
 

 

 

 

 

 

 

Smart Structures and Systems, Vol. 17, No. 1 (2016) 59-72 

DOI: http://dx.doi.org/10.12989/sss.2016.17.1.059                                                 59 

Copyright ©  2016 Techno-Press, Ltd. 

http://www.techno-press.org/?journal=sss&subpage=8         ISSN: 1738-1584 (Print), 1738-1991 (Online) 
 
 

 

 
 
 
 

Enhanced impact echo frequency peak by time domain 
summation of signals with different source receiver spacing 

 

Nils Ryden

 

 
 Engineering Geology, Faculty of Engineering, Lund University, Box 118, 22100 Lund, Sweden 

 
(Received February 9, 2014, Revised June 2, 2015, Accepted August 7, 2015) 

 
Abstract.  The Impact Echo method can be used to measure the thickness of concrete plate like structures. 
Measurements are based on the identification of a clear thickness resonance frequency which can be difficult 
in very thick or highly attenuative plates. In this study the detectability of the measured resonant frequency is 
enhanced by time domain summation of signals with different source receiver spacing. The proposed 
method is based on the spatial and temporal properties of the first higher symmetric zero group velocity 
Lamb mode (S1-ZGV) which are described in detail. No application dependent tuning or filtering is needed 
which makes the method robust and suitable for implementation in automatic IE thickness measurements. 
The proposed technique is exemplified with numerical data and field data from a thick concrete wall and a 
highly attenuative asphalt concrete layer. 
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1. Introduction 
 

The Impact Echo (IE) method can be used to measure the thickness of a concrete plate like 

structure using low frequency stress waves. Developed in the 1980's at Cornell University 

(Sansalone and Carino 1986), the method has become a popular non-destructive test for concrete 

structures (Sansalone and Streett 1997, Popovics et al. 2006). In the conventional IE method the 

through thickness resonance frequency (fr) is measured using an impact source and one receiver 

close to the source.  

Traditionally, the method has been described and used as a local point test. More recently the IE 

method has been theoretically explained based on the zero group velocity point of the first higher 

symmetric Lamb wave mode (S1-ZGV) (Gibson and Popovics 2005). This theory has been able to 

explain and quantify the previously empirical correction factor IE=0.96 in the traditional empirical 

IE equation 
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where VP is the compression wave velocity and h is the thickness of the plate. But the Lamb wave 
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theory can possibly provide further insights and improvements on the IE method. One implication 

from the theory is that the IE test is not as local as previously assumed. The IE resonance actually 

depends on the plate properties within a radius of several plate thickness from the source (Prada et 

al. 2008). This new insight opens up new possibilities for further improvements in the 

measurement set-up and data analysis. 

A classical problem and source of error in IE testing is the presence of many additional peaks in 

the measured IE spectrum originating from reflections of both surface and body waves in a real 3D 

environment (Schubert et al. 2004). Time domain attenuation of large amplitude surface waves 

(Sansalone and Streett 1997), time frequency analysis (Abraham et al. 2000), and other data 

processing techniques such as the Hilbert–Huang transform (Algernon and Wiggenhauser 2007) 

and wavelet transform (Yeh and Liu 2008) have been proposed to increase the detectability and 

accuracy of the IE resonance peak. Recently, data processing methods based on two or more 

signals recorded at different distances from the source have also been proposed (Ryden and Park 

2006a, Medina and Garrido 2007, Shokouhi 2009, Medina and Bayon 2010). Although not 

investigated in detail, these techniques benefit from the global mode shape of the S1-ZGV 

frequency. 

In this study the identification of the measured IE resonance frequency is enhanced by simply 

summing time synchronized signals (from multiple impacts) within the global mode shape of the 

S1-ZGV mode. The proposed method is first theoretically explained based on Lamb wave theory 

and then demonstrated using both synthetic and field data. The proposed method is robust and 

therefore suitable for automatic processing in scanning IE measurements and/or in applications 

where the traditional IE method is difficult to use. 

 

 

2. Theoretical analysis of zero group velocity Lamb waves 
 

The proposed method, to enhance the IE peak, is based on theoretical properties of Lamb 

modes which are further described and analyzed in this section. 

