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12.1 Introduction

The International Society for Rock Mechanics (ISRM) in 1981 defined soft rock as
“rock with an uniaxial compressive strength in the range of 0.25 MPa to 25 MPa”,
which can be classified as “extremely weak” to “weak”. However, this definition
does not take into account the problems with weathering and deterioration of these
rocks during the engineering time period. Since a proper definition of soft rock is
not commonly acknowledged, a potential impediment is usually encountered in aca-
demic exchanges. Therefore, in theoretical research and engineering applications,
the concept should indeed cover a variety of definitions of common laws and the
essential characteristics of soft rocks and reflect their basic performances. For
example, based on previous studies of the soft rock concept, He (2014) proposed a
concept in association with geological soft rock and engineering soft rock.
Geological soft rock refers to rocks characterised by low strength, large porosity,
poor cementation, broken surface, and strong weathering-dependence, all of which
basically contain swelling and loose clayey minerals and/or loose, soft, weak layers.
The concept proposed by ISRM is within the scope of geological soft rock.
Engineering soft rock refers to the rocks that can produce significant plastic defor-
mation under the usual engineering loads. The concept of engineering soft rock
emphasizes the importance of strength characteristics and engineering forces.
Among other engineering tasks in soft rock mechanics, the problem with the soft
rock definition concept can be considered through the stability of slopes in soft rock
formations.

Surface degradation processes and landslides are quite frequent on slopes exca-
vated or naturally formed in soft rock formations (marls, siltstones, mudstones,
shales, claystone, etc.). These processes affect the safety and increase the
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maintenance cost of facilities situated at the bottom of these slopes, while also low-
ering the stability of facilities located at the top of such slopes. The excavation work
in these mostly clayey rocks has to be conducted either by blasting or by means of
heavy jack hammers. In other words, in the excavation phase, soft rock can be
treated as “standard” rock mass. However, newly excavated slopes are susceptible
to rapid weathering and, within several months to several years, that is, within the
engineering period of time, the rock deterioration process starts both on the slope
surface and within the rock mass. These processes can also be observed on many
natural slopes formed in soft rock formations.

Examples of impact of weathering processes on slope stability at unprotected
cuts can be found on many locations in engineering practice. In Fig. 12.1, an exam-
ple of a cut slope with a developed process of marl degradation on the slope surface
can be seen, as in addition to detached fragments at the bottom of the slope.
Landslides on natural cliffs are quite frequent near town Split (Croatia) in flysch
formations along the coastline (Fig. 12.2). The sliding process is continuous, as the
material deposited at the bottom of the slope is carried away by the sea, and thus,
the space is liberated for the next “sliding phase”.

Other examples of the landslides in soft rock formation are shown in Fig. 12.3
from locations in Brazil (Quadrilatero Ferrifero region) formed in schist and ser-
icitic phyllite rock formations (Lana 2016). An interesting point in Fig. 12.3 is the
failure mode. Circular failures occurred in highly weathered rocks with strength
varying from 0.25 to 5 MPa (Fig. 12.3a). In contrast, in a moderately weathered soft
rock, in the range 5-25 MPa, structural failure mode occurred, as shown in
Fig. 12.3b. Although schists and phyllites present an anisotropic behaviour due to
foliation discontinuities, weathering and strength are often the determining factors
of failure modes in slopes.

The presented situations are examples of hazards resulting from weathering pro-
cesses. These hazards can be a threat to human lives, delay construction deadlines,
result in closedown of vital roadways, etc.

Fig. 12.1 Marl
degradation on the cut
slope surface at the
Adriatic Coastal Road in
Croatia. Location:
Podstrana, Croatia.
(Miscevi¢ and Vlastelica
2012)
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Fig. 12.2 Landslide at the
sea coast on the natural
cliff in flysch formation.
Location: Split, Croatia

Fig. 12.3 (a) Sliding in sericitic phyllite rock formation, presenting circular failure. (b) Sericitic
phyllite rock formation, showing wedge failure. Location: Brazil. (Lana 2016)

The weathering of soft rocks has been studied in various fields, including geol-
ogy, engineering geology, mineralogy, soil and rock mechanics, and geomorphol-
ogy. However, the relationship between the weathering and landslides or rockfalls is
still not well understood. This chapter will discuss the influence of the weathering
process on the deterioration of the soft rock and the possible consequences of the
deterioration processes on the rock slope stability. The main consequences of the
deterioration are constant slope surface erosion and reduction of the material
strength inside the rock mass slope. Results of the strength reduction are landslides
and rockfalls on the natural or artificial slopes in soft rock masses.

12.2 Weathering of Soft Rocks

According to Fookes et al. (1988), the term weathering of construction materials
within engineering time is defined as “the degradation or deterioration of naturally
occurring construction materials under the direct influence of the atmosphere,
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hydrosphere and, the activities of man, within an engineering time scale”. The time
factor considered is on an engineering time scale, that is, tens of years. Causes of
soft rock weathering have been studied by many authors (for example: Alonso et al.
2010; Gokceoglu et al. 2000; Gorog and Torok 2007; Martinez-Bofill et al. 2004;
Miscevi¢ 1998a, b, etc.). Weathering properties of soft rocks and their behaviour
during exposure to external influences are dominantly controlled by their mineral-
ogical composition, preconsolidation history, composition of binding material in
their structure, level of cementation, and rock texture. External conditions control-
ling weathering are climate, topography, chemistry of weathering solutions, hydrol-
ogy, and vegetation (Huisman et al. 2006).

In the analysis of soft rock weathering, it is very important to recognise that
weathering of soft rock occurs in the engineering time of scale when freshly exca-
vated rock is exposed to weathering factors, that is, over a period from a few months
to tens of years. For other types of rocks, weathering is correlated with the geologi-
cal time scale, meaning hundreds and thousands of years.

Weathering affects rock material and the discontinuities in rock mass. Weathering
will affect rock masses from the slope surface and discontinuities into the material,
and because of this, the material strength of discontinuity walls will be reduced
compared to that of the adjacent rock material further away from the discontinuities.
In the beginning stages of weathering, the walls will be weakened to a depth less
than the height of asperities, steps, or other roughness components of the disconti-
nuity, and the ultimate shear strength will be governed still by the unweathered
material strength that needs to be overcome before asperities can shear through and
large displacement can occur. On the slope surface, bedding joints are at most
exposed to external influences. These are the weakened surfaces in which the
detachment of fragments is most likely to occur, and are at the same time most sus-
ceptible to external influences, that is, for example to the action of water that pene-
trates into the rock joints.

Water plays a crucial role in the weathering of these dominantly clayey rocks.
This is conducted through the processes of drying and wetting, freezing and
thawing (Martinez-Bofill et al. 2004; Yavuz et al. 2006; Sadisun et al. 2005;
Pineda et al. 2014; Erguler and Ulusay 2009), and also through various chemical
processes that include water. This influence is manifested as the decomposition of
binding material from the clayey rock structure and as the disintegration of mate-
rial into smaller fragments. In other words, this material is simultaneously
affected by both physical and chemical weathering processes. An example of
simultaneous physical and chemical disintegration of marl sample in contact with
water is presented in Fig. 12.4.

Cracking is shown as an example of physical degradation, and dissolution from
the surface as an example of chemical weathering. Deterioration caused by the
weathering can be described with two forms of degradation process:

1. One form is disintegration in smaller parts with the development of the cracks
system (Fig. 12.5a), Zhang et al. 2012. In samples with or without any cracks on
the surface, under the weathering process, new cracks develop and all parallel
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Fig. 12.4 Simultaneous
physical and chemical
disintegration of marl
sample in contact with
water

(1—cracking; 2—
dissolution)

Fig. 12.5 Forms of degradation processes. (a) Disintegration in smaller parts with the develop-
ment of the cracks system; (b) exfoliation from the surface toward the inside (Miscevi¢ 1998b;
Ciantia et al. 2015)

cracks lengthen. The process usually develops near the surface, but can spread
throughout the sample and break the sample apart into smaller pieces.

2. The second form of degradation can be described as the exfoliation from the
surface towards the inside (Fig. 12.5b) (resulting eventually in a mass of small
angular fragments and flat slivers that could readily be scraped loose by hand).
Exfoliation is usually a result of the solubility of clay minerals, but it can also be
a result of all weathering processes acting on the surface of sample.

Material on the free slope surface can simultaneously undergo both of the previ-
ously described processes. As a result, the material is broken into smaller parts with
a larger surface area, and the process of degradation is accelerated.

The above assertions are also confirmed by typical landslide behaviour at cut slopes
realised in soft rock formations, that is, the sliding/material fall most often occurs after
a period of abundant precipitation, especially if temperatures at the soil surface fall
below freezing point during this period. In addition to the influence of water on the
weathering process (and hence on the reduction in strength), the following water-
related effects can also be observed: soft rocks affected by weathering process have
the lowest strength in wet condition; due to weathering of the material, the water
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Fig. 12.6 (a) Process of physical weathering; (b) Process of chemical weathering. (Adapted from
Ciantia and Castellanza 2016)

penetrates the joints and the pressure builds up within such joints. In addition, the
behaviour observed in nature shows that the influence of water pressure on the shear
strength along joints/surfaces should be taken into account in stability analyses.

The general influence of physical and chemical weathering on cut slopes is
shown schematically in Fig. 12.6 (adapted from Ciantia and Castellanza 2016).

12.2.1 Physical Weathering Processes

The physical weathering is manifested in the breakup of the material due to exten-
sion of existing joints or the development of new joints throughout the material
(fracturing). Basically, the result of physical weathering is a fragmentation of rock
without the change in rock material characteristics.

