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ABSTRACT

Detection of subsurface voids using nondestructive seismic methods is an ongoing problem in many areas of civil
and environmental engineering (e.g., sinkholes and caves), homeland security (e.g., tunnel detection), and
mining applications (e.g., abandoned mines). Recent advances in 3D full waveform inversion (FWI) technology
have made it possible to scan large volumes of the underlying materials efficiently, providing a glimpse into the
state of subsurface conditions. A challenge in applying 3D FWI methods to the detection of voids emerges from
their embedment depths. Shallower voids are easier to detect due to their large signature on the surface seismic
response, whereas deeper voids have a much smaller signature and are therefore much harder to detect. This is
not a limitation of the FWI method, but rather that of the seismic field-testing techniques and data gathering
processes. The goal of this study is to investigate ways to overcome these limitations and improve void detection
depths. One way to achieve this is through the application of a large surface source, generating more energy at
lower frequencies (longer wavelengths), thereby increasing the penetration depth. Another way is by increasing
the contribution of body waves and utilizing the diffraction/transmission information embedded in the wave-
forms. The latter is achieved through the application of a recently developed SPT-seismic method, where the
standard penetration test (SPT) device is used to generate wave motion from within the subsurface. Both source
methods and a newly developed 3D Gauss-Newton FWI method are utilized here to detect a deep void (25-45 m
depth) in limestone, on the southern peninsula of Florida. The results are compared with SPT and Sonar profiles
obtained from the test site. Overall, a good image of the deep void is achieved, matching observations from the
invasive results. The findings provide useful insight into the application of FWI technology for detecting deep
subsurface voids and anomalies that are typically hard to identify.

1. Introduction

damage and even fatalities (Gutiérrez, 2016).
Noninvasive seismic methods provide an alternative solution and can

Successful detection of underground voids is crucial for design and
construction of infrastructure (building, bridge, tunnel, etc.). If unde-
tected, they can cause problems during construction operations, pro-
longing construction timelines, and increase costs for remediation and
maintenance. Invasive testing at a construction site often fails to identify
voids due to the limited soil volume that is examined. Invasive tests like
the Standard Penetration Test (SPT) or the Cone Penetration Test (CPT)
often end at less than 20-m depth, and as a result, voids at deeper depths
are not identified. Deep and large voids, such as one presented in this
study, may lead to excessive structural settlements or collapse man-
ifested through massive sinkholes, resulting in significant property
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be used in tandem with invasive testing to reduce the uncertainty in
subsurface site characterization. The success of any void detection effort
is dependent on multiple variables ranging from the size and depth of
the void to the properties of the seismic source and testing configuration.
Many seismic techniques have been developed and used in void detec-
tion with varying degrees of success. Surface wave-based methods, such
as attenuation analysis of Rayleigh waves (Nasseri-Moghaddam et al.,
2005; Putnam et al., 2009), multichannel analysis of surface waves
(Park et al., 1999; Nasseri-Moghaddam et al., 2007), and backscatter
analysis of surface waves (Sloan et al., 2012; Ivanov et al., 2017), have
shown good potential in detecting shallow (<10 m) subsurface
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Fig. 1. 3D Full waveform inversion implementation.

anomalies (i.e., voids, pockets of soft deposits or loose materials,
embedded objects). These methods, however, only utilize part of the
properties of the seismic response (Vireux and Operto, 2009), limiting
the characterized resolution and accuracy with depth.

Full waveform inversion (FWI) methods (Warner et al., 2013; Fathi
etal., 2016; Nguyen and Tran, 2018; Kohn et al., 2019; Tran et al., 2019;
Mirzanejad and Tran, 2019) utilize the full seismic response, which is
rich in the spectral data as a result of energy transmission through
geologic materials. Recent application of the surface-based 2D FWI
(Romdhane et al., 2011; Tran et al., 2013; Groos et al., 2017; Wang et al.,
2019; Kiernan et al., 2021) and 3D FWI (Plessix et al., 2010; Nguyen and
Tran, 2018; Smith et al., 2019; Mirzanejad et al., 2020a) techniques has
shown their capabilities in detecting shallow (<10 m) subsurface voids.
This is due to the large signature of the shallow voids on the surface
seismic response. Deeper voids have a much weaker effect, making them
harder to detect and characterize (Sloan, 2017; Mecking et al., 2021).