 
2.1 Lamb wave dispersion curves and excitability 
 

Lamb waves (Lamb 1917) propagating in the plane of a free plate are only possible for certain 

combinations of f and in-plane wave number (k) corresponding to standing waves in the thickness 

direction. Possible combinations are given by the dispersion relation 

𝑡𝑎𝑛(𝛽ℎ/2)

𝑡𝑎𝑛(𝛼ℎ/2)
= [

−4𝛼𝛽𝑘2

(𝑘2−𝛽2)2
]
±1

                        (2) 

where 

𝛼2 =
𝜔2

𝑉𝑃
2 − 𝑘2                           (3) 

𝛽2 =
𝜔2

𝑉𝑆
2 − 𝑘2                           (4) 

The ± sign on the right term of Eq. (1) represents, symmetric (+), and anti-symmetric (-), type 
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of wave propagation with respect to the mid plane of the plate (Graff 1975). Material stiffness 

properties are given by VP and the shear wave velocity (VS). Using the angular frequency (ω=2πf), 

and the wave number (k=ω/c), a root searching technique has to be used to calculate phase 

velocities (c) as a function of f, i.e. dispersion curves. An example of dispersion curves from the 

first three symmetric (S) and anti-symmetric (A) modes calculated from a reference plate model 

with Young's modulus (E) equal to 40 GPa, Poisson’s ratio () equal to 0.20, and h=0.15 m are 

plotted in Fig. 1. Phase velocities are plotted in Fig. 1(a) and group velocities (Cg) (Cg=dω/dk) in 

Fig. 1(b).  

Points of zero group velocity (ZGV) in Fig. 1(b) correspond to strong thickness resonance 

modes of the plate (Tolstoy and Usdin 1957, Holland and Chimenti 2003, Prada et al. 2005). The 

IE thickness resonance mode is equal to the minimum frequency of the S1 mode at zero group 

velocity (S1-ZGV) (Gibson and Popovics 2005). For the reference case shown in Fig. 1 S1-ZGV is 

equal to 13 671 Hz, and marked with a black circle. At the S1-ZGV frequency the phase velocity is 

finite (here 7 023.6 m/s) (Meitzler 1965, Prada et al. 2008, Bjurström 2013). It can be noted that 

the A2 mode shows a similar behavior at 25 678 Hz marked with a gray circle and labeled 

A2-ZGV in Fig. 1. 

 

 

 

Fig. 1 Lamb wave dispersion curves for a free plate with E=40 GPa, =0.20, h=0.15 m (VS=2635.2314 m/s). 

Thickness resonance frequencies S1-ZGV and A2-ZGV are marked with circles. 
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Fig. 2 Normal displacement field (absolute z-displacement) at the S1-ZGV frequency computed from a 

normal unit amplitude surface force at the center of the circular plate (within r<0.10 m) 

 

 

The theoretical point excitability of a particular mode at a particular frequency is defined as the 

ratio of displacement of that mode to the applied force when both quantities are taken at the same 

location and direction (Wilcox 2004). Fig. 1(c) shows the predicted excitability of each Lamb 

mode from Figs. 1(a) and 1(b) calculated using the Disperse software (Disperse 2001). The 

excitability indicates the extent to which each mode is excited when the surface force is applied. 

The S1 mode clearly dominates the excitability at the S1-ZGV frequency, Fig. 1(c). It should also 

be noted that other modes (A0, S0, and A2) dominate other parts of the frequency range and can be 

utilized in a combined surface wave and IE analysis (Ryden and Park 2006a).  

 

2.2 Spatial properties of the S1-ZGV mode 
 

To study the spatial properties of the S1-ZGV mode, the frequency domain response at the 

S1-ZGV frequency is calculated from an axially symmetric 2D finite element model (Comsol 

2013), using the same reference model (Fig. 2). The modeled plate is excited with a harmonic 

point force (r<0.10 m) in the normal direction along the surface of the plate. The relatively wide 

radius of the point source is used to enhance the S1-ZGV mode shape in Fig. 2. A convergence 

study on the predicted S1-ZGV frequency resulted in an axially symmetric free plate with a radius 

of 12.0 m, modeled using 124 000 tetrahedral second order elements with a maximum element 

size of 0.006 m. A 4 m long absorbing region is used to simulate infinite boundary conditions in 

the lateral direction (Castaigns et al. 2004). Using these settings the IE frequency could be 

predicted within 0.1% error range of the theoretical S1-ZGV frequency over a wide range of 

different . Material damping was introduced as a small loss factor () of 0.05% to broaden the 

predicted IE peak and make the response more realistic.   is the ratio between the imaginary part 

(loss modulus) and real part (storage modulus) of the complex E-modulus. It is interesting to 

observe that although most of the energy is confined close to the source normal displacements 

extend several plate thicknesses in the radial (r) direction.  

