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Abstract

Nonlinear acoustic methods demonstrate high sensitivity for concrete damage evaluation. Among these methods, nonlinear
resonance acoustic methods have been widely used in laboratory tests on small scale test samples. In this study, a nonlinear
impact-echo (IE) method for concrete damage evaluation was introduced, in which the IE frequency shift was measured
at different impact force levels. The nonlinear IE test and the nonlinear impact resonance acoustic spectroscopy (NIRAS)
test share similarities in the experimental setup and analysis method. However, the nonlinear IE test excites a local thickness
resonance mode of a member instead of the global resonance vibration. Therefore, the analyzed mode is unaffected by member
boundary conditions and is applicable to large concrete structural members. To identify the fundamental IE frequencies,
multiple impacts were applied along the members. Once the fundamental IE frequencies were determined, the effectiveness
of the nonlinear IE method was evaluated by testing seven concrete beam specimens with varying levels of alkali-silica
reaction (ASR) damage. The nonlinear IE test demonstrates high sensitivity to concrete damage and allows for quantitative
assessment of the damage state of concrete without a baseline measurement.
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1 Introduction ics [2], or side band frequencies [3]. Softening is shown as

a decrease of the Young’s modulus with increasing strain,

Nonlinear acoustic techniques have gained attention in the
nondestructive testing (NDT) field because they are more
sensitive to microcracking damage than linear acoustic meth-
ods. In materials with complex microstructures, such as
concrete, microcracks smaller than the aggregates might
not cause a significant change of linear acoustic parameters
(wave velocity, resonance frequencies), but they will induce
high acoustic nonlinearity. Nonlinear acoustic responses may
include material softening with strain [1], higher harmon-
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which can be measured by monitoring the change in res-
onance frequency [1] or wave velocity [4] under different
strain levels.

The nonlinear resonance acoustic spectroscopy (NRAS)
method [1] is a common nonlinear acoustic laboratory test.
During NRAS testing, the resonance frequency shift A f is
measured when a sample is excited by frequency sweeps
around the resonance frequency at different strain levels.
Chen et al. [5] proposed generating the resonance flexural
mode of a sample through a hammer impact and measuring
the resonance frequency shift under different impact ampli-
tudes. This method is called “Nonlinear Impact Resonance
Acoustic Spectroscopy” (NIRAS), which can be regarded
as a nonlinear adaptation of the resonant frequency test in
accordance with ASTM C215 [6]. The NIRAS method is
simple in test setup and analysis. In both NRAS and NIRAS
methods, the strain levels are very low, so an accelerometer
is typically used to measure the resonant response (accelera-
tion). A relative nonlinear parameter is typically measured as
the slope of the relationship between relative frequency shift
and impact amplitude or acceleration response amplitude [5,
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7]. Dynamic acoustoelastic testing (DAET) measures ultra-
sonic wave velocity changes due to dynamic modulation by a
low frequency (LF) acoustic wave [8—10]. Nonlinear param-
eters are extracted from the correlation curves between the
relative velocity change of ultrasonic pulses and the instanta-
neous LF amplitude (or strain). The DAET method provides
more details about hysteresis, transient elastic softening, and
slow relaxation than the vibration based methods.

Although these nonlinear ultrasonic testing methods show
different degrees of success in laboratory tests, there are
several major limitations that hinder application of these
methods in practice. First, these tests are only applicable
to small samples. The NRAS test needs to excite the free
vibration of the tested sample, and DAET uses a shake table
or large piezoelectric disk to vibrate the sample to gener-
ate internal strain changes. These methods are difficult to
apply to large concrete structures. Second, because global
free vibration modes are excited, the resonance frequency and
nonlinear response not only depend on material properties
and specimen dimensions, but also depend on boundary and
support conditions. These tests cannot simply be extended to
concrete structural members because of various types of end
supports in real structures. Some recent studies have applied
nonlinear ultrasonic tests to large-scale concrete specimens
and structures with promising results [11, 12], but these meth-
ods either need high power input sources or the results for
damage evaluation are qualitative.

A common NDT method used to evaluate plate struc-
tures is the impact-echo (IE) test [13]. Application of the
IE test has also been extended to other structures, such as
columns and beams [14, 15]. The IE test is convenient, as it
only requires access to one side of the member being tested.
In the case of a plate, the measured IE frequency is only
dependent on the thickness. For beams and columns, the
measured IE frequency depends on the aspect ratio of the
cross-section. These factors allow the IE test to be readily
applied to large scale concrete members. The IE test can be
used to assess concrete damage development, where a drop
in frequency or wave velocity is monitored over time. How-
ever, solely monitoring these parameters is inadequate for
quantitative characterization of concrete damage. In order
to employ linear parameters like frequency or wave veloc-
ity for quantitative characterization, it is necessary to have
a reference baseline measurement. However, baseline mea-
surements on field specimens are often not readily available,
which limits the ability of using the IE test for damage assess-
ment.