A recent study by Mirzanejad et al., 2020b has shown that coupling
the SPT and FWI method (SPT-seismic approach) can extend the void
detection depths in situations with limited access on the surface. The
mechanical energy generated during the driving of the SPT spoon into
the subsurface has multiple advantages for seismic field investigations:
1) the body wave contributions to the waveform are increased, 2) illu-
mination angles are not restricted as is the case of surface-based sources
(Prada et al., 2000), and 3) the diffraction/transmission effects can be
captured. In the study by Mirzanejad et al. (2020b), a 2D receiver array
was placed on the ground surface to record the SPT-seismic response. A
surface-based source was also used with the same receiver configura-
tion, and the result was compared with that of the SPT-seismic approach.
The surface-based method could not detect the deep void, while the SPT-
seismic approach could detect the void and characterize its shape and
embedment depth. The surface seismic source used in that study was a
40-kg drop weight propelled energy generator (PEG) with limited en-
ergy at low frequencies (<10 Hz). Using a heavier source with a larger
impact area is expected to create greater energies at the lower frequency
range (larger wavelengths) and should therefore increase the void

detection depth.

This study was designed to test the hypothesis that more energy at
low frequencies (<10 Hz) can detect deeper voids using surface-based
testing, and to further examine the capabilities of the novel SPT-
seismic approach in deep void detection (Mirzanejad et al., 2020b). A
high energy source of 340-kg drop weight was used at a site on the
southern peninsula of Florida, where a known deep void (25-45 m
depth) exists. The limestone bedrock in this area is known to have many
karst conduits at various scales that include voids on the order of several
meters (Manda and Gross, 2006) to tens of meters. For the SPT-seismic
testing, SPTs were performed at two locations adjacent to the void, not
physically intersecting the void, to see if it could be detected while not
physically identified by the SPT. The results from the analysis were
compared to SPT data and borehole sonar imaging.

2. Methodology and implementation

The 3D FWI method (Tran et al., 2019) is used in this study. It utilizes
an elastic finite difference forward solver to simulate wave propagation
and Gauss-Newton method for model updating. The general concept of
the FWI method is shown in Fig. 1 and the overall process is shown in the
flowchart of Fig. 2.

For the model updating to extract material properties (S-wave and P-
wave velocities, Vs and Vp), Gauss-Newton method matches the simu-
lated (estimated) and field data by iteratively minimizing the least-
squares error defined as:

E(m) — %Ad‘Ad _ %[F(m) —dJ[F(m)—d], o)

where Ad is the waveform residual between the estimated waveform
data F(m) from the forward simulation and field data d. Parameter m
denotes model parameter and holds Vs and Vp of all the cells, and ¢t
denotes the vector or matrix transpose.

At the start of each inversion iteration, the source signature is
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Fig. 2. Method implementation flowchart.

estimated from the collected field data. The source estimation is based
on the deconvolution of the field seismic response with the Green’s
function obtained from the forward simulation. See Tran and Luke
(2017) for more detail. The estimated source is then used for the forward
simulation to compute the estimated waveform data F(m). Amplitude
correction is then performed to account for the drop created in wave-
form amplitude from the intrinsic attenuation of the anelastic material.
The estimated waveform data is adjusted by a correction factor of the
form y(r) = Ar® before matching with the field data, where r is the
source-receiver distance, and factors A and a are determined in an
iterative least-squares inversion process to minimize the energy of the
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waveform residuals. The factors A and « are updated at the beginning of
each iteration. The correction via y(r) is used to account for intrinsic
attenuation effects.

