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Abstract

Standard sounding procedures such as hammer percussion and chain drag can
be used to locate subsurface concrete defects, but are often subject to the
individual judgement and ear of trained inspectors. However, defect depth
information can be difficult to gauge by ear alone. By recording audio and
analyzing the frequency content of sounding via hammer percussion, a single-
and triple-link chain drag, and a novel speaker-based excitation procedure,
simulated defects in concrete test slabs were detected. The speaker-based
method shows the capacity to detect a similar number of defects as chain
drag methods, though it is slightly less effective than the hammer method.
The duration and type of the acoustic signal used by the speaker to induce
vibration are important factors in performance of the speaker-based method.
The detectability of a defect via all methods tested depended largely on the
ratio of defect depth to defect lateral dimensions; defect detectability was
shown to drop after this ratio exceeded about 0.35.
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1. Introduction

1.1. Problem Statement

Sounding of concrete via a variety of impactors including coins [1], steel
spheres [2], hammers [3], and steel chain [4] has been shown to be capable of
detecting defect locations. The depth of the defect can be estimated using
a frequency analysis of the recorded contact or non-contact measurement of
the response [1, 2, 5]. The work described herein assesses the relative per-
formance of three readily-available impactors (hammer, chain, and speaker)
in detecting voids and delaminations in concrete specimens. While hammer-
based and chain-based excitation for concrete sounding are well established,
speaker-based excitation for concrete sounding using microphones is unex-
plored. All three methods are low-cost, but the ability to accurately control
and change the contact time between a speaker and the concrete surface it
excites using different acoustic signals is a feature not available to hammer
or chain-based methods (which require a new impactor of a different size
altogether to change impact time).

1.2. Concrete Sounding Background

Several standard methods for sounding concrete to detect delaminations
are outlined by ASTM D4580/D4580M — 12 [6], including a chain drag proce-
dure, which may be performed with an actual chain dragged over the concrete
surface or with hammer-based tapping. This standard specifies that the de-
tection of delaminations occurs by the operator of the test noting dull or
hollow sounds [6]. This procedure is subject to the ability of the operator to
identify and make note of the sound of the defect-laden concrete. The depth
of the defect can be difficult to detect by ear. A hammer percussion test may
be said to be a type of coin tap test that uses a hammer as the impactor [7].

To remove the subjectivity of operator variance from the tests, the sound
of the impact can be recorded by a microphone and the frequency content
of the acoustic recording is used to identify defects. Sun, Zhu, and Ham [4]
used a microphone to record the response of the concrete for a chain drag
test [4]. A hammer percussion test using a microphone to record the sound
of the impact has been shown by Wu and Siegel [3] to be roughly as effective
as a contact force-based measurement of the vibration response in detecting
problem areas in an aircraft skin specimen. Asano, Kamada, Kunieda, and
Rokugo [5] demonstrated use of a microphone and digital audio card on
concrete specimens. The use of a hammer sounding technique for Pavement
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was demonstrated by Felicetti [8]. Cheng, Cheng, and Chiang [1] showed
coin tapping recorded using a microphone could be used to detect voids in
concrete specimens.

When excited by an impact, concrete of a plate-like shape will vibrate
prominently in thickness and flexural modes [9]. Concrete defect detection by
sounding uses the concept that waves travelling in the concrete are reflected
at a planar air-concrete interface due to the low specific acoustic impedance
of air. The impact-echo method takes advantage of this reflection of thickness
mode vibration waves to detect voids [9]. For the sounding tests performed in
this study, rather than measuring the vibration at the concrete surface as in
the impact-echo method prescribed by ASTM C1383 — 15 [10], the concrete
vibration is recorded via the reflected wave in the air in a manner similar to
an air-coupled impact echo procedure such as the one described by Zhu and
Popovics [11]. However, the methods of excitation used in this study (the
hammer, chain, and speaker) produce contacts with the concrete specimens
that have longer contact times in comparison to those involved in an air-
coupled impact echo test. As longer contact times limit the maximum useful
frequencies of the tests [12], flexural frequencies of vibration, which are lower
than thickness mode vibration frequencies, should be the most prominent
modes of vibration found in the audio recordings. That is, frequency peaks
associated with the flexural modes of vibration will be the most prominent in
the amplitude spectrum of the fast Fourier transform of the recorded acoustic
signals.

Haya, Luo, and Uomoto [13] used an impact acoustic method coupled with
wavelet analysis to observe the early part of the response signal to character-
ize defect strength and defect detection, and found the dominant frequency
component over the total signal duration to characterize the boundary con-
ditions or defects inside a specimen. Felicetti [8] observed a vibration of the
impact device in the later part of the response signal recorded by the micro-
phone, and used comparison of the frequency spectrums between damaged
and undamaged pavement as a basis for defect detection. A similar but more
cursory comparison forms the basis of defect detection in this work.

