
lable at ScienceDirect

Cement and Concrete Composites 73 (2016) 123e135
Contents lists avai
Cement and Concrete Composites

journal homepage: www.elsevier .com/locate/cemconcomp
Detecting alkali-silica reaction: A multi-physics approach

Mehdi Rashidi a, Marc C.L. Knapp b, Ashkan Hashemi c, Jin-Yeon Kim a,
Kristen M. Donnell c, Reza Zoughi c, Laurence J. Jacobs a, d, Kimberly E. Kurtis a, *

a School of Civil and Environmental Engineering, Georgia Institute of Technology, 790 Atlantic Drive, Atlanta, GA 30332, USA
b WDP & Associates Consulting Engineers, 10621 Gateway Blvd., Suite 200, Manassas, VA 20110, USA
c Department of Electrical and Computer Engineering, Missouri University of Science and Technology, Rolla, MO 65409, USA
d G. W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, 813 Ferst Drive, Atlanta, GA 30332, USA
a r t i c l e i n f o

Article history:
Received 1 February 2016
Received in revised form
21 June 2016
Accepted 4 July 2016
Available online 7 July 2016

Keywords:
Alkali-aggregate reaction
Microwave
Nonlinear acoustics
Characterization
Expansion
Damage
* Corresponding author.
E-mail address: kimberly.kurtis@ce.gatech.edu (K.

http://dx.doi.org/10.1016/j.cemconcomp.2016.07.001
0958-9465/© 2016 Published by Elsevier Ltd.
a b s t r a c t

A multi-physics approach for the assessment of alkali silica reaction (ASR) generates new foundational
understanding of the nature of the reaction, which ultimately can be used for the development of
techniques and tools for the assessment and monitoring of existing concrete structures. The approach
combines two nondestructive evaluation techniques: (1) nonlinear acoustic measurements, which are
sensitive to microcracking; and (2) microwave materials characterization measurements, which are
sensitive to moisture including the transition of water from its free state in the pore solution to a bound
state within accumulating ASR gel. Comparison with assessment of expansion and damage rating index
obtained from petrographic analysis on standard mortar bars shows a correlation between all of the
measures. Specifically, a strong correlation is found between the cumulative average nonlinearity
parameter and expansion, and there is also agreement of the microwave measurements with the damage
rating index.

© 2016 Published by Elsevier Ltd.
1. Introduction

One of the most recognizable indications of the alkali-silica re-
action (ASR) is gel exudation at the concrete surface [1,2]. Once the
gel reaches the surface of a structure, however, extensive expansion
and damage limit repair options and potentially deleterious ma-
terials may have been used in subsequent construction projects.
Therefore, early detection of alkali-silica reaction occurring within
concrete would be a significant contribution to the sustainability of
concrete infrastructure.

The primary cause of deterioration associated with the ASR is
the expansion of a characteristic gel that generates internal tensile
stress and leads to microcracking. While it is understood that the
gel forms from the reaction between aggregate containing amor-
phous or poorly crystalline siliceous minerals and the alkaline pore
solution in concrete, the underlying mechanism of expansion and
swelling pressure remains poorly understood [3e5]. Also, the
relationship between the ASR gel composition, the volume of gel
produced, and the potential for damage in concrete remain
E. Kurtis).
unresolved [3e7]. From a fundamental perspective, a comprehen-
sive understanding of the relationships among gel composition, gel
volume, gel expansion, and rate and extent of damage to concrete
structures is critical for advancing the state of the art, and would
have important implications for the screening of materials, the
validation of mix designs, and the monitoring of concrete
infrastructure.

Here, a multi-physics approach is used to provide a compre-
hensive study of ASR which aims to link chemical changes (i.e.,
transition of water from pore solution into ASR gel), physical
changes (i.e., gel formation, microcracking) and mechanical prop-
erties (i.e., changes in material linear elasticity or increasing
nonlinearity with increasing damage). This approach includes
monitoring of progressive ASR damage and its relationship with
water absorption using nonlinear acoustic and microwave nonde-
structive testing methods, with validation by standard expansion
measurements and petrographic assessment.

In recent years, the nondestructive evaluation of ASR has
developed significantly. For instance, Chen et al. [8] introduced an
acoustic technique, the nonlinear impact resonance acoustic
spectroscopy (NIRAS) method, to quantify material nonlinearity
induced by ASR damage, demonstrating that nonlinear techniques
are more sensitive to changes in microstructures than conventional
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linear methods. Over time, several studies have applied linear and
nonlinear ultrasonic techniques to quantify ASR damage in con-
crete [9e11] and to assess the potential reactivity of certain
aggregate [8]. Ultimately, this research has led to the adoption of a
provisional standard in AASHTO [12] for the screening of aggregate
and concrete mix designs in conjunction with standard concrete
prism testing (ASTM C1293 [13]).

While nonlinear acoustic methods are reliable for detecting
microcracks [14e17] which may stem from a variety of sources in
cement-based composites, such measurements cannot definitively
detect ASR in concrete because they cannot directly detect the
presence of ASR gel. In contrast, microwave measurements, which
are sensitive to the amount of water and the chemical state of water
in a material [18,19] have been applied to investigate the water-to-
cement ratio and the progression of chloride ion ingress and
quantifying defects in cement-based materials [18,20]. Recently,
preliminary studies have demonstrated the potential for micro-
wave measurements to distinguish between mortars containing
alkali-silica reactive aggregate and those containing nonreactive
aggregate [21,22], and mortars kept in different environmental
conditions [23].

The current research explores the combination of emerging
microwave materials characterization measurements with proven
nonlinear acoustic measurements and verifies both nondestructive
techniques against expansion and petrographic results. Relating the
results from four distinct measures of ASR provides new knowledge
about the connection between the formation of the ASR gel and the
evolution of ASR damage.

