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Summary

This Ph.D. thesis studies geotechnically complex formations with a block-in-matrix
internal arrangement in order to better understand the technical difficulties associ-
ated with their identification, characterization and modeling and to provide possible
solutions and tools to overcome these challenges. The complexity of these hetero-
geneous formations originates from the great variability in their structure, lithology
and geotechnical properties. A large number of widespread geologic units, such as
conglomerates, agglomerates, glacial tills, weathered rocks and, above all, melanges,
belong to this category of complex formations.
The definitions, perspectives and classifications of such materials have been the
subject of much debate and confusion among experts since the 1950’s. In 1994 Ed-
mund Medley coined the term “bimrock”, the acronym for “block-in-matrix rocks”,
to conveniently denote the wide variety of heterogeneous formations composed of
strong rock blocks embedded in a bonded matrix of finer texture. The great po-
tential of this term was that it had no geological connotation, since it generically
indicated all rock-soil mixtures. Nonetheless, inappropriate geologic definitions are
still being used in the literature, engendering great confusion among geopractition-
ers and readers. Hence, the first objective of this Ph.D. research was to shed light on
this nebulous terminology, by developing a clear classification for block-in-matrix
complex formations.
Previous research has demonstrated that rock inclusions (their content, position,
shape, etc.) strongly influence the overall mechanical behavior of heterogeneous
geomaterials. Since the commonly used deterministic approaches cannot capture
the inherent spatial and dimensional variability of these complex formations, a
novel stochastic approach has been introduced in this research in order to investi-
gate how rock inclusions may influence the stability and failure modes of bimrocks.
Specifically, 2D and 3D numerical simulations were carried out on many slope and
tunnel models with different block contents, dimensions, positions, shapes and ori-
entations, highlighting the benefits of using such a statistically-based approach.
Moreover, from an operative point of view, rock blocks and their characteristics
strongly influence the choice of the most appropriate earthwork equipment and un-
derground excavation and support methods. However, reliable estimates of block
quantities and characteristics are not straightforward and constitute one of the
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greatest challenges for geopractitioners.
Stereological principles are generally applied to infer 3D block contents from 1D or
2D measurements, but they are often fraught with a high magnitude of error. In or-
der to provide information that may help to address the research gaps regarding this
topic, two novel statistically-based tools, implemented in different Matlab codes,
were developed in this research. The first investigates the degree of error that can
be introduced by inferring the 3D block contents from 2D measurements, providing
an uncertainty factor to adjust the initial estimates. The second was developed
mainly for practical applications. In particular, the new proposed tool allows the
probability of encountering blocks when tunneling in heterogeneous ground to be
estimated and could help to reduce tunneling risks.
In order to explore and tackle the many difficulties inherent in the characterization
of these geomaterials, a typical Italian melange from the Oltrepò Pavese area was
thoroughly investigated. In particular, the efforts undertaken to collect and prepare
intact specimens, which were mainly caused by its sensitivity to water, are described
in detail, as are the laboratory tests, which often required non-conventional proce-
dures. A series of triaxial tests were carried out with the aim of providing all the
necessary information to set up and calibrate a 3D numerical model reproducing
the laboratory tests. However, remolded specimens had to be used, since the dif-
ferent matrix properties and block characteristics (dimensions, lithologies, etc.) of
the natural samples did not allow the tests to be performed under controlled and
repeatable conditions. To obtain the real geometry of the specimens tested, X-ray
Computed Tomographies were performed on the heterogeneous samples. Although
the numerical model is beyond the scope of this research, it could be a valid tool to
predict the mechanical behavior of geomaterials like the Oltrepò Pavese melange,
but with different block contents, shapes and mechanical characteristics when sub-
jected to various stress histories.
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Chapter 1

Complex formations

A “complex formation” is a lithological and/or structurally discontinuous deposit
(rock unit or soil) with highly contrasting mechanical properties at a significant
scale as far as engineering works are concerned (Cancelli 1986, D’Elia et al. 1986,
Barla and Perello 2014). The “complexity” ascribed to these formations can be
caused by genetic (sedimentation and metamorphism, mass movements, volcanic
activities, etc.) or epigenetic (tectonic deformations, weathering, stress release,
chemical alteration, etc.) processes (Anagnostou et al. 2014, Harrison 2014). Ex-
amples of the origins of litho-structural heterogeneity are shown in Figure 1.1. It
is worth pointing out that, from an engineering point of view, this “complexity”
should be intended as “geotechnical” rather than “geological”, although the distin-
guishing features of complex formations (i.e. heterogeneity and chaotic structures)
are strongly related to particular geological processes. However, as underlined by
many authors, a complex geological history does not always result in geotechnical
complexity, and vice versa (D’Elia et al. 1986, Anagnostou et al. 2014, Barla and
Perello 2014, Harrison 2014). As an example, the geotechnical behavior of highly
sensitive marine clays or turbidites, which are “geologically non-complex” units, is
extremely difficult to define. For this reason they are considered (geotechnically)
complex formations (D’Elia et al. 1986, Anagnostou et al. 2014, Barla and Perello
2014). On the contrary, many “geologically complex” units cannot be defined as
(geotechnically) “complex formations”, since the mechanical properties of their dif-
ferent lithologies do not vary in a significant way. Hence, it is fundamental to
distinguish between geological and geotechnical complexity, since only the latter
makes engineering works extremely challenging.
The mechanical characterization of (geotechnically) complex formations is extremely
problematic, since the properties that govern the geotechnical behavior of these
deposits vary rapidly and erratically within the study area and are strongly het-
erogeneous and scale-dependent. This implies that it is generally difficult to obtain
a Representative Elementary Volume (REV) to be tested in the laboratory, which
means that parameters found at the scale of laboratory samples (mesostructure) are
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not always representative of the overall behavior of the deposits at smaller scales
(macrostructure).

Figure 1.1: Genetic (original complexities) and epigenetic (acquired complexities)
processes leading to present rock mass heterogeneity (Anagnostou et al. 2014).

In order to define and describe in a simple way the type of complexity of such geo-
materials, a series of classification systems for structurally complex formations has
been proposed since the International Symposium on “The Geotechnics of Struc-
turally Complex Formations” held in Capri (Italy) in 1977 (Esu 1977).

1.1 Classification of complex formations
The first classification of “structurally complex formations” was proposed by

Esu (1977) (Figure 1.2).
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1.1 – Classification of complex formations

Figure 1.2: Classification of structurally complex formations (after Esu 1977, Barla
and Perello 2014).

Figure 1.3: From the left: complex formations belonging to group A (D’Elia et al.
1986), group B and group C (Festa et al. 2010).

Three main groups of rock bodies characterized by calcareous and arenaceous-
pelitic or calcareous-pelitic lithologies are considered in the classification of Figure
1.2. The first (group “A”) includes homogeneous jointed or sheared clay shales
and shales. The second (group “B”) includes mainly heterogeneous deposits with
both fissured/disarranged layers of competent rock and a matrix of finer texture
(mainly clayey). Rock fragments or blocks can also be found within the softer
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matrix. The last group (group “C”) includes very heterogeneous geologic bodies,
formed by clayey soils and rock blocks, including submarine slide deposits, colluvial
soils, etc.. Some examples are given in Figure 1.3.
Figure 1.4 shows another classification proposed for complex formations such as
flysch by Marinos and Hoek (Marinos and Hoek 2001, Marinos et al. 2019). These
rock masses were classified in 11 types according to their siltstone-sandstone pro-
portion and tectonic disturbance, and a certain range of GSI (Geological Strength
Index) values was assigned to each flysch type. In fact, the chart was developed
in order to accommodate these geomaterials in the GSI system, which relates the
properties of the intact rock elements to those of the overall rock mass (Hoek 1994).

Figure 1.4: Classification for heterogeneous rock masses such as flysch (Marinos
et al. 2019).

This Ph.D. reserach concerns the study of chaotic geologic bodies with a block-in-
matrix structure, which mainly refer to groups “B3” and “C” in the classification
of Figure 1.2. These are the most problematic complex formations to character-
ize (Barla and Perello 2014) and encompass a wide range of geomaterials with a
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1.2 – Complex Formations with a block-in-matrix fabric

block-in-matrix internal arrangement, including conglomerates, agglomerates, olis-
tostromes, breccias, flysch, fault-shear zones, weathered rocks, melanges and other
rock-soil mixtures, as illustrated in Figure 1.5 (Medley 2001, Gokceoglu and Zorlu
2004, Sonmez et al. 2004a, Wakabayashi and Medley 2004, Afifipour and Moaref-
vand 2014c, Kalender et al. 2014).

Figure 1.5: Classification of block-in-matrix deposits belonging to complex forma-
tions, obtained from the literature.

1.2 Complex Formations with a block-in-matrix
fabric

Geological materials are generally classified as either soils or rocks. However,
many heterogeneous and often chaotic geological deposits with a block-in-matrix
fabric do exist worldwide, which constitute a transition zone between soils and
rocks. These heterogeneous geomaterials are characterized by a great variability
of mechanical parameters and lithological changes within short distances, which
are also often associated with erratic permeability values. When dealing with such
block-in-matrix formations, it is not possible to resort to classic soil/rock mechanic
procedures in order to evaluate their mechanical behavior. In fact, soil mechanics
equipment allows only low nominal loads and pressures to be applied, while with
rock mechanics equipment is not possible to control the pore pressures (Dong et al.
2013b). For all these reasons, the determination of the geomechanical properties
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of such geomaterials is extraordinary problematic. This is why they belong to the
so-called “complex formations” or “structurally complex formations” (D’Elia et al.
1998, Anagnostou et al. 2014).
Technical difficulties, delays, economic repercussions and security risks have been
faced in many engineering works in these geomaterials (Medley and Goodman 1994,
Goodman and Ahlgren 2000, Medley 2001, Medley 2007a, Anagnostou et al. 2014,
Lunardi et al. 2014). Some examples are illustrated in Chapter 2.
The critical conditions associated with complex formations have encouraged many
researchers and geopractitioners to focus on this topic over the last decades. Ge-
ologists have studied the different processes leading to the formation of such rock
units, in order to differentiate them and try to provide some classifications (Esu
1977, Riedmüller et al. 2001, Festa et al. 2010). On the other hand, geotechni-
cal engineers have focused their attention on how to characterise these formations
and correctly model, design and construct engineering works in these geomaterials.
Dott. E. Medley and Dott. E.S. Lindquist at the University of Berkeley - California
have been the first authors to face and fully document, from an engineering point
of view, the problem of the structural complexity of such heterogeneous deposits
(Medley 1994, Lindquist 1994b). In their Ph.D. Dissertations, a detailed research
on “melanges” belonging to the Franciscan Complex (see section 1.2.1) and similar
block-in-matrix rocks is presented and their experimental results are still taken into
account by practitioners dealing with such complex rock bodies all over the world.

1.2.1 The Franciscan Complex
The Franciscan Complex (or simply “Franciscan”) is a subduction accretionary

complex composed of oceanic and trench rocks formed on the western margin of
North America. The Franciscan covers about one third of northern California and
is mainly composed of sandstones, conglomerates and mudrocks; however, it also
contains mafic oceanic crustal fragments with limestone, chert, blueschist and other
rock types (Raymond 2017).
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1.2 – Complex Formations with a block-in-matrix fabric

Figure 1.6: Geologic map of the Franciscan Complex (Raymond 2017).

Many different types of melanges (which is a French word that means “mixture”,
well representing the chaotic structure of these geomaterials) can be found in the
Franciscan Complex. Sedimentary, tectonic, diapiric and polygenetic (i.e. melanges
formed by the interplay and superimposition of different processes) melanges with
different internal block-in-matrix fabric (ranging from sedimentary and igneous to
metamorphic), relatively continuous or sheared fabric and variable block shapes,
dimensions and compositions have been recognized by many experts in the field
(Hsu 1968, Cowan 1974, Medley 1994,Wakabayashi et al. 2002, Festa 2011, Festa
et al. 2012, Festa et al. 2020).
Since the 1950’s, many geologists and geotechnical engineers have been involved in
detailed studies concerning the Franciscan melanges. In fact, due to the chaotic
conditions of these rock masses, a great number of engineering projects have suf-
fered technical problems, requiring innovative and specific research ( Lindquist and
Goodman 1994, Goodman and Ahlgren 2000, Medley 2007a, Medley and Zekkos
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2011). Since then, due to the world-wide distribution of melanges and similar
block-in-matrix rock bodies (Figure 1.7), further studies concerning such complex
formations have been performed in many other countries.

Figure 1.7: World map of melanges (Festa et al. 2010).

However, an enormous number of ambiguous and inappropriate geological syn-
onyms associated with mixed, chaotic and fragmented rocks has been adopted for
years by geopracticioners from all over the world. In particular, the term “melange”
has often been inappropriately used to describe a wide variety of complex and often
chaotic formations with a block-in-matrix fabric (Medley 1994). Moreover, further
confusion has also resulted from the many inappropriate aliases found in the liter-
ature for the term “melange” (i.e. complex formations, mega breccias, Franciscan
Complex, tectonic breccias, varicolored clays, argille scagliose, sedimentary chaos,
etc.) (Raymond 1984, Lindquist 1994b, Raymond 2017). This has caused many
scientific debates among geologists and has been a source of great confusion and
misinterpretations in the literature, especially among engineers (Medley 2001, Wak-
abayashi et al. 2002, Festa et al. 2019a).
In the next sections, a brief overview of the origin and definitions of melanges is
given. This is believed to be necessary to clarify some aspects related to the most
abundant and widely distributed complex formations.
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1.2.2 Melanges
This section intends to explain the reasons why many aliases for the term

“melange” exist and a great confusion was caused by the use of such terms. This
is done by means of an overview of geologic studies on melanges available in the
literature, starting from the origin of the term. This overview not only highlights
that a great number of heterogeneous/chaotic rock units belong to melanges, but
also underlines the fact that different opinions, definitions, classifications and per-
spectives have been supported by many geologists in the last 70 years. Hence, it
will be evident how difficult it was and can be to identify and correctly classify
these heterogeneous geologic bodies.

1.2.2.1 The origin of the term “melange”

In 1919 the British geologist Edward Greenly introduced the term “melange”
to indicate tectonic rock bodies of north Wales characterized by lenticular and
predominantly hard blocks of sedimentary rocks enclosed in a finer-grained and
generally schistose matrix. Greenly coined this term to differentiate these rocks
formed by tectonic processes from other “chaotic” rock units originated by sedi-
mentary (gravitative) processes, such as the Wildflysch Auct., largely described in
the Alps after Kaufmann (in Studer 1872, Kaufmann 1886).

Figure 1.8: Comparison between flysch (on the left) and wildflysch (on the right)
(Mutti et al. 2009).

Wildflysch had some features in common with flysch. However, wildflysch presented
disruption and exotic blocks (i.e. rock inclusions that have not the same origin of
the matrix) within the mainly clayey or shaley intensely deformed matrix (Mutti
et al. 2009, Festa et al. 2010, Festa et al. 2020). Hence, Kauffman used the term
wildflysch because of their “undisciplined nature of bedding” strongly contrasting
with the alternating well-bedded strata known as flysch (Figure 1.8).
The interpretation of flysch already provoked considerable controversy among ge-
ologists (Mutti et al. 2009). Hence, it is easy to guess that the interpretation of
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wildflysch sparked scientific debates within the experts, as well. However, even
more extensive debate and disputes have been generated by geologists for the def-
inition and interpretation of melange deposits. The most striking example is the
Franciscan Complex, in California, for which some details are provided in chapter
1.2.1.

1.2.2.2 Definitions of the term “melange”

In the beginning, since a specific and clear definition of the term was not pro-
vided by Greenly, the term “melange” was not adopted for more than twenty years
(Raymond 1984, Wakabayashi and Medley 2004, Festa et al. 2010, Raymond 2017).
Only in the 1950s, after the works of Bailey and McCallien and Gansser (Bailey
and McCallien 1950, Gansser 1955), several authors began to denote a number of
disrupted rock bodies with different geological, lithological and structural features,
with the term “melange”. Such a rough and widespread use of the term melange
started spreading confusion and debates among the geologists since the 60’s.
In 1968 the melange concept was formalized by Hsu for the first time (Hsu 1968).
Hsu, who studied the Franciscan complex, defined melanges to be chaotic units orig-
inated from tectonic processes leading to fragmentation, mixing and incorporation
of exotic blocks within the matrix (Festa et al. 2010, Festa et al. 2016). The author
provided the following definition of melanges: “.. mappable bodies of deformed rock
characterized by the inclusion of tectonically mixed fragments or blocks, which may
range up to several miles long, in a pervasively sheared, fine-grained and commonly
pelitic matrix. Each melange includes both exotic and native blocks”.
After Hsu (1968), the term “melange” was increasingly used to designate several
complex geological formations with rock blocks and fragments of different sizes and
shapes embedded in a deformed matrix (Cowan 1985). Moreover, it was used both
in a purely genetic and descriptive sense, engendering confusion among researchers,
who proposed many different and ambiguous definitions and classifications (Ray-
mond 1984, Cowan 1985, Festa et al. 2010). Some authors (Gansser 1955, Hsu
1968) sustained the genetic definition of the term “melange”, i.e. formed by tec-
tonic processes only. Hence, they distinguished melanges from block-in-matrix rock
sedimentary deposits, called “olistostromes”.
Other researchers (Gansser 1955, Cowan 1974, Hsu 1974, Raymond 1975, Ray-
mond 1984, Cowan 1985, Wakabayashi and Medley 2004, Remitti et al. 2007,
Festa et al. 2010, Wakabayashi 2015, Festa et al. 2016), on the contrary, used the
term “melange” in a descriptive way. They subdivided melanges in several cate-
gories considering the geological formation processes: “tectonic melanges”, “diapiric
melanges”, “ophiolitic melanges” or “polygenetic melanges” (melanges formed by
both tectonic and sedimentary processes) and “sedimentary melanges” (i.e. olis-
tostromes).
In the 1970s, after further studies, several authors (Hsu 1974, Cowan 1978), who
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initially gave the term “melange” a genetic meaning, modified their definitions,
avoiding any specification of the origin of the matrix. In fact, since fragmentation
and mixing were recognized as essential processes in the formation of melanges,
sedimentary events were accepted as one of their possible forming processes (Ray-
mond 1984, Cowan 1985, Festa et al. 2010, Raymond 2017).
In 1974, Cowan defined melanges as “mappable bodies of deformed rocks character-
ized by the inclusion of tectonically mixed fragments of blocks ... in a pervasively
sheared, fine-grained and commonly pelitic matrix” (Cowan 1974).
In 1984, Raymond defined a melange as a “body of rock mappable at a scale of
1:24,000 or smaller and characterized both by the lack of internal continuity of con-
tacts or strata and by the inclusion of fragments and blocks of all sizes, both exotic
and native, embedded in a fragmented matrix of finer grained material” (Raymond
1984). This last definition implied that melanges may be originated by different
geological processes (tectonic, sedimentary, diapiric or a combination of these con-
tributions) but, also, that they should contain “exotic” blocks (i.e. originated in
foreign rock units). This requirement, already introduced by Hsu in 1968, was an-
other controversial issue. In fact, some geologists have distinguished heterogeneous
rock bodies containing only “native” blocks (i.e. intraformational) from melanges
containing both native and exotic blocks (Raymond 1975, Raymond 1984, Festa
et al. 2012, Raymond 2017, Festa et al. 2020). In particular, the term “broken for-
mation” was introduced by Hsu in order to define a (tectonic) stratally disrupted
rock body containing only native blocks (Hsu 1968).
The term “olistostrome” (from the Greek olistomai, which means to slide, and
stroma, which means accumulation) was first introduced by (Flores 1955) to de-
fine “sedimentary deposits occurring within normal geological sequences that are
sufficiently continuous to be mappable, and that are characterized by lithologically
and (or) petrographically heterogeneous materials, more or less intimately admixed,
that were accumulated as a semi-fluid body”. (Flores 1955) and (Flores 1956) fur-
ther specified that olistostromes do not show true internal bedding, and that they
can be differentiated in a matrix (“binder”), which consists of “prevalent pelitic,
heterogeneous material”, and dispersed “bodies of harder rocks” (“from pebbles to
boulders up to several cubic km”).
In contrast to the term melange, olistostrome (Flores 1955), which is widely used
in chaotic rocks literature, has a genetic connotation, being synonymous with a
sedimentary melange in a broad sense. It includes the terms endolistostrome and
allolistostrome (Elter and Raggi 1965), which describe chaotic rock units formed
by sedimentary (gravitational) processes (i.e. mass transport deposits and com-
plexes), embedding native and exotic and native blocks, respectively. Therefore,
endolistostrome is synonymous with sedimentary broken formation, whereas al-
lolistostrome is synonymous with sedimentary melange (Raymond 1984, Festa et
al. 2019a).
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Sedimentary melanges and broken formations that formed as a result of sedimen-
tary mass-transport or mass-wasting processes preserved in exhumed convergent
margins represent the ancient counterpart of modern mass transport deposits (Lu-
cente and Pini 2008). The latter are commonly characterized by great internal
heterogeneity and deformation, representing the product of single or multiple, and
superimposed depositional events (Ogata et al. 2014, Della Valle et al. 2015, Festa
et al. 2016, Ogata et al. 2020).
At present day, the larger part of “melange workers” agree in using the term melange
as a descriptive and non-genetic term, defining a mappable body (at 1:25000 or
smaller scale) of internally disrupted and mixed rocks, with “exotic” lithologies
included as discrete masses (i.e. blocks) in a pervasively deformed finer grained
matrix, without restriction to any particular lithological unit (e.g., Raymond 1984,
Cowan 1985, Festa et al. 2010, Festa et al. 2019a). As stated above, different
processes may lead to the formation of a melange: the adjectives “tectonic”, “sedi-
mentary” and “diapiric” can therefore be used to indicate the interpreted origin of
melanges. The adjective “polygenetic” on the other hand indicates melange formed
by the interplay and superimposition of tectonic, sedimentary and/or diapiric con-
tributions (see Festa et al. 2020 for a complete review).

1.2.2.3 Melange classifications

Several classifications have been provided for melanges and similar rock bodies
in the last 40 years (Figure 1.9).
Hsu (1968), sustaining the genetic definition of melanges, subdivided fragmented
and mixed rock bodies into (tectonic) broken formations, tectonic melanges, having
a pervasively sheared, fine-grained and pelitic matrix with both native and exotic
rock inclusions, and (sedimentary) olistostromes.
Hsu (1974), once eliminated the requirement of exotic blocks within a melange
body, distinguished only chaotic rock bodies (i.e. melanges) from those having no
(or very low) lack of continuity between different geologic strata (i.e. formations).
Raymond (1984) considered melanges to be tectonic rock bodies without stratal
continuity but with exotic blocks, and divided them into four classes: diapiric,
tectonic and polygenetic melanges and allolistostromes. Adopting the terminology
proposed by Elter and Raggi (1965), sedimentary melanges were called “allolis-
tostromes”. If no exotic blocks were contained within rock units, they were assigned
the appellation of “tectonic broken formations” or “endolistostromes” (sedimentary
broken formations).
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Figure 1.9: Classification of melanges.

Cowan (1985) proposed a largely descriptive classification of chaotic rock units
with a block-in-matrix fabric. In his work, based on field studies along the Pacific
margin of North America, the author subdivided melanges in four types (Figure
1.10): stratified sequences of sandstone and mudstone, progressively disrupted by
layer-parallel extension (Type I); progressively disrupted sequences of mudstone,
tuff, chert and sandstone (Type II); block-in-matrix mudstone chaos (Type III);
mudstone dominated brittle fault zones (Type IV). These melange types can be
differentiated mainly on the basis of their mesoscopic fabric (pinch and swell, boud-
inage, foliation, etc.), lithological composition and distinguishing features of rock
inclusions (their shape, dimension and lithology). It is worth pointing out that the
requirement that melanges contain exotic blocks is not included for all the types of
melanges (e.g., Type I melange does not contain exotic blocks).
A more detailed classification of melanges (Figure 1.11), based on several field ob-
servations of chaotic rock units around the world, has been proposed in 2010 by
Festa and coworkers (Festa et al. 2010). Six types of melanges have been identified
(on the basis of their process of formation) and are briefly described in what follows.
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Figure 1.10: An active convergent margin with different settings responsible for the
formation of the four types of melanges (Cowan 1985).

Figure 1.11: Subdivision and classification of melanges and broken formations on
the basis of their geodynamic setting of formation, processes, triggering mecha-
nisms, products and mesoscale characteristics (Festa et al. 2012).
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Figure 1.12: Conceptual model for the formation and emplacement of melanges as-
sociated with (A) extensional tectonics (type 1 melanges), passive margin (type 2a
melanges), ocean-continent transition settings (type 2b melanges) and convergent
margins (type 4 melanges). Different models and cases of subduction settings are
shown: (A) open-double verging wedge with a low elevation backstop; (B) obduc-
tion of ophiolites; (C) close wedge and subduction channel; (D) close and smaller
wedge with an high elevation of the backstop; (E) collisional tectonics (type 5
melanges; intra-continental deformation (type 6 melanges), and (F) strike slip tec-
tonics (type 3 melanges) (Festa et al. 2012)

TYPE 1
The formation of this type of melanges is associated with processes related to
extensional tectonics (i.e. stretching of the crust with formation of grabens and
related crestal gravitational collapses). The matrix is generally formed by pelagic
limestones. The blocks are originated by normal faulting producing collapses, and
consequent accumulation, of cemented carbonate platform margins (Figure 1.12A).
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This leads to mainly angular clasts with variable dimensions (from decimeters up
to several tens of meters) having an intrabasinal composition. These chaotic (sedi-
mentary) rock bodies, which constitute type 1 melanges, are known as megabreccias
and olistoliths.

TYPE 2
The formation of this type of melanges is associated with instability processes,
forming slides, slumps, cohesive debris flows, normally related to continental rift-
ing phases (i.e. extensional tectonic which create new ocean basins) occurring in
passive margin settings (which mark the transition between oceanic and continental
crusts), as shown in Figure 1.12A.
Olistostromes are the chaotic rock bodies originated by such gravity-driven geologic
processes. Angular blocks are randomly distributed within a fine-grained matrix
and can present very large dimensions. For instance, in the case of rock inclusions
originated by the failure of seamounts or submarine volcanoes, geologists have found
blocks up to several kilometers embedded in the argillaceous-siliceous matrix.
Folding, boudinage, foliation and fluidal structures characterize this type of melanges
and are due to plastic deformations that happened when the material was not
consolidated yet (Figure 1.13). Seismic activities, gas hydrate dissociations and
tectonic reactivations have been considered some of the possible triggering mecha-
nisms.

Figure 1.13: Olistostromes, type 2 melange (Festa et al. 2010).

TYPE 3
The formation of this type of melanges is associated with strike-slip deformation,
altering coherent stratigraphic successions and producing disrupted units with a
block-in-matrix fabric (Figure 1.12F). The blocks have elongated shapes of variable
dimensions (up to hundreds of meters) and are arranged according to the shear
direction. A progressive decrease of disruption can be observed when moving away
from the fault zone.
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TYPE 4
The formation of this type of melanges is associated with subduction. Melanges
belonging to this class are chaotic and often present pinch and swell, boudinage
and folds. Both intrabasinal and/or extrabasinal rock blocks can be recognized in
these melange bodies (Figure 1.12A). Subduction erosion, mud diapirism, thrust
faulting, folding and subduction of seamounts (causing over steepening and mass
transport processes) are the principle triggering mechanisms responsible for the
formation of this class of melanges (or broken formations if no exotic blocks can be
recognized). Layer-parallel extensions, vein systems, boudinage and scaly fabrics
can be recognized in several melanges/broken formations of type 4 (Figure 1.14),
due to fluid overpressures, shear stresses and lithostatic loads.

Figure 1.14: On the left: Layer-parallel extension (central Appalachian, USA); on
the right: scaly fabric of an Italian melange (Northern Apennines) (Festa et al.
2010).

TYPE 5
The formation of this type of melange is associated with collision (Figure 1.12E).

TYPE 6
This last type of melanges is related to intracontinental deformation (Figure 1.12E).
Festa and coworkers (2010) subdivided this type of melanges in three classes: “sub
nappe”, “intra nappe” and “epi nappe” melanges. Before providing a description
of such classes, it seems worth providing a definition of the term “nappe”. Nappes
are elementary geological structures defined as “large-scale, allochthonous tectonic
sheet-like body, which was displaced along a basal, originally nearly horizontal fault
(either contractional, or extensional, depending on the emplacement mechanism)”
(Prokešová et al. 2012).
Sub-nappe melanges
Sub-nappe melanges, having the same main features of olistostromes, mainly in-
clude chaotic rock units with block-in-matrix fabrics. These melanges could be
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formed:

• at the front of thrust/nappe systems where debris flows/avalanches occurred
(Type 6a-1 in Figure 1.12E);

• in correspondence of advancing/obduction nappes and/or accretionary wedges,
later overridden, forming the so-called “olistostromal carpet” (Type 6a-2 in
Figure 1.12E). These melanges often present large slabs of disrupted strata
and shearing (Figure 1.15);

• at the base of regional-scale thrust sheets or nappe systems (Type 6a-3 in
Figure 1.12E), where overpressures and fluid circulation in the shear zones
produce tectonic melanges with a fabric that changes from a structurally or-
dered (near the shear zone) to a more chaotic one, moving away from the shear
zone (Figure 1.16).

Figure 1.15: Flattened clasts of the olistostromal carpet at the base of the Ligurian
nappe (Cinque Terre, Italy) (Festa et al. 2016).

Figure 1.16: Broken formation (red Flysch) at the base of the Molise Unit (central
Apennines, Italy)(Festa et al. 2010).
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Intra-nappe melanges
Intra-nappe melanges are related to nappe translations causing deformations. They
have been subdivided in two classes, on the basis of the process of their formation:
sedimentary and tectonic-tecto-sedimentary melanges. Sedimentary melanges in-
clude conglomerates, breccias and megabreccias (Figure 1.17). The formation of
this type of melange is mainly associated with tectonic events, causing submarine
gravity-driven instabilities (rock falls, grain flows, etc.). Tectonic-tecto-sedimentary
melanges formed in a tectonic setting, mainly along weakness horizons (type 6b-2
in Figure 1.12E).

Figure 1.17: Breccias at the front of Matese, central Apennines (Italy) (Festa et al.
2010).

Epi-nappe melanges
These melanges occur in piggy-back basins (Figure 1.12E). Festa and coworkers
(2010) subdivided this type of melanges in three classes: sedimentary, tectono-
sedimentary and diapiric melanges.

The classification proposed by Festa et al. (2010) clearly shows that many different
types of melanges do exist and highlights how difficult it could be to correctly iden-
tify the typology and the origin of chaotic rock units with block-in-matrix fabrics.
However, an accurate identification and interpretation of the geology of the rock
mass is essential in order to make correct predictions about its conditions (geo-
metrical, mechanical and hydraulic properties and anisotropic matrix fabric) and
its mechanical behavior during the execution of engineering works (Button et al.
2004).
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1.3 Bimrocks
As shown in the previous Section 1.2, the vast geologic terminology used to in-

dicate the many rock units with a block-in-matrix fabric (as shown in Figure 1.5)
has engendered great confusion among geopractitioners and is in the main incom-
prehensible to most engineers (Lindquist 1994b, Medley 2007a, Medley 2008).
Since many similarities can be observed, from a geotechnical point of view, in
all these geological formations, Raymond (Raymond 1984) coined the expression
“block-in-matrix-rocks”, which had no geological connotation. This expression was
used to denote blocks of one lithology embedded in a material of another lithology.
Although simple and clear, this definition was considered inadequate since it did not
include many monolithologic block-in-matrix-rocks (such as sheared serpentinites)
that exist in nature (Lindquist 1994b).
Later, in 1994, Medley introduced the word “bimrock”, an acronym standing for
Raymond’s “block-in-matrix-rock” (Medley 1994). This term, which had no geolog-
ical connotation either, was defined by Medley to be “a mixture of rocks, composed
of geotechnically significant blocks within a bonded matrix of finer texture” (Medley
1994). In this definition, the expression “geotechnically significant blocks” high-
lights that a sufficient mechanical contrast between competent blocks and weaker
matrix exists, and that both the volume and dimension of the blocks influence the
rock mass properties at the scales of engineering interest (Medley 2001, Medley
2007b).
Since then, the term “bimrock” has been widely and conveniently used worldwide
to indicate these heterogeneous and complex geological formations by many geol-
ogists but, mostly, by many engineers. Subsequently, following Medley’s line, the
acronym “bimsoil” (block-in-matrix soil) was used by engineers to designate geo-
logic units with rock blocks embedded in a soil-like matrix (Medley and Goodman
1994, Kalender et al. 2014, Sonmez et al. 2016). Nevertheless, the geologic term
“melange” has often been used in scientific works as a synonym of the general term
“bimrock”, engendering confusion among geopractitioners and researchers. This
has been identified by the experts in this field as the most common misattribution
made by engineers and other technicians (Lindquist 1994b).
In the next Section an attempt to make a clear classification of bimrocks is made,
since this has not yet been proposed in the literature. Such a classification may
help authors to publish more coherent and correct works and readers (especially if
they are not particularly expert in this field) to better understand the topics and
results.
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1.4 A new classification for geotechnically com-
plex formations

As discussed above, many different types of melanges exist in nature, each one
with distinct characteristics. As a consequence, a specific melange could of course
be a bimrock (or a bimsoil) and a specific bimrock (or bimsoil) could be a melange.
However, not all bimrocks or bimsoils are melanges. Moreover, two melanges, even
if belonging to bimrocks or bimsoils, may present very different characteristics and,
as a consequence, extremely dissimilar mechanical behaviors. A striking example
is given by the comparison between tectonic and sedimentary melanges. While the
blocks in the former have an elongated shape, and are aligned with the main shear
and/or fault zone, sedimentary melanges are characterized by a random distribu-
tion of irregularly shaped blocks within the matrix (Festa et al. 2019b) (Figure 1.18).

