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A TEST OF AMECHANICAL MULTI-IMPACT SHEAR-WAVE SEISMIC SOURCE
By David M. Worley, Jack K. Odum, Robert A. Williams, William J. Stephenson

ABSTRACT
We modified two gasoline-engine- powered earth tampers, commonly used as compressiond-(P)

wave saismic energy sources for shalow reflection studies, for use as shear(S)-wave energy
sources. This new configuration, termed “Hacker” (horizontal Wacker®), is evaluated as an
dternative to the manud dedgehammer typicdly used in conjunction with alarge timber held down
by the front whedls of avehicle. The Hacker maximizes the use of existing equipment by a quick
changeover of bolt-on accessories as opposed to the handling of a separate source, and isintended
to improve the depth of penetration of S-wave data by stacking hundreds of impacts over atwo to
three minute period.

Records were made with avariety of configurations involving up to two Hackers smultaneoudy
then compared to a reference record made with a dedgehammer. Preiminary results indicate
moderate success by the higher amplitude S-waves recorded with the Hacker as compared to the
hammer method. Fa se triggers generated by the backswing of the Hacker add unwanted noise and
we are currently working to modify the device to diminate this effect. Correlation noise caused by
insufficient randomness of the Hacker impact sequence is also a Significant noise problem that we
hope to reduce by improving the coupling of the Hacker to the timber so that the operator has more

control over the impact sequence.

INTRODUCTION
Accurate measurement of shalow S-wave velocity (Vs) in sedimentary basinsis crucid for

earthquake ground-motion models. However, collecting such datain an urban environment
normally involves restrictions in operations imposed by the loca governments, including but not
limited to: (a) very restricted use of explosives, (b) no large impacts which might damage property,
and (c) adherence to noise leve ordinances. Urban data collection is further hampered by the
ambient noise of it's own environment, which requires the use of one or more noise cancellation
techniques. In an effort to devise an inexpensive and rgpid method of determining Vsin the upper
200 m that complies with the imposed regtrictions, improves the signal-to-noise ratio of S-wave data
used for research and earthquake engineering, and increases depth of penetration, we constructed a
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new norrinvasive S-wave seismic source by modifying apair of Wackers® for horizontal operation.
Records were digitally recorded with a Geometrics StrataView engineering seismograph usng a
method with smilarities to both vibrosa s recording and the Mini- Sosie method (Barbier, 1983).

A variety of non-explosive surface sources are currently used to generate SH waves. These
indude a horizonta timber or smilar object, pressed againgt the ground surface and struck
manudly at the ends with a hammer. This method was introduced by Kobayashi (1959) and is
uncomplicated, inexpensive, and reasonably rdiable. Itislimited in effectiveness by alesser depth
of penetration than other methods, and the considerable human physical effort required. Inasmilar
method, the manually-operated hammer in the first method is replaced by afaling hammer hinged
a an axis and driking the timber horizontaly. The limitations of this dternative are noise
regtrictions, logistica condraints of sze, and speed of operation. Typicdly, aphyscdly larger
source generates more energy that provides better imaging at depth, but larger sources may be
restricted for the greater noise they produce or potentid environmenta damage, and are logisticaly
more avkward to use due to their size and weight. Shear-wave vibrators using the vibrosals
principle, in which areaction massis acceerated relative to a shaft fixed to a base plate by
hydraulic forces are al'so popular. This method offers superior energy input and repeatability. The
limitations to this method are that it is very expensive to purchase or lease and maintain, and it is
often environmentally damaging. Other types of sources use a shuttle mass propelled by
compressed air to impact an anvil fixed to the base plate (Meissner et al., 1985), or masses affixed
to an ar-actuated cylinder (Liu et d., 1988). The resulting traction exerted on the ground surface
by the base plate generates the shear-waves. These devices provide excelent energy input and
repeetability. Generdly, alifting device, such asamanua crane, must be used to movethem. A
large, gasoline-engine-powered air compressor is aso required for operation. The limitations are
the requirement for supporting equipment and difficulty in handling placement of the massve ar
hammer.

We believe the Hacker has the potentia to solve, or ease, many of the limitations described
above because it is acommonly available device (in verticaly-oriented form from congruction
renta agencies), easy to operate, easily handled in smal aress, provides more energy than manud
methods by stacking hundreds of impacts, not excessively noisy, and not damaging to the
environment or infrastructure. The purpose of thisinitid report on the Hacker isto summarize: 1)
the progress made in successfully converting aWacker® to a Hacker, 2) the success in generating an
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S-wave seismic record that is comparable to a conventiona dedgehammer/timber configuration, 3)
the limitations and complications encountered in testing this new device that need to be resolved
before the Hacker is fully proven as an improved S-wave source.
Source Modifications: Creating a Hacker from a Wacker