This paper introduces a nonlinear IE method for con-
crete damage evaluation. The nonlinear IE test uses impacts
of increasing force to generate the fundamental IE mode
of concrete members, resembling the NIRAS test, which
measures the resonance frequency of small test samples.
As multiple impacts of increasing force are applied, the
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shift in the fundamental IE frequency is measured. Speci-
men damage is monitored by tracking a relative nonlinear
parameter that is found by taking the slope of the linear-fit
correlation between the relative IE frequency shift and accel-
eration response amplitude. A control concrete specimen
and specimens with different levels of alkali-silica reaction
(ASR) damage were studied using the nonlinear IE method
to evaluate the method’s effectiveness for concrete damage
assessment.

2 Theoretical Background of Resonance
Modes in Bars

2.1 Linear Impact-Echo Theory

In a plate, the IE test measures a local resonance mode
with a frequency related to the thickness 4 and the P wave
velocity Vp of a member as f = BygVp/2h. Gibson and
Popovics [16] proved that the local resonance mode is a non-
propagating Lamb wave S| mode at the zero-group-velocity
(S1ZGV), and the parameter ;g (known as the shape factor)
only depends on Poisson’s ratio. Higher order ZGV modes
may also be detectable in a plate, such as the A»ZGV mode,
but the §;ZGV mode dominates in most cases. Prada et al.
[17] presented an extensive study on the existence of ZGV
modes and their frequencies for different Poisson’s ratios.

The IE test has also been applied to beams and columns
[14, 15]. Similar to plates, these modes also correspond to
ZGV modes or cutoff frequency modes (zero wavenumber)
[18]. The ZGV frequencies can be obtained from disper-
sion curves by solving the dispersion equation for cylindrical
structures. Dispersion curves for a bar with a non-cylindrical
cross-section should be solved using a semi-analytical finite
element method [19]. Unlike in plates, there are many ZGV
and cut-off frequencies in a rod within a narrow frequency
range. Therefore, a hammer impact on a beam or column
often excites multiple modes. The fundamental mode is typ-
ically analyzed. For beams and columns, the IE frequencies
can still be expressed in the form of f = B;gVp /2D [15],
where D represents the thickness of the specimen in the direc-
tion being tested, and B; g is dependent on the cross-section
geometry (circle, square, or rectangle) and Poisson’s ratio
of the specimen. Lin and Sansalone found that square cross-
sectioned concrete members have a 8y g value of around 0.87
[14] for the fundamental IE mode, which increases slightly
with a smaller Poisson’s ratio.

2.2 Nonlinear Acoustic Theory
Concrete is a material that exhibits nonlinear behavior. The

arrangement and interaction of the various components of
the concrete microstructure (cement paste, aggregates, pores,
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and cracks) in the mesoscopic range (107 to 10~° m) are
responsible for its nonlinearity. When cracks and microc-
racks are present, concrete experiences a significant increase
in nonlinearity. The presence of nonlinearity in concrete can
be observed in the hysteresis found in its stress—strain rela-
tionship and in the discrete memory effect [20]. The strain and
strain rate-dependent modulus of concrete can be described
by the following nonlinear hysteresis model [21]:

E(s, ¢) = Eo {1 — pe—8e —a[Ae + 8sign(é)]} o

where Ej is the linear modulus, A¢ is the local strain ampli-
tude over the previous period, ¢ is the strain rate, 8 is
the quadratic nonlinear parameter, é is the cubic nonlinear
parameter, and « is the hysteresis parameter. The function
sign(¢) takes the value of 1 if ¢ > 0 and —1 if ¢ < 0. Note
that the quadratic nonlinear parameter § is unrelated to the
IE shape factor B;E.

Nonlinear acoustic techniques are more sensitive to micro-
damage than linear acoustic methods. Equation 1 describes
the principle underlying many nonlinear acoustic methods,
where the elastic modulus decreases (softening) with increas-
ing strain. Nonlinear acoustic methods typically induce larger
strain levels (1076 to 107>) in materials compared to their
linear counterparts (10~7) [22]. The nonlinearity is found in
changes to acoustic properties (i.e., frequency or velocity)
under varying strain levels [22]. This is exemplified in the
NRAS method, where the relative resonance frequency shift
is correlated with the change in strain (A¢) as [1]:

fo—f
fo

= a Ag, (2)

where fo is the linear resonant frequency measured at a
low strain level and f is the frequency at a higher strain
level. It should be noted that the relative nonlinear param-
eter o, is proportional to the absolute nonlinear parameter
« that is found in Eq. 1 [1]. Measuring the strain (¢) can
be challenging, so it is common in lab experiments to mea-
sure other output parameters when determining the nonlinear
parameter. In nonlinear ultrasonic tests, typically the speci-
men response is measured with an accelerometer [23] or the
particle velocity is measured with a laser vibrometer [24]. In
nonlinear impact tests, the impact force from an instrumented
hammer [5] or the amplitude of the acceleration response sig-
nals collected with an accelerometer [7] are typically used. In
this study, a relative nonlinear parameter (¢, ) was measured
from the relationship between the normalized frequency shift

