dx, the temporal discretization dt 
and a constant flow velocity, νx. For the overland flow, the 
velocity is a constant value related to the hillslope velocity, 
several values have been proposed in the literature. For 
the subsurface flow, the constant velocity is given by the 
horizontal hydraulic conductivity of the upper part of the 
soil, this being mainly defined by its macro pore structure. 

To estimate the overland flow and subsurface flow by a 
nonlinear approach, the flow velocity is a function of the 
water volume, specifically the water level of the tank and 
the flow section. 

For the overland flow by a nonlinear approach, most authors 
have recommended a uniform flow such as the Manning 
equation, where the slope of the energy line is similar to the 
slope angle of the terrain [38]. In this way, the equation for
overland runoff velocity (V2) is a function of the transversal 
flow section (A), slope angle (β) and Manning coefficient (n) 
according to Eq. (3):
  

V2 =
ξA 2/3( )e1β1/2

n                          (3)
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Figure 1 Flow chart of SHIA_Landslide program



78

E. V. Aristizábal-Giraldo et al.; Revista Facultad de Ingeniería, No. 80, pp. 74-88, 2016

hours, a precipitation of 208 mm fell within the study area, 
triggering many landslides. The September 21, 1990 event 
is unique considering the huge number of failures that took 
place as a result 

La Arenosa, with an area of 9.91 km2, is located 160 km east 
of the Aburrá Valley, on the south-eastern side of the Central 
Cordillera in the Antioquia region (Figure 2). The area has 
a tropical humid climate with a mean annual precipitation 
of 4,300 mm and a mean annual temperature of 23° [46]. 
The geology of the study area consists of residual soils from 
granodiorite rocks covered in the gently sloping areas with 
slopes and fluviotorrential deposits [47].

Table 1  Geomorphological Kinematic Wave 
parameter ranges proposed for the model

Analysis of post-event aerial photos and field investigations 
allowed for a partial reconstruction of the pattern and 
characteristics of the landslides in the La Arenosa 
catchment. A detailed landslide inventory and a 
comprehensive description of the landslides triggered 
during the event was carried out by [47, 48], and reported 
699 landslides in the La Arenosa catchment. These landslide 
inventory maps cover only about 70% of the catchment.

SHIA_Landslide considers three morphometric input 
parameter maps, namely accumulated area, flow direction, 
and slope angle; and nine soil input parameter maps, 
namely soil thickness, cohesion, saturated unit soil weight, 
friction angle, saturated hydraulic conductivity of residual 
soil, saturated hydraulic conductivity of saprolitic soil, 
saturated hydraulic conductivity of rock, maximum static 
water storage, and maximum gravitational water storage. 

Morphometric parameters such as slope angle, flow 
direction and flow accumulation were calculated using 
ArcGIS 10.1 hydrological tools and a DTM provided by the 
Instituto Geográfico Agustin Codazzi (IGAC) with a raster 
size of 10 m. Soil parameters were obtained according 
to the official soil map elaborated by IGAC [46], and soil 
descriptions, field tests and laboratory analyses on soil 
samples [47, 48] (Table 2).

where ξ and e1 are parameters associated with the surface 
type. For flows over natural terrains values of 0.038 and 
0.315, respectively, were recommended by [43]. 

For the subsurface flow by a nonlinear approach, the flow 
velocity (ν3) is estimated as a lateral subsurface flow in 
mountainous terrains covered by forests according to Eq. 
(4) [44]:

 

V3 =
Ks sinβ

b+1( ) S3max( )b
S3( )b

                   (4)

where Ks is the saturated hydraulic conductivity of the 
residual soil, and b is dependent on the soil type. A value of 
b = 2 was recommende by [44] for a mountain basin covered 
by forest that represents a non-homogeneous hydraulic 
conductivity along the weathering profile. 

For the base flow, SHIA_Landslide only considers a linear 
reservoir approach, where the constant velocity is related to 
the aquifer’s saturated hydraulic conductivity.

