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Abstract

The durability of aggregates against salt weathering is calculated after five cycles of immersion in a magnesium sulfate solution
followed by drying according to the relevant European standard (EN 1367-2: 2010). The aim of the study is to investigate the
long-term durability of aggregates by increasing the number of cycles of the salt crystallization test from the standardized five to a
maximum of 35. Three andesite types from Hungarian quarries were tested representing three different localities. The weight loss
of the specimens was determined after every 5-cycle set. Results were documented for three size-fractions 10.0/11.2 mm, 11.2/
14.0 mm and the 10.0/14.0 mm, respectively. Relationships between immersion-drying cycles and magnesium sulfate values
were described by the Pearson-coefficient. According to the test results, the magnesium sulfate values followed linearly increas-
ing tendencies in the course of the long-term salt crystallization tests. Parallel to the salt-weathering tests, the changes in the
mechanical properties of the salt-attacked aggregates were also detected by micro-Deval tests (EN 1097—1: 2012). The changes in
micro-Deval coefficients were calculated in the form of a decay factor as a function of sulfate cycles. The results suggest that the
micro-Deval coefficient does not rise after a certain salt cycle; i.e. higher number of salt-crystallisation cycles does not necessarily

reduce the micro-Deval coefficient of studied andesite lithologies.
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Introduction

Durability and weathering properties of crushed stone signifi-
cantly control the use of these construction materials. Various
methods have been developed to determine the resistance of
aggregates to the different environmental and mechanical im-
pacts. According to the relevant European standard weathering
durability of aggregates should be determined by magnesium
sulfate tests (EN 1367-2: 2010). This standard intends to model
the weathering effect, provided by growing crystals exerting
pressure onto the pore walls using magnesium salt rather than
ice crystals (freeze—thaw). For the cylindrical test specimens,
crystallisation related durability can be assessed by standardised
freeze—thaw tests (EN 12371: 2010), where ice crystals are
forming in the pores of the stone material (Piasta et al. 2016).
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The sulfate tests are based on a similar principle (Yavuz
et al. 2006; lIoannou et al. 2013). After the specimens are
immersed in sulfate solution for a longer period, then they
should be dried in an oven to conduce the growth of the
sulfate crystals. Both sodium (Na,SO,4) and magnesium
sulfate (MgSQOy,) can be used. As both sulfates are extreme-
ly damaging salts (Ruiz-Agudo et al. 2007), the destructive
effect of the crystals is greater than the effect of the ice
crystals. The viscosity of the sodium sulfate solution is less
than the magnesium sulfate’s viscosity. The Na,SO,4 can be
absorbed in greater depth than MgSO,, but the crystalliza-
tion pressure of sodium sulfate crystal is lower (La Iglesia
et al. 1997). According to loannou et al. (2013) the mag-
nesium sulfate soundness was greater than the sodium sul-
fate soundness of limestone and diabase aggregates. On the
other hand, Ruiz-Agudo et al. (2007) measured greater
weight loss in the case of sodium sulfate tests with a po-
rous limestone type. For the determination of the
weathering properties of aggregates, the European norm
(EN 1367-2: 2010) requires the performance of the mag-
nesium sulfate test, while the weathering properties of ag-
gregates cannot be analysed by sodium sulfate.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-019-01600-4&domain=pdf
http://orcid.org/0000-0002-5394-4510
mailto:torokakos@mail.bme.hu

8892

B. Czinder, A. Tordk

Fig. 1 Location of the quarries of
the studied andesites:
Nogradkovesd (Andesite-1),
Recsk (Andesite-2) and Komlo
(Andesite-3)
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The weathering impacts can influence the mechanical and
physical properties of the studied materials, including stones,
mortars (Pfikryl 2013; Wongprachum et al. 2018) or concretes
(Muthusamy et al. 2015). The alteration of a chosen X char-
acteristics can be described by the decay factor (Ay):