Figure 1.18: An example of tectonic and sedimentary melanges (Festa et al. 2010).

Moreover, the matrix can range from cemented, compacted and/or lithified (i.e.
rock) to loose and/or uncemented (i.e. soil), whatever the type of melange.
This variability is not clearly stated in the many published works concerning vari-
ous heterogeneous rock masses.
Hence, without detailed specification of the internal block-in-matrix arrangement,
degree of lithification or consolidation of the matrix and its composition, it is ex-
tremely difficult to compare the results provided by different studies.
In order to try to shed light on these concepts, in this Ph.D. a new classification
of geotechnically complex formations was developed. As shown in Figure 1.19, the
complex formations were subdivided into block-in-matrix formations and other com-
plex formations, giving particular attention to the first category to which bimrocks
and bimsoils belong.
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Figure 1.19: New classification of complex formations. Some examples of block-in-
matrix deposits are given in brackets with the color blue.

Among the block-in-matrix rocks (bimrocks) the terms hard and soft were intro-
duced to differentiate these complex formations on the basis of the properties and
nature (composition) of their matrix. Specifically:

• “hard bimrocks” consist of hard blocks enclosed in a compacted or lithified
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matrix and include both metamorphic and non-metamorphic rock units. The
blocks are bonded with the matrix (i.e. welded block-matrix contacts). More-
over, the matrix is not sensitive to water because of its mineralogical compo-
sition.
Sedimentary melanges belonging to this first category of geotechnically com-
plex formations are mass transport deposits whose matrix commonly con-
sists of pelagic limestone (i.e. carbonate-rich) or sandstone. They range from
megabreccias to olistolith fields, debrites and slide blocks. Some notable ex-
amples are the Upper Cretaceous megabreccias of the Maiella Mt. (Festa et
al. 2014), the Upper Cretaceous megabreccias of the Calcareous Alps (Ortner
2001), carbonatic breccias, ophicalcites and serpentinite breccias.
Tectonic melanges include fault and shear zones with hard blocks in a com-
pacted or lithified matrix, such as the Franciscan Complex and serpentinite
melanges (Cloos 1984, Raymond 2017, Wakabayashi 2019).
Broken formations include hard native blocks in a compacted, lithified or ser-
pentinite matrix. The Taconic melange is an example of this category of hard
bimrocks (Festa et al. 2010, Festa et al. 2019b).

• “Soft bimrocks” are composed of hard blocks in a softer clayey to marly matrix.
Although the blocks are bonded with the matrix, which is water sensitive and,
unlike hard bimrocks, can be easily dissolved in water because of its miner-
alogical composition (clay or marl). Therefore, high changes in volume (e.g.,
shrinkage and swelling) and loss in strength can occur if the matrix comes into
contact with water.
Sedimentary melanges belonging to soft bimrocks are mainly represented by
mass transport deposits with a clayey to marly matrix, and range from debris
flows to blocky flows (Festa et al. 2016, Ogata et al. 2020). The Val Tiepido-
Canossa argillaceous melange (Festa et al. 2015), studied in detail in this Ph.D.
(see Chapters 5 and 6), belongs to this category, as well as broken formations
and tectonic melanges, formed along fault rocks and shear zones, and charac-
terized by a clayey to marly matrix (Remitti et al. 2007, Vezzani et al. 2010).
Argille scagliose and argille varicolori are some examples of broken formations
belonging to soft bimrocks (Pini 1999);

• “bimsoils” differ from bimrocks because the blocks are not bonded with the
matrix (i.e. block-matrix contacts are unwelded), and the block-in-matrix
assemblage results in a loose deposit. The bimsoils are mainly represented
by, but not restricted to, recent continental deposits (e.g., colluvium, glacial
till, alluvial and fan deposits, etc.), volcanic products (e.g., loose agglomer-
ates) and weathered rocks. They correspond to block-in-matrix formations
that have been named “unwelded bimrocks” by several authors (Sonmez et al.
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2009, Afifipour and Moarefvand 2014c, Kalender et al. 2014, Mahdevari and
Maarefvand 2017);

• finally, the lack of hard blocks isolated within a softer matrix allows “other
complex formations” to be distinguished from bimrocks and bimsoils. This
category includes complex formations characterized by the alternating of lev-
els or beds with a different competence, which are commonly disrupted.

From Figure 1.19 it can be seen that some geologic bodies can fall within more
than one category. For example, argille scagliose and Red Flysch can belong both
to soft bimrock or to other complex formations, depending on the occurrence or not
of blocks within the matrix, according to their primary lithostratigraphic charac-
teristics.
Another striking observation which emerges from this new classification is that ge-
ologic units such as melanges and broken formations can be found both in the hard
and soft bimrock categories, depending on the consolidation, lithification degree
and composition of the matrix. Likewise, it can be noticed that conglomerates and
agglomerates may belong to both the hard bimrock and bimsoil categories. However,
this should not be surprising. In fact, from a geotechnical point of view, the char-
acteristics of the matrix (e.g., consolidation and lithification degree, mineralogical
composition, etc.) can significantly vary between different sedimentary melanges,
conglomerates, etc.. Properties such as bonding, permeability and strength of the
matrix are of utmost importance, since they greatly affect the collection methods
(i.e. double barrel core sampler, manual sampling, etc.), preparation of intact spec-
imen processes (i.e. water circular saw, dry saw, etc.), laboratory testing equipment
to be used (i.e. for soils or rocks), testing procedures and, of course, test results.
This is precisely the reason why this classification has been introduced.
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Chapter 2

State of the art on bimrocks
and bimsoils

A wide range of geologic bodies with a block-in-matrix structure can be found
in many regions of the world. Due to their significant spatial, lithological, geo-
hydrological and mechanical variability, these complex formations are extremely
challenging to recognize, characterize and model (Lindquist 1994b, Medley and
Lindquist 1995, Medley 2001, Button et al. 2004, Festa et al. 2010, Dong et al.
2013a). Serious technical problems, unexpected ground failures and delays during
many engineering works have occurred and have been documented since the ’90s.
A few examples are reported in this Chapter (see Section 2.3) to highlight how
mischaracterizations and wrong forecasts in the planning phases have led to adverse
and costly consequences.
As a result, a lot of scientific research has been conducted on bimrocks and bimsoils
in the last few decades. Private and public institutions have also funded several
research programs all over the world. The common aim was to investigate the
many factors affecting the mechanical behavior of these geomaterials (i.e. block-
size distributions, block contents, shape and orientation of rock inclusions, etc.)
and to define systematic approaches to properly characterize and model bimrocks
and bimsoils, in order to correctly carry out civil engineering works in these complex
formations.
The main findings from the literature are presented in this Chapter. Particular
reference is made to the very first studies carried out on the Franciscan melange
by Medley and Lindquist (Lindquist 1994b, Medley 1994), as already mentioned in
Chapter 1. These authors laid the foundations of the current knowledge on these
heterogeneous geomaterials. Among the other results, they found that the block-
size distribution of the Franciscan melange is scale-independent, or fractal. This
was a major scientific discovery, and this is why the literature review of this Ph.D.
dissertation presents the characteristics of bimrocks and bimsoils starting from the
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definition of fractals and their properties.

2.1 Characteristics of bimrocks
2.1.1 Scale invariance

Fractals, whose name comes from the latin verb frangere (i.e. to break), are
objects that, although not exactly identical at different scales, preserve their statis-
tical attributes (Mandelbrot 1983, Pilgerstorfer and Schubert 2014). Self-similarity
and scale-invariance are typical properties of fractals.
If an object shows the same geometrical properties at many scales it can be defined
scale-invariant. Scale invariance is a form of self-similarity. A self-similar system is
one composed of elements that looks exactly the same as a parent whole.
An example of fractal is reported in Figure 2.1, where the self-similarity notion is
also presented.

Figure 2.1: The Sierpiński fractal triangle, subdivided into smaller equilateral tri-
angles (Mandelbrot 1983).

Specifically, the midpoints of each side of any triangle can be considered as the
vertices of a new triangle to be removed from the original: for instance, if we
consider the black triangle on the left in Figure 2.1, then the white triangle in the
second figure from the left represents the removed triangle. This removal operation
creates three triangles (i.e. the black triangles in the second figure from the left),
each of which is exactly 1/2 the size of the parent triangle and has an area exactly
1/4 of the original area. Moreover, each remaining triangle is similar to the original.
Turcotte (1986) defined “fractals” all the scale-invariant processes characterized by
a mathematical relationship of the form:

N(r) ∼ r−D (2.1)

between the number, N(r), and size, r, of their elements (Turcotte 1986).
A fractal can be defined with its fractal dimension, D. This parameter indicates the
complexity of an object with nonuniform density. The formal definition of D is:

D = LogN(r)
Log(r) (2.2)
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Considering the Sierpiński triangle of Figure 2.1, the second triangle from the left
consists of 3 small (black) triangles exactly like the original. Each of these triangles
is characterized by a magnification factor, r, equal to 2 (i.e. the smaller triangles
could be scaled by 2 to obtain the original triangle). The resulting figure consists
of 3 separate identical miniature pieces, N(r) = 3. Hence, the fractal dimension of
the Sierpiński triangle, D, is equal to logN(r)/log(r) = 1.585.
A wide range of natural phenomena related to different fields (rock engineering,
geology, botanic, astronomy, etc.) have been found and demonstrated to be self-
similar or fractal. Fragmentation of rocks, granulometric distributions in rock falls,
snow avalanches and rock avalanches, plant root systems, size-frequency relations
for asteroids and meteorites, etc. (Mandelbrot 1983, Turcotte 1986, Perfect 1997,
Crosta et al. 2007, De Biagi et al. 2017) represent some notable examples.
Many studies on bimrocks, and especially on the Franciscan melanges, have recently
demonstrated that the distribution of the maximum size of rock inclusions is self-
similar or fractal, too (Medley 1994, Medley and Lindquist 1995). This implies
that macro and micro views of two sub-areas of the same outcrop are similar with
respect to arrangements and proportions of rock blocks (e.g. two photographs of
the same bimrock outcrop will show similar proportions and arrangements of the
rock inclusions at different scales) (Goodman and Ahlgren 2000).

2.1.2 Self-similarity of Franciscan melanges
Starting from the very first studies in this field, the self-similarity of melanges

was apparent in outcrops and geologic maps. However, no quantitative measure-
ments were undertaken until the 90’s. It was Lindquist in 1991 who first measured
block dimensions of a 6 m2 Franciscan melange outcrop, determining its fractal
dimension, D (Lindquist 1991).

Figure 2.2: Maximum visible dimension of blocks in the melange at Mendocino
(California) (Medley and Lindquist 1995).
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Three years later, Medley (Medley 1994) extended Lindquist’s work, performing
a detailed study on several measurement areas, in order to confirm the scale-
independence of block size distributions of some Franciscan melanges. His work
consisted in the construction of log-histograms (i.e. histograms plotted on loga-
rithmic axes) of block sizes and relative frequencies measured at different outcrop
scales. At first, the author investigated 6 areas ranging from 0.04 m2 to 18.91 m2.
Computer image analysis was used for analysing the set of photographs taken at the
different scales, in order to automatically measure the maximum visible dimension
(dmod) of all the blocks found within each area (Figure 2.2).
In order to plot the frequency histograms, several block size classes had to be de-
fined. The central endclass (i.e. the “node”) was determined by calculating 5% of
the square root of the relative analyzed area (0.05

√︂
(A)). Endclasses smaller than

the node diminished by incremental halves, while endclasses larger than the node
incrementally doubled (Medley and Lindquist 1995).
Log-histograms were then constructed, counting the number of rock blocks belong-
ing to each endclass. As shown in Figure 2.3a, all the plots presented an evident
similarity. Block sizes were then normalized by the square root of each sampling
area, in order to compare the results (Figure 2.3b). The normalized histograms
presented parabolic shapes. However, they all showed a linear arrangement of data
points located to the right of the peak. This linear arrangement implied fractal
block size distributions. This finding was encouraging, although not sufficient to
assess the scale-independence of Franciscan melanges. Hence, additional analyses
were carried out. Further field measurements and several geologic maps were used
in order to include larger measurement areas, ranging from a few square centime-
ters to around 1000 km2 (Figure 2.4).
The results of Medley’s work are illustrated in Figure 2.5, where:

• the x-axis is the log of the maximum observable dimension, d, of any rock
block in each observation area, A, normalized by

√︂
(A);

• the y-axis is the log of frequency.
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Figure 2.3: a) Log-histograms of block sizes at a melange outcrop in California; b)
normalized log histograms showing parabolic shapes (Medley 1994).
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Figure 2.4: Summary of data used by Medley for his study (Medley and Lindquist
1995).

Figure 2.5: Normalized log histograms including data from measurement areas
ranging over 7 orders of magnitude (Medley 1994).

From Figure 2.3 and Figure 2.5 it was observed that (Medley 1994, Medley 2001):

• all block size distributions, regardless of the measurement area, had similar
parabolic shapes. This feature demonstrated the fractality of the Franciscan
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melanges analyzed. This means that block size distributions follow a power
law relationship with a negative exponent. The absolute value of such an
exponent is the fractal dimension, D;

• a fractal dimension, D, of approximately 1.1 ÷ 1.7 was found for Franciscan
melanges;

• the largest block sizes were approximatively equal to
√︂

(A), where
√︂

(A) cor-
responds to the characteristic engineering dimension, Lc (see Section 2.1.3),
which represents the dimension of the problem at hand;

• 99% of blocks were smaller than 75%
√︂

(A);

• regardless of the size of the measured area, block sizes had peak relative fre-
quencies at about 5%

√︂
(A) or, equivalently, 5%Lc;

• blocks smaller than 5%
√︂

(A) were often undercounted, due to the difficulty of
precisely counting them, and constituted more than 95% of the total number
of the measured rock blocks. However, since their total volume was less than
1% of the total melange volume, their contribution to the global mechanical
behavior of the rock formation was considered negligible.

In light of the above, blocks smaller than 5%
√︂

(A) were assumed to have a negligible
effect on the overall mechanical behavior of a heterogeneous rock mass. On the
other hand, the maximum block size was considered equal to 75%

√︂
(A). In fact, a

melange with blocks greater than this dimension could be considered as a blocky
(fractured) rock mass (Medley 2001, Riedmüller et al. 2001, Kahraman and Alber
2006).

2.1.3 Characteristic engineering dimension
As discussed in the previous section, block sizes in melanges can exceed more

than 7 orders of magnitude, from millimeters to tens of kilometres (Medley 1994,
Medley 2007a, Wakabayashi et al. 2002, Medley and Sanz Rehermann 2004, Tsi-
ambaos 2010).
Since block size distribution of melanges has been found to be scale independent,
blocks can be found at all scales of observation (Medley and Lindquist 1995, Med-
ley 2001, Medley and Sanz Rehermann 2004, Kim et al. 2004, Medley 2004). As
a consequence, a specific rock inclusion can be identified as “block” at one scale
(e.g., laboratory specimen) but could be part of the “matrix” if a different scale is
considered (e.g., bimrock slope). Hence, in order to distinguish what “matrix” is
from what “block” is, a block-matrix threshold must be identified on the basis of
the specific scale of engineering interest.

55



State of the art on bimrocks and bimsoils

In this regard, Medley (Medley 1994) introduced the “characteristic engineering
dimension”, Lc, indicating the scale of the problem at hand.
As reported in Figure 2.6, Lc may variously indicate the diameter of a specimen
or that of a tunnel, the depth of the failure surface in a landslide or can be an
indicator of an outcrop size, such as

√︂
(A) (where A is the total site area), etc..

As shown in Section 2.1.2, Medley assessed that all rock inclusions below 5%Lc

(or 0.05
√︂

(A)) cannot be considered geotechnically significant (i.e. they do not
influence the strength of melanges) and can be demoted to the matrix. On the
other hand, beyond about 70% VBP, blocks start to touch and the rock mass can
be analyzed as a “blocky rock mass with infilled joints” using conventional rock-
engineering approaches.
In light of the above, since Medley’s work, the block-matrix threshold has been
assumed equal to 5%Lc while the maximum block size was assumed equal to 75%
Lc (or 0.75

√︂
(A)).

Figure 2.6: Different characteristic engineering dimensions, Lc, for several engineer-
ing works (Sonmez et al. 2016).

The importance and the effect of taking into account the scale of the problem on
the block/matrix threshold is clearly illustrated in Figure 2.7, where a sketch of a
Franciscan melange map of 50 m by 50 m is represented. The characteristic dimen-
sion of the entire site is represented by the square root of its area (i.e. Lc =

√︂
(A)),
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corresponding to 50 m.

Figure 2.7: Sketch of a melange bimrock map showing different engineering works to
be constructed: a 8 m wide road and 1 m wide, 1 m deep pipeline trench (modified
from Medley 2001).

Hence, at the scale of interest of the overall site, the block/matrix threshold is
0.05Lc = 0.05

√︂
(A) = 2.5 m and the reasonably largest block is equal to 0.75Lc =

0.75
√︂

(A) = 37.5 m. As a consequence, the brown blocks of Figure 2.7, smaller than
2.5 m, should be considered to be part of the matrix. All the other rock inclusions,
on the contrary, can be assumed to be “blocks”.
In the case of a 8 m wide road project crossing the same site, the width of the
road is assumed as the Lc. At this scale of interest the block/matrix threshold
is 0.05Lc = 0.4 m and the maximum block size is equal to 0.75Lc = 6 m. This
implies that the smallest brown block (i.e. the block A in Figure 2.7), which was
assigned to the matrix at the site scale, can in this case be considered “block”. On
the contrary, the large rock inclusion on the right (i.e. the block B in Figure 2.7),
which was considered to be a “block” at the site scale, can be treated as a massive
and unmixed rock mass. In fact, it is too large to be considered as an individual
block within the melange (Medley 2001).
Finally, if a smaller engineering work is analyzed, for example a 1 m deep pipeline
trench, Lc can be taken as the depth of the trench. In this case, the block/matrix
threshold is 0.05Lc = 0.05 m. The block A of Figure 2.7 may now cause problems
for the trenching contractor during the excavation works, as its dimension is close
to 0.75Lc = 0.75 m.
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2.1.4 VBP estimation
Several authors have shown that the presence of blocks, with their sizes, volu-

metric proportions and spatial distributions, strongly influences the mechanical be-
havior of block-in-matrix formations (Medley 1994, Lindquist 1994a, Medley 1997,
Kahraman and Alber 2006, Barbero et al. 2007, Barbero et al. 2012, Coli et al.
2012, Sonmez et al. 2016).
Laboratory and in situ tests, as well as numerical studies, have indeed demon-
strated that the strength and failure mode of bimrocks and bimsoils are strongly
affected by the quantity, position, shape, orientation and dimension of the blocks
(Irfan and Tang 1993, Lindquist 1994b, Li et al. 2004,Medley and Sanz Rehermann
2004, Barbero et al. 2006, Xu et al. 2008, Coli 2010, Minuto and Morandi 2015,
Khorasani et al. 2019). In particular, higher VBPs lead to strength increases, lower
deformability and more tortuous failure surfaces. Moreover, when tunnelling in
these complex geomaterials, the presence of rock blocks can induce, among other
problems, damage to cutters, face instabilities, sinkholes, unexpected high stresses
on tunnel linings, obstructions and, as a consequence, schedule delays and extra
costs (DiPonio et al. 2007, Gwildis et al. 2018, Hunt and Del Nero 2010, Hunt
2014).
Hence, when dealing with a bimrock or bimsoil, it is essential to take the presence
of the blocks into account.
Empirical approaches have been proposed to estimate the strength and deforma-
bility of bimrocks and bimsoils on the basis of their VBP (Kalender et al. 2014,
Lindquist 1994b, Sonmez et al. 2004a,Sonmez et al. 2014). Some details on these
methods are given in the following Section 2.2. However, reliable estimations of
the 3D block contents still remain a critical issue. In fact, the measure of the VBP
can accurately be made by disintegrating bimrock specimens in the laboratory (by
means of 3D sieve analyses), provided that the blocks can be easily separated from
the matrix (Sonmez et al. 2004a, Tien et al. 2010, Tsiambaos 2010, Mahdevari and
Maarefvand 2017). If the density of both matrix and blocks are known and a sig-
nificant contrast exists, it is also possible to evaluate the VBP from the density of
the specimens (Tsiambaos 2010, Sonmez et al. 2016). However, at site scales, these
methodologies cannot be used. Hence, it is necessary to resort to approximated ap-
proaches that assume 1D or 2D bimrock or bimsoils properties to be stereologically
equivalent to 3D properties. These techniques include linear/areal observations and
interpretations of boreholes, scanlines (1D model borings), photographs or geologic
maps, as well as 2D digital image analyses (Medley 2001, Medley 2007a, Sonmez
et al. 2004a, Pan et al. 2008, Coli et al. 2012, Zhang et al. 2015, Cen et al. 2017).
These techniques are described in detail in the following Sections 2.1.4.1, 2.1.4.2.
However, since rock inclusions in bimrocks and bimsoils have no uniform spatial
distributions, shapes and sizes, these methods may lead to serious errors in the
estimations of inclusion sizes and proportions. Furthermore, the accuracy of the
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estimates strongly depends on the sampling length (Medley and Goodman 1994,
Medley and Lindquist 1995, Medley 2001, Haneberg 2004, Tien et al. 2010, Xu
et al. 2011). Hence, the introduction of an uncertainty factor is required in order
to take potential measurement errors into account. This factor should reduce the
calculated VBP when evaluating strength parameters (to err on the side of safety)
and should increase the calculated VBP when planning engineering works in bim-
rocks (to avoid economic repercussions) (Medley 1997,Medley 2001, Medley and
Zekkos 2011, Kalender et al. 2014).
As described in the following Section 2.1.4.1, Medley (1997) worked on the es-
timation of potential errors in the VBP evaluation based on the assumption of
equivalence with 1D measurements. The author provided a chart to adjust the es-
timated VBP by means of an uncertainty factor in relation to the measured block
proportion and total length of drilling.
In this Ph.D. research, two statistical approaches to (i) estimate the uncertainty in
inferring the VBP from 2D measurements and (ii) predict the probability of encoun-
tering blocks in underground excavations have been developed and are illustrated
in Chapter 4.

2.1.4.1 Linear block proportion (LBP)

The linear block proportion (LBP) is the ratio of the total length of all blocks
intersected by drill cores (or scanlines) to the total length of drilling.
Previous findings from the literature seem to indicate that this parameter could
be considered equivalent to the real tridimensional block proportion (i.e. VBP) if
the length of the exploration core is at least 10 times the expected maximum di-
mension of blocks (10dmax) (Medley 1997, Medley 2007b, Tsiambaos 2010, Medley
and Zekkos 2011). This requirement is due to the extremely variable positions and
dimensions of rock inclusions within heterogeneous rock bodies.
However, since drillings are expensive, time consuming and often troublesome, it
is often not feasible or even impossible to perform explorations of such a length.
If the abovementioned requirement on the minimum length of drilling cannot be
respected, an uncertainty factor should be introduced (Medley 2001).
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Figure 2.8: Differences between the maximum observed block dimension (dmod),
the block-core intersection length and the actual equivalent diameter of the rock
block (Medley 2012).

Furthermore, since rock inclusions very rarely have circular (spherical) shapes,
block-core intersections (i.e. the lengths of the chord intercepts along the drilling
cores) are generally different from the characteristic block dimensions (i.e. the
equivalent diameters of the blocks). Specifically, since drilling cores have a higher
probability to be close to the edges of the blocks, chord lengths tend to underes-
timate their actual dimensions (Figure 2.8). Consequently, assuming 1D measure-
ments to be stereologically equivalent to 2D (or 3D) values could lead to severe
underestimations of both the predicted dimensions of rock inclusions and VBPs
(Medley 1994, Medley 2001, Medley and Goodman 1994, Wakabayashi et al. 2002).
A few authors have investigated the potential errors that could be made assuming
VBP to be equivalent to LBP as well as 1D block size distributions to match 3D
block size distributions (Medley 1997, Medley 2002, Haneberg 2004).
Medley (1997) evaluated the uncertainty associated with the estimation of VBP
from cumulative LBP. He fabricated four artificial bimrock models with known
block-size distributions and known, but different, VBPs. Each model was sawn
in ten slices. Ten scanlines were then drawn on each slice, representing model
boreholes, as shown in Figure 2.9.
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Figure 2.9: 10 model borings (scanlines) created on a typical bimrock sample (Med-
ley 2002).

Figure 2.10: Plan view of the 32%VBP model indicating the array of 100 LBP
(Medley 1997).

The LBP of each scanline was calculated considering all the intercepts (between
scanlines and blocks) greater than the matrix-block threshold.
As shown in the plan view of Figure 2.10, 100 LBP were obtained for each bimrock
model and a significant variability in the results was found (i.e. LBP from 0% up
to 60.9%). The author randomly combined the data in order to investigate if a
good estimation of the VBP could be obtained from the LBP values and if this
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corresponded to a minimum sampling length. Specifically, sub-sets of 2, 4, 6, 8, 10,
15 and 20 scanlines were used combining each randomization 40 times.
From the analyses, it was found that as the sampling length increased, data scatter-
ing reduced. Furthermore, as the VBP of bimrock models increased, the variability
(i.e. standard deviation) of the estimated VBP decreased (Figure 2.11).

Figure 2.11: Reduction of standard deviations with increasing sampling length and
VBP (Medley 1997). The sampling length, Ndmax, is expressed as a multiple of the
length of the largest block, dmax).

In his work, the author also proposed an uncertainty factor for the determination
of a range of VBPs which should contain the real 3D block quantity. This factor
can be obtained from Figure 2.12 on the basis of the LBP value measured and
the sampling length, expressed as a multiple (N) of the length of the largest block
(dmax). The example illustrated in this Figure with the dotted line indicates that if
the total length of drilling performed is about 4 times dmax and the LBP measured
is about 40%, by interpolating between 42 and 32 diagonal lines, an uncertainty
factor equal to 0.23 is found. This means that a VBP range of 31%-49% should be
considered.
Using the same dataset, Medley also statistically analyzed the variability in the
estimates of block size distributions, finding slight equivalence between 1D and
3D size distributions, regardless of the number of vertical boreholes (Figure 2.13).
Block shapes and orientations, boring directions, total length of drilling and VBPs
were found to influence the estimates of both LBP and 1D block size distribution.
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Figure 2.12: Uncertainty in estimates of volumetric block proportion as a function
of the length of linear measurement, expressed as a multiple (N) of the length of
the largest block (dmax), and the measured linear block proportion (Medley 2001).

Figure 2.13: Schematic 3D block size distribution and 1D chord length distributions
for the 4 physical melange models. A slight match between the original block size
distribution and the 1D chord length distributions is shown. (Medley 2001).

Moreover, since scanlines intersected more often larger than smaller blocks, the
frequency of smaller rock inclusions was underestimated while that of larger blocks
was overestimated. Furthermore, as already highlighted for the exploration core
drillings, the scanline lengths were generally smaller than block equivalent diam-
eters. As a consequence, the real block dimensions were underestimated (Medley
and Lindquist 1995, Medley 2001, Medley 2002, Medley and Zekkos 2011).
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2.1.4.2 Areal block proportion (ABP) and 2D image analysis

Digital image analysis is a widely used technique in different scientific frames
(medical sciences, civil engineering, etc.) allowing quantitative measures and statis-
tical analyses to be carried out on heterogeneous materials, such as asphalt concrete
(Wu et al. 2018), heterogeneous geologic formations (Lebourg et al. 2004, Xu et al.
2008), etc..
2D image analysis has been used as an effective methodology to estimate the areal
block proportion (ABP) of a bimrock or bimsoil, which is the ratio between the
total area of all blocks measured on an outcrop, specimen or geologic map and the
total area of the surface analyzed. In fact, it allows for the evaluation of the size
distribution of the maximum observable block dimension (dmod), statistical block
shape distribution and spatial variability of rock inclusions (Coli et al. 2012, Zhang
et al. 2015).
Many authors have performed manual or digital image processing (DIP) in order
to investigate specific characteristics of different rock-soil mixtures (Medley and
Goodman 1994, Medley 1994, Sonmez et al. 2004a, Fagereng 2011, Xu et al. 2011,
Coli et al. 2012, Kahraman et al. 2015, Zhang et al. 2015, Jiméneze Ugalde and
Fontoura 2016). Sonmez et al. (Sonmez et al. 2004b, Sonmez et al. 2004a) ana-
lyzed several outcrop images of the Ankara agglomerate in order to estimate the
2D BP and evaluate possible deviations from the real VBP. To this aim, the au-
thors calculated the ratio of the longest to the shortest axes of blocks considering
different sampling directions. They found that only 25% of blocks had axial ra-
tios greater than 1.2, which indicated that the block shapes were approximately
equi-dimensional in 3D. Therefore, the 2D block proportions where considered to
be equivalent to 3D values. Xu and coworkers (Xu et al. 2011) used the digital
image processing (DIP) to study the granulometric characteristics of the Xiazanri
Rock-Soil (RS) mixture slope (China). Several pictures were taken in situ and then
analyzed using the DIP code. Among these, seven pictures were selected in order
to evaluate rock block contents and block size distributions. The area covered by
the seven processed images was about 26 m2. The authors found an extremely high
heterogeneity in the measured block proportions (variable from 33% to 75%) and
decided to average these results for the preparation of a sample of the R-S mixture
to be tested with a large scale direct shear apparatus. Coli and coworkers (Coli
et al. 2012) performed a digital image processing (DIP) of photographs taken in
the shale-limestone chaotic complex of the Santa Barbara open pit mine (Italy).
Binary images were obtained from the original photographs by means of appropri-
ate image segmentation processes. The authors introduced a geostatistical analysis
of binary bimrock outcrop pictures through variogram analyses of the rock block
indicator variable IB(x,y), denoting the presence (or absence) of blocks in the inves-
tigated domain. The aim of the work was to study the morphological and spatial
variability of the calcareous fragments (information about average inclusion sizes,
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VBP, geometric anisotropy and average distance between the blocks). Kahraman
et al. (Kahraman et al. 2015) determined the areal BP (assumed to be equal to
the VBP) of 132 specimens of Misis fault breccia (Turkey) using image analyses,
in order to investigate possible correlations between VBP and both S-wave and
P-wave velocity.
Many authors also resorted to the DIP technique in order to perform numerical
simulations on heterogeneous samples using real 2D block positions and shapes,
from DIC analyses (Xu et al. 2008, Li et al. 2016, Jiméneze Ugalde and Fontoura
2016). Xu et al. (2008) simulated a large-scale direct shear test on a RS mixture
using the Finite Element Method (FEM). Li et al. 2016 used both Computed To-
mography (CT) and DIP to reconstruct a typical section of a RS mixture specimen
and reproduce its behavior under triaxial test by means of FLAC3D code, using
2D plane strain conditions. Jiméneze Ugalde and Fontoura 2016 carried out direct
shear and biaxial compression tests on virtual samples of a conglomeratic rock of
Costa Rica using the PLAXIS code in order to study its mechanical behavior.
Some authors have also highlighted that some problems can arise when estimating
VBPs with this technique. In fact, roughness of outcrops (causing light reflection
differences), similar colours of matrix and blocks (making extremely difficult to dis-
tinguish the two components) and often too small geologic outcrops may produce
low quality photographs (Zhang et al. 2015, Jiang et al. 2016).
Nevertheless, in-situ 2D measurements and digital image analysis techniques are
extremely useful to predict the block content of heterogeneous geologic bodies. In
fact, they are easier and less expensive than 1D measurements from drilling ex-
plorations to perform. However, data obtained from these analyses should not be
used without accounting for the uncertainty. In this regard, as mentioned above, a
statistical approach is presented in Chapter 4.1, which was developed to quantita-
tively estimate the uncertainty that can be introduced by inferring the VBP of a
bimrock or bimsoil from 2D outcrop measurements.

2.2 Empirical approaches
Much research has been carried out in the last few decades to develop system-

atic approaches to properly determine the strength and deformation parameters of
bimrocks and bimsoils in order to perform reliable numerical simulations and cor-
rectly carry out civil engineering works in these complex formations. On the basis
of laboratory and in-situ test results, some authors proposed preliminary strength
criteria which assume bimrocks to be homogeneous and isotropic geomaterials with
equivalent mechanical properties that can be determined according to the matrix
strength parameters and VBP (Lindquist 1994b, Sonmez et al. 2009, Kalender et al.
2014). These simple and convenient methods were used by several geopractition-
ers to predict the mechanical behavior of bimrocks and bimsoils (Kim et al. 2004,
Adam et al. 2014, Minuto and Morandi 2015). From these studies the validity of
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the empirical approaches was confirmed. In fact, they allow for the contribution
of the blocks to the overall strength of the geomaterial avoiding too conservative
results that could be obtained if the strength and deformation properties of the
weaker matrix only are considered. However, as discussed in the next Chapter 3,
a source of weakness of these approaches is that tortuosity cannot be taken into
account, since they allow a homogeneous equivalent material to be analyzed.

2.2.1 The Lindquist (1994) approach
In his Ph.D. research, Lindquist (1994b) studied how the presence of the blocks

and their characteristics (i.e. VBP and orientation) influence the strength and
deformability of melanges. To this end, Lindquist analyzed in detail the results
of triaxial tests carried out in the ’80s on Franciscan melange specimens collected
from beneath Scott Dam, California (see Section 2.3.3). Furthermore, 60 artificial
melange specimens were fabricated with four different VBPs and orientations of the
blocks. Moreover, 7 pure matrix and 10 pure blocks specimens were also created.
A schematic drawing of the model specimens tested is given in Figure 2.14.

Figure 2.14: Lindquist’s artificial specimen types (Lindquist 1994b).

