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Abstract
Water tunnels built for hydropower passing through weak and heterogeneous rockmass pose challenges associated to slaking and
disintegration, as they are first exposed to dry condition during excavation and are then filled with water to produce hydropower
energy. Over the period of operational life, these tunnels are drained periodically for inspections and repair leading to drainage
and filling cycles. The weakening of rockmass caused by cycles of drying, saturation and drainagemay lead to the propagation of
instabilities in the tunnels. Therefore, it is important to study the slaking and disintegration behavior of the weak rock mass
consisting of clay and clay-like minerals. This paper assesses the mineralogical composition of flysch and serpentinite from the
headrace tunnel ofMoglicë Hydropower Project in Albania. Further, to determine the slaking and disintegration behavior of these
rocks, extensive testing using both the ISRM, Int J Rock Mech Min Sci Geomech Abstr 16(2):143-151, (1979) suggested test
method and a modified variant of this test are performed. Finally, comprehensive assessments, discussions and comparisons are
made. It is found that the modified slake durability test better suits for the tunnels built as water conveying systems such as
hydropower tunnels.
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Introduction

Weak and weathered rocks are well known for their sensitivity
to changes in moisture content. These rocks can disintegrate
and rapidly change from rock-like to soil-like materials upon
exposure to water, leading to numerous stability problems to
engineering constructions (Rincon et al. 2016). The structure
and initial degree of micro-fracturing exerts an important con-
trol on the rate of water ingress into the material and are
factors which separates durable from non-durable rocks oth-
erwise similar (Russell 1982; Olivier 1991; Dick and Shakoor
1992). Santi et al. (1997) define weak rocks as “either intact,
unweathered to slightly weathered materials that have low
compressive strength or rocks that are highly fractured”, and

weathered rocks as “materials that show significant deteriora-
tion”. Nickmann et al. (2006) define weak rocks as an inter-
mediate state between hard rocks and soil, whereby the bor-
ders between them are variable and linked to complex pro-
cesses. Moreover, disturbances on the original rock material
structure due to changes made by the excavation methods
applied such as drill and blast method of excavation, may
further degrade the rock material properties. The rate of deg-
radation of an intact rock depends on both the properties of the
rock material and the exposure to environmental agents such
as water, and this interrelation is crucial in every stability
assessment of a construction project, especially the water tun-
nels for hydropower. Throughout this paper the term “weak
rock” is used for the rocks vulnerable to deterioration and
disintegration.

Cyclic wetting and drying is considered as one of the main
processes that can induce micro-fissures in the rock material
which may lead to the failure to the construction work (Dick
et al. 1994; Erguler and Shakoor 2009). The process of disin-
tegration upon wetting and drying is known as climatic slak-
ing (Franklin and Chandra 1972), a phenomenon which is a
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result of shearing produced by volume change associated with
hydration and dehydration (Panthi 2006). Okamoto (1993)
defines slaking as the structural breakdown of a mass to small
size particles in response to change in moisture content. The
process of wetting and drying stresses the skeletal framework
of the rock and acts to enlarge and extend pores. Taylor (1988)
attributed slaking in less indurated mudrocks to a combination
of air pressure increase, as water invades narrow capillaries,
and tensile failure of weak inter-crystalline bonds due to dry-
ing induced pore water suctions. The failure may not be im-
mediate but induced after repeated cycles of wetting and dry-
ing, especially if cementing material is removed during the
cyclic process (Hudec 1982; Czerewko and Cripps 2001).

Water-weakening effects on rocks have been a major re-
search topic in rock engineering field due to high practical
values. Moisture sensitive rocks tends to degrade easily when
in contact with water, and the strength loss is related to the
saturation degree of the rock material (Bauer et al. 1981;
Chugh and Missavage 1981; Goodman et al. 1982; Molinda
et al. 2006; Erguler and Ulusay 2009; Karakul and Ulusay
2013; Wong et al. 2016; Vergara and Triantafyllidis 2016).
In general, the strength and stiffness of a rock are reduced with
increasing water content, spanning from nearly negligible in
quartzite to over 90% reduction of uniaxial compressive
strength (UCS) in shale and mudrocks (Vergara and
Triantafyllidis 2016; Wong et al. 2016). On the other hand,
dehydration caused by high temperature can also contribute to
rock decay if the thermal stress exceeds the tensile strength of
the rock (Hu et al. 2017). Due to higher temperatures, more
water will evaporate from the rock pores and fissures,
resulting in tension cracks which in turn provides channels
for water. The extent of the degradation due to both tempera-
ture effects and moisture changes vary among rock types due
to considerable variations of mineralogical composition, tex-
ture, and lithology (Erguler and Ulusay 2009; Wong et al.
2016; Cano et al. 2017).

Various slaking tests are in use to quantify or qualify the
degree of degradation and disintegration due to altering mois-
ture content of rocks. Among many others, the slake index test
(Deo 1972), static slaking immersion test (Sadisun et al.
2002), and the slake durability test (Franklin and Chandra
1972) have been proposed, where the latter is most widely
used and accepted method to assess durability of the rock
material (Erguler and Ulusay 2009). Czerewko and Cripps
(2001) investigated the durability of mudrocks and reviewed
various tests that have been used for predicting the slaking
potential. Their study shows that the standard slake
durability test as proposed by Franklin and Chandra (1972)
is too aggressive to assess the behavior of weak rocks and
lacks sensitivity when it is used to distinguish between durable
and non-durable mudrocks. Therefore, several authors have
proposed modified variants of the test to address weaknesses
in the proposed methods. Erguler and Shakoor (2009)

introduced the disintegration ratio (DR) based on particle size
distribution curves aiming to better reflect the actual disinte-
gration of samples exposed to static wetting and drying cycles
in the laboratory. As an extension of this work, Gautam and
Shakoor (2013) proposed a method in which the disintegra-
tion ratio (DR) is calculated from particle size distribution
curves of samples exposed to natural climatic conditions for
a year. Heidari et al. (2015) introduced a nested mesh drum
apparatus with different mesh openings, enabling sieving of
different grain sizes during the slake durability test. However,
methods that embraces both the actual climatic conditions of
the engineering project and the need for a relatively quick
slake durability analysis are limited.