Xsub_XO

Av =
o=

-100‘ (1)

where X)) is the previously determined reference value of the
studied X parameter, and Xj,,;, is the measured value of the
studied parameter collected after the subjection of the speci-
mens. The determination of the decay factor is suggested by
different standards (e.g. EN 12371: 2010, where decay factor
is determined according to the modulus of elasticity and called
percentage decrease in elastic modulus; EN 1367-1: 2007,
where decay factor is determined according the Los Angeles
values and called percentage strength loss). The general form
of'the factor is represented in Eq. 1. Both rock mechanical and
aggregate properties can be analysed this way. Ghobady and
Babazadeh (2015) investigated Tertiary sandstones, and they
determined the point load strength, the Brazilian tensile
strength, the P Wave velocity loss and the slake durability
index of the studied materials after freeze—thaw and salt crys-
tallization tests. A decay function model was proposed and
later verified through laboratory tests (Mutlutiirk et al.
2004). This study describes the integrity loss process and the

decay of the mechanical properties of rocks subjected to
freezing—thawing and heating—cooling cycles.

Several test methods are developed to provide information
on the durability, serviceability (Pfikryl 2017) and long-term
performance of aggregates, such as the Los Angeles test
(Cuelho et al. 2008; Torok 2015; Ajalloeian and Kamani
2017), the Nordic test (Krutilova and Pfikryl 2017), the slake
durability test (Ghobadi and Babazadeh 2015; Miscevi¢ and
Vlastelica 2011) or the micro-Deval test (Torok and Czinder
2017). The comparison of the weathering and the durability
properties showed various correspondence, and the R? values
of the micro-Deval versus magnesium sulfate value plots
changed between 0.1 and 0.7 (Phillips 2000; Cooley and
James 2003; Cuelho et al. 2008).

The present paper focuses on the weathering and me-
chanical properties of andesites. Andesite was selected
because this lithotype is one of the most widely applied
stones as aggregate in the construction industry. The
favourable mechanical and weathering properties make
andesite suitable in road construction (Xie et al. 2016),
in railway construction (Gélos and Karpati 2007) and in
hydraulic engineering constructions (Ozden and Topal
2009). The main aim of these tests is to assess the long-
term changes in magnesium sulfate values, by increasing
the salt crystallisation cycles from the standardised
five cycles to 35 cycles. The changes in material proper-
ties were also assessed by micro-Deval tests after every

Table 1 Abbreviation, brief

Description

Micro-fabric

description and micro-fabric of Name Locality

the studied andesites
Andesite-1  Nogradkovesd
Andesite-2  Recsk
Andesite-3  Komlo

andesite with large plagioclase
phenocryst

slightly silicified pyroxene andesite
amphibole andesite

porphyritic slightly intersertal basaltic
andesite

porphyritic intersertal
porphyritic intersertal

@ Springer



Effects of long-term magnesium sulfate crystallisation tests on abrasion and durability of andesite... 8893

Fig. 2 Thin sections micrographs of the studied andesites: a) plagioclase
laths and few amphiboles in the Andesite-1; b) Pyroxene crystals and
larger plagioclases in Andesite-2; ¢) flow banded micro-fabric with small
plagioclase and amphibole crystals in the glassy groundmass of Andesite-
3

five cycles. A correlation is outlined between magnesium
sulfate values and salt crystallisation cycles. In addition,
micro-Deval values and magnesium sulfate values as a
function of sulfate cycles were also analysed.

