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A B S T R A C T

Wellbore integrity is one of the most critical factors for CO2 storage, subsurface resource extraction, and waste
disposal. Wellbore integrity monitoring is challenging due to the general inaccessibility and high cost of well-
logging operation in complex subsurface conditions. In this study, we tested a novel non-invasive approach for
wellbore-integrity assessment based on time-domain reflectometry (TDR) method. With this method, a high-
frequency electromagnetic pulse is sent into the borehole casing, and the reflected signals due to integrity-
related impedance anomalies are recorded at the wellhead, providing rapid borehole integrity diagnosis without
downhole deployment. Laboratory, numerical, and field experiments were conducted to prove the feasibility of
this approach. The laboratory experiments with coaxial cable, resembling the typical wellbore, showed clear
reflected signals from both of the damaged section and the end of the cable. Numerical sensitivity tests indicated
that the TDR response is affected by the changes of the material in the borehole, including infilled fluids. Our
field trial was conducted on an oil well (with a depth of 240m) in the central valley region of southern
California. The TDR records showed a clear reflection that matched both the calculated two-way travel time from
the bottom of the borehole, as well as the numerical simulation. Our results suggested the feasibility of the TDR
method for quick assessment of wellbore integrity based on wellhead only deployment.

1. Introduction

Wellbore integrity is of paramount importance to subsurface re-
source extraction, energy storage, and waste disposal. After installation,
the casing and cement are subject to mechanical stress due to near-well
pressure changes and fluid-induced corrosion (Wilt et al., 2018). By
2017, there are more than 900,000 active oil and gas wells (Meko and
Karklis, 2017) and 3,660,940 abandoned oil and gas wells (EPA report,
2018) in the United States. A previous study suggested a significant
fraction of the recently completed wells in Pennsylvania is leaking
(Ingraffea et al., 2014), and this is likely true for more than one million
wells in the U.S.

For steam-injection, geothermal, and Carbon Capture &
Sequestration (CCS) wells, borehole corrosion is exacerbated due to the
high temperature or CO2 contained water in the wells. The impaired
wellbores could result in reduced productivity, early abandonment and
even leakage (e.g., CO2, methane, and other hydrocarbons) that can
cause significant damages to both human and the environment, as
witnessed during the recent Aliso Canyon gas leakage events (Conley
et al., 2016). In addition, the vital aspect to public and regulatory ac-
ceptance of CO2 storage is the assurance of no leak from the injection
formation into the overlying potable groundwater (Keating et al., 2011;

Li et al., 2018). The co-existence of the abandoned oil and gas wells
with good geological storage sites could lead to potential leakage along
with these existing wells (Celia et al., 2011). Therefore, effective
wellbore integrity monitoring is critical for assessing the borehole state
of health, identifying damaged zone, and providing guidance for re-
medial actions.

The complexity of geology, geochemistry, and geomechanical con-
ditions in the subsurface brings great challenges to wellbore integrity
monitoring. Current technologies have been mostly downhole logging
methods, such as wireline based ultrasonic logging (Johns et al., 2009,
2011), fiber optics sensing (Schultz et al., 2002; Cannon et al., 2013;
Boone et al., 2014), electromagnetic sensing (Hawkes and Gardner,
2013), and mechanical approach (Carey et al., 2010; Carey, 2013).
While these tools can provide high-resolution information of borehole
conditions, they are intrusive regarding borehole occupancy and in-
terruption to the normal operation of the wells. Besides, the downhole
measurements are relatively expensive to collect. As a result, the cur-
rently available wellbore monitoring methods can only be performed
infrequently, in most cases, after problems within the wells have al-
ready occurred. Moreover, for horizontal wells and high-temperature
geothermal wells, the existing methods are even more challenging to
deploy. These limitations render the downhole wireline tools incapable
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of providing enough data for better prediction of the borehole de-
gradation trajectory, which can help provide early warning of potential
borehole failures (Wilt et al., 2018).

A new generation of advanced borehole monitoring method with
the following advantages is desirable: First, it should be non-intrusive,
which does not require behind-casing or in-casing sensor installation or
deployment, thus minimizing the potential risk of introducing new
leakage pathways or interrupting the operation of the wells. Second, the
new method should be cost-effective, which allows frequent monitoring
of the well during its life cycle to help understand degradation trajec-
tory and provide early warning of potential failure. Third, the new
method should be operated fast, which facilitates the assessment of a
considerable number of wells in a short period of time.

To address these new challenges, we tested the application of the
electrical time-domain reflectometry (TDR) method for wellbore-in-
tegrity assessment. Our goal is to apply the TDR method at the wellhead
without introducing downhole sensors that would require shutting
down the production of the wells. Compared to the previous intrusive
methods, this technique significantly reduces the operation cost and
increases operation efficiency. The results presented here are focused
on proofing the concept of this method. We tested our method with
laboratory experiments, numerical modeling, as well as field experi-
ments.

2. Theoretical background

Time-domain reflectometry has been used for locating faults on
conductive cables or pipelines (Furse et al., 2009; Amir et al., 2010) as
well as for measuring soil water content and bulk soil electrical con-
ductivity (Topp and Davis, 1985; Herkelrath et al., 1991; Heimovaara,
1993) by sending a high-frequency electromagnetic pulses into the
medium under investigation and recording the reflected signals. Similar
to seismic guided waves (Wang et al., 2016), TDR signals propagate
inside the conductive medium, which is under examination, and reflect
at the interfaces with impedance changes (such as joints, faults, ter-
minations). The travel time and the waveforms of the reflections (e.g.,
shape, polarity, and magnitude) relate to the distances and the di-
electric characteristics of the faults (e.g., the size of the damage), re-
spectively. Similar to reflection seismic method, the voltage reflection
coefficient (R) in TDR method is defined as (Iskander, 2013):
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where Vr is the amplitude of the reflected voltage, Vi is the amplitude of
the incident voltage, Z0 is the characteristic impedance of the cable, ZL
is the impedance of the load on the cable. As such, when the cable is
completely broken, then ZL=∞, resulting in the reflection coefficient
being 1. On the other hand, when there is no load, then ZL=0, the
resulting reflection coefficient equals -1. For most of the characteristic
impedance changes on the conductive cables, the voltage reflection
coefficient is between -1 and 1.

