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ARTICLE INFO ABSTRACT

Keywords: Diagnostic tests were carried out on specimens drilled from a section of jointed, unreinforced
Alkali-silica reaction highway pavement after 15 years of service. The section of highway was exposed to heavy road
Concrete

traffic, environmental actions of wet-freeze climate zone and associated winter maintenance
including application of deicing salt. Premature pavement damage was manifested by visible
cracking, mostly along transverse joints and in slab corners. Tests performed on core specimens
included petrographic analysis of concrete and its components, using optical and scanning
electron microscopy, also evaluation of elastic and transport properties, expansion potential,
cracks and air void system. Numerous cracks in the grains of coarse quartzite aggregate were
found. Reactive forms of quartz in quartzite aggregate - microcrystalline and cryptocrystalline
quartz - were abundant. The gel-like products in cracks in quartzite grains and in surrounding
cement paste were identified as alkali-silica reaction products. Expansion of specimens exposed to
an alkali-silica reaction-promoting environment indicated the potential for further development
of such reaction. Substantial cracking and reduction of modulus of elasticity was correlated with
the presence of reactive quartz in quartzite aggregate. The role of additional destructive factors,
such as the impact of heavy vehicles traffic and freeze-thaw aggression was indicated by greater
cracks in the slow traffic lane compared than in the emergency lane, associated with local mar-
ginal air entrainment of concrete.

Cracking
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1. Introduction

Diagnosing premature concrete damage in highway pavements requires careful analysis of various possible failure mechanisms.
The frequent wetting of the pavement due to precipitation causes that the pavement slab is generally kept with a high degree of water
saturation. The exception is the subsurface layer with a thickness of several cm, which is subject to drying out and re-wetting in
accordance with weather changes. One of the reasons for damage to wet concrete in pavements may be the alkali-silica reaction (ASR),
provided that reactive silica minerals are present in concrete aggregates and cement with a sufficiently high content of alkali or other
sources of alkali ions are present. Damage to road and airport concrete pavements as a result of ASR was reported in few countries,
[1-3]. The development of an extensive network of closely spaced cracks is one of typical symptoms of ASR in pavements [4]. Most
often reported signs of ASR damage comprised of map-cracking in the vicinity of joints, joint spalling, aggregate pop-outs or extrusion
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of joint-sealing material between adjacent sections of concrete pavement [5,6]. The signs of on-going reaction included also surface
discoloration and exudation associated with cracks. Further cracking of concrete could result in developed spalling, surface popouts,
major deterioration of joints. Such damage caused by the development of ASR could generate loose pieces of the pavement, known as
foreign object debris, that are of special concern in airport facilities because an accidental ingestion by jet engines can cause severe
aircraft damages. In case the expansion joints have closed, anisotropic restraint also develops in pavements, causing the development
of aligned, parallel cracking.

The extent of problems caused by ASR in airport or highway pavements varied from exacerbated surface cracking to more severe
damages that impaired the serviceability of slabs, inducing a need for reconstruction [4]. The petrographic analysis of cored specimens
from pavements revealed typical signs of ASR such as cracked coarse aggregates with gel-like deposits filling the cracks. The
damage-cause recognition in each of the pavement cases reported in [7-9] was fundamentally supported by the presence of
alkali-silica reaction products within cracks in aggregate, within the paste-aggregate interface or inside air voids. Reactive aggregates
involved in these cases covered glassy volcanic rocks, highly reactive siliceous limestone as well as natural gravel (predominantly
granitic and metasedimentary) and crushed porphyritic volcanic rock, respectively. Numerous other reactive rock aggregate in
pavement concrete were studied by Frybort [10], like metamorphosed volcano-sedimentary complex rocks, including proterozoic
chert, black shale, spilite, and green schist, and alluvial sandy gravels. The rock type of aggregate was established as the crucial factor
for occurrence of ASR as well as for the composition of its deleterious products.

The diagnostic studies of Denver airport pavement revealed the distress consisting of significant surface cracking attributed to ASR
[4]. The presence of ASR in different locations, shown by typical signs such as cracked coarse aggregates with gel deposits filling the
cracks, was mostly related to the reactivity of dark brown granite aggregates used. A number of deterioration mechanisms was
detected, including scaling of variable severity. The service life of concrete runway was shortened to 15 years, from the expected 20-30

Fig. 1. Typical cracks and crack patterns observed at the surface near joints in highway pavement (a, b) and in the cores ¢ 100 mm taken from the
pavement (c,d).
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years, as a result of combination of deterioration mechanisms. A coupled action of freeze-thaw cycles and alkali-silica reaction is
known from a field study of concrete barriers exhibiting moderate to severe deterioration and laboratory studies reported in [11,12].
Test results demonstrated that concrete deterioration with borderline-reactive aggregates could not be attributed to ASR alone,
indicating the deterioration enhancement by freezing and thawing action.

