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ABSTRACT: Rainfall-induced slope failure is major geotechnical disasters and has been frequently reported
in many regions of Algeria. Every winter, major landslides are reported in several cities and departments of the
north of Algeria. This work aims to study the rainfall (climate) influence on slope stability. The climate is
represented by precipitations rate, precipitation duration and the stability of this unsaturated slope in natural
terrain was evaluated based on a key indicator which is “safety factor”. The finite elements software
(PLAXIS2D) was used to analyze the stability of the slope using several soils subjected to landslide and by
studying one of the major sliding cases observed in this region, which is Azazga landslide. Azazga landslide is
characterized by its very important area (about 270 Ha) affecting an urban zone. The factors of safety were
evaluated by means of fully coupled flow-deformation analyses and were then compared with the various controlling factors: rainfall intensity, rainfall duration, angles and heights of slopes, soil characteristics and hydraulic conductivity of the soil for the first case and according to Azazga precipitations data for the second. The
results are discussed in this paper and led to confirm the relationship existing between landslide and climate
effects considered in this analysis which is observed for the most part the north of Algeria instabilities.
1 INTRODUCTION
Slope failure is attributed to many factors including
rainfall, earthquake shaking (Collins & Znidarcic,
2004, Rahardjo et al. 2005), snow melting, temperature changes, volcanic activity, various human actions and weak layers of soil (Sidle & Ochiai 2006,
Georgiannou & Burland 2006). Rainfall-induced
slope failure is major geotechnical disasters and
has been frequently reported in many regions
worldwide (Fukuoka 1980, Fourie 1996, Premchitt
et al. 1986). The main objective of this study is then
to estimate the factor of safety of the slope after predefined time periods of a rainfall event of Azazga
city. Factor of safety (FS) has been used commonly
to quantitatively assess the stability of a slope. It is
used as an index to determine how close or far away
a slope is from failure (Mandal et al. 2017). The analyses were performed employing two-dimensional finite element models using the code (PLAXIS2D).

affected by several instabilities. The hydrology of the
region, which is characterized by the presence of
sources of water and a level of water close to the natural ground surface in winter, has increased these instabilities markedly. As the drainage of surface water
is insufficient (there are only a few natural waterways), water easily penetrates the surface layers of
the ground (Quaternary deposits) which are very sensitive to water. The results of the observations made
at this site show that the strength parameters of the
shear surface are very low (LCTP 2004). This explains the significant activity of landslides in this
area.
The Azazga instabilities are very old. However,
very marked activity of landslides has been observed
since the reactivation of March 2012. Since this reactivation, every winter, important landslides inducing
significant material damage and endangering vital
structures, such as the regional hospital, are recorded.
Analysis of the history of these instabilities led to the
recognition of a relationship between the movement
activity and weather conditions.

2 AZAZGA REGION PRESENTATION
2.1 Geological and geotechnical aspect
The studied site consists of several juxtaposed hills
with low slopes (ranging from 10° to 15°), which are
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Figure 1. Geological map of the Azazga region.

Figure 2. Site lithological profile.

2.2 Azazga landslide history
The instabilities observed in Azazga region are very
old and date back to 1952. However, there is no information regarding the conditions triggering landslides or the results of any studies conducted between
1952 and 1973.
Available reports on signs of instability date back
to the winter of 1973, and include:
- Activation of February 1973: Two instabilities
were observed in the northern zone of Azazga city.
The first was observed in the North-West and the second on the edge of the old Christian cemetery. These
two movements are developed along two axes that
converge towards the river Ighzer Iazoudjen. One of
the probable causes of these instabilities may be erosion of the toe of the slopes by this river.
- Landslide reactivation of April 8th 1974: The rainfall of the winter of 1974 contributed significantly to
the reactivation and the initiation of several instabilities in the north of Algeria (after a prolonged period
of rainfall that caused floods in many regions). The
damage caused by Azazga city landslides, during this