2. Background

2.1. Microwave methods

Materials can be characterized by their intrinsic complex rela-
tive (to free-space) dielectric constant εr , as represented in Eq. (1)
[24]:

εr ¼ ε
0
r þ jε

00
r (1)

where ε
0
r , the relative permittivity, represents the ability of a ma-

terial to store energy, and ε

00
r , the relative loss factor, represents the

ability of a material to absorb energy. Since the values of relative
permittivity and loss factor are normalized to those of free-space
(εo), they are dimensionless. By passing electromagnetic waves
through a sample and measuring the reflected and transmitted
energy, the dielectric properties of a material can be evaluated. In
general, the dielectric properties of a consolidated material (i.e.,
concrete) are controlled by the dielectric properties of individual
components, their relative proportions, and the physical and
chemical properties of the material [25]. Dielectric properties are
also frequency dependent, and certain frequencies of microwaves
in particular are more sensitive to changes in the chemical
composition of mortar and concrete. Based on previous work, mi-
crowave signals at the S-band frequency range (2.6e3.95 GHz) have
shown high sensitivity to changes inmortars undergoing the alkali-
silica reaction [21] and have been capable of distinguishing be-
tween the potentially reactive and nonreactive aggregate in the
mortar samples by providing temporal data on the microstructural
evolution [22]. In this research, S-band frequency range is used to
assess mortars containing aggregate of varying reactivity at the end
of accelerated mortar bar testing (AMBT) [26]. Differences in the
reactivity of aggregate at the end of the test cause variations in the
amounts of ASR gel, water content, and water statedbound or free
waterdin the mortars, which can be detected by differences in
their dielectric properties. By combining data on dielectric
properties with test methods that can detect the evolution of
microcracking, a new test procedure that specifically detects ASR
damage may be developed.

2.2. Nonlinear acoustic methods

Distributed microcracking caused by ASR can be detected by
nonlinear acoustic methods [8,9,11,27]. While linear acoustic
methods (e.g., ultrasonic pulse velocity method) detectmacro-scale
deficiencies [8e11,28,29], nonlinear acoustic methods are more
sensitive to the presence of microcracks and therefore are better
tools for detecting incipient ASR damage [8,9,11]. Nonlinear
acoustic techniques have been used for the damage characteriza-
tion of a variety of materials, whose nonlinear stress-strain rela-
tionship can be represented in Eq. (2) [30,31] as

s ¼ E0

�
εþ bε2 þ dε3 þ a

�
εðDεÞ þ 1

2
sgnð _εÞ

�
ε
2 � ðDεÞ2

���
(2)

Where s is longitudinal stress, ε strain, E0 the linear elastic
modulus, b the quadratic nonlinearity parameter, d the cubic
nonlinearity parameter, a the parameter representing the material
hysteresis nonlinearity, Dε the strain amplitude, _ε the strain rate,
and sgnð_εÞ the signum function where sgnð _εÞ ¼ 1 if _ε>0,
sgnð_εÞ ¼ �1 if _ε<0, and sgnð_εÞ ¼ 0 if _ε ¼ 0. Since microcracking is
the main cause of nonlinearity in cement-based materials, the
hysteresis nonlinearity parameter ðaÞ dominates the elastic
nonlinearity parameters ðb; dÞ [31]. Therefore, the extent of damage
ormicrocracking can be represented by themagnitude of hysteresis
nonlinearity.

In standard mortar bars (such as those examined here) or in
concrete prisms with hysteresis nonlinearity, the resonance fre-
quency of a sample is the function of the excitation amplitude. As
the excitation amplitude increases, the resonance frequency shifts
to a lower value [11] and as damage progresses, the increase in the
excitation amplitude causes a greater downward shift in the reso-
nance frequency, which may be assessed using the nonlinear
impact resonant acoustic spectroscopy (NIRAS) method
[8,11,31e35], and the hysteresis nonlinearity can be evaluated ac-
cording to Eq. (3), as

f0 � f
f0

¼ a0A (3)

where f0 is the linear resonant frequency of the sample, f the
resonant frequency of the sample at the excitation level, a0 directly
proportional to the hysteresis nonlinearity parameter ðaÞ and A the
acceleration amplitude.

3. Experimental investigation

Standard mortar bars were prepared using three aggregate
sources: two potentially reactive aggregate (Reactive-1 and
Reactive-2) and one nonreactive aggregate (Non-Reactive). Sam-
ples were subjected to curing and exposure prescribed by the
accelerated mortar bar test (AMBT) as in ASTM C1260 [26]. Sub-
sequently, expansion, petrographic, microwave, and nonlinear
acoustic assessments were performed on the samples. The sample
exposure was consistent across all tests so that test results could be
directly compared.

3.1. Materials and sample preparation

Based on the potential reactivity level as defined in ASTM C1260
[26] and field performance history, three sources of natural



Table 2
Defect scaling factors used for DRI [36,37].

Defect type Scaling factor

Crack in coarse aggregate filled with gel 2
Crack in coarse aggregate without gel 0.25
Crack in cement paste filled with gel 4
Crack in cement paste without gel 2
Reaction rim 0.5
Air void with gel 0.5
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aggregate (Table 1) from the United States were selected. Aggregate
materials were graded such that 10 percent of the mass was
retained on a number 8 (2.36mm) sieve, 25 percent on a number 16
(1.18 mm) sieve, 25 percent on a number 30 (600 mm) sieve, 25
percent on a number 50 (300 mm) sieve, and 15 percent on a
number 100 (150 mm) sieve. Aggregate used in this study were not
washed.

Mortars were cast from each of these sands with the same ASTM
C150 Type I cement (Lehigh Cement Company, LLC). The cement
Bogue composition was 42.72% C3S, 24.77% C2S, 6.29% C3A, and
12.23% C4AF and the equivalent soda content (Na2Oe) was 0.80%.

As prescribed, mortar mixes were prepared with the water-to-
cement ratio of 0.47 and the aggregate-to-cement ratio of 2.25
[26]. For the expansion, petrography, and NIRAS tests,
285� 25� 25 mmmortar bars were cast according to ASTM C1260
[26]. The microwave samples were of the same composition and
proportions, but their geometry was governed by the dimensions of
the S-band rectangular waveguide used for measurements. The
microwave samples had a cross section of 72.0 � 34.0 mm2 with
thicknesses varying from 20 to 30 mm. The variation of sample
thicknesses does not affect microwave measurements.

