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Abstract

In this study, the initiation and development of alkali-silica reaction (ASR) in
concrete prisms containing reactive coarse (RCA) and reactive fine (RFA) ag-
gregates were monitored over one year using linear and nonlinear resonance
techniques. Although the linear resonance test could detect initiation and de-
velopment of ASR damage in RCA specimens, it failed in the RFA specimens.
Petrographic analysis confirmed the presence of early-stage ASR damage and
the presence of different microcracking patterns in the RFA and RCA specimens,
which may explain differences in the linear resonance data. For both RCA and
RFA specimens, the nonlinear resonance test results were able to detect the
initiation of ASR damage and showed a strong correlation with the ASR expan-
sion for all specimens from different mix designs. The results demonstrate the
high sensitivity of the nonlinear resonance test and its potential for quantitative
evaluation of the ASR damage state of concrete specimens without a baseline

measurement.
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1. Introduction

Alkali-silica reaction (ASR) is a chemical reaction found in concrete, caused
by the interaction of siliceous aggregates and alkaline hydroxide found in the
pore solution. The reaction product, alkali-silica gel, when exposed to moisture,
swells and causes expansion and cracking in concrete structures. ASR has been
identified as a cause of degradation of numerous transportation, hydroelectric
and nuclear power plant concrete structures.

Quantitative evaluation methods for ASR damage include expansion moni-
toring and nondestructive testing (NDT) methods. Crack initiation and devel-
opment in concrete will cause scattering and attenuation of stress waves, and
decrease of Young’s modulus. Therefore wave propagation parameters and dy-
namic stiffness have the potential for in-situ evaluation of ASR damage. Stress
wave and dynamic NDT methods can be classified as linear and nonlinear meth-
ods. Commonly used linear techniques include monitoring the resonance fre-
quency (ASTM C215 [1]), and ultrasonic pulse velocity (UPV) in concrete [2].
Rivard and Saint-Pierre [3] monitored changes of ultrasonic wave velocity and
resonance frequency on ASR concrete prisms for 48 weeks. They found the
ultrasonic P- and S-wave velocities only dropped about 4%, and the resonance
frequency decreased by 12% when the expansion reached 0.18%. Giannini et al.
[4] also investigated linear NDT tests, including UPV, impact-echo, surface wave
velocity and transmission, and the resonance frequency method for much larger
expansion ranges (0.3% ~ 1.6%). It was found that although the UPV results
showed up to 20% decrease at higher expansions for different aggregates, it was
very difficult to obtain consistent UPV measurements. Resonance frequency
tests on core samples showed high sensitivity at low ASR expansion levels, but
the frequency drop became saturated at high expansion levels. This conclusion
agrees with the findings by Rivard and Saint-Pierre [3], who also indicated that
the resonance test provided poor relationship with damage in field. Even if
these tests can be performed on laboratory specimens in a well controlled envi-

ronment, factors not contributing to material damage, such as aggregate type,
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can have a significant impact on wave velocities and resonant frequencies. These
measurements also necessitate the use of a baseline measurement and limit the
ability of linear analysis to be effective in concrete damage characterization.

Concrete has a complex, random microstructure with mesoscopic linkages.
The mesoscopic linkages (order 107% to 1072 m) found among the aggregate
and mortar matrix leads to an inherent nonlinearity. If a material with microc-
racks is excited by ultrasonic wave or resonant vibration, clapping and friction
of microcrack interfaces will significantly increase the material’s nonlinearity.
Researchers have compared linear and nonlinear acoustic/ultrasonic techniques
on concrete specimens with thermal damage [5] and mechanical damage [6],
and showed that the nonlinear acoustic techniques are much more sensitive to
micro-damage in concrete than the linear test methods.