1.3. FExpected flexural frequency peak

The relationship between the resonant frequency peaks associated with
flexural vibration and the depth of a defect or thickness of a plate depend on
the lateral size, shape, and boundary conditions of the plate [2]. In the case of
acoustic sounds above the location of a planar void or delamination defect in



74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

concrete, plate thickness is the depth of the defect. In this study, the actual
concrete above the defects is restricted or damped along the bottom surface
to some degree by the foam (in the case of simulated voids) or plastic (in the
case of simulated delaminations). Approximation of boundary conditions in
the theoretical treatment of the concrete above a simulated defect to simplify
calculation of expected flexural frequency peaks was used by Cheng and
Sansalone [2], with simply supported boundary conditions.

Given concrete properties, lateral dimensions, plate depth, the expected
frequency of vibration can be computed using closed form solutions for vi-
brating plates or finite element analysis. The appropriate dimensions for the
specimens used in this study are shown in Figure 1. The defect depth is
shown as h, the lateral size of delaminations is shown as b, and the diameter
of the voids is shown as 2a.

Section
B o Plane

9 A-A
140 mm '
Section

hi View
A-A

2a b

Figure 1: Slab defect depth and lateral size for voids (left) and delaminations (right).

Thus, the depth of a defect is the thickness of the plate of concrete that
rests on top of a defect. Only the fundamental modes of vibration are con-
sidered. Impacts occur roughly over the center of defect locations, so fun-
damental frequencies should have the largest amplitude [2]. Higher modes
of vibration are also likely to be recorded as the impact will likely not be
perfectly centered. The equations used to relate the defect depth to the
frequency for a thin square plate clamped on all sides are shown in a form
similar to that of Leissa [14]:

h

\ = 21 fb? % (1)
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In which A is a dimensionless frequency parameter that depends on boundary
conditions, mode of vibration, and plate thickness ratio, f is the frequency
of vibration in Hz, b is the side length of the square plate in m, p is the mass
density of the plate in kg/ m®, h is the thickness of the plate in m, D is the
plate flexural rigidity in N-m, E is the dynamic elastic modulus in Pa, and
v is the Poisson’s ratio. Leissa [14] offers a value of A = 35.998965 for a
thin plate only. A plot by Nelson [15] offers a range of normalized angular
frequency ratios (w/wp) as a function of thickness to side ratio (h/b) that can
be used to obtain estimates of the expected frequencies for the range of plate
thicknesses used in this study. This plot is shown in Figure 2.

D

w/wg

04 1 1 1 1
0 0 0-2 03 04

hla

Figure 2: The plot used to estimate h/b from Nelson [15]: “Normalized frequency, w/wy, as
a function of thickness-side ratio for a square (C-C-C-C) plate. O, Present approximation;
A\ Cheung and Chakrabarti results. (a) m = 1, n = 1.3

3Reprinted from Journal of Sound and Vibration, Vol 60, H. M. Nelson, High frequency
flexural vibration of thick rectangular bars and plates, pp 101-118, Copyright (1978), with
permission from Elsevier
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In the plot shown in Figure 2, the square-box “present approximation”
is the curve used for all estimations of w/wy. The angular frequency for a
thin plate with h/b = 0 is wy, and the angular frequency at h/b up to 0.4 can
be estimated. A frequency computed using Equation 1 must be multiplied
by the appropriate w/wy ratio obtained using Figure 2 according to the h/b
ratio. The h/a in Figure 2 is equivalent to h/b in the terminology used in
this work.

The equations for circular plates are also presented in a form similar to
that used by Hosseini-Hashemi, Es’haghi, Taher, and Fadaie [16]:

5 =onfay | (3)

D
In which f is a dimensionless frequency parameter, and a is the circle radius
in m. To obtain values for 3, Hosseini-Hashemi, Es’haghi, Taher, and Fadaie
[16] offer a host of values for clamped circular plates.

These equations can be used to compute either a defect depth given a
measured frequency, or an expected frequency from a measured depth. In
order to do so, knowledge of concrete material properties and the defect lat-
eral defect dimensions is required. The dimensionless frequency parameters
that originate from published closed-form solutions of vibrating plates are
also required. While extensive sounding using a grid can estimate lateral
dimension information, other non-destructive methods such infrared ther-
mography offer a more expedient alternative.

2. Specimens

Seven reinforced concrete test slabs were constructed with simulated de-
fects to evaluate the performance of several acoustic sounding methods. Six
of the slabs, numbered 1 through 6, contained simulated voids and delami-
nations that were introduced during casting. The remaining slab served as a
control slab that was free of induced defects or imperfections, numbered slab
7. All slabs are the same nominal size: 36 x 36 x 5.5 inches (approximately
914 x 914 x 140 mm). This ensures the lateral dimensions of the plate are
more than six times the thickness, in accordance with the ASTM Standard
C1383 — 15 [10] definition of a plate.

