
Abstract
An experimental investigation is pursued to: i) verify a recently proposed inverse 
approach [3] for simultaneous reconstruction of fracture geometry and characterization 
of its interfacial condition at low and high frequency regimes, and ii) better understand 
the nature of the contact condition in pre-existing, and evolving, fractures in quasi-
brittle materials. To this end, slab-like laboratory specimens of granite, Fig.1, are:        
a) induced with fractures, b) subjected to suitable static stress, and c) excited by 20 kHz 
ultrasonic waves, while monitoring the induced (in-plane) particle velocity over a high 
density of scanning grid via a Scanning Laser Doppler Vibrometer (SLDV). The SLDV 
data are then used to reconstruct the full displacement, and thus, stress fields over the 
measurement surface. Accordingly, one can compute i) the fracture opening 
displacement, FOD, and ii) tractions applied to the fracture surface, enabling point-wise 
computation of their correlation, and its evolution in time, which can be translated in 
terms of heterogeneous normal     and tangential    interfacial stiffnesses.kskn
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Methodology & Recent developments

The concept of topological sensitivity (TS) is extended [3] to enable simultaneous 3D 
reconstruction and interfacial characterization of fractures by way of elastic waves. 
Interactions between the fracture faces, due to e.g. asperities, fluid, or proppant, are 
described via the Schoenberg's linear slip model with the contact parameters k_s and 
k_S, Fig.1. The proposed TS sensing platform entails point-wise interrogation of the 
subsurface volume by infinitesimal fissures endowed with interfacial stiffness k_and k_. 
Simulations demonstrate, Fig.2, 3 and 4, that irrespective of the true contact condition 
at  a hidden fracture surface, the TS is capable of non-iterative reconstruction of its 
geometry. Given such geometrical information, it is further shown via asymptotic 
analysis that by certain choices of k_and k , the ratio         along the surface of a nearly-
planar (finite) fracture can be qualitatively identified at virtually no surcharge.

Experimental Platform
Two sensing configurations, shown in Fig.5, are designed as the following; 1) a through-
fracture is induced in a granite slab via three-point bending (3PB) in an MTS load frame; the 
pieces are then reconnected by applying a normal force to the opposite sides of a specimen – 
top left panel of Fig.5. The 3PB fracturing of specimens is done with the aid of an asymmetric 
notch to create a non-planar fracture, and thus induce a spatial variation of interfacial stiffness 
under uniaxial compression due to uneven normal stress on the fracture. The prepared sample 
is then used as a testbed, elastic waves are generated externally by an ultrasonic transducer, 
while scanning the induced surface motion via SLDV – bottom left panel of Fig.5; 2) an effort is 
made to reconstruct and characterize evolving fractures in rock – top right panel of Fig.5. This 
is accomplished by fracturing the specimen in a 3PB setup and sensing the fracture surface 
periodically during the loading process. The 3PB testing with an eccentric notch gives rise to 
mixed-mode loading and the creation of an advancing fracture behind a cohesive zone. In the 
approach, the crack initiation and propagation is controlled by a closed-loop, servo-hydraulic 
system with crack mouth opening displacement (CMOD) as the feedback signal. The granite 
samples (in both set-ups) have the target dimensions of 0.9 m × 0.3 m × 0.03 m. The tests are 
performed in the 1000kN MTS load frame which has 1m clearance between columns, providing 
an unimpeded SLDV vantage of the entire specimen. The target SLDV scan is performed at 
approximately 70% of the maximum stress (in post-peak) while the CMOD is held constant.
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Abstract
In applied mathematics and engineering, non-iterative techniques for tackling inverse scattering
problems have flourished in the past two decades. One of the related techniques, which is the focus
of this study, is the method of Topological Sensitivity (TS). Previously supported by a broad set of
numerical simulations, this method is now put to test experimentally with the focus on 2D obstacle
reconstruction in a thin aluminum plate via elastic waves. The in-plane measurements of transient
elastodynamic waveforms along the edges of the plate are effected in a non-contact fashion by a 3D
laser Doppler vibrometer (LDV). Using an elastodynamic (time-domain) finite element model as a
computational platform, the TS reconstruction maps are obtained and analyzed under varying
experimental conditions.
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Background
TS method has emerged from the theories of shape optimization as a qualitative tool for treatment of
the inverse scattering problems in elasticity and electromagnetism. Mathematically, the TS signifies
the obstacle-sizefree factor in the leading-order perturbation of a given cost functional when an
infinitesimal scatterer is introduced in the defect-free domain whose properties are known
beforehand, see Fig.1. In terms of tomography, this quantity is then used as obstacle indicator
through an assembly of sampling points where it attains pronounced negative values. Typically, TS
formulas are expressible as a bilinear form involving germane free and adjoint fields that are
computed in the reference domain. Examples of the TS and “TS-like” maps are shown in Fig. 2.

Experimental setup
In this study, scanning laser Doppler vibrometer PSV-400-3D by Polytec, Inc is employed to collect
observations data. By deploying the principles of optical interferometry and three independent scanning heads
targeting a material point from different angles as shown in Fig. 3, the system is capable of capturing both the
normal and in-plane velocity components of the surface motion.

Illuminating elastic waves are generated in aluminum plate via contact transducer attached to the plate via glue
(Fig. 4a). Arising in the plate transient elastodynamic wavefield can be described by a plane stress elastic
boundary value problem shown in Fig. 4b. Temporal excitation of the transducer is a sine-modulated 5-cycle
burst characterized by center frequency fc that ranges in the experiment from 10 kHz to 40 kHz.

Two cavity defects, a “hole” and a “slit” are introduced to the plate as shown in Fig. 5. LDV is then utilized to
collect both sensor data (marked green) and Dirichlet data (marked red) for 5 different locations of the
transducer. Constant strain triangle FE coupled with implicit Newmark-beta time integration are employed to
numerically simulate free and adjoint fields separately for each single-source experiment. Obtained TS maps are
then summed up to facilitate illuminating from multiple directions (i.e., to provide sufficient source aperture).

Results
Shown in Fig. 6, are the TS reconstruction maps obtained at different center frequencies of the
illuminating waves demonstrating the effect of TS field localization near the boundaries of the cavity
as the frequency increases. Fig. 7 demonstrates the effect of source aperture on simultaneous
reconstruction of both defects.
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Motivation
Identification of the spatial distribution and temporal variation of    and    has recently 
come under the spotlight [2] owing to: i) its potential role as an early indicator of 
interfacial instability and failure, and ii) its relevance to deciphering the mechanism of 
shallow earthquakes. In hydraulic fracturing, imaging        in the fracking process is 
the subject of mounting attention [1,4] due to its potential application in: i) imaging the 
proppant injection process, ii) discriminating between newly created, old, and 
proppant-filled fractures, and iii) monitoring the evolution of hydraulic conductivity of 
an induced fracture network and thus assessing the success of stimulation strategies. 
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Fig.5 : Experimental set-ups for imaging
stationary and evolving fractures.
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Fig.3 : 3D TS reconstruction at low frequencies Fig.4 : TS reconstruction at high frequencies
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Fig.6 : Fracture characterization via SLDV measurements; a) geometric reconstruction of  evolving 
(top panel) and stationary (bottom panel) fractures; b) hysteresis loops along the fracture edge; c) 
identification of heterogeneous contact parameters.  
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