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Recognition of abnormal vibrational responses of concrete structures
A new pattern matching software using multi-CPU
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1 Introduction

The prolonged effects of wind, rain and temper-
ature variations can initiate and expand cavities in
exposed concrete structures. Cavities compromise
the integrity of concrete structure and can lead to
catastrophic failure. Technicians can estimate and
monitor the presence and extent of cavity compro-
mise in concrete expressway structures by tapping
them with a hammer and aurally evaluating the re-
sultant sound. Skilled workers must be used to in-
terpret the generated tap sounds. As an improve-
ment, we have developed software to detect abnor-
mal vibrational responses so that non-skilled work-
ers can routinely and reliably inspect the same con-
crete structures [1].

Procedurally the recognition software: (1) detects
and segments waveforms of the vibrational re-
sponse from a concrete structure, (2) extracts spec-
trograms from the segmented waveforms using the
LPC (Linear Predictive Coefficient) spectrum anal-
ysis, and (3) matches the detected spectrum patterns
in the segmented waveforms with the exemplar
signal using a similarity scale. To expedite the pro-
cess, the software executes
parallel processing using
multiple CPUs.

In this paper, we establish
a vibrational model to sim-
ulate the acoustic character-
istics of a concrete structure
with and without voids. Us-
ing test specimens, we
demonstrate a new pattern
matching method for impact
sounds recorded by a mi-
crophone. This method pro-
vides increased recognition
accuracy where the acoustic
parameters of the tap re-
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sponse vary with respect to the physical parameters
and depth of the cavity, and/or the density and
composition of the concrete.

2 The LPC spectrogram of impact sounds
The upper diagram of Fig. 1 shows a
two-dimensional (time-frequency-power) spectro-
gram extracted from the sound generated by tap-
ping a concrete test specimen with a hammer. Steps
1-4 of Fig. 2 show the processing procedure to cal-
culate the 2-d spectrogram shown in Fig. 1.
e In Step 1 of Fig. 2, a high pass filter with the
range of 500 Hz to 24000 Hz is used to remove the
noise of wind. The high pass filter software exe-
cutes parallel processing using multi-CPU.
e In Step 2, the software detects and segments im-
pact sound waveforms automatically from a con-
tinuous recording using multi-CPU [2].
e In Step 3, as shown at the bottom of Fig. 1, the
waveform is segmented with 1.062 msec frame
width and 0.021 msec frame period, and a
one-dimensional (frequency-power) LPC spectrum
is calculated in each frame. The right side of Fig. 1
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Fig. 1 Spectrogram of abnormal vibrational response of concrete test specimen
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shows the 1-d LPC spectrum correspond- Step 1 | Use high pass filter with the range of 500 Hz to 24000 Hz  (Multi-CPU) |

; : : 2

ing to the vertical red line transect of the Step2)| Segment waveform  (Multi-CPU) |

spectrogram to the left.

o Note that in Step 3, each of the CPUs cPU-1_ | CPU-2 cPU-3 |

executes par allel proces sin g. The software (‘a!lculate LP(I' speclr:jllm Calculate LPC speclmun C'a‘l.c:almt-.: LPC specTr\um
Step3| (frequency-power) (frequency-power) (frequency-power)

detects the number of CPUs automatically. Fig. 1 Fig. 1 Fig. 1

e In Step 4, a single CPU merges the indi- |

vidual LPC spectral slices (frequen- Stend Merge LPC spectral slices (frequency-power)

Cy-pOWGI') calculated in Step 3 into a P into two-dimensional spectrogram (time-frequency-power) (Fig. 1)

two-dimensional spectrogram (time-freg-

. CPU-1 vlv CPU-2 ¥ CPU-3 vl-
uency-power). Next, the spectrogram IS Match input pattern of Match input pattern of Match input pattern of
Coloured accordlng to |Ogar|thmlc power SlL‘.p 5| (shift freq. 1-shifttime 1) (shift freq. 2-shift time 1) (shift freq. 3-shift time 1)

with standard patterns with standard patterns with standard patterns
of the LPC spectrum. Fig. 6 Fig. 6 Fig. 6

We have set the analysis conditions of
the impact sound with a 48 kHz sampling :

. .. Sten 6 Obtain the best matching input pattern of (shift freq. /-shift time m),
frequency, 16 bit quantization, 11 order >tp the most similar standard pattern and geometric distance value