(f Oj%f ) and the amplitude of the acceleration (m/s?) signals

from the hammer impacts. For simplicity, the parameter «
referred to thereafter in this paper is the relative nonlinear
parameter o, that has the units of 2 /m.

Plane Strain — Mode 1
Frequency = 6319 Hz

3D Model — Mode 1
Frequency = 6266 Hz

(a) (b)

Fig. 1 Numerical simulations showing the fundamental IE mode of a
the 2D (plane strain) model (f = 6319 Hz) and b the 3D model (f =
6266 Hz)

2.3 Nonlinear Impact-Echo

Unlike global vibration modes, the local resonance modes
measured in the IE test are not affected by boundary condi-
tions. Therefore, the IE testis applicable to large size concrete
plates, beams, and columns. By extending the nonlinear res-
onance theory in Eq. 2 and the NIRAS test method to the
IE test, a nonlinear acoustic test can be performed on large
concrete specimens. When multiple impacts are applied to
the specimen, the IE frequency will decrease as the impact
amplitude increases. It is possible to perform a substitution in
Eq. 1, replacing the strain with dynamic response parameters
such as velocity or acceleration, since the maximum strain
and the maximum velocity/acceleration are linearly related
[23].

3 Finite Element Simulations

Finite element simulations were conducted using Abaqus®
to confirm the fundamental IE modes tested in this study.
Modal analyses were performed on 2D (0.30 m x 0.30 m)
and 3D concrete models (0.30 m x 0.30 m x 1.10 m) with a
mesh size of 8 mm. The material properties used in the sim-
ulation were as follows: density p = 2410 kg/m?, Young’s
modulus E = 40,000 MPa, and Poisson’s ratio v = 0.15.
These parameters give a P-wave velocity (V) of approxi-
mately 4200 m/s, which agrees with the experimental values
measured on the concrete specimens in this study.

Figure 1 shows the fundamental IE modes using the 2D
(plane strain) and 3D models, which give the IE frequencies
of 6319 Hz and 6266 Hz, respectively. The frequency of the
2D model represents the cutoff frequency (zero wavenum-
ber), while the frequency from the 3D model represents a
local ZGV mode. The ;g parameter is calculated as 0.89
for the given material properties.
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Plane Strain — Mode 2
Frequency = 8830 Hz

3D Model — Mode 2
Frequency = 8845 Hz

(b)

3D Model — Mode 2
Frequency = 8785 Hz

(c)

Fig.2 Numerical simulations showing the second IE mode of a the 2D
(plane strain) model (f = 8830 Hz), b the 3D model (f = 8845 Hz),
and ¢ an IE mode involving a 180° rotation at one end of the beam ( f
= 8785 Hz)

Figure 2a and b show the second IE mode of the 2D (plane
strain) and 3D models, with frequencies of 8830 Hz and 8845
Hz, respectively. The frequency ratio between the second
and fundamental IE modes observed in the 3D models is
f» = 1.41f;, aligning with the findings reported by Lin
and Sansalone [14]. Furthermore, these frequencies agree
with the measured frequencies of the concrete specimens in
this study. More details will be discussed in Sect. 5.1. The
numerical simulation shows another resonance mode near the
second IE mode, as seen in Fig. 2c. This mode is also found
in the experiments in this study, when the impact distance
moved farther away from the receiver. The modes in Figs.
1b and Fig. 2b are symmetric in the longitudinal direction,
while the mode in Fig. 2c involves a 180° rotation at one end
of the beam.

4 Concrete Specimens and NDT
Experimental Setup

4.1 Concrete Specimens
In this project, seven specimens of various mix designs,
lengths, and damage levels were tested to evaluate the

effectiveness of the nonlinear IE test in quantitatively charac-
terizing concrete damage. All specimens have a cross-section
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Fig.3 Specimen design of Control, RCA Unconfined, RCA-2D, RFA
Unconfined, RFA-2D, sSRCA Unconfined, and sSRCA-2D specimens

of 0.30 m x 0.30 m. In all confined specimens (“2D” spec-
imens), #6 (diameter: 19 mm) headed reinforcement steel
bars were used to constrain the expansion in the longitudi-
nal and vertical directions. The specimen design along with
the Cartesian axes for what is referred to as the longitudinal,
transverse, and vertical directions throughout this study are
shown in Fig. 3.

