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ABSTRACT

Volcanic rocks represent 34% of the crushed aggesgaroduced in the Czech Republic.
This study focused on the quantification of the A8Rvolcanic rocks under laboratory
conditions. The accelerated mortar bar test andnula test were combined with
microscopic techniques (polarizing, electron, aathedoluminescence microscopy); the aim
being to quantify the ASR potential of volcanic kecand to identify alkali-reactive phases.
Four groups of samples were distinguished, basdtleoaxpansion values of mortar bars: (1)
samples showing a very low ASR potential; (II) stespshowing a low-to-medium ASR
potential; (Ill) samples showing a medium ASR pat#nand (IV) samples showing a high
ASR potential. The majority of samples were chamdzéd by an ultrabasic to basic
composition (Group I-1ll), intermediate (Group lliand acid (Group lI-IV) composition
(also present). The main factor found influencingRApotential was the presence of SiO
rich phases and their association with feldspars.

Keywords: alkali-silica reaction, volcanic rocks, mortar bé&st, alkaline leaching,
microscopy

INTRODUCTION

High alkaline conditions, sufficient humidity, atite presence of reactive Sich phases
are the main factors causing an alkali-silica rieac(ASR) (e.g. St John et al., 1998).
Formation of expansive alkali-silica gels leadshe formation of cracks, and decreases the
durability of concrete and mortar constructiong.(€arse and Dux., 1990). In the last few
decades, many methods have been proposed to agsther the components of aggregates
and concrete mixtures are prone to the formatioASR. The most effective seems to be a
combination of microscopic methods (polarizing alectron microscopy) and expansion
tests (mortar-bar test) (e.g. Curtil and Habita34t9Haha et al., 2007). Chemical testing
represents another approach of how to quantify ABR potential of aggregates under
laboratory conditions (e.g. Korkanc and Tugrul, 20din et al., 2008).

Within the last two decades in the Czech Repubgegral concrete structures were found to
have deteriorated due to ASR (Sachlové et al., 28ddstné et al., 2012). ASR has mainly
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been attributed to the presence of volcanic anadava-sedimentary rocks in concrete
forming approximately 34% of the crushed aggregatesiuced in the Czech Republic
(CGS, 2012). Until 2012, there no experimental chiarigations found of the ASR potential
of these rocks. The current study aims include:tglyjjuantify ASR potential of selected
rocks under laboratory conditions; and (2) to idgntalkali-reactive phases. The
experimental methods consisted of the standardlexeted mortar bar test (AMBT),
accompanied with microscopic techniques (polariziglgctron, and cathodoluminescence
microscopy). Additionally, the ASR potential of tlaggregates were tested, based on the
leaching of aggregates in alkaline solution.

EXPERIMENTAL METHODS
Samples

Samples were selected based on the following &itét) the rocks are of volcanic origin,
located in the Bohemian Massif (Czech Republic,. TBband (2) rocks are quarried and
used in the construction industry at present. The rAm (resp. 0/5 mm) fraction was
sampled in the quarries (each sample of at leakg)L5The samples were washed and sieved
into the following narrow fractions (0/0.125, 0.1@25, 0.25/0.5, 0.5/1, 1/2, 2/4, 4/5).

Accelerated mortar bar test (AMBT) and chemical test

AMBT (following the ASTM C1260 standard) was usedwthe aim to quantify the ASR
potential of studied aggregates. Three differenttandbar specimens were prepared from
each sample using the 0.125/4, mm fraction, angtdesn 1M NaOH solution at 80°C.
Expansion of the mortar bar specimens was measluréay a fourteen days test period. The
testing was performed in cooperation with ZKK, Ltd.

Aggregate leaching in high alkaline solutions ig timain principle of the chemical test

(following the ASTM C289 standard). The 0.125/0.2&(tion (each sample 25 grams) was
used, and put into Teflon bottles. A solution d1INaOH (25 ml) was added into the bottles
and mixed with the aggregates. The mixture was ¢eatpat 80°C for 24 hours. After rapid

cooling, the mixture was filtered and 20 ml of g@ution was kept apart. The solution was
diluted with distilled water at a ratio of 1:10.rPaf the diluted solution was analysed using
ICP OES, with the aim to detect Si content (perfxinn the Laboratories of the Geological
Institutes, Faculty of Science, Charles UnivergityPrague). Another solution was titrated
using 0.05 M HCI and phenolphthalein, and the rédoof alkalinity was measured in the

Laboratory of geochemistry (Institute of GeochemgisMineralogy and Mineral Resources,

Faculty of Science, Charles University in Prague).