Finally, the routing along the channel network is carried 
out at a non-stationary velocity using the Geomorphological 
Kinematic Wave (GKW) [38]. The GKW is a simplification of 
the Saint Venant equations, in which inertial and pressure 
terms are neglected. The GKW uses the correlation proposed 
by [45], which relates the cross-sectional geometry and 
velocity to the river’s discharge using potential equations, 
the Manning’s equation, which relates the flow velocity and 
flow cross section, and an empirical roughness coefficient. 
Using these correlations, the Eq. (5) is obtained for the 
velocity of the water (ν3) in the channel as a function of the 
channel geometry and the terrain’s geomorphology:

V5 =  A
2
3
−εθ

⎛
⎝⎜

⎞
⎠⎟
( 1−α2 )

β
( 1
2
−εθ )

cncd
ε c1k1

α1−α2( )Λϕ α1−α2( )( ) 2/3−εθ( )

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

1

1+α2 23−εθ( )

 

(5)

The GKW requires nine independent exponents and 
coefficients, which can be obtained from a geomorphological 
regional study of hydrologically homogeneous zones. 
However, empirical studies have been performed by 
multiple authors that propose different values according 
to local conditions. Table 1 shows the constant regional 
parameter range values proposed by different authors 
[38-42]. 

4. Case study
A short-duration, high-intensity rainfall event affected the 
basin of La Arenosa on 21 September 1990. In less than 3 
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5. Calibration and validation
Model calibration for the hydrological component was 
conducted for the period from March to May, 2011. Figure 3 
show the rainfall data for these periods.

The calibration results for La Arenosa discharge for 
nonlinear and linear version are shown in Figure 4, 
respectively. It illustrates the simulated discharge provided 
for linear and nonlinear SHIA_Landslide compared to 
the stream flow of La Arenosa for the calibration period. 

Overall, the simulated hourly flows resulting from the 
nonlinear and linear SHIA_Landslide agreed very well with 
La Arenosa stream flow. Both model approaches predicted 
flow peaks and slightly under-predicted low flows.

Comparison of predicted and discharge data of La Arenosa 
suggest that the nonlinear model gives good prediction of 
the landslide hydrology. Most of the peaks are simulated for 
the model with a good time precision. For the highest peaks 
the model slightly overestimates the stream flow. The root 
mean square error (RMSE = 0.292) and the Nash – Sutcliffe 

Figure 2 Location of the La Arenosa catchment, in the southeastern side of the humid tropical and 
complex terrains of Central Andean Cordillera in Colombia

Table 2 Morphometric and soil parameters of La Arenosa catchment.
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For the linear model, the perched water table values 
decrease, the two remarkable peaks are lower, and the 
valleys get values of zero for short time periods. Evaluating 
the slope of the peaks, it can be seen that the linear version 
obtains a faster positive pore pressure response of the 
soils, increasing and reducing the peaks quicker than the 
nonlinear version.

Considering that validation provides a direct measure of the 
degree of uncertainty that may be expected when the model 
is applied to conditions outside of the calibration series, 
several verification tests were applied to evaluate the 
performance of the model. One representative validation 
test is presented, from September 2012 to November 2012.

Figures 6 and 7 show rainfall time series and the discharge 
simulated compared to the La Arenosa discharge.
  
Overall, the simulated hourly flows agreed well with 
La Arenosa stream flows for both nonlinear and linear 

coefficient (NS=0.852) show good correlation between 
simulated and La Arenosa stream flows. The water balance 
shows a low negative difference (WB= -1.59 %).

For the linear version, the simulation is acceptable with 
values of RMSE (0.347) and NS (0.791), slightly less than 
for the nonlinear version. Moreover, the water balance 
shows similar negative values (WB = -1.61%). Although the 
linear model simulates adequately the event, it simulates 
recession curves substantially lower when compared to La 
Arenosa stream flows.

Figure 5 shows the simulated perched water table level 
using nonlinear and linear model for the calibration period 
evaluated in a slope grid cell with an accumulated drainage 
area of 800 m2, it means 8 slope grid cells flow through this 
grid cell. During all the simulated period, perched water 
table conserve a level around 0.2 m, and the maximum 
value was 0.6 - 0.7 meters, correlated to a rainfall peak in 
the last week of April.

Figure 3 Rainfall time series of La Arenosa rain gauge for the period March and May 2007

Figure 4 Results using nonlinear and linear SHIA_Landslide of simulated hourly discharges at the 
calibration flow gauge station La Arenosa during the calibration period compared with the discharges 

obtained for La Arenosa stream
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Figure 5 Nonlinear and linear simulated perched water table level for an slope grid cell (accumulated 
area = 800 m2) of La Arenosa for the period between March and May 2011

Figure 6  Rainfall time series for La Arenosa rain gauges

Figure 7 Simulated discharge from nonlinear and linear SHIA_Landslide compared to La Arenosa 
discharge for the period September to November 2012
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6. September 21, 1990 rainstorm 
simulation
Figure 9 shows the rainfall time series for the September 
21, 1990 rainstorm event. A period of three months was 
selected to assure that the initial conditions previous to the 
event are reached previously to the target time.

