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a b s t r a c t
The mechanism of Alkali Carbonate Reaction (ACR) in concrete made from ﬁne-grained, argillaceous dolomitic limestone coarse aggregates remains controversial. ACR distress is described as an increase in volume
caused by the crystallization of brucite during the dedolomitization process. However, recent studies by
Katayama suggest that ACR is a combination of the “deleteriously expansive Alkali Silica Reaction (ASR) of
cryptocrystalline quartz in the matrix of the reactive aggregates and a harmless dedolomitization that produces brucite and a carbonate halo.” We investigated ACR susceptible concrete extracted from a wharf structure in Quebec, Canada, and determined that ASR was the cause of damage. Optical and SEM-EDS analyses
identiﬁed ASR gel extending from reactive aggregates to the paste, and X-ray elemental mapping conﬁrmed
the gel composition. Silica (Si) was found in the matrix of the aggregate and is the source of reactive silica.
These results support ASR as the mechanism in ACR susceptible concrete.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Alkali Carbonate Reaction (ACR) was ﬁrst recognized in the late
1950s after the initial publication on alkali-reactive carbonate rock
at Kingston, Ontario [1] and was built upon with subsequent publications [2,3]. However, the mechanism of ACR and its resulting distress
are still not well understood. ACR is viewed by many as a reaction
that occurs between alkali hydroxides and certain types of dolomitic
limestones, speciﬁcally those made of carbonate rocks with small isolated dolomite rhombs disseminated in ﬁne-grained calcite and a silty,
clay-like matrix. The texture of the reactive carbonate rock is considered to be a reliable diagnostic guide because there appear to be no
known exceptions to the observation that all limestones possessing
the characteristic texture and composition will react, or dedolomitize,
in an alkaline environment [4]. Carbonate rocks involved in ACR have
particular textural and mineralogical composition characterized by
relatively larger, rhombic shaped crystals of dolomite set in a ﬁner
grained matrix of calcite, clay, and somewhat silt-sized quartz
[2,5–8]. Either small rhombic crystals of dolomite sparsely dispersed
in the ﬁne matrix or larger dolomite rhombs adjacent to or in contact
with each other can be present in a reactive aggregate.
In general, the spatial geological setting for the formation of
alkali-expansive carbonate rocks is more restricted than for other
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limestones, and these rocks are not abundant in the volume of the
world's limestone. Although it is possible for these types of rock formations to occur in any geological time scale, so far, they have been
found most often in carbonate rocks from the Ordovician age. Based
on their relative time frame for expansion, carbonate rocks in Canada
(Kingston and Gull River, Ontario) and in the United States (Iowa, Illinois, Indiana, and Virginia) susceptible to ACR have been classiﬁed
into two subgroups: (1) early expanders and (2) late expanders [9].
The differences between these two subgroups are in the acid insoluble
residue (5–29% in early vs. 21–33% in late expanders) and in the dolomite percent of total carbonate (40–73% in early expanders and 75 to
more than 90% in late expanders). Distress in concrete caused by ACR
is not as common as that caused by ASR because aggregates considered
to be ACR reactive have other characteristics, including low strength
and durability, that make them ill-suited for use in concrete [8].
There are two hypotheses for the mechanism of ACR and the
resulting expansion of the concrete: (1) dedolomitization, a breakdown
of dolomite that produces crystallization of brucite (magnesium hydroxide, Mg(OH)2), which leads to a volume increase; (2) intergranular
clay materials in the matrix and the new clay, released during the
dedolomitization process, adsorb water and result in swelling [8,10].
Dedolomitization and the subsequent brucite crystallization appear to
be the more favored mechanism of ACR. Dolomite is attacked by the alkali hydroxide resulting in alkali carbonate, calcium carbonate (calcite),
and magnesium hydroxide (brucite). Laboratory tests showed that ACR
occurs if the alkali content in the cement is above 0.40% [10]. In addition,
it was reported that the dedolomitization reaction is the only signiﬁcant
chemical change known that takes place when these rocks are placed in
an alkaline environment [2,3].
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The main chemical reaction in the rock is decomposition of the
dolomite (CaMg(CO3)2), or dedolomitization, to calcite (CaCO3) and
brucite (Mg(OH)2), as represented by the following reaction [6] in
which M represents an alkali element, such as potassium, sodium, or
lithium:
CaMgðCO3 Þ2 þ 2MOH→MgðOHÞ2 þ CaCO3 þ M2 CO3 :
The theory behind this reaction is that the dolomite rhombs maintain their original dimensions by calcite framework, but the MgCO3
component of the original dolomite rhomb is transformed into the
brucite that accumulates in layers around the periphery of the
rhomb [4]. It was believed that the dedolomitization reaction and
the subsequent crystallization of brucite may cause considerable expansion. Whether dedolomitization causes expansion directly or indirectly, the perception is that dedolomitization is usually a prerequisite
to other expansive processes. In another case where brucite formation
was observed, it was suggested that a combination of migration of alkali
ions and water molecules into the restricted space of the ﬁne-grained
matrix surrounding the dolomite rhomb resulted in dedolomitization,
and thus, crystallization of brucite. The pressure induced during brucite
crystallization is considered to be the driving mechanism of ACR distress [7].
It should be noted that brucite may not always be detected or be
present as evidence of dedolomitization [6]. There was a case study
where a pavement made of dolomitic limestone coarse aggregate
had deteriorated, but no alteration of dolomite or formation of brucite
was observed. In this particular study, it was concluded that cracking
was due to expansion of clay minerals in the aggregate matrix [11],
coinciding with the clay swelling hypothesis. An earlier study [12]
reported material with gel-like properties in the rock as a result of
the alkaline attack. However, they interpreted this gel-like material
as a result of dedolomitization product trapped as crystals of colloidal
sizes within the rocks' very ﬁne pore system.
In 1992, Katayama [13] suggested that argillaceous dolomitic
limestone susceptible to ACR can contain small amounts of reactive
silica, which was supported by Farny and Kosmatka [8]. Later,
Katayama et al. [14] extracted cryptocrystalline quartz from the ACR
Kingston rock, which occupied 85% of quartz in this rock. These ﬁndings and further identiﬁcation of alkali–silica gel in ACR concrete from
Cornwall, Ontario, Canada, raised the possibility that ASR was at least
playing a role in the ACR reaction [13]. This conclusion is supported
by subsequent observation of ASR gel in thin sections from a concrete
made with the Kingston aggregate [15], and Katayama indicated that
the so-called ACR is a combination of the deleteriously expansive ASR
of cryptocrystalline quartz in the matrix of the dolomitic aggregate
and harmless dedolomitization that produces brucite and a carbonate
halo [15–18]. Grattan-Bellew et al. [19] believed that ASR was so integral to the process that they concluded ACR = ASR. Wu and Fang [20]
showed the occurrence of ASR in some non-siliceous carbonate rocks
with low silica content, furthering the concept that high SiO2 content
is not a requirement for ASR.
More rigorous, additional analyses on reaction products of concrete
and mortars made with reactive aggregates from Ontario, Canada, were
performed over the years using polarized light microscopy, SEM observation, and quantitative SEM-EDS, and EDS mapping [15–19]. Katayama
revealed that ASR gel was the main reaction product responsible for
crack formation in concretes, and that the gel has a common nature to
that in the typical ASR [15–18]. Grattan-Bellew et al. [19] showed the
presence of ASR on fresh fractured surfaces of concrete core using a
UV light method, as well as ASR gel ﬁlling a crack in a dolomitic limestone on a polished surface of the concrete core.
Based on the majority of these previous works, there is little doubt
that ASR plays a critical role in the so-called ACR. In Quebec, Canada,
extensive cases of concrete deterioration, including wharf structures,
due to ASR of the limestone aggregates from the Ordovician Trenton

