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3D electromagnetic modeling explains apparent velocity

increase in crosshole GPR data -

borehole fluid effect correction

method enables to incorporating high-angle traveltime data
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Abstract — For high-resolution crosshole ground-penetrating
radar (GPR) tomography, a wide-range of ray path angles are
required, including transmitter-receiver pairs with high-angles.
However, artefacts have been observed in the inverted GPR
tomograms when high-angle data were incorporated in ray-based
inversion (RBI) tomography, due to not well-understood
increasing apparent velocities for increasing ray-angles. To
reduce these artefacts, it is common practice to limit the angular
aperture to a threshold between 30° to 50°, which reduces the
spatial resolution. We apply 3D finite-difference time-domain
GPR modelling including borehole fluid and resistive loaded
finite-length antenna models to study the increase of apparent
velocity with increasing ray path angle. This study shows that the
strong refraction of the electromagnetic waves at the borehole
interface between water and subsurface is one of the reasons for
these not well-understood phenomena. We introduce a novel
borehole-fluid effect correction (BFEC) that relocates the
transmitter and receiver positions to the location where the
refraction is occurring to remove any influence of the borehole
such that the remaining traveltimes can be inverted using an
RBI. BFEC improves the estimated apparent-velocity (relative
permittivity) values and enables the incorporation of wide-angle
ray paths resulting in more accurate tomograms. We verify the
BFEC for a homogenous and realistic synthetic model. By
applying curved-ray RBI without and with the BFEC, the
subsurface structures are reconstructed with more details for the
BFEC data and average relative error model reduced from 13%
to under 9% for the high-resolution inhomogeneous model.

Index Terms— Antenna radiation patterns, Finite difference
methods, Geophysics, Ground penetrating radar, Numerical
simulation.

. INTRODUCTION

CROSSHOLE ground penetrating radar (GPR) has gained
popularity as a tool for high-resolution imaging of the

shallow surface (e.g., [1]-[4]). Whereas zero-offset
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measurements provide low-resolution images by using only
horizontally traveling waves, high-resolution tomograms can
be obtained from inverting data acquired by using a wide-
range of ray path angles including transmitter-receiver’s pairs
that produce high-angle ray paths [5]-[7]. Limiting the angular
aperture for subsurface imaging, results in a reduced spatial
resolution of the tomogram[8]-[12].

However, artefacts have been observed in the inverted GPR
tomograms when high-angle data were incorporated in ray-
based tomography and inversions [13]. In addition to the
increasing noise level that makes the picking of the first-
arrival high-angle traveltimes more challenging, an increasing
apparent velocity for increasing ray path angles has been
observed, where the apparent-velocity was calculated by
dividing the direct distance between transmitter and receiver
over the first-arrival traveltime. [14] clearly showed a
systematically increase in the recorded apparent velocity for
increasing ray path angles, which was described as an
“incompatibility of high-angle data”. [13] reduced the artifacts
in the inversion results by using only data with angular
apertures up to 50° and ignoring high-angle data. [15] limited
the ray path angles to 45° because of similar observations that
they explained as a possible short circuit between the
transmitter and receiver’s communication cables installed in
the boreholes. Another possible explanation was given by
[16], who stated that the increasing apparent velocity for
increasing ray path angle is caused by a higher wave velocity
in the antennas compared to the wave velocity in the
surrounding medium. In this way, waves emitted from the tip
of the transmitter antenna traveling to the receiver antenna’s
tip have a faster ray path compared to waves directly traveling
from the feed point of the transmitter antenna to the voltage
gap of the receiver antenna.

[16] indicated that the high-angle waveform picks are
distorted due to the finite-length antenna (FLA), the borehole-
fluid effect, and difficulties to pick a correct first arrival due to
a low signal to noise ratio. They also introduced a heuristic
approach to incorporate the high-angle ray paths by using a
traveltime correction curve as function of the ray path angle to
compensate the increasing apparent-velocity for increasing ray
path angle assuming the zero-angle ray path velocities being
correct. We should note that this phenomenon has been only
observed for GPR crosshole data, a seismic crosshole study
carried out by [17] at the same test site did not show an
increasing apparent-velocity with increasing ray path angle.
Since the study of [13], limiting the angular aperture to a
particular threshold up to 30° to 50° became a standard pre-
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Over 30 papers and studies use a limited angular aperture er. = ATCSIM 127

based on the findings of [13], [15], e.g., for ray-based
tomography (e.g., [18], [19]), stochastic tomography (e.g.,
[20], [21]), time-lapse monitoring (e.g., [22], [23]) and full-
waveform inversion (e.g., [24], [25]).