period, was very high: 183 homes destroyed, 100 others affected by greater movements (structural elements suffered varying damage) and 690 disaster victims.
- Landslides reactivation of March 1985: Following
heavy rains, landslides affected several areas of
Azazga province (center-city, Ighil Bouzel, Agouni
Guizen and Tizi Bouchen). These movements’ significantly damaged 23 houses, and several local and
public buildings, as well as the national road RN12.
- Landslides reactivations of 2003 and 2004: During
the winters of 2002-2003 and 2003-2004, characterized by significant rainfall, Azazga city experienced
reactivation of several ground movements. However,
the intensity of these movements was low compared
to that of 1974 and 1985.
- Landslides reactivation of March 2012: The substantial snow cover during the winter of 2012 caused
the reactivation and triggering of several instabilities
in Azazga province. These instabilities have affected
highly urbanized areas and caused damage to many
public buildings, such as the technical high school of
Azazga, the new post office, the new cultural center,
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and the regional hospital. In fact, several structures
and roads have suffered damage of varying importance (ranging from small cracks to the total destabilization of the structure). The Wilaya road CW71
and the national road RN12 were also damaged.
3 MATERIAL AND METHODS
3.1 Numerical simulation and models for slope
stability analysis
Researchers (Gasmo et al. 2000, Tsaparas et al. 2002,
Rahardjo et al. 2001, 2005, 2007a, 2007b, 2008) have
performed numerical analyses of rainfall-induced
slope failure to study the effects of antecedent rainfall
and parameters controlling slope instability (Ering &
Babu 2016). Recent developments in analyses of
slope instabilities under rainfall conditions using the
limit equilibrium method and coupled hydro-mechanical modeling are given in some software (such as:
Plaxis, Geo-Slope, ABAQUS, Flac, etc.).

3.2 Coupled hydro-mechanical analysis
The coupled analysis robustly integrates the above
two computation procedures together. The soil hydraulic and mechanical responses are calculated simultaneously in the coupled analysis. Oh & Lu (2015)
commented that the coupled analysis could lead to
more accurate assessment of slope stability under
rainfall conditions (Yang et al. 2017).
3.3 Geometry and soil Parameters
3.3.1 For the synthetic model
In this study, a slope with an inclination angle of
26.56° (2:1) to the horizontal plane and a height of
50m is considered (Fig. 3). The groundwater table is
assumed to be at 10 m elevation from the lower
ground surface. The soil type was specified as
«Clayey Loam» of Azazga. The soil properties related to the unsaturated soil were taken as given by
van Genuchten (1980) (Sun et al. 2015).

Table 1. Summary of soil parameters of Azazga surface soil layer used in the FEM
Soil layer
Soil model
γunsat
γsat
(kN/m3)
(kN/m3)
ν’
C’ (kpa)
Clayey Loam
Mohr- Coulomb 15.8
17.8
0.33
55

φ’ (°)
15

K (m/min)
E’ (Kpa)
Kx=10-3
4 ,038
Ky=10-3
*105
ν': Poisson ratio, C’: Cohesion, φ’: Friction angle, Kx and Ky: Horizontal and vertical hydraulic conductivity respectively, E’: Young
modulus

a) Finite element method based computational model

Figure 3. Geometry of the slope model and initial ground water
level

The surface soil layer behavior was modeled as linear,
elastic-perfectly plastic material by using the Mohr–
Coulomb model and analyzed using soil parameters
giving by undrained tests. The effect of soil dilatancy
was not considered in the simulation because the soil
dilation angle ψ, is negligible based on the empirical
relationship ψ = ϕ − 30° (Yang et al. 2017). Thus, for
Undrained (A), it is recommended to use ψ=0 (material models manual, Plaxis 2D 2016).
The fixities were applied as the mechanical boundary as fellow: the two lateral boundaries were allowed
to move only in the vertical directions whereas the
bottom boundary was restrained and fully blocked
from movement (Fig. 4b).

