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Abstract

Compressive strength is the most widely used design parameter in the construction industry and in rock engineering. For
example, Bieniawski [Bieniawski, Z. T., Estimating the strength of rock materials, Is. J. S. Afr. Inst. Min. Metall., 1974, 74, 312±
320.] reported that mining engineers request the uniaxial compressive strength (UCS) more often than any other rock property.

However, standards set for specimen preparation are very demanding. Therefore it is quite di�cult and sometimes impossible to
ful®ll these requirements using weak rocks and especially shales. This paper evaluates the use of the slake durability and Shore
hardness tests to estimate UCS, based on laboratory correlations performed for this study and others and based on analysis of

structural and physical material properties a�ecting both strength and durability. # 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The method for measuring the uniaxial com-
pression strength has been standardized by both the
ASTM [2] and ISRM [3]. It involves coring of rock
blocks using an NX-size (54 mm) diamond bit.
Unfortunately, existence of shale in many di�erent
forms ranging from soft mudstone to metamor-
phosed hard slate makes sample collection and prep-
aration rather di�cult. Inherent weaknesses such as
®ssility as well as water solubility worsen the situ-
ation. For this reason, most of the time, shales are
not tested in detail and uniaxial compressive strength
values found from a small group of samples, which
are usually the stronger and more easily prepared
ones, are assumed to characterize a large rock mass.
In a similar manner, testing of samples collected by
incompetent sampling methods also gives unreliable
results. For example, any change in moisture content
of a sample would a�ect uniaxial compressive

strength. It has been shown that dry specimens may
be up to two times stronger than a saturated
specimen [4].

While it is tempting to design for weak rocks (e.g.
shale) as if they were soils to avoid di�cult UCS test-
ing, this usually results in overconservative design
values, which in turn causes unnecessarily high con-
struction costs.

Since measurement of the uniaxial compressive
strength of shales is time consuming and expensive [5],
we need to be able to measure strength with another
test appropriate to shales. It is believed that the slake
durability test (SDT) and Shore hardness index (SHI)
can be used to estimate UCS. These are very easy tests
to conduct because they do not require any sample
preparation and the results are repeatable providing
that operator and laboratory variation is minimized [6].
Furthermore, as will be shown, these tests are con-
trolled by many of the same physical characteristics
that control UCS.
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2. Background

2.1. General

Researchers have tried to develop empirical methods
to estimate the compressive strength of rocks by using
tests such as point load (IP), the Los Angeles abrasion,
the Schmidt hammer, the Shore hardness and slake
durability tests. These tests have less strict require-
ments for sample preparation than the UCS test and
the equipment is cheaper and less sophisticated.
Unfortunately, each of these tests has a drawback of
their own. Each test is discussed below.

The IP test consists of crushing the sample placed
between two conical loading platens. The strength is a
function of the platen load at failure. Several research-
ers have established correlations between the Ip test
and the UCS test [1, 7±10]. However, the IP test is
biased towards stronger samples and varies with the
shape of the specimen [11]. Therefore, the IP test does
not consistently measure the range of strengths exhib-
ited by a single shale material.

The Los Angeles abrasion test was developed to
measure the resistance of aggregates used in highway
construction. The test consists of placing shale aggre-
gates in a steel drum along with several steel balls and
measuring the degree of sample breakdown. Although
this is a good test to measure the resistance of an
aggregate to wear, the crushing by steel balls is con-
sidered too severe for weak rocks [12, 13]. Due to lack
of water, this test does not measure the aggregates'
reaction to water, which is a signi®cant degradation
mechanism for shales.

The Schmidt hammer is a portable test device which
imparts a known amount of energy to the rock
through a spring-loaded plunger. The rebound height
of the plunger is a function of rock strength.
Unfortunately, this test requires intact NX size core.
It is not possible to utilize chipped material or ma-
terial which readily parts along ®ssile planes, which
are common behaviors for weak rocks. Furthermore,
most of the samples used in this research cracked
when tested by a Schmidt hammer, which invalidates
the results.

The Shore scleroscope is a non-destructive, hardness
measuring device. In this test, a diamond tipped inden-
ter is vertically dropped onto the surface of a speci-
men. The height of rebound indicates relative values of
hardness (Shore hardness index, SHI) which may be
correlated to material strength. The disadvantages of
this test are that a large number of tests are required
to give a good measure of the average hardness [14]
and the measured hardness is sensitive to roughness of
the specimen surface being tested [15]. Although ®ssile,
samples tested in this research were amenable to prep-
aration of smooth test surfaces by a grinder.

In the slake durability test, the apparatus combines
the e�ects of both soaking and abrasion in order to
accelerate the rate of weathering that can be attained
by water immersion alone [16]. Samples are rotated in
a steel mesh drum partially immersed in water. The
slake durability test is advantageous because specimen
preparation which can be quite di�cult and time-con-
suming for weak rocks is not required. Furthermore,
this test is not biased towards stronger samples, since
any samples may be used. The SDT also measures a
weak rock's resistance to physical, mechanical and (to
some extent) chemical weathering which helps engin-
eers to predict the future behavior of a rock in nature.
The disadvantage of SDT is that it may take a day or
two to complete the test. Oven drying of specimens (8
to 12 h, twice) constitutes most of this time.

Based on the promise shown by test consistency,
ease of sample preparation and lack of bias toward
stronger samples, both SHI and SDT were retained for
analysis and their ability to predict UCS.

2.2. Strength and hardness

Deere and Miller [8] related the Shore hardness
index to strength and other material characteristics
(e.g. resilience, toughness and elasticity). They stated
that both hardness and toughness depend on the grain
strength and the e�ciency of the matrix as well as the
type of binding forces between atoms or molecules.
Both hardness and toughness, like strength, increase
with the magnitude of these forces.