This paper presents results of the laboratory analyses on the
extent of slaking and disintegration of weak rocks prevailing
along the headrace tunnel of a hydropower project under
construction. To do so, both the ISRM (1979) suggested meth-
od for slake durability test, and a modified version of the slake
durability test have been used. The ISRM (1979) suggested
slake durability index (SDI) is defined as the percentage ratio
of the final to initial dry sample masses after two standard
cycles of wetting and drying. Following this procedure, the
samples are completely dehydrated both initially and between
the wetting cycles. On the other hand, the modified slake
durability test (MSDI) is an adjusted version of the slake du-
rability test where samples are not completely dried but
drained instead to reflect the condition prevailing in a water
tunnel. Both methods were extended to four repeating cycles
so that long-term slaking behavior of the rocks tested can be
achieved. In addition, the paper presents mineralogical analy-
sis to investigate the linkage with the content of water sensi-
tive clay mineral components. Particle size distribution anal-
yses are also presented in order to assess the degree of disin-
tegration after both slake durability test procedures.

Modifications on the ISRM slake durability
test for water tunnels

The ISRM (1979) suggested method does not distinguish pro-
ject types and long-term exposure to environmental condition
that a real project is subjected to, such as a water tunnel for
hydropower projects. The environmental setting imposes an
important control on the behavior of the rocks; therefore, some
modifications on the original ISRM test procedure are consid-
ered herein.

The environmental setting of waterway tunnels
for hydropower

In underground engineering, the environmental condition is
highly controlled by the type of construction project with re-
spect to the exposure of rocks to moisture, temperature and air,
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and especially the periodical changes on these parameters.
Heterogeneous rock mass undergone different degrees of
metamorphism and weathering exhibit changed geotechnical
properties related to disintegration and degradation when ex-
posed to environmental agents (Cano et al. 2017; Vivoda
Prodan and Arbanas 2016) such as air and water. Caution is
required for the prediction of the response of the rock material
to the disturbances brought up by the excavation, as this de-
pend on the present weathering state and the rate at which the
properties change in response to the environmental changes
(Czerewko and Cripps 2001). Therefore, selection of appro-
priate test procedures will help to improve the assessment of
long-term durability.

The major difference in water tunnels compared with other
underground engineering projects is the intensity of exposure
to water during the life-time of the project. The rock mass is
first at the stage of drained condition during construction pe-
riod due to contentious ventilation and heat released by the
moving construction equipment. Once the construction is
completed, the waterway system (tunnels) is filled with water
for the generation of hydro-electricity. Dewatering of the wa-
terway system is carried out periodically to inspect the stabil-
ity condition of the tunnels which mainly are supported by
thick layers of sprayed concrete (shotcrete). During operation,
the rock mass near the tunnel periphery and below the hydro-
static line is fully saturated. For the time of the operational life
of the hydropower plant, several watering and dewatering
cycles will take place. The cycles of dewatering are relatively
short, and the temperature is relatively stable, resulting in
draining effects rather than a complete dry-out of the rocks
near the tunnel periphery. This periodical exposure to wetting
and draining is assumed to amplify the weakening and degra-
dation of the rock material, especially the weak and/or clay
bearing rocks. In addition, the water tunnels for hydropower
are subjected to dynamic pressure fluctuations caused by cy-
clic change in the production magnitude of the power plant.
The response of the rock mass to complete saturation, cyclic
drainage under relatively stable temperature conditions, and
dynamic pressure fluctuations are of main interest when
assessing the degradation behavior of the rocks which influ-
ences the long-term stability of the water tunnels.

Review of the ISRM slake durability test

Franklin and Chandra (1972) developed a slake durability test
methodology at laboratory scale where the boundary condi-
tions are standardized for quantification and comparison pur-
poses. The technique itself has been discussed in detail by
Franklin and Chandra (1972), Koncagül and Santi (1999),
Czerewko and Cripps (2001), Erguler and Ulusay (2009)
and is also the ISRM suggested method for determination of
the slake-durability index (ISRM 1979). The test procedure is
designed in such a way that the samples are first completely

dried, which is achieved by leaving the prepared lumps in an
oven at 105 °C until no more weight loss, whereby 2–6 h are
regarded as sufficient time (ISRM 1979). After drying, the
samples are kept in a specially designed drum for a wetting
period of 10 min in a slow rotating mode. The samples are
again dried in the oven and weighted, and the material loss is
measured. The method aims to accelerate weathering to a
maximum by combining the processes of slaking and sieving
whereby the latter requires some motion in the test process.

In general, it is fair agreement between a low durability and
high degree of disintegration. Although material has broken
down during the test, a high slake durability index value may
arise because it is not recorded as having done so if it does not
pass through the 2-mmmesh test drum (Czerewko and Cripps
2006). In fact, the prepared lumps prior to the slake durability
test have a diameter of approximately 30–50 mm, and exten-
sive disintegration may occur within the span of particle sizes
greater than 2 mm. In addition, the shape of the grains com-
prising the retained material may produce misleading results
since splintered grains less likely pass the 2-mm square open-
ings of the mesh. This means that the slake durability index is
not necessarily reflecting the actual disintegration degree dur-
ing the test, and rocks with similar slake durability index may
show very different disintegration behavior.

Franklin and Chandra (1972) thoroughly explained the ra-
tionale of the suggested test with the description of different
features of the testing procedure. They argued that other pro-
cesses than climatic wetting and drying, such as mechanical
abrasion, leaching, solution, and chemical alteration, can lo-
cally result in short-term damage where the environment is
particularly severe or where the rock is already in an advance
state of “geological” weathering. Further, they stated that the
ideal way of assessing the slake durability is to compare com-
plete particle-size distributions before and after slaking, but
concluded that for most practical purposes, a single sieve
gives a satisfactory index.

Introduction to the modified ISRM slake durability
test

The suggested modifications of the ISRM slake durability test
are based on the extraordinary conditionsmet in a water tunnel
discussed in “The environmental setting of waterway tunnels
for hydropower”-section. The modified test has the same
framework and follows similar standardized steps as the
ISRM test with two main deviating boundary conditions.
First, the lump samples are immersed in water to achieve full
saturation prior to the first cycle of rotation in the drum, and
then the samples are drained at 30 °C between the cycles
instead of drying at high temperatures as suggested in ISRM
(1979). Draining is performed by leaving the samples in a
drying cabinet for 24 h between the cycles. The samples will
not be completely dried out neither will they be exerted to

An analysis on the slaking and disintegration extent of weak rock mass of the water tunnels for hydropower... 1921



temperatures higher than what is expected maximum during
the construction of the tunnels. In order to calculate the slake
durability index, however, dehydration is accomplished by
drying the samples at 50 °C as a part of the preparation and
additionally after the completed test. This enables a compari-
son of the slake durability indices obtained from both test
methods. In addition, a particle size distribution analysis on
the material after a completed test procedure is introduced in
order to assess the actual degree of disintegration, which may
vary between different rock types.

Materials

The rock material in this research is sampled from two differ-
ent core boreholes extracted from the headrace tunnel of the
Moglicë hydropower project in Albania. The rocks are dom-
inated by flysch, a sequence of sedimentary rock formation,
and ophiolite belonging to magmatic rock formation.