No symptoms of concrete deterioration highway pavements due to alkali-silica reaction have been reported in Poland. A survey of
concrete structures deteriorated due to ASR made by Géralezyk [13] revealed only few road viaducts and buildings affected. In this
paper the case of busy highway pavement in wet-freeze climate zone is examined after 15 years of service. The reason for the ex-
amination was the premature pavement damage revealed by the visual survey. The objective of the paper is to evaluate whether ASR
could be identified as a main cause of the observed pavement surface distress. The range of experimental work typical for ASR
detection was extended to recognize possible influence of other deterioration mechanisms.

2. Experimental
2.1. Field observations, specimens and mix design data

Visual examination of highway section revealed premature signs of distress as shown in Fig. 1. There were cracks in multiple
pavement slabs, visible at the surface on all three traffic lanes. The cracks were located in the vicinity of cut joints, primarily along the
transverse joints or in slab corners. Due to transverse joint spalling in few slabs, the repair patches were observed too. As shown in
Fig. 1, some crack patterns was observed; the maximum crack width was up to 2 mm. Dark discolorations along transverse joints were
also observed at dry weather conditions, indicating an elevated water saturation in the vicinity of joints. The map crack pattern with
the spacing of several centimeters was observed. The cracks seen at the surface could be traced to the depth of several cm. As shown in
Fig. 1d, such cracks were seen to pass through large aggregate grains of bright beige/light grey color, but not through darker grey/
greenish color aggregate. No major signs of surface scaling were noted.

The highway section is located in the central part of Poland in wet-freeze climate zone. In this area the winter season, defined as the
period with average daily temperature below 0 °C, lasts about 94 days (the average established between 1981 and 2013), Accordingly,
the regulations specify winter maintenance for highways [14] - the road slipperiness is reduced by de-icing chemicals, the most
common being 20-25% water solution of NaCl spray applied on pavement surface at the application rate of 15-160 ml/m?.

The core specimens of 100 mm in diameter were taken from several locations (Table 1). The core specimens were taken both from
cracked slabs and uncracked ones.

Mix design data and properties of aggregate available from archived reports are presented in Tables 2 and 3. The properties of
materials were in conformity with standard specifications. The properties of air-entrained concrete evaluated on test specimens cast
during the construction were the following:

— the 28-days cube compressive strength from 40.1 to 60.8 MPa,

- the 28-days flexural strength from 3.9 to 6.3 MPa,

— the water absorption by mass from 3.9% to 4.6%,

- the adequate frost resistance, evaluated by the reduction of compressive strength after 150 freeze-thaw cycles from 4.0% to 13.1%
(mostly <10%; specified limit <20%).

The target compressive strength of concrete 40 MPa was met, the required low water absorption and high frost resistance was
provided, but some specimens failed to meet the specified flexural strength of 5.5 MPa at the age of 28 days.

Table 1
Location of core sampling on highway pavement.
Core # Mileage, roadway, traffic lane
Slow-traffic lane Emergency lane
1 339 + 200, SW bound roadway
338 + 870, SW bound roadway
3 336 + 180, SW bound roadway
4 335 + 900, SW bound roadway
5 336 + 160, SW bound roadway
6 334 + 650, NE bound roadway
7 335 + 600, NE bound roadway
8 336 + 100, NE bound roadway
9 336 + 755, NE bound roadway
10 337 + 170, NE bound roadway
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Table 2
Concrete mix design.

Component Contents [kg/m’]
Portland cement CEM I 32.5 R? 360

Water 144

Natural sand 0/2 mm 551

Crushed amphibolite 2/8 mm 228

Crushed amphibolite 8/16 mm 475

Crushed quartzite 16/32 mm 645

Air entraining admixture 0.576

Water reducing admixture 1.80

# the alkali content not available

Table 3
Properties of aggregate.

Type of aggregate Apparent density [g/cm?] Water absorption” [%] Alkali-aggregate reactivity“ Frost resistance” — mass loss [%]

Natural sand 0/2 mm 2.66 n.d. nonreactive n.d.
Crushed amphibolite 2/8 mm 2.91 0.6 nonreactive 1.81
Crushed amphibolite 8/16 mm 2.93 0.3 nonreactive 0.32
Crushed quartzite 16/32 mm 2.70 0.5 nonreactive 0.36

& per [15]; the specified limit < 1.5%

b zero” degree of reactivity as per [16]; as specified. The quick determination of potential alkaline reactivity of aggregate based on the mass loss of
aggregate (fine or coarse) exposed to sodium hydroxide solution at 90 °C and the content of reactive flint in coarse aggregate.

¢ mass loss as per [17]; the specified limit < 2%

2.2. Test methods

The petrographic evaluation of microstructure and determination of physical properties of concrete was performed on appropriate
specimens cut from the cores with a diamond saw. The most damaged pieces of concrete fell apart during cutting. Microscopic ob-
servations on polished sections or thin sections were made on vertical sections of the pavement slabs. The applied test methods are
listed in Table 4.