The breakthrough of joints is a result of the following processes.
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12.2.1.1 Wetting and Drying

Due to wetting and drying, rock material swells and shrinks because of a varying
quantity of water present in the material, or varying quantities of water bonded to or
incorporated in minerals. The associated volume changes lead to a weakening of the
material by the repeated tensile and compressive stresses, thus eventually leading to
fracturing.

12.2.1.2 Slaking

Slaking is a process associated with wetting and drying. The sudden absorption of
water inside dry joints results in the development of pressure inside rock joints,
which lead to the extension (deepening) of joints. Slaking is closely associated with
the process of suction.

12.2.1.3 Suction

Wetting and drying cycles controlled by atmospheric changes are the main cause
of suction changes, associated with the rock physical degradation, leading to the
loss of mechanical properties (strength, cohesion—loss of cementation or bonding
and stiffness). A possible explanation for the mechanism of degradation (Alonso
et al. 2010) of marl fragments is schematically presented in Fig. 12.7 assuming
isotropic behaviour.

When wetting occurs, the particle boundary is first wetted and a suction gradi-
ent is created inside the rock fragment. This suction gradient induces water trans-
fer and reduces in time until it reaches a zero value when full saturation is attained.
As long as there are suction gradients, differential swelling deformations will be
developed inside the rock fragment. The geometry, stratification, and confine-
ment of the fragment restrain the swelling displacements and lead to tensile and

Fig. 12.7 Degradation differential deformation due to swelling
mechanism explained by (proportional to the differential of suction)

differential swelling

displacements caused by ‘ ‘
suction gradients inside the / RO
rock (Alonso et al. 2010) =

Wet zone
(Sinitia < 5 < 0)

Dry zone

(suction = Siygial) =

(saturated in
the border)

Tension development
(cracking)
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shear stresses, which eventually result in cracking and loss of structure. A similar
mechanism can explain the degradation caused by drying (shrinkage instead of
swelling deformations).

12.2.1.4 Insolation

Differential rates and amounts of thermal expansion and contraction in rock materi-
als cause tensile stresses within the rock and rock mass. Thus, diurnal temperature
changes will lead to tensile stresses and consequently to fracturing. Insolation is
also associated with the drying process.

12.2.1.5 Freeze and Thaw

When water freezes into ice, a volume increase occurs of up to 9%. Therefore,
freezing of water in pores, fractures, discontinuities, or other openings in a rock
material or mass, causes tensile stresses that may be high enough to fracture
soft rock.

12.2.1.6 Crystallisation

The volume increase during crystallisation of salts may be up to 5%.

12.2.1.7 Stress Release

Release of stresses, provoked by the removal of material during excavation
(relaxation) or erosion from the slope surface, causes development of new joints
(listric joints).

12.2.1.8 Swelling

Swelling causes pressure that can disintegrate the rock, and it can develop in the
presence of water only. In mineralogical composition, most soft rock contains min-
erals susceptible to swelling. Some of chemical processes result in materials with
increased volume compared with the input ingredients. Increased volume of the
material formed inside the joints also causes tensile stresses that may be high
enough to fracture soft rock. For example, due to the mineralogical composition of
the marl, when it is in contact with water, ingredients from marl form gypsum at the
joint walls (Hawkins 2015). The volume of gypsum is up to 98% greater than that
of the input components exuded from marl, and pressure is therefore created in
joints where the gypsum forming process is under way. This pressure enlarges the
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Fig. 12.8 Gypsum growth
on the surface of marl
sample (white zone marked
with an arrow) and
developed new joint as a
result of pressure caused
with swelling in process of
gypsum forming

existing joints and initiates formation of new ones. By separating a material from
the marl structure in the gypsum forming process, the porosity of this soft rock
increases, and hence, the depth of water absorption also increases. This speeds up
the process and increases the depth of its influence. An example of gypsum growth
on the surface of marl sample is shown in Fig. 12.8.

12.2.2 Chemical Weathering Processes

Chemical weathering is a descriptive term for a range of chemical processes that
may include a phase change (dissolution into ionic components), or a change of
mineral type and structure. Some chemical processes induce mechanical disintegra-
tion of soft rocks (cracking), but basically chemical weathering changes the mate-
rial properties. The development of new joints speeds up physical weathering and
enables deeper penetration of chemical weathering effects. Typical weathering
types are (Huisman et al. 2006; Oldecop and Alonso 2012):

¢ Dissolution (release of ions after a reaction of minerals with water).

* Ocxidation (loss of electrons from elements, resulting in oxides, or hydroxides if
water is present).

» Hydrolysis (during hydrolysis acids react with silicate minerals, releasing silica
and metal cations).

e Hydration (involves the addition of water molecules to molecules, usually ferric
oxides).

* Jon exchange (cations present in a solution in contact with clay minerals are
exchanged with cations present in the clay lattices. This leads to a change in the
type of clay mineral and the material properties).

e Chelation (occurs in silicate minerals, and describes the bonding of metal ions to
ring-structured organics).
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12.2.3 Weathering Intensity

Weathering intensity refers to the degree of weathering or deterioration at the time
of observation, while time-dependent weathering intensity (or intensity rate) is the
amount of weathering intensity change per unit time (Huisman et al. 2006). In gen-
eral, factors controlling weathering intensity are previously explained (factors con-
trolling physical and chemical weathering processes). Additional factors controlling
weathering intensity on slopes are exposure of slope, orientation of discontinuities
in relation to orientation of slope, slope angle, height of slope, method of excavation
for artificial slopes, and implemented drainage measures.

Assessment of weathering intensity is usually done by descriptive methods or by
index properties. Table 12.1 is an example of descriptive method proposed in the
suggested methods for the quantitative description of discontinuities in rock masses
(adapted from ISRM 1978; Ulusay and Hudson 2007). These methods are very
susceptible to the observer subjectivity, but generally, assessments made by differ-
ent observers are in very close range of the classification. Materials may sometimes
well be somewhere between two classes. The major problem with these widely used
descriptive methods is that they are developed for all types of rocks. This means that
weathering classifications consider the geological time scale, and not the engineer-
ing time scale. For soft rock masses, the engineering time scale (from few months
to tens of years) is more important because all weathering effects can occur in the
short time after a construction from soft rock is built or a slope is excavated in a soft
rock mass formation.

Index properties used for estimation of weathering intensity usually are some
kind of strength estimation by simple methods (pocket knife, geological hammer,
Schmidt hammer) or tests such as the slake durability test and loss slake index
(Miscevi¢ and Vlastelica 2011; Bryson et al. 2012; Vlastelica et al. 2018a). However,
although strength estimates could be useful for engineering purposes, they do not
usually give good correlations with the weathering intensity. On the other side,
slake durability index and loss slake index can be useful to predict weathering
behaviour of soft rock in a qualitative mode but cannot be used to predict the behav-
iour of the soft rock under natural conditions. Index properties tests can have severe

Table 12.1 Weathering degree (adapted from Ulusay and Hudson 2007)

Grade Description

Wi Fresh, no visible sign of material weathering.

w2 Slightly weathered. Rock strength partially affected by
weathering.

W3 Moderately weathered. Rock strength affected by weathering.

W4 Highly weathered. Rock strength highly affected by weathering.

W5 Completed weathered. Rock disintegrates after immersion in
water.

w6 Residual soil. All rock material is decomposed or disintegrated
to soil.
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limitations in predicting rock mass performance, especially when discontinuities
influence weathering rock mass behaviour.

Weathering intensity rate is very important information for the maintenance of
the slopes cut in the soft rock formation, because weathering induces material dete-
rioration and degradation of soft rock strength. With the reduction of a shear strength
of material on slopes, the stability of slopes decreases over time. With the deteriora-
tion of the material on a slope surface, problems with surface erosion occur. Time
functions for weathering intensity are commonly empirical and based on experi-
mental results. The time scale of weathering intensity rate in soft rocks is usually
equal or even less than the time in which the construction is in use. It is therefore
only important to examine whether the soft rock on the slope is liable to weathering
in the engineering time scale. If the problems with weathering effects can be fore-
seen, then cut slopes should be shaped and protected with the intention to prevent
weathering processes. For natural slopes, the same information about weathering
intensity rate is essential for the decision about stabilisation measures.

An example of weathering intensity rate is shown in Fig. 12.9 for different soft
rock samples (Gautam and Shakoor 2013).

Weathering penetration degree—The specificity of soft rock formation is that
weathering penetrates inside to the rock forming weathered zone. However, the
weathering intensity on the slope surface is not the same as on the end of weathered
zone under surface. The weathering penetration degree generally depends on the
same factors controlling the weathering intensity and on the additional factors con-

Sample No. [nitial Sample After | month After 3 months After 6 months Afler 12 months

Claysione- 1

Mudstone - 3

Sillstone - 3

Shale~2

Fig. 12.9 Examples of different weathering rates of some soft rocks (Gautam and Shakoor
2013)—initial samples and samples after 1, 3, 6, and 12 months of exposure to natural climatic
conditions
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trolling weathering intensity on slopes. The increase rate of the weathered zone
usually decreases with an increasing thickness of that same weathered zone.

12.2.4 Time-Dependent Slope Stability

Analyses of slopes cut in flysch formation (mainly formed from marl and marly
layers) are presented as demonstrative examples for the problem of the time-
dependent slope stability. Other than the fact that marl strength decreases with the
time of exposure to atmospheric influences, the depth in which the layer is affected
by such influences (weathering penetration degree) is also significant for the analy-
sis of the stability of cut slopes formed in marl. It was established by observing the
behaviour of such cut slopes that the influence of water (drying and wetting) is
operated in two ways.

