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Abstract: The recent landslide at the Tamban site, on 21 December 2021 (23:30 local time), provides rel-
evant information on the trigger mechanisms and their relationship with geological factors. Therefore,
the predominant aims of the current study were to identify the lithological units in the rocky substrate
and subsoil from geophysical surveys, delineating the thickness of the tuff- and lapilli-supported fall
layers. Additionally, we evaluated the deformation dynamics from probabilistic and deterministic
analysis, where a plane with well-differentiated discontinuities of normal-type geological fault was
evidenced. This deformation feature was associated with a planar-type landslide that reached a
debris flow up to 330 m distance, with varied thicknesses. Furthermore, we conducted a probabilistic
analysis, which started from the characteristics of the post-slide material analyzed through triaxial
trials that were conducted to a retro-analysis in order to obtain the parameters of the moment the
event occurred. With the base parameters to perform the landslide analysis and determine its safety
factors in compliance with current regulations, a reinforced earth configuration was applied using
the Maccaferri’s Terramesh method. Hence, it was possible to provide an analysis methodology for
further geological scenarios of landslides that occurred in the province of Bolivar, the northern Andes
of Ecuador.

Keywords: landslide trigger mechanism; electrical tomography; slope stability; Andean landslide
hazard

1. Introduction

Worldwide, massive mass movements such as landslides or rock falls and avalanches
are predominantly the result of the combined action of the earth’s internal and external
forces, environmental factors, and inadequate human engineering activities [1-8]. Similar
to other equivalent orogenic settings throughout the globe, in the northern Andes of
Ecuador, landslides are the most recurrent natural phenomena in mountainous areas,
where lithological, seismic, and geomorphological as well as climatic factors play an
important role in their dimension and classification, whether they are coherent, disruptive,
or lateral spreads [9-12].

One of the Ecuadorian Andean provinces with the largest records of historical land-
slides and little studied from a geotechnical engineering point of view is the province of
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Bolivar, where there are documents of multiple collapses of damage to road infrastructures
and houses settled on the vicinity of unstable areas of slopes of hills and mountains [13-16].
There, the main physical triggers are associated with moderate and high precipitation in
the winter months (December to April) and also for many days, but with low precipita-
tion, such as the event on 21 December 2021 (at 23:30 local time), which had continuous
precipitation for eleven consecutive days [17].

Another trigger and with a greater recurrence interval are moderate earthquakes from
superficial geological faults, with a range of magnitudes between 6 and 7 degrees (Mw) (see
Figure 1). The geological causes are associated largely due to three different circumstances.
The first cause is due to weathered and low-strength volcanic deposits on unstable slopes.
The second cause occurs in well-jointed rock masses where the combinations of planes
are unfavorable to the directions of the slopes, where, in many cases, they are able to
generate planar- and/or wedge-type landslides. Finally, the third cause occurs also in
permeable and then saturated materials that contrast with the stiffness of the listric planes
of geological faults, which are able to accelerate the displacement rate. The latter natural
cause is associated in its trigger to the study site of the Tamban landslide, within the San
José de Chimbo canton, in the Bolivar province (see Figures 1 and 2).
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Figure 1. Seismotectonic location maps of the Bolivar province and San José de Chimbo canton.

In a more regional context, other morphotectonic causes in the Andean mountains are
associated with old, normal geological faults, attributed to triangular facet features with the
tectonic subsidence of one block with respect to the footwall, as well as displacement zones
of inactive faults where it may reach ten meters wide (fault width). In these shear zones
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appears instability and the detachment of blocks on the slopes. The most notorious human
causes in populated areas of the Andes are the continuous irrigation in agricultural activi-
ties that saturate the soil. Besides this cause, one may add to the breakage of sewage pipes
that accelerate the level of saturation of the materials, unstable fill materials and poor com-
paction for construction, and informal mining areas that excavate materials for construction,
reducing resistance at the base of slopes. All these physical, geological, geomorphological
and anthropogenic causes are relatively common in the province of Bolivar.

In the current study, the surveys of geological features in the terrain allowed us to
obtain an initial analysis of the outcrop stratigraphy such as cut slopes in the landslide
escarpments, identifying the granular and cohesive materials. This was followed by the
spatial distribution of the landslide, which allowed us to define the main head scarp
surface, overlapping area and debris accumulation zone in the area affected by the land-
slide. Subsequently, the physical parameters of the terrain must be known in depth, as
yielded from direct (SPT) and indirect methods (seismic geophysics and electrical tomogra-
phy). The geological, geotechnical, and geophysical procedures generated the models of
lithological units and their layers with geotechnical parameters and the dynamic condi-
tions of the soil or geomechanics of the rocks. The main parameters of geotechnical tests
provided cohesion values, friction angles, and specific weights. Later, different types of
numerical analyzes proposed engineering solutions of slope stability including the ordi-
nary method of slices, Morgenstern—Price method of slices, kinematic analysis, and limit
equilibrium analysis [18-23].