For wellbore-integrity assessment, borehole casing can be con-
sidered as the analogy of a conductive cable, with damages treated as
loads. By sending an electric pulse and collecting the reflections at the
wellhead, we can analyze the characteristic impedance changes along
the wave-propagation path that are indicators of potential integrity
issues of the wellbore. Since the electromagnetic waves travel along the
casing, we can potentially apply this TDR method to deviated or hor-
izontal wells.

Numerical simulations are useful for sensitivity test and theoretical
analysis. However, due to the thin thickness of typical casing (about
1 cm) and the long length of wellbore (from a few hundred meters to
kilometers), numerical simulation of wellbore with regular grid often
results in a massive amount of meshes, and is extremely computation-
ally costly (Tang et al., 2015; Patzer et al., 2017). Because TDR waves
travel primarily along the casing in 1-D mode, simulating the

electromagnetic wave in 3-D space is not necessary. In addition, the
geometry of borehole casing can be considered as cylindrical sym-
metric. Therefore, the computation cost can be significantly reduced.

We implemented a two-step numerical modeling scheme developed
by Lundquist et al. (2013): First, the 2-D cross-section of the wellbore is
built based on characteristic impedance properties of different com-
ponents and their functions and boundary conditions in terms of im-
pacts on electrical voltage (V) distribution. Then, the characteristic
impedance of each type of the cross-sections is calculated with the finite
difference method (FDM) following the procedure developed by
Kowalski (2009) and Lundquist et al. (2013). At last, all the calculated
characteristic impedances are incorporated into the 1-D longitudinal
modeling to simulate the overall time-domain reflectometry (TDR) re-
sponse.

To calculate the characteristic impedance of the 2-D cross-section,
following the implementation procedure developed by Lundquist et al.
(2013), the Voltage potential (V) of the cross-section can be calculated
by solving the Poisson equation with FD method:

∇ ∇ = −ε V
ρ
ε

·( ) ,r
0 (2)

where V is the unknown voltage potential, ρ is the charge density
function, εr is the relative permittivity function, and ε0 is the relative
permittivity of the free-space.

With the voltage potential field been solved, the electric field po-
tential can be found with E=−∇ V. Finally, the total charge q per unit
length along the inner conductor can be determined with Gauss's law
(Lundquist et al., 2013):

∮= E nq ε ε x y x y d( , ) ( , )· ,
S r0 (3)

where E is the electric field. The closed surface can be in any shape, as
long as it encloses the inner conductor while is still inside the outer
metallic shield. In this study, we used the cubic square as the closed
surface. After q is found, the capacitance C per unit length can be cal-
culated (Iskander, 1992; Lundquist et al., 2013):

=C
q
V

,
0 (4)

where V0 is the excitation voltage. This value is arbitrarily defined as a
boundary condition and can be fixed at a normalized value as 1.0 V.

Finally, the characteristic impedance (per unit length) of the cross-
section can be calculated by utilizing the following relations (Iskander,
1992; Lundquist et al., 2013):

=Z L
C

,
(5)

where C is the capacitance per unit length. L is the inductance per unit
length. It is challenging to measure the inductance directly. On the
other hand, the velocity of the electromagnetic wave (vp) can be written
as (Iskander, 1992):

=v 1
LC

,p (6)

If there is no dielectric insulation between the inner conductor and the
outer metallic shield, we know that vp = v0 (v0 is the speed of light in
the vacuum), then:

=v 1
LC

,0
0 (7)

where C0 is the capacitance per unit length in the absence of any di-
electric media and can be calculated by simulating an identical system
as Eq. (4), but without any embedded insulation.

Substituting Eqs. (6) and (7) into Eq. (5), we have the formula to
calculate the characteristic impedance (per unit length) of the cross-
section:
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3. Laboratory experiments and numerical modeling scheme

Laboratory experiment under simplified, ideal condition is useful to
understand the essential signal characteristics of the TDR waves along
the conductors. Fig. 1 shows a preliminary test example of the TDR
responses from three copper wires (ASTM-B-3 110) with no load. Three
cables with different lengths were tested: 40m, 50m, and 60m. The
naked wire was laid out on the ground mainly contacting the air, with a
few places touching the ground. The velocity factor of the wire is about
90 (electromagnetic wave travels at about 90% of the speed of light in
vacuum). Due to the impedance contrast between the reflectometer
(Megger Teleflex VX) and the wire (i.e., the loading stage), reflections
were observed at the beginning of each trace for all wires. Since there
was no load on the cable (ZL=0), negative polarizing returns were
expected and can be observed at the end of the traces from all three
wires (indicated by the red-dashed arrow in Fig. 1). As is shown in
Fig. 1, the two-way travel times of the negative-polarizing reflections
increase proportionally with the length of the wires. The calculated
travel distances, with the velocity factor of the wire, from these re-
flections match with the lengths of the wires. The visible ambient noise
after the loading stage is likely due to various reasons, such as the
distortions on the wire, the ambient electromagnetic interference, and
the contact with the ground.

