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Ben-Zion, Yehuda (Invited)

Spatio-temporal variations of rock damage near large crustal
faults.
Y. Ben-Zion a .
Earthquake ruptures and seismic radiation generate stresses larger than the elastic limit,
leading to nonlinear elasticity and reduction of seismic velocities. During the interseismic periods, regaining of cohesion produces rock healing. Damage generation is resisted
by normal stress and healing is enhanced by it, so rock damage is especially pronounced
in the shallow crust. Generation and healing of damage over many earthquake cycles
produces a flower-shape fault zone structure, with significant damage in the top few km
that decreases in amplitude and width with depth. A hierarchical damage structure of
this type is observed with multi-scale/signal seismic imaging of the San Jacinto fault
zone in southern California. Analysis of surface and borehole seismic data near the fault
indicates very low seismic velocities and very high Vp/Vs ratios (> 5) in the top 50-100
m. Spectral ratios of surface and borehole seismograms recorded before and after the
M7.2 2010 El Mayor - Cucapah earthquake reveal 30-50% co seismic reduction of Vs in
the top 150 m followed by logarithmic healing with time. Similar observations of damage structures and significant temporal changes of seismic velocities in the shallow crust
are observed near the North Anatolian fault in Turkey and other faults. The observations
are compatible with results of laboratory experiments with granular material and rocks,
and can be simulated using a nonlinear continuum damage rheology model.
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Bradley, Christopher

Modeling crush and fracture behavior in earth materials: A
phase-field approach.
C. Bradley a .
As is well known, near source and free---surface damage mechanisms are key to understanding how shear waves are generated from an underground explosion. Modern numerical models can now more appropriately simulate explosion source phenomenology.
However, the main simulation challenge is the development of a material model that
includes proper physics---based damage mechanisms in earth materials. In this talk we
outline a new continuum approach to model fracture, crushing, and failure in earth materials such as granite. The basic idea behind this approach is an order parameter that
describes, for each point in the material, whether the material at that point is intact or
broken. Specifically, this “phase field” equals unity if the material is intact, zero if it is
fractured, and varies smoothly but rapidly between zero and one across the interface,
describing the fraction of intact bonds at each point. Following similar ideas in phase
transformations and pattern formation, the growth and propagation of fractures, and
the comminution of the material, is simply a dynamical process that minimizes the free
energy within the constraints of the external stresses on the material. This provides us
with an evolution equation for the fracture order parameter. Provided in this presentation is the theory behind this “phase field” approach and qualitative analysis of results
obtained for granite laboratory experiments.
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Campillo, Michel (Invited)

Seismic ambient noise imaging and monitoring.
M. Campillo a .
We present a method to detect in situ the temporal changes of the elastic properties of
the rocks. We repeatedly use the ambient noise to retrieve the elastic response between two sensors and extract from the time series the temporal changes of the seismic
velocity.
We discuss the principles and limitations of the method. We present examples of applications with different forcings : earthquakes, volcanic activity, hydrometeorology, and
underground mining. The results indicate that very slight (as small as a few 10-5) relative changes at depth in relation with internal deformation processes can be studied
with continuous seismic records.
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Daub, Eric

Determining the nonlinear elastic properties of rocks using the
ambient seismic field.
E. Daub a , C. Wu a , A. Delorey b , C. Lieou b , P. Johnson b .
We use passive seismic observations to explore the nonlinear elastic properties of the
crust. We draw on observations from a range of environments, including strong earthquake ground motion and static stress changes due to faulting. Our results in a range of
environments show both a static and a transient dynamic
t on the elastic properties.
The static ect depends on the sign of the applied load (in compression the waves travel faster and in tension the wave speed is slower), while the dynamic response always
results in a reduced wave speed as contacts are perturbed and then renewed following
the disturbance. We interpret the observations using Shear Transformation Zone (STZ)
Theory, a physically motivated model for the response of amorphous material to applied
loads.
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Delrue, Steven