We modified two 68-Kg Wacker®* GVR-151Y gasoline-engine-driven mechanica tampers,
each having a griking force of approximately 1360 Kg in the vertica configuration, for horizonta
operation by fitting each with asmall sted frame bolted to the body of the tamper and affixed with
four balloon tires (Figure 1). The footplate was replaced with acircular, flat sted plate. For both
vertical and horizontal configurations, the factory throttle control was replaced with a motorcycle
handgrip/throttle contral to facilitate the requirement of frequent engine speed variation to produce
the pseudo-random impact series. The end of the 15.24 cm X 15.24 cm X 304.8 cm fir timber was
fitted with a sted end plate of sufficient width to permit the operation of two tampers Sde-by-side
and reinforced with gussets (Figure 1). An impact-sensing device was attached to the base of each
tamper to provide areference pulse to the seilsmograph pilot signa channel (Figure 1). The data
were correlated to these pulses (Figure 2). Records were made in a variety of configurations and
compared to reference records made with dedgehammer impacts against atimber or stedl cleat
(designed by Hasbrouck, W. P., persond communication) (Figures 3). The sources were operated
in a pseudo-random fashion, as used in the Mini- Sose method, to reduce random noise by varying
the rate and frequency of the source impacts. For this study the number of impacts from asingle
Hacker during 60-s recording was about 175. This method has been used successfully by the U.S.
Geologica Survey to acquire P-wave reflection datain avertical impact configuration (e.g.:
Stephenson, et a., 1999).

CONFIGURATION AND TESTS

These tests were conducted on grass a the west end of the Ulysses Park softbd| fiedd complex in
Golden, Colorado. Scott (1972) indicates that the Site lies on the Denver Formation, which can be
up to 290-m thick, and conssts of claystone, siltstone, friable sandstone, and conglomerate. To
record the data we deployed alinear seismic receiver line of 60, 4.5 Hz horizonta geophones using
areceiver interval of 1.5 m. The source timber was placed at the end of the receiver array and
oriented perpendicular to the receiver line. The front of a pickup truck served as weight on the
timber to improve seismic coupling to the ground and restrict movement of the timber (Fig. 1).
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Fve-cm-long sted cleats on the bottom of the timber penetrated the sod and helped to minimize
dippage of thetimber. The sed S-wave cleat (Figure 3) was placed at the same location and
weighted by one person. A 1 mssampleinterval was sdlected. A 60 Hz notch filter was used due
to the proximity of apower didribution line. A summary of the seismic source tests, corresponding

to a specific record number, for the data described in thisreport islisted in Table 1.

Table 1. Test file summary

Record Source Recording
Number Configuration Parameters
1002 Sledgehammer with 1 second record.
steel Swave shoe Stack of 4 hammer blows.
1004 Sledgehammer with 1 second record.
timber. Stack of 4 hammer blows.
1005 One Hacker 64 s record, uncorrelated
1006 One Hacker 1 second record consisting of
four 24 second records
correlated, then stacked.
1007 One Hacker 1 second record consisting of one
64 second record correl ated.
1009 and 1010 Two Hackers 1 second record consisting of one
64 second record correlated.
1020 One Hacker 1 second record consisting of
stack of 16 hits using a hammer
trigger and recorded in stacking
mode, emulating the hammer
method.

DiscussioN AND CONCLUSIONS

Amplitude and frequency andysis indicate that the timber is generaly superior to the sed S
wave clest. Amplitudes of thefirgt-arrival refraction phases at about 220 mstravel time for the
dedgehammer-timber arrangement on the farthest offset traces are 3 to 6 times greater than for the
ded cleat. Thisamplitude difference is seen when comparing seismic records from the two sources
that are scaled to show their true rlative amplitudes (Figure 4). More of the induced energy is
tranamitted the full distance of the recelver line when using the timber. Thisis an expected result as

it is possible to strike the timber with greeter force than is possible using the sted shoe. All seismic

sources produced the expected clear firgt arrivas, followed by, predominantly, surface waves. The

primary difference in these two configurationsis smply afactor of power induced by driking the
timber more forcefully than the shoe. The dominant frequency pesk of the hammer-timber source
at about 45 Hz is aso about 10 Hz higher than the stedl cleat (Figure 5aand 5b). For deposits with
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an S-wave velocity of 200 m/s, this higher frequency pesk would alow about 0.4 m improvement in
resolving a thin bed for the hammer-timber source. Despite the lower amplitude and dominant
frequency of the sted cleat, we have found this source to be inva uable when space condraints
preclude the use of avehicle parked on the timber. For future comparisons against the Hacker
source described below, the dedgehammer-timber record (file 1004) is considered as the control
record.

To isolate the differences between a single Hacker impact and four hammer impacts againg a
timber recorded at this ste we compared individua sample amplitudes and whole-record frequency
andyds. At thetime of thiswriting, we do not have a Sngle hammer impact record to compare
againg the sngle Hacker blow at thisste. For the firgt-arriva phases, the hammer-timber record
shows about 1.5 times higher amplitudes at the midpoint of the receiver spread, which suggests that
an individud Hacker impact is roughly equivaent to or dightly more energetic than asingle
hammer impact (Figure 6). These two seismic sources also have asmilar dominant frequency pesk
at about 45 Hz (Figure 5).

