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Abstract
Argillaceous rocks can display a wide range of durability behavior after
excavation and in cut slopes. This Text-Tool describes a new classification
of argillaceous rocks based on their textural characteristics, highlighting
the importance of properly classifying this type of rocks in order to predict
the cut slope deterioration rates. Three main components of the
classification scheme are the clastic framework, the fine-grained matrix,
and the cementing agent. Unlike other schemes, the unlithified argilla-
ceous sediments are included as well. The names proposed for the rocks
broadly follow the existing nomenclature used in petrographic classifica-
tions. The durability of some argillaceous rock types has been assessed by
taking into account a set of degradation features of the excavated slopes. It
has been observed that the ratios of these textural components exert a
strong control on the long-term durability of slopes.
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1 Introduction

Argillaceous rocks are frequent in the nature, and
form around two-thirds of the stratigraphic col-
umn (Blatt 1982) and about one third of all rocks
exposed at the earth surface (Franklin 1983).
Although strictly speaking an argillaceous rock
is a rock made of clay, in its practical usage, it
has a broader meaning and it is equivalent to
terms such as lutite or mudrock, and encom-
passes many fine-grained sedimentary detrital
rocks such as argillite, claystone, siltstone,
mudstone, shale, clay shale, or marl (Potter et al.
2005), whose predominant constituent are silt
and/or clay-sized particles, coming from preex-
isting rocks. Thus, the mineralogy of the
argillaceous rocks is controlled by the source of
the sediment and the conditions of the deposi-
tional environment. Typical clastic components
are quartz, feldspar, and phyllosilicates such as
mica, chlorite, illite, and other clay minerals, and
they may contain significant amounts of chemi-
cally precipitated cement such as calcium car-
bonate, silica, iron oxide, among others. During
diagenesis, compaction and cementation trans-
form sediment into a rock. This is an ongoing

process involving the progressive reduction of
void space and the crystallization of authigenic
minerals that results in an increase in strength
and decrease in compressibility and permeabil-
ity. This process is summarized by Czerewko
and Cripps (2006).

Argillaceous rocks display a contrasting
behavior in construction works. Blasting is often
required to excavate these rocks, but the newly
excavated slope surfaces may experience physi-
cal weathering and disintegrate in a short span of
time. The shallow, progressive, physical, and
chemical alteration of rock material and its sub-
sequent detachment and removal or redistribution
by transport agents is defined as deterioration
(Nicholson 2004). Listric joints may develop
parallel to the slope face being a main source of
instability. The exposed rock surface may expe-
rience swelling and breakdown facilitating the
erosion and compromising the appropriate per-
formance of the remedial and/or stabilization
measures (Fig. 1a). When interbedded layers of
limestone, sandstone, or conglomerate are pre-
sent, disaggregation of the argillaceous rock
results in overhangs, which may produce topples
and failures, especially if vertical joints parallel
to the slope face exist (Fig. 1b). However, the
described behavior cannot be generalized, and
some road cuts in argillaceous rocks may remain
virtually unweathered without signs of degrada-
tion for years. Although surface deterioration of
cuts is perceived as minor slope instability pro-
cess, it affects the safety of the users (highways,
high-speed railways …) and generates costly
maintenance works (Martinez-Bofill et al. 2004).

This contrasting behavior has attracted the
interest of engineers involved in the design, con-
struction, and maintenance of embankments, road
cuts, and tunnels. In fact, most themaintenance cost
is due to the inability to accurately identify and
classify these rocks and anticipate their behavior.
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2 Characterization of the Durability
of Argillaceous Rocks

The successful construction and performance of
engineeringworks in argillaceous rocks depends on
correctly anticipating the long-term behavior of
these particularmaterials.Manyattempts havebeen
made to classify and characterize the argillaceous
rocks in order to predict their behavior. Despite all
this work, standard rock tests have found to be
unsuitable to properly characterize the long-term
behavior for most of argillaceous rocks and its
durability (Czerewko and Cripps 2006; Nickmann
et al. 2006, 2010). The reason is that routine
geomechanical tests are oriented to determine rock
strength or the capability to withstand loads but
they are not primarily focused to assess the sus-
ceptibility of the rock toweaken upon exposure and
disintegrate along time. In other words, they are not
designed to assess the durability.