The dimension, shape and block size distribution of the particles incorporated in the
models were chosen on the basis of measurements at a number of melange outcrops
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along the California coast. A sand-cement mixture was used to simulate the blocks,
while a bentonite-cement mixture was used for the matrix. Thin layers of wax
coated with talcum powder (to reduce the friction between the matrix and wax)
were used to simulate planes of weakness within the matrix. Triaxial compression
tests were then carried out on these artificial specimens. Lindquist’s work showed
that higher VBPs generally led to a lower deformability, no change in strain at
failure, decrease in the cohesion, increase in the friction angle and more tortuous
failure surfaces. More in detail, (i) the lowest and greatest deformability moduli
were provided by the specimens with vertically (0◦) and horizontally (90◦) aligned
blocks, respectively; (ii) the lowest cohesion was registerd in the specimens with
blocks oriented at 30◦ to the axial loading direction, whatever the VBP; and (iii)
the increase of the internal friction angle depended on the VBP rather than on the
block orientation.
From the findings of this research, the author proposed the shear strength model
of Eq. 2.3:

τp = cmatrix · (1 − V BP ) + σ · tan(φmatrix + ∆φmatrix(V BP )) (2.3)

where:
τp is the equivalent mass shear strength;
cmatrix is the cohesion of the matrix, which is assumed to decrease with increasing
VBP;
φmatrix is the internal friction angle of the matrix;
∆φmatrix(V BP ) is the increase of the internal friction angle, assumed to be, above
25% VBP, equal to 3◦ for every VBP increase of 10%.

This approach, widely used by geopracticioners all over the world (Kim et al. 2004,
Adam et al. 2014, Minuto and Morandi 2015), allows the modelling of heteroge-
neous formations as they were equivalent homogeneous materials with mechanical
properties increased according to their block content.
As shown in Figure 2.15, the empirical strength criterion proposed by Lindquist
provides the most conservative angle of internal friction increase as a function of
the VBP, with respect to other models proposed in the literature.
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Figure 2.15: Angle of internal friction increase with respect to the matrix strength
versus VBP, and possible incremental zone (Kalender et al. 2014).

2.2.2 The Kalender et al. (2014) approach
Kalender et al. (2014) developed a preliminary approach to predict the lowest

strength parameters of hetrogeneous geomaterials characterized by a strength of
block-matrix contacts lower than the matrix one (i.e. unwelded materials). Their
approach was developed on the basis of laboratory test results carried out in their
research work together with well documented findings from the literature (Lindquist
1994b, Coli et al. 2009, Sonmez et al. 2009).
The application of this criterion requires simple input parameters such as the com-
pressive strength of the matrix (or, equivalently, a qualitative description of the
adhesion between the matrix and blocks), the shape and angularity of blocks, the
angle of repose of blocks and the VBP. The friction angle, cohesion and uniaxial
compressive strength (UCS) of the equivalent homogeneous geomaterial, φbimrock,
cbimrock and UCSbimrock, respectively, can be obtained from Eqs. 2.4, 2.5 and 2.6:

φbimrock = φmatrix ·

⎡⎣1 +
1000 ·

(︂
tan(α)

tan(ϕmatrix) − 1
)︂

1000 + 5 ·
(︂

100−V BP
15

)︂ ·
(︃

V BP

V BP + 1

)︃⎤⎦ (2.4)

UCSbimrock = [(A − A(V BP/100))/(A − 1)] · UCSmatrix , 0.1 ≤ A ≤ 500 (2.5)
cbimrock = UCSbimrock · [1 − sin(φbimrock)]/[2 · cos(φbimrock)] (2.6)
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where:
α is the angle of repose of blocks;
UCS is the material uniaxial compressive strength;
A is a parameter that can be defined according to both the compressive strength
of the matrix and parameter α.

Specifically, the α and A parameters can be selected from the graph of Figure
2.16.

Figure 2.16: Graph developed for the selection of the parameters A and α (Kalender
et al. 2014).

The application of this method has provided rather conservative results. Hence,
according to Figure 2.17, the authors have suggested to increase the α value for well
rounded and rounded blocks, from α <25◦ to α equal to 25◦ and 30◦, respectively
(Sonmez 2020, personal communication).
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Figure 2.17: Updated guide for the selection of the α parameter.

The novelty of the method proposed by Kalender et al. (2014) is that it takes into
account the contact strength between the matrix and blocks and its possible effects
on the overall strength of bimrocks.
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2.3 Technical difficulties encountered in working
with bimrocks and bimsoils

Melanges and similar bimrocks are extremely challenging geomaterials to deal
with. First, it can be difficult to recognize them from in-situ common investiga-
tions (e.g. from borehole data alone), especially if no expert geologists are consulted
(Medley 2001, Riedmüller et al. 2001, Button et al. 2004, Wakabayashi and Medley
2004, Medley 2007a). Over the years, geotechnical engineers and engineering ge-
ologists have often misinterpreted and mischaracterized bimrocks with costly con-
sequences and technical difficulties during the construction of engineering works
(Wakabayashi and Medley 2004, Medley 2008, Pilgerstorfer and Schubert 2014).
Furthermore, the designing and constructing activities in these heterogeneous ge-
ologic formations are particularly problematic. Many engineering projects have
suffered serious problems caused by the extreme difficulties in the characterization
and modelling of such geomaterials, even if correctly identified. This is due to their
considerable spatial, lithological, dimensional and mechanical variability. As a con-
sequence, simplified approaches, neglecting the presence of the blocks, have been
frequently followed by geopractitioners (Medley 2007a, Medley 2008, Coli et al.
2011, Gao et al. 2014).
In order to reduce the technical problems and delays occurring during earthworks,
tunnelling excavations and construction of other civil engineering works, an accu-
rate planning activity and a proper modelling is required, as proved by several case
histories briefly described in this Section.
The landslide of Coleman Beach in California concerns a misinterpretation of geol-
ogy made on the basis of a few exploration borings, where blocks were erroneously
interpreted as bedrock. This misinterpretation resulted in landslide repair works
costing ten times as much as initially predicted (Medley 2001, Medley 2007b, Med-
ley and Zekkos 2011).
The second case history, the Richmond Transport Tunnel excavation, highlights
that VBPs are underestimated and block sizes in melanges are very often underes-
timated if evaluated on the basis of the block intercepts of exploration core drillings
only. In fact, since exploration cores hardly intersect blocks at their maximum di-
mension, chord lengths are rarely equal to the actual block size (Medley 2001,
Medley 2007b, Medley 2008, Wakabayashi et al. 2002). Unexpected large blocks
filling the face of a tunnel can cause technical problems such as instabilities, ob-
structions, expensive blasting or jack hammering, etc. (Medley 2001, Wakabayashi
et al. 2002, Adam et al. 2014, Gwildis et al. 2018).
Finally, the evaluation of the Scott Dam foundation melange strength, was the first
accurate study carried out on melanges. Among other details, it demonstrates how
blocks contribute to increase the bimrock strength. This implies that the commonly
used simplified approach, which neglects the presence of the blocks assigning the
strength and deformability properties of the matrix to the whole system, can be
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excessively over conservative and not always representative of the problem at hand
(Goodman and Ahlgren 2000, Medley 2007b, Medley and Zekkos 2011).

2.3.1 The landslide of Coleman Beach, California
A hillside repair was designed to mitigate the risk for the Coast Highway at

Coleman Beach, about 120 km north of San Francisco, continually disrupted by a
landslide (Figure 2.18).

Figure 2.18: Several homes and the Coast Highway at Coleman Beach, California,
affected by the landslide (Medley 2007b).

A few exploration borings were made. Their interpretation enabled to identify a
sandstone bedrock over which a shallow strata of clay and boulder colluvium was
supposed to be sliding (Figure 2.19).
Since it was concluded that it was a shallow landslide, it was proposed to remove
the failed soil and re-grade the slope. The total cost was estimated in several hun-
dred thousand dollars.
However, during the execution of the work, the contractor did not find the sand-
stone bedrock neither the failure surface, which was expected at the contact between
the upper soil strata and the underlying sandstone bedrock. On the contrary, the
contractor encountered many rock blocks, even several meters in size, embedded in
a pervasively sheared shale. Many efforts were made to remove the blocks, since
blasting was not permitted in that area. These unexpected events caused signif-
icant variations in the planned works. The excavations were deepened far below
the design depth, up to several tens of meters, with consequent huge extra costs.
In fact, more than a million dollars was the final cost of the works (Medley 2007b,
Medley and Zekkos 2011).
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Figure 2.19: Schematic cross section of the slope. The geologic interpretation of
boreholes (BH) identified a shallow landslide over an assumed continuous sandstone
bedrock (modified after Medley 2007b).

The problem arose because of the wrong interpretation of the exploration drilling
data. As shown in Figure 2.20, the rock layers intersected in the lower part of each
borehole, and identified as “sandstone bedrock”, were actually isolated blocks of
great dimensions belonging to a pervasively sheared melange. This misinterpreta-
tion was mainly caused by the fact that available geologic maps, showing that the
landslide was located in a melange formation, were not examined (Medley 2007b).

Figure 2.20: Schematic cross section of the real geology of the slope located in a
melange. The borings intersected isolated blocks of the bimrock causing a wrong
geologic interpretation (Medley 2007b)

2.3.2 The Richmond Transport Tunnel, San Francisco
A 4.3 m diameter sewage pipe was constructed in the 90s in San Francisco. It was

installed within a 6 m diameter tunnel excavated within the Franciscan melange.
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The 740 m of core recovered from the exploration drilling was analyzed in order to
estimate the linear block proportion (LBP) of the melange, which was estimated
to be equal to 38%.
However, the predictions made by the contractor on the basis of the 1D block dis-
tributions were not completely representative of the real 3D conditions. First of all,
3D block size distribution of smaller blocks was overestimated while that of larger
blocks was underestimated. The many small intact blocks (even smaller than the
block-matrix threshold of 5%Lc, equal to 0.3 m) encountered during the tunnelling
caused many problems to the muck delivery system (Medley 2007b). However, the
higher frequency of very small rock inclusion in the melange should have been ex-
pected (Medley 1994, Medley 2001, Medley 2007b, Medley and Lindquist 1995).
Moreover, during the excavation the contractor encountered a 200 m greywacke
block, which was not expected on the basis of the drilling exploration. However,
analysing the available geologic maps of that area, Medley (Medley 1994) estimated
that the largest block within the mapped site, A, could have been even 600 m large
(equal to

√
A).

2.3.3 Scott Dam, California
Scott Dam, located on the Eel River in Northern California 160 km north of

San Francisco, is a concrete gravity structure built in the 1920’s (Figure 2.21).
Although being a very important, strategic and expensive engineering construction,
more than 220 m long and about 40 m high, it was built on a weak and extremely
complex geologic rock unit, the Franciscan melange. This caused many further site
investigations, design changes, geologic and geotechnical studies, laboratory tests
on both artificial and real melange specimens and numerical modeling (Goodman
and Ahlgren 2000, Medley 2007b, Medley and Zekkos 2011).

Figure 2.21: Scott Dam, California (Medley 2008).
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In 1955, springs appeared downstream on the left abutment, where a landslide was
already detected in 1920. Since installed monitoring systems confirmed that sliding
was occurring, new investigations and technical measures were undertaken. In
1970’s the California Department of Water Resource’s Division of Safety of Dams
(DSOD) required specific studies on the left abutment and foundation stability.
The geotechnical analysis performed assumed the strength of the melange under
the dam to be the same of that of the weak matrix (a sheared shale). Under this
simplified assumption, the calculation indicated that the dam would slide along
the base contact with melange. However, the foundation rock was clearly stronger
than it was assumed to be, since the structure was still intact after more than 50
years. This behavior was ascribed to the presence of the blocks in the sheared
shale of the foundation material (Medley and Zekkos 2011). Hence, some years
later, the Scott Dam’s foundation material was represented as a two-component
stochastic mixture of stronger and weaker components. Such a model, although
reasonable, was not easy to implement. This led to a new characterization of the
Franciscan melange, by means of innovative laboratory studies commissioned by
the Dam owner, who funded two Ph.D. researches: the Medley and the Lindquist
research activities (Lindquist 1994b and Medley 1994). Many artificial melange
specimens were fabricated with variable block proportions (25%, 50% and 70%
VBP). 60 triaxial compression tests were carried out with four different loading
directions and five different confining pressures. Moreover, pure matrix and pure
block specimens were also tested. The principal findings of the research are the
following (Lindquist 1994b, Goodman and Ahlgren 2000):

• friction angle increased for higher VBP values;

• cohesion slightly decreased with increasing VBP;

• VBP was the most important factor affecting the strength of the material;

• the higher the VBP the rougher the failure surfaces, which developed within
the matrix generally along the block boundaries;

• the increase in the friction angle for higher VBPs was associated with the
augmented roughness of the failure surfaces;

• the decrease of the cohesion for higher VBPs was associated with the increasing
proportion of the failure surfaces traversing the matrix and developing along
the block-matrix boundaries.

In light of the above, the shear strength of the foundation depended mainly on the
VBP of the melange underlying the Dam. With the aim of estimating the amount
of geotechnically significant blocks within the foundation material, estimations of
the LBP were made on photographs, field observations and analyses of the 150 m
of cores recovered from exploration drillings (Figure 2.22).
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Figure 2.22: Typical core of Franciscan melange recovered at Scott Dam (Medley
2007b).

The block-matrix threshold, necessary to discriminate blocks from matrix, was de-
fined on the basis of the characteristic engineering dimension, Lc. This parameter
was identified with the thickness of the potential shear zone, equal to 3 m, as shown
in Figure 2.23.

Figure 2.23: Scott Dam cross section, with the indication of the potential 3 m
thickness shear zone (Medley 2007b).

Consequently, the smallest geotechnically significant block was assumed to be at
least 0.15 m (corresponding to 5%Lc). The calculated linear block proportion was
about 40%. However, since the largest observed block (dmax) was in the range 30-43
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m, the total length of the cores should have been at least 300-430 m (10 dmax) in
order to allow the LBP to be considered equivalent to the real tridimensional block
proportion (Medley 1997). Consequently, an uncertainty factor equal to 0.2 was
applied to the LBP estimated(i.e. 40±0.2%), leading to an adjusted VBP in the
range 32%-48%.

Figure 2.24: Effective friction angle of the melange versus the VBP (Medley 2007b).

Laboratory tests on many melange specimens, obtained from core drilling at Scott
Dam, confirmed the findings of the previous research of Lindquist (1994b). In par-
ticular, as shown in Figure 2.24, the effective friction angle of the material increased
with increasing VBP. To conclude, it was assessed that the Dam was safe and that
no reinforcement was necessary. In fact, geotechnical analyses demonstrated that
the strength of the foundation rock mass was considerably greater than that of the
matrix, due to the presence of the blocks.
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Chapter 3

Numerical stability analyses
of heterogeneous complex
formations

Stability problems occurring in heterogeneous formations have been analyzed al-
most exclusively with deterministic approaches (Irfan and Tang 1993, Püstow 2001,
Medley and Sanz Rehermann 2004, Kim et al. 2004, Adam et al. 2014, Minuto and
Morandi 2015). The main findings of these studies show that stability increases
with increasing VBP and that both the position and shape of failure surfaces are
strongly affected by the presence of the blocks. However, the uncertainty in the
results that may be caused by different block arrangements and dimensions as well
as the occurrence of block-poor (or block-rich) zones within the geomaterial can
only be taken into account if a stochastic approach is used.
Recent works (Napoli et al. 2017, Napoli et al. 2018b, Guerra et al. 2016) have also
demonstrated that when analyzing a slope stability in a heterogeneous geomaterial,
the limit equilibrium method (LEM) cannot be applied using the classic grid search
method with circular failure surfaces. In fact, these failure surfaces, which intersect
the stronger blocks, are not representative of the real problem and lead to higher
and unreliable safety factors. The tortuosity of the failure surface must therefore
be taken into account. Hence, if a LEM approach has to be used, a possibility
can be to manually draw possible failure surfaces negotiating around the blocks
and evaluate the relative SFs, as was the case in Irfan and Tang 1993, Medley and
Sanz Rehermann 2004, Minuto and Morandi 2015 and Guerra et al. 2016. Another
possibility is to use the recently developed pyBIMstab software (Montoya-Araque
and Suarez-Burgoa 2018, Montoya-Araque et al. 2020), which performs 2D stabil-
ity analyses either for heterogeneous or homogeneous geomaterials with the LEM
approach. This open-source application software uses the optimum pathfinding
algorithm named A∗ (A star) to automatically generate tortuous failure surfaces

79



Numerical stability analyses of heterogeneous complex formations

when a block-in-matrix material is analyzed (Montoya-Araque and Suarez-Burgoa
2019). The potential of this tool is that it allows the subjectivity of tracing tortuous
surfaces by hand to be avoided.
In this dissertation, the influence of the rock inclusions on the stability of block-
in-matrix formations is investigated using a novel stochastic approach. 2D Finite
Element (FEM) and 3D Finite Difference (FDM) analyses were carried out on het-
erogeneous models generated by means of different Matlab codes. These codes,
performing Monte Carlo simulations, were implemented to take the spatial and di-
mensional variability of the blocks (inherent in bimrocks and bimsoils) into account.
In particular, tunnel and slope stability analyses were performed assuming that
the geomaterial has different block shapes, dimensions and VBPs and generating,
for each VBP, many configurations. Moreover, the matrix-only approach, which
does not take the presence of blocks into account, and the empirical approaches of
Lindquist (1994) and Kalender et al. (2014), presented in Section 2.2, were also
applied, by way of comparison. These methods assume bimrocks/bimsoils to be
homogeneous and isotropic masses and are often used by geopractitioners when
planning engineerign works in these complex formations.

3.1 The MATLAB©codes
Different Matlab codes were created and used to obtain the heterogeneous slope

and tunnel models analysed. The codes generate circular, elliptical or spherical
blocks with random axes lengths (radii, in the case of circular blocks) and positions
within the domain geometry, according to specific statistical rules and given VBPs,
eccentricities and orientations (Napoli et al. 2018b).
Given the geometry of the model, the desired VBP, the eccentricity and orientation
of the blocks, each Matlab script randomly generates n axes, d, (diameters, in the
case of circular blocks) extracted from a population distributed according to the
cumulative distribution function, F(d), of Eq. 3.1:

F (d) = (a1+D − d1+D)/(a1+D − b1+D) (3.1)

whose probability density function is the truncated negative power law of Eq. 3.2:

f(d) = −(1 + D)/(a1+D − b1+D) · dD (3.2)

where D is the fractal dimension, a and b are the extreme block dimensions (cor-
responding to 5% Lc and to 75%Lc, respectively, being Lc the height of the slope
or the tunnel diameter) and F(d) is the bin increment between the extreme values
a and b, which is set equal to 0.0001.
An example is given in Figure 3.1, where 10% of the extracted blocks has a diameter
greater than 1.25 m.
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Figure 3.1: Cumulative distribution function of block dimensions.

A “while” loop is used to stop the extractions when the VBP of all inclusions
(calculated as the sum of the volume of all blocks divided by the volume of the
bimrock model) corresponds to the value required.
To maximize the code performance, blocks placing is made from the largest to the
smallest one. Moreover, to correctly place the blocks within the bimrock models,
the Matlab code checks that: (i) blocks do not interpenetrate each other; (ii)
blocks do not intersect the external boundaries of the model within which they
are located. This would lead to a partial loss of the rock block volume, with a
consequent underestimation of the effective VBP, which would no longer reflect the
desired percentage of inclusions. To these aims, the Matlab code guarantees that
a minimum distance (equal to 10 cm) between two blocks and between blocks and
external slope boundaries exists.
The main Matlab code output consists of a .txt file containing the coordinates of
both the center and the vertex of the semi-major axis and the length of the semi-
minor axis of each elliptical block. In order to import the bimrock configurations in
the analysis software (e.g., RS2), all Matlab output files were converted in .scr files,
so as to be visualized in the AutoCAD software and then saved in a DXF format.

3.2 2D stability analyses
3.2.1 Stability analyses of slopes in bimrocks

In order to determine how rock blocks may influence the overall behaviour of
bimrock slopes (i.e. factor of safety and failure surfaces), 2D Finite Element (FEM)
analyses were performed using the RS2 code.
RS2 is a Finite Element code from Rocscience commonly used to model and analyze
geotechnical structures for civil and mining applications.
As well konwn, the finite element method is a numerical technique for solving partial
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differential equations in engineering and applied science. The domain of interest
is split into small finite portions of simple shape, named finite elements. These
elements, connected by shared nodes, discretize the continuum and constitute the
mesh. Interpolation functions (e.g., polynomial functions) are then used to inter-
polate the field variables (i.e. stresses and displacements) over the element.
When a slope stability analysis has to be carried out, the advantage of the FEM ap-
proach with respect to the limit equilibrium method (LEM) is that no assumption
needs to be made in advance concerning the shape and position of the failure sur-
face. Moreover, the analysis can be performed in both elastic and plastic conditions
and it is possible to follow the strain process (i.e. to model progressive failure).
In order to obtain a single factor of safety representative of the global stability of
the slope, the Shear Strength Reduction (SSR) technique can conveniently be used.
This technique progressively reduces the shear strength of the geomaterials which
constitute an initially stable slope (i.e. cohesion and friction angle) until a failure
state is found, according to the following Eqs. 3.3 and 3.4.

ctrial = c

F trial
(3.3)

φtrial = arctan

(︄
tanφ

F trial

)︄
(3.4)

where ctrial and φtrial are the reduced shear strength parameters.
If the slope is initially unstable, an increase of the cohesion and friction angle pa-
rameters is made until the limiting condition is achieved.

A great number of heterogeneous slope models was generated by means of a stochas-
tic approach (i.e. by means of the Matlab codes described in section 3.1) and then
imported into RS2. The 2D slope models analyzed have all the same geometric
characteristics, such as height and slope ratio, and are composed of stronger rock
inclusions embedded in a weaker matrix. An example of a bimrock model slope is
given in Figure 3.2.

82



3.2 – 2D stability analyses

Figure 3.2: A bimrock slope model with elliptical blocks, eccentricity equal to 0.5,
orientation equal to 60° and VBP equal to 55%.

The models analyzed have variable block shape, eccentricity, orientation and VBP
content, as shown in the scheme in Table 3.1. For each set of geometric input
parameters assumed, 15 configurations were generated with the Matlab code and,
hence, 15 simulations were carried out for each VBP. This procedure provides for a
sufficient statistical validity of the results (Napoli et al. 2018b). Moreover, in order
to highlight potential inaccuracies caused by designing neglecting the presence of
the blocks, three simplified approaches commonly used by technicians were also ap-
plied by way of comparison. These approaches (i.e. the matrix-only, the Lindquist
and the Kalender et al. methods) assume bimrocks to be homogeneous equivalent
geomaterials.

Number of simulations performed

Shape Eccentricity Orientation 0% VBP 25% VBP 40% VBP 55% VBP 70% VBP

Circular 0 -

1

15 15 15 15

Elliptical 0.5 0° 15 15 15 15

Elliptical 0.5 30° 15 15 15 15

Elliptical 0.5 60° 15 15 15 15

Elliptical 0.5 90° 15 15 15 15

Elliptical 0.5 random 15 15 15 15

Elliptical 0.866 0° 15 15 15 15

Elliptical 0.866 30° 15 15 15 15

Elliptical 0.866 60° 15 15 15 15

Elliptical 0.866 90° 15 15 15 15

LINDQUIST APPROACH - 1 1 1

KALENDER APPROACH 1 1 1 1

Table 3.1: Number of simulations performed for each configuration analyzed.
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The Shear Strength Reduction technique was applied to determine the critical fac-
tor at which failure occurs (SRF), i.e. the safety factor (SF) of the slope.
As shown in Figure 3.3, in order to avoid disturbance due to the boundary con-
ditions, the model was expanded by adding a homogeneous outer layer in all the
slope models. The same characteristics of the matrix and an elastic behavior were
assigned to this layer. Moreover, a ten stages excavation process was simulated to
reproduce the face geometry of the slopes.
Both vertical and horizontal translations were restrained at the bottom boundary,
while the vertical boundary was restrained laterally, but was free to move vertically.
Six-node triangular elements, with higher density around the rock inclusions, were
used to mesh the models.

Figure 3.3: A bimrock slope model with elliptical blocks, eccentricity equal to 0.866,
orientation equal to 60° and VBP equal to 25%.

3.2.1.1 The input parameters

The input parameters that were used in all the analyses for the heterogeneous
and the simplified matrix-only models are given in Table 3.2. Both the matrix and
blocks were assumed to have an elastic-perfectly plastic behavior and to obey the
Mohr-Coulomb failure criterion.

E ν γ c φ
[GPa] [−] [kN/m3] [kPa] [◦]

Matrix 0.04 0.25 22 30 24
Blocks 5.1 0.22 27 600 40

Table 3.2: Input parameters for the matrix and blocks of heterogeneous and matrix-
only models (from Li et al. 2004).
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The input parameters used for analyzing the equivalent homogeneous models ac-
cording to the simplified approaches proposed by Lindquist (1994) and Kalender et
al. (2014), described in Sections 2.2.1 and 2.2.2, are listed in Table 3.3 and Table
3.4. The α value of the Kalender et al. (2014) approach was selected from Figure
2.17.
Since for VBPs lower than 25% the Lindquist approach provides the same bim-
rock strength parameters of the matrix, only 40%, 55% and 70% VBP models were
modelled.

V BP (1 − V BP ) cbimrock ∆φmatrix φbimrock

[%] [−] [kPa] [◦] [◦]
40 0.6 18 4.5 28.5
55 0.45 13.5 9 33
70 0.3 9 13.5 37.5

Table 3.3: Input parameters for the equivalent homogeneous slope models, accord-
ing to the Lindquist criterion (Lindquist 1994b).

V BP UCS c φ
[%] [kPa] [kPa] [◦]
25 86.63 27.4 25.4
40 80.56 24.4 27.6
55 71.18 20.9 29.2
70 56.72 16.5 29.8

Table 3.4: Input parameters for the equivalent homogeneous approach of Kalender
et al. (2014). The parameters α and A were set as equal to 30° and 18, respectively.

3.2.1.2 Results

The results obtained are listed in Table 3.5 in terms of normalized safety factors
(SFs) and standard deviations. The SFs were normalized by dividing them by the
SF of the matrix-only model to generalize the findings.
For the sake of clarity, the SFs are partially presented in Figure 3.4 (SFs of Table
3.5A and B, related to the homogeneous approaches, circular blocks and elliptical
blocks with e=0.5) and Figure 3.5 (SFs of Table 3.5A and C, related to the ho-
mogeneous approaches, circular blocks and elliptical blocks with e=0.87), while 3.6
contains the average normalized SFs of all the analyses. These results indicate that
the presence of the blocks provides little geomechanical advantage for low VBP
values (i.e. 25% VBP), while for higher rock contents the SFs increase significantly.
In particular, the average normalized SF increases up to around 6% for 25% VBP,
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7% for 40% VBP, 21% for 55% VBP and 55% for 70% VBP, with respect to that
of the matrix.

Table 3.5: Results of the 2D slope stability analyses.

Moreover, it seems that if a preferred orientation of the clasts exists, this may affect
the stability of slopes in bimrocks. In particular, from Figures 3.4 and 3.5 it can
be seen that the highest SFs are provided when the major axes of the rock blocks
are inclined 0° to the horizontal, whatever the eccentricity. It is important to note
that this inclination deviates greatly from that of the slopes, which is 45°, and may
produce more tortuous failure surfaces.
Moreover, if VBPs ≥ 55% are considered, rounded blocks and blocks with a random
orientation (i.e. configurations with e=0.5 and i=random) also provide high SFs.
As shown in Figure 3.6, all the other heterogeneous configurations analyzed present
a positive correlation between the normalized SFs and VBPs, although the strength
increase cannot be easily attributed to the block characteristics (eccentricity and
orientation).
On the other hand, a less marked increased in the SFs for increasing block contents
is provided by the equivalent homogeneous approaches of Lindquist (1994) and,
especially, of Kalender et al. (2014). In particular, ∆SF70% equal to only 9% and
5% is provided by the Lindquist and Kalender approaches, respectively, compared
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to the SF of the matrix-only model. This increase is remarkably lower than the
minimum ∆SF70% provided by the heterogeneous configurations, which is 17% for
the configurations with elliptical blocks with e=0.87 and i = 30◦.
Hence, both these approaches are significantly conservative and should be used for
predesign stages only (Napoli et al. 2018b).

Figure 3.4: Average normalized SFs obtained for the homogeneous equivalent slope
models and heterogeneous slopes with block eccentricity, e, equal to 0 and 0.5.
Some SFs are slightly shifted on the left/right to avoid graphical overlapping.
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Figure 3.5: Average normalized SFs obtained for the homogeneous equivalent slope
models and heterogeneous slopes with block eccentricity, e, equal to 0 and 0.87.
Some SFs are slightly shifted on the left/right to avoid graphical overlapping.

Figure 3.6: Average normalized SFs obtained for all the slope models analyzed.
Some SFs are slightly shifted on the left/right to avoid graphical overlapping.

The higher strength can be ascribed to the increase of failure surface tortuosity
with increasing VBP. In fact, as indicated in Figure 3.7, shear strains and failure
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surfaces visibly develop within the matrix in a tortuous fashion, the more evident
the higher the VBP values. As a consequence, the instable volumes can be both
more superfcial or deeper than the matrix one, as the VBP increases (i.e. higher
VBPs produce more variable instable volumes).

Figure 3.7: Failure surfaces and SFs obtained for one of the 15 bimrock configu-
rations generated for each VBP and orientation, i, considered. The matrix-only
model result is also shown (Napoli et al. 2019a).

Hence the use of a matrix-only model, which does not take the presence of blocks
into account, leads (i) to unrealistic positions of the failure surfaces and (ii) to sig-
nificant underestimations of the SFs, especially for VBPs equal to 55% and 70%, for
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blocks with orientations equal to 0° with respect to the horizontal or for circular-
shaped rock inclusions. These findings are consistent with previous results (ob-
tained performing deterministic LEM stability analyses) reported in Medley and
Sanz Rehermann (Medley and Sanz Rehermann 2004) and Irfan and Tang (Irfan
and Tang 1993) and with those (obtained performing numerical analyses) found by
Barbero et al. (Barbero et al. 2006).
Another important aspect highlighted by the results obtained is that a great vari-
ability can be observed in the SFs of the 15 analyses carried out for each VBP
assumed. In particular, as shown in Figure 3.8, for the case e=0.5 and i=30◦, and
in Table 3.5, for all the configurations analyzed, the SFs dispersion considerably
augments for higher VBPs (Napoli et al. 2017, Napoli et al. 2018b, Napoli et al.
2018a, Napoli et al. 2019a). For a given VBP, the difference (∆SF) between the
maximum and the minimum SF obtained ranges from around 0.1 (∆SF25% VBP,
e=0.5, i=30◦) up to 0.62 (∆SF70% VBP, e=0.5, i=90◦).

Figure 3.8: Results obtained for the analyses of heterogeneous slopes with block
eccentricity, e, of 0.5 and inclination, i, of 30◦.

This great variability of the results (SFs, position of failure surfaces and dimension
of volumes involved) provided by the configurations with the same VBP highlights
the necessity of performing stability analyses in these heterogeneous materials ac-
cording to a stochastic approach, in an attempt to avoid mistakes that can be made
performing deterministic analyses.
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3.2.2 2D simulations of a tunnel excavation in bimrocks
In order to investigate how the presence of boulders and cobbles may influence

the overall behaviour of a heterogeneous formation during the excavation of a deep
unsupported circular tunnel, a great number of block-in-matrix models was gener-
ated using the Matlab code illustrated in section 3.1 and analyzed using the RS2
FEM code. Elliptical blocks with eccentricity set as equal to 0.5, random orienta-
tions and variable VBPs were considered (e.g. simulating a chaotic melange). An
example is given in Figure 3.9.

Figure 3.9: Example of a 70% VBP block-in-matrix formation generated with the
Matlab code, where the excavation of a tunnel (circular cross section of 10 m
diameter) is simulated.

With the purpose of avoiding boundary effects, the models were modified to in-
clude on each side a homogeneous outer layer 5Lc long (i.e. 50 m), being Lc the
tunnel diameter (Figure 3.10). The matrix properties and an elastic behavior were
assigned to this layer.
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Figure 3.10: Example of a modified model: the bimrock is located in the center of
the homogeneous outer layer, which is assumed to have the same properties of the
matrix (Napoli et al. 2019b).

All the boundaries were restrained both vertically and horizontally. Six-node tri-
angular elements were used to mesh the models. To guarantee a high mesh quality,
a non-uniform mesh size, denser near the blocks, was created and local mesh re-
finements were adopted where necessary (Figure 3.11).
Displacements and characteristic curves, stresses and yielded zones were compared
and analyzed in detail with particular reference to the right sidewall (point R.S.),
crown (point C.) and left sidewall (point L.S.), respectively (Figure 3.11). No
support pressure either at the wall or at the face was assumed.
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Figure 3.11: On the left: a 70% VBP configuration with the location of the tunnel
identified with the red circle. On the right: a detail of the mesh created for the
same bimrock model (Napoli et al. 2019b).

3.2.2.1 The input parameters

The input parameters assigned to the matrix and blocks are listed in Table 3.6.
A constant and isotropic field stress was assigned to the different configurations,
assuming an in situ state of stress (p0) dependent on the VBP assumed. In particu-
lar, an increasing equivalent unit weight was assigned to the geomaterial for higher
VBPs, obtaining p0 values ranging from 1.65 MPa to 1.74 MPa. Moreover, 12 exca-
vation stages (the first in elastic conditions and without the presence of the tunnel)
were simulated to reproduce the progressive tunnel excavation. The convergence-
confinement approach was applied. This method simulates the advancements of
the excavation reducing progressively the stresses acting on each node located on
the tunnel boundary. A stress reduction of 10%p0 was set for each stage (Napoli
et al. 2019b).

Parameter Matrix Blocks
E [GPa] 0.04 40.7

ν [−] 0.3 0.3
γ [kN/m3] 22 27

c [kPa] 65 11000
φ [◦] 28 50

Table 3.6: Input parameters for the matrix and blocks (modified from Adam et al.
2014).
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3.2.2.2 Results

The results obtained are reported in the following Figures 3.12 - 3.16. Inspection
of Figures 3.12, 3.13, 3.14 and 3.15 indicates that for increasing VBPs a marked
reduction in radial displacements is registered with respect to those of the matrix.
Moreover, it evidences a relevant data scattering. In particular, lower VBPs lead
to a greater variability in the results. This outcome is the opposite of the results
found in the slope stability analyses of Section 3.2.