Further experiments were conducted using coaxial cable (RG-58/U).
The comparison between the experimental results and the numerical
simulations were performed. As is shown in Fig. 2a, the coaxial cable
has a layered but simplified structure compared to the two-casing
wellbore, with two conductors separated by a dielectric material.
Hence, we use the coaxial cable as the simplified analogy of a wellbore
with two casings. The inner core and the metallic jacket can be used as
an analogy of the production tubing and the conductor casing, re-
spectively. The dielectric insulation and the outmost PVC shield can be
considered as the cement or oil mud used to complete the wells. The
relative permittivity of dielectric insolation (εdi) and the outmost PVC
(εpvc) is 2.25 and 3.18, respectively. The dimensions of the model are
shown in Table 1. Because all the electrical properties of the RG-58/U
coaxial cable are well known, we can use the coaxial cable as the re-
ference benchmark to check the numerical model described above. In
the laboratory experiment, we used an 80-m long R-58/U coaxial cable,
which has the velocity factor of 65.9 (Coaxial Cable Specifications,
2019) (propagates at 65.9% of the speed of light in vacuum) and a
linear Q factor of 38.4 dB per 100m.

The numerical modeling scheme described previously was tested on
the coaxial cable (RG-58/U) with known dielectric properties of each
component and can be treated as homogeneous along the length of the

cable (Fig. 2a). Fig. 2b shows the numerical model of the cross-section
of the RG-58/U coaxial cable. The dimensions and the dielectric
properties are the same as mentioned above. Fig. 2c shows the voltage
potential field of the RG-58/U coaxial cable. As we expected, each of
the components presented in the model is homogeneous and spatially
continuous, and most of the energy is confined inside the metallic
shield. Following the procedure from Eq. (2)-(8), the calculated char-
acteristic impedance is 50.7590Ω, which is close to the actual value,
50Ω, indicating the reliability of this numerical modeling procedure.

Similarly, we calculated the characteristic impedance of the da-
maged cable in order to simulate the TDR response from the broken
section on the cable. Fig. 2d shows the cross-section of the coaxial cable
with a 120° cutaway. The frequency we used in the simulation was
2 GHz. Fig. 2e shows the voltage potential field of the damaged coaxial
cable. Comparing the simulated voltage potential field of the intact
cable to the damaged cable, we can see that, when the cable is intact
(Fig. 2c), the gradient of the potential field radiates away from the
center conductor through the dielectric material with no gradient inside
the central conductor in any directions. Also, because the outer metallic
shield of the cable was set as a perfect conductor, thus no current leak-
off is observed on the simulated cross-section. On the other hand, when
the cable was partially cut off (Fig. 2d), while the majority of the cur-
rent is still propagating along the inner conductor, the voltage potential
radiation pattern presented in the model is heterogeneous and spatially
directional toward the damaged area (Fig. 2e). Without the perfect
insulation, we can see that the current leaks away from the central
conductor through the cutaway.

To simulate the overall TDR response along the cable, we assembled
the characteristic impedance of the intact and the damaged sections of
the cable into the 1-D model. Same as the experiment setting, the cut-
away was modeled as in the middle of the cable (40m mark) of the 80-
m cable. The input signal has a voltage of 40 V and a pulse width of
20 ns. These simulation results were compared with laboratory ex-
periments that are shown in Fig. 3a and b. The blue curves represent the
TDR response of the intact 80-m long coaxial cable, whereas the red
curves are the TDR response of the same cable damaged in the middle at
40m.

The impedance contrast at the junction between the reflectometer
and the coaxial cable is responsible for the small reflected waveform
observed at the beginning of the TDR traces for both damaged and
intact cables. When the cable is intact (the blue line), we can see one
reflection at around 0.75–1 μs and a slightly weaker one at around
1.75–2 μs. Because the cable is intact, meaning the characteristic im-
pedance of the load ZL=0, we should receive a reflection with the
negative polarity from the end of the cable, according to Eq. (1).
Considering the velocity factor of the coaxial cable is 65.9, the first
reflection with negative polarity is from the end of the cable (indicated
by the blue arrow in Fig. 3a). At the time about twice of the two-way
travel time of the first reflection, we can see another negative-polarity

Fig. 1. TDR measurements of the ASTM-B-3 110-copper wires with lengths of 40m, 50m, and 60m. The red dashed arrow indicates the reflections from the end of
the wires.
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wavelet with weaker amplitude, at around 1.75 μs. We interpret this
reflection as the first multiple. When the cable is damaged with 120°
cutaway, the calculated characteristic impedance of the damaged sec-
tion is 56.1546Ω. From the TDR response (the red curve in Fig. 3a), we
observe a strong reflection with positive polarity at around 0.4–0.6 μs,
about half of the two-way travel time from the end of the intact cable
(indicated by the blue arrow in Fig. 3a). Also, the estimated two-way
travel time of this reflection matches the location of the damaged sec-
tion. Comparing with the reflection from the undamaged cable (in-
dicated by the blue arrow in Fig. 3a), we can see it has the almost
identical waveform but a weaker amplitude and opposite polarity. We
interpret this first reflection as due to the damage in the middle of the
cable. At 0.75–1 μs, the same two-way travel time from the end of the
intact cable, we see another much weaker reflection with positive but
more complicated waveform. We suggest this is the overlap of both
reflections from the end of the cable, which has the negative polarity,
and the first multiples of the reflections from the cutaway, which as the
positive polarity. Also, the damaged cable has stronger attenuation. As
a result, no further multiple can be seen after the end of the cable (1 μs).

Fig. 3b shows the numerical simulation of the TDR response of both
the intact (the blue curve) and the 120° cutaway (the red curve) coaxial
cable. We used the impulse waveform as the source waveform and
added 2% white noise to the modeling results. Comparing Fig. 3a and

Fig. 3b, the experiment results match with the modeling results well,
indicating the numerical simulation scheme of the TDR is reliable.
Because of the structural similarity between the coaxial cable and the
two-casing wellbore, these TDR measurements on the coaxial cable
suggest the feasibility of the TDR method for subsurface borehole ap-
plications, yet multiple complicating factors, such as geological het-
erogeneity, infrastructure noise, and imperfect casing sealing present
significant challenges which will be discussed in the field test section
later.

