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Abstract 
In this paper, numerical simulation is developed for finding the top vibration responses on vertical plates 
subjected to impact. These responses on plates with varying Poisson’s ratios from 0.15 to 0.30, typical values for 
concrete, reveal different frequency spectra. Beyond the predominant peak frequency identified as the plate edge 
or bottom reflection, no other viable reflection sources can explain the minor peak frequencies seen in the 
spectrum. When considering a plate as waveguide, using the guided wave theory can identify these multiple 
minor peak frequencies as the cut-off frequencies of different Lamb wave branches up to 30 kHz. Their 
corresponding Poisson’s ratio values well match their proposed values. Contingent suggestions are also provided 
for conducting numerical simulation or impact echo testing on plate-like concrete structures in future. 

Keywords: Impact echo, guide wave theory, one-dimensional wave theory, resonance, Poisson’s ratio, plate. 

1. Introduction

Concrete is the most commonly-used construction material for civil infrastructures. However, 
concrete includes cement, coarse or fine aggregates, trapped voids, and reinforced bars, and is 
usually regarded as a homogeneous material in macro scale. In general, Young’s modulus (E), 
Poisson’s ratio (ν), and compressive strength are key issues for concrete materials in seismic 
analysis of infrastructures. Reliable and accurate experimental processes have been developed 
for determining the Young’s modulus and strength in concretes. 

For Poisson’s ratio in concrete, traditionally, ASTM C215-02 “Test Method for Fundamental 
Transverse, Longitudinal, and Torsional Resonant Frequencies of Concrete Specimens”, and 
ASTM C1548-02 “Standard Test Method for Dynamic Young’s Modulus, Shear Modulus, 
and Poisson’s Ratio of Refractory Materials by Impulse Excitation of Vibration” have been 
accepted as an international standard to experimentally obtain Poisson’s ratio of concrete in 
cylinders and bricks, respectively, for years [1, 2]. The Poisson’s ratio in concrete cylinders or 
prisms is computed by measuring dynamic Young’s modulus and shear modulus with 
dynamic resonant frequency apparatus. However, the measured Poisson’s ratio value in 
concrete is relatively unreliable and usually highly associated with operators’ experience and 
equipment conditions [3, 4]. 

2. Impact echo testing and its application

2.1 Overview of Impact Echo Testing 

The characteristics feasibly lead to grain scattering and materials attenuation in concrete 
during ultrasonic inspection. In order to have a breakthrough in concrete inspection, the U.S. 
National Standards and Technology Center (the former National Institute of Standard and 
Technology, NIST) and Cornell University co-financed a research team to develop the low-
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frequency transient-state stress wave technology, called impact echo (IE) method since 1983 
[5]. Using this technique can non-destructively inspect and evaluate the integrity, including 
geometric dimension, consistency, and continuity, in concrete structures. 

A typical testing arrangement of the impact echo method for a vertical concrete plate is 
plotted in Figure 1. Dropping a steel ball or using a hammer produces a transient-state impact 
at the plate surface. Usually, the maximum frequency generated by a steel ball impact reaches 
as high as 18 to 50 kHz [5]. Typically, dropping a ball with a diameter of 12 mm can induce 
an impact of frequency as high as 50 kHz. Dropping a ball with a diameter of 32 mm can 
induce an impact of frequency as high as 18 kHz. One fixed accelerometer or geophone is 
used to measure the surface vibration as a digital waveform history at the accessible side, the 
plate top herein. 

Figure 1. Impact echo test conducting on a vertical concrete plate 

Frequency spectrum transferred from the time-domain signal is applied to evaluate the 
integrity of structural elements. The distance,  , between either the transducer and one edge 
or the transducer and the bottom, is computed by 

peak

plate

f

C

2
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where fpeak is the predominant peak frequency in the frequency spectrum and Cplate is the plate 
wave velocity computed by 
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where E is the Young’s modulus, ρ is the mass density, ν is the Poisson’s ratio of the material, 
and Cs is the shear wave velocity in the material. When using equation (1) to calculate the 
plate length, three basic physical properties for one-dimensional wave propagation are 
mentioned: (a) an induced wavelength longer than the dimension of a measured element; (b) a 
uniform displacement profile; and (c) a constant wave velocity. 