There are certainly further examples of integrations between different approaches,
methods, and techniques in obtaining data, such as studies of the evolution of shallow
landslides affected by rainfall, which are compared with the observations realized in situ
by means of a statistical analysis of meteorological variables with those obtained in the
laboratory [1,24,25]. Furthermore, a combination of geophysical methods have been used
for the characterization of a rockslide area, where the results have been calibrated by
comparing the geophysical responses with the geological evidence derived from boreholes
and with the movements recorded using an inclinometric probe [25]. Finally, the internal
moisture dynamics of a railway earthwork embankment has been analyzed using 2D and
3D resistivity monitoring. This has led to the visualization of the data as 2D sections, 3D
tomograms, and time-series plots for different zones of the embankment, which has enabled
the development of seasonal wetting fronts within the embankment to be monitored at
a high-spatial resolution and the respective distributions of moisture in the embankment
to be assessed. Although the dike considered was at no immediate risk of failure, the
approach developed for this particular study is equally applicable to other more high-risk
earthworks and natural slopes [25].

The main objectives of the present study are to identify the lithological units in the
rocky substratum and subsoil from geophysical surveys such as electric tomography and
Vs30, defined as the average seismic shear wave velocity from the surface to a depth of 30
m. Additionally, we attempt to delineate the thickness of transported material, lithological
contacts, and depth of more resistant layers, considering technical specifications of the
Ecuadorian Construction Standard named NEC-11 of 2015 [26], in order to define the type
of geotechnical soil. Furthermore, we intend to ascertain the geological causes due to the
susceptibility of the materials, their combinations of discontinuity planes unfavorable to
the direction of the slope, and where the saturated material was displaced through an
old geological fault plane. Subsequently, a geological model is built from a topographic
photogrammetry survey with a drone and RTK, outlining the lithological units, where
shear strength tests allow us to determine geotechnical parameters. This is combined with
geophysical prospecting in order to obtain a series of slope stability analyzes. Finally, we
make assessments to provide an analysis methodology for further geological scenarios of
landslides that occurred historically and recently in the province of Bolivar.
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2. Description of the Study Area
2.1. Physiography of the Study Area

One of the regions with frequent evidence of historical landslides in the northern
Andes is the province of Bolivar, and it is one of the 24 provinces that make up the Republic
of Ecuador, with an extension of 4148 km?2. The mountainous reliefs reach altitudes between
2300 and 4350 m above sea level (m a.s.l.), while hilly elevations that border the Ecuadorian
coast have altitudes between 100 and 1600 m a.s.l. The Chimbo canton belonging to the
province of Bolivar, with 15,000 inhabitants, represents 9% of the total population [27].

The urban capital is the city of Chimbo with 4400 inhabitants, located at an altitude
of 2450 m above sea level, and has alluvial terraces that contrast with mountainous reliefs
of steep slopes and volcanic and granitic lithology of felsic composition, as well as, to a
lesser extent, soils derived from volcanic ash, with a high content of pyroclastic materials
and with an apparent density of 0.9 to 1.3 g/cc [28,29]. The area is characterized by a large
dendritic drainage network that includes several important rivers that flow into the lower
area (Figure 2).

In these Andean elevations of the province of Bolivar, a frequent occurrence of
395 landslides has been documented in the time period between September 2010 and
December 2022 [30]. Several of these geological hazards are associated with physical trig-
gers such as prolonged rains from high and/or modest precipitation rates in the winter
months or during El Nifio Southern Oscillation (ENSO) phenomena. However, the seismic
risk from the activation of crustal geological faults, which may have a greater dimension,
of multiple landslides in the territory in confrontation with rainfall events should not be
underestimated [31-33]. Historically, landslides associated with seismic triggers are infre-
quent and have been generated by moderate earthquakes of local geological faults, where
certainly the dimensions of displaced material would be much greater with macroseismic
intensities in the order of VIII < Io < X [34] (see Figure 1).

The current study analyzes the recent landslide triggered by prolonged rains, which
occurred on 21 December 2021 at the Tamban site, San José de Chimbo canton. There,
part of the road infrastructure between Chimbo and the close-by El Cristal, as well as the
upper part of the slope, a cobbled street, together with a church, a sports field, a communal
house called “the acoustic shell”, and several more houses were covered and/or destroyed
by this landslide. The description and interpretation of the landslide include technical
criteria, which will define the deformation dynamics, its main geological causes, and
the anthropogenic activities of the population, which have resulted in the studied mass
movement event.