In summary, by including high-angle ray paths having
increased apparent-velocities results in tomography inversion
artifacts. However, by removing high-angle ray paths one
significantly reduces the spatial resolution, so both options
have a disadvantage. Several possible explanations for this
increasing apparent velocity have been suggested, but no
detailed study has been performed to investigate the actual
cause of this phenomenon, probably due to the lack of
available modeling codes and computer resources that enable
including all the possible reasons in the analysis. Here, we
investigate in detail the hypothesis that difficulties and
inconsistency of high angle issue caused to some extent by
refraction occurs in boreholes interface; by using a detailed 3D
finite-different time-domain (FDTD) model that is able to
include the presence of the borehole, borehole fluid and
transmitter and receiver being resistive loaded finite-length
antennas (RLFLA). In the following, we explain the physics
and show a possible reason for the increase in apparent
velocity for increasing ray path angle. Furthermore, we
introduce a novel borehole-fluid effect correction (BFEC)
method that returns improved apparent-velocity values such
that also high-angle ray paths can be included in a ray-based
tomography to obtain an improved traveltime inversion result.

1. NOVEL PRE-PROCESSING BOREHOLE-FLUID EFFECT
CORRECTION (BFEC) RESULTING IN IMPROVED APPARENT-
VELOCITY VALUES
We investigate the wave propagation between the transmitter
and receiver boreholes by including the refractions that occur
on the boundaries between media having different wave
velocities under the assumption of the far-field regime and low
electrical conductivity. We use Snell’s law that describes the
refraction at the borehole interface as the ratio of the sinus of
the incident angle ¢ divided by the sinus of the transmitted
angle ¢, which equals the ratio of the two velocities or the
inverse ratio of the squares of the relative permittivity & in the

borehole-fluid & and subsurface &, [26]:

sin@, _vi _ |&2 (1)

sin®, vy &1

where sin ¢ and sin ¢ are the incident and transmitted angles
with electromagnetic wave velocities vi and v in the borehole
and subsurface, respectively. Similarly, we can write for the
interface between the subsurface (&) and the receiver borehole
with borehole fluid & and transmitted angle of ¢ as follows:

sin @5 = sin @, X z—z . 2
Another fundamental law that we consider in our correction
method is total internal reflection, which could only occur
when electromagnetic waves travel from a medium with lower
velocity to a medium with higher velocity. Equation 3 shows
the critical angle for electromagnetic waves travel from a first

medium with & to a second medium with & where &> &,

No refraction occurs when the transmitter and receiver are at
equal depth and rays are traveling horizontally. In the
following, we will introduce three possible ray paths that can
be used to describe or approximate this phenomenon as
presented in Figure 1a.

When the medium properties in the boreholes and the medium
between the boreholes are equal or we ignore any refraction
that is occurring, we can assume a straight line between the
transmitter and receiver. We refer to this ray path model in the
following as “no refraction” (N), see also Figure 1b. For the
borehole fluid (e.g., water) and subsurface relative
permittivities are & = 80 and 4 < & < 30, respectively, the
equation 3 restricts the ¢° (or ¢°) and we obtain a small ratio
in equation 1. When we approximate this ratio as being zero,
the incident angle equals zero (¢° = 0). We refer to this ray
path model as “simple refraction” (S). The approximated
refraction point (RPS) is located at the same depth of the
transmitter or receiver at the interface between the borehole
and subsurface. For the two ray path models discussed before,
the traveltime can be easily calculated as a function of the
vertical distance between the transmitter and receiver (h) and
the horizontal distance between transmitter and receiver that
includes the distance between the two boreholes (dsus) and
radius of the boreholes (ry), which we assume to be equal. We
introduce a simple borehole-fluid effect correction (simple
BFEC), where the traveltimes in the fluid-filled boreholes are
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Fig. 1. a) Ray paths with no refraction (N), true refraction (T), and simple
refraction (S) for zero-degree (¢ = 0) and arbitrary (|¢| > 0) ray angle b)
Close up view of the ray-paths at the interface between the borehole-fluid
and the subsurface where the refraction point for simple refraction and true
refraction are indicated by (RP®) and (RPT), respectively.