Materials

Andesites from three quarries were used to investigate the
long-term weathering properties. All three quarries are located
in Hungary, in Nogradkdvesd (Cserhat Mountains), Recsk
(Matra Mountains) and Komlé (Mecsek Mountains) (Fig. 1).
All studied and quarried andesites were formed in the
Miocene period (Haas 2013). The andesites represent three
different lithotypes (Table 1). Andesite-1 is a typical amphi-
bole andesite with plagioclase phenocrysts (Fig. 2).
Plagioclase laths prevail in the texture with smaller amount
of amphiboles and opaque minerals in the glassy groundmass.
It also contains a small amount of pyroxene crystals. The
amphibole and pyroxene crystals are relatively small with
crystal sizes of 0.1-0.2 mm. The palgioclase crystals form
the framework and represent more than 50% of the texture
providing a basaltic intersertal micro-fabric. Glassy ground-
mass is also observed in between phenocryst. Andesite-2 is a
slightly silicified pyroxene andesite from Recsk. The micro-
fabric is characterized by a large amount of small plagioclase
crystals that are found in the glassy matrix, while larger phe-
nocrysts are mostly represented by pyroxene (mm-size). The
slicification is related to minor hydrothermal alteration pro-
cesses. Besides the prevailing palagioclase and pyroxene crys-
tals, the andesite also contains a small amount of secondary
minerals, such as calcite and limonite. A detailed description
of the andesite is given by Cserny et al. 2004. Grey amphibole
andesite is the third studied lithotype (Andesite-3) from
Southern Hungary (Komlo). It is characterized by the pres-
ence of a few plagioclase crystals and a minor amount of
pyroxene in the prevailingly glassy groundmass (Klespitz
2012). The elongated plagioclase crystals are relatively small
with length of 100-150 um and width of 15-30 um. The
amphibole crystals are visible as elongated 1-2 mm-long crys-
tals. They show some alterations especially at crystal margins
in the form of opaque zone. Small pehocrystals of pyroxene
and a minor amount of magnetite are also found in the thin-
sections. The flow banding is a common feature of this andes-
ite (Fig. 2).

The bulk density (in dry and water saturated conditions)
and the water absorption of the studied andesites are collected
in Table 2.

Test methods

The magnesium sulfate and the micro-Deval tests require ag-
gregate samples with 10/14 mm-sized grains. The samples
were prepared by crushing and sieving coarser grained aggre-
gates and rock blocks. The relevant European standard (EN
1367-2: 2010) prescribes the application of a saturated solu-
tion of magnesium sulfate (MgSO, - 7H,O solution) for the
test. The standardized test method requires five cycles with the
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Table 2 Bulk density and water

absorption of the studied Name Bulk density Bulk density Water
andesites (dry condition) (water saturated condition) absorption
[kg/m’] [kg/m’] [m%]
Andesite-1 2710 2735 0.91
Andesite-2 2714 2730 0.46
Andesite-3 2535 2579 1.51

steps of Fig. 3. The magnesium sulfate crystals form in the
drying phase (Fig. 4).

After the 5th cycle, the samples should be washed and
sieved on the 10 mm sieve. The result of the test is a mass
reduction value called magnesium sulfate value (MS) in per-
centage by mass:

MM,

MS
M,

100 (2)
where M; is the initial mass and M, is the final mass of the
aggregate specimen retained on the 10 mm sieve.

For the investigation of the long-term properties, the
test procedure was repeated seven times; that is, 35 cycles
of immersion and drying were repeated. The mass reduc-
tion was measured and the magnesium sulfate value was
obtained after every 5-cycle period. For the further labo-
ratory tests, the fractions of 10.0/11.2 mm and the 11.2/
14.0 mm sized grains were separated and measured. The
fraction of 11.2/14.0 mm was sieved both on the 10 and
11.2 mm sieve. The test result after n cycles is the long-
term magnesium sulfate value.

Correlation and regression analyses were used to char-
acterize the mass reduction of the sample in the course of
the long-term tests. The relationship between the number
of immersion-drying cycles and the magnesium sulfate
values were described by the Pearson-coefficient (R?).

IMMERSION IN THE
SOLUTION

(17 HOURS)

COOLING TO
LABORATORY DRAINING
TEMPERATURE (2 HOURS)
(5 HOURS)

DRYING AT 110°C
(24 HOURS)

Fig. 3 One cycle of the magnesium sulfate test

@ Springer

The constant members of the calculated functions were
missed, because the initial point in the Origin (which
means the Oth cycle) was considered as a fixed point of
the fitted curves.