2.2. Geological Formation of the Study Area

The Chimbo canton has four well-differentiated geological formations in its territory.
Here, the oldest unit in the canton is the Macuchi formation within the cretaceous basement,
where suites of basaltic and volcano-sedimentary lavas outcrop in the entire parish of Telim-
bela and part of Magdalena and Asuncion [35-39]. In the study area, the most representative
lithology of volcanic origin corresponds to the Arrayanes formation of the Plio-Pleistocene
age (see Figure 2). This formation has been also mentioned on local scale maps as Lourdes
Volcanics, being composed of ash-coated lapilli and accretionary lapilli interspersed with
lapilli tuffs and andesitic as well as rhyolite lavas [38,39]. These volcanoclastic lithologic
units are cut by tonalite intrusives, probably from the Paleocene. Granodiorite intrusives
older than the units described are not very outcropping in the Chimbo canton. All these
Tertiary lithological units are covered by the Guaranda volcanic unit of the Quaternary
age, which includes fall-out tuffs, breccias, agglomerates, and Pleistocene andesitic lavas
from older volcanic centers such as Chimborazo and Carihuayrazo. Holocene volcanic
sediments cover the preceding lithologies, with material from secondary volcanic lahars,
poorly consolidated pomaceous volcanic deposits, debris flows, and fragments of minor
lavas from younger centers such as Cotopaxi and Tungurahua volcanoes [39].
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Figure 2. Generalized geologic map of Chimbo canton [39,40].

Lithological and geomorphological factors define the classes of landslides that can
be coherent (rockfall, overturns), disruptive (translational and rotational), and lateral
spread landslides (unconsolidated soils of recent sedimentary deposition). Numerous
case studies have been conducted all over the world, investigating geological (lithology,
hillslope geometry) and seismological (macroseismic intensity, horizontal PGA-h peak
ground acceleration, Rrup distance) factors, with the aim of evaluating the dynamics and
kinematics of landslides and may prevent disasters in densely populated urban areas or
industrial sectors in development and also in other potentially vulnerable areas [4,34,40].

2.3. Rainfall Characteristics

Based on the Koppen climate classification [41,42], the studied region is characterized
by different sub-climates ranging from semi-humid to dry mesothermal, which are the
most frequent climates in the inter-Andean region. These are characterized by irregular
temperatures, being highest in the months of March and September, while the months of
June to July coincide with the lowest averages, where the soils lack sufficient moisture for
plant growth [43]. The temperature in the Chimbo canton is varied, with changes according
to the area that range from 12 °C to 18 °C. The predominant vegetation is premontane and
lower montane humid forest, where the native forest has decreased by 4.6% in relation to
the year 2000, due to the felling trees to sow temporary crops and pastures [29].
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The populated area has increased proportionally in the zones where the areas of
shrubby and herbaceous vegetation have been exploited [29]. These anthropic activities
without the corresponding technical knowledge have occurred in some areas, where soil
oversaturation due to irrigation from agricultural activities has generated smaller dimen-
sioned but nonetheless multiple landslides in the area (see Figure 3).
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Figure 3. Location maps of the landslide on 21 December 2021, at the Tamban site, Bolivar province,
northern Andes of Ecuador. The black dots represent the locations of historical landslides as docu-
mented by the Secretary of Risk Management (SGR) [30].

The rainy seasons yield less than 500 mm annually, which occur between December
to April (Table 1), with the exception of the Telimbela parish, which is a very humid
subtropical bioclimatic region with an average annual rainfall of 2000 to 3000 mm. For the
Tamban site in the city of San José de Chimbo, there was a rainfall record in 2020 of 624 mm.
However, by 2021, rainfall reached an increase of some 202% in this particular sector. The
advancing conditions of the ENSO, by the end of 2023, will increase three times the average
precipitation recorded in Tamban in the province of Bolivar.

Table 1. Monthly precipitation values recorded in San José de Chimbo between 2020 and 2023 for the
station “Tamban” (at latitude —1.6772, longitude —79.033; NASA 2023) [17].

