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Estimating reservoir permeability with borehole radar

Feng Zhou1, Iraklis Giannakis2, Antonios Giannopoulos3, Klaus Holliger4, and Evert Slob5

ABSTRACT

In oil drilling, mud filtrate penetrates into porous formations
and alters the compositions and properties of the pore fluids.
This disturbs the logging signals and brings errors to reservoir
evaluation. Drilling and logging engineers therefore deem mud
invasion as undesired and attempt to eliminate its adverse
effects. However, the mud-contaminated formation carries valu-
able information, notably with regard to its hydraulic properties.
Typically, the invasion depth critically depends on the formation
porosity and permeability. Therefore, if adequately character-
ized, mud invasion effects could be used for reservoir evalu-
ation. To pursue this objective, we have applied borehole
radar to measure mud invasion depth considering its high radial
spatial resolution compared with conventional logging tools,

which then allows us to estimate the reservoir permeability
based on the acquired invasion depth. We investigate the fea-
sibility of this strategy numerically through coupled electro-
magnetic and fluid modeling in an oil-bearing layer drilled using
freshwater-based mud. Time-lapse logging is simulated to
extract the signals reflected from the invasion front, and a
dual-offset downhole antenna mode enables time-to-depth con-
version to determine the invasion depth. Based on drilling,
coring, and logging data, a quantitative interpretation chart is
established, mapping the porosity, permeability, and initial
water saturation into the invasion depth. The estimated per-
meability is in a good agreement with the actual formation
permeability. Our results therefore suggest that borehole radar
has significant potential to estimate permeability through mud
invasion effects.

INTRODUCTION

Porosity, permeability, and water saturation are essential petro-
physical properties in hydrocarbon reservoir evaluation. Water
saturation and porosity can be reliably inferred by conventional well
logging data, whereas permeability information is notoriously dif-
ficult to directly estimate downhole (Darling, 2005). Permeability
has complex relations with other petrophysical properties and is
generally associated with the grain size, pore size, specific surface
area, pore-throat size, and porosity connectivity (Yao and Holditch,
1993). Core analysis is deemed the most direct and reliable way
to determine permeability. However, it is costly and is therefore
generally limited to a few stratigraphic locations (Donaldson and

Clydesdale, 1990). In addition to uncertainties and/or biases in sam-
pling, core samples are measured in a laboratory environment,
which is not guaranteed to be equivalent with the in situ measure-
ments (Ahmed et al., 1991). Furthermore, core measurements are
carried out at a scale that is not representative of the fluid flow
in a representative elementary volume of the reservoir (Glover et al.,
2006).
Some empirical models have been established to estimate per-

meability from porosity through statistical correlations, typically
based on the Kozeny-Carman equation (Zunker, 1930; Carman,
1956; Timur, 1968; Coates and Dumanoir, 1973; Nooruddin and
Hossain, 2011). The validity of these methods is based on the prem-
ise of a close correlation between the permeability and porosity.
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However, for some pertinent reservoir types, for example, those
with low porosity and low permeability, it is generally acknowl-
edged that the correlation between porosity and permeability tends
to be poor to nonexistent. The reason for this is that geometry and
specific surface of the pores have more significant effects on the
permeability than the pore size itself does (Ahmed et al., 1991).
Field-based core analysis shows that, in low-porosity reservoirs,
the permeability may fluctuate by orders of magnitude even if the
porosity is quasiconstant (Sirait, 2015). Moreover, in consolidated
sandstone, fractured, and karstic reservoirs, there are rarely consis-
tent correlations between the porosity and permeability (Grude et al.,
2014). Similarly, permeability estimation based on the analysis of
Stoneley waves and nuclear magnetic resonance (NMR) logging is
generally invalid in low-porosity reservoirs (Tang and Cheng, 1996;
Weller et al., 2010).
In the course of drilling, mud filtrate penetrates into the porous