The durability of the andesite samples was analysed by
the micro-Deval test, which is used to investigate the re-
sistance to abrasion (relevant standard: EN 1097-1:
2012). The aggregate samples should be formed from
150 g of 10.0/11.2 mm and 350 g of 11.2/14.0 mm-sized
grains. The samples were tested in steel drums (diameter:
200 mm, height: 154 mm), which were rotated by 12,000
times (100 rotations/min). The abrasive impact was in-
creased by 5000 g of steel balls (diameter: 10 mm) and
2.5 1 of water was added in the drum. After the required
rotations, the samples were washed and sieved on a
1.6 mm sieve. The test result is the micro-Deval coeffi-
cient (Mpg) in percentage by mass:

my—nmy
Mpg =

- 100 3

- ()
where m; is the initial mass and m; is the final mass of the
aggregate specimen retained on the 1.6 mm sieve. The
micro-Deval coefficient of the studied andesite aggregates
was determined after every 5-cycle period. The tests were

Fig. 4 Magnesium sulfate crystals on the grains of the aggregate sample
of Andesite-2 (scale bar is on the right top)
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Table 3  The mass of the samples measured after the sulfate tests
Number of cycles  Fractions  Andesite-1 Andesite-2 Andesite-3
M, Mags100  Magsniz My Magoi00 Magsniz M Mags100 Magsiia
e] e] e] e] g] e] e] e] e]
5 10.0/11.2  3608.69 3546.56 - 3732.85 3680.64 - 4075.66  3808.05 -
11.2/14.0  10,309.55 10,286.74 10,190.38 10,217.58 10,211.18 10,090.27 9380.32  9314.49 9095.50
10 10.0/11.2  3246.36 322323 - 3380.59 3307.64 - 3508.00 2941.76 -
11.2/14.0  9490.28 9434.82 9397.45 9389.92 9362.71 9250.59 8395.15  7762.88 7393.97
15 10.0/11.2  2922.96 2869.49 - 3007.20 2935.63 - 2641.54  2152.01 -
11.2/14.0  8697.46 8656.13 8591.60 8550.72 8532.56 8426.43 6693.98 662634 6199.71
20 10.0/11.2  2569.41 2518.50 - 2635.43 2574.86 - 1851.61  1512.77 -
11.2/14.0  7891.50 7837.95 7783.13 7726.50 7700.54 7639.57 5499.87 5253.61 4914.23
25 10.0/11.2 221829 2202.59 - 2274.55 2227.38 - 121229  857.43 -
11.2/14.0 7083.16 7008.97 6957.28 6939.72 6913.28 6867.61 4214.07 3896.63 3555.03
30 10.0/11.2  1902.19 1849.48 - 1926.84 1901.43 - 707.15 527.53 -
11.2/14.0  6257.40 6229.33 6156.24 6168.07 6146.18 6104.53 3205.31  3009.80 2736.31
35 10.0/11.2  1549.32 1519.22 - 1601.05 1580.19 - 37727 30845 -
11.2/14.0  5456.23 5416.79 5381.70 5404.63 5392.94 5369.88 2386.52  2296.15 2163.38

(M;: the initial mass of the sample; M 4~ ;9,¢: the final mass of the sample with grains, which are larger than 10.0 mm; M, 4~ ;; »: the final mass of the
sample with grains, which are larger than 11.2 mm)

made in pairs, and the average values were used for the
subsequent analyses.

According to the micro-Deval test results, the decay factor
of the resistance to abrasion (\y;pg;) was calculated in per-
centage:

Mpe;=MpEo

DE.0

-100 (4)

AMDE,i =

where Mpg is the reference micro-Deval coefficient (determined
before the long-term magnesium sulfate test) and Mpg; is the
micro-Deval coefficient determined after 7 cycles of the sulfate test.

Table 4 Magnesium sulfate test results

Results

The test results of the 10.0/11.2 mm and the 11.2/14.0 mm frac-
tions were evaluated separately. The measured raw values are col-
lected in Table 3. The mass reduction of the total 10.0/14.0 mm
grain sized aggregate sample was also calculated (Table 4).

