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Linear and nonlinear elastic wave pulse propagation experiments were performed in sandstone rods,
both at ambient conditions and in vacuum. The purpose of these experiments was to obtain a
quantitative measure of the extremely large nonlinear response found in microcraeked
micro-inhomogeneogsmedia like rock. Two rods were used,) a 2-m-long, 5-cm-diam rod of
Berea sandston@wvith embedded detectgrsised in previously published experiments &8y a
somewhat smaller 1.8-m-long, 3.8-cm-diam rod. In the earlier experiments, wave scattering from
the embedded detectors was a critical problem. In most of the experiments reported here, this
problem was avoided by mounting accelerometers directly to the outside surface of the rod. Linear
results show out of vacuum attenuations varied from 1.7 Np/m at 15(&Hz10) for the large rod

to 0.4 Np/m at 15 kHZQ=55) for the small rod; attenuations for the small rod in vacuum were
much less, typically about 0.15 Np/m at 15 kil=150. Wave velocities ranged from 1900 to
2600 m/s. The nonlinear results illustrate growth of the second and third harmonics and
accompanying decay of the fundamental. These nonlinear results compare well with a numerical
model. Although the results here were performed at peak strain amplitudes as lovl@s'5they

still show the pronounced nonlinearity characteristic of rock, in agreement with static and resonance
studies using the same rock type.

PACS numbers: 43.25.0dMAB]

INTRODUCTION Meeganet al. used the results only to first order in the non-
linearity and included viscoelastic, linear attenuation. Recent
The micro-inhomogeneities characteristic of many rockshymerical simulations by Van Den Abeélimclude nonlin-
give rise to some spectacular nonlinear elastic effects. lRarity to second order and agree with the experimental ob-
previous pulse-mode laboratory experiments, Meegfaal.”  servations published by Meegaet al. However, the reso-
demonstrated that, under ambient conditions, harmonics Gfance and static stress—strain measurements noted in the
pure-tone signals are generated along the wave propagatigfievious paragraph suggest that a different model of the non-
path in a Berea sandstone bar at strain levels as low afear elasticity inherent in rock samples may be more
3x10°% The experiments roughly confirmed predictionsappropriat@_ Hysteresis, end-point memory, and slow dy-
from perturbation theofythat the second harmonic ampli- namics appear to be important, even at the low strain levels
tude grows linearly with propagation distance, with theof the pulse propagation experiments. Hence, this work was
square of the input frequency, and with the square of thenotivated by a desire to expand on the earlier experimental
fundamental amplitude. Resonance experiments conductegork and to provide additional observations in an effort to

with the same rock type at similar strain levels also showgetermine the limits of current analytical models of nonlinear
pronounced effects associated with nonlinearity. The frewave propagation in rock.

guency at which Young’s mode resonance occurs shifts no-

ticeably with increasing drive amplitude for many types of

rock, including Berea sandstone, and multiple harmonics arg THEORY
generated. Static stress—strain measureméntssing Berea

sandstone samples show distinctly nonlinear stress—strain 1h€ classical theory of nonlinear wave propagation in
curves as well elastic solids has been discussed and presented many times

Model studies have been conducted with the solution of" the literaturé(see, for example, Refs. 9-]1To date, most
the progressive, one-dimensionél-D) nonlinear elastic qf th.e thgorefucal work used to desprlbe nonlinear propaga-
equation of motion using an iterative Green function methodion in micro-inhomogeneous materials such as rock has fol-
where a perturbative solution was found to second order ifPWed along these lines. We have compared calculations

the nonlinearity® To compare with experiments, however, ffom a particular mode(theoretical and numericablevel-
oped by Van Den Abeefewith some of the experimental

results presented in this paper.