Simulation study of the localization of near-surface cracks using an air-coupled ultrasonic sensor array.
S. Delrue a , V. Aleshin b , K. Van Den Abeele a .
The importance of Non-Destructive Testing (NDT) to check the integrity of materials in
different fields of industry has increased significantly in recent years. Actually, industry
demands NDT methods that allow fast (preferably non-contact) detection and localization of early-stage defects with easy-to-interpret results, so that even a non-expert field
worker can carry out the testing. The main challenge is to combine as many of these requirements in one single technique. The concept of acoustic cameras, developed for
low frequency NDT, meets most of the above mentioned requirements. These cameras
make use of an array of microphones to visualize noise sources by estimating the Direction Of Arrival (DOA) of the impinging sound waves. Until now, however, because of
limitations in frequency range and lack of integrated nonlinear post-processing, acoustic
camera systems have never been used for the localization of incipient damage. The goal
of this study is to numerically investigate the capabilities of locating incipient damage by
measuring the nonlinear airborne emission of the defect using a non-contact ultrasonic
sensor array. We consider a simple case of a sample with a single near-surface crack
and prove that after efficient excitation of the defect sample, the nonlinear defect responses can be detected by a uniform linear sensor array. These responses are then
used to determine the location of the defect by means of different DOA algorithms. The
results obtained in this study can be considered as a first step towards the development
of a nonlinear ultrasonic camera system, comprising the ultrasonic sensor array as
hardware and nonlinear post-processing and source localization software.

Figure 1. Illustration of the model geometry consisting of a 5 mm aluminum plate with a horizontally
oriented near-surface crack of 1 mm length and positioned at a depth of 0.2 mm. A guided Lamb wave
is excited at the leftmost boundary and propagates through the sample. While interacting with the
crack, nonlinearities are being generated, causing high-frequency ultrasonic radiation in the ambient air
(i.e. nonlinear air-coupled emission). The nonlinear radiation is captured by an air-coupled ultrasonic
sensor array to be used for defect localization.
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Ecke, Robert

Earthquakes, friction, and granular materials.
R. Ecke a , D. Geller a .
We explore a laboratory analog realization of an earthquake fault where the plates are
photoelastic so that stresses can be visualized and the effective fault gouge consists of
2D bi---dispersed granular rods. Using force transducers, optical measurement of local
moment strain in the plates, and high speed visualization, we provide a characterization
of the effective friction of the granular material, the distribution of stick---slip---slide
events, and other statistical properties of the coupled plate---granular system. We find
power law dependences of moment distributions [1] and of global force fluctuations
that are consistent with mean---field theories describing avalanches and earthquakes.
We probe the effective friction produced by the confined granular material as a function
of the inter---particle friction of the grains. Finally, we compare with statistical models of
stick---slip phenomena and with numerical simulations of idealized frictionless grains.
[1] D. Geller et al, Physical Review E 92, 060201R (2015).
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Gliozzi, Antonio

Application of phononic crystals and acoustic metamaterials to
nonlinear elastic problems.
A. Gliozzi a , M. Scalerandi a , M. Miniaci b , A. Krushynska c , F. Bosia c , B.
Morvan b , N. Pugno d .
Phononic crystals (PCs) and acoustic metamaterials (AMMs) are artificially structured
composite materials that enable manipulation of the dispersive properties of elastic
waves, exploiting Bragg scattering or the presence of localized resonances. Generally,
they are periodic distributions of cavities or inclusions (scatterers) embedded in a matrix. Among their unique vibrational characteristics we recall effects such as frequency
band gaps, negative refraction, wave filtering/focusing, acoustic cloaking, subwavelength sensing, etc. In particular, their ability to act as stop-band filters (opening
bandgap in the frequency domain) and focus selected frequency bands make them potentially interesting for applications in nonlinear acoustics and structural health monitoring.
Nonlinear nondestructive techniques that exploit nonlinear signatures to detect and locate damage often encounter limitations linked to the weakness of nonlinear components of the signal, which can fall below the noise level, making it difficult to detect and
estimate them. Here, we apply PCs and AMMs to Nonlinear Time Reversal (TR-NEWS)
with specific designs that demonstrate the possibility of greatly enhancing the sensitivity
of this nonlinear imaging technique. Moreover, we demonstrate that, combining the
properties of higher order harmonic generation by nonlinear elastic materials and of
suppression of selected frequencies by AMMs, it is possible to realize systems that can
realize unidirectional nonreciprocal wave propagation, i.e. so-called “acoustic diodes”.