Nonlinear materials show softening of modulus with increasing strain, which
may manifest as a frequency shift, wave velocity decrease, and generation of
higher harmonics [7]. Then different nonlinear test methods can be developed
based on these phenomena. A common nonlinear method is the nonlinear reso-
nance acoustic/ultrasound spectroscopy (NRAS/NRUS) test [8, 9], which mea-
sures the resonance frequency shift A f under excitation by frequency sweeps at
varying strain levels. Chen et al. [10] proposed the nonlinear impact resonance
acoustic spectroscopy (NIRAS) technique and applied it to mortar bars [10]
and concrete specimens [11] with ASR damage. NIRAS is a nonlinear version of
the ASTM C215 resonance frequency test, where an impact hammer is used to
induce the flexural mode resonance of a sample under increasing impact ampli-
tudes, and the subsequent resonance frequency shift is measured. Lesnicki et al.
showed that NIRAS is able to detect ASR damage in concrete prisms at early
stages of damage development [11, 12]. Jin et al. [13] used multiple-impact
and single-impact NRAS tests to monitor the ASR process in concrete prisms
containing highly-reactive glass aggregates compared to control specimens that
contained aggregates that may exhibit some borderline alkali-silica reactivity. In
that study, the results from the two nonlinear resonance tests were highly corre-

lated. Moradi-Maraniet al. [14] investigated the relative wave velocity changes
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(time shift At¢/t) induced by impact loads in concrete specimens at different
levels of ASR expansion. They found the slope of At/t vs. impact load (strain)
curves, which represents the nonlinear parameter of a material, increased with
the ASR expansion. All these studies indicate that the acoustic nonlinearity
generally increases with ASR damage and microcrack density in early damage.
However, there was no clear correlation between material nonlinearity and ASR
damage that would allow for quantitative characterization of damage and com-
parison of the damage state of multiple specimens. The literature is limited
with respect to the application of nonlinear acoustic methods to concrete spec-
imens at the initiation stage of ASR, before expansion has reached the point of
easily observable surface macrocracking. This is despite the fact that nonlinear
methods are likely to have the greatest utility in detecting low-level damage
(e.g. i 0.10% expansion). For larger expansions, some researchers found linear
methods and visual inspection become more effective [15].

Compared to previous studies in references [10-12], this study focuses on
early stages of ASR damage in concrete with a slow expansion rate so that
more detailed data and information can be obtained in the initiation and very
early stages of ASR damage. Concrete prism specimens were cast with vari-
ous mix designs, using different reactive aggregate types (coarse and fine). The
specimens were conditioned in an environmental chamber at 38 °C and 95%
relative humidity for over one year at a slow expansion rate. The maximum ex-
pansion reached 0.085% at the end of the monitoring program. Linear resonance
and the NIRAS technique were used to track the change of linear and nonlin-
ear parameters, and form a quantitative relationship with specimen expansion.
Petrographic analysis results were also presented to build an understanding of

the underlying damage mechanisms.
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2. Materials and experiments

2.1. Concrete specimens

Four different aggregateswere used for this study: a reactive coarse aggregate

(RCA) from North Carolina, a reactive fine aggregate (RFA) from Texas and a

non-reactive coarse aggregate (NRCA) and non-reactive fine aggregate (NRFA)

from Omaha, Nebraska, with similar gradation as the two reactive aggregates

as shown in Figure 1. The properties of the aggregates used in this study can

be seen in Table 1.
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Figure 1: Aggregate sieve analysis.
Table 1: Properties of aggregates used in study.
Type Specific Gravity (SSD)  Absorption DRUW (kg/m?)
Nonreactive fine 2.65 0.4% -
Nonreactive coarse 2.62 2.6% 1665
Reactive fine 2.66 0.7% -
Reactive coarse 2.72 0.4 % 1480

This study i

nvolved six different concrete mix designs, separated into three

different groups, each having two sets (designated as #1 and #2) of mix de-

signs. The second set of mix designs generally adhered to ASTM C1293 [16],
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whereas the first set was designed to match the mix designs used for a set of
large specimens not included in this study. The mix designs used are as follows:
(1) two control mixes using innocuous coarse and fine aggregates, (2) two reac-
tive mixes using a reactive fine aggregate (RFA) and an innocuous local coarse
aggregate and (3) two reactive mixes using a reactive coarse aggregate (RCA)
and an innocuous local fine aggregate.