The crack system analysis was performed on thin sections cut out of three cores from the slow-traffic lane and three cores from the
emergency lane. Each section area was about 1000 mm?. Microscopic images acquired at the magnification 40x using UV light source
were subjected to digital processing using automated image analysis system Image Pro Plus 7.0. It consisted of the binarization,
application of shape constraints for air void removal, further morphological transformations (dilation and erosion) to remove
abnormal crack discontinuities; eventually the skeletonization transformation was applied, to enable the determination of the total
(dendritic) length of cracks [23]. An extended analysis was performed on selected specimens from the slow-traffic lane and emergency
lane to obtain digital reconstruction of coarse aggregate distribution and the crack system so as to allow for separation of cracks within
the grains and within the matrix area (Fig. 2). Crack system analysis was also performed on virgin quartzite aggregate not used for
concrete.

Table 4
Test methods applied for concrete diagnostics.

Test method

Specimens

Macroscopic evaluation of aggregate grain distribution, large voids and major cracks
in the cross-section — the internal standard method based on ASTM C856[18]

Thin sections examination by optical microscopy (identification of reactive minerals
in aggregate grains, quantitative evaluation of reactive minerals, identification of
alkali-silica reaction products) as per RILEM AAR-1[19,20], ASTM C295[21]

Composition identification of alkali-silica reaction products on polished sections -
scanning electron microscopy with EDS microanalysis as per ASTM C1723[22]

Evaluation of crack system and microcrack system using digital analysis of optical
thin section images and SEM images of polished sections,[23]

Elastic modulus determination using the resonant method as per ASTM C215[24]

Residual expansion evaluation by expansion measurements of cut specimens exposed
to accelerated alkali-silica reaction environment (1 M NaOH, 80 °C) as defined
by ASTM C1260[25]

Air void characteristics and rate of water absorption as per PN-EN 480-11[26] and
ASTM C1585[27], respectively

Evaluation of the potential reactivity of quartzite aggregate using: a) accelerated
mortar bar test as per ASTM C1260; b) miniature concrete prism test as per
AASHTO T380([28]

flat vertical sections of cylindrical core specimens 100 mm in diameter

thin sections 26 x 38.5 mm, 20 pm thick, cut from cores within the top
50 mm layer and vacuum-impregnated with fluorescent epoxy resin

polished sections 25 x 45 mm cut from cores (from the top layer of the
core or from the mid-height)

thin sections and polished sections as above, vacuum-impregnated with
fluorescent epoxy resin

prisms 30x25x240 mm cut from the cores

prisms 30x25x240 mm cut from cores; with embedded steel studs

polished sections 100 x 100 mm and disks $100 by 50 mm thick cut from
cores
standard specimens cast with quartzite aggregate and Portland cement
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Fig. 2. Effects of morphological transformations of thin section image of concrete core specimen: a) original microscopic image under UV light, b)
separated coarse aggregate grains, c) crack system after removing the matrix and non-crack-like objects, (d) combination of crack system and coarse
aggregate image (the size of each image: 26 x38.5 mm).

For the analysis of microcracking of quartzite aggregate grains, the plane impregnated polished sections of concrete cores were
used as well as polished specimens containing pristine quartzite aggregate only. The scanning electron microscopy was used to acquire
the images of entire surface of polished sections 25x45 mm at a magnification of 300x (only images containing quartzite grains were
selected, from 200 to 280 images for each section). The images were binarized in the range (0—105) and subjected to the morpho-
logical transformations as described above. After skeletonization transformation, the nodal points were subtracted from the micro-
crack system image.

Supplementary tests were performed on quartzite aggregate acquired from current production of the same quarry. Evaluation of the
potential reactivity of quartzite aggregate was performed on laboratory-manufactured standard specimens for accelerated mortar bar
test and miniature concrete prism test. The equipment for testing and software was described elsewhere [29,30]. Non-standard
technique for quartz size identification in quartzite aggregates was performed using the method described in [20]. Following the
original idea of Castro and Wigum [31], it was meant as a supplementary tool to recognize the potential reactivity of aggregates.

3. Test results
3.1. Macroscopic evaluation, microscopic analysis of minerals and reaction products

The macroscopic analysis of concrete revealed a homogeneous distribution of coarse aggregate grains in the cross section. Clearly
visible cracks were observed within bright aggregate grains in contrast to dark aggregate grains free of visible cracking. White gel
substance was visible in cracks of aggregates and in large air voids. The content of large air voids (larger than 2 mm in diameter) was
up to 1.8% and 2.8% within the upper and the lower part of pavement slab, respectively. Large cracks parallel to the road surface were
noticed in the lower half of core, passing both through the matrix and coarse aggregate. Cracks in the cross-section of concrete cores
were clearly visible even in the case of only minor cracking seen at the pavement surface.

The thin section observations were carried out in transmitted light with parallel polarizers (PPL), crossed polarizers (XPL), also with
gypsum plate (XPL_G) and in ultraviolet light (UV). As a result of the petrographic analysis of aggregate in concrete, it was found:

— the presence of crushed quartzite rock (composed mainly of quartz, Fig. 3) and crushed amphibolite rock (composed mainly of
amphibole and plagioclase) as coarse aggregate;

— the presence of quartz sand containing limestone grains as fine aggregate;

- single mudstone grains in coarse aggregate.