Various researchers [8, 17±20] successfully correlated
compressive strength with Shore hardness. Judd and
Huber [17] and Gaye [19] give a linear relationship
between these two tests. Miller [18], Deere and
Miller [8] and Bamford et al. [20], on the basis of a
large number of tests found a relationship between the
log of the compressive strength and the Shore hard-
ness. Judd and Huber [17] and Deere and Miller [8]
reported correlation coe�cients of 0.71 and 0.87 (0.921
for logarithmic regression), respectively. Although the
above researchers conducted tests on a wide range of
rock types, none of them considered shales alone.

2.3. Strength and durability

Although the uniaxial compressive strength test is a
routine test and is performed frequently, there are only
a few publications [21, 22] relating this test to dura-
bility. Eigenbrod [21] investigated the change in com-
pressive strength with increasing moisture content. He
concluded that compressive strength reduction corre-
lated well with increase in water content and decreased
durability. He determined the durability of specimens
by the jar slake test in which the degree of degradation
of the sample is decided by visual comparison of it to
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the typical modes of disintegration after 24 h of soak-
ing in water (see test procedure in Ref. [23]). This cor-
relation was substantiated by the work of Augenbaugh
and Bruzewski [22]. Unfortunately, none of these
researchers developed a prediction equation for the
UCS and SDT. Bonelli [24] and Cargill and
Shakoor [5] attempted to develop this correlation.
Bonelli [24] concentrated his research on sandstones
whereas Cargill and Shakoor [5] selected a wide range
of rock types like sandstones, carbonate rocks (e.g.
limestone, dolomite and marble), and granitic rocks
(e.g. granite, syenite, etc). Cargill and Shakoor [5]
found a correlation coe�cient (r) of 0.72. While this is
a signi®cant correlation, it only applies to the narrow
range of results (96 to 100%) they obtained for the
SDT. Bonelli [24] did not use the SDT values for cor-
relation purposes, because the results he obtained were
greater than 90% on average and therefore he con-
cluded it was not possible to di�erentiate samples
based on the slake durability data. For this reason, he
hypothesized that the SDT would be useful when a
wide range of values could be obtained and this is
expected to be the case for weak or highly weathered
rocks. Similarly, Cargill and Shakoor [5] who focused
on hard rocks suggested including weak rocks for
future studies, since the range of slake durability
values would increase.

3. Scope

The purpose of this study is to identify and discuss
structural and physical properties controlling dura-
bility and strength. While other researchers focused on
structural or physical properties only, this study is di-
rected towards combining all properties together to
gain a better understanding of mechanisms.
Furthermore, the a�ect of mineralogy on strength and
durability is also discussed. The correlations derived
from the test results of SHI, UCS and SDT are evalu-
ated and the goodness of ®t of the models are
explained by using intrinsic properties of rock ma-
terial. Also, unlike previously mentioned researchers,
this research is focused on weak rocks (shale) only.

4. The factors a�ecting strength, durability and hardness

The mineralogy and the geometric arrangement
(microfabric) of particles a�ect slaking and strength of
weak rocks. The di�culty associated with shales is
that their microfabric includes features of both argil-
laceous rocks (e.g. mudstones and clayrocks) and frag-
mental rocks (composed of grains, e.g. sandstones).
Therefore, the geomechanical characteristics of shales
cannot be determined as easily as for other types of

rocks. In order to be able to predict the behavior of
shales, one has to understand the e�ect of both grains
and clay minerals on geomechanical properties of
rocks. These factors are discussed in detail below.

4.1. Granular rock material

Most of the previous work on factors a�ecting
strength of granular rocks has been done on sand-
stones. Grain size, grain shape, packing density, pack-
ing proximity, degree of interlocking, type of contacts,
amount and type of cement and matrix (if existent)
and mineralogical composition are some of the proper-
ties that have been investigated to predict the engineer-
ing behavior of such rocks. The in¯uence of each
property on strength, durability and hardness is dis-
cussed below.

4.1.1. Inherent grain size
Finer-grained sediments are more susceptible to

breakdown and at higher-rates than coarse-grained
sedimentary materials [16]. Conversely, although there
are con¯icting ®ndings, ®ne-grained samples can with-
stand higher uniaxial compressive loads [25, 26]. The
probable reason for this is the number of grain to
grain contacts is higher for ®ne-grained samples.
Therefore the applied external force is distributed over
a larger contact surface.

4.1.2. Shape of grains and grain boundaries
Rocks made of rounded grains are more durable [16]

because crystals or grains with sharp edges are exposed
to a greater degree of abrasion during the slake dura-
bility test, resulting in lower slake durability indices.
Similarly, stresses will concentrate along grain edges in
the uniaxial compression test. However, depending on
the degree of bonding between the grains, such angular
shaped particles may provide a great deal of interlock-
ing thus increasing the compressive strength. Several
researchers [26±28] reported positive correlation
between the uniaxial compressive strength and percen-
tage of angular grains. Assuming properties such as
mineralogy of grains and cement and degree of bond-
ing are the same, a rock made of angular grains should
be stronger and harder (due to better interlocking of
grains) but less durable (due to higher degree of ero-
sion) than a rock composed of rounded grains.

Grain boundaries and type of grain contacts are
likely to a�ect the strength of rock material [27, 28].
These researchers found a signi®cant positive corre-
lation between these variables and uniaxial compres-
sive strength of sandstone samples. Since sutured
contacts provide better interlocking of grains, these
type of contacts should increase the hardness and
durability of specimens also.
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4.1.3. Mineralogy of grains
Due to its abundance as a rock forming mineral,

most of the correlations established by previous
researchers consider quartz content alone. While some
researchers [26, 28, 29] found a negative relationship
between quartz content and uniaxial compressive
strength of the investigated sandstones, Handlin and
Hager [30], Bell [31] and Barbour and others [32] did
not ®nd any signi®cant correlation and suggested that
the structural interlocking of the quartz grains and not
the quartz content itself in¯uences UCS. We agree
with them. Also, while not clearly stated in the litera-
ture, it is our belief that rocks composed of quartz
grains should have a higher durability due to the
higher resistance of this mineral to mechanical
abrasion.

