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Abstract

Typical examples of so-called alkali-carbonate reaction (ACR) in the Canadian field concretes in
Ontario, and RILEM concrete microbars containing Pittsburg aggregate, were examined petrographically
based on polarizing microscopy, SEM observation and quantitative EPMA (EDS) analysis of the reaction
products. It was revealed that ASR gel was the main product responsible for the crack formation in
concretes, and that this gel had a common nature to that in the typical ASR. The so-called ACR is a
combination of deleteriously expansive alkali-silica reaction (ASR) of cryptocrystalline quartz, and
harmless dedolomitization which produces brucite and carbonate halo. In laboratory specimens, fine
dolomitic aggregate undergoes dedolomitization, and ASR gel is altered to non-expansive Mg-silicate gel,
which explains why the mortar bar produces smaller expansion than the conpcrete microbar.
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1 INTRODUCTION

The mechanisms of so-called alkali-carbonate reaction (ACR) have been controversial. In early
1990’s, Katayama predicted that ACR is a combined reaction of deletetiously expansive ASR of ctypto-
crystalline quartz, and harmless dedolomitization of dolomitic aggregate [1], based on critical review of
the published references on ACR, and subsequently extracted this quartz from ACR-reactive Pittsburg
aggregate by phosphoric acid treatment [2]. Recently, this theory was confirmed by means of polarizing
microscopy, SEM observation and quantitative EPMA (EDS) analysis using the same polished thin
sections of concretes [3][4][5]. The investigations revealed the key importance of the expansiveness of
mortar and concrete of Mg-silicate gel formed by the interaction of ASR and dedolomitization products.
However, in view of the fact that the field instances of ACR have become rare even in Canada, it was
decided to gather and present as much analytical data about reaction products as possible to provide the
background to understand the nature of the reaction. This paper will focus on the chemical compositions
of the reaction products in the ACR, as analyzed by the quantitative EPMA (EDS) of the materials.

2 MATERIALS AND METHODS
2.1  Sample origin

Three Austrian gravel carbonate aggregates and Canadian Pittsburg aggregate (collective, 1% lift,
MTO stockpile), examined with RILEM AAR-5 concrete microbars (aggregate 4-8mm) and AAR-2
mortar bars (aggregate 0-4mm) at VOZFI [6], were used here. Another batch of the Pittsburg aggregate
(most reactive layer Pit-16, 1% lift, CANMET stockpile) [7], tested with AAR-5 concrete microbars in
prolonged storage (NaOH or KOH added to cement: Na;Oeq =1.5 wt%, 80°C, 1M NaOH, 28 days) at
KGE, was also used. Of the field deteriorated concretes that had undergone typical alkali-carbonate
reaction (ACR) in the past, a ballast wall concrete with the Pittsburg aggregate (1% lift) came from a
bridge in Gananoque (MTO collection, built 1957), and from a concrete curb in Cornwall (placed 1979),
both in Ontario, Canada [3][4]. An old CSA concrete prism prepared by MTO (1992, two years) was also
examined for comparison.

2.2 Methods of investigation
Polarizing microscopy, SEM observation, EPNM.A analysis

Polished thin sections (20X30mm, thickness 15um) of the test specimens and field concretes were
prepared for polarizing microscopy to examine the presence of reaction products in the carbonate
aggregate. After completing this, SEM observation and quantitative EPMA (EDS) analyses were done on
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the reaction products (brucite, ASR gel, CSH gel and cement particles), using the same polished thin
sections (JEOL JSM 5310LV/JED 2140: at 15KV, 0.12 nA, partly 0.8 nA, x2000, ZAF cotrection).
Their compositions wete plotted on the [Ca/Si]-[Ca]/[Na+K] diagram, and on the Si-Mg-Ca diagram.

3 RESULTS
3.1 Polarizing microscopy
Lithology

The Austrian gravel aggregates were predominantly siliceous limestone containing chert fragments
(9C), or dolostone rich (10C), or poor (12C) in disseminated cryptoctystalline quartz [3]. The Canadian
Pittsburg aggregate (collective, 1+t lift), used for the AAR-5 concrete microbar (15C) and AAR-2 mortar
bar tests (15F), ranged widely in lithology from micritic limestone to dolostone, with 3.2 wt% of quartz
based on the phosphoric acid treatment (Table 1). The most reactive horizon in the same quarry (Pit-16,
15t lift) used for the prolonged tests (Na28, K28) consisted essentially of argillaceous dolomitic limestone,
and contained 16.8 wt% of insoluble residue by HCl and 4.8 wt% of quartz by H3POs,, the latter being
mostly cryptocrystalline. This is a typical reactive lithology, with silt-sized dolomite thombs scattered
within argillaceous matrix, which was dominant in the CSA concrete prism that developed crack-lining
gel in eatly 1990’s at MTO, as well as in the ACR-affected curb in Cornwall. However, this rock type was
less abundant in the ACR-affected bridge in Gananoque made with the Pittsburg aggregate (1 lift).

