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Abstract

Petrography is used as a first step in assessing the potential AAR-susceptibility of concrete aggregates.
When an aggregate is classified as innocuous further testing is usually not mandatory. Thus, it is important to
be aware of the complex petrographic characteristics of reactive aggregates, without which there is a risk that
deleterious aggregates will be used with no special care. This paper reports on intriguing evidence from
Norwegian and Portuguese field concretes and specimens from accelerated testing. ASR-gels formed in
association with medium-grained granitic and quartzitic aggregates, characterised by strain free quartz and
stable grain boundaries. ASR-gel formation sites preferably occurred in contact with micas and feldspars.
Conversely, granitic mylonites characterised by annealed microcrystalline quartz and very low mica contents
were mainly innocuous. The results suggest that quartz size in many cases is of subordinate importance,
whilst the reactivity seems partly controlled by dissolution of feldspars and micas, perhaps also involving

catalytic effects.
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1 INTRODUCTION

It is well established that alkali-silica reaction (ASR) takes place in concrete containing aggregates with
microcrystalline quartz, cryptocrystalline silica or amorphous constituents such as glass. Thus, rocks such as
mylonite, chert, sandstone, claystone and volcanites are susceptible to ASR [1,2]. Petrographic test methods
for identification of reactive aggregates are, therefore, used in most countries around the world. When a
concrete aggregate is regarded as innocuous on petrographic grounds then requirements for further testing by
accelerated test methods are often not mandatory. For this reason it is very important to be aware of the full
petrographic variety of potentially deleterious rock types.

Although research has continued over several decades, the ASR-susceptibility of certain rock
aggregates still remains uncertain. Among these are the potential reactivity of relatively coarse grained (ca. 130
— 2000 wm) granitic rocks and quartzite. Such aggregates are considered to be innocuous in Norway [3], whilst
further accelerated testing is required for Portuguese granites [4]. It is generally believed that the reactivity of
aggregates is governed by the properties of silica, whilst much lesser attention has been given to the overall
mineralogical composition. In eatly assessments regarding granitic rocks, straining effects in quartz such as
the undulatory extinction were considered a good explanation for the performance of granitic aggregates, in

some areas of the world [5,6]. However, soon the undulatory extinction was considered just a possible
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indicator rather than a diagnostic feature of ASR-susceptibility [7-10], in part because it was applied out of
context with the structural history of the rock. An important contribution was made by Wigum [11], who
proposed the quantification of the average surface area of quartz through grain size measurement in fault
rocks. It has also been verified that the recrystallization of the quartz can explain the decrease in the reactivity
of strongly mylonitised rocks [12], since the evolution of smaller grains into larger ones with polygonisation
of the boundaries leads to a smaller total quartz surface area [13,14]. Wenk et al. [15] demonstrated a positive
correlation between ASR and quartz dislocation density. The authors found that the contribution of
dislocations to the bulk energy increase of quartz is low, whilst dislocations provide favourable sites for
dissolution and precipitation to occur. In addition, the comparison of two granitic aggregates from Spanish
dams permitted to conclude that for granite the formation and storage of gel might be associated to
microcracks rather than to subgrain boundaries [16].

The expansive ASR-gels always contain alkalis (Na & K), Si and Ca, and sometimes also Al, Mg, Fe
and other elements (e.g. [17]). In summary, dissolution of silica is commonly regarded as the source of Si,
whilst alkalis and Ca are supplied by the cement. However, feldspars also deliver alkalis [18,19], and even Si
and Al to high alkaline solutions [20,21]. Experimental work also show that Si, Al and alkalis are leached from
micas at high pH [20,22,23]. The objectives of this work were to:

e Document 7z sitn formation of ASR-gel, being spatially in contact with coarse quartz, micas and
feldspars.
e  Discuss their origin, consequences and further research needs.

2 MATERIALS AND METHODS
2.1  Materials investigated

In the present work thin-sections of different samples of field concrete and test specimens were
studied.