4.1.4. Extent and mineralogy of bonding at points of
grain contact

Bonding determines the ease with which macrofrac-
tures can propagate through the specimen by disrupt-
ing the structure and breaking the bonds within the
groundmass. Mineralogy of bonding or cementing ma-
terial is an important property that controls strength,
hardness and durability. Quartz provides the strongest
binding followed by calcite and ferrous minerals. Clay
binding material is the weakest [33]. There is not much
literature about the relationship between the mechan-
ical properties of a rock and the cement and matrix
content. Among published material, Bell [31] reported
that the strength increases proportionally with the
amount of cement. Fahy and Guccione [26] and
Shakoor and Bonelli [28] stated that the correlations
they had found between cement and strength were
insigni®cant. We believe that type of cement and
degree of bonding are more important factors than the
total percent of cement alone. Therefore it could be
misleading to investigate only one of these properties
without considering the others. Logically, a well-
bonded rock sample (e.g. with quartz or calcite
cement) should have higher strength and durability
than poorly bonded ones (e.g. with clay bonding).

4.1.5. Packing density
Bell [31] correlated packing density, which is the

space occupied by grains in a given area, with the uni-
axial compressive and tensile strengths of Fell
Sandstone. He showed that strength increased with
increasing packing density. Hoek [34] suggested that
severe interlocking of grains could occur in sedimen-
tary rocks in which grains have been tightly packed
and well cemented. This would result in a considerable
increase in the amount of applied stress required to
propagate grain boundary cracks. Doberenier and De
Freitas [35] concluded that a low packing density gen-
erally characterized weak sandstones. Shakoor and

Table 1

Correlation coe�cients (r) for petrographic properties in¯uencing

strength of granular rocks

Fahy et al.

[26]

Shakoor et al.

[28]

Ulusay et al.

[27]

Size and shape of grains

Sphericity ÿ0.947* ÿ0.16 0.12

Roundness 0.382 N/A ÿ0.71$

Mean grain size (mm) ÿ0.936* 0.22 ÿ0.04
Median grain size (mm) ÿ0.906* N/A N/A

Mean pore size (mm) ÿ0.784$ N/A N/A

Percent angular grains N/A 0.64 0.70

Mineralogy of grains

Percent chert grains 0.161 N/A N/A

Percent quartz grains ÿ0.863* ÿ0.81* 0.34

Percent quartz whole

rock

ÿ0.859* N/A N/A

Percent dolomite grains 0.131 N/A N/A

Percent organics whole

rock

0.596 N/A N/A

Percent opaque

minerals, whole rock

ÿ0.512 N/A N/A

Percent dolomite whole

rock

0.035 N/A N/A

Mineralogy of cement

Percent calcite cement 0.729$ N/A N/A

Percent quartz cement ÿ0.717$ N/A N/A

Percent dolomite

cement

ÿ0.024 N/A N/A

Percent organic cement 0.192 N/A N/A

Contact geometry

Percent intergrown

contacts

ÿ0.918* N/A N/A

Percent sutured

contacts

N/A 0.70 0.82*

Percent straight

contacts

0.852* ÿ0.14 ÿ0.20

Percent point contacts N/A ÿ0.64 ÿ0.28
Percent tangent

contacts

0.697 N/A N/A

Percent concave±convex

contacts

ÿ0.511 ÿ0.09 ÿ0.22

Grain-to-grain contacts N/A N/A 0.43

Grain-to-void contacts N/A N/A ÿ0.21
Grain-to-matrix

contacts

N/A N/A ÿ0.26

Miscellaneous

Total percent matrix N/A N/A ÿ0.07
Total percent cement 0.507 0.57 N/A

Total percent grains ÿ0.619 N/A N/A

Total percent

carbonates

0.808* N/A N/A

Number of laminations/

cm

0.788$ N/A N/A

Percent ®ne-grained

whole rock

ÿ0.393 N/A N/A

Degree of sorting N/A 0.54 ÿ0.18
Packing density N/A ÿ0.19 0.49

Packing proximity N/A ÿ0.05 0.46

Percent porosity ÿ0.313 N/A N/A

Rock fragment N/A N/A ÿ0.08
* Signi®cant at 95% con®dence level.$ Might have been signi®-

cant if more samples had been available.
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Bonelli [28], on the other hand, did not ®nd any sig-
ni®cant relationship between packing density and
strength. Despite Shakoor and Bonelli's [28] ®ndings,
it is reasonable to expect UCS, hardness and slake
durability index of specimens increase with increasing
packing density. The ®ndings of some of the above
mentioned researchers are summarized in Table 1.

4.2. Argillaceous rocks (shales)

Shale rocks may contain various amounts of clay
and non-clay minerals, organic matter, and precipi-
tated salts. Mineralogy is the primary factor control-
ling the physical and chemical properties of such
rocks [36]. For engineering applications, as a size term,
clay refers to all material smaller than 0.002 mm. As a
mineral term, it refers to speci®c clay minerals (e.g.
talc, mica, chlorite or smectite). These clay minerals
occur in small particle sizes and their unit cells ordina-
rily have a residual negative charge that is balanced by
the adsorption of cations from solution [36]. The type
of clay minerals and availability of cations deeply
a�ect the properties of argillaceous rocks in the follow-
ing ways.

4.2.1. Swelling
Di�erent clay minerals have varying degrees of swel-

ling capability. The order in which swelling potential
decreases is: montmorillonite>illite>halloysite>kaoli-
nite.

Types of ions existing as dissolved solids in the wet-
ting ¯uid also strongly a�ect the degree of swelling.
For instance, swelling of Montmorillonite decreases as
other univalent or divalent ions in following order sub-
stitute for Na [36]: Li>K>Ca>Mg>H. Swelling po-
tential is expected to decrease durability but to have
little e�ect on hardness or strength.