3.2. Exposure and expansion measurements

Mortar bars were demolded 24 h after casting, kept in deionized
water at 80�C for the next 24 h, and subsequently submerged in 1 N
NaOH solution at 80�C for fourteen days, with expansion and
nonlinearity measured periodically [26]. For the microwave mea-
surements, two sets of samples were prepared. One of the sample
sets was exposed to the same exposure type as the mortar bars,
while the other sample set was submerged in deionized water at
the temperature of 80 �C after demolding. Comparison between the
water-exposed and sodium hydroxide-exposed sets allowed for
discrimination between the effects of cement hydration and high
temperature curing at the alkaline solution and those of the ASR.

3.3. Petrographic assessment using the damage rating index

The evaluation of damage using petrographic analysis in the
ASR-affected concrete samples is generally performed by the
calculation of damage rating index (DRI), which assigns weights to
the different types of defects, as shown in Table 2.

To perform the DRI, a section of concrete with the thickness of
about 20e30 mm is cut from a cylinder or prism concrete sample.
The section is polished, and grid sizes of 15� 15 mm2 are drawn on
the sample surface. In each grid, the number of each defect type is
counted at the magnification of 16�, multiplied by its weighting
factor, and added to each other. The final value is reported per
100 cm2 [38].

While DRI is generally performed on concrete experiencing ASR
in the field [36] or under ASTM C1293 [13] exposure, an extension
of this quantitative image assessment approach was attempted to
evaluate the extent of damage in mortars. To this end, those defect
types that related to the coarse aggregatedcrack in the coarse
aggregate with and without geldwere assigned to the fine aggre-
gatedcrack in the fine aggregatewith and without geldwhile their
Table 1
Aggregate identification.

Aggregate symbol Reactivitya Min

Reactive-1 Potentially Deleterious Qua
Reactive-2 Potentially Deleterious Qua
Non-Reactive Innocuous Qua

a Assessment of reactivity based upon field performance and prior ASTM C1260 resul
scaling factors maintained the same. Furthermore, the grid size and
magnifications were modified to maintain proportionality to the
aggregate size and ASR-induced defects. In concrete, since coarse
aggregate contributes to a significant portion of the microstructure,
a large grid size of 15 � 15 mm2 is needed. However, in mortar,
because the microstructure is quite fine, the grid size is decreased
to 2 � 2 mm2. Furthermore, the magnification is increased from
16� in concrete to 25� in mortar for better observation of micro-
structural defects.

DRI values at days six, ten, and fourteen of exposure were
calculated. At each age, the same sample of each sample set was
used for the petrographic examination. To preserve and quantify
regions containing gel, highlight cracks, and allow discrimination
between defects containing gel and those without gel, sample
preparation and imaging were performed in two stages [36,37]. In
the first stage, samples were cut from the mortar bars with a low
speed, ethanol-cooled saw. Then, they were polished to 320 grit
with ethanol as a lubricant. Polishing samples was limited to
minimize the removal of gel, while still allowing high quality im-
ages to be obtained. Afterwards, samples were stained with uranyl
acetate to increase the visibility of the ASR gel [39] following the
procedure described in Ref. [40]. The gel was observed using optical
microscopy (Leica DMRE) under a mercury lamp light source. At
each age, four sections were cut from each sample type and four
images per section were obtained. Overall, sixteen images per
sample type per age were taken. Subsequently, grids were overlain
on the images and defect counting on two grids per field of view
was performed to determine the number of gel-associated defects.
Gel-associated defect categories included cracks in aggregate filled
with gel, cracks in cement paste filled with gel, the reaction rim,
and air void filled with gel. In the second stage, after washing to
remove stain, samples were vacuum-impregnated with epoxy and
polished to 600 grit with water as a lubricant. Images were again
acquired under a mercury lamp light source, identical grids to those
used in the first stage were overlain on images, and the defects
were counted on two grids per field of view. Counting of defect
types in the stage one and twowas performed on the identical field
of view. Defects without geldcracks in aggregate without gel and
cracks in cement paste without geld were those observed in stage
two but not in the stage one. Then, the total number of each defect
type per grid area was calculated for each sample type. Subse-
quently, an appropriate scaling factor (as shown in Table 2) was
applied to each defect type. DRI values were reported as the average
number of defects per 100 cm2 of grid area [36].
eralogy Source

rtzite with smaller amounts of chert Northeastern Nebraska
rtzite with smaller amounts of chert South Central Nebraska
rtz Georgia

ts.



Fig. 1. Test setup for the microwave measurements.

Fig. 2. NIRAS test setup.
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3.4. Microwave measurement experimental procedure

Microwave measurements were made by inserting a mortar
sample into the waveguide, connecting both ends of the waveguide
to calibrated ports of an Agilent 8510C vector network analyzer
(VNA) using coaxial cables, and recording the transmission coeffi-
cient S21 and reflection coefficient S11 of a signal (Fig. 1), fromwhich
the relative permittivity and loss factor can be calculated following
the procedure outlined by Bois et al. [41]. Since S11 and S21 interact
with the sample, the calculated values are sensitive to physical and
chemical properties of the sample such as the presence and state of
water in mortar [22].

3.5. NIRAS experimental procedure

NIRAS measurements were made by applying small impacts but
with a minutely increasing force to the midpoint of the sample,
capturing the response of the sample with an accelerometer
located at the end of the sample, and recording the transient vi-
bration response of the sample in the time domain with an oscil-
loscope, as shown in Fig. 2. Details on the experimental setup have
been reported by Lesnicki et al. [11,32]. Later, the sample response
to those impacts was analyzed in the frequency domain and a0 was
calculated according to Eq. (3).

Prior to the first nonlinear acoustic measurement on the mortar
bars, NIRAS measurements on a linear elastic specimen (i.e., an
aluminum bar) matching the geometry of the mortar samples were
used to confirm the linearity of the experimental setup.