subtracted from the total traveltime and the transmitter and
receiver antennas are relocated at the location of the
approximated refraction points (RPS) to calculate the apparent
velocity. For the “True refraction” (T) ray path model, we
consider all refractions at all interfaces, and the traveltime
cannot be analytically determined since it depends on the
angle (¢1) that is unknown and needs to be estimated first.
Therefore, we project all travelpaths to the vertical axis as
follows:

Page 2 of 8



Page 3 of 8

oNOYTULT D WN =

Transactions on Geoscience and Remote Sensing

Confidential manuscript submitted to IEEE Transactions on Geoscience and Remote Sensing 3

h=h1+h2+h3 (4)
h = rb X tan @1 + dsubs X tan 02 + rb X tan @3, (5)

where h, hy, hy and hs are vertical projections of the distance
traveled in the first borehole, subsurface, and second borehole,
respectively (see Figure 1). We substitute & and & with gyater
and & with &uws in equations 1 and 2, followed by their
substitution into equation 5, to obtain the following equation:

h=2x < rpxsin @, ) + ( dsupsXsin® X\/ewater ) ©)
J1-(sin@,)2 Vesubs—Ewater<(sin01)2 )’

from which, combine by the restriction determined by the
equation 3; we can numerically solve ¢ by assuming a known
&ups.- When ¢ is known, we can calculate the travel distances
inside the boreholes and the corresponding traveltimes. When
we subtract these from the total travel distances and
traveltimes, respectively, and relocate the transmitter and
receiver positions to the refraction-point locations at the
borehole/subsurface interface, corrected apparent velocities of
the subsurface can be obtained that are not influenced by the
presence of the borehole fluid (see Figure 1b).

While the horizontal distance of the refraction-point from the
transmitter (or receiver) is constant and equal to the radius of
the borehole ry, the vertical difference hy (or hs) is depending
on the refraction that is depending on the borehole fluid,
subsurface velocity and the radius of the borehole rp.
Therefore, for each single transmitter-receiver combination,
there will be a different refraction point (RPT). In principle, all
transmitter and receiver locations can be updated towards the
true refraction points (RPT) however, this will result in
transmitter and receiver positions that change depending on
which direction the wave is emitted or received. Depending on
which transmitter-receiver combination is used, the hy (or h)
corrections are varying for different depths between 0.0 m to 3
m for the setup discussed here. To have one fixed position for
each transmitter and receiver, we averaged the hi’s (or hs’s)
corrections for each transmitter (and receiver) separately and
fixed the depth of the refraction points (RPT) for each
transmitter (and receiver). Note that the maximum difference
between the averaged h; (or hs) and the true refraction point
(RPT) is limited to 0.015 m for this study. This averaging
procedure enables us to use conventional ray-based inversion
methods after the correction without unnecessarily
complicated bookkeeping of the transmitter and receiver
positions caused by these small variations in depths. We term
the above mention method as true BFEC.

It is important to note that, for the borehole fluid (e.g., air)
with relative permittivity lower than subsurface, the equation 3
restricts the ¢, which means the significant vertical raise in
the subsurface should happen inside the boreholes h; (or hs).
Therefore, the refraction points (RPT), move drastically
alongside the borehole interface by increasing the ¢; thereby,
our correction method could not be extended to the air-filled
boreholes without modification.

I1l. DETAILED 3D FDTD MODELING

To investigate the cause of the increasing apparent velocity
with increasing ray path angle, we use a detailed model that is
able to include all the possible explanations given in the
literature, such as the presence of the borehole, borehole-fluid
and the presence of FLA transmitter and receiver. Here, we
use gprMax3D [27], which is a wave-propagation simulator
that is using the FDTD method, and is particularly optimized
for the modeling of GPR waves.

GprMax3D is automatically insure that the Courrant,
Freidrichs and Lewy (CFL) stability condition is always meet
by restricting the temporal sampling based on the spatial
sampling, while using perfectly matched layers (PML) that
absorb any impinging wave on the boundary of the
computational domain. GprMax3D has been often used for
GPR wave modeling, returns a stable solution and was already
used to calculate the wave propagation for detailed antenna
models [28], [29], which makes it especially suited for our
purpose. All computations were carried out on JURECA
cluster [30], which is part of the Jilich Supercomputing
Centre (JSC). It is equipped with 1872 computing nodes with
two Intel Xeon (E5-2680) with 2x12 cores, 2.5 GHz with
simultaneous multithreading and DDR4 (2133 MHz) memory
with various capacity from 128 to 512 GiB memory.

