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Summary

High resolution elastic imaging of laboratory rock/core
samples can provide valuable information about the quan-
titative small-scale physio-chemical changes including
stress changes and fluid flow.

Here, we present the application of 3D Full Waveform
Inversion, a high resolution imaging technique, to a lab-
oratory acoustic data that we acquired with high spatial
ultrasound source-receiver distribution. Using a 3D Full
Waveform Inversion, we obtained a high resolution im-
age of the laboratory shale sample. We also present our
learnings on the importance of key parameters in obtain-
ing reliable images by Full Waveform Inversion.

Introduction

Ultrasound laboratory experiments on core samples can
provide insights into the local elastic properties (P-
and S- wave velocities, and attenuation) of geological
structures and reveal information on anisotropy, het-
erogeneity, and fluid flow in those targeted structures
(Prasad, 2003; Adam & Otheim, 2013). Moreover,
time-lapse monitoring of core samples can reveal valuable
information on change of rock physics properties in
a geological structure due to stress changes and fluid
injection, or extraction (Prasad & Manghnani, 1997;
Vialle & Vanorio, 2011).

Conventional ultrasound experiments commonly use a
limited number of transmitted arrival times (mostly along
two perpendicular azimuths in a sample), therefore, be-
cause of the incomplete spatial sampling of the wavefield
are only able to determine the bulk P- and S-wave veloc-
ities and their azimuthal variations along the measured
wavefields Shragge et al. (2015). While bulk elastic veloc-
ities are informative, they can not represent the quantita-
tive small-scale physical properties of a structure. More
sophisticated imaging techniques such as tomography, mi-
gration, and Full Waveform Inversion are needed to pro-
vide the quantitative elastic properties as a function of
space.

In their feasibility study, Shragge et al. (2015) show the
capability of Laser Ultrasound in providing sufficient spa-
tial sampling of acoustic wavefield. They are able to ob-
tain a high resolution acoustic image of a millimeter-scale

fracture structure using Reverse Time Migration (RTM).

Application of Full Waveform Inversion (FWI) to seismic
field data has clearly demonstrated its high resolution as
the advantage to other imaging techniques (Brenders &
Pratt, 2007a,b; Brossier et al., 2009; Pratt et al., 1998;
Pratt, 1999; Sirgue et al., 2007; Takougang & Calvert,
2012; Tape et al., 2009). As of our knowledge, there is no
existing study of application of FWI to laboratory rock
samples.

We applied the 3D FWI to an acoustic data that we
recorded on a laboratory shale sample at high spatial sam-
pling by ultrasound (megahertz frequencies) piezoelectric
transducers as sources and receivers. We investigated the
importance of source-receiver spacing, frequency content,
and the receiver aperture in obtaining reliable FWI im-
ages.

FWI Methodology

FWI is a nonlinear inversion (Lailly, 1984; Tarantola,
1984), where the full information content in the seismo-
gram can be considered in an optimization process to
obtain a model of the physical-properties that best match
the acquired data. Like any other inversion technique,
FWI works by minizing the misfit between recorded
and modeled data, also called as the objective function
(Nocedal & Wright, 2006; Virieux & Operto, 2009).
The gradient of the least-squares objective function is
efficiently computed using the adjoint-state method as
described in Tromp et al. (2005); Askan (2006); Plessix
(2006); Liu & Tromp (2006).

We can summarize the FWI main steps as follows:

1. The first step is to simulate/predict the direct acous-
tic arrivals using a forward modeling algorithm. The
forward modeling algorithm uses the wave equa-
tion and an initial velocity model to generate pre-
dicted data. The initial velocity is a guess based on
the information about our material. A traveltime-
tomography-derived model may be used as the initial
model.

2. The second step comprises of computation of the ob-
jective function and it’s gradient with respect to the
model parameters. Here, we use the normalized l−2-
norm of the difference between the computed and
observed data as the objective function.

