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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. Introduction1

Alkali-silica reaction (ASR) is a chemical reaction found in concrete, caused2

by the interaction of siliceous aggregates and alkaline hydroxide found in the3

pore solution. The reaction product, alkali-silica gel, when exposed to moisture,4

swells and causes expansion and cracking in concrete structures. ASR has been5

identified as a cause of degradation of numerous transportation, hydroelectric6

and nuclear power plant concrete structures.7

Quantitative evaluation methods for ASR damage include expansion moni-8

toring and nondestructive testing (NDT) methods. Crack initiation and devel-9

opment in concrete will cause scattering and attenuation of stress waves, and10

decrease of Young’s modulus. Therefore wave propagation parameters and dy-11

namic stiffness have the potential for in-situ evaluation of ASR damage. Stress12

wave and dynamic NDT methods can be classified as linear and nonlinear meth-13

ods. Commonly used linear techniques include monitoring the resonance fre-14

quency (ASTM C215 [1]), and ultrasonic pulse velocity (UPV) in concrete [2].15

Rivard and Saint-Pierre [3] monitored changes of ultrasonic wave velocity and16

resonance frequency on ASR concrete prisms for 48 weeks. They found the17

ultrasonic P- and S-wave velocities only dropped about 4%, and the resonance18

frequency decreased by 12% when the expansion reached 0.18%. Giannini et al.19

[4] also investigated linear NDT tests, including UPV, impact-echo, surface wave20

velocity and transmission, and the resonance frequency method for much larger21

expansion ranges (0.3% ∼ 1.6%). It was found that although the UPV results22

showed up to 20% decrease at higher expansions for different aggregates, it was23

very difficult to obtain consistent UPV measurements. Resonance frequency24

tests on core samples showed high sensitivity at low ASR expansion levels, but25

the frequency drop became saturated at high expansion levels. This conclusion26

agrees with the findings by Rivard and Saint-Pierre [3], who also indicated that27

the resonance test provided poor relationship with damage in field. Even if28

these tests can be performed on laboratory specimens in a well controlled envi-29

ronment, factors not contributing to material damage, such as aggregate type,30
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can have a significant impact on wave velocities and resonant frequencies. These31

measurements also necessitate the use of a baseline measurement and limit the32

ability of linear analysis to be effective in concrete damage characterization.33

Concrete has a complex, random microstructure with mesoscopic linkages.34

The mesoscopic linkages (order 10−6 to 10−9 m) found among the aggregate35

and mortar matrix leads to an inherent nonlinearity. If a material with microc-36

racks is excited by ultrasonic wave or resonant vibration, clapping and friction37

of microcrack interfaces will significantly increase the material’s nonlinearity.38

Researchers have compared linear and nonlinear acoustic/ultrasonic techniques39

on concrete specimens with thermal damage [5] and mechanical damage [6],40

and showed that the nonlinear acoustic techniques are much more sensitive to41

micro-damage in concrete than the linear test methods.42

Nonlinear materials show softening of modulus with increasing strain, which43

may manifest as a frequency shift, wave velocity decrease, and generation of44

higher harmonics [7]. Then different nonlinear test methods can be developed45

based on these phenomena. A common nonlinear method is the nonlinear reso-46

nance acoustic/ultrasound spectroscopy (NRAS/NRUS) test [8, 9], which mea-47

sures the resonance frequency shift ∆f under excitation by frequency sweeps at48

varying strain levels. Chen et al. [10] proposed the nonlinear impact resonance49

acoustic spectroscopy (NIRAS) technique and applied it to mortar bars [10]50

and concrete specimens [11] with ASR damage. NIRAS is a nonlinear version of51

the ASTM C215 resonance frequency test, where an impact hammer is used to52

induce the flexural mode resonance of a sample under increasing impact ampli-53

tudes, and the subsequent resonance frequency shift is measured. Lesnicki et al.54

showed that NIRAS is able to detect ASR damage in concrete prisms at early55

stages of damage development [11, 12]. Jin et al. [13] used multiple-impact56

and single-impact NRAS tests to monitor the ASR process in concrete prisms57

containing highly-reactive glass aggregates compared to control specimens that58

contained aggregates that may exhibit some borderline alkali-silica reactivity. In59