First, the process develops on the exposed surface of the rock, which results in
constant “ravelling” of the material from the surface (Figs. 12.1 and 12.11).
Transported by gravitation and precipitation, the degraded material accumulates at
the bottom of the slope, where it eventually disintegrates into a material that can be
classified as soil (clayey silt) rather than as rock. The depth of this influence
depends on the proportion of carbonate and clayey components in marl, orientation
of bedding joints and secondary joints with respect to the slope, and slope inclina-
tion or the “rate” at which the disintegrated material is removed from the surface.
The total depth of the surface layer that detaches from the surface with the passage
of time is also dependant on the meteorological conditions, that is, on the number
of dry and rainy periods, the quantity and intensity of precipitation, the exposure of
slope to the influence of sun, and the change in air temperature in the area where
the slope is located.

Second, the weathering process also spreads deeper down into the rock mass and
through the joint system that can easily be penetrated by water. An example of a cut
slope on which wet zones near the joints can be seen, while the basic material is
“dry”, is shown in Fig. 12.10.

In this example, yellow brown deposits on the surface of the bedding joints and
secondary joints indicate that seepage occurred even prior to the excavation.

Both above described forms of weathering are documented with several pictures
of the slope cut in flysch formations (location town Split in Croatia), which were
taken during the observation period of 14 years after the excavation (Fig. 12.11).
The quantity of material that detached from the slope surface can be noticed as
material accumulated at the bottom of the slope. This material had been removed on
several occasions during the observation period. The “depth” of the surface part of
the slope that was eliminated from the surface through weathering can easily be
noticed as the change in the length of the harder sandstone layers “overhanging”
from the slope surface. This sandstone had been initially excavated to the same
levels as the surrounding layers, but was not eliminated with weathering. The obser-
vations made on similar slopes have shown that the minimum depth of the material
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Fig. 12.10 Water seepage
through joints formed in
flysch

disintegrated from the surface of cut slopes in the Dalmatia (Croatia) region amounts
to around 5 cm annually.

The sliding and weathering caused by seepage through joints can be seen in the
given example at the left side of the slope. Several bigger blocks, formed at the
joints through which the water penetrated, have over time been affected by sliding.
The arrow in Fig. 12.11g shows the position of the last rock fall. In 2004 and 2010,
the concrete protective structure was extended to protect the man-built facility situ-
ated above the cut slope, as the foundations of this facility were endangered by
weathering and erosion of slope material underneath the foundations. It can be seen
that the excavation was conducted very favourably with respect to bedding joints,
that is, it was made perpendicular to bedding joints.

Based on data presented in previous sections, it can be concluded that the stabil-
ity of slopes cut in marl should not be considered only from the standpoint of mate-
rial strength immediately after the excavation, or only from the aspect of position of
bedding joints and other joints with respect to the cut slope position (Sestanovié
et al. 1994). The analysis should include the factor of time in which the strength of
this material will be reduced with weathering, and the factor of weathering depth
should also be taken into account. This, in fact, defines the issue of durability of
slopes cut in soft rocks. If the slope is not adequately protected so as to prevent
weathering, the resistance of cut slope to weathering will be reduced over time.

A problem is also the weathering that occurs along the joints and through the
basic material (marl) in between the joints, which results from water seepage. Joints
are quite numerous in flysch formations. The following joint types can be differenti-
ated: bedding joints located at a relatively small distance from one another (thinly
layered form), secondary joints resulting from layer bending caused by geological
processes such as folding and heaving, and listric joints that occur most frequently
as a result of material relaxation after excavation and partly as a result of the excava-
tion method used. In addition, the weathering results in the extension of the existing
joints and in the creation of new joints that penetrate into the basic material. This is
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Fig. 12.11 Progress of weathering process on slope cut in flysch formation, in period of 14 years.
(a) First year following the excavation (2003). (b) First phase of protective structure completed
(2004). (¢) Seepage through secondary joints (2006). (d) Situation in 2007. (e) Second phase of
protective structure completed (2010). (f) Situation in 2011. (g) Rock fall at cut slope (2012). (h)
Situation in 2016
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why the rule that favourable excavation with respect to dominant bedding joints
ensures good stability is not fully applicable in these formations. This is addition-
ally confirmed by slope sliding examples shown in photographs presented in this
chapter. In practical terms, a favourable orientation of the side slope surface does
not actually exist as, in addition to along bedding joints, the sliding can occur in any
side slope position, and also along secondary joints, random joints, or joints formed
by weathering, and through the basic material (marl). The fact that the water seeps
through these joints is proven by plant roots, which follow the spreading of such
secondary joints.

To prevent long-term instability of cut slopes excavated in marl, it is of utmost
significance to block the development of the weathering process. To this end, it is
important to prevent the influence of factors that enable weathering, both on the
slope surface and in the interior of the slope. Factors that dominantly influence the
development of weathering are cyclic processes of drying/wetting, heating/cooling,
freezing/thawing and so on. They result in a whole array of secondary processes that
contribute to the development of both physical and chemical forms of weathering
(swelling, dissolution, gypsum formation, slaking, etc.). In order to block the influ-
ence of these processes, the slope surface must be “sealed” and the water runoff
over the slope should be controlled. The rock can be sealed in two ways:

1. Prevent removal of degraded material from the slope surface. The degraded
material kept on the surface lessens the penetration of the above mentioned influ-
ences along the depth. If vegetation cover develops on such surface, the layer
will become “reinforced” by roots. This can easily be achieved by making slopes
with a relatively low inclination. The natural inclination of degraded material
deposited at the slope bottom ranges from 31° to 38° for marls, which means that
it cannot be removed by precipitation. In addition, it is certain that vegetation
cover will over time naturally develop on such a material.

2. Place surface protection that will prevent the development of these processes
toward the interior of the slope (geosynthetics, vegetation cover, sprayed con-
crete, etc.).

It is therefore important to note that the surface behind the top of the slope must
also be treated so as to prevent the penetration of water from higher areas into the
slope zone. The weathering along the joints can be generated by water seeping
through the joints, because of the dry and rainy seasons (drying—wetting).
The weathering is usually not caused by water that does not emerge on the surface
of the slope, and in cases when ground water table oscillations are not significant.

The above measures are not necessary for cut slopes that can be proven to be
stable for shear strength parameters corresponding to weathered marl (marly clay,
as the final product of weathering of marly materials). Owing to the occurrence of
secondary joints and the development of weathering along such joints, we are not
able to claim with confidence that the slope that has been cut “favourably” will in
fact be stable with respect to bedding joints.

Therefore, cut slopes excavated in marl layers cannot be considered as perma-
nently stable if the development of weathering is not blocked. Temporary stability
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on untreated slopes is possible in periods ranging from several dozens of days to
several years, but it is just a question of time when the weathering process will
lead to the loss of strength and ultimately to the sliding and detachment of the
slope material.

12.3 Deterioration of Soft Rock Slopes

Deterioration (or “decay”) of soft rocks, when analysing its impact on slope stabil-
ity, is a serious problem that is important for infrastructure works and the safe con-
struction of cut slopes (Calcaterra and Mario Parise 2010). Moreover, understanding
of this problem and related processes is necessary for the proper prediction of the
future behaviour of rock masses in slopes and therefore for the sustainable develop-
ment in civil and environmental engineering.

Deterioration implies several fundamental processes, time-related and generally
slow, acting on a slope, artificial or natural as well, which may cause a significant
decrease in rock mass strength and slope stability. These primary processes are
relaxation, weathering, and erosion, or in other words, deterioration occurs as a
result of their combined action. Depending on the balance between the primary
processes, deterioration usually progressively leads to alteration and disintegration
of materials and rock masses (although the rock mass quality in some cases may be
locally improved by weathering related processes, for example, formation of crust
on the rock surface that is stronger than the material beneath it).

After the excavation and initial stress release (primary relaxation), deterioration
or decay of a rock mass in geotechnical terms can be described as a process of seek-
ing equilibrium between weathering and erosion as well as on-going stress and
strain redistribution (secondary relaxation). For the duration of such a process,
which is the rule rather than the exception in artificial slopes, three main situations
can be recognised (Huisman 2006):

* Imbalance favouring erosion (weathering delimited).
* Equilibrium between weathering and erosion.
* Imbalance favouring weathering (erosion delimited).

To provide safe construction and predicted engineering lifetime of cut slopes, as
well as to limit future economic and environmental risks, assessment of dominant
deterioration processes/situations and affected geotechnical units in time, with the
rate of decay of rock mass quality, should already be included in the geotechnical
design phase (not only current, but also future geotechnical properties are impor-
tant). However, that is not always possible since the process of deterioration of soft
rocks slopes can be difficult to quantify and its mechanisms are still not recognised
and understood well.
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12.3.1 Relaxation

Excavations cause changes in stress along the slope (stress release or unloading;
elastic relaxation and expansive recovery) so that stress distribution may become
anisotropic, for example, on the slope face, the horizontal stresses are equal to zero.
As the horizontal stress is removed as a result of the excavation, joints tend to
undergo dilation. This may further result in the formation of a potential sliding block.
Redistribution of stress and strain can be one of the causes of reduced joint rough-
ness (broken “teeth” of the joint as a consequence of joint wall decay caused with
weathering processes). In general, the fractured rock mass tends to expand along
joints as a result of the stress relief and the removal of lateral confining pressure.

With zero horizontal stress on the cut surface and an unchanged value of vertical
stress, shear stress can reach failure condition even in short periods after the excava-
tion when weathering effects are not significant (Fig. 12.12).

Given these considerations, relaxation can be described as the redistribution of
stress and strain following excavation (i.e., lowering of the confining stress level),
leading to loss of structural integrity. Redistribution of stress and strain is a continu-
ing process from primary relaxation as a direct result of excavation itself (volume
increase), through deterioration of a rock mass due to the effect of weathering and
erosion to secondary relaxation (creep).