Reactions versus expansion

In the concrete microbars, dedolomitization was pronounced in less argillaceous dolomitic
limestone, producing conspicuous reaction rims within the inner periphery of the dolomitic aggregate (Fig.1
C) and reaction zones along pre-existing cracks (Fig.1 A), together with carbonate halves in the surrounding
cement paste (Fig.1 C). Cracks extending from the reacted aggregate into cement paste, suggestive of
expansion, appeared only when ASR was involved. These cracks were filled or lined with ASR gel,
irrespective of whether it was a dolostone (Fig.1 A), a dolomitic limestone (Fig.1 E), or a siliceous
limestone (Table 1). Prolonged storage developed wider gel-filled cracks (see SEM, Figs.2 A,B).

In the field concretes, ASR gel occurred in various lithologies of coarse aggregate, including
limestone, shaley limestone, dolomitic limestone and argillaceous dolomitic limestone [4][5]. However,
ASR gel in these cracks was often carbonated due to weathering and later forming carbonate haloes, and
was obscured by high-birefringent calcites within carbonated cement paste and carbonate aggregate.

3.2 SEM observation
Combined examination of SEM and mapping of elements by EPMA (EDS) on the same polished
thin section was very effective in identifying the details of products in the carbonate aggregate.

Dedolomitization

Dolomite crystals in the reaction rims and in reaction zones had been more or less decomposed
into a combination of dark spots of brucite (< 3um) and secondaty calcite, leaving a mottled texture
pseudomorphic after dolomite rhombs. Unless ASR was involved (Fig.1 B), dedolomitization did not
accompany any expansion cracks in the surrounding cement paste, as shown by the Austrian dolostone
coarse aggregate without excessive silica (Figs.1 C,D) [3][4]. Deleteriously expansive argillaceous
dolomitic limestone from the Pittsburg quatry (collective, 1% lift) also produced no expansion cracks,
when used as fine aggregate, but had been entirely dedolomitized within aggregate particles (Figs.1 G,H).

Alkali-silica reaction

Cryptocrystalline quartz had altered to ASR gel, forming gel-vein (Fig.1 F). In the concrete
microbar made with the most reactive layer in the Pittsburg quarry (Pit-16, 1 lift) and stored in the
prolonged period (28 days), as shown by the Si image, ASR gel had originated from cryptocrystalline
quartz, migrating into ASR gel that lines latge crack within the reacted aggregate (Figs.2 B,C,D). Mg-
silicate gel (Fig.2 C, datk spots) formed replacing the rim on the dolomite thombs (Figs.2 C,E).

Some of the ASR gel remained around the cryptocrystalline quartz (Fig.2G). Although the process
of grinding thin sections tended to wear off such fragile reaction products in the weathered field
concretes, SEM observation was effective in detecting the presence of ASR gel that had filled or lined
cracks within the reacted argillaceous dolomitic limestone aggregate in concretes from Gananoque (Fig.2
F) and Cornwall (Figs.2 H, I). Within the reaction rims or near cracks, Mg-silicate gel occurred
surrounding dolomite thombs pseudomorphic after dolomite, replacing the original rims of brucite, while
pure brucite was generally confined to areas distant from the cracks containing ASR gel (Fig.2F).



3.3 EPMA analysis

Compositions of reaction products, including brucite [Mg(OH),|, Mg-silicate gel, ASR gel and
reacted quartz, were plotted on the Si-Mg-Ca triangular diagram in atomic ratios (Fig.3). Brucite occupies
the Mg-corner of the diagram, while unaltered cryptocrystalline quartz represents the Si-corner when it
has not been altered. Carbonate minerals calcite and dolomite were omitted from this diagram. To clarify
the chemical characteristics of the ASR gel in detail, reaction products with essential amounts of Si and
Ca will be examined hereafter on the [Ca/Si]-[Ca]/[Na+K] diagram developed by the first author (Fig.4).

Brucite and Mg-silicate gel

Brucite has been found in the conctete microbar (15C: Fig. 2A), made with the Pittsburg aggregate
(collective, 1+t lift) and stored for a normal period (14 days), as well as in the field deteriorated concretes
from Gananoque and Cornwall (Figs. 2 E, F). Brucite was absent in the concrete microbars (Na28, K28:
Figs. 2C, D) made using a highly reactive layer in the Pittsburg quarry (Pit-16, 1+t lift) and stored for a
prolonged period (28 days), but was rare in the mortar bar (15F: Fig. 2B).