A. Antenna Model

We build a 3D model of resistive-loaded finite-length antenna
(RLFA) from Sensors and Software crosshole 200 MHz
PulseEKKO based on the information that the manufacturer
supplied us. The antennas have a 0.02 m radius and a total
length of 1.21 m similar to design by [31]. We used a ricker
waveform excitation with specified center frequency of 92
MHz. At each side of the 0.01 m vacuum feeding point that is
present at 0.26 m from the bottom of the antenna, resistively
loaded arms with a length of 0.24 m are present. A Perfect
Electrical Conductor (PEC) material is used as transmission
wire that contained 10 resistor segments with constant
electrical conductivity (o) of 0.1 mS/m for each of the two
antenna arms. As indicated by the manufacturer, this PEC is
surrounded by an insulation having & = 4 and o= 107 mS/m
as reported by [32].

The performance and coupling of the RLFLA as a transmitter
and a receiver were successfully tested by the fact that
increasing & values of the 3D medium surrounding the
antennae resulted in a decreasing effective center frequency
due to the antennas being electrically longer. Extending the
model by including boreholes that are air and water-filled
returned changes in arrival time, received amplitude, and
center frequency shift, similar as reported by [33]. These
results indicate that our detailed 3D FDTD model including
RLFLA as transmitter and receiver and borehole fluid that are
placed in an air- or water-filled borehole is able to return
reliable synthetic data that include all the physics that is
important to investigate the origin of the increasing apparent
velocity with increasing ray-angle. Moreover, we studied the
effect of the discretization size on the performance of the
models for 0.07 — 0.09 m mesh size, and it showed the
normalized waveform are similar regardless of the mesh size
(not shown). Thus, the geometry of the crosshole setup,
eliminate the possible staircase effect of the coarse meshing
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because boreholes and the antennas are in the same plane and
located in parallel to each other.

B. Homogeneous Subsurface Model

We construct a 3D subsurface model similar to the dimensions
as investigated by [14] returning increasing apparent velocities
as it is described. These data were measured at the Boise
Hydrogeophysical Research Site near Boise, Idaho in the
United States where a shallow unconfined aquifer consists of
an approximately 18-m-thick layer of coarse, unconsolidated,
braided-stream deposits (gravels and cobbles with sand
lenses), which is underlain by clay and basalt. Therefore, our
3D gprMax3D model has dimensions of 5.5 m x 2.0 m x 22.0
m and a uniform 0.01 m discretization. It consists of 1 m layer
of air with dielectric relative permittivity & = 1 on top, 3 m
unsaturated gravel with & = 5, a 15 m layer of saturated gravel
with & = 12.15, and at the bottom 3 m layer of clay bedrock
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Fig. 2. a) Average apparent-velocities obtained from picked first minimums for
point source (orange) and RLFLA (purple) antennas. The first arrival traveltime
for point source and the first arrival traveltime with compensation for antenna
thickness for RLFLA are indicated by the orange and purple dashed lines,
respectively. Calculated apparent-velocities for ray paths without refraction are
shown by the green line, whereas the true velocity of the medium is indicated by
the blue line. b) Picked first minimum for point source and RLFLA and
compensation for antenna-thickness that causes an earlier arrival for RLFLA due
to the lower & of the antenna insulation than borehole-fluid.

with & = 18. Two 18-m-deep boreholes are present with 3.5 m
distance and inner radius of 0.05 m that create.

We build a model by considering the inner radius of the
borehole filled with water in the saturated area & = 80 and the
air-filled area of & = 1. Since the RLFLA has radius of 0.02
m, therefore the effective radius of the model including the
FLRLA is 0.03 m. Because the point source antenna has no
dimension, we used the borehole with 0.03 m inner radius for
the point source model to be consistent and comparable with
the results of the RLFLA.

We put a transmitter located at a depth of 11 m and placed 12
receivers from 6 m to 17 m depth in the homogenous saturated
gravel layer. This setup geometry provides us an angular
coverage of -60 to +60 degree. We carried out separate
simulations for each transmitter — receiver position pair and
for a point source and RLFA.

