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ARTICLE INFO ABSTRACT

This paper focusses on non-destructive characterization of stress-induced damage progression in three types of
rocks by experimentally capturing the elasto-dynamic non-linear response of the rocks, with the hypothesis that
non-linear approaches have increased sensitivity relative to linear ultrasonic testing approaches. For this task, a
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Damlz:g‘e. o non-linear ultrasonic testing procedure known as the Scaling Subtraction Method (SSM) has been implemented
E;iis initiation on uniaxially loaded rock specimens. The SSM procedure is based on exciting the damaged medium with two

acoustic signals at different amplitudes consecutively. The linearly rescaled acoustic response at low excitation is
subtracted from the response at large amplitude excitation for quantification of the elastic non-linearity of the
medium by a non-linear indicator 0. At first, aluminum, Lyons sandstone, granodiorite and Gosford sandstone
specimens were characterized using SSM and their inherent non-linearity was quantified. After this, the rock
specimens were loaded under uniaxial compressive step-loading and ultrasonic measurements were performed
simultaneously at each loading step. The non-linear indicator 6 was calculated as the specimens were pro-
gressively damaged, and the changes in the non-linear response were linked to the different physical processes
accompanying damage progression in rocks. The study concluded that the non-linear SSM technique is capable

of sensitively recording signatures of the different stages of damage evolution in rocks.

1. Introduction

Numerous critical structures, like dams, bridges, tunnels, caverns,
nuclear waste repositories, have been constructed with rocks being the
ultimate load bearing material. During the design life of these struc-
tures, rocks are generally subjected to anisotropic stresses (mechanical,
thermal, chemical or seismic) which can lead to formation, growth and
coalescence of micro-cracks eventually causing a degradation in the
rock's strength.’ As a result, the life span of these structures is com-
promised, putting the involved life and property at risk. Therefore, it is
important to consider the effect of micro-damage induced strength
degradation in the engineering design and put in-place an efficient
monitoring plan. Consequently, it is imperative to develop techniques
through which one can monitor early damage manifestations in rocks,
and at the same time understand the damage processes associated with
micro-structure in rocks.®” Non-linear ultrasonic testing (NLUT) tech-
niques have shown a great potential in detecting low level of damage in
a wide spectrum of materials ranging from synthetic rocks (e.g. con-
crete and mortar) to rocks.® In this study a variant of NLUT technique -
the Scaling Subtraction Method (SSM) - has been used to evaluate its
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potential in detecting the signatures of different stages of micro-
cracking in uniaxially loaded rock specimens.

Linear ultrasonic testing (LUT) is a more traditional approach for
non-destructive characterization of damage in materials. LUT probes
the changes in the linear acoustic wave parameters (i.e. pulse velocity,
amplitude attenuation, and frequency shifts) as damage accumulates in
a material.”'® The linear theory of ultrasonic wave propagation is
based on the assumption that the pulse velocity in a medium is con-
stant, and the density and elasticity of a medium is independent of the
transmitting wave amplitude.'’ Theoretically, this assumption implies
that an ultrasonic wave will not be distorted as it propagates through a
medium, although its amplitude might reduce due to scattering of the
acoustic energy; that is why amplitude is a more sensitive parameter for
capturing signatures of damage in a medium.'*'® Although wave at-
tenuation is a fairly sensitive parameter for monitoring damage in a
material, the changes in wave amplitude can be insignificant at low
crack densities.>'® Also, it has been documented that the signatures of
damage evaluated using LUT methods are sensitive towards the fun-
damental frequency of the transducers used.'” As such, LUT methods
may fail to allow for clear identification of low to moderate levels of
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damage in a material,'®*°
of damage in rocks.
Studies have shown that non-destructive techniques that have the
potential to extract the elasto-dynamic non-linear response of a mate-
rial have broad implications in the non-destructive evaluation of ma-
terials.”*""*> NLUT approaches specifically capture the non-linear re-
sponse signatures, which are originated in geomaterials particularly
due to the presence of inhomogeneous features, like micro-cracks, grain
boundaries, joints, debonding, delamination, crystal lattice defects, etc.
NLUT has the distinct advantage that it is extremely sensitive towards
micro-damage as compared to LUT.”'®'®235 NLUT technique ana-
lyses the interaction of ultrasonic waves with the material, and, speci-
fically characterizes the non-linear effects such as: (i) super and sub-
harmonic generations using the Finite Amplitude technique (FA), which
requires very precise acoustic measurements'>°; (ii) distortion in the
resonance frequencies and wave attenuation with changes in excitation
amplitudes using Non-linear Resonant Ultrasound Spectroscopy
(NRUS)?”%%; (iii) wave mixing interactions using Non-linear Wave
Modulation Spectroscopy (NWMS)’; and (iv) changes in the ultrasonic
times-of-flight using a frequency mixing procedure known as the Dy-
namic Acousto-Elastic Technique (DAET).*>?°73! These techniques
quantify the non-linear material behavior by using several non-linear
material parameters.*??>> In the same group of damage detection
techniques exploiting the non-linear features of the elastic response lies
the Scaling Subtraction Method (SSM).>**” SSM was proposed to
overcome some issues affecting the more traditional NLUT damage
detection techniques (for details, refer to Munoz et al.” and Worden
et al.**). The most significant issue affecting NLUT methods is the low
signal to noise ratio at moderate levels of damage, which, decays ra-
pidly on moving away from the source of non-linearity, therefore re-
quiring very precise measurements.”>> The benefit of SSM lies in the
fact that the amplitude of the acquired non-linear signals is large en-
ough to be easily distinguishable from the background noise. The
NLUT-SSM approach has also been found to be effective in detecting
presence of localized damage in composite materials,”” without the
need of localizing transducers close to the source of non-linearity (de-
fects) in the materials. Furthermore, Antonaci et al.>® compared the
sensitivity of the LUT measurements against that of NLUT-SSM mea-
surements for detecting damage progression in concrete, and concluded
that NLUT-SSM is more effective than the traditional LUT measure-
ments in that it can detect the distinction between initial stages of de-
gradation and late damage propagation. As such, SSM has been pre-
viously used to identify damage in concrete and composite plates, but
the effectiveness of SSM technique for detecting the presence of micro-
cracking related damage in rocks has not yet been assessed.
Therefore, in the present paper, the NLUT-SSM has been tested to
assess its potential for characterizing the damage processes in rocks
with primary focus on the early level damage. Three rock types, Lyons
sandstone (LS), granodiorite (G) and Gosford sandstone (GS) were
tested for this purpose. An attempt is also made to characterize the
difference in the observed non-linearity of the three rocks based on
their micro-structure. The structure of the paper begins with a brief
introduction on the fundamentals of non-linear ultrasonics. Next, the
SSM technique has been described, followed by the testing procedure,
and, then the results and conclusions are presented.