4. Results

This study aims to investigate the alkali-silica reaction using a
multi-physics approach, using methods based upon mechanics and
electromagnetism. Specifically, the effect of accumulating ASR on
the mechanical properties of mortar are monitored with NIRAS
measurements and the change in the electromagnetic properties
are monitored with the microwave measurements, which measure
the dielectric constants of the samples. Furthermore, the expansion
of mortar bars prepared according to the AMBT and quantitative
assessment of changes in material structure are used as baseline
data.

In the following results, the length of an error bar is equal to one
standard deviation. Moreover, the Pearson product-moment cor-
relation coefficient [42] d equivalent to the R of best linear fitdis
used to examine the correlation between the mean values of two
data sets.

4.1. Expansion

The expansion of mortar bars, measured daily during the four-
teen day of AMBT exposure, are shown in Fig. 3. By ASTM C1260
[26], both Reactive-1 and Reactive-2 aggregate are deemed
potentially deleterious, and the Non-Reactive aggregate as innoc-
uous. Reactive-1 samples show the largest expansion, nearly 0.4%,
at the end of the test period. Moreover, the expansion rate of those
samples are almost constant from day three to day fourteen, which
suggests the high availability of reactive silica. In contrast to the
Reactive-1 samples, the expansion of the Reactive-2 samples starts
at the day one of AMBTand exceeds the expansion of the Reactive-1
samples between day two and day nine. However, the rate of
expansion observed for the Reactive-2 samples decreases from day
seven, which suggests a decrease in the availability of reactive sil-
ica. In contrast to reactive samples, the expansion of Non-Reactive
samples starts at day two of AMBT. By day five, the Non-Reactive
samples experience half of their fourteen-day expansion.
Afterwards, samples expand at a low rate and their expansion
reaches a plateau at day twelve.
4.2. Petrography

Representative fluorescence microscopy images of each of the
three mortar types after fourteen days of exposure are shown in
Fig. 4, while Fig. 5 shows representative images of epoxy impreg-
nated mortar samples at the same age. The fluorescence images
show cracking around and through the aggregates and also in the
paste for the potentially reactive samples; there is also a greater
concentration of fluorescence, likely due to the presence of gel,
around the aggregates and in some of the cracks. In addition, the
fluorescence of some of aggregates even without cracking is
potentially caused by the high pH of the NaOH soaking solution,
which facilitates the ion exchange of sodium and uranyl at the silica
surface [39].

DRI values, obtained at six, ten, and fourteen days of exposure
during AMBT, are shown in Fig. 6. Overall, the DRI values reported
here for mortars are significantly larger than those previously
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reported in concrete; this likely stems from the aggressive nature of
the AMBT compared to field exposure and also the smaller aggre-
gate size in mortars compared to concrete. In other words, since in
the calculation of DRI for mortar samples, defects associated with
coarse aggregates in concrete were assigned to those with fine
aggregate in the mortar, a larger number of defects per 100 cm2 are
observed in the mortar samples compared to concrete samples
having the same geometry and exposure condition. However, if the
number of defects per 100 cm2 is scaled down to be proportional to
the ratio of the size of the grids used in the mortar and concrete�

2�2 mm2

15�15 mm2 ¼ 0:0178
	
, then the DRI values for the 1.78 cm2 of

mortar samples are in the range of 57e137, which is comparable to
the DRI values reported for the 100 cm2 of concrete [37,38].

The DRI values do distinguish between potentially deleterious
(i.e., Reactive-1 and Reactive-2) aggregates whose mortars show
more damage and innocuous (i.e., Non-Reactive) samples. How-
ever, it is difficult to differentiate the level of damage between
Reactive-1 and Reactive-2 samples; DRI values of Reactive-1 and
Reactive-2 samples are almost identical at day six and day fourteen.
At day ten the average DRI value of Reactive-2 samples is larger
than that of Reactive-1 samples, which has a large standard
deviation.

To investigate the significance of the difference between the DRI
values of the two potentially reactive aggregate at day ten, hy-
pothesis testing is performed. The test statistically differentiates
between those for the p-value of equal or bigger than 0.15 (a typical
p-value is 0.01 or 0.05). (Details on the hypothesis testing are
shown in the next sections.) Although the DRI values for the
Recative-1 and Reactive-2 samples may not be statistically
different, their average DRI values follow different trends. The
average DRI value and expansion data increases linearly for the
Reactive-1 samples, but for the Reactive-2 samples, the increase in
the average DRI value from day ten to fourteen is less than the
increase from day six to ten. This is similar to the trend also
observed in the expansion data of the Reactive-2 samples. The DRI
values of the Non-Reactive samples do not increasewith the time of
exposure, as would be expected.

Furthermore, Fig. 7 shows the correlation between DRI values
and the expansion data at days six, ten, and fourteen of the AMBT.
DRI and the expansion data for potentially reactive samples in-
crease more consistently than for the Non-Reactive samples. In
addition, the slope of the best linear fit to data of each sample-type
represents the increment of damage per unit expansion and it is
different for the three sample types. The slope is larger for the
Reactive-2 than the Reactive-1 samples suggesting more damage in
the Reactive-2 samples than the Reactive-1, at the same expansion
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Fig. 3. AMBT expansion results.
level. Moreover, the slope of the best fit for the Non-Reactive
aggregate is slightly negative.

The DRI values may be used to screen ASR reactive aggregates.
Considering the relationship between the DRI values and the
fourteen-day expansion of sample types, potentially reactive sam-
ples experience greater DRI values and expansion than the Non-
Reactive samples. While an increase in DRI is associated with
increased fourteen-day expansion, the relationship between those
two values is not linear. However, a limit could be established to
screen the potentially reactive aggregates and nonreactive aggre-
gates based on the damage estimated by the DRI.

4.3. Microwave measurements

Dielectric properties of mortar samples exposed to the sodium
hydroxide solution were measured and compared to measure-
ments of those of companion samples exposed to water. This
approach allows for changes due to ASR to be separated from those
due to cement hydration, while maintaining consistency with
ASTM C1260 methods used for expansion, DRI, and NIRAS
measurements.