dAlso at K. U. Leuven Campus Kortrijk, Belgium, as Post-doctoral Fellow " ; . ;
of the Belgian National Foundation for Scientific Research. The traditional approach of nonlinear elasticity begins

bAlso at Department de Recherches Physiques, UnivePsitre et Marie  With _the e_qu_ation of motion for_ pr_opa_gation_ in an infinite
Curie (Paris 6, Tour 22-4, Place Jussieu, 75252 Paris Cedex 05, Franceelastic solid in the absence of dissipation written as
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using a nonlinear version of Hooke’s law as follows: Analyzer Oscilloscope

o=E€[1+Be+ de®+---], ()

FIG. 1. Experimental setup: Block diagram shows source driver and one

whereE is Young's modulus angs and & are higher-order  j.icctor channel.

nonlinear coefficients. If a source function is present, it is

usually added to the right-hand side of EB). If we use Eq.

(3) and the fact that the small signal elastic “bar” speed is|; ExPERIMENTAL ARRANGEMENT
co=Elp, Eq.(2) can be rewritten as

The pulse propagation measurements reported here were

2 2
‘9_2 =c2 a_l;, (4) ~ made using two nearly homogeneous but anisotropic rods of
ot IX Berea sandstonéCleveland Quarries, Amherst, QHThe
Where first rod is the 2-m-long, 6-cm-diam rod used by Meegan

et al. This bar has detector®/alpey-Fisher pinducers, part
c?=cy1+2Be+35€%+-]. (5) VI_3—1093 epoxied inside .the roq within small boreholes
drilled at 45° angles at various points along the rod axis. The

One of the original purposes of our experiments was to apsecond rod is similar although somewhat shorter and smaller,
proximate values oB and é for the sandstone samples avail- 1.8 m long and 3.8 cm in diameter and not tapered at the end.
able to us. In order to reduce scattering effects, we chose not to drill

We should point out that the traditional approaches otholes in this second rod. Instead of pinducers, several B&K
Thurston and Shapitd and McCalf (which were adapted 8309 accelerometers were mounted directly to the outside of
and modified by Van Den Abedland othersyield expres- the rock(using a cyanoacrylate glue and an activgteach
sions for 1-D elastic wave propagation in iafinite medium  oriented along the axial direction. Gluing the accelerometers
and not a thin rod. Thus, although their stress—strain relatioonto the rod also allows flexibility in receiver spacing. A
has the same form as E(), the constants are differert, PZT-4A piezoelectric disk and tantalum inertial backload
B, and & in Eq. (3) replace combinations of the Lanamd  were epoxied onto the end of the rod as a source, as in the
Murnaghan coefficientsy, w and|,m,n, respectively. For configuration used by Meegast al. Because the opposite
example, for an infinite solidu(\+2u)/(\+u) takes the end of the rod was not tapered, care was taken so that pulses
place ofE in Eq. (3). The resulting “bulk” wave speed,is that propagated along the smaller bar were short enough that
also different for an infinite solid—a well-known result. reflections from the far end never interfered.
Thus, some care is required in comparing valuessfand 6 The electronics attached to the source and receivers are
measured in a rod or an infinite solid. depicted in Fig. 1. An Analogic 2020 arbitrary function gen-