 

2.3 The effect of Poisson’s ratio on the S1-ZGV frequency and wavelength 
 

The S1-ZGV mode is defined by both f and  (=c/f) which are both dependent on . Fig. 3(a) 

shows a close up of the S1 Lamb wave dispersion curves around the S1-ZGV resonant mode at 

different values of . The exact positions of the S1-ZGV points are marked with circles in Fig. 3(a). 

At the S1-ZGV point both f and c increases slightly with increasing  up to about =0.35 where c 

starts to increase more rapidly and approach infinity after =0.451 (Clorennec et al. 2007). 
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Fig. 3 (a) S1 dispersion curves as a function of   with S1-ZGV frequencies and phase velocities marked 

with circles and (b) Corresponding wavelength () to thickness (h) ratio as a function of  at the 

S1-ZGV frequency 
 

 

Fig. 3(b) shows the /h ratio as a function of  for the S1-ZGV resonance mode calculated from 

the circles in Fig. 3(a). At Poisson's ratios lower than 0.35 (as for most asphalt concrete and 

concrete materials) the wavelength of the S1-ZGV mode (S1-ZGV) is 3 to 4 times longer than the 

plate thickness. This means that within a radius of about 1.5h from the source the plate surface is 

vibrating in phase at the S1-ZGV frequency (Fig. 2).  

The above theoretical analysis of the properties of the S1-ZGV mode can be summarized using 

Fig. 1 through 3. At the S1-ZGV frequency the S1-ZGV mode has a finite wavelength and is 

dominating the response from a point source (Fig. 1). The S1-ZGV wavelength depends on  and 

is about 3-4 times longer than the plate thickness in concrete (~0.20). The highest amplitudes are 

confined within the first nodal point which corresponds to about 1.5h in concrete. (Figs. 2 and 3). 

 

 

3. Time domain summation (TDS) technique 
 

At each frequency the amplitude of a generated guided wave mode can be increased if the 

surface force function is in phase with the modal displacement along the surface (Viktorov 1967). 

From the theoretical analysis it can be concluded that the radial influence of the S1-ZGV mode 

extends several plate thicknesses in the radial direction from the source. The spatial extent of the 

S1-ZGV mode implies that the conventional IE point source could be wider in many typical 

applications. A source diameter close to S1-ZGV/2 should be relatively much more efficient for the 

excitation of the S1-ZGV frequency (Balogun et al. 2007). A larger source diameter can be 

obtained synthetically by simply summing signals from multiple impacts at different distances 

from the receiver (source array), similar to phased array processing in ultrasonics or the vertical 

stack from a group of geophones in seismic reflection surveys. In addition the unknown velocities 

63



 

 

 

 

 

 

Nils Ryden 

of the plate can also be obtained from the same type of array measurements using the Multichannel 

Analysis of Surface Waves (MASW) method (Park et al. 1999, Ryden et al. 2004). However, the 

following analysis will be focused on the enhancement of the measured IE resonance frequency 

peak by time domain summation (TDS) of signals with different source-receiver separation. The 

summed signal yn(t) from a summation of n signals xi(t) at different distances i can be written as 

   



n

i

in txty
1

                             (5) 

The Fourier transform is then applied to yn(t) to estimate the amplitude spectrum Y(f) which is 

used to calculate a normalized power spectrum Ynorm(f) as 

 
 
  2

2

max fY

fY
fYnorm                         (6) 

The S1-ZGV (or IE) resonance peak is then identified from the main peak in Ynorm(f) instead of 

Yi(f). It should be noted that this TDS technique takes the phase information as a function of radius 

into account in the time domain summation (Eq. (5)). 