Group have been reported by Berube and Fournier [21]. Berube et al.
[22] also reported ASR damage of several highway and hydraulic
structures between Hull and La Malbaie from the use of Trenton and
Black river carbonate rocks, which contain reactive cryptocrystalline
quartz and/or submicroscopic quartz grains intermixed with clay minerals and calcite grains. Recently, Katayama [18] demonstrated cases
of ASR of dolomitic limestone aggregates from several structures in
Quebec, which, under the SEM, contained rhombohedra of dolomite
and dedolomite in a varying degree, along with cryptocrystalline quartz
that had reacted to produce conspicuous veins of ASR gel and rosettes.
The purpose of this paper is to present additional evidence that
the main mechanism of concrete distress and cracking in a concrete
made with ACR susceptible aggregates (dark gray, ﬁne-grained argillaceous dolomitic limestones) is ASR, not ACR.
2. Methods
The analyses were conducted using an optical stereo-microscope, a
polarized light microscope (PLM), a scanning electron microscope
(SEM) with energy dispersive spectrometry (EDS), and an SEM (Tescan
Vega II) for mapping the elemental distribution.
Concrete cores were extracted from a wharf structure in Quebec,
Canada. The samples were investigated for the cause of distress and
cracking in the concrete. Each concrete core was visually examined
and photographed. Subsequently, concrete core samples were cut
longitudinally, and one of the resulting surfaces of each was lapped
(polished) and examined using a stereo-microscope at magniﬁcations
up to 45 ×. Surfaces of freshly fractured concrete were also studied
with the stereo-microscope.
A small representative rectangular block was cut from an area of
interest of each core, placed on individual glass microscope slides
with epoxy, and reduced to a thickness of approximately 20 μm
(0.0008 in.). These thin sections were studied using a petrographic
polarized light microscope at magniﬁcations up to 400× to identify
aggregate types and secondary deposits (gel) that ﬁlled many cracks
and microcracks extending from the aggregate particles to the paste.
Thin sections from each core were examined using SEM coupled
with qualitative EDS techniques (Aspex Personal SEM: accelerating
voltage of 20 keV). The samples were examined at magniﬁcations
of 16 × to approximately 2000 × in backscattered electron imaging
(BSE) mode. The qualitative SEM-EDS analyses were conducted as a
complementary tool to optical microscopy for further investigation
into the composition and extent of the gel in the cracks that extended
from the argillaceous dolomitic limestone aggregates. Selected thin
sections were also examined in an SEM (Tescan Vega II) using the
backscattered electron (BSE) signals, and speciﬁc compositional information was obtained through collection and processing of characteristic X-rays using an EDS system (30 mm 2 silicon drift detector). EDS
maps were collected to determine the location of phases discriminated by variations in elemental composition. In the EDS map, X-rays are
displayed as colorized images assigning a different color to each element. The map for an element visually depicts the number of X-rays
collected for an element at each pixel.
3. Results
Petrographic analyses were performed on concrete cores extracted
from a wharf structure in Quebec, Canada, to investigate the degradation mechanism. The core exhibited multiple horizontal and few vertical fractures with clear indications of reactive aggregate as presented
in Figs. 1 and 2. Stereo-optical analyses of the polished cross sections
of the cores identiﬁed dark gray coarse aggregate with cracking and secondary white deposits as illustrated in Fig. 3.
Polarized light microscopy indicated air entrained portland cement concrete with a water–cement ratio of approximately 0.45.
The paste of the exposed surface of the cores was carbonated up to
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Fig. 1. Photograph of core extracted from a wharf cut lengthwise. Multiple fractures
were identiﬁed and cracks ﬁlled with white deposits were observed radiating from
coarse aggregate, as indicated by the arrows.

