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ABSTRACT:
The differences in the expansive mechanisms of both Alkali Silica (ASR) and Alkali Carbonate Reactive (ACR)
rock samples were examined using X-ray diffraction techniques. Reactive aggregates were ground and placed in 1
molar NaOH solution at both 80 and 20°C. Multiple measurements were taken over a 150 day time period.
Volume and composition changes were noted. Composition changes were tracked using quantitative Rietveld
analysis methods. The observation of a new semi-crystalline tobermorite-like phase common to both ASR and
ACR samples raises the possibility of similar mechanisms at work in both processes. However the tobermoritelike phase is less abundant in the alkali silica samples. This new phase only occurred at 80°C, hence the
possibility of a temperature induced mechanistic changes is debated.
Keywords: X-ray diffraction, Alkali aggregate reaction

1. INTRODUCTION
Alkali Carbonate reaction has been debated for a
long time. In particular the dolomitic limestone from
Kingston, in Ontario, Canada, has been researched
extensively. In recent years a joint effort between the
National Research Council Canada and CANMET to
investigate this reaction has been initiated.
To aid this work a large sample (3 tonnes) of
Kingston Limestone was collected from a single
geographical location within the quarry. In this way it
was hoped aggregate uniformity would be maintained
throughout the study. A comparison of this sample to
Spratt limestone has been undertaken using X-ray
diffraction.
1.1
Alkali Carbonate Reaction
Workers first noticed the adverse effects of
Kingston Limestone in 1957 [1]. Since then a
considerable body of work has been completed, the
latest being presented at the 11th International
Conference on Alkali Aggregate Reaction in 2000
[2].
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Early workers compared the excessive expansion
and cracking found in concrete made from Kingston
Limestone with that found in Alkali Silica Reaction
(ASR) [1]. Tentative conclusions were drawn that the
expansion was due to the dedolomitization of the
aggregate. Since then other workers have extensively
studied this possibility [3].
Feldman & Sereda [4] explored the sorption and
expansion isotherms of the dolomitic limestone from
Kingston. They found evidence of a gel like material
and concluded that the mechanism was similar to that
of ASR.
Subsequently workers have used low alkali cements
and pozzolanic materials [5,6] to arrest the expansion
found in carbonate rocks with only limited success.
1.2
Aims
It is presumed that the expansion of aggregate
during Alkali aggregate reaction is caused by the
expansive products formed when de-dolomitization
occurs within the aggregate. This explanation leaves
several questions unanswered. For example, why is
expansion only observed in rocks containing 40-60%
dolomite? When 100% dolomite is used little
expansion is observed. Why is there no expansion

when the aggregate is crushed to a dust when large
expansions are observed when the same rock is used
as course aggregate?
The aim of this study was to further the knowledge
of expansion and reaction rates within the Kingston
aggregate.
Previous X-ray diffraction results
obtained from accelerated treatment of Kingston
limestone wafers yielded evidence of a layered
silicate from the presence of a low angle reflection at
around 7.3º 2θ [7]. This apparent 'fingerprint' for
reactivity in Kingston limestone lead to this wider
comparative study of different aggregate materials.

2. EXPERIMENTAL
Samples of both Kingston Dolomitic limestone and
Spratt limestone were prepared by grinding. The
samples were then separated into 1 gram lots and
conditioned in approximately 25 ml of 1M NaOH
solution at two temperatures 20 & 80°C. Each sample
was placed in a separate polyethylene sample bottle
and conditioned. A single sample was retrieved at
each measurement interval over a 150 day time
period. At the appropriate time the samples were
cooled (if necessary) filtered and washed with
distilled water. Samples were then dried in an air
circulating oven for 1 hour at ~65 ± 5°C. The 1 gram
samples were then transferred to an air tight glass
sample jar for storage. Samples were immediately Xrayed. The X-ray diffraction (XRD) measurements
were used to characterise the deterioration and phase
changes of the two limestones.
The glass sample jars containing the samples were
lined up in date order, and a photograph taken. This
gave a rough indication of the volume changes and
rates of reaction that occurred within the samples.
XRD measurements were carried out with a Scintag
XDS-2000 diffractometer, using CuKα radiation and a
graphite diffracted-beam monochromator. Samples
were mounted onto the horizontal stage and scanned
from 5 to 65° 2 theta at a step of 0.05° and a count
time of 2 seconds. The data was analysed using both
Bruker's Topas version 2.1 [8] and Jade version 6.5
software.
Rietveld analysis was developed in the late 1960s
for structural refinement of crystalline phases from
powder neutron diffraction data [9]. The Rietveld
analysis technique has developed in scope and rigor,
to the stage where accurate quantitative analysis of
complex mixtures of crystalline phases using
laboratory X-ray diffractometers may be attempted
[10].