b)-Hydraulic and mechanical boundary conditions of the slope model

Figure 4. Slope model used in the analysis

3.3.2 For the real Azazga slope
Azazga slope profile has been defined using 6 boreholes. The modeled profile adopted in the numerical
modeling is presented in Figure 5. It contains four
layers of soil. The soil layers parameters are given in
Table 2. This profile extends over a length of 1515 m.
The maximum altitude of the profile is 480 m and the
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minimum is 330 m (an average inclination of 10 %).
A plane-strain assumption and elastic-plastic model
without hardening (Mohr-Coulomb model) were chosen for modelling this slope. This model requires
knowledge of the Young's modulus E, Poisson's ratio
ν, cohesion C’, friction angle φ' and the angle of dilatation ψ (Table 2). The chosen mesh consists of triangular elements composed by 15 nodes. The slope profile contains 2670 elements. Boundary conditions
used are: the vertical geometric lines for which the
abscissa (x) is equal to the smallest or the largest of
the abscissa of the profile (x = 0 m and x = 1515 m)
blocked in the horizontal direction (Ux = 0) and the
geometric lines for which the distance (y) is equal to
the smallest ordinate (y = 20 m) of the model are fully
blocked (Ux = Uy = 0).

Figure 5 shows the monthly variation of rainfall of the
rainy year. The average annual rainfall is characterized by a value of 973 mm with standard deviation
equal to 232,8 mm. Average daily rainfall data are
used as input to the model. Rainfall data are obtained
from ANRH for the Azazga School station (the station coordinates X: 649. 25; Y: 383. 9; Z: 430).
The rainfall intensity of the rainy year from January to December with accumulated rainfall equals to
1577.7 mm was applied on the model slope. The FoS
variation with time due to rainfall conditions can be
obtained.

Table 2. Soil parameters considered in the numerical modelling.
Parameters Γd
Γsat
Soil
Silt sand
Altered clay
Marl
Bedrock

[KN/
m3]

[KN/
m3]

16
15,3
18
23

18,8
18
18,4
23,16

C’
[KPa]

φ’
[°]

E [MPa]

50
28
155
300

7
3
14
30

203,8
93,52
4000
40520

Ν

0,33
0,33
0,33
0,30

4 CONTROLLING FACTORS FOR RAINFALLINDUCED LANDSLIDES
Analysis of seepage and infiltration in an unsaturated
soil and slope stability can be readily performed using
available computer programs. However, the results
are sometimes difficult to interpret, because the analysis involves many parameters related to soil properties, slope geometry, groundwater condition, initial
conditions and rainfall characteristics. Slopes with a
high slope angle, a high slope height and a shallow
initial depth of groundwater table constitute the worst
combination of factors for failure, and are more likely
to fail as a result of rainfall (Ng & Shi 1998b, Rahardjo et al. 2007). The main objective of many research studies has been to separate the influence of
the various factors, and determine the controlling parameters (Zhang et al. 2011).
According to Rahardjo et al. (2007), the slope geometry and the initial water table determine the initial
safety factor, and the actual failure conditions are
much affected by rainfall characteristics and properties of the soils in the slope. Therefore, attention
should be paid to soil properties and rainfall characteristics when dealing with rainfall-induced slope
failures. In this study, the influence of each controlling factor on the slope during a rainfall was dealt to
understand the mechanism of failure and the response
of the slope (Zhang et al. 2011).

Figure 5. Variation of monthly and maximal daily rainfall for the
rainy year (ANRH, 2011)

6 RESULTS AND DISCUSSION
A number of influencing parameters on slope stability
were taken into account using series of coupled hydro-mechanical finite element analyses and each
studied parameter gave a considerable effect. A slope
with high both slope angle and height represents an
unfavorable case. The factor of safety (FoS) and the
total displacement (Utot) are linearly correlated with
the cumulative rainfall intensity (see Figs 6 and 7).
6.1 For the synthetically model
6.1.1 Effect of precipitation on slope stability
For the previous slope model mentioned above in
(Fig. 2) with Azazga surface soil properties as a witness case, the factor of safety decreased gradually
with time as cumulative rainfall increased, on the
other hand, the total displacement of the corresponding slope increased (the order of a few millimeters).
The results confirm that the factor of safety (FoS) and
the total displacement (Utot) are linearly correlated
with the cumulative rainfall intensity and they are
also correlated between them as shown in (Fig. 6d).
Thus, the cumulative rainfall effect is very important
factor for landslide occurrence.
For the critical case as shown in figure 6 for a soil
with φ’=10°, the variations of total displacement and
factor of safety are analyzed. The linear correlation
was also confirmed (Fig. 7).