2.2 Application to Determine Poisson’s Ratio 

Recently, an IE-based technique is applied to measure the transient-state vibrational responses 
in the longitudinal direction induced in concrete cylinders [4]. The Poisson’s ratio in concrete 
is displayed as functions of length-to-diameter ratio and first two longitudinal resonance 
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frequencies as Rayleigh-Ritz polynomial format. 

Similar to the above-mentioned longitudinal IE technique, another lateral IE method is 
developed to measure the flexural frequency spectrum in concrete rods with various length-to-
diameter ratios [6]. The Poisson’s ratio, ち, in concrete is displayed as functions of length-to-
diameter ratio, L/D, and first two cross-sectional resonance frequencies, f1 and f2, respectively, 
with a regression equation below: 

22
2

22
11582.10477.1

Df

Lf  ................................... (3) 

3. Application of guided wave theory to interpret impact echo technique

If one uses the one-dimensional wave theory to interpret the IE frequency spectrum, the 
predominant peak frequency can be identified as the bottom or edge reflection of structure 
elements. The minor resonant (peak) frequencies can be the responses of defects, anomalies, 
or changes in cross sections of piles.  Besides these reflection sources, no other viable 
reflection sources can explain the rest of the minor peak frequencies seen in the spectrum. 

When conducting IE tests in concrete piles or drilled shafts, the windowed signal length for 
signal analysis usually varies from 2 to 80 msec [5], depending on the length of the 
foundation elements. This time is long enough to record the resonance responses of the 
structural elements. Therefore, a transient-state (impact) wave can be considered as 
superposition of steady-state (guided) waves [7]. 

Treating concrete elements as waveguide, guided wave analysis has been verified its 
applicability to the IE results in pile foundations over the conventional one-dimensional wave 
theory [7]. The impact-induced wavelength of lateral IE on concrete cylinders is usually much 
larger than the diameters of concrete cylinders [3, 8]. The excited resonance frequencies 
experimentally fall at cut-off frequencies, fcut-off, of flexural mode guided waves [3]. When 
knowing specimen diameter, one can find the average dynamic Poisson’s ratio value in 
concrete from a single lateral IE testing. 

Popovics [9, 10] also showed that the predominant waves in concrete slabs excited by IE 
methods correspond to low frequencies of the lower branches of guided waves. Successfully 
applying the guided wave concept to a frequency spectral analysis of concrete cylinders 
subject to lateral impacts, the theoretical cut-off frequencies of flexural mode guided waves in 
a concrete cylinder agree with the minor peak frequencies of IE results and the results of 
three-dimensional finite element analysis. 

The first 10 theoretical non-dimensional cut-off frequencies, Ωcut-off, of the Rayleigh-Lamb 
(RL) waves in a plate are listed in Table 1 [8]. The anti-symmetric and symmetric modes are 
indicated as “a” and “s”, respectively, prior to RL symbol and then followed by branch 
numbers. Table 1 provides the non-dimensional cut-off frequencies for concrete Poisson’s 
ratios of 0.15, 0.20, 0.25, and 0.30; these span a typical range for concrete. The cut-off 
frequencies, fcut-off, can be calculated by 

b

C
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where 2b is the thickness of a plate. The shear wave velocity, Cs, is computed by 
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where Cl is the longitudinal wave velocity in the material. The longitudinal wave velocity is 
expressed as 

)21)(1(

)1(





 E
Cl  ....................................... (6) 

Table 1. Non-dimensional cut-off frequencies of Lamb waves propagating in plates with various 
Poisson’s ratios [8] 

Branch 
Non-dimensional cut-off frequencies, Ωcut-off =0.15 =0.20 =0.25 =0.30

aRL0 0 0 0 0 
aRL1 1 1 1 1 
aRL2 3 3 3 3 
aRL3 3.11 3.26 3.46 3.74 
aRL4 5 5 5 5 
sRL0 0 0 0 0 
sRL1 1.56 1.63 1.7 1.87 
sRL2 2 2 2 2 
sRL3 4 4 4 4 
sRL4 4.67 4.9 5.2 5.61 

Substituting equations (5) and (6) into equation (4) can obtain 
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where K is the constant for given values on thickness, Young’s modulus, and mass density in 
numerical simulation on plates. If Poisson’s ratio spans a typical range from 0.15 to 0.30 for 
concrete, the proposed cut-off frequency, fcut-off(pro), has a scattering range as 

)933.0()877.0( )( fKffK offcutprooffcutoffcut    ............ (8) 

where f is the frequency resolution in numerical simulation. 