Mg-silicate gel occupies wide areas in the triangular diagram and was collectively shown as
“dolomite 1im”, together with brucite (Fig.3). Mg-silicate gel is very common in concretes that have
undergone advanced reaction, such as the concrete microbars stored for a prolonged period (Figs.3 C,D)
and the field concretes from Gananoque (Fig.3E) and Cornwall (Fig.3F). Mg-silicate gel was generally
confined to the shell of the coarse aggregate (4-8mm) (Fig. 3A), while it was present in the entire section
of the particle of fine aggregate (<4mm) that had undergone dedolomitization (Fig. 3B)[5].

Cement hydrates

The compositions of ASR gel and cement hydrates (CSH gel) were plotted on the [Ca/Si]-
[Ca]/[NatK] diagtam, excluding the Mg-silicate gel (>5 wt % MgO, Fig.4). In the concrete microbar
(15C: Fig. 4C), calcium silicates alite and belite hydrated to CSH gel with a [Ca/Si] atomic ratio down to
2.0, corresponding to “final” hydration products. This [Ca/Si] ratio was even higher than that of the
ordinary concretes not subjected to the immersion in NaOH solution. Abundant portlandite [Ca(OH)z]
surrounded the CSH gel, suggesting that they had originated from the hydrated cement particles and the
pore solution was oversaturated with OH ions. By contrast, the Canadian field concretes contained CSH
gel with lowest [Ca/Si] ratios and chlotide, i.e. Gananoque with [Ca/Si] down to 1.5, C1 1.9-3.5 wt% (Fig.
4G), and Cornwall with [Ca/Si] down to 1.3 (Fig. 4H), Cl 0.4-2.2 wt% (Table 2). The conctete microbar
(Na28: Fig. 4E) stored for a prolonged petiod (28 days), presented [Ca/Si] ratio of CSH gel of 1.8, being
intermediate between the field concretes and the concrete microbars stored in two weeks.

ASR gel

Cryptocrystalline quartz, which altered to ASR gel leaving a pseudomorphic texture, is noted as
“quartz tim” in the triangular diagram (Fig.3). It also reacted with brucite to form Mg-silicate gel. On the
other hand, ASR gel, which appears as crack-filling or crack-lining materials in the carbonate aggregate,
occupies the Si-Ca tie-line (Fig.3). On the [Ca/Si]-[Ca]/[Na+K] diagram (Fig 4), ASR gel exhibits a
narrow range of the compositional lines, directed toward the CSH gel with a distinct compositional break
(Fig.4). This tendency was common to the siliceous (Austrian Figs.3 A,B) and argillaceous aggregates
(Canadian). The Pittsburg aggregate (collective) presents the same inclined lines in both mortar bar (15F:
Fig. 4D) and concrete microbar (15C: Fig. 4C), with a wider range in the former. But the prolonged
storage (28 days) (Pit-16, most reactive) resulted in less inclined lines (Na28: Fig. 4E, K28: Fig. 4F), with a
“convergent point” between ASR gel and CSH gel at around [Ca/Si] = 1.8, [Ca]/[Na+K] = 100.

Field concretes presented scattered distributions of ASR gel, but their compositions were generally
continuous with the CSH gel, with a “convergent point” at around [Ca/Si] = 1.5, [Ca]/ [Na+K] = 100
for Gananoque (Fig. 4G), and at atound [Ca/Si] = 1.3, [Ca]/[Na+K] = 100 for Cotnwall (Fig. 4H). The
compositional lines of ASR gel sloped more gently than those of the laboratory concrete microbars.

4 DISCUSSION

Earlier researchers in Canada and USA in the 1960’s, and more recently in China, believed that the
following features distinguish ACR from ASR, that is, in ACR-affected concretes, 1) ASR gel is absent, 2)
larger aggregate expands more than fine aggregate, 3) lithium and other additives are not effective, and 4)
reaction takes place even with low alkali content. However, all these aspects also apply to typical ASR, as
discussed below. Modern petrographic techniques applied here are useful in examining them.



4.1  General exceptions to ASR

These are, 1) Concretes undergoing late-expansive ASR, some formetly called alkali-silicate reaction
in the 1970’s, lack conspicuous ASR gel which is invisible on the ground surface of concrete. 2) Some
ageregates (British flint and Canadian Potsdam sandstone) produce less expansion in the mortar bar than
in the concrete prism made with coarse aggregate, a result of segregation of reactive silica during crushing
of the aggregate due to inhomogeneity of the texture. 3) Lithium compounds do not suppress deletetious
expansion of some late-expansive aggregates [8]. Similar inefficiency is also known with slag and fly ash
applied to ASR-reactive coarse aggregates, depending on their mix proportion and the pessimum
proportion of reactive minerals (some Japanese andesites). 4) Cryptocrystalline quartz (Canadian Spratt
limestone) [9] and highly reactive opal and occasionally ctistobalite produce ASR even in cement or
concrete with low alkali levels (Na2Oeq <0.6%, <2.0kg/m?). In the previous discussions of ACR,
however, these exceptions to ASR have been used as a proof of ACR without counterargument.