Average

Year 2020 2021 2022 (2020-2022) 2023
December 136.83 175.12 95.41 135.79 814.69
January 114.26 315.39 106.5 178.72 139.72
February 107.25 156.91 126.24 130.13 114.59
March 77.87 180.7 250.6 169.72 219.86
April 187.93 186.7 165.6 179.85 259.90
Sum 624.14 1014.13 744.35 794.21 1548.76

Values in millimeters.
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3. The Tamban Landslide of 2021
3.1. Extent of the Occurred Disaster

On 21 December 2021, at 23:30 local time, low-precipitation rains, which were pro-
longed for eleven days, caused saturation levels in highly altered volcanic materials. These
moved through a listric plane of an old geological fault, affecting several homes, a neighbor-
ing road and a main inter-cantonal highway of the Guaranda road. Evidence of deformation
in the terrain and its dimension of the detachment and accumulation zone is illustrated in
Figures 4 and 5. Meteorological stations belonging to the National Institute of Meteorology
and Hydrology (INAHMI) monitoring network did not record rainfall data on those days
as they were not in operation. The San José de Chimbo parish, particularly the Barrio
Tamban site, was the most affected by the landslide, where the inhabitants had to abandon
their homes, situated close to the landslide escarpment, which represents the beginning of
the landslide zone. Likewise, the sewage system, water supply, and electrical networks
remained out of regular operation. The total collapse of the entire structure of the main
road inhibited traffic for five months. Later, a fill material without technical specifications
allowed partial circulation. Nonetheless, such outcomes were most likely affected by the
next winter months that began in December.

According to the classification of Varnes [12,44], and the reconnaissance in the field
during the geological and geophysical prospecting phase, the landslide in the Tamban area
in the detachment zone is translational, and the materials were transported and deposited
in the accumulation zone at a distance of 330 m as debris flow with rubble materials from
collapsed houses and highways (see Figures 4 and 5).

BDebrhis
accumulationyzene

Figure 4. Evidence from the Tamban slide on 21 December 2021. (A) Zone of rupture and dis-
placement through a plane of an inactive geological fault, with structural measurement of 235/72.
(B) Final area of debris accumulation with a distance of 335 m from the main slope scarp. (C) Tech-
nical personnel from the GAD of Sam José de Chimbo, SGR, and the State University of Bolivar,
placing the electrodes in a vertical position for the geophysical prospecting of electrical tomography.
(D) Acquisition of resistivity data in the P2—Wenner profile.
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RECONE! GURATION

Figure 5. Landslide of Tamban on 21 December 2021 (23:30 local time). (A) Deformation dynamics of
the landslide affecting the Pan-American Highway. (B) Road reconfiguration and risk of damming
by runoff water. (C) Panoramic view of the main landslide scarp 18 months later. (D) Tamban area
and formation of the main escarpment affecting the access road in the Tamban site. (E) Tamban
Church collapsed.

3.2. Main Causes of the Landslides

The main causes of landslides can be derived into two categories being predisposing
factors (lithology, slope, topography) and triggering factors (rainfall or earthquakes). The
Chimbo canton has higher events of landslides triggered by prolonged rains, while land-
slides with seismic triggers have much longer recurrences. Lithologically, the dominant
granular and cohesive materials in San Jose de Chimbo are associated with lapilli-supported
fall layers, high mineral weathering, and loss of soil resistance, presenting a plastic litho-
logical aspect, which are delineated in blocks by planes of discontinuities in the saprolites.
In this type of volcanic material, with the combination of the planes of the discontinuities,
the landslides are classified as coherent with listric planes of translational and rotational
displacements that end as flows in the accumulation zone of a landslide.

Based on the given data, the stratigraphy for the Tamban site comprises mainly two
lithological units, evidenced in the slope cut formed after the landslide, an upper unit
of poorly permeable material where the massive lapilli tuff rich in fine and medium
ash matrixes and abraded lapilli was highly saturated, and below a unit of cohesive
material with characteristics corresponding to high-plasticity silt, probably formed from
the alteration of a volcanic tuff. The saturation of this lithology is the main triggering factor,
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where the low-precipitation rains that began in the early morning of 12 December 2021
lasted up to eleven days, with the generation of the landslide at the Tamban site [17].

The geotechnical effects on the surface were already documented as cracks in the
upper part of the slope and displacement of street sidewalks and at the pavement level. The
houses indicated differential settlements on the ground, where the soil mass experienced
eventual sudden changes such as a decrease in shear resistance, resulting in the landslide
of 21 December 2021. Indeed, months before the main event, the Tamban area already
registered specific and isolated saturation of the ground due to some breaks in sewage
pipes, where the seepage and saturation of the soil decreased the shear resistance of the
soil. This punctual saturation feature is evidenced up to ten meters deep and confirmed by
electrical tomography geophysical tests performed in previous studies [45-47]. Positive
pore water pressures developed within the soils, which lowered the effective stress and
consequently reduced the shear strength of the soil.