The data sets of the measured magnesium sulfate values are
represented according to the number of immersion-drying cy-
cles (Figs. 5, 6, and 7). The test results of the 10.0/11.2 mm,
11.2/14.0 mm and the 10.0/14.0 mm-sized part were signed
with blue, red and black colours. According to the magnesium
sulfate test results, the N,,s versus MS plots follow a linear

Number of cycles Magnesium sulfate value

(MS) [m%]
(Nms) [] Andesite-1 Andesite-2 Andesite-3

10.0/11.2 11.2/14.0 10.0/14.0 10.0/11.2 11.2/14.0 10.0/14.0 10.0/11.2 11.2/14.0 10.0/14.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 1.7 1.2 0.6 1.4 1.2 0.3 6.6 3.0 2.5
10 24 2.1 1.2 35 2.7 1.1 21.6 14.6 12.3
15 42 33 2.0 5.8 4.1 1.8 36.2 20.9 17.5
20 6.1 4.6 3.0 8.0 5.2 2.6 47.8 29.3 24.1
25 6.8 6.3 39 9.9 6.2 3.4 63.1 404 335
30 9.4 7.9 4.9 11.1 72 4.0 72.5 49.1 39.9
35 11.1 9.1 5.8 12.2 7.8 44 717.5 53.9 433
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Fig. 5 The long-term magnesium 14
sulfate crystallisation tests of
Andesite-1
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trend. The R’ values of the fitted lines exceeded 0.98 in all
cases.

The results of the micro-Deval tests are summarized in
Table 5 and Fig. 8. Significant differences were observed as
the number of cycles increased, e.g. the reference My value
of Andesite-3 was 14.65, while after ten immersion-drying
cycles it almost reached the value of 20. In the case of
Andesite-2, the alteration is negligible.

The greatest magnesium sulfate values were determined on
the fraction of 10.0/11.2 mm in all cases; relatively more
grains will weather under the lower merge of a studied fraction
in the case of a narrower fraction, presuming uniform grain
size distribution and uniform weathering in an aggregate frac-
tion. In addition, the magnesium sulfate solution produces its
fracturing effect near the surface of the grains in the case of
stones with compact texture, and the reduction of the grain
size increases the relative area of the surface. The MS value of
the fractions of 10.0/14.0 mm is less than the fractions of 11.2/
14.2 mm, because in this case the weight loss is calculated
according to the mass of the grains, which are smaller than
10 mm; i.e. not the grains that are smaller than 11.2 mm.

The results of the complete 10.0/14.0 mm sized samples
are shown in Fig. 9. The long-term magnesium sulfate tests
revealed significant differences between Andesite-3 and the
two other rock types. While the loss of mass of Andesite-3

reaches 40 m% after 35 cycles of immersion in sulfate satura-
tion and drying, the magnesium sulfate values of Andesite-1
and Andesite-2 are less than 6 m%. Additionally, in the case of
the separated fractions of Andesite-2, higher MS values could
be measured than the MS values of Andesite-1, but the MS of
the complete 10.0/14.0 mm fraction of Andesite-2 is lower.
This may occur because in the case of the 11.2/14.0 mm frac-
tion of Andesite-2, relatively more grains weathered under
11.2 mm, but relatively fewer grains weathered under
10 mm than in the case of the 11.2/14.0 mm fraction of
Andesite-1.

The micro-Deval coefficients of the studied andesites
showed significant differences. While the MS values of
Andesite-1 and Andesite-2 are about equal, the Mpg value
of Andesite-1 is three times greater than the Mpg of
Andesite-2. The decay factor of the micro-Deval coefficient
(Fig. 10) was calculated to investigate the effects of the long-
term magnesium sulfate test on the resistance to abrasion.

Discussion

According to the magnesium sulfate test results, the weight
loss follows a linearly increasing tendency (Fig. 5, 6 and 7).
The monotony of the alteration of the weight loss is also

Fig. 6 The long-term magnesium 14
sulfate crystallisation tests of S ©10.0/11.2 mm MS 0371 N
Andesite-2 E12 | 0112140 mm 1otz = D=l Nys e @
= R*=0.989 4
g/ 10 | ©10.0/14.0 mm o .
o
2
Ea Q. °
s °
€ 6 . MS,; 2149 = 0.240-Nyg
3 Y ! R? =0.982
g
2
3
=l
o0
<
=

10 15 20 25 30 35 40
Number of cycles (Nyg) [-]
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Fig. 7 The long-term magnesium 90
sulfate crystallisation tests of %0 ©10.0/11.2 mm
Andesite-3 ®11.2/14.0 mm
70
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observed in the case of long-term freeze—thaw weathering
tests of limestone, granite and lapilli tuff (Ruedrich et al.
2004). Bista and Tamrakar (2015) measured the weight loss
of several rock types after every cycle of the magnesium sul-
fate test and found that weathering could be detected in all
cases causing weight loss.

