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ABSTRACT

Downhole Seismic Testing (DST) is an important gebnhical testing technique for site
characterization that provides low strain in-sitderval compression and shear wave velocity
estimates, which are fundamental design paraméerstatic and dynamic soil analysis. A
challenging problem in DST is to obtain an accuessessment of the quality of the calculated
interval velocities. This paper describes in detinewly developed Interval Velocity
Classification (IVC) technique for DST interval velty estimations. This technique uses three
independent seismic time series characteristicIhg) cross-correlation coefficient calculations
of the full waveforms between successive depthdatd acquisition. 2) Linearity estimates from
the polarization analysis of triaxial or biaxialnser packages. 3) A new seismic time series
characteristic parameter that quantifies the dmnaof the source wave frequency spectrum
from a desirable bell-shaped curve. The paperialdades examples where this technique was
applied on real data sets to demonstrate how gegilithe IVC technique can direct the
investigator to possible approaches for improvihg signal to noise ratios of the acquired
seismic traces.
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INTRODUCTION

A fundamental goal of geotechnidalsitu testing is the accurate estimation of the shear
and compression wave velocitiag @ndVs, respectively) in the ground. These parameters fo
the core of mathematical theorems to describe lHstigty/plasticity of soils and they are used
to predict the soil response (settlement, liquédacor failure) to imposed loads (whether from
foundations, heavy equipment, earthquakes or exqiss (Finn 1984; Andrus et al. 1999, 2000;
Ishihara 1982). Accuracy in the estimation of shaad compression wave velocities is of
paramount importance because these values areedqularing the calculation of various
geotechnical parameters such as the Shear Mod@ysPpisson’s Ratio /) and Young's

modulus (E).

Downhole Seismic Testing (DST) such as Seismic CBagetration Testing (SCPT)
(Campanelleet al, 1986; Baziw, 1993; ASTM, 2013) is a common gelatécal technique for
measuringn-situ Vs andVp velocities. The main goal in DST is to obtainhat times as the
source wave travels through the soil profile oémest, and from these arrival times YhgandVp
velocities are then calculated. Figure 1 showshematic of the typical DST configuration.

Obviously it is highly desired to assign an accuracconfidence level to the estimated
interval velocities. Typically, investigators hawilized the Cross-Correlation Coefficient
(CCC), which gives an indication of the similaribgtween traces used in obtaining relative
arrival times (Baziw, 1993), but this parameter basn proven to be an unreliable indicator due
to the fact that measurement noise (random anersgsic) can also be correlated and result in
high CCC values. In order to overcome these limoits a new and significantly more
comprehensive approach to DST interval velocityesssient and classification was developed,
which applies an interval velocity classificatioimgar to the methodology Ge (Ge and
Mottahed, 1993 and 1994; Ge, 2003) developed faraseismic source location estimation.
This methodology takes various information setsnfrime acquired microseismic data for each
event and subsequently fuses these informationtsgéther based upon analytic, derived and
evolving empirical relationships. The outcomehatta microseismic source location estimate
“Rank” is obtained, varying from A (very good), Bdod), C (acceptable), D (questionable) to F
(unacceptable).

The work in this paper outlines the efforts to degea similar ranking or classification
technique for DST interval velocity estimation. mdar to Ge, the objective is to incorporate
other independent parameters with the CCC (sindg omependent parameters can add
additional information) into the quality assessma&mthat a more robust classification technique
is established. This paper outlines a new DST \atevelocity Classification (IVC) where three
independent parameters are fused together to genanaassessment or classification of the
estimated interval velocities. The three seismioetiseries characteristics are the cross-
correlation coefficient calculations of the full welorms between successive depths of data
acquisition, linearity estimates from the polanaat analysis of triaxial or biaxial sensor
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packages, and a new seismic time series charditgrégsameter that quantifies the deviation of
the source wave frequency spectrum from a desitadleshaped curve.
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Figure 1: Schematic of the typical DST configuratia.

THE IVC TECHNIQUE

Information Set 1: Cross- Correlation Coefficient
The cross-correlation between two time or distasftset seismograms is given‘d&elb
1974)

(1)

where is

The value of the
time shift at the maximum cross-correlation valseassumed to be the relative travel time
difference, , for the source wave to travel the distance inemm This technique has several

! Typically the mean of the seismic signals is reewbprior to applying the cross-correlation functiofhe cross-
correlation of zero mean signals is identical ® ¢bovariance.

Interval Velocity Classification Technique in Dovahd Seismic Testing©Baziw Consulting Engineers Ltd. 2016



advantages (Baziw 1993, 2002) over selecting tinskers within the seismogram, among
others the human bias associated with visuallyctalg a reference point or time marker is
minimized.