4. Methods and Field Investigation

This research work has been planned in two phases. In the first phase of field geology
and geophysical prospecting, the dynamics of ground deformation was analyzed from the
stratigraphy of lithological units, measurements of discontinuities in saprolite material, and
delineation of saturated material evidenced in the slope cut of the escarpment of glide. The
array configurations used to obtain data were dipole, gradient, Schlumberger, and Wenner,
which were processed with the software RES2DINV, where geophysical surveys of three
electrical tomography sections, P1 (profile A-B) with gradient measurements and 205 m in
length, P2 (profile C-D) with Wenner-Schlumberger measurements and 315 m in length,
and L3 (profile E-F) with Wenner measurements with a length of 200 m (see location of the
geoelectric lines in Figure 3). The measurement error was 6.9 and 9.3%, being evidently
below the allowed limit of 10%, which indicates high quality in the data processing results.

The electrical method was based on the electrical resistivity tomography (ERT) and
consisted of establishing the curves of resistivity variations with the depth of the ground
through measurements on the surface [46-48]. These measurements were performed with
a subsoil resistivity meter ABEM Terrameter LS 3000, where up to 63 electrodes with
a spacing between 4 to 5 m were used. Subsequently, we injected a maximum current
intensity of & 600 V and 2500 mA, which allowed the identification of electrical resistivity
anomalies in different subsoil materials (see Figure 6). Electrical tomography is a multi-
electrodic resistivity method, based on 2D modeling of the soil resistivity through the use of
finite element or finite difference numerical techniques, allowing for electrical tomography
to have a high potential as a tool for the study and exploration of the subsoil [47].

A second indirect test of seismic surveys of shear wave velocity (Vs30 m/s) reached
30 m in depth. These tests have abbreviations P4-Vs30 and P5-Vs30 profiles (see Figure 3).
The seismic laying had a lineal configuration of 24 geophones and spacing every 5 m
between them, and with these aspects, it was possible to conduct a laying of 120 m in
length on the surface of the ground, where the model of seismic speeds of the cutting wave
(Vs) was obtained through a process of mathematical inversion for seismic data and whose
RMS error associated with the inversion process was 2.4%. To determine the speed of
the seismic shear waves (Vs), the data obtained from the MASW and MAM techniques
were integrated, outlining possible lithological contacts in the volcanic sequence of the
Tamban site [49-51]. Finally, the results of indirect geophysical tests, which delimited the
geoelectric (measurements in (2.m) and geoseismic (measurements in m/s, Vs30) units,
were compared with the lithological units recognized on the ground.
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Figure 6. Electrical tomography profiles delineating lithological units in the area of the 21 December
2021 landslide at the Tamban site (see location in Figure 3).

Preliminary data from excavations through pits up to three meters deep indicate that
the lithological materials that make up the upper part of the slope are classified as silt with
low to high plasticity with sand and medium to high compressibility (liquid limit between
39 to 60, as well as plasticity index between 1 to 16). After the 2021 landslide event, and
evidencing the lithological units in the slope cut of the main scarp, in this study, a total
of four undisturbed samples were taken (Shelby tubes) from lapilli-supported fall layers
and volcanic tuffs for laboratory analysis (see Figure 7 and Table 2). The results of these
tests and field observations were used to assign the soil resistance parameters necessary for
numerical modeling (see Table 2).
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Figure 7. Geological profile based on the electrical tomography survey and shear conphas velocities
(Vs30), delineating the lithological units in the rock substrate.
Table 2. Technical parameters of the lithological units from unconsolidated undrained triaxial trials.
Post Landslide (CullEyez .
Layer Description y s (Retro-Analysis)
g - (kN/m?) (m/s) c ¢ c ¢
(kPa) ©) (kPa) ©)
U1 Voleanic lahar, 14.19 291-267 89.27 12.9 18.15 0.13
high-plasticity silts
U2 Clast-supported 17.11 268-360 85.35 18.26 33.68 7.42
lapilli tuff
U3 Fine-bedded 16.9 366-550 34 19 34 19
massive lapilli tuff
U4 Granodiorite 20 >560 1200 31 1200 31