Different tests have been proposed to assess
rock durability. The most widely used are the
slake durability test (SDT) (Franklin and Chan-
dra 1972) and the jar test (Wood and Deo 1975)
which aim at determining the effects of alternate
drying and wetting on the durability of soil and
rock. Although these tests may be useful for
assessing the short-term performance of certain
argillaceous rocks, the extensive experience on
their performance indicates that their results are

far from yielding fully satisfactory results in the
characterization of the long-term durability of
argillaceous rocks (Nickmann et al. 2006). This
is attributed to the fact that durability is not
dependent on a single property but on combina-
tion of parameters such as the porosity, com-
pressive strength (expression of the bond
strength of the matrix), grain size distribution,
texture (grain or matrix supported), mineralogical
constituent, degree of cementation, and stress
history (Santi 1998; Czerewko and Cripps 2006;
Nickmann et al. 2006; Martinez-Bofill 2011).

The mineralogy (Grainger 1984), particularly
expansive clays (Dick and Shakoor 1992, 1997)
and the cementation (Shakoor and Brock 1987),
are widely accepted as important factors con-
trolling the deterioration of the rock cuts. Con-
sequently, it might be possible to establish a
relationship between the mineralogical con-
stituent, the cement content, and the durability of
the argillaceous rocks.

3 A Classification
Scheme for Argillaceous Rocks

Mineralogical content and cementation have
been identified as key factors that control the
long-term behavior of the weak rocks after their
exposure.

Fig. 1 Left a Differential weathering along a road at
Cantavieja, Teruel Spain. Spalling and disaggregation of
the mudstones have generated overhangs in the sandstone
layers which eventually fail. Right b Cut slope surface

deterioration at Ormaiztegi, Spain. The argillaceous rock
decomposes around the bolt thus preventing its proper
operation
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We present here a new classification scheme
of the argillaceous rocks, which is based on the
rock texture and accounts specifically for the
bonding constituent (Corominas et al. 2015).
This classification does not attempt to replace the
existing and widely accepted terms. It also does
not intend to change the established proportions
of the constituents of the argillaceous rocks and
soils. The nomenclature consists of root names
which combine information on grain size (grain
framework, matrix) and the amount of cementing
agent. To classify a sample, one needs to

determine the content of clastic framework (sand
size), matrix, and cement.

The proposed scheme (Fig. 2) is based on a
ternary plot in which the vertices are sand-size
content (between 0.032 and 2 mm), mud-size
content (<0.032 mm), and cement (calcium car-
bonate). The boundary of 0.032 mm is the one
proposed by Dott (1964), Hallsworth and Knox
(1999), and USGS (2004). It is also found as a
practical boundary for visually identifying indi-
vidual grains using a petrographical microscope.
Smaller-sized grains often appear overlapped in

Fig. 2 Proposed textural classification of the argillaceous rocks (Corominas et al. 2015)

424 J. Corominas et al.



thin sections and may be subjected to misinter-
pretations. A detailed explanation about how
boundaries and names were selected can be
found at Corominas et al. (2015).

The scheme includes the boundary proposed
by Dott (1964) between arenites, mudstones, and
wackes. Usually, most of wackes are classified as
shales or mudstones in the field. No distinction
has been made on whether the grain framework
is mostly siliciclastic, carbonate, or other.

The term mud and mudstone is given to sed-
iments and rocks containing at least 75% of
fine-grained constituent. Mixtures of mud with
sand with the former ranging between 75 and
15% are named wackes. The predominance of
fine components (up to 65%) or sandy compo-
nents (up to 60%) qualifies wackes as muddy
wacke or sandy wacke, respectively.

Cement is the textural constituent of the pro-
posed classification not considered in other
classification schemes. Cement is a fundamental
rock constituent that determines the strength and
makes the difference between soils and rocks.
Cement is usually calcium carbonate (calcite) or
calcium magnesium carbonate (dolomite). How-
ever, cementing agents of a different composition
(i.e., silica, iron oxide) may also be present.