Van Den Abeele’s solutidhis a higher-order extension erator was the signal source. It was programmed to repeat-
of the Green function perturbation technique used byedly output a tone burst with a Gaussian-shaped envelope.
McCall particularly applied for a pulsed wave with arbitrary The output of the 2020 was fed into a Hafler Pro5000 audio
(discrete Fourier spectrum. This technique was used to solveamplifier connected to the piezoelectric disk via a trans-
the wave equation for 1-D propagation in an infinite elasticformer. The transformer was essential because the Hafler
medium. McCall's approach is especially useful as it allowswill not drive a purely capacitive load. Nonlinearity of the
the flexibility of prescribing any source function. Becausetransformer was not a problem; measurements of the spectra
the solution is a perturbation result, it is valid only for small of the electronic signals going into the source at all drive
distances from the source. To allow large propagation dislevels showed that the harmonics of the drive frequency were
tances, Van Den Abeele adapted an iterative approach simall more than 55 dB below the fundamental. For both bars,
lar to Haran and CodR by dividing the propagation path the output of each detector was fed into a B&K 2635 charge
into several small sections and using the output spectruramp and then on to a LeCroy 9420 digitizing oscilloscope or
from one section as the input source function for the nexto an Analogic 652/6100B waveform analyzer. Signal-to-
section. Moreover, linear attenuation can be adaléthocat  noise ratios were improved by repeating the tone burst sev-
the end of each step in a manner similar to that used bgral times and using standard linear averaging techniques.
Pestorius and Blackstodk. We should point out that Meegaat al. connected the output
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of each pinducer to a voltage preamplifier by way of a cali-
brated cable; we chose to use a charge amplifier and not
worry about cable loading effects. @
The choice of source frequencies was limited by the
length of the bar and by the possibility of exciting unwanted
higher order modes. 1-D elastic wave propagation is easiest
to treat theoretically so we attempted to excite only the low-
est order longitudinal mode in the bar. Propagation speed of
this lowest longitudinal modéor Young's modg is about
1900 m/s for the smaller sample—somewhat higher in
vacuum—and about 2600 m/s for the larger rod. Thus, to
obtain enough cycles to analyze before the arrival of the
reflected pulse, we limited the lowest source frequency to Torsional Re;ﬁ‘;‘eed
about 10 kHz. Accelerometer bandwidth and the possibility , , jmode armval?
of exciting higher-order modes limited the highest source 2%° 400 600 80 1000 1200
frequencies. Although the lowest-order torsional mode Time (us)
propagates at any frequenégs well as a host of flexural
mode3, higher-order modes do not propagate below theifF!G. 2. Typical received tone bursts. Top wavefo@hwas obtained from ‘
cutoff frequencies. These frequencies were calculated frorff, efomete on he sufaceof e smay bar 5 o o the soure wit
the rod geometry and the bar and shear wave speeds for bo#) was obtained from a pinducer in the large bar, 38 cm from the source
rodsl® We found that for the smaller rod, the next higher with a source frequency of 14 kHz and a 1-ms tone burst. Bottom waveform
longitudinal and torsional modes can propagate if their fre{c) was obtained fron”! an accelerometer on the surface of the small bar, 60
. . .cm from the source with a source frequency 19 kHz and a 0.3-ms tone burst.
quencies are greater than about 35 and 55 kHz, respectivel ime axes of the top two plots have been shifted in order to show all tone
For the larger rod these frequencies are somewhat lower, 28irsts on the same scale.
and 44 kHz. In addition, there is one more limit to the high-
est source frequency: although the accelerometers have
mounted resonance frequency of 180 kHz, B&K specifica
tions indicate their response is flanagnitude and phagse
only to 54 kHz. The B&K charge amplifiers connected to the
accelerometers have a known féahplituderesponse to 100
kHz and flatphaseresponse to about 25 kHz. Beyond 25

kHz, the phase shifts upward very slowly_, to ngarly 30° e small,(a) and(c), and large(b) bar. Figure 2a) shows a
100 kHz. Imperfect accelerometer mounting will lower all 1-ms-long tone burst detected 85 cm from the source. Com-