The six mix designs, found in Table 2, were used to cast the various concrete
prisms (75 mm x 75 mm x 285 mm) tested in this study. For each mix design
six concrete prisms were cast, and their test results were averaged within their
respective group for each measurement taken.

The use of four different aggregates along with six different mix designs
enabled the testing of specimens of different compositions and damage levels,
allowing the versatility of the test methods used in this study to be evaluated.
For the RFA and RCA mix designs, NaOH was added to boost the alkali con-
tent of the mix to promote accelerated ASR damage. Of the two mix designs in
both the RFA and RCA mix design groups, the first mix design added NaOH
to boost the alkali content to 1.50% NagOeq by mass of cement, and the second
added NaOH to boost the alkali content to 1.25% NagO.q by mass of cement,
or 5.25 kg/m?® NagO,q for all mixes. Along with different alkali levels between
the two sets of mix designs, the gradation requirements of the aggregates were
also different. For the first set of mix designs (#1), a representative sample of
the aggregate was taken, whereas for the second set of mix designs (#2) the ag-
gregates were prepared and graded following the requirements of ASTM C1293.
To generate enough material to meet the ASTM C1293 gradation requirement
for the smallest aggregate category, the reactive coarse aggregate in the RCA

(#2) design was crushed.

2.2. Curing and conditioning

The purpose of this study is to investigate nonlinear acoustic/ultrasonic
techniques for early detection and monitoring of ASR damage, and then build

a quantitative relationship between the nonlinear parameter and expansion. A
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Table 2: Concrete mix designs (SSD) used in study.

Component (kg/m?) Ctrl1 RFA1 RCA1|Ctrl2 RFA2 RCA2
Cement 350 350 350 420 420 420
Water 175 175 175 189 189 189
Coarse aggregate 1127 1095 1039 1196 1038 1196
Fine aggregate 709 743 839 544 744 545
Water reducer (mL/kg) | 2.3 2.3 2.3 2.3 2.3 2.3
50/50 NaOH 0 9.31 9.31 0 8.46 8.46
w/c 0.5 0.5 0.5 0.45 0.45 0.45

slow ASR expansion rate would allow us to observe and characterize the very
early stage of ASR damage and perform multiple measurements on these spec-
imens at this stage. The specimens were stored in a walk-in environmental
chamber, with dimensions of 2.25 m by 3.50 m, for specimen conditioning. The
environmental chamber was set to a temperature of 38°C and a humidity of
95% to accelerate ASR activity. Expansion, linear resonance, and nonlinear
resonance measurements were taken every two weeks. Prior to each measure-
ment, the chamber temperature was set to 23°C overnight. When the internal
temperature of the specimens reached a stable 23°C, expansions and resonance
frequency tests were performed on the prisms. A separate concrete prism with
an embedded thermocouple sensor was used for continuous monitoring of the
internal temperature. The entire shut down period typically lasted for less than

24 hours.

2.3. Expansion measurements

Prism length change measurements were made using a Humboldt H-3250D
length comparator during every chamber shut down period. Precautions were
made to always measure the prisms with the same orientation in the comparator

to allow for consistent measurements.
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2.4. Linear and Nonlinear Resonance Acoustic Techniques

Resonance frequency tests were conducted using a similar test setup as de-
scribed in ASTM C215 [1] (Figure 2). A 200 g flat headed hammer was selected
to excite the dominating primary flexural resonance mode. Each specimen was
impacted at midspan multiple times with increasing force for linear and nonlin-
ear analyses. Specimens were placed on a foam pad when testing to allow free
vibration and to avoid friction.