Considering the average value of measurements, the relative
permittivity of the samples exposed to the sodium hydroxide so-
lution is greater than those exposed to water for all three cases, as
shown in Fig. 8. However, the difference between the relative
permittivity of the Non-Reactive samples exposed to water and
sodium hydroxide solution is very minor. That difference includes
the effect of cement hydration during curing at high temperature
and exposure to alkali solution, which affects the pore solution
composition and also potentially leads to subtle changes in the
microstructure. So, it can be concluded that the cement hydration
during curing and exposure to the alkaline solution has a relatively
small effect on relative permittivity values in the absence of ASR.
Furthermore, both potentially reactive aggregate mortars, when
soaked in water, have similar dielectric properties to the Non-
Reactive case demonstrating that the alkali concentration is not
sufficient for ASR. In contrast, the relative permittivity of Reactive-1
and Reactive-2 samples that are exposed to the sodium hydroxide
solutions are considerably greater than those exposed to water,
since NaOH solution provides sufficient amount of alkalis for ASR.
These results demonstrate that the presence of ASR gel can be
detected by measurement of relative permittivity.

Two phenomena may contribute to the larger difference in
relative permittivity of potentially reactive samples than that of
Non-Reactive samples exposed to sodium hydroxide solution and
water. First, for samples soaked in sodium hydroxide solution, the
greater extent of cracking and damage in the Reactive-1 and
Reactive-2 samples than Non-reactive samples, as evidenced by
their greater expansion and their DRI values, increases the porosity
of the samples. As a result, more sodium hydroxide solution, which
has a high relative permittivity [43], enters the samples, and the
overall relative permittivity of samples increases. In contrast, for
samples soaked in water, since the alkali concentration is not
enough for ASR and subsequent microcracking, the overall porosity
is lower than those exposed to sodium hydroxide solution. As a
result, less water enters the samples and their relative permittivity
is lower than those exposed to NaOH solution. A second possible
contributor to the increase in the relative permittivity of samples
exposed to the alkali solution is the presence of ASR gel. Kirkpatrick
et al. [44] using molecular dynamics simulations and x-ray
diffraction of ASR gels as confirmation, have shown that water
molecules are accommodated between nano-particles within in the
gel, indicating a high degree of binding of water within ASR gel.
Therefore, the moisture bound within ASR gel is also expected to
contribute to a greater relative permittivity.



Fig. 4. Fluorescence of gel a.) Reactive-1 sample, b.) Reactive-2 sample, c.) Non-Reactive sample. The samples were exposed to AMBT conditions for fourteen days.

Fig. 5. Epoxy impregnated sample a.) Reactive-1 sample, b.) Reactive-2 sample, c.) Non-Reactive sample. Samples were exposed to AMBT conditions for fourteen days.
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Fig. 9 shows results for loss factor, comparing results for samples
with each of the three aggregates. For all cases, those exposed to
sodium hydroxide solution have a larger (more negative) loss factor
than those kept in water. Examining the various influences on loss
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factor (e.g., the state of water, presence of cracks, and ionic con-
centration of pore solution) and comparing these with assessment
of ASR-induced damage suggests that the change in ionic concen-
tration of the pore solution caused by soaking in NaOH solution is
the dominant cause of the trend observed. Ionic concentration has a
significant effect on the loss factor, while it only slightly affects the
relative permittivity [43]. This effect on the loss factor is more
remarkable at low frequencies (i.e., S band frequency) and the ev-
idence of that is the significant difference in the loss factor
comparing samples exposed to water (where leaching occurs) with
those exposed to the AMBT conditions. The ingress of sodium and
hydroxyl ions from the surrounding solution is believed to domi-
nate any potential changes in loss factor associated with ASR gel
formation or resulting damage.

When compared to the influence of loss factor reported in
previous investigation by Donnell et al. [16,17] and Hashemi et al.
[45] in which the temporal measured loss factor showed stronger
sensitivity to ASR gel formation than temporal relative permittivity,
these results show relative permittivity is more sensitive to the
presence of ASR gel. However, in those prior studies, mortar sam-
ples were not soaked in NaOH and water solution prior to per-
forming the dielectric property measurements. Instead, during
measurement period they were stored over water in a condition
similar to ASTM C1293 test conditions [13]. When stored over
water, relatively less free water enters the samples and the for-
mation of ASR gel is the main cause of changes observed in the
complex dielectric properties of mortars cast with potentially
reactive aggregates. The differences in the findings of this study and
previous ones are related to the exposure condition and temporal
variations in sample properties, but remain consistent in terms of
understanding parameters affecting dielectric properties of
cement-based materials.

4.4. NIRAS measurements

Results from the NIRAS measurements, performed on sodium
hydroxide-exposed mortar bars daily, are shown in Fig. 10. The
average nonlinearity parameter for each sample type represents
the slope of the linear relationship between the downward reso-
nance frequency shift and the excitation amplitude measured at
that time for three replicates. That is, data for three replicate bars
are merged and the nonlinearity parameter is calculated, which is a
more conservative approach in the calculation of the average
nonlinearity parameter than assuming three statistically
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Fig. 8. The relative permittivity of samples with different fourteen-day exposure
independent random variables.
As observed from Fig. 10, the average nonlinearity parameter of

the Non-Reactive mortar samples remains well below that of the
potential reactive samples for the duration of testing. Early in the
exposure (i.e., at ~3 days exposure and earlier), the Reactive-2
samples exhibit the highest nonlinear behavior among aggregate
types. Over time, however, the nonlinearity parameter of the
Reactive-1 samples surpasses that of the Reactive-2 mortars by day
four. Moreover, the Reactive-1 samples exhibit the highest
measured nonlinear behavior among aggregate types; this occurs
at day six.