At the end of each iteration, the model parameter is updated using
the following equation:

m"! =m" —a"[J'T+MPP+MLIT] ' JAd, )

where J is the Jacobian matrix, o" is the step length at the current
iteration n, which is equal to 1 for Gauss-Newton method. P is a matrix
representing the 3D Laplacian operator that is used for regularization,
and I is the identity matrix used to increase invertibility of the inverse
Hessian matrix (H, = J'J). Parameter 4; determines the degree of reg-
ularization used during the analysis. Larger values of 1; provides more
regularization and a smoother image. Inversely, lower values of 1,
provides less regularization and a sharper image. Parameter 1, denotes
the degree of closeness to the Gauss-Newton method. Lower values for A,
means the updates follow Gauss-Newton method. Higher values for A,
means that the updates are more like the pure gradient descent method.
These two parameters (11, 43) are determined via trial-and-error to
provide the best results, and for this study were determined as 0.02 and
0.0005 times of the maximum element values of JJ for A; and Ay,
respectively. See Tran et al., 2019 for a detailed information of the
mathematical formalism including the Jacobian calculation, model up-
date, and parameter selection.

3. Surface-based source
3.1. Test site and field testing

The test site is on the southern peninsula of Florida with a known
deep and large void identified from invasive SPTs. The borehole logs
from the site revealed the existence of a shallow layer of dark organic
fine to medium sand underlain by limestone of various types. Surface-
based testing was first carried out using a large surface source shown
in Fig. 3. The source weighted 340 kg, was dropped from a height of 45
cm, and had an impact area of 0.16 m2. The system operated through a
remotely controlled device raising and dropping the weight consistently
each time, hitting the ground directly on impact. The test area was
covered by embankments in the lateral direction facing north-south, and
hence test lines were placed in the east-west direction. Based on avail-
able information from the SPTs, a part of the void was expected to be
inaccessible because it was located underneath the two embankments
located north and south of the testing zone. This may not be problem-
atic, as seismic waves can penetrate outside of the testing area and
detect adjacent anomalies.

Given the available information of void location and the two
obstructing embankments, 72 geophones were placed in a 4 x 18 grid
with a grid spacing of 3 m x 4.5 m, respectively (Fig. 4). The whole test
area spanned 9 m in the north-south, and 76.5 m in the east-west di-
rections. A grid of sources comprising of 46 shots were located and
marked in the testing area. The shots were placed in the east-west di-
rection at 4.5 m spacing, and in the north-south direction at 3 m spacing.
The staggered grid configuration shown in Fig. 4 was chosen to facilitate
source positioning, and to reduce source-receiver coupling.

Based on the above testing setup, the source (Fig. 3) was moved to
the desired location for each shot and dropped under the force of gravity
with the weight impacting the ground surface directly. The induced
ground motion was picked up by the 72 geophones and recorded. Note
that the pulse generated through the act of dropping the weight contains
a wide range of frequencies, and as a result, needed to be filtered using a
trapezoidal filter (Jordanov and Knoll, 1994) before the actual FWI
analysis. The sampling rate of the seismographs was 0.5 ms for all
recorded wavefields, and data was recorded for a duration of 1 s. This
sampling rate allows frequencies as high as 1000 Hz to be accurately
sampled (Nyquist frequency) without aliasing. Note that the frequency
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Fig. 3. Florida test site: Large surface source used to generate seismic waves.
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Fig. 4. Testing configuration used for surface-based analysis.

content of recorded data is mostly controlled by the source, not the
sampling rate. The recorded data with consistent wave magnitudes and
phases at most of receivers are in the range of 5-25 Hz, which were used
for analysis.