formation and alters the compositions of the pore fluids. This brings
about disturbances in well logging signals and affects the accurate
evaluation of reservoir properties. Logging engineers try to elimi-
nate mud-invasion effects and to accordingly correct the logging
data. Nevertheless, the mud-contaminated parts of the formation
could contain valuable information. A parametric sensitivity analy-
sis revealed that for a given formation interval, the invasion depth
has strong correlations with the permeability and porosity (Zhou
et al., 2015). This inspires us to find a new approach to estimate
the hydraulic properties of a reservoir based on the mud invasion
effects. The feasibility of this approach relies on two principal con-
siderations: (1) Mud-invasion effects, especially the invasion depth,
can be characterized adequately by well logging, and (2) a quanti-
tative relationship should be established to link the invasion effects
with the formation properties. A few numerical and field trials have
attempted to estimate the reservoir permeability by inverting the
radial electrical resistivity profiles, inferred from array induction
logging, of an invaded reservoir (Alpak et al., 2006; Torres-Verdín
et al., 2006; Zhou et al., 2016). The estimated results provided a
consistent order-of-magnitude type with the coring permeability,
but the errors are considerable. This is because array induction
logging has a too-low radial spatial resolution to precisely solve
the invasion depth. Conventional logging methods, whether elec-
trical or acoustic, have no capability of finely describing the
complicated invasion status due to their limited resolution and/or
sensitivity. To alleviate this problem, the use of high-frequency
borehole radar for detecting the mud invasion depth is investigated
in this paper. Once the invasion depth is accurately identified by
borehole radar measurements, we can then correlate it with the res-
ervoir permeability.
Borehole radar has been widely applied in shallow surface min-

ing, cavity imaging, fracture characterization, and hydrogeophysi-
cal exploration (Fullagar et al., 2000; Tronicke et al., 2004; Zhou
and Sato, 2004; Zhao and Sato, 2006; Liu et al., 2019). Chen and
Oristaglio (2002) first propose to apply borehole radar to well log-
ging. Miorali et al. (2011) and Zhou et al. (2018) propose to apply
borehole radar to monitor water-oil movement for oil production
optimization. A borehole radar logging prototype has been devel-
oped with the original intention to image fractures in hydrocarbon
reservoirs (Liang et al., 2012; Liu et al., 2012; Ma et al., 2016). The
aforementioned borehole radar applications operate at frequencies
of a few hundred megahertz, which correspond to wavelengths
in decimeter to meter range and penetrate the reservoirs in a range

of a few meters. Oloumi et al. (2015, 2016) conduct laboratory
experiments to investigate the feasibility of characterizing the oil
well perforation and corrosion with the near-field responses of a
high-frequency (up to 6 GHz) radar antenna. Hizem et al. (2008)
introduce a dielectric logging tool consisting of multispacing and
multifrequency (from 20 MHz to 1 GHz) coils to characterize the
near-borehole region. However, the narrowband signals and short
offsets limit the accuracy and integrity of the acquired information.
For mud-invasion detection purposes, a penetrating depth of tens of
centimeters and a radial resolution of a few centimeters are required.
Heigl and Peeters (2005) simulate high-frequency radar wave
propagation and reflection in oil- and water-based mud invasion
cases. They suggest that directional borehole wideband radar with
a center frequency of 1 GHz is able to detect observable signals
reflected from the mud invasion front, even under the relatively
conservative limitations on radar system performance. Although
Heigl and Peeters (2005) use a simplified geologic model in the
study, we believe that their suggested radar frequency is applicable
for realistic reservoir environments.
To our knowledge, such radar logging tools do not exist for the

purpose of mud-invasion detection. We therefore present a numeri-
cal study that investigates the feasibility of detecting mud invasion
and estimating permeability using borehole radar. The proposed
method couples a hydraulic model with a solution of the electro-
magnetic equations in an effort to realistically replicate the radar
responses on a mud-disturbed reservoir. We simulate a scenario
of freshwater mud invading a low-permeability oil reservoir with
open-hole radar logging to explore the feasibility of the proposed
method.