Normalizing the cross-correlation of the zero meamsmic signals by their standard
deviations gives the cross-correlation coefficient:

(2)

As mentioned before, the CCC between the two DSVewas typically used to assess the
quality of the interval velocity estimate as thigrgmeter gives an indication of the similarity
between the two waves being correlated. Unforelpabn its own the correlation coefficient
has proven to be an unreliable indicator, singe ftighly dependent on the digital filter applied
to the raw seismic signals, the cross-correlatiome twindow as well as the presence of
correlated measurement noise. For example, Fitustrates low SNRs data acquired at depths
10.6 m and 11.6 m that was filtered with a 300 &lz pass filter. Applying (1) on these data for
the time window of 47 ms to 130 ms (as denotedhaythick bold and dashed vertical lines)
results in the cross-correlation function illustin Fig. 3 with a corresponding CCC of 0.7387.
However, a bandpass digital frequency filter oft80to 100 Hz on the same SCPT data results
in the filtered data shown in Fig. 4, and applyi&y on these data for the identical time window
generates the cross-correlation function illusttateFig. 5 with a corresponding CCC of 0.9136.
The percent difference between the CCC values 6.918 0.7387 is 21%. For this reason the
authors have recommended that minimal filtratioapplied when calculating the CCC, but even
then this parameter is not necessarily reliablbis s due to the fact that additive measurement
noise can be correlated, is illustrated with & de#a set example given in Section 2.3.3.
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Figure 2: Low SNRs SCPT data sets acquired at depghl0.6 m and 11.6 m. The amplitudes
are particle accelerations specified in mfs
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Figure 3: The cross correlation function for the dda set illustrated in Fig. 2. Time
window is set from 47 ms to 130 m:

0.008
0005 4 --
0.nod
0.003
0002
0.0
Y- 10.60 m 1}
-0.001
-0.002
-0.003
-0.004
-0.005
-0.008
0.003

0.008
0.no4
0.0z
Y- 1160 m 1}
-0.002
-0.004

-0.008

-0.008

o 50 100 150 200 250 300 350 400 450 500 550 GO0 650
Time [ms]

Figure 4: SCPT data set illustrated in Fig. 2 witha digital bandpass filter of 30 Hz to 100 Hz
applied. The amplitudes are particle accelerationspecified in m/$.
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Figure 5: The cross correlation function for the daa set illustrated in Fig. 4. Time window i<
set from 47 ms to 130 ms.

Information Set 2: Linearity Estimates from the Polrization Analysis
Theory

Seismic sources for DST are often designed to gémeither predominantly P and SV
waves or predominantly SH waves due to the fundgafigrdifferent behavior of these wave
types at a boundary. When a P or SV wave striké®wundary, four outgoing waves are
generated (reflected P and SV waves as well asrrisied P and SV waves), while an SH wave
will only generate reflected and transmitted SH esmwdata (Baziw, 2002; Aki and Richards,
2002; Shearer, 1999) thus simplifying the intergtieh of the recorded seismic time series and
making DST SH wave analysis preferred over SV wavalysis when determining-situ low
strain shear modulus values.

Another way to simplify the analysis of DST datésss the use of relative large sensor-
source radial offsets (Baziw and Verbeek, 2014s)thas significantly decreases near field
amplitudes resulting in significantly higher Signal Noise Ratios (SNRs) of the recorded
seismic data, which in turn allows for more acceinatar surface stratigraphy characterization.
In addition, in case of SCPT this approach redaltminimal recording of “rod” noise. Finally,
large radial offsets improve the near surface ataraation of the layer or depth under analysis
due to the fact that the source wave refracts emals within stratigraphic layers for a longer
period of time. Obviously when applying largerieddgensor-source offsets the implementation
of Fermat’s Principle must be taken into accounémvanalyzing the acquired seismic DST data
(Baziw, 2002 and 2004a; Baziw and Verbeek, 201228xidlc; Aki and Richards, 2002; Shearer,
1999).
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In DST investigations it is generally assumed tthe stratigraphy under analysis is
transversely isotropic (Baziw, 2004a; Aki and Riclsg 2002) given the geological process of
stratification. Shearer (1999) states that trarssvesotropy (TI) is a particularly simple form of
anisotropy, because velocities only vary with attincidence angle and not with azimuth. In
addition, the two quasi-shear (qSH and gSV) wauarfations correspond to SH and SV, and
the qSH and gP/gSV systems can be treated separatel

The calculation of the incident angles of the petmotion of the source seismic wave
allows the investigator to derive the full (thraendnsional) seismic source waveform response.
If the primary source wave is a P-wave the threagmnent time series, X(t), Y(t), and Z(t) can
be rotated into the local ray path coordinate systeith the longitudinal component in the
compression wave (P) direction and two transvemaponents in the direction of the shear
waves (SV and SH). In case of an SH source thedXYaaxes responses can be rotated onto the
full waveform SH-wave axis. This significantly ifies the post-analysis, since a single full
waveform response is analyzed instead of comparespbnses on the X and Y axes.

Polarization Analysis (PA) is applied when rotatitige acquired X(t), Y(t) and Z(t)
seismic recordings onto the full waveform axis.RA the full seismic waveform’s angle of
incident is determined using hodograms, and reetliity estimates are obtained by calculating
the covariance matrix of the orthogonal X(t), Y@nd Z(t) seismic trace recordings
(Kanasewich, 1981; Baziwt. al, 2004b). The analysis procedure can then be suizedaas
follows:

1. A time window is first applied to the seismiceav of interest.

2. The X(t), Y(t), and Z(t) component seismic tireeries amplitudes are plotted against one
another within this time window (to create hodogsam

3. Least squares straight line best fits are apgpieethe hodograms and the slopes of these
straight lines provide angle of incidence inforraati With the latter the X(t), Y(t) and Z(t)
seismic responses can then be rotated onto thevavéform. If SH(t) wave analysis is being
carried out then only one Y(t) vs X(t) hodogramrégjuired to obtain an angle of incidence
estimate and subsequently the X(t) and Y (t) respoase rotated onto the SH(t) axis.