Each slab contains a grid of steel rebar reinforcement— three equally-
spaced 800 mm lateral pieces of 10 mm diameter rebar % inch (12.7 mm)
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from the bottom surface of the slab, and three equally-spaced 800 mm lon-
gitudinal pieces of rebar fastened directly on top of and perpendicular to
the lateral pieces using bailing wire. This reinforcement simulates that typi-
cally observed in slab-on-grade reinforced concrete slabs. Small plastic rebar
chairs support the bottom layer of rebar to maintain the 2 inch (12.7 mm)
cover.

The concrete mix was supplied by Butler Brothers Supplies Ltd. of
Saanichton BC. Nominal properties of the concrete mix are 32 MPa tar-
get strength, 75+20 mm slump, 6+1% air, with 20 mm maximum aggregate
size. A slump test performed during casting yielded a measurement within
the specified range. The concrete was left in the forms during the curing
process with the upper surface exposed to ambient weather conditions. No
moist curing was used at any time during the curing process. The ambient
temperature during the first 28 days of curing ranged between roughly 9 and
29.7 °C. Several 100 mm diameter 200 mm height test cylinders were cast at
the same time as the slabs and left next to the slabs to expose the cylinders
to curing conditions similar those experienced by the slabs. These cylinders
were used to estimate the density and compressive strength of the concrete
slab specimens. Tests were performed on the cylinders 80 days after casting
to allow full curing of the cylinders under ambient conditions. The concrete
density of the cylinders was roughly 2300 kg/m? and the mean of three tested
specimens resulted in a compressive strength of 23.6 MPa.

The essential dimensions of the control slab are shown in Figure 3a, in-
cluding reinforcement (reinforcement is the same for all slabs). An example of
the nominal configuration of a slab with defects is shown in Figure 3b, which
illustrates the key parameters of slab 3, including the simulated voids. Other
simulated defect slabs have a similar configuration with different nominal
defect locations. The as-built simulated defect locations show some variance
from the nominal configurations.
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Figure 3: All dimensions are in mm: (a) Dimensions of the control slab; (b) Dimensions
of slab 3 including nominal void locations (red) and rebar (blue).
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Artificial voids and delaminations were deliberately introduced in slabs 1
through 6. Each slab contains a different arrangement of circular foam discs
replicating voids or square plastic sheets simulating delaminations. Foam
discs and plastic sheets have previously been used by Lu [17] as well as
Zhu and Popovics [11] to simulate voids and delaminations, respectively.
The void-simulating discs are cut from 1.5 in (38.1 mm) thick polystyrene
insulation foam. The simulated delamination plastic squares are constructed
of three layers of HDPE plastic laminated at the edges using an adhesive cloth
tape, and are roughly 9 mm thick overall. Foam discs and plastic sheets are
shown in Figure 4a and 4b.

Figure 4: (a) Formwork showing the foam discs used to simulate voids; (b) Formwork
with laminated plastic sheets used to simulate delaminations; (c¢) In-situ placement of
laminated plastic sheets during casting; (d) Slab shown in formwork with 3 x 3 in surface
grid shown.

The lateral defect dimensions (width and length for delaminations and
diameter for voids) as well as the nominal depth of the simulated defects
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(distance from the upper concrete surface to the top surface of the foam or
plastic) are different for each slab. Simulated defects were placed with the
surface of the plastic or foam parallel to the top and bottom of the slab.
The center of each simulated defect surface was placed roughly 9 in (229
mm) from the two nearest edges of the slab. The plastic and foam were
hand placed in the slab during casting without the aid of any anchoring
system, as shown in Figure 4c. As a result, some significant variation in
the nominal and actual simulated defect location was observed. The as-built
lateral location of the simulated defects was confirmed for reference using
infrared thermography. Actual as-built depths were measured after acoustic
testing by drilling the slabs and measuring the depth to the nearest millimeter
using ruled calipers. For defects that were left slightly out-of-plane (defects
that did not have perfectly uniform depth), multiple measurements were
taken and the mean was computed, as necessary. A summary of all as-built
simulated defect dimensions and depths is included in Table 1. Expected
frequencies calculated based on as-built locations using Equations 1, 2, and
3 are presented in Table 1 along with those measured via hammer-based
accelerometer testing for defects that are detected.

10



Table 1: As-built and target dimensions and depths of defects of voids and delaminations
(Del). Expected and measured frequencies are also presented.

Lateral  Target As-built Expected Accelerometer-

No. Type Size Depth Depth Freq. measured
(mm) (mm) (mm) (kHz) Freq. (kHz)
1 Del 203x203 13 39 3.5 2.5
2 Del 203x203 25 49 4.3 3.2
3 Del 203x203 38 73 — —
4 Del 203x203 51 82 — —
5 Del 203x203 64 84 — —
6 Del 203x203 76 101 — —
7 Del 203x203 89 98 — —
8 Void & 254 13 15 1.2 1.2
9 Void & 254 25 27 2.0 2.1
10 Void Z 254 38 43 2.8 2.9
11 Void & 254 51 53 3.3 3.0
12 Void & 254 64 60 3.5 3.2
13 Void &z 254 76 73 — —
14 Void & 254 89 90 — —
15 Del 203x203 38 62 4.7 4.0
16 Del 152x152 38 48 6.4 4.9
17 Del 102x102 38 84 — —
18 Del 51x51 38 92 — —
19 Void & 254 38 27 2.0 1.9
20 Void Z 203 38 28 3.0 2.7
21 Void & 152 38 28 5.0 4.6
22 Void Z 102 38 42 — —
196 For the purposes of Table 1, defects are numbered starting in the upper

107 left hand corner of each slab in a clockwise fashion, starting from the number
108 one above the highest of the previous slab, as shown in Figure 5.

