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Abstract
The results from concrete prism test with alkali wrapping (AW-CPT) show complex ASR
expansion behaviour that is dependent on temperature and alkali content. In this study, concrete
prisms were made with two types of aggregate i.e. rapid expansive andesite containing
opal/cristobalite and chert containing chalcedony and cryptocrystalline quartz. ASR was accelerated
by increasing the exposure temperature up to 60 ºC and alkali content to 5.5 kg/m3. An image analysis
method was developed to quantify the alkali-silica gel content by treating the samples with uranyl
acetate and measuring the emitted fluorescence with a high sensitive camera. Procedures for sample
preparation, treatment and imaging were optimized. The results showed that alkali-silica gel inside
reactive aggregates may exude out around the reacting aggregate and onto the surface of polished
section. A general correlation was observed between the measured ASR gel amount and expansion.
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INTRODUCTION
The common approach to prevent alkali-silica-reaction (ASR) is to avoid using reactive
aggregates in concrete structures. The level of reactivity of aggregates can be determined using some
standardised tests, such as accelerated mortar bar test (ASTM C1260, 1994 [1]) or the concrete prism
test (CAN/CSA-A23.2-14A-14, 2014 [2]). However, it is well-known that these and other standard
test methods are not always reliable in predicting a given material’s ASR-potential. This comes not
only from experience with field concrete [4], but also from the intrinsic variability of test results
achieved with such standards [2][3]. Thus, in the present study, technologies that enable the
identification of ASR characteristics and monitoring of the degree of ASR in concrete structures are
investigated.
Visual manifestation of ASR has been summarized by the Federal Aviation Administration [5].
These visual symptoms include laddering, map cracking, aggregate pop-out, reaction rims around
aggregate particles, open or gel-filled cracks in aggregate particles, and gel exudation. The structural
evidence of expansion due to ASR is also listed – joint closure, seal damage, or misalignment, blow
up/heaving [5]. However, visual manifestations of ASR are easily mistaken for other deleterious
problems and so cannot be totally relied upon.
In order to accurately diagnose the occurrence of ASR, petrographic analysis with microscopy
techniques have been proposed. For example, it has been used to study the presence of cracking and
reaction product within and around reactive particles. A procedure is given in AAR-1.1 & 1.2 for the
petrographical examination and classification of aggregate samples for AAR potential [6][7]. This
procedure enables any potentially alkali-reactive constituents to be identified and, if necessary,
quantified [7]. Ben Haha et al. [8] applied image analysis method to measure the degree of ASR from
the amount of cracks in the aggregates. In addition to the petrographic analysis, Blight et al. [9]
established a scoring system to classify the degree of ASR into five classes based on visual assessment
of ASR. Grattan-Bellew and coworkers [10][11][12] developed this scoring system as a damage rating
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index method (DRI). The DRI method is a quantitative method of scoring petrographic features, each
of which is weighted to reflect its relative significance in the deterioration process [10][11][12].
However, they identified poor inter-operator consistency among as the primary difficulty, in addition
to the excessively time-consuming and tedious nature of the analysis itself [12]. Besides, some
methods demand routine access to advanced instrumentation that are not commonly available (e.g.
SEM).
In order to simplify the operation and minimize the reliability dependence on operators’
judgment, some staining methods have been developed to characterise ASR. Natesaiyer and Hover
[13][14] originally put forward a staining method for characterizing ASR gel on concrete surfaces. This
staining method relies on uranyl ion (UO22+) for gel identification, which fluoresces in green color
under shortwave ultraviolet (UV-C) illumination and is found to replace the cation of ASR gel
[15][16][17]. After dying with uranyl solution, the distribution of deposits of ASR gel appears on
concrete surfaces as uranyl ions (green color) under shortwave UV light (UV-C) [13][14]. Guthrie and
Carey [18] developed an environmentally friendly method to evaluate alkali-silica reaction. They
selected sodium cobaltinitrite (Na3Co(NO2)6) and rhodamine B (C28H31N2O3Cl) to stain ASR gel
which converts to a pink or yellow color. However, none of these techniques are automated and thus
require a lot of time and effort to count and measure the petrographic features of ASR. Rivard et al.
[19] further developed the method of Natesaiyer and Hover [13][14] by applying an image analysis
software. Livingston et al. [20] also developed another staining method to characterize alkali-silica
reaction gel with 40K or 238U. Cheng et al. [21] produced and analyzed autoradiographic images with
electronic imaging plates. However, this technique does not relate the amount and distribution of ASR
gel with the degree of damage. In other words, the reliability of this method has not been verified.
This paper presents a fundamental study to develop a method to quantify ASR gel in concretes
containing various amounts of reactive aggregates and alkali contents, and cured under temperatures
ranging from 20‐60°C. The method is based on fluorescence microscopy and image analysis. In
contrast to the use of fractured surfaces such as in the work presented in a previous paper [22], here
we used planar sections, which were polished, stained and imaged to quantify the location and amount
of the generated ASR gel.
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2.1