The long-term weathering properties of the rocks can be
analysed by the repeat of the weathering effects such as
freeze—thaw cycles of sulfate crystallisation tests. Thermal
stresses can also reduce durability of granites (Vazquez et al.
2016; Freire-Lista and Fort 2017) sandstone (Sirdesai et al.
2017) and other lithologies, such as limestone (Brotons et al.
2013) or marble (Martinho and Dionisio 2018). Akin and
Ozsan (2011) studied the mechanical and physical parameters
of a Turkish travertine exposing cubic tests specimens to
80 cycles of freezing—thawing and 25 cycles of sulfate crys-
tallization tests, while Jamshidi et al. 2016 made similar tests
on Gerdoee travertine from Iran. Both studies emphasized the
decreasing strength and durability of travertine and mostly
decreasing trends with increasing number of stress cycles.
The mechanical properties, e.g. the Young’s modulus
(1400 F-T cycles; Ruedrich et al. 2011) or the uniaxial com-
pressive strength (UCS) (50 F-T cycles; Yavuz 2011), also
followed decreasing tendencies through the repeat of the

Table 5 Micro-Deval test results

Number of cycles Micro-Deval coefficient

(Nms) [7] (Mpg) [m%]
Andesite-1 Andesite-2 Andesite-3
14.64 4.80 14.65
15.88 4.82 19.05

10 15.67 4.81 19.98

15 15.97 4.98 19.74

20 15.87 4.77 19.34

25 15.51 4.54 17.53

30 15.73 4.57 16.38

35 15.36 4.62 15.73

freeze—thaw cycles. The sulfate crystallisation tests of the test-
ed andesites do not follow the same gradual decrease when not
only the weight loss, as it is required by EN 1367-2, but the
resistance against abrasion (micro-Deval values) are also con-
sidered (Table 5).

In the initial phase of the long-term magnesium sulfate test,
the resistance to abrasion shows a decreasing tendency; in the
case of Andesite-3, the reduction of it exceeded 30% after
10 cycles of the sulfate test (Fig. 8). On the other hand, the
maximal value of \y,pr was reached after 10—15 cycles
(Fig. 10), and hence the degree of the decay reduced.
Moreover, the micro-Deval coefficients of Andesite-2
changed to more favourable values than the reference value
after 20 cycles (Table 5, Fig. 10). The unsteady trend of the
alteration of the Mz values may be explained by the hetero-
geneity of the rock materials; the less resistant parts of the
samples were weathered first, which caused increasing ten-
dency of \y/pp. After the degradation of these parts of the
aggregates, only the more resistant grains remained in the
samples, so the micro-Deval values started to approximate
and even exceed the initial reference Mpy values. It should
be mentioned that the initial micro-Deval coefficient of
Andesite-2 is a relatively small number (4.80 m%) and thus
small changes in absolute values (0.XX m%) cause higher
changes in the decay factors (Fig. 10). This leads to a decrease
of micro-Deval coefficient, namely a better resistance (Mpg =
4.54 m% after 25 cycles). Similar trends were observed at
Andesite-1 and Andesite-3 samples; however, the decreased
Mpg, values were still higher than the initial Mpg values (Fig.
8 and Fig. 10).

This type of ‘anomalous’ behaviour is not very common;
however, it was noted by Akin and Ozsan 2011 that long-term
freeze—thaw cycles might cause a slight increase in P wave
velocity. According to Yavuz and Topal (2007) the uniaxial
compressive strength of two types of marbles decreased after a
few cycles of the sodium sulfate test, but after that, an increas-
ing tendency could be measured. An extremely high value of
UCS was measured on marble with 34% dolomite content
after salt attack compared to the reference sample set.
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Fig. 8 The micro-Deval test re-
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Nevertheless, most of the laboratory test results showed per-
manent decay of the studied properties: the UCS of sandstones
(Khanlari et al. 2015) and the Brazilian tensile strength of a
travertine (Jamshidi et al. 2016) when these samples were
subjected to freeze—thaw. The slake durability index of a sand-
stone (Ghobadi and Babazadeh 2015) and the UCS of marbles
(Yavuz and Topal 2007) subjected by salt crystallization was
reduced. Although the aforementioned test results of these
studies are similar to the results of the present study, similar
trends were documented, and the results can not be directly
compared since in those papers cuboid sedimentary rock spec-
imens were used and other properties were also measured.