4.2 Mechanisms of ACR
Dedolomitization

The process of dedolomitization, typically the formation of brucite, is thought to be a harmless
reaction, because no expansion cracks formed in the cement paste with the Austrian dolostone aggregate
(Fig.1C). With the most reactive Pittsburg aggregate rich in cryptocrystalline quartz (Pit-16, 1+ lift), both
dedolomitization and expansion of concrete microbars continued steadily with time (0.21% at 28 days
[6]), but all brucite altered to Mg-silicate gel due to interaction with ASR gel (Figs.4 C,D), whereas ASR
gel formed abundantly filling expansion cracks (Figs.2 A,B). Mg-silicate gel is deemed non-expansive or
less expansive than the real ASR gel, because it accompanied no cracks [3][4][5]. Mg-silicate gel has also
been identified from a marine concrete as a less-expansive material replacing ASR gel [10]. Though
dedolomitization does not cause expansion, it maintains a high level of alkalinity. This may contribute to
the speed of ASR and diminish the effectivity of fly ash and other additives to counteract ASR.

Alkal-silica reaction

ASR of cryptocrystalline quartz is thought to be responsible for the expansion cracks in concretes,
because this quartz was directly identified reacting in both laboratory and field deteriorated concretes
from Gananoque and Cornwall. The compositions of ASR gel (Figs.4 G,H) were common to typical
ASR in other areas of the wortld including Japan [11]. This means that ASR gel, during migration from
the reacted aggregate, takes up calcium from the cement paste and leaches alkalis, approaching a
“convergent point” where ASR gel and CSH gel attain an apparent chemical equilibrium. A wide scatter
of ASR gel in compositions is due to leaching of alkalis during freeze-thaw weathering.

4.3 Interpreting the conventional peculiarities of ACR
Abre reaction products really scarce?

Classical petrographic techniques are inadequate for identifying reaction products in ACR-affected
concretes. Because Mg-silicate gel that forms abundantly within dolomitic aggregate is too small to be
detected by the stereomicroscopy on ground concrete (ASTM C457), and both cryptocrystalline quartz
and cracks filled with ASR gel (often < 5um) are smaller in width than that of conventional cover-
mounted thin sections (30um: ASTM C856). In transmitted light, all these materials are ovetlapped by
high-birefringent calcites in both carbonated cement paste and carbonate aggregate, thus hindering the
details. There is no merit to using destructive HCI etching to check reaction rims on the carbonate
aggregate (ASTM C856) and impregnation of fluorescent dye because they obscure the details of textures.

Why does smaller expansion occnr in the mortar?

Alteration of ASR gel into non-expansive Mg-silicate gel in fine dolomitic aggregate is probably
the reason why mortar bar produces smaller expansion than concretes. Both dedolomitization and ASR
proceed faster in the mortar bar, forming Mg-silicate gel within the entire section of the fine aggregate.
(<4mm). By contrast, in the concrete microbar, dedolomitization is limited to the surface of the coarse
aggregate (4-8mm) forming reaction rims, but ASR gel inside the aggregate remains unaltered, thus
causing expansion cracks in concrete. Where argillaceous material is dominant in the aggregate, Al-silicate
gel with or without calcium also forms without producing cracks, which is deemed non-expansive [5].

Why are additives ineffective?

Lithium compounds do not suppress deleterious expansion of some aggregates that cause ACR
(Pittsbutg aggregate) or late-expansive ASR (Canadian Sherbrooke schist and Potsdam sandstone) [8] in
the concrete prism. A common characteristic of these aggregates is a dense matrix around the reactive



silica, where Li ions in pore solution are either halted from penetrating, or absorbed by surrounding clay
minerals, before ASR gel becomes inactive by the conversion into non-expansive Li-silicate gel, or both.