Figure 1. Metamaterial device implemented in an aluminum plate (left panel) to obtain ultra-sensitivity
in the nonlinear time-reversal process within the frequency bandwidth of the metamaterial (right panel).
aDepartment
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Guyer, Robert

Dynamic response of frictional granular material: result of
DEM simulation.
L. Lemrich a , P. Johnson b , R. Guyer c , X. Jia d , J. Carmeliet a .
A granular system, glass beads that have Hertz-Mindlin interaction, is simulated using
the discrete element method, DEM, LIGGGHTS implementation. The system is brought
to mechanical equilibrium in a sequence of applied stress states. In each of these stress
states the quasi-static elastic properties are measured and the system is subjected to an
extensive dynamic testing protocol. The dynamic testing protocol consists of measurement of the resonant response for a broad range of AC drive amplitudes and AC drive
frequencies. A set of diagnostic measures is tracked throughout the dynamic testing
that includes local internal strain, particle velocity, average coordination number, and
the slipping contact ratio. The system, linear at small AC drive amplitudes has resonance frequencies that shift downward (modulus softening) with increased AC drive
amplitude. The system is strongly nonlinear at large AC drive amplitudes. The resonance frequencies and the associated dynamic modulus are surrogates for a dynamic
plastic strain. Detailed testing shows that the slipping contact ratio does not contribute
importantly to the dynamic plastic strain. This suggests that the softening arises from
the motion of extended structural features that are brought into existence and given
mobility by the AC drive amplitude. Several models of nonlinearity due to extended
structural features are discussed briefly.
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Haupert, Sylvain

Ultrasonic imaging of nonlinear scatterers buried in a medium.
S. Haupert a , G. Renaud a , E. Carcreff b .
An ultrasonic technique for imaging nonlinear scatterers, such as cracks, buried in a medium has been recently proposed. The method called amplitude modulation consists of
a sequence of three acquisitions for each line of the image has been implemented on
conventional phased array ultrasonic devices. The first acquisition is obtained by transmitting with all elements of the phased array while the second and third acquisitions are
obtained by transmitting with odd elements only and even elements only, respectively.
An image revealing nonlinear scattering from the medium is reconstructed line by line
by subtracting the responses measured with second and third acquisitions (odd elements and even elements) from the response obtained with all elements transmitting.
The proof of concept was performed on a unique sample which has shown that amplitude modulation has a higher detection specificity and a better contrast of the crack
than the conventional ultrasound image. The goal of this study is to gain a better
knowledge of the capabilities of the amplitude modulation method by determining its
sensitivity and robustness compared to the conventional imaging for several stainless
steel samples with different crack sizes and orientations.
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Jacobs, Laurence (Invited)

Generation of higher harmonics and their application to material characterization.
L. Jacobs a .
Predictive health monitoring of structural components will require the development of
advanced sensing techniques capable of providing quantitative information on the damage state of structural materials. Second harmonic generation techniques can measure
absolute, strength based material parameters which can be coupled with uncertainty
models to enable accurate and quantitative life prediction. Starting at the material level,
this talk will examine a combination of sensing techniques and physics-based models to
characterize damage in metals. These nonlinear ultrasonic measurements can sense material state, before the formation of micro- and macro-cracks. Typically, cracks of a
measurable size appear quite late in a component’s total life, while the material’s integrity in terms of toughness and strength gradually decreases due to the microplasticity
(dislocations) and associated change in the material’s microstructure. These second
harmonic techniques are acoustic wave based, so component interrogation can be performed with bulk, surface and guided waves using the same underlying material physics.
The talk will consider applications to characterize fatigue, thermal embrittlement, irradiation damage, sensitization and stress corrosion cracking in nickel-base superalloys,
aluminum and stainless steels.
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Jia, Xiaoping (Invited)

Nonlinear elasticity in non-cohesive granular solids: Acoustic
probing and triggering of shear instability.
X. Jia a .
Laboratory studies of granular friction have emerged as a powerful tool for investigating
dynamics of seismic faults [1,2], including dynamic triggering of earthquakes at remote
distance [3]. However, the physical origin of dynamic triggering by seismic waves in microstrain still remains a challenging issue [4]. Advances in granular mechanics have
paved the way for understanding how small-amplitude waves may trigger fault slips. The
emerging view is that dynamic perturbation of sheared gouge materials causes an elastic softening up to a material failure that could be understood as unjamming transition
from a solidlike state to a liquidlike state [5] induced by the acoustic i i ation [2,6].
Here we will describe a series of laboratory experiments on the unjamming of granular
solids. We first investigate the shear-band formation in highly confined granular media
with acoustic probing. An important decrease of the shear wave velocity is measured
prior to failure together with stick-slip like rearrangements of granular network detected by multiply scattered coda waves [7]. Next, we study the l i i ation of a granular
solid by nonlinear acoustic pumping under high and low confining pressure, respectively.Two regimes are found when the amplitude of vibration increases: in the first we observe a significant shear modulus weakening but without visible grain rearrangement,
while in the second there is a clear plastic rearrangement of grains accompanied with
the modulus decrease up to 85% [8]. We show that these results could be ationali
by a friction model which highlights the effect of slipping contacts. Finally, we show that
this mechanism could explain the triggering of granular avalanches by small-amplitude
ultrasound which acoustically lubricates the stuck contact area and thus reduce the friction coefficient between grains [6] without rearranging them via dilatancy [1].
[1] C. Marone, Ann. Revs. Earth & Plan. Sci. 26, 643 (1998)
[2] H.J. Melosh. Nature 379, 601 (1996)
[3] J. Gomberg et al, Nature 411, 462 (2001)
[4] P. Johnson and X. Jia, Nature 437, 871 (2005)
[5] A.J. Liu and S. R. Nagel, Nature 396, 21 (1998)
[6] X. Jia et al, PRE 84, 020301(R) (2011); J. Léopoldès et al, PRL 110, 248301 (2013) [7] Y.
Khidas and X Jia, PRE 85, 051302 (2012)
[8] J. Brum et al, to be submitted
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Johnson, David (Invited)