these frequenp les. Thu;, to qbtain.a.m ac.curate measuremeagre this waveform with Fig. (®), a tone burst detected in
of the harmomcg and still avoid exciting higher order modesthe larger bar 38 cm from the source. The tone burst in the
source frequencies were kept below 20 kHz. larger bar is much cleaner, perhaps because the detectors
were not mounted on the surface but located near the center
of the rod where torsional motion does nheoretically
Several measurements of linear elastic wave propagatioexist. A shorter tone bur$0.3 ms long detected at 60 cm in
in each of the sandstone bars were made. The purpose tife smaller bar, Fig. @), illustrates an arrival which is ap-
these measurements was twofold. First, an extensive conparently the lowest torsional mode. The wave traveled with
parison between theoretical elastic wave propagation in #he shear wave velocity, was nondispersive, and, when an-
sandstone rod and the actual, observed wave propagation hather accelerometer was surface-mounted perpendicular to
not been reported. Second, linear attenuation and wavine original orientation, exhibited a strong twisting motion
speeds were required in model calculations. Most of theseharacteristic of the torsional mode. We attempted to avoid
measurements were conducted with the small bar becausequencies that generated torsional modes for all the experi-
Meeganet al. had already conducted many linear measurements reported here.
ments in the larger bar. The accelerometer orientation also posed some interest-
During the initial measurements with the small rod, weing measurement problems. Each accelerometer has a trans-
(re)discovered something known to Rayleigh, “The diffi- verse sensitivity that is usually negligible. However, near the
culty of exciting purely longitudinal vibrations in a bar is transverse resonance frequency and with the proper orienta-
similar to that of getting a string to vibrate in one plané”  tion, the measured transverse acceleration can be fairly large.
As already noted, the source frequencies used for these ekor the B&K 8309s, the transverse sensitivity is a maximum
periments permit propagation of both the lowest-order longi-at 28 kHz, very near the second harmonic in many of our
tudinal and torsional modes as well as a host of flexurakxperiments. We tried mounting the accelerometers with ori-
modes. Although flexural modes are possible, they typicallyentations in two different ways, to maximize or minimize the
propagate with very slow speeds, are dispersive, and thus caransverse response. The purpose of the first orientation was
be distinguished from other modes. Although our sourcéo see how much torsional modgwisting motion was
condition does not favor torsional mode excitation, we nev{present; the purpose of the second orientation was to de-

b)

L 1 .
1400 1600 1800 2000

eftheless found that certain source frequencies do, in fact,
Teadily excite a strong mode that propagates at the torsional
(sheay velocity and exhibits a twisting motion associated
with the lowest-order torsional modsee Ref. 18 for similar
experimental resuljs

Figure 2 shows examples of tone bursts recorded in both

Ill. LINEAR MEASUREMENTS
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FIG. 3. Typical rangestack used to calculate pulse propagation speed. Dagpeeds for the smaller bar were 1950 and 2100 m/s out and
taken from accelerometers on small bar, under vac¢s@0 mTor) with in vacuum, respectively.

0.5-ms tone bursts at 15-kHz source frequency. Each waveform amplitude An attenuation measurement for the smaller bar was not
has been normalized. Dashed line tracks the first arrival of the tone burst and

the dot—dashed line tracks its reflection from the far end of the bar. Straightfon’vard' The -simples.t teChniqu?_pIOtting the wave
amplitude as a function of distance—did not work because

couple the torsional mode from the longitudinal mode signal.s"te effects at each detector make determination of the decay

As noted above, problems with unwanted torsional mode%mcert"’"n'(Slte effects are discussed in the Appengix-

affecting the received signals are minimal with the detectoré\"t?a}d’ we used a O.S-ms-long tone bur;t and regorded the
imbedded in the larger bar. original tone burst and five of its successive reflections from

Measurements of both wave speed and attenuation arl?aOth ends of the rod. This was done at three separate accel-
illustrated in the next group of figures. Figure 3 shows aerometer positions. Results for the small iadvacuumare

typical range stack from several accelerometers mounted orﬁlotted in Fig. 4. Because a single accelerometer is used for

the small bar. Note the clean waveforms at this frequencyeaCh of the three data sets shown, site response is irrelevant.