4. A covariance matrix is calculated for the X({)t) and Z(t) recordings over the hodogram
time window specified (obviously in case of a SHveranalysis only one two dimensional
covariance needs to be calculated for the X(t) ¥ftplaxis recordings). This covariance matrix
is defined as follows (using the notation of Karveisa (1981):
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In (3) Var and Cov are abbreviations for varianod aovariance, respectively. The Var of a
variable (e.g., X(t)) is given as
)

where , denotes the mean of the variable X(t).

The Cov of two variables (e.g., X(t) and Y(t)) iisctete form is given as

An estimate of the rectilinearity of the particl®ton over the specified hodogram time window
is obtained by diagonalizing the covariance m&({{®) and subsequently calculating the ratio of
the principal axis of the diagonalized matrix. Aeasure of the rectilinearity is referred to as
linearity and it is calculated as follows:

st ol g2
where ; and , denote the largest eigenvalue and next largesineajue of the diagonalized
covariance matrix, respectively. The linearity my@zhes unity when the rectilinearity is high
( 1» »2) and approaches zero when the rectilinearitys(la  »).

In DST interval velocity estimation it is desiredl have data sets with linearity values
near unity. This will be the case for seismic ésaacecorded in Tl medium with minimal
measurement noise, clean source waves, and nd sigt@tions (e.g., reflections). The more
any of these aspects are present the lower thartiperalue will be and low linearity values will
also be obtained when shear-wave splitting or sheae birefringence occur (Gibowicz and
Kijko, 1994).

Shear-wave splitting (SWS) occurs when there isisggnt in-situ anisotropy as is the
case with shear waves propagating in rocks comigiaiacks or ellipsoidal inclusions. Figure 6
(Gibowicz and Kijko, 1994) outlines the SWS phenaore A shear wave enters and propagates
in a medium containing aligned cracks, and the rsivemve component with motion or
displacement normal to the crack travels more siql@wer shear modulus) than the shear wave
component with displacement parallel to the crdgnament. Consequently the two shear wave
components will have different arrival times. Tlobaracteristic ellipsoid appears when
obtaining the hodogram for these two SWS componealthough SWS splitting is rare in DST
investigations, PA proves to be a powerful tool ittentifying and characterizing significant in-
situ anisotropy.
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Figure 6: lllustration of shear-wave splitting in aacked rock (Gibowicz and Kijko (1994)).

Examples

To illustrate the concepts of PA, hodograms andlireearity two examples are given.
The first example involves triaxial seismic datawh in Fig. 7 where the X, Y and Z responses
from a SH source (after applying a low pass freqydilter of 140 Hz) have clearly high SNRs
values: the peaks and troughs on the X and Y @&asup, and there are minimal recordings on
the Z axis as would be expected for this kind afrse. The hodogram plot for the time window
of 50 ms to 80 ms is shown in Fig. 8 with the thit&ck bold line the best fit straight line (with
a calculated linearity of 0.945). This clearlyleefs a good quality seismic source recording
with a high correlation between the X and Y axig &gh directionality along an axis with an
azimuth of approximately 135 Please note that a relatively large time windeay 15 ms on
either side of the first trough, or 50 to 80 m3)wdd be specified for the hodogram time window
when assessing the data quality to account fomeaws outliers and residual measurement
noise.

The second example involves another triaxial sagmaice recording shown in Fig 9, but
in this case the peaks and troughs on the X, YZdd not line-up and the background noise
(whether due to a poor source, vibrations withim tigsting vehicle upon impact of the SH wave
sledge hammer, source wave reflection and/or atheses) has frequency components similar to
the source wave making the isolation of the sowage with frequency filters a challenging
tasks. The hodogram plot for the time window ofrd® to 80 ms of this recording is shown in
Fig. 10. The thick black bold line is again thestofit straight line, but obviously with a much
lower calculated linearity (0.56) than in the poag example.
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Figure 7: SH-wave responses on the X and Y axes wheahe peaks and troughs line-up in time
giving high rectilinearity. Option Normalize locallyimplemented.
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Figure 8: X(t) and Y(t) axes hodogram(time window = 50 ms to 80 ms) for seismic data tlstrated in
Fig. 7. The calculated linearity is 0.945 with anrgle of incidence 13.% Thick black line is the lineai
least squares best fit.

Interval Velocity Classification Technique in Dovahd Seismic Testing©Baziw Consulting Engineers Ltd. 2016



X(t) - 14.0m

Y{t) - 14.0m

Z(t) - 14.0m

T T T T T T T T T T T T T T T T T ;
0 5 10 15 20 45 50 55 60 65 7 7580 85 40 495 100 105 10 115 120 125 130 135 140 145 150
Time [ms]

Figure 9: Poorly correlated SH-wave responses on ¢hX and Y axes where the peaks and troughs
do not line-up in time. Option Normalize locallyimplemented.
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Figure 10: X(t) and Y(t) axes hodogram (time window= 40 ms to 80 ms) for seismic data illustrated
in Fig. 9. The calculated linearity is 0.56. Thic black line is the linear least squares best fit.