that study, the results from the two nonlinear resonance tests were highly corre-60

lated. Moradi-Maraniet al. [14] investigated the relative wave velocity changes61
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(time shift ∆t/t) induced by impact loads in concrete specimens at different62

levels of ASR expansion. They found the slope of ∆t/t vs. impact load (strain)63

curves, which represents the nonlinear parameter of a material, increased with64

the ASR expansion. All these studies indicate that the acoustic nonlinearity65

generally increases with ASR damage and microcrack density in early damage.66

However, there was no clear correlation between material nonlinearity and ASR67

damage that would allow for quantitative characterization of damage and com-68

parison of the damage state of multiple specimens. The literature is limited69

with respect to the application of nonlinear acoustic methods to concrete spec-70

imens at the initiation stage of ASR, before expansion has reached the point of71

easily observable surface macrocracking. This is despite the fact that nonlinear72

methods are likely to have the greatest utility in detecting low-level damage73

(e.g. ¡ 0.10% expansion). For larger expansions, some researchers found linear74

methods and visual inspection become more effective [15].75

Compared to previous studies in references [10–12], this study focuses on76

early stages of ASR damage in concrete with a slow expansion rate so that77

more detailed data and information can be obtained in the initiation and very78

early stages of ASR damage. Concrete prism specimens were cast with vari-79

ous mix designs, using different reactive aggregate types (coarse and fine). The80

specimens were conditioned in an environmental chamber at 38 ◦C and 95%81

relative humidity for over one year at a slow expansion rate. The maximum ex-82

pansion reached 0.085% at the end of the monitoring program. Linear resonance83

and the NIRAS technique were used to track the change of linear and nonlin-84

ear parameters, and form a quantitative relationship with specimen expansion.85

Petrographic analysis results were also presented to build an understanding of86

the underlying damage mechanisms.87
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2. Materials and experiments88

2.1. Concrete specimens89

Four different aggregateswere used for this study: a reactive coarse aggregate90

(RCA) from North Carolina, a reactive fine aggregate (RFA) from Texas and a91

non-reactive coarse aggregate (NRCA) and non-reactive fine aggregate (NRFA)92

from Omaha, Nebraska, with similar gradation as the two reactive aggregates93

as shown in Figure 1. The properties of the aggregates used in this study can94

be seen in Table 1.95
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Figure 1: Aggregate sieve analysis.

Table 1: Properties of aggregates used in study.

Type Specific Gravity (SSD) Absorption DRUW (kg/m3)

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 involved six different concrete mix designs, separated into three96

different groups, each having two sets (designated as #1 and #2) of mix de-97

signs. The second set of mix designs generally adhered to ASTM C1293 [16],98
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whereas the first set was designed to match the mix designs used for a set of99

large specimens not included in this study. The mix designs used are as follows:100

(1) two control mixes using innocuous coarse and fine aggregates, (2) two reac-101

tive mixes using a reactive fine aggregate (RFA) and an innocuous local coarse102

aggregate and (3) two reactive mixes using a reactive coarse aggregate (RCA)103

and an innocuous local fine aggregate.104

The six mix designs, found in Table 2, were used to cast the various concrete105

prisms (75 mm x 75 mm x 285 mm) tested in this study. For each mix design106

six concrete prisms were cast, and their test results were averaged within their107

respective group for each measurement taken.108

The use of four different aggregates along with six different mix designs109

enabled the testing of specimens of different compositions and damage levels,110

allowing the versatility of the test methods used in this study to be evaluated.111

For the RFA and RCA mix designs, NaOH was added to boost the alkali con-112

tent of the mix to promote accelerated ASR damage. Of the two mix designs in113

both the RFA and RCA mix design groups, the first mix design added NaOH114

to boost the alkali content to 1.50% Na2Oeq by mass of cement, and the second115

added NaOH to boost the alkali content to 1.25% Na2Oeq by mass of cement,116

or 5.25 kg/m3 Na2Oeq for all mixes. Along with different alkali levels between117

the two sets of mix designs, the gradation requirements of the aggregates were118

also different. For the first set of mix designs (#1), a representative sample of119

the aggregate was taken, whereas for the second set of mix designs (#2) the ag-120

gregates were prepared and graded following the requirements of ASTM C1293.121

To generate enough material to meet the ASTM C1293 gradation requirement122

for the smallest aggregate category, the reactive coarse aggregate in the RCA123

(#2) design was crushed.124

2.2. Curing and conditioning125

The purpose of this study is to investigate nonlinear acoustic/ultrasonic126

techniques for early detection and monitoring of ASR damage, and then build127

a quantitative relationship between the nonlinear parameter and expansion. A128

6



Table 2: Concrete mix designs (SSD) used in study.

