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settlements from seismic compression for this case study. 
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ABSTRACT 

Downhole seismic testing is commonly used to determine constrained compressional wave 

and shear wave velocity profiles in geotechnical earthquake engineering investigations. Wave 

velocities are calculated based on arrival times selected from the original or filtered time records. 

However, selecting the arrival times can be subjective for reasons such as signal clarity, 

mechanical and electrical interferences, and significant attenuation with depth. These factors can 

create inconsistencies in arrival time selections which may result in disputes between the original 

analyzers and reviewers. In this study, the use of the integrated continuous wavelet transform 

(ICWT) method is investigated for use in analyzing downhole seismic records. Results using the 

ICWT method are compared with those obtained from conventional visual “picks”. The ICWT 
method applies continuous wavelet transform to interpret direct arrival measurements. The key 

feature of the method is transferring a nonlinear sinusoidal-like signal to a linear phase angle 

plot. Peaks in the recorded signal are shown as 0°, and troughs are shown as phase angle of 180°. 

By selecting the time point of 0- or 180-degrees with an amplitude above a selected threshold 

value, the arrival time of first peaks or troughs can be uniquely identified. 

INTRODUCTION 

In downhole seismic testing, vertical changes of the compression (P) and shear (S) seismic 

wave velocities are evaluated by locating P- and S- wave seismic sources near the top of a 

borehole and measuring travel times at numerous intervals with a 3-component sensor in the 

borehole (ASTM D7400-08). Both P-wave and S-wave velocity profiles can be determined by 

downhole seismic testing. In geotechnical engineering, P-wave and S-wave velocity profiles are 

required in earthquake analyses of geotechnical, structural and infrastructure systems as well as 

in the design of dynamically-loaded machine foundations. 

Travel-times are calculated based on arrival times selected from the recorded time signal. 

Digital filters are often used to facilitate the selection of arrival times by removing unwanted 

mechanical and electrical interferences. However, selecting the arrival time on a seismic 

waveform can be difficult. The Continuous Wavelet Transform (CWT) provides an easy way to 

interpret direct arrival measurements by (1) separating a recorded time signal into at time-

frequency plot (spectrogram) and (2) transferring a nonlinear sinusoidal-like signal to a linear 
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phase angle plot. The Integrated Continuous Wavelet Transform (ICWT) method utilizes both 

the amplitude and phase outputs from the CWT to select the arrival times of the recorded signals 

by selecting the time point of 0 or 180-degrees with an amplitude above a selected threshold 

value (Menq et al. 2017). 

 
Figure 1. Synthetic time record with primary signal and background noise 

In this paper, the benefit of the ICWT method is first illustrated with a synthetic signal. As an 

example, downhole seismic records obtain from a borehole at a test site in New Mexico are then 

used for comparisons between the traditional visual selection method and the ICWT method. 

INTEGRATED CONTINUOUS WAVELET TRANSFORM (ICWT) 

A wavelet is a small, local, wave-like function. In mathematics, a continuous wavelet 

transform (CWT) is used to divide a time signal into wavelets of various scales along the time 

axis. The outputs of the CWT are called wavelet coefficients. Generally, scales are expressed in 

Fourier frequency and the wavelet coefficients are shown in 3-D time-frequency plots (Addison, 

2002). 

To illustrate the ICWT method for identifying the arrival time, a synthetic time record was 

created by adding high frequency noise to a 50-Hz sinusoidal wave. The 50-Hz sinusoidal wave 

signal is shown in Figure 1(a). The high frequency noise signals of 100 and 200 Hz are shown in 

Figure 1(b). The combined time record is shown in Figure 1(c). It should be noted that the 200-

Hz signal has a constant amplitude throughout while the amplitudes of both the 50- and the 100-

Hz signals vary with time. As shown in Figure 1(a), the arrival time of the first pulse (peak) is set 

numerically at 0.1 seconds. Once the high frequency noise at 100- and 200-Hz are added to the 

signal in Figure 1(c), however, the location of the first peak in the 50-Hz sinusoidal wave is 

difficult to identify visually. 

The CWT outputs of the synthetic time record using a complex Paul Wavelet are shown in 

Figure 2. The synthetic time record is shown again in Figure 2(a) for reference. The CWT 

outputs of a complex wavelet contain both real and imagery parts, which can be expressed in 

terms of amplitude and phase as shown in Figures 2(b) and 2(c), respectively (Torrence and 
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Compo, 1998). The output from the CWT in Figure 2(b) shows the variation in the amplitude of 

the synthetic time record as a function of frequency along the y-axis and of time along the x-axis. 