11
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Figure 5: Defect numbering schemes for Table 1.

The top surfaces of the slabs are coarsely finished, resulting in exact as-
built slab thickness to vary from the nominal 140 mm by roughly plus or
minus 7 mm. All slabs and formwork are approximately level. A 3 x 3 in
(76 mm) rectilinear grid, as shown in Figure 4d was established on the slab
surfaces during testing to ensure consistent excitation location. The slabs
were removed from formwork for acoustic testing, with two opposite edges
resting on dimension lumber that was on a soft dirt foundation. There was
no more than 3.5 in (89 mm) overlap between the wooden support and the
bottom of a slab at the edge.

3. Methods

3.1. Audio recording and processing

Audio recording was performed using a Zoom H1 digital voice recorder.
The Zoom H1 can record at a sample rate of 96 kHz at 24 bit depth, which
means a frequency response as high as 48 kHz can be observed in a recording.
The Zoom HI1 does analog-digital and digital-analog conversion at 24-bit
depth, and signal processing at 32-bit to ensure no information is lost in the
recording process.

The microphone used during all recording was a Polsen OLM-20 Dual
Omnidirectional Lavalier Microphone. This microphone records two mono
signals from two microphones, so only the left signal was used in this work.
It has a specified flat frequency response from 30 Hz to 18 kHz, which is an
acceptable range for the type of defects and analysis used in this study. The
recorder and microphones are shown in Figure 6.

12
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Figure 6: Microphone configuration showing two microphones and Zoom H1 recorder.

The Zoom HI1 records the audio files in WAV format. Audacity@®) audio
software was used to isolate the audio associated with a particular trial,
which are then saved to shorter WAV files. Each of these short WAV files
contains audio related only to a particular trial. Each file corresponds to
a particular test case at a specific location over a simulated defect on a
given slab. For example, one such file contains the audio of the hammer
percussion test performed over the location of the shallowest defect of slab 3,
and another file contains the same information but for the second shallowest
defect. MATLAB®) was used to extract frequency information out of the
short WAV files. A single-sided fast Fourier transform (FFT) was generated
for each trial, and the frequencies of the peaks of the amplitude spectrum
are identified and recorded.

3.2. Hammer percussion sounding

Exact requirements for a hammer percussion sounding test are not well
established by current sounding procedures such as those in ASTM standard
D4580/D4580M — 12 [6]. However, the operating concept behind a hammer
percussion test is similar to those tests and is relatively straightforward; a
hammer is used by the operator to strike the concrete specimen, and the

13
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resulting acoustic disturbance is used to garner information about the con-
crete specimen. Instead of listening to the response by ear, the audio signals
were digitally recorded and processed as described in the preceding section
to extract meaningful frequency information. The hammer strike locations
on the slabs are nodes in the 3 x 3 inch surface grid roughly over the center
of each simulated defect (9 in from each of the two closest edges).

Figure 7: (Left to right) The 1, 2, 4, and 8 oz. hammers and Zoom H1 with OLM-20 mic.
An 18 in (45 c¢m) ruler is shown for scale.

The four hammers were used in this study are shown in Figure 7. Three
ball-peen hammers with weights 1, 2, and 4 oz. (0.028, 0.057, 0.113 kg, re-
spectively) were used along with an an 8 oz. (0.227 kg) flat-head hammer.
The diameters of the roughly hemispherical ball-peen hammers are 8.9 mm,
11.2 mm, and 17.4 mm for the 1, 2, and 4 oz. hammers respectively. Ac-
cording to the methods of Sansalone and Streett [18], steel ball impactors
with diameters 8.9, 11.2, and 17.4 mm should have maximum excitation fre-
quencies of 32.7, 26.0, and 19.8 kHz respectively. However, a hammer head
has a noticeably higher mass in comparison with a steel ball of the same di-
ameter as the hammer head. The mass to contact stiffness ratio determines
the contact time for an impactor. Accordingly, the steel ball-peen hammers
have higher contact times and lower maximum excitation frequencies than
steel balls of the same diameter. The microphone was hand-held at a lateral
distance of 56 mm or less from the impact location: less than 40 % of the
slab thickness as in an air-coupled impact echo test [11]. The configuration

14
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of the hammer impact test is shown in Figure 8.

Figure 8: Hammer percussion test configuration.