An accelerometer (PCB Piezotronics 352C65, sensitivity 10.2 mV/(m/s?)
was attached to the edge of the specimen on the surface of impact to measure
the location with highest response. The accelerometer was powered by a signal
conditioner (Bruel and Kjaer 1704-C-102) and signals were digitized by a 16-bit
oscilloscope (PicoScope 4262) at a 100 kHz sampling rate (10,000 samples for
each impact). Data was acquired using a user developed LabVIEW program

and analyzed in MATLAB.

Accelerometer
(Piezotronics 352C65)

Multiple v RV
impacpts } Oscilloscope "
w3 BPP (PicoScope 4262) e
e Em,
4 '._f '\/\\\—\ —

Signal Conditioner
(Briiel and Kjeer 1704-C102)

Support Foam

Figure 2: Resonance test setup.

Concrete is a nonlinear material with hysteresis, where the stiffness depends
on the strain and strain rate. A nonlinear hysteresis model is used to describe

the strain and strain rate related modulus as [17]:
E(e,€) = Eg {1 — Be — 6e® — a [Ae + esign(é)] } (1)

where Ej is the linear modulus, € and € are the strain and strain rate, § and § are

the quadratic and cubic nonlinear parameters, and « represents the hysteresis
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parameter. The function sign(é) =1 if ¢ > 0 and sign(é) = -1 if € < 0.
Nonlinear acoustic techniques demonstrate higher sensitivity to micro-damage
when compared to linear acoustic methods. Nonlinear acoustic methods are
based on the principle that the elastic modulus softens with increasing strain
level as described in Eq. (1). Nonlinear acoustic methods usually generate larger
strain (107% to 107°) on materials than the linear methods (10~7). According
to Eq. (1), the nonlinear parameters are defined from the strain-induced mod-
ulus changes. Since the modulus is not easy to measure directly, in practice
the resonance frequency shift or velocity changes are typically measured. For
example, in the NRAS method the relative resonance frequency shift is related
to the strain change as [8]:
Jfo—f
Jo

where ay is proportional to the real o in Eq. (1), fp is the linear frequency

= ay(e —€o) (2)

measured at a low strain level €, and f is the frequency at a high strain level €.
Because the strain change in Eq. (2) is difficult to measure, a relative nonlinear
parameter « is typically used in experimental studies by replacing the strains in
Eq. (2) with accelerations. Unless specified, the parameter « referred thereafter

in this paper is the relative nonlinear parameter.

Amplitude (V)

0 001 002 003 004 005 006 007 008 009 0.1
Time (s)

Figure 3: Typical time domain signal from NIRAS test.

The NIRAS technique measures the relative nonlinear parameter (a) by
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measuring the resonance frequency shift under varying strain levels generated
by a hammer impact. As a concrete sample is impacted with increasing ampli-
tude, the resonance frequency will decrease and the relationship between impact
response (acceleration) and frequency shift is correlated to determine nonlinear
parameter («). A typical time domain signal collected from one impact in the
multi-impact analysis is shown in Figure 3.

Figure 4(a) details the process of stacking multiple frequency domain signals
across the three specimen types. It can be seen that for specimens that are
at higher damage levels, a larger decrease in resonance frequency is observed
with increasing amplitude. The nonlinear parameter («) is then determined
by plotting the resonance frequency shift (fo — f)/fo against the acceleration
amplitude and calculating the respective slope of the relationship, as shown in

Figure 4(b).

10
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Figure 4: NIRAS signals and analysis including (a) frequency spectra, (b) multi-impact non-

linear analysis.

2.5. Petrographic analysis

Petrographic examination was performed on two prisms from group #1: one
RFA specimen and one RCA specimen, after expansion testing, to analyze dam-
age characteristics in the different mixtures. Each specimen was prepared and
analyzed following ASTM C856 [18] and ASTM C1723 [19]. Each prism was
cross sectioned longitudinally and a 45 x 45 x 5 mm section was taken from an

area of interest at approximately mid-length of each prism. The cross-sectioned

11
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specimens are shown in Figure 5 with the area of interest selected for petro-
graphic examination outlined in black ink. The section was epoxy-impregnated
and polished in preparation for examination by optical and scanning electron

microscopy (SEM).