4.2.2. Slaking
Slaking is the most common physical degradation

mechanism a�ecting clays, clay soils and clay rich
rocks. Moriwaki and Mitchell [37] attempted to
explain various types of slaking and the factors behind
them in detail. The investigated variables were clay
mineralogy, adsorbed-cation ratios, water content and
consolidation-¯uid electrolyte concentrations. They
concluded that the type of slaking was strongly con-
trolled by clay mineralogy and the concentration of
exchangeable sodium ions. The four common types of
slaking in pure clays are [37]: dispersion slaking (Na-
kaolinite), swelling slaking (Na-montmorillonite), body
slaking (Ca-kaolinite and Ca-illite) and surface slaking
(Ca-montmorillonite).

Since clay minerals comprise the dominant portion
of shales, the intrinsic rock-slaking behavior will di�er
based on the amount and type of the constituent clay

minerals in a shale. Mixtures of various clay minerals
will lead to combinations of slaking modes. Some clay
minerals may exhibit two di�erent slaking modes fol-
lowing one another [23].

Increase of hydration and double layer repulsion
force and negative pore pressure are slaking mechan-
isms common in Smectites [16]. Their open structure
allows the entry of water carrying dissolved ions and
leads into great expansion and destruction of the crys-
tal lattice. Dispersed structures are less susceptible to
these mechanisms due to lower permeability. Pore air
compression (PAC), unlike others, could be a signi®-
cant slaking mechanism for materials composed of
non-swelling clay minerals (especially kaolinite). None
of these mechanisms are directly related to strength or
hardness of argillaceous rocks.

4.3. Factors a�ecting both granular and argillaceous
rocks

Several physical properties control the strength and
durability of both arenaceous and argillaceous rocks.

Some of them are discussed in detail below.

4.3.1. Water content (wc)
In general, experimental literature shows that the

greater the wc, the lower the compressive strength of a
specimen. There are several reasons for this: ®rst,
water can soften the bonds or interact with mineral
surfaces and alter their surface properties [38]. Second,
with the aid of pore water pressure, it may cause
instability along weakness planes. Water may also
decrease frictional shearing resistance or change the
characteristics of gouge or clay mineral constituents of
the rock [39]. Reduction in compressive strength due
to water has been reported by numerous investigators
including Colback and others [40], Kjaernsli and
Sande [41] and lately by Moon [42]. High water con-
tent also decreases durability and hardness of rock spe-
cimens due to aforementioned reasons. However, rocks
containing non-swelling clay minerals such as kaolinite
slake faster upon submersion in water when they are
completely dry beforehand (due to pore air
compression) [37].

4.3.2. Hydraulic conductivity (permeability)
While porosity determines the total surface area

open to physical or chemical interaction, hydraulic
conductivity determines the ease with which ¯uids can
seep through these pores. A high value of hydraulic
conductivity indicates a well-interconnected pore net-
work. The factors that a�ect hydraulic conductivity
are mineral composition, texture, particle size distri-
bution, characteristics of the wetting ¯uid, exchange-
able-cation composition, void ratio and degree of
saturation of rock mass [43]. Clay rocks have a very
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high porosity but their permeability is in the order of
10ÿ8 to 10ÿ10 m/s. Clay minerals with granular or
®brous shape (Kaolinite and Illite) are permeable to a
greater degree than those that are ¯ake-shaped
(Montmorillonite).

As explained previously, strength, hardness and
durability decrease with increasing water content.
Therefore, it is not unreasonable to expect lower
strength, hardness and durability values from speci-
mens with relatively high hydraulic conductivity
values, which should also have a higher water content.

4.3.3. Porosity
Shales with larger pores are more resistant to

slaking [44]. This is speci®cally true for shales com-
posed of kaolinite, which slake as a result of pore air
compression breaking up the hydrogen bonds that
connect individual plates to one another. Conversely,
the larger the pores, the lower the compressive
strength [8], hardness and crushing strength of shale
samples under point load [44].

Porosity has a signi®cant e�ect on mechanical per-
formance. Price [45] and Dube and Singh [46] reported
that in sedimentary rocks all strength properties
decrease with increasing porosity. The physical expla-
nation of this is that high porosity assists the network-
ing (propagation) of stress-induced microfractures [47].
The slake durability index of highly porous argillac-
eous rocks should also be lower (except those contain-
ing Kaolinite) due to higher degree of slaking because
higher porosity (combined with high permeability) pro-
vides a larger surface area open to water interaction.

4.3.4. Postformational changes and their e�ects
A large number of postformational factors can mod-

ify the initial structure of shales. The most important
one is diagenesis, which is the physical and chemical
changes in sedimentary materials following deposition.
Diagenesis leads to consolidation and increased
strength. The resulting integrity is sometimes referred
to as diagenetic bonds [48].

The diagenetic processes include compaction, recrys-
tallization and cementation. Compacted samples have
low strength and durability values because at this stage
the bonding process is just started and therefore strong
bonds are not formed yet. As discussed by
D'Appolonia Consulting Engineers [16], compacted
shales disintegrate upon wetting even before experien-
cing particle deterioration. At the end of the recrystal-
lization/cementation stage, loose and unbonded
materials turn into an indurated sedimentary rock.
However, strength, hardness and durability of cemen-
ted rocks vary widely depending on type of cement
and degree of cementation.

All of the processes described above are time depen-
dent and can change the interparticle forces and there-
fore the mechanical properties of rock material.

4.3.5. Degree of alignment and presence of inherently
soft minerals

Perfectly aligned grains may form weakness planes
(e.g. bedding plane, schistosity and laminations) which
would a�ect both slake durability and uniaxial com-
pression tests. If such a sample were to be loaded par-
allel to preferred grain orientation, failure would be
along one of those planes of weaknesses. Also, during
the slake durability test, water can enter the rock
along those planes rather easily and trigger one of the
aforementioned mechanisms (increase of hydration
force, pore air compression, mineral alteration, etc.)
which would break the sample into pieces or plates.