The medium to fine-grained quartzite is composed mainly of quartz angular particles and trace amounts of muscovite. The quartz
grains shown in Fig. 3a are white to gray to black depending on their optical orientation. As shown in Fig. 3b the aggregate grains are
composed of quartz crystals of various size and shape, the interlocking crystals of quartz are clearly visible. These Upper Cambrian
quartzites are classified as sedimentary quartzites; they are characterized with a typical mosaic structure without cement matrix,
which are composed of quartz grains with little different dimensions, isometric shapes or elongated. The quartzite is hard, dense,
sometimes with small caverns and crevices partially or completely filled with quartz crystals.

The thin-sections observation revealed also the presence of gel-like substance in quartzite aggregate grains and in the surrounding
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Fig. 3. Thin section in XPL aggregate in pavement concrete: a) quartzite, b) amphibolite, ¢) siliceous sand, scale bar 0.2 mm.

cement paste; no such products in the grains of amphibolite aggregate, nor in sand particles. Cracks and gel-like products as shown in
Figs. 4 and 5. Gel-like products partially or completely filled many air voids, especially those with a diameter of up to approx. 200 pm.
Some air voids were found partially filled with cement hydration products (ettringite). The abundant presence of gel-like reaction
products was observed both in slow-traffic lane specimens and emergency lane specimens. The gel-like product was present in cracked
quartzite aggregate; the continuity of gel filling the cracks in the aggregate and cracks in the surrounding cement paste were observed,
Fig. 5.

The petrographic image analysis of aggregate grains was focused mainly on the quartz size and content. The equivalent mean
diameter of separated quartz grains on the images was obtained so as to allow for grain size classification. The reactive forms of quartz
are usually classified depending on the crystal size [32]. Following the terminology assumed in [33], quartz is identified as micro-
crystalline if < 100 pym, as cryptocrystalline if < 10 um. The observed differences in the quartz grain size in quartzite aggregate are
illustrated in Fig. 6. The presence of micro- and cryptocrystalline quartz in the grains of quartzite aggregate is abundant.

Results of digital evaluation of the content of microcrystalline and cryptocrystalline quartz in quartzite grains are given in Table 5.
The estimated content of reactive forms of quartz in quartzite aggregate was large and it was found correlated with the presence of
cracks in grains. The susceptibility of quartzite grains to cracking was found for the content of reactive quartz of more than 10%, while
for its content of less than 7% aggregate cracking was not manifested.

Scanning electron microscopy observations confirmed the presence of gel-like products in the fractures of quartzite aggregate
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Fig. 6. Differences in the quartz grain size in quartzite: a) cracked aggregate, b) uncracked aggregate; XPL_G, (10 A), scale bar 0.2 mm.

grains, it also extended into the cement paste areas, Fig. 7. EDS microanalysis of the reaction product in micro-areas showed that it is
potassium-sodium-calcium silicate with a significant atomic concentration of potassium (K), sodium (Na) and calcium (Ca), Fig. 8. The
qualitative elemental composition of calcium-sodium-potassium silicate products (shown in Table 6) is found to correspond to the
range of composition of alkali-silica reaction products, known from the literature. The most common atomic concentration ratio (Na +
K)/Si of ASR products is about 0.2-0.35 [34-36]. The currently revealed qualitative composition of ASR products in quartzite ag-
gregates is: (Na+K)/Si: 0.32 £+ 0.09; Ca/Si: 0.57 £+ 0.17.

The observed variability of ASR product composition is related to its location, either within the quartzite grain, or in cement paste
or in air voids. In Fig. 9 the color maps of the concentration of elements K, Ca and Na are shown in the area of the cracked quartzite
grain and in the surrounding cement paste. The color intensity change illustrates the penetration of a given ion through the grain-
cement paste boundary. The concentration of Ca in ASR product increased with increasing distance from the aggregate grain
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Table 5
The content of micro-and cryptocrystalline quartz in quartzite aggregate determined for cracked and uncracked grains (the average value on 8 images
and the data range from-to).

Traffic lane Thin section no. Cross-section area of micro-and cryptocrystalline quartz in respect to total cross-section of quartzite grains [%]
in uncracked grains in cracked grains
Emergency 3A none 14.7 (10.6-20.0)
7A 7.4 (4.3-9.9) 9.5 (7.9-12.1
Slow-traffic 5A 6.4 (4.6-7.8) 22.7 (19.9-26.2)
8A 4.7 (3.0-6.8) 35.0 (27.9-40.0)
10 A 5.8 (3.7-8.3) 11.0 (8.2-13.7)

B WO = 7.1 mmigEHT =20 004V Slgnal A= AsB

b)

WD= 81mm EHT=2000kV SignalA=AsB

Fig. 7. ASR products in quartzite aggregate grains and in cement matrix: a) emergency lane — 7 A, b) slow-traffic lane — 8 A; scale bar 1 mm.

boundary into the paste. Such observations were reported previously [37-39]. The (Na+K)/Si ratios for ASR products in cement paste
and in air voids were in average: 0.28 & 0.11 and 0.20 + 0.16, respectively. Observed differences in the concentration of elements in
ASR products present in specimens from the slow-traffic lane and the emergency lane are not consistent and do not allow for further
analysis.

