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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

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
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