The ineffectiveness of slag and fly ash in suppressing the expansion of coatse aggregate may be
due to two reasons: the slower rate of pozzolanic reactions in compatison to that of the ASR of the
reactive silica, and the high alkalinity maintained by the dedolomitization process. According to Japanese
experience with the most reactive layer of the Pittsburg quarry (Pit-16, 1+t lift), a 50% substitution of a
fine-grained Japanese blast furnace slag (Blaine finess 6050 cm?/g) to cement, reduced 30% of expansion
of AAR-5 concrete microbar (0.11% vs. 0.16% at 14 days) with reduced exudation of ASR gel. But this
may be a result of delayed ingress of alkali solution by a reduced permeability of cement-slag hydrates
[12]. In Austria, the use of a super sulfated cement with 85% of slag with the Pittsburg aggregate
prevented expansion both in the microbar test and the RILEM AAR-3 concrete bar test. Thus finely
ground slag may suppress expansion of so-called ACR if sufficiently high amounts are used.

Deicing salt (NaCl) applied in winter supplies sodium and does accelerate AAR. In the field
deteriorated concretes in Gananoque and Cornwall, the amount of locally concentrated chloride within
CSH gel (Table 2), exclusive of the Friedel’s salt, amounted to Cl 12kg/m?in conctetes i.e. about 8kg/m?
of Na, whereas this sodium was missing due to segregation in concretes, including the formation of ASR
gel and leaching. The abundance in Cl and the lower [Ca]/[Si] ratios of CSH gel ate indicative of long-
term weathering of concretes, subjected to freezing and thawing, leaching and ingtess of deicing salt.

Hence, to investigate ACR in detail, it would be useful to examine freshly cored concrete samples
made with the Pittsburg aggregate, e.g. the experimental pavements in Kingston [9][12], based on the
modern petrographic techniques adopted here (polarizing microscopy, SEM and EPMA analysis).

CONCLUSIONS
Detailed petrographic examinations with EPMA analysis reconfirmed that so-called alkali-
carbonate reaction is a combination of deleteriously expansive alkali-silica reaction of crypto-
crystalline quartz, and harmless dedolomitization which produces brucite and carbonate haloes.

o U

. ASR gel formed in the dolomitic aggregate is responsible for crack formation in concrete. This
gel has a common nature to that in the typical ASR, which migrates within concrete taking up
calcium from the cement paste and leaching alkalis, approaching the compositions of CSH gel.

. Fine dolomitic aggregate dedolomitizes and ASR gel that formed eatlier alters to non-expansive
Mg-silicate gel, which explains why mortar bar produces smaller expansion than concrete
microbar.

. ASR was most evident with the most expansive atgillaceous dolomitic limestone aggregate in the
Pittsburg quatry, Ontatio. The term alkali-carbonate reaction is misleading and should be placed
in the museum of concrete history, like the former alkali-silicate teaction, both are forms of ASR.
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TABLE 1: Lithofacies of carbonate aggregates in concrete (vol %) and extracted quartz by

phosphoric acid treatment of coarse aggregate (wt%o) [3].

Concrete microbar Concrete Field concrete
RILEM AAR-5 prism CSA in Ontario
9C 10C 12C 15 | Na2s | crin | [Bridse | Curb?
Gananoque| Cornwall
Aggregate Austria (gravel) Kingston, Canada (Pittsburg 1+ lift) Cornwall
collective | collective | collective | collective | Pit-16 | collective | collective| collective
Limestone
oolitic, pelletoidal 3 15*
biosparitic 26* 2 2% 3* 4 10
micritic 19* 5% 8* 20* 12* 27* 35% 12*
argillaceous, shaley 5% * 3* 9% 21* 9%
sandy 3* 12* 8 5
spicular, siliceous 30 3%
Dolomitic limestone
micritic 8* # 11* 17% 6 # 9# 4# 5t
mosaic, massive 13# 12# i 3# Ox #
argillaceous, shaley 8k # 3# Tx# 23k # 58+ # 45 # 13+ # 24% #
sandy 9# 4x# 2#
Dolostone
micritic, massive 5# 20 #
mosaic, massive 61* # 40 # 17# 1# 8# 5#
argillaceous 5 5% # 2%
sandy 2%
Chert 9%
Extracted.Qz (insol.) | 14.3" 10.0* 6.7+ 327 |4.8" (16.8)
Sample origin VOZFI 2001 KGE MTO 1992 TK 1986
Storage/ construction 14 days 28 days | 2 years 1957 1979
Aggtegate stockpile VOZFI | MTO [CANMET| MTO
* Contains ASR gel
# Contains reaction rims and carbonate haloes formed by dedolomitization
*+ Quartz: extracted by phosphoric acid treatment, Insoluble residue: by HCI
1 38°C, 2 years, crack-lining gel
2 1000 Island Parkway Bridge (ballast wall, built in 1957, later replaced, MTO collection)
3 Wiater Street (placed in 1979)
TABLE 2: Representative compositions of ASR gel in the carbonate aggregates
and CSH gel in concrete as determined by EPMA (EDS) analysis [3][4].
Gananoque Cornwall
Dolomitic limestone Argillaceous After After Argil. Dol. Is After After
dolomitic limestone alite belite dol. Is alite belite
Crypt. ASR Mg- ASR Brucite CSH CSH ASR Brucite CSH CSH
quartz gel* sil.gel gel** gel gel gel* gel gel
SiOs 93.99 40.36 20.22 50.50 1.15 21.14 25.37 50.99 5.42 17.71 21.03
AbLO; 0.88 1.21 0.46 0.20 0.00 1.29 1.14 10.70 0.86 1.56 2.27
Fex03 0.08 1.29 0.91 0.36 0.74 0.72 1.47 0.88 5.71 0.31 1.31
MgO 1.86 11.33 2211 0.00 66.12 1.22 0.21 1.01 47.35 0.72 1.19
CaO 1.25 4.17 5.00 11.52 0.85 33.07 3643 8.66 5.52 31.87 31.72
Na,O 0.28 0.13 0.15 0.20 0.75 0.02 0.12 0.24 0.51 0.06 0.00
K20 0.00 0.62 0.23 6.04 0.00 0.16 0.18 4.01 0.35 0.10 0.15
SOs 0.00 0.12 0.61 0.22 0.19 0.21 1.39 0.41 0.06 0.91 0.83
Cl 3.34 2.81 1.31 1.08
Total 98.35 59.22 49.69 69.04 69.81 61.17 69.12 76.89 65.78 54.55 59.58
1 0.10 0.24 1.68 1.54 0.18 1.93 1.62
2 5.56 1.53 151.31 85.50 1.66 149.41 175.62
*: Amorphous, **: Rosette-like