MATERIALS AND METHODS
Materials, mix designs and concrete prism test (CPT) with alkali wrapping
The specimens used in this study were obtained from specimens that were subjected to ASR
concrete prism test (CPT) from two previous papers [23][24]. A brief overview will be provided here.
The cement used was ordinary Portland cement (OPC) that conforms to JIS A5211 and CEM I 52.5.
The reactive aggregates used were andesite containing opal and cristobalite (N) from Tohoku area,
and chert containing chalcedony and cryptocrystalline quartz (T) from Chubu area. A non-reactive
limestone aggregate (L) from Kyushu area was also used. Aggregate N is known to show
compositional pessimum effect at 30 mass % [25]. Field evidence has shown that Aggregate N causes
ASR damage in real structures. However, in the case of Aggregate T, the construction of ASR
damaged structure was done several tens of years ago and it was difficult to identify whether the same
source of aggregate was used. Nevertheless, it is known that a similar type of chert-containing
aggregate is very popular historically and that it is damaging in high alkali cement.
In TABLE 1, details of the specimens from the CPT experiments are shown. In order to assess
the influence of temperature, the specimens were cured at 20, 40, or 60 °C. In order to assess the
influence of total alkali content in concrete, four levels of alkali content were designed for specimens
containing aggregate T from 2.00 to 5.50 kg/m3 and five levels of alkali content were designed for
specimens containing aggregate N from 3.00 to 5.50 kg/m3. The specimens were designated according
to the following order: aggregate type and ratio – temperature – alkali-content, e.g. N30-60-500 refers
to a concrete specimen containing aggregate N at 30 % of total coarse aggregate content by mass,
cured at 60 ºC, and with an alkali content as Na2Oeq boosted to 5.00 kg/m3 by dissolving reagent
grade NaOH in the mix water. The water/cement ratio for all specimens was 0.5.
There are several implementations of CPT, however the CSA A23.2 27A-09 and RILEM
AAR-3 are considered the most popular and reliable. An accelerated CPT known as RILEM AAR-4
has been published recently [6][26]. In this study, the basic approach of RILEM AAR-3 and AAR-4
[26] was adopted in order to obtain results in shorter time. The size of specimens used was
75×75×250 mm, except for N30-60-550 and N100-60-550, which were 100×100×400 mm according
to JASS 5N T603.
The control of alkali leaching and moisture is another important issue for CPT. According to
JASS5N-T603, concrete prism is wrapped with wet paper, and the size and the amount of water