The average nonlinearity parameters of all three mortars types
show an oscillatory or up/down behavior; this trend in behavior is
consistent with prior NIRAS measurements on ASR-affected mortar
and concrete samples [8,11,32]. Initially, the nonlinearity increases
as ASR-induced microcracking progresses. But, over time, the
nonlinearity parameter decreases as mechanisms that reduce the
nonlinearitydsuch as increased gel pressure in the microcracks,
which restrains their surface asperity interaction [46] d dominate
the potential increases in nonlinearity due to the generation of new
microcracks. Interestingly, even the Non-Reactive samples follow
the same pattern. This can be associated with the aggressive
environment of AMBT, which induced expansion in the Non-
Reactive aggregate but did not exceed the 0.1% threshold (Fig. 3).
So, it is proposed that this inflection in nonlinearity parameter can
be used as an indication of the potential for ASR damage. Specif-
ically, it is hypothesized that samples showing higher variation in
the nonlinearity parameter over the test period contain aggregate
of greater potential reactivity. To test this hypothesis, the standard
deviation of the average nonlinearity parameter for each source of
aggregate is estimated as

Sa0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP14

i¼0
�
a0ðiÞ � a0

�2
14

s
(4)

where Sa0 is the standard deviation of average nonlinearity
parameter, a0ðiÞ average nonlinearity parameter at time i, and a0 the
average of a0ðiÞ. The standard deviation of the average nonlinearity
parameter is calculated and plotted against fourteen-day expansion
as shown in Fig. 11a. A linear trend between those metrics, along
with disparity between the cases for innocuous and potentially
reactive aggregate sources, suggests the validity of this hypothesis.

To further test this hypothesis, nonlinearity parameter and
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condition a.) Reactive-1 samples, b.) Reactive-2 samples, c.) Non-Reactive.
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Fig. 9. The relative loss factor of samples with different fourteen-day exposure conditions. a.) Reactive-1 samples, b.) Reactive-2 samples, c.) Non-Reactive.
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expansion data of four aggregate types are obtained from the work
of Chen et al. [8]. Again, with these data, a linear trend between the
standard deviation of the average nonlinearity parameter and
expansion is found, as shown in Fig. 11b. It should be noted that,
since the experimental setup and the calculated nonlinearity pa-
rameters in the Chen et al. [8] work differs from those in this
studydChen et al. [8] normalized the average nonlinearity
parameter to the initial average nonlinearity parameter while in
this study the data is not normalizeddthe standard deviation of the
average nonlinearity parameter between two studies cannot be
directly compared. However, the slope of the linear correlation
between the standard deviation of the average nonlinearity
parameter and fourteen-day expansion in Fig. 11b is around 90% of
that slope in Fig. 11a. These results suggest that the increment of
standard deviation of the average nonlinearity parameter per
fourteen-day expansion of samples kept in the AMBT condition is
approximately the same, despite the differences in the experi-
mental setup and reported nonlinearity parameters.
4.4.1. Cumulative average nonlinearity parameter
The average nonlinearity parameter is used to evaluate the

extent of ASR damage in samples. However, damage is due to the
progression of ASR during the reaction period, while the duration of
measured average nonlinearity parameter is very short compare to
that period. In other words, the average nonlinearity parameter is
an instantaneousmeasure of microcracking and damage. Therefore,
to evaluate the amount of accumulated damage, the average
nonlinearity parameter is integrated [8] over the reaction period.
Defining the reaction period is very important; here, the reaction
period is defined as the period between day zero of exposure, and
the day that a plateau in the trend of the average nonlinearity
parameter is reached, where the rate of the reaction slows (for a
variety of potential reasons). According to Fig. 10, the end of the
reaction period, Rp, may be selected as day twelve for the Reactive-2
and Non-Reactive samples, and day fourteen for the Reactive-1
samples. Riemann integral evaluates the cumulative average
nonlinearity parameter as

Ca0ðiÞ ¼0 i¼0

Ca0ðiÞ ¼Ca0ði�1Þþ
½a0ði�1Þþa0ðiÞ�½tðiÞ�tði�1Þ�

2
1� i�Rp;Rp�14

(5)

Where Ca0ðiÞ is the cumulative average nonlinearity parameter at
time i, and t(i) time i. Furthermore, since the nonlinearity mea-
surements are made daily, t(i)�t(i�1) is equal to one and Eq. (5) is
simplified as

Ca0ðiÞ ¼ 0 i ¼ 0

Ca0ðiÞ ¼ Ca0ði�1Þ þ
½a0ði� 1Þ þ a0ðiÞ�

2
1 � i � Rp;Rp � 14

(6)

Furthermore, the standard deviation of cumulative average
nonlinearity parameter is achieved according to Eq. (7) as

SCa0 ¼0 i¼0

SCa0 ðiÞ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SCa0 ði�1Þþ

h
Sa0 ði�1Þ2þSa0 ðiÞ2

i
4

vuut
1� i�Rp;Rp �14

(7)

Where SCa0 ðiÞ is the standard deviation of cumulative average
nonlinearity parameter at time i, and Sa0 ðiÞ the standard deviation
of average nonlinearity parameter at time i. In addition, Eq. (6)
assumes that Ca0 as well as a0 values are statistically independent
of each other.

Fig. 12 shows the cumulative average nonlinearity parameter for
each of the three mortar bar types. From day nine until the end of
the AMBT, the Reactive-1 samples demonstrate the greatest cu-
mulative average nonlinearity parameter among all sample types.
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Furthermore, the cumulative average nonlinearity parameter
clearly differentiates between the potentially reactive and Non-
Reactive samples. By performing hypothesis testing at a p-value
of 0.05, this parameter statistically differentiates between poten-
tially reactive and Non-Reactive samples from day one of AMBT,
which is the result of distinct averages, and small uncertainties
associated with the parameter. Furthermore, the cumulative
average nonlinearity parameter of potentially reactive aggregates
are similar at some points.