The nature of the studied rock types

The flysch sequences contain claystone, siltstone, marls, and
sandstones with varying degrees of weathering and alterations
(Selen and Panthi 2018). Thematerial is best described as very
heterogeneous in terms of color and fabric, with sections of
intact cores alternating with sections of partly or totally
disintegrated rock material (Fig. 1). The heterogeneous nature
of the flysch results in a great variation of material properties
within meters down to centimeters of the material. In terms of
evaluating the locational degradation potential of the rock
mass surrounding a tunnel, it is not distinguished between
claystone, siltstone, sandstone, marl, or other sub-types of
rock material type in this connection.

The ophiolitic rock mass comprehends highly weathered
serpentinite. Serpentinite forms as a result of serpentinization
of ultramafic rocks by hydration of ferromagnesian silicate
minerals during low-temperature metamorphic processes
(Moody 1976). The common alteration assemblage produced

by serpentinization is lizardite, chrysotile, and kaolinite, occa-
sionally together with brucite, antigorite, and clay minerals.
The material is of moderately disintegrated to lumps of
variating sizes, but otherwise apparently homogenous in terms
of color and fabric (Fig. 2).

The nature of these two rock types are complex, resulting
from their depositional and tectonic history, which means that
they cannot easily be classified in terms of widely used rock
mass classification systems. Both rock types are categorized
as weak and contains clay minerals, which means they are
vulnerable to exposure to environmental conditions and
weathering.

The selection of samples

Despite of varying material composition, one core meter of
rock material is regarded as a sample representing the expect-
ed behavior of this rock type at the particular section of the
tunnel. Some segments of the sample material are strong and
required further preparation to achieve lumps of appropriate
shape and sizes. Other segments included splintered and weak
material, and preparation of lumps had to be done carefully to
not to shatter the whole sample to splinters. Fig. 3a–c illus-
trates the outcome of the preparation of sample Flysch 8.

The serpentinite material is already disintegrated to lump-
sizes at arrival. At some locations, the lumps were too small
compared with the preferred sizes for the slake durability test,
i.e., less than 40 g. Therefore, lumps with sizes 40–60 g were
chosen from one to two core meters at these locations. An
overview of all the selected samples and visual characteristics,
including heterogeneity, is given in Table 1.

Adopted testing approach

Each sample was divided in two duplicate sets of 10 lumps,
whereby one set underwent the standardized ISRM slake du-
rability index test (SDI) and the other set underwent a modi-
fied slake durability index test (MSDI). In both tests, 4 cycles

Fig. 1 Flysch rock extracted from the borehole drilled parallel to Headrace tunnel at Moglicë HPP

Fig. 2 Serpentinite rock extracted from the borehole drilled parallel to Headrace tunnel at Moglicë HPP

1922 L. Selen et al.



of wetting and drying/draining were performed aiming to
evaluate the long-term slaking behavior of the material tested.
The mineralogical composition of all samples was investigat-
ed by XRD analysis with aim to link the results with the
content of water sensitive material components. At last, parti-
cle size distribution analyses were carried out in order to as-
sess the degree of disintegration after both test procedures.

Mineralogical assessment by XRD analysis

The first step in detecting the potential of a rock to degrade
and slake is to evaluate the mineralogical composition of the
rock itself. X-ray diffraction (XRD) analysis is a method used

in identifying and determining the mineralogical composition
of the rock samples. It is common to perform a bulk analysis
of the mineralogical content, and then treat the fine-fraction
powder of the material with ethylene glycol to detect swelling
minerals. Every mineral or compound has a characteristic X-
ray diffraction pattern, call it “fingerprint”, which can be
matched against a database of over thousands of recorded
phases (Dutrow and Clark 2012). Identification and quantifi-
cation of minerals is carried out by comparing relative peak
heights of the crystalline phases. However, weathering may
cause a destruction of the crystalline structures of the minerals,
seen as amorphous reflections in the X-ray diffraction pat-
terns. Although a semi-quantitative deviation between

Fig. 3 a. Flysch 8 before
preparation b. Prepared material
ISRM test c. Prepared material
modified test

Table 1 The tested sample
Sample name Rock type Visual characteristics No. of lumps

Flysch 6 Flysch Homogeneous, intact, strong. 20

Flysch 7 Flysch Homogeneous, intact, strong 20

Flysch 8 Flysch Heterogeneous, schistose, partly disintegrated, weak 20

Flysch 9 Flysch Heterogeneous, schistose, partly disintegrated, weak 20

Flysch 10 Flysch Heterogeneous, schistose, partly disintegrated, weak 20

Flysch 11 Flysch Heterogeneous, schistose, partly disintegrated, weak 20

Serp 5 Serpentinite Homogeneous, disintegrated, moderate strength 20

Serp 6 Serpentinite Homogeneous, disintegrated, moderate strength 20

Serp 7 Serpentinite Homogeneous, disintegrated, moderate strength 20

Serp 8 Serpentinite Homogeneous, disintegrated, moderate strength 20
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crystalline and amorphous phases is approximate and ques-
tionable (Tijhuis 2018), it reveals valuable information on the
variable degree of weathering of the samples.

The XRD analysis was conducted at NTNU with a Bruker
D8 ADVANCE. Only crystalline phases were quantified,
while a semi-quantitative deviation between crystalline and
amorphous phases is performed to indicate the amount of
weathered minerals. Identification of crystalline phases is
done with DIFFRAC.SUITE.EVA software combined with
PDF-4+ database. Quantification of the minerals is done by
Rietveld refinement in Topas with an accuracy of 1–2 percent
(%). Further, glycolation is used on fraction sizes of < 6 μm to
identify swelling clays, but quantification on the amount of
swelling minerals based on this method is highly questionable
and is not performed. The detected swelling minerals are
therefore only indicated as “detected” or “not detected”.

It is assumed that the most moisture sensitive rock compo-
nents are clay minerals as smectite and kaolinite. In addition,
clay-like minerals such as chlorite and mica are susceptible to
weathering agents and may transform into clay minerals or
intermediate states of these mineral groups (Wilson 2004).
To enable a distinction between the different moisture sensi-
tive minerals and their properties, pervasive mineral and
swelling analyses must be confirmed. In this study, in terms
of defining moisture sensitive rock components in the context
of the slake durability assessment, it is not distinguished be-
tween clays and clay-like minerals.