The proposed classification (Fig. 2) estab-
lishes the boundary between sediments and rocks
ranging between 4 and 15% of cement content.
At the other extreme of the plot, a 48% of
cementing agent content has been taken to define
the boundary between detritical rocks and
chemical sedimentary rocks. In chemical sedi-
mentary rocks, the cementing agent can be found
not only as a post-sedimentary phase, but also
having been formed during the sedimentation.

4 Quantifying the Constituents
of the Argillaceous

Determining the components of the proposed
classification scheme is not straightforward,
because they cannot be mechanically separated.
The composition of terrigenous clastic con-
stituents can be determined reliably with the pet-
rographic microscope and by X-ray diffraction.

Fine matrix has a size smaller than 32 lm and
may be identified in the microscope as well.
However, the distinction between matrix and
cement can be only achieved if the cement crystals
are bigger than 32 lm (i.e., sparite in carbonate
cemented rocks). Smaller crystals (microsparite
and micrite) are unresolvable for quantitative
analysis with the petrographic microscope, and
the cement cannot be distinguished from the
matrix. In order to overcome this uncertainty and
determine the composition of the argillaceous
rocks, the following procedure (Fig. 3 left)
developed for rocks containing carbonate cement is
proposed (Martinez-Bofill 2011). This procedure
may be adapted for the quantification of the com-
ponents of the argillaceous rocks indurated with
other cementing agents (i.e. silica, iron oxides):

• First, the terrigenous clastic framework, the
matrix content, and sparite cement (>32 lm)
are determined in the optical microscope on
thin sections of rock samples, provided with a
point counter. Mineral constituents are
obtained by counting each mineral occurrence
along a series of traverse line across the thin
section (Fig. 3 right). All clasts are identified
and counted using the polarizing microscope.
The terrigenous framework is mostly com-
posed of siliciclastic constituents although it
may contain clasts of calcium carbonate
composition (i.e., limestone fragments, bio-
clasts). The terrigenous framework is then
divided between carbonate clasts (limestone
fragments, bioclasts) and the rests (mostly
quartz, feldspars, and lithic fragments). We
recommend to carry out between 1000 and
2000 counts per each analyzed thin section.
The petrographical microscope allows to
identify textures (homogeneous and heteroge-
neous) as well as grain size, grain distribution
and any textural features that can’t be observed
with XRD and other mineralogical techniques.

• The total amount of carbonate content of the
sample is determined with the Bernard cal-
cimeter method (ASTM D4373). The total
carbonate content includes both carbonate
clasts and carbonate cement. By subtracting
the amount of carbonate clasts from the total
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carbonate, the total amount of cement is
obtained. The latter is composed of sparite
carbonate crystals (>32 lm) and microsparite
and micrite (<32 lm) which are included
within the matrix. The micrite content which
is unresolvable with the petrographic micro-
scope is obtained by subtracting the sparite
content from the total cement.

• The fine-grained matrix contains all con-
stituents smaller than 32 lm including the
micritic cementing agent. The amount of silt
and clay (mud) constituents is obtained by
subtracting the microsparite and micrite con-
tent from the total amount of matrix.

We have checked the results obtained with the
X-ray powder diffraction (XRD) technique,
which is a common and rapid analytical tech-
nique used for mineral identification. It yields the
mineralogical composition of the whole rock.

This is especially useful for determining the fine
grained minerals that compose the matrix and
cannot be identified by using the microscope.
The amount of minerals can be determined by the
semiquantitative Rietveld analysis of X-ray
powder diffraction, (Young 1993). The
Rietveld XRD accurately determines and quan-
tificafies the mineral species present in the rock
although no information is provided on whether
these minerals are part of the terrigenous frame-
work or of the fine-grained matrix.

5 Performance of the Classification
Scheme of the Argillaceous Rocks

The aim of this classification is to provide a
concise and systematic method for designating
various types of rocks, and also enable to derive
durability properties.