4. Numerical sensitivity test

The laboratory experiments indicate the feasibility of the TDR ap-
plication on the well-integrity assessment and the reliability of the
numerical models for simulating borehole responses. Here, we utilize
the numerical code to explore the sensitivity of the method to different
damage patterns under various application scenarios. As is shown in the
previous sections, the characteristic impedance of the medium de-
termines the TDR response. In the case of the subsurface wellbores, the
characteristic impedance can be affected by multiple factors, such as
the structure of the wells, the status of the casing, and the fluid inside
the wells. The numerical experiments in Fig. 2 indicate the integrity of
the wellbore affects the characteristic impedance a lot. In addition to
the casing itself, the fluid inside the casing may have an impact on the
TDR response as well. For oil/CO2 wells, the crude oil and CO2 only has
a relative permittivity around 2.2 (Friisø et al., 1998; Vralstad et al.,
2009) and 1.5 (Moriyoshi et al., 1993), respectively. But for geothermal
wells, the hot water (100 °C) has the relative permittivity of 80 (Archer
and Wang, 1990). Analyzing the sensitivity of the characteristic im-
pedance to these factors is necessary for wellbore integrity assessment.

In this section, we analyze the effect on the characteristic im-
pedance from wellbore damage while hosting different types of fluids

Fig. 2. Cross-section of the numerical modeling of RG-58 coaxial cable. (a) The coaxial cable cutaway. 1 is the copper core. 2 is the inner dielectric insulator. 3 is the
metallic shield. 4 is the outer PVC. (b) The numerical model of the intact coaxial cable according to the dimensions shown in Table 1. The light green is the outmost
PVC shield. The blue represents the inner conductor and metal jacket. The red is the dielectric insulation layer. The black box in the middle is the contour for the
Gauss's integration in Eq. (3). (c) Normalized voltage potential field. The black arrows represent the electric field directions. (d) The numerical model of the damaged
coaxial cable with 120° cutaway. (e) Normalized voltage potential field. The black arrows represent the electric field directions.

Table 1
RG-58/U coaxial cable dimensions.

Layer Inner diameter (mm)

Inner core 0.84
Dielectric insulation 2.94
Metal jacket 3.14
PVC 4.96

J. Wang and Y. Wu International Journal of Greenhouse Gas Control 96 (2020) 103002
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Fig. 3. Comparison between the numerical si-
mulation and the laboratory experiment of the
TDR response from coaxial cable. (a)
Laboratory experiment of the TDR response.
(b) Numerical modeling of the TDR response.
The red curves are the results from the da-
maged coaxial cable, whereas the blue curves
are from the intact cable. The red arrows in the
plots indicate the TDR reflections from the end
of the cable. The blue arrows indicate the TDR
reflection from the damaged part of the cable.

Fig. 4. 2-D numerical modeling of the wellbore. (a) The model of the intact wellbore. Dark blue rings are the casings. Light blue is the fluid inside the well. Cyan is the
cement formation. The yellow box in the middle is the contour for the Gauss integration in Eq. (3). (b)–(d) Normalized voltage potential field when the fluid inside
the well is hot water, crude oil, and CO2, respectively. The black arrows represent electric field direction. (e) The model of the damaged wellbore. Only the casing is
damaged by the 60° cutaway. (f)–(h) Normalized voltage potential field when the fluid inside the well is hot water, crude oil, and CO2, respectively. (i) The model of
the damaged wellbore with 60° cutaway. The cement is intruded by the wellbore fluid. (j)–(l) Normalized voltage potential field when the fluid inside the well is hot
water, crude oil, and CO2, respectively.
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(i.e., oil, CO2, or water) inside the well. We implemented the numerical
simulation schemes illustrated from Eq. (2)–(8). For simplicity, we only
analyzed the simplest scenario: the model with only two casings. Same
as most of the surface and production casings in the industry, in this
model, the casings, with the thickness of 10mm, were set to have the
outer diameters of 340mm and 178mm, respectively. Cement, with the
relative permittivity of 5 (Robert, 1998; Kharkovsky et al., 2002), was
filled between the casings. The background geologic formation around
the wellbore was set to have the same relative permittivity of dolomite
(εr=10) (Davis and Annan, 1989; Daniels, 1996; Martinez and Brynes,
2001). Three scenarios were simulated in this test: (1) the wellbore was
intact, (2) only the inner casing was damaged, and (3) both the inner
casing and the intermedium cement was damaged. For each scenario,
we simulated both oil well and geothermal wells (filled with hot water).
The frequency we used in the simulation was 2 GHz. The closed surfaces
used for calculating the characteristic impedance (in Eq. (3)) are in-
dicated by the yellow boxes in Fig. 4a, e, and i. For both of the damaged
casing scenarios, the damages were modeled as 60° cutaway (Fig. 4e, i).

Fig. 4a shows the cross-section of the intact well. The current was
applied to the inner casing. The simulated normalized voltage potential
fields are shown in Fig. 4b (geothermal well), Fig. 4c (oil well), and
Fig. 4d (CO2 well). The voltage potential field from both types of the
wells are similar to the coaxial cable (Fig. 2c). The gradient of the
potential field radiates away from the center conductor in the dielectric
material with no gradient inside the central conductor in any directions.
The voltage potential field of the model is cylindrically homogeneous,
and the majority of the energy is confined inside the wellbore. How-
ever, since the outer casing is not a perfect conductor as the metallic
shield of the coaxial cable, we can see the current leaks into the sur-
rounding geological formation (Fig. 4b, c). Due to higher relative per-
mittivity of the hot water (Fig. 4b), the geothermal well has larger
current leakage than oil and CO2 well (Fig. 4c, d).