3.2. Analysis and results

The size of the analyzed medium was 50 m x 85.5m x 15 m (depth
x length x width). As noted, the medium size was chosen to be larger
than the testing size shown in Fig. 4 to capture the void image that lied
outside of the testing area underneath the embankments. The embank-
ments to the north and south as shown in Fig. 3 were not modelled in the
forward solver for simplicity. A grid spacingof 1.5m x 1.125m x 1.5m
(depth x length x width) was used to facilitate the source and receiver
placement on the numerical grid. Based on the spectral analysis of the
recorded wavefields, a homogenous initial velocity of 400 m/s for Vs,
and twice that for Vp was chosen for the starting point of the analysis
(Fig. 5a).

The analysis began with the data filtered for the frequency window
of 5-15 Hz, with a center frequency of 12 Hz, and ran for 5 iterations in

the first stage. Receivers close to the source location (6 m radius) were
removed from the analysis to reduce source-receiver coupling. The error
decreased from a normalized value of 1 at the start of the inversion to
0.98 at the end of the first stage (Fig. 6). The results of the first inversion
stage were then used as input to the second stage using a center fre-
quency of 20 Hz, and a frequency window of 5-25 Hz. The stopping
criteria was when the error did not decrease by more than 1% from its
previous iteration for both inversion stages. The error decreased to a
normalized value of 0.65 at the end of the inversion (Fig. 6). Note that
the first stage was run at lower number of iterations to reveal larger
features and make the velocity model ready for the second run. This
staged frequency inversion allowed using a simple homogeneous initial
model to achieve convergence, as lower frequencies (larger wave-
lengths) require less detailed initial models. Shown in Fig. 7 is the
observed and estimated wavefields for a sample shot at the end of the
inversion (25 iterations). There is little difference between them, indi-
cating the good performance of the inversion algorithm.

Shown in Fig. 5b is the velocity profile for the final inverted results.
The existence of the deep void (blue zone) is indicated underneath the
high velocity zone (Vs > 700 m/s) located at the center of the medium.
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Fig. 5. Field experiment (surface source): a) distribution of Vs and Vp for the initial velocity model used at the beginning of the analysis; b) distribution of Vs and Vp
for the final inverted result at the end of the 5-25 Hz frequency stage.
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Fig. 8. Field experiemnt (surface source): 3D rendering of the final inverted result at two different viewing angles (a, b) and the top-down view (c). The rendering

was generated by passing multiple transects at each grid point and setting the

There are some indications of another low velocity zone connected to
the deep void. This most likely represents zones of soft material around
the void. Shown in Fig. 8 is a 3D rendering of the final inverted results at
two different view angles, and the top-down view of the void. These
renderings were generated by passing 2D slices through the velocity
profile at different locations in the 3D space and setting a cutoff velocity
value, above which the medium becomes transparent. This way we were
able to focus on the void and reveal its features. Note that the inverted Vs
is 50 to 150 m/s near the void center, and we added 100 m/s (transition
zone) to the range to have the cutoff value of 250 m/s to capture the void
boundary.

The interpreted lateral extent of the void spans the entire test area in
the north-south direction, to the outer edges of the analyzed domain.

value of the pixels above 250 m/s to become transparent.

There is also an indication of a localized high velocity zone on top of the
void, which is made transparent in the rendering. This high velocity
zone was consistent with the SPT boring profile and was determined
from the boring log to be mostly made up of fossiliferous limestone with
some sand.

To verify the seismic results, borehole sonar testing was also per-
formed at the test site by an independent contractor (Universal Engi-
neering). For sonar testing, the Imagenex Sonar Model 881A was used. It
operates at tunable frequencies from 600 kHz to 1 MHz in 5 kHz steps
and range scales of 1 m to 100 m with resolution from 2 mm to 10 mm.
An in-house processing software was used by the contractor for pro-
cessing of sonar data. Shown in Fig. 9 is the overlay of the interpreted
void location using the top-down view of the rendering results (Fig. 8c)
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Fig. 9. Field experiment (surface source): a) overlay of the final inverted result and void location from sonar analysis. B1 and B2 locations are used to draw SPT
comparison plots in Fig. 10; b) side view overlay of the inverted and sonar imaging in the north-south direction facing south; c) side view overlay of the inverted and

sonar imaging in the east-west direction facing east.