Soft minerals are either original or products of
alteration or weathering. Talc, mica minerals, halite
and calcite are a few examples. Most of these minerals
easily dissolve when in contact with water, or hy-
dration forces destroy their structural integrity by dis-
rupting bonds. Therefore they tend to decrease
durability. Such soft minerals also fail easily even
under light loads in the uniaxial compressive strength
test and they lower Shore hardness readings.

4.3.6. Stress concentrations within a specimen due to
inclusions, microfractures and cavities

Not only could such inhomogeneities magnify
remote stresses up to three times [49] but they can also
provide easy access for entrance of water into the
rock, allowing a sample to disintegrate quickly.
Therefore, these features decrease both strength and
durability. Inclusions (e.g. fossils, grains, clasts, etc),
compressive stress ®elds (which can induce local tensile
stresses especially at grain contacts), pore ¯uid press-
ure (which can exceed s3), veinlets and in®lling min-
eral(s) are some of the factors that initiate joint/crack
propagation [49].

4.3.7. Microstructure
Huppert [50] explains three di�erent microfabric

types, namely skeletal, matrix and turbostratic, to
describe argillaceous rocks of New Zealand. The main
di�erences between these microfabrics are the amount
of clay available (to form a continuous or a discon-
tinuous matrix) and the arrangement of clay microag-
gregates (edge-to-face or face-to-face). Skeletal and
matrix microfabric are considered to be the initial fab-
ric of most sedimentary rocks. Skeletal microfabric re-
sembles most granular fabrics, that is, the matrix is
discontinuous and grain-to-grain contact takes place.
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Clay minerals may coat some grains or arrange them-
selves into aggregates. Pore spaces are irregular and
almost wide open. In matrix microfabric, larger grains
(rock particles, microfossils, etc.) are completely
immersed in a continuous clay matrix. Clay minerals
are grouped into an edge-to-face con®guration where
contact angles are wide. Pore spaces are much more
isometric. Consolidation during burial transforms skel-
etal and matrix microfabrics into turbostratic in which
the edge-to-face contact angles between clay microag-
gregates are more acute and a continuous clay matrix
envelops grains [50]. Also larger pores collapse pro-
gressively from bigger to smaller during transition
from skeletal to turbostratic microfabric.

Huppert [50] also tried to establish relationships
between the microfabric types and the variation of
strength and durability parameters (Fig. 1). He con-
cluded that the highest uniaxial compressive strengths
are found in rocks with turbostratic microfabrics and
the lowest strengths in rocks with skeletal microfabrics.
Rock density may contribute to this relationship, as
matrix and turbostratic fabrics are denser, less porous
and less permeable than other fabric types. Deere and
Miller [8] noted that more compact and denser rocks
generally have a higher strength than those of less den-
sity. Similarly, slake durability values are relatively
high in matrix and turbostratic fabrics but decrease
drastically in rocks with skeletal microfabric [50].

Lower porosity (combined with lower permeability)
prevents the entrance of slaking ¯uids into the rock.
Hardness of well compacted rocks is also expected to
be high due to better interlocking and bonding of
grains.

4.4. Relationship between strength and durability

Although much research has focused on measure-
ment of strength and durability, the number of studies
that compared strength and durability predictive tests
to microscopic properties are very limited, with almost
no studies focussing on weak rocks and especially
shales. Of the microscopic properties discussed,
Moon [42] concluded that groundmass microstructure
is probably the most important one that exerts the pri-
mary control over the geomechanical behavior of
ignimbrites. She notes that both strength and slake
durability are controlled by closeness of packing of the
groundmass (packing density), degree of bonding
between individual grains and average crystal size.

In her paper, Moon [42] also included a summary of
petrographic properties which a�ect the geomechanical
characteristics of a rock (Table 2). Although Table 2
was prepared exclusively for ignimbrites of New
Zealand, it should be applicable to shales due to exist-
ence of similar control mechanisms. Most of these
mechanisms are discussed previously.

Fig. 1. Variation of strength and durability with the fabric type (modi®ed from Huppert [50]).
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4.5. Relationship between strength and hardness

As mentioned previously, similar to strength, hard-
ness of a rock specimen is dependent on the mineral-
ogy of grains, the type of matrix and the degree of
bonding. The SHI of quartz grains are higher than
clay minerals or carbonates. Scatter of high and low
value readings from the relatively incompetent shale
samples can be explained by the hardness of the min-
eral on which the standard impact hammer falls.

4.6. Summary of factors a�ecting strength, hardness and
durability

Based on the discussion presented above, Table 3
summarizes the e�ect of various structural, mineralogi-

Table 2

Factors in¯uencing both durability and strength of a rock [42]

Compressive strength Slake durability

Microstructure

Shape of grains X X

Degree of alignment X X

Contact angle X

Alteration

Degree of bonding X X

Texture

Crystal area X

Crystal length X X

Crystal perimeter length X

Table 3

Factors a�ecting UCS, SHI and SDT

Compressive strength Shore hardness Slake durability

Microstructure

Grain shape (angularity) + no e�ect ÿ
Grain size

Coarse ÿ no e�ect +

Fine + ÿ
Degree of alignment ÿ no e�ect ÿ
Packing density (dense) + + +

Fabric type

Skeletal ÿ ÿ ÿ
Turbostratic + + +

Sutured/straight grain to grain contact + + +

Porosity

High ÿ no e�ect depends on permeability

Low + no e�ect depends on permeability

Degree of bonding

Well bonded + + +

Weakly bonded ÿ ÿ ÿ
Mineralogy

Grains � � �
Cement and bonding material

Quartz + + +

Clay minerals ÿ ÿ ÿ
Miscellaneous

Permeability

High ÿ no e�ect ÿ
Low + +

Post depositional factors (diagenesis and metamorphosis) + + +

Water content

High ÿ ÿ ÿ
Low + + +

Sample moisture

Natural ÿ ÿ ÿ
Oven-dried + + �

Soft/soluble minerals ÿ ÿ ÿ
Microfractures ÿ no e�ect ÿ
Inclusions ÿ no e�ect no e�ect

(+) An expected increase in test result.(ÿ) An expected decrease in test result.(�) Depends on type of minerals.
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cal and water transmission properties on strength,
hardness and durability. Table 3 allows the reader to
quickly identify properties which improve or detract
from correlations between strength, hardness and
durability.