Figure 10 shows the simulated discharge for the September 
1990 rainstorm for the nonlinear and linear version of the 
model. According to SHIA_Landslide, the channel discharge 
flow at the point of La Arenosa station was 55 m3/s for the 
nonlinear version, and a flow discharge of about 35 m3/s 
for the linear version. It means more than 30 times the 
base flow of La Arenosa. It is important to note that this 
discharge only considered the water flow; according to the 

SHIA_Landslide. Despite occasional discrepancies for peak 
flows, most peaks are predicted correctly.

For the nonlinear version, the RMSE is 0.297 and NS 
efficiency 0.724. The water balance decreases compared 
to calibration value (-0.568). For the linear version, values 
decrease conserving good correlation values, RMSE is 
0.322 and NS is 0.677. The water balance was -0.62%.

For the perched water table simulated for SHIA_Landslide, 
results are consistent with the validation (Figure 8). The 
small peaks show lower values for the nonlinear version, 
but the highest peak has similar maximum values for both 
versions. Similar to the calibration procedure, the nonlinear 
version conserve higher minimum values than the linear 
version.

Figure 8  Nonlinear and linear Simulated perched water table level slope grid cell (Accumulated area 
= 800 m2)

Figure 9 Rainfall from La Arenosa rain gauge for the period July to September 1990
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Yellow areas are the potential unstable areas for landslides 
triggered by rainfall, which correspond to 52% of the total 
area. 92% of the scars of the September 1990 event are 
located into these areas, the rest 8% corresponds to an 
induce error in the hazard map (Table 3), due to there is 
no way to predict this small percentage of landslides in 
the next step of the model, because these areas have been 
identified as unconditionally stable by the model.

Figures 13 and 14 shows the hazard map provided for the 
nonlinear and linear version of SHIA_Landslide respectively, 
providing the areas with landslide occurrence triggered by 
rainfall. 

The areas prone to rainfall-induced landslides change 
considerably depending on the model used. For the 
nonlinear version (Figure 13) 23,456 grid cells that fail 
during the rainstorm were identified, which amount to 24% 
of the total catchment area. For the linear version (Figure 
14) the model identified 34,268, which correspond to 35% 
of the total catchment area (Table 4). Comparing with the 
nonlinear version, it means an overestimation of 11%.

description provided by [49], the event was characterized 
by a huge volume of sediments, estimated by the authors 
in 1.5 Mm3. Considering this volume, the total water and 
sediments discharge increased considerably.

Figure 11 shows the nonlinear and linear simulated perched 
water table level for the September 1990 event evaluated 
in the same slope grid cell used for the hydrological 
calibration, which has an accumulated drainage area of 
900 m2. Perched water tables reached a peak of 1.3 m 
during the most intense period of the rainstorm. The peak 
obtained for the linear version is higher than the peak reach 
for the nonlinear version. For the nonlinear version, there 
is a minimum level that is conserved for the perched water 
table close to 0.1m, even for periods with very low rainfall.

Figure 12 shows the susceptibility map for La Arenosa 
catchment. Landslide susceptibility map does not have 
any change due to it only depends on the geotechnical 
parameters, such as slope, cohesion, friction angle, soil 
unit weight, which are assumed that do not change during 
the simulated rainstorm.

Figure 10 Stream flow simulated for nonlinear and linear SHIA_Landslide for the period July to 
September 1990. Observe discharge is not available to compare with simulated data

Figure 11 Perched water table level simulated for nonlinear and linear SHIA_Landslide for the period 
July to September 1990 for a slope grid cell (800 m2)
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Figure 12  Susceptibility map obtain for SHIA_Landslide

Table 3  Susceptibility grid cells classification by SHIA_Landslide

Table 4 Hazard map: landslides triggered by 
rainfall for linear and nonlinear SHIA_Landslide 

for the period July to September 1990. Partial 
percentage is estimated according to the total 

number of potentially unstable grid cells 
(51,176), and total percentage is estimated 
according to the total number of grid cells 

(98,646)

7. Results and discussion
A comparative analysis between linear and nonlinear SHIA_
Landslide was performed to examine which model would 
provide better predictions. The results from the tests are 
summarized in Table 5.