3. RESULTS AND DISCUSSION
3.1.
Kingston Stone at 80°C
Figure 1 shows X-ray data at different time periods
for Kingston stone conditioned in 1M NaOH at 80°C.
The most interesting thing to note is the low angle
peak that developed at 7.8° 2 theta. This has been
assigned to a semi-crystalline tobermorite-like phase.
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Figure 1. Diffractograms of Kingston limestone
conditioned in 1M NaOH at 80°C for different time
periods
Figure 1 also shows that the dolomite peak at 31° 2
theta and the quartz peak at 26.6° deteriorated with
time as did the clay mineral phase assigned to albite.
The data shown in Figure 1 were analysed
quantitatively using Rietveld analysis. An example of
the fitting obtained is shown in Figure 2, and the
results can be seen in Figure 3

Figure 2. Rietveld difference plot of the analysis of
80ºC Kingston limestone after 150 days.
Tobermorite is a crystalline calcium silicate phase
most often associated with autoclaved calcium
silicate materials. It appears in 3 distinct polymorphs
9, 11, & 14 Å tobermorite. The main difference

between these polymorphs is the amount of water
found between the calcium silicate layers. In this case
the best fit seems to be 11 Å tobermorite. Within the
120 and 150 day traces minor tobermorite peaks
could be seen either side of the main calcite peak at
30° 2 theta.
Figure 3 shows that the clay mineral and the
dolomite rapidly deteriorated, and were virtually
gone by 120 days. The quartz deteriorated rapidly to
start with and levelled off at about 5 %. This result
was at first surprising. It is known that the Kingston
stone has a bi-modal quartz composition [11]; large
grain embedded within the calcite matrix and finer
grained materials dispersed throughout the stone. It
was surmised that the fine-grained material dissolved
rapidly leaving the courser materials behind.
Even at room temperatures most siliceous
materials, including quartz, will dissolve in solutions
above pH 10. In this case 1M NaOH was used to
create a pH of 14. The rate of dissolution and the
saturation points of silica will increase dramatically
with both increased pH and temperature.

ability to extract microstrutural information,
including crystallite size, from a diffractogram. The
size information obtained from powder diffraction
data is different from that obtained by techniques
such as laser scattering particle size analysis.
Conventional
particle
size
analysis
characteristically measures agglomerates where they
are present in a material whereas X-ray diffraction
techniques are 'blind' to agglomerates, and only
detect 'crystallites'. A crystallite comprises of a
number of crystallographic unit cells systematically
grouped together to form a coherently diffracting
domain [13]. Typically a grain or a particle will
consist of agglomerated crystallites. Crystallites are
arguably the primary particles in any material, and
often govern many of the properties of a material.
Figure 4 shows the crystallite size data collected for
the newly formed tobermorite-like phase. It shows
rapid crystallite size growth to around 50nm; the
growth then stopped even though the materials
concentration continued to increase. This indicates
that the tobermorite material nucleated randomly in
the pore waters, and did not grow preferentially on
existing crystallites.
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Figure 4. Graph showing the crystallite size of the
newly formed tobermorite-like phase
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Figure 5 and Figure 6 show the volume changes
observed when equal weights of ground Kingston

15
10
5

60

0

30

60

90

120

150

Time (days)