Variation in amplitude is represented on this graph using a color scale ranging from dark blue 

(0.0 V) to yellow (1.0 V). Using this method, energy at frequencies of 50-, 100-, and 200-Hz are 

visually separated. 

 
Figure 2. Continuous Wavelet Transform of the synthetic time record 

The constant amplitude of 200-Hz signal component can be identified by a horizontal light 

blue line. The amplitude of the 100-Hz signal can be seen increasing at 0.1 sec, peaking at 0.2 

sec, and then decreasing to zero at about 0.3 sec before increasing and peaking again at 0.4 sec 

and decreasing to zero at 0.5 sec. It creates two distinct horizontal light blue lines corresponding 

to the portions of the time record. These temporal variations in the 100-Hz signal that are seen in 

the CWT output cannot be seen in the time record shown in Figure 2(a). The 50-Hz signal can be 

seen increasing at 0.1 sec, peaking at 0.3 sec, and the decreasing to zero at about 0.5 sec. The 

CWT method provides an easy way to separate frequency contents of a time signal along the 
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time axis. 

 
Figure 3. Generalized field setup for downhole seismic measurements at the LANL site 

The CWT phase time frequency plot is shown in Figure 2(c). As presented in the figure, a – 

180 degrees is plotted in blue and a +180 degrees is plotted in yellow. By comparing Figure 2(a) 

and 2(c), the peaks in the time record are shown with phase angles of 0 degrees on the CWT 

phase plot, and troughs are shown with phase angles jump between −180 and +180 degrees. The 
cycles of the 50-, 100-, and 200-Hz signals can be clearly observed in Figure 2(c). In each cycle, 

phase angle varies from −180 to +180 degrees. As there is no 50- and 100-Hz energy below 0.1 

sec, the phase angle in this region appears to be irregular. Similarly, the phase angle around the 

100-Hz range also shows an irregular pattern between 0.25 and 0.35 sec where the amplitude of 

the 100-Hz signal decreases close to nearly zero. 

The ICWT method utilizes both the amplitude and phase components of the CWT outputs to 

select the arrival time. The cross section of the CWT phase time plot at 50 Hz is shown in Figure 

2(d). The low energy part of the figure is shown in gray based on the amplitude output. The 

arrival time of the first peak corresponds to the first 0 degree phase angle after the gray area, 

which is at 0.1 sec. This analyses method has the unique benefit of using a complex wavelet that, 

instead of selecting arrival time from a sinusoidal curve shown in Figure 2(a), one can determine 

an arrival time from the phase angle plot shown in Figure 2(d). Generally speaking, it is a much 

simpler task to select a time point of a particular amplitude from a straight line (a linear function) 

than from a nonlinear sinusoidal curve. 

DOWNHOLE SEISMIC TESTING 

The generalized setup used in downhole seismic testing is shown in Figure 3. The P and S 

waves generated during downhole testing were monitored at depth with a 3-D borehole sensor, 

which often consisted of three geophones. In this example, seismic waves are generated on the 
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ground surface with two types of energy sources. These two types of sources were (1) a hand-

operated impulsive source for shallow depths and (2) a hydraulically-operated mobile shaker for 

deeper depths. The hand-operated impulsive sources generate transient impulses to create P and 

S waves at the ground surface. Vertical, sledge-hammer blows to a circular, hard-plastic plate 

were used to generate P waves. Shear waves were generated with horizontal, sledge-hammer 

blows to a horizontal wooden plank with steel end caps upon which a vertical static load was 

applied by a heavy truck. 

 
Figure 4. Conventional waterfall, CWT amplitude and phase time vs depth plots between 

18 and 183 m 

 
Figure 5. Linear spectra of the time signal recorded at 183 m and the gain-magnitude 

frequency response of the low-pass filter 

The hydraulically-operated mobile shaker used in this study is named T-Rex. It is part of the 

Natural Hazards Engineering Research Infrastructure Equipment Facility at the University of 
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Texas at Austin. T-Rex is capable of shaking in 3 directions that include the vertical, horizontal 

in-line, and horizontal cross-line directions (Stokoe et al., 2016). It is ideal for generating both P-

waves (vertical shaking) and S waves (horizontal shaking) for downhole testing. Instead of a 

pulse signal, ten cycles of a 50-Hz sinusoidal signal were used in the hydraulic mobile shaker 

tests. 