In terms of the hydrological component, the nonlinear 
model showed the best performance, with the highest 
NS efficiency and lowest RMSE values. Concerning the 
geotechnical component, both approaches identified the 
same number of observed scar grid cells; however, the 
linear model increases the number of unstable grid cells. 
The difference resides on the total number of unstable 
grid cells identified. The nonlinear SHIA_Landslide model 
identified a number of 23,456 grid cells as unstable, 46% 
of potentially unstable cells, and the linear SHIA_Landslide 
identified a total number of 34,268 grid cells as unstable, 
67% of potentially unstable cells. That means an increase 
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Figure 13  Areas with landslide occurrence triggered by the September 1990 rainstorm simulated by 
nonlinear SHIA_Landslide

Figure 14  Areas with landslide occurrence triggered by the September 1990 rainstorm simulated by 
linear SHIA_Landslide. Scars correspond to 2.2% of the total area
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by rainfall, then must be consider into the analysis. Non-
linearity increases the predictions of the model, conserving 
appropriate time running; and linear models overestimate 
the potentially unstable areas.

8. Conclusions
SHIA_Landslide is a modelling program for computing 
positive pore pressure changes and associated changes in 
factor of safety due to rainfall infiltrations using a conceptual 
and distributed hydrological module coupled with a 
physically based and infinite stability slope geotechnical 
module. SHIA_Landslide represents an innovative approach 
that introduce new concepts for the simulation of shallow 
landslides triggered by rainfall. It uses a robust and simple 
conceptual hydrological model to simulate all the main 
components of the land phase of the hydrological cycle, and 
to establish the different components of hydrographs at 
multiple sites. These advantages of the model allow a better 
understanding of the hydrology of slopes, and consequently 
the stability of slopes. 

SHIA_Landslide could be implemented using linear and 
nonlinear flow velocities for the different tanks levels. 
Comparisons between nonlinear and linear model 
indicate that, although a linear approach of the model 
takes much less time to run, a nonlinear SHIA_Landslide 
shows much better performance, decreasing false alarm 
rate. Considering this conclusion, SHIA_Landslide is an 
interesting tool that can be implemented in the development 
of early warning systems, aid in providing real-time rainfall 
monitoring and assist in the dissemination of alerts and 
communications.

The results show than consider the non-linearity on 
hillslope hydrology increases the predictions of physically 
based modelling of rainfall-triggered landslides; therefore, 
more effort should be put in the development of nonlinear 
hydrologic models.

of 21.13% of potentially grid cells identified as unstable. 
Furthermore, considering that both approaches identified 
similarly the actual scars grid cells, it means this additional 
percentage could be erroneous grid cells identified as 
unstable for the linear model, or unstable grid cells not 
included in the partial reconstruction of the landslide 
inventory maps.

One of the disadvantages of nonlinear model is that the 
parameter-fit process is iterative, consuming valuable time 
for an early warning system. To estimate the velocities 
of the overland runoff and subsurface flow the nonlinear 
process must start with a set or user-supplied starting 
values. SHIA_Landslide then tries to find the correct 
velocities by adjusting the values provided using velocities 
equations that are function of the transversal flow section. 
All this process takes additional time.

For the La Arenosa catchment, composed by 98,646 grid 
cells with a simulation period of three months, which means 
a number around 2,200 hours, the nonlinear model takes 5 
minutes, whereas the linear model takes about 1 minute 
for the same conditions. The nonlinear model obviously 
requires more time to execute, due to the area-velocity 
iterative process to arrive at the velocity fitting parameter. 
The linear model is approximately 5 times faster than the 
nonlinear model. Although time is a valuable factor for 
early warning system, the time used for the nonlinear 
model is reasonable for an early warning system. The 
results suggest that non-linearity increases the predictions 
of the model, conserving appropriate time running. 

Finally, it is well known in hydrology simulation that 
linear models overestimate high frequency floods and 
underestimate low frequency floods, provided both models 
have been adequately adopted for mean frequency floods 
[50]. Hydrologic systems are nonlinear and the implications 
of this non-linearity should be taken into account in the 
formulation and application of distributed models [51]. 