4. Case analysis

4.1 Impact-Echo Simulation 

In this paper, 3-dimensional (3D) numerical analysis is chosen for vibration simulation of 
100×100×15 cm concrete vertical plates subjected to a top impact by using software 
ANASYS. Four proposed Poisson’s ratios, 0.15, 0.20, 0.25, and 0.30, are, respectively, 
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selected on 4 plate cases using identical values for bulk density and Young’s modulus. The 
chosen bulk density of the plate is 2,300 kg/m3, and Young’s modulus is settled as 33.1 GPa. 
These values represent typical values for concrete. Their longitudinal wave velocity, shear 
wave velocity, plate velocity, and peak frequency from plate edges are listed in Table 2. 

Table 2. Wave velocity and expected peak frequency on plates with various Poisson’s ratios 

Case 
Poisson’s 

ratio 
Longitudinal wave 
velocity (m/sec) 

Shear wave 
velocity (m/sec) 

Plate wave 
velocity (m/sec) 

Peak frequency 
(kHz) 

1 0.15 3,898.18 2,501.42 3,837.00 4.263 
2 0.20 3,998.79 2,448.75 3,871.81 4.302 
3 0.25 4,155.67 2,399.28 3,918.00 4.353 
4 0.30 4,401.47 2,352.68 3,976.76 4.418 

In the numerical simulation, the optimal cubic mesh size is 5×5×5 mm by using trial and error. 
The impact position is located at the centroid of the top surface on a vertical plate, and a 
receiver is installed at the position 5 cm away from the impact point. The impact history, 
approximate a half sine curve, simulates an excitation impact induced by dropping a 3-cm-
diameter steel ball, and its corresponding contact time, tc, is 12.9 たsec (as seen in Figure 2(a)). 
The sampling number is 4,096, and sampling interval is 1.334 たsec. Therefore, the frequency 
resolution, f, is 183 Hz. The typical corresponding vibration response on a vertical plate is 
shown in Figure 2(b). 
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Figure 2. Time histories of impact echo simulation: (a) impact; (b) surface vibration response 

All the time-domain signals are transferred into frequency spectrum by using the conventional 
fast Fourier transfer (FFT) for further analysis. Figures 3(a) and 3(b) display the typical 
impact and vibration response spectra, respectively. The majority induced frequency range 
can extend up to 100 kHz, but its reasonable vibration response is limited within 40 kHz or 
less. 

In addition, the power spectral density (PSD) method is used to define the power of the signal 
series with the full frequency distribution. The correspondence phase in the frequency 
contains additional information phase remaining in the spectrum. Using changes in the natural 
vibration frequency does not clearly determine the structure deformation location, and power 
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phase change in the structure can identify structural variations relative the lager deformation 
location. This paper uses conventional FFT spectrum and PSD processing frequency domain 
to compare the power phase detail change in order to increase the graphical interpretation. 
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Figure 3. Spectra of impact echo simulation: (a) impact; (b) surface vibration response 

4.2 Identification of Poisson’s Ratio 

The vibrational response spectra on vertical plates with Poisson’s ratios 0.15, 0.20, 0.25, and 
0.30 are shown on Figures 4~7, respectively, for frequency below 30 kHz. Each peak 
frequency echoed back from the plate edges usually has the highest amplitude, and these peak 
frequency values also present high consistency with the computed values on column 6 in 
Table 2. The minor peak frequencies identified in original response are identical to the 
responses with PSD. 
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Figure 4. IE spectrum on a vertical plate with 
Poisson’s ratio 0.15 

Figure 5. IE spectrum on a vertical plate with 
Poisson’s ratio 0.20 
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Figure 6. IE spectrum on a vertical plate with 
Poisson’s ratio 0.25 

Figure 7. IE spectrum on a vertical plate with 
Poisson’s ratio 0.30 

The upper and lower bounds of proposed cut-off frequencies, fcut-off(pro), are listed in columns 2 
and 3, respectively, Table 3 for branches aRL1, sRL1, sRL2, aRL2, and aRL3 on plates with 
Poisson’s ratio varying from 0.15 to 0.30 by using equation (8). These bounds provide specific 
ranges for fast finding the possible cut-off frequency for each branch from the numerical 
results. 