Fig. 3 Left procedure for determining the textural components of the argillaceous rocks. Right determination of the
clastic framework, matrix and cement bigger than 32 µm in the petrographic microscope
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The potential of this classification in predict-
ing the durability of the argillaceous rocks was
assessed by analyzing the mid/long-term behav-
ior (between 2 and 30 years) of cut slopes
excavated in different argillaceous rock forma-
tions of Catalonia and Basque Country in Spain.

The analysis consisted of confronting the
qualitative description of the deterioration fea-
tures of the cuts (accounting for the time elapsed
since its excavation) with both the slake dura-
bility index (SDI) and the textural composition of
intact rock samples collected in the cuts. The
samples cover a wide range of argillaceous rock
compositions, and were obtained taking into
account the following factors: (i) presence of
either marine or continental formations;
(ii) lithological variety such as mudstones, marls,
and shales, in order to assess the influence of the
mineralogical and textural components; (iii) ab-
sence or a low degree of structural deformation
of the layers and, whenever possible, the absence
of expandable clays to avoid the inclusion of
factors that may generate additional scattering in
the assessment of the durability of the materials.

5.1 Field Characterization of the Cut
Slopes

The cut slopes were first grouped based on their
deterioration stage, which are defined using the
following descriptors (Martinez-Bofill et al.
2004) (Fig. 4):

5.2 Petrographic and Mineralogical
Characterization

The petrographic and mineralogical characteri-
zation was performed following the procedure
described at Sect. 4. As mentioned above, the
procedure to quantify the textural components
has some uncertainty due to the assumptions
made for the quantification of the cementing
agent. It is noticeable that despite most of the
samples have been classified in the field as
mudstones and shales, only a few of them fulfil
the requirement of having more than 75% of
fine-grained constituents.

The main textural feature that can be identi-
fied at first sight during the microscope obser-
vation or even at nude eyesight in the
counterlight is the homogeneity. Samples may be
homogeneous or heterogeneous (Martinez-Bofill
et al. 2008): homogeneous textures are charac-
terized by a regular and uniform grain-size and
matrix distribution, without remarkable dis-
turbing signs (Fig. 5a). Conversely, heteroge-
neous textures show a pattern of different types
of textures and grain size distribution (Fig. 5b).

The most distinctive features that classify
homogeneous textures are grain size distribution
that can be coarse (sandy) or fine (muddy), or
presence of fine matrix between coarse clasts
(wacky). Fine-grained matrix can be bonded
either by micrite or sparite crystals or both.
Matrix may also be indurated but not cemented,
composed by silt and clay without carbonate
cement. The heterogeneous textures are charac-
terized by the presence of clusters of either
coarse grains or fine grained matrix.

5.3 Characterization of the Durability

All the samples were tested using a standard
slaking test to characterize their durability. The
procedure followed was the slake durability test
(Franklin and Chandra 1972, ASTM D4644) up
to five cycles.

Samples extracted from cut slopes classified
as deterioration stages 1 and 2 have homoge-
neous coarse and sandy wacke texture and yield
slake durability indexes (SDI) higher than 90%
for the two-cycle test. These samples correspond
to wackestones, with a high content of sandy
grains and, commonly, a grain-supported texture
and carbonate bonding. Conversely, samples
displaying two-cycle SDI smaller than 60% were
obtained from cut slopes with deterioration
stages 4 or 5. These samples correspond to rocks
with both homogeneous and heterogeneous
muddy textures (Martinez-Bofill et al. 2008).

However, results show that no unique SDI
range of values can be assigned to a specific
deterioration stage. Despite the fact that several
classification schemes consider those rocks
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Stage 1: Intact cut slope. Blast holes are 
fully visible. Intact or virtually intact 
excavated slope surface. The slope is 
stable  and  only  sporadic  rockfalls  occur
More than 20 years after its excavation..