The results show than non-linearity on hillslope hydrology 
simulations affect the forecasting of landslide triggered 

Table 5 Comparison between nonlinear and linear SHIA_Landslide. Maximum rainfall intensity (MRI)



87

E. V. Aristizábal-Giraldo et al.; Revista Facultad de Ingeniería, No. 80, pp. 74-88, 2016

14. G. Wang and K. Sassa, “Pore-pressure generation 
and movement of rainfall-induced landslides: effects 
of grain size and fine-particle content”, Engineering 
Geology, vol. 69, no. 1-2, pp. 109-125, 2003. 

15. B. Collins and D. Znidarcic, “Stability analyses of 
rainfall induced landslides”, Journal of Geotechnical and 
Geoenvironmental Engineering, vol. 130, no. 4, pp. 362-
372, 2004.

16. W. Wu and R. Sidle, “A distributed slope stability model 
for steep forested basins”, Water Resources Research, 
vol. 31, no. 8, pp. 2097-2110, 1995.

17. M. Borga, G. Fontana, D. Daros and L. Marchi, “Shallow 
landslide hazard assessment using a physically based 
model and digital elevation data”, Environmental 
Geology, vol. 35, no. 2, pp. 81-88, 1998. 

18. G. Crosta, “Regionalization of rainfall thresholds: an 
aid to landslide hazard evaluation”, Environmental 
Geology, vol. 35, no. 2, pp. 131-145, 1998.

19. A. Burton and J. Bathurst, “Physically based modeling 
of shallow landslide sediment yield at a catchment 
scale”, Environmental Geology, vol. 35, no. 2, pp. 89-99, 
1998.

20. J. Grifiths, A. Collison and S. Wade, “The validity of 
using a simplified distributed hydrological model for 
estimation of landslide probability under a climate 
change scenario”, in 4th International Conference on 
GeoComputation, Virginia, USA, 1999.

21. P. Frattini, B. Crosta, N. Fusi, and P. Negro, “Shallow 
landslides in pyroclastic soils: a distributed modeling 
approach for hazard assessment”, Engineering Geology, 
vol. 73, no. 3-4, pp. 277-295, 2004. 

22. G. Bussi, F. Francés, J. Montoya and P. Julien, 
“Distributed sediment yield modelling: Importance of 
initial sediment conditions”, Environmental Modelling & 
Software, vol. 58, pp. 58-70, 2014.

23. D. Montgomery and W. Dietrich, “A physically based 
model for the topographic control on shallow 
landsliding”, Water Resource Research, vol. 30, no. 4, 
pp. 1153-1171, 1994. 

24. R. Iverson, “Landslide triggering by rain infiltration”, 
Water Resources Research, vol. 36, no. 7, pp. 1897-1910, 
2000.

25. P. Troch, E. Loon and A. Hilberts, “Analytical solutions 
to a hillslope-storage kinematic wave equation for 
subsurface flow”, Advances in Water Resources, vol. 25, 
no. 6, pp. 637-649, 2002. 

26. C. Paniconi, P. Troch, E. Loon and A. Hilberts, “Hillslope-
storage Boussinesq model for subsurface flow and 
variable source areas along complex hillslopes: 2. 
Intercomparison with a three-dimensional Richards 
equation model”, Water Resource Research, vol. 39, no. 
11, pp. 1317-1329, 2003. 

27. A. Rezzoug, A. Schumann, P. Chifflard and H. Zepp, 
“Field measurements of soil moisture dynamics 
and numerical simulation using the kinematic wave 
approximation”, Advances in Water resources, vol. 28, 
no. 9, pp. 917-926, 2005. 

28. R. Pack, D. Tarboton and C. Goodwin, “Terrain Stability 
Mapping with SINMAP, technical description and users 
guide for version 1.00”, Terratech Consulting Ltd, 
Salmon Arm, Canada, Rep. 4114-0, 1998.

29. C. Hammond, D. Hall, S. Miller and P. Swetik, “Level 

9. Acknowledgements
The authors wish to thanks the Hans Wildsdorf Foundation 
and the Colombian Association of Petroleum Geologists 
and Geophysicist (ACGGP) for providing financial support 
for conducting this research. 
 