3.2. Crack system evaluation

General evaluation of width of cracks observed on thin-sections of pavement concrete revealed that cracks in quartzite aggregate
grains are approx. 40-80 um wide (smaller cracks) or 250-350 um (main crack), Fig. 10. Cracks in cement matrix filled with gel-like
product were about 60 <+ 120 um wide. The characterization of crack system in concrete, based on digital image analysis in UV light
[23] is based on the following parameters:

- the total length of cracks [mm] - sum of dendritic lengths of all detected cracks,

- the total crack area [mm2] - sum of crack surface areas,

- the crack length ratio [mm '] — the ratio of the total length of cracks to the surface of image,
- crack surface ratio [%] - the ratio of the total area of cracks to the area of image.

The total length of the cracks per unit cross-sectional area was 0.39 + 0.03 mm ™! and 0.47 & 0.02 mm ™" in the emergency lane
and slow-traffic lane specimens, respectively. The crack surface ratio was 2.2- + 0.2% and 3.1 + 0.4%, in the emergency lane and slow
traffic lane concrete, respectively. Both parameters indicate a greater degree of cracking of concrete taken from the slow traffic lane, by
about 20% and 42%, respectively.

With the digital reconstruction of coarse aggregate distribution and the crack system as illustrated in Fig. 2, the characteristics of
crack system within coarse aggregate grains in concrete was obtained. The results are provided in Table 7. Cracks in aggregates grains
are by far more frequently observed in quartzite aggregate than in other aggregate, the difference is of an order of magnitude. A greater
degree of cracking of aggregate grains, by about 21% and 28%, in concrete taken from the slow traffic lane, is shown by the crack
length ratio and crack surface ratio, respectively. The evaluation of preexisting cracks in virgin quartzite aggregate from the quarry
resulted in the crack surface ratio of 1%. Such result was quite close to cracking of all other aggregate in concrete, but cracking of
quartzite in concrete was 15-18 times more intensive. Similar relationship is found for crack length ratio.

Results of evaluation of microcrack system in aggregate grains performed on SEM images are given in Table 8. The effects of
concrete core localization are strong: the microcrack length and surface ratio are more than 5 times and 3 times higher for the slow
traffic lane, respectively. Although these results cannot be directly compared with Table 7, because they are obtained using different
methods with the resolution differing by an order of magnitude, both of them indicate substantial differences in deterioration of
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Fig. 8. EDS analysis in selected microareas within the specimen: a) 10 A, b) 10B: ASR product composition in quartzite aggregate (the potassium
sodium calcium silicate).

Table 6
Results of EDS microanalysis of alkali-silica reaction products inside cracks in quartzite aggregate — the ratios of sodium, potassium and calcium to
silicon, determined on polished sections of pavement concrete (the average of at least twenty five different micoareas).

Specimen No. Na/Si K/Si (Na+K)/Si Ca/Si
5B Average 0.07 0.32 0.39 0.48
Min 0.04 0.21 0.29 0.29
Max 0.10 0.40 0.46 0.61
6A Average 0.06 0.23 0.28 0.30
Min 0.01 0.09 0.11 0.11
Max 0.13 0.32 0.42 0.69
7A Average 0.05 0.18 0.23 0.41
Min 0.02 0.05 0.07 0.10
Max 0.11 0.42 0.44 0.92
8A Average 0.06 0.18 0.24 0.60
Min 0.01 0.03 0.04 0.18
Max 0.21 0.45 0.57 0.93
10A Average 0.06 0.29 0.35 0.61
Min 0.03 0.14 0.17 0.28
Max 0.13 0.46 0.51 1.16
10B Average 0.11 0.34 0.40 0.49
Min 0.02 0.07 0.09 0.08
Max 0.23 0.44 0.52 0.95
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Fig. 9. Map of the atomic concentration of: a) K, b) Na and c) Ca elements in the area of cracked quartzite grain in 10 A specimen (penetration
through the grain-paste boundary), scale bar 70 um.
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Fig. 10. Crack width in quartzite aggregate grain, 8 A; XPL_G, scale bar 0.5 mm.

Table 7
Crack system characteristics in coarse aggregate grains in concrete specimens from emergency lane and slow-traffic lane of highway pavement and in

virgin quartzite aggregate.

Traffic lane Aggregate grains Crack length ratio” [mm '] Crack surface ratio” [%]
Slow-traffic quartzite 4.03 (all grains) 6.73 11.1 (all grains) 18.5
all other 0.47 1.5
Emergency quartzite 3.32 (all grains) 5.70 8.7 (all grains) 14.6
all other 0.39 1.4
None (aggregate from quarry) quartzite 0.50 1.0

# the crack length ratio and crack surface ratio are defined in respect to the cross-section area of aggregate grains > 2 mm in at least one direction.