LPC, 0 Hz to 8000 Hz frequency range, Fig. 2 Flowchart for pattern matching
11.5 Hz frequency resolution, and 0 dB to

-30 dB logarithmic power spectrum. If we (@)
analyze transient signals such as impact
sounds, we then need to set the short 350 24N/mm? <SR
frame width as shown at the bottom of Fig.
1. LPC spectrum analysis is suitable for
such transient signals. e o8l 5&; ______ 8
o I (a2t te mm

3 Vibrational model of concrete = cavity DR A7a

Figs. 3(a)-(d) show the plan (left), and 3 5 24N/mm? T
end elevation (centre), of the concrete test 350 150 DK
specimens. Each specimen is 250mm deep 150 mm
(top to bottom) and 350mmx350mm in e
horizontal cross section. There is no cavity T
in test specimen (a)(control). In each test (c) _ — 140 HI 40 mm
specimen design (b), () and (d), a Imm cavity Tmm deep cavity
deep cavity is located 20, 40 and 20mm 45, 150 24l‘ifrmm2 250 mm
respectively below the upper surface of ™™ 40N/mm?2
the test specimen. The cavities are 150mm TSN
x150mm in horizontal cross section in e
design (b) and (c) and 75mmX75mm in B it
(d). Test specimens of design (b) and (c) (d) T d;:’;fig V'V S
were produced at two compressive cavity
strengths, 24N/mm? (bl and cl) and 350 .75 24N/mm? 250 mm
40N/mm? (b2 and c2). = 75 mm

The right side of Figs. 3(b)-(d) shows
the respective vibrational model for each 350 Fig. 3 Test specimens of concrete

concrete test specimen. Each test speci-
men vibrates at its respective natural frequency The test specimen represented in Fig. 3(a) and the
when the bridging layer above the cavity is tapped struck sound arising from striking this test specimen

at location 5 (see Fig. 3(b)). The vibrational fre- at location 5 (Fig. 3(b)) simulate a normal concrete
quency depends on the area, thickness, density and structure uncompromised by voids. Test specimens
elastic modulus of the respective bridging layers. represented in Figs. 3(b)-(d) and the struck sounds
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arising from striking these test specimens at loca-
tion 5, represent abnormal concrete structures,
compromised by internal voids.

The upper and lower images in Fig. 1 show the
spectrogram and waveform respectively, of a sound
generated by tapping the test specimen shown in
Fig. 3(c1, 24N/mm?) at location 5 with a hammer.
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We assume that the concrete bridging layer shown
in the right side of Fig. 3(c) vibrates at its natural
frequency over the cavity when tapped. The result-
ant sound is represented in the waveform and spec-
trogram in Fig. 1.

4 New similarity scale

We use a novel similarity metric (Geometric

Distance or ‘GD’ [1]) to compare standardised
acoustic patterns of tap sounds arising from both
integral concrete specimens and specimens experi-
mentally compromised by voids. A similarity scale
is a concept that should intuitively concur with the
human concept of similarity in hearing and sight.
For a functional similarity scale, we need first to
develop a mathematical model for similarity, that
can perform numerical processing by computation.
In the GD process, a mathematical model incorpo-
rating the following two characteristics is used:
< 1> A distance metric which shows good immun-
ity to noise.
< 2 > A distance metric which increases monoton-
ically when a difference increases between peaks of
the standard and input patterns.
The GD has a new algorithm based on one-to-many
point mapping to realize the mathematical model.
In the GD, when a “difference” occurs between
peaks of the standard and input patterns with a
“wobble” due to noise, the “wobble” is absorbed
and the distance metric increases monotonically
according to the increase of the “difference”.

Figs. 4 and 5 graphically demonstrate the under-
lying computational and algorithmetric processes.
The upper diagram of Fig. 4 shows an example of
the “difference” where the standard pattern has two
peaks in the spectrogram, and input patterns 1, 2,
and 3 have a different position on the first peak.
Note that both the standard and input patterns have
the same volume. Fig. 5 shows an example of the
“wobble” where the standard pattern has a flat
spectrogram. Input patterns 4 and 5 have the “wob-
ble” on the flat spectrogram, and input pattern 6 has
a single peak. However, each pattern is assumed to
have variable o, in the relationship shown in Fig. 5.
Therefore, the standard and input patterns always
have the same volume.