10. References
1. I. Alcántara, “Geomorphology, natural hazards, 

vulnerability and prevention of natural disasters in 
developing countries”, Geomorphology, vol. 47, no. 2-4, 
pp. 107-124, 2002.

2. E. Harp, M. Reid, J. McKenna and J.Michael, “Mapping 
of hazard from rainfall-triggered landslides in 
developing countries: examples from Honduras and 
Micronesia”, Engineering Geology, vol. 104, no. 3-4, pp. 
295-311, 2009. 

3. A. Scheidegger, “Tectonic predesign of mass 
movements, with examples from the Chinese 
Himalaya”, Geomorphology, vol. 26, no. 1-3, pp. 
37-46, 1998.

4. United Nations, “World Urbanization Prospects: 
The 2005 Revision”, United Nations (Department of 
Economic and Social Affairs, Population Division), New 
York, USA, Final Report, Oct. 2006.

5. United Nations Population Fund (UNFPA), State of 
world population 2007, Unleashing the Potential of Urban 
Growth. New York, USA: UNFPA, 2007.

6. G. Crosta and P. Frattini, “Distributed modeling of 
shallow landslides triggered by intense rainfall”, 
Natural Hazard and Earth System Sciences, vol. 3, no. 
1-2, pp. 81-93, 2003.

7. D. Brunsden, “Geomorphological roulette for 
engineers and planners: some insights into an old 
game”, Quart. J. of Engng. Geol and Hydro., vol. 35, no. 2, 
pp. 101-142, 2002.

8. J. Hutchinson and R. Bhandari, “Undrained loading, 
a fundamental mechanism of mudflows and other 
mass movements”, Géotechnique, vol. 21, no. 4, pp. 
353-358, 1971.

9. A. Scott and N. Sitar, “Analysis of rainfall-induced 
debris flows”, Journal of Geotechnical Engineering, vol. 
121, no. 7, pp. 544-552, 1995. 

10. W. Take, M. Bolton, P. Wong and F. Yeung, “Evaluation of 
landslide triggering mechanisms in model fill slopes”, 
Landslides, vol. 1, no. 3, pp. 173-184, 2004. 

11. K. Sassa and G. Wang, “Mechanism of landslide-
triggered debris flows: Liquefaction phenomena due to 
the undrained loading of torrent deposits”, in Debris-
flow Hazards and Related Phenomena, M. Jakob and 
O. Hungr (eds). Chichester, UK: Springer Praxis Books, 
2005, pp. 81-104.

12. A. Askarinejad et al., “Physical modelling of rainfall 
induced landslides under controlled climatic 
conditions”, in Eurofuge, Delft, Netherlands, 2012.

13. H. Rahardjo, T. Lim, M. Chang and D. Fredlund, “Shear-
strength characteristics of a residual soil”, Canadian 
Geotechnical Journal, vol. 32, no. 1, pp. 60-77, 1995. 



88

E. V. Aristizábal-Giraldo et al.; Revista Facultad de Ingeniería, No. 80, pp. 74-88, 2016

las condiciones iniciales de humedad para mejorar la 
predicción de eventos de crecida”,  Avances en Recursos 
Hidráulicos, no. 18, pp. 25-36, 2008. 

41. J. Graham, “Methods of Stability Analysis”, in Slope 
Instability, D. Brunsden and D. Prior (eds). New York, 
USA: John Wiley and Sons, pp. 171-215, 1984.

42. J. Montoya and F. Francés, Modelo conceptual de 
producción, transporte y depósito de sedimentos. 
Modelando los ciclos hidrológico y sedimentológico a 
escala de cuenca. Publicia, 2013.

43. A. Parsons, A. Abrahams and J. Wainwright, “On 
determining resistance to interrill overland flow”, 
Water Resources Research, vol. 30, no. 12, pp. 3515-
3521, 1994.

44. J. Kubota and M. Sivapalan, “Towards a catchment-
scale model of subsurface runoff generation based on 
synthesis of small-scale process-based modeling and 
field studies”, Hydrological Processes, vol. 9, no. 5-6, pp. 
541-554, 1995.

45. L. Leopold and T. Maddock, “The Hydraulic geometry 
of stream channels and some physiographic 
implications”, U.S. Department of the Interior, U.S. 
Geological Survey, Washington, D.C., USA, Geological 
Survey Professional Paper 252, 1953.