3.3. Speaker-based excitation sounding

A novel sounding procedure used a speaker (electroacoustic transducer)
and the same operating concept as the hammer percussion method: a con-
crete specimen is vibrated and the audio response is recorded and processed.
Gudmarsson, Ryden, and Birgisson [19] have shown a speaker is capable
of non-contact resonance frequency excitation in asphalt concrete, but used
an accelerometer on the surface for measurements. To adapt a speaker for
use with sounding, the speaker excitation was made via contact, and the
recording was performed using the same microphone procedure as the ham-
mer percussion test. A speaker was temporarily affixed via an adhesive pad
to the concrete specimen surface directly above the center of a defect loca-
tion and variety of signals were played by the speaker to excite the concrete
specimen.

There were a total of sixteen signals tested, including half-sinusoid “bump”
features and symmetric up-down ramp functions in the image of a “spike”
of durations 0.5, 0.2, and 0.1 milliseconds. The remaining ten signals were
logarithmic chirps of varying length. Up-chirps started at an instantaneous
frequency of 100 Hz and ended at 8 kHz, while down-chirps progressed op-
positely from 8 kHz to 100 Hz. Chirp lengths of 8, 20, 200, 1000, and 2000
ms were used.
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The setup for the speaker-based excitation test is shown in Figure 9.
The locations of the speaker on the surface of the concrete specimen are the
same as those struck by the hammer during percussion sounding. A Boombx
V1 vibration speaker with a frequency response range from about 0.3 to 10
kHz was used for all speaker excitation. The speaker unit is detachable and
connects to the power box of the system using a 3.5 mm audio cable. The
excitation signals were played from a computer using Audacity®) and a Syba

AUD201 USB soundcard.

-

' Speak-er -

OLM-20 M

ic |
NG

N -

i
o

Figure 9: Close-up view of speaker unit attachment to slab surface.

3.4. Modified chain drag

The chain drag is a well-established test procedure for detecting delami-
nations in concrete bridge decks as in ASTM standard D4580/D4580M — 12
[6]. In practice, a chain drag is performed by an operator who drags a chain
over a concrete deck or floor and listens for problem areas, which are marked
with paint when detected. For this study, a three-link chain was dragged
over the slab surfaces above where defects are located. The chain used was a
hot dipped galvanized proof coil chain with link diameter 3/8 inch (9.5 mm)
and total link length 2 1/8 in (54 mm). However, it has been reported that
multiple chain links used during the standard test can sometimes produce
unwanted noise and false positives in part due to the added noise of chain
links bumping into each other [4]. With self-noise due to chain links collid-
ing with each other in mind, a single-link chain drag was also performed, in

16
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addition to the three link drag. A contraption was designed and constructed
in which the chain is attached via a wire and foam connector to a 39 inch
(991 mm) aluminum tube. The foam prevents unwanted noise from collisions
between the aluminum tube and the chain link. The Zoom H1 recorder and
microphones are mounted to the aluminum pole to give better acoustic access
to the source of the sound signal, as shown in Figure 10.

1
| lummu tube -..1_‘_.‘

y

om H1

B— >~ OLM-20 Mic
- . e ‘ _+— Chain 11'hk :

Figure 10: The single-link chain drag test configuration during a pass over a test slab.

3.5. Accelerometer and glass disc reference measurements

To validate the hammer data against a reliable reference measurement,
accelerometer data was also recorded for hammer tests. As shown in Figure
11 An acclerometer was placed at 2 in (51 mm) or less lateral distance from
the impact location for all tests and the response was recorded to offer reli-
able baseline data for hammer performance. An Olson Instruments RTG-1
Resonance Test Gauge (which uses a PCB Piezotronics 353B15 accelerom-
eter) was used as the system for all accelerometer tests. The chain and
speaker methods used did not produce impacts of the magnitude required by
the RTG-1 system, so accelerometer data was recorded only for the hammer
tests.
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Figure 11: Accelerometer configuration for hammer impact test on concrete.

The V1 speaker performance was evaluated using a glass disc. The
speaker was placed in the center of a glass disc and the response to the
same battery of signals used with the concrete was recorded. The glass disc
(with diameter 500 mm and thickness 5.8 mm) was placed on acoustic foam
with a circle cutout so that only the outer 1 in (25 mm) of the disc rested
on the foam. With this method of support, the plate can be considered to
have roughly free boundary conditions. By testing the speaker on another
medium with more well-known dimensions and boundary conditions like the
glass disc, the features of the acoustic response caused by the speaker itself
can be distinguished from those caused by the concrete vibration. A hammer
test with both microphone recording and a contact accelerometer was also
performed on the glass to verify the frequency peaks observed in the speaker
test.