Component (kg/m3) Ctrl 1 RFA 1 RCA 1 Ctrl 2 RFA 2 RCA 2

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 very129

early stage of ASR damage and perform multiple measurements on these spec-130

imens at this stage. The specimens were stored in a walk-in environmental131

chamber, with dimensions of 2.25 m by 3.50 m, for specimen conditioning. The132

environmental chamber was set to a temperature of 38◦C and a humidity of133

95% to accelerate ASR activity. Expansion, linear resonance, and nonlinear134

resonance measurements were taken every two weeks. Prior to each measure-135

ment, the chamber temperature was set to 23◦C overnight. When the internal136

temperature of the specimens reached a stable 23◦C, expansions and resonance137

frequency tests were performed on the prisms. A separate concrete prism with138

an embedded thermocouple sensor was used for continuous monitoring of the139

internal temperature. The entire shut down period typically lasted for less than140

24 hours.141

2.3. Expansion measurements142

Prism length change measurements were made using a Humboldt H-3250D143

length comparator during every chamber shut down period. Precautions were144

made to always measure the prisms with the same orientation in the comparator145

to allow for consistent measurements.146
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2.4. Linear and Nonlinear Resonance Acoustic Techniques147

Resonance frequency tests were conducted using a similar test setup as de-148

scribed in ASTM C215 [1] (Figure 2). A 200 g flat headed hammer was selected149

to excite the dominating primary flexural resonance mode. Each specimen was150

impacted at midspan multiple times with increasing force for linear and nonlin-151

ear analyses. Specimens were placed on a foam pad when testing to allow free152

vibration and to avoid friction.153

An accelerometer (PCB Piezotronics 352C65, sensitivity 10.2 mV/(m/s2)154

was attached to the edge of the specimen on the surface of impact to measure155

the location with highest response. The accelerometer was powered by a signal156

conditioner (Bruel and Kjaer 1704-C-102) and signals were digitized by a 16-bit157

oscilloscope (PicoScope 4262) at a 100 kHz sampling rate (10,000 samples for158

each impact). Data was acquired using a user developed LabVIEW program159

and analyzed in MATLAB.160

Multiple 
impacts Oscilloscope

(PicoScope 4262)

Accelerometer
(Piezotronics 352C65)

Signal Conditioner
(Brüel and Kjær 1704-C102)

Support Foam

Figure 2: Resonance test setup.

Concrete is a nonlinear material with hysteresis, where the stiffness depends161

on the strain and strain rate. A nonlinear hysteresis model is used to describe162

the strain and strain rate related modulus as [17]:163

E(ε, ε̇) = E0

{
1− βε− δε2 − α [∆ε+ εsign(ε̇)]

}
(1)

where E0 is the linear modulus, ε and ε̇ are the strain and strain rate, β and δ are164

the quadratic and cubic nonlinear parameters, and α represents the hysteresis165
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parameter. The function sign(ε̇) = 1 if ε̇ > 0 and sign(ε̇) = −1 if ε̇ < 0.166

Nonlinear acoustic techniques demonstrate higher sensitivity to micro-damage167

when compared to linear acoustic methods. Nonlinear acoustic methods are168

based on the principle that the elastic modulus softens with increasing strain169

level as described in Eq. (1). Nonlinear acoustic methods usually generate larger170

strain (10−6 to 10−5) on materials than the linear methods (10−7). According171

to Eq. (1), the nonlinear parameters are defined from the strain-induced mod-172

ulus changes. Since the modulus is not easy to measure directly, in practice173

the resonance frequency shift or velocity changes are typically measured. For174

example, in the NRAS method the relative resonance frequency shift is related175

to the strain change as [8]:176

f0 − f
f0

= αf (ε− ε0) (2)

where αf is proportional to the real α in Eq. (1), f0 is the linear frequency177

measured at a low strain level ε0, and f is the frequency at a high strain level ε.178

Because the strain change in Eq. (2) is difficult to measure, a relative nonlinear179

parameter α is typically used in experimental studies by replacing the strains in180

Eq. (2) with accelerations. Unless specified, the parameter α referred thereafter181

in this paper is the relative nonlinear parameter.182
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Figure 3: Typical time domain signal from NIRAS test.