1: Atomic ratio[Ca]/[Si], 2: Atomic ratio [Ca]/([Na]+[K])




Figure 1: RILEM AAR-5 concrete microbars (aggregate 4-8mm) (A)-(F)[3][5]: Crack-lining ASR gel and reaction zone

(dedolomitization) along the crack, composed of brucite spots (dark) and secondary calcite distant from the crack, and Mg-
silicate gel (dark) near the ASR gel (10C) (A)(B). Pronounced reaction tims (dedolomitization) and carbonate haloes free from
expansion cracks in the cement paste (12C) (C)(D). Both with the Austrian dolostone aggregates; Argillaceous dolomitic
limestone in the Pittsburg aggregate (collective, 1+ lift, MTO stockpile), Ontario, Canada (15C) (E)(F): ASR gel exuding along
the crack from crypto-crystalline quartz, and faint reaction rim with diffuse carbonate halo; RILEM AAR-2 mortar bar
(aggregate <4mm) with the collective Pittsburg aggregate (15F) (G),(H). Entire dedolomitization of fine aggregate of
argillaceous dolomitic limestone, forming Mg-silicate gel on dolomite thombs and carbonate halo in the cement paste without

expansion cracks.
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Figure 2: RILEM AAR-5 concrete microbars (aggregate 4-8mm) made with the Pittsburg aggregate (most reactive hotizon Pit-
16, 1+ lift, CANMET stockpile)(A)-(E)[5]: ASR gel filling wide crack formed through prolonged reaction (28 days) of
argillaceous dolomitic limestone, with added NaOH (Na28) (A) or KOH (K28)(B)(C) to cement. Mapping of elements
showing migration of ASR gel from crypto-crystalline quartz (D: Si image) into crack, and Mg-silicate gel (E: Mg image) on
dolomite rhombs; Field deteriorated concretes in Ontario (F)-(I) [3][4]: Ballast wall of a bridge in Gananoque (built 1957) with
ASR gel, spotted in the crack of argillaceous dolomitic limestone (F) and around cryptocrystalline quartz in dolomitic limestone
(G). Dedolomitization along crack, forming brucite on dolomite rhombs distant from the crack, while Mg-silicate gel near the

crack. Concrete curb in Cornwall (placed 1979) with cryptocrystalline quartz altering to crack-filling ASR gel in argillaceous

dolomitic limestone (H),(T).
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Figure 3: EPMA (EDS) analysis of reaction products in concretes. RILEM AAR-5 concrete microbar (A)(15C) and RILEM
AAR-2 mortar bar (B)(15F), both with the Pittsburg aggregate (collective, 1+ lift, MTO stockpile); RILEM AAR-5 concrete
microbar made with the most reactive layer in the Pittsburg quarry (Pit-16, 1%t lift, CANMET stockpile), with added NaOH
(Na28)(C) or KOH (K28)(D) to cement and stored in a prolonged petiod (28 days); Field deteriorated concretes from the

ballast wall of a bridge in Gananoque (E) and from the concrete curb in Cornwall (F), both in Ontario.