Nonlinear phasing and dephasing of three wave mixing of
Stoneley waves.
D. Johnson a .
We consider the propagation of guided acoustic waves in a nonlinear three-wave mixing
experiment in a borehole drilled in an earth formation; (linear) dispersion and attenuation are generally key
ts. Our st measurements are on a water- ll steel pipe for
which dispersion, though small, is still si ni ant. The nonlinearly generated waves exhibit a predicted phasing-dephasing behavior as a function of propagation distance due
to the underlying velocity dispersion between the fundamentals and the nonlinearly
generated waves. We extract the dimensionless nonlinear parameter, which is weakly
frequency dependent.
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Johnson, Paul

Machine learning predicts failure.
B. Rouet-Leduc a, b,c , C. Hulbert a,c , N. Lubbers a,d,e , K. Barros a,e , P. Johnson f .
In this work we show that we can predict frictional failure times (‘labquakes’) in laboratory shear experiments. This advance is made possible by applying learning tree approaches to continuous time series recorded by a single accelerometer listening to the
experiment. The RF is trained applying a number of statistical data features over a time
interval over which a number of labquakes occur. Remarkably, during testing we find
that the RF predicts upcoming failure time immediately following a labquake, based only
on a short time window of data—a ‘now ’ prediction. The predicted time improves as
failure is approached, as other data features add to prediction. The approach should be
portable to most or all failure problems. The event magnitude is also predicted. The ML
approach identifies a signal previously thought to be noise. Characteristics (e.g., variance, kurtosis, skewness) of this signal are the best predictors. Such an approach could
shed new light on mechanisms of nonlinear elasticity [1].
[1] B. Rouet-Leduc, C. Hulbert, N. Lubbers, K. Barros and P. A. Johnson, Machine learning predicts laboratory earthquakes, under review (2017).
https://arxiv.org/abs/1702.05774
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Lieou, Charles

Nonlinear softening of unconsolidated granular earth materials: a first-principles approach.
C. Lieou a , E. Daub b , R. Guyer c , P. Johnson a .
Unconsolidated granular earth materials exhibit softening behavior due to external perturbations such as seismic waves; namely, the wave speed and elastic modulus decrease
upon increasing the strain amplitude. In this letter, we de-scribe a theoretical model for
such behavior. The model is based on the idea that shear transformation zones (STZs) –
clusters of grains that are loose and susceptible to contact changes and rearrangement –
are responsible for plastic deformation and softening of the material. We apply the theory to experiments on simulated fault gouge composed of glass beads, and demonstrate
that the theory predicts nonlinear resonance shifts and reduction of the P-wave modulus, in agreement with experiments. The theory thus o s insights on the nature of the
critical state prior to failure on earthquake faults.
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Lombard, Bruno (Invited)

A continuum model for nonlinear wave propagation with slow
dynamics.
B. Lombard a .
In heterogeneous solids such as rocks and concrete, the speed of sound diminishes with
the strain amplitude of a dynamic loading. This decrease known as “slow dynamics” occurs at time scales larger than the period of the forcing. Also, hysteresis is observed in
the steady-state response. In this presentation, a 3D model of continuum is proposed in
the framework of the finite strain theory. An internal variable that describes the softening is introduced, as well as a family of evolution equations for the internal variable. The
new model is thermodynamically admissible and dissipative (inelastic). Nonlinear viscoelasticity is also incorporated. In the case of one space dimension and small deformations, it is shown analytically that the model reproduces qualitatively the main features of real experiments.
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Ohara, Yoshikazu