Table 8

Microcrack system characteristics in coarse aggregate grains in concrete specimens from emergency lane and slow-traffic lane of highway pavement.
Specimen/traffic lane Total crack length [mm] Total crack surface area [mm?] Crack length ratio [mm N Crack surface ratio [%]
8 A/slow-traffic 1815 6.2 21.09 3.32
7 A/emergency 435 3.6 4.37 1.03

concrete in adjacent traffic lanes that are exposed to identical weather conditions but strongly differ in heavy traffic loading.

3.3. Elastic modulus and expansion of concrete specimens

The elastic properties of concrete were evaluated by measurements of the fundamental flexural resonant frequency in a Grindosonic
instrument. Results presented in Table 9 were obtained on specimens from the emergency lane of pavement and also on reference
specimens from trial paving section of concrete road built in 2018. The choice of the reference concrete was arbitrary- based on a
similitude of designed compressive strength class (C35/45), the volume content of aggregate in concrete and a similar slip-form paving
technology. A need for a reference concrete was justified due to unconventional dimensions of specimens cut from the cores (the same

10
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Table 9
Dynamic modulus of elasticity (resonance) of concrete determined on specimens from investigated pavement section and
reference trial pavement section.

Concrete specimens Dynamic elastic modulus [GPa]
Average value Standard deviation
Emergency lane® 17.5 3.0
Reference pavement — trial section” 42.8 1.6
Calculated as per fip Model Code 2010 40.8° -

@ Slow-traffic lane specimens not possible to be cut from the cracked cores

b Specimens of the same size cut out of cores from trial section of slip-formed pavement of C35/45 concrete with
amphibolite aggregate;

© 40.8=21.5 ¢ 1.0 o (40.0/10)/® ¢ 1.2 — approximate prediction for 40 MPa concrete with quartzite aggregate,
assuming the ratio of dynamic/static modulus of 1.2

specimen dimensions were used).

The dynamic modulus of elasticity is low and shows increased variability, thus indicating significant variation in concrete
degradation. Much larger elastic modulus was obtained on reference concrete specimens, with usual scatter in the measurements. The
elastic modulus of reference concrete was quite close to a predicted value according to the formula from fib Model Code [40] for
concrete with a 28-day cube strength of 40 MPa. Even with such a rough comparison, a reduction of the modulus of elasticity of
concrete in the investigated pavement section due to 15 years of service can be estimated to be at least 50%.

Further potential of ASR development in concrete was investigated on prismatic specimens cut out of cylindrical cores. Specimens
with embedded steel studs were exposed to ASR enhancing environment — specimens were soaked in 1 M NaOH solution and kept at
the temperature of 80 °C, [41,42]. The linear expansion of specimens was steadily increasing in time, reaching (the average value
+ standard deviation) of 0.07 + 0.007% after 21 days and 0.11 + 0.009% after 28 days of storage in NaOH solution. The observed
length increase is significant. That suggests there is a substantial content and availability of reactive minerals in aggregates present to
sustain expansive behavior of concrete.

Surface observations of specimens after removal from NaOH solution showed a release of translucent gel-like substance at the edges
of cracks in the grains of quartzite aggregate and softening of quartzite aggregate in some areas (Fig. 11a). Swelling of quartzite
aggregate grains was also observed (Fig. 11b) - revealed by splinters of grain fragments from the side surfaces of concrete specimens.
Softened aggregate could be punctured with a fingernail; after the test was completed, it was easy to remove the entire quartzite
aggregate without disturbing the surrounding cement matrix.

3.4. Air void characteristics and rate of water absorption

Air void characteristics of pavement concrete is presented in Table 10. The total air content in hardened concrete is low, exceeding
3% in only one of three cores. Only in one of three cores, the spacing factor was not greater than 0.20 mm and the microvoid content
exceeded 1.5%. Only in the case of the # 10 core specimen, the air void characteristics could be considered appropriate in terms of
adequate freeze-thaw resistance [14].

Test rate of water absorption on disk specimens from cylindrical cores revealed a low water absorption rate. The initial and sec-
ondary rate of water absorption was 6.10 + 0.89-10~* mm/s'/? and 6.71 + 0.79-10~* mm/s'/?, respectively (the average for 6
specimens). This is an absorption rate typical for concrete with water to cement ratio of 0.40 with Portland cement. A lack of changes in
the absorption rate at longer test periods over 1 day (the secondary absorption rate) is a phenomenon characteristic of low

a)

Fig. 11. View of a softened quartzite grain (a) and spalled fragments of quartzite grain (b) after 28-days storage of concrete prisms in 1 M NaOH
solution at 80 °C.
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Table 10
Air void characteristics in hardened concrete as per PN-EN 480-11 determined on polished section of cores from slow traffic lane of
pavement.
Air void parameters Core No.
5 8 10
Air content [%] 2.02 1.21 3.07
Specific surface of air voids [mm '] 24.53 29.89 30.47
Spacing factor [mm] 0.31 0.31 0.20
Microvoids content Asgo [%] 0.72 0.60 1.69

permeability concrete. As the specimens for water absorption tests were cut from cores without delaminations or large cracks, the
above results do not apply to substantially cracked pavement areas. Thus, in areas without substantial cracking, concrete does not
show excessive permeability.