NUMERICAL MODELING

Mud invasion modeling and reservoir scenario

Mud invasion is a complicated flow and transport process, spe-
cific to drilling mud types and reservoir conditions. Generally, log-
ging engineers divide the invaded formation into the flushed,
transition, and virgin (or undisturbed) zones according to how much
mobile in situ fluids are displaced by mud filtrate (Salazar and
Torres-Verdín, 2008). To acquire detectable radar reflections from
the invasion front, several key factors should be considered. First,
the flushed zone should have a relatively low conductivity to ensure
low attenuation and low phase distortion for radar wave propaga-
tion. Second, there must be an adequate contrast of electrical prop-
erties between the flushed and virgin zones, and the transition zone
should be thin and exhibit a steep gradient relative to the dominant
wavelength, such that sufficiently strong radar reflection events are
generated.
Drilling mud types are usually categorized into freshwater mud,

saltwater mud, and oil-based mud (Fink, 2015). Saltwater mud
brings about a highly conductive flushed zone, which would com-
promise the performance of borehole radar by severely reducing
its penetration depth. Oil-based mud is favorable for radar wave
propagation because of the associated low conductivity of the in-
vaded zones. It does, however, tend to create a gradual oil-water
transition zone primarily due to the nonwettability and the low
flow coefficient of the oleic phase (Salazar and Torres-Verdín,
2008). The resulting gradual transition zone is unfavorable for gen-
erating radar wave reflections in our borehole radar applications.
Besides, oil-based mud is not as popular as water-based mud
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due to its high costs and environmental unfriendliness (Fink, 2015).
Therefore, we prefer to consider freshwater mud for the purpose of
this study.
Reservoirs frequently consist of one sand body sandwiched be-

tween gas- and brine-saturated sections (Van Lookeren, 1965). In a
completely water-saturated layer, the invaded water-based mud fil-
trate is miscible with the in situ aqueous phase; hence, it is difficult
to explicitly define an invasion boundary. Therefore, we restrict the
current investigations to an oil-bearing layer because of the immis-
cibility of aqueous and oleic phases. A heavy oil reservoir is not
recommended for the proposed borehole radar applications due
to the fact that the high viscosity of the oleic phase creates a gradual
and long transition zone, which is not favorable for radar wave
propagation and reflection (Zhou, 2011). For these considerations,
the current investigation is carried out in a scenario of freshwater
mud invading a light oil layer.
The physical process of mud invasion is usu-

ally described as a multiphase and multicom-
ponent flow problem (Gunawan et al., 2011).
We adopt the two-phase (water and oil) iso-
thermal darcy flow equations and convection-
diffusion equation to solve for the pressure, water
saturation, and water salinity in the near-borehole
region over the invasion time (Aziz, 1979;
Delshad and Pope, 1989; George et al., 2003).
The equation sets are discretized in a cylindrical
coordinate system, and pressure, saturation, and
salinity are sequentially solved for with implicit,
explicit, and implicit treatments, respectively.
We understand that the characteristics of the
shape of the fluid distribution are critical to in-
vestigate radar wave propagation, transmission,
and reflection. Therefore, our model incorporate
as many parameters as possible, such as capillary
pressure, rock and fluid compressibility, and
ionic diffusion effect, to simulate realistic fluid
transition profiles. Localized grid refinement is
used in the near-borehole region.
The drilling mud generally contains solid par-

ticles to sustain a slightly high downhole pres-
sure with respect to the reservoir. In the course
of the mud invasion, the solid particles gradually
deposit on the borehole wall and build up a so-
called mud cake (Wu et al., 2005). The temporal
evolution of mud cake thickness, permeability,
and porosity depends on the pressure drop across
the mud cake in addition to the textures of the
mud itself. Correspondingly, the time-varying
mud cake properties influence the inflow rate
and, thus, the invasion depth at a given time.
Essentially, the flow coefficients of fluids in
the mud cake and the formation tend to control
the invasion rate under a certain pressure dif-
ference (Salazar and Torres-Verdín, 2008). To
emulate this process, a set of mud cake growth
formulas derived based on laboratory experi-
ments (Wu et al., 2005) are coupled with the flow
modeling outlined above. We developed a 2D
MATLAB program for the mud invasion simula-

tions, which has been shown to agree well with the published results
(Zhou et al., 2016).
We simulate a scenario of freshwater mud invading a light oil

layer. The governing parameters and material properties are listed
in Table 1. The considered porosity, permeability, and water satu-
ration curves, which vary with depth, are synthesized based on core
data from a well in the Honghe Oilfield, Ordos Basin, China. The
results shown in Figure 1 are obtained after applying a five-point
moving average filter to reduce erratic noise. This oil field is a typ-
ical tight oil sandstone reservoir, which presents an ideal test sce-
nario for our study. First, the considered reservoir section is
characterized by low porosity and low permeability, which means
that the permeability cannot be accurately estimated through the
correlations with porosity; second, the selected layer contains a high
percentage of oil, which would form a distinct oil-water front in the
course of the invasion process.