4. Defect detection performance

The basis for the detection of a defect is a comparison between the fre-
quency spectrum of a test on a slab location to the frequency spectrum
recorded at a similar place on the control slab. While the most prominent
peak in the frequency spectrum is an important consideration in this com-
parison, the size and location of other peaks is also of interest. For example,
in the hammer test results, defects that are not detected may have different
prominences in peaks compared to the control slab. However, they typically
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demonstrated low frequency peaks in the vicinity of 400 Hz and 700 Hz, as
well as a higher frequency peak between 12 and 15 kHz. The lower peaks are
to be expected from the flexural vibration of the entire slab, and the higher
peaks are possibly caused by compressive vibration of the slab (of the type
exploited by impact echo methods). The exact forms of the response signals
for defects and the control slab depended on excitation methods (hammer,
speaker, or chain) and parameters (impactor size, mass, or excitation signal).

A comparison of the frequency spectrum for defects that are detected
and another that is not, along with the frequency spectrum of the control
slab is shown in Figure 12 for the 2 oz. hammer test, as recorded using the
Zoom H1. The spectrums have been normalized by their maximum value for
the purposes of Figure 12 as the varying absolute amplitudes of the different
spectrums make the comparison visually difficult otherwise. Similarly, the
frequency in Figure 12 has been limited from 0 to 7 kHz to frame the peaks
of interest appropriately.

Defect Detection: 2 oz. Hammer Test Spectrums

1 i Defect 1
§ Defect 2

0.8 ﬁ ----- Defect 15
as ii - = =Defect 18
= A i —— Ctrl Slab
= 08 1
a, I
=
< 0.4

0.2

0 1000 2000 3000 4000 5000 6000 7000
Frequency (Hz)

Figure 12: Frequency spectrums for 2 oz. hammer test showing detected and undetected
defects spectrums along with the control slab spectrum.

The frequency spectrums for Defects 1, 2, and 15 in Figure 12 have a most
prominent peak that indicates a dominant flexural mode of vibration, and
stand in stark contrast to the shape and form of the control slab frequency
spectrum. Less prominent peaks in these spectrums may correspond to other
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modes of vibration or overtones. Importantly, the most prominent peaks in
these three microphone-recorded spectrums have a mean percent difference
of 5 % from those measured using the contact accelerometer. Deeper defects
and those with smaller lateral size have higher frequency peaks than shallower
defects with larger lateral size. Spectrums from the other hammers show the
same trends as those in the 2 oz. hammer test.

Conversely, the frequency spectrum for Defect 18 shown in Figure 12 has
significant similarity to the control slab spectrum. There are peaks near 400
Hz, 1.6 kHz, and 1.9 kHz, and there is no other dominant peak to indicate the
kind of flexural vibration associated with a subsurface defect. A comparison
between the frequency spectrum for Defect 18 and the control slab is not
adequate to say that a defect has been detected.

A summary of the defect detection via each of the three primary method
tested is shown in Table 2. For the hammer and speaker tests, if one variation
detected the defect, the result in Table 2 is a positive detection. For example,
if only two of the six chirps tested detect a defect, the result in Table 2 is
considered a positive detection for that defect for the speaker chirp method.
Out of 22 total defects, the hammer methods detected 12 defects, the speaker
methods detected 9 defects, and the chain drag methods detected 10 defects.
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Table 2: Defects detected by the sounding methods used in this study.

Detected: yes (Y) or no (—)

Hammer Speaker Chain Drag
Dls]foe.ct Acoustic  Accel. }BSI;)IE{I;Z Chirps Sllrilf}l{e TEEII{G
1 Y Y Y Y Y Y
2 Y Y Y — — Y
3 S — I I N I
4 I I — — I —
5 . — I —
6 J— — I I — I
7 — I — — I N
8 Y Y Y Y Y Y
9 Y Y Y Y Y Y
10 Y Y — Y Y Y
11 Y Y — — Y Y
12 Y Y — — — Y
13 — — — — — —
14 — — — — — —
15 Y Y — Y — —
16 Y Y — Y — —
17 — — — — — —
18 — — — — — —
19 Y Y Y Y Y Y
20 Y Y Y Y Y Y
21 Y Y — — Y Y
22 — — — — — —
0 4.1. Slab vibration and thickness ratio
381 Table 3 summarizes defect detection based on detection method and plate

2 thickness using the ratio of depth to side length for delaminations) and the
s ratio of depth to diameter for voids (h/b and h/2a respectively).
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Table 3: Defect detection for each method sorted by defect depth to lateral size ratio.