Linearity Estimates from the Polarization AnalygssCross-Correlation Coefficient

An important characteristic of the linearity valusdculated at a specific depth is that it is a
completely independent assessment parameter frer@@C value, which was used as the first
Information Set. It is possible to have data seétgch have linearity values approaching unity
and low CCC values, or sets with linearity and Q@lies near unity, or with low linearity and
low CCC values. This is illustrated in Fig. 11 (&sewich 1981):
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in Fig. 11(a) the linearity of the Y(t) vs X(t) @aset approaches unity, but the CCC
value is low;
in Fig. 11(b) both the linearity and CCC value amh unity;
in Figs. 11(c) and (d) both the linearity and CCue are low.
However, just as the CCC value alone may providmeorrect quality assessment, the linearity
value may also be misleading. A real data examiplki®is given in Section 2.3.3 of this paper.
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Figure 11: Examples of varying CCC and correspondig linearity values for Y(t) and X(t)
data sets (after Kanasewich (1981)). (a) Low and highF. (b) High and highF. (c)-(d)
Low andlowF.
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Information Set 3: Signal Shape Parameter from Freqgency Spectrum “Bell Curve”
Fitting

Theory
The probability density of a normal (or Gaussiaisjribution is given as

$ L=
3 4516 — ?” (7)
( 6789

where denotes the mean or expectation of the distrinudiod denotes the standard deviation
with variance 2. The area under the normal pdf curve is unitigufe 12 illustrates example of
normal pdfs for varying and “values. All the curves in Fig. 12 have the classiell-shape.
The pdf curve for the bell-curve approximation isem by (7) wheref is the frequency,
denotes the expected frequency afi$ theestimated variance of the frequency spectrum.

Figure 13 illustrates a Berlage source wave (Bazmd Ulrych, 2006; Baziw
and Verbeek, 2014 and 2016), which is commonly usghin seismic signal processing for
simulation purposes. The Berlage source wave ilytcelly defined as

@ AB G DEFG 894 | J (8)

whereH(t) is the Heaviside unit step functioH(f) = 0 fort 0 andH(t) = 1 fort >0]. The
amplitude modulation component is controlled by factors: the exponential decay telnand
the time exponem. These parameters are considered to be nonnegafV constants. Figure
14 illustrates the frequency spectrum (solid bliok) of the Berlage source wave shown in Fig.
13 with the normal pdf approximation shown as aeatbgrey line, with = 69 Hz and =
32.5. As is evident from Fig. 14, the frequencycspan of the simulated Berlage source wave
closely matches that of a bell-shaped curve.

To incorporate the deviation of the source waveuency spectrum from a desirable
bell-shaped curve into tH¥'C the following process is proposed (Baziw and Vekh2616):
1. Apply a digital zero-phase shift frequency filtge.g., 130 Hz to 200 Hz Hz low pass
frequency filter for SH recordings) to acquired ssaic traces so that high frequency
measurement noise is removed. Determine the compgme Y or Z axis) which has the
dominant response. This would be either the X @ixi for SH source wave analysis.
2. Calculate frequency the spectrum (denoteS@y) for the axis which has the dominant
response.
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3. Force the area undg&(f) to approach unity by uniformly modifying the anipties within
S(f) This step is outlined below by 9(a) and 9(b).

C
A: k< 4 L4, (92)
& +
C
L4, L4 M . (9b)
& +

In 9(a), f denotes the frequency increment resolution.
4. Determine (dominant frequency)p( ) (maximum spectral amplitude), and= 1/( p()

(2 )) utilizing an iterative forward modelling (IFM) tenique such as the simplex method
(Baziw, 2002 and 2011). In this IFM case the casicfion to minimize is the RMS difference
between the normalized area un8¢f) and the derived area (using (7)) from a normalvghith
utilizes the currently estimatedand values.

5. Calculate(f) via (7) utilizing the IFM estimatesand from Step 4.

6. CalculateQ PS, QR,L 4 S 34 4 -
7. Calculat®D PS, QRL 4 ¢
9. Signal Shape Paramet86H component of thé/C is then calculate8SP =1-4/ »
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Figure 12: illustrates example of normal pdfs for arying and 2
values. (after,http://www.dplot.com/probability-scale.htm)
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Figure 13: Berlage source wave withf = 70 Hzn=2 h =270 and =
40° specified (Baziw and Verbeek, 2016).
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Figure 14. Frequency spectrum(solid black line) of Berlage sourc
wave illustrated in Fig. 13 with the normal pdf appoximation shown as
a dotted grey line (Baziw and Verbeek, 2016).
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Examples

High SNR SCPT data set

Figure 15 illustrates a real data example of a IBR SH source wave SCPT trace
acquired in Alberta, Canada. The triaxial data aeguired at a depth of 5m by fast response
pcb accelerometers (5 response time) with a bandwidth of 10 Hz to 10zKHThe triaxial
seismic data displayed in Fig. 15 had an optioerretl asmormalize locallyimplemented, i.e.
the displayed amplitudes of the X(t), Y(t), and)Z{kes were normalized with respect to the
absolute maximum value. This provides for a claéaual of the dominant X(t), Y(t) and Z(t)
dominant responses. As is evident from Fig. 1% dibminant responses occur on the Y axis.

Using the filtered Y axis trace of Fig. 15 (150 lezv pass filter applied) the frequency
spectra were then calculated as outlined in Steg-igure 16 illustrates the Y axis frequency
spectrum (solid black line) of triaxial source walllastrated in Fig. 15 where the frequency
spectrum amplitudes were uniformly modified so tthet area under the curve was unity (Step
3).