needed for wetting are specified. For the 100×100×400 mm prisms, two pieces of unwoven A3 size
paper (Kim teck) were used. For each piece of paper, 50 g of water was added. This is important to
control moisture condition and to limit alkali leaching [24]. For the smaller specimen 75×75×250 mm,
a solution having the same alkali concentration of pore solution of concrete was used instead of water
in order to control alkali leaching [24]. After wrapping with wet paper, each specimen was covered by
thin PVDC film and was contained in a thick plastic bag in order to prevent the moisture movement
between specimen and surrounding environment. Then, four specimens for each experiment level
were placed vertically in a container, in which the temperature was controlled with a heater in the
bottom of the container, surrounded by heat insulator made of foamed polyurethane board
(specimens cured under 20 ºC were kept in temperature-controlled room). 24 hours prior to length
measurement, specimens were moved to a room at 20 ºC. The plastic bag and film, and wrapping
paper were removed. Then, the length of the specimen and the mass of wet paper were measured. If
necessary, water was added to the same wrapping paper up to the initial mass. The results of
expansion behaviour of the specimens were reported by Yamada et al. [23][24], as shown in FIGURE 1
and FIGURE 2.
2.2
Methods for assessment and analysis
General
In this paper, three fluorescent observation experiments have been carried out. One was a
comparative experiment to determine the influence of alkali content and temperature on ASR, and the
other two were experiments to optimize the pre-treatment conditions such as the fluorescent reagent
dyeing period and the curing period after surface polishing in order to achieve the optimal contrast of
the ASR gel. The fluorescent reagent used was a solution containing uranyl acetate developed by
Sanno et al. [27].
Photographing technique
Two high resolution and high sensitivity camera systems were used for the fluorescent
observations. The first system was a mirror-less camera (made by SONY, model: α7RII, sensor type:
35 mm full-frame CMOS sensor, effective number of pixels: 42.4MP, ISO sensitivity: 50-102 400) and
macro lens (made by SONY, model: SEL30M35). The imaging configurations used were as follows:
aperture f/22, ISO value 1600, and auto exposure time based on aperture for experiments (1) and (3).
The second system used was a mirror-less camera (made by SONY, model: NEX-5N, sensor type:
APS-C CMOS sensor, effective number of pixels: 16.1MP, ISO sensitivity: 100-25 600) and single
focus lens (made by SONY, model: SEL16F28). The imaging configurations were aperture: f/28, ISO
value: 100, and fixed exposure time 30 s, and this was used for experiment (2).
Sample preparation
From the CPT specimens, cross-sections about 20 mm in thickness were obtained
perpendicular to the prism axis with a concrete saw. Then, the sections were wet polished with
abrasive powder (carborundum – SiC, mesh #400 and #800), and subsequently rinsed in an ultrasonic
cleaner with water.
Fluorescence observation experiment (1) – influence of curing temperature and alkali content
The polished sections were wrapped with wet paper and PVDC film for several days as shown
in TABLE 1. Then, the PVDC film was removed carefully so as not to disturb the surface of the
sections, and subsequently immersed in the treatment solution for approximately 10 minutes to allow
ion exchange between ASR gel and uranyl acetate. As mentioned in Section 1, the stained ASR gel is
best observed under shortwave ultraviolet illumination to induce a characteristic greenish fluorescence
[13][14]. Thus, a shortwave 254 nm ultraviolet (UV-C) [15][16][17] bench lamp was used to illuminate
the sample and images were then taken at a regular time interval.
Fluorescence observation experiment (2) – dyeing period of fluorescent reagent
The polished sections were wrapped with wet paper and PVDC film for a week. Then, the
sections were unwrapped and immersed in the treatment solution. Pictures were then taken at a
regular time interval using the high sensitivity camera in order to determine the time required to allow
a complete ion exchange between ASR gel and uranyl acetate. This is established when the ASR gel on
the surface showed a saturated fluorescent intensity. Subsequently, the stained sections were removed
from the solution and dried. Again, images were then taken at a regular time interval to establish the
effect of drying on the detectable gel fluorescence.

Fluorescence observation experiment (3) – curing period after polishing surface
The polished sections were put in a wet box, which was humidified by bubbling de-carbonated
water using high pressured N2 gas. The sections were then brought out and immersed in the treatment
solution for 30-40 min. Images were then taken every other day to detect the time required for the
ASR gel to seep out from the reacted aggregate particles to the surface.
3
3.1