Stage 2: Slightly weathered slope surface. 
Fissures and spheroidal exfoliation cracks 
may appear after some years. It is an 
overall stable slope. Local (small size) 
rockfalls occur associated to scattered 
listric joints. Blast holes are observable 
for most of the length. The original profile 
of the excavated slope is kept in average. 
Unweathered rock chips of a few 
centimeters in length may accumulate at 
the bottom of the slope

Stage 3: Weathered slope surface. The 
excavated surface loses the rocky 
appearance with time. Spalling and 
disintegration of the rock surface takes 
place in less than 10 years. Blast holes are 
poorly preserved. Frequent small size 
slides and falls occur through listric joints 
(curved) generated after the excavation. 
Debris starts accumulating at the slope 
foot. The accumulated material 
decomposed up to sand size and rarely to 
smaller sizes. Generally stable but 
receding slope.

Fig. 4 Deterioration features observed in selected excavated slopes. The period of time during which these
deterioration features are generated reduces from stages 1 to 5
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displaying two-cycle SDI over 80% as durable
rocks (Franklin and Dusseault 1989; Sadisun
et al. 2005; Santi 2006), in our study area high
SDI values do not guarantee the presence of
intact slopes on the mid/long term. High values
(>90%) of the SDI may also be found in cuts
with deterioration stages 1–4, indicating that in
the study area, the SDI is unable to adequately
predict whether any particular slope will evolve
towards deterioration stages 3 and 4 or it will
remain unweathered. The lack of sensitivity of
the two-cycle SDT to the rock durability (here, to
the cut slope behavior) has been observed by
several researchers (Taylor 1988; Moon and

Beattie 1995; Gökçeoglu et al. 2000; Erguler and
Shakoor 2009).

5.4 Analysis of the Influence
of Textural Composition
in Durability

The cut slope degradation stages have been
contrasted against the textural composition of the
exposed argillaceous rocks. The results have
been split considering homogeneous and
heterogeneous rock textures (Fig. 6a, b).

Stage 4: Heavily  weathered slope surface. 
Six   years   after   its   excavation,  intense 
slaking of the rock surface is observed and 
tendency   to  form  regolith.    Continuous 
slaking and falling of chunks prevent the 
slope from rock falls. Weathered rock 
surface (regolith) may reach depths up to 
several decimeters. Original rock structure 
cannot be recognized at the slope face.
Blast holes have virtually disappeared. 
Erosion and gullying often appear at the 
slope surface. Fallen debris easily 
decomposes to silt-clay size fragments. 
Receding slope profile. Steep slopes tend 
to be unstable.

Stage 5: Slope composed of poorly 
indurated silt and clay. Steep slopes are 
unstable with frequent rotational failures. 
Gullying develops even with low slope 
angles.

Fig. 4 (continued)
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5.4.1 Slopes in Homogeneous
Argillaceous Rocks

Slopes excavated in sandy wackes consistently
show few deterioration features while the slopes
excavated in mudstones and muddy wackes
deteriorate easily and are highly erodible and

show instability features. In that respect, the
response of the texturally homogeneous argilla-
ceous rocks (Fig. 6a) shows a contrasting
response and has a reasonable correspondence
with the deterioration stage of the excavated
slopes.

Fig. 6 Distribution of the samples showing homoge-
neous textures (left, a) compared to samples with
heterogeneous texture (right, b) from the analyzed cut

slopes and their relation to the slope deterioration stages
plotted on the classification scheme proposed in
this paper

Fig. 5 Left a homogeneous texture in thin section: wacky texture, composed of sand sized quartz grains with
fine-grained cemented matrix. Right b heterogeneous texture in thin section: heterogeneous muddy predominant
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5.4.2 Slopes in Heterogeneous
Argillaceous Rocks

The texturally heterogeneous slopes (Fig. 6b) are
more degradable than the homogeneous ones. It
is suggestive that heterogeneity, and particularly
the uneven distribution of the grain, favors on
one hand the existence of preferential flow paths
(highly connected porosity or permeability)
which allows the penetration of the weathering
agents into the rock and on the other hand the
cementing agents are unable for accessing the
fine-grained clusters.