Bridge in Arendal, Norway. This arch bridge was opened for traffic in 1942. By mid-1970-ties the bridge
deck was repaired due to cracking and crumbling of the concrete. One concrete core, V1 (@ = 95 mm, 235
mm long), was extracted in 1977 from a mainly intact area of the bridge deck. The concrete aggregate
consisted of amphibolite facies rocks from uncrushed fluvio-glacial material. The cement used was
Norwegian Portland Cement, probably with about Na;O.y = 1.2 — 1.3 wt. %, which seems typical for old
cements [24]. The water-cement (w/c) ratio was likely within the 0.5 to 0.6 intetval.

Retaining wall in Oslo, Norway. The structure was cast in 1964 and had developed map cracking due to
ASR. Notwegian Portland cement with about wt. 1.2 % NaxO.q was used with w/c-ratio of about 0.6.
Abundant granitic gneiss had contributed to ASR here [25]. ASR-gel had formed in granitic aggregates with
quartz sizes about 50-130 pm, but was not restricted to this range: Gels also occurred in grain sizes even
exceeding 300 um in concrete Core A (@ = 100 mm, 260 mm long) [26], which was investigated further.

Wall belonging to an energy dissipation basin of a dam, Portugal. The wall was built in the 1972. The concrete
was manufactured using a granitic rock from a quatry. There was no detailed information about the concrete
composition. The top exposed surface of the wall shows map cracking with discoloration. A core (@ = 90
mm, 400 mm long) was extracted in 2006 by drilling methods for petrographic examination of the concrete.

A concrete prism from laboratory tests of deformed granite was included in the study. The test was
performed according to AAR-4.1 at 60°C. The aggregate was crushed and sieved complying with the
specifications in the standard. A cement type CEM I 42.5 R with 0.89% of NasOcquiv, an aggtegate/cement
(a/c) ratio of 0.25 and a water/cement (w/c) ratio of 0.45 was used [27]. The prisms expanded 0.070% in 20
weeks. Slices were cut with a diamond saw and thin-sections were prepared in order to verify the existence of

manifestations of ASR such as cracks and alkali-silica gel.



Two series of mortar bars from AAR-2 [28] of a granitic mylonite tested in a previous study were included
in this paper (samples 275 and 276 with thin-sections). This was due to their surprisingly low 14 days
expansion results of 0.041 % and 0.075 % for samples 275 and 276, respectively, and with 0.119 %, and 0.150
% at 28 days. Although there is no field experience with this mylonite, the results suggest such mylonites

should be innocuous or perhaps marginally reactive in field concrete [13, 29].

2.2 Methods for assessment and analysis
Optical microscopy

The study presented here was mainly based on petrographic examination. Conventional polished thin-
sections of 30 um thickness, measuring 25X45 mm, were prepared. Most thin-sections were produced by
hand using several stages of grinding and lapping with powdered silicon carbide and final polishing with 0.25
um diamond grit. The thin-sections of sample V1 were prepared automatically using a Thorlag machine.
Water was used as a coolant at all stages.

The observation was performed with a Nikon Eclipse E400 POL optical microscope equipped with
10x ocular and objectives 5x, 10x and 20x. Microphotographs were obtained by AxioCam MRc and software
AxioVision 3.1.

Scanning electron microscope and electron dispersive diffraction (SEM/EDS)

The thin-sections were sputtered with carbon in a JEOL JEE-4X Vacuum Evaporator and thus
analysed in Scanning Electron Microscope JEOL JXA 8800M equipped with a EDS detector FEI QUANTA
400 FEG ESEM/EDAX PEGASUS X4M at CEMUP. Operating conditions wete set at 15 kV and 20 nA, at
high vacuum. The working distance was 10 mm, the collection time for the microanalyses of 50s with a dead

time of approximately 30%. Standardless semi-quantitative analyses were obtained.