RESULTS AND DISCUSSION
Curing temperature and alkali content
Figures 3 and 4 show example images of the treated sections captured under normal visible
light and 254 nm short-wave UV light (UV-C). The results of quantitative image analysis of the
fluorescent area using the software package Image J are summarized in TABLE 1. Finally, the
relationship between maximum expansion (at 46 weeks) and the measured fluorescent area is shown
in Figure 5.
From FIGURE 3, one can compare the effect of curing temperature and alkali content on the
amount of ASR gel in concrete specimens containing aggregate T. On average, the highest amount of
ASR gel was observed at a curing temperature of 40°C, followed by curing at 60°C and 20°C. Almost
no ASR gel was observed when the specimens were cured at 20°C. Although little influence of the
alkali content was noticed, there seems to be a positive correlation between alkali content and amount
of ASR gel for the specimens cured at 60°C.
From FIGURE 4, one can compare the effect of curing temperature and alkali content on the
amount of ASR gel in concrete specimens containing aggregate N. Interestingly, it was observed that
aggregate N produced more ASR gel compared to aggregate T. Although it appears that curing
temperature had little influence there seems to be a positive correlation when the results of N30-60425, N30-40-425 and N30-20-425 are compared. These trends are different from those seen in the
specimens containing aggregate T, where the temperature effect on gel amount is obscure. Only for
the case of curing at 60°C where higher alkali content resulted in higher fluorescent area.
The correlation between fluorescent area and the maximum expansion at 46 weeks is shown in
FIGURE 5. Most of the specimens showed a positive correlation between the amount of detected ASR
gel and expansion, apart from the specimens containing aggregate N that were cured at 20°C. It
should be noted here that specimens N30-40-300, N30-20-550, N30-20-300 and N30-20-250 were
wrapped longer than the other specimens (see TABLE 1). Therefore, the lack of correlation observed
for the specimens cured at 20°C seems to be a result of the difference in wrapping period after
polishing.
In conclusion, the amount of fluorescence observed on the treated specimens is a good
indicator for evaluating the amount of ASR gel in concretes containing reactive aggregates. However,
it is important to standardize the treatment procedure such as the period of wet wrapping prior to
imaging.
3.2

Dyeing period of fluorescent reagent
The effect of immersion time in uranyl acetate solution on the development of ASR gel
fluorescence is shown in FIGURE 6. It can be seen that the amount of detectable fluorescence on the
surface of the section gradually increases with increase in immersion time. A significant amount of
fluorescence can be observed by around 10 min, however the fluorescence intensity only becomes
saturated after an immersion period of 30 min.
Once the ASR gel on the surface showed saturated fluorescence intensity, the specimen was
dried and the effect of drying time on subsequent change in fluorescence intensity is shown in FIGURE
7. Note that the written time in FIGURE 7 is the time after immersion in the uranyl acetate solution
and the values in brackets is the amount of time spent on drying the specimen. It can be observed
from FIGURE 7, that the area of fluorescence does not seem to change, but the intensity of the
fluorescence appears to increase with drying time.
In conclusion, it is important to immerse the specimen in uranyl acetate solution for at least
30 min and then dry the specimen for a sufficient amount of time in order to obtain a high amount of
fluorescence intensity to detect the ASR gel.
3.3

Curing period after polishing surface
FIGURE 8 presents a series of images of the same specimen captured at various times showing
the exudation of ASR gel onto the specimen surface when placed in a high humidity box. ASR gel was
not observed initially, but it gradually seeps out onto the surface of the cross-section from reactive

aggregate particles and becomes saturated after a week. This suggests that all ASR gel observed in the
section originally were washed out during the wet sawing process. As such, the ASR gel observed on
the surface of cores drilled out from concrete structures in wet condition would not be located in the
original condition due to exudation from reactive aggregates in the section. To provide further
evidence of this, FIGURE 9 shows a fractured cross-section stained with uranyl acetate solution for
10 min that was imaged immediately after splitting. The figure shows significant amounts of
fluorescent ASR gel present in the cement paste matrix and air voids. However, very little ASR gel was
observed in reactive aggregates compared to the case when the specimen was kept in wet condition
for several days. In conclusion, keeping specimens in a wet condition for some days after polishing
will induce fluorescence on the reactive aggregates due to exudation of the ASR gel.
4

CONCLUSIONS
In this paper, the potential of uranyl acetate staining combined with fluorescent imaging and
wet wrapping method for testing the degree of ASR in concrete cross-sections was investigated. The
main observations are as follows:

