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Abstract:

The study of any mass movements (e.g. landslides, avalanches, debris flows, rock
falls) has been a very important task for engineers, geologist and constructors since the
construction of roads, dams, tunnels and open pit mines require always a slope stability
analysis. The study of mass movements includes the analysis of several environment
parameters and involves different science disciplines. Geomorphology, geology, climatic
conditions, tectonic and the physical-mechanical characteristics of rock may be catalogued
as the most important. In other words, the environment conditions (e.g. seismicity,
precipitation, weathering), the temporal location of rock units and the rock genesis affect

directly the geomechanical behavior of rock masses.

The southern shore of the Cuitzeo Lake is a perfect scenario were poor geomechanical
characteristics of rock masses and an active extension regime has been affected the stability
of slopes (e.g. normal E-W faults). A numerical simulation of an old slide that covers 2.0
km? and 300 m height was accomplished with the objective of understood the geomechanical
behavior of rock masses that are generating instabilities in the zone as well as the main trigger
factors. The study zone is mainly composed by poor welded ignimbrites and andesitic-lavas
with hydrothermal alteration and the zone is mainly affected by at least three fault system.
Conceptual model was accomplished based on a reconstruction of the stratigraphy in
fieldwork. GSI and Generalized Hoek and Brown criterion were used for the determination
of the mechanical parameters of the rock mass (¢; ¢). Finally, a numerical simulation (Plaxis
2D and GeoSlope) under four different scenarios (static, dynamic, precipitation and dynamic
+ precipitation) were implemented in order to determine the factor of safety and the

maximum displacements for each scenario.

The stratigraphy of the slope is mainly composed by an alternation of ignimbritic
units with different welded degrees and andesitic lava with high fracturing. The poor rock
mass quality and the height of the slope suggest a dominant failure mechanism of general
failure, similar to the soil failures. The welded degree of the different lithofacies is variable
and consequently the properties of intact rock were affected. Geomechanical characterization
throws values that ranges from GSI= 25-55 and mean mechanical parameters values of ¢:

42° y c: 0.18-0.61 MPa. Factor of safety result from the numerical modeling for all the



scenarios are barely up to 1. These values decrease when a seismic acceleration in Y direction
is increased up to 0.30g. This situation could be well represented in an induced seismicity
analysis. Therefore, slope stability problems are controlled by poor mechanical properties of

rock masses and clearly the trigger factor in the slope was seismic accelerations.

Resumen:

En el estudio de los procesos de inestabilidad de taludes y laderas en macizos rocosos
intervienen una gran cantidad de parametros del entorno que deben ser considerados. La
geomorfologia, la geologia, el clima y la tectonica (local y regional) de la zona de estudio
son algunos de los mas importantes. Por otro lado, las caracteristicas propias de los macizos
rocosos juegan un papel de igual o mayor importancia que las caracteristicas del entorno. El
comportamiento geomecanico de las mazas rocosas que componen una ladera se ve afectado
por distintos factores, como la génesis de la roca, la ubicacion espacio-temporal de las
distintas unidades de roca y en gran parte por las propiedades geomecanicas de las

discontinuidades y la roca intacta.

La region sur del lago de Cuitzeo es un claro ejemplo de procesos de inestabilidad
generados por un comportamiento geomecanico pobre en las unidades de roca asi como una
tectonica local activa en un régimen de extension que ha generado serie de fallas normales.
La zona esta principalmente compuestas por depositos ignimbriticos y flujos de lava. En esta
investigacion se realizé un modelo numérico de un deslizamiento antiguo que cubre un area
de aproximadamente 2.0 km? y 200 m de altura, con el objetivo de entender el
comportamiento geomecanico de las mazas rocosas que esta generando las inestabilidades
en la zona. Mediante trabajo de campo se reconstruyo la estratigrafia de la zona antes del
deslizamiento y se utilizo el sistema GSI para caracterizar la calidad de los macizos rocosos
y el criterio de rotura Generalizado de Hoek and Brown para obtener los pardmetros
caracteristicos del macizo rocoso (¢; ¢) que fueron utilizados en la modelacién numérica con
Plaxis 2D and GeoSlope. Se analizaron cuatro escenarios distintos, en estos se incluyeron un

analisis estatico, dinamico, precipitacion y dinamico+ precipitacion.



Los resultados del trabajo de campo indican que la estratigrafia estd compuesta por
distintas facies de productos ignimbriticos y flujos de lava con una densidad de
fracturamiento muy alta. Debido a esto, el mecanismo de falla que domina en la zona es el
correspondiente a falla general, que es similar a las fallas en suelos. El grado de soldamiento
de las distintas litofacies es variable y consecuentemente las propiedades geomecanicas de la
roca intacta se ven afectadas. En la caracterizacion geomecanica mediante GSI y la
utilizacion del criterio de rotura Generalizado de Hoek and Brown se obtuvieron valores de
GSI= 25-55 y valores aproximados de de ¢: 42° y ¢: 0.18-0.60 MPa como pardmetros
caracteristicos del macizo rocoso. Los factores de seguridad obtenidos de los distintos
escenarios apenas sobrepasan la unidad, estos valores solo descienden por debajo de uno
cuando se considera una aceleracion sismica mayor a los 0.30g. Se concluye por lo tanto, que
los procesos de inestabilidad en la zona son controlados por el fracturamiento de la zona y

detonados por aceleraciones sismicas.



1. Introduction

The study of any mass movement (e.g. landslides, avalanches, debris flows, rock
falls) has been a very important task for engineers, geologist and constructors. Mass
movements represent a very important hazard for populations, for example, settlements near
an unstable scarp is very susceptible to be affected by a flank collapse. Otherwise, the same
unstable scarp may affect important roads that communicate important cities or provoke
human casualties if a big rock block hit a car or houses

Another important point for the study of big mass movements is the
fact that we could know the evolution of geologic and tectonic processes that have been

affected the morphology of the area.

In general, the study of any mass movements requires the knowledge of the
geological, tectonical, morphological features of the zone and the knowledge of the physical-
mechanical behavior of the material that composed the slope. Another parameter that has to
be considered in the analyses of mass movements, is the environment characteristics of the
area, such as the seismic susceptibility , weather conditions (atypical
precipitation) and hydrothermal sources that weathered rock units

. In other words, the study of mass movements requires a detailed characterization
of the study zone an materials that conform the slope. Particularly, this investigation presents
an analysis of rock slope stability in the southern shore of the Cuitzeo Lake, this zone have
been characterized for the occurrence of different slope stability (e.g. rock falls, rock-slides)
phenomena that are clearly observed in affections on main and secondary roads and highways

that connect very important cities (e.g. Mexico city-Guadalajara-Morelia).

The characterization of rock masses has been analyzed by the implementation of the
geomechanical classifications. The most common of them, are the RMR

the Q-system , and the GSI

These geomechanical classifications have been proved to give good results as an
engineering tool, however they do not bring information about the stress-strain evolution. In
this way, failure criteria were developed as a complement for geomechanical
characterizations. The most used failure criteria are the Mohr-Coulomb (MC) and the

Generalized Hoek & Brown (GHB) , results of both are given in terms of
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mechanical parameters of the rock mass: cohesion (c), friction angle (¢) and elastic modulus
of the rock mass (E»). MC criterion, proposed a linear behavior of the material, while GHB
stablished a non-linear mechanical behavior. MC is often used in soil slopes and small rock
slopes (<20 meters) and GHB could be applied accurately in bigger slopes (>20m). The

above, highlight the importance of know the scale in which the analysis will be accomplished.

The use of GSI and failure criteria may be complemented by another studies, for
example, and include the use of geographic
information systems (GIS) and modeling techniques for analyze the risk of collapse in an
open pit mine. use the GSI for corroborated fracturing data and
calibrate their code for the numerical simulation. compare different

geomechanical classification for the improvement of the numerical simulations.

This investigation deals with a 300 meter height natural rock slope, it covers the study
of the geologic-structural context of the study zone based on cartographic data and fieldwork.
Physical-mechanical characterization of rock masses (intact rock and discontinuities) will be
accomplished using the GSI for evaluate the quality of rock masses, laboratory tests on intact
rock and finally, GHB will be implemented in order to obtain the mechanical parameters of
the slope that permit the numerical simulation. The most used method for numerical
simulations are the limit equilibrium method (LEM), which in general compare the acting
forces against the resistances forces. On the other hand, the finite element method (FEM)
uses iterative equations to represent the mechanical behavior of the slope and simulate the
evolution of the stress-strain on the slope. Numerical simulation in this investigation were
done with Plaxis 2D (www.plaxis.com) code for FEM and GeoSlope (www.geoslope.com)
software for LEM. Analyzes were accomplished using different scenarios, such as seismic

acceleration and the presence of water level.
1.1 Objectives
Main objective.

e Numerical modeling of slope instability on the southern part of the Cuitzeo lake, by the
use of the commercial software Plaxis 2D and GeoSlope and proposing different

scenarios (static, dynamic, precipitation and dynamic + precipitation).
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Particular objectives.

e Construction of the geological sections of the slope by temporal, spatial and geometrical
characteristics assignation of each rock unit.

e Geomechanical characterization of each single rock unit by the use of GSI and the GHB.
1.2 Study zone

The study zone is located in the central region of Mexico, specifically in the northern
part of Michoacan state, along the southern shore of Cuitzeo Lake. Geologically, the area is
within the large described Trans-Mexican Volcanic Belt (TMVB), into the Michoacan-
Guanajuato Volcanic Field (MGVF). TMVB (Fig. 1) is an east-west, Miocene to Quaternary
province (Cantagrel and Robin 1979; Nieto O. et al., 1985; Verma et al., 1985; Ferrari et al.,
2000) and is the largest Neogene volcanic arc in North America with more than 1,000 km
length, it covers an area of approximately 160,000 km?. It is built on the southern edge of the
North America plate, which overrides the Rivera microplate and the northern part of the
Cocos plate (Ferrari et al. 2012). The geometry of the TMVB is controlled by the slab
geometry, that has a 15° oblique trend relative to the Middle American Trench (Pardo and
Suarez 1995; Ego and Ansan 2002). Tomography images show that Rivera plate dips at ~70°
beneath the TMVB (Yang et al., 2009). It represents the last and longest continental
magmatic activity: since the Jurassic, have been occurred a series of arc overlappings, which
were the result of the subduction of the Farallon plate into the North-American plate (Luca
Ferrari et al., 2012). The first arc was formed in Late Cretaceous to Paleogene and it consists
in the prolongation of the Peninsular Range Batholiths of Baja California to the south of the
TMVB in the Jalisco Block (Ortega-Rivera, 2003), the second magmatic arc is represented
by granitic to dioritic plutons and basaltic to andesitic lavas exposed on the southwestern part
of the TMBV.(Martini et al. 2009, 2010). On top of this rocks there are a thin layer of silicic
ignimbrites, this last were emplaced in two different pulses. The first pulse affect the south
of central-west part of the TMVB (Moran-Zenteno et al., 1996) while the second one is
recognized in the south of the volcanic front on the central part of the TMVB (Ferrari et al.,

2002; Orozco-Esquivel et al., 2009; 2010).

