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ABSTRACT

In this wort we are studying the benavior of the fundamentad (Young's) maxle
resonant peak as a function of dnive amphitude in rock samples. Our goal from these
studies 18 Lo obunn nonlincar moduly for many rock types, and o study the nonhne:n
modub as a funcuon of water saturation and other changes in physical properties,
Mcasurements were made on seven didlerent room dry rock samples  For one sample
measurciments were aken at 16 saturation fevels between 1 and 98% . All .amples display
a "sofwmng” nonhincarity, that is, the resonant licquency shifts downw ard with increasing
drive amplitude. In extreme cases, the resonant frequency changes by as much as 25%
over o stram mterval of 1077 0 . 10°%, Measurements mdicate that the nonhinear
response 1y exuemely sensiive to saturabon. Estimates of a combined cubic and guarti
nonlmear parameter I range from approximaiely - 300 1o 109 for the rock samples
Mcasurcments on PVC and aluninum show no detectable bendmg smplymg that |1 s
unmaasurahly small vamg this method

1. Introduction

Recent laboratory and field experiments have demonstrated that carth matenials have
an cnormous nonhincar clastic response, comparable o fluid containing gas
bubblest S AANOTE “Phe ramifications of this response may ultimately effect many arcas
of research in geo cience including seismology, where the spectral distortion of seismic
waves during propapation must be be considered?. Other arcas of rescarch include rock
miechanies and nuitenals science where the nonlinear response may be used to chivacternize
matenals. Inaddition, charactenization of material property change by montoring nonhinear
response may be of value, These changes include varations in water saturation for porous
media, change in response to variations i stress, change induced by fatgue damage, et

Our purpose here is to explore the nonlinear phenomenon of resonant peak bending
in rock samples and 10 characterize the nonlinear response of diffeient rock samples We
present a nonlinear coefficient denved from resonant peak bending for several rock
samples, and the ¢Change of nonlinear modulus with changes in water saturation for one
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rock sample. These measurements are compared with the measured Young's modulus L,
and specific dissipation constant Q.

Nonlinear resonance has been discussed by many authors and treatments can be
found in texts on vibration' and differential equationsii. It is not our purpose here to
review theory and the resonance equation will be only bnefly covered in the following
section.

2. Theory

Young's modulus Eq is obtained from the fundamental resonant frequency
measured at low drive voltage in the strain interval of 10 7-10 ¥, From the bar density p
and length x the modulus is,

"
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where . is the fundiamental resonant bar frequency at linear elastic strain, and Ci; is the
Young's maxde velovity at ay,

The equation of motion for a discrete system (consisting of a spring-mass-dashpot)
i

L1} 1 L ] ‘, .
u + ‘8 u+@,” u(l+ ru) = Fcos (), (2

where b is mass displacement, u is velocity, U is acceleration, Q is specific dissipation
(inversely proportional o attenuation), F is the amplitude of the oscillating force and 1 isa
measure of the strength of the nonlinearity.  Solution of Eq (2) leads to the frequency
response of the system,

Q. I NI
(Q)c_,,.(l-u;_tnc,)g,.l. (3
where
0 M L) = m'l'. Y and n - I', I,
), w,’

and my, 18 the trequency corresponding to the mavimum aceeleranon  Under the

stmphitving assumptions Q « 1 (small attenuation) and 1« « Q 1V (nonlinearity neghypible
compated to attienuation) one has,

Aw . ) i
= Ay (

4 0 (4)
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where A - (o, ay) and u,® iy the square o the mavimum daeeeleration . Own

experiments arc confipured 10 measure v, Q. m, and ay, Theretore, we can deternune 1 as
precdhicted for a discrete system

An important pomnt epardmg Eg () as that il 1 as posinive the resonance curve wall
bend upward in riequency handening nonhineanty), and andaf 1 s negative the iesonanee
curve will bend downwind an frequency (softening, conhineantiv) g s also hysteiehe



in its behavior in that it depends on which direction the driving frequency is swept,
meaning that the amplitude is not uniguely determined by the applied forcing function,
This behavior will be illustrited 1n the results section.

The discrete system assumption implies that stress a, strain ¢, and displacement u
arc homogencous in the sample as a funcuon of time. In reality, this is not the case. Suess
and strain are maximum at the center of the bar (in absolute value) and minimum at the tar
ends. Isplacement is nuiximum at the bar ends and minimwum in the bar center. Work on
the solution to the elastic resonance equation of motion is continuing.

3. Expcerimental Procedure

The experimental configuration for obtaining frequency versus acceleration
measurements from o sample is describea as follows, Two function gencerators serve as a
voltage to frequency converter. A ramp voltage function output by one function generator
is fed to a second function generator 1o create a frequency sweep interval  The intesval s
chosen to encompass frequencies well above and well below the fundamental resonant
maode of the sample. The signal is amplified and acoustically excited by an elecromagnetic
(coil/ magnet) source oriented parallel 1o the axis of the sample The magnet is affixed 10 the
sample. The signal is detected by use of a calibrated accelerometer, s pre-amplhified. and
is then fed toa graphies tabler where the signal is time averaged 1o obtain frequency versus
maximum acceleration. The signal is also fed 10 an oscilloscope for monitonng the time
series sipnal. Measurements are made of both upwiard and downward frequency sweeps
over the chosen interval, Typically, § 10 experiments are conducted at successively
increasing drive voltages over the same frequency interval in order (o monitor resoenant
peak shift,. A single sweepis typica!' S 20 minues in durianon.