The spectrum in Fig. 16 is then fed into the IFMrtipm of the bell-curve fitting
algorithm that generated the optimal values and of 91 Hz and 28.3, respectively were
obtained. Figure 16 illustrates the estimated nbm@@ pdf superimposed upon the unity area
frequency spectrum. Using Steps 6, 7 and 8 gestetlie following result:; = 0.193, , =
1.632, and SSP = 0.882 were obtained. This high &8ue indicates a high quality seismic
trace, which is confirmed by the linearity value fois trace of 0.925.
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Figure 15: Filtered (150 HZ low pass frequency fikr) high SNR SCPT triaxial
accelereometer data set.
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Figure 16: Y axis frequency spectrum(solid black line) of triaxial source wavt
illustrated in Fig. 15 with the normal pdf approximation shown as a dottedgrey
line.

Low SNR SCPT data set

Figure 17 illustrates another real data exampleda@ygain normalized locally) where we
have low SNR SH source wave SCPT traces (only X¥amlais responses illustrated) acquired
in New Zealand, using the same pcb acceleromdtatsvere used in the previous example. The
traces illustrated in Fig. 17 have had a 150 Hz pass digital frequency filter applied. The Y
axis has the dominant responses. The frequencyrspeof the Y axis trace was calculated from
the filtered trace illustrated in Fig. 17. Figu@ illustrates the Y axis frequency spectrum (solid
black line) of the seismic time series illustrated Fig. 17 where the frequency spectrum
amplitudes were uniformly modified so that the anader the curve was unity (Step 3).

Using the same process as described for the preexample the following results were
obtained: = 88.2 Hz, =39.1, ; =0.896, , = 1.814, and5SP= 0.506. The value ddSP=
0.506 identifies a low quality seismic trace. Amlid be expected the linearity value obtained
for this trace is also lower (0.417).
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Figure 17: Filtered (150 Hz low pass frequency fitr) low SNR SCPT
accelereometer data set. X and Y axis responsesidtrated.
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Figure 18: Y axis frequency spectrum (solid blackihe) of Y axis time series illustrated in
Fig. 17 with the normal pdf approximation shown asa dotted grey line.
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SSP vs. Linearity Estimates vs Cross-Correlation Gafficient

It shall be obvious that the SSP is completely peahelent from the linearity estimates
and the CCC. This has proven very advantageogasa the seismic traces contain correlated
noise with relatively high linearity. Without tHf@SP component it would be difficult, if not
impossible to identify the low IVC data sets (dgrimatch processing) and carry out subsequent
additional signal enhancement. Figure 19 illuss&@CPT X(t) and Y(t) seismic traces acquired
in New Zealand at depths of 31m and 32m (filterethwva 20 Hz to 130 Hz bandpass digital
frequency filter) . These traces clearly have IOMRS, but the linearity values are determined to
be the relatively high values of 0.78 and 0.79peesively, with a CCC value of 0.85. At the
same time the SPP values for the traces at 31nB2amdwere calculated to be relatively low
(0.51 and 0.49, respectively), which clearly dentiates that it is possible to have data sets with
relatively high linearity and CCC values and yat IS8SP values.

i 20 40 60 80 100 120 M40 B0 1B0 200 20 240 260 280 300 30 30 360 380 400 420 440 46D
Time [ms]

Figure 19: SCPT X(t) and Y(t) axes filtered (20 Hzo 130 Hz) responses illustrating
DST data sets with relatively high CCC and lineariy values and corresponding low
SSP values.
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Interval Velocity Classification Methodology
Theory
To overcome the previously outlined limitations the CCC, PA linearity and SSP
estimates are incorporated into the Interval Vé&jo€ilassification for the quality assessment of
the estimated interval velocities in DST usingfilowing equation:
T LV X I LS$YX Z.1 2 | U$8X LL[,I| LL[ (10)
In (10) we have a DST investigation where tracesretacquired at the two successive depths of

depthl and depth2 (where depth2 > depthl) with
CCC- denotes the cross correlation coefficient betwie full waveforms obtained at depthl

and depth2.
Li- linearity value for seismic traces acquired gptti 1
L, - linearity value for seismic traces acquiredepth 2

SSR - signal shape parameter for seismic traces asdjair depth 1
SSB - signal shape parameter for seismic traces aatjait depth 2

This value is then converted into a grade rangiomfA to F as shown in Table 1, where
A is highly desirable andF is unusable. While the proposed classificatiotnased on a re-
evaluation of many data sets previously processenh(over 40 different sites around the world,
covering over 4000 seismic traces) it is likelywill be refined (through adjustments of the
constants in (10) and/or adding additional pararmsgia the future as it is applied on a routine
basis for new data sets. Based on the authorgrexee the IVC value is automatically set to D
(if not already set to D or F) when Linearity <, 0SSP < 0.6 or CCC <0.7.

INTERVAL VELOCITY CLASSIFICATION IMPLEMENTATION AND
PERFORMANCE RESULTS

Typically DST data set are processed in batch nvduere all the seismic traces from a
given source and profile are processed automatitgllimplementing the following sequential
steps (Baziw, 1993, 2002 and 2004a; Baziw and \&i2012 and 2014) :

1. Apply zero phase shift digital filters to incre€88Rs of acquired traces.

2. Implement IVC algorithm and ascertain quality ofjaiced seismic traces.

3. If acceptable IVC values (A to C) obtained, therossrcorrelate the filtered and
sequentially (depth) acquired traces so that rkedatirrivals can be obtained. True
arrivals are then derived based upon a user sub@ference arrival time.