3.5. Potential reactivity of quartzite aggregate

After identification of reactive aggregate fraction, crushed quartzite aggregate from the same quairy was obtained as 2/8 and 8/16
fraction. Following the procedures ASTM C1260 [25] and AASHTO T380 [28], respective mortar and concrete specimens with
quartzite aggregate and Portland cement CEM I 52.5 R (Na0.q=0.88%) were manufactured and exposed to ASR enhancing envi-
ronmental conditions. Linear expansion of specimens in time during the immersion in 1 molar NaOH solution at 80 °C (mortar) or
60 °C (concrete) is shown in Fig. 12.

An intensive expansive behavior of specimens containing quartzite aggregate is observed, both for mortar and concrete specimens.
Using the relevant standard evaluation criteria for linear expansion evaluation (mortar: 0.30-0.45% at 14 days, concrete
0.121-0.240% at 56 days), both tests revealed clearly reactive behavior of quartzite aggregate.

4, Discussion

Diagnostic tests performed on concrete cores revealed a consistent set of evidence for expansive alkali-silica reaction taking place in
concrete and contributing to substantial pavement cracking and spalling. The abundance of the characteristic ASR products in
quartzite aggregate cracks clearly indicates the relationship between cracks in aggregate and in cement paste, and expansive alkali-
silica reaction. The most common concentration ratio (Na-+K)/Si and Ca/Si, known from literature for alkali-silica reaction prod-
ucts is about 0.20-0.35 [34] and 0.15-0.25 [35], respectively. ASR products exist in two known forms, either amorphous or crystalline
[35,36,43,44]. The current investigation showed the presence of both crystalline and amorphous ASR products (Fig. 8). However,
while the crystalline ASR product was found in cracks in aggregate grains, its amorphous form was present not only in the cement
matrix but also in the aggregate grains, closer to their edges. A systematic differentiation of the ASR product composition depending on
the place of occurrence within the microstructure was found. The ratio of alkali to silica was characterized by the typical values, while
the Ca/Si ratio was greater than commonly known, however also found in the literature [34]. It is known that the composition of the
ASR products changes with time [34], therefore the increase in Ca/Si ratio can be explained.

0.6
—+mortar 80°C
0.581 % average
-e-concrete 60°C
0.5
<
%‘ standard deviation:
S 0.4 mortar: from 0.002 to 0.021 %
. 0y
g ——0.357 % average concrete : up to 0.006 %
a
2 03
g 0.223 % average ~.__
2
s 02
g
~0.157 % average
0.1
0.0

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

duration of exposure to NaOH solution [days]

Fig. 12. Expansion of specimens containing crushed quartzite aggregate during the immersion in 1 molar NaOH solution at 80 °C (mortar, [25])
and 60 °C (concrete, [28]).
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The investigated section of highway pavement was constructed using materials compliant with the then standards and technical
specifications. An acceptance of quartzite aggregate was based on a simple chemical test for potential reactivity. The currently per-
formed diagnostic tests on pavement concrete revealed that the former evaluation was erroneous because it missed the presence of
micro- and cryptocrystalline quartz. Stark [45] stated that chemical methods appear to have some serious limitations to identify slowly
reactive aggregates such as quartzite. An inconsistent evaluation of ASR potential of quartzite aggregate based on chemical test, in
contrast to accelerated mortar bar test, was also reported by Sachlov4 et al. [46]. Jensen et al. [47] reported the occurrence of
alkali-silica reaction in concrete containing quartzite aggregate from Thailand with the individual quartzite crystals in the size range
from 10 to 50 um, that is in accordance with the present findings.

For ASR diagnosis it is also important to determine the composition of pore solution in concrete. Unfortunately the current
investigation failed to provide the conclusive data, although the pore solution extraction was attempted using a high-pressure device
[48]. The specimens were too dry for meaningful measurements, and such a condition is known to be detrimental for such tests [49].
When exposed to deicing salt solution, the chemistry of the pore solution in concrete is expected to change. Heisig et al. [50] showed
that during NaCl ingress the OH™ concentration of the pore solution was lowered mainly by potassium leaching and also due to the
formation of Friedel’s salt from ettringite. However, the silicon concentration in the pore solution was higher due the higher total alkali
concentration, thus causing intensified ASR damage. Model predictions [51] show also that ASR induced expansion in concrete
subjected to external alkali supply is governed by microcracking in both the aggregates and the cement paste, while the water exposure
results mainly in microcracking in the aggregate.