3164710 PX
[ ]

3164711 PX
[ &

Figure 5: Cross-sectioned RFA (a) and RCA (b) prism specimens; 45 x 45 mm sections for

petrographic examination outlined in black.

Optical examination of each polished section was conducted in reflected light
at low magnification. SEM examination included collecting both backscattered
electron (BSE) micrographs and chemical composition from locations of interest

using electron dispersive spectroscopy (EDS).
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3. Results and discussions

3.1. Ezpansion results

Over the course of the testing period, expansion measurements were taken to
track ASR damage development in the specimens. Figure 6 shows the expansion
history of specimens tested in this study. All specimens incurred minor shrinkage
due to hydration during early stages of monitoring (0-50 days). The Control
specimens experienced early-age shrinkage and relatively stable expansion levels
thereafter. The RFA specimens began experiencing a noticeable increase in
expansion between 187 and 229 days after casting, whereas the RCA specimens

showed noticeable expansion sooner, approximately 75 days after casting.

0.1

=—a— Control (#1)
—e—RFA (#1) .
0.08 f —e—RCA (#1) -
= = Control (#2) -
0.06 /= = RFA(#2) - i
— = RCA (#2)

Expansion (%)

-0.04 I I I I I I I I
0 50 100 150 200 250 300 350 400 450

Age (days)

Figure 6: Expansion measurement results during testing period (Solid lines for mix design
#1, dashed lines for design #2, black, blue and red colors represent control, RCA, and RFA

specimens respectively).

The RCA specimens cast using mix design #2 (crushed reactive coarse ag-
gregate) had consistently larger expansion than specimens cast with mix design
#1 after ASR damage initiated, whereas the RFA specimens from the two mix
designs had almost the same expansions. This result demonstrates that the
crushing process used in preparing the reactive coarse aggregate led to a higher

level of reactivity in the RCA #2 samples. The effect of aggregate size on the

13
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ASR induced expansion has been detailed in the paper by Dunant and Scrivener

[20].

3.2. Linear resonance frequency results

A series of impacts with increasing amplitude were used in the NIRAS test,
in which the linear resonance frequency of each specimen was taken as the peak
resonance frequency of the impact with the lowest impact amplitude. The res-
onance frequency of a specimen is directly related to the specimen’s Young’s
modulus of elasticity with a relationship of f o v/E. Therefore the measured
resonance frequency will tend to increase with age as concrete strengthens, and
decrease with development of ASR damage. Figure 7 presents the progression
of the linear resonance frequency of the specimens over the testing period. Both
sets of control specimens experienced a small increase in resonance frequency due
to continued hydration of cement, and then remained relatively stable through-

out the testing period.
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Figure 7: Linear resonance frequency results during testing period.

The RCA specimens first showed an increase in linear resonance frequency
before 50 days, followed by a large drop during the testing period. The initial

large drop for both sets of specimens occurred around 75 days after specimen

14
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casting, which are consistent with the expansion results. The specimens cast
with mix design RCA #1 and RCA #2 experienced a 12.2% and 14.9% drop
from their maximum resonance frequency respectively. At approximately 300
days, however, the linear resonance frequency of both sets of RCA specimens
stopped decreasing and remained relatively constant although the expansion
was still progressing. This result is consistent with previous findings by Rivard
and Saint-Pierre [3] and Giannini et al. [4].

The RFA specimens showed a very different behavior from the RCA spec-
imens in the resonance test. For RFA specimens from both mix designs, their
resonance frequency curves are similar to the curves of the control specimens,
although both sets of RFA specimens demonstrated clear expansion throughout
the testing period. At the end of test period, the frequency was even slightly
higher than the initial frequency, although there was an expansion of 0.033%.
At the same expansion level, the RCA specimens had experienced more than a
10% drop in resonance frequency.

