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In this study the most significant factors determining the weathering of natural
rock material proved to be the water saturation of the samples and the chemical
composition of the pore water. The action of hydrolysis caused by the acidity of
the pore water, combined with repeated freezing and thawing in 100% relative
humidity proved to be the most significant factor in the alteration of the strength
and structure of the studied material, the Inari anorthosite. The action of these
methods disintegrated the rock material more than any other weathering treatment
or any other combination of the treatments used in this study.

The changes in the strength of the rock material were most reliably illustrated
by the changes in tensile strength, measured by the changes in the modulus of
rupture and the point load index. In several cases the standard deviations of the
results exceeded the absolute changes of the corresponding parameter value. By
progressing weathering, the porosity of the Inari anorthosite changed in such a
way that both the frost and salt weathering increased primarily the proportion of
the large pores while the hydrolysis increased the proportion of the small pores
of the total porosity.

It is rather difficult to simulate in the laboratory the changes in strength and
structure of building stone caused by natural weathering, since the effectiveness
of the climatic and environmental factors affecting the rock surface in real
conditions varies from case to case and according to the duration of the
weathering action. An unweathered firm silicate rock with low porosity, such as
the Inari anorthosite, has such a resistance against weathering that the necessary
series of laboratory experiments to determine the changes in strength inevitably
take several months.
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INTRODUCTION

When rock material disintegrates by weathering,
the contacts between mineral grains loosen and the
porosity increases. The changes become visible
first in the appearance, by continuing weathering
they become obvious also in the strength of the
material and finally they affect the mineral
composition. The general hypothesis concerning
the progressing weathering is that the strength of
rock decreases and water absorption increases. The
changes of strength and structure in plutonic rocks,
caused by weathering, have been relatively little
studied. One reason for this might be that, in spite
of the fact that air pollution accelerates the
weathering of the building stone material, the
plutonic rocks, even in present conditions, are more
resistant to the weathering stress of the polluted air
than the sedimentary rocks. Instead of measuring
exactly the strength of rock, the decreasing of the

weight of samples has in most cases been used as an
indicator of the susceptibility to weathering.
Different forms of weathering have also been
studied, but little work has been done on the
comparisons between the effectiveness of different
weathering processes. The susceptibility to
weathering of natural rock material in the laboratory
conditions have been studied forexample by Griggs
(1936), Wiman (1963), Wellman & Wilson (1965),
Martini (1967), Winkler & Wilhelm (1970), Winkler
& Singer (1972), Winkler (1973), Cooke (1979),
Auger (1988), Uusinoka & Nieminen (1988) and
Fitzner (1990).

METHODS

The effect of some weathering processes as well as
their combinations on the strength and porosity of
the rock material was examined by exposing small-
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Table 1. Conditions of the artificial weathering treatment. RH = relative humidity.

Theoretical type of
weathering treatment

Sam- | Temperature Liquids used in

ple Nr| variation treatment of samples

1 -25°C - +18°C H,O (occasional
condensed moisture)

2 -13°C - +13°C H,O (100 % RH)

3 -13°C - +13°C Sea salt - solution,
2% (100 % RH)

4 -13°C - +13°C Dilute H,SO,,
pH=1 (100 % RH)

5 constant +20°C Sea salt - solution,
2% (100 % RH)

6 constant +20°C Dilute H,SO,,
pH=1 (100 % RH)

heating and cooling
(physical)

frost weathering (physical)
frost weathering + salt
weathering + solution

(physical + chemical)

frost weathering + hydrolysis
(physical + chemical)

salt weathering + solution
(physical + chemical)

hydrolysis + solution
(chemical)

dimensioned samples to artificial weathering in a
special climatic cabinet. Besides the temperature
variation, some samples were also exposed to the
influence of solutions accelerating the weathering.
The samples were subjected to six different types of
weathering conditions, shown in Table 1. The
variation of temperature and the duration of the
freeze-thaw cycles are shown in Fig. 1. In case of
samples 3 -4 (rows 3 - 4 in Table 1) each cycle was
terminated by immersing the samples in solutions
given in Table 1. The samples were examined after
50, 150 and 400 freeze-thaw cycles to determine
their strength and porosity. Samples 5 and 6 (rows
5 and 6 in Table 1) that had been kept in constant
temperature, but exposed to the action of identical
solutions, were examined in a similar way at the
same time. In this study the solutions and
concentrations of liquids with an accelerating
influence on weathering were chosen to simulate
the climatic stresses to which the building stones
are exposed on the industrialized coastal area. The
total duration of the weathering experiment was
100 days.

The changes in strength and porosity of the
samples were measured by means of uniaxial
compressive strength, modulus of rupture, point
load index, water absorption and mercury
porosimetry. Uniaxial compressive strength was
determined according to norm DIN 52 105, except
the dimensions of the cubic samples. Modulus of
rupture was determined according to norm DIN
52 112 and point load index according to ISRM
(1985). To determine the rate of water absorption,
the samples were first evacuated to a pressure of
0.10 mbar, then immersed in water and finally
weighed one hour after the submersion. The total
pore volume and the pore size distribution of samples
were determined by mercury porosimetry (Brakel
van & Modry, 1981; Gregg & Sing, 1982).