The results obtained so far, show that the
proposed classification scheme is capable to
explain the mid-long term road cut evolution:
However, there exist additional factors that can
influence the actual performance. Therefore, for
the use of this classification scheme and for the
interpretation of the results, the following factors
should be taken into account:

• The proposed classification is based on the
behaviour of rocks with absence or a low
degree of tectonic deformation and with a low
content of expansive clays. These factors may
generate additional scattering in the assess-
ment of the durability of the materials.

• Furthermore, other well-known factors
affecting rock durability such as the con-
nected porosity or the presence of soluble
minerals have not been considered in the
scheme either.

• The excavation process disturbs the rock
mass by releasing confinement and causing
expansive recovery and cracks (Gerber and
Scheidegger 1969; Nichols 1980). This
makes the rock more susceptible to the
environmental conditions particularly to
moisture and temperature changes.

• The relationship between cement content and
durability is complex. The results show that
the increase in content of the calcium car-
bonate cement in the different types of
wackestones does not result in a significant
reduction of the deterioration of the excavated
slope face. Instead, the analysis of the textural
diagrams suggests that the clastic framework
and the fine-grained matrix ratio is what

control the efficiency of the bonding and
consequently, the durability of the argilla-
ceous rocks.

In summary, further work is still needed on
the role of factors not considered in the classifi-
cation scheme and on how to integrate them.
Despite of this, texturally homogeneous argilla-
ceous rocks have shown a satisfactory corre-
spondence with the long-term performance of the
excavated slopes.

6 Conclusion

This Text-Tool describes a new classification of
argillaceous rocks based on their textures. This
highlights the importance of properly classifying
this type of rocks in order to explain the mid-long
term deterioration behaviour of the cut slopes.
Although the texture and the mineralogical
composition of the argillaceous rocks are
well-known factors controlling their durability
(i.e., Gökçeoglu et al. 2000; Sadisun et al. 2005),
the textural-based classification scheme pre-
sented here provides a quantitative measure of
the texture and unlike other classification
schemes, the cementing agent has been included.
Three components form the basis for the classi-
fication: the clastic framework, the fine-grained
matrix, and the cement content.

To implement this classification, quantitative
petrographical and mineralogical analysis is
required to determine the textural components, by
using an optical microscope and supported with
semi-quantitative Rietveld mineralogical analysis
based on X-ray powder diffraction. This proce-
dure might appear time-consuming and expensive
for the durability analyses of the rock. However,
this drawback is not more restrictive than other
mechanical analysis (i.e., UCS, triaxial tests)
routinely performed in engineering projects.

The analysis of the behavior of the argilla-
ceous rocks in different excavated slopes in
Spain shows that road cuts in sandy wackes
consistently show minor deterioration features
while the slopes excavated in muddy wackes and
mudstones deteriorate more rapidly, are highly
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erodible, and produce frequent falls. Texturally
homogeneous sandy wackes, wackes, and muddy
wackes are mostly associated with slope deteri-
oration stages 2, 3, and 4–5, respectively.

The relationship between the cement content
and the durability of the rock is complex. Results
suggest that the ratio between the clastic frame-
work and the fine-grained matrix exerts a strong
control on the durability of the argillaceous rock.
The increase of cementing agent beyond a certain
amount does not result in an improvement of the
durability.

Argillaceous rocks showing heterogeneous
textures are less durable. We interpret that
heterogeneity favors the existence of preferential
flow paths where the weathering agents can
penetrate more easily and the presence of
fine-grained clusters where the cementing agents
are less effective.

The proposed classification scheme provides a
first order estimate of the mid-long term behavior
of argillaceous rock cuts but there are still
shortcomings that need to be overcome with
future research. There are a variety of factors that
are not considered as the presence of either
expansive or soluble minerals, the stress history
of the rock, the effect of textural heterogeneity,
among others. The influence on durability of the
different types of cementing agents (calcite, sil-
ica, iron oxide, etc.) also has to be addressed in
future investigations.

In the study area, the proposed classification
scheme performs more satisfactorily than the
two-cycle SDT in assessing the potential of the
slopes to deterioration. Rock samples having
two-cycle SDT values higher than 90% are
associated to cuts showing a wide range of
deterioration stages (from stage 2 to 4).
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