and the result of the sonar analysis (Fig. 9a), along with side overlays of
the void in the north-south and east-west directions (Fig. 9b, c). A good
overall match of the void extents is achieved. The sonar image extends
beyond the north-south boundaries of the inverted zone. Overall, the
void is measured at about 20 m in lateral diameter, consistent with the
sonar image. Vertical side view of the void in the north-south direction
facing south (Fig. 9b) shows the void depth for the inverted results from
25 m at its shallowest to 40 m at its deepest. Vertical side view of the
void in the east-west direction facing east shows its lateral extents to
beyond the analyzed domain. There is some disagreement in the vertical
void dimensions between the inverted and sonar results in the north-
south overlay (Fig. 9b). This is due to the limited signal coverage and
ray paths along the narrow width from the surface sources.

Shown in Fig. 10 is the comparison of the SPT blow counts (N) and
the final velocity profile for Vs at two locations shown in Fig. 9a. Overall,
there is good agreement between the profiles, verifying the existence of
the void and the high-velocity zone above. The SPT results are more
erratic than the inverted velocity results. This is due to the higher
sensitivity of the SPT test to local variations of material properties
compared to the seismic FWI method. Also, the FWI method produced Vs

values for 1.5 x 1.125 x 1.5 m® cells, while the SPT samples N values
were at 0.3 m intervals. In addition, the regularization (Eq. 2) approach,
i.e. adding more weight to the diagonal elements of the Hessian matrix
and constraining adjacent cells together during the inversion process
will result in some smoothing of the velocity profiles.

4. Deep source (SPT seismic)
4.1. Test configuration and field testing

Deep source testing with the SPT-seismic approach (Mirzanejad
et al., 2020b) was also carried out at the same test site. An automatic
hammer SPT rig was used to carry out two SPTs, southwest and north-
east of the deep void location. Shown in Fig. 11 is the same testing
configuration used for the surface-based tests (72 geophones located in a
4 x 18 grid of 3 m x 4.5 m spacing) and two vertical source lines to a
depth of 52.5 m. SPT sampling occurred at 1.5 m intervals, with addi-
tional blows over the final 0.3 m of each interval for seismic testing.
Signals were recorded at all 72 geophones for each blow and summed
(stacked) to reduce unwanted ambient noise (e.g., vehicles passing) in
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the data during the analysis. In total 70 different SPT depths (35 from
each SPT borehole) extending from the surface to depth of 52.5 m were
recorded for the analysis. Compared to the surface source, the SPT
source produced more energy at higher frequencies (25 to 35 Hz). The
recorded data with consistent wave magnitudes and phases were in the
range of 5-55 Hz, which were used for analysis.

4.2. Analysis and results

The analyzed medium was 60 m x 85.5m x 15 m (depth x length x
width). Again, the medium size was chosen to be larger than the testing
configuration shown in Fig. 11, to capture void features that lie outside
of the testing zone. A homogeneous initial velocity model (Fig. 12a) was
chosen to initiate the inversion process based on the spectral analysis
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Fig. 12. SPT-seismic experiment: a) distribution of Vs and Vp for the initial velocity model used at the beginning of the analysis; b) distribution of Vs and Vp for the
final inverted result at the end of the 5-35 Hz frequency stage.

method.

The inversion process began on the field data filtered at 5-25 Hz with
the center frequency of 17 Hz for the first stage, using the initial model
shown in Fig. 12a. The implemented Gauss-Newton optimization

NORMALIZED LEAST SQUARES ERROR

120

140

160
ITERATION

180

200

220

240 260 280 300

Fig. 13. SPT-seismic experiment: normalized least-squares error for the entire inversion run.

algorithm successfully approached the global minimum and the error
decreased to a normalized value of 0.92 at the end of the predefined 100
iterations (Fig. 13). It is noted that waveform data of the SPT-seismic
testing is more complex than that of the surface-based testing due to
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the addition of diffraction/transmission effects. Therefore, more itera-
tions are required to reach convergence.