SAMPLES

The examined samples were of homogeneous
unweathered plutonic rock, the Inari anorthosite,
alsocalled Vaskojoki anorthosite (Fig. 2). According
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Fig. 2. Location of Inari anorthosite (= Vaskojoki anorthosite) and main features of the bedrock in northernmost
Finland (Merildinen 1976).



Methods applied in determining the variations of strength and srtucture of plutonic rock material ... 71

to Niini (1967) and Merildinen (1976) the Inari
anorthosite is mostly white or grey, evenly grained
(2-3 mm) rock that occasionally is porphyritic. It
shows light to moderate foliation and is sometimes
gneissose as aresult of hornblende-bearing streaks.
The texture of the Inari anorthosite is
hypidiomorphic with plagioclase as the dominant
mineral. Plagioclase is in many places zoned with a
core of bytownite (An, ) or occasionally even
anorthite (Any,) and arim of andesine (An,, ). The
abundance of dark minerals in the rock is about 5 to
10% hornblende and minor hypersthene or garnet
(Table 2). According to Table 3 the strength of Inari
anorthosite is well comparable with the most
common Finnish granites.

The samples used in the experiments were sawn
by a diamant saw into cubic or beam-like forms
from stone slabs calibrated to constant thicknesses
at stone factory. The most significant exception
from the specifications of the norm DIN 52 105 was
the edge length of 32 mm in the cubic samples, used
for determining the uniaxial compressive strength.
The dimensions and the shape of all the other
specimens were set according to the specifications
of each norm. The number of samples for
determination of each strength parameter was 5 -
10. The freezing capacity of the climatic cabinet

Table 2. Mineral composition of the Inari anorthosite
(Meriléiiinen 1976).

Plagioclase 84-92 %
Hornblende 5-13%
Augite 1-5%
Hypersthene 0-1%
Epidote 0-03%
Garnet 0-0.2%
Zircon +
Titanite +

limited the total weight of samples to about 60
kilograms.

RESULTS

The experiments showed that the variation of
temperature alone neither decreased significantly
the strength of the Inari anorthosite norincreased its
porosity or water absorption capacity (row 1 in
Table4). The changes in strength and porosity were
somewhat greater as the weathering effect was

Table 3. Strength parameters of the Inari anorthosite, determined by the Institute of Engineering Geology,
Tampere University of Technology, except the ones signed with * (*= Finnish Stone 1991 ).

Inari anorthosite

Finnish granites

in average
Uniaxial compressive strength 183 MPa 180 MPa*
Modulus of rupture 15 MPa 12.5 MPa*
Young’s modulus (average) 82 000 MPa 56 800 MPa*
Water absorption 0.12 % 0.20 %
Specific gravity 2.70 t/m? 2.71 tm?
Los Angeles value 39 27
Point load index 8.7 MPa 8.4 MPa
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Table 4. Changes of strength and water absorption of Inari anothosite during artificial weathering test of 400
freeze-thaw cycles and/or 100 days. Standard deviations of results are given in parentheses. In case of
unweatherded material all the parameters in Table 4 don’t coincide with the corresponding parameters in Table
3 because of different dimensions of the samples used in determinations.

Sample Type of weathering | Uniaxial Point load Modulus Water
Nr compressive index (MPa) | of rupture absorption
strength (MPa) (MPa) (%)
unweathered 210 8.70 16.26 0.120
31 (1.38) (1.55) (0.012)

1 heating and cooling  |205 8.22 13.98 0.107
(physical) (37) (0.61) (1.29) (0.015)

2 frost weathering 195 8.93 12:57 0.156
(physical) (24) (1.30) (1.27) (0.020)

3 frost weathering +
salt weathering + 192 7.67 13.82 0.102
solution (physical + |(13) (0.57) (1.90) (0.029)
chemical)

4 frost weathering + 162 6.50 12.75 0.183
hydrolysis (physical + |(25) (0.93) (2.04) (0.038)
chemical)

5 salt weathering + 205 7.43 14.76 0.111
solution (physical + |(15) (0.94) (2.58) (0.027)
chemical)

6 hydrolysis + solution [201 7.61 15:1 10.166
(chemical) (25) (1.24) (1.13) (0.025)

intensified by exposing the specimens to freezing
and thawing in 100% relative humidity (row 2 in
Table 4). More than weathering by freezing and
thawing alone or by salt crystallization in 2% sea
salt liquid as such, a combination of these methods
proved to have a greater influence on the strength
and porosity of the sample material (row 3 in Table
4).