Primary relaxation with the volume increase effect occurs directly after excava-
tion, during the period of days to months (Huisman 2006), resulting in slightly
opened discontinuities that allow access to water. Additional simultaneous effects
(some, not necessarily all), linked to each other, are the decrease in normal stress on
discontinuity walls and thus a decrease in shear resistance (Fig. 12.12), increased
porosity and permeability due to the formation of microcracks, changed paths of
water, increased aperture and hydraulic conductivity of the discontinuities, more
intense water penetration and circulation, fluctuations in moisture content in the
unsaturated zone, shear displacements along discontinuities resulting in breaking of
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Fig. 12.12 Stress modification after overburden removal in comparison with the bilinear failure
criterion of a discontinuity. (Adapted from Wittke 1990; Roje-Bonacci et al. 2009)



352 P. Miscevi¢ et al.

EX - Excavation (or re-excavation/re-design/re-align)
PR - Primary Relaxation

faf‘.hf" €5, WE- Weathering and Erosion Jailur €s,
L liding, SR - Secondary Relaxation receding
blocks RM- Remedial Measures/maintenance slope
WE ;I:]: SR (crecp) I (repea.rmg)
volume increase™ " orizcis of WE/SR (engineering time-scale) i
(days-months) large failure/def. |4~ -

Fig. 12.13 Relationships between primary and secondary relaxation and other processes

deteriorated asperities, decreased shear strength along joints, fracturing of intact
rock, and outward displacements. Through the mentioned processes, primary relax-
ation affects and enhances further weathering and erosion. Due to the physical and
chemical weathering and—erosion process—ongoing changes in rock mass
strength, density, volume, mineral composition, slope angle, and morphology, the
so-called secondary relaxation will occur as continuing long-term process of stress—
strain redistribution, often producing an effect known as creep.

The effects of the secondary relaxation are more or less the same as described for
primary relaxation. Directly caused by weathering and erosion, secondary relax-
ation in return affects the intensity and the rate of further weathering and erosion in
a slope, and it is very difficult to quantify and isolate the influence of secondary
relaxation from other effects.

Primary relaxation shortly after excavation may have a more direct and larger
effects on slope stability (failures, sliding) than secondary relaxation over a long
time period (one to several magnitudes longer), but continuous secondary relaxation
can affect large volumes of the rock mass (receding slope) with effects that are hard
to predict, failures as well, and require costly remedial measures, re-excavation/re-
design, or, in most cases, permanent maintenance. These relationships are described
schematically in Fig. 12.13.

12.3.2 Weathering on Slopes

Over time, on the slopes with exposed surface, the processes occur that are more
and more pronounced with the aging of slope. This “aging” as a process of change
and transformation related to the climate and environment is called weathering, and
it includes many effects of physically and chemically weakening of both the intact
material and the rock mass as a whole.

From the geophysical point of view, this is the process of weakening the structure
of the rocks on the surface, thus accelerating erosion and development of surface
forms (landscape). Thus, the influence of the hydrological and environmental pro-
cesses is being realised at all scales of space and time. In geological time, the decay
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of minerals leads to long-term deposition of carbon dioxide, which affects the
development of the global climate. Therefore, weathering occurs as a result of cer-
tain climate, but in the longer time scale, it affects and changes the same climate
through the resulting products (CO,). From the previous discussion, it is evident that
this is a key process that controls the morphological and ecological processes, and
it has a direct impact on social issues (importance of soil/rock resource to the soci-
ety). In general, the study of weathering is multidisciplinary, interdisciplinary and
transdisciplinary, and requires coupling physical, chemical, and biological pro-
cesses over a range of spatial and temporal scales and involves a variety of scientific
and engineering disciplines. The “critical zone” of interactive physical, chemical,
and biological processes, where the intensity of weathering is the most obvious,
extends from the lowest levels of underground water to ground surface including
vegetation cover. Variables such as the slope orientation and angle, climate, hydrol-
ogy, tectonics, biological communities, and anthropogenic impacts, control the area
affected by weathering, the amount of weathering and the place and the amount of
disposal of degraded materials.

Regarding the engineering significance and target aspects of sustainability, durabil-
ity, and slope stability, weathering is particularly important for soft rocks, which are
subject to weathering in the time scale of the duration of human life, that is, they
reduce the durability and can be studied within an engineering time scale. The ques-
tion is how can we improve our ability to predict the process of weathering and its
influence on the durability and future stability of the slope, and this is further discussed
in Sect. 12.2.3 using the terms of weathering intensity and weathering intensity rate.

The result of weathering process is constant degradation of natural or artificial
slopes. Rock profiles that result from long-term or short-term weathering can be
highly inhomogeneous, complex, and irregular (Fig. 12.11), and that may lead to
hazardous situations and create serious problems to the geotechnical engineer (rock-
falls, plane or wedge sliding, remedial works, and similar).

Weathering affects rock masses in slopes from the slope surface and surfaces of
discontinuities into a material or rock mass. The terms that describe this in the lit-
erature are weathering penetration depth (depth of advancement of weathering
front into a slope) and weathering penetration rate (rate of advancement of the
weathering front into a slope). Here, it should be noted that the water is an essential
driving force of the weathering processes (exposure to water and initial opening of
joints). Especially in soft rocks, most of these processes depend on the change in the
water content, so that the weathering process mainly develops when a material is
exposed to the wetting—drying changes.

There are many effects of weathering manifested in the alteration of rock mate-
rial and rock mass (physical or chemical): an increase in aperture and the frequency
of discontinuities; increased porosity, void volume, permeability, and flow rate;
microfracturing; decrease in block size and intact rock strength; mineral alteration;
weakening of intergranular bonds; reduced material strength and roughness of dis-
continuity walls; reduction of shear/tensile strength along the discontinuities and
cohesion in the filling, and others (Fig. 12.14). Among them, the influence of weath-
ering on discontinuities present in the rock mass is particularly important for the
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Fig. 12.14 Degradation
effects of weathering
(example of marl as soft
rock)

slope stability. For example, shear strength along the discontinuity (and thus the
stability) will significantly reduce when the weathering penetration depth exceeds
the discontinuity roughness.

Factors or conditions that control weathering in artificial slopes are of different
nature:

e [Internal: properties of rock/soil material and rock mass (porosity, permeability,
composition of materials—fabric, physical, and chemical stabilities of coexist-
ing mineral phases and their mutual interrelation, surface properties, inner strain,
and discontinuities).

e External: those related to the environment (climate, topography, chemistry of
weathering agents, hydrology, and vegetation).

* Geotechnical: design parameters (slope orientation, angle, height, excavation
method, and drainage).

Thus, according to the current cognitions, rock mass deterioration results from
interaction of internal material features with external conditions and biogenic
activity and is further influenced by rock mass characteristics, geotechnical factors,
and boundary conditions. In contrast, the durability of rock material is a complex
function of the mentioned internal material features.

12.3.3 Erosion

Together with relaxation and weathering, erosion is a primary process in the dete-
rioration of soft rock slopes, which refers to the removal and transport of previously
weathered material by water, gravity, or wind, that consequently destroys the rock
mass structure. In comparison with weathering, there is a strong distinction: erosion
is the process of material transport, while weathering is a process of material change.

Surface erosion is a natural continuous process that acts on the products of
weathering, removing them from their original location, and thus exposing “fresh”
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material to weathering (former and new surface, Fig. 12.6a). It can be said that ero-
sion sets a boundary condition for rock mass weathering (Huisman 2006), and con-
tributes to the overall process of deterioration on a larger scale of rock mass (while
weathering acts on a relatively small scale, on in situ materials). Although it affects
all types of soil and rock mass, erosion is more evident in the rocks with a higher
frequency of discontinuities and small blocks (either weak in a fresh, that is,
unweathered state, or weakened by weathering), and in unconsolidated soils. Eroded
material may be subjected to further weathering during erosion.

The term erodibility signifies the susceptibility of particular soil or rock masses to
erosion, and the properties that determine erodibility (aggregation, shear strength,
hydrological conditions, and others) generally strongly depend on climatic factors
(such as rainfall distribution, daily temperature changes, and frost) with systematic sea-
sonal variations. Therefore, erodibility is a dynamic variable, where a small variation in
the parameters of material and mass properties and composition can change it on shorter
time scales, for example, between and during separate events such as rainstorms.

In certain conditions of climate, rock mass properties, and the geometry of the
slope, erosion may cause substantially increased incidence of slope failures. Joints
and fissures in their systems in rock mass can be either temporarily closed or partly
opened. In open joints, the water circulates in the direction of gravity (in closed
joints water flow is capillary), forming small channels, where the erosion effect of
the water becomes more intensive with the degree of slope inclination (Roje-
Bonacci 1996). Failure can be caused by additional external forces, as the hydro-
static pressure in surface joints connected to the potential sliding surface and change
in the stress state (pore pressure) due to the effect of hydrostatic pressure. As shear
strength within the rock mass is smaller along joint systems, it is of importance in
slope stability problems, for example, landslides and slips on high cut-offs. Slips of
this type, where joints reach the potential sliding surface and wide are so that water
can circulate through them by gravity, occur during heavy rainfall.

The other examples where erosion may be the primary deterioration process
(smaller influence of weathering) are erosion by sheet wash (sheet erosion), rill (and
interrill) erosion, and gully erosion. If soil is transported by overland flow, that is, if
wet erosion occurs, a certain critical shear stress on the soil surface needs to be
exceeded before erosion could occur. In theoretical studies, erosion is determined
by multiplying exceeded shear stress and “erodibility” as the proportionality con-
stant representing the soil erosion susceptibility. Using such simplified models with
average values of critical shear stress and erodibility leads to an overestimation or
underestimation of soil loss by erosion, and the variations in these parameters
should also be taken into account. Quantitative evaluation of erosion (mean erosion
and/or specific annual degradation) is possible on the basis of known (measured)
data on the amount and mode of distribution of deposited sediments, if they are not
removed by activities such as the regular maintenance of roads.