Table 1. Drilling, fluid, and reservoir properties (Alpak et al., 2006; Navarro,
2007; Salazar and Torres-Verdín, 2008).

Variables Values Units

Wellbore radius 0.10 m

Mud hydrostatic pressure 27,580 kPa

Mud cake maximum thickness 0.005 m

Mud filtrate salinity 1 × 103 ppm

Mud density 1130 kg∕m3

Mud cake reference permeability 0.05 md

Mud cake reference porosity 0.25 Fraction

Mud solid fraction 0.06 Fraction

Mud cake compressibility exponent 0.4 Fraction

Mud cake exponent multiplier 0.1 Fraction

Formation pressure 25166 kPa

Formation water salinity 160 × 103 ppm

Formation temperature 93.3 °C

Water density 1001 kg=m3

Oil density 816 kg=m3

Water viscosity 1.274 × 10−3 Pa · s

Oil viscosity 0.355 × 10−3 Pa · s

Rock compressibility 7.252 × 10−10 1/kPa

Water compressibility 3.698 × 10−7 1/kPa

Oil compressibility 2.762 × 10−6 1/kPa

Connate water saturation 0.15 Fraction

Residual oil saturation 0.10 Fraction

Endpoint relative permeability of water 0.3 Fraction

Endpoint relative permeability of oil 1 Fraction

Empirical exponent of water relative permeability 2 Fraction

Empirical exponent for oil relative permeability 2 Fraction

Capillary pressure coefficient 1.87 Pa · cm

Empirical exponent for pore-size distribution 20 Fraction

Diffusion coefficient of salt 6.45 × 10−9 m2∕s
Dispersion coefficient of salt 1.3 × 10−3 m

Horizontal and vertical ratio of formation permeability 10 Fraction

Borehole radar permeability estimation H53
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Borehole radar configuration and modeling

Compared with surface ground-penetrating radar (GPR) mea-
surements, borehole radar logging works in a complex environment,
which, in turn, imposes constraints on the antenna configurations

(Slob et al., 2010). To carry out the downhole measurements,
the radar antennas are mounted in an arc-shaped cavity of the log-
ging string. To decrease the interference arising from the metal com-
ponents and increase the radar directionality, a certain special

material is filled in the cavity. There are two op-
tional schemes for the filling material. One is to
choose a material with high dielectric permittiv-
ity, thus shortening the wavelength of the back-
scattered waves to decrease the destructive
interference (Miorali et al., 2010); the other is
to use a type of absorbing material to attenuate
the backscattered waves (Liang et al., 2012).
We adopt the latter scheme by filling absorbing
material in the cavity. The filling material should
have certain dielectric permittivity loss or
magnetic permeability loss to convert the back-
scattered energy into heat. Ferrite is often used
for this purpose, especially in borehole radars,
because it has large mechanical strength as well
as high dielectric and magnetic losses in the
working frequency band of GPR (Chen et al.,
2002). We set the material properties of borehole
radar in our model as shown in Table 2, simu-
lating a sintered nickel zinc ferrite material
(Liu, 2014). The absorbing effect in the con-
sidered radar frequency range is not optimal
but is still adequately effective. The downhole
transreceiver configuration is designed as a
one-transmitting and two-receiving mode that
resembles the common depth point measure-
ment on the surface, which facilitates a time-to-
depth conversion for invasion depth estimation.
A Ricker wavelet with a center frequency of
1 GHz is applied to the transmitting antenna.
This frequency range satisfies the penetration
depth and spatial resolution required in a high-
resistivity reservoir (Heigl and Peeters, 2005).
A backward caliper arm in the logging string
can push the antennas against the borehole wall
to eliminate attenuation and scattering loss
caused by the conductive mud. Similar caliper
arm configurations have been used in density
logging, microresistivity logging, and dielectric
logging tools, where it is required to directionally
inject energy into the formation in an open hole
(Crain, 2002; Hizem et al., 2008).
We use gprMax, a general-purpose finite-