In turn, the MGVF, which is located in the central part of the TMVB (Fig. 1a) is

delimited to the north with the Lerma river valley, while in the south is curbed by the Balsas
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river depression (Kshirsagar et al., 2016), to the east, it is restrained by the Tzitio anticline
(Blatter & Hammersley, 2010) and its west boundary is made by the Mazamitla volcanic gap
(Kshirsagar, Siebe, Guilbaud, Salinas, & Layer, 2015). The MGVF is composed by different
volcanic structures as cinder cones, stratovolcanoes, maars and lava domes. According to
some authors (e.g. Hasenaka and Carmichael, 1985(Kshirsagar et al., 2016) the MGVF
covers an area of approximately 40000 km? and comprises the largest concentration of
monogenetic volcanoes in the world. Connor, (1987) carried out a study in which describes
the structural geology of the MGVF, he analyzed the distribution and alignments of
volcanoes and faults on a 300 km? area around the Paricutin volcano, finding that the
volcanoes are mostly concentrated on the south-central portion. On other hand, same author
found that the stratovolcanoes are concentrated into the northern part. This fact could be
related to different factors or a combination of them (e.g. geometry of the subducted plate,
changes in the structure of the overlying plate). In addition, the crustal configuration of the
MGVF is defined by a complex faults zones arraignments (Garduiio-Monroy et al. 2009;
Guilbaud et al. 2011; 2012) which have been formed the Cuitzeo Fault System in the north-
eastern part of the field.

Volcanic products as Plio-Quaternary basaltic andesite, andesite, and dacite rock
types dominate the MGVF and cover the underlying basement. Nevertheless, recent
investigations (Gomez-Vasconcelos, Garduiio-Monroy, Macias, Layer, & Benowitz, 2015)
found that near the eastern limit, particularly along the southeast part of the Cuitzeo lake
revealed that these Plio-Pleistocene volcanism are lying unconformably over Miocene silicic
ignimbrites (14.1-22.9 Ma in age) issued from multiple caldera complexes forming the Sierra
de Mil Cumbres. In turn, Alaniz-Alvarez et al. (1998) suggested that monogenetic volcanoes
in the central part of the TMVB follow the roughly E-W direction of the Morelia-Acambay
fault system (MAFS).

MAFS is distributed in a ~30 km wide belt where WSW—-ENE to E-W extensional
faults formed the lacustrine basins of Zacapu, Cuitzeo, Morelia and Acambay (Ferrari et al.,
1990; Martinez-Reyes and Nieto-Samaniego 1990; Pasquare et al. 1991) (Fig. 1b). Structural
studies indicate that faulting began at the end of the Miocene with left-lateral oblique motion

that later became more extensional (Ferrari et al., 1990; Suter et al., 1995b). Faults in the
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northwestern part of the system (Cuitzeo Lake) affect Miocene to Pliocene volcanic
sequences, whereas faults in the Morelia area, in the southern part of the system, show
evidences of late Pleistocene to Holocene motion (Gardufio-Monroy et al. 2001; Suter et al.
2001; Szynkaruk et al., 2004). In the study zone, this dynamic structure is represented by the

three main faults system identified and measured in every single outcrop.
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Fig. 1. a) [llustrative map of the central part of Mexico; scale of the detail: 1:250 000. b) Illustrative map of
the MAFS; scale of detailed 1:20 000. Abbreviations are: HC= Huandacareo; ML= Moroleon; MR= Morelia;
AZ= Los Azufres; MT= Maravatio, CH= Ciudad Hidalgo; AC= Acambay.

2. Geological-structural context

In general, the study zone is conformed by pyroclastic products and andesitic-basaltic

lava, these are affected mainly by the presence of at least three regional fault systems (E-W;
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NE-SW; NNE SSW). Pola et al. (2016) accomplished a geologic map, in which highlight
two principal types of rock units, those are the Cuitzeo ignimbrite and the Cuitzeo andesite
Fig. 2. Otherwise, Trujillo-Hernandez (2017) accomplished a more detailed geological map
Fig. 3. She divided the geology in eight different sequences. 1) The granitic basement. It has
been dated in 48 ma (Ferrari et al. 2012). 2) Mil cumbres sequence. It is conformed by high
weathered andesitic-basaltic lavas, dated in 21.5 ma. 3) Copandaro Sequence. It is conformed
mainly by the ignimbritic unit called “La yerbabuena” and “Colonia independencia”. 4)
Tarimbaro sequence (18.6 ma). It is composed by two different lavas, both with andesitic-
basaltic composition, one of them characterized by its greenish color and the other one is
characterized by a light brown color. 5) Chucandiro sequence (17.1 ma) It is composed by
different pyroclastic products, which variates in color from white, light purple and pink as
well as in welded degree. 6) San agustin del maiz sequence. This is conformed by lava flows,
dykes and different ignimbritic lithofacies with variations in welded degree, texture,
weathering (hydrothermal alteration) and lithic-pumice composition; this sequence is well
described by (Nufiez-Hurtado, 2016). Also, this unit correspond to the study zone of this
work. 7) Santa rita sequence (13.96-8.34 ma). It corresponds to an andesitic-basaltic dyke.
8) Monogenetic volcanoes (8.11-0.175 Ma). It is represented by different volcanic structures,

most representative are: the Zapata Volcano and Chucandiro Cone. (Fig. 2)
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2.1 General seismic-tectonic frame

Seismic activity in the study zone is mainly the result of normal faults that are
consequence of tectonic extension (0.2 +/- 0.05 mm / year) that affects the central part of the
TMVB (Ferrari et al. al., 1991; Suter et al., 1992, 2001; Szynkaruk et al., 2004; Gardufio-
Monroy et al., 2009) and generated the MAFS (Fig. 1B). It is considered as seismically active
(Quintero-Legorreta et al., 1988, Suter et al., 1992, Ramirez-Herrera, 1996, Suter et al.,
1995b, Gardufio- Monroy et al., 1997; Ardufio-Monroy and Escamilla, 1996; Gardufio-
Monroy et al., 2001; Garcia-Palomo et al., 2000; Suter et al., 2001). Some earthquakes,
reported between 1786 and 1787, caused damage in Tlalpujahua, Araro and Zinapecuaro
(Urquiza, 1872, Ramirez and Reyes, 1873). Others seismic events (1912, 1979, 1998) have
been located in the vicinity of Acambay and Maravatio. In particular, the 1912 earthquake
partially destroyed the town of Acambay and a study of Urbina and Camacho, (1913) proves
that was due a movement in the MAFS. Earthquakes on Maravatio (1979 and 1998) were
due a slope failure in the Venta de Bravo fault (Astiz, 1980; UNAM, 1998). Michoacan is
one of the most seismically active states in Mexico. Vazquez-Rosas et al.,(2005, 2009) makes
arecompilation of historical earthquakes (since 1573) and found that exist three main sources

responsible of seismicity.

3. Background

This chapter is a review and a compilation of the basic knowledge considerate for the
well development of this investigation. It is a literature review that start with a definition of
rock mass and its components (intact rock and discontinuities), as well as the most important
characteristics of them (e.g. UCS, spacing, rugosity). Section 3.2 describe the most used rock
mass classifications (e.g. RMR, Q-system, GSI). It is also included in this section the trigger
factors of slopes (e.g. seismicity, atypical rain, overloads) and the failure mechanism (e.g.
plane failure, general failure). Section 3.5 highlight the importance of the definition of the
scale in the analysis and finally a brief description of the numerical modeling methods is

done (FEM and LEM).
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3.1 Rock Mass

Rock mass is defined as a large isotropic-heterogeneous volume of rock that is
intersected by discontinuities. Rock masses is composed by intact rock and discontinuities.
Intact rock is defined as the continuum portion of a rock mass that is not affected by fractures
in a macroscale, in turn, discontinuities represent the discontinuous element in a rock mass

. The study of rock masses came from the necessity of engineers and
geologists of know the mechanical behavior of the material in which some infrastructure

works (e.g. roads, tunnel, deep foundations) are displaced.
3.1.1 Intact Rock

Intact rock refers to the unfractured blocks between discontinuities in a rock mass.
The size and shape of this block is stretched related with the geometric characteristics of
discontinuities (e.g. spacing, rugosity) and block size may range in size from millimeters to
some meters . The mechanical behavior of intact rock is long influenced
by the inherited physical characteristic of the genesis of each deposit. It is important to
consider that physical characteristics of rocks may be modified by weathering or alteration.
In particular, hydrothermal alteration contribute to increases in porosity and consequently the
reduction of the strength. .Geological classifications of intact
rocks usually have a genetic basis and they may provide little information relating to the
engineering behavior of the intact rock . Some authors
and international standards in the area
have been related the different types of intact rock with their engineering
characteristics. Other authors have
investigated how the variation of physical properties such as porosity (1), density (p), P and

S wave velocity (vp, vs) could modify the mechanical behavior of intact rock (Fig. 4).

The stress-strain behavior of intact rock could be measure with the Uniaxial
Compressive Strength (UCS) and the results of this are represented in graphics stress-strain
(Stress-Strain curve) in which we are able to notice not only the evolution of the mechanical
behavior (e.g. Young modulus E) of the intact rock but also the maximum strength to axial
stress (oci). It is common to estimate the UCS by indirect tests, such as the point load

compressive strength (PLCS). PLCS must be applied carefully as long as there are several
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relations that not always are useful for the type of intact rock in our study. Other mechanical
tests on intact rock are the Tri-axial Compressive Strength (TCS) and the Direct Shear
Strength Test (DSST). These tests are very useful to obtain the characteristic parameters of
intact rock such as the Cohesion (c), Friction Angle (¢) and even the Poisson Ratio (v) with
the correct instrumentation (local strain gauges) that is an essential parameter used in the

numerical modelling.
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Fig. 4 Comparison of different rocks in accordance with their UCS and the effectiveness porosity (n.). Modify
from (Pola et al., 2016).
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3.1.2 Discontinuities

The term discontinuity is use to denote any separation in a rock mass. Discontinuity
is the term used to denote any break in a rock mass that have low tensile strength. Most of
the time, the behavior of the entire rock mass depends on the characteristics of
discontinuities, due this, an exhaustive and careful characterization of discontinuities must
be done carefully . Some authors

have defined different types of

discontinuities from an engineering point of view. Some of them are described as follows:

Fault. 1t is a fracture along which there has been recognizable displacement in both
sides of the plane fault. The adjacent ground to the fault is always disturbed and composed
of weak material such as clay, cemented material or rock flour (gouge, breccia, cataclasite),
and associated discontinuities around the fault plane. The width of fault planes could variate

from millimeter to hundreds of meters.

Geologic contacts. These represent the course of deposition of different rock units.
Geologic contacts are characterized for present a long persistent (tens of meters). These
discontinuities may present variation in grain size, mineral composition and the cohesion
between the bed-planes is enough for not consider it frictional. It is important to recognize
the type of contact between different units (e.g. bedding plane, angular unconformity,

disconformity pedologic contact, intrusive contact)

Joints. In the field of geotechnics, joints are the most significant break of geological
origin. The difference between joints and fault is that joints does not have a visible
displacement. Planes of joints with similar values of orientation and dip may be grouped in
joint sets that are usually used in kinematics analyses to predict the failure mechanism in rock

masses.

20



Symbology

\Joints _ -~ Geologic Normal ."": Fallen
* contact Tault - = Blocks

Fig. 5 A) Geologic contact between andesitic lavas and ignimbrite. Jointed rock were the fallen blocks are
appreciable. B) Normal Fault and associated fractures.

21



International standards such as defined ten parameters to identify the

most relevant characteristics of the discontinuities that affect the behavior of rock masses

such as orientation, spacing, persistence, roughness, wall strength, aperture, filling, seepage,

number of sets and block size.

a)

b)

g)

h)

)

Orientation. Geometrical disposition in the space of discontinuities. It is measure
in terms of the declination of the plane respect to a horizontal plane (dip) and the
geographical direction of this (dip direction).