Figure 3. Quantitative phase analysis of the Kingston
limestone with time. Results were obtained by
Rietveld analysis of the data shown in Figure 1
In a pure water environment the saturation point of
silica is approximately 2 milli-molar. This can be
dramatically influenced by the addition of cations.
Divalent ions, such as calcium and magnesium, tend
to lower silica's saturation point whilst monovalent
ions, such as sodium, will increase it [12]. Thus, it is
perhaps not unexpected, that at 80°C and at pH 14 the
silica dissolved out of the rock to become available
for reaction into a tobermorite-like phase.
Rietveld analysis, along with other techniques that
model powder diffraction peak profiles, has the
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limestone powder are reacted at 80°C and 20°C. It
can easily be seen that the volume change in the 80°C
sample was far larger than that of the 20°C sample.

Figure 6. Picture of the ground Kingston limestone
samples after various time periods of reaction at 20°C
in 1M NaOH. Samples were filtered and washed with
distilled water
3.2. Kingston Limestone at Room Temperature
Figure 7 shows X-ray scans at different time
periods for Kingston stone conditioned in 1 molar
NaOH at room temperature. The most interesting
thing to note is the low angle peak at 7.8° 2 theta
assigned to a semi-crystalline tobermorite-like phase,
did not develop.
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Figure 5. Picture of the ground Kingston limestone
samples after various time periods of reaction at 80°C
in 1M NaOH. Samples were filtered and washed with
distilled water

Figure 8 shows that the dolomite rapidly deteriorated,
as it did in the samples at 80°C. The quartz and the
clay minerals did not deteriorate, unlike the samples
at 80°C. The tobermorite-like phase did not develop
at room temperature within the 150 day period of this
study.
It is theorised that the lower temperature changed
both the rates of reaction and the saturation points of
the Kingston limestone phases. Thus the silica and
the clay minerals didn't become available for reaction
within the pore waters - hence the tobermorite-like
phase didn't develop. It is interesting to note that the
decomposition of the dolomite, which must have
released both calcium and magnesium ions into the
pore waters, did not cause a significant change in the
150 day pattern.
XRD is not a sensitive technique; phase detection
levels are restricted to the 1-2% level. It is
conceivable that 150 days isn't long enough to detect
the development of a tobermorite-like phase at room
temperature. Alternatively the tobermorite-like phase
could be a direct result of the increased temperatures
used rather than insufficient reaction time. If this
hypothesis is correct then a mechanism change is
indicated, bringing with it questions as to the validity
of an 80°C test.
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Figure 8. Quantitative phase analysis of the Kingston
limestone with time. Results obtained by Rietveld
analysis of the graphs shown in Figure 7
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Figure 7. Diffractograms of Kingston limestone
conditioned in 1M NaOH at room temperature for
different time periods

3.3. Spratt Limestone at 80°C
Figure 9 shows X-ray scans at different time
periods for Spratt limestone conditioned in 1 molar
NaOH at 80°C. The most interesting thing to note is
that the low angle peak still developed at 7.8° 2 theta.
However in this stone the peak never developed the
high levels of intensity found in the Kingston stone.