When only the inner casing is damaged, the fluid will fill the void
caused by the damaged casing (Fig. 4e). The simulated normalized
voltage potential fields are shown in Fig. 4f (geothermal well), Fig. 4g
(oil well), and Fig. 4h (CO2 well). Due to the damage on the casing, the
model becomes cylindrically heterogeneous: The dielectric medium
replaces part of the metallic medium. As we can see from Fig. 4f–h, the
low-potential field “flows” into the inner casing through the gap on the
casing as the fluid replaced the metallic casing. Comparing the voltage
potential field of the geothermal well (Fig. 4f) with the oil/CO2 well
(Fig. 4g, h), the potential field of the geothermal well has much less
directional voltage leakage than the oil/CO2 well. This is because the
hot water (εr=80) is much more conductive than the crude oil

(εr=2.2) and CO2 (εr=1.5). After the hot water replaces the metallic
casing, the alteration of the conductivity is not as much as the case of
the oil/CO2 well. Thus, the oil/CO2 well has less current leak-off into
the surrounding geological formation than the geothermal well.

When both the inner casing and the cement are damaged, the
wellbore fluid will intrude into the cement between casings (Fig. 4i).
The simulated normalized voltage potential fields are shown in Fig. 4j
(geothermal well), Fig. 4k (oil well), and Fig. 4l (CO2 well). Same as the
scenario which only the casing is damaged, we can see the directional
voltage leakage for geothermal well (Fig. 4j), oil well (Fig. 4k), and CO2

(Fig. 4l). However, different from the second scenario (Fig. 4f–h), the
geothermal well (Fig. 4j) shows a significantly greater current leakage
than the oil/CO2 well (Fig. 4k, l). Also, comparing Fig. 4f and j, we can
see, if the cement of geothermal well is also broken, significant more
current leaks from the inner casing to the cement. Due to the intrusion
of the fluid, not only the conductive casing, but the cement (dielectric
medium) is also partially altered by the fluid. Therefore, when the high-
conductive hot water flows into the cement, a large amount of electrical
current leak into the cement, causing a greater increase of the potential
field in cement (Fig. 4j). On the contrary, for oil/CO2 well (comparing
Fig. 4g, h and k, l), because the cement (εr=5) is then replaced with
less conductive crude oil (εr=2.2) or CO2 (εr=1.5), the current
leakage is reduced with the broken cement. Since the relative permit-
tivity difference between the cement and the oil/CO2 is not significant,
as a result, the voltage potential field is not very different between the
scenario 2 (Fig. 4g, h) and 3 (Fig. 4k, l).

As discussed above, the return signals for TDR measurements are
directly affected by the characteristic impedance of the wellbore.
Therefore, analyzing how the state of the wellbore integrity affects the
characteristic impedance is essential for wellbore-integrity assessment.
Here, we investigate how the size of the damage, as well as the wellbore
fluid, affect the characteristic impedance of the wellbore. For the sce-
narios discussed above with oil, CO2, and geothermal wells, the char-
acteristic impedance is calculated by following the scheme developed
by Lundquist et al. (2013) from Eq. (2)–(8). Fig. 5 shows the change of
the characteristic impedance regarding the size of the wellbore damage,
the wellbore fluid, and the state of the cement between casings. When
only the steel casing is damaged (Fig. 5a), regardless of the type of
wellbore fluid, the characteristic impedance of the wellbore is mainly
affected by the size of the damage, i.e., the loss of the conductive casing.
As a result, the characteristic impedance increases as the damage size
increases. Because crude oil and CO2 are less conductive, compared to
the hot water, the characteristic impedance of oil/CO2 well increases
faster than the geothermal well. Therefore, while the characteristic

Fig. 5. Characteristic impedance vs. Wellbore damage size. The size of the damage is represented by the angle of the cutaway. The color of the curves represents the
wellbore fluid. Blue: CO2. Orange: crude oil. Yellow: hot water. (a) The cement is intact. (b) The cement is intruded by the wellbore fluid.
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impedance of geothermal, CO2, and oil well are sensitive to the size of
the damage on the casing, the characteristic impedance of the oil/CO2

well is more sensitive to damage when compared to the geothermal
well.

For the cases that both casing and cement are damaged, the corre-
lation between the characteristic impedance and the size of the cutaway
on the wellbore is shown in Fig. 5b. The characteristic impedance of the
oil and CO2 wells (blue and orange curves in Fig. 5b, respectively) is
very similar to the scenario when only the casing is damaged (blue and
orange curves in Fig. 5a, respectively). As is discussed before, this is
because the difference of the relative permittivity between the crude
oil/CO2 and the cement is not significant. Therefore, when the oil/CO2

is replacing the cement, the characteristic impedance is not affected
much. On the other hand, for the geothermal well, when the hot water
intrudes into the cement (shown as the yellow curve in Fig. 5b), we can
see the characteristic impedance decreases at first, followed by a small,
gradual increase. The characteristic impedance changes in a small
range (less than 10Ω per unit length), indicating that the characteristic
impedance of the geothermal wellbore is not sensitive to the size of the
damage if the cement is also damaged. We interpret this is because
when the damage is small, the loss of the metallic casing has a sig-
nificant impact, resulting in an increase of the characteristic impedance
at first. As the size of the damage increases, the influence of the highly-
conductive hot water replacing the low-conductive cement becomes
more significant, resulting in the overall conductivity of the dielectric
section (between two casings) increases. Considering the voltage po-
tential of the cross-section that is shown in Fig. 4h, even though the
casing loses 1/6 of its metallic material, the dielectric medium between
casings become more conductive. When the size of the wellbore damage
is small, the conductivity increase of the dielectric section, due to the
hot water intrusion, overcomes the conductivity decrease, due to the
loss of the metallic casing. As the size of the damage becomes more
significant, the effect of losing the steel casing starts to surpass the ef-
fect of replacing the cement with the hot water. Due to the two op-
posing processes, which are replacing metallic casing with highly-
conductive hot water and replacing low-conductive cement with
highly-conductive hot water, the characteristic impedance of the geo-
thermal well is not sensitive to the size of the damage.