The procedure of the ISRM suggested slake durability
test

The sample is placed in a clean drum with a standard mesh of
2 mm and dried to a constant weight at 105 °C (A). The drum
plus the sample is then put in the slaking container with tap
water at 20–25 °C, and the drum is rotated at 20 rpm for 10
min. The drum plus the retained portion of the sample is re-
moved from the container and dried to a constant weight at
105 °C (C1). The procedure is repeated, and the dry weight C2

of the drum plus retained portion of the sample is recorded.
The dry weight of the drum, D, is then used to calculate the
slake-durability index (SDI) of the sample after two cycles of
drying and wetting. The slake-durability index (SDI) is the
percentage ratio of final to initial dry weights of rock in the
drum:

SDI2 ¼ C2−D
A−D

� 100 ð1Þ

The slake durability test as suggested by ISRM (1979) uses
the second cycle as slake durability index (SDI2) in the assess-
ment of the degradation potential of rocks, which describe the
short-term effect of wetting and drying. For long-term evalu-
ations, the cycles can be repeated i times to better reflect the

evolution of weathering over time. As suggested by Selen and
Panthi (2018), the above formula can be extended to apply for
i cycles of drying and wetting:

SDIi ¼ Ci−D
A−D

� 100 ð2Þ

The number of cycles used in this study is 4, where 2 h of
drying between the cycles is chosen of practical reasons as
explained previously. Minor amounts of water may be
retained after 2 h; therefore, an extended phase of drying is
included after the last cycle and before the final calculation of
SDI4.

The procedure of the modified ISRM slake durability
test

As a part of the preparation, the sample is placed in a clean
glass container and dried in a drying cabinet at 50 °C until no
more weight loss, and the initial dry weight of the sample plus
the dry drum is recorded (A). The static wetting phase is then
performed by leaving the samples in a container filled with
tap-water having temperature between 20 and 25 °C for 72 h.
Visual signs of disintegration are described and photographed.
The wetting phase is not regarded as a part of the slake dura-
bility test itself but rather a separate phase after preparation of
the lumps and prior to the first cycle.

After the static wetting phase, the sample is gently moved
from the glass container to a clean and wetted drum (D (wet))
with a standard mesh of 2 mm. This is performed by placing
the drum in a glass container and carefully pouring the sample
and water solution into the drum, whereby the portion of the
sample > 2 mm is sieved by the drummesh. Dependent on the
rock type, some of the material dissolve and/or disintegrate to
less than 2 mm and is therefore removed from the sample
before the first slake cycle. This material is dried and recorded
for control and further analyses. The wet sample (> 2 mm) and
the wetted drum are weighted (A (wet)) for further testing.

The drum containing the sample is put in the slaking con-
tainer with tap water at 20–25 °C, and the drum is rotated at
20 rpm for 10 min. The drum plus the retained portion of the
sample is removed from the container and weighted (Ci (wet))
before a draining phase in a drying cabinet at 30 °C for 24 h.
The procedure is repeated i times, meaning i cycles of wetting,
weighting, and draining. After the last cycle, in this case after
4 cycles, the sample is dried in the oven at 50 °C to a constant
weight. The dry weight of the drum plus the retained portion
of the sample is recorded (Ci). Table 2 summarize the nota-
tions used for the weight records used in the calculations.

The calculation of the modified slake durability index
(MSDI) is based on the dry weights of the sample prior to
the first cycle and after a complete test cycle. The slaking trend
during the cycles can be obtained by calculating the slake
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trend index (STI) after each cycle; however, the weight re-
cords include water to an unknown amount. Three different
parameters are possible for evaluations of the wetting effect:

Wetting index, Iwetting, which describes the material loss <
2mmduring static wetting for 72 h of the sample. The index is
calculated based on the dry weight of the material passing
through the drum after wetting subtracted from the initial
dry weight of the sample (Cwetting).

Iwetting ¼ Cwetting−D
A−D

� 100 ð3Þ

Slaking trend index, STIi (wet), which describe the evolu-
tion of material loss < 2 mm during repetitive cycles of wet-
ting and draining. The index is calculated based on the wet
weight of the retained material of cycle i compared with the
initial wet weight of the sample after wetting. Since the
amount of water in the samples is unknown, the trendline
numbers do not reflect the exact material loss.

STIi wetð Þ ¼ Ci wetð Þ−D wetð Þ
A wetð Þ−D wetð Þ � 100 ð4Þ

Modified slake durability index,MSDIi, which describe the
material loss < 2 mm after i cycles of wetting and draining,
whereby the initial state of the samples is saturated. The index
is calculated based on the dry weight of the retained material
after the last cycle (Ci) compared with the initial dry weight of
the sample after wetting (A′). The index is only to be calcu-
lated after a complete test procedure of i cycles. The index can
be compared with the ISRM slake durability index (SDIi)
when the number of slaking cycles is similar.

MSDIi ¼ Ci −D
A0−D

� 100 ð5Þ

By computing the slake trend index (STIi) after each cycle,
one can evaluate the evolution of slaking during the test. The
slake trend index after first cycle will indicate the weakening
effect of the static wetting phase prior to the mechanical ex-
posure in the rotating drum. The complete trendline during i
cycles can further be compared with the trendline of the ISRM
test so that any behavior change related to the different initial
moisture state of the samples is detected. It should be noted
that the slake trend index is calculated by comparing wet
weights of the sample prior to and after the cycles, while the
modified slake durability index (MSDIi) is calculated based
on the dry weights. The slake trend index after the i-th cycle is
therefore not directly comparable with the modified slake du-
rability index due to the water content.

Particle size distribution analysis

To enable an assessment of eventual differences in the
degree of disintegration in the performed slake durability

tests, a particle size distribution analysis is performed on
the samples after the completion of the test procedures.
The analysis is performed by sieving both the retained
material in the drum (> 2 mm) and the material left in
the slaking container (< 2 mm). Sieves with quadratic
mesh openings spanning from 62 to 0.063 mm are used,
and a cumulative weight % analysis is performed on all
samples in both slake durability tests. The particle size
analysis enables further assessments on the extent of dis-
integration of the rock material after the complete slake
durability test cycles when this is desired. Similar ap-
proaches of disintegration analysis have also been carried
out by authors such as Erguler and Shakoor (2009),
Gautam and Shakoor (2013), Heidari et al. (2015), and
others.

Laboratory test results

XRD results

The mineralogical composition of the all samples prior to
slake durability tests is determined. In addition, the composi-
tion of the dissolved and disintegrated material < 2 mm during
wetting in the modified test is also assessed for the samples
where the material loss is higher than 0.5% (samples Flysch
7–11). Only minerals presenting > 2% in at least one sample is
accounted for, and the values are rounded up to nearest %.