The linear resonance frequency depends on the material properties (den-
sity, modulus, Poisson’s ratio) and the dimensions of the specimens, in which
the dimension has much higher influence than the modulus. As seen from Fig-
ure 7, the specimens had different starting frequencies due to slight difference in
dimensions. Therefore, it is impossible to directly compare the frequencies mea-
sured from different specimens. In order to use the linear resonance frequency
for ASR evaluation, a baseline measurement for each specimen is needed.

The results obtained from RFA specimens and the late stage of RCA spec-
imens present another limitation in the linear method. At the late stage of
RCA specimens, although the expansions continued to increase with condition-
ing age, the effect of cracks had reached a maximum on the modulus of the
specimens and the linear resonance frequency was no longer sensitive to further
damage development. ASR damage in the RFA specimens did not influence the
resonance frequency, while the same level of expansion in the RCA specimens
caused more than 10% decrease of frequency. The authors believe this differ-

ence in resonance frequency of RCA and RFA specimens was caused by the
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different microstructures of ASR induced microcracks. In the RFA specimens,
reactive fine aggregates might cause localized micro-damage that has less im-
pact on the skeleton microstructure and modulus than the relatively large and
interconnected ASR cracks in the RCA specimens. More detailed discussions

on specimen microstructures are presented in Section 3.5: petrographic results.

3.3. Nonlinear resonance test results

The NIRAS method was used to monitor the nonlinearity of the test samples
during the entire testing period. Microcracking will increase the acoustic non-
linearity of materials due to clapping and friction of the crack interfaces. Figure
8 presents the nonlinear parameter («) progression during the testing period for
all specimens. Readers may realize this plot has a remarkable similarity with
the expansion result in Figure 6. The control (undamaged) specimens have a
nearly constant low value of nonlinearity, with a remaining around 3 x10~*

during the entire test period.
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Figure 8: Nonlinear parameter o measured from NIRAS method during testing period.

Both sets of RFA specimens experienced a significant increase in nonlinearity
beginning around 187-229 days, near the same time a large increase in expansion

was observed. For the RFA specimens, the measured nonlinear parameter («)
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increased to 28.4 x10~* for both RFA specimens at the end of monitoring
program. This value of « is over 7 times larger than the average values of
the Control specimens, validating that the nonlinear testing is highly sensitive
to microcracking damage. The RCA specimens showed an earlier increase in
nonlinearity, with a noticeable change after 75 days had passed in the testing
period, the same time when the expansions started to increase. The final values
of nonlinear parameter () for the RCA #1 and RCA#2 specimens was found
to be 43.5 x10~% and 55.1 x10~* respectively.

8.4. Quantitative correlation of nonlinear results and ASR expansion

The similarity between the nonlinear results (Figure 8) and expansions (Fig-
ure 6) indicates a strong correlation between these two measurements. Figure
9 shows the correlation between the nonlinear parameter and the expansion for
each specimen. Because the expansion and nonlinear parameter were measured
at different dates at the initial stage, only the data after curing age of 50 days
were used for this correlation analysis. It is interesting to notice that a nearly
linear relationship is obtained for all ASR specimens, regardless of their mix
design and type of reactive aggregate. The strong linear correlation indicates
that both the expansion and nonlinear response are governed by a same pa-
rameter related to ASR damage during the monitoring period, crack density.
Attar et al. [21] found the density of ASR induced cracks initially increases
with time until the cracks are fully connected. At late ages, further expansion
does not create additional cracks instead only widen the existing cracks. In this
study, all specimens experienced less than 0.1% expansion during the monitor-
ing program. Therefore, expansions in the early stage of ASR damage can be
attributed to initiation of new cracks and extension of existing cracks, and both
increase the crack density. The nonlinear resonance response is governed by
clapping and slipping interactions between crack interfaces, which are directly
related to the crack density. Van Den Abeele [22] also observed a nearly linear
relationship between the nonlinearity parameter with increasing crack density

in carbon fiber reinforced plastic composites exposed to thermal loading. In
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a more recent study, Kim et al. [23] investigated the relation between crack
density and acoustic nonlinearity in thermally damaged sandstone. They es-
timated the crack density based on dynamic modulus and built a model for
acoustic nonlinearity of a granular material with distributed cracks. The model
suggests that the total nonlinearity is proportional to the crack density at low
crack densities. The findings in this study on early-stage ASR damaged concrete

samples also support the model given by Kim et al. [23].
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Figure 9: Relationship between nonlinear parameter (a) and specimen expansion.