 
3.1 Synthetic data examples 
 

Two synthetic data examples are used to demonstrate the proposed TDS technique. The FE 

model described earlier has also been solved in time domain using a transient impulse source (125 

s long) at r<0.02 m. A smaller source radius is used here in order to mimic a typical impact 

source compared to the source radius used in Fig. 2 (r<0.10 m). Fig. 4(a) shows a typical 

multichannel record where amplitudes in each signal have been normalized with respect to the 

peak value of each signal. The S1-ZGV resonance frequency is initially masked by propagating 

modes but become visible at later times (t>0.7 ms) as an almost stationary damped frequency. The 

corresponding phase velocity spectrum (Park et al. 1999) is displayed along with matching 

theoretical fundamental mode Lamb waves (A0 and S0) to illustrate the accuracy of the reference 

model (Fig. 4(b)). The A0 and S0 dispersion curves are sensitive to the elastic constants in the 

plate (here VS and ) but not very sensitive to the thickness. The IE resonant frequency (from the 

power spectrum of the first signal) is more sensitive to the thickness and is compared to the 

theoretical S1-ZGV frequency in Fig. 4(c). The thicker solid line in Fig. 4(c) corresponds to Ynorm(f) 

from a time domain summation (along the radial direction) of all signals in Fig. 4(a) (Eq. (2)). 

Both spectra display a clear peak at the correct theoretical S1-ZGV frequency (within 0.4% error 

range) in this ideal noise free example. 

By simply summing all signals in time domain (Fig. 4(a)) the S1-ZGV resonance is amplified 

and all propagating waves are suppressed since they are not in phase over the radial offset range. 

The amplification of the S1-ZGV resonance is most efficient up to the first nodal point of normal 

displacement (here r=0.20 m) in the S1-ZGV mode shape (Fig. 2). The distance from the source to 

the first nodal point of the S1-ZGV mode depends on the plate properties (see Fig. 3) and is thus 

unknown in practice. However, since the amplitude of the S1-ZGV mode decreases rapidly with 

distance from the source it is not critical to sum signals up to the exact distance of the first nodal 

point. If many signals covering multiple nodal points are summed the resulting amplification is 

64



 

 

 

 

 

 

Enhanced impact echo frequency peak by time domain summation of signals… 

any how dominated by the high amplitudes before the first nodal point (Fig. 2). After the first 

nodal point displacements are relatively much lower with alternating positive and negative 

displacements after each nodal point (Fig. 2). These lower amplitudes are basically averaged out if 

the summation includes multiple S1-ZGV wavelengths. It should be pointed out that with this 

method the estimated plate properties in Fig. 4 corresponds to a mean value over the complete 

offset range (here 1.0 m).  

The cumulative change in the Ynorm(f) is plotted in Fig. 5(a) by including signals further and 

further away from the source. The highest amplitude resonance peak stabilizes quickly and remain 

almost constant over a large range of radial distances included in the summation (Eq. (5)). An 

additional lower amplitude peak at 14 100 Hz appears just before 0.5 m distance (also visible in 

Fig. 4(c)). This peak may originate from the S1 cut off frequency which is expected at 14 344 Hz. 

Fig. 5(b) shows the corresponding image using the multicross-spectral density (MCSD) method 

proposed by Medina and Garrido (2007). In this technique the absolute value of the amplitude 

spectrum from each signal (Xi(f)) at each distance i from the source are successively multiplied in 

frequency domain. The resulting multicross-spectral density (Sn(f)) is defined as 

   



n

i

in fXfS
1

                         (7) 

If Xi(f) is dominated by a peak at the S1-ZGV frequency this peak will be significantly 

amplified in the successive multiplications resulting in a very clear and narrow peak at the correct 

S1-ZGV frequency. In the presented synthetic data example the MCSD method also enhances the 

identification of the S1-ZGV frequency very well (within 0.4% error range in Fig. 5(b)).  

 

 

 

Fig. 4 (a) Synthetic data from the modelled reference plate, (b) Corresponding phase velocity spectrum with 

matching Lamb wave dispersion curves and (c) Amplitude spectrum from all summed signals in (a) 

with matching theoretical S1-ZGV resonant frequency 
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Fig. 5 Progression of the normalized power spectrum for data shown in Fig. 4 as a function of cumulative 

distance included in the process for (a) time domain summation (TDS) and (b) multicross-spectral 

density (MCSD) 

 

 

However, it should be noted that the width of the spectral peak (i.e., attenuation) remain 

constant in the TDS technique while it becomes sharper and sharper in the MCSD method (Fig. 

5(b)). A small upshift (0.7%) in peak frequency as a function of distance can be observed when 

zooming in on Fig. 5(b). This small upshift in S1-ZGV frequency with distance was also observed 

and pointed out by Prada et al. (2008). The same upshift is not visible in Fig. 5(a) where the peak 

instead oscillates with a frequency variation of 0.2% error range. Both of these variations in 

frequency with distance can be considered insignificant in most IE applications. 