In exposed slopes of the rock types such as hard marls, the erosion mechanism
includes two stages: exposure of the surface to the impact of precipitation, and then
mobilisation of surface disturbance as the raindrops are lifting soil particles into
suspension ready for transport (Kollios 1993). As more and more particles are
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picked up, a dense suspension with erosive power is formed, and due to variations
in surface morphology, flow is channelled and local ravines formed. The velocity of
the suspension and its erosive capacity increases as it moves downwards. Therefore,
the key to reducing erosion is to slow down the water run-off velocity (geosynthet-
ics as possible intervention). According to the well-known Chezy—Manning equa-
tion for open channel flow:

149
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where V is average run-off velocity, Ry, is hydraulic radius corresponding to the area
versus wetted perimeter, S is slope or hydraulic gradient, and n is roughness coef-
ficient; the other possible measure is to increase the surface roughness coefficient
(vegetation).

Among others factors, some factors of relevance regarding the rate of erosion on
slopes are the occurrence of heavy rainfall (trigger effect, increased rates of ero-
sion), slope angle and length of the slope, presence of cracks and macropores (infil-
tration conditions), surface roughness/vegetation, discharge over the slope, and
moisture content of slope material. As a result of changing moisture conditions,
erodibility for a given slope angle can change significantly over short time scales
during rainstorms. Together with the “static” moisture conditions, seepage is also an
important factor that influences erosion, where cracks provide preferential path-
ways for water infiltration and transport of solutes. Rill and gully formation are
enhanced if seepage occurs. Also, if hydraulic impedance is present near the slope
surface, erodibility can increase.

By observing the process of natural slope degradation in flysch formations near
the sea cost (middle Dalmatia, Croatia), it is determined that material from the bot-
tom of the slope is constantly removed by wave erosion, with the consequence of
recession of the coastal cliffs at a rate 3—18 cm/year (Vlastelica et al. 2017). This
represents a very high recession and erosion rate, if the denudation classification
(Kossev 1990) given in Table 12.2 is taken for comparison.

Spatial and temporal variations in rock mass properties and climatic factors,
those that change erodibility, in combination with human activity during slope
design and construction (slope location, orientation and angle; method of excava-
tion), influence the development of erosion profiles in slopes. This may result in the

Table 12.2 Classification according to denudation velocity

Denudation velocity
Denudation class h (mm/year)
Very low (1) <0.50
Low (2) 0.50-1.00
Average (3) 1.00-2.50
High (4) 2.50-5.00
Very high (5) >5.00
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occurrence of differential erosion and weathering, and consequently in hazardous
effects of erosion. Namely, erosion of particles formed by weathering (flaky parti-
cles and similar product of weathering, Fig. 12.11) leads to a decrease in the slope
angle in exposed soft rock layers. Such previous erosion of underlying soft rock
layers (especially when unfavourable joint systems are present in the rock mass)
undercuts otherwise strong and durable limestone, dolomite or sandstone banks or
blocks, which usually results in toppling of layers or rockfall.

Steep artificial cut in soft rocks, a lot steeper than the inclinations of natural
slopes in such materials, leads to rapid erosion, and therefore to the sliding and
receding of the slope and the undercutting of the otherwise resistant rocks types.
Within the long-term continuous process of slope development and deterioration of
soft rock slopes, the short-term episodic events influenced by rapid erosion and
gravity—sliding, undercutting, rockfall, toppling, etc., will generate some scatter in
the observation data.

12.4 Slope Stability in Engineering Timescale

For any analysis of change in geometry of the cut, the depth to which the soft rock
mass is affected by weathering has an important role. Since the processes of weath-
ering and erosion occur simultaneously, their combination causes further decompo-
sition of rock mass on the face of the cut, with additional relieving effect through the
redistribution stresses. The relative ratio of erosion and weathering has a significant
impact on the development of the slope surface of cuts.

Although erosion is most commonly associated with a weakened and weathered
soil or rock, it is also present on solid (unweathered) surfaces with lower intensity.
Comparing the intensity of erosion and weathering in soft rock mass, one can notice
three fundamental relationships of these processes, as discussed previously.

The potential erosion and weathering relationships depend upon the weather-
ability of rock immediately after excavation, and therefore, depending on their rela-
tionship, five basic situations can be noticed, as shown in Table 12.3.

With regard to the type of material and climatic features of the area of research,
slope degradation models based on weathering can be used only when the process
is in the range of balance of erosion and weathering to an imbalance in favour of
weathering, that is, the erosion always takes place on the weathered material.

For example, by observing cuts in flysch rock mass in the Dalmatian region, the
Mediterranean climate combined weathering and erosion effect is mainly found to
be imbalanced in favour of erosion (Vlastelica 2015).

When steep cuts are observed, it is noticed that weathering is developed on the
exposed surface, and erosion is present at a constant rate, which is always lesser
than the observed weathering rate. Transported by gravity and precipitation, weath-
ered material builds up at the base of the slope, where it eventually additionally
transforms into a soil-like material (Roje-Bonacci 1998). This process has more
impact on the cost of maintaining the facility than on global stability. The accumu-
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Table 12.3 Combination of weathering and erosion of slopes (Huisman 2006)

Weathered
material present | Thickness of | Weathering
from previous weathered intensity on the
Description step layer slope surface
Imbalance in Only erosion No 0 Constant
favour of Yes Decreases due | Decreases due to
erosion to erosion, erosion, after
after that 0 that constant
Some weathering, No 0 Constant
erosion penetrates Yes Decreases due | Decreases due to
faster than weathering to erosion, erosion, after
can develop after that 0 that constant
Balance Erosion and weathering | No 0 Constant
between erosion | penetrate at the equal | yeg Constant, Constant
and weathering | rate larger than 0
Imbalance Some erosion, No Increasing Increasing
relations in weathering penetrates | Yeg Increasing Increasing
favour of into the depth of cut
weathering faster than weathering
Only weathering, no No Increasing Increasing
erosion Yes Increasing Increasing

lated material at the bottom of the slope is usually required by owners to be removed
regularly, and therefore, the slope is “moving away” from the original position. In
time, this can cause additional instabilities, such as rockfalls or planar sliding on the
secondary joint systems.

It was observed that the effect of weathering on the surface of the slope can be
developed to a depth of several centimetres to 10 cm (Mis€evi¢ and Vlastelica
2014). The depth depends on the share of carbonate and clay marl components,
position of primary and secondary cracks in relation to the position of the slope, and
the angle of the slope. The total thickness of the surface layer depends also on
meteorological conditions: number of dry and rainy seasons, quantity and intensity
of rainfall, exposure to the sun, and variation in air temperature.

12.4.1 Slope Degradation Models
12.4.1.1 Fisher-Lehmann Model

This model is a combination of Fisher’s (1866) mathematical description of degra-
dation of abandoned, initially vertical cut in chalk deposits without the accumula-
tion of eroded material at the bottom of the slope, and Lehmann’s (1933) generalised
model, which introduces the possibility of initial sloping curvature and accumula-
tion of eroded material at the base of the slope (Fig. 12.15).
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Change in the morphology of the cut can be described by the following (Eq. 12.2):

h-ctgf for r=0
y(t)=<h-cigB+R, if 0<t<(y, —h-cigB)/R (12.2)
Vo if t>¢t, = (yu,, —h-ctgﬁ)/RN

where £ is the height of the cut, § is slope angle, and R, ; is annual erosion rate.

According to Hutchinson (1998), erosion of the cut is not necessarily a linear
process in time. In an example of a 1.75 m height cut, based on intermittent observa-
tions over a period of 15 years, he concluded that the process was non-linear
(Fig. 12.16).

Usually, it is possible to notice high initial erosion of cuts (Fig. 12.17); however,
this effect should perhaps better be attributed to the initial relaxation of rock mass
and local instability depending on the condition and quality of excavation.

Taking this into account, instead of the parameter R,,, a nonlinear function
R,; = R, () can be introduced or the linear criterion described in (Eq. 12.2) can
replace the bilinear criterion (Vlastelica 2015):

h-ctgP for r=0
h-ctgf+n-R, if 0<1<y
y(t)= . (12.3)
) h-cigB+R,, if 1, <t<(y, —h-ctg,B)/Ry,S
yult lf tZ tult =(yult _h'Ctgﬂ)/Ry,s

where n is the coefficient of initial relaxation of the cut; ¢, is the time within the
effects of initial relaxation of the cut manifests. For example, in the Hutchinson
model (Fig. 12.16), these parameters would be n = 10 and ¢, = 3 years.
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Fig. 12.16 Yearly erosion of “Overton Down” cut, UK (Hutchinson 1998; modified by Vlastelica
2015)

Fig. 12.17 An example of a quick initial change of the profile of the cut, Brnik (Vlastelica 2015).
(a) Immediately after excavation (July 2013). (b) Situation after 7 months (February 2014)

12.4.1.2 Bakker-Le Heux Model

The basic assumptions of the Bakker—Le Heux (1946) model are similar to that of
the Fisher-Lehmann, except for the way the free face of the slope face is eroded.

This model assumes uneven wear of the face of the cut (Fig. 12.18), according to
which the erosion front rotates around the bottom of the cut. Change in the morphol-
ogy of the cut can be described by introducing the following:
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where y is the slope angle at selected time step; R, is the average annual change of
slope angle due to erosion.