Previous studies [10-12] found the nonlinear parameters first increased with
expansion (up to 0.1% ~ 0.2%) and then decreased, in both mortar and concrete
specimens. It is believed that a critical crack size exists and beyond that will
results in decrease of nonlinearity due to weak interaction of crack interfaces.
This pattern was not observed in this study. The main reason for such difference
is because the expansion range in this study (0.085%) is much smaller than the
maximum expansion in references [10-12] (max expansion 0.2% to 0.6%) and
below the critical expansion.

The control specimens experienced shrinkage due to continuing hydration,
and the maximum value of a was below 5 x 10~# during the entire monitoring

period. At early ages, the ASR specimens started to show increasing nonlinear-
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ity although the net expansion was still less than 0%, which can be attributed
to competition between cement hydration and ASR expansion [11]. When the
expansion exceeds 0.01%, all data points have o > 10 x 10~%, which is twice
of the upper bound for control specimens. Unlike the expansion measurement
which needs a baseline (initial value), the nonlinear parameter can be measured
at any time without a reference measurement. The results validate that the
nonlinear parameter « has high sensitivity to microcracks but is not affected by
other factors such as aggregate type or gradation, and therefore can be used for

quantitative evaluation of ASR damage.

3.5. Petrographic results

The RFA specimen exhibited slight ASR reactivity of the fine aggregate with
minimal ASR-induced microcracking originating in the reactive sand grains.
Microcracking could not be detected using optical microscopy at magnifications
up to 40x, but limited microcracking was observed in the SEM at higher mag-
nifications. A few sand grains exhibited microcracking within the aggregate
particles; an example is shown in Figure 10. A smaller number of sand grains
showed cracking within the aggregate particles with some cracks extending no
more than 1 mm into the paste. The cracks were mostly empty within the fine
aggregate particles and within the paste. Some gel was observed in the cracks
only near the paste-aggregate interface; an example is shown in Figure 11.

The RCA specimen exhibited minor ASR-induced damage in the form of
microcracking within coarse aggregate particles. Microcracking was also ob-
served extending into the paste and bridging other reacted aggregate particles
(see Figure 12). ASR gel was found within microcracks both in the aggregate
and in the paste, as well as lining adjacent air voids (see Figure 13).

Both the RFA and RCA specimens exhibited very low degrees of ASR-
induced damage under petrographic examination; this was expected based upon
their measured expansions. The key difference between damage patterns in the
RFA and RCA specimens is that in the RCA specimen, microcracking not only
extended into the paste, but also had begun to bridge between aggregate parti-
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Figure 10: RFA specimen: BSE image and EDS point spectrum of chert sand particle with

ASR gel formation and microcracking confined within the particle.

cles. In the RFA specimen, the progress of ASR was predominately limited to
the initiation stage with microcracks beginning to exit the reactive aggregate
particles into the paste but not yet forming an interconnected network.

The petrographic analysis explains the difference between the RFA and RCA
specimens in the resonance frequency test, where isolated microcracks in the
RFA specimens did not lead to significant decrease of resonance frequency (or
elastic modulus) while still contribute to increase of nonlinearity. In the early
stage of ASR damage, the expansion is proportional to the amount of microc-
racks which directly lead to increased nonlinear response. These results confirm
the high degree of sensitivity of the NIRAS technique to early-stage initiation
of ASR damage. Previous NIRAS studies have often used more severe exposure
conditions [10-12] that permitted the method to be applied to a large range
of measured expansions, but they did not preserve the specimens in this early

stage of ASR development for petrographic examination.
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Figure 11: RFA specimen: BSE images and EDS point spectrum of cracked siliceous fine
aggregate particle with microcracking extending into paste and ASR gel within the mouth of

the crack.
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(b)