Microscopic and geochemical techniques

Polarizing microscopy was performed in the Labasatd microscopic techniques (Institute
of Geochemistry, Mineralogy and Mineral Resouréesulty of Science, Charles University
in Prague) using thin sections prepared from crdistggregates of the 2/4 mm fraction. A
LEICA DMLP polarizing microscope was employed aminbined with an Olympus digital



camera. Cathodoluminescence (CL) was determinedusipgg CCl 8200 Mk4 cold
cathodoluminescence equipment coupled with a LEI@MLP optical microscope. The
electron energy applied to the thin sections was 1B kV, and the beam current was
operated at 300A. The cross polarized images (XPL) as well as heacence colours of
each lithotype were photographed with an Olympaggalicamera.

The uncovered polished thin sections were coatedcarbon atmosphere. Scanning electron
microscopy with an energy dispersive spectrome8#M-EDS) was conducted at the
Laboratory of Electron Microscopy and Microanaly@isstitute of Petrology and Structural
Geology, Faculty of Science, Charles UniversityPirague; Dr. M. Racek operator). The
microscopic images were taken using a backscattelsttron detector (SEM-BSE). The
measurements were performed on a Tescan Vega rivestty with an energy-dispersive
analytical system (Oxford Instruments LINK ISIS 3QMhder the following conditions: 0.8
nA (for BSE, EDS); 120 s counting time; and a 15 ddtelerating voltage. A 53 Minerals
Standard Set #02753-AB (SPI Supplies) was usethéostandard quantitative calibration.

The chemical composition of whole rockere determined by means of the standard wet
silicate analysis performed in the Laboratoriestlod Geological Institutes, Faculty of
Science, Charles University in Prague.

RESULTS
ASR accordingtothe AMBT and chemical test

The samples studied indicate expansia) ¢f the mortar bars, ranging from 0.001 to
0.282% (Tab. 1). Standard AMBT classification aigtiishes two types of aggregates: non-
reactive aggregates\& 0.100%); and reactive aggregateés X 0.100%). Most of the
samples belong to the non-reactive aggregates B4 groups were suggested with the
aim to distinguish between the high variation of RAfotentials within the investigated
samples:

I.  Samples indicating a very low ASR potentiah = 0.000 - 0.050% (samples Nos.
Cz12, CzZ14, CZ20, CZ22, CZ23, CZ29, CZ31, CZ33, €A3743),
II.  Samples indicating a low-to-medium ASR potentidl = 0.051 - 0.100% (samples
Nos. CZ18, CZ30);
M. Samples indicating a medium ASR potentidl = 0.101 - 0.200% (samples Nos.
Cz17, Cz21, Cz45, CZ46);
IV.  Samples indicating a high ASR potentidl = > 0.200% (sample No. CZ25).

Two different values were measured according to chemical test: Si dissolved into
solution (%) and reduction of alkalinity (8. & values varied between 4.66 and 247.70
mmol/l. R values varied between 163 - 673 mmol/l (Tab. 19thBvalues indicate no
potential to ASR, according to the ASTM C289 clasation.

A detailed examination of the values showed sniffitrénces between samples of Group |
and the other samples. Samples of Group | mostlicéte lower values of the reduction of
alkalinity (Rc = 163 - 628 mmol/l), and lower values of Si contg® = 4.7 - 61.9 mmol/l)
compared to the other sampleg €R220 - 673 mmol/l, &= 7.7 - 247.7 mmol/l).



Table 1. Expansion values of mortar bars (Exp)ycédn of alkalinity (R), and Si
dissolved into the solution ¢f measured according to the chemical test. Expegie
with aggregate ASR potential in concrete (EC, aéi@ehlova et al., 2011): 0 no
experience, - non-reactive, + reactive.

Sample Quarry Geologic Age EC Exp Rc Sc

No. (%) (mmol/l) | (mmolll)
Cz12 Kogalov Permian-Carboniferous ( 0.023 163.00 61.89
Cz 14 Cis#sky Tertiary 0 0.004 266.67 27.80
Cz 17 Babi Carboniferous 0 0.125 350.813 21.77
CZ 18 Doubravice| Permian-Carboniferous 0 0.071 (10| 247.70
CZ 20 Trrei Neoproterozoic - 0.028 166.67 4.66
Cz21 TeSkov Neoproterozoic - 0.14% 220.0( 136.94
CZ22 Cenkov Neoproterozoic 0 0.001 628.00 5.37
CZ23 Chrtniky Palaeozoic 0 0.0438 210.00 6.58
CZ 25 Zbraslav Neoproterozoic 1 0.282 538.00 21.49
CZ 29 | Libochovany Tertiary - 0.050 568.0( 8.12
CZ 30 Kralovec Permian 0 0.051 673.00 7.71
Cz 31 VSechlapy Tertiary 0 0.014 255.00 16.98
CZ 33 Chaberce Tertiary 0 0.024 338.38 12.50
CZ 34 Sméi Permian-Carboniferous - 0.00p 241.67 45.86
CZ 43 Litice Neoproterozoic - 0.046 348.0( 5.9Q
CZ 45 Trebnuska Neoproterozoic ( 0.172 320.00 32.80
CZ 46 Rovany Neoproterozoic 0 0.101 270.00 39.16