torsional or flexural modes are not evident. As the figureThe average value of the attenuatiarfor the small bar in

shows, it is easy to follow a particular piece of the tone burst/2cuum at 15 kHz was 0.16 Np/rr=0.02 Np/m. The
waveform and determine wave speed from the slope. Th quwalent_average yalue f(@E:Wf./(av)_Whe.re Qe Is
wave speed for the larger bar agrees well with the value obe ex:tensmnagl q.uallty factor and is the velqcny .Of th.e
Meeganet al. (2700 m/$. We should also note that wave oungs modeé®—is 143 (+10). The solid vertical I[nes n
speeds did vary somewhat from day to day depending ojfe figure represent places where the tone burst is reflected

ambient temperature, pressure, and humidity. The in-vacuufic™ the source end. Data points taken after that reflection
measurements, on the other hand, varied much less. Wave
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FIG. 4. Peak acceleration values for an initial tone burst and its five later

. . . Frequency (kHz)
(multiple reflection arrivals. Squares represent data taken at an accelerom-
eter 28 cm from the source, circles 35 cm from the source, and diamonds 50
cm from the source. Solid, dotted, and dash—dotted lines represent leaBtG. 6. Spectrunimagnitudg of a large amplitude source signal taken from
squares fits to each position, respectively. Vertical lines at 3.6 and 7.2 na B&K 8309 accelerometer mounted on the rear face of the Ta backload.
represent points where the tone burst is reflected from the source end. Driving frequency was 13.75 kHz.
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FIG. 7. Model calculationscircles and measured acceleration specsalid lineg for an intense tone burst traveling down the large sandstone rod. Order of
spectra is left to right, the upper left hand corner corresponding to the spectrum taken 2.5 cm from the source. Pinducers are separated by 5 cm thereafter.

are expected to have additional energy loss because the nd were made at a distance greater than 20 cm from the
flected and incident pulse overlap and the exact nature of theource where a fully developed Young’s mogasevident.
reflection at the source end is not known. Indeed, the valu&o our knowledge, the development of Young’s mode shown
of the attenuation taking the average value of the slope ofiere has not been discussed elsewhere in the literature.
only the first two data points is somewhat smaller, 0.13
Np/m (Qg=~180. A similar experiment done at the same
frequency with the rosut of vacuum yielded an attenuation |\ NONLINEAR MEASUREMENTS
of 0.4 Np/m(Qg=55). For the larger bar the attenuation out
of vacuum has been measured to be much higher due to As a starting point we repeated some of the experiments
wave scattering from the imbedded pinducers; Meegfaal.  conducted by Meegaat al. We chose to use a B&K 8309
report aQ=10 which corresponds tae=1.7 Np/m at 15 accelerometer glued to the backload instead of the optical
kHz. probe previously used; the accelerometer was far less noisy
The linear experiments also revealed that the lowest lonand more sensitive in general. We assumed throughout these
gitudinal mode does not develop immediately after it is emit-experiments that the accelerometer gave an accurate repre-
ted by the source. Several B&K 4374 accelerometers wereentation of theelative spectrum of the source acceleration.
mounted within 20 cm of the source oriented to measure thébsolute source spectrum values, where required, were esti-
radial acceleration along the rod since Young’s mode is fremated. Figure 6 shows a typical source spectrum obtained at
guently described as a “snake swallowing” motion. Figure 5the backload for a high source strain level. It is rich in har-
shows the results. It is apparent that there is much less radiatonics. Because Meegaat al. had an exceptionally clean
motion near the source than farther down the rod. Generallysource signalsee their Fig. 8* we presume that the bond
we found that it was not until the wave had propagated @etween transducer and rock had degraded since the earlier
distance of about one to two wavelengths that the axial an@ork. Such a rich source spectrum had an unexpected effect
concommitant radial motions that characterize Young’son the results; harmonics at the source tended to mask what-
mode were present. Therefore, all measurements on the smaWer nonlinear effects we might have seen. In fact, the pres-
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FIG. 8. Source spectrum taken at the source backload of the small bar in air
with a B&K 4374 accelerometer. Driving frequency was 12.4 kHz.

ence of source harmonics changed the experimental results
dramatically(which will be discussed subsequently