Figure 3.12: Radial displacements at points R.S. versus the VBP under no support
pressure, for each configuration analyzed (Napoli et al. 2019b).
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Figure 3.13: Radial displacements at points C. versus the VBP under no support
pressure, for each configuration analyzed (Napoli et al. 2019b).

Figure 3.14: Radial displacements at points L.S. versus the VBP under no support
pressure, for each configuration analyzed (Napoli et al. 2019b).
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Figure 3.15: Point L.S. (left sidewall): radial displacements versus distance from
the tunnel for all the configurations analyzed for each VBP and comparison with
the matrix-only model result (red line). The elastic zone corresponds to the outer
homogeneous layer (Napoli et al. 2019b).

The average maximum radial displacements (of the 10 configurations analyzed for
each VBP considered) at point L.S. (i.e. the left sidewall), for example, are 0.94 m,
0.87 m, 0.44 m and 0.14 m for the 25%, 40%, 55% and 70% VBP models, respec-
tively. These values are definitely smaller than the maximum radial displacement
of 1.57 m obtained with the matrix-only configuration (i.e. the 0% VBP model),
as indicated in Table 3.7.
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Displacement [m] 0% VBP 25% VBP 40% VBP 55% VBP 70% VBP
Minimum value 1.57 0.33 0.34 0.09 0.06
Maximum value 1.57 1.70 1.33 0.90 0.46

Left sidewall (L.S.)
Maximum average value - 0.94 0.87 0.44 0.14
L.S. Standard deviation - 0.27 0.11 0.17 0.05

Right sidewall (R.S.)
Maximum average value - 1.12 0.79 0.42 0.21
R.S. Standard deviation - 0.26 0.13 0.11 0.07

Crown (C.)
Maximum average value - 1.12 0.84 0.45 0.16

Table 3.7: Minimum and maximum displacement on the tunnel contour and average
maximum displacement obtained, under no support pressure, at points R.S., C. and
L.S., for the different VBPs analyzed (Napoli et al. 2019b).

Although a low VBP provides relatively little geomechanical advantage compared
to the matrix-only model, the position, dimension, orientation, and number of the
blocks located near the tunnel strongly influence the rock mass behavior. As men-
tioned above and illustrated in Figures 3.12 - 3.15, the radial displacements (at the
crown and sidewalls) provided by the 25% VBP models show the greatest variabil-
ity. On the other hand, for higher rock contents a significant less data dispersion
is shown (Figure 3.12, 3.13, 3.14 and 3.16). In fact, the standard deviations of the
radial displacements at the crown (point C.) and sidewalls (points R.S. and L.S.)
are significantly reduced passing from 25% to 70% VBP tunnel configurations, e.g.
the right sidewall standard deviations are reduced from 0.26 (for 25% VBP models)
to 0.07 (for 70% VBP models). The variability and the non-uniformity of the radial
displacements around the tunnel for the ten configurations analyzed for each VBP
is illustrated in Figure 3.16.
This result can be ascribed to block-poor zones variably extended and located
within the tunnel models with the same rock content as well as to the different
block dimensions, positions and orientations which influence the rock mass behav-
ior, especially for lower VBPs.
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Figure 3.16: Radial displacements vs. linearized tunnel contour length for the ten
tunnel configurations analyzed for the different VBP assumed (Napoli et al. 2019b).

Stresses and yielded zones are also affected by the presence of the blocks and are
significantly different from the uniform matrix-only results (Figures 3.17, 3.18 and
3.19). As illustrated in Figure 3.17 the extension of the yielded zone considerably
reduces for higher VBPs. Moreover, Figures 3.18 and 3.19 indicate that higher
stresses are observed in the blocks of greater dimensions located close to the tunnel
contour, as well as at the block-matrix contacts. This non-uniformity in the stresses
should to be taken into account when designing the tunnel lining.

Figure 3.17: Yielded zones for the matrix-only model and for one of the ten tunnel
configurations analyzed for each VBP considered.
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Figure 3.18: Maximum principal stress for the matrix-only model and for one of
the ten simulations carried out for each VBP considered (Napoli et al. 2019b).

Figure 3.19: Minimum principal stress for the matrix-only model and for one of the
ten simulations carried out for each VBP considered (Napoli et al. 2019b).
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3.3 3D stability analyses
3.3.1 Stability analyses of slopes in bimrocks

The aim of this numerical modeling was mainly to investigate the differences,
advantages and disadvantages of performing 2D rather than 3D stability analyses.
The Finite Difference Method, implemented in FLAC3D, was used to perform slope
stability analyses on the same complex formation considered by the author in a re-
cent work (Napoli et al. 2018b).
FLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions) is an explicit
finite difference code to study the mechanical behavior of a continuous 3D medium
as it reaches equilibrium or steady plastic flow (Itasca Consulting Group 2017).
Polyhedral elements are used to create a 3D grid representing the materials to be
modeled. Each element of the grid behaves according to a prescribed constitutive
model (stress/strain law) and boundary conditions in response to applied forces.
The materials can yield and flow, and the grid can deform (in large-strain mode)
and move with the material that is represented.
In FLAC 3D, the strength reduction method is used to calculate the safety fac-
tor of a slope, according to the Eqs. 3.3 and 3.4. In the analyses carried out in
this Ph.D. thesis, a bracketing approach was used (i.e. using the “model factor-of-
safety” command of FLAC 3D). This approach requires two starting bracket values
corresponding to a stable (the highest value) and unstable (the smallest value) con-
dition. The bracket between the stable and unstable solution is then automatically
reduced until the difference between them falls below a given tolerance. Finally,
the SF is obtained.

3.3.1.1 The input parameters

As in the 2D analyses of section 3.2, 3D slope models with different VBPs were
created using the stochastic approach illustrated above, modifying the Matlab code
so as to generate spherical rock inclusions. However, 3D models with the highest
rock content considered in the 2D analyses (i.e. 70% VBP) could not be obtained
due to geometrical limitations, as illustrated in (Song et al. 2008). Hence, 3D slope
models with 15%, 25%, 40% and 53% (i.e. the maximum VPB achievable) VBPs
were analyzed. A matrix-only slope model (i.e. 0% VBP) was also analyzed by
way of comparison. Hence, a total of 41 analyses were carried out.
In order to compare the results, the 3D slopes were created and assigned the same
height and slope ratio, mechanical properties (Table 3.8) and constitutive law used
by Napoli et al. (2018b).
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Parameter Matrix Blocks
E [GPa] 2.5 7.2

ν [−] 0.3 0.3
γ [kN/m3] 23 23

c [kPa] 10 1000
φ [◦] 28 50

Table 3.8: Input parameters for 3D slope stability analyses (Napoli et al. 2018b).

3.3.1.2 Mesh generation

The generation of the mesh was assisted by the Griddle mesh generation plug-in
for Rhinoceros 3D CAD software. This grid generation tool allows the automatic
meshing of complex geometries such as block-in-matrix geomaterials. Griddle con-
sists of three main functions: the Griddle GInt command which can be used to
clean up the surface meshes, obtained with the Rhino command “ Mesh” from the
imported DXF file (Figure 3.20). Then, the Griddle “G Surf” command re-meshes
the selected surface meshes with triangle or quad-dominant surface elements, as
requested by the user. Finally, a high-quality hex-dominant mesh can be produced
by the Griddle volume mesher (“G Vol” command), which fills the interior regions
bounded by the surface meshes. This 3D mesh can be imported into the FLAC3D
code, from Itasca.
The time required to complete all the steps of this mesh-generation procedure var-
ied between a few minutes (for the 0% VBP configuration) up to about 90 minutes
(for high VBPs).

Figure 3.20: a) 3D slope model imported into Rhino as a DXF file; b) 3D slope
model after the generation of the Rhino mesh.
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3.3.1.3 Slope models in FLAC3D

The slope models meshed with the Griddle plug-in were saved as .f3grid files
and imported into FLAC3D. For the definition of the mechanical properties of the
matrix and blocks, they both had to be collected into identifiable regions. Hence, a
group name was assigned to the slope and another group name was assigned to the
spheres (i.e. rock inclusions) using the “assign a group to the selection” command
(Figure 3.21).

Figure 3.21: Group assignments in FLAC3D: a) slope; b) spheres.

In order to apply the boundary conditions, the “assign group names” command
was used to automatically assign a name to the 8 faces of the model (Figure 3.22).
The following boundary conditions were applied:

• null velocity for the lateral and bottom surfaces (i.e. “Bottom”, “West”,
“North”, “South” and “East” faces);

• no restriction is given to the upper surface (i.e. the “Top” face).

Figure 3.22: Zone face names.
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3.3.1.4 Results

The results obtained are in agreement with previous findings from the literature
(Irfan and Tang 1993, Medley and Sanz Rehermann 2004, Napoli et al. 2017, Napoli
et al. 2018b, Napoli et al. 2018a) and with the 2D FEM results illustrated above.

VBP [%] SF [-] Standard deviation [-]
0 1.12 -
15 1.22 0.032
25 1.25 0.047
40 1.32 0.041
53 1.52 0.080

Table 3.9: Average SFs and standard deviations yielded by the 3D analyses (mod-
ified from Napoli 2020).

As shown in Table 3.9 and Figure 3.23, the results clearly show that rock inclusions
strongly affect the behavior of the rock mass, increasing its overall strength even
for low VBPs. Moreover, it is confirmed that the simplified approach (i.e. the 0%
VBP model), ignoring the presence of the blocks, is over conservative and leads to
an unrealistic shape and position of the failure surface. Figure 3.24 indicates that
more superficial and irregular unstable volumes are indeed obtained from bimrock
models with higher VBPs.

Figure 3.23: Comparison of the SFs obtained from the 2D and 3D numerical simu-
lations. The 3D SFs of the heterogeneous configurations with 25% and 40% VBPs
were slightly shifted on the left to avoid graphical overlapping with the 2D results.
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Figure 3.24: Maximum shear strains for: a) the matrix-only model; one of the ten
heterogeneous configurations analyzed with: b) 25% VBP; c) 40% VBP; d) 53%
VBP.

The comparison with the results of the 2D FEM analyses indicates that, for a given
VBP, higher SFs and a lower data dispersion are provided by the 3D simulations.
This could be due to the different confinement of the 2D models (i.e. plain strain
conditions) with respect to the 3D models, which should lead to more reliable
results (Napoli 2020).
However, to considerably reduce the computational time required by the analyses,
which ranged from less than 7 hours (0% model) up to about 4 days per simulation,
a stochastic 2D modelling seems appropriate. In fact, the simulations performed
with the RS2 code required no more than about 8 hours, even for VBPs equal
to 70%. Moreover, potential mistakes resulting from 2D rather than 3D analyses
should be found to lie on the side of safety.
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Chapter 4

Approaches to estimate the
block content of
block-in-matrix geomaterials

As widely discussed in the previous Chapters 2 and 3, the mechanical behavior
of bimrocks and bimsoils is strongly influenced by the presence of blocks. Previous
findings from the literature have indeed shown that the strength, deformability and
failure mode of these geomaterials mainly depend on the VBP and have underlined
the importance of taking blocks into account in the planning, designing and con-
struction phases of any engineering work. In fact, as illustrated in Section 2.3,
expensive geological and geotechnical mischaracterizations, neglecting the presence
of the rock inclusions, have caused technical problems and risks during a number
of construction works.
Many authors have also highlighted that block quantities and dimensions play a
key role in the choice of appropriate earthwork equipment and underground exca-
vation and support methods. In fact, when excavating in these complex formations,
the presence of rock blocks can induce, among other problems, face instabilities,
sinkholes and settlements. Moreover, if large blocks cannot be comminuted to
small cobble or gravel size by the cutting tools, potential risks can occur, such as
obstructions and damage to cutters, with consequent delays and cost increments
(DiPonio et al. 2007, Hunt and Del Nero 2010, Hunt 2014, Roberts et al. 2014,
Gwildis et al. 2018). Such inconveniences may be avoided by choosing adequate
tunnelling techniques and support measures and by designing an appropriate cut-
terhead. However, a successful tunneling project requires the frequency, quantity
and size of the rock blocks to be predicted as accurately as possible.
In light of the above, the evaluation of the VBP and block-size distribution of a
bimrock or bimsoil is of utmost importance. However, the estimation of these quan-
tities is not a simple matter and continues to represent a critical issue.

105



Approaches to estimate the block content of block-in-matrix geomaterials

The real block content of a heterogeneous formation cannot be accurately deter-
mined apart from the laboratory (i.e. by disintegrating a sample) and the result
cannot be extended to smaller (site) scales. As a consequence, the VBP is usually
estimated via 1D or 2D measurements (i.e. by LBP or ABP), using stereological
techniques. Nevertheless, as reported in the literature, using stereological methods
to estimate the actual 3D block content produces results that are fraught with un-
certainty. In fact, block shapes and orientations as well as the amount of sampling
strongly affect the reliability of 1D and 2D measurements (Medley 1997, Medley
2001, Medley 2002, Haneberg 2004).
Although the VBP estimation constitutes one of the greatest challenges in the re-
search field of block-in-matrix formations, there are only very few studies that have
focused on this issue. One of the most relevant works concerning the quantification
of the error in VBP estimates inferred from 1D measurements was carried out more
than 20 years ago by Medley (Medley 1997), as discussed in Section 2.1.4.1.
Given the central importance of the VBP estimation, one of the purposes of this
Ph.D. research was to contribute to a deeper understanding of this issue by devel-
oping new approaches and providing results that may help to address the research
gaps regarding this topic.
Quantitative evaluations were carried out and new tools were developed through the
use of statistical and probabilistic methods to explore (i) the uncertainty present
in the estimation of the VBP and (ii) the probability of encountering blocks when
tunneling in heterogeneous ground.
More in detail, a statistical approach implemented in a Matlab code was developed
to determine the amount of bias introduced when VBPs are inferred from 2D mea-
surements (i.e. ABPs). A graph is provided to obtain an uncertainty factor, UF,
to adjust the initial 2D estimate. The evaluation of the UF depends on the block
content measured and on the size of the outcrop area investigated.
Another Matlab code was written for estimating the probability of encountering
rock blocks that can cause technical problems when tunneling in heterogeneous
ground. The Matlab script was then converted into an executable free application,
the PBE code, so that it can easily be used for future research or technical appli-
cations. The PBE code allows blocks fully or partially located within the entire
tunnel Section or in a part of it (at the lateral distance furthest from the centre of
the cutterhead) to be taken into account in the analysis. The results provided by
this new tool can be extremely useful for making a more rational choice regarding
the tunneling technique and the design of an adequate cutterhead. Both these ap-
proaches are the subject of recent publications by the author (Napoli et al. 2020a,
Napoli et al. 2020b).
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4.1 An approach to determine the uncertainties
in estimates of the VBP from 2D measure-
ments

The approach described in this Section builds on Medley’s work (1997), described
in Section 2.1.4.1. The novelty of this study is that it statistically investigates the
degree of error that can be introduced by inferring the VBP of a heterogeneous
geomaterial using 2D outcrop measurements (i.e. ABP) rather than 1D data (i.e.
LBP).
Specifically, a Matlab routine (see Section 4.1.1) was implemented to generate sev-
eral 3D bimrock models enclosing spherical blocks of given VBPs.
The bimrock models were sectioned many times, obtaining a great number of section
planes on which the ABP was computed. Statistical analyses were then performed
to simulate an increasing size of the outcrop investigated, by selecting different
subsets of planes and combining the results. Finally, a chart is provided to adjust
the initial 2D estimates by means of an uncertainty factor, selected on the basis of
the outcrop size and ABP measured.
The potential of this new approach lies in the fact that working with 2D, rather
than the widely used 1D measurements, can often be more convenient. In fact, it
is generally more accurate and easier to estimate the 3D block content of a hetero-
geneous formation from outcrops, photographs or image analyses rather than from
borehole drillings. For example, if a tunnel project or a landslide repair is carried
out, an outcrop at least equal to the excavation face or instable area can generally
be inspected. Moreover, 2D surveys are usually cheaper than 1D measurements.

4.1.1 The statistical approach
Five square-shaped parallelepiped domains, enclosing spherical blocks with VBPs

from 10% to 50% were generated using a Matlab code. An example is given in Fig-
ure 4.1. The sides of the parallelepiped are Lc x Lc x 10Lc. Its cross-section,
corresponding to the area of engineering interest, is Ac = L2

c .
The rock inclusions were assigned a fractal block-size distribution, typical of Fran-
ciscan melanges (Medley 1994, Riedmüller et al. 2001, Medley and Zekkos 2011,
Khorasani et al. 2019), and were located randomly within the 3D domains, avoid-
ing interpenetrations between spheres and intersections with the edges of the par-
allelepipeds.
The diameters of the spheres were extracted randomly from a population dis-
tributed according to the cumulative distribution function of Eq. 3.1, setting the
minimum and largest block dimensions, a and b, to 5% Lc and 75% Lc, respectively,
and the fractal dimension, D, to 2.5 (Medley 1994, Haneberg 2004, Napoli et al.
2020b). This value was considered representative of a typical bimrock and Napoli
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et al. 2020b also demonstrated that no significant differences would be obtained if
a different value (e.g., D equal to 2.3 or 2.7) was used.
For each bimrock model, the ratio between the cumulative volume of all the spheres
generated up to the i-th extraction and that of the parallelepiped was computed,
by continuing to extract the spheres up to the VBP required in input.

Figure 4.1: A bimrock model with 30% VBP (modified from Napoli et al. 2020b).

The parallelepiped was then sectioned along its longest dimension, with equidistant
and parallel planes representing potential outcrop faces. The number of section
planes was chosen in order to:

• ensure the statistical validity of the results (i.e. a great number of planes had
to be analyzed);

• avoid section planes located too close to each other, which would have pro-
vided duplicate results, compromising the reliability of the results. Hence,
a minimum distance between two consecutive section planes was guaranteed.
An appropriate minimum distance was assumed to be at least equal to the
smallest block dimension (i.e. parameter a).

Therefore, 150 planes were generated to section each bimrock model. The ABP
of each plane was computed as the ratio between the total area of the intersected
blocks (i.e. circles) and Ac (i.e. the domain cross-section, equal to L2

c).
An example of four different planes sectioning a 30% VBP bimrock model is shown
in Figure 4.2. Each plane contains the intersected blocks and corresponds to a
theoretical planar outcrop face equal to the area of engineering interest, Ac. As
expected, considerably different ABPs are provided by the four planes.
Then, if an outcrop area four times greater than Ac has to be simulated, these
planes can be simultaneously considered, providing an ABP value equal to 16.25%
(i.e. the average ABP of the four planes).
From this example, the great discrepancy between the ABP measured and the real
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VBP is evident. As expected, this outcome indicates that inferring the VBP from
2D measurements on outcrops that are not large enough with respect to the Ac

yields significantly incorrect results.

Figure 4.2: Intersected blocks and ABPs identified on four different planes, repre-
senting outcrop surfaces. The planes section the 30%VBP parallelepiped of Figure
4.1 (Napoli et al. 2020b).

The aim of this approach was to explore if outcrop surfaces of increasingly larger
sizes can provide more reliable VBP estimates.
To this end, statistical processing was carried out by combining a variable number,
β, of section planes, from 1 up to 150. In this way, outcrops with surfaces between
a minimum of Ac (i.e. β = 1) and a maximum of 150 · Ac (i.e. β = 150) were
analyzed.
For each β combined section planes, a great number of subsets were generated ran-
domly from the total number of 150 planes, avoiding duplicates. Then, the results
(i.e. ABP values) were statistically analyzed.
It is worth noticing that the number of combinations (i.e. subsets), N, of β el-
ements from a set of 150 elements (i.e. section planes), without duplicates, is

N =
(︄

150
β

)︄
= 150!

β!·(150−β)! . N is equal to 150 if β = 1, but for some other β values it

is an extremely high number. For example: for β = 10, N =
(︄

150
10

)︄
≈ 1.17 · 1015

combinations, for β = 20, N =
(︄

150
20

)︄
≈ 3.63 · 1024, and so on. Therefore, in

order to contain the computational time of the analyses and avoid overloading the
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storage capacity of the computer, the maximum number of subsets was limited to
5000, for each β considered.

Similarly to Medley (1997), an uncertainty factor, UF, was obtained from Eq. 4.1
to adjust the initial ABP measured.

UFβ=i = σ (ABPj) |β=i

V BP
; j = 1,2, ..., jmax (4.1)

where:

• i = 1,2, ...,150 values of β. It represents the number of section planes analyzed
simultaneously;

• j =number of subsets considered for each β = min

(︄(︄
150
β

)︄
,5000

)︄
;

• jmax = 5000;

• σ (ABPj) |β=i = standard deviation of the ABP values provided by all the
subsets considered for β = i;

• V BP = real volumetric block proportion of the complex formation simulated.

The results of this approach are given in the next Section 4.1.2.

4.1.2 Results
The average ABPs and overall standard deviations obtained for each bimrock

model and size of area under investigation (i.e. β) are illustrated in Figure 4.3.
These graphs highlight that the ABPs estimated deviate from the real VBPs es-
pecially if small survey areas are analysed (i.e. low β values), but also if a great
number of β section planes are taken into account. However, for greater investiga-
tion surfaces the standard deviations decrease and the average ABP values tend to
the real VBP.
These findings are consistent with those found by Medley (1997).
Hence, the uncertainty in assuming the equivalence between the ABP and VBP
decreases as the size of the investigation area increases and, for a sufficiently large
outcrop, it can be considered negligible. However, this error can obviously not be
fully eliminated.
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Figure 4.3: Plot of cumulative ABPs vs the multiplicative coefficient of the area
of engineering interest, Ac (total investigation surface). Error bars represent ± 1
standard deviation with respect to the mean of the data derived from randomly
combined section planes (Napoli et al. 2020b).
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From the results illustrated in Figure 4.3 and by means of Eq. 4.1, an uncertainty
factor, UF, was defined to adjust the ABP estimated and obtain the 3D block con-
tent. The correlation between the UF and the size of the outcrop simulated (i.e.
β) is shown in Figure 4.4, for the five bimrock models analyzed.
For all the VBPs considered, a significant decreasing trend of the UF as a function
of β is obtained. Moreover, in agreement with Medley (1997), lower biased results
were obtained from bimrock models with higher VBPs.

Figure 4.4: Uncertainty in the VBP estimate from 2D measurements, as a function
of the total investigation surface (expressed as multiples, β, of the Ac) and block
contents measured (ABP) (Napoli et al. 2020b).

From the results of Figure 4.4 it is apparent that the UF stabilises and tends
asymptotically to zero for β greater than about 10 for VBPs from 30% to 50%,
and for β greater than about 20 for lower VBPs (10% and 20%). Consequently,
particular attention was focused on the uncertainty related to β values from 1 up to
20. This choice was also based on the potential difficulty of having a clear outcrop
corresponding to β > 20 since, as shown in Table 4.1, this condition may require
very large survey areas.
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Outcrop surfaces, βAc [m2]

Typical engineering

works and functions

Characteristic engineer-

ing dimension, Lc [m]
β=1 β=20 β=50 β=150

Microtunnel (e.g., water) 3 (diameter) 7 141 353 1060

Tunnel (e.g., light rail) 6.5 (diameter) 33 663 1658 4975

Tunnel (e.g., highway) 15 (diameter) 176 3533 8831 26494

Landslide 30 (slope high) 900 18000 45000 135000

Table 4.1: Examples of typical engineering works and related characteristic engi-
neering dimensions, Lc. Outcrop surfaces corresponding to βAc, with β equal to 1
(i.e. engineering characteristic area), 20, 50 and 150 are given by way of example
(Napoli et al. 2020b).

Similarly to Medley’s findings, a logarithmic law approximated the results obtained
in Figure 4.4 well, and assumed a linear formulation on the semi-logarithmic plot
of Figure 4.5 (see Table 4.2).

Figure 4.5: Linear fitting of uncertainty factors, for β values in the range [0; 20],
on the semi-logarithmic plot (Napoli et al. 2020b).
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Table 4.2: Linear fitting parameters (Napoli et al. 2020b).

The chart shown in Figure 4.5 can be used as a design guide to adjust the 2D
measurements and obtain a range of VBPs which should represent the actual 3D
block content.
For example, if an ABP=30% (i.e. the yellow line in Figure 4.5) is obtained from
an outcrop four times larger than the Ac (i.e. β = 4), the UF is equal to 0.15 and
the VBP can be computed as:

V BP = ABP ± UF · ABP = 30 ± 0.15 · 30 = (25.5 ÷ 34.5) (4.2)

If an ABP value different from those in Figure 4.5 is obtained (e.g., 35%ABP), an
interpolation between the lines available (e.g., 30% and 40%) can be made, as was
the case in (Medley 2001). However, if the ABP measured is greater than 50% or
lower than 10% the interpolation cannot be made. In fact, it is not possible to
accurately predict the UF if the ABP is not within the range analyzed.
Finally, as suggested by (Medley 1997, Medley and Zekkos 2011), the UF should be
applied to make prudent and conservative estimates of the corrected block content,
depending on the problem at hand. For example, the smallest VBP value of the
range obtained should be used if the strength parameters of a bimrock are to be
determined. On the other hand, if the VBP is estimated to choose the excavation
equipment or to design the cutterhead for a tunnelling project, the highest VBP
should be considered. In this way, the engineer will err on the side of safety (Napoli
et al. 2020b).

4.1.3 Comparison between uncertainties obtained from 1D
and 2D measurements

The uncertainty in the estimation of the VBP obtained through this novel ap-
proach was compared with that proposed by Medley (Medley 1997, Medley 2001),
related to the use of 1D measurements (i.e. borehole drillings) and illustrated in
Section 2.1.4.1.
The statistical analysis described in the previous Section 4.1.2 was performed again
to determine the UF as a function of β for a new 32% VBP model. This block con-
tent was chosen since it is one of the VBPs included in the chart provided by Medley
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(2001). The result obtained is shown in Figure 4.6.

Figure 4.6: UF from 2D measurements of a bimrock model with VBP=32%, as a
function of the total investigation area, expressed as a multiple β of Ac (Napoli
et al. 2020b).

To perform the comparison, first an acceptable UF, from an engineering point
of view, was chosen. Then, the relative amount of sampling length, Lreq (i.e.
dmax·Ndmax), from Medley’s approach, and the outcrop investigation area, Areq (i.e.
β ·Ac) from this new statistical approach were determined. Specifically, an UF equal
to 0.1 was selected. Using this value and intersecting the 32%ABP lines shown in
Medley’s chart (Figure 2.12) and in Figure 4.6, the multiplicative coefficients Ndmax

= 25.2 (i.e. a total length of drilling Lreq = 25.2 ·dmax) and β = 5.3 (i.e. an outcrop
area Areq = 5.3 · Ac) were obtained, respectively.
The total perforation length, Lreq, and the outcrop area, Areq, corresponding to
this result are listed in Table 4.3 for different characteristic engineering dimensions,
Lc. In fact, both the Ac and dmax values depend on the Lc, since the area of
engineering interest and the maximum block size can be computed as Ac = L2

c and
dmax = 0.75 · Lc, respectively.
To better compare the results, the outcrop considered in the 2D approach was
assumed to be square shaped. In this way, its side, named L∗, could be easily
calculated as the square root of Areq and compared to Lreq.
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Table 4.3: Outcrop areas and total perforation lengths, Lreq, required to obtain an
UF=0.1, when a 32%VBP bimrock and different Lc values are considered (L* is
the side length of an equivalent square shaped outcrop with area equal to Areq).

From Table 4.3 it can be observed that L* is significantly lower than Lreq, which
means that 2D measurements are far less onerous than 1D measurements. This
outcome highlights the potential of the procedure developed in this research and
confirms that the graph in Figure 4.5 represents a valuable tool to get reliable
estimates of the VBP from on-site ABP measurements.

4.2 An approach to predict the probability of
encountering rock blocks when tunneling in
heterogeneous ground

Unexpected and expensive difficulties can arise when tunneling in heterogeneous
ground due to the mixed-face conditions. The content, lithology, location, strength
and abrasivity of strong cobbles and boulders can induce severe technical problems
at the heading, mucking system and/or excavation chamber of a TBM, as well as
safety risks, schedule delays and extra costs (Medley 2007b, Tarkoy 2008, Hunt
and Del Nero 2010). These tunneling risks typically increase if rock blocks are (i)
larger than given critical values (Figure 4.7), (ii) located near the tunnel perimeter
or (iii) only partially embedded within the tunnel face (Frank and Chapman 2005,
DiPonio et al. 2007, Hunt and Del Nero 2010, Hunt and Del Nero 2010, Gwildis
et al. 2018).
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Figure 4.7: Risk of tunnel advance being obstructed increases with relative boulder
size (Hunt 2017).

Figure 4.8: Normalized tool wear (NWP, on the y-axis) over cutterhead radius
(% CH radius, on the x-axis) (Gwildis et al. 2018). The maximum tool wear is
registered at distal tool positions, where the travel speed and impact forces are
high in comparison with other tool positions.

Large blocks that extend past the perimeter of the tunnel (i.e. protruding rock
blocks) are difficult to cut and more likely to be plucked or pushed aside. Conse-
quently, they may cause significant settlements, mucking system damage, obstruc-
tions, boring machine stuck or lining damage due to high contact stresses at the
cutterhead-ground interface. Protruding blocks can also produce excessive torque
and thrust demand and significant wear (or even breakage) of the cutterhead tools
(Figure 4.8), with consequent lower cutting efficiency, more frequent cutter change
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intervention intervals, safety risks and higher costs (Frank and Chapman 2005,
DiPonio et al. 2007, Hunt and Del Nero 2010, Gwildis et al. 2018).
In order to limit and manage the risks associated with the presence of rock inclu-
sions when tunneling in block-in-matrix formations, the block content, frequency
and size of the rock inclusions must be properly predicted.
To this aim, a Matlab code implementing a statistical approach was developed.
The code, named PBE, allows the probability of encountering blocks of variable
sizes to be estimated when the area of intersection with the tunnel face is greater
than given critical values. The blocks considered in the analysis can be partially or
totally contained within both the whole excavation area and the lateral extremities
of the tunnel.
The results obtained by the application of the PBE code could contribute to iden-
tifying and reducing the risks of tunneling in heterogeneous ground and to choos-
ing the most appropriate TBM type, including face access, cutterhead design (i.e.
shape, opening size, etc.), cutter types and machine power (i.e. torque, thrust and
speed).

4.2.1 The PBE code
In order to take into account the spatial and dimensional variability inherent

in heterogeneous formations, a specific Matlab routine, performing Monte Carlo
simulations, was implemented and the executable free code was given in Napoli et
al. 2020a. The code, named PBE, creates a great number of heterogeneous ground
configurations. An example is given in Figure 4.9.

Figure 4.9: An example of a tunnel configuration in a block-in-matrix formation
with a VBP equal to 2%. The length of the control area was set at 5 times greater
than the tunnel diameter, indicated with the red circle. The dotted line indicates
the inner boundary of the tunnel sub-area, where blocks are more difficult to cut
and may cause severe impacts, such as higher tool wear (Napoli et al. 2020a).
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As shown in Figure 4.9, each configuration is composed of circular blocks with vari-
able sizes. The blocks are located according to a (statistical) uniform distribution
within a rectangular control area containing the tunnel geometry. The dimensions
of the control area, as well as the radius of the tunnel, can be set each time by the
user. To guarantee that the control area is representative of the in-situ geologic
conditions, a ratio of at least 5 between the side of the control area and the tunnel
diameter is suggested.
The tunnel has a circular cross section and can be located anywhere within the
control area by defining the coordinates of its center. In this way, if only a part
of the tunnel section is constituted by heterogeneous ground, the tunnel can be
moved outwards with respect to the control area so as to locate the homogeneous
part outside the control area. For example, as shown in Figure 4.10, if a bimsoil is
expected to be present only in half of the tunnel section, the center of the tunnel
can be positioned on one control area boundary.

Figure 4.10: An example of a tunnel partially located outside the rectangular con-
trol area, to simulate different geologic units being present in a tunnel section.

For the estimation of the probability of encountering rock blocks at the lateral dis-
tance furthest from the center of the tunnel, the thickness of an internal circular
crown must be defined. This parameter represents the distance of the inner bound-
ary of the circular crown from the tunnel perimeter, and corresponds to the dotted
line in Figures 4.9 and 4.10.
As illustrated in Section 3.1, the PBE randomly extracts n block diameters (d)
from a population distributed according to a truncated negative power law, whose
cumulative distribution function is shown in Eq. (3.1), until the block content re-
quested as input is achieved. To assess the characteristics of the ground (i.e. block
content, minimum and maximum block size, etc.) different approaches can be used:
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• careful geologic and subsurface investigations (e.g., geologic maps, geophysical
methods, large diameter borings and/or boulder volume surveys);

• semi-empirical correlations of geologic and volumetric data from test pits or
previous excavation works in nearby areas (if they have the same geologic
characteristics);

• the application of the uncertainty factors proposed in the previous Section
4.1.1 or by Medley (Medley 1997) for 2D or 1D measurements, respectively.

For each configuration generated, the code identifies all the blocks that are either
entirely or partially contained within the tunnel section, and computes their number
and area of intersection. Then, the PBE checks that the intersection area of each
block is greater than a threshold user-defined value. This value, Athr1, corresponds
to the minimum block size deemed a possible cause of technical problems (i.e.
obstruction, tools damage, etc.). Hence, the code discards from the subsequent
analyses all the blocks with an intersection area smaller than Athr1 (Figure 4.11).

Figure 4.11: Two tunnel configurations with a protruding block: a) the protruding
blue block has an intersection area greater than the threshold value, Athr1. The
code classifies it as a possible cause of obstruction; b) the large protruding green
block has an intersection area smaller than the threshold value, Athr1. Since it does
not represent a possible cause of obstruction or other technical problems, the code
discards it from the subsequent analyses. (Napoli et al. 2020a).