4.4.1.1. Hypothesis testing. To statistically differentiate among the
Reactive-1 and Reactive-2 samples hypothesis testing is performed
using t-distribution with 58� of freedom and p-value of 0.05. The
number of degrees of freedom is one less than the number of data
for each point. To calculate each point of average nonlinearity
parameter, at least thirty data points (i.e., impacts) is used. So, the
degree of freedom for each point is at least 29. However, since two
points are compared, the total degrees of freedom are the sum of
their degrees of freedom, which is 58. The p-value is the probability
that potentially reactive samples are not statistically different. In
addition, it is assumed that the Reactive-2 samples are statistically
independent of the Reactive-1 samples. Thus, those are statistically
different at time i if
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Where Ca0
Reactive�1

and Ca0
Reactive�2

are cumulative average nonline-
arity parameter for the Reactive-1 and Reactive-2 at time i,
respectively. Similarly, SCa0
Reactive�1

and SCa0
Reactive�2

are standard devia-

tion of cumulative average nonlinearity parameter for Reactive-1
and Reactive-2 samples at time i, respectively. According to the
Eq. (8), cumulative average nonlinearity parameter of Reactive-1
and Reactive-2 are statistically different excluding days eight and
nine.
5. Discussion

All experiments d expansion, NIRAS, microwave measure-
ments, and petrography analysis d successfully differentiate the
potentially deleterious aggregate from the innocuous aggregate in
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mortars subjected to accelerated testing. The experimental results
suggest that all four measures can be correlated to some degree;
however, the strongest correlations exist between the expansion
and nonlinearity, as well as the dielectric properties and the
damage evaluated by petrographic analysis. These correlations are
considered in further detail.

5.1. Examining correlations between the cumulative average
nonlinearity parameter, expansion and DRI

The cumulative average nonlinearity parameter shows strong
agreement with the AMBT expansion results (Fig. 3) and with the
DRI values of potentially reactive samples (Fig. 6). In addition, even
the timing of the crossovers of the cumulative average nonlinearity
parameter and expansion for the Reactive-1 and Reactive-2 sam-
ples are consistent with one another, occurring between days eight
and nine of AMBTexposure. The DRI results, however do not showa
crossover, but instead show comparable levels of damage for the
Reactive-1 and Reactive-2 samples throughout the duration of
testing.

The strong correlation between expansion and the cumulative
average nonlinearity parameter is shown in Fig. 13. It is proposed
that the correlation originates from the fundamental mechanism
bywhich expansion in a brittle material leads to microcracking and
increases material nonlinearity. With ASR, expansion is mainly
associated with increased gel volume and pressure. When the
tensile capacity is exceeded locally, microcracking results. The total
expansion at each age is the cumulative effect of the gel formation
and is related then to such microcracking. Furthermore, the extent
of microcracking at each time instant is evaluated by the nonlinear
acoustic measurements and the cumulative effect of microcracking
represented using the cumulative average nonlinearity parameter.

The strong coefficient of determination for the Reactive-1 and
Reactive-2 samples supports the linear correlation between the
cumulative average nonlinearity parameter and expansion for the
reactive aggregates samples studied here. In contrast, the Non-
Reactive samples have a weaker link between nonlinearity and
expansion, and this is confirmed by a weaker coefficient of deter-
mination. In addition the Reactive-1 and Reactive-2 samples have a
very similar slope, suggesting a similar causal mechanism
contributed to expansion and the cumulative average nonlinearity
parameter.

The goodness of linear fit between expansion and the cumula-
tive average nonlinearity parameter of the sample types may
represent their potential reactivity. The stronger correlation be-
tween expansion and the cumulative average nonlinearity param-
eter of potential reactive samples originates from comparable rates
of increase rate in those measures, which is not the same for the
Non-Reactive samples. Fig. 14 shows the relationship between the
cumulative average nonlinearity parameter and expansion of Non-
Reactive samples. This figure consists of three regionsdA, B, and
Cdin which the slope of the linear relationship between the cu-
mulative average nonlinearity parameter and expansion is signifi-
cantly different. When considering all of the data points in Fig. 14,
the significant difference among the slopes between those mea-
sures in the A, B, and C regions, results in the deviation from the
linear relationship between expansion and the cumulative average
nonlinearity parameter, and subsequently a lower coefficient of
determination. In contrast for the potentially reactive aggregates,
the contribution of regions similar to A and B are small and the
relationship between those measures is dominated by a region
similar to C. Such a behavior results in a stronger correlation be-
tween the cumulative average nonlinearity parameter and expan-
sion for the potentially reactive aggregates.

The cumulative average nonlinearity parameter and the
fourteen-day expansion of sample types at the AMBT condition are
correlated as shown in Fig. 15. So, the cumulative average nonlin-
earity parameter not only shows a linear trend with the expansion
of each aggregate source (Fig. 13), but it also shows a linear rela-
tionship with the expansion of all aggregate sources. These results
suggest that a damage criterion for the ASTM C1260 can be pro-
posed. For the aggregates evaluated, a cumulative average nonlin-
earity of 41 appears to correlate with the AMBT expansion limit of
0.1%, but extensive, further evaluation with a range of aggregate
sources, reactive components, and cements is certainly warranted.

While the prior discussion considered a good correlation be-
tween expansion and cumulative average nonlinearity parameter
(Fig. 13), a linear relationship between cumulative average
nonlinearity parameter and DRI is also found for reactive aggre-
gates, as shown in Fig.16. The comparable correlations in Figs. 7 and
16 for reactive aggregates originate from the strong correlation
between expansion and the cumulative average nonlinearity
parameter for those aggregates. In other words, since the cumula-
tive average nonlinearity parameter and expansion are strongly
correlated, the correlation of each of them with a third measure
(DRI) is similar to that of the other one. In contrast, the correlation
in Figs. 7 and 16 for the Non-Reactive aggregate are less similar as a
result of the weaker correlation between expansion and the cu-
mulative average nonlinearity parameter. Furthermore, this corre-
lation is significantly lower than the correlation for potentially
reactive aggregates. While DRI exhibits a linear relationship with
cumulative average nonlinearity for the potentially reactive sam-
ples, the slope of the best linear fit for the Reactive-2 samples is
greater than that of the Reactive-1 samples. This suggests a larger
DRI value should be measured for the Reactive-2 samples than the
Reactive-1 samples given the same cumulative average nonline-
arity parameter. However, these trends do not agree with the
trends in expansion (Fig. 3), where the Reactive-1 samples expe-
rience an increase in rate of expansion from day three of AMBT and
ultimately have more expansion by the end of the test.
5.2. Examining correlations between relative permittivity,
expansion, and DRI