Table 3. Cut-off frequency range in plates with Poisson’s ratio varying from 0.15 to 0.30 

Branch Lower bound (kHz) Upper bound (kHz) 
aRL1 7.703 8.481 
sRL1 12.875 14.803 
sRL2 15.545 16.824 
aRL2 23.386 25.166 
aRL3 25.806 29.467 

Table 3. Numerical peak frequency and theoretical cut-off frequency on a vertical plate 
with Poisson’s ratio 0.15 

Symbol 
Numerical simulation Guided wave theory 

Frequency error 
percentage Peak frequency 

(kHz) 
Poisson’s 

ratio 
Cut-off frequency 

(kHz) 
Branch 

A 8.426 0.177 8.338 aRL1 1.06% 
B 13.189 0.150 13.007 sRL1 1.40% 
B' 14.104 0.220* -- -- -- 
C 16.852 0.151 16.676 sRL2 1.06% 
D' 23.813 0.25* -- -- -- 
D 24.912 0.177 25.014 aRL2 -0.41% 
E 26.561 0.111 25.931 aRL3 2.43% 
E' 27.110 0.215* -- -- -- 

E'' 28.576 0.288* -- -- -- 

E''' 29.309 0.300* -- -- -- 

* indicates the unexpected response.
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Table 4. Numerical peak frequency and theoretical cut-off frequency on a vertical plate 
with Poisson’s ratio 0.20 

Symbol 
Numerical simulation Guided wave theory 

Frequency error 
percentage Peak frequency 

(kHz) 
Poisson’s 

ratio 
Cut-off frequency 

(kHz) 
Branch 

A 8.426 0.177 8.163 aRL1 3.22% 
B 13.188 0.206 13.305 sRL1 -0.88% 
C 16.302 0.203 16.325 sRL2 -0.14% 
D' 23.446 0.289* -- -- -- 
D 24.728 0.194 24.488 aRL2 0.98% 
E 26.926 0.210 26.610 aRL3 1.19% 
E' 28.941 0.298* -- -- -- 

* indicates the unexpected response.

Table 5. Numerical peak frequency and theoretical cut-off frequency on a vertical plate 
with Poisson’s ratio 0.25 

Symbol 
Numerical simulation Guided wave theory 

Frequency error 
percentage Peak frequency 

(kHz) 
Poisson’s 

ratio 
Cut-off frequency 

(kHz) 
Branch 

A 8.242 0.231 7.998 aRL1 3.05% 
B 13.371 0.258 13.596 sRL1 -1.65% 
C 16.118 0.251 15.995 sRL2 0.77% 
D' 23.445 0.289* -- -- -- 
D 23.811 0.250 23.993 aRL2 -0.76% 
D'' 24.36 0.195* -- -- -- 
E' 26.375 0.171* -- -- -- 
E 26.925 0.228 27.672 aRL3 -2.70% 
E'' 28.573 0.271* -- -- -- 

* indicates the unexpected response.

Table 6. Numerical peak frequency and theoretical cut-off frequency on a vertical plate 
with Poisson’s ratio 0.30 

Symbol 
Numerical simulation Guided wave theory 

Frequency error 
percentage Peak frequency 

(kHz) 
Poisson’s 

ratio 
Cut-off frequency 

(kHz) 
Branch 

A 8.242 0.231 7.842 aRL1 5.10% 
B' 13.187 0.151* -- -- -- 
B 14.653 0.302 14.665 sRL1 -0.08% 
C 15.752 0.300 15.685 sRL2 0.43% 
D 23.994 0.269 23.527 aRL2 1.98% 
D' 24.91 0.160* -- -- -- 
E' 27.291 0.225* -- -- -- 
E'' 27.657 0.239* -- -- -- 
E''' 28.023 0.2615* -- -- -- 
E'''' 28.756 0.287* -- -- -- 
E 29.122 0.302 29.330 aRL3 -0.71% 