It should also be mentioned that the mineralogical and sed-
imentological properties of the stones can affect the mechan-
ical (Yilmaz et al. 2011; Pfikryl 2013; Khanlari et al. 2015),
the aggregate (Réisdnen 2004; Pang et al. 2010; Rigopoulos
et al. 2013; Yilmaz et al. 2015) and the weathering properties
(Kazi and Al-Mansour 1980). The amount of the aluminum
and iron oxides in the tested rocks can modify the durability of

aggregates, namely the magnesium sulfate values (Tugrul and
Yilmaz 2012). Our tests results imply that the different behav-
iour of the studied andesites is also partly linked to the differ-
ences in mineral content—namely, the slightly silicified py-
roxene (Andesite-2) has the highest resistance against salt
crystallisation. Indeed after 20 magnesium sulfate
crystallisation cycles, its micro-Deval coefficient became low-
er than that of the original sample (Table 5, Fig. 8). The
greatest loss in micro-Deval coefficient was observed after
15 sulfate crystallisation cycles at Andesite-3, which has am-
phiboles. The amphibole is a sensitive mineral to weathering,
and it can adversely affect the durability of aggregates
(Anastasio et al. 2016).

The micro-fabric, micro-cracks (Freire-Lista et al. 2015),
pore sizes and the interconnections of pores significantly in-
fluence the durability and weathering properties of rocks
(Tugrul 2004; Torok 2006; Yu and Oguchi 2010; Prikryl
2013; Papay and Torok 2015) and the efficiency of salt solu-
tion saturation (Celik and Aygiin 2018). The micro-fabric and

Fig. 9 The long-term magnesium
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Fig. 10 The alteration of the 40
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mineralogy controls the salt crystallisation durability and
micro-Deval coefficient of the studied andesites, too.
Explicitly, Andesite-2 and Andesite-3 have similar micro-fab-
ric, but the slicification of Andesite-2 resulted in higher resis-
tance against salt crystallisation and lower micro-Deval coef-
ficient (Fig. 8). It seems that larger plagioclase phenocrysts (in
Andesite-1) do not significantly increase the micro-Deval co-
efficient with increasing number of salt crystallisation cycles,
when the results are compared with Andesite-3 (Fig. 9).

Conclusions

The regulations and standards require the determination of the
resistance to salt crystallization of the aggregates. According
to the relevant standard, the aggregate samples should be im-
mersed in magnesium sulfate solution and be dried; then this
cycle is repeated five times according to EN. The present
study focused on the long-term weathering properties of an-
desite aggregates, and the cycles of the salt crystallization test
was increased to 35. The mechanical-technical performances
were measured by micro-Deval tests.

The weight loss of the samples follows linear trends in the
course of the long-term tests. Greater magnesium sulfate
values can be determined on the samples with smaller grains,
which can be explained by the greater relative area of the
surface of them. The micro-Deval tests performed parallel to
the experiment showed that the equality of the magnesium
sulfate values of different andesite aggregates does not mean
the equality of the micro-Deval coefficients as well, and that
the interrelation between them are not predictable in all cases.
The tests also revealed that the salt crystallization may cause a
loss in the resistance to abrasion, up to 35%. The degree of
loss depends on the studied material. Our experiments showed
that the micro-Deval coefficients of the andesite from Recsk
did not change significantly, due to its micro-fabric, i.e.

silicified andesite. The decay factor of the micro-Deval coef-
ficient increased at the initial part of the long-term tests in all
cases, but after a certain number of cycles of the salt test, the
decay factor declined. The reason for this is the heterogeneity
of rock materials; the less resistant parts of the samples weath-
ered first, and after that, only the more resistant parts remained
in the aggregate samples.
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