The NIRAS technique measures the relative nonlinear parameter (α) by183
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measuring the resonance frequency shift under varying strain levels generated184

by a hammer impact. As a concrete sample is impacted with increasing ampli-185

tude, the resonance frequency will decrease and the relationship between impact186

response (acceleration) and frequency shift is correlated to determine nonlinear187

parameter (α). A typical time domain signal collected from one impact in the188

multi-impact analysis is shown in Figure 3.189

Figure 4(a) details the process of stacking multiple frequency domain signals190

across the three specimen types. It can be seen that for specimens that are191

at higher damage levels, a larger decrease in resonance frequency is observed192

with increasing amplitude. The nonlinear parameter (α) is then determined193

by plotting the resonance frequency shift (f0 − f)/f0 against the acceleration194

amplitude and calculating the respective slope of the relationship, as shown in195

Figure 4(b).196
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Figure 4: NIRAS signals and analysis including (a) frequency spectra, (b) multi-impact non-

linear analysis.

2.5. Petrographic analysis197

Petrographic examination was performed on two prisms from group #1: one198

RFA specimen and one RCA specimen, after expansion testing, to analyze dam-199

age characteristics in the different mixtures. Each specimen was prepared and200

analyzed following ASTM C856 [18] and ASTM C1723 [19]. Each prism was201

cross sectioned longitudinally and a 45 x 45 x 5 mm section was taken from an202

area of interest at approximately mid-length of each prism. The cross-sectioned203
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specimens are shown in Figure 5 with the area of interest selected for petro-204

graphic examination outlined in black ink. The section was epoxy-impregnated205

and polished in preparation for examination by optical and scanning electron206

microscopy (SEM).207

(a)

(b)

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 light208

at low magnification. SEM examination included collecting both backscattered209

electron (BSE) micrographs and chemical composition from locations of interest210

using electron dispersive spectroscopy (EDS).211
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3. Results and discussions212

3.1. Expansion results213

Over the course of the testing period, expansion measurements were taken to214

track ASR damage development in the specimens. Figure 6 shows the expansion215

history of specimens tested in this study. All specimens incurred minor shrinkage216

due to hydration during early stages of monitoring (0-50 days). The Control217

specimens experienced early-age shrinkage and relatively stable expansion levels218

thereafter. The RFA specimens began experiencing a noticeable increase in219

expansion between 187 and 229 days after casting, whereas the RCA specimens220

showed noticeable expansion sooner, approximately 75 days after casting.221
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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-222

gregate) had consistently larger expansion than specimens cast with mix design223

#1 after ASR damage initiated, whereas the RFA specimens from the two mix224

designs had almost the same expansions. This result demonstrates that the225

crushing process used in preparing the reactive coarse aggregate led to a higher226

level of reactivity in the RCA #2 samples. The effect of aggregate size on the227
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ASR induced expansion has been detailed in the paper by Dunant and Scrivener228

[20].229

3.2. Linear resonance frequency results230

A series of impacts with increasing amplitude were used in the NIRAS test,231

in which the linear resonance frequency of each specimen was taken as the peak232

resonance frequency of the impact with the lowest impact amplitude. The res-233

onance frequency of a specimen is directly related to the specimen’s Young’s234

modulus of elasticity with a relationship of f ∝
√
E. Therefore the measured235

resonance frequency will tend to increase with age as concrete strengthens, and236

decrease with development of ASR damage. Figure 7 presents the progression237

of the linear resonance frequency of the specimens over the testing period. Both238

sets of control specimens experienced a small increase in resonance frequency due239

to continued hydration of cement, and then remained relatively stable through-240

out the testing period.241
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Figure 7: Linear resonance frequency results during testing period.