The overall fluorescent area correlates well with the presence of ASR gel on polished sections,
and with the amount of expansion of the concrete prism;

At least 30 min is required to stain the ASR gel to achieve saturation in fluorescence intensity
and care must be taken during drying to prevent lost of ASR gel;

ASR gel will gradually seep out from sliced/polished reactive aggregates and cover the surface
around them in wet conditions;

A wet type procedure enables the observation of ASR gel in the reactive aggregates.
Furthermore, it is recommended to use a high-quality imaging system to capture fluorescent
images as this can significantly help in detecting the ASR gel and reactive aggregates. However, more
work needs to be done to further optimise the method for detecting and measuring the exuded ASR
gel in cement pate matrix. In conclusion, the current method is useful for detecting ASR gel in
reactive aggregates and its application will facilitate research on ASR mechanism and deterioration
diagnosis for concrete structures.
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TABLE 1 Designed level, expansion in CPT and wrapping period before fluorescent test.
Maximum
Wrapping
Fluorescent
Specimen
Coarse
Temp
Alkali
expansion
period
area
aggregate
content
(°C)
(% ℓ/ℓ)
(days)
(% m2/m2)
(kg/m3)
T100-60-550
T
60
5.50
0.067
3
24.7
T100-60-475
T
60
4.75
0.044
4
18.0
T100-60-400
T
60
4.00
0.039
3
11.4
T100-60-300
T
60
3.00
0.030
4
10.9
T100-40-550
T
40
5.50
0.069
4
32.2
T100-40-475
T
40
4.75
0.065
4
23.2
T100-40-400
T
40
4.00
0.064
4
30.4
T100-20-550
T
20
5.50
0.008
3
7.7
N30-60-550
N: L = 3: 7
60
5.50
0.173
6
35.8
N30-60-425
N: L = 3: 7
60
4.25
0.162
6
38.4
N30-60-300
N: L = 3: 7
60
3.00
0.113
3
27.1
N30-60-250
N: L = 3: 7
60
2.50
0.088
4
24.8
N30-60-200
N: L = 3: 7
60
2.00
0.061
4
12.8
N30-40-550
N: L = 3: 7
40
5.50
0.131
3
33.7
N30-40-425
N: L = 3: 7
40
4.25
0.123
3
38.0
N30-40-300
N: L = 3: 7
40
3.00
0.143
8
38.7
N30-20-550
N: L = 3: 7
20
5.50
0.097
8
39.5
N30-20-425
N: L = 3: 7
20
4.25
0.095
4
24.4
N30-20-300
N: L = 3: 7
20
3.00
0.096
8
49.0
N30-20-250
N: L = 3: 7
20
2.50
0.102
8
33.7
N30-60-550*
N: L = 3: 7
60
5.50
0.208
―
―
N100-60-550*
N
60
5.50
0.176
―
―
* specimen dimensions: 100×100×400 mm.
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FIGURE 1 Development of uniaxial expansion of concrete prism during CPT (left: aggregate T series,
right: aggregate N series).

FIGURE 2 Maximum uniaxial expansion of concrete prism during CPT in 46 weeks.
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FIGURE 3 ASR gel by fluorescence of T series under visible light (left) and UV-C light (right).
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FIGURE 4 ASR gel by fluorescence of N series under visible (left) and UV-C light (right).
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FIGURE 5 Relationship between maximum expansion at 46 weeks and the image measured
fluorescent area.
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FIGURE 6 Effect of immersion time in uranyl acetate solution on the detectable ASR gel fluorescence.
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FIGURE 7 Effect of drying time (shown in brackets) on the detectable ASR gel fluorescence intensity.
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FIGURE 8 Time series images showing the exudation of ASR gel onto the specimen surface in a high
humidity box under visible light (left side) and 254 nm wave-length UV light (UV-C) (right side).

FIGURE 9 ASR gel distribution on a fractured cross-section stained by uranyl acetate solution under
visible light (left side) and 254 nm wave-length UV light (UV-C) (right side).