400
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In fact to see the peak an enhancement of the Y-axis
is necessary, see Figure 10. The peak, as before, was
assigned to a semi-crystalline tobermorite like phase.
Also interesting to note is the presence of dolomite,
rendering the most significant difference between the
phase compositions of the two stones the clay
minerals. Within the Kingston stone there is a minor
phase present that was assigned to albite, this was not
observed in the Spratt limestone.
Figure 11 shows that the quartz and the dolomite
rapidly deteriorated, and were virtually gone by 120
days. Although the quartz deteriorated rapidly, it did
not level off at 5 % as was observed in the Kingston.
It is known that the Spratt doesn't have the bi-modal
quartz composition found in the Kingston; there are
no large grains embedded within the calcite matrix, it
is all finer grained materials dispersed throughout the
stone. It was surmised that the finer grained material
dissolved quite rapidly.
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Figure 10. Diffractogram of the 120 day Spratt
limestone conditioned in 1M NaOH at 80°C. The Yaxis scaling has been changed to emphasise the
existence of the 7.8° peak.
Within the samples studied, the quantities of quartz
found in the two reference materials were 11% for
the Kingston and 8% for the Spratt. The Kingston
levelled off at around 5%, leaving 6% in solution. All
of the 8% quartz that was found in the Spratt
dissolved. So although there was more silicate
available for reaction in the Spratt, the result was a
significantly lower level of reaction product,
tobermorite.
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Figure 9. Diffractograms of Spratt limestone
conditioned in 1M NaOH at 80°C for different time
periods
Within the samples studied, the quantities of quartz
found in the two reference materials were 11% for
the Kingston and 8% for the Spratt. The Kingston
levelled off at around 5%, leaving 6% in solution. All
of the 8% quartz that was found in the Spratt
dissolved. So although there was more silicate
available for reaction in the Spratt, the result was a
significantly lower level of reaction product,
tobermorite.
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Figure 11. Quantitative phase analysis of the Spratt
limestone with time. Results obtained by Rietveld
analysis of the graphs shown in Figure 9

Figure 12 shows the crystallite size data collected for
the newly formed tobermorite-like phase within the
Spratt. It shows a completely different profile to the
Kingston. Rather than a rapid crystallite growth to
around 50nm; the growth shows a gradient indicating
a gentler, perhaps less traumatic event. This could
indicate that the tobermorite-like material nucleated
in the pore waters and then grew preferentially on
existing crystallites.
Figure 13 and Figure 14 show the volume changes
observed when equal weights of ground Spratt
limestone powder are reacted at 80°C and 20°C. It
can easily be seen that, as in the Kingston limestone,
the volume change in the 80°C sample is greater than
that of the 20°C sample.
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Figure 12. Graph showing the crystallite size of the
newly formed tobermorite-like phase

Figure 14. Picture of the ground Spratt limestone
samples after various time periods of reaction at 20°C
in 1M NaOH. Samples were filtered and washed with
distilled water
3.4. Spratt Stone at Room temperature
Again at this temperature the low angle peak at 7.8°
2 theta assigned to a semi-crystalline tobermorite like
phase, did not develop. Figure 14 shows that the
dolomite rapidly deteriorated, as it did in the samples
at 80°C. The quartz did not deteriorate, unlike the
samples at 80°C. No tobermorite-like phase
developed at room temperature within the 150 day
period of this study.
It is theorised that the cooler temperature changed
both the rates of reaction and the saturation points of
the Kingston limestone phases. This seems to have
occurred in the Spratt as well. The decomposition of
the dolomite did not cause a significant change in the
150 day pattern.
If the hypothesis of the formation of the
tobermorite like phase being a direct result of the
increased temperatures is correct, then the same
mechanistic change is also indicated within the
Spratt. This again calls into question the validity of
an 80°C test.
3.5. Chinese Limestone Studies
In addition to Kingston limestone, alkali carbonate
reaction has been reported in a Chinese dolomitic
limestone. The authors also studied this aggregate
using XRD. Rietveld analysis of this material was
not carried out due to the presence of a large number
of unidentified minor phases, e.g. clays, feldspars,
etc. However, the X-ray patterns did reveal a low
angle reflection at around 6.7º 2θ, as indicated in
figure 15.

Figure 13. Picture of the ground Spratt limestone
samples after various time periods of reaction at 80°C
in 1M NaOH. Samples were filtered and washed with
distilled water

these conditions. Volume changes can be accounted
for in several ways, changes in particle size,
exfoliation of layered crystalline materials and
reaction from one composition to the next. All of
these suggested mechanisms by definition involve
density change. It seems difficult however to explain
these apparently large volume changes without
invoking exfoliation as a mechanism.
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Figure 15. Quantitative phase analysis of the Spratt
limestone at room temperature with time. Results
obtained by quantitative Rietveld analysis.
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Figure 16. Diffractogram of a Chinese limestone
treated in NaOH at 80°C for 120 days