The greatest decrease of Inari anorthosite strength
was obtained by combining the freezing and thawing
cycles with hydrolysis in dilute sulphuric acid (row

4 in Table 4). The weathering effect of this
combination proved to be significantly greater than
the effect of freezing and thawing or hydrolysis
alone (rows 2 and 6 in Table 4). A comparison
between the effectiveness of weathering by freezing
and thawing and by hydrolysis, shows that in this
case the effectiveness of both the methods reaches
quite a low level when measured by means of
decrease in strength and increase in porosity (rows
2 and 6 in Table 4, Table 6). This means that the
weathering effect of freezing and thawing increases
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Table 5. Correlation coefficients between total
porosity and individual strength parameters or water
absorption. See also Fig. 3.

Table 7. Loss of weight of the Inari anorthosite during
the artificial weathering treatment of 400 freeze-thaw
cycles or 100 days respectively

Correlation
coefficient
between porosity and
compressive strength -0.283
between porosity and
point load index -0.816
between porosity and
modulus of rupture -0.903
between porosity and
water absorption +0.497
between porosity and wate
absorption of samples no
treated with NaCl liquid +0.761

Sample Treatmen Loss of t
Nr weight (%)
1 heating and cooling | 0.0061
2 frost weathering 0.0385
3 frost weathering+
salt weathering 0.0231
4 frost weathering+
hydrolysis 0.0585
5 salt weathering 0.0140
6 hydrolysis 0.3273

significantly by influence of hydrolysis. According
to Fig. 3 and Table 5 the correlation between the
total porosity and individual strength parameters of
Inari anorthosite varies a lot. The changes of weight
in samples, caused by weathering, are shown in
Table 7.

After 50 or 150 freeze-thaw cycles noremarkable
changes in the strength or porosity of the samples
was perceived. The measuring of the change in
compression strength proved to be the least suitable

of all the used methods to illustrate the decrease of
strength in the material (Fig. 3, Tables 4 and 5). The
bending and the point loading, which load the
specimens also with tensile stress, gave a more
accurate indication of the slight changes in strength
caused by weathering. The increase of the water
absorption gave a relatively good illustration of the
progress of the weathering, except with the samples
exposed to salt water. The salts tend to crystallize in
the pores of the rock and thus prevent the penetration

Table 6. Changes in pore size distribution depending on the type of artificial weathering treatment.

Sample Total pore Cumulative | Cumulative Cumulative Median of the

Nr volume (%) | pore volume | pore volume pore volume pore diameter
¢ > 10 um 2um<g<10um @< 2um (%) (um)
(%) (%)

Fresh 0.16 0 50 50 1.50

1 0.39 0 60 40 6.79

2 0.33 75 0 25 434

3 0.57 40 45 15 7.13

4 0.70 10 50 40 1.47

5 0.36 40 40 20 5.02

6 0.59 20 15 65 0.38
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Fig. 3. The correlation between total porosity and some strength parameters of Inari anorthosite.

of the water into the pores. As for the character of
the porosity, it was observed that the repeated
freezing and thawing increases above all the amount
of large pores whereas the hydrolysis increases the
amount of small pores (Table 6). According to the
thin section analyses it can be stated that the
weathering treatment used in this study does not
cause perceivable changes in the mineral
composition and structure of the Inari anorthosite.

DISCUSSION

The described method of artificial weathering tests
proved not to be effective enough to perfectly
characterize the progress of the weathering in case
of firm, nearly non-porous plutonic rock. It seems
to be characteristic for rocks like Inari anorthosite
that the standard deviation of strength parameters
is greater than the absolute decrease of strength
caused by artificial weathering. It is obvious that
the composition of pore water and the rate of
saturation have a significant influence on the effect

of rock weathering. According to the previous
studiesithas also been observed thatthe weathering
resistance of Plutonic rocks is high and the
weathering is more effective in 100% relative
humidity than in dry conditions (Griggs 1936,
Wiman 1963, Martini 1967).

The experimental conditions used in this study
were not very favorable to salt weathering. It was
not possible to reliably determine the effectiveness
of salt weathering in comparison to the frost
weathering. This mutual effectiveness has been
studied for instance by Cooke (1979). The
crystallization of sodium chloride in the pores of
the material was not very efficient, due to the
Icelandic type of temperature variation in the
climatic chamber as well as the high relative
humidity around samples.

The repeated freezing and thawing of the pore
water proved to increase above all the large -
diameter porosity in the Inari anorthosite. Similar
observations have been made by Fitzner (1990)
when measuring the pore size distribution in samples
of sandstone with much higher porosity.
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It is difficult to compare the durability against
weathering of the Inari anorthosite with the
durability of other rock materials because of the
lack of appropriate comparison parameters. One
possible parameter might be, on the basis of other
studies (Griggs 1936, Wiman 1963, Martini 1967,
Winkler 1973, Ollier 1984) the change of weight of
the samples caused by weathering.

It is also difficult to estimate how the results of
these weathering experiments correspond to the
length of the weathering period of the building
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