3 RESULTS
3.1 Norwegian bridge

Eight thin-sections from Core V1 were first examined in polarised light. The stone aggregate consisted
of quartzite, granitic gneiss and much lesser amounts of amphibolite and metapelite. The quartzite contained
muscovite and biotite and the granitic gneiss was mainly muscovite bearing with minor amounts of Fe-oxides.
The quartz grain sizes of these main rock types varied between 500 and 2000 pm, being strain free or with a
small degree of undulatory extinction. Such grains were commonly cracked/patted, forming about 50-300 um
sized segments with straight boundaries. Quartz contained frequent unidentified fluid inclusions, some of
which formed discrete secondary trails. Micas were commonly 100-1000 ym in size. The sand fraction
consisted mainly of quartz grains and some grains of feldspars, amphibole, biotite, granite and dolerite.

In situ formed pale to brown ASR-gels (10-400 pum) occurred scattered along the aggregate-cement
paste interface in quartzite, most commonly in contact with muscovite and biotite grains (Figure 1). Locally
apparent dissolution of quartz could be seen in association with micro cracks. No obvious dissolution could
be observed along cracks/patting within single large quartz grains. Occasionally quartz dissolution
phenomena were observed where fluid inclusion trails reached the surface of a quartzite aggregate.

One thin-section (V1-1) with ASR-gels was selected for SEM work, focusing on two micro domains.
In one area (Figure 1, plane polarised light) a large brownish gel (400 pm x 100 pm) with paler gel rim had
formed 77 situ in direct contact with muscovite (100 pm) and large quartz (1500 pm). The quartz grain was
optically continuous, but was parted into < 100 to 300 um sized fragments. The muscovite contained small
amounts of Ca, Na, Mg and Fe, and there was no apparent compositional difference between undeformed
and kinked muscovite, although the Al peak was lower relative to Si in the kink band. A gel layer in near



contact with muscovite (Z7) contained a little Al, whilst gel away (Z5) contained no Al. Otherwise all gels
contained Si, Ca, K and Na (concentrations in descending order).

In the second micro domain dark brown gel with a pale rim had formed iz situ in contact with biotite
(75-250 um) and large quartz (1000 pm) in the aggregate. The quartz with biotite grains in Figure 2 was
optically continuous, yet parted into < 50 to 300 um sized fragments.

3.2  Norwegian retaining wall

Eight thin-sections from Core A were examined in polarised light. The coarse aggregate consisted of
granitic gneiss, impure limestone, some mylonite, sandstone/siltstone and claystone. The sand fraction
consisted mainly of granitic gneiss, quartz, feldspar, mafic rocks and some silt and sandstone. In the coarse
fraction granitic gneiss had reacted along with mainly mylonite. Typical reaction rims were observed around
granitic gneiss in the core sample. ASR-gels reaching up to 250 x 1000 pm in size had formed at the interface
with granitic aggregate in direct contact with K-feldspar (microcline) and quartz (Figure 3). Dark gels also
occurred within aggregate in large albite grains. The quartz grain sizes with associated iz situ formed gels were
ranging in size from about 50 to 500 um, being similar to feldspar sizes. The granitic gneiss also contained
chlorite and biotite.

One thin-section (Per 1) was chosen for SEM, representing internal gels forming a network within
quartz (sizes), albite, microcline and chlorite in a granitic aggregate. A feature of apparent feldspar dissolution
was sometimes seen adjacent to gel. Dense gel within microcline had a little Al, probably reflecting the
feldspar (Z4). Otherwise rosette-like gels occurred. In the case of analysis Z3 there was no Al. Both gels
contained a little Na and K. It may further be noted that the gels in this sample appear to have more Si and
lower Ca than the ones in Core V1. The relationship of ASR-gel depicted in Figure 3 seems to suggest that
gels formed 7n sitn. The right side image of Figure 3 indicates that gel swelling has taken place here, causing a

local displacement along the quartz — microcline grain boundary.