11 mm in depth and along vertical cracks. The coarse aggregate was
identiﬁed to consist of crushed carbonate rock, including ﬁnegrained argillaceous dolomitic limestone, and lesser amounts of relatively coarse fossiliferous limestone with a top size of 19 mm. The
ﬁne aggregate consisted of natural quartz sand with lesser amounts
of feldspars. Fig. 4 presents photomicrographs of the aggregate showing small dolomite rhombs dispersed in a ﬁne-grained darker argillaceous matrix.
Cracks were commonly observed ﬁlled with secondary deposits
during preliminary and stereo-optical analyses. More in-depth and
higher magniﬁcation optical and SEM-EDS analyses were performed
to identify the composition of the aggregate and the deposits, and
to characterize the type of reaction causing the distress. Backscattered
electron (BSE) images with EDS spectra of the phases present in this
rock are presented in Fig. 5. A ﬁne-grained siliceous component of
the sample was identiﬁed in the matrix more or less intermixed
with Ca in our qualitative SEM-EDS analysis (Fig. 5b). Higher magniﬁcation BSE images with EDS spectra showed the presence of reactive
microcrystalline quartz (Fig. 6). The microcrystalline quartz particles
generally have grain sizes between 3 and 5 μm. In the samples examined, the SEM-EDS analyses indicated that the dolomitic rhombs are
essentially intact; with only trace localized areas of dedolomitization
occurring, as indicated in Fig. 7. No evidence of the large-scale cracking evident in the sample could be identiﬁed related to this slight
reactivity of the dolomite in these aggregates, and no evidence of
brucite formation or magnesium-silicate gel was observed.
Figs. 8 and 9 present polarized light microphotographs and BSE
images with EDS spectra, respectively, of typical ASR gel in the