3.5 3.5
® CSH gel (alite) ® CSH gel (alite)
3.0 A CSH gel (belite) 3.0 A CSH gel (belite)
Ko x ASR gel (void) Ko x ASR gel (void)
& 25 | o ASRgel (pasto) & 25 | o ASRgel (pasto)
Lé) 20 + ASR gel (aggregate) Lé) 20 + ASR gel (aggregate)
s s
® 15 € 15
%) % %)
3 10 - = 10
© o / A © B
0.5 /‘?ﬁi 0.5
0.0 L 0.0
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Ca/(Na+K) atomic ratio Ca/(Na+K) atomic ratio
3.5 3.5 -
® CSH gel (alite) ® CSH gel (alite)
3.0 fl & CSH gel (belite) €. 3.0 | &4 CSH gel (belite)
° x ASR gel (void) '\ ° x ASR gel (void)
g 25 | oASRgel (pasee) | o Py § 25 |l o ASR gel (paste)
é 20 + ASR gel (aggregate) s 08 ° é 20 + ASR gel (aggregate)
s E .
® 15 T ey ¢ 15 i
%2 F X 2] x
3 10 ° 3 10 Fox
) C O + D
”
0.5 P 0.5 +
i+ + j*
0.0 + 0.0
0.1 1 10 100 1000 1000C 0.1 1 10 100 1000 10000
Ca/(Na+K) atomic ratio Ca/(Na+K) atomic ratio
3.5 3.5 - -
® CSH gel (alite) ® CSH gel (alite)
3.0 [ & CSH gel (belite) 2L 30 1 & CSH gel (belite)
K % ASR gel (void) [ 8 x ASR gel (void)
§ 25 [ o ASRgel (paste) . § 25 | o ASRgel (paste)
Q + ASR gel (aggregate)ra / 9 + ASR gel (aggregate)
g 2.0 IR g 2.0
g s - & 15
%) 5 %)
< 10 - < = 10
- v B C r
i
0.5 i 0.5
0.0 0.0
0.1 1 10 100 1000 1000C 0.1 1 10 100 1000 10000
Ca/(Na+K) atomic ratio Ca/(Na+K) atomic ratio
3.5 3.5
® CSH gel (alite) ® CSH gel (alite)
3.0 a CSH gel (belite) . 3.0 A CSH gel (belite) ‘4..—
o x ASR gel (void) P o x ASR gel (void) / °
g 2.5 o ASR gel (paste) g 2.5 o ASR gel (paste)
Lé) 20 + ASR gel (aggregate) . é 20 + ASR gel (aggregate) -
: wE : IS
'“ 1.5 r + "" 1.5 r %A
%) %) wh
5 1.0 - * & - 8 1.0 B + % -
n L
0.5 (o€ & 0.5 EPARE 2T
@+ A 0o + |+ s
0.0 .
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Ca/(Na+K) atomic ratio Ca/(Na+K) atomic ratio