Three different concrete mix designs (see Table 1) were
utilized: (1) a control mix using innocuous local coarse and
fine aggregates, (2) a reactive mix using a reactive coarse
aggregate (RCA) and an innocuous local fine aggregate, and
(3) areactive mix using a reactive fine aggregate (RFA) and
an innocuous local coarse aggregate. NaOH was added to the
reactive mixes, boosting the alkali content to 1.50% NayOcq
by mass of cement. One unconfined control specimen was
tested, and each unconfined ASR damaged specimen has a
2D confined counterpart. Two of the seven specimens tested
had a shorter length of 0.61 m, while the rest were 1.12 m. The
two shorter specimens (SRCA and sSRCA-2D) were cast with
reactive coarse aggregate. Details of all seven specimens are
summarized in Table 2. These specimens were cast and tested
by Malone and others during his thesis work. Information
regarding the specimens and test results in addition to what
is presented in this paper can be found in Malone’s thesis
[25].

All specimens were moist cured for at least 28 days after
casting. Then the specimens were moved to an environmen-
tal chamber for high temperature (38 °C) and high humidity
(95% RH) conditioning. The specimens were placed on carts
to ensure all surfaces were exposed to moisture. An image
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Table 1 Concrete mix design

(SSD) and strength Component Control (kg/m?) RCA (kg/m?) RFA (kg/m?)
Cement 350 350 350
Water 175 175 175
Coarse aggregate 1127 1039 1095
Fine aggregate 709 839 743
Water reducer 2.3 mL/kg 2.3 mL/kg 2.3 mL/kg
50/50 NaOH 0 9.31 9.31
w/c 0.50 0.50 0.50
28-day strength 37.2 MPa 32.7 MPa 32.8 MPa
;I:f'; IremZati(srclmcrete specimen Specimen Dimension (m) Mix design Conditioning start date
Control 0.30 x 0.30 x1.12 Control 11/27/2018
RCA Unc., RCA-2D 0.30 x 0.30 x 1.12 RCA 11/27/2018
RFA Unc., RFA-2D 0.30 x 0.30 x 1.12 RFA 04/04/2019
sRCA Unc., sSRCA-2D 0.30 x 0.30 x 0.61 RCA 08/20/2019

of the seven test specimens in the environmental chamber
is shown in Fig. 4. Demountable mechanical strain gauges
(DEMEC) were used to measure specimen expansions in
the vertical, transverse, and longitudinal directions. Stainless
steel DEMEC targets were epoxied on all surfaces (except
for the bottom) of each specimen and in two directions on
each surface. Every 2 weeks, the chamber was shut down
overnight and then maintained at 23 °C and 50% RH for 24
h. Expansion measurements and IE testing were performed
during the shutdown period when the internal temperature
of the concrete specimens reached a stable temperature of
23 °C. Expansion measurements were conducted using 150
mm and 500 mm DEMEC strain gauges (Mayes Instruments
Limited, UK). Three expansion measurements were taken in
each direction on the specimens and were averaged. After all
measurements were completed, the chamber was restarted,
and the temperature and humidity resumed conditioning at
38°C and 95% RH.

The measured expansion of each test specimen throughout
the conditioning period is shown in Fig. 5. For the unconfined
specimens, the expansion in the vertical and transverse direc-
tions are averaged, whereas the 2D reinforced specimen’s
vertical and transverse directional expansions are displayed
separately as the confinement caused different damage in
each direction. IE testing began on the same date for all
specimens, but because the specimens were cast at differ-
ent times, the conditioning ages of specimens were different.
The beginning of the IE testing period is indicated in Fig. 5.
Therefore, when the IE test began, the ASR specimens were
in early, intermediate, and late stages of damage. By mon-
itoring these specimens for more than 200 days, data was
captured to evaluate the entire progression of ASR develop-
ment.

4.2 Impact-Echo Mode Determination

During IE testing, a typical hammer (200 g) was used to
impact the concrete specimens. The responses from the ham-
mer impacts were recorded using an accelerometer (PCB
352C65) that was powered by a signal conditioner (Briiel &
Kjer 1704). The sensitivity of the accelerometer was 10.2
mV/(m/s?). The impact response signals were digitized by
an oscilloscope (PicoScope 4262) with a sampling frequency
of 100 kHz. A LabVIEW program was designed to control
the data acquisition process. The program displays and saves
the raw impact response time-domain signals and amplitude
spectra. In the nonlinear IE test, the user can monitor the spec-
tra to ensure increasing amplitude during successive impacts.
The saved signals were then imported in MATLAB for linear
or nonlinear analysis. When performing Fourier transform
(FFT), the time domain signals were zero-padded to improve
the frequency resolution.