4. The true arrival times are feed into an algorithimoh takes Fermat’s Principle and ray
path refraction into account.
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5. For SH analysis, two sets of independent intenalbaities are obtained from source
waves polarized on both the Right Side (RS) andLif¢ Side (LS) of the downhole
seismic probe (Campanelkgt, al 1986).

6. The right side and left side interval velocitiee abmpared.

In the above analysis process, DST seismic traaslow IVC values (D or F) should not be
processed in a batch mode; instead the investigatmrld evaluate the traces in a very deliberate
manner through more aggressive digital filters,iviitilal Polarization Analysis for linearity
assessment (e.g., specify smaller time windowl)ization of dominant axis responses rather
than calculated full waveforms, visually obtainedval times using first breaks and/or dominant
peaks or trough, or in extreme cases even decigitigo use traces at a particular depth for
interval velocity estimation.

As more experience is gained with this approachatit@ors hope that more specific guidance
regarding the most appropriate analysis approactbealerived from the individual parameters.

Examples

The first DST data set (the so-called SCPT1) waplieed during a SCPT at a site in
New Zealand by Perry Geotech Ltd. The data waaiodd at a coastal site underlain by sands
deposited by Holocene coastal processes. The Bidesavaves at this site were generated with
a pendulum sledge hammer horizontally impactingnpsource steel beams located underneath
the outriggers (2.3 meters from the center of the string) and an electrical contact trigger.
Figure 20 illustrates Perry Geotech’s typical SCI#€ setup. In Fig. 20, the LS and RS SH
source wave pendulum hammers which have a radsgtadf 2.3 m from the downhole seismic
probe are illustrated. Two stacked SH source wavere generated for each depth increment,
with data acquisition starting at 2 m and going dow 19 m. Two seismic data sets were
acquired from right and left side polarized SH seuvaves.

Table 1. Interval Velocity Classification and Description

#P% & % *$% + #$% .
' (-)
()
09t0 1.0 : very good to good
0.8t0 0.9 / good to acceptable
0.7t0 0.8 % acceptable to questionable
0.65t0 0.7 : questionable to unacceptable
<0.65 - unacceptable

Interval Velocity Classification Technique in Dovahd Seismic Testing©Baziw Consulting Engineers Ltd. 2016



Figure 20: Perry Geotech Ltd. of Tauranga New Zealad SCPT site setup. The LS and RS
SH source wave pendulum hammers which have a radiaffset of 2.3 m from the downhole
seismic probe are illustrated.

Figure 21 illustrates the Left Side (LS) unfilteré®P normalized locallyX(t) and Y(t)
axes responses for depths between 2m and 19mreRg@uoutlines the full waveform estimates
after application of a digital bandpass filter 6fl2z to 130 Hz, PA and source wave windowing
on the seismic data illustrated in Fig. 21. Figue8 and 24 show the same for data from the
Right Side (RS). Table 2 lists the RS and LS N&lues and the corresponding Linearity, SSP
and CCC values for each depth increment. As adlin Table 2 the IVC values are very high
(B and A) and the investigator can have high carfak in the subsequently estimated DST
interval velocities. Table 3 outlines the estinda@ST interval velocities where there is very
high correlation between the LS and RS estimatesyauld be expected for estimated interval
velocities with high IVC values and Tl medium.
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Figure 21: Site SCPT1 LS X(t) and Y(t) axes unfilteed. Option normalize locally
implemented.

Table 2 Right Side and Left Side Interval Velocity Cldgsitions for SCPT Site SCPT1

Left Side IVC Right Side IVC
Depth Linearity SSP CCC IVC Linearity =SSP CCC IvC

[m] [0-1] [0-1] [0-1] [A-F] [0-1] [0-1]  [0-1] [A-F]

2 0.90 0.81 N/A N/A 0.82 0.70 N/A N/A
3 0.90 0.76 0.97 A 0.78 0.74 0.93 B
4 0.94 0.76 0.97 A 0.89 0.70 0.98 B
5 0.94 0.75 0.99 A 0.89 0.73 0.98 B
6 0.94 0.76 0.98 A 0.87 0.74 0.97 B
7 0.94 0.77 0.99 A 0.90 0.73 0.98 B
8 0.94 0.84 0.99 A 0.92 0.76 0.99 A
9 0.95 0.78 0.99 A 0.92 0.78 0.99 A
10 0.95 0.77 0.99 A 0.91 0.78 0.99 A
11 0.94 0.79 0.98 A 0.91 0.81 0.99 A
12 0.94 0.79 0.98 A 0.90 0.73 0.97 A
13 0.93 0.82 0.98 A 0.92 0.72 0.98 B
14 0.94 0.81 0.96 A 0.92 0.80 0.96 A
15 0.94 0.80 0.94 A 0.93 0.71 0.95 B
16 0.94 0.78 0.92 A 0.94 0.71 0.94 B
17 0.94 0.79 0.98 A 0.94 0.80 0.95 A
18 0.94 0.78 0.96 A 0.94 0.67 0.88 B
19 0.93 0.78 0.97 A 0.93 0.71 0.95 B
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Figure 22: After application of a digital bandpassfilter of 20 Hz to 130 Hz, PA and
source wave windowing on the seismic data illustrat in Fig. 21. The LS full
waveform responses are displaye(
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Figure 23: Site SCPT1 RS X(t) and Y(t) axes unfilteed. Option normalize locally
implemented.
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Figure 24: After application of a digital bandpassfilter of 20 Hz to 130 Hz, PA and source
wave windowing on the seismic data illustrated in i§. 23. The right side full waveform
responses are displayed.