Figure 4: EPMA compositions of ASR gel. RILEM AAR-5 concrete microbars with Austrian dolomitic (9C)(A) and dolostone
aggregates (10C)(B); RILEM AAR-2 mortar bar (15F)(C) and AAR-5 concrete microbar (15C)(D) with the Pittsburg aggregate
(collective, MTO stockpile); AAR-5 concrete microbars with the most reactive Pittsburg aggregate (Pit-16, CANMET
stockpile) stored in a prolonged period (Na28)(E), (K28)(F); Field deteriorated concretes from Gananoque (G) and Cornwall
(H), Ontario.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AllegroBT-Regular
    /Amandine
    /AmazoneBT-Regular
    /AmerTypewriterITCbyBT-Medium
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Medium
    /Batang
    /BatangChe
    /BenguiatITCbyBT-Bold
    /BERNARD
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardTangoBT-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BremenBT-Bold
    /Brigitte
    /CataneoBT-Bold
    /CataneoBT-Light
    /CataneoBT-Regular
    /CataneoBT-RegularSwash
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CharlesworthBold
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialScriptBT-Regular
    /CopperplateGothicBT-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /DauphinPlain
    /Dotum
    /DotumChe
    /EmbassyBT-Regular
    /EnglischeSchT-Bold
    /EnglischeSchT-DemiBold
    /EnglischeSchT-Regu
    /English111AdagioBT-Regular
    /English111PrestoBT-Regular
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EstrangeloEdessa
    /FlemishScriptBT-Regular
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldCondensedItalic
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Heavy
    /FuturaBT-HeavyItalic
    /FuturaBT-Light
    /FuturaBT-LightCondensed
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /FuturaLtCnBTItalic
    /FuturaMdCnBTItalic
    /GandoBT-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /GaramondITCbyBT-Bold
    /GaramondITCbyBT-BoldCondensed
    /GaramondITCbyBT-BoldCondItalic
    /GaramondITCbyBT-BoldItalic
    /GaramondITCbyBT-Book
    /GaramondITCbyBT-BookCondensed
    /GaramondITCbyBT-BookCondItalic
    /GaramondITCbyBT-BookItalic
    /GaramondNo4CyrTCY-Ligh
    /GaramondNo4CyrTCY-LighItal
    /GaramondNo4CyrTCY-Medi
    /Gautami
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeometricSlab703BT-XtraBoldCond
    /GeometricSlab703BT-XtraBoldItal
    /Georges
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GoudyHandtooledBT-Regular
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudySansITCbyBT-Black
    /GoudySansITCbyBT-BlackItalic
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Light
    /GoudySansITCbyBT-LightItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Humanist521BT-Bold
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Roman
    /Impact
    /JAMI
    /JIMMY1
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KARINE
    /KunstlerschreibschD-Bold
    /KunstlerschreibschD-Medi
    /LalexBigBadaboum
    /Latha
    /LibertyBT-Regular
    /Lithograph-Bold
    /LithographLight
    /LubalinGraphITCbyBT-Bold
    /LubalinGraphITCbyBT-Book
    /LubalinGraphITCbyBT-Medium
    /LubalinGraphITCbyBT-XtraLight
    /LuciaBT-Regular
    /LucidaConsole
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MingLiU
    /Miss_Clo
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /Myriad-BdWeb
    /Myriad-CnItWeb
    /Myriad-CnWeb
    /Myriad-ItWeb
    /Myriad-Web
    /NSimSun
    /OzHandicraftBT-Roman
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PMingLiU
    /PosterBodoniBT-Roman
    /Ribbon131BT-Bold
    /Ribbon131BT-Regular
    /Raavi
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Shruti
    /SimHei
    /SimSun
    /SnellBT-Black
    /SnellBT-Bold
    /SnellBT-Regular
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SquareSlabserif711BT-Bold
    /SquareSlabserif711BT-Light
    /SquareSlabserif711BT-Medium
    /Staccato222BT-Regular
    /StymieBT-Bold
    /StymieBT-BoldItalic
    /StymieBT-ExtraBold
    /StymieBT-ExtraBoldCondensed
    /StymieBT-Light
    /StymieBT-LightItalic
    /StymieBT-Medium
    /StymieBT-MediumItalic
    /Swiss911BT-ExtraCompressed
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TypoUprightBT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VivaldiD
    /WarnockPro-Bold
    /WarnockPro-BoldCapt
    /WarnockPro-BoldDisp
    /WarnockPro-BoldIt
    /WarnockPro-BoldItCapt
    /WarnockPro-BoldItDisp
    /WarnockPro-BoldItSubh
    /WarnockPro-BoldSubh
    /WarnockPro-Capt
    /WarnockPro-Disp
    /WarnockPro-It
    /WarnockPro-ItCapt
    /WarnockPro-ItDisp
    /WarnockPro-ItSubh
    /WarnockPro-Light
    /WarnockPro-LightCapt
    /WarnockPro-LightDisp
    /WarnockPro-LightIt
    /WarnockPro-LightItCapt
    /WarnockPro-LightItDisp
    /WarnockPro-LightItSubh
    /WarnockPro-LightSubh
    /WarnockPro-Regular
    /WarnockPro-Semibold
    /WarnockPro-SemiboldCapt
    /WarnockPro-SemiboldDisp
    /WarnockPro-SemiboldIt
    /WarnockPro-SemiboldItCapt
    /WarnockPro-SemiboldItDisp
    /WarnockPro-SemiboldItSubh
    /WarnockPro-SemiboldSubh
    /WarnockPro-Subh
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /ZapfCalligraphic801BT-Bold
    /ZapfCalligraphic801BT-BoldItal
    /ZapfCalligraphic801BT-Italic
    /ZapfCalligraphic801BT-Roman
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Demi
    /ZapfChanceryITCbyBT-Medium
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZapfHumanist601BT-Ultra
    /ZapfHumanist601BT-UltraItalic
    /ZinjaroLetPlain
    /ZurichBT-Black
    /ZurichBT-BlackExtended
    /ZurichBT-BlackItalic
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldExtended
    /ZurichBT-BoldExtraCondensed
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraBlack
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-LightCondensedItalic
    /ZurichBT-LightExtraCondensed
    /ZurichBT-LightItalic
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00530065007400740069006e0067007300200061007300200066006f00720020005000680044002d005400680065007300690073002000420072006f0065006b006d0061006e007300200028003200300030003200290020007000720069006e007400650064002000760065007200730069006f006e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