The main constituents of the flysch samples are quartz,
chlorite, calcite, plagioclase, and mica, with smaller amounts
of k-feldspar. The composition is varying between the differ-
ent samples, where high amounts of quartz and plagioclase are
related to lower amounts of mica, chlorite and amorphous
phases, and vice versa. The deviation between crystalline
and amorphous phases is semi-quantitative. The results are
given in Table 3.

The mineral constituents of the serpentinite samples
were difficult to assess by the XRD analysis, due to high-
ly amorphous diffraction patterns. This means that the

Table 2 Notations used for the weight records in the calculations of the
slake durability indices

Object Notation

Dry drum D

Wet drum D (wet)

Dry sample + dry drum A

Dry sample – material loss wetting + dry drum A′

Wet sample (initial) + wet drum A (wet)

Dry material > 2 mm after wetting Cwetting

Dry sample + dry drum after cycle i Ci

Wet sample + wet drum after cycle i Ci (wet)
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original crystal structures are broken which indicate ex-
tensive weathering of the rock material. As a very high
percentage of the mineral structures are destroyed, the
quantification of even the crystalline phases is approxi-
mate (Tijhuis 2018). Based on the experience of the ana-
lyst at NTNU, the main crystalline constituents are recog-
nized as chrysotile, lizardite, kaolinite, and nepouite, with
smaller amounts of pyrope, brucite, calcite, dolomite, and
magnetite. In addition, sample Serp 6 contains enstatite
and fosterite. The chrysotile and lizardite diffraction

patterns are overlapping and not distinguished. The only
sample where swelling clay is detected is sample Serp 5,
with an unknown amount of corrensite. Due to a high
degree of weathering/crystal destructions of the samples,
the quantification of both crystalline and amorphous
phases is approximate. The results are given in Table 3.

The composition of the dissolved and disintegrated ma-
terial (< 2 mm) sieved after the wetting phase of the mod-
ified slake durability test is assessed. Only the samples
Flysch 7–11 have a material loss exceeding 0.5%. The

Table 3 XRD bulk analysis of flysch samples and serpentinite samples, given in %

Flysch sample no. Serp sample no.

6 7 8 9 10 11 5 6 7 8

Semi-quantitative analysis* Approx. deviation of phases*

Crystalline phases 77 72 63 60 57 52 43 42 44 42

Amorphous phases 23 28 37 40 43 48 57 58 56 58

Swelling clay** yes yes yes no yes no yes no no no

Quantitative analysis of crystalline phases Approx. quantification of crystalline phases

Brucite - - - - - - 2 2 1 2

Calcite 19 19 40 21 17 15 - - - -

Chlorite 8 12 23 27 32 30 20 12 26 27

Chrysotile + Lizardite - - - - - - 30 23 42 46

Enstatite/Fosterite - - - - - - - 7/25 - -

K-feldspar 3 3 1 2 2 1 - - - -

Kaolinite - - - - - - 29 19 22 18

Magnetite - - - - - - 1 1 4 2

Mica 5 6 7 14 14 20 - - - -

Népouite - - - - - - 9 4 5 6

Plagioclase 17 17 6 11 11 12 - - - -

Pyrope - - - - - - 5 5 - -

Quartz 48 43 23 25 24 22 - - - -

*Crystalline and amorphous phases are calculated percent-based on the sample as a total

**Corrensite is the only detected mineral with known swelling potential, not quantified

Table 4 XRD analysis of dissolved and disintegrated material < 2 mm during wetting of the flysch samples in the modified test

Sample Material < 2 mm (%) Semi-quantitative analysis* Quantitative analysis of crystalline phases

Cryst. phases Amorph. phases Swelling clay** Calcite Chlorite K-
feldspar

Mica Plagio-
clase

Quartz

Flysch 7 1,4 52 48 Yes 2 21 4 15 21 36

Flysch 8 0,8 36 64 Yes 11 32 4 16 6 29

Flysch 9 1,7 42 58 No 9 34 3 19 11 24

Flysch10 1,3 38 62 Yes 7 36 3 16 12 26

Flysch11 0,7 37 63 No 10 21 4 23 13 27

*Crystalline and amorphous phases are calculated percent-based on the sample as a total

**Corrensite is the only detected mineral with known swelling potential in the flysch samples, not quantified
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main constituents of the material are chlorite, mica, and
quartz, where the content of chlorite and mica is slightly
higher compared with the sample composition prior to
wetting. The results are given in Table 4.

ISRM slake durability index results

The slake trend index (SDIi) of the ISRM suggested method is
calculated after each cycle; whereby, the final calculation of

Table 5 ISRM slake durability index results

Sample Slake Trend Index (SDIi) Dry state calculation and classification

SDI1 SDI2 SDI3 SDI4 SDI4 (dried) Classification*

Flysch 6 99,1 98,6 98,2 97,7 97,6 High

Flysch 7 97,2 95,6 94,8 93,6 93,4 Medium high

Flysch 8 89,1 80,7 75,5 70,9 70,8 Medium

Flysch 9 86,5 71,5 59,7 49,2 48,9 Low

Flysch 10 84,2 74,9 69,9 65,0 64,9 Medium

Flysch 11 87,0 64,6 52,0 43,4 43,3 Low

Serp 5 98,4 97,2 95,9 94,9 93,4 Medium high

Serp 6 97,4 95,4 93,4 92,1 91,8 Medium high

Serp 7 96,9 95,4 94,4 93,4 92,9 Medium high

Serp 8 96,9 93,8 92,3 90,0 89,2 Medium high

*ISRM (1979) defines slake durability (SDI) as follows: 98 – 100 as very high, 95 – 98 as high, 85 – 95 as medium high, 60 –85 as medium, 30 – 60 as
low and < 30 as very low.
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the slake durability index is performed after an additional
phase of drying. The results are given in Table 5.

The slaking evolution during the test is plotted based on the
slake durability indices after each cycle, shown in Fig. 4a
(flysch samples) and b (serpentinite samples).

Modified ISRM slake durability results

The dissolved and disintegrated material < 2 mm left in the
water after the static wetting phase was dried and weighted in

order to calculate the material loss. Based on the material loss,
the dry weight of the samples after wetting is calculated, and
the wetting index (Iwetting) is determined. Visual descriptions
of the samples are also recorded. The results are given in
Table 6.