For monitoring and early warning of the slow chronic leakage on
the casing, detecting the thinning of the borehole because of the cor-
rosion until the breakthrough of the fluid is also crucial. In addition to
the sensitivity test in Fig. 5, we also investigate how thinning of the
casing and the size of the damage affect the characteristic impedance of
the wellbore. Similar to the sensitivity test in Fig. 5, different infilled
wellbore fluids, i.e., hot water, crude oil, and CO2, are simulated. The
results are shown in Fig. 6. The thinning of the casing is represented by
the corrosion percentile of the thickness. For all three types of infilled
fluids, characteristic impedance increase as the size of the cutaway on
the wellbore. As is shown in Fig. 6, the characteristic impedance is

much more sensitive to the size of the damage when the casing is
broken through. In our numerical test, the breakage point in order to be
detected is 50° cutaway. However, if the casing is not entirely broken
through, the breakage point in order to be detected is around 120° for
the oil/CO2 well (Fig. 6b, c) and around 220° for the geothermal well
(Fig. 6a). Similar to the previous numerical tests (Figs. 4 and 5), the
conductivity of the infilled fluid has a high impact on the characteristic
impedance change when the infilled fluid replaces the metallic casing
due to the corrosion. In addition, the characteristic impedance of the
wellbore gets a significant boost when the casing is broken through for
all types of the wellbore infilled fluid.

In reality, the damage in the wellbore may partially cut into the
cement. For the oil/ CO2 well, the characteristic impedance is sensitive
to the size of the damage. For geothermal well, the sensitivity of the
characteristic impedance to the damage size is situational: If only the
shallow part of the cement is damaged, the characteristic impedance is
sensitive, but less sensitive than the oil/CO2 well, to the size of the
damage. If damage cuts deeply into the cement, it is difficult to infer the
state of the damage from the characteristic impedance of the wellbore.

5. Field experiment

To test the TDR method in realistic field condition, we conducted
measurements at an oilfield in the Central Valley region of southern
California. Note that while these are oil wells, the bottom temperature
of the wells is roughly at 260 °C due to the long term steam injection.
Therefore, the condition of the well can also be used as the analogy of
geothermal wells. Fig. 7a shows the diagram of the measured well,
which is undamaged and is about 240m (800 ft) deep with multiple
casing strings. Fig. 7b shows the photography of the wellhead. Even
though the well is currently not in production and used as the ob-
servation well, we could not open the wellhead and access the in-
dividual casings inside. We applied the TDR measurement (Megger
Teleflex VX) directly on the wellhead without opening the well. The
input pulse had a voltage of 70 V and a frequency of 4500 kHz. Because
the wellhead is closed, we did not have access to each individual cas-
ings. In order to receive the return signal, we connected the TDR re-
ceiver to an adjacent unconnected well (50m away).

Similar to the laboratory experiments, we first simulated the voltage
potential of the cross-section, the characteristic impedance, and the
TDR response. Fig. 8a shows the numerical model of the wellbore cross-
section. The dimensions of the model are shown in Table 2. The di-
electric medium between the casings is cement (εr=5). The back-
ground geological formation is dolomite (εr=10). As is discussed in the
sensitivity test, for non-broken well, the fluid in the wellbore does not
affect the characteristic impedance. So, for simplicity, we assume the
well is uniformly filled with crude oil (εr=2.2).

After implementing Eq. (2) and E=−∇ V, we calculate the nor-
malized voltage potential of the cross-section (Fig. 8b) as well as the

Fig. 6. Characteristic impedance vs. Wellbore damage size at different corrosion percentile. The cement is intact. The size of the damage is represented by the angle
of the cutaway. The corrosion percentiles are represented by different color-coded curves. (a) The wellbore-infilled fluid is hot water. (b) The wellbore-infilled fluid is
crude oil. (c) The wellbore-infilled fluid is CO2.
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electric potential (Fig. 8c), respectively. The numerical result is similar
to the ones of the laboratory experiment in Fig. 4b. Both the voltage and
electrical potential field indicates that, though most of the energy is
constrained inside wellbore, there are still current leaking into the
surrounding geological formation. Since the casings are not the perfect
conductor, unlike the laboratory experiment (Fig. 4b), more electrical
energy radiates into the surrounding medium (Fig. 8b, c).

Based on the 2-D cross-section model, we calculated the char-
acteristic impedance per unit length of the wellbore and incorporate the
result into the 1-D simulation of the TDR response. The yellow box in
Fig. 8a is the closed surface used in the Gauss integration (Eq. (3)). The
source frequency we used in the 1-D simulation was set as 4500 kHz,
the same as the frequency we used in the field measurement. Because
the well is not broken, we expect only to receive a reflection from the
bottom of the well. Knowing the bottom of the production tube is at the
depth of 237.7 m (780 ft.), and the velocity factor of the tube is 80–90,
the two-way travel time of the bottom reflection should be
1.76–1.98 μs. The numerical modeling of the TDR response is shown in
Fig. 9a. As is shown in the simulated TDR response, except the loading-
stage reflection at the very beginning of the signal trace, we can see a
reflection at the time 1.6–1.8 μs, matching with the direct calculation of
the travel time.

Fig. 9b shows the TDR response from the field test. At the time of
0–0.25 μs, we can see the loading-stage reflection. At the time of
1.8–2 μs, another distinctive reflection can be easily identified. Given
the velocity factor of the tube at 80–90, this reflection calculated to be

from about 230–255m (755–837 ft) deep. The reflection matches the
direct calculated two-way travel time of the reflection from the bottom
of the production tube and the result from the numerical simulation
(Fig. 7a).