The main difference between the proposed TDS and the MCSD method is that the phase 

information is included and utilized in the TDS technique. Both methods benefit from the global 

2D mode shape of the S1-ZGV frequency (Fig. 2). However, the cross spectral density method 

does not take advantage of the phase angle as a function of distance at the S1-ZGV frequency. By 

summing signals from different distances in time domain, propagating waves (out of phase) are 

suppressed and non-propagating resonances (in phase between nodal points of the S1-ZGV mode 

shape) are amplified. Medina and Garrido (2007) used a time domain window to suppress 

propagating surface waves before the MCSD is calculated. In the TDS technique propagating 

waves are automatically suppressed in the same process and no additional windowing and filtering 

procedures (which may depend on the actual thickness and surface wave velocity) are needed. 

Although the MCSD method can be very efficient in many cases, the proposed TDS technique 

can be a better alternative in a real case scenario where the S1-ZGV resonance is not dominating 

the auto power spectrum at the closest distances from the source. To illustrate this point the axially 

symmetric model above is reduced in size to a radius of 1.3 m and the absorbing region is removed 

to generate reflected waves which interfere with the S1-ZGV resonance. The material loss factor is 

increased from 0.05% to a more realistic value for concrete at 2% at the S1-ZGV frequency 
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(corresponding to a beta factor of 2.27E-7 in Rayleigh damping R=/2f). A constant level of 

white noise is also added to each signal resulting in a signal to noise ratio from 49 dB to 39 dB in 

the first (r=0.05 m) and last (r=1.00 m) signal respectively. In this case the conventional IE signal 

is disturbed by random noise and body and surface wave reflections hindering a correct 

identification of the thickness resonance frequency (Schubert et al. 2004). The resulting synthetic 

data from the reduced model is plotted in Fig. 6. The reduced quality of the IE data is apparent in 

both time and frequency domain. However, in the power spectrum from the summed signals the 

correct S1-ZGV peak is still visible and enhanced compared to other disturbing lower frequency 

modes of the entire plate. In this case the peak from the TDS technique (13 566 Hz) is closer to the 

true value of the S1-ZGV frequency (13 671 Hz) compared to the conventional IE spectrum from 

the closest signal (13 401 Hz). 

For comparison purposes the corresponding cumulative development of the TDS and MCSD 

method are plotted in Fig. 7. The highest amplitude peak from the TDS method (Fig. 7(a)) 

oscillates between 13401 Hz and 13621 Hz which is just below the expected S1-ZGV frequency 

(13671 Hz) and within 2% error range over the entire offset range. However, the highest amplitude 

peak from the MCSD method (Fig. 7(b)) jumps between different lower frequencies (5000-9000 

Hz) and misses the expected S1-ZGV frequency at all distances except at the very first signal. 

Since the phase is not taken into account lower frequency propagating waves are also amplified in 

the MCSD method. These disturbances can be suppressed by using a time window and or 

additional frequency filtering (Medina and Garrido 2007), but these additional signal processing 

steps have to be fine-tuned for each application reducing the overall robustness. In the proposed 

TDS method propagating waves are automatically suppressed and resonance frequencies are 

amplified without any additional and application dependent filter in time or frequency domain. 

 

 

 

Fig. 6 (a) Synthetic data from the reference plate with reduced radius (r=1.3 m) and no absorbing region. (b) 

Corresponding phase velocity spectrum with matching Lamb wave dispersion curves. (c) Amplitude 

spectrum from all summed signals in (a) with matching theoretical S1-ZGV resonant frequency 
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Fig. 7 (a) Progression of the normalized power spectrum for data shown in Fig. 6 as a function of cumulative 

distance included in the process for (a) time domain summation (TDS) and (b) multicross-spectral 

density (MCSD). 