3.3  Portuguese dam

Two polished thin-sections were examined in polarised light. The study of the aggregate particles
showed medium grained two mica granite, mainly biotitic. There were no signs of deformation of the granitic
aggregate. The quartz crystals showed straight boundaries, weak angles of undulatory extinction (mainly <15°)
and variable sizes, more commonly around 1200 pm but some with 1800 pm. In the grains where parting
occurs the sizes varied from about 100 um to 800 pm. The boundaries were very often open and they were
sometimes highlichted by iron oxides deposition. Cracks were observed crossing two particles of coarse
aggregate and the cement paste. Alkali-silica gel was identified partially filling some of the cracks in the
aggregate particles, mostly in the sectors closer to the cement paste, where the cracks showed wider openings.
The gels were mostly brownish but not uniform in tonality, being lighter brown to coloutrless closer to the
cement paste. The gels were compact, showing no crystalline structure. One location was selected for analysis
by SEM/EDS.

One thin-section (CAA) was observed in order to confirm the presence of alkali-silica gel and to
obtain its semi-quantitative composition. One micro domain was selected for analyses in which two branches
of a crack cross a quartz grain of about 1200 um and converged in a biotite crystal. The gel was denser in the
stretches located closer to the interface with the cement paste. Five analyses were performed. The gel showed
slightly variable composition with: high content of Si, lower Ca and K and, in some locations, very low
contents of Na, Al and Mg. In Figure 4 a SEM image is presented and also the spectra obtained by EDS in
two different spots along the crack. Both analyses are similar.



3.4  AAR-4 concrete prism made with Portuguese deformed granite
Four thin-sections were produced from one of the concrete prisms and analysed under polarised light.
The aggregate was composed of deformed granite with inequigranular texture and preferential orientation of

the minerals. Quartz crystals showed variable sizes from 100 to 200 pm but there were also crystals smaller

than 50 pum. The quartz displayed irregular grain boundaries, undulatory extinction (~20°), deformation
lamellae, and elongated, microcrystalline and sub-granulated crystals. Goticular forms of quartz were present
in K-feldspars and plagioclases in myrmekite. Some bending of phyllosilicate cleavage plans and of twinning
plans in plagioclases could be observed. Concerning the textural features this aggregate was classified as
potentially reactive both by the petrography Portuguese standard and by AAR-1. Alkali-silica gel was
identified in all the thin-sections. The gel occurred at the interfaces between the cement paste and the
aggregate particles (Figure 5). In some sectors the gel was colourless, compact, with abundant cracks and in
others it was brownish without a defined structure. One location was selected for SEM/EDS analysis.

One thin-section was selected for SEM/EDS study of the gel in a micro domain, where it occurs close
to a large muscovite grain. A thin layer within the gel (between brown inner and outer pale gel) had an odd
chemistry with vestigial Cl and S, probably due to contamination during thin-section preparation or from the
glue. The gel showed layers of different tonality and different porosity, as shown by the higher content of C
in Z2. Si was the main element, followed by Ca in variable content (£3).

3.5 AAR-2 mortar bars made with Norwegian mylonite

Sample 275 [29] consisted mainly of completely annealed quartz ribbons in textural equilibrium with
microcrystalline quartz (Dsp = 55 pm) K-feldspar (orthoclase) and plagioclase (oligoclase). This sample
contained only traces of biotite, Fe-Ti oxide and secondary chlorite, which in view of the expansion results
cited above must be regarded as innocuous. ASR-gel formed after 14 days expansion, but in very insignificant
quantities (Figure 6). However, sample 276 from a very similar mylonite (Quartz Dso = 43 pm) expanded just
a bit more and had developed minor gel after 28 days of exposure [29]. Quartz grain sizes and textures were
almost the same in both samples, whilst the main difference was somewhat higher biotite content in sample
276. The unusually low expansion of these mylonites has been attributed to the high temperature of
formation (=700 °C), whilst the biotite content probably controlled the degree of reactivity (e.g. [13]).