Due to the simplicity of the numerical model not taking into account
of the complexity of the uncertain variables in the field test, such as
inherent casing impedance variability, geological heterogeneity, the
presence of conductive centralizers and imperfect cement job among
others, it is expected to see that the amplitude of the bottom reflection
is smaller than the numerical simulation in the simplified, perfect case.
In addition, between the initial loading stage and the bottom reflection,
we can see the ringing reflections with almost linearly decreasing am-
plitude. These reflections are likely the result of these complex factors
presented in the wellbore, such as the centralizers between casings,
cement imperfection, and the variable interference with surrounding
geological formations. Nevertheless, these smaller features may contain

Fig. 7. The observation well measured in the oilfield in the Central Valley region of southern California. (a) Schematic diagram of the observation well. (b) The
photograph of the actual wellhead.

Fig. 8. The 2-D numerical simulation of the observation well in Fig. 7. (a) The cross-section of the numerical model. The dark blue rings represent the casings. Light
blue represents the crude oil inside the well. Cyan represents the cement formation between casings. The yellow box in the middle is the contour for the Gauss
integration in Eq. (3). (b) Normalized voltage potential field. The black arrows represent electric field direction (c) Normalized electric potential field calculated from
E=−∇ V.

Table 2
Dimensions of the oil well in the California central valley oilfield.

Casing Inner diameter (mm) Outer diameter
(mm)

Length (mm)

Production tube 75.9968 88.9 197.7
Production casing 226.5934 244.475 231.6
Intermediate casing 320.421 339.725 167.6
Conductor casing 436.8038 457.2 28.3
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useful information regarding the finer scale information of the bore-
holes, yet direct validation and confirmation are challenging at field
scales, and additional laboratory tests are required. Additional tests on
three more abandoned wells yield similar results were not shown in this
paper. These field test results demonstrate for the first time the ap-
plicability of the TDR method for wellbore integrity assessment in deep,
complicated boreholes.

6. Discussions

The TDR method is essentially a method of detecting the char-
acteristic-impedance changes of the propagated medium. For borehole
applications, it is under the assumption of the 1-D characteristic im-
pedance model along a conductive waveguide, i.e., steel casing in our
case. Analyzing the correlation between the characteristic impedance
and the state of integrity is the key to the wellbore integrity assessment
in our study. As we can see from the numerical experiments in
Figs. 4–6, the characteristic impedance is sensitive to the integrity state
of the wellbore that is related to the degree of damage, the depth of the
corrosion, as well as the type of fluids present inside the wellbore.
Specially, for geothermal wells, the hot water inside the casing has high
relative permittivity (εr=80). Therefore, when the hot water is only
replacing a small portion of the inner casing, the change of the relative
permittivity distribution is not significant. As a result, the voltage po-
tential difference between the intact well (Fig. 4b) and the broken well
with only 60° damage on the inner casing (Fig. 4f) is small. As the

damage on the casing increases, more conductor (the casing) is replaced
by the less conductive fluid (the hot water), resulting in a large increase
of the characteristic impedance of the cross-section as shown in Fig. 5a.
Therefore, for geothermal well with casing-only damage, the TDR
method could be used as an integrity diagnosis tool. In the scenario
when the hot water is not only invading the casing, but also the cement,
the loss of the conductor (the casing) is partially compensated by the
alternation of the cement (εr=5) with the hot water (εr=80), re-
sulting in an overall smaller increase, or even decrease, of the im-
pedance. If the size of the damage is relatively small, the application of
TDR method is more challenging based on these numerical results.
Laboratory and field experiments for testing these simulations have not
been conducted.

In the case of oil/CO2 wells, because of the low relative permittivity
(εr=2.2 for oil, and εr=1.5 for CO2) of the fluid, the damaging of the
wellbore and invasion of crude oil/CO2 is a scenario of replacing the
conductor (the casing) or the cement (εr=5) with a low-permittivity
dielectric material, i.e., the crude oil and CO2. In the case of casing-only
damage, such a change of impedance is significant, resulting in a
readily detectable signal of TDR. In the case of additional cement da-
mage, because of the similar impedance between oil/CO2 and cement,
additional impedance change due to cement damage is small, resulting
in a similar potential field distribution and impedance change when
compared with the case of casing-only damage. These are illustrated in
Fig. 4g and k, and the blue and orange lines in Fig. 5a and b. As a result,
regardless of the integrity of the cement, we can see the positive

Fig. 9. TDR pulse responses from the 1-D numerical modeling and the field experiment at the observation well. (a) Numerical simulation result of the TDR response.
(b) TDR response of the field test at the oilfield.
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correlation between the cutaway on the casing and the characteristic
impedance of the wellbore. Again, these numerical simulation results
need to be validated via experimentations at both lab and field scales.

In addition to detecting the location of the potential damages, fur-
ther information regarding the magnitude of damage is also desirable,
although more challenging to acquire. Based on the sensitivity test
shown in Fig. 5, we can see the curves increase relatively slow when the
broken angle is less than 50°. It is especially true for the geothermal
case. Therefore, the characteristic impedance is sensitive to the size of
the damage, for both the oil/CO2 well and the geothermal well with
minimum damage in the cement. The numerical chronic corrosion test
(Fig. 6) shown that the increasing rate of the characteristic impedance
is relatively slow if the casing is not broken through. The breakage
point in order to be detected is around 120° for the oil/CO2 well
(Fig. 6b, c) and around 220° for the geothermal well (Fig. 6a). When the
casing is corroded through, the characteristic impedance gets sig-
nificantly increased. However, these tests were based on simple nu-
merical models. The signals from realistic conditions in practical ap-
plications with many complexing factors will most likely be dampened
because of the complicate geological formation, the noise from the
external magnetic field, and the extensive length of the well. Thus, it
may be challenging to distinguish small differences between noisy
signals. Many of these unknown factors can be eliminated in the time-
lapse monitoring mode when time series analyses are conducted, e.g.,
the influence from the environment and the structure of the wellbore. In
reality, the shape, the depth, and the number of the damages could vary
instead of the singular fan-shape, the received TDR signals only indicate
the combination result of the alternation of the conductive metallic
casing. The non-uniqueness of the 1-D TDR measurement leads to un-
certainty in inferring the exact damage condition. For example, if the
loss of casing from single damage is equivalent to multiple damages
combined, the resulting characteristic impedance would be the same.
How these different patterns impact the impedance signal need to be
analyzed further. Because the TDR method we proposed in this paper is
based on the assumption of the 1-D model with assembled character-
istic-impedance elements. Consequently, the TDR method is incapable
of determining the directionality of the damage. Furthermore, due to
the high velocity of the electromagnetic wave, the spatial resolution of
the TDR method is likely low.