Nonlinear ultrasonic phased array using surface acoustic
waves for crack evaluation.
Yoshikazu Ohara a , Hiromichi Nakajima a , Kazushi Yamanaka b , Toshihiro Tsuji a ,
Tsuyoshi Mihara a .
To selectively image closed cracks on a surface, we extended a surface imaging method
(SAW PA) [1,2] of combining an ultrasonic phased array (PA) with a surface acoustic
wave (SAW), to nonlinear version, which was proposed for PA using a bulk wave [3]. In
this method, the all-, odd-, and even-element transmission of an array transducer are
employed for transmission. For linear defects, the subtraction of all response from the
sum of odd and even responses becomes zero. On the other hand, for nonlinear defects
such as closed cracks, the received waveforms for all-element transmission distort,
which corresponds to the generation of nonlinear components in frequency region, due
to the nonlinearity caused by the contact vibration of crack faces. Note here that the
energies of nonlinear components are distributed from that of the fundamental wave.
Therefore, by filtering the responses at around the fundamental frequency and thereafter subtracting all response from the sum of the odd and even responses, all nonlinear
components can be measured. The advantage of this method is that there is no need to
directly receive all nonlinear components with various frequencies that cannot be
measured by a piezoelectric transducer with a limited frequency bandwidth. Also the
effect of nonlinearity other than closed cracks, which are liquid couplants, transducers,
etc., can be avoided because the excitation voltage is fixed.In this study, we applied the
nonlinear SAW PA to a specimen with a stress corrosion crack (SCC) extended from a
fatigue crack, which was formed for the measurement by SPACE with bulk waves [4]. In
the linear image, the fatigue crack was clearly imaged, whereas the SCC was rather
weak. This may result in the underestimation of crack length. On the other hand, in the
nonlinear image, the SCC was selectively imaged. The results show that the fatigue crack
and the SCC were open and closed, respectively. [This work was partly supported by
JSPS KAKENHI Grant Numbers 15H04139 and 26630340].
[1] A. Ouchi, A. Sugawara, Y. Ohara, and K. Yamanaka, “Subharmonic phased array for
crack evaluation using refraction and/or mode conversion at an interface,” Proc.
35th Symp. Ultrasonic Electronics, 35, 259-260, 2014.
[2] A. Ouchi, A. Sugawara, Y. Ohara, and K. Yamanaka, “Subharmonic phased array for
crack evaluation using surface acoustic wave,” Jpn. J. Appl. Phys., 54, 07HC05-1-6 ,
2015.
[3] S. Haupert, G. Renaud, and A. Schumm, “Ultrasonic imaging of nonlinear scatterers
buried in a medium,” NDT E Int., 87, 1-6, 2017.
[4] Y. Ohara, H. Endo, T. Mihara, K. Yamanaka, “Ultrasonic measurement of closed
stress corrosion crack depth using subharmonic phased array,” Jpn. J. Appl. Phys.,
48(7), 07GD01-1-6, 2009.
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Ostrovsky, Lev

Acoustic radiation force and its biomedical applications.
L. Ostrovsky a,b .
The acoustic radiation force (ARF) is, in general, defined as a period-average force exerted on the medium by a sound wave. Various aspects of this phenomenon have been
discussed by numerous authors, beginning from Lord Rayleigh. Since 1990s studies of
ARF enjoy a renaissance, primarily due to broad biomedical applications. In particular,
the radiation force produced by a focused ultrasound beam acts as a virtual finger for
remote probing elastic properties of internal anatomical structures and obtaining diagnostic information about possible lesions. Another area is using ARF for manipulating of
microparticles (up to bacterial sizes) and microbubbles in resonators for their separation
and visualization. Some studies refer to the effects of ARF in solids. There are many relevant theoretical challenges as well. This presentation gives a brief review of the problem. Besides a general interest, it may have geophysical applications as well.
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Payan, Cedric

A comprehensive 3D description of dynamic acousto-elasticity
in rocks and concrete.
M. Lott a , M. Remillieux b , V. Garnier a , P.-Y. Le Bas b , T.J. Ulrich b , C. Payan a .
The mechanisms of nonlinear and nonequilibrium dynamics is studied theoretically and
experimentally through dynamic acousto-elasticity testing. In the proposed theoretical
formulation, the classical theory of nonlinear elasticity is extended to include the effects
of conditioning. This formulation is adapted to the context of dynamic acousto-elasticity
testing in which a low-frequency “pump” wave induces a strain field in the sample and
modulates the propagation of a high-frequency “probe” wave. Experiments are conducted to validate the formulation in a long thin bar of mortar and Berea sandstone.
Several configurations of the pump and probe are examined - the pump successively
consists of the first longitudinal and first torsional mode of vibration of the sample while
the probe is successively based on (pressure) P and (shear) S waves. The theoretical
predictions reproduce many features of the elastic response observed experimentally, in
particular the coupling between nonlinear and nonequilibrium dynamics and the threedimensional effects resulting from the tensorial nature of nonlinear elasticity. The influence of physical effects such as viscoelasticity and diffraction is discussed. The implication of these findings in the field of Non-Destructive Testing are then exposed. [1,2]