By introducing time dependency ¢, it is possible to determine the position for the
top of the scree at a given moment (Huisman et al. 2011):
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Also, the form of the slope:

ySip_a.(ZSip_z) w0S 2t (12.6)
z-eig(y(1))  za zg, <z<h

sip

y(1)=

Although these models are independent, in some cases, combination of both is pos-
sibly more accurate. By comparative analysis, Vlastelica (2015) found that after
initial relaxation of the cut, the Fisher—Lehmann model best describes erosion at
selected pilot locations in the Dalmatia region. For this reason, the Bakker-Le Heux
model is preferably combined with a Fisher-Lehmann model for the simulation of
initial relaxation of steep cuts.
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12.4.2 Change in Shear Strength Due to Degradation

Repeated drying and wetting has a dominant influence on the development of a
series of physical and chemical weathering processes that degrade soft rocks. A
question arises whether, following the introduction of processes that cause degrada-
tion, it is possible to measure the trend of changes in strength. The strength of rocks,
as well as all known classification of soft rocks, is usually displayed by uniaxial
compressive strength (UCS) determined in a hydraulic press on cylindrically shaped
samples. However, this procedure requires a set of monolithic specimens, which is
usually difficult to obtain when sampling a soft rock material. Chiselling and sand-
ing of sample sides would produce a more ideal specimen; however, these tech-
niques are not practical on samples subjected to weathering; therefore, it is necessary
to find an alternative (Mis¢evi¢ and Vlastelica 2009).

An alternative way of quantifying the strength of the material is to define its
shear strength, usually by Mohr—Coulomb shear strength criteria. However, in this
case, conventional laboratory equipment is not adapted to the whole range of
appearance and friability of soft rock, which makes it necessary to devise new
equipment specifically for this type of material or to adapt the existing equipment to
testing requirements (Miscevi¢ and Vlastelica 2010; Buocz et al. 2010; Yin et al.
2016). Since the use of existing equipment is more rational from an economic point
of view, it is proposed to simplify the experiment by using a portable direct shear
apparatus for rocks. When slightly modified from the standardised procedure, the
apparatus would make it possible to test the soft rock in both intact and degraded
state of the samples subjected to laboratory simulated weathering. For marginal
cases, direct shear apparatus for soil is used; however, it is necessary to clearly dis-
tinguish in which cases is this appropriate (Roje-Bonacci 1998; Vivoda Prodan et al.
2016). Based on these observation and series of testing on marls from Dalmatian
region, Vlastelica et al. (2016a) proposed guidelines for the application of laboratory-
simulated weathering on soft rocks, by using standard laboratory equipment
(Table 12.4).

12.5 Monitoring of Soft Rock Slopes

Each new insight into the processes that cause the instability of slopes in soft rock,
such as erosion or rockfalls, can help mitigate the possible consequences. The
development of new technologies in the field of geodesy, TLS (terrestrial laser scan-
ning, sometimes called LiDAR—Light Detection and Ranging) and GB-InSAR
(Ground Based Interferometric Synthetic Aperture Radar) opens new paths for
monitoring changes in the slope surface and the material from which it was created.
These remote sensing technologies can be used on a global level to cover wide areas
(InSAR is used for a couple of decades on the spaceborne and airborne platform),
but also at the local level as terrestrial or ground-based instruments. This is very
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Table 12.4 Guidelines for the application of laboratory-simulated weathering on soft rocks

The applicability of the portable

direct shear apparatus Laboratory-simulated weathering procedure®
Laboratory
Unweathered weathered Recommended
material material number of cycles | Remark
Type | Yes Yes >8 N
1
Type | Yes Yes Do 8 (4%) For a larger number of cycles,
11 it is recommended to use the
device for direct shear of soil
Type | Yes Limited 1° It is recommended to always
1 use the device for direct shear
of soil

“For Type II marl bordering with Type III (generally with smaller CaCOj; content or LSI = 0.5)
maximum of 4 cycles of laboratory-simulated weathering is recommended

"For direct shear of intact rock use the direct shear apparatus for rock. Testing of degraded material
is usually not possible and usage of direct shear apparatus for soil is recommended

“When selecting the proper procedure, it is always recommended to use information about CaCO,
content, absorption, Iy and LSI index of the rock. If it therefore can be concluded that it is a bor-
derline sample between two categories, it is recommended to use a method of the higher category,
and if it is necessary correct the procedure during the testing

important for monitoring of cuts and steep slopes, where usually it is not possible to
acquire data without properly positioned ground based units.

Although GB-InSAR provides displacement measurements of up to a few square
kilometres with sub-millimetre precision and high temporal frequency of acquisi-
tion (Ferrigno et al. 2017), resolution is still very rough (from couple to dozen
meters, at ranges from 800 to 4000 m). It is therefore not suitable for small-scale
problems, such as those occurring in soft rock strata or flysch deposits.

On the other hand, TLS provides sub-centimetre accuracy (Kordi¢ 2014) with
resolution of measurement in centimetres (at ranges of a couple hundred meters),
which can provide very usable data for engineering geologists and geotechnicians,
such as very precise slope morphology, prefailure deformation detection when long-
term monitoring methodology is implemented (in certain types of rock masses that
are more deformable, such as flysch), and information about the spatial distribution
of rock-type properties (when additional information about the intensity of the
return laser beam is considered). Lately, RPAS (Remotely Piloted Aircraft System)
is used to collect images, which are then processed by Pix4D mapper (structure
from motion technology) to generate a point cloud as with TLS, and this method is
getting more precise and cost effective (Torok et al. 2018).

Spatial distribution of material properties in flysch such as steep slopes can be
very important, especially for detection of weak layers, which are more prone to
erosion (causing differential erosion), or as a method of detecting faults and discon-
tinuities (Fig. 12.19).

When a sufficient number of checkpoints are referenced in the global coordinate
system, then the whole cloud of points can be oriented in the same system, and
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Fig. 12.19 (a) Typical cut in flysch rock mass; (b) Result of laser scanning is a point cloud with
approximately 4 million points. On each point, intensity or return beam is added as grayscale, thus
numerically distinguishing points of same reflective properties (Vlastelica et al. 2016b)

information about slope and discontinuities orientation can also be collected. The
points can be further specified with colour, that is, RGB component can be associ-
ated, when scanners have an integrated and calibrated digital camera.

The use of TLS in this work is presented solely from a basic user’s perspective.
For more information about the principles of measurement, technology, and instru-
ment performance, readers are referred to additional literature (Kordi¢ 2014; Petrie
and Toth 2008; Teza et al. 2007).

12.5.1 Methodology for Detecting Changes in Slope
Morphology

The change in morphology of cuts is carried out by comparing the point clouds from
different epochs using the following methodology (Vlastelica et al. 2016b):

e Obtaining a reference point cloud (Combine multiple point clouds in case of
more scanning positions. Preferably georeferencing is done to determine spatial
orientation of a cut).

e Creating a Triangle Irregular Network (TIN) model of the surface of the cut—
reference surface (S).

e Obtaining new point cloud after a certain period (PC,, PC,, ..., PC)).

e Preparing the data for alignment between the multiple epochs.

e Comparing of the PC; with the S,.

e Calculating the difference for each different epoch. Distance of each point in PC;
and S is calculated using the “Data vs. reference comparison”, wherein the
direction of comparison is determined by the direction of the vector perpendicu-
lar to the reference plane P,,.

e Creating cross section for comparison or directly comparing point cloud with S
in three dimensions.
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Preparation of data for comparison (fourth bullet point) between different epochs
of measurements is defined by the alignment matrix of the new point cloud with the
reference surface. Preferably, the alignment matrix is defined by using a fixed object
in the environment (buildings near of cuts or geological members, which are not
subject to weathering in engineering time scale), in the following four steps:

 Identification of the stable part of the cut or an object in vicinity of the cut.

* Removal of the part of the point cloud where the changes take place (detachment
and deposition) and any unwanted measurements (vegetation, moving objects,
etc.).

* Alignment of the chosen stable part using Iterative Closest Point (ICP) algo-
rithm, which defines the alignment matrix of the point cloud.

» Using the alignment matrix on the original point cloud.

Data collected by TLS can be analysed for the whole surface of the cut to give us
a three-dimensional insight into the behaviour of the erosion process. Additional
identification of the geological members of cuts, through photos and/or intensity of
the returned laser beam, is a basis for further analysis of other phenomena, such as
landslides, rockfalls, and toppling. Some results can be attributed to the measure-
ment error or errors in methodological approach; therefore, they must be carefully
assessed (Vlastelica et al. 2014).

12.5.2 Presentation of Results as Input to Degradation Models

Comparisons of different epochs can be displayed three-dimensionally as a field of
differences in the face of cuts or two-dimensionally through selected representative
cross sections (Fig. 12.20).

In three dimensions, the distances are shown through a field of values (Fig. 12.21).

Fig. 12.20 Flowchart
presenting data-obtaining
procedure and presentation I
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The initial geometric Parameters used in
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Forecast or retrograde 2D comparison |

% | a— .
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Fig. 12.21 Example of comparison of point cloud PC; with the reference surface S, with prefailure
deformation detected (Vlastelica 2015). (a) Comparison 3.4.2014-27.6.2014 (in meters). (b)
Comparison 3.4.2014-8.10.2014 (in meters)

Negative values indicate a lack of material in a given epoch (erosion), or separa-
tion of larger rock fragments. Positive values indicate the accumulation of eroded
material in the form of talus at the base of the cut or larger blocks due to rockfall
(Fig. 12.21b). The positive shift towards the instrument, if it is in the open face of
cuts, may indicate a displacement that preceded the rockfall (Fig. 12.21).

Figure 12.22 shows the representative cross sections as a result of observation
during a period of 2 years (7.3.2012—10.3.2014), while Fig. 12.22b shows the result
of numerical calculation based on the Fisher—-Lehmann model of erosion of the cut
for the same time period.

Field observation on this and the other pilot sites reveals that, after the initial
relaxation of cuts, the Fisher—Lehmann model correctly describes the change in the
profile of cuts in soft rocks that occurs alone or in the Dalmatian flysch sequence.