Fig. 2. Photograph of the cut core with reactive coarse aggregate as indicated by the
arrows.

Fig. 3. Stereo-microscope photomicrograph showing ASR gel ﬁlled crack extending
from the reactive, dark gray, aggregate to the paste. The gel is shown by the arrows.

dolomitic limestone extending out into the cement paste. In Fig. 8,
the gel exhibits typical features and is essentially opaque under
cross-polarized light, with areas of increased birefringence as the

Fig. 4. Thin section photomicrographs showing representative reactive, ﬁne-grained,
argillaceous dolomitic limestone. Note the rhombic small crystals of dolomite dispersed
in the darker argillaceous matrix.
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Fig. 6. SEM images of the silica-rich matrix and EDS spectra showing the presence of microcrystalline quartz.

gel reaches the paste where the calcium levels increase and alkalis are
leached. In Fig. 9, note that the gel exhibits typical composition with
an increase in calcium and decrease in sodium and potassium in the
cement paste. An example of the gel within the aggregate is given
in Figs. 10 (PLM) and 11 (SEM-EDS).
4. Discussions
In this study the mode and pattern of cracking, and the elemental
composition of the secondary deposits observed in the dolomitic limestone are consistent with ASR gel formation. Figs. 10 (PLM) and 11
(SEM-EDS) clearly suggest that ASR was the major mechanism for
the concrete distress and cracking. For ASR to occur, reactive siliceous
components must be present. Although these reactive components
are not prevalent in ACR reactive aggregates, Figs. 5b and 6 provide

evidence of a silica-rich matrix and the presence of potentially reactive microcrystalline quartz, respectively. Historically, these types of
aggregates are considered to be ACR susceptible [1,2]. Previous studies
by Katayama [13,15] and Farny and Kosmatka [8] showed that argillaceous dolomitic limestone susceptible to ACR can contain small to appreciable amounts of reactive silica. Our ﬁndings are consistent with
the ﬁndings of others on the dolomitic limestone aggregates in Quebec
[18,20] and in Ontario [16–19], except that we did not detect any
brucite or magnesium-silicate gel in our samples with our qualitative
EDS analyses. However, non-detection of brucite in these cases is not
uncommon [6].
ASR formation in this type of aggregate with little reactive silica
would likely occur over a relatively long period of time before causing
severe damage to the structure. Our observations indicate that this
particular structure experienced many cycles of wetting and drying