The field data was then filtered through a 5-35 Hz window with the
central frequency of 25 Hz, and used in the second stage with the results
of the velocity profile from the first stage as input model. The error
further decreased to 0.82 at the end of the inversion process (300 iter-
ations). Shown in Fig. 14 is the waveform comparison the observed
(field) data and estimated data associated with the final inverted result
for a sample shot. Overall, the phase and amplitude match well for most
channels. There is still some discrepancy between the observed and
estimated waveforms. This can be attributed to noises that still remained
in the observed data after conditioning, which cannot be described
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through the forward simulation to compute the estimated data.

Shown in Fig. 12b is the final inverted result after 300 iterations for
Vs and Vp profiles. There is an indication of a large void (blue zone) at
the center. The void is overlain by a large high-velocity zone (Vs > 700
m/s) closer to the surface. Unlike to the surface-based analysis, the
inverted Vs of SPT-source data is 150 to 250 m/s near the void center.
Again, we added 100 m/s (transition zone) to the range to have the
cutoff value of 350 m/s to capture the void boundary. Shown in Fig. 15a
to 15c are the 3D renderings of the final inverted result at two different
viewing angles as well as the top-down view, respectively. The inter-
preted extent of the void spans the entire testing area laterally to outside
of the analysis region. There is indication of a high-velocity zone on top
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Fig. 16. SPT-seismic experiment: a) overlay of the FWI result and sonar imaging. B-1 and B2 are SPT locations for comparison shown in Fig. 17; b) side view overlay
of the inverted result and sonar imaging in the north-south direction facing south; c) side view overlay of the inverted result and sonar imaging in the east-west

direction facing east.

of the void and a low-velocity zone to the left (west). Overall, the fea-
tures are similar to those of the surface-based testing (Fig. 8) in type and
relative positions.

Shown in Fig. 16a is the top-down overlay of the FWI and sonar re-
sults. The void is matched relatively well at the center, and both results
show lateral extension to outside of the testing zone. Shown in Fig. 16b
and c is the side overlay comparison of the FWI and sonar images in the
north-south direction and the east-west direction, respectively. There is
good agreement between the two results in all directions. The extent of
the void is from about 25 m to 45 m depth, with a vertical dimension of
about 20 m. Compared to the surface-based result (Fig. 9b), the SPT-
seismic result (Fig. 16b) is more consistent with the sonar image.

Fig. 17 shows the SPT N-value comparisons with the shear wave
velocity, Vs, of the final inverted result at the two locations shown in
Fig. 16. The interpreted position of the void in depth is confirmed by SPT
borings B1 and B2 (initial borings that identified void). The high velocity
zone is also verified, however, its depth is not as good as that observed in
the surface-based testing (Fig. 10). This can be attributed to two reasons:
1) the location of the SPT spoon at each source depth (spoon is driven
0.3 m), which can be slightly different than the source position assumed
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during the analysis, and 2) the signal coverage of SPT-seismic wavefields
at shallow depths is less than that of the surface-based wavefields (more
sources at the surface).

5. Discussions

Sinkholes as shown in this study and other relative research (Gomez-
Ortiz and Martin-Crespo, 2012; Song et al., 2012; Nam and Shamet,
2020) are a major cause for concern in civil engineering projects across
the globe. This is due to a lack of certainty regarding the existence of
these geological features at the construction site and the difficulty of
remediation process. In most cases, the detection of sinkholes occurs
when there is visible damage to the structure. At this stage, it is usually
too late and costly for remediation and reconstruction efforts to take
place.