After the models are calibrated by field observations, it is possible to provide
retrograde analysis for existing cuts, or to forecast the time needed for complete
slope reshaping in the form of talus (Vlastelica et al. 2018b).
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Fig. 12.22 (a) Results of observations carried out on pilot location “Znjan 1” as a typical cross
section of the epoch PC, (7.3.2014) and PC, (10.3.2014). (b) Fisher—Lehmann model based on the
results of observations carried out on same pilot location (Vlastelica et al. 2016b)

12.6 Conclusions

Newly excavated slopes are susceptible to rapid weathering and, within several
months to several years, that is, within the engineering period of time, the rock
deterioration process starts both on the slope surface and within the inside of the
rock mass. These processes can also be observed on many natural slopes formed in
soft rock formations. The main consequences of the deterioration are constant slope
surface erosion and reduction of the material strength inside the rock mass slope.
Results of the strength reduction are landslides and rockfalls on the natural or arti-
ficial slopes in the soft rock masses.

The deterioration is caused with the weathering processes. Weathering properties
of soft rocks, and their behaviour during exposure to external influences, are domi-
nantly controlled by their mineralogical composition, preconsolidation history,
composition of binding material in their structure, level of cementation, and rock
texture. External conditions controlling the weathering are climate, topography,
chemistry of weathering solutions, hydrology, and vegetation. This material is
simultaneously affected by both physical and chemical weathering processes.
Weathering affects not only the rock material, but also and the discontinuities pres-
ent in the rock mass. Weathering will affect the rock masses from the slope surface
and discontinuities into the material, and because of this, the material strength of
discontinuity walls will be reduced compared to that of the adjacent rock material
further away from the discontinuities.

Weathering intensity refers to the degree of weathering or deterioration at the
time of observation, while time-dependent weathering intensity (or intensity rate) is
the amount of weathering intensity change per unit time. In general, factors control-
ling weathering intensity are factors controlling physical and chemical weathering
processes. Additional factors controlling weathering intensity on slopes are the
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exposure of slope, orientation of discontinuities in relation to the orientation of
slope, slope angle, height of slope, method of excavation for artificial slopes, and
implemented drainage measures.

Weathering intensity rate is very important information for the maintenance of
the slopes cut in the soft rock formation, because weathering induces material dete-
rioration and degradation of soft rock strength. With the reduction of the shear
strength of material on slopes, the stability of slopes decreases over time. With the
deterioration of the material on a slope, surface problems with surface erosion
occur. Deterioration implies several fundamental processes, time-related and gener-
ally slow, acting on a slope, artificial or natural as well, which may cause a signifi-
cant decrease in the rock mass strength and slope stability. These primary processes
are relaxation, weathering, and erosion, or in other words, deterioration occurs as a
result of their combined action. Depending on the balance between the primary
processes, deterioration usually progressively leads to the alteration and disintegra-
tion of materials and rock masses (although the rock mass quality in some cases
may be locally improved by weathering-related processes, for example, formation
of crust on the rock surface that is stronger than the material beneath it).

In order to block the influence of weathering processes, the slope surface must be
“sealed” and the water runoff over the slope should be controlled. The rock can be
sealed in two ways. One is to prevent the removal of degraded material from the
slope surface. The degraded material kept on the surface lessens penetration of the
above mentioned influences along the depth. If vegetation cover develops on such a
surface, the layer will become “reinforced” by roots. The other is to place surface
protection that will prevent the development of deterioration toward the interior of
the slope (geosynthetics, vegetation cover, sprayed concrete, etc.).

With regard to the type of material and climatic features of the area of research,
slope degradation models based on weathering can be used only when the process
is in the range of balance of erosion and weathering to an imbalance in favour of
weathering, that is, the erosion always takes place on the weathered material. When
steep cuts are observed, it is noticed that weathering is being developed on the
exposed surface, and erosion is present at a constant rate, which is always less than
the observed weathering rate. Transported by gravity, precipitation, weathered
material builds up at the base of the slope, where it eventually additionally trans-
forms into a soil-like material. This process has more impact on the cost of main-
taining the facility than to global stability. Accumulated material at the bottom of
the slope is usually required by owners to be removed regularly; therefore, the slope
is “moving away” from the original position. This can cause additional instabilities,
such as rockfall or planar sliding on the secondary joint systems.

A question arises whether, following the introduction of processes that cause
degradation, it is possible to measure the trend of changes in strength. The strength
of rocks, as well as all known classification of soft rocks, is usually displayed by
uniaxial compressive strength (UCS) determined for cylindrically shaped samples.
However, this procedure requires a set of monolithic specimens, which are usually
difficult to obtain when sampling a soft rock material. Some authors suggest a
method of chiselling and sanding of the sample sides, which would produce a more
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ideal specimen. However, these techniques are of no practical use when using sam-
ples subjected to weathering; consequently, this method is not suitable for the analy-
sis of changes in strength, and it is necessary to look for an alternative.

Each new insight into the processes that cause the instability of slopes in soft
rock, such as erosion or rockfalls, can help to mitigate the possible consequences.
The development of new technologies in the field of geodesy, TLS (terrestrial laser
scanning) and GB-InSAR (ground-based interferometric synthetic aperture radar)
opens new paths for monitoring changes in a slope surface and the material from
which it was created. These remote sensing technologies can be used on global
level to cover wide areas, but also at the local level as terrestrial or ground-based
instruments. This is very important for monitoring of cuts and steep slopes, because
it is usually virtually impossible to acquire data without properly positioned
ground-based units.

References

Alonso EE, Pineda JA, Cardoso R (2010) Degradation of marls; two case studies from the Iberian
Peninsula. In: Calcaterra D, Parise M (eds) Weathering as a predisposing factor to slope
movements, Engineering geology Special publications, vol 23. Geological Society, London,
pp 47-75

Bakker JP, Le Heux JWN (1946) Projective-geometric treatment of O. Lehmann’s theory of
the transformation of steep mountain slopes. Proc Koninklijke Nederlandse Akademie van
Wetenschappen (KNAW) 49(5):533-547

Bryson LS, Gomez-Gutierrez IC, Hopkins TC (2012) Development of a new loss slake durability
index for compacted shales. Eng Geol 139-140:66-75

Buocz I, Rozgonyi-Boissinot N, Gordg P, Torsk A (2010) Laboratory determination of direct shear
strength of granitoid rocks; examples from the host rock of the nuclear waste storage facility of
Bataapati (Hungary). Cent Eur Geol 53(4):405-417

Calcaterra D, Mario Parise M (2010) Weathering as a predisposing factor to slope movements: an
introduction, Engineering geology Special publications, vol 23. Geological Society, London,
pp 1-4

Ciantia MO, Castellanza R (2016) Modelling weathering effects on the mechanical behaviour of
rocks. Eur J Environ Civil Eng 20(9):1054-1082

Ciantia MO, Castellanza R, Crosta GB, Hueckel T (2015) Effects of mineral suspension and dis-
solution on strength and compressibility of soft carbonate rocks. Eng Geol 184:1-18

Erguler ZA, Ulusay R (2009) Water-induced variations in mechanical properties of clay-bearing
rocks. Int J Rock Mech Min Sci 46:355-370

Ferrigno F, Gigli G, Fanti R, Intrieri E, Casagli N (2017) GB-InSAR monitoring and observa-
tional method for landslide emergency management: the Montaguto earthflow (AV, Italy). Nat
Hazards Earth Syst Sci 17:845-860. https://doi.org/10.5194/nhess-17-845-2017

Fisher O (1866) On the disintegration of a chalk cliff. Geol Mag 3:354-356

Fookes PD, Gourley CS, Ohikere C (1988) Rock weathering in engineering time. Q J Eng Geol
21:33-57

Gautam TP, Shakoor A (2013) Slaking behavior of clay-bearing rocks during a one-year exposure
to natural climatic conditions. Eng Geol 166:17-25

Gokeeoglu C, Ulusay R, Sonmez H (2000) Factors affecting the durability of selected weak and
clay-bearing rocks from Turkey, with particular emphasis on the influence of the number of
drying and wetting cycles. Eng Geol 57:215-237


https://doi.org/10.5194/nhess-17-845-2017

370 P. Miscevi¢ et al.

Gorog P, Torok A (2007) Slope stability assessment of weathered clay by using field data and com-
puter modelling: a case study from Budapest. Nat Hazards Earth Syst Sci 7:417-422. https://
doi.org/10.5194/nhess-7-417-2007

Hawkins AB (2015) Splitting of mudrocks/shales by gypsum growth. In: ISRM Congress 2015
Proceedings - Int’l symposium on rock mechanics

He M (2014) Latest progress of soft rock mechanics and engineering in China. J] Rock Mech
Geotech Eng 6(3):165-179

Huisman M (2006) Assessment of rock mass decay in artificial slopes. Ph.D. thesis, Delft
University of Technology and University of Amsterdam

Huisman M, Hack HRGK, Nieuwenhuis JD (2006) Predicting rock mass decay in engineering
lifetimes: the influence of slope aspect and climate. Environ Eng Geosci 12(1):39-51

Huisman M, Nieuwenhuis JD, Hack HRGK (2011) Numerical modelling of combined erosion and
weathering of slopes in weak rock. Earth Surf Process Landf 36:1705-1714

Hutchinson JN (1998) A small-scale field check on the Fisher-Lehmann and Bakker-Le Heux cliff
degradation models. Earth Surf Process Landf 23:913-926

ISRM (1978) Suggested methods for the quantitative description of discontinuities in rock mass.
Int J Rock Mech Min Sci Geol Abstr 15(6):319-368