 
Figure 6. Continuous Wavelet Transform of the P-wave record at the depth of 183 m 

Due to space limitations, only results from P-wave measurements are discussed in this 

article. As the source signals are different in tests using a hand-operated impulsive source and a 

hydraulic mobile shaker, results from each source type are discussed below in separate sections. 

DOWNHOLE TEST WITH A HAND-OPERATED IMPULSIVE SOURCE 

The manually-operated seismic sources were used over the depth range of 18 to 183 m, with 
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a 3-m depth increment between measurements. The recorded time signals are presented in Figure 

4(a). All signals shown in the plot were normalized by dividing each signal by its maximum 

amplitude. The arrival time of the first peak can generally be traced down from 18 to 183 m. 

However, the first arrival peaks can become more difficult to observe at depths of 100 and 113 

m. Mechanical interferences obscured the arrival signals at these depths. In addition to the 

mechanical interferences, electrical interferences (60-Hz power line energy) can be seen at 

depths below 122 m, which also make it difficult to determine the arrival times at 174, 177, and 

180 m. 

 
Figure 7. P-wave travel time vs depth plot and resulting P-wave velocity determined by 

conventional visual “picks” and ICWT method 

Traditionally, digital filters are used to remove unwanted interferences. Figure 5 shows the 

Fast Fourier Transfer (FFT) of the recorded time signal at 183 m. As shown in the figure, the 

electrical interferences are from the 60-Hz power line and its harmonics at 120- and 180-Hz. To 

remove these interferences, a zero-phase, 50-Hz low-pass filter (5th order Butterworth) was 

applied to recorded time signal using the filtfilt function available in MatLab. The gain-

magnitude frequency response of the low-pass filter is presented in Figure 5. Figure 6a shows the 

original and the filtered signals at depth of 183 m. As shown in the figure, the first arrival peak is 

much easier to identify from the filtered signal. However, the digital filter also shifted the first 

arrival peak to the left as it removed higher frequency components of the signals. In practice, the 

same digital filter will be applied to all time records to avoid unwanted effects from the digital 

filter. 

The CWT outputs of the recorded time signal at the depth of 183 m in amplitude and phase 

time-frequency plots are shown in Figures 6(b) and 6(c), respectively. Similar to the synthetic 

signal, the first arrival peak is the first, 0-degree line after the low energy zone. It should be 

noted that the 0-degree line is almost vertical between 38 and 150 Hz as shown in Figure 6(c). 

For simplicity, the cross-section of the phase time-frequency plot at 38 Hz (approximately the 

maximum energy zone) is shown in Figure 6(d) for selecting the first arrival peak using the 

ICWT method. As shown in the figure, the first peak after the low energy zone is located at 
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0.1516 second. 

Figure 6 shows three unique benefits of the ICWT method. First, the ICWT method separates 

the energy into different frequency regions along the time axis. Users can easily identify the 

frequency content of the signal of interest. Second, the ICWT method allows arrival times to be 

determined based on a preselected frequency, which is similar in concept to applying a narrow 

band pass filter. Third, the ICWT method transfers a nonlinear sinusoidal-like curve to a linear 

phase angle plot, so the arrival time can be easily and uniquely selected without judgments of the 

operator. 

 
Figure 8. Conventional waterfall plot, CWT normalized amplitude and phase vs depth plot 

at 50 Hz in the depth range of 153 to 354 m 

By combining the cross sections phase plot shown in Figure 6(d) at all test depths, we can 

generate a 3D-heat-maps-style waterfall plot of the CWT phase outputs as shown in Figure 4(c). 

Similarly, we can generate a waterfall plot of the CWT amplitude outputs as shown in Figure 

4(b). As shown in the figures, the first arrival time along the tested depths can be identified by 

selecting the green band (0 degree phase) after the low energy zone. The resulting arrival times 

determined by the visual “picks” and by the ICWT method are shown in Figure 7. P-wave 

velocities were determined by separating the profile into four layers as presented in the figure. P-

wave velocities obtained from the conventional visual “picks” and the ICWT method are nearly 
the same, with less than 2 % difference. However, the ICWT method took much less time to 

process the data. 

DOWNHOLE TESTING WITH T-REX 

With T-Rex, P-waves were generated by shaking in the vertical direction with ten cycles of 
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