Next, we compared the dedgehammer-timber record (1004) with two different correlated
Hacker source input-time variations (records 1006 and 1007, Fig. 7; dso see Table 1). We recorded
these data using a single Hacker and found, as expected from our experience using tampersin a
vertica mode, that a Single tamper does not provide a sufficiently random series of impulses and
results in the appearance of multiple first arrivals or corrdation noise (Figure 7). Correlaion noise
appears asa“ghogting” arriva that occurs before time zero, and/or later in the record as repetitive
firg arrivasat regular intervas. In thistest, however, a single Hacker aso produced strong first
arrivasthat, although somewhat obscured by correlation noise, gppear to be more continuous, of
higher amplitude, and with less interference from ambient high-frequency wind noise than the
hammer-timber source (Figure 7). Because the true amplitudes of the Hacker data are lost during
the correlation process, amplitude comparisons between the hammer-timber and the Hacker are not
possble. However, given the rdatively equa amplitudes of individuad Hacker impacts and the
hammer-timber source as described above, signd-to-noise improvements for the 60-s Hacker record
should be about afactor of 13 for 175 source stacks. It does not appear that 64-s single recording
has any advantage over a stack of 4, 24-srecordings for arecelver array of thislength at thisste

(Figure 7). Whether or not to record a single long record as opposed to a group of shorter recordsis
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usualy ste dependent. The ambient noise conditions at some Sites may require the use of shorter
records to avoid some of the noise.

Record 1009 (Figure 8) was made using two horizonta tampersin an effort to reduce
correation noise and to improve the sgna-to-noise ratio by increasing the number of source inputs
without increasing total source input time. Comparing the two-Hacker record (1009) to the control
record (1004), we find the first arrivals are strong and clear for the full distance of the receiver
Soreed, indicating that it is feasible to increase the number of active channds or extend the distance
of the existing channels. However, it does not gppear that correlaion noise is reduced by using two
Hackersinstead of one.

Record 1020 was made using a single Hacker without the correlaion process to emulate a
dedgehammer record (Figure 9). The saismograph was configured for stacking individua blows
rather than correlation of the Hacker impact time series with the data, and a commercid hammer
switch was used as the impact sensing device. The tamper was run up to full operating speed, then
rolled forward on the whedls to contact the timber for one hit, allowed to recoil backward, and
repeated to accumulate a stack of sxteen hits. This record most closdly replicates the
dedgehammer record.

If the correlation noise problem can be eiminated or highly reduced, then these results indicate
that the Hacker isa practical aternative to the dedgehammer for the increased energy inpt,
improvement of signal/noise ratio, speed of operation, portability, and reduction in human physica
force requirements. It is recognized that additiond testing & various Stesis required for complete
evauation and that some adjustments in technique are required to provide the quaity and integrity
of data that has been achieved in P-wave data collection.

The only observed mechanicd limitation to this technique is the apparent tendency of the
tampers to induce undesirable energy into the ground upon recail of the tamping mechaniam. The
next phase of testing includes aredtraint system to dampen the recoil and reduce this undesirable
component of energy.
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Figure 1-Horizontally configured tampers (Hackers) at field test location.
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Figure 2. Three pulses from a portion of atypical pulse sequence generated by the impact-sensing device
(labeled “ Source sensor” in Figure 1) attached to the base of the Hacker. These pulses are recorded on
channd 1 and then used to correlate with the data on channels 2 through 60.

&

Figure 3. Underside of Stedl cleat showing triangular points for penetrating soil to increase signd coupling.
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Figure 4. Gompares hammer blows on steel shoe and timber.
FHle 1004, on the right, is the control record for
comparisons in this paper.
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Figure 5. Spectral comparisons. Energy from thetimber is nearer 50 Hz. Energy
from the shoe is nearer 25 Hz. W ith the Hacker, there is greater
energy in the 75-100 Hz. range.
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Figure 6. Relative amplitude and frequency comparison between a single, uncorrelated Hacker impact (top)
and 4 stacks of the hammer-timber configuration (bottom). Frequency peaks are about the same for each
source. Amplitudes are dightly greater for the 4-stack hammer record probably because of the stacking.
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Figure 7. Records 1004, 1006, 1007. Gomparing hammer to single Wacker
in two different time configurations. Some correlation noise
introduced by insufficient randomness of single tamper.
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Figure 8. Fles 1004, 1007, and 1009. The addition of a second tamper

File 1007 File 1009
Single tamper - 64 sec. Two tampers - 64 sec.
correlated s correlated.

shows a slight improvement in data quality, but retains the induced

correlation noise.
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Fgure 9. Fles 1004 and 1020. Comparing hammer blows to stacking
tamper impacts. Improved SN ratio of tamper record improves
appearance of data with no introduction of correlation noise.
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