Spacing. It is the perpendicular distance between two discontinuities of the same
joint set.

Persistence. It is refer to the length of discontinuity and it could end in another
discontinuities, on the intact rock or out of the rock mass.

Roughness. Rugosity and waviness of the surface of discontinuities, this
parameter define the shear strength of discontinuities.

Wall strength: It is the compression strength of the adjacent rock walls of a
discontinuity.

Aperture. Refers to the perpendicular distance between adjacent rock walls.
Filling. The presence of material between the adjacent rock walls. Usually, this
filling material is weaker than the intact rock due alteration and degradation.
Seepage. The presence of water flow in discontinuities.

Joint sets. The number of discontinuities with the same or closer orientation that
are repeated along the complete rock mass.

Block size. Refers to the dimensions of rock blocks that are the result of the

intersection of discontinuities.
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3.2 Rock mass classifications

In general, rock mass classifications were created for the assignation of
geomechanical properties to a rock masses involved in the construction of civil works. The
first record of the development of rock mass classifications date more than 100 years ago
(Ritter, 1879) and it were used to determine the support requirements for tunnel designing.
Nowadays, rock mass classifications are used for different porpoise (e.g. mining, slope
natural or man-made, tunnels) by engineers and geologist to determine the geomechanical
characteristics of rock mases, such as the friction angle (¢) and cohesion (c). The
geomechanical classifications integrate the physical and mechanical characteristics of both
intact rock and discontinuities and are useful to characterize an anisotropic and
heterogeneous media. define rock mass classifications as the combination of

different features of rock masses into different classes following a specific system.

In general, the parameters considerate in the rock mass classifications are related with
the physical properties of discontinuities (e.g. joint sets, roughness, filling) and with the
strength of intact rock. It is important to recognize that rock mass classifications are limited
to just establish a stability criterion in terms of bad, acceptable, good or very good. In slope
stability analyses, rock mass classifications are used in combination with empirical equations
called failure criterion such as the GHB and the MC criterion

These lasts, relate laboratory tests (e.g. UCS, TCS, Till Test) with field observation
to obtain not only the characteristics parameters of the rock mass (e.g. Em, ¢, v) but also the

principal stresses evolution (o1, 63), that are essential in any numerical simulation of slopes.

Exist a considerable number of rock mass classifications (Table 1), some of them
have been developed for general purpose and other for specific applications (e.g. slopes,
tunnels, foundations). However, the most common are the Rock Mass Rating (RMR)

, the Q-system proposed by and lately
the Geological Strength Index (GSI) developed for . For the porpoise

of this investigation, the rock mass classifications that will be used are briefly described next:
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3.2.1 Geological Strength Index (GSI)

GSI was introduced by as a complement for the generalized rock
failure criterion that he was developed ( ). GSI estimates the strength reduction
of the rock mass towards different geological situations basis on visual interpretations of rock
blocks and discontinuities in the rock mass. This rock mass classifications is mainly used in
rock masses with poor quality (RMR<20) and it estimates the input parameters for the

calculation of the rock mass strength (Fig. 6).

Table 1. Some of the most used rock mass classifications, author(s) and the application.

Most used rock mass classifications

Name of the classification |Sh0rt namel Author | Application

Rock Quality Designation RQD Core logging and tunnels

Rock Structure Rating RSR Tunnels

Rock Mass Rating RMR General

Q-system Q-system Tunnels and large chambers
Rock Mass Strength RMS General
Slope Mass Rating SMR Slopes
Ramamurthy and Arora Classification =~ RAC Intact and jointed rock
Geological Strength Index GSI Mines, tunnel. slopes
Rock Mass Number RMN General
Rock Mass index RMi General

Slope stability analyses is a multidisciplinary task and it requires the knowledge of
different areas such as geology, tectonics, geotechnics and geomorphology. The more
detailed information of the zone, the more accuracy in the results. However, the complexity
of the analysis will increase proportionally to the lasts. This section addresses the factors that
control the mechanical behavior of rock slopes and rock mass strength as the same as the
trigger factors which change the stress state in rock masses and cause the failure. Next, the
possible failure mechanism in rock masses are reviewed in accordance with kinematic
analyses of discontinuities. All the previous information is required for the geomechanical
characterization of rock units. The objective of the geomechanical classifications is to obtain
the mechanical parameters of the rock units based on its physical and mechanical
characteristics. The last section explain the effect of the scale of the analysis and its
importance in slope stability analyses. This section focuses in the importance of the
parameters needed for the construction of conceptual models and numerical modeling that is

reviewed in Section 2.1 and 2.2 respectably.
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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, siructure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 i more realislic than siating that
GSI = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rack mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced is water is present. When
working with rocks in the fair to very poor
calegories, a shift to the right may be
made for wet conditions. VWater pressure
is dealt with by effective stress analysis.

STRUCTURE

SURFACE CONDITIONS

Rough, slightly weathered, iron stained surfaces

7]
:
£ :
2 £
o S
ﬁ >
=
2 o
2 g o
g 2 g
Q & 518385
8 2 3 2 ®
) r52 2
- e El>x¢ec
5 |92 | 52 3258l
e | o i & g >
DECREASING SURFACE QUALITY =

Smooth, moderately weathered and altered surfaces
Slickensided, highly weathered surfaces with compact
Slickensided, highly weathered surfaces with soft clay

/ INTACT OR MASSIVE - intact
rock specimens or massive in
/ situ rock with few widely spaced

discontinuities

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

N

AN

Ny

\\

VERY BLOCKY- interlocked,
partially disturbed mass with
multi-faceted angular blocks
formad by 4 or more joint sets

% ////

T~

BLOCKY/DISTURBED/SEAMY
] - folded with angular blocks

3| formed by many intersecting
2y discontinuity sets. Persistence
of bedding planes or schistosity

7/ ¥ ,;/ ’

DISINTEGRATED - poorly inter-

q locked, heavily broken rock mass
with mixture of angular and

] rounded rock pieces

«Z=—= DECREASING INTERLOCKING OF ROCK PIECES

YN

=] LAMINATED/SHEARED - Lack
4 of blockiness due to close spacing
of weak schistosity or shear planes

1/Y/
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3.3 Controlling and trigger factors of slope failure in rock masses.

In general, slope stability analyses requires detailed information about the geology,
geomorphology and geomechanical properties of each rock unit that compound the rock mass
analyzed, as well as the factors that may or could cause the failure, the possible failure
mechanism and the factors that influence the rock strength. In this way, it is important to
make a remarkable differentiate between the internal characteristics that affect the behavior
of intact rock and discontinuities and the external factors that trigger the failure. In other
words, it is important to considering the evolution or modification of this mechanical

behavior due to different phenomena, such as earthquakes, overloads, atypical rain etc.

The controlling factors of a slope stability analysis are defined as those that
conditioning the failure without this occurs. In other words, these factors define the limit
equilibrium of the slope. In this investigation, controlling factors has been grouped in four
categories; morphological, geological, structural and geomechanical factors. The
morphological factors are defined as the geometric and geographical positioning of the slope
and the rock units which compound it. The geological factors as the name suggested are those
that involves the different rock units in the slope. The structural patterns are given by the
discontinuities and the physical characteristics of these lasts. The geomechanical features of
rock masses are the most important controlling factor in a slope stability analysis. The
geomechanical characteristics of the rock mass are needed to the understanding of the
mechanical behavior of the rock mass. The geomechanical characteristics are obtained with

the geomechanical classifications.

Triggers factors in rock masses are defined as the sudden changes resulting from the
modification on the stress state, and induced by anthropogenic or natural factors (e.g. civil
works, earthquakes, rain, erosion, weathering). This suddenly change is reflected in over-
stresses in both, intact rock and discontinuities define three main
factors that may trigger slope failure: an additional load on the slope (including groundwater
and dynamic loading); Change to the geometry (mining or erosion); or Internal rock mass

degradation/damage.

Landslide occurred in November 4" 2007 on Grijalva River, located in Chiapas.

Atypical rain was the trigger factor for the occurrence of the landslide that moves a volume
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of approximately forty-eight million cubic meters of both, rock and soils. This landslide
results in the obstruction of the river and a subsequently flood. A total of twenty-five human

casualties was the result

3.4  Failure mechanism

An essential part of rock slope stability analyses is to identify the possible failure
mechanism in the rock mass. Basis on geometry (dip direction, dip), roughness (¢) and the
stereographic representation of discontinuities, different types of instability could be
recognized. Stereographic analyzes had to be done carefully and always together with a
detailed observation and geomechanical characterization of the complete rock mass. In
accordance with this investigation, failure mechanism characteristics of the zone could be

graphically represented in (Fig. 7). Next, a brief description of each failure mechanism:

Plane failure. This failure consists in a rock block that slid in a single plane and
dipping out of the slope face (Fig. 7a). In general, there are four parameters that have been

considered in a planar failure:

e The orientation of the sliding plane must be strike £20° to the slope face.
e The dip of the sliding plane must be smaller than the dip of the slope face
< ¥
e The dip of the sliding plane must be greater than its angle of friction ¥,>¢.
e The upper end of the sliding plane ends in a tension crack or intersects the
upper of the slope.
e The sliding plane must be outcropped into the slope face.
Wedge failure. This failure occurs when two discontinuities that are striking obliquely
to the slope face intersect. This intersection results in a sliding line in which is possible to
measure its orientation (Fig. 7b). The general geometric conditions for a wedge failure are

pointed out next:

e Two planes that intersect in a line; if we have the orientation and dip of the
two planes, we will able to determine the trend (a;) and plunge () of the line

of intersection.
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e The plunge of the line of intersection must be smaller than the dip of the slope
face Vi< ¥;.

e The plunge of the line of intersection must be greater than the angle of friction
of the discontinuities ¥;>¢.

e The line of intersection must be outcropped into the slope face.

Toppling failure and rock fall. This differs from the other modes of failure in that it
is not presented through a sliding surface. Toppling failure involves rotation and fall of rocks
in a fixed base. As the same as in planar and wedge failures, a kinematics analyses could be
performed for determine the conditions for a toppling failure.
described two different types of toppling failure: Block toppling and Flexural toppling; the
first of them occurs in rigid rock, when discontinuities form columns that dip steeply into the
slope face and another discontinuity set with a wide spaced and orthogonal joint define the
column height. This last could be related with a domino effect in which the columns from
the back push forward to the blocks from ahead. Flexural toppling occurs when continuous
columns of rock breaking in flexure as they bend forward, this can result in the formation of
tension crack along the columns. It is important to note that toppling failure could be inferred

as rock falls (Fig. 7c).

Circular failure. Rock masses not always content a well define set of discontinuities.
Several times rock mass is compound of weak material which is highly weathered, closely
fractured or the combination of the last. In these cases, failure occurs along a surface that
approaches a circular shape (Fig. 7d). In other words, in a circular failure in rock masses, the
slide surface is defined as the line of least resistance through the slope. In this way, circular
failure in rock masses occurs when rock blocks are very smaller compared with the size of

the slope analyzed. Hence, it is correct to say that the rock mass will tend to behave as a soil.