The samples Flysch 7, Flysch 9, and Flysch 10 show the
highest material loss (< 2 mm) during wetting, while Flysch 6
and the serpentinite samples show minor weight loss.
However, the visual assessment reveals appreciable disinte-
gration and changes in the samples Flysch 8–11, some

Table 6 Results of the static
wetting phase prior to the
modified slake durability test

Sample Iwetting Visual assessment after wetting

Flysch 6 99,0 No disintegration, minor color-changes of water

Flysch 7 98,6 Some disintegration, minor color-changes of water

Flysch 8 99,2 Moderate disintegration, minor color-changes of water

Flysch 9 98,3 Moderate disintegration, minor color-changes of water

Flysch 10 98,7 Heavy disintegration, moderate color-changes of water

Flysch 11 99,3 Heavy disintegration, moderate color-changes of water

Serp 5 99,9 No disintegration, no color-changes of water

Serp 6 99,9 No disintegration, no color-changes of water

Serp 7 99,8 Minor disintegration, no color-changes of water

Serp 8 100,0 No disintegration, no color-changes of water
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disintegration during wetting of
the samples Flysch 11 and Serp 7
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changes of Flysch 7 and Serp 7, and little or no changes in
Flysch 6, Serp 5, Serp 6, and Serp 8. The visual changes
during wetting are exemplified in Fig. 5, by the photos of
Flysch 11 and Serp 7.

After the wetting phase, the samples underwent the
modified slake durability test. The results include all the
durability indices obtained from the testing procedure,
whereby the modified slake durability index (MSDI) is
the parameter describing the slaking potential based on
the dry weight loss of the samples during cyclic wetting
and draining (Table 7). It is reminded that the STI and
MSDI are calculated based on two different moisture
states of the samples, explaining why the MSDI4 show
slightly higher values compared with the STI4 for some
of the samples.

Based on the slake trend indices calculated after each
cycle (wet state), the slaking evolution can be assessed
(Figs. 6 and 7)

Particle size distribution curves

After the last cycle, each sample is sieved in aiming to analyze
the actual disintegration. Particle size distribution curves are
obtained by plotting the cumulative weight of each fraction of
the sample passing the respective sieves, with mesh openings
spanning from 62 to 0.063 mm. The results are illustrated in
Fig. 8 a (flysch samples) and b (serpentinite samples).

Overall analyses

The effect of initial wetting on the slake durability
index

A detailed assessment on loss of durability due to initial wet-
ting is performed by comparing the slake durability indices,
where the initial state before the tests is dry (SDI of the ISRM

Table 7 Durability indices obtained from the modified slake durability test procedure of 4 cycles

Sample Wetting Slake Trend Index (STIi) (wet) Dry state calculation and classification

Iwetting STI1 STI2 STI3 STI4 MSDI4 Classification*

Flysch 6 99,0 98,9 98,3 97,8 97,3 97,8 High

Flysch 7 98,6 95,6 93,5 91,9 90,7 91,9 Medium high

Flysch 8 99,2 77,3 74,6 73,3 71,5 73,4 Medium

Flysch 9 98,3 66,5 54,0 46,9 42,7 43,9 Low

Flysch 10 98,7 66,5 57,0 51,9 49,3 51,2 Low

Flysch 11 99,3 72,7 51,7 39,0 32,1 31,8 Low

Serp 5 99,9 99,0 97,5 96,4 96,1 96,9 High

Serp 6 99,9 97,9 95,8 93,9 91,7 92,2 Medium high

Serp 7 99,8 94,8 91,8 89,8 88,9 90,1 Medium high

Serp 8 100,0 97,9 95,2 93,9 92,4 92,9 Medium high

*ISRM (1979) defines slake durability (SDI) as follows: 98 – 100 as very high, 95 – 98 as high, 85 – 95 as medium high, 60 –85 as medium, 30 – 60 as
low and < 30 as very low.
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test) and wet (MSDI of the modified test). Abundant differ-
ences in slaking behavior are observed during the first cycle of
the two test procedures, illustrated in Fig. 9. It should be noted
that the slake durability indices obtained after the first cycle
may not be directly comparable due to different moisture con-
tent, still, the obtained values demonstrates a tendency of rel-
ative disintegration. The samples Flysch 8–11 show extremely
reduced resistance to the mechanical impact imposed by the
rotation of the drum, while the other samples show minor

deviating results when comparing the two test methodologies.
This indicate that the samples have different material proper-
ties and vulnerability to changes in moisture content in terms
of water-weakening effects due to saturation.

The slake durability indices after 4 cycles, calculated
based on dry weights, can be compared directly (Fig. 10).
The samples Flysch 8–11 show the lowest durability in
both test procedures, while Flysch 6–7 and the
serpentinite samples show relatively high durability. The
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water-weakening effect of the initial wetting on repeated
slaking cycles is prominent in Flysch 9–11 and virtually
absent in Flysch 6–7 and the serpentinite samples. A com-
parison of the slake durability indices of the ISRM meth-
od and the modified method is shown in Fig. 10.

The slake durability index and actual disintegration

Although the slake durability index is an indicative material
parameter on disintegration, it may fail to detect the disinte-
gration behavior of rock materials where at least one diameter

SDI1 STI1

Flysch 6 99.1 98.9

Flysch 7 97.2 95.6

Flysch 8 89.1 77.3

Flysch 9 86.5 66.5

Flysch 10 84.2 66.5

Flysch 11 87.0 72.7
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SDI4 MSDI4

Flysch 6 97.6 97.8

Flysch 7 93.4 91.9

Flysch 8 70.8 73.4

Flysch 9 48.9 43.9

Flysch 10 64.9 51.2
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of the disintegrated particles exceeds 2mm. Even at high slake
durability indices, major size and mass reductions of the
lumps can be the case. A comparison of the slake durability
index and the cumulative weights of particle sizes > 2 mm
capture this feature. Table 8 show a comparison the slake
durability indices and weight % of particles < 16 mm and <
4 mm after the tests.

A fair correspondence between slake durability indices and
disintegration require a low weight % of fractions less than the
initial diameter of the samples (~ 40 mm) for high slake du-
rability index values. For the samples Flysch 6 and Flysch 7,
both the slake durability indices correspond fairly to the
weight % of material less than 16 mm and 4 mm, meaning
that the low actual disintegration is the reflection on the high
slake durability index.

In the case of sample Flysch 8, the slake durability indices
are SDI4 = 70.8 and MSDI4 = 73.4, i.e., medium slaking.
However, the disintegration is quite extensive compared with
the slake durability index, with 32.8–33.8 % of the grains
being less than 16 mm and 26.5–30.1 % of the grain less than
4 mm in the modified test and ISRM test, respectively.

For the samples Flysch 9–11, the slake durability indices
indicate low durability (< 60). However, based on the weight
% of the particles passing through the 16 mm and 4 mm
sieves, the slake durability indices are relatively high com-
pared with the actual disintegration of the rock material.
Flysch 11 show the most extensive disintegration whereby
most of the particles of the retained material pass the 16 mm
sieve (83.0% in the ISRM-test-and 97.5% in the modified test)
and the 4 mm sieve (67.5 % in the ISRM test and 85.6% in the
modified test). In addition, the grains are splintered, a factor
contributing to misleading results even after the grain size
analyses due to the quadratic openings of the sieves (Fig. 11).