difference time-domain (FDTD) GPR simulator
(Warren et al., 2016), to build up a borehole radar
model for a mud-filled downhole environment.
The antennas are modeled as hertzian dipoles
with the polarization direction parallel to the
borehole axis. This configuration is used as an
approximation to the wire dipole antennas de-
signed by Sato and Miwa (2000). We choose
the electrical field component parallel to the
borehole axis as the received signals. The FDTD
grid has a uniform spatial step with 2 mm on the
side, and the time step is chosen based on the
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Figure 1. Porosity, permeability, and water saturation curves based on the coring data
from a well in the Honghe Oilfield, Ordos, China. The data have been smoothed using a
five-point moving average filter.

Table 2. Geometric parameters and electrical properties for borehole radar and
reservoir models.

Variables Values Units

Logging string radius 0.05 m

First transmitter-receiver spacing 0.20 m

Second transmitter-receiver spacing 0.40 m

Radial depth of cavity 0.04 m

Longitudinal length of cavity 0.08 m

Real part of relative permittivity of absorbing material 20 Fraction

Imaginary part of relative permittivity of absorbing material 9 Fraction

Real part of magnetic permeability of absorbing material 1.2 Fraction

Imaginary part of magnetic permeability of absorbing material 12 Fraction

Tortuosity factor 1 Fraction

Cementation exponent 2 Fraction

Saturation exponent 2 Fraction

Relative permittivity of oil 2 Fraction

Relative permittivity of dry sandstone 4.65 Fraction

Relative permittivity of water at 93.3°C 57.93 Fraction
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Courant Friedrichs Lewy condition (Taflove and Hagness, 2005).
Perfectly matched layers are imposed in the domain boundaries
to simulate an infinite propagation space (Giannopoulos, 2012;
Giannakis and Giannopoulos, 2014).
The porosity as well as the water saturation and salinity are ini-

tially extracted from the mud invasion simulations. Subsequently,
the aforementioned properties are converted to bulk permittivity
and conductivity and are implemented into the radar model. To that
end, two formulas for the electrical property calculations of the
mixed materials are used to couple the radar and flow models.
Archie’s law is a good approximation to calculate the bulk electrical
conductivity in our scenario of a resistive sandstone-type reservoir
(Archie, 1942):

σ ¼ σwϕ
mSnw
α

; (1)

where σ and σw denote the bulk conductivity of the saturated rock
and formation water conductivity (S/m), respectively; ϕ and Sw
stand for the porosity and water saturation (fraction), respectively;
and m, n, and α are the cementation, saturation exponents, and
tortuosity factor, respectively, which are empirical constants mea-
sured on core samples and defined in Table 2. In the above equation,
the formation water conductivity is calculated as a function of tem-
perature and salinity (Bateman and Konen, 1978):

σw ¼
��

0.0123þ 3647.5

C0.995
w

�
82

1.8T þ 39

�
−1
; (2)

where Cw and T denote the formation salinity (ppm) and temper-
ature (°C). The bulk permittivity is calculated with the permittivities
of the dry rock matrix, water, and oil and their respective volume
fractions through the complex refractive index model (CRIM)
(Birchak et al., 1974):

ffiffiffi
ε

p ¼ ffiffiffiffiffi
εm

p ð1 − ϕÞ þ ffiffiffiffiffi
εo

p ðϕ − ϕSwÞ þ
ffiffiffiffiffi
εw

p
ϕSw; (3)