For determination of the residual swelling potential of concrete, the method similar to Japanese short-term method was selected for
the current investigation [41,42]. The criteria for judging the deleterious reactivity of aggregate in extracted concrete specimens
exposed to 1 M NaOH solution at 80 °C are: the expansion of 0.1% at 3 weeks for the early-expansive aggregate (volcanic rocks) or
0.04% for the late expansive aggregate. With these criteria, considering the effect of reduced cross section and an increased absorption
of NaOH solution [42], the currently determined expansion of 0.07% after 21 days is a clear indication of residual potential for
late-expansive behavior of quartzite rock aggregate in concrete. Such evaluation can be treated as the ultimate degree of reactivity of
aggregates with excess alkalis. For the external-alkali environment it seems more appropriate than an evaluation based on
high-humidity environmental exposure. The residual swelling potential evaluation was supported by observations of exudates from
cracks and spalling of quartzite grains, indicating a sufficient residual content of reactive quartz in the aggregate for further devel-
opment of the expansive reaction. Due to cracking of concrete in the pavement and the usual abundant use of NaCl solution for
pavement de-icing, a significant presence of sodium ions coming from the outside into concrete pore solution can be predicted.
Presumably, there will be no shortage of either moisture or alkali hydroxides to sustain the reaction with the quartzite.

The observed crack system in the cores, located within the quartzite grains and at grain boundaries is clearly associated with the
presence of ASR products. However, the crack system shows a regular difference between the cores taken from highly loaded pavement
lane (the slow-traffic lane) and the cores from occasionally trafficked lane (the emergency lane). This implies a combined effect of
fatigue loading from heavy traffic, assuming that the influence of technological factors and temperature and moisture variations would
be similar for the two compared pavement lanes. According to previous studies [52-54], cracking in pavements is most often initiated
due to thermally induced stresses, particularly at early ages - attributed to a high temperature during the production, and possibly also
to traffic load stresses; ASR plays rather a subordinate role at this stage. If moisture and alkaline deicer solutions penetrate into the
pavement through existing cracks, the development of ASR would be noticeably intensified. An evidence for this is found in the
examined cores from substantially cracked section (slow-traffic) and less-cracked section (emergency).

Because of a marginal air entrainment of concrete at some locations, a possible contribution of the freeze-thaw damage to the
observed crack system should be also considered. Although freeze-thaw damage occurs in cold winter season, while alkali-silica re-
action develops in warm seasons, the combined damage is likely to occur [12]. When the coupled damage occurs in actual pavement, it
is difficult to distinguish the extent of damage coming from each of mechanisms because the mechanisms of such interaction are not
well understood. Laboratory studies confirm the aggravating effect of freeze-thaw on ASR [11]. Computer simulations for air-entrained
concrete [12] show that ASR products will also fill the air voids, thus disabling their function for the frost resistance. On the other hand,
the freeze-thaw created crack space may postpone the expansion due to ASR. The entrained air is thought to be still beneficial for
controlling the total damage, but with less efficiency. These simulation-derived findings still need to be verified by experiments.

5. Conclusions

Performed diagnostic tests on specimens drilled from a section of highway pavement after 15 years of service revealed the following
conclusions.

1. Numerous cracks in the grains of coarse quartzite aggregate and cement paste were found. Petrographic analysis revealed the
abundance of reactive forms of quartz in quartzite aggregate — both microcrystalline and cryptocrystalline quartz. The estimated
content of reactive quartz in aggregate was higher in cracked grains (>10%) and lower in uncracked grains (<7%).

2. Gel-like products present in cracks in quartzite aggregate, in hardened cement paste and in air voids, were composed of potassium-
sodium-calcium silicate. The products inside cracks in quartzite aggregate were characterized by the average ratio of (Na+K)/Si of
0.31 and Ca/Si of 0.48. The composition was typical for alkali-silica reaction product, its variability was found correlated with the
distance from reactive quartzite grains.

3. The resonance modulus of elasticity of concrete specimens was approximately 18 GPa. This corresponds to an estimated relative
reduction of the elastic modulus of at least 50%.
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4.

Expansion of concrete specimens samples exposed to an ASR-promoting environment indicated the potential for further devel-
opment of the alkali-aggregate reaction. Intensive exudations from cracks and major softening of quartzite grains was observed.

. Potential reactivity tests performed on quartzite aggregate currently produced in the same quarry revealed strong aggregate

reactivity when using standard criteria for miniature concrete prism test and accelerated mortar bar test.

. The significant role of alkali-silica reaction in inducing cracking of pavement concrete was found due to an abundant presence of

ASR products in core specimens, without exception, as well as the reactive forms of minerals in quartzite grains and confirmed
potential for expansion. The role of additional destructive factors, such as the impact of heavy vehicle traffic, is suggested by higher
by about 37-39% relative cracking degree in slow lane specimens compared to emergency lane specimen. In the areas of deficient
air entrainment of concrete, an additional destructive factor could be the aggressive action of freezing-and thawing and de-icing
agents.
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