The limited correspondence between the slake durability
index and actual disintegration is obvious for some of the
samples and may cause underestimated disintegration

potentials. For example, the serpentinite samples and Flysch
7 achieve similar slaking indices, but the disintegration behav-
ior is considerably different when the material is assessed by
visual inspection. The deviating disintegration behavior de-
spite quite similar slake durability indices is illustrated in
Fig. 12.

The effect of material composition on the slake
durability indices

The sensitive components (i.e., the clay/clay-like minerals)
and the slake durability indices of all samples were calculated
and compared (Fig. 13) in order to detect eventual patterns in
rock material composition and water-weakening effects. A
general trend is that an increasing degree of weathering,

Table 8 Comparison of slake
durability indices andweight% of
particles disintegrated to <16 mm
and < 4 mm

Sample Slake durability indices Weight % < 16 mm Weight % < 4 mm

SDI4 MSDI4 ISRM Mod. ISRM Mod.

Flysch 6 97,6 97,8 2,6 2,1 2,3 2,1

Flysch 7 93,4 91,9 6,8 6,9 6,3 6,5

Flysch 8 70,8 73,4 33,8 32,8 30,1 26,5

Flysch 9 48,9 43,9 66,0 71,8 56,4 58,4

Flysch10 64,9 51,2 41,7 59,0 35,8 50,6

Flysch11 43,3 31,8 83,0 97,5 67,5 85,6

Serp 5 93,4 96,9 11,4 3,9 6,9 2,9

Serp 6 91,8 92,2 13,1 12,8 8,3 8,6

Serp 7 92,9 90,1 24,0 35,9 8,2 12,3

Serp 8 89,2 92,9 23,3 18,1 12,2 7,7

Fig. 11 Splintered material of Flysch 11 after the ISRM slake test
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indicated by high estimates of clay and clay-like mineral con-
tent (left axis), result in a lower slake durabilities (right axis).
The lower slake durability indices in the modified test is pro-
nounced in the flysch samples where the clay content exceeds
20% (samples Flysch 9–11).

A similar analysis was performed with respect to the
actual disintegration, whereby the cumulative weight of
particles passing through the 16-mm sieve is used to ex-
emplify this trend (Fig. 14). An increasing content of clay
and clay-like minerals correlates with increased disinte-
gration and larger span between the ISRM test results
and modified test results.

Discussions

The slake durability index as support design
parameter

The ISRM slake durability test is useful as a general compar-
ison of the slaking properties of different rock types. In terms
of support design of a tunnel, however, it is crucial to obtain
material parameters based on assessment obtained as close to
the environmental conditions of the actual project as possible.
As Franklin and Chandra already mentioned in 1972, other
mechanisms than simple drying and wetting may have

Serp 6   SDI4 = 91,8 Serp 6 MSDI4 = 92,2

Serp 7 SDI4 = 92,9 Serp 7 MSDI4 =90,1

Flysch 7 SDI4 = 93,4 Flysch 7 MSDI4 =91,9

Fig. 12 Samples showing similar
slake durability indices but
different disintegration behavior
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considerable effect on the deterioration of geologically weath-
ered rocks if the environment is particularly severe.

In general, rockmass classification systems for engineering
purposes combine findings from observation, experience and
engineering judgment to provide a quantitative assessment of
rock mass quality (Williams 1997). These can be used either
to simply characterize rock properties and thereby facilitate
the application of information into a design or relate findings
to the determination of actual design parameters. For a classi-
fication system to be successful, the parameters must be rele-
vant to their application, especially if the findings are to be
related to the determination of actual design parameters.

The rock mass surrounding an underground opening will,
dependent on the construction method, be disturbed and de-
graded already during the construction phase of the project. In
terms of stability assessments of a tunnel traversing a hetero-
geneous and disturbed rock mass, the behavioral characteriza-
tion of the material at a defined location is considered as more
helpful than general parameters of a specific rock type.

Further, eventual changed behavior resulting from the expo-
sure to degrading agents such as water in water tunnels during
operation is crucial information for the support design
analysis.

The duration of 10 min in the slake durability test exposes
the rock samples to a limited wetting phase, where the satura-
tion degree of the lumps is variable and uncertain. As a result,
only an unknown % of the rock material is saturated and
exposed to the slaking effect. The modified slake durability
index (MSDI) test aims to bridge this gap and to specify the
environmental effects on the slaking properties of rocks in
water tunnels for hydropower projects, without significantly
reducing the simplicity and comparability of the established
ISRM procedure. Firstly, the slaking properties of the material
constituting a defined location are assessed rather than the
properties of a single rock type. This enable an evaluation of
heterogeneous and disturbed rock mass where the material
properties may change within very short distances.
Secondly, by introducing the samples to an extensive wetting
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phase prior to the test, the slaking effect of moisture changes is
assessed closer to the in-situ condition of water tunnels.
Thirdly, the rock material is not exposed to artificially high
temperatures or dehydration states during the test, which po-
tentially can change the material behavior. In addition, the
method allows a separation between the effect of static wetting
and mechanical abrasion, which opens up a possibility for an
early assessment of the moisture sensitivity of the tested
material.

Discussion on the slake durability parameters
in the modified test

Three slake durability parameters are obtained in the modified
test; the wetting index (Iwetting), the slake trend index (STIi),
and the modified slake durability index (MSDIi).

The wetting index in combination with visual characteriza-
tion intend to indicate the resistance of the material to disso-
lution and disintegration due to static wetting and may func-
tion as a first-hand determination on the moisture sensitivity of
the rockmaterial. By visually comparing the lumps before and
after the wetting phase, one can qualitatively assess the rock
material (Fig. 5). By comparing the color of the water, even-
tual structural changes and disintegration of the lumps, a first
prediction of the water sensitivity can be made already at this
stage. By examining the dissolved and disintegrated material
by XRD, one can also indicate which components of the ma-
terial are more sensitive to the water exposure. Based on the
calculation procedure of the slake durability index generalized
in both the ISRM procedure and the modified procedure, the
wetting index is computed from the weight of retained mate-
rial after sieving the material passed through 2-mm mesh of
the drum. As shown in Table 6, the wetting index is very high
for all samples. However, some of the lumps disintegrates
heavily during wetting into rock pieces > 2 mm, such as sam-
ple Flysch 11 (Fig. 11). Similar as for the slake durability
index, the variation between the samples in regard of the ac-
tual disintegration behavior during wetting is not reflected in
the weight records, since the calculations are based on the
weight of particles less and larger than 2 mm only. This weak-
ness is connected to the calculation procedure rather than the
test procedure itself and can be solved by descriptions and/or
photographs of the retained material. A first-hand determina-
tion on the water-weakening effect can therefore be made at
this stage, but the wetting index should be evaluated together
with visual observations of the material. If the samples show
heavy disintegration due to the static wetting phase, an anal-
ysis procedure and classification system as suggested by au-
thors describing static slaking tests can be chosen, and the test
can be closed already at this stage.