where ε, εm, εo, and εw denote the bulk permittivity of the saturated
rock, dry rock matrix permittivity, oil permittivity, and water per-
mittivity, respectively. CRIM is a widely used dielectric mixing for-
mula, and it is still valid in reservoir environments when the
frequency is relatively high (>100MHz) and interfacial polarization
does not occur (Hizem et al., 2008). Under the deep reservoir envi-
ronments, the relative permittivity of water, which is 81 under am-
bient conditions, should be modified. Donadille and Faivre (2015)
carry out laboratory measurements of water permittivity under the
condition of high temperature, high pressure, and high salinity, and
they reveal that temperature has a major impact on water permittiv-
ity, salinity has a moderate impact on it, whereas pressure effects
can be neglected. We include the salinity and temperature effects on
the water permittivity in our CRIM model through a polynomial
interpolation of the laboratory data measured by Donadille and Fai-
vre (2015), as depicted in Figure 2. Considerable differences with
regard to the surface GPR measurements are that the water relative
permittivity drops to approximately 58 at the temperature of
approximate 100°C and its magnitude decreases with the increase
of the water salinity. Besides, water permittivity becomes frequency
independent in our applied radar frequency range because the re-
laxation frequency shifts to approximately 50 GHz as the temper-
ature rises to 100°C, implying that the dipole losses within water
can be considered negligible (Hizem et al., 2008).
The downhole antenna configurations and the coupled fluid flow

model are illustrated in Figure 3. The geometric parameters of the
borehole radar and the material properties of the borehole and the
reservoir are presented in Table 2. Through the coupling of the flow
and radar models, a real-time borehole radar response of the inva-
sion process can be simulated.

Fluid distributions and radar responses

The spatial distributions of the fluid and electrical properties
during the invasion process are derived from the mud invasion
simulations. Figure 4 shows the 2D fluid and electrical property
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the temperature of the simulated reservoir for the frequency of
1 GHz.
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distributions after 36 h of invasion, and Figure 5 compares the radial
fluid and electrical property curves after 36 and 60 h. We can see
that the invaded reservoir presents a relatively flat flushed zone and
a sharp transition zone, which is favorable for radar wave pro-
pagation and reflection. Recall that we simulate a light oil reservoir
scenario, where a low oil-water viscosity ratio takes primary res-
ponsibility for the piston-like invasion profile. We also see that
the evolution of water salinity lags behind the water saturation. This
phenomenon is caused by the diffusion and dispersion of the differ-
ent saline concentrations between the in situ formation water and
the invading mud water. The lag effect is thought to be responsible
for the so-called low-resistivity annulus (i.e., the high-conductivity
annulus in Figure 5) (Salazar and Torres-Verdín, 2008). We observe
that the evolution of the conductivity over time is consistent with
that of the water salinity, whereas the permittivity is consistent with
the water saturation. Note that an abnormal drop in the relative per-
mittivity curve is caused by the impact of the salinity on the water
permittivity. From the character of electrical property profiles, we
expect that the significant radar wave reflection events are largely
governed by the discontinuity of the conductivity distribution rather
than by that of the permittivity.
Comparing the shapes of the invasion profiles at different times,

we find that the electrical properties of the flushed zone change
much less over the invasion time than those of the transition zone.
Therefore, we propose to perform time-lapse logging measurements
to extract the reflected signals from the transition zone. Time-lapse
logging has proven to be effective for extracting information with
regard to changes in the rock physical properties especially when
applied to fluid flow monitoring (Murphy and Owens, 1964).
Miorali et al. (2011) and Zhou et al. (2018) use time-lapse borehole
radar measurements to extract the reflected signals from the water-
oil contact. In our case, time-lapse logging is expected to filter out

most of the direct wave as well as the the clutter arising from the
heterogeneous rock properties. We implement time-lapse operations
between the times of 36 and 60 h and record the time-lapse radar
signals at two receivers as shown in Figure 6. There are three events
observed in each radar profile. The first one close to the wellbore is
caused by the changes in the near-borehole fluid content and the
mud cake properties. These changes are minimal. However, because
they are closely adjacent to the antennas, strong time-lapse signals
are generated. The other two reflection events come from the inva-
sion transition zone at 36 and 60 h, respectively. The choice of the
logging times is based on the consideration that it should allow
for separating different events. In practice, to acquire high-quality
time-lapse signals, it is crucial to keep a relatively small shift of the
locations of antennas in the radial and azimuthal directions for each
sequential logging operation.