The determination of possible failure mechanisms is an essential step in all the slope
stability analyses. Hence, acquisition and interpretation of field data must be done carefully
and is always important make conceptual models that resemble the most important features

of each slope analyzed.
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Fig. 7 Typical failure mechanism in rock and its stereographic representation. a) plane failure; b) wedge
failure; c) toppling failure; d) general failure

3.5  Effect of scale

Many times, certain slope could be within another bigger slope. For example, when
roads are constructed in mountainous zones is common to cut part of the natural slope, this
cuts result in man-made slopes that are smaller in size. Due to this, the mechanical behavior
and interpretation of results have to be managed carefully. Another classical example is
represented in Fig. 8: a classic pit wall of 100 meters height with 3 benches. The mechanical
behavior of the complete pit wall is different than in first two benches and in the first bench,
as well as the failure mechanism differs. The knowledge of the scale that is been analyzed
give us information about the way we confront the stability problem, as a circular failure, as
a rock fall or a combination of the last two. It is interesting that we could have the three

mentioned behaviors in the same rock mass (Hammah et al., 2008)
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3.6  Influence of Seismicity in slope stability analysis
Earthquakes are natural phenomena caused by the motion of geological fault on the
earth crust. The motion of faults produce different waves that moves through rocks and may
trigger slope failures (Fig. 9). Seismic events may affect in three ways the slopes: 1) increase
the shear stress, reduction of strength due to the increase in pore pressure and deformation
associated to the seismic wave. This could provoke the fail do the shear stress and even

liquation in granular-saturated soils.
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Fig. 9 Slide activated by a seismic event

Factors that has to be considered in a seismic analysis of slope stability are listed next:

-The value of the of the seismic forces that acts in the sliding mass
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-The strength reduction do the vibratory loads that induce cyclic deformations. Strength
reduction may reach values of 50% less in sensitive soils and the decrease could be reach

20% less during the seismic event
-Amplifications of the seismic force due to soft soils

-The possibility of resonance if exist the equalization between slope frequency and seismic

frequency.

-Deformations in the soil mass or the liquation on sandy soils during seismic events (Seed,

1970).

The coincidence of seismic events with rainy seasons are very common in tropical

areas were rainy season longs several months.

3.6.1 Peak Ground acceleration (PGA)

Horizontal PGA is the absolute value of the acceleration which is taken from an
accelerogram considering its two orthogonal components. The acceleration produced by a
seismic event is closely related with the motion intensity in a specific place. PGA is the most

common parameter used in a seismic analysis of slopes.

Vertical acceleration have received less attention due their effect on structures and
slopes is less. Generally, vertical PGA is assumed as a third part of the horizontal PGA,
however, in slopes near the epicentral zones, vertical PGA gain importance and higher values
should be considered. Therefore, the activation of slope failures due seismic events not only
depend of the wave amplitude, but also by the frequency and the time of occurrence of the

seismic event.

Seismic movements with high PGA are not necessary more destructive than those
with lower PGA, this is because the time occurrence is a significant parameter for the

behavior of structures and slopes (Table 2).
Other parameters for the seismic analysis of slopes are listed next:

-Peak velocity
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-Peak displacement
-Wave length
-Respond spectrum

It is important to study these parameters in a Seismic Engineering book (e.g.

)

Table 2 Maximum acceleration and earthquake duration (Housner. 1970)

Maenitud D . Maximum
agnitude (M) uration (s) acceleration (%g)
5 2 9
5.5 6 15
6 12 22
6.5 18 29
7 24 37
7.5 30 45
8 34 50
8.5 37 50

3.7  Conceptual models

Conceptual modeling is the previous step for any numerical simulation. The more
detailed conceptual model is, the best accuracy in the numerical modeling. Conceptual
modeling could be the most difficult part of the process of developing and using simulation
models ( ). For the last, the construction of conceptual model for slope stability
analyses must be include several features such as the morphology, geometry, geology, stress
field, strength of rocks, detailed characterization of discontinuities, among others. As
mentioned in the previous section, the scale in where the work is developing is very important
for construction of the conceptual model. The knowledge of the scale bring essential

information about the importance of each features considered in the analysis.

In general the construction of conceptual model is a series of steps in which first of
them involves the definition of what will be modeled and the aim of that. In other words, the
beginning of any conceptual model is define the reaches and limitation of the model as the

same as we have to consider that this model is only a partial description and representation
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of the real world, but it has to be sufficient to address the problem situation (Robinson et al.,

2011).

Taylor & Francis Group, (2011) create a summary in which propose a series of steps

for an accuracy conceptual model (Fig. 9):

Definition of the phenomena. What and how will be modeled. In this
investigation a slope stability problem will be carry out.

Determining the modeling and general project objectives. Scope and
limitations of the conceptual model must be included. For example, for this
investigation the principal objective of the construction of conceptual models
is the numerical modeling of slope instability basis.

Identifying the model inputs and outputs. It is essential to recognize the data
we will include in the conceptual model as the same as the source of these
data (e.g. laboratory tests, fieldwork, bibliography).

Determining the model content identifying any assumptions and
simplifications. It is essential always add to the conceptual model all the
criteria used. In this case, the failure criteria used, the geologic contact, the
characterization of discontinuities are some of the parameters must be

described in the conceptual model.

Definition of
the
phenomena:
|
| l ' -

(Scopes and Inputs Outputs Criteria
limitations) P P

Numerical

modeling

Fig. 10 Classical methodology for the construction of any conceptual model.
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Several conceptual models have been constructed as a previous step for numerical
modeling. Next, some of this investigation that variate since conceptual model for geothermal

reservoirs to geological conceptual models are summarized:

Acocella & Puglisi, (2013) propose a conceptual model to describe and explain flank
dynamics at Etna volcano in which they identify the preconditions, as due to the differential
unbuttressing conditions at the volcano base, and the triggering factors, as shallow magmatic
sources (dikes, reservoirs). Then, they propose five scenarios with different results if the
volcano start in an unrest period. The aim of this scenarios are based on a multi-hazard
analysis and consider since an edifice inflation to or seismicity on the principal fractures of
the volcano. Pedrazzini et al., (2013) construct a conceptual model of the Sierre rock
avalanche (Switzerland) which is one of the five largest mass movements of the entire
European Alps whit an estimated volume of 1-2 km? Their study was based
on field observations, DEM analyzes and finally they present a numerical modeling. In their
investigation, they made a comprehensive analyses of the structural and geological
characteristics leading to the development of the Sierre rock-avalanche. Gonzalez-Garcia &
Jessell, (2016) construct a 3-D conceptual model in which he identified the geology of The
Ruiz Tolima Volcanic field (RTVF) with the objective of mitigation of hazard and guide
future geothermal exploration. Agliardi et al., (2001) realize a kinematic conceptual model
of slope deformation on Valfurva on the eastern part of Bormio (Rhaetian Alps, Italy), they
take into account the morphological, geomechanical and structural features of the zone to
finally accomplished a numerical modelling to verify the hypotheses made on kinematics and
driving factors of the phenomenon. They finally conclude that the importance of this deep-
seated slope deformation (DSGSD) is enhanced by the occurrence of a landslide in the lower
part of the slope. This last was subjected to rapid evolution and threatens the valley floor,
establishing an important risk factor connected to human lives and socio-economic activities.
This morphological context of the slope failure could be much related with the one we find
on Cuitzeo. Brideau et al., (2009) studied famous rockslides in Europe. They construct
conceptual model using detailed engineering geological mapping, rock testing, GIS data

analysis, rock mass classification (GSI) and numerical modelling. The authors conclude in

34



the importance of considering all forms of pre-existing rock mass damage when assessing

potential or operative failure mechanisms.

Another application of conceptual modeling was made by Dobson et al., (2018), he
updated a conceptual model of the geothermal resource potential of the NE margins of the
Tatun geothermal system (Taiwan). They analyzed existing and new fluid geochemistry data,
describes new magnetotelluric data and associated 3-D modeling to incorporate these data
and analyses with information from previous studies. It is important to mention this kind of
studies because Cuitzeo region have been characterized lately by hydrothermal activity,
probably in a short future could be necessary the implementation of studies to analyze the

potential of the geothermal reservoir.

All the investigation mentioned, are stretched related with this project and the authors
coincide in some characteristics that are important to take into account for an accurate

conceptual model of slope instability which resemble the real conditions:

e Review of previous investigation.

e Data acquisition of Topographic maps and DEM.

e Detailed fieldwork to identify geological-structural features

e Geomechanical classifications

e Laboratory tests

e Numerical modeling

The methodology to create our conceptual model was based on the previous points

and the numerical modeling is taken as another main objective due the consideration and

adaptation of the conceptual model to the input model to the software.

3.8 Numerical modelling

All numerical modeling of slope stability problems are approximations of the physical
and mechanical behavior of the rock or soil that compose the slope. The accuracy of the
numerical simulation is depending basically of the assignation of geomechanical data to our
conceptual model and a good selection of the input parameters to the model. In general, exists

two groups of numerical analyzes: the limit equilibrium method (LEM) and the finite element
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method (FEM). LEM is usually used in situation where is necessary to evaluate the stability
of a lateral support systems (e.g. soil-nails, anchors) and the aim is to obtain an acceptable
factor of safety ( ); that is the relation between the resistance forces and the
acting forces. The LEM has been used by more than 200 years and has been
applied in the field of geotechnical engineering, providing an accurate margin of safety
against the slope failure. However, with the rapid development and improvements in
computational processors, the FEM has become the principal tool in the calculation of slope
stability problems. The majority of commercial codes for the analysis of slope stability are
based in the FEM, software Plaxis was developed for the analysis of geotechnical problems
such as slope stability, tunneling and deep excavations. This section explain some of the most
used LEM as well as the basis theory of FEM. The last part is an explanation management

of the code Plaxis 2D.

3.8.1 Limit Equilibrium Method (LEM)

After developed the LEM for calculate the force of a fill on a retaining wall,
other authors (e.g ) have made the LEM a very useful
tool for geotechnical engineers in problems of stability analyzes. In this method of analysis
the principle that govern the failure mechanism is given by simple equilibrium static. In other
words, all the stresses and moments are separated in those that act in favor of the failure and
those that resist it. The more visible characteristic of a LEM is that the failure mechanism is
proposed by the modeler, this failure mechanism can be represented by straight lines, circular
arcs, log-spirals or any other slip lines . Exist several methods that are basis
on the LEM, the majority of them are use the Mohr Coulomb Strength Criterion (MCSC) due
the practicality and easy use of it in materials with a linear mechanical behavior (e.g. soil,
weak rock). On the other hand, the Hoek and Brown Criterion (HBC) which stablished a

nonlinear behavior of the material that compose the slope (e.g. rock masses, jointed rock).
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3.8.2 Finite Element Method (FEM)

The FE method is a numerical technique for solving differential equations or
boundary value problems in science and engineering” . The FE
method has been adapted for geotechnical engineering; however there is a perception by
professionals in the geotechnical industry that the FE method is too complex and there is
criticism in its necessity compared to the simpler LE method considering the poor quality of
materials properties often used in the analysis . The FE method
involves transferring the slopes geometry and soils properties into a mesh with a finite
number of elements and nodes. Approximations are made for the continuity of displacements,
the stresses between elements and the connectivity of the elements through theoretical

analysis and mathematical formulations namely finite difference technique (Potts &

4. Methodology

The methodology was constructed according with previous works related with the
numerical modeling of slope instabilities near the zone and other similar works around the
world

First, digital terrain model (DTM) (INEGI,

www.inegi.org.mx ) supply were used for the construction of thematic maps such as hillshade

and contour lines maps; the pixel size of DTM used was 5.0 x 5.0 meters. Two principal
scarp-deposit zones were identified in the DTM and these were corroborated by a first
recognition fieldwork (Fig. 12). In this way, the west scarp-deposit was choose in order to

achieve a numerical simulation.