In the second phase of the slope analysis and numerical modeling, the kinematic and
dynamic analysis of the unstable slope was considered. The kinematic analysis considered
the combination of the discontinuities with respect to the direction of the slope, identifying
a main planar-type sliding deformation mechanism. The main discontinuity was attributed
to planes of an old geological fault with a favorable direction to the slope (222/71, dip
direction/dip). A second finite element analysis was performed to investigate the failure
mechanism and safety factor of the slope that failed during the 2021 landslides investigated
herein. In order to analyze slope stability, deterministic or probabilistic methods are used,
such as geotechnical models [20,22,52]. It has been also necessary to calculate a safety factor
that represents the potential failure [23], based on a geotechnical model of the studied site.
Furthermore, we analyzed also its physical-mechanical parameters such as topography,
arrangement of soil strata, parameters of shear resistance, and groundwater level [21].
Through in situ observations and measurements, a planar slip of cohesive materials was
identified, caused by a discontinuity that exceeded the friction angle. According to Hungr
et al. (2014); this type of slip occurs when there is a weak layer that creates a deep
tension crack without an active wedge, which triggers a slow or fast movement. Like
other landslides in overconsolidated shales or clays, the fault surface follows a pre-shear
discontinuity of residual friction, which can be caused by tectonism or be progressive [53].

A complete statistical base is expensive to prepare [21,22]; therefore, all uncertainties
can be specified based on available information, field observations, professional judgement,
and even post-event laboratory analysis, from which a useful data interval or fuzzy set
is obtained of the necessary parameters in the modeling [23], which can be considered
uncertain such as the groundwater level, cohesion, friction angle, and unit weight.
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The geological properties, and especially the mechanical properties of both soil and
rock slopes, vary from one place to another and can change over time. Furthermore, their
characterization is based on the results of laboratory tests, where real ground conditions are
difficult to reproduce [54]. This leads to uncertainties when assigning the geomechanical
properties of the subsoil, and with deterministic methods, these uncertainties are considered
in the design safety factors [55,56]. Therefore, deterministic methods are gradually being
replaced by more practical approaches such as probabilistic methods.

5. Results and Discussion
5.1. Data and Numerical Modeling

In the current research, the stability of the slope located in the Tamban area was
calculated using a landslide model [56]. To develop this model, we used GeoStudio 2018
R2 version 9.1.1.16749 software and employed finite element modeling in order to calculate
the factor of safety towards sliding below different soil conditions. This modelling program
enabled us to analyze the stability of slopes graphically with the geomechanical parameters
of the study site. Considering that the fault surface observed with geophysical methods
and graphically corroborated with the projection of the exposed slope face that reached the
upper limit of a highly altered lapilli-supported fall layer and defining the site stratification
with the same methods, the original topography was taken to start the slope stability
analysis. For the level where the failure surface occurred, by means of a back analysis
using the Morgenstern—Price method and starting from the index parameters for each
stratum [22], the soil resistance data were obtained at the moment of collapse. This, on
reaching a factor of safety (FS) equal to 1, indicates the state of equilibrium of the slope in
the static case. Furthermore, the Mohr-Coulomb constitutive model was used, wherein the
failure surface occurs when the soil loses its strength and on which the maximum shear
stress and normal stress act.

It is also considered, according to the NEC-15 standard, that once the stability analyses
have been performed in the corresponding software, the minimum safety factors to be
reached must be 1.50 in the static case and 1.05 for the pseudo-static case [26,56]. Further-
more, according to the seismic design map of this standard, the Tamban site is located in a
zone with a value of 0.35 g of seismic acceleration, and it needs to be considered that the
seismic demand for pseudo-static analysis is 60% of the peak ground acceleration, which is
analyzed in the software with a value of 0.21 g for this given case.

5.2. Geotechnical and Geophysical Characterization of the Subsoil

Geophysical prospecting from electrical tomography (measured in (3.m) allowed us to
differentiate lithological units up to 40 m deep. In the rupture zone or main landslide scarp,
there are isolated zones of saturated material that reach a depth of up to 15 m, probably
associated with ruptures in sewerage system pipes. Here, the resistivity values are 1.46 ().m
(see Profile P1 in Figure 6). The seepage and isolated saturation of the materials since the
rupture of the sewage system has not been the trigger for the landslide that occurred on
21 December 2021. However, the combination of other natural causes such as geological
and geomorphological, such as some unconsolidated sediments or weathered and jointed
material or adversely oriented structural discontinuity, contrast in permeability and in
stiffness, suggesting the presence of dense material over plastic materials.

The first lithological unit that included medium-to-fine-bedded massive lapilli tuff
units, with low plasticity, had resistivity values in the order of 900 to 3500 (0.m. The
geotechnical parameters obtained from the laboratory for this unit indicated values of Ym
between 14 and 15 kN/m3, ¢ between 23 and 42°, and cohesion between 15 and 28 kPa [57].
Recognition on the ground allowed the evaluation of the deformation dynamics of the
landslide, and a plane with well-differentiated striations of a normal-type geological fault
with rake —90° and structural data of 222/71 (dip direction/dip) was evidenced. The width
of the fault was three meters thick and may be associated with an inactive regional fault.
With these facts described, the saturated material corresponding to the lapilli tuffs unit
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moved through a lower geological fault plane. This deformation feature is associated with
a planar landslide that, due to its size and transport, reached a distance of 300 m as debris
flow (see accumulation of debris in Figure 4).