4 DISCUSSION

The results presented above have proven that ASR-gel formation may take place also in quartz rich
rocks with large quartz grains, ranging in size from ca 130 to 1000-2000 pm. These quartzes were strain free
or with slightly undulatory extinction, with predominantly rational grain boundaries against other minerals.
Yet, sheet silicates were in most cases present within the micro domains where ASR-gels had formed. Also
feldspars appeared to have contributed to gel formation in several cases, as evidenced by their close
association to gels as well as apparent dissolution phenomena. Similar reactivity was evident in accelerated
testing according to AAR-4.1. Conversely, granitic mylonites with strain free annealed quartzes (Dso = 43-55
um) were innocuous or very slowly reactive in AAR-2. The evidence clearly suggests that under certain
circumstances the quartz grain size plays a subordinate role. Other mechanisms than quartz surface area seem
required in order to supply Si to ASR gels. At high pH around 13-14, dissolution of mica and feldspar is in
fact well established. Testing of rock-forming minerals according to ASTM Chemical Method C 289 (1 N
NaOH at 80 °C) have shown that biotite and quartz may release nearly identical concentrations of Si, being
about twice that of the feldspars [20]). This result is in keeping with later research results. As regards feldspars
it has been proven that alkalis as well as Si and Al are released in significant quantities into alkaline solution:
Logarithms of dissolution rates for albite and K-feldspar are around -14 mol/cm?/sec at pH = 13-14 and



ambient T in water with low alkali contents (cf. [21] with references therein). In comparison, quartz
dissolution rates at similar conditions are about -12 to -14 mol/cm?/sec [30]. Dissolution rates of biotite and
muscovite are also enhanced at very high pH. In particular element release is incongruous with early Si (and
Al) release until stoichiometric dissolution commences at a more advanced stage [22,23]. These references
also show that dissolution depends on the ions already in solution, and notably that dissolution of these
silicates are much temperature dependent. Hence, a further understanding of accelerated test results versus
evidence of ASR in field concrete should benefit much from further investigations into dissolution properties
of aggregate minerals.

However, also catalytic effects of mica have also been invoked to explain locally enhanced silica
dissolution and ASR-gel formation. Broekmans [31] argued on the basis of petrographic observation that
sheet silicates are able to catalyse ASR. The mechanism is not precisely understood, although biotite is able to
rise the local micro pH by about 0.6 units [32], which should indeed have an effect on silica dissolution in
concrete. The possible impact of fluid inclusion-rich quartz on ASR-susceptibility has as yet not been

investigated.

5 CONCLUSIONS
The present investigations, as based on petrographic examination and SEM of ASR-gel formation in
granitic and quartzitic rocks have proven that:
e ASR-gel forms in relatively coarse grained and essentially strain free quartz.
e Quartz grain size is sometimes of subordinate importance in regard to ASR-susceptibility.
e Gel formation appears to be partly sustained by dissolution of feldspars and mica, with possible
catalytic effects of sheet silicates.
e There is a need for further investigation of the role of feldspars and mica as regards ASR-susceptibility
of concrete aggregates. Fluid inclusions should also be invoked, particularly in quartz.
e Investigation of results from accelerated test methods versus ASR in field concrete might take great
advantage of a further understanding of mineral dissolution properties in high alkaline solutions

similar to concrete pore solutions.
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FIGURE 1: ASR-gel (Z5, Z7) formed 7z situ in contact with muscovite and medium grained quartz (1500 pm). Plane
polarised light and SEM backscatter. The curved and branched deposits represent calcium carbonate which had grown
from gel (old thin section). Core V-1.

FIGURE 2: Brown ASR-gels formed 7# situ, typically coinciding with presence of biotite. The adjacent quartz (ca. 1000 wm)
was strain free and in optical continuum, exhibited parting. Left: cross polarised light, right: plane polarised light. Sample

V1.
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FIGURE 5: Upper left: ASR-gel in the interface with the cement paste close to a muscovite crystal (plane polarised light).
Upper right: Backscatter image showing ASR gel with a zoned structure. Analysed gels (Z1 and Z3) refer to the EDS
spectra below. Sample AAR-4.

FIGURE 6: Innocuous Norwegian mylonite, sample 275. Left image (crossed polarised light) shows the annealed texture,
with much quartz < 100 um. Right image (plane polarised light) shows lack of ASR-gel formation after 14 days exposure
according to AAR-2. Notice the typical scarcity of mica and accentuated grain boundaries.