Table 3 Right Side (RS) and Left Side (LS) Interval Vetgd&Estimates for SCPT Site SCPT1

Depth LS Interval Velocity RS Interval Velocity Avg. Interval Spread
[m] [m/s] [m/s] Velocity [m/s]

0-2.0 217.7 218.1 217.9 0%
2.0-3.0 221.1 224.7 222.9 1%
3.0-4.0 222.5 218.2 220.4 1%
4.0-5.0 206.2 203.5 204.9 1%
5.0-6.0 1775 188.7 183.1 3%
6.0-7.0 188.6 186.9 187.8 0%
7.0-8.0 225 227.6 226.3 1%
8.0-9.0 247.9 259.7 253.8 2%
9.0-10.0 246.1 255.3 250.7 2%
10.0-11.0 267.4 271 269.2 1%

11.0-12.0 254.1 246.2 250.2 2%
12.0-13.0 281.6 292.4 287.0 2%
13.0-14.0 242.4 254.6 248.5 2%
14.0-15.0 240.4 242.6 241.5 0%
15.0-16.0 239.1 239.1 239.1 0%
16.0-17.0 250.2 254.7 252.5 1%
17.0-18.0 262.2 246.1 254.2 3%
18.0-19.0 354 359.4 356.7 1%

The spread is defined as %2 x (LS Interval Veloeig®S Interval Velocity)/Avg. Interval Velocity
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The second DST data set (the so-called SCPT?2) isasaequired by Perry Geotech Ltd.
The data was once again obtained at a coastausiterlain by sands deposited by Holocene
coastal processes using the same set-up as destoibhe previous data set. Table 4 outlines
the derived LS and RS IVCs values for the seismata édcquired at this site. At various depths
the IVC values clearly indicated that correctivéiactis required. The occurrence of low IVC
values on the left side is due to the corresponthmgSSP values (< 0.6) occurring at depths
15m, 20m, 22m, 23m, 24m due to the “ringing” outstie dominant source responses. This
“ringing” is illustrated in Fig. 25 where the X@nd Y(t) axis responses are filtered with a 20 Hz
to 130 Hz bandpass filter. The “ringing” may beedo source wave reflections or poor source
waves generation. In Fig. 25 it is evident tharé¢hare strong responses on both the X and Y
axes. Figure 26 illustrates the frequency specitflight grey trace) and corresponding “Bell-
Shape” best fit (dark black trace) for the filteisismic trace recorded at 22m (X axis dominant
response illustrated in Fig. 25). The correspopd$P value is 0.55. Low SSP values were
addressed by applying a time windowing algorithmiclhsignificantly reduced any outlier
responses. Figure 27 illustrates the frequencytapa (light grey trace) and corresponding
“Bell-Shape” best fit (dark black trace) for tfikered trace recorded at 22m with a time
window applied so that the dominant source waveelud isolated. The corresponding SSP
value has been increased to 0.821. Figure 28rdlies the left side full waveform responses
after appropriate filtering applied.

The RS IVC values outlined in Table 4 are generadlgsonable, but they also indicate
the need for some corrective action. The low Ndues at depths 2m and 3m are due to the
associated low linearity values. It was decidedde the Y axes responses at these depths due to
the fact that they were the dominant responseshandlower SNRs compared to the X axis
responses. The low IVC values between 14m to 15hl®&m to 16m are due to the low SSP
value at 15m, which was addressed similar to thddwSSSP by applying a time windowing
algorithm. Figure 29 illustrates the RS full waweh responses after appropriate filtering
applied. Table 5 outlines the subsequently esecth®ST interval velocities where there is very
high correlation between the LS and RS estimatespite the poorer data quality as the
components of the IVC technique provided valuabiel@nce for the data analysis process.
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Table 4 Right Side and Left Interval Velocity Classifiimmns for SCPT Site SCPT2

Left Side IVC Right Side IVC
Depth Linearity SSP CCC IVC Linearity SSP CCC IVC

[m] [0-1] [0-1] [0-1] [A-F] [0-1]  [0-1] [0-1] [A-F]

2 0.39 0.64 0 N/A 0.79 0.64 N/A N/A
3 0.57 0.65 0.90 D 0.86 0.73 0.87 B
4 0.87 0.63 0.94 D 0.81 0.72 0.95 B
5 0.89 0.77 0.94 B 0.81 0.82 0.94 B
6 0.84 0.76 0.96 B 0.78 0.74 0.94 B
7 0.91 0.72 0.97 B 0.75 0.72 0.95 B
8 0.93 0.73 0.97 B 0.77 0.72 0.99 B
9 0.88 0.68 0.97 B 0.81 0.73 0.97 B
10 0.87 0.70 0.99 B 0.88 0.66 0.99 B
11 0.85 0.72 0.97 B 0.89 0.68 0.97 B
12 0.77 0.65 0.96 B 0.88 0.66 0.97 B
13 0.80 0.66 0.97 B 0.87 0.67 0.98 B
14 0.84 0.69 0.95 B 0.86 0.66 0.97 B
15 0.85 0.57 0.89 D 0.81 0.59 0.93 D
16 0.85 0.67 0.83 D 0.85 0.61 0.86 D
17 0.85 0.69 0.87 B 0.87 0.63 0.88 B
18 0.88 0.71 0.97 B 0.84 0.60 0.94 B
19 0.89 0.67 0.97 B 0.80 0.63 0.98 B
20 0.90 0.69 0.98 B 0.75 0.58 0.98 D
21 0.89 0.70 0.99 B 0.75 0.83 0.94 D
22 0.87 0.68 0.99 B 0.83 0.55 0.87 D
23 0.88 0.70 0.98 B 0.84 0.55 0.97 D
24 0.88 0.70 0.98 B 0.86 0.59 0.98 D
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Figure 25: Site SCPT2 LSX(t) and Y(t) axes filtered 20 Hz to 130 Hz whereignificant
“ringing” is present. Option normalize locallyimplemented where it is evident that there ar
strong responses on both the X and Y axes.