Muasurements of seven difterent roch samples were made. Comparative studies
were conducted using the relatively elastically hinear matenals alununum and PYC For one
roch sample, Meuie sandstone, measurements were tahen at 1o difterent water siataration
levels between 1 98 T-or the situraton measerements, the sample was saturated ater
evitcuation under vacuum and measurements were made as the rock dried under room
condinons, Densities were estimuiied from the dry werght and the measured porosin
Sample lengthy ranged trom .39 1.0 mand duametess ranged from 2 S 1o S em

4. Results and Discussion

Frpure 1 shows a simple sequence of resonance curves for nine ditferent excitianon
levels of Fontnnebleau sandstone. The sohid Tines represent downwand lieguency swee ps
and the dashed hines represent upwiard sweepy The direction of bending shows that the
hehavior s sottenmy. This s the cise tor all measarements taken Phe hysterenc behavio
mentioned above s clearly seen as intenstty s inereased

In exoeme cases (diy Meule sandstone), the resonant frequency changes by as

much as 254 over a strmn interval of 10 710 ~4x10° Y Expernenis conducted an
alumimum and  polvvimylchlonide PVC showed no detedtable nonlinear behavior, PV has
0 similan Q o many rocks, and because U as inversely propotnonal 1o Q7 [Eq ()], 1s i
better comparison than aluminum The resonant curves for PV e shown in Fygure 2

The values of Eg, Q and 1 tor seven difterent rock types are shown in‘Table 1Al
samples were room doed for the expeniments with the exception of Fontaineblea
sandstone which was oven doed under vacaum Table 2 shows these values as a function
of situranon m Meale siudstone

Frpime 3 shows satiranion versus g and T ononmalized wo then respecnve W8,
satianon values The coethcient 1 appears 1o be L more sensanve o chanpes
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Figure 1. Accelerauon i versus frequency lor nine excitation levels in Fonwinebleau sandsione. The large
peak at 1381 Hy is at an increased acceleration scalc 10 show the character ol the hincar behavior. The
maxmum acceleration corresponds to a s of 3.7x10 . Solid fine = downward sweep, dashed hine =
upward sweep.
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Figue 2 Accelerationa versus frequency for eight excitation levels in PV

saturation than g The values of 1'are only approximate. ‘This is because the fit implied by
Fq () was not always pood. In addinon, tor the saturanon study the experiment wis
only conducted once iand theretore the precisi nis not known,

In rock, we have found that 1 s necative, not merely from resonance results but
also from pulse maode® and state pressure penments. The impheaton as that the nme
nvennpe modulus oy weaker at elevated sy Finadly, we have not guanutied the



relationship between I' and nonlinear coefficients determined in other ways e.g., f and &
determined for the propagating wave case®. This work is continuing.

Table 1. Dynamic Young's modulus, Q, and nonlincar modulus I obuined from resonance experiments.
Density assumed o be 2.2 g/em?,

Rock Sample " Saturction Eo Q -r
(GPa) (m-2)
AS1 Marble M116 room dry 8.7 1300 2.39710°
Carrara Marble MSle room dry 30.3 400 2.12x108
Estaillades Yamestone S790 room dry 17.6 8O0 4.80x 1
Fontamebleau Sandstone 13 ovendry 25 HX) 112107
Lavoux Limestone §171 room dry 18.2 ~1000 K.34x109
Mecule Sandstone U107 room dry 8.5 45 1.52x 10}
St. Pantaleon Limestone SS9} room dry 17.1 625 6161100

Table 2. Dyunimic Young's modulus, Q, ane. nonlinear modulus T7as a funciion of water saturanon
Mcule cindstone obtaned from resonance expeniments. Measured densities used

Rock  Sample Saturation Fg Q I

% (GPa) (m-2)
Meule Sandstone U0 ! UK 339 4.6 4.74x100!
Meule Sandstone U107 94 101 7.7 LRRINTIA
Mcule Sandstone V'O KK 1 Ry 1 18v10¢
Meale Sandstone € 10 K1 104 Q) FRTTSIIL
Meule Sandstone U102 RO 3.01 UR 104100
Meule Sandstone U1 60 100 v> 1 0An !
Meule Sandstone U0 6 1k 0.6 Lionvio”
Meale Sandntone 1107 53 108 9.6 Vi
Meule Sandstone L 10/ 40 27 100 TR0
Mcule Sandstone U107 0 101 10.0 120100
Meale Sandstone U0 py 107 100 21 a0
Meule Sandstone U110/ 16 .69 10?2 a0t
Mecule Sandstone U110 6O SN0 171 FRRTNNTIN
Meule Sandstone U101! 1 1.60 WO 12K 0!
Mcuic Sandstone (10 { T 64 3 4 Vit
Meule Sandstone VIO l LR dih 1oaant
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