In order to estimate the probability of encountering blocks of different dimensions,
six size classes of intersecting rock blocks (i.e. six equivalent clast areas) can be set
by the user. The lowest limit of the smallest class corresponds to Athr1.
Finally, among the other results, the PBE returns the probability that a certain
number, n, of rock blocks (with n = 0, 1, 2, ..., 10, > 10) belonging to each size
class can be encountered during the underground excavation. This probability is
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computed as the ratio between the number of configurations in which n blocks of
each size class were found and the total number of simulations performed.
The potential of this tool is discussed in the next Section 4.2.2, where an application
example is presented.

4.2.2 The PBE code: an application example
In order to show the validity of the PBE code, the excavation of a circular tunnel

in a block-in-matrix formation was simulated. The input variables required by the
PBE code are listed and described in detail in Table 4.4.

Table 4.4: Input parameters of the PBE code (Napoli et al. 2020a).

The values assigned in this example to the 16 input parameters are set as default
values in the executable code but can be easily modified by the user. As mentioned
above, the Athr1 parameter corresponds to the minimum block dimension deemed a
possible cause of technical problems (i.e. the minimum requested intersection area).
To define its default value, according to suggestions from the literature (Frank and
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Chapman 2005), an equivalent circular block fully enclosed in the tunnel with a
diameter of 15 cm was considered. Hence, Athr1 was set as equal to 177 cm2.
The other threshold areas listed in Table 4.4 (Athr2, Athr3, ..., Athr6) define 6 size
classes, which include circular blocks fully enclosed in the tunnel with an equivalent
diameter of:

• class 1: 15-30 cm (i.e. an area in the range 177-707 cm2);

• class 2: 30-50 cm (i.e. an area in the range 707-1963 cm2);

• class 3: 50-75 cm (i.e. an area in the range 1963-4418 cm2);

• class 4: 75-100 cm (i.e. an area in the range 4418-7854 cm2);

• class 5: 100-150 cm (i.e. an area in the range 7854-17663 cm2);

• class 6: >150 cm (i.e. an area > 17663 cm2).

As mentioned above, all the blocks with an intersecting area smaller than Athr1 (i.e.
177 cm2, corresponding to an equivalent circular block with a diameter of 15 cm)
are discarded from the subsequent analyses.
In this example, 500 simulations were requested. However, since the computation
only takes a few minutes, many more configurations can easily be set and obtained.
5 of the 500 configurations generated in the example are illustrated in Figure 4.12,
while the probability of encountering n intersecting blocks greater than Athr1 both
within the tunnel and at the lateral distance furthest from the center of the tunnel
section (i.e. inside the circular crown) is given in Table 4.5.

Figure 4.12: Five of the 500 configurations with 2% BC generated with the Matlab
code. The tunnel (6.5 m diameter) is represented by the external circle, while the
dotted line represents the limit of the tunnel sub-area (i.e. circular crown), whose
thickness is chosen equal to about 0.25 times the tunnel radius.
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Table 4.5: Probability, P, of encountering n blocks (with n from zero to more than
7) with an intersection area greater than the threshold value Athr1, equal to 0.0177
m2. The average number of blocks corresponding to each equivalent clast size is
also indicated. The results are related to the entire tunnel section (table above)
and to the circular crown (table below). These results are contained in the output
text files “Probability” and “Average N” of Table 4.6 (Napoli et al. 2020a).

What stands out from this output is the high probability, P0blocks, of encountering
0 rock blocks, particularly for smaller clast sizes. In fact, P0blocks is almost always
greater than 65%. This result is due to the low BC setting (i.e. 2%). This par-
ticularly low block quantity was used to simulate a glacial deposit, where a BC <
2% was found in the majority of tunneling projects documented (Hunt 2017). This
low BC produced a great number of configurations without blocks inside the tunnel
(e.g., configuration 1 of Figure 4.12). Moreover, there is a very low probability of
encountering more than 4 blocks during the tunnel excavation, while no configura-
tion has more than 6 intersecting blocks (i.e. PT UNNEL n≥7blocks = 0).
From Table 4.5 it is also evident that, for a given clast size, the probability of
encountering a lower number of blocks is higher than (or at least equal to) the
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probability of encountering more blocks (e.g., P1block ≥ P2blocks), whether the entire
tunnel face or a part of it (i.e. the circular crown) is examined.
Moreover, for a given number n of blocks, with n ≥ 1, the highest probability is
obtained for the smallest clast dimension.
Finally, as expected, the probabilities of encountering blocks in the circular crown
are much lower than those related to the entire tunnel section, and no configuration
has more than 4 blocks (i.e. PCIRCULARCROW N n≥5blocks = 0).
All the outputs generated by the code are listed and described in Table 4.6.

Table 4.6: Outputs of the PBE code. The output files with the “*” contain the
results related to both the entire tunnel section and the circular crown (modified
from Napoli et al. 2020a).

It is important to underline that uncertainties will always exist in the determination
of some of the input parameters of the PBE code, such as a, b and D but above all
the block content, BC. Hence, more than a single value may be considered for each
parameter and a number of analyses can anyway be performed in a very short time.
In this way, by averaging the results, more reliable statistically-based estimates can
be obtained.
However, since a limitation of the current study is that only circular blocks are
taken into account, further research could usefully be conducted to modify the
code so as to allow different block shapes (e.g., elliptical blocks) to be generated.
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Chapter 5

The Oltrepò Pavese complex
formation

The major goal of this research is to explore and address the challenges of work-
ing with complex geomaterials with a block-in-matrix fabric, and to gain a better
understanding of the problems associated with their characterization and modelling
in order to provide possible solutions to overcome these challenges.
To this end, a complex formation with a block-in-matrix fabric located in the north
of Italy, near Pavia, in the hilly area of the Oltrepò Pavese (Figure 5.1 and Figure
5.2) was chosen to analyze the mechanical behaviour of a typical Italian block-in-
matrix material with an experimental approach. This geomaterial was selected out
of the many Italian complex formations (e.g. Ligurian accretionary complex, Argille
scagliose, Argille varicolori, Sicilide and Liguride units, Flysch Rosso at the base
of the Molise unit, etc.) because it is one of the most widespread in the Northern
and Southern Apennines of Italy.

Figure 5.1: The Oltrepò Pavese hilly area (Pavia, Italy).

125



The Oltrepò Pavese complex formation

Figure 5.2: A) Structural sketch map of the Northern Appennines showing the
location of the area under study, highlighted with the yellow circle. B) Location of
Figure A. C) Geologic cross-section of the area under study (modified from Festa
et al. 2015).

More in detail, the complex formation under study is a sedimentary melange, known
as Val Tiepido Canossa melange, up to 180-200 m in thickness, presenting a chaotic
block-in-matrix fabric (Figure 5.3a), which results from the stacking of different
Late Oligocene - Early Miocene cohesive submarine debris flow. Each debris flow
ranges from meters to tens of meters in thickness and is internally characterized
by an inverse grading of the larger blocks. As shown in Figure 5.3b, each strati-
graphic layer is composed of rock inclusions characterized by an inverse grading of
the largest blocks above a basal shear zone 5-10 cm thick (Festa et al. 2015).
Specifically, the rock blocks are mainly limestone, marly limestone and calcarenite
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and have variable dimensions, varying from centimeters to a few meters, and irregu-
lar to subangular shapes. They are randomly located within a clayey-marly matrix,
which is characterized by a brecciated (i.e. clastic) fabric (Festa et al. 2015).
In dry conditions the melange can be assimilated to a weak rock and it looks like
a bimrock. However, it is very sensitive to water so as it transforms into a bimsoil
as it gets in contact with water because the matrix is actually an overconsolidated
soil. Hence, according to the new classification proposed in this research (see 1.4
and 1.19), this geomaterial can be classified as a soft bimrock. The characteristic
of water sensitivity made the collection and preparation of intact specimens for
laboratory testing an extremely complex task, as illustrated in detail in Section
5.1.

Figure 5.3: A) an outcrop of the sedimentary melange of the Oltrepò Pavese; B)
conceptual stratigraphic column of a single melange layer, modified after (Festa
et al. 2015): a) heterogeneous melange with blocks of mainly tabular shape, with
dimensions gradually decreasing downwards; b) matrix-only melange located near
the basal shear zone.

5.1 Collection of melange specimens
The weak nature of the marly matrix of the melange and its sensitivity to water,

as well as the presence of the stronger blocks, made the collection and preparation
of regular and intact specimens to be tested in lab extremely difficult and a time
consuming operation. In fact, standard coring was not possible without damaging
the material. Moreover, there were no construction sites in that area, so no dig-
ger was available to collect the samples. As a consequence, a diamond core drill
was initially used in an attempt to extract intact cores of melange (Figure 5.4a).
However, although a good and stable drilling hole was obtained (Figure 5.4b), the
material jammed into the sampler and it was impossible to remove the core from
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The Oltrepò Pavese complex formation

the drill bit without destroying it (a hammer had to be used to break it).

Figure 5.4: a) the diamond core drill used to extract intact core specimens; b) the
core get stuck in the drill bit.

Hence, a manual coring was necessary. This required good weather situations,
which resulted in a first inspection on November 2017 while the second was pos-
sible only on April 2018, due to the intense rainfalls. The samples were extracted
with hammers, picks and chisels from about 0.4 m beneath the surface of the out-
crops. This trick was adopted in order to remove the superficial weathered strata
and obtain intact melange blocks.
The weak nature of the marl as well as the many micro fractures present within the
material caused the split of a great number of blocks during the sampling. However,
a sufficient number of irregular samples was collected, wrapped and transported to
the geotechnical laboratory operating in the Department of Structural, Geotechni-
cal and Building Engineering of Politecnico di Torino.
Figure 5.5 shows a homogeneous melange outcrop where the position of a sample
extracted manually is highlighted with the red line, while Figure 5.6 shows three
irregular lumps collected: a matrix-only (homogeneous) sample (Figure 5.6a) and
two block-in-matrix (heterogeneous) samples (Figures 5.6b and c). The samples
were taken on purpose at different depths of the outcrop in order to investigate
the characteristics of both the heterogeneous and matrix-only material. In fact,
as already discussed above, the melange under study has a repetitive stratigraphy
characterized by an inverse grading of largest blocks within each single debris flow.
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Figure 5.5: A melange outcrop with the indication (the red line) of the location of
an irregular sample extracted manually.

Figure 5.6: Irregular samples: a) matrix-only melange specimen (about 25x15x14
cm); b) heterogeneous melange specimen (about 32x20x15 cm); c) heterogeneous
melange specimen (about 22x14x14 cm) with a big rock inclusion.

The heterogeneous lumps were collected at depths at which the samples contained
sufficiently small rock blocks to perform laboratory tests with standard equipments.
In this way, (i) the strength of the matrix could be evaluated and compared to
that of the heterogeneous material and (ii) possible differences in the mechanical
behavior of the homogeneous and heterogeneous geomaterials, e.g. failure surfaces,
could be investigated.
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5.2 Preparation of regular samples for laboratory
tests

The presence of the clay in the matrix made it extremely problematic to obtain
regular specimens to be tested in the laboratory since no standard techniques (like
core drillings, oil circular saw or water circular saw) could be used without irre-
versibly damaging the material. Hence, the following alternative techniques were
evaluated:

• the use of a dry circular saw (Figure 5.7a), which could have only produced
prismatic (and not cylindrical) specimens, with the limit that some laboratory
tests, such as oedometric and triaxial tests, could have not been performed.
This technique was applied but it failed, since the trial sample was heavily
damaged. Many fractures and block detachments were produced during the
cutting phases, due to the vibrations of the machine, as shown in Figure 5.7b;

Figure 5.7: The dry circular saw used to cut some melange blocks (Tomaino S.r.l.,
Torino).

• the laser techniques. This was just evaluated but not even tested, since the
minimum dimensions of the specimens were bigger than 2-3 cm, which was the
maximum thickness that the laser could have cut;

• the waterjet techniques, which consists of cutting materials, even steel, with a
jet of water of thousands of bars of pressure issueing from a few micron orifice.
This technique was applied. However, even this method failed since the block
cut was strongly damaged by the jet of water, as shown in Figure 5.8.
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Figure 5.8: a) Waterjet cutting machine and irregular melange lump with side
dimensions of about 23x18x13 cm; b) the melange after the cut (OMT S.r.l., Leinì,
Torino).

Since all these techniques could not be applied, a further attempt was made with
a DIY dry cutting machine (DISEG, Politecnico di Torino), which was a diamond
band saw with a cutting height of 8 cm (Figure 5.9a). A small trial melange sample
was cut, obtaining a very good result since the faces became very smooth and no
fractures were produced. In order to check if vibrations could have damaged bigger
samples, another irregular melange lump about 30 cm long, 14 cm wide and 10
cm high was cut. The result obtained is shown in Figure 5.9b. Although the cut
was again very good, it was not possible to cut even the smaller side of the block
because of the too small cutting height.

Figure 5.9: a) DIY dry cutting machine; b) an irregular trial melange sample after
the cut.
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Hence, a specific market research was made to find an appropriate diamond band
saw, with a sufficient cutting height, weight (to avoid vibrations during the cutting
operations) and price. As a result of the research, it was decided to construct the
desired diamond band saw buying separately a wood saw and the diamond blade.
The saw is the Fervi 0764/455, with a cutting height of 33 cm and a weight of
216 kg. These characteristics were deemed sufficient for the aforementioned cut-
ting operations. The supplied (wood) blade was replaced with a diamond blade
(Figure 5.10b) customized by the Italian Turri Technologies S.r.l.. This blade was
specifically built for cutting the stronger rock blocks without deforming the softer
matrix. The blade rotates at a constant speed while the irregular lump is pushed
manually towards the rotating band saw by means of two specially made boards,
in order to work in safe conditions (Figure 5.10c).
To contain the dust produced during the cutting, it was also necessary to design
and print a plastic element to be connected to a vacuum cleaner (Figure 5.10d).

Figure 5.10: Diamond band saw - a)irregular melange lump; b) diamond blade; c)
boards; d) plastic element for dust containment assembled on the work table of the
Fervi saw and connection between the vacuum cleaner hose.

The first samples cut were not regular enough for laboratory tests. An irregular ge-
ometry of the samples was inevitable since it was not possible to hold the shapeless
melange lumps still during the cutting operations (Figure 5.11).
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Figure 5.11: The cutting phase of a heterogeneous melange lump.

Hence, to make the blocks more stable, they were incorporated in the paraffin (Fig-
ure 5.12a, b). This initial choice was made in order to be able to see the entire
irregular blocks and to cut them more efficiently. However, this solution failed be-
cause, due to the friction, the paraffin melted and covered the blade (Figure 5.12c),
making it impossible to go on cutting. Hence, a mortar was used to incorporate
the blocks (Figure 5.12d, e). Plastic bags were also adopted to protect the melange
from the grout (i.e. from the water contained in the grout which would have com-
promised the clayey matrix strength).
With these devices, the sample cuts were easier although far from being simple and
flawless. In fact, the presence of innate micro and macro fractures required a great
number of cuts before a regular specimen could be obtained. This occurred partic-
ularly, but not exclusively, when working with the matrix-only melange samples.
In many cases, no regular specimen could be extracted from the original shapeless
sample because after several cuts, lasting up to more than two hours, the material
was too small or broken.

133



The Oltrepò Pavese complex formation

Figure 5.12: a) An irregular melange specimen in the formwork before the paraffin
injection; b) the specimen in the paraffin; c) the melted diamond blade after the first
cut; d) irregular melange specimens in the formwork before the mortar injection;
e) a melange specimen in the mortar.

Moreover, the calcareous blocks (contained in the heterogeneous specimens) which
were found at or very close to the edges of a specimen sometimes detached producing
a hole. Consequently, irregular and useless specimens were often obtained. Some
examples are given in Figure 5.13. Due to such difficulties, some defects were in any
case accepted in the specimens used for laboratory tests (i.e. uniaxial compressive
tests). Figure 5.14 shows a matrix-only and a heterogeneous melange specimen,
after the cut, which were tested in uniaxial compression (see Section 6.7).

134



5.2 – Preparation of regular samples for laboratory tests

Figure 5.13: Some heterogeneous melange samples damaged during the cutting
phase.

Figure 5.14: a) a matrix-only melange specimen; b) a heterogeneous melange spec-
imen.
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Chapter 6

Characterization of the
Oltrepò Pavese melange

The way rock inclusions affect the overall behavior of bimrocks and bimsoils
has long been a question of great interest. In this regard, many laboratory tests
have been carried out on different block-in-matrix geomaterials since the 90s. How-
ever, research has been conducted almost exclusively on artificial specimens due to
both the difficulty of collecting intact samples and the necessity of working under
controlled and repeatable conditions (Lindquist 1994b, Sonmez et al. 2006, Akram
2010, Afifipour and Moarefvand 2014c, Afifipour and Moarefvand 2014a, Afifipour
and Moarefvand 2014b, Mahdevari and Maarefvand 2016, Li et al. 2016).
In almost all these experimental studies, the matrix was created using Portland
cement, which can only simulate the mechanical characteristics of a hard bimrock.
On the other hand, only a few authors have carried out laboratory tests on real
bimrock/bimsoil specimens. Sonmez et al. 2006 performed UC tests on the agglom-
erate of Ankara and proposed an empirical approach for the determination of the
UCS. Kahraman and Alber 2006 performed triaxial and UC tests on fault brec-
cia specimens with rock inclusions weaker than the matrix (i.e. non-conventional
bimrock). The specimens tested had different VBPs and dimensions, which were
both found to affect the overall strength of the material. Dong et al. 2013b inves-
tigated the mechanical properties of the Gibraltar Strait Breccias, consisting of a
relatively soft matrix enclosing stronger rock blocks, by using special triaxial tests.
The specimens were obtained from offshore drilling during exploratory campaigns
for the design of the Gibraltar Strait tunnel.
This Ph.D. research seeks to explore how the presence of blocks may influence the
strength and deformability of a soft bimrock.
After having presented the efforts made for the collection and preparation of regu-
lar samples (ref. Chapter 5), in this chapter all the laboratory tests carried out to
investigate the mechanical behavior of the Italian chaotic melange are described in

137



Characterization of the Oltrepò Pavese melange

detail. As previously reported, the Oltrepò Pavese melange is constituted by blocks
of different lithologies embedded in a clayey matrix. Specifically, Schmidt hammer
tests were carried out on the rock blocks to determine their uniaxial compressive
strength. The Atterberg limits and mineralogical analyses were carried out on the
loose material to investigate the basic behavior of the clay, composing the matrix,
and the mineralogy of its grains. To determine the melange particle sizes, several
grading curves were also obtained. Direct shear tests, point load tests and uniaxial
compression tests were carried out on the intact heterogeneous material to estimate
the strength and deformability of the melange. Finally, ring shear tests were per-
formed on remolded matrix samples to determine its residual strength.
The devices, procedures and results of these tests, as well as their limitations, are
described in the following sections.

6.1 Schmidt hammer tests
The characterization of the rock blocks composing the melange under study was

made using the non-destructive Schmidt hammer test. The Schmidt hammer is a
simple and portable device that can be used to classify the hardness (i.e., estimate
the uniaxial compressive strength, UCS) of rocks both in situ and in the laboratory.
The instrument consists of a spring-loaded piston which is released when the im-
pact plunger, applying a concentrated load, is entirely pressed against the surface
of a rock block or outcrop. The rebound height of a mass located inside the pis-
ton is measured. It is called the rebound value (R) and represents an index of
surface hardness, which can be related to the compressive strength of the material
being tested. The harder the rock surface, the shorter the penetration depth and,
consequently, the greater the rebound value (Aydin and Basu 2005). In order to
ensure reliable test results, the hammer should be pressed orthogonally against the
rock specimen surfaces. Adjustments must be provided for different loading direc-
tions, as indicated in Figure 6.1b. The rock surfaces should be smooth and free
from cracks. Particular attention must be paid to moisture contents and weath-
ering states, since they may produce microstructural changes that can affect the
test results. Moreover, if the test is carried out on a rock specimen, the impact
points should be sufficiently distant from the boundaries of the block. A minimum
edge length of 6 cm and 15 cm are recommended by the International Society for
Rock Mechanics (ISRM 2007) and the American Society for Testing and Materials
(ASTM D5731 1995), respectively (Aydin and Basu 2005, Basu et al. 2007, Aydin
2009).
Different recommended Schmidt test procedures exist in the literature (Karaman
and Kesimal 2015). For example, the ISRM suggests to record 20 rebound values
from single impacts (separated by at least the diameter of the plunger), discard the
lower ten values and average the remaining ten results (ISRM 2007). The ASTM
suggests to record at least 10 rebound values from single impacts (separated by at

138



6.1 – Schmidt hammer tests

least the diameter of the piston), discarding all values differing more than seven
units from the average of the ten rebound readings and average the remaining val-
ues (ASTM D5731 1995).
Two standard hammers (L and N types) can be used to perform a Schmidt ham-
mer test. Their difference lies in the impact energy, which is 0.735 and 2.207 Nm,
respectively (Aydin and Basu 2005, Aydin 2009).

Figure 6.1: a) The Schmidt hammer used for the characterization of the rock blocks
of the Oltrepò Pavese; b) UCS estimation chart.

139



Characterization of the Oltrepò Pavese melange

6.1.1 Procedure and results
In this study, hardness tests were performed using a standard L-type Schmidt

hammer on three different rock block types of the Oltrepò Pavese melange: a
limestone, a marly limestone and a calcarenite (Figure 6.2). These blocks were
taken in situ, in Montalto Pavese (PV). Their minimum volume was around 2000
cm3 and was determined by means of an X-ray Computed Tomography (CT) carried
out at Microservice S.r.l., Alpignano (TO).

Figure 6.2: Rock blocks of the Oltrepò Pavese melange.

All the rock blocks were inspected in order to detect fractures or other macroscopic
defects that could have jeopardized the tests. The impact points were kept free
of dust and manually smoothed when asperities or altered parts were detected.
Although many quarzitic inclusions were detected inside all the rock blocks, no
reading was discarded. In fact, according to Aydin (2009), all the values were
considered useful to represent the heterogeneity of the surfaces tested.
Each test was performed perpendicularly to the rock face. The results shown in
Table 6.3 were obtained following the ASTM Standards (ASTM D5731 1995). The
ASTM Standards were used because the blocks were not sufficiently large and
regular enough to record at least 20 valid rebound values, as suggested by the
ISRM Standards.
The unit weights of the three rock blocks are also listed in table 6.3. They were
obtained by means of a precision balance (measuring the weight of the rocks) and an
X-ray CT carried out at Microservice S.r.l., Alpignano (TO) (providing the volume
of the rock samples).
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Figure 6.3: Schmidt hammer test results and unit weights of the three rock types.

6.2 Mineralogical analyses
In order to identify and quantify the mineralogy of crystalline compounds con-

tained in the matrix of the sedimentary melange analyzed, the non-destructive
X-ray diffraction (XRD) technique was used. The XRD analysis is based on pro-
jection of monochromatic X-rays, generated in a cathode ray tube, onto a crystalline
material, contained in a sample holder (Figure 6.4).

Figure 6.4: A Schematic cross section of a cathode X-ray tube (Poppe et al. 2002).

It consists of a glass ampoule in which a cathode and an anode are contained. By
applying a potential difference between the cathode and the anode, an electric accel-
erator field is generated and X-rays radiate in all directions. The X-rays produced in
this way are directed onto the ground sample thanks to a system of divergence slits
(Figure 6.5). The slits are necessary to limit scattered (non-diffracted) radiation,
reduce background noise, and collimate the radiation.

141



Characterization of the Oltrepò Pavese melange

Figure 6.5: Optical arrangement for a Phillips X-ray diffractometer (Poppe et al.
2002).

When the geometry of the incident X-rays satisfies Bragg’s equation 6.1:

nλ = 2dsinθ (6.1)

where:
- n is an integer
- λ is the wavelength of the x-ray
- d is the spacing of the crystal layers (path difference)
- ϑ is the incident angle(the angle between incident ray and the scatter plane),
constructive interference is produced (i.e., scattering in a certain direction is in
phase with scattered rays from other atomic planes) and diffraction occurs (Poppe
et al. 2002, Clark and Dutrow B 2012, INGV 2014). A graphical representation of
Bragg’s law is given in Figure 6.6.

Figure 6.6: Graphical representation of Bragg’s law. Three X-rays go through
distances significantly different. This difference in the distance crossed is equal to
the distance between two adjacent crystalline planes in the crossed material (Poppe
et al. 2002).

An X-ray detector records and processes the X-ray signal and, finally, a diffracto-
metric spectrum is produced.
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Since each crystalline phase has a specific X-ray diffraction pattern, which repre-
sents its characteristic fingerprint, it is possible to identify the mineralogical species
univocally.

6.2.1 Procedure and results
Mineralogical analyses of the Oltrepò Pavese melange were performed on two

samples at the Department of Environment, Land and Infrastructure Engineering
(DIATI) of Politecnico di Torino. The melange samples were accurately treated and
washed with distilled water. Then, they were finely ground and smeared on the
surface of a glass slide, as shown in Figure 6.7a,b,c. The diffractograms obtained
for the two melange samples, with the X-ray diffractometer shown in Figure 6.7d,
are illustrated in Figures 6.8 and 6.9.
From the analysis of the diffractograms, it was obtained the composition shown in
Tables 6.1 and 6.2, which indicates that the melange matrix is dominated by quartz
and calcite.

Figure 6.7: a) A melange sample; b) Finer of the melange sample, ≤ 0.09 mm;
c) sample ground and smeared on the surface of a glass slide; d) DIATI X-ray
diffractometer.
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Figure 6.8: Diffractogram a, obtained from the first melange specimen.

Scan Data results - Diffractogram a
Quartz about 37 %
Calcite about 19 %

Phengite about 14 %
Illite about 12 %

Dolomite about 10 %
Albite about 8 %

Table 6.1: Scan data result of diffractogram a.
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Figure 6.9: Diffractogram b, obtained from the second melange specimen.

Scan Data results - Diffractogram b
Quartz about 44 %

Calcium carbonate about 18 %
Illite about 14 %

Kaolinite about 13 %
Montmorillonite about 2 %

Other components about 9 %

Table 6.2: Scan data result of diffractogram b.

6.3 Atterberg limits
The Atterberg limits tests are performed on fine-grained soils (i.e., on the frac-

tion of a soil sample smaller than 425 µm) in order to determine the amount of
water at distinct transitions between different states of soil consistency. In fact,
the soil behavior changes from solid to plastic (plastic limit) and from plastic to
liquid (liquid limit) on the basis of its water content, w (wP and wL, respectively).
The liquid and plastic limits are the most commonly used. The values for these
limits depend on various soil parameters (e.g., particle size, shape and mineralogy,
specific surface area of the particles that are able to attract water molecules, etc.).
To determine the liquid limit (wL), the soil is placed in a standard liquid limit
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apparatus (the Casagrande cup) and a groove is made in the center with a tool of
standardized dimension. The cup is repeatedly dropped and the number of blows
is recorded until the two halves flow together. The wL is the moisture content at
which the groove closes over a distance of 13 mm along the bottom of the groove
when the Casagrande cup is dropped 25 times.
The plastic limit (wP ) of a soil is the moisture content corresponding to the transi-
tion from a plastic to a semi solid states of consistency. At this state, the soil just
begins to crumble when rolled into a thread of approximately 3 mm in diameter,
using an appropriate surface (for example a ground glass plate).
The index of plasticity (PI) represents the sensitivity of a soil (in the mechanical
behavior) towards changes in moisture content. The PI is evaluated as the differ-
ence between the liquid and the plastic limits.
The relationship between the Atterberg limits and the consistency of fine-grained
soils is illustrated in Figure 6.10.

Figure 6.10: Limits of consistency of soils (modified from Atkinson 2007).

6.3.1 Procedure
The Atterberg limits were determined for several samples of melange, after the

removal of sand and larger particles (the sieve ASTM 40 was used). The choice of
working with more than a single sample, as usually done, is dictated by the fact
that the geomaterial under study is extremely heterogeneous. Hence, in order to
obtain reliable results, more than a single test was considered necessary. Three
melange lumps were devoted to these tests. Moreover, in order to examine if rel-
evant variations can be found within the same melange lump, two of the three
melange samples (i.e., samples n. 2 and n. 3) were divided in 4 parts and the water
content, w, and Atterberg limits were obtained for all of them.
The overall water content of the samples, listed in Table 6.3, was obtained from
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Eq. 6.2:
w = Ww

Ws

· 100 (6.2)

where:
- Ww is the weight of water evaporeted by heating the sample to 105◦C;
- Ws is the weight of the dry soil.

It is worth pointing out that, since no water is contained in the rock particles
of the heterogeneous samples, Ws was obtained by separating the coarse fraction
(using the sieve ASTM 60) and considering only the weight of fines.
The melange samples used are shown in Table 6.3, where their description is also
provided.

Sample 1 2 3
Characteristic of samples
Year of collection 2017 2018 2018
Compactness Dense Dense Dense
Discontinuities Yes, slightly

visible
Yes, visible Yes, visible

Weathered state Weathered Slightly
weathered

Weathered

Colour Gray Gray Gray
Water content 3% 5.3% 4.4%
Characteristic of rock inclusions
Colour Mainly gray

and white
Mainly gray,
some white and
brown

Mainly gray
and white

Shape Angular /
Subangular

Subangular Angular /
Subangular

Roughness Moderate Moderate/High Moderate/High
% soil greater than 0.2
mm

6% 7% 17%

Table 6.3: Characteristics of melange samples.

To obtain the Atterberg limits, distilled water was added and thoroughly mixed to
each sample to obtain soil-mixtures, like that shown in Figure 6.11, using a spatula
to repeatedly stir, cut and knead them.
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Figure 6.11: Soil-mixture.

6.3.2 Liquid limits
For the Liquid limit, a sufficient quantity of the soil mixture was put in the

Casagrande cup, taking care to prevent the entrapment of air bubbles within the
mixture. The soil in the cup was divided into two equal parts by a firm stroke of
the grooving tool.

Figure 6.12: Flow curve for the melange sample 1.

The cup was lifted and dropped by turning the crank. The number of drops required
for the two halves of the sample to flow together were noted, as well as the tare, the
tare with the wet soil and the tare with the dry soil. In this way, it was possible to
calculate, for each test, the dry and the wet weight as well as the moisture content,
w, using Eq. 6.2.
The relationship between the moisture content and the corresponding number of
drops of the cup is represented by means of “flow curves” (on a semi-logarithmic
scale), like that of Figure 6.12 obtained for one of the samples analyzed. The
straight interpolation line was used to determine the wL, which corresponds to the
log(25) drop ordinate. For the sample n.1, as shown in Figure 6.12, it was found:

wL = −17.58log(25) + 85.78 = 61.20% (6.3)
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The wL values found for all the melange samples tested are listed in Table 6.4.

Sample Liquid Limit wL [%]
1 61.2

2.1 61.7
2.2 62.2
2.3 63.8
2.4 62.1
3.1 68.5
3.2 64.7
3.3 67.4
3.4 67.7

Table 6.4: wL of all the melange samples tested.

As mentioned above, four subsamples were obtained from samples n. 2 and n. 3
and were tested in order to investigate whether differences could have been found
within the same block. The results indicated that no significant variations exist
within a given specimen.

6.3.3 Plastic limits
For the determination of the plastic limits, the leftover soil from the mixture

prepared for the Liquid Limit test was used. Since it had a moisture content higher
than the plastic limit, it was necessary to thoroughly remix and knead it prior to
doing the test. A uniform mass of soil (roughly ellipsoidal in shape) was then rolled
between the palm of the hand and the ground glass plate, in order to obtain a 3
mm diameter thread (Figure 6.13). Once the plastic limit was reached, a sample
of the soil was taken to determine its moisture content. The soil was then placed
in a tared container, which was previously weighted, and the total weight (tare +
wet soil) recorded. The soil sample was further oven-dried, so as to determine its
dry weight and, as a consequence, the wP using Eq. 6.2.

Figure 6.13: 3 mm diameter thread for the determination of the wP of sample n.1
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The wP values found for all the melange samples tested are listed in Table 6.5.

Sample Plastic Limit wP [%]
1 24.5

2.1 23.9
2.2 25.1
2.3 25.3
2.4 24.6
3.1 24.1
3.2 24.0
3.3 22.9
3.4 23.0

Table 6.5: wP of all the melange samples tested.

6.3.4 Plasticity index
The plasticity index (PI) of a soil, which is a dimensionless number, is the

numerical difference between its wL and its wP . The PI found for all the melange
samples tested are given in Table 6.6.

Sample Plasticity index PI [%]
1 36.7

2.1 37.8
2.2 37.1
2.3 38.5
2.4 37.5
3.1 44.4
3.2 40.1
3.3 44.5
3.4 44.8

Table 6.6: PI for all the melange samples tested.

6.3.5 Results
The average values of the water content, liquid limit, plastic limit and plasticity

index are listed in Table 6.7. From these results, the average w, wL, wP and PI
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are equal to around 4.2%, 64.4%, 24.2% and 40.2%, respectively.

Sample 1 2 3
Characteristic of samples
Year of collection 2017 2018 2018
Water content [%] 3 5.3 4.4
Average wL [%] 61.2 62.5 67.1
Average wP [%] 24.5 24.7 23.5
Average P I [%] 36.7 37.7 43.5

Table 6.7: Results of the Atterberg limits.

The results indicate that the matrix is an inorganic clay of high plasticity (Figure
6.14).

Figure 6.14: Casagrande plasticity chart. The red point refers to the Oltrepò Pavese
melange and belongs to High plasticity Clays (CH).

The current state of the melange was then determined from the consistency index
(CI) or, similarly, the liquidity index (LI), which are defined as:

CI = wL − w

PI
= 1.50 (6.4)
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LI = w − wP

wL − wP

= −0.50 (6.5)

Since the CI was greater than 1 and the LI lower than 0, the state of the geoma-

terial under study corresponded to a solid state (Atkinson 2007, Lancellotta 2012).