The reconstruction of the stratigraphy of the scarp was carried out by field observation.
This included not only the description of the outcrops and every single rock unit, but also the
collection of rock samples, the geomechanical classification of rock masses was
accomplished using the GSI . All the laboratory tests

on intact rock were implemented in the “Unidad de Petrofisica; Escuela Nacional de Estudios
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Superiores-Unidad Morelia”. In turn, the Generalized Hoek and Brown (GHB) criterion was
used for characterized the physical and mechanical parameters of the slope, such as friction
angle, cohesion, rock mass modulus and compressive strength of the rock mass. Next, seismic
inversion data in the zone were used for the determination of the seismic coefficients in order
to achieve a pseudo-static analysis of the slope. Also, precipitation data were collected for
the inclusion of rain in the numerical simulation. Finally, safety factor (SF) of the slope were
obtained by the use of Plaxis 2D, which was the best option since is possible to analyze the
mechanical behavior of high-fractured and high slopes. Also, GeoSlope were used in order

to verify the results in Plaxis2D.

5]

@ «sE NW >

scarp Zone

deposit zone

Fig. 11 general view of failed slopes.
In general, the methodology was separated in two phases: 1) construction of the
conceptual model and 2) the numerical modeling. Conceptual model construction involves

in long terms, the data acquisition of physical and mechanical characteristics of rock masses,
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as well as the reconstruction of the geological configuration of the scarp and deposit zone.
On the other hand, numerical modeling cover specific areas such as the definition of border
conditions, obtaining input parameters, model calibration, as well as fitting and idealization

of the conceptual model. Fig. 11 show the general diagram of methodology.

— Fieldwork

| | Geomechanical
classification

— Conceptual model [

— Laboratory tests

Profile
reconstruction

GHB failure
criterion

— Border conditions

Methodology

Numerical
modeling

| | Input parameters
Plaxis

Results
interpretation

Fig. 12 General diagram of the methodology using for this investigation.

4.1. Conceptual model

This section presents the steps for the conformation of the conceptual model. It
includes the activities of cartographic review, fieldwork, laboratory tests on intact rock, the
idealization of the slope model and the adaptation of all conditions that best represent the real

characteristics.

4.1.1 Fieldwork

Cartographic and DTM supplies (INEGI; www.inegi.org.mx) were used in the
delimitation of the study zone. Detail scale of DTM used was 1:10 000 and pixel size of
5.0x5.0 meters. The scarp of the failure as well as the deposit zone were identified basis on

the morphological characteristics of the area (Fig. 12) and a first recognition fieldwork.
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Thirty outcrops were reviewed, both natural and anthropogenic. Fieldwork included not only
the description of outcrops, but also the collection of rock samples. Outcrops were described
in accordance with his color, texture, mineralogy (hand specimen). Outcrops were numbered
follow with the root “Cut” that represent the city of the study zone (Cuitzeo), then it were
numbered from 01 to 30 basis on the order that it were reviewed. The geographic localization
of outcrops were pointed with a high precision GPS “Trimble Nomad 900G” and the
elevation were corroborated with the altimeter integrated in a “Fenix 3” watch with precision
of + 1.0 meter. Collected data from fieldwork were used for the reconstruction of the
stratigraphy of the scarp and de deposit zone. Profiles were constructed with the DTM in the
software ArcMap ver. 10.3 (ESRIL 2016) (Fig. 13).

1

Symbology
£73 Deposit rone
£} S e
B Town

2203000

2. 202,000

2201000

Fig. 13 Delimitation of the scarp and the deposit zone. Coordinate system UGM. Datum WGS 1984

Fieldwork included also the description of hand specimen of all the rock units that
composed the scarp and de deposit zone and the sample collection for laboratory tests. A
total of 10 different lithologies were described in accordance with their color, rock matrix
and mineral composition which was observed with hand lens (20 x). Later, samples were
collected for laboratory tests such as real and bulk density, permeability and UCS. Fig. 14

shows an example of the collected sample in field, as well as a hand specimen described.
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Fig. 14 Constructed profiles in ArcMap ver. 10.3 (ESRI, 2016)
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Fig. 15 Samples collected from fieldwork and hand specimen described.

4.1.2 Laboratory tests

Characterization of the physical and mechanical properties of intact rock were
implemented in the “Unidad de Petrofisica ENES-Morelia”. In this section is presented the
methodology used not only for the preparation of samples, but also the steps followed in the
tests. Bulk and real density were determined using Helium picnometry technique, porosity
using mercury intrusion, UCS were obtained indirectly by the PLSI and all the tests were
carried out followed the stablish on ASTM norms. Eight different irregular samples were
collected directly from field. Then, samples were prepared in different geometric shapes;
cubic samples were used for the determination of the PLTS and bulk density. Cylindrical

samples were prepared for the determination of real density and porosity.
Bulk density

Bulk density is the relation between the volume of a dry rock specimen (including the
volume of pores) and its weight. Ten rock specimens were prepared in a cubic shape in order

to facilitate the measure of its dimensions. Measures were took with a high precision caliper
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(£0.01mm) and the average of three measures per side were took in each sample, finally were
multiplied for the determination of the bulk volume of the sample. Next, all samples were
dried in an electrical oven during twenty-four hours at a mean temperature of 70 °C, after
that they were weighted by second time to verify that the variation was not higher than 0.03%.

Weight were measured in a high precision balance (+0.0001gr).

Real Density

Real density of rock specimens is defined as the relation between the volume of solid
phase and the weight. It differs from bulk density that not consider the volume occupied by

pores.

Real density was determined by helium intrusion, an automatized pycnometer was
used for this purpose. Samples were prepared in a cylindrical shape with radio of 25 mm and

50 mm length (Fig. 15 B).
Point Load Strength Test (PLST)

The PLST is an index test for classify rock specimens basis on their strength. The
PLTS not only measure the Point Load Strength Index (Isso) but also is used to predict other
strength parameters such as uniaxial tensile (UTS) and compressive strength (UCS). The
advantages of the use of PLST is that there is not a special procedure to prepare the
specimens, thus irregular specimens could be used. In this study, PLTS have been used to
indirectly obtain the Uniaxial Compressive Strength (UCS) and use it as a parameter of

strength resistance of intact rock in the geomechanical classification.

The preparation and test of the specimens have been performed following the
stablished on the ISRM-RTH-325-89. A total of twenty-four specimens have been analyzed
(Fig. 15 A). The Point Load Strength Index (Iss0) was obtained as follow (for the detailed

process consult Apendix):

First, the Uncorrected (Is) point load Strength is calculated as:
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Where DZ? is given by 44/r and A=WD=minimum cross-sectional area of a plane

through the platen contact points.

Fig. 16 Cubic samples used in the physical and mechanical characterization. A) Samples after the point load
test; B) Samples before the point load test; C) Specimen of intact rock failed.

I varies as a function of D, in axial, block and irregular lump tests. Because of the
last, a size correction must be applied to obtain a unique Point Load Strength value for each
rock sample. This value can be use for purposes of rock strength classification. To calculate

the Isso including the size correction, the next formula was used.

[g50 = F X I (2)
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Regularly, ISRM norms are used to correlate the PLS and UCS, nevertheless, in this
investigation was used the relation (3) made by This relation is used since
it is made particularly in pyroclastic rocks with similar physical and mechanical properties

(e.g. density, porosity, PLS)

UCS = 2.68¢193!ss50 (3)

UCS was calculated for each of the twenty-four specimens and an average of the
strength value was calculated discarding the higher and the lower value. The values were

used in Hoek and Brown failure criterion

Porosity and Permeability

Porosity and permeability are physical properties of rocks and their study in slope
stability analyses is essential. Rocks under saturated conditions changes its mechanical
behavior due the presence of water into their pore system. This investigation included
scenarios were not only a phreatic level is considered, but also precipitation data from
meteorological stations near the zone. Porosity and permeability data were obtained in

laboratory, by the use of a gas pycnometer and a gas permeameter respectably.

Porosity is defined as the fraction of the bulk volume of a rock specimen that is not
occupied by the solid framework . For this work, porosity was

calculated according with the next statement:

e = (1 _ Pbulk/p ) % 100 (4)

real

Where:

e= total porosity (%)
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pou= bulk density of the sample (Kg/m>)
preai= real density of the rock or solid density (Kg/m’)

The determination of p,..s and prux was explained in section 4.1.2.2.

Permeability is defined as the ability of rocks to conduct fluids into its porous system
. Values of permeability greatly depend on connected porous
(effective porosity) and the characteristics of them (shape, size, distribution)

. Permeability is given in Darcy (D) or m? units (1D=9.869233x10""* m?), however,
permeability of rocks are low and it is very common to express permeability in a smaller unit
mili-Darcy (1000mD=1D). Calculations of permeability are derived from the Darcy law on
liquids under steady state and laminar flow. Mathematically, permeability is expressed in the

next form:

_ nal
~ AAP (5)

Where:

k: permeability (D)

. dynamic viscosity of the liquid (Cp)
O: flow rate (cm’/s)

L: length of the sample (cm)

A: transversal area of the sample (cm?)

AP: pressure gradient inside the sample (atm)
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Calculation of permeability for this investigation was obtained using a Gas
permeameter (Nitrogen) Fig. 16. GasPerm are basis in the theory of . He

stablished the next equation for determine the permeability for particular gas:

k. = .ug PbeLPatm

6
g AAPP,, (6)

Where:

K, permeability to gas (D)

Ug: gas viscosity (Cp)

Py atmospheric pressure (atm)

L: length of the specimen (cm)

A: cross sectional area of the cylinder (cm? )
Obp: atmospheric flow rate at Py (cm/s)

P.: mean core gas pressure (atm)

Klinkenberg discovered that permeability is less when the fluid used is a gas than
when use a liquid, due that, he established a relation between gas permeability (K;) and liquid

permeability (K ) as follows:

K =—39

m
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Where:

K= liquid permeability (real permeability)
K= gas permeability (theoretical)

P,= mean pressure

b= Klinkenberg correction factor

The tests were carried out following the stablished on the ASTM D4525-13. Five
measures of K, were accomplished, keeping constant the value of AP. Values were graphs

on a 2 axis table were Y axis correspond to K and X axis is the 1/Pmean (Fig. 17)

It could be stablished that non-porous rock have zero permeability, Permeability on
rocks were done in laboratory and a gas-nitrogen permeameter was used, samples used for

this test were prepared according with the norm ASTM D4525-13 as well as the procedure

of the test.

Fig. 17 Gas permeameter model AP-123-002-0. Maximum confining pressure of 400 psi.
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Fig. 18 Graph used for the obtention of the KL. Orange points represent one permeability test of the same
specimen, dashed line represent the trend line of the five tests.

4.1.3 Slope geometry idealization
Natural slopes in difference with hand-made slopes (e.g. road cuts, foundations, deep
excavations) does not have a well-defined angle respect to an horizontal plane, due this, an
idealization is needed to represent the most frequent angle along the all slope. A slope model

map was conducted using ArcMap v. 10.3 based on the DTM previously mentioned.