Figure 1. Three-dimensional treatment of nonlinear and nonequilibrium elasticity. Left: Correction of 3D
effects on slow dynamics. Center: effect of diffraction on standard DAET type measurements. Right: Effect of viscoelasticity on the third order elastic constants determination.

[1] M. Lott, M.C. Remillieux, V. Garnier,1 P.Y. Le Bas, T.J. Ulrich, C. Payan, “Nonlinear
elasticity in rocks: A comprehensive three-dimensional description,” Physical Review
Materials (In press, 2017).
[2] M. Lott, C. Payan, V. Garnier, Q.A. Vu, J. Eiras, M.C. Remillieux, P.Y. Le Bas, T.J. Ulrich
“Three-dimensional treatment of nonequilibrium dynamics and higher order elasticity,” Applied Physics Letters 108 (14), 141907 (2016).
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Pieczonka, Lukasz

Nondestructive testing of engineering materials with time reversed elastic nonlinearity diagnostics (TREND) – A numerical
study.
Ł. Pieczonka a , J. Spytek a , K. Pośpiech a , J. Fabiański a , D. Błaszkiewicz a , W.
Staszewski a .
We demonstrate an efficient simulation framework for Time Reversed Elastic Nonlinearity Diagnostics (TREND) simulations using a High-Performance Computing (HPC) platform. The proposed framework is based on a commercial Finite Element (FE) software
MSC.Marc/Mentat supplemented with in-house code written in Matlab and Python.
Parallel processing capabilities of the HPC platform allow to effectively perform a large
number of spatio-temporal wave focusing simulations and obtain the map of damage.
Dedicated software procedures were implemented to orchestrate simulations and provide the necessary signal processing routines. Efficiency of the proposed approach is
demonstrated on two simulation cases, namely: a laminated composite plate with impact damage and a steel sample with localized crack. Nonlinearity in both computational
models was introduced in the damaged areas by defining contact boundary conditions
and nonlinear springs-damper elements, respectively. Piezoceramic transducers, that
were driven by a predefined voltage signal, were modeled to introduce ultrasonic vibrations in the material. Based on the obtained results it can be concluded that the proposed HPC-based simulation framework is a valuable tool for virtual TREND testing. The
aim is to use the developed framework to better understand the nonlinear elastic response of a damaged material and optimize the experimental setup in a pre-test stage.

aAGH

University of Science and Technology, Krakow, Poland.

Popovics, John

Reducing sample size for nonlinear vibration experimental
tests.
J. Popovics a , J. Bittner a .
The authors have demonstrated that a broad set of nonlinear data can be obtained from
impulse-based vibration tests carried out on centimeter-scale prism samples of porous
infrastructure materials (solid Portland cement paste). Their results showed that environmental conditions such as relative humidity and temperature play a significant role
in affecting the measured phenomena, and deeper study on this topic is warranted.
However the large size and volumetric shape of the prismatic samples used to date present limitations with regard to material equilibration to the exposed environment.
Smaller sized samples with greater surface to volume ratio would enable faster and
more complete equilibration with the exposed environment, and as such would provide
more controlled and uniform material properties for the tests. In this study, a vibration
test configuration for a millimeter-scale disc sample of cement paste is proposed. The
test configuration provides both slow and fast dynamic material responses obtained using steady-state vibration excitation. The results obtained from the new smaller test
configuration are compared, in terms of slow and fast dynamic responses, to those obtained using the previous larger configuration under similar maximum absolute strain
level experienced by the respective samples. Comparison tests are carried out under
controlled ambient conditions with varying relative humidity and temperature. The
comparison of results reveals under what conditions the two test configurations are
comparable, and under what conditions accurate nonlinear dynamic phenomena can be
obtained from each.
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Potter, Jack