The RCA specimens first showed an increase in linear resonance frequency242

before 50 days, followed by a large drop during the testing period. The initial243

large drop for both sets of specimens occurred around 75 days after specimen244
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casting, which are consistent with the expansion results. The specimens cast245

with mix design RCA #1 and RCA #2 experienced a 12.2% and 14.9% drop246

from their maximum resonance frequency respectively. At approximately 300247

days, however, the linear resonance frequency of both sets of RCA specimens248

stopped decreasing and remained relatively constant although the expansion249

was still progressing. This result is consistent with previous findings by Rivard250

and Saint-Pierre [3] and Giannini et al. [4].251

The RFA specimens showed a very different behavior from the RCA spec-252

imens in the resonance test. For RFA specimens from both mix designs, their253

resonance frequency curves are similar to the curves of the control specimens,254

although both sets of RFA specimens demonstrated clear expansion throughout255

the testing period. At the end of test period, the frequency was even slightly256

higher than the initial frequency, although there was an expansion of 0.033%.257

At the same expansion level, the RCA specimens had experienced more than a258

10% drop in resonance frequency.259

The linear resonance frequency depends on the material properties (den-260

sity, modulus, Poisson’s ratio) and the dimensions of the specimens, in which261

the dimension has much higher influence than the modulus. As seen from Fig-262

ure 7, the specimens had different starting frequencies due to slight difference in263

dimensions. Therefore, it is impossible to directly compare the frequencies mea-264

sured from different specimens. In order to use the linear resonance frequency265

for ASR evaluation, a baseline measurement for each specimen is needed.266

The results obtained from RFA specimens and the late stage of RCA spec-267

imens present another limitation in the linear method. At the late stage of268

RCA specimens, although the expansions continued to increase with condition-269

ing age, the effect of cracks had reached a maximum on the modulus of the270

specimens and the linear resonance frequency was no longer sensitive to further271

damage development. ASR damage in the RFA specimens did not influence the272

resonance frequency, while the same level of expansion in the RCA specimens273

caused more than 10% decrease of frequency. The authors believe this differ-274

ence in resonance frequency of RCA and RFA specimens was caused by the275
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different microstructures of ASR induced microcracks. In the RFA specimens,276

reactive fine aggregates might cause localized micro-damage that has less im-277

pact on the skeleton microstructure and modulus than the relatively large and278

interconnected ASR cracks in the RCA specimens. More detailed discussions279

on specimen microstructures are presented in Section 3.5: petrographic results.280

3.3. Nonlinear resonance test results281

The NIRAS method was used to monitor the nonlinearity of the test samples282

during the entire testing period. Microcracking will increase the acoustic non-283

linearity of materials due to clapping and friction of the crack interfaces. Figure284

8 presents the nonlinear parameter (α) progression during the testing period for285

all specimens. Readers may realize this plot has a remarkable similarity with286

the expansion result in Figure 6. The control (undamaged) specimens have a287

nearly constant low value of nonlinearity, with α remaining around 3 ×10−4
288

during the entire test period.289
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Figure 8: Nonlinear parameter α measured from NIRAS method during testing period.

Both sets of RFA specimens experienced a significant increase in nonlinearity290

beginning around 187-229 days, near the same time a large increase in expansion291

was observed. For the RFA specimens, the measured nonlinear parameter (α)292

16



increased to 28.4 ×10−4 for both RFA specimens at the end of monitoring293

program. This value of α is over 7 times larger than the average values of294

the Control specimens, validating that the nonlinear testing is highly sensitive295

to microcracking damage. The RCA specimens showed an earlier increase in296

nonlinearity, with a noticeable change after 75 days had passed in the testing297

period, the same time when the expansions started to increase. The final values298

of nonlinear parameter (α) for the RCA #1 and RCA#2 specimens was found299

to be 43.5 ×10−4 and 55.1 ×10−4 respectively.300

3.4. Quantitative correlation of nonlinear results and ASR expansion301

The similarity between the nonlinear results (Figure 8) and expansions (Fig-302

ure 6) indicates a strong correlation between these two measurements. Figure303

9 shows the correlation between the nonlinear parameter and the expansion for304

each specimen. Because the expansion and nonlinear parameter were measured305

at different dates at the initial stage, only the data after curing age of 50 days306

were used for this correlation analysis. It is interesting to notice that a nearly307

linear relationship is obtained for all ASR specimens, regardless of their mix308