Symbology

[ Slope0-10°
Slope 11:20° | =
$lope 21-40° |
Slope 41-60°

274,000 275,000 276,000 277,000 278,000

Fig. 19 Slope model of the region. Base map resolution 1:10,000. Symbology: SAM: San Agustin del Maiz;
SJB: San Juan Benito Juarez.
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Map was categorized in different angle ranges. From 0° to 10° the most flat zones of
the study zone which cover the majority of the total area, the yellow zone correspond to
angles from 11° to 20°, zone with angles between 21-20° is not the biggest, however, this
zone correspond to the majority of the slopes. Due this, the angle proposed for the model was

38° which was also observed in fieldwork.
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- cut-04

600 meters
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Fig. 20 proposed profile. Dashed line represent before the landslide occurrence.

4.2. Numerical modeling

Two different methods were used in this investigation in order to compare the results.
FEM was accomplished with Plaxis 2D software, on the other hand, LEM was carried out
with Geoslope software. This section presents the methodology used for input all the obtained
parameters and the output results interpretation. Four different scenarios were simulated in
order to obtain a FOS: a) static, b) pseudo-static dry c) pseudo-static + rain. It is important to
highlight that software GeoSlope is assume the theory that materials behave linear-elastic,
same as proposed by the MC criterion, however, the parameters calculated by the GHB (g,

¢, En) could be used without no problem.

In general, both software (Plaxis2D and GeoSlope) were feed with the same data
results from the section 4.1. Plaxis2D were selected since it is the more suitable for the

simulation of non-structurally controlled failure in rock masses that are more than 30 meters
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height. It is based on the FEM and it was developed for the analysis of deformation, stability
and groundwater flow in geotechnical engineering. On the other hand, GeoSlope is based on
the LEM and the type of analysis used was the Morgenstern-Price (MP) as long as this
method differs with the other LEM (Fellenius, Bishop, Janbu) in that MP is the unique that
considerate acting normal and tangential forces in each slope slice. GeoSlope was used in
order to corroborate the results from the Plaxis2D. However, the operation of these softwares

is very similar and could be summarized as follows:

a) Characteristics of the project:
In this parts are defined the conditions of the entire project, such as the name of the
project, units (SI) and the workspace dimensions. Also in this part, are defined the quality of
the mesh. For this work, the 15-noded mesh was selected by recommendations of the users

manual.

b) Define the geometry
Slope geometry was simplified by the main dip of slopes in the region, which is
mainly between the 20 and 40°. The height of slope was took from the DTM constructed in
ArcMap ver. 10.3, finally the top-bottom and deep length of the slope model was proposed
in order to these not affect the slope analysis 350 meters on each side and 300 meters deep

Fig. 19

¢) Define the materials
The materials were defined in accordance with the field observations, GSI, physical-
mechanical characterization of the intact rock (e.g. UCS, preal, ppart) and the use of the GHB
parameters (¢, ¢, E,). Nine material were created in accordance with the samples collected
in fieldwork. Eight materials are pyroclastic products with different welded degrees and
mineral composition, one sample was taken as representative from the andesite unit. The

model was simplified into 5 representative layers, Fig. 19 shows the different units used.

d) Mesh
Mesh was created automatically by the software with a total of 2662 triangular

elements and 21717 nodes Fig. 19

e) Scenarios definition
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Four different scenarios were evaluates, the displacements and FOS were compared

in all of them:

1) Static: just specific weight of the materials were considerate.

2) Seismic: the seismic analysis was done considering the pseudo-static acceleration
from section 4.2.2

3) Precipitation: for this scenario were considered the maximum precipitations from
section 4.2.3 and the phreatic level.

4) Seismic-precipitation: the combination of scenario 2 and 3

f) Results

The results were presented in total displacements and FOS for each scenario.

4.2.1 The Generalized Hoek and Brown failure criterion
The GHB is a failure criterion used in rock masses with poor
mechanical properties, it was first developed as a first input parameter for the design of deep
excavation and tunnels. The main features of the GHB criterion is the assignation of
mechanical properties to rock masses basis on a reduction of the mechanical properties of
intact rock. Mechanical and physical characterization of intact rock was developed in
tprevious section, the reduction of its properties is based on the particular characteristics of

the rock mass (e.g. height, type of rock, surface) and discontinuities (e.g. separation, filling).
The parameters considered by GHB criterion could be summarize in six as follow:

1) Strength of intact rock

2) Bulk density of intact rock

3) Quality of the rock mass by field observation with the use of GSI

4) Type of rock that conform the rock mass

5) Surface quality of the rock mass; for natural slopes could be related with weathering,
while in anthropogenic is related with the method of excavation (e,g, TNT,
mechanical methods)

6) Geometrical characteristics of rock mass face (e.g. orientation, height)
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The GHB criterion aim is to determine the principal stresses (o1; 63) that acct in the

complete rock mass. That behavior of rock mass is represented by the next equation.

Ccl

a
O_I
01’=a3’+aa-<mb—3+s> (8)

Where:

o’1 and ¢’3 are the principal stresses of the rock mass
o.iis the UCS of intact rock

myp is the reduced value of the material constant m; that depends on GSI and

disturbance factor D (see appendix)

s and a are the constants of rock mass (see appendix)

Also, the GHB criterion make a relation between the MC parameters (cohesion and
friction angle) since the most software simulators are based on this last. These parameters

are given by the next equations:

6amy (s + myo3,)% !

I — ejpn—1 9
0" = sin 21+ a)(2+ a) + 6amy(s + myo3,)% ! (9

;o o,i[(1+2a)s + (1 — a)my,03,] (s + my,03,)* "
6am, (s + myo3, )¢t (10)

(1+a)(2+a)\/[1+ Tl
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Where:
d'is friction angle of the rock mass
¢’ is the cohesion of the rock mass

0 3n is the normal stress of rock mass (see Appendix)

Finally, another important paramerer given by the GHB criterion and which is
essential in the numerical modeling of rock masses, is the deformation modulus of the rock

mass (Em). The equation that represent this is given follow:

D O .i
Em[GPa] = <1 — E) chlocsz—m/m (11)

4.2.2 Seismic acceleration values

Slope failure may occur due the inertia generated by a seismic event. This inertia
could be well represented by a force expressed in a seismic coefficient (k). This type of
analysis is called: pseudo-static analysis. This analysis assume that seismic forces are

proportional to the sliding-mass and are expressed in terms of gravity-times.

This investigation use micro-tremors as the source for the evaluation of the dynamic
characteristic of subsoil. This technique permit us to know the natural period of movement
without no necessity of a seismic event. Two points the zone were used for the validation of
the dynamic response of the study zone (Fig. 21 and Fig. 20), inversion of Rayleigh wave
ellipticity curves were use in order to know the velocity structure of the subsoil

Then, the response spectrum as well as the PGA of the site were estimated
with the use of PRODISIS (www?2.ineel.mx/prodisis/es/prodisis.php). This software
estimates the S-wave propagation speed (vs) in an equivalent stratum (H;). The resulting value
for were v=1277.72 m/s and H;=421.6 m. According with Fig. 21 the ground type

correspond to: Type I, which represent a rocky ground with no dynamic amplifications. The
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knowledge of the type of ground was used to determine the F;; (Table 2). Then the maximum

seismic acceleration of the ground was obtained with (12)

aO = 1.5a6Fsit ( 12)

Where:
ao: seismic acceleration (cm/s®)

ao": maximum acceleration of the rocky ground (cm/s*)( ag”=95.73 cm/s® for

the zone)

F: site factor which depends of the seismic zone (zone B) and ground type
(Table 2)
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Fig. 21 Location of the seismic inversions
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Finally, the seismic coefficient was calculated with (13)

Where:

kx,y =ay/9

ky,y: seismic coefficient in x,y direction.

g: gravity acceleration (cm/s®)

(13)
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Fig. 23 Seismic microzonification chart. Taken from (Colunga and Mena, 2015)

Table 3 Determination of the F;; according with type of ground and seismic zone (Colunga and Mena 2015)

Type | Type I Type 111
Zone A| Fg=1.0 Fg=2.6 F;:=3.0
Zone B| F=1.0 F=2.6-0.2((ag -50)/50) F:=3.0-0.3((ag -50)/50)
Zone C| Fg=1.0 Fg=2.4-0.3((ay -100)/100) Fg=2.7-0.4((ag -100)/100)
Zone D| Fg=1.0 Fg=2.1-0.5((ag -200)/290) Fg=2.3-0.6((ag -200)/290)
423 Precipitation values

Precipitation have been considered a trigger factor for slope failures. The saturation
of materials affect directly not only their mechanical behavior, but also, the increase of the
mass and pore pressures generations. The Cuitzeo-Region have registered precipitation of

more than 50 mm on rainy seasons (www.smn.cna.gob.mx). Historical data from

meteorological station were collected in order to consider the maximum rain in our
numerical model. Data of the maximum registered precipitation was obtained from the

“Mexican Meteorological Survey” (SMN).

Table 4 Santa Rita historic precipitation (extreme values)
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Santa Rita Station (extreme precipitation values)

Lat: 19.9039° Long: -101.2611°
Max
Start year End year  Total years precipitation Date

(mm)
Ene 1965 2016 51 75 09/01/1967
Feb 1965 2016 51 30 18/02/1981
Mar 1967 2016 49 40 14/03/2015
Abr 1966 2016 50 23 05/04/1973
May 1966 2016 50 40 24/05/1982
Jun 1965 2016 51 52 20/06/2007
Jul 1967 2016 49 85 29/07/1976
Ago 1966 2016 50 80 13/08/1969
Sep 1966 2016 50 90 18/09/1969
Oct 1964 2015 51 36 09/10/2004
Nov 1964 2015 51 35 02/11/1972
Dic 1964 2015 51 23 04/12/2015

The maximum values of precipitation were used in conjunct with the phreatic level

of the zone. Phreatic level was proposed in accordance with the Cuitzeo Lake water table.
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5. Results

This section presents the most significant results in the investigation. First, the
stratigraphy of the slope is described in accordance with the fieldwork. Then, the
geomechanical characterization of the different units is presented, the geomechanical
characterization was accomplished in accordance with the fieldwork-data, laboratory tests
and the use of the GHB criterion. Finally, the results from the different scenarios in the
numerical modeling are presented, both the LEM and the FEM with GeoSlope and Plaxis 2D
respectably.

5.1.  Statigraphy

The stratigraphy of the zone is conformed by the intercalation of pyroclastic products
and andesitic lavas. The geology of the study zone were divided in 4 stratigraphic columns
(Fig. 1). The main ignimbrite sequence correspond totally to the stratigraphy of the slope.

Stratigraphic correlation were done with the description of hand samples as follow:

Column 3
Cut-21, 23

lgnimbritic
sequence V
Interrupcion

~

Column |

Cul-15-18,22, 24

Column 4
Cut-28

Column 2

Cut-19, 20, 25-27
Interruption

Interruption Interruption

CE

Ignimbritic | R
sequence 11 Ignimbritic iy
i sequence IV: [ —— &y
Interruptio : ¥
Ignimbritic S
sequence 11 2000

II\':‘Iain ignimbrite sequen

M_ai"ﬁ ignimbrite séﬁucpce

Fig. 24 Stratigraphic columns accomplished in the study zone. The main ignimbrite sequence
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Column 1

Unit A: Pink ignimbrite which alteration turns to a white color, massive texture and
poor-medium welded degree. It is conformed by yellow pumice size coarse lapilli, gray and

red lithics in a fine ash matrix.

Unit B: Gray lava flow which is much fractured in a rock mass level. It has a
porphyritic texture whit phenocrysts of plagioclase, quartz and amphibole. It has also some
rounded embed whit phaneritic texture and phenocrysts such as plagioclase, amphibole and

quartz (Fig. 24A).