We used a manual picking method to pick the first local
minimum. The two lower curves in Figure 2a show the

apparent velocities for the picked minima (that is later used to
calculate the corrected first break) from the modeled point
source (orange line) and RLFLA (purple line) data. An
increasing apparent velocity for increasing ray path angle is
observed similar to [14]. As shown in Figure 2b, the first
minima of the RLFLA arrives slightly earlier than for the
point source. This is due to the different effective wavelets
that are emitted/received by the point transmitter/receiver and
the RLFLAS, and the antenna insulation thickness which has
lower relative permittivity in compare to the subsurface that
causes a constant drift between the two lower curves of Figure
2a. When we compensate for the first local minima arrival
within the waveform and the constant shift caused by the
antenna-insulation thickness; we obtain almost overlying
apparent-velocity curves (see Figure 2a).

These results show that the increasing apparent velocity with
increasing ray path angle is not caused be the RLFLA since
both point source/receiver and RLFLAs show very similar
results. Comparing the obtained results with the true velocity
of the medium, we see that the results are still significantly
off. The corrected point source/receiver and RLFLA’s results
for zero-angle ray paths and “no refraction” ray-based model
(N) are equal since no refraction occurs for horizontally
traveling waves. Note that the apparent-velocity values are
lower than the true velocity due to the presence of the water
in the boreholes. We studied the possible effect of the
borehole casing by adding a 0.01 m plastic casing of & = 4,
resulting in an earlier wave arrival due to the lower
permittivity of the casing material compared to the
subsurface, but still the same trend of increasing apparent
velocity with increasing ray path angle is observed (not
shown). When investigating the effect of the borehole radius
on the apparent-velocity by increasing the radius from 0.05 m
to 0.09 m, an increasing apparent-velocity range from 3.6%
to 7% is observed. These results are consistent with the
observations as described by [33]. It is important to note that
the smaller variation range of the simulation results in
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Fig. 3. Average apparent-velocities of first arrival for point source (orange),
assuming no refraction (green) and true velocity (blue) as shown in Figure 2a in
the dashed rectangle. Calculated simple refraction apparent-velocities (black
line) approach the first arrival values, whereas the true refraction apparent-
velocities (red line) comes very close to first arrival values of the point source.
Applying the simple BFEC and true BFEC returns apparent-velocities indicated
by the dashed black and red lines, respectively, that approach the true velocity.
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comparison to inversion results for measured data such as
[14] because we used a homogenous subsurface, while the
presented data were measured in a natural site including a
natural heterogeneity.

Due to symmetry, we show the Figure 2a zoomed in a version
in Figure 3a for positive transmitter-receiver ray paths angles.
Moreover, we limit our analysis to the point-source arrival due
to the results’ similarity with the RLFLA. The simple BFEC
angle-dependent apparent-velocities (S, black line) approach
the first arrival, whereas the true BFEC apparent velocities (T,
red line) are almost overlying the first arrival for point source.
These results show that the increase in apparent velocity for
increasing ray-angle is caused by the wave refraction, when
propagating from the water-filled borehole into the subsurface
for the transmitter antenna and vice versa for the receiver
antenna borehole. We apply the BFEC for simplified and true
refraction ray paths as discussed in the previous section to
obtain the corrected apparent velocity for each transmitter-
receiver pairs. The simple BFEC results approach the true
apparent-velocity values whereas the true BFEC results are
almost overlying the true velocity of the medium as indicated
by the blue line in Figure 4. The maximum errors in apparent-
velocity reduced from 3.6% to 0.25% for the simple BFEC
approach for the highest studied ray path angle of 60°,
whereas the true BFEC has only 0.14% error. These results
show that the presence of the water-filled boreholes results in
a large decrease in apparent-velocities for zero-angle rays due
to a relatively large travel path through the water-filled
borehole, whereas the apparent velocity decrease for high-
angle rays is less due to a relatively short travel path through
the water-filled borehole. Note that the increased apparent
velocities for increasing ray-angle are closer to the true
apparent velocity than the zero-ray apparent velocity. By using
the BFEC approach, high-angle ray paths can now reliably be
included in ray-based tomography inversion approaches
without any artifacts. For seismics, the refraction at the
borehole interface is much less and strong ray-angle
dependent apparent-velocity changes are not expected, which
was also confirmed by [17].