6.4 Grading curves
In order to determine the grading of the melange matrix material, several spec-

imens were analyzed. In fact, given the heterogeneity of the complex formation
under study, it was not possible to assume one grading curve to be representative.
Hence, two grading curves for the matrix-only melange and three grading curves
for the heterogeneous block-in-matrix material were determined.
The homogeneous melange is a silty clay, while the heterogeneous geomaterial is
mainly a clay with variable percentages of silt, sand and gravel, as shown in Figures
6.15, 6.16, 6.17, 6.18, 6.19.

Figure 6.15: Grading curve for the matrix-only melange specimen n. 1: silty clay
with 57.3% clay.
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Figure 6.16: Grading curve for the matrix-only melange specimen n. 2: silty clay
with 77.3% clay.

Figure 6.17: Grading curve for the heterogeneous specimen n. 1: clay plus silt
(54.3% clay and 36.5% silt) with 6% sand.
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Figure 6.18: Grading curve for the heterogeneous specimen n. 2: clay plus silt
(50.3% clay and 40.7% silt) with 5.2% gravel.

Figure 6.19: Grading curve for the heterogeneous specimen n. 3: clay plus silt
(43.2% clay and 36.1% silt) with 12.3% gravel.

The different gravel contents contained in the heterogeneous melange specimens is
due to the different location and depth at which they were collected. As discussed
previously, the blocks are not distributed uniformly within the melange deposit,
since they are characterized by an inverse grading of the largest blocks above a
basal shear zone (see Chapter 5). For this reason, the collection of the specimens
were made so as to obtain heterogeneous specimens with low VBPs (less than 10-
15%), in order to test representative specimens with sufficiently small rock blocks.
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6.5 Direct shear tests
Direct shear tests are used to determine the peak and residual shear strength of

a soil or rock specimen which is laterally restrained and sheared along a mechani-
cally involved horizontal plane under a constant normal stress (Figure 6.20a).
If a rock specimen is tested, the plane of shearing should coincide with a plane of
weakness (e.g., a joint, schistosity, cleavage or bedding plane).
The test, performed with the Casagrande shear box, involves a specimen being
placed inside a square or circular steel box. Porous plates are placed on the top
and bottom surface of the specimen, as shown in Figure 6.20b. This allows free
drainage during the consolidation and shearing phases.

Figure 6.20: a) scheme of the direct shear test apparatus; b) typical shear box
assembly (Head and Epps 2011).

The consolidation consists in applying a vertical load to the specimen until the rate
of normal displacements recorded is less than 0.05 mm in 10 minutes (ISRM 2007).
Subsequently, the shearing stress is applied through a gearing system which moves
the split steel box at a constant speed. The lower half of the box is displaced, while
the upper compartment (where the normal load is applied) remains stationary. This
condition causes shearing along a known plane. The resistance of the specimen
to this displacement is measured by the horizontal load cell and represents the
strength of the material under shearing. Different normal stresses can be applied
to the specimens tested, in order to obtain the Mohr-Coulomb strength envelope
and calculate the cohesion and friction angle of the geomaterial.
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6.5.1 Determination of the normal and shear stresses
The vertical load application system consists of a vertical loading assembly whose

lower part is a weight holder attached to the lever arm. Knowing the lever ratio of
the equipment, the stress acting in the vertical direction can be obtained from Eq.
6.6:

σ′
v = (W · g · 1000) /A [kPa] (6.6)

being:

- W , the weight of the steel plates multiplied by the lever ratio, equal to 10 for the
equipment used in this research [kg];
- g, the gravity acceleration, equal to 9.81 m/s2;
- A, the area of shear surface overlap [mm2].

The shear stress, τ , can be computed from the ratio between the total shear force,
T , and the area of shear surface overlap, A, from Eq. 6.7:

τ = T/A [kPa] (6.7)

The maximum σ′
v and τ values obtained correspond to the peak normal and shear

stresses, respectively.

6.5.2 Procedure
Direct shear tests were performed on 15 matrix-only melange specimens at the

Geotechnical Laboratory operating in the Department of Structural, Geotechnical
and Building Engineering of Politecnico di Torino. The direct shear test apparatus
used in this research mainly consists of a circular Casagrande shear box, a vertical
load application system, a horizontal force application device and a controlling
stepper drive motor (Figure 6.21).
Due to the peculiarity of the melange under study (see Chapter 5), it was not
possible to produce cylindrical specimens to be placed in the circular shear box.
In fact, only prismatic specimens could be obtained with the diamond band saw
from the irregular samples collected in situ. The samples were cut so as to obtain
specimens with as horizontal as possible bedding planes (i.e., parallel to the shearing
direction). An example is given in Figure 6.23a.
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Figure 6.21: The shear test apparatus of the Geotechnical Laboratory (DISEG) of
Politecnico di Torino.

In order to perform the direct shear tests, a non-standard preparation procedure was
followed. Specifically, the special formwork shown in Figure 6.22 was designed in
AutoCad and printed in the Geotechnical Laboratory to incorporate the melange
specimens within two cylindrical layers of mortar. These layers had a diameter
equal to the hole of the Casagrande shear box. In this way, the irregular melange
specimens could be placed and held firmly within the shear box, as illustrated in
Figures 6.23f and 6.23g.

Figure 6.22: Plastic formwork designed in AutoCad.

The procedure for the preparation of each melange+mortar specimen is illustrated
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below (Figure 6.23):

1. a thin nail varnish layer was applied to the specimen to protect it from the
liquid mortar, which could have damaged its external part. In order to verify
that all the surfaces of the specimen were waterproofed, a colored nail varnish
was used (Figure 6.23b);

2. a mortar was prepared by mixing 70% cement and 30% water;

3. the melange block was placed in the plastic formwork, made up of 2 semi-
circular parts and 2 caps (Figure 6.23c);

4. the mortar was then injected through a specific horizontal opening (Figure
6.22b and Figures 6.23d and 6.23e), and all the way up to it, with a plastic
syringe equipped with a nozzle, to obtain the first mortar layer;

5. after at least 24 hours, steps 2 to 4 were repeated to create the second mortar
layer. A zone of about 5 mm high was kept free from the mortar (Figure
6.23f), according to the ISRM Standards (ISRM 2007);

6. the specimen was removed from the formwork and tested 7 days after the
second layer casting (Figure 6.23g).

Figure 6.23: a) a melange specimen cut with the diamond band saw; b) thin nail
varnish layer applied to the specimen; c) plastic formwork; d) first layer of mortar
injected; e) injection of the second layer of mortar; f) the melange specimen held
firmly within the mortar. A zone of about 5 mm high was kept free from the mortar;
g) the melange specimen inside the Casagrande shear box.
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The tests were carried out at shearing rates of approximately 0.16 mm/minute,
which was considered adequate since the specimens were assumed to be in dry
conditions and the eventual effects of water pressure could be neglected. Different
normal stresses were applied to the specimens, in the range 20 − 422 kPa.

6.5.3 Results
The results obtained are illustrated in Figures 6.24 and 6.25 in terms of shear

displacements vs. shear stress curves. These data were then processed and, using
Eqs. 6.6 and 6.7, Figure 6.26 and Table 6.8 were obtained. The blue points in
Figure 6.26 and the graphs shown in Figure 6.24 refer to specimens obtained by
cutting a series of irregular samples named “Samples A”, which were considered a
little more weathered than the other samples, named “Samples B”, whose speci-
mens gave the results indicated by the orange points in Figure 6.26 and the graphs
shown in Figure 6.25.

Figure 6.24: Shear stress vs. horizontal displacement of specimens from samples
A.
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Figure 6.25: Shear stress vs. horizontal displacement of specimens from samples B.

Figure 6.26: Normal vs. peak shear strength for samples A and B. Due to the
extremely low water content of the specimens, total stresses were assumed to be
equal to effective stresses.
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Specimens A 1 2 3 4 5 6 7 8
τ [kPa] 121.0 143.3 503.5 450.6 330.1 546.2 518.7 401.6
σ′

v[kPa] 20.2 28.8 68.4 123.5 181.8 226.1 386.3 422.3
Specimens B 9 10 11 12 13 14 15
τ [kPa] 464.3 356.8 1079.5 394.0 284.9 674.5 690.3
σ′

v[kPa] 29.9 74.8 97.8 177.2 246.0 294.1 384.9

Table 6.8: Direct shear test results.

As clearly visible from Figure 6.26 and Table 6.8, the results are dispersed and no
substantial differences in the behavior of specimens A and B were observed (i.e.,
samples B, although less weathered, do not show greater strengths than samples
A).
Hence, a linear regression was carried out considering all the results of the samples
A and B, excluding only the outlier value of specimen 6, characterized by the high-
est peak shear strength (i.e., τp = 1079.5 kPa for σ′

v = 97.8 kPa). However, an R2

of only 0.322 could be obtained.
The data dispersion was almost certainly caused by the presence of non-horizontal
bedding planes in the specimens, which affected their strength.
As mentioned above, the irregular samples were cut in the attempt to obtain spec-
imens with bedding planes parallel to the plane of shearing. However, this was
rather difficult and in some cases impossible to achieve. In fact, the bedding planes
were not always parallel (i.e., sometimes they were ondulated or had different ori-
entations) nor clearly visible (e.g. due to the weathering of the external part of the
samples). For these reasons, the plane of shearing did not always coincide with a
plane of weakness. This was clearly visible, after the tests, from the inspection of
the failure surfaces, as shown in Figure 6.27.
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Figure 6.27: Failure surfaces of the specimens n. 2, 3, 8 and 13. The arrow indicates
the shearing direction. Different orientations and inclinations of the bedding planes
with respect to the shearing direction are clearly visible.

A possible interpretation of the shear tests can be made by subdividing the results
into two datasets to obtain a minimum and a maximum shear strength envelope.
Specifically, 5 normal stress ranges (i.e., σ′

v = 0 − 50 kPa, 50 − 100 kPa, 100 − 200
kPa, 200 − 300 kPa and 300 − 425 kPa) were taken into account providing, for each
range, three shear test results (Table 6.9). From these values the minimum and
maximum shear strengths were identified and highlighted with the colors blue and
green, respectively, in Table 6.9. Finally, the shear strength envelopes illustrated in
Figure 6.28 were obtained, which provided a minimum cohesion and friction angle
of 211 kPa and 25° and a maximum cohesion and friction angle of 428 kPa and 36°.

162



6.5 – Direct shear tests

Normal stress range 0-50 kPa
Specimen 1 2 3

σ′
v[kPa] 20.2 28.8 29.9

τ [kPa] 121.0 143.3 464.3
Normal stress range 50-100 kPa
Specimen 4 5 6

σ′
v[kPa] 68.4 74.8 98 *

τ [kPa] 503.5 356.8 1079.5 *
Normal stress range 100-200 kPa
Specimen 7 8 9

σ′
v[kPa] 123.5 181.8 177.2

τ [kPa] 450.6 330.1 394.0
Normal stress range 200-300 kPa
Specimen 10 11 12

σ′
v[kPa] 226.1 246.0 294.1

τ [kPa] 546.2 284.9 674.5
Normal stress range 300-425 kPa
Specimen 13 14 15

σ′
v[kPa] 384.9 386.3 422.3

τ [kPa] 690.3 518.7 401.6
cmin = 211 kPa cmax = 428 kPa

φmin = 25◦ φmax = 36◦

Table 6.9: Normal stress ranges considered and corresponding test results. The
blue and green values correspond to the minimum and maximum strength (τ) of
each normal stress range, respectively. The symbol “*” indicates the outlier result
discarded. The minimum and maximum cohesion and friction angle obtained are
also listed.

Figure 6.28: Shear strength envelopes: cmin = 211 kPa, φmin = 25◦; cmax = 428
kPa and φmax = 36◦. 163
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Although a great deal of effort was put into obtaining these results, they should be
considered only as an indication of possible strength values that may characterize
the melange. In fact, in order to more precisely determine its strength, a much
greater number of direct shear tests should be carried out, taking into account only
the results of the specimens with bedding planes parallel to the shearing plane.
An interesting future work will also be to try to study how anisotropy influences the
strength of the geomaterial, by carefully examining the different shapes, inclinations
and orientations of the bedding planes of each specimen tested.

6.6 Point load tests
When dealing with soft rocks, the point load test (PLT) is often the only possibil-

ity for evaluating the uniaxial compressive strength (UCS). In fact, many technical
problems arise when preparing regular prismatic or cylindrical specimens to be
tested in uniaxial compression (Agustawijaya 2007). On the contrary, PLT can be
easily conducted even on shapeless lumps and cut blocks (RIG 1994, ASTM D5731
1995, ISRM 2007, Frankovská and Durmekova 2011, Alitalesh et al. 2016).
A typical point load apparatus is shown in Figure 6.29.

Figure 6.29: Point load apparatus of the Geotechnical Laboratory - Politecnico di
Torino.

The test is performed with the aim of determining the point load strength index
(PLI), IS(50), of rock specimens. The relationship between Is(50) and the UCS is
expressed by a conversion factor, C.
The rock samples should present external dimensions preferably not less than 30
mm and not more than 85 mm. Each sample is placed between two truncated
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conical platens, which apply a concentrated (compressive) load on the rock until
failure occurs. As shown in Figure 6.30, the platens must have spherical tips of
radius 5 mm and an opening angle of 60◦. A load measuring system indicates the
failure load, P, required to break the rock sample. A graduated bar measures the
initial distance, D, between the two specimen-platen contact points.

Figure 6.30: Platen geometrical characteristics (ASTM D5731 1995).

The distance, L, between the contact points and the nearest free end of the sample
should be greater than 0.5D (Figure 6.31). Furthermore, the specimen should have
a width, W, measured perpendicularly to the loading direction, preferably close to
the diameter D. In any case, the ratio D/W should vary between 0.3 and 1. When
dealing with irregular lumps with non parallel sides, the minimum width W should
be evaluated as (W1 + W2)/2, as shown in Figure 6.31.
The test should be rejected if the fracture surface passes through only one platen
loading point.

Figure 6.31: Irregular lump test: specimen shape requirement (ASTM D5731 1995).

The ratio between the applied failure load, P, and the equivalent diameter of the
rock sample, De, provides the uncorrected PLI, IS:
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IS = P

D2
e

[MPa] (6.8)

where:
De =

√︂
4WD/π [m] (6.9)

In Eq. 6.9 the final value of the distance between the two platen contact points,
D’, can also be used instead of D.
If rock sample dimensions are different from 50 mm, the point load strength index
determined by the PLT must be corrected to the standard equivalent diameter (De)
of 50 mm. Hence a shape correction factor, F, should be introduced in order to
evaluate the corrected PLI, IS(50).

IS(50) = F · Is (6.10)

where F may be evaluated using the following Eq. 6.11 (ASTM D5731 1995):

F =
(︃

De

50

)︃0.45
(6.11)

As suggested by ASTM Standards (ASTM D5731 1995), IS(50) is calculated by not
considering the two highest and two lowest values from the ten (or more) valid tests,
and calculating the mean of the remaining values. If significantly fewer specimens
are tested, only the highest and lowest values are to be deleted and the mean
calculated from the remaining ones.
Finally, to obtain the UCS of the rock, the strength index IS(50) should be corrected
again, by multiplying it for a conversion factor C. The value of this coefficient is
generally set as equal to 24 for hard rocks. However, for soft rocks (i.e., argillaceous
rocks, siltstones, flysches, ect.), it could be much lower than this value (Marinos
and Hoek 2001, Agustawijaya 2007, Tsiambaos 2010, Frankovská and Durmekova
2011, Kanjii 2014, Alitalesh et al. 2016). Previous findings from the literature have
shown that C varied from 5 up to 24 for chalks, from about 7 to 18 for sandstone
and from 13 to 15 for argillaceous rocks. Hence, a conversion factor equal to 14
was considered reliable for the melange under study.

6.6.1 Preparation of the specimens
In order to obtain a preliminary value of the compressive strength of the Oltrepò

Pavese melange, a great number of point load tests were carried out on non-
cylindrical samples (Figure 6.32), at their natural water content and in dry con-
ditions. The dry specimens were obtained by putting the samples in an oven at
a temperature of 105◦C for 24 hours. This procedure was undertaken in order to
investigate the effect of the water content on the strength of the melange under
study. Previous findings from the literature suggest that with decreasing the water
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content higher strengths can be obtained (Erguler and Ulusay 2009).

Figure 6.32: Typical melange samples tested with the Point Load apparatus.

The samples, as can be seen from Figure 6.32, were cut with the diamond band saw
in order to regularize their geometry (see Section 5.2). The specimens produced for
the PLT tests were cut so as to apply the load (as much as possible) perpendicularly
to the bedding planes, in order to achieve the greatest strength values.
After the test, the failure surface of each specimen was inspected to verify the
validity of the test. A few pictures of the broken melanges are illustrated in Figure
6.33.

Figure 6.33: Typical samples successfully tested with the PL apparatus: the failure
surfaces pass through both the platen loading points.
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6.6.2 PLT on melange samples at natural water content
37 samples were tested at their natural water content, w (from 3.5% to 7%).

However, only 23 were successfully tested. 2 invalid tests were obtained from sam-
ples 6 and 10 and their results were discarded. The other 12 blocks provided no
significant results (i.e., P = 0 N).
Deleting the two highest and lowest values, and assuming the conversion factor
C=14 (Agustawijaya 2007), the average UCS was found to be 2.10 MPa, with a
standard deviation as equal to 1.12.
The minimum and maximum strengths were 0.77 MPa and 5.24 MPa, respectively.
The results obtained are listed in Table 6.10.
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Sample
2L

[mm]

W

[mm]

D’

[mm]

D2
e

[m2]

P

[kN]

IS

[kN/m2]

De

[mm]

F

[-]

IS(50)

[kPa]

f

[-]

UCS

[MPa]

UCSAST M

[MPa]

1 50 31 29 0.0011 0.00 0.00 33.84 0.84 0.0 14 0.00 -

2 72 35 16 0.0007 0.28 392.50 26.71 0.75 296.0 14 4.14 4.14

3 82 25 22 0.0007 0.00 0.00 26.47 0.75 0.0 14 0.00 -

4 70 30 15 0.0006 0.00 0.00 23.94 0.72 0.0 14 0.00 -

5 72 38 23 0.0011 0.50 449.08 33.37 0.83 374.4 14 5.24 5.24

6 105 80 52 0.0053 0.10 18.87 72.80 1.18 22.3 14 0.31 Inv.

7 105 60 60 0.0046 0.10 21.81 67.72 1.15 25.0 14 0.35 m2

8 70 55 51 0.0036 0.00 0.00 59.78 1.08 0.0 14 0.00 -

9 110 40 34 0.0017 0.00 0.00 41.62 0.92 0.0 14 0.00 -

10 65 65 44 0.0036 0.10 27.45 60.36 1.09 29.9 14 0.42 Inv.

11 60 50 50 0.0032 0.48 150.72 56.43 1.06 159.2 14 2.23 2.23

12 44 42 41 0.0022 0.30 136.76 46.84 0.97 132.8 14 1.86 1.86

13 50 36 38 0.0017 0.15 86.07 41.75 0.92 79.4 14 1.11 1.11

14 90 51 49 0.0032 0.23 72.25 56.42 1.06 76.3 14 1.07 1.07

15 58 40 37 0.0019 0.00 0.00 43.42 0.94 0.0 14 0.00 -

16 110 60 48 0.0037 0.05 13.63 60.57 1.09 14.9 14 0.21 m1

17 75 36 40 0.0018 0.15 81.77 42.83 0.93 76.3 14 1.07 1.07

18 80 46 53 0.0031 0.00 0.00 55.73 1.05 0.0 14 0.00 -

19 50 38 46 0.0022 0.00 0.00 47.19 0.97 0.0 14 0.00 -

20 42 26 25 0.0008 0.18 217.38 28.78 0.78 169.5 14 2.37 2.37

21 65 40 34 0.0017 0.30 173.16 41.62 0.92 159.4 14 2.23 2.23

22 39 34 37 0.0016 0.10 62.40 40.03 0.90 56.5 14 0.79 0.79

23 52 44 40 0.0022 0.30 133.81 47.35 0.98 130.6 14 1.83 1.83

24 59 50 24 0.0015 0.32 209.33 39.10 0.90 187.4 14 2.62 2.62

25 80 49 33 0.0021 0.30 145.64 45.39 0.96 139.4 14 1.95 1.95

26 40 31 31 0.0012 0.20 163.37 34.99 0.85 139.1 14 1.95 1.95

27 35 33 19 0.0008 0.48 600.96 28.26 0.77 464.9 14 6.51 M1

28 42 35 20 0.0009 0.00 0.00 29.86 0.79 0.0 14 0.00 -

29 45 33 31 0.0013 0.32 245.55 36.10 0.86 212.1 14 2.97 2.97

30 28 28 26 0.0009 0.00 0.00 30.45 0.80 0.0 14 0.00 -

31 50 27 26 0.0009 0.00 0.00 29.90 0.79 0.0 14 0.00 -

32 32 34 19 0.0008 0.40 486.07 28.69 0.78 378.5 14 5.30 M2

33 75 35 37 0.0016 0.10 60.62 40.62 0.91 55.2 14 0.77 0.77

34 38 35 37 0.0016 0.30 181.85 40.62 0.91 165.6 14 2.32 2.32

35 36 34 36 0.0016 0.27 173.16 39.49 0.90 155.7 14 2.18 2.18

36 65 30 4 0.0002 0.00 0.00 12.36 0.53 0.0 14 0.00 -

37 55 40 41 0.0021 0.20 95.73 45.71 0.96 91.9 14 1.29 1.29

Average

UCS [MPa]
2.10

Standard

deviation [-]
1.12

Table 6.10: Results of the point load tests on the sedimentary melange of Pavia
with natural water content. “Inv.” stands for invalid test while letters “m” and
“M” refer to the minimum and maximum obtained UCS, respectively, which were
discarded according to the ASTM Standards.
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6.6.3 PLT on melange samples in dry conditions
18 samples were tested in dry conditions. Only 1 invalid test was obtained

from sample 4d and the result was discarded. Deleting the two highest and lowest
values from the 17 remaining results and assuming C=14 (Agustawijaya 2007), the
average UCS was found to be 4.91 MPa, with a standard deviation as equal to
1.19. The minimum and maximum valid UCS found are of 3.59 MPa and 7.63
MPa, respectively. The results obtained are listed in detail in Table 6.11.

Sample
2L

[mm]

W

[mm]

D’

[mm]

D2
e

[m2]

P

[kN]

IS

[kN/m2]

De

[mm]

F

[-]

IS(50)

[kPa]

f

[-]

UCS

[MPa]

UCSAST M

[MPa]

1 d 56 35 29 0.0013 1.20 928.08 35.96 0.86 800.1 14 11.20 M1

2 d 46 36 28 0.0013 0.45 350.45 35.83 0.86 301.7 14 4.22 4.22

3 d 69 57 25 0.0018 0.80 440.70 42.61 0.93 410.1 14 5.74 5.74

4 d 90 40 27 0.0014 0.00 0.00 37.09 0.87 0.0 14 0.00 -

5 d 72 54 37 0.0025 0.80 314.31 50.45 1.00 315.6 14 4.42 4.42

6 d 60 28 26 0.0009 0.48 517.58 30.45 0.80 414.1 14 5.80 5.80

7 d 60 43 14 0.0008 0.30 391.20 27.69 0.77 299.9 14 4.20 4.20

8 d 62 49 13 0.0008 0.15 184.85 28.49 0.78 143.5 14 2.01 m1

9 d 46 39 35 0.0017 0.40 230.04 41.70 0.92 212.0 14 2.97 m2

10 d 75 45 37 0.0021 1.20 565.77 46.05 0.96 545.2 14 7.63 7.63

11 d 66 45 39 0.0022 1.75 782.76 47.28 0.98 763.3 14 10.69 M2

12 d 77 49 42 0.0026 0.70 267.01 51.20 1.01 269.9 14 3.78 3.78

13 d 55 32 23 0.0009 0.30 319.97 30.62 0.80 256.6 14 3.59 3.59

14 d 70 53 49 0.0033 1.10 332.50 57.52 1.07 354.1 14 4.96 4.96

15 d 41 36 34 0.0016 0.70 448.94 39.49 0.90 403.7 14 5.65 5.65

16 d 40 34 39 0.0017 0.70 414.40 41.10 0.92 379.4 14 5.31 5.31

17 d 45 29 25 0.0009 0.30 324.83 30.39 0.80 259.6 14 3.63 3.63

18 d 80 46 53 0.0031 0.00 0.00 55.73 1.05 0.0 14 0.00 -

Average

UCS [MPa]
4.91

Standard

deviation [-]
1.19

Table 6.11: Results of the point load tests on the sedimentary melange of Pavia in
dry conditions. Letters “m” and “M” refer to the minimum and maximum obtained
UCS, respectively, which were discarded according to the ASTM Standards.

6.6.4 Comparison of the results
The final results obtained from the PL tests are listed in Table 6.12. They clearly

indicate that dry specimens have a higher strength (almost equal to 2UCSNatural−w).
This outcome confirms previous results from the literature (Erguler and Ulusay
2009), highlighting that laboratory tests must be carried out carefully, considering
the actual ground conditions of the specific project.
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Average UCS
[MPa]

Standard deviation
[-]

Min UCS
[MPa]

Max UCS
[MPa]

Natural w 2.1 1.12 0.77 5.24
Dry condition 4.9 1.19 3.59 7.63

Table 6.12: Comparison of the results obtained with PLT for samples at natural
water content and dry condition.

6.7 Uniaxial compression tests
The uniaxial compression test is intended to measure the uniaxial compressive

strength (UCS) and deformability (i.e Young’s modulus and Poisson’s ratio) of a
rock specimen of regular geometry.
It is well known that the absolute size and shape (i.e., diameter and slenderness,
respectively) of the rock specimen can affect its strength. Hence, in order to obtain
reliable UC test results, the ASTM and ISRM Standards (ISRM 2007, ASTM
D5731 1995) have suggested a slenderness ratio (i.e., height-to-diameter ratio of
a cylindrical specimen), H/D, equal to 2.0-2.5 and 2.5-3.0, and a diameter of the
sample related to the maximum grain dimension by a ratio of at least 6:1 and 10:1,
respectively. In the following sections, reference is made to the more conservative
ISRM Standards.
The test can be performed by continuously applying a load at a constant stress or
deformation rate. The maximum load, P, carried by the specimen divided by its
cross-sectional area, A, is the UCS of the material (Eq. 6.12).

UCS = P/A (6.12)

Electrical resistance strain gauges, extensometers or other devices can be used to
determine circumferential and axial strains for each load increment and, conse-
quently, Poisson’s ratio, ν. Finally, the ratio of the axial stress increase to the
relative induced axial strain due to the stress increase allows the determination of
Young’s modulus, E.

6.7.1 Procedure
The uniaxial compression tests on the Oltrepò Pavese melange were performed at

the Geotechnical Laboratory operating in the Department of Structural, Geotechni-
cal and Building Engineering (DISEG) of Politecnico di Torino, using the computer-
controlled compression test machine shown in Figure 6.34, which has a maximum
load capacity of 5000 kg. During the tests, a data acquisition system recorded the
values of time in seconds, displacement of the piston in millimeters (acquired from
an LVDT) and load in kN (acquired from a load cell) with a sampling rate of 100
Hz.
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Figure 6.34: The uniaxial compression device of the Geotechnical Laboratory of
DISEG − Politecnico di Torino. 1) digital camera on a tripod; 2) halogen lamp; 3)
load cell connected to the data acquisition system; 4) specimen; 5) control panel;
6) LVDT connected to the data acquisition system.

Due to the difficulties encountered during the cutting phase of the melange, as
described in Section 5.2, only 8 uniaxial compression tests were carried out. Specif-
ically, 3 matrix-only and 5 block-in-matrix specimens with a sufficiently regular
geometry could be obtained from more than 16 shapeless samples. It was assumed
that the heterogeneity of the 5 block-in-matrix specimens would not have affected
the UC test results. In fact, from the observation of the grading curves of the
melange (shown in Section 6.4), these samples were expected to have very low
VBPs and previous findings from the literature have indeed demonstrated (experi-
mentally and numerically) that no strength increase is registered in heterogeneous
materials with rock contents up to 20%-25% (Lindquist 1994b, Medley 1994). The
assumption of very low VBPs was later confirmed from the sieve analyses carried
out after each test. In fact, the rock block content of all the specimens was less
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than 7% (Table 6.13).
Similarly to the PLT, the specimens produced for the UC tests were cut so as to
apply the load (as much as possible) perpendicularly to the matrix bedding planes,
in order to achieve the greatest strength values. However, since the samples were
cut with the diamond band saw (see Section 5.2) a few indications of the ISRM
Standards (ISRM 2007) were not met. First of all, it was not possible to obtain
specimens with a cylindrical shape. Moreover, the final geometry of the prismatic
specimens was never completely free of irregularities. In fact, the specimen ends
were often far from being smooth and perpendicular to their axes. In addition,
another problem was that the height to the diameter (i.e., width) ratio of 2.5 sug-
gested by the ISRM Standards (2007) could never be obtained. Specifically, the
specimens tested had a variable H/D ratio, ranging from 1.38 to 2.10, as indicated
in Table 6.13.
Three of the (non-standard) specimens tested are illustrated in Figure 6.35, where
some irregularities and defects are clearly visible. These images were obtained by
means of the ReCap Photo software, from Autodesk.

Figure 6.35: Heterogeneous specimens n. 6, 7 and 8 of Table 6.13.

Due to the peculiarity of the melange, neither strain gauges nor direct contact ex-
tensometers could be used to measure local strains. The strain gauges could not
be held in place using common adhesives (e.g. cyanoacrylate) because of the dusty,
irregular and heterogeneous surfaces of the specimens. Similarly, due to the high
fragility of the material under study, direct contact extensometers could not be
mounted on the specimens without damaging them. In fact, they are held in place
by the contact force provided from springs, which would have hollowed out the
edges of the specimens.
As a consequence, the non-contact Digital Image Correlation (DIC) technique was
used for estimating the material displacements and strains (Section 6.7.3). The DIC
technique compares a series of digital images, for example of the surface of a loaded
specimen, and measures the displacements by matching the same pixels in con-
secutive photographs, before and after deformation. This technique, among other
research fields, has been widely and successfully used in rock mechanics (Lenoir
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et al. 2007, Lin and Labuz 2013, Caselle et al. 2019).

6.7.2 UCS results
The compressive strength of the melange under study was estimated by means

of uniaxial compression tests performed on 8 prismatic specimens under axial de-
formation control at a constant rate of 0.005 mm/min. A data acquisition system
recorded the measurements made during the tests by the load cell and LVDT trans-
ducer. All the data (i.e., time, axial displacement, axial load) were recorded and
saved in an Excel file. These data were subsequently processed (considering the av-
erage heights and cross sections of the specimens) to obtain the stress-strain curves
in terms of global deformations (Figure 6.36).
After each test, the specimens were submerged in water and then sieved to deter-
mine their VBP. The results of the UC tests are shown in Figure 6.36 and Table 6.13.

Figure 6.36: UCS vs. axial strain for the 8 specimens tested. The blue curves
represent the homogeneous specimens. The yellow/brown curves represent the het-
erogeneous specimens.

A significant variability in the mechanical behavior of the specimens tested can be
observed from Figure 6.36. Different stiffnesses, peak stresses, deformations at fail-
ure and post-peak behaviors were shown by the 8 specimens. Specimens 1, 2 and 7
presented the most regular stress-strain curves as well as the lowest deformability
and deformations at failure, although their UCS was very different: specimen 2
showed the minimum strength while specimen 7 the maximum UCS of all the spec-
imens tested. Conversely, abrupt changes in stress values are visible for almost all
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the heterogeneous specimens (especially 4, 6 and 8) both before and after reaching
the peak. This characteristic was ascribed to observed local failures of block-matrix
contacts which occurred during the tests. Finally, a completely different behavior
was exhibited by specimen 3, which showed a much higher deformability and an
almost elastic perfectly plastic behavior.
This variability in the results could be due to the anisotropy (i.e., presence of
bedding planes, which were also occasionally found to be non iso-oriented) and
heterogeneity of the samples.

Sample Description VBP [%] H/D [-] UCS [MPa]
1 Matrix-only 0 1.38 2.20
2 Matrix-only 0 1.74 0.98
3 Matrix-only 0 1.52 1.59
4 Heterogeneous 5.1 1.67 2.03
5 Heterogeneous 6.9 1.75 2.40
6 Heterogeneous 5.2 1.40 2.66
7 Heterogeneous 4.9 2.10 3.12
8 Heterogeneous 2.6 1.90 2.15

Table 6.13: Results of the uniaxial compression tests and sieve analyses.

The results obtained indicate that the average UCS for the matrix-only and het-
erogeneous melange specimens is 1.59 MPa and 2.47 MPa, respectively, while the
average UCS considering all the samples is 2.14 MPa. Hence, the matrix of the
melange can be considered as a weak (or soft) rock belonging to the grade R1 of
the ISRM classification shown in Table 6.14. According to the ISRM (1981), in
fact, rocks with UCS between 0.5 MPa and 25 MPa belong to weak rocks.
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Grade* Term Uniaxial
comp.

strength
[MPa]

Point Load
Index
[MPa]

Field estimate of strength Examples

R6 Extremely
strong >250 >10

Specimen can only be
chipped with a geological
hammer

Fresh basalt, chert, di-
abase, gneiss, granite,
quartzite

R5 Very
strong 100 - 250 4 - 10

Specimen requires many
blows of a geological ham-
mer to fracture it

Amphibolite, sand-
stone, basalt, gabbro,
gneiss, granodiorite,
peridotite, rhyolite,
tuff

R4 Strong 50 - 100 2 - 4
Specimen requires more
than one blow of a geolog-
ical hammer to fracture it

Limestone, marble,
sandstone, schist

R3 Medium
strong 25 - 50 1 - 2

Cannot be scraped or
peeled with a pocket knife,
specimen can be fractured
with a single blow from a
geological hammer

Concete, phyllite,
schist, siltstone

R2 Weak 5 - 25 **

Can be peeled with a
pocket knife with diffi-
culty, shallow indentation
made by firm blow with
point of a geological ham-
mer

Chalk, marl, clay-
stone, potash, silt-
stone, shale, rocksalt

R1 Very weak 1 - 5 **

Crumbles under firm
blows with point of a
geological hammer, can
be peeled by a pocket
knife

Highly weathered or
altered rock, shale

R0 Extremely
weak 0.25 - 1 ** Indented by thumbnail Stiff fault gouge

* Grade according to Brown 1981
** Point load tests on rocks with a uniaxial compressive strength below 25 MPa are likely
to yield highly ambiguous results

Table 6.14: Field estimates of uniaxial compressive strength of intact rock (Marinos
and Hoek 2001).