3. In the final step, the model is updated after comput-
ing a proper step-length.

4. The above three steps are repeated iteratively until
a termination criterion is fulfilled. We stop the iter-
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(a) Numerical model (b) FWI: S=4, R=36

(c) FWI: S=4, R=144 (d) FWI: S=4, R=360

(e) FWI: S=16, R=36 (f) FWI: S=16, R=144

Fig. 1: a) Numerical sample, b)–f) FWI results for
different numbers of sources (S) and receivers (R).
All images are displayed using the same color scale

ations when the gradient falls below a tolerance or
the objective function becomes sufficiently small.

Determination of Acquisition Parameters

Figure 1 shows the acoustic FWI of a numerical sample
for various acquisition geometries (with central fre-
quency of 1 MHz). The true velocity model is shown in
Figure 1a. The small spots inside the circle represent
different heterogeneities inside the sample. The initial
velocity model is the background velocity and does
not contain any of the heterogeneities. Comparison of
Figures 1a and 1f shows that by using 16 sources and
144 receivers uniformly distributed across the sample,
this numerical sample can be accurately (qualitatively
and quantitatively) imaged. Note that in this example
even the receiver locations with 10◦ angular intervals
(Figure 1e) provide sufficient resolution in the FWI
image.

Laboratory Data

We acquired an acoustic ultrasound dataset on a cylin-
drical shale sample with a 10 cm diameter and 6 cm
thickness (Figure 2). To create a controlled heterogeneity

(a)

(b)

Fig. 2: a) Plan view of the Shale sample used for the
ultrasound acoustic experiment. The diameter of the
sample is 10 cm with a heterogeneity of 4 mm in di-
ameter at the left of its center; b) Experimental set up
for ultrasonic data collection for FWI imaging. The
shiny stripe in the middle of the sample is an acous-
tic couplant and indicates the section of the sample
where we positioned our receiver transducers. The
source transducer is stabilized inside a wood plate
underneath the sample.

that can be imaged by FWI, we drilled a 4 mm diameter
hole inside the sample. We filled up the hole with
epoxy to avoid large contrasts that generate waveform
complexities. Figure 3 illustrates the acquired ultrasound
waveforms in twenty source gathers. Among the arrivals
in Figure 3, one can see the acoustic direct/transmitted
arrivals around 45 microseconds and the surface-wave
arrivals (criss-crossing events) around 75 microseconds.

Figure 4 shows a zoom of the direct/transmitted arrivals
that is used for FWI with the corresponding source-
receiver aperture overlaid on each source gather. The
Fourier transform in the bottom panel of Figure 4 shows
the frequency content of the data is in 0.2-1 MHz range.

Analysis of FWI of Laboratory Data

We separated the direct acoustic arrivals from the rest of
the arrivals (arrivals shown in Figure 4) and used them
as input to the FWI algorithm. We then estimated the
source signature using the deconvolution technique of
Pratt (1999). We used a homogeneous initial velocity of
3350 m/s based on the bulk acoustic velocity in shale.
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Fig. 3: Top) ultrasound laboratory data acquired on the shale sample; data is collected in twenty source
gathers (seven of the source gathers are illustrated here). Each source gather includes seventeen receivers.
In each gather the source location on the left half of the sample moves counter-clockwise from the top of the
sample towards the bottom of the sample. The source spacing is 10◦ and the receiver spacing is 5◦; x-axis
and y-axis correspond to the receiver number and arrival time in microsecond, respectively. bottom) Fourier
transform of the data in the top panel. x-axis and y-axis correspond to the receiver number and frequency
in MHz, respectively.

Fig. 4: A zoom of Figure 3; top) Seven source gathers (only the direct arrivals are shown). Each gather is
overlaid by schematic illustration of the source location (marked by a red star) and receiver aperture of about
80◦ (shown in yellow circular sector); the cayon circle indicates the hole (heterogeneity). x-axis and y-axis
correspond to the receiver number and arrival time in microsecond, respectively. bottom) Fourier transform
of the data in the top panel. x-axis and y-axis correspond to the receiver number and frequency in MHz,
respectively.
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We then obtained the first iteration gradients using all the
frequencies in the data shown in Figure 5. As gradients
represent changes that need to be applied to our initial
velocity model, with a successful FWI process, the first
iteration gradient image should be similar (in pattern) to
the final acoustic image that we aim to obtain.