5. Engineering property test procedures

UCS, SHI and SDT tests were performed to gauge
correlations between the three and also to assess in¯u-
ence of geomechanical properties on the correlations.
Optical microscopy and X-ray di�raction were com-
pleted to evaluate mineralogy and microstructure.

The uniaxial compressive strength test was per-
formed in accordance with the procedure suggested by
ASTM [2]. The correction factors for various sample
lengths and diameters were given in this document.

Shore scleroscope hardness was measured on cut
and polished surfaces using procedures outlined in
Bailey [15] and Lutton [51]. The test apparatus is com-
posed of a diamond impact hammer and a reading
gauge. Upon turning of a knob, the hammer drops
onto the surface of a specimen and then rebounds.
The gauge is calibrated to indicate the surface hardness
in terms of impact hammer rebound height.

Although standards require preparation of rectangu-
lar shaped samples, due to the weak nature of shale
samples, the author chose to prepare cylindrical
shaped samples to obtain as many specimens as poss-
ible. All Shore hardness tests were performed at least
30 times on each end. When the sides of the samples
were not too rough, another 30 measurements were
taken on the core sides. The variation of readings for
the as-cored sides was not very di�erent from those
obtained for the lapped ends. In general, the end read-
ings were somewhat higher than the sides. The magni-
tude of this di�erence varied from sample to sample.

The slake durability test was ®rst proposed by
Chandra [52] and Franklin and Chandra [53]. The
original test procedure has been modi®ed and is now a
standard test procedure approved by ISRM [54] and
ASTM [6]. In this study, the only deviation from the
standard test procedure was the pre-drying step. Since
samples arrived dry (measurements showed that the
water content was below one percent for most of the
specimens), it was not necessary to place them in an
oven before the ®rst cycle. The second cycle slake-
durability index (ID2) is de®ned as the percentage of
retained material left inside the drum after the second
10-min rotation cycle. A high value indicates high re-
sistance of a specimen to breakdown by water and
mechanical agitation and a lower value means low re-
sistance.

The optical microscopy study was conducted in
three parts;

1. Macroscopic analysis of samples: the purpose of
this step was to visually identify features like micro-
fractures, and their orientation and in®lling, which
could a�ect strength and durability of a rock.

2. Thin section work: this is the microscopic study of
rock properties which helps to determine mineral-
ogy of both grains and bonding material and aver-
age size and shape of grains and pores. Since
preparation of thin sections from a weak rock is a
di�cult process, only selected samples were
included in this study. These are: gray shale 1, gray
shale 8, gray shale 12, gray shale 14, gray shale 20,
gray shale 23, red shale 1 and red shale 4. Samples
were chosen based on their wide range of UCS and
Shore hardness values.

3. X-Ray di�raction: the qualitative X-ray di�raction
technique was used for identi®cation and interpret-
ation of clay minerals and non-clay minerals on
selected samples.

Table 4

Results of UCS, SHI and SDT

Specimen UCScorr
$

(kPa)

SHIave
% SDT}

(%)

UCSpredicted
}

(kPa)

Gray shale 1 45442 27.05 94.22 69863

Gray shale 2 65421 29.27 92.91 70332

Gray shale 3 75980 29.44 96.40 72083

Gray shale 4 66980 29.38 96.00 71863

Gray shale 5 73745 25.93 96.78 70490

Gray shale 6 70428 34.01 96.83 74538

Gray shale 7 70649 28.49 96.90 71849

Gray shale 8 43166 18.36 30.85 35400

Gray shale 9 60594 29.78 87.90 68152

Gray shale 10 66490 27.31 78.30 62407

Gray shale 11 30676 23.70 70.00 56676

Gray shale 12 70456 26.30 83.70 64483

Gray shale 13 69718 17.35 95.30 65594

Gray shale 14 49449 20.01 61.20 50662

Gray shale 15 60814 21.12 76.80 58642

Gray shale 16 60876 21.68 87.70 64111

Gray shale 17 64152 14.93 79.30 58325

Gray shale 18 58504 16.41 81.00 56787

Gray shale 19 52973 17.38 78.80 57752

Gray shale 20 81159 20.61 89.65 64511

Gray shale 21 68835 19.44 88.70 63483

Gray shale 22 76876 24.81 88.80 66180

Gray shale 23 51987 17.51 78.87 57849

Gray shale 24 55925 17.04 80.00 58159

Gray shale 25 62897 17.90 79.99 58580

Red shale 1 99511 46.72 98.17 81442

Red shale 2 90814 43.03 97.50 79304

Red shale 3 73725 31.30 96.90 73235

Red shale 4 60987 47.62 97.90 81759

Red shale 5 97532 43.17 97.47 79359

Red shale 6 64421 38.90 97.27 77159

$Standardized uniaxial compressive strength.%Shore hardness

index.}The second cycle slake durability values.}UCS as predicted by

multinomial model.
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6. Results

Table 4 presents laboratory test results which were
utilized during the statistical analysis. The basic rock
type identi®ed in this research was shale with varying
degrees of silt and sand content. The Breathitt is from
Kentucky, U.S.A. The dominant color of samples was
gray although some were dark red in color. Red shales
were denser and heavier than gray shales.

7. Analysis

7.1. Slake durability index

The ID2 results of red shales were close to 100%
which means there was little to no deterioration after
two slaking cycles. On the other hand the ID2 values
of gray shales ranged from 30 to 97%.