The second lithological unit corresponds to very fine-bedded massive lapilli tuff,
with a high plasticity index. Through the Unified Soil Classification System (USCS), it
was determined that for the landslide body, the material corresponded to a silt of high
plasticity (MH) and high compressibility (liquid limit between 64 and 67, plasticity index
of 27). By executing an unconsolidated undrained triaxial, a cohesion of 85.35 KPa and
a friction angle of 18.26° were obtained. For the exposed face, we obtained a silt of high
plasticity (MH) of high compressibility (liquid limit between 91 and 96, plasticity index
between 42 and 46), with a cohesion of 89.27 KPa and a friction angle of 12.90°. These shear
resistance parameters will be the basis for developing an inverse analysis and knowing the
geomechanical values corresponding to the moment of collapse, necessary for numerical
modeling. From these samples, it was also known that the material of the sliding body
had an average void ratio of 1.19, a specific weight of 17.11 kN/m?3, a moisture content of
38.72%, and an average degree of saturation of 87.9%. For the exposed face, there were
average values of 2.33 for the void ratio, a specific weight of 14.19 kN/m?3, a moisture
content of 75.10%, and an average degree of saturation of 87.01%.

5.3. Assessing Landslide Susceptibility, Hazard, and Risk

In reference to the effects of damage to the ground during the landslide, which occurred
on 21 December 2021, at the Tamban site, three deformation zones are well differentiated.
The first is the rupture zone or detachment zone from the escarpment main, which has a
slope height of 26 m. The second is the overlap zone or tilted blocks, which have listric
planes of secondary escarpments which are well differentiated on the surface and reach
a depth of 10 m. The third is the debris accumulation zone that has displaced material
covering a horizontal distance of 300 m, with thicknesses of 10 m near the secondary scarps
and from 2 to 4 m in the final zone of the flow (see Figure 6). The electrical tomography
tests delineate the thickness of the rubble material, under a layer of lithic lapilli tuffs of
volcanic composition where the thickness is in the order of 15 to 20 m. Deeper, there is the
most resistant stratum with seismic velocities of 500 < Vs(m/s) < 1300, which corresponds
to sandstones of dense to very dense volcanic composition.

5.4. Slope Stability Analysis

With the current topography of the terrain, the graphic projection of the failure surface
that is displayed on the site, the internal arrangement of the strata obtained by geophysical
prospecting, the resulting geotechnical parameters in the laboratory, and considerations
of the loads that act on the site are assessed. Through retro-analysis, the configuration is
executed so that the system reaches a state of equilibrium with a safety factor equal to 1,
which then allows a stability analysis of the post-landslide situation to be performed.

Figure 8§ illustrates the topographic changes between the initial and final condition of
the slid mass, where, although in the post-slide analysis, a safety factor of 1.37 is obtained
under normal conditions, it does not indicate the stability of the slope. This occurs as it does
not yet comply with the parameters established in the NEC-15, and onsite, the vulnerable
situation of the homes located at the crown of the slope is evident, which progressively
demonstrates cracking in their structure.
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Figure 8. Stability analysis diagram of the landslide on 21 December 2021. Above: situation at the
time of the collapse (back analysis). Below: ground surface after collapse.

The local authorities conducted an emergency rehabilitation of the road with material
of different granulometry and composition. This includes rounded and angular pebbles
that exceed 25 cm in diameter. This is crushed quarry material and cohesive volcano-
sedimentary material similar to that encountered on the site, arranged in layers without
any type of reinforcing or waterproof material such as geosynthetics that would provide
resistance to the new road slope. This intervention has not reshaped the slope to the
level of the houses in the crown, so the deterioration of their foundations and instability
problems continue.

To achieve a stability design that meets the conditions of safety factors according to
NEC-15, the stability of the current configuration was analyzed, so the photogrammetric
survey was performed to obtain the topographic profile with the morphology of the
area. Together with the geomechanical parameters obtained in the retro-analysis, a new
evaluation was realized.