 

 

3.2 Field test examples 
 

To further demonstrate the enhancement of the IE frequency peak by the TDS method two 

different field test examples are presented below. In the first example MASW data was collected 

along a 1.0 m thick concrete wall using one fixed accelerometer at r=0.00 m and multiple impacts 

from 0.05 m to 2.65 m with 0.05 m between impact points as proposed in Ryden et al. (2004). The 

assembled multichannel record is presented in Fig. 8(a) along with the spectra from the TDS and 

MCSD methods in Fig. 8(c). The expected IE resonance frequency should appear close to 2000 Hz 

since the VP was estimated to about 4300 m/s (Eq. (1)). The power spectrum from the TDS method 

shows a clear peak at 1890 Hz. In this case the frequency range of the impact source is relatively 

high compared to the IE resonance frequency, which can be seen in the spectrum from the first 

signal (dx=0.05 m) in Fig. 8(c). In this type of situation the MCSD technique can amplify a 

different higher frequency peak in the data which can be seen in Fig. 8(c). The exact cause of the 

higher frequency peaks in Fig. 8(c) is not known but they could possibly correspond to higher 

resonance modes in the thickness direction of the concrete wall. 

The automatic suppression of propagating waves and amplification of resonance frequencies is 

further illustrated in Fig. 9 where all raw data signals are plotted along with the summed signal. 

The summed signal reveals a decaying almost monochromatic signal with a period of about 0.5 ms 

corresponding to the peak frequency (1890 Hz) in the power spectrum from the summed signal 

(Fig. 8(c)). It should be noted that the first part of the signal with high amplitude surface waves are 

only amplified with a factor 2 although 53 signals have been summed. The IE resonance is 

amplified with a factor of about 15 at t~0.010 s. This relative suppression of propagating waves 

and amplification of the IE frequency is obtained automatically in the summed signal without any 

additional windowing and filtering procedures. 
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Fig. 8 (a) Recorded data along a 1.0 m thick concrete wall, (b) Corresponding phase velocity spectrum with 

matching Lamb wave dispersion curves and (c) Amplitude spectrum from all summed signals in (a) 

with matching theoretical S1-ZGV resonant frequency 

 

 

 

In the second example, MASW data were collected over a flexible pavement with a 0.13 m 

thick asphalt concrete layer (13 deg C), Fig. 10. Asphalt concrete pavements are usually difficult 

to test with the IE method because measured signals are heavily attenuated. Matching plate 

properties (VS=2145 m/s, h=0.133 m, and =0.25) compares well with the true thickness (0.13 m) 

and reasonable high frequency asphalt concrete properties (Ryden and Park 2006b), Fig. 10. The 

resonant frequency peak from the summed signals (Fig. 10(c)) is clearly detectable, and in this 

case it is the key property to estimate a correct thickness of the top asphalt concrete layer. The 

power spectrum from the first signal has a smaller peak at a slightly higher frequency (14.7 kHz). 

This vague peak demonstrates that the conventional IE method can be difficult to apply on asphalt 

concrete layers. All spectra in Fig. 10(c) also displays a few lower frequency peaks which may 

originate from the complete multilayer pavement system. 

It should also be noted that the resonance peak from the summed signals (thick solid TDS curve 

in Fig. 10(c)) seems to capture the relatively large material attenuation in asphalt concrete. The 

quality factor (Q) is the inverse of  and can be calculated in frequency domain as the ratio 

between fr and the width (f) of the resonant peak at half-power of the peak amplitude (half-power 

bandwidth method Q=fr/f ). In this case Q can be estimated as ~6 from the TDS curve in Fig. 

10(c), which is a reasonable value for asphalt concrete at this frequency and temperature 

(Gudmarsson et al. 2012).  

 

69



 

 

 

 

 

 

Nils Ryden 

 

 

Fig. 9 (a) All 53 recorded signals from the concrete wall example and (b) Summed signals (TDS method) 

revealing the IE resonance frequency 

 

 

 

Fig. 10 (a) Recorded data over an asphalt pavement, (b) Corresponding phase velocity spectrum with 

matching Lamb wave dispersion curves and (c) Amplitude spectrum from all summed signals in (a) 

with matching theoretical S1-ZGV resonant frequency. 
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5. Conclusions 
 

A simple multichannel processing technique based on time domain summation (TDS) of signals 

with different source receiver spacing have been presented in this study. 

 The proposed method can enhance the identification of the Impact Echo (IE) peak in 

situations where conventional IE measurements are difficult.   

 Propagating waves are automatically suppressed and resonance frequencies are amplified 

without any additional windowing and filtering procedures. The method is therefore suitable 

for automatic IE data processing. 

 The proposed method is based on the spatial and temporal properties of the S1-ZGV Lamb 

mode which are theoretically described in detail. 
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