Due to the difficulties already highlighted in Section 5.2 and related to the prepa-
ration of the specimens, the results of these non-standard UC tests should be con-
sidered only as an indication of the strength of the melange.
Nevertheless, in order to at least qualitatively determine how the non-standard ge-
ometry of the specimens could have affected the UC tests, a review of the literature
concerning this topic was carried out. Specifically, to investigate the influence of
the prismatic shape of the specimens tested on the UCS, reference was made to a
recent study conducted by Xu and Cai (Xu and Cai 2017). The authors numerically
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investigated the influence of different cross-sectional shapes on the strength and de-
formation behavior of rocks tested in uniaxial compression. Circular, square and
rectangular cross-sectional shaped specimens were analyzed, providing very small
differences in the peak strengths.
Moreover, the influence of the non-standard slenderness ratios of the specimens
tested (i.e., H/D ratios lower than 2.5) on the UCS was also examined through
a literature review. Some authors performed laboratory tests on specimens with
different slenderness ratios, usually on good quality intact rocks such as marble,
sandstone, limestone and basalt (Pellegrino et al. 1997, Tuncay and Hasancebi
2009). In fact, good quality rocks allow a great number of regular specimens to be
easily obtained. Numerical analyses have also been undertaken by several authors
(Xu and Cai 2017, Peng et al. 2018), who simulated a series of uniaxial compression
tests on specimens with different slenderness ratios. All these studies have revealed
that the friction of the end plates induces a non-homogeneous strain field in the
samples and an overestimation of the uniaxial stresses for H/D ratios generally
lower than 2.5. However, the variation of the UCS with decreasing H/D ratios
from 2.5 to 1.5 was found to be moderate in most cases, as illustrated in Figure
6.37 and Figure 6.38 from John 1972 and Peng et al. 2018.

Figure 6.37: Relationship between H/D ratio and UCS value for dry sandstone
(after John 1972, from Hawkins 1998).
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Figure 6.38: Relationship between the normalized UCS and the slenderness ra-
tio. The model by ASTM (1994) and data from previous experimental tests are
also plotted (Peng et al. 2018). A moderate increase of the UCS was found for
slenderness ratios between 1.5 an 2.5.

Based on all these findings from the literature, it can be assessed that the prismatic
shape and the low slenderness ratios (average H/D = 1.7) of the melange specimens
tested in this study led to modest effects on the UCS values obtained. They can be
considered only slightly overestimated and in any case quite representative of the
real strength of the geomaterial.
Moreover, it is interesting to note that the average strength obtained with the UC
tests (i.e., 2.14 MPa) is comparable to the average UCS obtained with the PLT on
the heterogeneous specimens (i.e., 2.1 MPa). This outcome seems to confirm that
a conversion factor C equal to 14 can be applied to point load strength index to
reliably predict the UCS of soft rocks, like the Oltrepò Pavese melange.
Another interesting result, concerning the development of the failure surfaces of
the melange specimens, was also observed. As shown in Figure 6.39b, the het-
erogeneous specimens showed failure surfaces which developed tortuously around
the blocks (i.e., within the matrix). On the contrary, the homogeneous specimens
showed multiple fractures developing mainly horizontally (i.e., along foliation) and
diagonally, as can be seen in Figure 6.39a. This result, which indicates that a
different mechanical behavior should be expected between homogeneous and het-
erogeneous geomaterials, confirms previous findings from the literature (Medley
2001, Lindquist 1994b,Napoli et al. 2018a, Napoli et al. 2018b).
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Figure 6.39: Failure surface of specimens under uniaxial compression: a) matrix-
only melange specimen (sample 3); b) heterogeneous melange specimen (sample
4).

However, VBPs less than 7% would not have justified this outcome.
The explanation of this behavior is probably related to the presence of unexpected
non-calcareous blocks within the heterogeneous melange samples. Specifically, when
the specimens were disaggregated after each test, an often relevant number of non-
rocky inclusions was found, composed of highly overconsolidated clay. A striking
example is given in Figure 6.40.
As shown in Figure 6.41, sometimes these inclusions showed fractures and cracks
during the tests, which made it possible to easily identify them. Their damaging
also indicates that their strength is probably greater than that of matrix but lower
than that of the limestone inclusions.

Figure 6.40: A 2 cm overconsolidated clay inclusion within a heterogeneous melange
specimen failed in uniaxial compression. The result of this test was discarded
because it was considered not to be representative.
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Figure 6.41: A heterogeneous specimen with an overconsolidated clay inclusion (up-
per brown inclusion), before and after the failure in uniaxial compression. Fractures
developed also within the overconsolidated clay inclusion.

The presence of these inclusions enhanced the development of tortuous failure sur-
faces and probably affected the strength of the material to some degree, as well.
However, it was not possible to quantify the volume fraction and size of these over-
consolidated clay inclusions. In fact, they could not be separated from the matrix
when the specimens were in dry conditions and they degraded in water before the
sieve analyses (for the VBP estimation) could start.
Hence, the VBPs listed in Table 6.13, which refer to the rocky components only,
do not fully reflect the amount of inclusions stronger than the matrix, which could
have also affected the final UC test results.

6.7.3 Deformability results
The global strains inferred from the LVDT mounted on the edge of the samples

were used to obtain the graphs shown in Figure 6.36. However, these values could
not be considered reliable to determine the elastic modulus of the melange for
several reasons. First of all, the presence of friction between the specimen ends
and the steel platens, as well as the different elastic properties of the two materials
(i.e., steel and melange), cause shear stresses at the specimen ends as a result of
end restraint. As illustrated by Figure 6.42, this condition leads to a triaxial stress
state (close to the ends of the specimen) that tends to transform into a uniaxial
state of stress towards the center of the specimen. Moreover, the heterogeneity of
the geomaterial and the settling/rotation of the top loading plate due to both the
non-planarity and non-parallelism of the bases of the specimens can produce higher
global than local (i.e., actual) strains.
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Figure 6.42: Influence of the end-effects caused by the specimen-steel platen con-
tacts on the distribution of stress and displacement inside a cylindrical specimen
under uniaxial compression. (a) Theoretical uniform deformation of the specimen;
(b) real deformation due to radial restraint at the specimen-platens contact; (c)
non-uniform normal stress, σ, and shear stress, τ , induced at the specimen-platen
contacts (Pellegrino et al. 1997).

Therefore, the DIC analysis was used to calculate the deformability modulus of 2
matrix-only and 4 heterogeneous specimens tested.
The DIC technique was applied using the 2D open source Ncorr software package
implemented in Matlab (Blaber et al. 2015). The photographs necessary for the
analyses were acquired continuously throughout the uniaxial compression tests, us-
ing a Canon EOS 550D digital camera. As shown in Figure 6.34, the camera was
placed on a tripod in front of one specimen surface, taking photos every 5 seconds.
This time interval was considered sufficiently large to allow the photos to be stored,
but at the same time small enough to capture the displacements during each test.
To guarantee good image quality, the ISO of the camera was set at 200. Since this
is quite a low ISO value, a halogen lamp was used to work in sufficiently bright
conditions (Figure 6.34). A higher ISO setting would have made the camera sen-
sor more sensitive to light (i.e., photos could have been taken in darker conditions
without the need to use a flash), but would have also created more noise, producing
a lower image quality. The aperture of the diaphragm, which regulates the amount
of light that passes through the lens to the camera sensor, was set to intermediate
values, f/7-f/11.

The surface of the homogeneous (i.e., matrix-only) specimens was speckled be-
fore the tests, as shown in Figure 6.43, in order to determine the displacements of
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the same pixels correctly. This operation was not necessary for the heterogeneous
specimens, since the presence of two contrasting components (i.e., blocks and ma-
trix) was sufficient for the software to produce good results.

Figure 6.43: Homogeneous specimen n.1 speckled for the DIC analysis.

The Ncorr program requires the definition of a region of interest (ROI) on the refer-
ence image. On this region, the user must identify the subsets (i.e., smaller regions)
on which to perform the analysis (Figure 6.44). In this research, the edges of the
specimen were excluded from the ROI in order to avoid numerical errors during the
computation.
The similarity between the reference subset and the current subset is defined by
comparing the gray scale values within the reference subset with the gray scale val-
ues within the current subset. To do this, a cross correlation algorithm based on the
nonlinear least squares criterion is used, in which the optimization is performed by
applying the Gauss-Newton iterative method starting from a first attempt solution
(Blaber et al. 2015).
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Figure 6.44: An example of the ROI and subsets for a heterogeneous specimen
tested.

At first, the 9 points of Figure 6.44 were defined inside the ROI region to calculate
their displacement and the corresponding deformation. The points were located
far enough from the edges of the specimen for the reasons highlighted above. The
deformability values obtained with the Ncorr program were then associated with the
corresponding axial stresses, using the timestamps included in the output file of the
data acquisition system. However, the results in terms of stress-strain relationship
showed a high dispersion. An example is given in Figure 6.45 for the specimen n.
8.

Figure 6.45: Results obtained from the DIC analysis on the specimen n.8 taking
the axial deformation of a single point into account.
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Moreover, since the deformability of the melange would have been defined according
to the behavior of single points, this was considered as a major limitation due to
the heterogeneity of the specimens. Hence, it was decided to take into account the
deformations of the three vertical lines joining points 1-7, 2-8 and 3-9 of Figure
6.44. From the analysis of the axial displacements of these lines, intersecting both
blocks and matrix, their deformations could easily be obtained from Eq. 6.13:

εyP0P1,i = (δyP1,i − δyP0,i) /lP0P1,in (6.13)

being:
εyP0P1,i the axial deformation at time i between two points, say P0 and P1;
δyP1,i and δyP0,i vertical displacements of points P0 and P1 at time i;
lP0P1,in is the initial (vertical) distance between points P0 and P1.

The deformation values obtained were considered representative of the overall be-
havior of the melange. The results obtained (i.e., stress-strain curves) are shown
in Figures 6.47, 6.48 and 6.49 for specimen n. 7, by way of example. The blue
part of each curve indicates the data linearized and then used to determine the
elastic modulus. This linearization interval was chosen so as to have an almost
linear elastic stress-strain behavior.
The stress-strain curve constructed using the global axial deformations is also pro-
vided in Figure 6.46 for the same specimen.
Finally, Table 6.15 contains, for specimens 1, 2, 4, 5, 7 and 8, the elastic modulus
obtained using the global deformations from the LVDT (Eglob), the three moduli
obtained with the DIC technique with reference to the 3 lines (i.e., points 1-7, 2-8
and 3-9 of Figure 6.44) and their average value, EaverageDIC .
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Figure 6.46: Axial stress vs. global axial strain curve. The blue segment corre-
sponds to the data linearized and then used to determine the elastic modulus.

Figure 6.47: Axial stress vs. local axial strain curve of specimen n. 7, obtained for
the first line with the DIC technique.
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Figure 6.48: Axial stress vs. local axial strain curve of specimen n. 7, obtained for
the second line with the DIC technique.

Figure 6.49: Axial stress vs. local axial strain curve of specimen n. 7, obtained for
the third line with the DIC technique.
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Specimen VBP
[%]

UCS
[MPa]

Eglob

[GPa]
E1−7DIC

[GPa]
E2−8DIC

[GPa]
E3−9DIC

[GPa]
EaverageDIC

[GPa]
1 0 2.20 0.30 0.32 0.29 0.40 0.39
2 0 0.98 0.30 1.47 2.10 0.76 1.44
4 5.13 2.03 0.13 0.22 0.16 0.23 0.20
5 6.88 2.40 0.17 0.38 0.39 0.38 0.38
7 4.93 3.12 0.45 1.27 1.10 1.32 1.23
8 2.56 2.15 0.18 1.15 1.09 0.99 1.08

Table 6.15: Elastic modulus obtained using the global deformations from the LVDT
(Eglob), elastic moduli obtained with the DIC technique with reference to the 3 lines
(i.e., points 1-7, 2-8 and 3-9 of Figure 6.44) and their average value, EaverageDIC .

As can be seen from Table 6.15, the three deformation moduli obtained by means of
the DIC technique for the three lines of each specimen were definitely comparable.
Although a slight difference can be observed in the results obtained for the spec-
imen n. 2, the other specimens analyzed showed only a small variability, almost
certainly caused by the heterogeneity of the geomaterial. This outcome seems to
confirm the consistency and reliability of the results found with the DIC technique.
Moreover, the average deformation modulus obtained for each specimen with the
DIC analysis, EaverageDIC , is significantly higher (up to 5 times) than that found
using the global deformations, Eglob.
This result indicates that the estimation of the deformability modulus should not
be performed using global deformations, which are affected by the many uncertain-
ties described above and can lead to a significant underestimation of the E values.
Finally, the results shown in Table 6.15 also highlight that important differences in
the deformability of this geomaterial do exist. Specifically, the deformability mod-
uli of specimens 1, 4 and 5 seem to be much lower than those of specimens 2, 7 and
8, although not relevant differences in their UCS were generally found. Moreover,
specimens 4 and 5 had the highest VBPs (which generally leads to higher elastic
moduli) while specimen 2 had no blocks but the highest elastic modulus.
This discrepancy in the results is difficult to explain. However, it could be argued
that factors such as the presence of overconsolidated clay inclusions in specimens
7 and 8, undulated (i.e., non-parallel) bedding planes, or innate micro-fractures
within specimens 1, 4 and 5 may have affected the deformability of the melange
differently. Likewise, microfractures or other defects on the surface of specimens
analyzed with the DIC technique may also have influenced the result of this anal-
yses, leading to lower elastic moduli than expected. This could be the case of
specimen 7, whose elastic modulus EaverageDIC is only 0.39 GPa. In fact, from the
stress-strain curves of Figure 6.36, the highest elastic moduli were expected to be
obtained for specimens 1 and 7.
To conclude, the specimens tested and analyzed with the DIC technique provided
an overall average elastic modulus of 0.79 GPa, with a minimum of 0.2 GPa and a
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maximum value equal to 1.44 GPa.

6.8 Ring shear tests
The residual shear strength represents the lowest shear stress that a soil reaches

after very large displacements. This parameter is particularly important when
assessing slope stability.
The test is carried out in drained conditions under controlled displacement rates,
deforming an anular specimen of remolded cohesive soil of 5 mm thickness. The
shear device keeps the cross-sectional area of the shear surface constant during the
test. The specimen is subjected to a constant vertical stress and to a continuous
rotational shear. In such a way, clay particles become oriented parallel to the
direction of shear until a residual strength condition is achieved on a single shear
plane.

Figure 6.50: Shear apparatus of the Geotechnical Laboratory of Politecnico di
Torino.

The ring shear test is very useful since it allows to test one specimen under variable
normal stresses and to obtain a shear strength envelope for the material under study.
This result is applicable to assign the shear strength in slopes with preexisting shear
surfaces (i.e., sheared bedding planes, joints, faults, old landslides) (ASTM-D-6467
1999).
In order to determine the residual shear strength of the melange under study, it
was decided to perform two ring shear tests (Figure 6.50). The choice of working
with more than a single sample resulted from the heterogeneity of the geomaterial
under study: in order to verify the reliability of the result, at least two tests were
considered necessary.
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6.8.1 Preparation of the remolded melange specimen
The melange was first properly sieved so that the maximum grain size did not

exceed 10 per cent of the initial height of the specimen, equal to 5 mm. As suggested
by the ASTM Standards, the material tested cannot contain grains greater than
0.425 mm (sieve 40 ASTM). The specimen was prepared using distilled water until a
humidity approximately between the liquid limit and the plastic limit was obtained.
In order to allow a complete rehydration, the soil paste obtained was film-protected
and left for about 24 hours in a humidity controlled room. The material was then
carefully placed in the anular cavity of the specimen container (on porous stones
previously boiled) by means of a spatula, trying not to incorporate air bubbles
(Figure 6.51). Finally, the specimen was submerged in distilled water.

Figure 6.51: On the left: the porous stone; On the right: the anular cavity of the
specimen container filled with the soil paste.

6.8.2 Procedure
After the specimen is placed in the anular specimen container, a vertical load

has to be applied on it to induce a normal stress, σ′
n. The specimen is consolidated

under this normal stress. This phase can be considered concluded when the curve of
vertical displacements versus square root of time tends to an asymptote (i.e., when
the volume changes due to dissipation of ∆u are considered terminated). For the
material under examination, primary consolidation lasted 24 hours. Once the con-
solidation phase is finished, a pre-shearing phase (i.e., rapid shear) starts. In this
phase, fast rotations are applied to the ring shear base until the device makes two
complete revolutions with a constant speed of 6°/min, in order to quickly create a
well-defined shear surface. The deformations during the consolidation and cutting
phases can be monitored using a linear transducer. The torsion transmitted to the
specimen is measured by two load cells. Linear transducer and load cells must be
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connected to a computer for data acquisition and processing. Before proceeding
with the next phase, dissipation of excess pore pressure must be guaranteed by
waiting for an adequate time. Then, the shearing phase starts. In order for the
test to be considered drained, the rotation speed of the specimen must be slow
enough to prevent the formation of interstitial overpressures. According to the BS
regulations (BS 1377-7 British Standard 1990) a very slow speed of 0.048°/min,
considered suitable for a wide variety of soils, was applied.
Once the shearing process (consolidation, pre-shearing and shearing phases) is com-
pleted, the procedure is repeated with higher normal stresses until the entire test
sequence ends. The loads applied to the melange samples were 20 N, 40 N, 80 N
and 160 N.

6.8.3 Results
The shear strength envelope was determined plotting the normal stresses applied

versus shear stresses. The normal stress acting on the failure plane is given by the
following Eq. 6.14:

σ′
n = P10g10−3

A
+ σtc (6.14)

where:
σ′

n = normal stress [kPa]
P = normal vertical force acting on the specimen [N]
10 = lever ratio of the ring shear apparatus used
g = acceleration due to Earth’s gravity, equal to 9.81 m/s2

A = specimen cross section, equal to 40.055 cm2

σtc = stress induced by the top cap, equal to 4.4 kPa,
while the shear stress resisting slippage between the surfaces of the failure plane is
given by Eq. 6.15:

τ = 3(F1 + F2)L
4π(R3

2 − R3
1) (6.15)

where:
τ = shear stress [MPa]
F1 and F2 = load on the load cells [N]
R1 and R2 = inner and outer radii of the specimen, equal to 50 and 35 mm, re-
spectively
L = torque arm length, equal to 152.5 [mm].

Since the two samples tested showed almost the same behavior, for the sake of
brevity only the results of the first ring shear test are given in Table 6.52 and
Figure 6.53. The residual friction angle found is ϕr = 6°.
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Figure 6.52: Ring shear test results.

Figure 6.53: Shear strength envelope.

Since the clay fraction of the melange is very high, and greater than 50%, the
residual strength is primarily dependent on the constituent minerals of the soil
(Skempton 1964, Skempton 1985, Suzuki et al. 2005). According to previous find-
ings from the literature, the angle of residual shearing resistance can reach very
low values, for example around 15° for kaolinite, 10° for illite or clay mica and 5°
for montmorillonite. Hence, a residual friction angle of about 6° for the melange
can be explained by the presence of the montmorillonite clay mineral. However,
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according to previous research related to similar geomaterials (D’Elia et al. 1986,
Leroueil et al. 1997, D’Elia et al. 1998), this can be considered as a conservative
result. In fact, the complex fabric of the undisturbed melange is characterized by
the presence of angular and bonded coarse particles. This positively influences the
behavior of the material that conversely, in remolded conditions, presents a lower
shear strength.

192



Chapter 7

Triaxial tests

With the aim of investigating how the presence of blocks may affect the strength
and deformability of a soft bimrock, a series of isotropically consolidated undrained
(CIU) triaxial tests were carried out.
Since the collection and preparation of intact soft bimrock specimens is an ex-
traordinarily difficult task, as discussed in detail in Chapter 5, and particularly
because of the inherent variability of these heterogeneous formations, the use of
reconstituted samples was necessary (Xu et al. 2011). In fact, natural specimens
with different matrix properties and block dimensions, contents and positions do
not allow tests to be carried out under controlled conditions and the results to be
reliably compared. However, natural geomaterials were used to create both the
matrix and blocks in order to simulate a real soft bimrock as closely as possible.
The consolidometer of the Geotechnical laboratory operating in the Department
of Structural, Geotechnical and Building Engineering of Politecnico di Torino was
used to consolidate the samples and obtain an overconsolidated clayey matrix, like
that of the melange of the Oltrepò Pavese.
Three homogeneous specimens were tested to define the geomechanical characteris-
tics of the consolidated soil, representing the matrix of the remolded soft bimrock.
Then, two heterogeneous (remolded) specimens with different VBPs were tested at
the same confining pressure to compare the results.
Another purpose of this laboratory investigation was to obtain all the necessary
information to be able to set up and calibrate a 3D numerical model reproducing
the experimental results. The model, which is beyond the scope of this work, could
be an important tool to contribute to a deeper understanding of the mechanical
behavior of soft bimrocks. In fact, by means of an appropriately set up numerical
model based on laboratory test results obtained from natural geomaterials, it would
be possible to analyze the behavior of similar soft bimrocks with other character-
istics in terms of VBPs, mechanical parameters and geometrical configurations, as
well as other stress history scenarios.
In order to allow accurate 3D specimen models to be created, the geometrical
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properties of the specimens as well as the dimension and initial position of the rock
inclusions were detected (before the tests) by means of X-ray Computed Tomogra-
phies (CT), which were carried out at Microservice S.r.l., Alpignano, Torino (see
Section 7.1.4).

7.1 CIU triaxial tests
Consolidated undrained triaxial tests are used to determine the strength and

stress-strain relationships of a cylindrical specimen of either an intact, reconsti-
tuted, or remolded saturated cohesive soil (ASTM 2020). The cylindrical specimen
should have a minimum diameter of 33 mm and an average H/D ratio between 2
and 2.5. It must be enclosed in a thin rubber sleeve sealed to the top platen and to
the base pedestal by rubber O-rings. The rubber sleeve is intended to (i) transmit
a uniform cell pressure onto the soil specimen and (ii) provide reliable protection
against leakage. Two rigid porous disks positioned at the ends of the specimen are
used to allow the drainage. To avoid their clogging, filter-paper disks can be placed
between the porous disks and specimen. Filter-paper strips for radial drainage are
also generally used to decrease the time required for testing. They can be located
on no more than 50% of the periphery of the specimen.

Figure 7.1: Triaxial apparatus of the DISEG Geotechnical laboratory - Politecnico
di Torino. 1) Cell; 2) Rubber sleeve containing the specimen; 3) drainage valves;
4) differential pressure transducers; 5) LVDT; 6) Axial load cell; 7) O-rings.
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Once the specimen is mounted in the triaxial chamber (Figure 7.1), this is filled
with the chamber liquid and the first saturation phase can start.
Saturation is usually accomplished by applying a back pressure to the specimen
pore water, in order to cause air in the pore space to compress and to drive it
into solution after saturating the system. The chamber and back pressure must be
incrementally and simultaneously increased in steps, with specimen drainage valves
opened so that de-aired water from the burette connected to the top and bottom
of the specimen may flow into it. Adequate time between pressure increments
permits the equalization of pore-water pressure throughout the specimen, avoiding
undesirable pre-stressing. The size of each increment may range from 35 kPa up
to 140 kPa. Moreover, the difference between the chamber pressure and the back
pressure (i.e. the effective stress) should not exceed 35 kPa (ASTM 2020). To
determine if saturation is completed, the pore pressure Parameter B should be
calculated with the specimen drainage valves closed. This parameter is defined by
the following Eq. 7.1:

B = ∆u

∆σ3
(7.1)

where:
∆u = change in the specimen pore pressure that occurs as a result of a change in
the chamber pressure when the specimen drainage valves are closed
∆σ3 = change in the chamber pressure.

Specimens can be considered to be saturated if the value of B is ≥ 0.95.
After saturation, the specimen consolidation phase can start. The specimen is
isotropically consolidated by maintaining the maximum back pressure constant and
increasing the chamber pressure, until the difference between these two pressures
equals the desired effective consolidation pressure. This phase allows the specimen
to reach equilibrium in a drained state at a given effective consolidation stress level.
Consolidation ends when the complete dissipation of the pore pressures occurs.
When consolidation is completed, the shear phase can start. The chamber pressure
must be kept constant while advancing the axial load piston downward against
the specimen cap at a constant rate of axial strain. During this phase, specimen
drainage is not permitted.
The measurement of the axial load, axial deformation and pore-water pressure
allows the total and effective stresses to be calculated.
Finally, a strength envelope can be obtained by performing three tests at different
effective consolidation stresses.

7.1.1 Procedure
CIU triaxial tests were performed on 3 matrix-only and 2 heterogeneous recon-

stituted specimens at the Geotechnical laboratory operating in the Department of
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Structural, Geotechnical and Building Engineering of Politecnico di Torino. De-
tails on the preparation of the specimens are given in the next Section 7.1.2. The
cylindrical specimens used had a diameter of 38.1 mm and a height of 76.2 mm,
so that the H/D ratio was equal to 2. Filter-paper disks of a diameter equal to
that of the specimens were placed between the two porous disks and specimens.
Moreover, filter strips on the periphery of the specimens were also used to decrease
the duration of the tests.
During the saturation phase, pressure increments of 50 kPa were applied and the
difference between the chamber pressure and the back pressure was kept at 20 kPa.
The results of the tests are illustrated in the Section 7.1.3.1.

7.1.2 Preparation of the specimens
As stated above, triaxial tests could not be carried out on the Oltrepò Pavese

melange (Chapter 5), since cylindrical specimens could not be created. Moreover,
the variability of the matrix and block characteristics would not have allowed con-
trolled laboratory conditions to be achieved. Hence, reconstituted samples were
fabricated in the laboratory, in order to simulate the Oltrepò Pavese melange as
closely as possible.
Two consolidations were made using the consolidometer of the Geotechnical lab-
oratory of Politecnico di Torino shown in Figure 7.3. The first was performed on
a homogeneous matrix-only material while the second regarded a heterogeneous
material.

7.1.2.1 Homogeneous specimens

The homogeneous specimens were obtained from a total of more than 2.5 kg of
intact melange lumps. They were first submerged in distilled water and then sieved
at 0.075 mm to remove (medium and coarse) sand and larger particles. Then,
the sieved material was mixed at a relatively large water content (equal to about
1.2wL). This water content was considered sufficient to avoid the formation of air
bubbles within the material during the consolidation phase.
The material finer than 0.075 mm obtained during the process for grading the
melange (Section 6.4) was also used. Its dry weight was about 5 kg. Since it was
dried in a oven (i.e. it was in a solid state), it was appropriately crumbled and
remoistened to a water content of about 1.2wL.
Then, the soil-water mixture was thoroughly kneaded and stirred inside a plas-
tic container to make it fluid and homogeneous (Figure 7.2). From the plastic
container, the material was then transferred into the steel consolidometer cylinder
(shown in Figure 7.5a) to fill it completely, a little at a time. The filling of the
cylinder was done gradually to prevent the formation of air bubbles.
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Figure 7.2: Sieved soil mixture inside the plastic container.

After assembling the apparatus, the soil was recompressed at the maximum sur-
charge load of the consolidometer (Figure 7.3), 500 kPa, to simulate the real Oltrepò
Pavese melange conditions as closely as possible. In fact, since the sedimentary
melange is heavily overconsolidated, a higher surcharge load allows triaxial tests to
be performed on highly overconsolidated specimens.

Figure 7.3: The Consolidometer of the DISEG Geotechnical laboratory - Politec-
nico di Torino. 1) Load cell display; 2) load cell; 3) LVDT; 4) loading piston; 5)
consolidometer cylinder.
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7.1.2.2 Heterogeneous specimens

The heterogeneous specimens were obtained in a similar way, with the difference
that rock blocks in the range 2-4.75 mm (sieve ASTM E11) were added to the soil
mixture. A mechanical mixer was used to distribute them homogeneously within
the plastic container.
1.4 kg of gravel was used, which was estimated to produce a material with about
25% VBP. In fact, a settlement, d, of around 11 cm was expected to occur at the
end of the consolidation phase. Such a settlement would provide a final volume of
the material contained in the consolidometer equal to:
Vfcons = πR2(H-d) = π 7.752(23-11) = 2148 cm3.
Therefore, the corresponding 25% of the Vfcons was equal to 537 cm3. Considering
the average unit weight of the blocks to be about 26 kN/m3 their volume was esti-
mated to be equal to about 538 cm3, which indeed corresponded to 25%Vfcons .
Moreover, in order to have specimens with different VBPs, half of the consolidome-
ter cylinder was filled with additional blocks, weighing in total 0.6 kg and with an
expected volume of 231 cm3 (i.e. 0.6 kg divided by 0.0026 kg/cm3 = 231 cm3), to
achieve a total volume of the blocks of about 50% Vfcons . These further blocks were
added in subsequent stages, during the filling of the cylinder (Figure 7.4).
The real VBPs of the heterogeneous specimens were estimated after the tests, by
means of sieve analyses, as described in the following Section 7.1.3.3.

Figure 7.4: Blocks added in half of the consolidometer cylinder to obtain 50%VBP
specimens.

During the consolidation, the settlements were monitored to reach the asymptote.
Each consolidation lasted about 6 weeks and the final settlements were about 95
mm for the homogeneous mixture and 113 mm for the heterogeneous mixture. This
difference in the settlements was attributed to the higher water content used to mix
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the material with the blocks, which was about 1.4wL instead of the 1.2wL used for
the homogeneous material.
After each consolidation, the material was removed from the steel cylinder (Figure
7.5b) and cut into six slices (Figure 7.5c). Then a sampler was used to extrude the
specimens (H=76.2 mm and D=38.1 mm), as shown in Figure 7.5d. Six specimens
could be extracted from each consolidation, since the consolidometer cylinder was
sufficiently large (230 mm high with an internal diameter of 155 mm).

Figure 7.5: Homogeneous mixture. a) Bottom plate and cylinder (containing the
remolded soil) of the consolidometer; b) extrusion of the consolidated soil; c) three
of the six slices of consolidated soil for the specimen extrusion; d) a matrix-only
specimen extruded.

However, when extruding the heterogeneous material from the sampler (Figure
7.6a), the presence of the blocks heavily damaged the boundary of the specimens.
In fact, when the sampler encountered a block, this was dragged down, creating a
furrow along the edge of the specimen, as clearly visible in Figure 7.6b.
In order to avoid potential breakages of the triaxial rubber membrane during the
tests, the geometry of the heterogeneous specimens was regularized. The voids
created by the blocks during the extrusion phase were filled manually with the
consolidated matrix material, obtaining the result shown in Figure 7.6c. Moreover,
in order to avoid membrane perforation during the triaxial tests, two membranes
were used instead of one.
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Figure 7.6: Extrusion phase of the heterogeneous material with 50%VBP. a) a slice
of heterogeneous material before the extrusion; b) the extruded 50%VBP specimen;
c) regularized heterogeneous specimen with 50%VBP.

After the regularization, the specimens were wrapped in thin plastic film and coated
with wax, before being transported to the Microservice S.r.l. laboratory for the X-
ray CT.

7.1.3 CIU test results
The characteristics of the 5 specimens tested are listed in Table 7.1. All the

specimens had the same initial geometric dimensions (D=38.1 mm and H=76.2
mm) and were loaded at 0.016 mm/min.

Specimen VBP σ3f w e γdry σc BP qfailure εfailure

[%] [kPa] [%] [-] [kN/m3] [kPa] [kPa] [kPa] [%]
1 0 50 36.0 0.948 13.25 180 130 61.62 8.43
2 0 100 34.1 0.908 13.71 220 120 83.14 9.85
3 0 200 31.2 0.842 14.39 320 120 126.51 9.12
4 25 50 - - - 260 210 60.70 9.18
5 50 50 - - - 230 180 90.91 20.83

Table 7.1: VBPs, effective consolidation stress levels applied (σ3f ), water content
(w), void ratio (e), dry unit weight (γdry), cell pressure (σc), back pressure (BP),
deviator stress at failure (qfailure) and axial strain at failure of the specimens tested
(εfailure).
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As shown in Table 7.1, the homogeneous specimens were tested at three different
effective consolidation stress levels (i.e. σ3f = 50, 100 and 200 kPa) to define the
strength envelope of the bimrock matrix. It is worth noticing that these σ3f values
are lower than the 500 kPa applied by the consolidometer to the reconstituted ma-
terial. Hence, overconsolidated specimens with an OCR ranging from 10 (for σ3f

= 50 kPa) to 2.5 (for σ3f = 200 kPa) could be tested. In this regard, the minimum
σ3f (i.e. 50 kPa) was used to consolidate the heterogeneous specimens in order
to simulate the real Oltrepò Pavese melange as closely as possible, as well as to
compare the results with those of the 0% VBP specimen (i.e. specimen 1).

7.1.3.1 Homogeneous specimen results

The effective (ESP) and total stress (TSP) paths obtained from the CIU triaxial
compression tests on the remolded homogeneous specimens are shown on the p’-q
diagram in Figure 7.7, being p’ = (σ′

1 + σ′
3)/2 and q = (σ1 − σ3)/2.

For a clearer representation, the BP values were not considered (i.e. the TSP were
shifted of a quantity BP on the left).

Figure 7.7: Effective and total stress paths obtained from CIU triaxial compression
tests on remolded homogeneous specimens. The strength envelope is also shown.