When an impact is applied to a beam member, it can excite
multiple IE modes and global vibration modes. Confidently
determining which mode, or peak, in the frequency spectrum
corresponds to the fundamental IE mode can be challenging
in such cases. Global vibration modes are affected by the
impact location, support conditions, and beam length. The
IE mode is independent of support conditions and can con-
sistently be observed at each impact location. Consequently,
areliable approach for identifying the IE mode involves per-
forming multiple impacts along the specimen and analyzing
the resulting signals collectively. This proposed multi-impact
technique enables conclusive determination of the funda-
mental IE frequency. The experimental setup for IE mode
determination is shown in Fig. 6a. To minimize any bound-
ary effects, the accelerometer was positioned at a distance

@ Springer
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Fig.4 Top surface of a Control,
b RCA Unconfined, ¢ RCA-2D,
d RFA Unconfined, e RFA-2D, f
SRCA Unconfined, and g
sRCA-2D specimens. Images
were taken at the end of the
monitoring program

I Control

(a)

| RFA Unconfined | |

RFA-2D | [ sRCA Unconfined | [ srca2p |

(d)

of 35 cm from the end of the 1.12 m specimen. Similarly,
for the 0.61 m specimen, the accelerometer was placed 15
cm from the end. Impacts were applied to the specimen at 5
cm intervals. Tests were performed in two directions, verti-
cal and transverse, on each specimen. The vertical direction
refers to impacts performed perpendicular to the top surface
of the specimens. Likewise, the transverse direction refers to
impacts performed perpendicular to the side surfaces of the
specimens.

4.3 Nonlinear Impact-Echo Test Setup

After the IE frequency was determined, the nonlinear IE test
was conducted in the vertical and transverse directions on
each specimen. The experimental setup for the nonlinear
IE test is shown in Fig. 6b. The accelerometer was fixed
at the center position on the side of the beam being tested
and was not moved throughout the test. Multiple impacts
were conducted at a distance of approximately 5 cm from the
accelerometer with increasing impact amplitudes. The test
procedure is similar to the NIRAS method. As the impact
amplitude increases, the IE frequency decreases. The non-
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(e) (f) (2)

linearity of the specimen is determined as the slope of the
linear-fit line relating the acceleration response amplitude
and IE frequency shift.

For the 2D confined specimens, the nonlinear IE test was
conducted on the top surface by impacting in the vertical
direction and side surface by impacting in the transverse
direction. Due to the confinement in the vertical and lon-
gitudinal directions, the ASR damage in each direction was
distinct. For the unconfined specimens, it was found that the
two directions showed similar nonlinear IE results because
the ASR damage was uniform. Therefore, for the unconfined
specimens, the nonlinear IE results in the vertical and trans-
verse directions were averaged and taken as representative
of the overall damage state of the specimen.

Figure 7a illustrates the procedure of stacking multiple
frequency domain signals obtained from three different spec-
imen types (Control, sSRCA Unconfined, and RCA Uncon-
fined). As specimen damage increased, a larger shift in IE
frequency was observed with increasing impact amplitude.
To determine the nonlinear parameter («), the relationship
between the resonance frequency shift (fo — f)/ fo and the
acceleration response amplitude was plotted. The slope of
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Fig. 5 Expansion measurement results during specimen conditioning
for a Control, RCA Unconfined, RCA-2D, b RFA Unconfined, RFA-
2D, and ¢ sRCA Unconfined, and sSRCA-2D specimens in vertical and
transverse directions for 2D confined specimens and the average of
vertical and transverse directions for unconfined specimens

this relationship was calculated to obtain the value of «. This
process is illustrated in Fig. 7b.

5 Results and Discussion
5.1 Impact-Echo Mode Determination

Figure 8a shows a typical frequency spectrum generated from
an impact applied to the Control specimen in the vertical
direction, along with a 2D frequency spectrum color image
created by stacking frequency-domain signals obtained from
several impacts performed along the length of the beam.
Results from tests performed in the vertical direction on the
SRCA unconfined and RFA-2D specimens are also displayed
in Fig. 8b and c, respectively. The frequency spectrum of the
specific impact displayed for each specimen is marked with
a dashed line in the corresponding 2D frequency spectrum
image.