Miner alogical-petrographic and geochemical characterization

The studied samples exhibited a heterogeneousfatiric within the selected groups. The
intersertal texture was typical for fine- to medigmained samples of Group I-IV (e.g.
sample Nos. CZ22, CzZ17, CZ25; Fig. 1A; 2D, G). Tdphitic to porphyric texture with
phenocrysts of plagioclase and pyroxene, as wealhgstocrystalline to fine-grained matrix,
were identified in samples of Group I-lll (e.g. ggenNos. CZ29, CZ18; Fig. 1D, G).

High variability was found in the mineral compositiof the investigated samples. Group |
consisted of ultrabasic (nephelinite-melilitite, pheite-basanite, and picro-basalt
composition); and basic (basalt and basalt-tracthgsite composition) volcanic rock types
(classification of the rock types were based ondtieeme suggested by Le Maitre et al.,
1989, as well as Gillespie and Styles 1999, see3jig\a(Ca)-plagioclase (albite-andesine)
(Fig. 1B) was in mineral assemblages with amphileotk no to dark CL (Fig. 1C). Ca(Na)-
plagioclase (labradorite-bytownite) (dark browneageCL) (Fig. 1C, F) was in mineral
assemblages with zoisite (intense yellow-green (Hiy. 1C) or K-feldspar (intense blue
CL) (Fig. 1F) and white mica (no to dark CL). Ap&dm those listed above, such minerals
as pyroxene, chlorite, nepheline, olivine, and alaiperals (smectite) also occurred in the
samples of Group I. This type of basic volcanikra@s altered by the secondary carbonate
(calcite) with an intense orange CL (Fig. 1C, Fycéssory minerals such as apatite, titanite,
ilmenite (Fig. 1E), and pyrite were present. Thespnce of quartz was very rare in Group |.

Rock types of Groups Il and Ill belonged to basasalt and trachybasalt composition),
intermediate (andesite composition) and/or acatftyte-trachydacite and rhyolite
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Figure 1. Overview of the microscopic images (fréPL: A, D, G; from SEM-BSE:
B, E, H; and from CL: C, F, I) of Samples No. C422 B, C), CZ29 (D, E, F),
CZ18 (G, H, I).Mineral phases: Ab - albite; Am - amphibole; Amdasine; Ap -
apatite; Ca - calcite; Ch - chlorite, K-f - K-fefghsr; Im - ilmenite; Lb - labradorite;

Px - pyroxene; Q - quartz; Zo - zoisite.
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F|gure 2. Overwew of the microscopic images (fridPL: A, D, G; from SEM-BSE:
B, E, H; and from CL: C, F, 1) of Samples No. CZ#46 B, C), CzZ17 (D, E, F),
CZz25 (G, H, I).Mineral phases: Ab - albite; Ca - calcite; D - dolte; FO - Fe-
oxides; G - Si@rich glass; Ch - chlorite, K-f - K-feldspar; Q u@rtz, Sm - smectite.
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Figure 3. The TAS diagram for the studied samptes.sample numbers and
associated quarries see Tab. 1.

composition) volcanic rocks (Fig. 3), which continthe Na-rich- (with no to dark CL), as
well as Ca-rich- (dark brown-green CL) plagioclds&lspar (albite-labradorite) (Fig. 1l;
2C). K-feldspar (intense blue Clyas often accompanied I8jO.-rich glass (no to dark CL)
(Fig. 2E, F). Cryptocrystalline to fine-grained gaano to dark CL) was frequently present
in the matrix in mineral assemblages with chloatel albite (Fig. 2B, C). Various silicate
minerals such as pyroxene (Fig. 1H, 1), white madorite (Fig. 2C, D), and clay minerals
(smectite) (Fig. 2E, F) exhibited no to dark CL.Icta (intense orange CL) (Fig. 2C) and
dolomite (intense red CL) (Fig. 2F) formed carbenatins andntergranular fillings Minor
Fe- and Ti-oxides were non-luminescent on CL (Hif-l; 2E-F) and apatite exhibited
yellow-green to orange CL (Fig. 1I)

Sample No. CZ 25, of acid composition (classifisddacite), occurred in Group IV (Fig.
2G-l, Fig. 3). The non-luminescent mineral asseglmcluding cryptocrystalline to fine-
grained quartz, Sigrich glass, Na-plagioclase (albite), chlorite, t®himica, and clay
minerals prevailed in these cases. Isolated giksfeldspar exhibited an intense blue CL
(Fig. 2I). Pyrite and Fe oxide-hydroxides (all witle to dark CL) occurred as accessory
minerals.