Defect Detected: yes (Y) or no (—)
No. Type hh//b2(;r Hammer Speaker  Chain
8 Void 0.06 Y Y Y
19  Delam 0.11 Y Y Y
9 Void 0.11 Y Y Y
20 Void 0.14 Y Y Y
10 Void 0.17 Y Y Y
21 Void 0.18 Y — Y
1 Delam 0.19 Y Y Y
11 Void 0.21 Y Y
12 Void 0.24 Y — Y
2 Delam 0.24 Y Y Y
13 Void 0.29 — — —
15  Delam 0.31 Y Y —
16 Delam 0.32 Y Y —
14 Void 0.35 — — —
3 Delam 0.36 — — —
4 Delam 0.40 — — —
22 Void 0.41 — — —
5  Delam 0.41 — — —
7  Delam 0.48 — — —
6  Delam 0.50 — — —
17 Delam 0.82 — — —
18  Delam 1.80 — — —

As Table 3 shows, there appears to be a relationship between the de-
tectability of a defect via the sounding methods used and the thickness of
the plate of concrete left above the defect. Values in Table 3 are sorted ac-
cording to h/b or h/2a as this measure is dimensionless. Although more data
is required to accurately estimate the depth to side ratio cut-off point, the
values in Table 3 seem to indicate that an h/b or h/2a of about 0.35 or less
seems to yield an acceptable level of detection.

If a defect is both deep and lacks sufficient lateral size, the vibration of
the concrete above is no longer adequately plate-like and the vibration of
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the slab as a whole appears to dominate the audio recording of the test.
So, for a square defect such as a delamination with side length 8 in (203
mm), detection would be expected up to depths of about 2 in (51 mm). It
is possible that the boundary conditions on an actual structure such as a
bridge deck play a role in what ratio of depth to lateral size is acceptable.

4.2. Speaker performance: glass

The speaker tests on the glass plate offer insight into the speaker results
for the concrete slabs. The plate is excited by the speaker in the center,
which should excite modes of vibration with zero nodal diameters. The first
four modes of vibration with zero nodal diameters can be computed using
Equation 3. Required are the dimensions of the glass plate (¢ = 0.025 m,
h = 0.0058 m), nominal glass material properties (v = 0.24, E = 69 GPa,
p = 2500 kg/m?), and the appropriate frequency parameters for a free circular
plate from Leissa [14]. Computing the frequencies using these values yields
for = 205 Hz, foo = 885 Hz, fo3 = 2.02 kHz, and foy = 3.62 kHz where
the first subscript indicates the number of nodal diameters and the second
indicates the number of circular nodes in the vibration.

The first four prominent frequency peaks in the spectrum from the speaker
test of the glass disc occur at 207 Hz, 879 Hz, 2.01 kHz, and 2.7 kHz. The
first three are in near perfect agreement with the predicted peaks, although
the fourth is not. A closer inspection reveals that a peak at roughly 3.6 kHz
does exist, but the peak at about 2.7 kHz is more prominent. This is a likely
indication that the speaker itself may be responsible for some peaks in close
proximity to 2.7 kHz.

Comparison of the speaker data to the accelerometer and speaker data
collected during a hammer test of the glass plate also supports the notion of
speaker noise causing peaks. For the accelerometer hammer measurement the
fourth peak is located at 3.74 kHz and for the hammer acoustic measurement
the peak is located at 3.54 kHz; both are near the expected location of 3.62
kHz.

Up-chirp speaker signals appear to generate some kind of noise peaks in
neighborhood 5.6 and 8.0 kHz. These peaks become more pronounced as the
length of the up-chirp increases. Figure 13 shows frequency spectrums for
down chirps for the glass disc showing the peaks associated with first four
modes of vibration with zero nodal diameters.
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Spectrum for Glass Disc Speaker Test: Down-chirps

1t Down-chirp Length
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s v ] e 200 ms
=
= = = =1000 ms
=0eER .| e 2000 ms
job
g
= 04}

0.2 i
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Figure 13: Normalized down-chirp spectrums for the glass speaker test showing peaks
associated with modes of vibration with no nodal diameters.

Amplitudes in Figures 13 and 14 are normalized by the largest value in
each spectrum to make the plots easier to view (the amplitude is also plot-
ted on a logarithmic scale in Figure 14 for this purpose). Figure 14 shows
a comparison of the 1000 ms up- and down-chirp signals for the glass disc.
From Figure 14, it can be observed that the noise in the vicinity of 5.6
kHz can be found in both the up-chirp and down-chirp signals. The noise
in the neighborhood of 8.0 kHz appears to be exclusive to the up-chirp signal.
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Figure 14: Comparison of normalized 1000 ms up- and down-chirp spectrums
for the glass disc speaker test.

4.3. Speaker performance: concrete

The speaker performance for concrete is somewhat similar to that of the
glass plate tests. In general, both impact-like speaker signals (half-sinusoid
“bumps” or up-down ramp “spikes”) and down-chirps generate peaks that
appear to correspond to flexural vibration above defects, while the up-chirps
produce more noise. While the glass disc testing indicates that these peaks
are caused by the speaker itself, it is possible that this is a problem isolated
to the specific speaker used in this work.

For impact signals, longer signals produced less noise but were limited in
detection of defects that exhibited higher resonant frequencies. For example,
normalized frequency spectrums for the signals tested above defect #8 are
shown in Figure 15. To avoid interference from the frequency content of
the excitation signal itself, all audio for the speaker is carefully selected to
use only the part of the overall signal that corresponds to the response that
follows the excitation signal.
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Chirp Signal Speaker Test: Defect #8
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Figure 15: Frequency x-axis ranges are set to best display features of interest. (a) Com-
parison of normalized 200 ms up- and down-chirp spectrums for the concrete speaker test
of defect #8. (b) Comparison of normalized spectrums for half-sine “bump” signals of
different lengths for speaker test of defect #8.