* indicates the unexpected response.
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For each branch, their proposed cut-off frequency range is marked as a rectangle in Figures 
4~7. One or more peak frequencies are expected to be found within each rectangle. These 
peak frequencies, i.e. labelled as A, B, B', C, D, D', E, E', E'', E''', and E'''', represent the cut-
off frequency candidates. Tables 3~6 list all the numerical peak frequency candidates and 
theoretical cut-off frequencies on vertical plates with Poisson’s ratios 0.15, 0.20, 0.25, and 0.30, 
respectively. Only one candidate for each wave branch is expected to have the identical 
Poisson’s ratio value as its given Poisson’s ratio value. For each branch, usually at low 
frequencies, the dominant peak frequency in its corresponding rectangle is the proposed cut-
off frequency. In the higher frequency range, however, a relatively lower intensity (as seen 
Figure 3(b)) leads to a lower vibration response for higher branches, such as aRL2 and aRL3, 
in Figures 2~5. Therefore, the real corresponding cut-off frequency could be involved with 
two or more peak frequencies with similar amplitude values. 

According to the findings in Tables 3~6, a best Poisson’s ratio value can be predicted on 
branches sRL1 and sRL2 by using their cut-off frequencies. The prediction error scatters from 
0 to 3.2%. For higher branches, such as aRL2 and aRL3, at high frequencies, multiple peak 
frequencies possibly lead to a more identification difficulty and degenerate the applicability to 
predict Poisson’s ratio values. So far, in future, one can use the cut-off frequency values of 
branches sRL1 and sRL2 to precisely evaluate the Poisson’s ratio value on a plate-like 
concrete structure. 

In addition, the lowest branch, aRL1, theoretically should have the best prediction on the 
Poisson’s ratio value. However, there is an aberration response existing at its peak frequency. 
This could be affected by the second reflection echo from the plate edge. The cut-off 
frequency of branch aRL1 right falls around the second resonance frequency range within 1 
kHz. The second resonance frequency with a relatively higher intensity could mask or distort 
the vibration response at the cut-off frequency of branch aRL1. This significantly causes a 
higher prediction error on Poisson’s ratio values. 

In order to circumvent the interference from concrete plate edges, the geometrical dimension 
of proposed plates is suggested to specify as a rectangle, not a square. Based on the research 
case, a suggested dimension for a concrete plate is 1 by 0.8 for length by width. A well-
advised testing or simulation process is to check, in advance, the possible resonance 
frequency range for its first and second, or even its third reflection echoes from the designate 
plate bottom and edge. The proposed cut-off frequency of branch aRL1 is located beyond 1 
kHz, at least, from the possible resonance frequency range from the first and second reflection 
echoes. A proper dimension of concrete plates is determined for evaluating Poisson’s ratio in 
concrete plates by using the impact echo method. 

5. Conclusions

In this paper, numerical analysis is used to simulate the surface vibration responses in vertical 
square concrete plates by using impact echo method. The physical parameters in plates 
represent typical values for concrete. The only variable, Poisson’s ratio, ranges from 0.15 to 
0.30. The following conclusions have been drawn: 
(1).Using proposed cut-off frequency range can efficiently identify the possible cut-off 

frequency candidates from the frequency spectrum. 
(2).For lower branches, usually at low frequencies, the dominant peak frequency well matches 

its proposed cut-off frequency. In the higher frequency range, the real cut-off frequency 
could be involved with two or more peak frequencies with similar amplitude values due to 
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relatively lower excitation amplitude. 
(3).Using the cut-off frequency on branches sRL1 and sRL2 can obtain the best prediction 

values on Poisson’s ratio. For higher branches, such as aRL2 and aRL3, at high 
frequencies, it is difficult to identify their corresponding cut-off frequency from the 
multiple peak frequencies. 

(4).Due to the affection from the second resonance of plate edges, the cut-off frequency of 
branch aRL1 is changed its apparent vibration response and fails to predict the Poisson’s 
ratio. The geometrical dimension of plates is suggested to specify as rectangles with 
narrow widths. 

(5).Using the cut-off frequency values of branches sRL1 and sRL2 is suggested to precisely 
evaluate the Poisson’s ratio value on a plate-like concrete structure. 
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