design and type of reactive aggregate. The strong linear correlation indicates309

that both the expansion and nonlinear response are governed by a same pa-310

rameter related to ASR damage during the monitoring period, crack density.311

Attar et al. [21] found the density of ASR induced cracks initially increases312

with time until the cracks are fully connected. At late ages, further expansion313

does not create additional cracks instead only widen the existing cracks. In this314

study, all specimens experienced less than 0.1% expansion during the monitor-315

ing program. Therefore, expansions in the early stage of ASR damage can be316

attributed to initiation of new cracks and extension of existing cracks, and both317

increase the crack density. The nonlinear resonance response is governed by318

clapping and slipping interactions between crack interfaces, which are directly319

related to the crack density. Van Den Abeele [22] also observed a nearly linear320

relationship between the nonlinearity parameter with increasing crack density321

in carbon fiber reinforced plastic composites exposed to thermal loading. In322

17



a more recent study, Kim et al. [23] investigated the relation between crack323

density and acoustic nonlinearity in thermally damaged sandstone. They es-324

timated the crack density based on dynamic modulus and built a model for325

acoustic nonlinearity of a granular material with distributed cracks. The model326

suggests that the total nonlinearity is proportional to the crack density at low327

crack densities. The findings in this study on early-stage ASR damaged concrete328

samples also support the model given by Kim et al. [23].329
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Figure 9: Relationship between nonlinear parameter (α) and specimen expansion.

Previous studies [10–12] found the nonlinear parameters first increased with330

expansion (up to 0.1% ∼ 0.2%) and then decreased, in both mortar and concrete331

specimens. It is believed that a critical crack size exists and beyond that will332

results in decrease of nonlinearity due to weak interaction of crack interfaces.333

This pattern was not observed in this study. The main reason for such difference334

is because the expansion range in this study (0.085%) is much smaller than the335

maximum expansion in references [10–12] (max expansion 0.2% to 0.6%) and336

below the critical expansion.337

The control specimens experienced shrinkage due to continuing hydration,338

and the maximum value of α was below 5× 10−4 during the entire monitoring339

period. At early ages, the ASR specimens started to show increasing nonlinear-340
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ity although the net expansion was still less than 0%, which can be attributed341

to competition between cement hydration and ASR expansion [11]. When the342

expansion exceeds 0.01%, all data points have α > 10 × 10−4, which is twice343

of the upper bound for control specimens. Unlike the expansion measurement344

which needs a baseline (initial value), the nonlinear parameter can be measured345

at any time without a reference measurement. The results validate that the346

nonlinear parameter α has high sensitivity to microcracks but is not affected by347

other factors such as aggregate type or gradation, and therefore can be used for348

quantitative evaluation of ASR damage.349

3.5. Petrographic results350

The RFA specimen exhibited slight ASR reactivity of the fine aggregate with351

minimal ASR-induced microcracking originating in the reactive sand grains.352

Microcracking could not be detected using optical microscopy at magnifications353

up to 40x, but limited microcracking was observed in the SEM at higher mag-354

nifications. A few sand grains exhibited microcracking within the aggregate355

particles; an example is shown in Figure 10. A smaller number of sand grains356

showed cracking within the aggregate particles with some cracks extending no357

more than 1 mm into the paste. The cracks were mostly empty within the fine358

aggregate particles and within the paste. Some gel was observed in the cracks359

only near the paste-aggregate interface; an example is shown in Figure 11.360

The RCA specimen exhibited minor ASR-induced damage in the form of361

microcracking within coarse aggregate particles. Microcracking was also ob-362

served extending into the paste and bridging other reacted aggregate particles363

(see Figure 12). ASR gel was found within microcracks both in the aggregate364

and in the paste, as well as lining adjacent air voids (see Figure 13).365

Both the RFA and RCA specimens exhibited very low degrees of ASR-366

induced damage under petrographic examination; this was expected based upon367

their measured expansions. The key difference between damage patterns in the368

RFA and RCA specimens is that in the RCA specimen, microcracking not only369

extended into the paste, but also had begun to bridge between aggregate parti-370
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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 to371

the initiation stage with microcracks beginning to exit the reactive aggregate372