46. Instituto Geográfico Agustín Codazzi (IGAC), 
Estudio general de suelos y zonificación de tierras 
del departamento de Antioquia. Bogotá, Colombia: 
IGAC, 2007.

47. R. Mejía and M. Velásquez, “Procesos y depósitos 
asociados al aguacero de septiembre 21 de 1990 en 
el Área de San Carlos (Antioquia)”, Undergaduate 
thesis, Universidad Nacional de Colombia, Medellín, 
Colombia, 1991. 

48. INTEGRAL S.A. “Informe sobre daños en la central de 
calderas por la avalancha ocurrida en la quebrada La 
Arenosa el 21 de septiembre de 1990 y su reparación”, 
Interconexión eléctrica S.A. (ISA), Medellín, Colombia, 
Rep., 1990. 

49. M. Hermelin, O. Mejía and E. Velásquez, “Erosional and 
depositional features produced by a convulsive event, 
San Carlos, Colombia, September 21, 1990”, Bulletin of 
the International Association of Engineering Geology, vol. 
45, no. 1, pp. 89-95, 1992. 

50. M. Ostrowski, “Linearity of hydrological models and 
related uncertainty”, in ESF LESC Exploratory Workshop, 
Bologna, Italy, 2003, pp 1-10.

51. K. Beven, “How far can we go in distributed hydrological 
modelling?”, Hydrology and Earth System Sciences, vol. 
5, no. 1, pp.1-12, 2001.

I Stability Analysis (LISA) Documentation for Version 
2.0”, U.S. Department of Agriculture, Forest Service, 
Intermountain Research Station, Ogden, USA, General 
Tech. Rep. INT-285, 1992.

30. A. Dhakal and R. Sidle, “Distributed simulations of 
landslides for different rainfall conditions”, Hydrological 
Processes, vol. 18, no. 4, pp. 757-776, 2004. 

31. M. Anderson and D. Lloyd, “Using a Combined Slope 
Hydrology-stability Model to Develop Cut Slope Design 
Charts”, Proc. Inst. Civ. Engineers, vol. 91, no. 4, pp. 705-
718, 1991. 

32. R. Baum, W. Savage and W. Godt, “TRIGRS-A Fortran 
program for transient rainfall infiltration and grid-
based regional slope-stability analysis, version 2.0”, 
U.S. Department of the Interior, U.S. Geological Survey,  
Denver, USA, Open-File Rep. 2008-1159, 2008. 

33. G. Rossi, F. Catani, L. Leoni, S. Segoni and V. Tofani, 
“HIRESSS: a physically based slope stability simulator 
for HPC applications”, Nat. Hazards Earth Syst. Sci., vol. 
13, pp. 151-166, 2013. 

34. S. Simoni, F. Zanotti, G. Bertoldi and R. Rigon, 
“Modelling the probability of occurrence of shallow 
landslides and channelized debris flows using GEOtop-
FS”, Hydrological Processes, vol. 22, no. 4, pp. 532-
545, 2008. 

35. E. Arnone, L. Noto, C. Lepore and R. Bras, “Physically-
based and distributed approach to analyze 
rainfall-triggered landslides at watershed scale”, 
Geomorphology, vol. 133, no. 3-4, pp. 121-131, 2011. 

36. V. Ivanov, E. Vivoni, R. Bras and D. Entekhabi, 
“Catchment hydrologic response with a fully 
distributed triangulated irregular network model”, 
Water Resources Research, vol. 40, no. 11, 2004. 

37. E. Aristizábal, J. Vélez, H. Martínez and M. Jaboyedoff, 
“SHIA_Landslide: a distributed conceptual and 
physically based model to forecast the temporal and 
spatial occurrence of shallow landslides triggered 
by rainfall in tropical and mountainous basins”, 
Landslides, vol. 13, no. 3, pp. 497-517, 2016.

38. J. Vélez, “Desarrollo de un modelo hidrológico 
conceptual y distribuido orientado a la simulación 
de las crecidas”, Ph.D. dissertation, Universidad 
Politécnica de Valencia, Valencia, Spain, 2001. 

39. J. Vélez, F. Francés and J. Vélez, “No linealidad del flujo 
en los cauces de la red de drenaje y sus implicaciones 
en la modelación hidrológica”, in XX Latin American 
Congress of Hydraulics, La Habana, Cuba, 2002. 

40. J. Vélez and F. Francés, “Calibración automática de 