Characterisation and optimisation of nonlinear diffuse energy
array imaging.
J. Potter a , J. Cheng a , A. Croxford a , Bruce Drinkwater a .
Recently an imaging technique was demonstrated to measure local elastic nonlinearity
by contrasting the diffuse energy of parallel and sequential fields focused at the inspection point. As with any imaging technique, behaviour and performance must be characterised in order to demonstrate industrial viability. To that end, a series of experimental
and modelling programs have been undertaken. Baseline measurement values, spatial
sensitivity and point spread functions are predicted and validated experimentally. A
study was also conducted to determine the sensitivity of the method in application to
the detection and sizing of fatigue cracks. Furthermore it is shown how test parameters
may be optimised for a given inspection. Of most importance is the delay applied before evaluation of field energy, the optimal value for which represents a compromise
between field diffusivity and signal to noise ratio. It is shown how the evolution of field
diffusivity over time can be evaluated from the linear array response. This allows a test
to self-optimise based on received inter-element responses alone and without a priori
knowledge of the sample.
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Rasolofosaon, Patrick

Combination of Kelvin representation and Preisach model in
nonlinear geomechanics.
P. Rasolofosaon a .
The aim of this presentation is to review the idea of combining in synergy Kelvin representation and Preisach-type model to describe Nonlinear elasticity in geomaterials and
even beyond, and all the ramifications of such an approach. Kelvin first introduced the
concept of parallelism and orthogonality of stress/strain state (e.g., [1] and [2]) which
naturally leads to the orthogonal decomposition of the elasticity tensor (e.g., [3]). The
scalar Preisach-type model [4] has been successfully used for describing the nonlinear
elastic properties of a large class of materials exhibiting Nonlinear Mesoscopic Elasticity,
including geomaterials [5]. The idea of combining Kelvin representation and Preisachtype model was found to be particularly efficient for solving 3D problems and/or when
dealing with anisotropic media (e.g., [6], [7] and [8]). There even seem to be no limit to
the sophistication of such type of model which can synthesize the main mechanical behavior of geomaterials, namely the frequency dependence (viscoelasticity), the dependence on stress-strain level (nonlinearity), possibly the presence of hysteresis, and the
dependence on the direction of observation (anisotropy), but also the porous nature
(poroelasticity) (e.g., [9] and [10]). It appears that theory is much ahead of experimental
techniques. However the scarce experimental works on these combined topics seem to
corroborate such type of model combining Kelvin representation and Preisach model
(e.g., [7], [10]). We strongly encourage further experimental work in order to check the
validity of the theoretical approach.
[1] Kelvin, Lord, 1856, Elements of a mathematical theory of elasticity, Part1 On stresses and
strains: Philosophical Transactions of the Royal Society, 166, 481-498.
[2] Kelvin, Lord, 1878, Mathematical theory of elasticity (in the article Elasticity): Encyclopedia
Britannica, 7, 796–825.
[3] Rychlewski, J. (1984). On Hooke's law. Journal of Applied Mathematics and Mechanics, 48(3),
303-314.
[4] Preisach, F. (1935). Über die magnetische Nachwirkung. Zeitschrift für physik, 94(5-6), 277302.
[5] Guyer, R. A., & Johnson, P. A. (1999). Physics today, 52, 30-36.
[6] Helbig, K., & Rasolofosaon, P. N. (2000). A theoretical paradigm for describing hysteresis and
nonlinear elasticity in arbitrary anisotropic rocks. in Anisotropy 2000: Fractures, converted
waves and case studies, Ed. L. Ikelle, Published by The Society of Exploration Geophysicists
P.O.Box 702740, Tulsa, OK 74170-2740
[7] Rasolofosaon, P. N. (2009). Geophysics, 74(5), WB107-WB116.
[8] Bou Matar, O., S. Dos Santos, S. Calle, T. Goursolle, S. Venaverbeke, and K. Van den Abeele,
2006, Simulations of Nonlinear Time Reversal Imaging of Damaged Materials: European Conference on Non-Destructive Testing, paper Th.1.5.2.
[9] Helbig, K., & Rasolofosaon, P. N. (2009). Geophysics, 74(5), WB97-WB105.
[10] Rasolofosaon, P. N. (2011). Geophysics, 76(3), WA167-WA183.
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Rivière, Jacques