If the spectrum at the backload is taken as the source
function for Van Den Abeele’snumerical method ang, 6,
and Qg are chosen to be 500,x110°, and 10, respectively,
we can make the comparison shown in Fig. 7. Predicted
theoretical spectral levels at each harmonic are indicated
with circles, and the measured spectra are shown as solid
lines. Two things should be noted. As we commented earlier, L T ST e U )
source harmonics masked nonlinear effects, i.e., the values of Propagation distance (cm)
B and 6 chosen above were small enough that they had no
effect on the model calculatiod$.Second, measured peak _ _ o

. . . . FIG. 9. Spectral ratios as a function of propagation distance for fundamental

values at the VE}”OUS harmon_lcs Seen_ m_the figure ﬂucwat&:ircles, secondsquarey and third(triangleg harmonics. Source frequen-
around the predicted level. This behavior illustrates the probcies were(a) 12 kHz and(b) 13 kHz, and source strain amplitude estimated
lem of site responseOur solution to the site response prob- at 3x10°". All data were taken with the rod in a vacuum of at least 10
lem is discussed in detail in the Appendix. mTorr.

Rather than repeating more experiments on the large bar
or remounting the source, we performed additional experisource frequengymay be due to resonance of the PZT disk
ments on a somewhat smaller sample. The same source comhich has a designed center frequency of 40 kHz. Spectra
figuration was used on the small bar as on the larger bataken at the backload in vacuum were similar although sec-
Unfortunately, we were unable to produce a clean, relativelyond and third harmonic levels were usually higher than the
monotonal source pulse like that shown by Meegaml.  out-of-vacuum spectra.
However, certain source frequencies proved to be better Spectral ratios as a function of distance at various source
choices than others. Figure 8 shows a typical spectrum frorfrequencies were obtained with the small rod in vacuum. In
a 12.4-kHz source obtained from a B&K 4374 accelerometenll cases, backload source spectra indicated a distorted
mounted on the Ta backload with the bar in air. It should besource and were similar to the spectrum shown in Fig. 8.
noted that the resonance frequency of the B&K 4374 accelFigures 9a) and(b) show plots of fundamental, second, and
erometer is somewhat lower than the accelerometers nothird harmonic spectral ratidgslenoted R1, R2, and R¥er-
mally used(B&K 8309) so the upper frequency end of the susdistance for drive frequencies of 13 and 14 kHz, respec-
spectrum—from about 40 kHz on—is somewhat enhancedively. In both cases the second harmonic at the source was
However, we were interested only in the behavior of theonly about 5 dB lower than the fundamental. The third har-
second and third harmonics, which were safely in the lowemonic at the source, however, was very low and, in fact, hard
end of the spectrum. Maximum source levels were estimatetb identify at 13 kHz(39 kHz). Both figures show a second
to be about 10 dB lower than the maximum levels reportecharmonic that does not groga) or grows just slightly(b).
by Meegaret al; peak strain amplitudes are about 50 ’.  This is not an unexpected result considering the large second
The second harmonic shown in this figure is about 10 dBharmonic in the source spectriBoth figures do, however,
lower than the fundamental; on the other hand, the third harshow strong third harmonic growth with distance. For com-
monic at 37.2 kHz is much lower and is, in fact, hard topleteness, the spectral ratios for the fundamental are also
identify. The peak at 40 kHawhich is not a multiple of the shown in both plots; in both cases the lines are nearly flat.

100 L 4

R1, R2, and R3

Relative Harmonic Amplitudes
>
M
L
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nal waves at the second and third harmonic frequencies and
determining source levels. Although we believe other non-
linear effects must be accounted for in the model, these re-
sults clearly show that the nonlinearity inherent in rocks
3 manifests itself at levels even lower than initially reported by
Meeganet al.