In Fig. 8a, the first vertical strip, which varied from 6221
to 6269 Hz, represents the fundamental IE mode of the Con-
trol specimen. The second vertical strip represents the second
IE mode (found at a frequency of approximately f> = 8850

Linear IE Mode Determination Computer
Accelerometer
(Piezotronics 352C65)
o Oscilloscope
Impact along *1-* “(PicoScope 4262)
specimen - * . .
(vertical direction) + ,“' Slgpal condlt_|oner
e o (Bruel and Kjeer
o * 1704-C102)
*
,": Impact along specimen
Vertical * (transverse direction)
A——
Transverse

()

Nonlinear IE Test

S

Multiple impacts
(vertical direction)

Vertical Multiple impacts

(transverse direction)

——
Transverse

(b)

Fig.6 Experimental setup for a linear impact-echo mode determination
and b nonlinear impact-echo testing

Hz). Similar to the results of the numerical analysis (see Sect.
3), the frequency ratio between the second and fundamental
IE modes observed in the specimens is f> = 1.41 f1, align-
ing with the findings reported by Lin and Sansalone [14].
The numerical simulation predicts another mode that is very
similar to the second IE mode but at a slightly lower fre-
quency. This is observed as the second strip shifts to the left
from 8848 to 8776 Hz when the impact was applied at a
large distance (> 75 cm). The third strip does not correspond
to any mode in the numerical simulation. Therefore, it may
be a global vibration mode for the specific beam length and
support conditions.

Figure 8b shows a typical frequency spectrum generated
from an impact applied to the SRCA Unconfined specimen
in the vertical direction. The first vertical strip in the 2D
image, which varied from 6071 to 6104 Hz, represents the
fundamental IE mode. The second vertical strip represents
the second IE mode (found at a frequency of approximately
f>» = 8815 Hz). Figure 8(c) shows a typical frequency spec-
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Fig. 7 Impact-echo signals and analysis including a frequency spec-
tra and b multi-impact nonlinear analysis for the following specimens
in the respective testing directions: Control vertical direction (vertical
expansion of —0.007%), sSRCA Unconfined transverse direction (trans-
verse expansion of 0.057%), and RCA Unconfined transverse direction
(transverse expansion of 0.209%) from tests performed on 01/08/2020

trum generated from an impact on the RFA-2D specimen
in the vertical direction. The first vertical strip in the 2D
image, which varied from 5500 to 5586 Hz, represents the
fundamental IE mode. The second vertical strip represents
the second IE mode (found at a frequency of approximately
f>=7810 Hz).

The fundamental IE mode of the RFA-2D specimen
(average frequency of f1 =5555 Hz) was found to be approx-
imately 11% less than that of the Control specimen (average
frequency of f1 = 6255 Hz) at the time of the tests performed
in Fig. 8. It can also be seen that B-scan images of the two
ASR damaged specimens, SRCA Unconfined and RFA-2D,

@ Springer

are less clear than the B-scan of the Control specimen indi-
cating increased damping. However, since the specimen IE
frequency is dependent on its dimensions and material prop-
erties (velocity, density, modulus, Poisson’s ratio), it is not
possible to draw a conclusion about the damage state of the
specimens from these features. Nevertheless, as displayed
in Fig. 8, by performing impacts along the beams and gen-
erating the B-scan image, the fundamental IE mode can be
clearly seen.

The specimens in this study have a square cross-section,
so the fundamental IE mode is easy to identify using the
presented method. For more complex cases, time—frequency
analysis and the multichannel analysis of surface waves
(MASW) method [26] can be used to build the dispersion
curves to identify the cutoff and ZGV frequencies.

5.2 Linear Impact-Echo Results

The fundamental IE mode frequency was used in both lin-
ear and nonlinear analyses. In the nonlinear IE test, a series
of impacts with progressively increasing amplitudes were
applied. The peak IE frequency observed from the impact
with the lowest amplitude was considered to be the linear IE
frequency for each specimen.

Figure 9 presents the progression of the linear IE fre-
quency of all specimens with the conditioning age over the
monitoring period. The average linear Control IE measure-
ment ( f = 6255 Hz) was taken as a representative baseline for
all seven specimens, because the IE frequency of the Con-
trol specimen was stable throughout the entire monitoring
period. The normalized linear IE frequency was calculated
by expressing the linear IE frequency of each specimen as
a percentage relative to the average Control linear IE fre-
quency.