The ID2 results provided a linear UCS-ID2 model
with an r-value of approximately 0.63. An r-value
equal to or greater than 0.35 is considered statistically
signi®cant at the 95th percentile con®dence band [55].
Fig. 2 shows the best-®t line. The prediction equation
for ID2 is;

UCS � 658*ID2 � 9081 r � 0:63

where ID2 is the second cycle slake durability index
given as percentage.

One should notice in Fig. 2 that the slake durability
values above 94% (right of the dotted line) show a
wide range of uniaxial compressive strength for a

narrow range of durability. The samples to the left of
this point have much less variability. Fitting a line to
the left values only, the correlation coe�cient
improved from 0.63 (r 2=0.4) to 0.69 (r 2=0.47).
Although this improvement is not big enough to justify
the exclusion of 15 data points, the reader should
recognize that the prediction equation works much
better for ID2 values less than 94%.

The suggested model explains 40% (0.632) of the
variability in terms of factors a�ecting both SDT and
UCS. Some of these factors are:

. The slaking forces are mostly tensional in nature.
Similarly, grain contacts can induce local tensile
stresses in a compressive stress ®eld. For a compres-
sive remote stress, the resulting stress in the grain is
tensile. Observations con®rm the initiation of open-
ing cracks at grain contacts during both UCS and
slake durability testing. Inclusions, pores and micro-
cracks also can change remote compression into
local tension [56].

. Microstructure controls both strength and dura-
bility. A better bonded, densely packed sample has
both lower water content and porosity and in turn
higher strength and durability. Huppert's [50] ®nd-
ings further support this statement.

. As discussed previously, the a�ect of grain size and
shape is quite complex and involves other properties
such as porosity, permeability and degree of inter-
locking of grains. Usually larger grains create bigger
pore spaces and higher porosity. Rocks with large
pores fail more easily under compression. Since por-

Fig. 2. UCS vs two-cycle slake durability index linear ®t.
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osity and permeability are not directly related, per-
meability of rocks with same percentage of porosity
may vary widely. It is expected that highly porous
and permeable shales are less durable. Grain shape
is another factor which controls both UCS and SD
tests. Angular grains usually provide a better degree
of interlocking than spherical (well-rounded) grains.
Furthermore, the degree of packing is also a�ected
by grain shape. Rocks made up of densely packed
grains are stronger and more durable.

The possible di�erences between these two tests,
which constitute the remaining 60% of the variability,
are:

. UCS test samples are kept (or are tried to be kept)
at near in-situ condition in terms of water content
whereas SDT samples are oven-dried prior to test-
ing. Drying of some clay minerals may cause some
reversible/irreversible changes and a�ect the geome-
chanical characteristics of that sample. Similarly, a
decrease in water content may trigger certain slaking
mechanisms upon wetting.

. Failure under uniaxial load progresses from the
inside out by propagation of microfracture network.
However, in SDT, failure progresses from the out-
side in. Therefore it takes a longer time for a rock
sample to fail in SDT and depending on factors
such as porosity, permeability, texture and mineral-
ogy, complete failure may not take place during the
time span (10 min soaking and rotation) of SDT.

. Mineralogy potentially a�ects UCS and SDT di�er-
ently. Certain clay minerals for example kaolinite
have the potential to increase the UCS. On the
other hand, kaolinite is susceptible to slaking by the

pore air compression mechanism, thereby decreasing
the durability. Therefore, a strong rock may not
always be the durable one or vice versa.

7.2. Shore hardness

The average of at least 30 readings taken on the
ground smooth end surfaces and the as-cored sides is
used as the Shore hardness of the rock. As in UCS
tests, red shales registered the highest values. The cor-
relation coe�cient of UCS-SHI model is 0.57 (Fig. 3).
The ``r'' value reported in this research is in fair agree-
ment with the ®ndings of the previous researchers.
Discrepancies are probably due to number of samples
tested: other researchers used sample sizes of over one
hundred. The prediction equation can be given as:

UCS � 895*SHIave � 41977 r � 0:57

This regression equation explains only 33% (0.572)
of the variability in terms of factors a�ecting both
Shore hardness index and uniaxial compressive
strength:

. Packing density and degree of bonding: the greater
the packing density, the lower the porosity and the
permeability. Rocks with lower porosity and per-
meability are harder because there is not much void
space that water can occupy.

. Mineralogy and degree of bonding: as mentioned
before, certain minerals like quartz provide stronger
bonding than other types of minerals like calcite or

Fig. 3. UCS vs average Shore hardness index linear model.
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clay minerals. Propagation of fractures in UCS test
would be much easier if the bonds were softer.
Similarly, SHI of hard minerals (e.g. quartz) are
higher.

However, there still remains 67% of variability
unexplained by the above model which implies that
UCS is controlled by di�erent factors that the SHI
does not include. Some of the micro-properties that
could explain this remaining variation are shape, inter-
locking and orientation of grains. In SHI test, hard-
ness of a specimen is determined over a planar two-
dimensional surface. However, UCS is a three-dimen-
sional property. Shape, orientation and interlocking of
grains in three-dimensional space a�ect the strength
signi®cantly. As discussed previously, degree of inter-
locking of grains could be even more important than
mineralogy of grains alone. Furthermore, SHI does
not re¯ect the in¯uence of inclusions and structural
defects (e.g. microfractures, joints, foliation planes).
Additionally, in ®ne-grained rocks porosity does not
a�ect the SHI as strongly as it does UCS test. The
circled values in Fig. 3 show the samples with the lar-
gest deviation from the best-®t line. These seven
samples were studied in an attempt to identify shared
properties or features which might cause variability of
UCS or SHI values. However, no such properties
could be identi®ed. Therefore, the correlation could
not be improved nor could the remaining variability be
explained simply by removing these samples.