The slake trend index intends to produce values to evaluate
the evolution of slaking during repeated cycles of changed
moisture conditions. This enables an evaluation of the water-

weakening effect on the samples when they are introduced to
minor mechanical forces, and an assessment of the slaking
progress due to repeated cycles. The slake trend indices in
the modified test are calculated when the samples are partly
saturated by water and cannot be compared with the slake
trend indices of the ISRM procedure directly. However, the
trends may be compared in order to uncover eventual changes
in slaking behavior due to the initial moisture state. In cases
where the STI is low after one or few cycles, the test can easily
be closed by drying the retained material and calculate the
slake durability index. This is recommended in cases where
time saving is crucial and where the durability is obviously
lower than a specified support design limit.

The modified slake durability index intends to quantify the
slake durability of samples exposed to an extensive wetting
phase prior to cycles of changed moisture content under stable
temperatures. The index is calculated after drying the retained
material at 50 °C until no more weight loss and is therefore
also comparable with the ISRM slake durability index. The
index and its precedent procedure are recommended in cases
where abundant water exposure is natural in terms of project
type, as in hydropower.

Comparison of the slake durability indices in the two
procedures

In order to assess eventual differences in slaking behavior of
saturated rocks compared with dry rocks, the modified test has
the same framework and follows similar standardized steps as
the ISRM suggested method, and both procedures are per-
formed on similar samples. This enable a comparison of the
slake durability indices, whereby the main deviating test con-
ditions are the initial moisture state of the samples and the
temperature exerted on the rock material during the test.

The wetting phase in the modified test revealed a sig-
nificantly lowered slake durability of some samples com-
pared with the ISRM test, which is very useful informa-
tion for the water tunnels. The effect is varying between
the samples tested, where the heterogeneous flysch sam-
ples are extensively affected compared with the homoge-
neous samples. The homogeneous samples did not show
noteworthy different slaking behavior in the two test pro-
cedures. This deviation seems to be somehow connected
to an increasing content of clay minerals, which may
again be linked to the initial degree of weathering. Other
factors may also contribute, as fabric, structure, strength,
and initial micro-fracturing of the material. The samples
in which the water sensitivity is revealed during passive
wetting, are similar samples which show a lowered slake
durability in the modified test. The lowered durability due
to initial saturation is most prominent in the first cycle of
the test, when minor mechanical forces are introduced due
to collision of the lumps (Fig. 9). This water-weakening
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effect is apparently connected to the structure and compo-
sition of the samples, and most likely also to the dry
strength of the rock material. To verify this, analyses such
as strength tests, microscopy, and SEM-analyses are rec-
ommended for further research.

As some rocks are more sensitive to moisture changes
than others, the modified test is assumed to reflect the
degradation potential more efficiently than a test carried
out on dehydrated samples as suggested by ISRM (1979).
With the proposed modified test, the boundary conditions
are closer to the in situ environment of the rock close to
the periphery of a water tunnel, which in turn produce
more reliable estimates on the behavior to be expected.
It is possible to close the test after fewer cycles than of
this research, if the samples show an extensive slaking
behavior exceeding the support design limit. In order to
obtain an index value on moisture sensitivity and slaking
behavior, the modified test seems to uncover these fea-
tures more efficiently than the ISRM suggested method.

Disintegration analysis as a part of the slake
durability assessment

The practical value of a database with slake durability
results of different rock types is significantly reduced if
no other disintegration parameters are obtained. The
weight % of material fractions spanning from > 2 mm
up to the initial lump diameters can be used to assess
the linkage between the calculated slake durability indices
and actual disintegration of the retained material. Such
analyses enable further disintegration parameters to be
evaluated if found necessary, based on the purpose of
the durability assessment. For example, the retained frag-
ments may be categorized by a disintegration ratio (DR)
analysis as suggested by Erguler and Shakoor (2009) or
other similar categorization systems. For a complete over-
view of the disintegration behavior, the material passing
the 2-mm mesh of the drum can be included in the disin-
tegration analysis.

As performed in this research, a particle size distribu-
tion analysis uncovers noticeable differences between the
disintegration behavior of the rock types tested compared
with the slake durability indices obtained. The materials
which disintegrates the most (Fig. 8a, b) are also the sam-
ples that show degradation at the wetting stage of the
modified test (Table 6). These samples disintegrate more
when exposed to the modified slake durability test proce-
dure compared with the ISRM procedure, which may be
connected to the content of clay (Fig. 14). The methodol-
ogy of integrating the disintegration analysis into the
slake durability assessment should be adjusted to the pur-
pose of the analysis, as support design or similar motives.

Conclusion

Amodified slake durability test has been developed for use in
behavioral assessment of weak rocks in hydropower water
tunnels. The test is time-efficient, semi-quantitative, reproduc-
ible, and seem quite promising. Weathering behavior and the
influence of water saturation in slake durability tests can be
detected using this method, and the material response to cyclic
moisture changes under conditions similar as the in situ con-
dition can be evaluated.

The general pattern is, for rock materials composited of
moisture sensitive minerals, that the water-weakening ef-
fect of saturation is prominent both in a short-term and
long-term perspective. The total degradation of weak
rocks is higher in a saturated condition compared with
an initial dehydrated state when exposed to repeated cy-
cles of changed moisture conditions. These findings are
important to keep in mind when evaluating the durability
of rocks in an environment where the exposure to water is
abundant for a longer period.

Predicting the durability of weak rock materials on the
basis of a few index tests is a difficult task, and the modified
slake durability test described herein is not intended to re-
place the ISRMstandardized slake durability index test, rath-
er it intends to improve the methodology so that test results
reflect more to the environment that prevails in the water
tunnel. This is the reason for keeping the framework and test
principles of the modified test similar to the ISRM test. The
method can be regarded as an informative alternative when
evaluating the durability of weak rocks surrounding a water
tunnel for hydropower or similar projects where rockmass is
continuously exposed to water. The methodology presented
in this paper provides insights to evaluate the effect of satu-
ration on the degradation potential of rocks exposed to heavy
moisture changes and flowingwater, and helps to understand
the extent of rock support required in water tunnels passing
through weak rock mass conditions.
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