Figure 26: Frequency spectrum (light grey trace) ad corresponding “Bell-Shape” best fi
(dark black trace) for filtered trace recorded at 2m (X axis dominant response) an
illustrated in Fig. 25. The corresponding SSP values 0.55.
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Figure 27: Frequency spectrum (light grey trace) ad corresponding “Bell-Shape” best fi
(dark black trace) for filtered trace (with time window applied) recorded at 22m (X axi
dominant response) and illustrated in Fig. 25. Theorresponding SSP value is 0.821.

Figure 28: SCPT2 left side full waveform responses.

Interval Velocity Classification Technique in Dovahd Seismic Testing©Baziw Consulting Engineers Ltd. 2016



Table 5. Right Side (RS) and Left Side (LS) Interval @ty Estimates for SCPT Site SCPT2

Depth LS Interval Velocity RS Interval Velocity Avg. Interval Spread

[m] [m/s] [m/s] Velocity [m/s]

0-2.0 201.2 222.9 212.1 5%
2.0-3.0 235 2114 223.2 5%
3.0-4.0 229.3 220.9 225.1 2%
4.0-5.0 234.2 209.7 222 6%
5.0-6.0 192.2 199.1 195.7 2%
6.0-7.0 233.1 215.6 224.4 4%
7.0-8.0 282.3 276 279.2 1%
8.0-9.0 242.5 246.9 244.7 1%
9.0-10.0 258.4 259.4 258.9 0%
10.0-11.0 249.8 241.3 245.6 2%
11.0-12.0 244.9 250.4 247.7 1%
12.0-13.0 244 237.6 240.8 1%
13.0-14.0 252.6 252.6 252.6 0%

14.0-15.0 213.8 214.2 214 0%
15.0-16.0 230.7 230.6 230.7 0%
16.0-17.0 241.3 229.7 235.5 2%
17.0-18.0 253.7 255.1 254.4 0%
18.0-19.0 376.6 343.1 359.9 5%
19.0-20.0 304.2 351.2 327.7 7%
20.0-21.0 268.3 267.2 267.8 0%
21.0-22.0 267.4 262.4 264.9 1%
22.0-23.0 326 308.9 317.5 3%
23.0-24.0 279.2 289.8 284.5 2%

The spread is defined as %2 x (LS Interval VeloeigS Interval Velocity)/Avg. Interval Velocity
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Figure 29: SCPT2 right side full waveform responses
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CONCLUSIONS

Downhole Seismic Testing (DST) is an important gebhical testing technique for site
characterization. DST provides low strarsitu interval compressionVp) and shear\(s) wave
velocity estimates, but a challenging problem islitain a quality assessment of these calculated
interval velocities. This paper has outlined aquei interval velocity classification (IVC)
technique that uses three seismic time series desistics. 1) The cross-correlation coefficient
calculations of the full waveforms between sucaessiepths of data acquisition. 2) Linearity
estimates from the polarization analysis of tribriabiaxial sensor packages. 3) A new seismic
time series characteristic parameter that quastifie deviation of the source wave frequency
spectrum from a desirable bell-shaped curve. Ththematical and implementation details of
these three parameters were outlined in this papkee. linearity value obtained from hodograms
in PA is a very important parameter within the nag velocity error analysis, due to the fact that
linearity identifies signals with low/high SNRs. ot#iograms with linearity values nearing 1.0
identify seismic recordings which have highly ctated responses on the X(t), Y(t) and Z(t)
axes and strong directionality. This will be these for seismic traces recorded in TI medium
with minimal measurement noise, clean source wawes no signal distortions (e.g.,
reflections). The newly developed parameter, dsh@tsSSR quantifies the deviation of the
source wave frequency spectrum from a desirableshaped curve. DST seismic traces with
high Signal to Noise Ratios (SNRs) were found teehaharacteristically bell-shaped curves
similar to the probability density of a normal dilstition. It was shown when processing real
DST data sets that the bell-curS&Pvalue is highly indicative of the SNR of the aagdl trace.
The application of the IVC was illustrated on twGFST data sets and with this technique the
investigator can assign a confidence indicatortlier subsequently estimated interval velocities.
In addition, DST seismic traces with low IVC valuesn be assessed and the investigator can
determine to implement more aggressive signal ping algorithms or not use the
corresponding low IVC traces for interval velocggtimation. It is the authors’ intentions to
have this proposed DST interval velocity classtfma technique evolve, which could involve
the incorporation of additional parameters.
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