Fig. 5. SEM images and EDS spectra showing the elemental composition of the reactive ﬁne-grained, argillaceous dolomitic limes tone. The EDS spectrum of the dolomite rhomb is
shown in panel a and the silica-rich matrix in panel b.
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Fig. 8. Polarized light photomicrographs of ASR gel within crack in a dolomitic limestone aggregate.

as shown by the zoning and layering of ASR gels within several of the
coarse aggregates in Figs. 12 and 13. The X-ray maps show the concentration of calcium (Ca) in layers indicating times of drying and
subsequent carbonation of the gel near the surface. The sodium
(Na) is concentrated near the interface with the aggregate, where
the gel is most protected from leaching of the alkalis. Fig. 14 shows
crystallized ASR product within a crack in an aggregate with a high
alkali content, and a later deposition layer of a gel within the center
of the crack. The X-ray maps in Fig. 15 show the distribution of the
elements in the area. As typical of ASR gel, the alkali content of the
gel varied locally in distribution within the samples. Note the absence
of magnesium along the ASR gel ﬁlled crack, but high amounts in dolomite rhombs (bright crystals).

Fig. 9. Backscattered electron (BSE) image with EDS spectra of ASR gel extending from
the cracked aggregate into the paste.

5. Conclusions
Based on our integrated methods of analyses including optical
microscopy (PLM), SEM-EDS and SEM X-ray elemental mapping, we
draw the following conclusions:
1. The mechanism of distress and cracking in concrete extracted from
a wharf structure in Quebec, Canada comprised of dark gray, ﬁne-

grained, argillaceous dolomitic limestone coarse aggregates, clearly
exhibited that the cause of expansion and cracking in the concrete
was Alkali–Silica Reaction (ASR), and not Alkali–Carbonate Reaction (ACR).
2. While X-ray elemental mapping of the reactive coarse aggregates
suggested the presence of siliceous components in the matrix of
the rock, backscattered electron (BSE) images with EDS spectra

Fig. 7. SEM images of reactive aggregate showing the elemental composition of the reactive, ﬁne-grained, argillaceous dolomitic limestone. The composition of the dolomite rhomb
is shown in panel a and the composition around the dolomite crystal within the matrix is shown in panel b. Note the high silica peak suggesting the presence of siliceous phase in
the matrix.
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Fig. 10. Polarized light photomicrographs of ASR gel within the dolomitic limestone
aggregate.

exhibited the presence of microcrystalline quartz, consistent with
the ﬁndings of cryptocrystalline quartz by Katayama and Sommer
[17], Katayama [16,18], and Grattan-Bellew et al. [19].
3. Brucite and magnesium-silicate gel were not observed in our
study. However, it is known that brucite may not always be detectable when dedolomitization occurs [6].
4. The ASR gel locally exhibited a zoning and layering pattern that
may reﬂect the periodic nature of the ASR reaction, probably related to wetting and drying season.
5. Classical studies reporting ACR as a mechanism of expansion and
cracking due to dedolomitization and crystallization of brucite in
concrete may need to be revisited.
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Fig. 11. Back scattered electron (BSE) image with EDS spectra of ASR gel within the
cracked aggregate.
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Fig. 12. Backscattered electron image showing layered ASR deposition (arrows) within
the cracks.
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Fig. 13. Backscattered electron image of layered, aged ASR gel in cracks in an argillaceous dolomitic limestone aggregate with X-ray mapping superimposed. (a) Silicon, (b) calcium,
(c) magnesium and (d) sodium.

Fig. 14. Backscattered electron image of ASR gel in a crack within an argillaceous dolomitic limestone aggregate.
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Fig. 15. X-ray maps showing the distribution of each element superimposed on the BSE micrograph in Fig. 14 (a. silicon, b. calcium, c. potassium, d. sodium, e. sodium and potassium,
and f. magnesium).