particles into the paste but not yet forming an interconnected network.373

The petrographic analysis explains the difference between the RFA and RCA374

specimens in the resonance frequency test, where isolated microcracks in the375

RFA specimens did not lead to significant decrease of resonance frequency (or376

elastic modulus) while still contribute to increase of nonlinearity. In the early377

stage of ASR damage, the expansion is proportional to the amount of microc-378

racks which directly lead to increased nonlinear response. These results confirm379

the high degree of sensitivity of the NIRAS technique to early-stage initiation380

of ASR damage. Previous NIRAS studies have often used more severe exposure381

conditions [10–12] that permitted the method to be applied to a large range382

of measured expansions, but they did not preserve the specimens in this early383

stage of ASR development for petrographic examination.384
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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.

21



(a)

(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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(a)

(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. Conclusions385

This paper presents experimental results using linear and nonlinear NDT386

tests to evaluate ASR damage in concrete. The investigated concrete specimens387

included several mix designs, utilizing two different innocuous and reactive ag-388

gregates (one fine and one coarse), which resulted in different levels of ASR389

damage and cracking patterns. The specimens were conditioned in an envi-390

ronmental chamber for over one year, and expansion measurements and NDT391

test results were recorded. The test results demonstrate the feasibility of using392

nonlinear acoustic resonance methods for quantitative NDT evaluation of ASR393

damage. Major findings from the experimental studies are shown below:394

1. The ASR damage development in the different specimen types was found395

to be distinct. The specimens cast with the RFA were slow to develop ASR396

damage, with noticeable damage being first detected through expansion397

measurements around 200 days. However, the specimens cast with the398

RCA developed damage much earlier, at approximately 75 days.399

2. Petrographic analysis following expansion testing showed that both the400

RCA and RFA specimens had minimal internal cracking, consistent with401

the measured small expansions and characteristic of early-stage initiation402

of ASR damage. ASR gel formation was observed in the RCA specimen403

and to a lesser degree, in the RFA specimen. The RFA specimen contained404

microcracking that was primarily confined to reactive aggregate particles405

or extended minimally into the paste. In the RCA specimen, some mi-406

crocracks extended into the paste and bridged across several aggregate407

particles. These differences in internal damage features can be correlated408

positively to the different nonlinear acoustic responses of the RFA and409

RCA specimens.410

3. Monitoring the linear resonance frequency of the specimens over time was411

able to detect ASR initiation and track its development in the RCA spec-412

imens. The two sets of RCA specimens experienced more than a 10%413

drop in resonance frequency, but the frequency change became stable and414
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unable to detect damage at the late stage (after 300 days). In the RFA415

specimens, the resonance frequency did not show much change, although416

the expansion history clearly indicated ASR development. The differ-417

ence in linear resonance frequency between RFA and RCA specimens is418

attributed to different crack patterns, where bridged cracks in the RCA419

specimens reduced the global stiffness and resonance frequency, while iso-420

lated microcracks in the RFA specimens had little effect on the linear421

resonance frequency. These results present limitations of the linear reso-422

nance method for evaluation of ASR damage at both early and late stages.423

4. The NIRAS method is highly sensitive to ASR damage and was able to de-424

tect damage in both the RFA and RCA specimens. The nonlinear param-425

eter (α) increased to a final value of 28.4 ×10−4 for both RFA specimens,426

and 43.5 ×10−4 and 55.1 ×10−4 for RCA #1 and RCA#2 specimens, re-427

spectively. These values of nonlinear parameter (α) are almost one order428

of magnitude larger than the average values of the Control specimens.429

5. The test result shows a strong linear correlation between the nonlinear430

parameter (α) and expansion for all specimens investigated in this study.431

This result indicates that the nonlinear response is proportional to the432

crack density in early to medium stages of ASR damage. The linear re-433

lationship in Figure 9 may be used to quantitatively evaluate the ASR434

damage level of a concrete specimen using the NIRAS test. It also indi-435

cates the results from the NIRAS method are directly related to micro-436

cracking/cracking damage and are not affected by aggregate type. The437

nonlinear test allows for damage characterization without a baseline mea-438

surement.439

6. The relative nonlinear parameter α was use in this study, which is limited440

to specimens with the same dimensions. Experimental methods to mea-441

sure the absolute value of nonlinear parameters should be developed in the442

future in order to evaluate concrete members with different dimensions.443
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