Unit C: Pyroclastic flow deposit, pink color which alteration turns to white, massive
and high welded degree. It is formed by white fiamme four centimeters long, sharp red-gray
lithics size coarse lapilli. This unit also present high presence of crystals such as plagioclase,

quartz and amphibole in a welded matrix (Fig. 24D).

Unit D: Pyroclastic flow deposit, pink-white color. Massive and medium welded
degree. White flamme were observed and sharp lithic fragments that variate from red to gray.

It contain crystals of plagioclase, quartz and amphibole.
Unit E: Pyroclastic flow deposit very similar to unit A (Fig. 24B)

Unit F: Lava flow deposit, gray color and highly fractured. It presents spheroidal
alteration and fractures filled with calcite. It has porphyritic texture with phenocrysts of

quartz, amphibole and plagioclase (Fig. 24C).
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Fig. 25 Rock units of columns 1. A) andesitic gray lava affected by hydrothermal alteration (Unit B); B)
Pyroclasic flow medium-welded degree; C) Lava flow deposit from Unit F; D) Massive ignimbrite high-
welded degree

Column 2

Unit G: Ignimbrite deposit, pink to purple color, massive and medium welded degree.

Poor content of lithics, these are black-brown color. Some phenocrysts such as amphibole.

Unit G’: Stratified deposit pink color. It is constituted by the intercalation of
pyroclastic flows medium welded degree. In general, deposits consist in yellow pumice that
variates in size from fine to medium lapilli, it has sharp lithics red-gray and some green size

block, all of these within a medium ash matrix.

Unit H: Stratified remobilized deposit, pink-yellow color, poor welded degree. It is

composed by rounded rock blocks of maximum thirty centimeters within a coarse ash matrix.

Unit I: Remobilized deposit white color whit some gray-red tones, massive and highly
wended. It has a considerable amount of phenocrysts of quartz, feldspars, amphibole and

biotite? All of these is embedded in a medium ash matrix.
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Unit J: Stratified deposit pink-yellow color, massive and a poor medium welded

degree. It was no possible reach the layer, since there was not a hand specimen description.

Fig. 26 Rock units of columns 2. A) Unit G from the column which present a poor-welded degree; B)Unit G
from the column which present a medium welded degree; C) Stratified isolated flow which is composed by
UnitH, I andJ

Column 3

This column represent the stratigraphy of the analyzed slope. It include the main
ignimbritic sequence which was divided in seven layers. The variation are specially viewed
in the welded degree (Fig. 26A) and the apparition of the andesitic lava (Fig. 26B). The
complete sequence outcrops in the highway, specifically in Cut-05, Cut 21 and Cut-23 (Fig.
26C). These are described as follows from bottom to the top:
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Fig. 27 Outcrops in the highways. A) Unit K which presents a poor welded degree; B) contact between lava
and welded ignimbrite; C) General view of Cut-21

K: Stratified deposit, pink color, it is constituted by intercalation of pyroclastic flows,
surges and falls. In general, the pyroclastic flows variate from poor to medium welded degree
and they present pumice fragments that variate in size from fine lapilli to block. They present
plagioclase, quartz, feldspars and amphibole within a medium ash matrix. It was also
observed sharp red-gray-green lithics. On the other hand, surges were brittle and a parallel
stratification was observed. In some layers were observed acretional lapilli and white pumice
in the inner. A few crystals were observed in the surges, some as plagioclase, quartz and
amphibole. The las layer corresponds to a fall deposit without visible gradation, dark color

and approximately two centimeters thickness (Fig. 27A).

L: Pyroclastic flow deposit, red color, massive, highly welded but also highly
fractured. It was formed by black fiamme up to five centimeters long and sharp gray-red

lithics. Phenocrysts of plagioclase, quartz and amphibole (Fig. 27C).

M: Stratified ignimbrite deposit, pink color which is constitute by the intercalation of

pyroclastic flows and surges. Pyroclastic flows are high weathered, massive and brittle. Sharp
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dark-red lithic were observed, as well as phenocrysts of plagioclase, feldspars and some rusty
red crystals, the above within a medium-fine ash matrix. On the other hand, surges are
characterized by parallel stratification. Layers variated from poor to medium welded and

thickness of one to thirty centimeters (Fig. 27D).

N: Stratified deposit, pink-white color, and poor welded degree. It is constituted by
the intercalation of pyroclastic flows and surges. Pyroclastic flows are massive and
constituted by sharp white pumice and sharp red lithics size fine lapilli. Also were observed
rounded red-gray-yellow lithics size block. Otherwise, surges present parallel stratification

with layers up to twenty-five centimeters.

O: Lava flow deposit, dark-gray color it turns red in some weathered parts of the
outcrop and it is highly fractured. Also, filled vesicles were observed, the fill material is color
yellow-green. It presents aphanitic texture with less rusty micro-phenocrysts within a micro

crystalline matrix of plagioclase and pyroxenes (Fig. 27B).

P: Stratified ignimbrite deposit, pink-white color. It is constituted by the intercalation
of pyroclastic flows and surges. Pyroclastic flows are massive, poor-medium welded and
highly fractured with some spheroidal alteration. It is composed by sharp white-yellow
pumice, size medium-coarse ash, also sharp red-gray lithics size fine lapilli. It were observed
minerals such as quartz, plagioclase and amphibole in a fine ash matrix. Moreover, surges
present parallel stratification and the layer thickness is up to lten centimeters. Pumice

fragments were observed, size medium ash and less sharp red-gray lithics.
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Fig. 28 Rock units of Column 3. A) Unit K were acretional lapilli were observed; B) Lava deposit which is
highly fractured; C) Unit L which is an ignimbrite highly fractured and welded; D) Unit M which present a
medium welded degree.

Column 4

M: Pyroclastic flow deposit, pink-white color, massive and poor-medium welded
degree. It contents sharp white pumice, size medium lapilli as well as red-dark gray lithics.
Crystal components observed correspond to plagioclase, quartz and rusty Fe-Mg materials,

all the above embedded in a medium welded ash matrix.

N: Pyroclastic flow, red color, massive and high welded degree Fig. 28A,C. It has
white-gray fiamme (Fig. 28B) up to three centimeters long, less yellow-gray lithics and
crystals such as plagioclase, feldspars-K, quartz and amphibole, all the above within a welded

matrix.

N: Stratified deposit with alternation between pyroclastic flows and surges.
Pyroclastic flows are gray-white and poor medium welded degree. They content white

pumice and black-red-oranges lithics. Plagioclase, quartz and some rusty Fe-Ti were
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observed in a fine medium matrix. On the other hand, surges has parallel stratification and
thickness up to thirty centimeters. White pumice fragments were observed as well as some

black-yellow lithics.

O: Lava flow deposit, dark-gray color with phenocrysts of altered quartz (Fig. 28D).

Fig. 29 Rock units of Column 4. A, C); outcrop were unit N were observed with high welded degree; B) gray
filamme from unit N; D) Lava deposit.
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5.2. Geomechanical characterization of rock masses

In this section are included the results from the geomechanical classification in the

different rock units that composed the main ignimbrite sequence.

The observation in fieldwork included the estimation of the GSI. In general all the
units analized present values less than 50 (Fig. 29). This situation is due two main factors. 1)
Rigid rocks (welded ignimbrites and lava) present a lot fractures (Fig. 29A,B) and 2)
Medium-poor welded ignimbrites does not present a lot of fractures, however, they are brittle

or more suceptible to weathering (Fig. 29C,D).

GSI=30-408888

GSI=35-45

-

Fig. 30 GSI values observed in fieldwork. A) Welded ignimbrite with high welded degree and very fractured;
B) contact between blocky lava and brittle ignimbrite; C) medium welded degree ignimbrite and highly
blocky; D) Brittle ignimbrite with low GSI

Physical characterization of intact rock include the accomplished of three tests: bulk
density test, real density test and permeability tests. ppuik of ignimbrites variates from 1200
Kg/cm? to 1900 Kg/cm?. On the other hand, andesite sample results in a ppuk=2650 Kg/cm?.
Real density ranges from 2036 Kg/cm? to up to 3000 Kg/cm? for ignimbrites and for andesite
a prea=2730 Kg/cm?®. The knowledge of these two physical properties was used in the
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determination of the porosity. All these data are summarized in Table 4, also are included the

results from the PLSI.

Table 5 Summarize of the physical and mechanical properties. Isso: point load index n: porosity. *(Pola et al.,

2016)

GHB
Unit Lo UCS  ppun(Kg/m®)  p pux(Kg/m™) '7 GSI parameters
D m;
Andeste  Cut-04 1344 35870 - 2650.000 - 30-40 08 25
Ignimbrite Cut-07 - 11330 2372.000 1512000  3626% 30-40 08 13
Ignimbrite. Cut-12 1130 23.729  2470.000  1283.000  48.06%  45-55 08 13
Ignimbrite  Cut-13 0458 6487  3361.000  1590.000  52.69% 3545 08 13
Ignimbrite  Cut-14  0.699  10.565  2303.000  1910.000  17.06%  40-50 0.8 13
Ignimbrite  mpa* - 4330 2337.097  1449.000  38.00%  30-40 0.8 13
Ignimbrite  mpl* - 8290 2415152 1594000  34.00%  30-40 08 13
Ignimbrite  spka* - 9.570 2036232 1405000  31.00%  30-40 08 13
Igninunbrite _splb* - 8.930 2092754 1444000 31.00% _ 30-40 08 13

Permeability of intact rock was obtained in a permeameter type column.
Permeability is long dependence of porosity. Only one permeability test could be carried
out and the permeability to all rocks was given in the same way. The results for
permeability throw a mean value of K1=0.4 mDa (). This test depend in long way of the
flow during the test. This results were converted to obtain the velocity of the flow throw the

rock. Results are showed in Table 5 for each rock unit.
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Cut-07 permeability

K, ranges from 0.2 to 0.5 mDa

0.4

0.2

0 i L L 1 1 I
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1/Pmean

o Cut-07-01 » Cut-07-02 » Cut-07-03

Fig. 31 Permeability test on an ignimbritic sample. Three test on the same unit were carried out.

Table 6 Hydric results. v=dynamic water viscosity; e=void ratio; pss=saturated density; Ki=permeability;
Kxy=flow throw the rock

Hydric results
Unit Id v (Kg/m s) e P sar(Kg/m 3 ) K, (m 2 ) K, (m/day)

Andesita Cut-04 0.03 2679.30 4.00E-16 0.42
Ignimbrita ~ Cut-07 0.57 1874.56 4.00E-16 0.42
Ignimnbrita ~ Cut-12 0.93 1763.57 4.00E-16 0.42
Ignimnbrita ~ Cut-13 1.11 2116.93 4.00E-16 0.42
Ignimnbrita ~ Cut-14  0.0008910 0.21 2080.65 4.00E-16 0.42
Ignimnbrita ~ mpa* 0.61 1829.00 4.00E-16 0.42
Ignimnbrita mpl* 0.52 1934.00 4.00E-16 0.42
Ignimnbrita  spl-a* 0.45 1715.00 4.00E-16 0.42
Ignimnbrita ~ spl-b* 0.45 1754.00 4.00E-16 0.42

The determination of the mechanical parameters of the complete rock masses were
carried out by the use of the GHB criterion The combination of the observation on
fieldwork and laboratory test on intact rock results in the mechanical properties of the rock

mass. The results are summarized in Table 6.
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Table 7 Mechanical properties of rock masses. *(Pola et al., 2016)

Rock mass mechanical properties

Unit ld ¢, (MPa) O (©) E,, (MPa)
Andesite  Cut-04  0.61 27.86 1515.36
Ignimnbrita Cut-07  0.21 19.19 851.66
Ignimnbrita Cut-12  0.40 32.31 2922.75
[gnimnbrita Cut-13 0.20 17.67 859.36
Ignimnbrita Cut-14  0.31 21.51 1462.47
Ignimnbrita mpa* 0.13 14.25 526.50
Ignimnbrita ~ mpl* 0.19 17.11 728.50
Ignimnbrita  spl-a* 0.19 18.63 782.72
Ignimnbrita  spl-b* 0.18 18.08 756.10

5.3. Numerical modeling

This section presents the results for the numerical simulations. The results are divided
in the four scenarios (static, dynamic, precipitation and dynamic+precipitation) for FEM and
LEM. Results from FEM are given in deformed mesh as well as the maximum displacements

along the slope and the FOS. Otherwise, LEM results are just given the crital slide surface

and the FOS.