40

V. SUMMARY AND CONCLUSIONS

n
(=3
T

The results of several experiments examining linear and
: nonlinear wave propagation in two Berea sandstone rods
3 have been reported and compared with a numerical model.
Small amplitude wave speeds were measured in both
samples, both in and out of vacuum and found to range from
T N R B 2600 to 1900 m/s. Small signal attenuation was also mea-
0 20 40 60 80 100 sured and varied considerably, depending on whether the
Propagation distance (cm) sandstone bar was inside or out of vacuum. Value®pf
ranged from 1Qlarge sample in ajrto 150(small sample in
vacuunm). Measurements were made of higher strain ampli-

10k

Relative Harmonic Amplitudes
R2 and R3

0 ' ] tude waves too. Nonlinearity is clearly evident in our mea-
® | * R 4 ] surements. Most of the new measurements were obtained
g 2s5[ s s ] using a smaller, thinner rod than the study by Meegal
E . . and, since the detectors were surface mounted, wave scatter-
§ w20 [ A ] ing was not a problem. Remarkably, propagation of waves
e A with peak strain levels of only810~7 (10 dB lower than
g 5 i 4 levels used in Meegaet al) clearly show the effects of non-
%'I 15 . 4 ] linearity. The results also clearly show both secand third
2 [ a . harmonic growth. A numerical algoritfhwhich includes
e 1l A « " * ] second-order nonlinear constants in the equation of state was
[ A n * ] used to compare with the data presented here and the results
b f .*. f e . L ] are very good. The data presented here nicely complement
10 20 30 40 50 60 70 80 90 and greatly add to the data presented by Meesjaal.
Propagation distance (cm) Comparison of measurements and calculations, how-

ever, strongly suggest that the current theory is incomplete.
FIG. 10. () Spectral ratios as a function of propagation distance for secondiOreover, considerable evidence from resonance and static
(squaresand third(triangle$ harmonics. Source frequency was 12.4 kHz, stress—strain studies on similar materials suggests that hys-
source strain a_lmplituqe estimated ax20 7. Bar was in _air. Lines are  teresis and end point mem8r§1likely play prominent roles
l/;a;tjr?g?gr:ifﬂfo%),gzil(118;h;nzﬂgé??;g;gﬁ\?eslfaral ratios for values of wave propagation in earth materials such as rock. Some
preliminary numerical work by Van Den Abeéles prom-
ising. He has added hysteresis in his model and has shown
This behavior also is expected based on simulations. Othehat harmonics at levels we have observed in these measure-
in-vacuum results are similar to those shown here. ments can easily be generated without requiring lafge
Finally, we made measurements of the spectral ratios a@/ork is continuing along these lines.
a function of distance for the second and third harmoaoigs
of vacuum. Source spectra were typically cleaner than thoSRCKNOWLEDGMENTS
taken with the bar in vacuum. Figure (8D shows a plot of
spectral ratios obtained with the source spectrum shown i%ci

Fig. 8(12.4-kHz fundamental Spectral ratios for the second ) . ) . ]
9. 8( z alSp ! e University of California. We also wish to thank Doug

; . .~ th
and third harmonic are denoted R2 and R3. The two Ime%vI )
(least-squares fitsare shown to guide the eye and do not eegan, Robert Guyer, and Katherine McCall for valuable
%i_scussions and suggestions.

necessarily represent the true functional dependence of spe
tral ratio on distance; the errors in the method and sparseness _

of data do not allow us to deduce the exact functional forms’éi_lp_FONSDlx' SITE RESPONSE AND SPECTRAL

However, the error barare significantly smaller than the

spread in each case and both harmonics are growing with Measurements with earth materials are typically much
distance. Figure 1®) shows a simulation of the experiment more difficult than those conducted in air or water. Site re-
using the numerical model with values gf 6, andQg of  sponse, the variation in signal intensity due to local inhomo-
400, 2x<10°, and 55, respectively. The results are very simi-geneity and detector coupling, is a well-known problem in
lar, especially considering the uncertaintieg1n determin-  seismology, and laboratory experiments on solids share some
ing the true source function an@) exciting pure small sig- of the same difficulties. In seismology, the observed spec-
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trum at a ground location is often expressed as the trueach of the small amplitude harmonics. The measured levels
source spectrunfat depth passed through a series of linear for each of thdow amplitudesignals, given the source func-
filters. Filters that are often used include instrument retions S(nf;) are

sponse, propagation path response, geometric spreading, M(nf. x)=A(Nf. x )W (nf. x f —19

source radiation response, étdn our 1-D rod experiments (nfy ) =AMty x)W(nfy,x)Snfy)  n=1, (13)

we need only correct for source, instrument, and path re- . ) .