The velocity gradient image in Figure 5 involves very im-
portant information that are listed below:

• The hole filled with epoxy is visible in the velocity
gradients. Note that gradient image is not the ve-
locity image but shows where velocity needs to be
altered with respect to the input velocity model in
order to reduce the data misfit.

• The footprint of insufficient source and receiver spac-
ing is visible in the gradient image. On the left half
of the gradient image we can see the oval shaped ar-
tifacts due to insufficient source spacing (10◦). On
the right half of the gradient image these artifacts
are smaller and less intense due to the smaller re-
ceiver spacing (5◦). Note that the synthetic test
suggested that the receiver spacing of 10◦ is suffi-
cient to recover the true model. However, in the
synthetic example, for each source gather we used
the whole receiver aperture (360◦), whereas in our
laboratory sample, only 80◦ receiver apertures were
used. We are currently analyzing the sensitivity ker-
nels to obtain an in-depth understanding of the role
of source- and receiver-spacing and receiver aperture
in FWI (Fichtner & Trampert, 2011; Tromp et al.,
2005). Our initial estimates (based on the size of
the first Fresnel zone) suggest the receiver aperture
of 80◦ is not sufficient. The data acquisition with
receiver aperture of 270◦ is in progress.

Cycle-skipping is a common problem in performing FWI
(Virieux & Operto, 2009) that can result in inaccurate ve-
locity images. (Virieux & Operto, 2009) explain that be-
cause low frequencies are less sensitive to cycle-skipping,
a successive multiscale inversion with increasing high-
frequency content will reduce the cycle-skipping artifacts.
To reduce the cycle-skipping, we followed the strategy
of Bunks et al. (1995) and Sirgue & Pratt (2004) and
performed the multiscale approach of successive inversion
starting at 0.2 MHz and increasing the frequency content
up to 1 MHz.

Figure 6 illustrates the 6th iteration velocity image by
FWI using data with all frequencies (0.2-1 MHZ). We
can see the location and resolution of the heterogene-
ity/hole is accurately recovered in this image. There are
some artifacts in the image that are due to insufficient
source-spacing and receiver-spacing, and some due to
incomplete receiver aperture. We anticipate to observe
suppression of artifacts due to receiver-aperture in the
image of the data that we are currently acquiring with
larger receiver aperture of 270◦. One can also see other
features in the image that might be related to the natural
heterogeneity of the shale sample. Further investigation
of these heterogeneities can be obtained by comparison of
the images obtained from 80◦ and 270◦ receiver apertures.

Fig. 5: First iteration velocity gradients calculated
for all the frequencies of the data in Figure 4. In
the gray color scale, dark areas indicate negative and
light areas indicate positive gradients ranging from
−2.0 × 10−9 to 2.0 × 10−9.
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Fig. 6: The 6th iteration 3D velocity image obtained
by FWI using data with all frequencies (0.2-1 MHZ).
Top panel shows the velocity image in x-z plane, while
bottom left and bottom right panels illustrate the
velocities in x-y and y-z planes, respectively.
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Conclusions

We applied 3D FWI to a laboratory acoustic data ac-
quired on a shale sample. Our results show that high
resolution imaging of laboratory samples by ultrasound
data is feasible. Our learnings on the importance of
key parameters in obtaining reliable FWI images are as
follows:

• Insufficient source and receiver spacing and incom-
plete receiver aperture result in artifacts in the im-
ages.

• Incorrect initial model can cause cycle-skipping that
result in inaccurate imaging. A multiscale approach
of successive inversion of low to high-frequency con-
tent data will reduce the cycle-skipping effects.

• Although the shale sample appears homogeneous to
the eye, it is clear from the gradient image as well as
the FWI result that the sample is heterogeneous at
the scale of ultrasound wavelength.
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