When solving equation 6, we assume to know &us. Here, we
carry out a sensitivity analysis to study the importance of the
assumed &sups 0N the performance of the BFEC. We apply the
BFEC for a range between -50% to +50% of the true value of
&us. Figure 5 shows the relative error in estimated apparent
velocities for the simplified and true BFEC method with
different sups values. The model errors for the true refraction
method is fluctuating between 0.05% to 0.17% depending on
&subs, While the maximum model error is limited to the model
error of the simple BFEC which is ~0.25% for the highest
studied angle.

C. Heterogeneous Subsurface Model of River Thur Test Site

To investigate the influence of heterogeneity, we construct a
3D subsurface model of the well-known aquifer system of the
test site near the river Thur in Switzerland [34], [35]. This
glaciofluvial deposit contains a 7 m gravel layer embedded
between 3 m alluvial loam at the top and a low permeable clay
aquitard below 10 m depth. The water table is at 4 m depth
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Fig. 4. Relative model errors in estimated apparent velocity as a function of
the ray path angle for the simple BFEC and true BFEC with -50% to 50%
error in the gyps.

except during river-flood events. Previous studies [36], [37]
indicated the presence of a high-velocity layer overlying a
low-velocity layer between 4 m - 6 m depth, a high velocity
layer with low conductivity between 6 m - 8 m, and
intermediate values for both parameters below 8 m depth
(Figure 5a). The boreholes are 5 m apart with 10 m depth and
have a diameter of 0.12 m. Data were acquired for 11
transmitter positions with 0.5 m interval and 57 receiver
positions with 0.1 m spacing in each borehole with a semi-
reciprocal approach, where all transmitters and receivers were
located in the saturated zone.

Our subsurface gprMax3D model has dimensions of 7.02 m x
0.9 m x 11.7 m and a uniform 0.01 m discretization including
two 0.06 m radius water-filled boreholes with effective radius
of 0.04 m. We use the & and o values as obtained by [36] as a
model to generate 2508 traces using the same transmitter and
receiver spacing as the experimental studies (see Figure 5a). In
addition, we build an identical model, where no borehole is
present, and, one where we embedded the RLFLA a in the
subsurface with no borehole. The last model we use as
benchmark for the performance of the BFEC corrections.

We use a manual picking method to locate the first break.
Then, we apply the simple and true BFEC on the data where
traveltimes in the boreholes for each transmitter and receiver
pair are calculated and deducted from the corresponding
picked traveltimes. In addition, we relocate the position of
each transmitter and receiver at the borehole/subsurface
interface depending on the simple or true BFEC (see Figure
1b). Finally, we invert the picked and corrected picked data
using the curved-ray-based traveltime inversion [38], [39]
where the domain between the boreholes is discretized to
72x80 cells. We obtain the lowest root-mean-square (RMS)
values for a damping and smoothing factor of 1 and a
homogenous starting model with constant relative permittivity
of 18.

Relative-permittivity tomograms obtained from the picked
data for no borehole presence, water filled boreholes without
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a b picked data with simple and true BFEC. The mean relative
S } model error in the entire domain is 4% for no borehole, 13%
- for the water-filled borehole without BFEC, 9% for simple
— BFEC and 8% for true BFEC. In order to study the effectivity
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Fig. 5. Relative permittivity tomogram of a) reference model based on [36]
where the water-filled boreholes are indicated by two yellow lines, b) traveltime
inversion tomogram for no borehole, c) traveltime inversion tomogram for water-
filled borehole without BFEC and c) traveltime inversion tomogram for water-
filled borehole with simple BFEC, e) traveltime inversion tomogram for water-
filled borehole with true BFEC. Transmitter and receiver positions are indicated
by circles and crosses, respectively.

BFEC, water filled boreholes with simple and true BFEC are
presented in Figure 5 where we interpolate the results to the
cell-size of the forward model for comparison reasons. As
expected, relative-permittivity tomogram of the no borehole
data is closest to the reference subsurface model. Almost all
relative-permittivity values for the data without BFEC have a
larger value than the true model, whereas the data with the
simple and true BFEC approaches the reference model better.
This is consistent with the apparent velocity being too low
when using uncorrected data.