Dynamic stressing of rocks: on the relation between permeability increase and elastic weakening.
J. Rivière a , B. Madara b , D. Elsworth b , P. Johnson c , C. Marone b .
Dynamic stressing of rocks is known to transiently increase permeability, and has potential application to improve the efficiency of geothermal energy production and oil/gas
recovery. At larger scale, teleseismic waves have been observed to transiently increase
permeability of aquifer systems. Seismic waves are also known to transiently decrease
elastic moduli near fault zones. However, it remains unclear which parameters control
the magnitude of permeability increase and how this magnitude can be predicted. This
laboratory study monitors both permeability evolution and elastic properties in fractured granite, shale and sandstone. The L-shaped samples are loaded with triaxial
stresses of order 10MPa and fractured in the triaxial cell. Deionized water is forced to
flow along the resulting fracture path by applying a differential pore pressure across the
sample. Oscillations in pore pressure (𝑃𝑃𝑝𝑝 ) of frequency 10-1 – 101 Hz and amplitude up to
1 MPa are applied and compared with normal stress oscillations (𝜎𝜎𝑛𝑛 ) of similar amplitude and frequency. Transient increases in permeability can be evaluated following dynamic stressing and constrained via measurements of ultrasonic velocity and amplitude.
Preliminary results show that permeability increases are larger when 𝑃𝑃𝑝𝑝 –oscillations are
applied, as opposed to 𝜎𝜎𝑛𝑛 –oscillations. On other hand, elastic weakening (transient drop
in ultrasonic velocity) is larger during 𝜎𝜎𝑛𝑛 –oscillations. We estimate the degree of correlation between permeability increase and elastic weakening across various rock types
and loading conditions, before discussing the possible mechanisms at play. In particular,
our observations suggest that permeability increase partly arise from clogging/unclogging mechanism of loose fines that are not contributing to the stiffness matrix.
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Steedman, David

Explosive yield estimation using Fourier amplitude spectra of
velocity histories.
D. Steedman a .
The Source Physics Experiment (SPE) is a series of chemical explosive shots of various
size detonated at varying depths in a borehole in granite. The testbed includes an extensive array of accelerometers for measuring the shock environment close-in to the explosive source. One goal of SPE is to develop greater understanding of the explosion phenomenology in all regimes: from near-source, non-linear response to the far-field linear
elastic region, and connecting the analyses from the respective regimes.
For example, near-field analysis typically involves review of kinematic response (i.e., acceleration, velocity, and displacement) in the time domain and looks at various indicators (e.g., peaks, pulse duration) to facilitate comparison among events. Review of farfield data more often is based on study of response in the frequency domain to facilitate
comparison of event magnitudes. To try to “bridge the gap” between approaches, we
have developed a scaling law for Fourier amplitude spectra of near-field velocity histories that successfully collapses data from a wide range of yields (100 kg to 5000 kg) and
range to sensors in the test site medium.
Moreover, we show that we can apply this scaling law to data from a new event to accurately estimate the explosive yield of that event. This approach presents a new way of
working with near-field data that will be more compatible with traditional methods of
analysis of seismic data and should serve to facilitate end-to-end event analysis.
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Ten Cate, James

Modern stick-slip experiments in the style of BurridgeKnopoff, Revisited.
J. Ten Cate a .
Common experiments for studying stick-slip behavior are often done wth glass beads or
other well-behaved and characterized granular materials, often in triaxial testing machines or similar. The Penn State “Earthquake machine” is one example of the culmination of the design of that sort of experiment, combining all the best features of experimental work done to date. Repeating some of the early stick-slip work, with slabs of real
granular materials, with well-cemented angular grains is being done at different environmental conditions within a large environmental chamber. A new dataset of stick-slip
events from these sets of experiments will add needed complexity to the well-controlled
laboratory experiments done to date.
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Tournat, Vincent

Nonlinear hysteretic elasticity for rotational waves in granular
chains.
A. Cebrecos a , J. Cabaret a , G. Theocharis a , P. Béquin a , V. Andreev b , V. Gusev a ,
V. Tournat a .
We report results on the nonlinear propagation of pure rotational waves in onedimensional granular chains, where the nonlinearity is purely hysteretic and comes from
the contact excited in torsion. The considered model system, made of magnetic beads
ensuring the pre-compression between spheres of the one-dimensional chain without
contact with any support or substrate, can accurately be described with a mass-spring
model with hysteretic coupling. Consequently, nonlinear resonances as well as distortion of propagating wave packets are experimentally and theoretically analyzed in this
framework. We report results on the distortion of wave packets by pure quadratic hysteresis at small but finite amplitudes. With larger amplitudes, for which total sliding of
the torsional contact occurs, strong amplitude dependent dissipation is observed and
analyzed. In this case, the quadratic hysteresis approximation is no longer valid and
more advanced hysteretic modeling is developed. Prospects with this model system and
its potential use for testing dynamic hysteretic models will be discussed.
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