453 As shown in Figure 15, there is a clear resonance peak that indicates
s defect detection at roughly 1120 Hz and other peaks that may be caused by
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noise, other modes of vibration, or overtones. Up-chirps of longer duration
like the 200 ms signal spectrums shown have significant noise in the 5-6 and
8 kHz range as was observed in the glass disc test. The noise in the 56
kHz range also appears in the spectrums for the shorter duration half-sine
signals. The speaker used is very inexpensive and has a thin injection molded
plastic casing. It is possible that this particular signal and duration produce
some vibration of this speaker casing that causes the noise observed, but
more investigation is required to determine the exact cause of these noise
peaks with certainty. The low frequency noise (below about 300 Hz) appears
to be at least somewhat related to the ambient conditions (primarily wind
and nearby traffic and construction). The low frequency of this noise is not
in a range that would be associated with concrete specimens and type of
vibration explored in this study.

For chirps, as excitation signal length is increased, the impact of noise
becomes more significant. The frequency spectrums for up-chirps indicate
significantly more noise in the signal that those for down-chirps. Though no
bias caused by transient vibrations is discernible, it may be difficult to detect
due to frequency components from noise (likely attributable to ambient noise
or speaker self-noise), which is evident to some degree in nearly all frequency
spectrums for chirp-based tests. The frequency peaks in the spectrums for
chirp based tests are consistent between chirp signals of different lengths,
and betwen up- and down-chirps, but the relative magnitudes of the peaks
fluctuate. For those defects detected by the chirp-based speaker test, the
shorter signal lengths produce resonance peaks that have greater prominence
compared to peaks attributed to noise or peaks that also appear in the control
slab (that is, frequency peaks associated with non-defect vibration). To
determine an optimal shape of the acoustic signal which produces minimal
levels of noise and avoids transient vibration bias, testing with a larger variety
of signal lengths is suggested. Of the chirp signals used in this work, the 8 ms
down-chirp produced the least noise and most prominent resonance peaks.

4.4. Performance of hammer percussion and chain drag

The hammers used all demonstrated adequate sounding performance.
The frequency spectrums of the hammers are generally very similar, but
some variation between hammers is observable. The acoustic hammer tests
were verified using a contact accelerometer. In general, the results of the
accelerometer and acoustic tests are in very good agreement for the defects
that are detected. The percent error between the accelerometer and hammer
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measurements in this case is usually less than 5 % and always less than 12
%.

In general, for spectrums in which subsurface defects are detected there
is very little difference between the frequency of peaks for different hammers
(5 % difference or less). The peak that is most prominent may differ between
hammers, but the frequencies of the peaks are generally very consistent be-
tween hammers provided a defect is detected. In order for the chain drag
to produce meaningful results, the frequency peaks caused by noise from
the chain links themselves needs to be removed from consideration. The
chain links produce minor noise across a wide frequency range, but the most
prominent noise occurs between 13 and 14.5 kHz. This noise occurs in both
single-link and triple-link tests, indicating it is possibly cause by a vibration
in the link itself. The prominence of the noise peaks in this range can be
so large that it becomes difficult to properly detect peaks associated with
defective concrete vibration in the frequency range of those expected in this
study (about 1 to 12 kHz). Thus, the chain link frequency range for peak de-
tection was deliberately limited to between 200 Hz and 13 kHz to avoid some
self-noise from the chain. Since the exact frequency of the chain self-noise
is likely dependent upon the chain properties, it may be advisable to verify
chain noise parameters before conducting concrete sounding via a chain drag
method with a particular chain.

5. Conclusions

This work evaluates the performance of three sounding methods in detect-
ing simulated subsurface concrete defects in a series of test slabs. Hammer
percussion, a speaker excitation method, and chain drags, were adapted as
concrete sounding techniques for use with a microphone and recorder cou-
pled with an audio file analysis procedure. The hammer percussion, speaker,
and chain drag methods all detect a similar number of defects. In general,
the ratio of depth of the concrete above a simulated defect to the lateral
dimensions of the defect may be said to limit the detectability of the defect
using the sounding methods. The speaker test was found to be sensitive
to the length and type of the excitation signal. Speaker excitation signals
with shorter durations produced more distinct results than longer signals in
some cases, but more investigation is required to determine the exact effect
of signal duration and type on frequency excitation and subsequent defect
detection. Three chain links in series detected a larger number of defects
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compared to a single chain link. Self-noise from the chain was observed but
did not overlap with meaningful flexural frequency content associated with
concrete defects for the slabs tested. More work is required to assess the re-
lationship, if any, between the accuracy of depth estimation using frequency
of flexural vibration and defect depth to lateral size ratio.
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