7.3. Slake durability index and Shore hardness

The author also used the SDT and SHI values to in-
vestigate if there was a correlation between these two
tests and found an ``r'' value of 0.56. This value
suggests that in fact there is a correlation between the
slake durability and the Shore hardness tests. The pre-
diction equation can be given as:

SHIave � 0:37*ID2 ÿ 5:23 r � 0:56

where the two cycle slake durability index value, ID2,
is given as percentage.

The unexplained variability by this model is 69%
(1ÿ0.562). The properties which may account for this
unexplained variability are:

. Structural defects (microfractures, ®ssures etc.) do
not a�ect the SHI of a rock whereas these properties
control the ease of entrance of slaking ¯uids into the
rock which in turn govern the slake durability.

. Shore hardness test is slightly biased towards stron-
ger samples. It is di�cult to prepare smooth test sur-
faces (on which the measurements are taken) using
weak rocks, so poor samples may be overlooked.

. SHI measurements are not precise enough to di�er-
entiate between di�erent type of clay minerals which
control degree and type of slaking. Similarly, it is
not possible to di�erentiate hard samples based on
slake durability data whereas SHI can be used for
this purpose. Therefore SDT is more useful for
weak rocks while SHI is more practical for hard
rocks.

. For rocks of low permeability, SHI is a better pre-
dictor of UCS than SDT. Below a certain level of
permeability, 10 min of wetting cycle is not long
enough for water to enter into the rock and trigger
slaking mechanisms. Consequently, slake durability
indices come out very high (no degradation at all).

As a ®nal approach, the authors tried to establish a
multinomial model to be able to predict the UCS of
specimens utilizing slake durability and Shore hardness
index values. This model would take advantage of the
di�erent characteristics related to SDT and SHI. The
correlation coe�cient of r=0.68 was obtained. This
regression equation can be given as;

UCS � 476*ID2 � 493*SHIave � 11659 r � 0:68

7.4. Optical microscopy and X-ray di�raction analysis

Thin sections of certain specimens were prepared
and examined using a polarizing microscope.
Furthermore, the same samples were analyzed by using
X-ray di�raction method. However, neither of these
studies provided any helpful insight to further categor-
ize and di�erentiate samples.

8. Discussion

In this research the SDT and the SHI explain ap-
proximately half of the variation (1ÿ0.682=0.53) in
strength. The other half is partly controlled by di�er-
ent factors that the SDT and the SHI do not include
like existence of weakness planes and inclusions and
partly controlled by the natural heterogeneity of the
samples and the natural imprecision in test results.
Although no duplicate samples were prepared and
tested, the author grouped similar materials together
by boring and depth range to establish the range of
variability of test results for similar materials. The
coe�cient of variation ranged from 9.5 to 28.7% for
UCS, from 8.8 to 21.0% for SHI and from 0.5 to
11.4% for ID2. Judging from these results, SHI and
UCS test results have similar coe�cients of variation.
ID2 values have lower coe�cients of variability com-
pared to SHI and UCS tests. However, this might
stem from the limited range of values obtained in

E.C. KoncaguÈl, P.M. Santi / International Journal of Rock Mechanics and Mining Sciences 36 (1999) 139±153150



SDT. Nevertheless, one may still correctly conclude
that UCS test results show a larger range than SDT or
SHI results.

Predicted values of shales using a multinomial
model were not substantially di�erent from the
measured test results (Table 4). The exceptions were
specimens gray shale 1, 8, 11 and 20 and red shale 1,
4, 5 and 6. All of these samples di�er from the actual
measured values by 18% or more. Possible expla-
nations for these di�erences could be di�erences in
mineralogy, cement type and content and existence
undetected microfracture systems. No consistent cause
was noted.

9. Conclusions

The primary purposes of this research were two-
fold: the ®rst was to evaluate the intrinsic and minera-
logical properties that a�ect the strength and dura-
bility of weak rock specimens (shale in particular). The
second was to establish a correlation between the uni-
axial compressive strength and the slake durability and
shore hardness tests using mineralogical and intrinsic
properties to explain di�erences between the measured
and the predicted results.

It seems that packing density, degree of bonding,
type of cement and bonding material, permeability,
post-depositional factors, existence of soft/soluble min-
erals and microfractures a�ect both UCS and SDT in
a similar fashion, i.e. these factors cause both UCS
and SDT results to increase or to decrease. Whereas
grain size, grain shape and sometimes porosity have a
contradictory e�ect on SDT and UCS, meaning, these
physical factors cause SDT to increase and UCS to
decrease or vice versa. On the other hand, inclusions
do not have any signi®cant control on slake durability
index of a specimen whereas they do on UCS. Shore
hardness is not a�ected by many of the geomechanical
properties studied, and where a�ected, it responds
similar to UCS.

Correlations between UCS and SDT, and UCS and
SHI were established as r=0.63 and 0.57, respectively.
The multinomial model with average SHI and ID2 test
results as variables provided a correlation coe�cient of
0.68. Since both of these tests have less strict sample
requirements than UCS test, this model can also be
used to predict the UCS of samples with a fair degree
of con®dence. However, the multinomial correlation is
improved only slightly by adding SHI and analysis of
contributing factors shows that SHI does not evaluate
any material characteristics not already evaluated by
ID2. Therefore, the multinomial model is not highly
recommended over the linear UCS vs SDT model. A
correlation between the SDT and SHI was also estab-

lished with a correlation coe�cient (r) of 0.56, respect-
ively.

The main reason behind the weakness of the corre-
lation between SDT and UCS was that the slake dura-
bility index values for di�erent shale types were very
similar and clustered at the high end of spectrum.
Results within the range of 30 to 60 were very scarce
and there were no values between 0 to 30% range. For
this reason, the desired wide range of values was not
achieved. Therefore we can state that one weakness of
the prediction model in this research stems from the
absence of values between 0 and 30% range.

In this study, optical microscopy and X-ray di�rac-
tion studies were not helpful at all to further categorize
and di�erentiate samples.
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