As illustrated in Figure 9, the safety factors resulting from the analyzes with the new
road slope do not comply with the minimum indices indicated by the NEC-15, since for
the static case, a value of 1.20 is obtained, which is even lower than the one obtained just
after the slide. This indicates that the load of the material with which the reconstitution of
the track was performed and the movement of earth near the exposed face affect the shear
resistance of the ground. For the pseudo-static case, a safety factor of 0.74 was obtained,
which is well below what the standard indicates, and in the event of a seismic movement,
the mass of the slope is prone to collapse.
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Figure 9. Emergent reconstitution stability analysis diagram. Above: static condition. Below:
pseudo-static condition.

5.5. Remedial Measures for Landslide Prevention

Considering that once the slope is reshaped, it must have the necessary drainage
conditions so that precipitation and infiltration water is evacuated effectively and does
not cause a saturation of the system. While additionally counting on the existence of an
adequate sewage system, a slope can be modeled where the water table does not affect the
soil layers. To model the new slope, it was decided to reconstitute the body of the slope
using a system of reinforced or mechanically stabilized earth using one of Maccaferri’s
methods such as Terramesh. The Terramesh consists of a pre-assembled double twist metal
mesh (type 8 x 10) with geogrid reinforcement that has a tensile capacity of 301 kN/m (see
Figure 10). In addition, a gabion wall facade will be installed, making the whole a modular
system. The slipped mass is composed of fine materials of high plasticity, which, with
appropriate treatment such as chemical stabilization by adding cementing compounds such
as lime, can be used for this construction system as it increases its performance. Material
from surrounding areas and any material found up to the resistant stratum in the landslide
zone that can be excavated and used according to its geotechnical properties may also be
used. Due to the high compressibility characteristics of the material existing at the foot
of the slope, the design includes a system of micropiles being 11 m long, arranged with
a separation of 2 m between them, reaching herein the most resistant stratum to transmit
the loads.
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Figure 10. Stability analysis diagram of reconstitution with reinforced earth system. Above: static
condition. Below: pseudo-static condition.

For the upper area where there are homes in vulnerable situations, it was proposed
to reshape the slope up to the crown. However, because the self-weight of the reinforced
earth system provided a destabilizing load, a series of passive anchors were designed in
the current crown with its respective shotcrete wall. Therefore, the anchors were 20 m
long, with an inclination of 30° to the horizontal and arranged with a separation of 1.50 m.
Additionally, a series of designs with reinforced earth were developed in order to find the
most stable solution to be implemented, verifying that the results in static and pseudo-static
conditions comply with the safety factors indicated by the NEC-15 standard [58].

6. Conclusions

The Tamban landslide is planar and its deformation is due to the saturation of weath-
ered material, being medium-to-fine-bedded massive lapilli tuff layers, with resistivity
values in the order of 900 to 3500 (2.m. This saturated lithological unit, due to density,
moved along a discontinuity plane of an ancient geological fault, with direction 235/72. The
anthropogenic causes are specific and associated with pipe breaks that saturated material
up to 15 m deep. However, the main trigger for the complete saturation of the lithological
material is associated with the eleven days of moderate rainfall that triggered the landslide
on 21 December 2021.

In reference to the effects of damage to the terrain during the landslide, which occurred
on 21 December 2021, at the Tamban site, there are three well-differentiated deformation
zones: (i) the rupture zone or detachment zone from the main scarp that has a slope height
of 26 m, (ii) the area of secondary scarps or inclined blocks, which have listric planes of
secondary scarps, which are well differentiated on the surface and reach 10 m in thickness,
and (iii) the accumulation zone that has displaced material traveling a horizontal distance
of 330 m, with a thicknesses of 10 m near the secondary scarps and 2 to 4 m in the final zone
of the flow. Electrical tomography tests outline the thickness of the rubble material beneath
a layer of lithic lapilli tuffs composition where the thickness is in the order of 15 to 20 m.
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Deeper in, the most resistant layer is found with seismic velocities of 500 < Vs(m/s) < 1300,
which corresponds to denser granodiorite.

For feasibility studies and civil works design for deep foundations, it is recommended
to consider the positions of the lithological units, particularly those with greater resistance
that are 20 m deep from the current surface of the ground. The safety factors from the
stability analyzes reach a safety factor of 2.04 for the static case and 1.18 for the pseudo-
static case, where the stress zones occur on the reinforced earth slope with the design safety
factor being higher than the stability criteria dictated by the (national) standard.

Supplementary Materials: The DTM used for analysis is the NASA SRTM 3.0 global model, 1 arc
second resolution: https:/ /Ipdaac.usgs.gov/news/nasa-shuttle-radar-topography-mission-srtm-
version-30-srtm-plus-product-release/ (accessed on 30 November 2023). Some of the figures were
realized using Qgis and Arcmap® software.
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