The volcanic rock types of all groups showed fesgwof alteration. The spilitization was the
most common process here when albitization of feld¢plagioclase) and chloritization of



mafic minerals (pyroxene, amphibole) formed newerah phases such as chlorite, calcite,
epidote, zoisite, and other low-temperature hydiystallization products (Fig. 1A-C; 2A-
C, G-I). Studied samples were often carbonatizetudting the very intense orange CL of
calcite, which covered the CL of other mineral gsaee Fig. 1C and 2C).

DISCUSSION
Mineralogy of volcanic rocks affecting ASR

The main difference in the mineral composition bé taggregates was observed in the:
different compositions of plagioclases, presencé-téldspars, presence of Si@ch phases
(quartz, cryptocrystalline quartz, and $i@h glass), as well as the presence of various
mafic minerals. The mineralogical characteristibséated by a combination of polarizing
and cathodoluminescence microscopy proved to bpfliein the identification of the
various mineral phases and microstructure, whichldegen discussed elsewhere (e.g. Gotze,
2009; $astna et al., 2012).

No correlation was found in the presence of cartemachlorite, mafic minerals (e.g.
pyroxene, amphibole, olivine), accessory mineralg.(apatite, titanite, pyrite, Fe-oxides, Ti-
oxides), and the ASR potential of the samplesofthe minerals mentioned above occur in
all groups of the samples investigated. Katayamd Kaneshige (1987) attributed a
decreasing ASR potential of volcanic rocks to aordasing degree of alteration and
increasing content of chlorite. Our observations aot in accordance with the later
statement. Chlorite was found in most of the ingeséd samples (e.g. chlorite occurred in
significant amounts in the matrix of sample No. 6Z%hich exhibited the highest ASR
potential).

Significant differences were found in the preseatglagioclase, K-feldspars, quartz, and
SiO,-rich glass. Alkali-silica reactive samples (samsplieom Groups Il - 1V) preferentially
contained albite and K-feldspar. In contrast, sasgtom Group | prevailingly contained
plagioclase of (albite)andesine-to-labradorite cosmpon and minor K-feldspars. The
presence of Sigrich glass and quartz was restricted to the sasxfpden Groups Il - IV. The
high ASR potential of Si@rich phases is well known (e.g. Wakizaka, 2000p@aslu et
al., 2009). The influence of K-feldspar and allistenore complicated. Bérubé et al., (2002)
documented the possible leaching of alkalis frokalafeldspars, and their contribution to
ASR. This hypothesis has only been confirmed ieva €ases (Constantiner and Diamond,
2003; Locati et al., 2010), and is explained byrble of cleavage zones, twins, and grain-
grain contacts.

Reduction of alkalinity

The influence of mineral composition onc Ralues was less visible, compared to its
influence on ASR potential. Samples from Group did¢ated slightly lower R values,
compared to other investigated samples. There waeced to be a possible effect of IO
rich phases (Si@rich glass) on the Rvalues. Increasing content of $ifich glass can
increase Rvalues (Wakizaka, 1998). The possible influencelay minerals (smectites) on
Rc has been found by several authors (e.g. Morinal.et1987; Wakizaka et al., 1989;
Wakizaka, 2000). The Rvalues were suggested to be controlled by themrakchange



capacity, derived from expanding clay minerals.or study, smectite and other clay
minerals were preferentially found in the sampledidating R values exceeding 300
mmol/l (e.g. samples Nos. CZ18, CZ25, CZ31, and3JZ&hich were higher, compared to
the rest of the samples investigated.

CONCLUSIONS

A combination of various microscopic techniqueshwbbth the accelerated mortar bar test
and chemical test enabled us to distinguish thesrala contributing to the ASR potential of
studied volcanic rocks from the Czech Republic. KRaaf ultrabasic and basic composition
preferentially containing plagioclase and mafic enals confirmed almost no ASR potential.
ASR potential increased with increasing contenSid.-rich phases (Si@rich glass and
cryptocrystaline to fine-grained quartz), as well kfeldspar. No correlation was found
between ASR potential and the chlorite content.uRt8dn of alkalinity of the accelerating
solution was found to be affected by the presericelay minerals. On the contrary, no
correlation was found between a reduction of atliigliand the presence of Si@ich phases.

The simple application of a chemical test undenestizd alkali-reactivity of volcanic rocks
coming from the Czech Republic. The alteration leé samples studied influenced the
chemical test results. The application of microsca@chniques showed deleterious mineral
phases in the samples, classified as non-reacthenwhe chemical test was employed.
Moreover, mineralogical-petrographic results cquoesled well with data from the
accelerated mortar bar test.
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