PERMEABILITY ESTIMATION

Estimation of invasion depth

We configure the receiving radar antennas with two different off-
sets in the logging string (Figure 3), which allows for time-to-depth
conversion. The depth and wave velocity are simultaneously deter-
mined using the equations

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl1∕2Þ2 þ d2x

p
¼ vxðt1 − τÞ;

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl2∕2Þ2 þ d2x

p
¼ vxðt2 − τÞ; (4)

where l1 and l2 are the known offsets of the transmitting and receiv-
ing antennas, respectively; t1 and t2 denote the picked travel times
of the reflected wavelets in the two receivers; τ is half of the time
period of the source wavelength in the transmitter; and vx and dx

are, respectively, the average wave velocity and
the invasion depth, which are to be solved in the
equations. The spacings l1 and l2 between the
transmitting and receiving antennas are defined
in Table 2 and designed to be comparable with
the invasion depth range. The traveltimes t1 and
t2 of the reflected signals are picked up from
the peaks of the wavelets of the second event
(Figure 6). It is important to note that the travel-
times of the reflected signals should be calibrated
by the period of the half-wavelength (τ) because
the real starting time of the source wavelet is
difficult to pick with confidence. To estimate
the period of the half-wavelength, we extract the
time of the peaks of the direct waves in the radar
data from the two receivers prior to the time-
lapse difference operations and then solve for
τ by setting d ¼ 0 in equation 4.
Figure 7 compares the invasion depth esti-

mated from the radar data and the conductivity
distribution simulated from the fluid flow model.
It can be seen that the estimated invasion depth is
located at the starting point of the high-conduc-
tivity annulus, which verifies that the reflection
events occur at the discontinuity of the conduc-
tivity as predicted above. The agreement implies
that the proposed mud invasion characterization
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Figure 4. Two-dimensional distributions of (a) water saturation, (b) water salinity,
(c) bulk conductivity, and (d) bulk relative permittivity after 36 h of invasion. Note that
the x-axis starts from the borehole wall.
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approach is capable of estimating the invasion depth effectively and
accurately.

Estimating permeability

Generally, the properties related to fluids, such as viscosity, com-
pressibility, relative permeability curves, and capillary pressure
features, in a given reservoir interval, are constant, whereas the per-
meability, porosity, and initial water saturation vary with the reser-
voir depth (Torres-Verdín et al., 2006). The reservoir permeability
and mud cake permeability affect the inflow rate of the mud filtrate
(Salazar and Torres-Verdín, 2008). Therefore, a high formation per-
meability normally causes a large invasion rate and thus a large in-
vasion volume at a certain invasion time. The formation porosity per
se does not influence the invasion rate if its correlation with the
permeability is ignored. Under this assumption, a lower porosity
leads to a larger invasion depth for a given invasion volume because
the smaller pores require a larger invasion depth to contain the same
volume of fluids. The initial water saturation has
no straightforward correlation with the invasion
rate. However, the water saturation determines
the capillary pressure and relative permeabilities
(Delshad and Pope, 1989), which implicitly re-
lates the initial water saturation with the invasion
rate. A systematic analysis of the parametric sen-
sitivity revealed the following relationships of
the invasion depth and the reservoir properties
(Zhou et al., 2015, 2016). First, there exists a
strong correlation between the invasion depth
and the permeability in low-permeability reser-
voirs. However, the correlation becomes poor
when the reservoir permeability is large. This is
because a high reservoir permeability leads to a
large pressure drop across the mud cake, which
increases the mud cake permeability due to the
mud cake compressibility and makes it dominant
in the invasion rate (Wu et al., 2005). Second,
porosity has a negative correlation with the inva-
sion depth because a high porosity means a short
length to contain the same filtrate volume, and
the invasion depth is more sensitive to a low-
porosity reservoir than a high-porosity one.
Third, the initial water saturation has a minor in-
fluence on the invasion depth, but a high initial
water saturation tends to form an indistinctive
contrast between the flushed and virgin zones.
Correlation analysis implied that one can esti-
mate the reservoir permeability with the obtained
invasion depth once the porosity and water sat-
uration, as well as the drilling and coring data,
are available.
A 4D interpretation chart can be used for es-

timating the reservoir permeability, for which a
sequence of mud invasion simulations are re-
quired to map the varying porosity, permeability,
and initial water saturation values to their cor-
responding invasion depths. The interpretation
chart assumes that the properties of the mud
cake, fluids, and formation are available as prior
knowledge. In practical field applications, the