The correlations between relative permittivity, DRI, and
expansion are investigated. Data suggests an agreement between
the relative permittivity measured at day 14 of exposure and DRI.
Furthermore, while the DRI values do not showa linear relationship
with expansion data, the DRI values clearly differentiate between
the potentially reactive samples and Non-Reactive ones. These
trends are explored in detail below.
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5.2.1. Relative permittivity and DRI
Fig. 17 shows the relationship between relative permittivity and

the DRI values of sample types. By comparing those variables, the
potentially reactive samples can be easily distinguished from the
Non-Reactive samples. The Reactive-1 and Reactive-2 samples had
both a higher relative permittivity and DRI values than the Non-
Reactive samples. This finding suggests an agreement between
the relative permittivity and DRI, which may originate from the
larger weights that DRI assigns to the defect types associated with
ASR gel, and sensitivity of relative permittivity to the ASR gel for-
mation. An additional investigation with different aggregate types
and at different ages are needed to further develop the relationship
between DRI and permittivity more explicitly.
5.2.2. Relative permittivity and expansion
Fig. 18 shows the relationship between the relative permittivity

and the fourteen-day expansion of the sample types. The relative
permittivity does not show a linear trend with the fourteen-day
expansion. This implies that the amount of gel formed does not
necessarily scale with measured expansion. For instance, while the
relative permittivity is sensitive to the presence of gel in the air
voids and macro-cracks, gel found in these regions may not yield as
much expansion as gel confined in smaller voids or microcracks.
However, overall, a larger relative permittivity of a sample is
associated with greater expansion. Considering the average values,
the relative permittivity of the Non-Reactive samples is around 8.8,
while it is larger than 9.6 for the potential reactive aggregates. With
additional research on a wider range of aggregates, it is proposed
that a limit similar to the AMBT expansion limit could be estab-
lished for the relative permittivity.
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Fig. 15. Cumulative average nonlinearity parameter and expansion at the day fourteen
of AMBT.
Overall, while this research studies a limited number of aggre-
gates exposed to AMBT, it establishes a new multi-physics-based
approach for studying the degradation of cement-based compos-
ites, with a specific application to ASR. This research demonstrates
that the dielectric properties of ASR-affected cement-based mate-
rials are sensitive to the physical and chemical properties of the gel
product, which ultimately determines the gel’s expansivity and
extent and rate of subsequent damage. While expansion and the
microstructural indications of damage (via DRI) are measured
directly, additional assessment of the effect of microcracking and
gel accumulation is provided by nonlinear acoustics. However, it is
important to note that the pattern of ASR damage varies with
different aggregate sources and environmental conditions. For
example, the accelerated test conditions used heremay produce gel
compositions and behaviors which may or may not be represen-
tative of those found in the field, even for these aggregate sources.
Therefore, extension of this multi-physics approach for the study of
mortars or concretes cast with aggregates varying in mineralogy
and reactivity, exposed to both accelerated and field conditions, is
needed to further examine the correlations and trends observed in
this study. A more exhaustive investigation would provide foun-
dational information about the relationship between the gel
composition and volume and associated damage, which is valuable
for the screening of aggregate sources, for the monitoring of ASR-
affected structures, and for the design of appropriate mitigation
and repair strategies.
6. Conclusions

The results obtained from the four test methods including
expansion, nonlinear acoustics, microwave measurements, and
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quantitative petrographic analysis using the damage rating index
(DRI) provide a better picture of how expansion and damage are
linked to the gel formation during the AMBT test. The main findings
of this study are as follows:

� Among the dielectric properties of the samples, relative
permittivity shows higher sensitivity to ASR gel formation, and
the samples cast with the potentially reactive aggregates show
higher relative permittivity than those prepared with innocuous
aggregate.

� DRI values increase over the time of exposure to the AMBT
condition, and increase consistently with the expansion data for
samples cast with potentially reactive aggregates, while this is
not the case for the samples preparedwith innocuous aggregate.

� Not only does the cumulative average nonlinearity parameter
strongly correlate with the expansion of each sample type, but
also this correlation is stronger for samples cast with potentially
reactive aggregates than those cast with innocuous aggregate.

� The slope of the linear relationship between the cumulative
average nonlinearity parameter and expansion is approximately
the same for samples cast with the potentially reactive aggre-
gates, while it is distinct for those prepared with the innocuous
aggregate.

� The correlation between the cumulative average nonlinearity
parameter and DRI is stronger for samples prepared with
potentially reactive aggregates than those cast with the innoc-
uous aggregate.

� The agreement of the relative permittivity and DRI of sample
types may originate from the larger weights that the DRI assigns
to the defects containing ASR gel, and the sensitivity of the
relative permittivity to the gel presence.

In summary, this study establishes the connection between gel
formation, damage, and expansion using these multidisciplinary
methods in concert. Combining nonlinear acoustics with micro-
wave measurements provides better insight into the evolution of
microcracks and gel formation during the expansion caused by ASR.
While the variation of the average nonlinearity parameter origi-
nates from the domination of mechanisms that decrease that
parameter, such as increased pressure in the microcracks which
decreases the interaction of microcracks asperities, to the ones that
increase the parameter, such as microcracking, the standard devi-
ation of the average nonlinearity parameter increases consistently
with the fourteeneday expansion. This suggests that specimens
that experienced larger expansion also experienced greater ASR gel
pressure and pressure relief through progressive cracking. In
addition, the cumulative average nonlinearity parameter strongly
correlates with expansion, indicating it is a good alternative for
assessing ASR damage in cement-based materials. On the other
hand, microwave testing is useful for assessing the source of
microcracking, tracking gel formation, and the accumulation of gel
over time. The agreement observed between relative permittivity
and DRI, but not with the fourteen-day expansion, demonstrates
that the amount of gel formed does not necessarily scale with
expansion. Ultimately, while this research has connected gel and
damage in a novel and direct manner during an accelerated test, the
composition and expansivity of gels found in the field may or may
not be the same as those formed during the test. Therefore, the
application of this multi-physics approach to study mortars and
concrete cast with aggregates varying in reactivity and under field
exposure conditions can provide further information about the gel
properties and volume, and its relationship with microcracking and
expansion.
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