Although the specimens were cast at different dates and
have different confinement conditions, the data shows a clear
decreasing trend with conditioning age. Because the IE mon-
itoring started after 100 days of conditioning on the SRCA
specimens, the initial frequency drop date was not captured,
which may indicate the initiation of ASR expansion. By
extrapolating the data to the earlier date, it is found that
the frequency drop started around 80 days of conditioning.
The IE frequency decreased fast in the first 400 to 500 days,
and then generally became saturated as it approached 80%,
although specimen expansion was still progressing (as seen
inFig. 5). The influence of cracking on the elastic modulus of
the specimens reached a maximum, and further development
of damage no longer had a noticeable impact on the linear
IE frequency. This result is consistent with previous findings
for resonance frequency testing on ASR damaged concrete
prisms by Malone et al. [27], Rivard and Saint-Pierre [28],
and Giannini et al. [29]. A study monitoring the relative ultra-
sonic velocity change in the same group of specimens by Sun
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Fig.9 Normalized linear IE frequency for all specimens. Frequencies
in vertical and transverse directions are plotted for 2D confined spec-
imens, and the average frequency in vertical and transverse directions
are plotted for unconfined specimens

et al. [30] also indicated saturation at a velocity drop of 20%.
In this study, however, the final measurement on the RFA-2D
specimen dropped below 80%. This may be in part due to the
large longitudinal crack that opened in the specimen near the
end of the test period (see Fig. 4), resulting in the RFA-2D

Frequency (Hz)

(b)

Frequency (Hz)

(c)

2D specimen (vertical expansion of 0.068%) (average fundamental IE
mode f; = 5555 Hz). The frequency spectrum of the specific impact
displayed in the top row is marked with a dashed line in the 2D fre-
quency spectrum image shown in the bottom row. All results presented
were performed in vertical direction

transverse direction having the largest expansion among all
specimens in this study (see Fig. 5).

The IE frequency of a specimen is dependent on its dimen-
sions and material properties (velocity, density, modulus,
Poisson’s ratio). Slight variations in specimen dimensions or
materials will affect the IE frequency. The IE frequency pro-
gression of the six ASR specimens follow the same general
trend, except the trend of the RFA Unconfined data is shifted
higher than the rest of the test specimens. Ideally, a baseline
IE frequency measurement is available for each specimen.
The baseline frequency data is not available in this study, so
the IE frequency of the Control specimen was used for nor-
malization. If the RFA Unconfined specimen had a higher
initial frequency, normalization by the Control specimen’s
frequency would shift the data higher. Therefore, drawing a
conclusion about the health of the specimen by directly com-
paring IE frequencies is not feasible. To be able to interpret
the damage state of the specimen, a baseline measurement is
needed.

5.3 Nonlinear Impact-Echo Results
The nonlinear IE test was performed during the condi-

tioning period to monitor specimen damage development.
Microcracking present from ASR increased the material non-
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Fig.10 Normalized nonlinear IE measurement results for all specimens
in vertical and transverse directions for 2D confined specimens and the
average of vertical and transverse directions for unconfined specimens

linearity, due to clapping and friction at the crack interfaces
under external excitement. Figure 10 plots the progression
of the normalized nonlinear parameter (o) with condition-
ing age for the Control, RCA Unconfined, RCA-2D, RFA
Unconfined, RFA-2D, sRCA Unconfined, and sRCA-2D
specimens. Results were normalized to the average nonlin-
ear parameter value of the Control specimen (¢ = 2.40 x
10_4). For the reactive specimens, as the conditioning time
increased, both the damage and the nonlinear parameter
determined by nonlinear IE testing experienced a corre-
sponding increase.

At the end of monitoring, the nonlinear parameter in all
reactive specimens increased 50 to 100 times compared to the
Control specimen. The Control specimen did not show any
damage, and the nonlinear parameter had negligible change
and remained around a value of @ = 2 x 10™* during the
testing period. The results indicate that the nonlinear IE test
is sensitive to detecting damage in concrete specimens, even
at late ages. The measured nonlinear parameter increased
throughout the whole duration of the test and did not become
saturated past a certain damage level, unlike the linear IE
results.

The six ASR damaged specimens followed the same gen-
eral rate of nonlinear parameter increase during the testing
period, except for the transverse direction of the RFA-2D
specimen. The parameter in the transverse direction of the
RFA-2D specimen increased at a significantly faster rate than
in other specimens. Looking at Fig. 5, the transverse direction
expansion of the RFA-2D specimen was the largest among
the ASR damaged specimens. This expansion can be practi-
cally seen in Fig. 4, where a large crack in the longitudinal
direction is shown on the top surface of the RFA-2D specimen
as a result of substantial transverse expansion. The increased
damage in this direction resulted in a higher measurement of
nonlinear parameter throughout the testing period.
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5.4 Quantitative Correlation of Nonlinear Results
and ASR Expansion