The field test showed the TDR response from the bottom of the
casing along with other small reflective features from the earlier por-
tion of the signal traces. Due to our limited knowledge of the wellbore
structure, we are unable to determine the exact cause of these earlier
ringing reflections. As we can see from the TDR record in Fig. 9b, the
bottom reflection in the field test is distinguishable but relatively weak.
The well we tested is only about 240m and not damaged. How the TDR
method performs on the deeper well and the damaged well is still
subjects of further investigation. Most of the wells are hundreds or
thousands meters, the attenuation from the casing, the surrounding
formation, as well as the external magnetic field still need more in-
vestigation. Because the geological formation around the wellbores also
contributes to the TDR response, studying the coupled effects on the
TDR response from the geological variation along the borehole is also
needed for future study. In this paper, numerical simulation is only used
as the theoretical framework for sensitivity analysis and interpretation.
With more detailed information about the wellbore structure and the
surrounding geological environment, we can incorporate the forward
numerical modeling into the inversion process iteratively. Furthermore,
if the status of the wellbore is well known, we can also potentially use
the TDR method as a quick surveying method to investigate the geo-
logical formation around the wellbores. The simple numerical mode we
presented was not built with the capability for full scale simulation of
the EM wave propagation behavior that might result in different signal
patterns from different damage patterns, e.g., casing vs. cement da-
mage. Our current model suggests that it would not tell if actual da-
mages are on the casing or both casing and the cement. However, a

more sophisticated numerical model and more elaborated lab and field
tests might be able to tell the differences. As a proof of concept study,
these are not included in the scope of this manuscript.

7. Conclusions

We tested a novel, non-invasive approach for diagnosing the in-
tegrity of the subsurface wellbores based on the time-domain re-
flectometry method. Although the TDR method has been applied in
other fields, such as detecting defected cables or estimate soil moisture
contents, this is the first attempt to apply such a method for wellbore
integrity assessment. In order to prove the concept of this approach, we
conducted a number of numerical simulations, laboratory experiments,
and field experiments.

For numerical simulations, we implemented a two-step modeling
scheme developed by Lundquist et al. (2013). First, we calculated the
characteristic impedance of the 2-D cross-section of the wellbore using
FDM. Then, we incorporated the characteristic impedance into 1-D
longitudinal modeling to acquire the overall TDR response. Due to the
structural similarity between the coaxial cable and two-casing wellbore,
we conducted several laboratory experiments using the coaxial cable as
the simplified analogy model for testing the TDR approach. In the la-
boratory experiments, the calculated characteristic impedance of the
coaxial cable matched its real value, indicating the reliability of our
numerical modeling scheme. The TDR responses in the laboratory ex-
periments on both the intact and the damaged coaxial cables matched
the numerical modeling, in terms of reflection polarity and travel time,
suggesting the feasibility of applying the TDR method for wellbore in-
tegrity diagnosis.

Numerical sensitivity test indicated the characteristic impedance of
the low-conductive fluid (oil/CO2) well is sensitive to the size of the
damage. For geothermal well, the relationship between the character-
istic impedance and the damage size is situational: the characteristic
impedance is only sensitive to the size of the damage when the majority
of the damage is on the casing. However, it would be difficult to infer
the state of the geothermal well if most of the damage is in the cement.
For both low- and high- conductive fluid well, the corrosion depth also
plays an important role in the characteristic impedance changes. When
the casing is corroded through, the characteristic impedance is sig-
nificantly more sensitive to the size of the damage. In reality, the da-
mage in the wellbore is often the combination of irregular patchy
shapes with varies damage depth. Because of the non-uniqueness of the
1-D TDR signal, it would be challenging to infer the shape, depth, and
size of the damages.

We also conducted the field test in an oil field in the Central Valley
of southern California. The field experiment showed clear TDR reflec-
tion from the bottom of the well, which matched the travel-time cal-
culation from the numerical modeling. This dataset demonstrated for
the first time, the feasibility of getting TDR signals from impedance
changes that are relevant to potential wellbore integrity issues under
realistic and complex field conditions. The measured TDR signals at the
field scales were attenuated and interfered by the complicating factors
of the wellbores, including geological heterogeneity, impedance
variability, cement imperfection, among others. With more detailed
information about the wellbores, the interpretation, and the numerical
simulation of the TDR response is expected to be improved. In the fu-
ture, the forward modeling of the TDR response could also be in-
corporated into the inversion process.

While the concept of the TDR method has been proven for the
wellbore integrity assessment, numerous limitations warrant future
research. Specifically, because the numerical approach applied in this
research was based on the 1-D model, it cannot provide the specific
shape, depth, and location of the damage on the wellbore. The influence
from the geologic formation, the attenuation of the casing, and the
external magnetic field needs further investigation. The large velocity
and wavelength of the electromagnetic wave may limit the spatial
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resolution of the method. More study on improving signal resolution
and signal/noise ratio is needed in the future. Full scale simulation of
the EM wave propagation behavior is also needed in the future.
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