Figure 12: RCA specimen: BSE images and EDS point spectra showing (a) ASR gel in a

crack in the paste, and (b) cracks bridging between two coarse aggregate particles.
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(b)

Figure 13: RCA specimen: BSE images and EDS point spectra showing (a) ASR gel lining
a crack that begins in a coarse aggregate particle and extends into the paste; (b) gel is also

seen partially lining an air void.
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4. Conclusions

This paper presents experimental results using linear and nonlinear NDT
tests to evaluate ASR damage in concrete. The investigated concrete specimens
included several mix designs, utilizing two different innocuous and reactive ag-
gregates (one fine and one coarse), which resulted in different levels of ASR
damage and cracking patterns. The specimens were conditioned in an envi-
ronmental chamber for over one year, and expansion measurements and NDT
test results were recorded. The test results demonstrate the feasibility of using
nonlinear acoustic resonance methods for quantitative NDT evaluation of ASR

damage. Major findings from the experimental studies are shown below:

1. The ASR damage development in the different specimen types was found
to be distinct. The specimens cast with the RFA were slow to develop ASR
damage, with noticeable damage being first detected through expansion
measurements around 200 days. However, the specimens cast with the
RCA developed damage much earlier, at approximately 75 days.

2. Petrographic analysis following expansion testing showed that both the
RCA and RFA specimens had minimal internal cracking, consistent with
the measured small expansions and characteristic of early-stage initiation
of ASR damage. ASR gel formation was observed in the RCA specimen
and to a lesser degree, in the RFA specimen. The RFA specimen contained
microcracking that was primarily confined to reactive aggregate particles
or extended minimally into the paste. In the RCA specimen, some mi-
crocracks extended into the paste and bridged across several aggregate
particles. These differences in internal damage features can be correlated
positively to the different nonlinear acoustic responses of the RFA and
RCA specimens.

3. Monitoring the linear resonance frequency of the specimens over time was
able to detect ASR initiation and track its development in the RCA spec-
imens. The two sets of RCA specimens experienced more than a 10%

drop in resonance frequency, but the frequency change became stable and
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unable to detect damage at the late stage (after 300 days). In the RFA
specimens, the resonance frequency did not show much change, although
the expansion history clearly indicated ASR development. The differ-
ence in linear resonance frequency between RFA and RCA specimens is
attributed to different crack patterns, where bridged cracks in the RCA
specimens reduced the global stiffness and resonance frequency, while iso-
lated microcracks in the RFA specimens had little effect on the linear
resonance frequency. These results present limitations of the linear reso-

nance method for evaluation of ASR damage at both early and late stages.

. The NIRAS method is highly sensitive to ASR damage and was able to de-

tect damage in both the RFA and RCA specimens. The nonlinear param-
eter (o) increased to a final value of 28.4 x10~* for both RFA specimens,
and 43.5 x10™* and 55.1 x10~* for RCA #1 and RCA#2 specimens, re-
spectively. These values of nonlinear parameter («) are almost one order

of magnitude larger than the average values of the Control specimens.

. The test result shows a strong linear correlation between the nonlinear

parameter («) and expansion for all specimens investigated in this study.
This result indicates that the nonlinear response is proportional to the
crack density in early to medium stages of ASR damage. The linear re-
lationship in Figure 9 may be used to quantitatively evaluate the ASR
damage level of a concrete specimen using the NIRAS test. It also indi-
cates the results from the NIRAS method are directly related to micro-
cracking/cracking damage and are not affected by aggregate type. The
nonlinear test allows for damage characterization without a baseline mea-

surement.

. The relative nonlinear parameter a was use in this study, which is limited

to specimens with the same dimensions. Experimental methods to mea-
sure the absolute value of nonlinear parameters should be developed in the

future in order to evaluate concrete members with different dimensions.
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