mud and mud cake parameters are determined by the drilling fluid
configuration scheme. Core sample analysis can acquire the fluid
and rock properties, for example, capillary pressure, relative perme-
abilities, viscosities, and rock-electric properties. Conventional log-
ging can obtain the initial water saturation, pressure, porosity, and
temperature of the reservoir. When the borehole radar solves the
invasion depth, the permeability can be estimated through the in-
terpretation chart. Figure 8 illustrates the corresponding work flow.
Figure 9 presents the 4D interpretation chart based on our reser-

voir scenario after 36 h of mud invasion, and Figure 10 extracts 1D
curves from Figure 9 showing how the permeability, porosity, and
initial water saturation independently influence the invasion depth.
We observe that (1) the initial water saturation has unnoticeable
effects on the invasion depth, (2) the porosity has a negative cor-
relation with the invasion depth, and (3) the permeability has a
high correlation with the invasion depth and the correlation dramati-
cally drops when the permeability increases to a few millidarcys.
The observed phenomena coincide with our previous parametric
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sensitivity analysis of mud invasion (Zhou et al., 2015) and suggest
that the proposed method is limited in low-porosity and low-per-
meability reservoirs.

With the invasion depth acquired through borehole radar logging
(Figure 11a), we estimate the permeability based on the calibrated
data in Figure 9. The corresponding results are presented in
Figure 11b. Compared with the preset permeability curves, the es-
timated permeability curve shows a good agreement. The discre-
pancies are mainly caused by the decimal precision limit of 0.01
that we impose on the initial water saturation and porosity as the
variables imported into the interpretation chart, imitating the im-
perfect data measurements of the conventional logging in practice.
Besides, it can been seen that the absolute errors in the high-
permeability segments (i.e., the two peaks) are higher than those
in the low-permeability ones, which proves that the proposed
method is better suited to lower permeability intervals.
The simulation results imply that, in principle, the permeability

can be estimated based on the mud invasion depth inferred from the
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Figure 8. Flowchart illustrating the estimation of permeability
based on borehole radar measurements.

Figure 9. Four-dimensional interpretation chart presented by slices
associating the invasion depth (calculated from the borehole axis)
with the porosity, permeability, and initial water saturation after
36 h of invasion for the reservoir scenario defined in Table 1.
The data have been processed by linear interpolation.
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Radial distance from borehole axis (m)

2000

2002

2004

2006

2008

2010

2012

2014

2016

2018

D
ep

th
 (

m
)

–2.5

–2

–1.5

–1

–0.5

lg
(

) 
(S

/m
)

Figure 7. Radar-estimated invasion depth versus the simulated con-
ductivity distribution after 36 h of invasion. The red dotted line presents
the invasion depth estimated by borehole radar data, and the varying
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borehole radar measurements. However, an accurate permeability
estimation heavily relies on the comprehensive collection and pre-
cise analysis of the drilling, coring, and logging data. In practical
borehole radar logging, the instrument operations and signal
processing methods affect the accuracy and precision of the pro-
posed method. An ideal application environment of borehole radar
is a low-porosity and low-permeability hydrocarbon reservoir

drilled using freshwater mud and followed by open-hole logging.
Future work will include sensitivity analyses to the error sources
and the recommendations on how to make this approach more
viable for practical applications.

CONCLUSION

A new method is proposed to estimate reservoir permeability via
the mud invasion depth detected by borehole radar. The measure-
ment configuration consists of two receivers and one transmitter
operating at 1 GHz center frequency. Time-lapse measurements
are used to effectively extract the reflected signals from the invasion
front. The permeability is estimated based on interpretation charts
that relate the invasion depth with the petrophysical properties of the
reservoir. A numerical study is presented, which couples fluid flow
and radar modeling to accurately simulate the investigated scenario
consisting of a low-porosity and low-permeability reservoir drilled
using freshwater mud. The results indicate that borehole radar has
the potential to allow for the estimation of the invasion depth and
thus for the permeability. We expect that our study will explore a
potential application of ground-penetrating radar in oil fields, as
well as an effective solution for permeability estimation problem.
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