which is crucial for understanding the onset

2. Fundamentals
2.1. Non-linear constitutive model

The non-linearity in a material's characteristic behavior can be un-
derstood from three perspectives’: (i) the continuum mechanics per-
spective, where the constitutive laws relating stress-strain deviate from
the Hooke's law;>® (ii) the wave equation perspective, where the non-
linear parameters are directly related to the observations appearing in
ultrasonics; and (iii) the micro-mechanics perspective, where physical
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and phenomenological models are postulated so as to explain the ob-
served non-linearity from perspectives (i) and (ii). Since, the definitive
explanation of the mechanistic origins of non-linearity is still being
researched,” here the mathematical description of non-linearity is de-
scribed based on principles of continuum mechanics.

For an elastic material, the weakly non-linear elastic theory con-
siders a Taylor series expansion of the elastic energy function in strain
powers32’39’4l:

W(E) = %A(trE)z + ptr(E) + %A’(trEP + B/ (B tr(E2) + %C’(trE3)

(€]

Eq. (1) is an expansion for strain energy (W) with up to third order

terms in strain powers, where: A, u are the Lame's constants, tr denotes

trace of matrice, E is Lagrangian strain tensor and A, B, C are the

Landau's third-order elastic constants.>’ The second Piola-Kirchoff
stress Sy; can be obtained in terms of Lagrangian strain E as follows:

_ dW(E)
= T 6E @)
Sy = Mr(E)I + 2uE + A(tr(E))2I + B'(trE)I + 2B'(trE)E + C'E2 (3)

The Lagrangian strain E is computed from the displacement gradient
D as per the following equations, where X denotes the Lagrangian co-

ordinates of the material points in the reference configuration*’:
D=M(i,j=1,2,3)
9X; (4)
E= l(D + DT +D'D)
2 ()
Sy can be expressed in terms of its argument D as per:
Su(D) = JAtr(D + DNI + u(D + D7) + ;Atr(DDOI + A(tr(D))I
+ uDDT
+ B'tr(D)(D + D") + ;B'tr(D? + D'D)I
+1C/(D? + (D) + D'D + DD")
(6)

Using Eq. (6), the stress tensor S;; can be decomposed into its linear
and non-linear parts:

Su(D) = Si(D) + Sy-(D) 7
Sk(D) = l)ttr[D + DT)I + u(D + DTJ
2 ®)
SH(D) = JAtr(DDDI + A’(tr(D))’I + uDD'
+B'tr(D)(D + D) + JB'tr(D? + D'D)I
1~
+,C'(D* + (D")* + D'D + DDT) ©)

The second Piola-Kirchoff stress S;; can be related with the first
Piola-Kirchoff stress S; through the deformation gradient E* = I + E, by
S; = E“(Sw, ie.

Si(E¥) = SE(E¥)+SN(E¥) (10)

For defining the geometric non-linear effects under small strains
(acoustic waves) in an ideal material obeying Hooke's law, the often
neglected term (D™D) should be considered in the description of the
material constitutive laws represented by Eq. (10).”*"*> However, the
non-linear mechanical behavior described by this continuum-based
theory of elasticity is only capable of exhibiting classical non-linear
anharmonic effects arising from atomic scale forces.* It has been de-
monstrated that the non-linearity explained through this classical ap-
proach is not capable of quantitatively predicting observations in a
wide class of consolidated materials like soil, cement, rocks, etc.?®**
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