5.3.1 Plaxis 2D

The first scenario analyzed was the static. This means that only mass and gravity force
were acting. The deformation was only along the slope face, the top of the slope ddid not
present settlements, this type of failure may be classified as a general fault. The maximum

displacements allong the slope was 2.65 meters. The calculated FOS=1.400 indicates that

under static conditions the slope is stable (Fig. 31).
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Static analysis

Deformed mesh
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600 meters

I

+ 1650 melers »

Displacements

TR WL

Fig. 32 Static results using Plaxis 2D. Deformed mesh (top) and displacements (bottom).
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The second scenario analyzed was the slope under a dynamic load, this is represented
by an accelerationin X and Y direction of 0.15 g. In diference with the static analysis, the
deformed mesh of this scenario shows 2 tifferent movements. The first displacements occur
on the top of the slope in Y direction. This displacement are classic in a seismic event, the
materials tend to consolidates due the seismic acceleration. The second displacements occurs
due the static conditions, the displacements decrease from the top to the bottom of the slope
and the FOS is reduced to 1.014. The value of FOS>1 still indicates stability, however, if we
are on a conservative analysis the slope under this dynamic condition indicates a failure (Fig.

32).

Dynamic analysis

Deformed mesh

300 meters

600 meters

< 1630 melers

Displacements meters

Fig. 33Dynamic analysis in Plaxis 2D
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Precipitation analysis is a very particular case. The deformed mesh shows a similar
movement that the static analysis, FOS decrease to 1.374 which indicates conditions of
stability under conditions of precipitation (0.090 m/day). The displacements are greater than
those in the static analysis and even in the dynamic analysis. This may indicates a plastic
behavior of the slope, in other words the displacements of the materials does not increase

proportionally to the stresses (Fig. 33).

Precipitation analysis

Deformed mesh

300 meters

meters

Displacements meters
12.00

I 10.67
9.33
8.00
6.67

| 533
4.00

FOS: 1.374

2.67
1.33
0

Fig. 34 Precipitation analysis in Plaxis 2D
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The consideration of the dynamic force and precipitation was the fourth analysis.
Deformed mesh indicates three different movements. First, the settlements due the dynamic
force (0.15g) in Y direction, the second movement is due the static conditions, however, this
movements present a variation. There was not a unique slide surface, due the precipitation 2
slides surfaces were observed in the deformed mesh, they match deeper forming a unique
exist. The FOS was reduced to 1.009 and the maximum displacement of 3.89 meters. This

scenario is the most representative of the real conditions observed in fieldwork (Fig. 34).

Dynamic + precipitation

Deformed mesh

] 600 meter

< 1630 meters »

FOS: 1.009]

Fig. 35 Dynamic + precipitation analysis in Plaxis 2D
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In order to verify the conditions under the FOS decrease under 1.0, the seismic forces
were increased to 0.30 and 0.45 in the Y axis. The precipitation conditions were kept similar
to the previous analyses, as well as the phreatic level. Deformed mesh confirm the same
movements that the previous analysis and they differ in the magnitude of the displacements
and the value of FOS. The maximum displacements increase to 3.89 meters and 9.00 meters
for the 0.30g and 0.45g respectably. Both cases, FOS was less than 1.0, 0.991 and 0.988 for
0.30 and 0.45 respectably. Whit this data was possible to determine the settlement due
seismic acceleration, resulting an approximately value of 35 meters and the depth of the slide

surface rounded the 170 meters (Fig. 35 and Fig. 36).

Dynamic + precipitation (k = -0.15g; k = 0.30g)

Deflormed mesh
300 meters

1 600 meters

A =
¥ =

1650 meters

Displacements meters
5.00

I 4.44
3.89
333
2.78
222

1.67
111

FOS: 0.991

0.56

Fig. 36 Model with dynamic acceleration in X=0.15g and Y: 0.30g
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Dynamic + precipitation (k = -0.15g; ky= 0.45g)

1 35 meters

Delormed mesh
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1630 meters

Displacements

600

Meters

meters

9.00
8.00
7.00
6.00
5.00
4.00
3.00
2,00
1.00
]

Fig. 37 Model with dynamic acceleration in X=0.15g and Y:0.45g
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5.3.2 GeoSlope

The result of the LEM were the expected, FOS was higher in comparison with the
anaflysis with FEM. The same scenarios were analyzed and the most remarkable difference
was in the static scenario. FOS using GeoSlope was 2.24 (Fig. 10) the slide surface match
perfectly with the results of Plaxis 2D. Dynamic scenario with GeoSlope results in a FOS=

1.54. The reduction of the FOS in comparison with the static scenario is around 31% (Fig.

11).

Static analysis ®

300 meters

meters

1650 meters

Fy

v

Fig. 38 Static analysis with GeoSlope

Dynamic analysis o

FOS: 1.54 ]

300 meters

600 meters

r Y

1650 meters

v

Fig. 39 Dynamic analysis with GeoSlope
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It was not possible to include precipitation data on GeoSlope, in that way, the phreatic
level was proposed to be acting along the complete slope face (Fig. 12). The results from the
combination of precipitation and dynamic load throw a FOS= 1.38. In comparison with the

results from FEM, the FOS for GeoSlope was higher, but the critic slide surface correspond
in both methods (Fig. 12).

Precipitation analysis e
FOS: 1.48

300 meters

meters

d
<

1650 mcters

v

Fig. 40 Precipitation analysis. Phreatic level was proposed along the slope face to simulate a saturated
material.

As well as in the FEM, the slope was analyzed with two more seismic acceleration
combiataion. First, X=0.15g and Y=0.30g results in a FOS= 1.16. The second combination
(X=0.15g; Y=0.45g) results in a FOS=0.99 (Fig. 14 and Fig. 15).

Dynamic + precipitation

300 meters

meters

1650 meters

A

v

Fig. 41 Dynamic + precipitation analysis with GeoSlope
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® Dynamic + precipitation
Fos 116] (k= -0.15g; k = 0.30g)
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Fig. 42 Dynamic acceleration with kx=0.15g and ky=0.30g

s Dynamic + precipitation
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Fig. 43 Dynamic acceleration with kx=0.15g and ky=0.45¢g
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6. Discussions

All the slope stability analyses are long influenced by the geology, geomorphology,

weather conditions and also by the geomechanical characteristics of the materials.

The assignation of mechanical properties to intact rock is relatively easy comparing
with the assignation of mechanical properties to rock masses. Laboratory tests are enough for
the characterization of intact rock, however, there is not a direct method for determining the
physical and mechanical properties of rock masses. Empirical equation such as the GHB and
the MCC have been developed for estimate this parameters but they are long dependence of

the human criteria.

The effect of the scale in the analysis of slope stability is very important. As
mentioned above, Cuitzeo-Region have been characterized by the occurrence of different
slope stability problems. Almost all these problems are related with structurally controlled
failures and these are clearly observed in the roads and highways. The methodology used in
this investigation is not the best for that kind of analysis. A kinematic analysis and proposing
failure mechanisms such as plane failure, or wedge failure may be the most representative

for studying that problems.

The precipitation scenario by itself produce the bigger displacements in the slope,
however, the stability of the slope is not affected by this displacements. This situation could
be grounded that materials tends to behave more plastic in saturated conditions and the

permissible displacements increase.

Related with the different scenarios included in this investigations, the combination
between dynamic + precipitation is the most representative of the failure occurrence. Another
theory may be related with the active fault system E-W. A considerable seismic event
(Kx,y>0.50g) may active a near fault (San Agustin Fault) and provoke a considerable

displacements that overcome the maximum permissible displacements of the slope.

The creation of the different scenarios in any slope stability analysis is long
dependence on the feasibility of data acquisition. The knowledge of all the characteristics
(e.g. geology, seismicity, precipitation, physical-mechanical properties) will help to have a
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better conceptual model and a more deterministic analysis. This work is based on a
compilation of data from different sources in order to achieve the more possible deterministic

analysis.
7. Conclusions

The tectonical location of the study zone has been characterized by the occurrence of
different slope instability phenomena. This stability problems may be observed in a small
scale such as road cuts or in bigger scales such as natural slopes or volcano flank collapses.
The presence of an active fault system (e.g. MAFS) in combination with the environment
conditions (precipitations) and the poor geomechanical characteristics of materials makes the
zone an important study zone for the slope instability analysis in different scales. Next, the

most remarkable conclusion are listed:

e Methodology proposed has been efficient for the procurance of all the data. It includes the
laboratory tests, the use of empirical equations for the determination of the mechanical
parameters and the software implemented have proven works perfectly with this study.

e Observations on fieldwork shows a remarkable variation between geological units. The
zone is mainly conformed by pyroclastic products and lava flows deposits. The poor
values of GSI suggest are due the high fracturing of welded units or by the brittle
characteristics of poor welded ignimbrites.

e The GHB was the best option for the attribution of mechanical properties to rock masses.
It is the only criterion which fits perfectly for the analyses of rock slopes and it has the
advantage of proposed a non-linear mechanical behavior of rock masses.

e Seismic data used in this investigation for the determination of the maximum ground
accelerations were convincing since they were obtained precisely in the study zone. On
the other hand, precipitation data are realistic as long as there are more than forth
meteorological station that are constantly registering precipitation data.

e The four proposed scenarios for the calculus of the displacements and FOS were adequate.
The consideration of and earthquake and pouring rain may be the most representative

trigger factors in the zone. The FEM and LEM thorw similar results for each scenario.
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e The slope present condition of stability (FOS>1) in almost all the scenarios for LEM and
FEM. However, the seismic acceleration has more influence on the stability. This situation
is demonstrate in the analysis were seismic acceleration were incremented into 0.30g and
0.45 g. The precipitation analysis has the bigger displacements but the FOS>1. This

situation indicates a plastic behavior of the sliding mass.
8. Technical considerations and future studies

It is very important to realize more laboratory tests on intact rock, tri-axial test may help
for the determination of the principal stresses on the rock mass. Also, transmission of seismic

waves for the determination of the dynamic modulus of materials may help.

Due the importance of the study zone, this investigation may be complemented with a

smaller scale analysis such as a kinematic analysis.

Indirect methods may also complement this type of investigation as well as studies of the

soil and another loads that were not considered in this investigation.

For future studies, seismic acceleration may be proposed as the main trigger factor in the
zone. Otherwise, special attention may be put in the filling material of discontinuities, if the
material is plastic clay, during rainy season this material will increase their volume creating

normal stresses that may provoke a failure.
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