Kollios A (1993) Geosynthetic design for erosion control of hard marls. In: Anagnostopoulos A
et al (eds) Proceedings of an international symposium Geotechnical engineering of hard soils —
soft rocks, vol 2. Balkema, Rotterdam, pp 1285-1288

Kordi¢ B (2014) Development of three-dimensional terrestrial laser scanning method for determin-
ing and analyzing of landslide surface movements. PhD thesis, Faculty of Geodesy, University
of Zagreb, Zagreb

Kossev N (1990) Destruction of rock slopes as a result of deterioration. In: Sixth Int. congress of
engineering geology, Amsterdam, Netherlands

Lana MS (2016) Some reflections about engineering behavior of schists and phyllites in Brazil. In:
II Specialized Conference on soft rocks, Cartagena, Colombia

Lehmann O (1933) Morphologische Theorie der Verwitterung von Steinschlagwinden.
Vierteljahrsschr Naturforsch Gesellschaft Zurich 78:83-126

Martinez-Bofill J, Corominas J, Soler A (2004) Behaviour of the weak rock cut slopes and their
characerization using the results of the slake durability test. In: Proc Engineering geology for
infrastructure planning in Europe — a European perspective. Springer, New York, pp 405-413

Miscevi¢ P (1998a) Effect of drying and wetting on mechanical characteristics of Eocene flysch
marl. In: Mari¢ B, Lisac Z, Szavits-Nossan A (eds) Proc. XIth Danube Europian conf. on soil
mech. and geotech. eng., Porec¢, Croatia, pp 737-741

Miscevi¢ P (1998b) The investigation of weathering process in Eocene flysch. In: Evangelista A,
Picarelli L (eds) Proc. Second Int. Sym. on hard soils-soft rocks, Naples, Italy, pp 267-272

Miscevi¢ P, Vlastelica G (2009) Shear strength of weathered soft rock — proposal of test method
additions. In: Proc. Reg. Sym. on Rock Eng. in Diff. Gr. Cond. — Eurock 2009, Cavtat, Croatia.
CRC Press/Balkema, Leiden, pp 303-308

Miscevi¢ P, Vlastelica G (2010) Shear strength of artificially weathered marl. In: Proc. Reg.
Sym. on Rock Mechanics in Civil and Environmental Engineering — Eurock 2010, Lausanne,
Switzerland. CRC Press/Balkema, Leiden, pp 119-122

Miscevic¢ P, Vlastelica G (2011) Durability characterization of marls from the region of Dalmatia,
Croatia. Geotech Geol Eng 29(5):771-781

Miscevi¢ P, Vlastelica G (2012) Time-dependant stability of slopes excavated in marl. Gradevinar
64(6):451-461

Miscevi¢ P, Vlastelica G (2014) Impact of weathering on slope stability in soft rock mass. J Rock
Mech Geotech Eng 6(3):240-250

Oldecop L, Alonso E (2012) Modelling the degradation and swelling of clayey rocks bearing
calcium-sulphate. Int J Rock Mech Min Sci 54:90-102

Petrie G, Toth CK (2008) Introduction to laser ranging, profiling and scanning. In: Shan J, Toth CK
(eds) Topographic laser ranging and scanning: principles and processing. CRC Press/Taylor &
Francis, London, pp 1-28


https://doi.org/10.5194/nhess-7-417-2007
https://doi.org/10.5194/nhess-7-417-2007

12 Degradation Processes in Civil Engineering Slopes in Soft Rocks 371

Pineda JA, Alonso EE, Romero E (2014) Environmental degradation of claystones. Geotechnique
64(1):64-82

Roje-Bonacci T (1996) The landslides on old high cut-offs in the Mediterranean karst. In: Senneset
K (ed) Landslides. Balkema, Rotterdam, pp 1163-1168

Roje-Bonacci T (1998) Parameter changes after weathering of soft rock. In: Proc. Sym. on hard
soils-soft rocks, Naples, Italy, 12—14 oct 1998, pp 799-804

Roje-Bonacci T, Miicevié P, Stevani¢ D (2009) Rock-slides on road cuttings in the Dinaric karst
of Croatia: processes and factors. Environ Geol 58:359-369

Sadisun IA, Shimada H, Ichinose M, Matsui K (2005) Study on the physical disintegration char-
acteristics of Subang claystone subjected to a modified slaking index test. Geotech Geol Eng
23:199-218

Sestanovi¢ S, Stambuk N, Samardzija I (1994) Control of the Stability and Protection of Cut
Slopes in Flysch. Geolog Croat 47/1:139-148

Teza G, Galgaro A, Zaltron N, Genevois R (2007) Terrestrial laser scanner to detect landslide
displacement fields: a new approach. Int J Remote Sens 28:3425-3446

Torsk A, Barsi A, Bogoly G, Lovas T, Somogyi A, Gérdg P (2018) Slope stability and rockfall
assessment of volcanic tuffs using RPAS with 2-D FEM slope modelling. Nat Hazards Earth
Syst Sci 18(2). https://doi.org/10.5194/nhess-18-583-2018

Ulusay R, Hudson JA (2007) The complete ISRM suggested methods for rock characterization
testing and monitoring: 1974-2006. Comission on Testing Methods, ISRM, Lisbon

Vivoda Prodan M, Mileusni¢ M, Mihali¢ Arbanas S, Arbanas Z (2016) Influence of weather-
ing processes on the shear strength of siltstones from a flysch rock mass along the north-
ern Adriatic coast of Croatia. Bull Eng Geol Environ 76:695-711. https://doi.org/10.1007/
$10064-016-0881-7

Vlastelica G (2015) The influence of weathering on durability of cuts in soft rock mass. PhD thesis,
Faculty of Civil Engineering, Architecture and Geodesy, University of Split, Split

Vlastelica G, MiScevi¢ P, Fukuoka H (2014) Rockfall monitoring by terrestrial laser scanning -
case study of the Rock Cliff at Duce, Croatia. In: Mihali¢ S, Arbanas 7 (eds) Landslide and
flood hazard assessment, Proc. of the first regional symposium on landslides in the Adriatic-
Balkan region. Faculty of Mining, Geology and Petroleum Engineering, University of Zagreb
and FCE, University of Rijeka, Zagreb, pp 51-55

Vlastelica G, Miscevi¢ P, Pavi¢ N (2016a) Testing the shear strength of soft rock at different stages
of laboratory simulated weathering. Gradevinar 68(12):955-966

Vlastelica G, Miscevi¢ P, Fukuoka H (2016b) Monitoring of vertical cuts in soft rock mass, defin-
ing erosion rates and modelling time-dependent geometrical development of the slope. In:
Ulusay R et al (eds) Rock mechanics and rock engineering: from the past to the future. Taylor
& Francis Group, London, pp 12491254

Vlastelica G, Pikelj K, Kordi¢ B (2017) Erosional processes acting on coastal cliffs in the Split
urban zone, Croatia. In: Proc. of the fourth Coastal and Maritime Mediterranean Conference,
Split, Croatia, pp 79-84. https://doi.org/10.5150/cmecm.2017.015

Vlastelica G, Mis&evié P, Stambuk Cvitanovié¢ N (2018a) Durability of soft rocks in Eocene flysch
formation (Dalmatia, Croatia). Eng Geol 245:207-217

Vlastelica G, Mi§€evi¢ P, Stambuk Cvitanovi¢ N, Glibota A (2018b) Geomechanical aspects of
remediation of quarries in the flysch: case study of abandoned quarry in Majdan. In: Litvinenko
V (ed) Proceedings: Geomechanics and geodynamics of rock masses. Taylor & Francis Group,
London, pp 1585-1590

Wittke W (1990) Rock mechanics. Theory and applications with case histories. Springer, Berlin

Yavuz H, Altindag R, Sarac S, Ugur I, Sengun N (2006) Estimating the index properties of dete-
riorated carbonate rocks due to freeze—thaw and thermal shock weathering. Int J Rock Mech
Min Sci 43:767-775

Yin Y, Zhang BY, Zhang JH, Suna GL (2016) Effect of densification on shear strength behavior
of argillaceous siltstone subjected to variations in weathering-related physical and mechanical
conditions. Eng Geol 208:63-68

Zhang BY, Zhang JH, Sun GL (2012) Particle breakage of argillaceous siltstone subjected to
stresses and weathering. Eng Geol 137-138:21-28


https://doi.org/10.5194/nhess-18-583-2018
https://doi.org/10.1007/s10064-016-0881-7
https://doi.org/10.1007/s10064-016-0881-7
https://doi.org/10.5150/cmcm.2017.015

	Chapter 12: Degradation Processes in Civil Engineering Slopes in Soft Rocks
	12.1 Introduction
	12.2 Weathering of Soft Rocks
	12.2.1 Physical Weathering Processes
	12.2.1.1 Wetting and Drying
	12.2.1.2 Slaking
	12.2.1.3 Suction
	12.2.1.4 Insolation
	12.2.1.5 Freeze and Thaw
	12.2.1.6 Crystallisation
	12.2.1.7 Stress Release
	12.2.1.8 Swelling

	12.2.2 Chemical Weathering Processes
	12.2.3 Weathering Intensity
	12.2.4 Time-Dependent Slope Stability

	12.3 Deterioration of Soft Rock Slopes
	12.3.1 Relaxation
	12.3.2 Weathering on Slopes
	12.3.3 Erosion

	12.4 Slope Stability in Engineering Timescale
	12.4.1 Slope Degradation Models
	12.4.1.1 Fisher–Lehmann Model
	12.4.1.2 Bakker–Le Heux Model

	12.4.2 Change in Shear Strength Due to Degradation

	12.5 Monitoring of Soft Rock Slopes
	12.5.1 Methodology for Detecting Changes in Slope Morphology
	12.5.2 Presentation of Results as Input to Degradation Models

	12.6 Conclusions
	References