5 ANALYSIS OF RAINFALL DATA
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6.2.1 Influence of rainfall duration
In this study the real profile of Azazga landslide has
been submitted to a rainfall intensity of 72 mm/day
considering various rainfall durations and three initial
water levels (1 m, 5 m and 10 m from the free surface)
(Fig. 8). The obtained results show the influence of
the rainfall duration for the three considered cases. It
let also to observe that the slope of Azazga presents
more instability risk when the initial water level is
closer to the surface level with an acceleration of the
movement with the rain duration.

Figure 6. Variation of total displacement and factor of safety for
the adopted Model: a) Utot and FoS versus time, b) FoS versus
cumulative rainfall, c) Utot versus cumulative rainfall

Figure 8. Influence of water duration considering different initial
water levels (a: influence on the factor of security; b: influence
on the vertical displacement)

Figure 7. Variation of total displacement and factor of safety: a)Utot versus cumulative rainfall, b)- FoS versus cumulative rainfall.

6.2 For the real soil profile of Azazga landslide
The calculations are conducted considering 3 initial
water levels, such as: water level closed to the free
surface (1 m from the free surface), water level at 5 m
and 10 m from the free surface.

6.2.2 Influence of rainfall intensity
The rainfall intensity constitutes one of the principal factors of instability activity. A good knowledge
and analysis of this parameter and it relationship with
the landslide activity can let the prevention of sliding
intensity and a good hazard assessment. It constitutes
also a good factor to site drainage dimensioning. The
results obtained for Azazga city slope let to confirm
the closer relationship existing between rainfall intensity and the degree of instability. The vertical displacement and safety factor have been considered in
this study as instability indicators considering three
rainfall intensities (24mm/day, 48mm/day and
72mm/day) taking into account the rain duration effect with an initial water level closer to the surface
(1m deep) (Figure 9). The results obtained in terms of
the safety factor confirms that for all considered cases
the slope is in instability case (FoS <1). The results
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on terms of vertical displacement permitted to confirm the relation existing between rainfall intensity,
duration and instability. The vertical displacement increases with the increasing of precipitations intensity
as well as rain duration. It has been also observed that
the sliding is confirmed after 2 days of precipitation
with an important increase of the displacement (over
35 mm in the third day of rainfall) for a precipitation
intensity of 72 mm/day but it takes more time for the
other precipitation intensity considered. For the low
precipitation intensities the site is in instable stat but
the displacements are very low and didn’t cause damages to structures. However, if the duration of rainfall
increase, as shown in Figure 9, the site can be subjected to important damages.

Figure 9. Influence of rainfall intensity and duration on landslide
activity.

7 CONCLUSION
In this study, numerical analyses were carried out to
observe the variations of the safety factor under rainfall event based on synthetically and real monitoring
data from the study area. The conclusions can be summarized as follows:
- A slope with highest soil properties (friction angle)
demonstrated a stable state during rainfall event;
- During a rainfall event, the factor of safety seemed
to decrease gradually while the total displacement
tended to increase;
- The factor of safety decreased continually with increase of height and slope angles. Slopes with a
high slope angle, a high slope height constitute the
worst combination of factors for failure;
- In the less permeable soil, the effects of the rainfall
on slope stability threshold are delayed. In contrast, a high hydraulic conductivity value in soil
plays an important role for accelerating infiltration
process and allows slope failure to occur by reaching rapidly its lowest value. These results show the
importance of a good characterization of the flow
parameters of the site.
- The hydraulic command of Azazga landslide has
been confirmed and a relationship between sliding
and rainfall factors has been highlighted.

- The influence of rainfall on the unstable site of
Azazga is related to the initial site water level.
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