The detection of deep underground voids as put forth in this research
requires tremendous effort if using invasive testing methods, mainly due
to the need for physically intersecting the void at such depths.
Geophysical methods as shown here are a viable option due to their ease
of implementation in the field and high imaging resolution. Amongst
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Fig. 17. SPT-seismic experiment: comparison of the inverted Vs and SPT results at two locations shown in Fig. 17a.

common geophysical methods (e.g., ERT, GPR), seismic imaging has the
advantage of striking a balance between resolution and detection depth.
Nonetheless, using source and receivers on the ground surface has been
shown (Mirzanejad et al., 2020b) to have its limitations in terms of the
void detection depth. This is mostly due to the greater attenuation of
high frequency components of the propagating seismic waves along with
other factors that were previously mentioned.

Common surface-based sources (i.e., sledgehammer) are unable to
generate enough energy at low frequencies (<10 Hz). The higher fre-
quency components generated by such surface sources must travel down
to the desired detection depth and be reflected from any underlying deep
anomalies. This extra path of travel effectively reduces the energy of the
high frequency component of the reflected waves, thereby making
detection of underlying deep voids extremely difficult. Using surface
sources capable of generating more energy at lower frequencies (down
to 5 Hz) can alleviate this issue, and allows for greater detection depths
using surface-based testing.

Alternatively, sending the source into the ground reduces the travel
path of the propagating waves. This makes the detection of void signa-
tures on the ground surface more feasible even at higher frequencies. It
can be seen from the frequency range considered (Figs. 6 and 13), that
higher frequencies of 5-35 Hz were used in the current study for deep
void detection using the SPT source compared to the 5-25 Hz range used
in the surface source. Another advantage of sending the source into the
ground is that more information can be recorded on the surface, due to
wider range of wave interaction phenomena with the underlaying
structures. The dominant modes of wave interaction in a surface-based
testing (both source and geophones on the surface) is through reflec-
tion and refraction. Using in-depth SPT source testing with geophones
on the surface allows for transmission and diffraction phenomena to also
contribute to the inversion process.

On the downside, this added information in the SPT source requires
more effort in terms of the optimization demand. As shown in Figs. 13,
300 iterations were required to achieve convergence in the SPT source
results. This is in clear contrast to the 25 iterations that were required in
the surface-based results shown in Fig. 6. The surface-based source was
able to achieve lower velocity values (V;~50—150 m/s) than those from
SPT source (Vs~150—250 m/s) at the void location. This difference is
due to the local nature of the gradient-based optimization process used
in the current study, and the variations in the acquired field data
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Table 1
Comparison of void volume measured by two source types
and sonar survey.

Survey Type Void volume (m®)
Sonar 3404
SPT Source 3888
Surface Source 2607

between the two test types. Nonetheless, comparing results from Fig. 9b
and c to Fig. 16b and c, it is observed that the SPT source provides a
better match with the overall shape of the void as determined by the
sonar analysis. The better match of the SPT source to the sonar survey is
also evident from Table 1, where the void volume is shown for results of
the sonar survey, surface-based (Fig. 8), and SPT source (Fig. 15). It is
observed that void volume from the Sonar survey is measured at 3404
mS, while that of the SPT source and the surface source are 3888 m® and
2607 m3, respectively.

6. Conclusions

The application of two different source types for deep void detection
was studied using a 3D Gauss-Newton FWI method. A surface-based
drop weight and a traditional SPT source were used at a site contain-
ing a deep void (25-45 m depth) in limestone. It was observed that both
source types performed well with the 3D Gauss-Newton FWI method.
The deep void was detected, well characterized, and the lateral di-
mensions agreed with the sonar imaging profile. SPT-N values generally
agreed with the S-wave velocity profile, characterizing the low- and
high-velocity zones with good accuracy. The ability to detect voids and
anomalies outside of the SPT testing zone and in the earlier stages of the
field investigations (first or second SPT boreholes) will determine both
the need and the location of subsequent SPT locations, which can greatly
reduce the uncertainty in the project design phase. The SPT-seismic test
allows the assessment of anomalies and layering, for a large volumetric
extent (e.g., 20 m around each SPT to the depth of SPT borehole).
Finally, the paper reveals that the 3D GN-FWI is a viable method to
detect deep voids, provided the right equipment is used to gather data.
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