The low angle peaks (~7.8° 2θ) reported here are
similar to those discussed by Cole et al (1981). Cole's
samples were extracted from a 30-year-old Australian
dam. Cole found that it did not correspond to any
known compound, but likened it to zeolite A [14].
Later it was likened to rhodesite [15], because of the
characteristic 12 Å peak. It should be noted that the
shape of the peak observed by Cole et al (1981,1983)
was narrow and sharp indicating a high degree of
crystallinity - the peaks observed in this study are
broader. Cole et al also observed associated peaks
that are not present here. Higher levels of crystallinity
would be expected in a 30 year old material - as
opposed to 150 days. Cole et al concluded that their
12 Å phase irreversibly transformed into okenite
(CaO.2SiO2.2H2O) with K and Na substituting for
Ca, on drying [15].
It seems that the reaction products found in this
study were subtly different. It is commonly reported
that ASR gels in concrete tend to change composition
over time, usually accumulating calcium from the
surrounding paste [16]. Calcium to silica ratio is not
only an important factor in ASR gel it is also import
in defining the type of C-S-H gel produced on
hydration of Ordinary Portland Cement (OPC) [17].
It seems quite likely that the calcium and silicate
levels attained within the pore waters control the type
of gel or reaction product formed. These levels are in
turn controlled by equilibrium and solubility
constants, which will change with temperature and
pH.
Tobermorite formation can be described by the
following equation.
5Ca(OH)2 + 6SiO2

Figure 17. Picture of the ground Chinese limestone
samples after various time periods of reaction at 80°C
in 1M NaOH. Samples were filtered and washed with
distilled water
Figure 17 shows the volume changes observed
when equal weights of ground Chinese limestone
powder are reacted at 80°C. It can easily be seen
that, as in the Kingston and the Spratt limestones, the
volume change in the 80°C sample is significant.
Clearly all of these rock types are expansive under

Ca5(OH)2Si6O16 · 4H2O

The above reaction hardly occurs unless both
reactants are present as fine particles and form an
ideal solid solution. Normally these conditions are
rarely met. Therefore, tobermorite is most often
thought of as being synthesised by autoclave. It has
however been synthesised at room temperatures
using a planetary ball mill [18]. According to the
thermodynamic data, the yield of the reaction is
highly dependent on the molar ratios of the reactants.

High yields are achieved at ratios of 0.8-1.0 Ca2+ to
SiO42- [19].
From the above discussion it can be observed that
the conditions to make tobermorite have to be
precise. Thus it is suggested that the formation of the
tobermorite-like phase found is a direct result of the
increased temperatures, rather than the duration of
the study.
There are subtle differences that occur with changes
in sample type and preparation. Experience has
shown that the exact position of the low angle
reflection varies considerably, e.g. solid wafers tend
to exhibit different angle reflections than ground
powders [7]. This behaviour indicates that the layers
within the tobermorite-like structure vary in spacing.
The variation in the low angle peak position also
occurs with different types of limestones and the
environment that they are kept in. The previously
discussed expansion mechanism of exfoliation could
account for these varying positions seen in the low
angle reflection. This observation coincides with the
previously reported dependence of Kingston
Limestone expansion on aggregate size [20]. More
work is needed to investigate and interpret the
observed variation in peak position.

5. CONCLUSIONS
All three carbonate rock types studied here showed
excessive volume changes when treated with 1 molar
NaOH at 80°C. This behaviour is difficult to explain
without invoking a mechanism involving exfoliation.
Rietveld analysis showed the presence of up to 28%
of an unknown layered material in one of the
limestones studied here. This layered material is
thought to have a tobermorite-like structure. Hence it
has been shown that Rietveld analysis can be an
effective way of studying AAR.
The excessive expansions and the tobermorite-like
phase were always observed together. Both
characteristics were found
within the samples
conditioned at 80°C. Neither excessive expansion nor
the tobermorite-like phase were found in the samples
conditioned at room temperature. The x-ray
diffraction data of the various phase evolutions
suggest different rates of dissolution and formation at
different temperatures. This is perhaps an indication
of mechanism change induced by temperature.
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