The most striking result to emerge from the stress paths shown in Figure 7.7 is
that the deviator stresses at failure (qfailure), highlighted with the red triangles, are
almost perfectly aligned on a straight line. The coefficient of determination, R2, of
the black linear trendline in the same Figure is indeed 0.999. The equation of the
trendline is:

q = m · p′ + q′ (7.2)
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where: m = q/p’ = 0.573 and q’ = 25.82.

The strength parameters of the Mohr-Coulomb failure criterion (i.e. friction angle,
φ′, and cohesion, c’) were obtained from Eq. 7.3:

q

p′ + c′cotg(ϕ′) = 6 · sen(ϕ′)
3 − sen(ϕ′) (7.3)

as follows (Eqs. 7.4 and 7.5):

φ′ = arcsen

⎛⎜⎝ m

2 · (1 + m

2 )

⎞⎟⎠ = 15◦ (7.4)

c′ = q′ · 3 − sen(ϕ)
6 · cos(ϕ) = 12.2 kPa (7.5)

Since the tests were carried out under undrained conditions, the TSP and ESP are
different because the pore pressures, u, changed during the tests. The horizontal
distances between the TSP and ESP correspond to the excess pore pressures, ∆u,
generated during the tests (Lancellotta 2012). If the ∆u increases the soil com-
presses while if ∆u decreases the soil shows a dilatant behavior.
The ESP of specimens 1 and 2, represented in Figure 7.7, show an initial increase
and subsequently a decrease in the pore pressures before reaching the peak. This
is consistent with the behavior of oveconsolidated clays, which are contractant at
the beginning of loading and then dilatant up to failure (Hicher et al. 2000).
The decrease of the ∆u is common when testing heavily overconsolidated soils be-
cause, when large strains occurr, strong discontinuities (i.e. slip planes) can start
to form inside the specimen. Once a slip plane appears, water (which cannot enter
or leave the sample) can move into it from nearby soil, creating a local drainage
and increasing the water content of the soil in this shear band. The soil weakens
and the slip plane continues growing till the failure occurs. As a consequence, lower
u and a dilatant behavior are registered.
Conversely, when testing a normalconsolidated or slightly overconsolidated soil, if
a slip plane starts to form the soil generally strengthens and the slip plane cannot
grow further (Atkinson 2007).
As a consequence, the mechanism of deformation and failure of normalconsolidated
and slightly overconsolidated soils is generally remarkably different from that of
heavily overconsolidated soils.
In this regard, a careful examination of the specimens after the tests showed an
evident localization of the deformations in a shear band, inclined at an angle of
about 52◦, for the specimens 1 and 2 (Figure 7.8). On the other hand, as expected,
a more diffuse failure was detected for the specimen 3, with the lowest OCR and
highest confining pressure.

202



7.1 – CIU triaxial tests

Figure 7.8: Failure modes of the three homogeneous specimens tested. From the
left: specimens 1 (localized failure), 2 (localized failure) and 3 (diffuse failure), after
the tests.

The relationship between the axial strain (εa) and deviator stress (q) is shown in
Figure 7.9, where it can be seen that deformability decreases from specimen 1 to
3. Moreover, the stress-strain curves of all the specimens are characterized by a
non linear pre-peak branch, the same strain at failure, equal to about 9%, and a
post-peak slight strength reduction (i.e. softening branch), which is more marked
for specimen 1.

Figure 7.9: Deviator stress, q, versus axial deformation, εa.

The axial stress levels on the specimens are evaluated by the data acquisition sys-
tem (as a function of time), as the ratio between the force recorded by the load
cell and the current cross-sectional area of the specimen. This area is evaluated by
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assuming that the specimen shape remains perfectly cylindrical during the test and
that no volume change can occur. In this way, an equivalent radius is computed
on the basis of the current axial strain of the specimen. However, this assumption
can produce significant errors after localized or diffuse deformations appear in the
specimen. Moreover, the stress state inside the specimen cannot be assumed to be
uniform.
For these reasons, it was deemed appropriate to determine the deviator forces
recorded by the load cell and plot them against the axial strains.
The results obtained are shown in Figure 7.10. It is apparent from this Figure that
only specimen 1 presents a softening branch. Conversely, specimens 2 and 3 show
a plastic-perfectly plastic post-peak behavior.

Figure 7.10: Axial deformation, εa, versus deviator force, Q, obtained from the load
cell.

The lack of an evident post-peak strength reduction, at least for specimen 1, may
seem anomalous since this specimen was strongly overconsolidated (i.e. OCR =
10). However, its stress-strain and force-strain relationships are more similar to
those of a theoretical normalconsolidated soil.

204



7.1 – CIU triaxial tests

Figure 7.11: Axial deformation, εa, versus excess pore pressure, ∆u. A clear de-
crease in the ∆u values characterizes specimens 1 and 2, confirming the dilatant
behavior of the overconsolidated material. However, negative ∆u, generally regis-
tered in heavily overconsolidated soils, were never achieved.

Likewise, the excess pore pressures, ∆u, illustrated in Figure 7.11 against the axial
deformations (εa), do not fully reflect the standard behavior of heavily overcon-
solidated soils. In fact, the dilatant behaviour of overconsolidated soils leads to a
continuously decreasing pore pressure after failure, which generally results in both
negative ∆u values and Skempton’s pore pressure parameter A, which for satu-
rated soils id defined as ∆u/∆σ1 (Burghignoli 1991). Typical values of Skempton’s
parameter A are listed in Table 7.2.

Type of clay Skempton’s A
parameter at failure

Normally consolidated clays 0.5-1.0
Lightly overconsolidated clays 0.0-0.5
Heavily overconsolidated clays -0.5-0.0

Table 7.2: Typical parameter A values (Burghignoli 1991).

This parameter was found to be equal to only 0.147, 0.335 and 0.527 for specimens
1, 2 and 3, respectively. Hence, despite the rather high overconsolidation ratios of
specimens 1 and 2, according to Table 7.2 the geomaterial should be classified as
lightly overconsolidated soil, which is not the case.
A possible explanation of this result could be the low friction angle value, equal to
15◦ only, which could have limited the dilatancy. However, the one-dimensional
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(K0) consolidation could also have induced microstructural changes in the re-
moulded soil mixture. As proved by many authors, a reorientation of the clay
particles perpendicular to the direction of loading can be registered after a one-
dimensional consolidation (Martin and Ladd 1975, Sachan and Penumadu 2007,
Gao 2020). Hence, this induced-anisotropic microstructure could strongly have af-
fected the mechanical behaviour of the geomaterial tested.

Finally, the secant and tangent undrained Young’s moduli (Eu−sec and Eu−tan)
of the specimens were determined from the q-εa curves of Figure 7.9, by using the
following Eqs. 7.6 and 7.7:

Eu−sec = ∆q

∆εa

(7.6)

Eu−tan = δq

δεa

(7.7)

where ∆ represents the change of stress and strain from the start of the test.
Specifically, the tangent moduli of the three specimens were measured at very small
strains, in the range 0-0.1% εa. Since the stiffness of the specimens were highly
non-linear, two secant moduli were calculated. The former at 50% of the deviator
stress at failure, qfailure, and the second at 100%qfailure, corresponding to εa equal
to about 4.5% and 9%, respectively.
Then, by using the theory of elasticity the drained moduli could be found. In fact,
the basic relationship between the elastic shear modulus, G, and the elastic Young’s
modulus, E, is given by Eq. 7.8:

G = E

2 · (1 + ν) (7.8)

For an elastic material G’=Gu, hence the following Eq. 7.9 can be written:

E ′

2 · (1 + ν ′) = Eu

2 · (1 + νu) (7.9)

Since νu =0.5, the drained elastic modulus, E’, can be determined from Eq. 7.10:

E ′ = 2 · Eu · (1 + ν ′)
3 (7.10)

by assuming a drained Poisson coefficient, ν ′, equal to 0.25.

The results obtained, listed in Table 7.3, confirm the strong non-linearity of the
soil deformability and indicate that when higher confinements are applied (e.g.
specimen 3) a significant gain in stiffness is exhibited.
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Specimen E′
tan−0.1% E′

sec−4.5% E′
sec−9%

[MPa] [MPa] [MPa]
1 9.8 2.8 0.6
2 14.5 4.4 0.7
3 22.4 8.8 1.2

Table 7.3: Drained elastic tangent and secant moduli, E’, for the three homogeneous
specimens tested, assuming a drained Poisson’s coefficient ν ′ = 0.25.

7.1.3.2 Heterogeneous specimen results and comparison with specimen
1 results

The effective (ESP) and total stress (TSP) paths obtained from the CIU triaxial
compression tests on the remolded heterogeneous specimens are shown on the p’-q
diagram in Figure 7.12. The stress paths of specimen 1, subjected to the same
consolidation stress, σ3f = 50 kPa, are also shown, by way of comparison.
For a clearer representation, the BP values were not considered (i.e. the TSP were
shifted of a quantity BP on the left).

Figure 7.12: Effective and total stress paths obtained from CIU triaxial compression
tests on remolded heterogeneous specimens with 25% and 50% VBPs. The ESP
and TSP of specimen 1 is also shown, by way of comparison.
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Figure 7.13: Deviator stress, q, versus axial deformation, εa. The q-εa curve of
specimen 1 is also shown, by way of comparison.

The results obtained (Figure 7.12 and 7.13) clearly indicate that when the block
content is equal to 25% only (i.e. specimen 4), a rather significant stiffness increase
is registered while no strength increase is observed, with respect to the homogeneous
specimen 1. Moreover, the deviator stress and axial strain at failure are definitely
comparable to those of specimen 1. In fact, qfailure of specimen 4 is equal to 60.7
kPa and εa is 9.18%. From the inspection of Figures 7.12 and 7.13, it seems that
the presence of a moderate quantity of rock blocks (i.e. 25%) also led to a rather
significant reduction in the matrix dilation and softening behavior. As a result,
the mechanical behavior of specimen 4 resembles that of normalconsolidated (or
lightly overconsolidated) clays and can be considered to be plastic-perfectly plas-
tic. This finding is consistent with the different failure mechanism of this specimen
with respect to that of the homogeneous specimen 1. As shown in Figure 7.14, the
presence of the rock blocks did not allow the formation of the classic shear band to
develop and the failure was not characterized by the rigid motion of the upper and
lower portions of the specimen, as was observed in the case of the homogeneous
material (Figure 7.8).
A much higher stiffness increase is shown when the block content is equal to 50%
(i.e. specimen 5). Moreover, as can be seen from Figure 7.13, the deviator stress,
q, of specimen 5 increases throughout the test and its qfailure reaches 90.9 kPa at
very large εa, greater than 20.8%.
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Figure 7.14: Failure modes of the heterogeneous specimen with 25% VBP.

Unlike the homogeneous and 25%VBP specimens 1 and 4, a strain hardening be-
havior is exhibited by the heterogeneous specimen 5, due to the presence of a higher
VBP, which limited the dilatancy. This outcome, which is in accordance with pre-
vious findings from the literature (Afifipour and Moarefvand 2014c, Xu et al. 2007,
Guerra et al. 2016), can be ascribed to the interlocking of the rock blocks.
Similarly to the heterogeneous specimen 4, the presence of the rock blocks did
not allow the formation of the classic localized shear band to develop within the
specimen 5. The diffuse failure of this specimen is shown in Figure 7.15.

Figure 7.15: Failure modes of the heterogeneous specimen with 50% VBP.

From the inspection of Figure 7.12, it is also interesting to note that pore pressures
of specimen 4 are much higher than those registered in specimen 1 and 5. This is
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clearly shown in Figure 7.16, where it can be seen that the excess pore pressures,
∆u, of specimen 5 are comparable to those of specimen 1, while a ∆u increase of
about 60% is achieved by the specimen 4.

Figure 7.16: Axial deformation, εa, versus excess pore pressure, ∆u of the specimens
1, 4 and 5.

It is difficult to explain why this occurred. A possible reason could be that a dif-
ference in the overconsolidation ratio of the clayey matrix of the two heterogeneous
specimens was provided by the consolidometer. In fact, although a consolidation
pressure of 500 kPa was applied to both the heterogeneous specimens, the half of
the cylinder with the highest VBP (i.e. equal to 50%) may have been loaded more
than the other (i.e. with 25%VBP) because of its greater stiffness. This could
have caused a greater consolidation of the 50%VBP specimen with respect to the
25%VBP specimen. This hypothesis, although difficult to demonstrate, seems to be
consistent with the results obtained. In fact, the specimen with 25%VBP yielded
results closer to those of slightly overconsolidated soils, since it was characterized
by higher positive ∆u values.
Finally, Table 7.4 provides the secant and tangent drained Young’s moduli (Eu−sec

and Eu−tan) of the heterogeneous specimens. Similarly to the homogeneous speci-
mens, these moduli were determined from the q-εa curves of Figure 7.13, by using
the Eqs. 7.6 and 7.7 described in the previous Section 7.1.3.1.
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Specimen E′
tan−0.1% E′

sec−4.5% E′
sec−9%

[MPa] [MPa] [MPa]
1 9.8 2.8 0.6
4 11.6 4.4 0.6
5 14.3 3.7 0.8

Table 7.4: Drained elastic tangent and secant moduli, E’, for the heterogeneous
specimens 4 and 5. The drained Poisson’s coefficient ν ′ was assumed to be equal
to 0.25. The results of the homogeneous specimen 1, with the same consolidation
pressure of 50 kPa, was also listed by way of comparison.

The results confirm the strong non-linearity in the deformability of the heteroge-
neous specimens and indicate that a significant gain in stiffness is exhibited by
specimen 5, because of the higher VBP.

7.1.3.3 Estimation of the exact VBP of the heterogeneous specimens

In order to check the consistency of the VBP predicted with the real block
content of the two heterogeneous specimens 4 and 5, they were dissolved in water
and sieved after the tests, in order to recover the gravel particles (i.e. rock blocks).
The blocks were dried and subsequently put into a measuring cylinder (burette)
completely filled with distilled water to the brim. The water overflowed from the
burette, as a result of the insertion of the gravel inside it, was measured and then
converted into volume. From these measurements, the VBP of the specimen 4 was
found to be 24.5%, while that of the specimen 5 was found to be 47.2%.
The slight difference between these block contents and the VBPs assumed (i.e. 25%
and 50%) is due to the random position of the blocks within the consolidometer
cylinder as well as to the extrusion of the small specimens from the two half-cylinder
heterogeneous materials. Since the VBP differences are absolutely neglegible, for
consistency with the above, the VBPs of the specimens 4 and 5 will continue to be
defined equal to 25% and 50% in the following Section 7.1.4.

7.1.4 Computed tomography
X-ray CT imaging is a non-destructive technique for visualizing high quality

images of a solid object and its interior components, obtaining digital information
on their 3D geometries and properties.
This technique was applied at Microservice S.r.l. (Alpignano, Torino) using the
Computed Tomography NIKON XTEK XTH320 machine. The CT data processing
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was performed by an expert laboratory technician of Microservice S.r.l.. 3D gray-
scale images with 256 shades of gray per voxel were obtained. A low gray level
corresponds to a material with low density. Conversely, higher gray levels indicate
materials with higher density.
The CT output of a 25%VBP specimen is shown in Figure 7.17.

Figure 7.17: CT output for a 25%VBP specimen, visualized with myVGL software.
The bottom right “3D” image contains the rock inclusions only.

From Figure 7.17 the gravel can easily be distinguished from the soil matrix, since
the brighter elements correspond to higher density materials (i.e. rock inclusions).
However, several black areas can also be identified near the periphery of the speci-
men. These areas correspond to macro-voids, which were almost certainly created
during the extrusion phase (see Figure 7.6).
From the histogram of the distribution of gray levels, two threshold values were
identified to exclude the wax layer and separate the blocks from the matrix. The
result of this operation is illustrated in Figure 7.18 and Figure 7.19 for a 25%VBP
and 50%VBP specimen, respectively.
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Figure 7.18: CT results for the 25%VBP specimen.

Figure 7.19: CT results for the 50%VBP specimen.

All the images were visualized and carefully manipulated by the laboratory techni-
cian of Microservice S.r.l. to provide an STL file for each specimen. These files can
easily be imported into a software such as Rhino 3D for noise removal (i.e. elim-
ination of thin protrusions, smoothing of block contours, etc.) and for the mesh
generation.
The result of these operations will allow the original 3D geometry of the specimens
to be accurately reconstructed and the experimental results to be numerically repro-
duced by means of an appropriately calibrated 3D numerical model. This model can
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then be used to investigate the mechanical behavior of similar soft bimrocks, sub-
jected to different stress histories and with different characteristics such as VBPs,
block-size distributions, blocks shapes and mechanical parameters.
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Chapter 8

Conclusions and suggestions
for further research

This Ph.D. research was concerned with geotechnically complex formations, par-
ticularly focusing on those with a block-in-matrix internal arrangement (bimrocks
and bimsoils).
A detailed geologic overview was provided and special attention was paid to melanges,
which are the most abundant block-in-matrix formations. A correct identification
of the geomaterial under study is indeed essential in order to make correct predic-
tions about its properties (geometrical, hydraulic, etc.) and mechanical behavior.
Since there is great confusion in the terminology used to denote these heteroge-
neous geomaterials in the literature, a new classification of geotechnically complex
formations was proposed. Of particular importance for this new classification is
the degree of lithification-consolidation of the matrix, since it greatly influences the
collection and preparation of regular specimens, the laboratory testing equipment
to be used, testing procedures and test results. In this regard, bimrocks were sub-
divided into “soft” and “hard” bimrocks, according to their matrix characteristics
and water sensitivity.
The first studies concerning melanges and similar bimrocks were carried out in
the ’90s, when serious technical problems occurred during many engineering works
in and on these heterogeneous geomaterials. Experimental investigations and nu-
merical analyses were carried out with the aim of investigating the major factors
which influence the mechanical behavior of such complex formations. The results
of these first studies, subsequently confirmed by more recent works, demonstrated
that the presence and the characteristics of the rock inclusions play a key role in
the mechanical response of these materials. Therefore, it was concluded that most
of the technical problems and risks that occurred during construction works were
caused by geologic and geotechnical mischaracterizations. In fact, for the sake of
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simplicity, a common practice followed by geopractitioners was, and still is, to ig-
nore the presence of rock inclusions, instead planning engineering works in and on
block-in-matrix formations according to the strength and deformation properties of
the weaker matrix only, or considering bimrocks and bimsoils to be equivalent and
homogeneous materials whose mechanical properties depend on the block quanti-
ties.
In this research, in order to investigate and quantify the potential errors that these
simplified approaches can produce when analyzing stability problems of slopes and
tunnels in bimrocks, a great number of 2D and 3D numerical simulations were per-
formed. To capture the inherent spatial and dimensional variability of bimrocks,
a novel stochastic approach was developed and applied to generate slope and tun-
nel models with different block contents and characteristics (dimensions, positions,
shapes and orientations). For each volumetric block proportion (VBP) and combi-
nation of block characteristics, many bimrock configurations were created by means
of Matlab codes and analyzed with the RS2 FEM or FLAC3D FDM codes.
The results of the 2D FEM analyses on bimrock slopes and tunnels confirmed pre-
vious findings from the literature. They indicated that up to about 25% VBPs the
presence of the blocks provides relatively little geomechanical advantage. In fact,
on inspecting the results provided by the various 25% VBP simulations, no relevant
differences were observed either in the average safety factors and failure surfaces of
the slopes or in the average radial displacements and yielded zones of the tunnel
models. On the contrary, the bimrock models with higher block contents (40%,
55% and 70%) showed a significant strength increase (higher average safety factors
for the slopes and lower average radial displacements for the tunnels) and more
tortuous failure surfaces, which were far different from those of the matrix-only
slope and tunnel models. Hence, this outcome clearly indicates that if blocks are
neglected in the analyses, extremely over conservative results and wrong positions
and shapes of failure surfaces can be obtained. Similarly to the matrix-only model,
if equivalent homogeneous approaches are used, the results are rather conserva-
tive and do not fully reflect the actual failure modes of these complex formations.
Hence, these last approaches can conveniently be used in predesign stages only.
As expected, the 2D slope stability analyses revealed that both the inclination and
shape of the blocks affected the stability of the slopes. In particular, the highest SFs
were provided by elliptical shaped blocks when their major axes were inclined 0◦

to the horizontal. This inclination, which deviates greatly from that of the slopes,
could have produced more tortuous failure surfaces and, consequently, a higher
strength. Rounded blocks and randomly orientated elliptical blocks also yielded
rather high safety factors, especially for VBPs above 55%.
Unlike the results of the 2D simulations, the 3D slope stability analyses already
showed an evident increase in the safety factors for 15%VBP models. Higher safety
factors than those provided by the 2D analyses were also registered for all the other
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VBPs considered. This variability was attributed to the different geometric model-
ing of the rounded blocks, which actually corresponded to infinite-length cylinders
in the 2D plane-strain conditions, and consequently to the different stress distribu-
tion around the spherical 3D blocks with respect to the circular 2D blocks.
Due to the high computational time required by the 3D analyses, and since po-
tential mistakes resulting from 2D rather than 3D analyses appear to err on the
side of safety, the use of a 2D stochastic approach seems adequate to analyze these
heterogeneous formations.
Moreover, important differences were observed in the results of the many configura-
tions analyzed for each VBP considered (safety factors and failure surface positions
for the 2D and 3D slopes and radial displacements for the 2D tunnel models), what-
ever the type of stability analyses. This outcome was ascribed to the different block
sizes and locations, assigned randomly by the Matlab codes, within the bimrock
models with the same VBP, which affected the overall behavior of both the slopes
and tunnels. This finding highlighted the benefit of adopting a statistically-based
rather than a deterministic approach, since it allows both favorable and unfavorable
conditions to be taken into account.
The findings of the numerical simulations carried out could be more firmly estab-
lished by analyzing real case studies, through the generation of additional bimrock
models with different block shapes (e.g. tabular or irregular blocks) and the inclu-
sion of the block-matrix interfaces.
The results of the numerical analyses performed in this research confirmed that
the strength, deformability and failure mode of bimrocks depend on the VBP and
block characteristics. These parameters have also been found to strongly affect
the construction phases of any engineering work. For example, when excavating
in these complex formations, the presence of large rock blocks can induce, among
other problems, face instabilities, significant settlements, obstructions and damage
to cutters, with consequent safety risks, delays and cost increments. However, the
evaluation of the VBP and block-size distribution of a bimrock or bimsoil is not a
simple matter and represents one of the most critical issues in this field.
In an attempt to address these research gaps, two statistically-based tools were
developed in this Ph.D. research. The first statistically investigates the degree of
error that can be introduced by inferring the 3D block content of a heterogeneous
geomaterial using 2D outcrop measurements (i.e. ABP). The potential of the pro-
posed approach lies in the fact that working with 2D, rather than the widely used
1D measurements, can often be more convenient. In fact, outcrops, geologic maps
and photographs are generally easy to analyze and, above all, cheaper than bore-
hole drillings. A Matlab code was written to generate bimrock models, representing
heterogeneous complex formations, with known VBPs and block-size distributions.
For each VBP, an increasing size of the area investigated was considered, which was
related to the dimension of the engineering problem at hand. The error in assum-
ing the stereological equivalence between the ABP and VBP was then calculated,
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providing a chart to adjust the initial 2D estimates by means of an uncertainty
factor, selected on the basis of the outcrop size and ABP measured. As expected,
the results indicated that inferring the 3D block content from 2D measurements
on outcrops that are not large enough, with respect to the dimension of the en-
gineering work under study, yields significantly incorrect estimates. However, a
significant decreasing trend of the uncertainty factor for increasing outcrop sizes
was obtained for all the VBPs analyzed. Interestingly, much lower uncertainty
factors were obtained for bimrocks with VBPs above 30%, for which an almost
negligible adjustment has to be made if an outcrop at least 5 times larger than the
dimension of the engineering work under study is investigated.
The second statistically-based tool, implemented in a Matlab routine performing
Monte Carlo simulations, estimates the probability of encountering blocks of vari-
able sizes when their area of intersection with the tunnel face is greater than given
critical values. The blocks considered in the analysis can be partially or totally
contained within both the whole excavation face and the perimeter of the tunnel.
The Matlab script, converted into the executable free application “PBE code”, per-
forms a great number of simulations and provides results that can be extremely
useful for reducing risks when tunneling in heterogeneous ground by choosing the
most appropriate TBM type, including face access, cutterhead design (i.e. shape,
opening size, etc.), cutter types and machine power (i.e. torque, thrust and speed).
A limitation of both these statistically-based tools is that only circular blocks can
currently be simulated. Hence, further research could usefully be conducted to
modify the codes in order to allow different block shapes (e.g. elliptical blocks) to
be generated.
In order to explore the challenges of working with complex formations with a block-
in-matrix internal arrangement, laboratory investigations were carried out.
To this end, a widespread chaotic Italian melange from the Oltrepò Pavese area
was chosen and studied in detail. The melange was originated by a series of sub-
marine debris flows producing a repetitive stratigraphy. Each stratigraphic layer
is characterized by an inverse grading of the larger blocks. According to the new
classification proposed, this material can be classified as a soft bimrock. In fact,
in dry conditions it can be assimilated to a rock, but, since the matrix is actually
an overconsolidated soil, it transforms into a bimsoil when it comes into contact
with water. This peculiarity, as well as the presence of stronger rock blocks of
different lithologies and dimensions, made the collection and preparation of intact
specimens extremely complex and time consuming tasks. Since standard drilling
techniques could not be used without damaging the material, a manual coring was
necessary and irregular samples were extracted with hammers, picks and chisels.
Given the inverse grading of the blocks within each stratigraphic layer, the samples
were taken at different depths of the outcrop in order to have both heterogeneous
and matrix-only specimens. In any case, sufficiently small rock blocks had to be
contained within the samples to be able to perform representative laboratory tests

218



Conclusions and suggestions for further research

with standard equipment.
The weak nature of the marly matrix did not allow standard techniques to be used
to produce regular specimens for laboratory tests without irreversibly damaging
them. The solution used to overcome this problem was to (i) construct a diamond
band saw to work in dry conditions, (ii) design and print in 3D a plastic element to
be connected to a vacuum cleaner to contain the dust produced during the sample
cut and (iii) stabilize the irregular melange samples by incorporating them in the
mortar. However, the irregular shapes of the samples and the presence of innate
micro and macro fractures, bedding planes and rock inclusions, which often de-
tached, producing holes in the material, required a great number of cuts before
a sufficiently regular specimen could be obtained. Due to these difficulties, some
defects were in any case accepted in the specimens used for some of the subsequent
laboratory tests.
The experimental investigation was carried out with the aim of characterizing sep-
arately the two components of the melange (blocks and matrix) and the heteroge-
neous geomaterial.
To investigate the basic behavior of the clay, composing the matrix, and the miner-
alogy of its grains the Atterberg limits and mineralogical analyses were carried out
on the loose material. From these tests it was found that the matrix is an inorganic
clay of high plasticity, with clay in the range 55-77%, that it is dominated by quartz
and calcite and that its average natural water content, liquid limit, plastic limit
and plasticity index are equal to 4.2%, 64.4%, 24.2% and 40.2%, respectively.
A uniaxial compressive strength (UCS) for three blocks with different lithologies
in the range 33-62 MPa was obtained by using the Schmidt hammer test. In line
with previous findings from the literature, the UCS of the matrix-only material
was much lower than that of the blocks. Specifically, 37 point load tests and 8 uni-
axial compressive tests were carried out on specimens with natural water content.
The former, assuming a conversion factor C equal to 14 to correct the point load
strength index, provided a matrix UCS equal to about 2.1 MPa. Interestingly, a
similar result was obtained from the UC tests, which yielded a matrix UCS equal
to 2.14 MPa. This finding confirmed that a conversion factor C equal to 14 can be
applied to reliably predict the UCS of soft rocks, like the Oltrepò Pavese melange.
It is worth highlighting that the specimens of both these tests were cut with the
diamond band saw. Hence, it was only possible to obtain prismatic (not cylindri-
cal) specimens. Due to the difficulties encountered during the cutting operations,
the final geometry of the prismatic specimens was never completely free of irreg-
ularities. Moreover, variable slenderness ratios, ranging from 1.38 to 2.10, were
obtained, which were always lower than that of 2.5 suggested by the ISRM Stan-
dards. Nevertheless, from reviewing the literature, it can be asserted that both the
non-standard slenderness ratios and the non-conventional cross-sectional shapes of
the specimens will only have produced modest effects on the UCS results obtained.
Consequently, they can be considered only slightly overestimated and in any case
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quite representative of the real strength of the geomaterial.
Contrary to expectations, significant differences in the failure modes of the het-
erogeneous and homogeneous specimens could be observed. The former, in fact,
showed tortuous failure surfaces, which developed within the matrix and around
the blocks, although the low specimen VBPs, always less than 7%, would not have
justified this outcome. This behavior was ascribed to the presence of an often rel-
evant number of non-rocky inclusions, composed of highly overconsolidated clay,
within the heterogeneous melange samples. They were found after the tests, when
the specimens were disaggregated, but they could not be quantified due to their
sensitivity to water. Since they often showed cracks during the tests, it can be as-
sumed that their strength is lower than that of the rock blocks but greater than that
of the matrix. Consequently, the presence of these inclusions could have enhanced
the development of tortuous failure surfaces, probably affecting the strength of the
material to some degree, as well.
From the UC tests, and by means of Digital Image Correlation (DIC) analyses, an
overall average elastic modulus of 0.79 GPa was found. This technique was used
since, due to the fragility of the geomaterial, neither strain gauges nor direct con-
tact extensometers could be used to measure local strains and the results provided
by the LVDT (global strains) could not be considered reliable.
The peak shear strength of the matrix melange was estimated by performing 15
non-conventional direct shear tests. A non-conventional approach was used since,
due to the peculiarity of this geomaterial, cylindrical specimens could not be pro-
duced to be placed in the circular Casagrande shear box. Therefore, prismatic
specimens with as horizontal as possible bedding planes were obtained by means
of the diamond band saw and, in order to place and hold them firmly within the
shear box, a special formwork was designed and printed in 3D to incorporate the
samples within two cylindrical layers of mortar. The results of these tests showed
a significant data dispersion, which was almost certainly caused by the presence of
non-horizontal bedding planes in the specimens, which affected their strength.
Two ring shear tests were carried out on the remolded sieved matrix to estimate the
residual shear strength of the melange under study. The tests provided an average
residual friction angle equal to about 6◦. In line with previous findings from the
literature on geomaterials like that under study, this value can be considered as a
conservative result. In fact, the presence of angular and bonded coarse particles
positively influences the mechanical behavior of the material that conversely, in
remolded conditions, presents a lower shear strength.
The different matrix properties and block characteristics of the natural samples,
as well as their innate micro-fractures, water sensitivity and variably oriented bed-
ding planes, did not allow laboratory tests to be performed under controlled and
repeatable conditions. Hence, in order to explore how the presence of blocks may
affect the strength and deformability of a soft bimrock, a series of triaxial tests
were carried out on reconstituted specimens, composed by the sieved matrix of the
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Oltrepò Pavese melange and gravel of 2.75-4 mm. Specifically, isotropically con-
solidated undrained (CIU) tests were performed on 3 homogeneous specimens (to
determine the mechanical properties of the matrix) and 2 heterogeneous specimens
with VBPs equal to 25% and 50% (to compare the results). In order to obtain an
overconsolidated clayey matrix, similar to that of the Italian melange, the speci-
mens were consolidated using the consolidometer of the Geotechnical Laboratory of
Politecnico di Torino, by recompressing the soil at the maximum surcharge load of
the consolidometer, equal to 500 kPa. The homogeneous specimens were tested at
three different effective consolidation stress levels (from 50 to 200 kPa) to define the
strength envelope of the bimrock matrix. The minimum confinement of 50 kPa was
applied to the heterogeneous specimens to obtain the maximum overconsolidation
ratio (OCR), equal to 10, in order to simulate the real Oltrepò Pavese melange as
closely as possible. In fact, although the OCR of the melange could not be deter-
mined, it can without any doubt be considered heavily overconsolidated.
The results of the homogeneous specimens, estimated using a linear failure crite-
rion, yielded a friction angle equal to 15◦ and a cohesion equal to about 12 kPa.
Moreover, a dilatant behavior and a localization of deformations in a shear band
were observed for the specimen with the highest OCR. On the contrary, a more dif-
fuse failure surface and a rather contractant behavior were registered for the other
two specimens. Surprisingly, a lack of an evident post-peak strength reduction was
observed in all the specimen stress-strain curves. In fact, this behavior was more
similar to those of normalconsolidated soils and was probably caused by a reori-
entation of the clay particles perpendicular to the direction of loading after the
one-dimensional consolidation, which could strongly have affected the mechanical
behavior of the geomaterial tested.
The results obtained from the heterogeneous specimens indicated that when the
block content is equal to 25% only, a rather significant stiffness increase is regis-
tered while no relevant strength variation is observed, with respect to the homo-
geneous specimen tested at the same confinement stress. A much higher stiffness
increase and a strain hardening behavior was exhibited by the specimen with 50%
VBP, although a comparable strength with the homogeneous specimen was shown.
Moreover, the presence of the rock blocks did not allow the formation of the clas-
sic shear band to develop in the heterogeneous specimens. As a consequence, the
failure was not characterized by a clear shear band, as was observed in the case of
the homogeneous material.
In order to overcome the many difficulties inherent in the characterization of soft
bimrocks, the findings of these tests can be used to set up and calibrate a 3D numer-
ical model reproducing the experimental results. The model, which is beyond the
scope of this work but could certainly be the subject of further research, could be an
important tool to contribute to a deeper understanding of the mechanical behavior
of soft bimrocks like that produced in the laboratory, but with other VBPs, OCR
ratios, mechanical parameters, stress histories and geometrical characteristics. In
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this regard, and in order to allow accurate 3D specimen models to be created, the
geometrical properties of the rock inclusions contained in the heterogeneous speci-
mens were detected (before the tests) by means of X-ray Computed Tomographies
(CT), which were carried out at Microservice S.r.l. (Torino).
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