Bar graphs at the bottom right of Figs. 4 and 5
express the mathematical model diagrammatically.
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5 Shift matching of input pattern

Table 1

Sound spectrograms for evaluation experiments

As per section 3, the struck acoustic vibrational fre-

quency of each test specimen varies due to the presence
or absence of a void and the area, thickness, density and
elastic modulus of the concrete bridge spanning those
voids (Figs. 3(b)-(d), right hand column). In application,

the naturally weathered voids and the bridges spanning
those voids in standing expressways, can have myriad
variability, far exceeding the limited parameters of our
vibrational model. To assimilate and reconcile this var-

iability, we incorporate a time and frequency shift func-

Sound spectrogram Test specimen Tapping location | Number of taps
Fig. 3(a) 24N/mm’ | 1-9 (No cavity) 91
Fig. 3(b) 24N/mm’ 5 (Cavity) 7
Standard pattern = Fig. 3(b) 40N/mm’ 5 (Cavity) I 7
Fig. 3(c) 24N/mm’ 5 (Cavity) I 7
Fig. 3(c) 40N/mm’ 5 (Cavity) ' 7
1-4 (No cavity) 4%20
Input pattern Fig. 3(d) 24N/mm’ 5 (Cavity) 20
6-9 (No cavity) 4x20
Table 2 Result of evaluation experiments

tion to the software. This function allows tap sounds
from varying standing structures to be compared using

GD, to standards established from test specimens as per
the vibrational model.

Test specimen of Fig. 3(d) Normal Abnormal
Tapping locations 1-4, 6-9 (No cavity) | 160/ 160 0/160
Tapping location 5 (Cavity) 3/20 17/20

The diagram at the top left of Fig. 6 shows a typical
example of the input pattern that shifts in the directions
of the frequency and time axes on the spectrogram of
the input sound. We obtain the input pattern by cutting
the spectrogram through the window. The software
matches the input pattern with the standard pattern ac-
curately, even if the vibrational frequency varies due to
the area, thickness, density and elastic modulus of the
concrete bridging piece. The bottom diagrams of Fig. 6
graphically represent a good match between the input
sound captured by tapping a standing structure with a
void and the abnormal sound standard established from
our test specimens containing voids. Step 5 of Fig. 2
shows the pattern matching method. Note that each of
the CPUs executes parallel processing for the process of
Step 5. In Step 6, we obtain the best matching input
pattern of (shift freq. I-shift time m), the most similar
standard pattern and a geometric distance value.

6 Evaluation experiments

To check the effectiveness of the pattern matching
method described in Sections 4 and 5, we perform
evaluation experiments comparing the struck sound of
test specimens using the algorithm shown in Figs. 2
and 6. Table 1 shows the types of test specimens used
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Fig. 6 Shift matching of input pattern
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for the standard and input patterns. Spectrograms ex-
tracted from the test specimen without cavity (Fig.
3(a)) were used as the standard patterns of the normal
sound. Spectrograms extracted from the test specimen
types 3(b) and 3(c) were used as the standard patterns
for an abnormal sound (cavity compromised). By vir-
tue of the inbuilt spectral shift function, the software is
able to recognize input sounds that are extracted from
the test specimen shown in Fig. 3(d) by comparing
them to standard patterns from specimens 3(b) and
3(c) even though all five (b1, b2, c1, c2 and d) have
different cavity characteristics. This is facilitated by
the frequency shift function. In Fig. 6, the window has
been shifted by a 156 Hz window period (468 Hz total
shift) to correctly detect abnormal characteristics de-
spite dissimilar void characteristics. Note that we did
not shift the window in the direction of the time axis in
the evaluation experiment.

Table 2 shows the result of evaluation experiments.
From Table 2, it is learned that the input sounds rec-
orded at tapping locations 1-4 and 6-9, each beyond
the cavity footprint, are recognized as ‘normal’ in all
cases, and the recognition accuracy at tapping location
5 above cavities is 17/20. Thus we have verified the
effectiveness of the proposed method.

7 Conclusions and future work

We have introduced automatic recognition software
that executes parallel processing using multi-CPU and
have proposed here a new pattern matching method
which may facilitate more cost-effective and reliable
integrity testing of standing and pre-delivery concrete
structures. In our future work, we will continue to im-
prove the recognition software.
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