Figure 11 presents the relationship between the nonlinear
parameter of all specimens and their respective directional
expansions over the course of the testing period. The results
across all specimens form a nearly linear relationship, regard-
less of their mix design, length, or reactive aggregate type.
The strong linear correlation indicates that the specimen’s
expansion and nonlinear behavior may both be governed by
the same parameter related to the ASR damage during the
monitoring period, crack density. A comparable finding was
also observed on a study on small concrete prisms using the
NIRAS test [27], in which the prisms had similar mix designs
as the large specimens in this study. Comparing the rela-
tionship between specimen nonlinearity and expansion with
the previous study on small prisms, this study shows more
variance. This can likely be explained by increased mate-
rial variation across the specimens, as the different beam
specimens in this study were cast in separate batches. The
expansion measurements may also contribute to the variation.
For prisms, unlike the specimens in this study, the expan-
sion can be measured across the full length of the specimen
and is likely more uniform, as there is no presence of rebar.
Finally, the frequency spectra during IE testing are compli-
cated and include several modes. When other modes are close
to the fundamental IE mode, error may be introduced when
selecting the peak frequency and its amplitude. This error is
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minimized when performing the NIRAS test on small prisms,
as the flexural mode clearly dominates.

The repeatability of this test is presented in the consis-
tency of the measurements on the Control specimen over the
entire testing period. A total of ten nonlinear IE tests were
performed on each specimen over the testing period. As there
was no damage development in the Control specimen, it was
assumed that the nonlinearity of the specimen would remain
relatively unchanged. Over the course of the testing period,
the values of nonlinear parameter on the six ASR damaged
specimens ranged from o = 12.2 x 107* to 244 x 1074,
However, the values of nonlinear parameter on the Control
specimen only ranged from o = 1.70 x 107 t02.93 x 1074,
with a mean value (X) = 2.40 x 10~* and standard deviation
(0) = 0.42 x 10~*. The low variance in the measurements
on the Control specimen (displayed in Fig. 11), taken over
more than 200 days, instills confidence in the consistency
and repeatability of the nonlinear IE test.

The relationship observed in the ASR specimens sug-
gests the potential for utilizing the nonlinear IE method to
quantitatively assess ASR damage by correlating the nonlin-
ear parameter to specimen expansion. Unlike an expansion
measurement or the linear IE test, which require a baseline
value, the nonlinear parameter from the nonlinear IE test
can be determined without having a reference measurement
available. The measured nonlinear parameter displays a high
sensitivity to specimen cracking while remaining unaffected
by other properties such as specimen length or aggregate type
and is therefore suitable for quantitative evaluation of ASR
damage.

6 Conclusions

This paper presents the nonlinear IE test for concrete ASR
damage evaluation. The proposed nonlinear IE method com-
bines the practical benefits of the IE test with the heightened
sensitivity of nonlinear acoustic analysis. In doing so, it
provides a practical solution for evaluating large concrete
specimens. The effectiveness of the nonlinear IE method was
validated on concrete beam specimens of varying lengths,
with different degrees of ASR damage. Major findings from
the study are presented below:

(1) The nonlinear IE test method is convenient and sim-
ple to apply, and the acquired results are independent of
the support condition and length of the specimen being
tested. For those reasons, this method is suitable for eval-
uating damage in large specimens.

(2) Many vibration modes are excited in beam or column
members by an impact. Therefore, it is sometimes chal-
lenging to identify the fundamental IE mode. In this
study, multiple impacts were applied along the speci-

mens and the frequency spectra were stacked to identify
the IE modes.

(3) Monitoring the fundamental linear IE frequency over the
testing period allowed for evaluation of ASR damage in
the concrete specimens. However, a baseline measure-
ment is needed. In addition, across most specimens in the
study, the IE frequency drop became saturated at approx-
imately 20% and stopped decreasing, although the ASR
damage was still progressing. Therefore, linear analysis
of IE test signals is useful only when a baseline measure-
ment is available and when concrete damage is in early
or medium stages.

(4) The nonlinear IE method is highly sensitive to ASR
damage and was used to evaluate the damage state of
six different ASR damaged specimens in this study.
The largest nonlinear parameter occurred in the RFA-
2D specimen in the transverse direction, with a final
value of @ = 244 x 10™* (at a transverse expansion of
0.465%). This value is approximately 100 times greater
than the average value observed in the Control specimen.
The nonlinear parameter continued to increase propor-
tionally to damage development and did not become
saturated, while the linear frequency reached a maximum
decrease and became inadequate for monitoring any fur-
ther progression of damage. This phenomenon has been
observed in other linear resonance tests and ultrasonic
wave velocity monitoring of ASR specimens.

(5) The test results display a nearly linear relationship
between the nonlinear IE parameter and ASR expansion
that could be utilized to assess the level of damage in a
specimen without the need for a baseline measurement.
The relationship indicates the results obtained from the
nonlinear IE test are related to the presence of cracking
and are not influenced by specimen length or aggre-
gate type. While the tests in this study were performed
on square cross-sectioned beam members, the authors
believe its application can be extended to plates and
other structural members that have similar thickness res-
onance modes. Therefore, the proposed nonlinear IE test
has potential to be applied in the evaluation of concrete
structures.
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