tenuation along the propagation path is relatively easy tource functiorBy(f,) are

determine. However, accelerometer site response is not. Ide- v (nfy,x)=Ay(nfy,x)¥(nfy,x)Sn(f1). (A4)

ally, if the mounting is perfect, the B&K accelerometers ) o
have a flat response to 54 kHz. However, a perfect mountin§){Ot€ that we assume site respones independent of am-

is rarely possible, especially on porous sandstone rods. InPlitude. The ratio of the measured large amplitude signal
perfect mounting will lower the resonance frequency and aldriven atf, at thenth harmenic to the low amplitude signal
ter the expected accelerometer frequency response. Mordriven atnfy is
over, the rod it§elf is aniso'tropic. and _ nqt perfectly Mn(nfy,x)  An(nfy,xp) [Sy(f)
hpmogenous SO d[fferent mounting pqmts will yield slightly Rn= M(nf.x)  A(nfLx) | S(nfy)
different accelerations. The problem is even more trouble-
some with the pinducers as they are not calibrdtédgure 7 The site respons¥ is again eliminated and the source ratio
shows the effects of site response; variations of the spectig @ constant. The new attenuation “filter” resporsg now
from site to site are obvious at any frequency. contains the nonlinear propagation effe@g., decay of the

A W|de|y app“ed method used for e|iminating site re- fundamental or grOWth of a harmOI)\jCFOI' the harmonics
sponse in seismology is the method of spectral ratios. I@bove the fundamental, for example, the ratio
earthquake studies for example, the effects of wave travehn(nfi,X)/A(nfy,x;) should increase with distance if the
paths, attenuation, and seismometer variations can be caffd responds nonlinearly. This method appears to work very
celled by taking the ratio of a large earthquake spectrum to well in the case of a source that does not emit harmonics.
much smaller earthquake spectrum from the same sourdédeed, Meegaret al. successfully applied this formulation
location?? We have adapted the technique to eliminate thd0 plot the ratioR; as a function of distance. If nonlinearity
site response problem in our laboratory experiments as foln the material had not been present, the ratio would have
lows. Assume for simplicity that we have a source whosedeen constant for all pinducer positions. What Meeggal.
spectrum consists of a single line at frequerfgy i.e., a found, however, was that the value of the spectral ratio ap-
monotonal source. The measured small-strain spectral leveared to grow linearly witl, exactly what classical theory
for this |ine|\/|(f1’xi) from an accelerometer at a distanqe prediCtEd, a ConVinCing show of nonlinear response in the
from the source can be represented as the source spectrif@terial.

. (A5)

S(f,) passed through two linear filters: A cautionary note: If the source emits harmonics, prob-
lems are introduced into the method. A rich source spectrum
M(fy,x)=A(f1,x)V(fq,x)S(fq), (A1) translates to a redistribution of energy within the wave spec-

trum along the path in a complex manner because interac-

where A(fy,x;) is the filter representing the attenuation tions between all frequgncies.begins immedﬁately. See Van
evaluated aff, and W(f,,x) is the filter representing the Den Abeelé for more discussion on contaminated sources

detector site response evaluated atlf we supply a second and their effects on the simple harmonic relationships.
monotonal source spectruBi—at the same frequency but at
a different small-strain amplitude—the same filters apply and'G. D. Meegan, Jr., P. A. Johnson, R. A. Guyer, and K. R. McCall, “Ob-
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