Figures 6a — 6d show the relative model error distributions of
the estimated relative permittivity for no borehole, water-filled
boreholes without BFEC, water-filled boreholes with simple
and true BFEC, respectively. It showed that a better
reconstruction when using the simple or true BFEC data, in
compare to the water filled data without BFEC. Figures 6e
and 6f show the mean horizontal and vertical model error,
respectively, in estimated relative permittivity. Both mean
vertical and horizontal relative error models are lower for the

[ — —

A —————

— ithout borehole
Water-tileg wihout BFEC
-8lleg wth SBFEC

Fig. 6. Relative model error in estimated permittivity for a) traveltime inversion
for no borehole b) traveltime inversion for water-filled borehole without BFEC
c) traveltime inversion for water-filed borehole with simple BFEC, d)
traveltime inversion for water-filed borehole with BFEC,, e) mean relative
model error in estimated relative permittivity in vertical cross-section between
two boreholes and f) mean relative model error in estimated relative
permittivity in horizontal cross-section between two boreholes. Tomogram for
water-filled borehole with true BFEC. Transmitter and receiver positions are
indicated by circles and crosses, respectively.

of the BFEC, we calculate the model difference percentage of
the water-filled boreholes without BFEC, the water-filled
boreholes with the simple and true BFEC in compare to the no
borehole scenario, since the ultimate aim of the BFEC is to
compensate for the presence of the borehole, in the way that
results are close to no borehole data. As it showed in the
Figure 7, relative difference to the no borehole result is
decreased by using the simple and true BFEC. The mean
relative model differences in the entire domain are 5.1%, 3%
and 2.4% for water-filled boreholes without BFEC, water
filled boreholes with simple BFEC and water-filled boreholes
with true BFEC, respectively which shows that applying the
BFEC compensate for the effect of the borehole presence in
the data. Note that to obtain higher resolution images a full-
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Fig. 7. Relative difference in estimated permittivity of no borehole case in
compare to a) traveltime inversion without BFEC b) traveltime inversion with
simple BFEC and c) traveltime inversion with true BFEC. Transmitter and
receiver positions are indicated by circles and crosses, respectively.

waveform inversion can be carried out [37], where it is also
important to have a good starting model as has been obtained
here.

IV. CONCLUSIONS

Detailed 3D electromagnetic modeling of crosshole GPR
waves including borehole-fluid and resistive loaded finite-
length antenna (RLFLA) has been used to investigate the
refraction of the electromagnetic waves at the borehole
interface between water and subsurface as significant
contributor to increase of apparent velocities for increasing ray
path angles often observed in GPR crosshole data. The
performed modeling points out that this phenomenon is
majorly influenced by refraction at the borehole interface
between water and subsurface. Because of the substantial
change in wave velocity in the borehole fluid compared to the
wave velocity in the saturated subsurface medium present
between the boreholes, the apparent velocity is increasing for
increasing ray-angle, whereas the effect is amplified for larger
borehole radius and causes larger apparent-velocity
differences. Since the velocity changes at the borehole
interface are much more substantial for GPR compared to
seismic tomograms, the phenomenon is mainly present for
GPR and has not been observed for seismic crosshole
measurements.

Synthetic studies show that due to the water-filled borehole
and the pertaining refraction on the interface between the
borehole and the subsurface conventionally obtained velocities
are always lower than the real values. We introduce a simple
borehole-fluid effect correction (BFEC) and a true BFEC
method that use an approximated and true refraction at the
borehole interfaces between the water and subsurface,
respectively. In this way, reliable apparent velocity values are
obtained. For a homogeneous model, maximum errors in the
apparent velocity of the medium between water-filled
boreholes with a radius of 0.05 m reduced from 3.6% to
0.25% and 0.14% for the simple BFEC and true BFEC
approach, respectively. We verified the performance of the
simple BFEC and true BFEC for synthetic heterogeneous
crosshole data based on realistic full-waveform inversion
results from the river Thur in Switzerland. By applying
identical damping and smoothing parameters in curved-ray-
based traveltime inversion without BFEC, with the simple
BFEC and true BFEC, the subsurface structures were
reconstructed with more details for the simple BFEC and true
BFEC data and the average relative error model reduced from

13% to 9% and 8% with simple BFEC and true BFEC,
respectively, despite using an approximation to relocate the
transmitter and receiver positions at the refraction points.

We show that instead of excluding high-angle ray paths from
ray-based inversions, commonly used to prevent artifacts, our
novel BFEC method enables the use of an increased ray-angle
range which results in more-accurate and higher-resolution
tomographic inversion results.
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