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/e water-bearing body (WBB) behind tunnel linings has been some of the main causes of damage in operational tunnels. /e
WBB directly affects the serviceability state of tunnel linings; thus, determining a method to detect this problem is a widely studied
issue regarding tunnel maintenance. In this paper, a vehicle-borne transient electromagnetic method (VBTEM) is put forward for
the first time to detect WBB behind tunnel linings, and the aim is to fully investigate the transient electromagnetic response and
numerical characteristics of theWBB behind tunnel linings. Firstly, the transient electromagnetic response curves of theWBB and
surrounding rock are obtained and compared in detail by using the finite element method. /en, taking the distance, thickness,
radius, and resistivity of the WBB as variable parameters, the parametric sensitivity rule of the response curve of the WBB is
analyzed. Finally, a dimensionless response curve is proposed, a mathematical extraction equation is established, and seven
numerical characteristic parameters are proposed and extracted. Based on seven numerical characteristic parameters, the
technical parameters of the VBTEM equipment are put forward. /e results illustrate that the transient electromagnetic response
of the WBB is obviously different from that of surrounding rock. /e seven numerical characteristic parameters of the di-
mensionless curve of theWBB can represent the entire response curve of theWBB./e results reveal that the first time gate of the
VBTEM equipment needs to be less than 0.05 μs for short-distance problem, and the time span needs to reach four time spans at
least. /e research results can provide valuable technical references for the application of VBTEM.

1. Introduction

Water is a serious problem in tunnel maintenance [1, 2].
Water-bearing body (WBB) has been proven to exist behind
the tunnel linings of many operational tunnels [3, 4].
Moreover, the WBB has also been validated as a source of
damage to many tunnel linings, such as water leakage, lining
creaks, and concrete deterioration [5, 6], and the WBB can
be identified as the origin of damage to many tunnel linings
in operational tunnels to some extent. If the tunnel wa-
terproofing fails, flowing water will accumulate behind the
tunnel lining, which will seriously affect tunnel structure
safety. /us, the detection of the hiddenWBB behind tunnel

linings has become highly necessary for tunnel engineers. To
solve this problem, the vehicle-borne transient electro-
magnetic method (VBTEM) is put forward to detect the
hidden WBB behind tunnel linings.

/e VBTEM is based on improved detection by the
transient electromagnetic method (TEM) in many engi-
neering applications, such as geological advance prediction
of tunnels, underground gas storage, and metal mineral
exploration [7–14]. /e VBTEM has the common charac-
teristics of transient electromagnetic in other fields, but also
has its differences, which means that some issues need to be
discussed before applying VBTEM technology into opera-
tional tunnels. Firstly, ground TEM and aviation TEM
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usually work on half-space problems [7, 9], but like mine
TEM and tunnel TEM, VBTEM often considers full-space
problems. Furthermore, there may be enough planes or
spaces to layout the transmitter and receiver coils in other
TEM applications [8, 11, 13], whereas VBTEM only has a
limited space depended on the size and form of the tunnel
cross section, and thus, the size of the coils is constrained
and only a limited number of measurement points can be
measured. Finally, the detection distance of the low-resis-
tivity target of VBTEM is different from the traditional TEM.
For example, Fitterman and Stewart [7] studied the transient
electromagnetic sounding for groundwater exploration at
approximately 1000m with a 100×100m2 transmitter loop,
Hördt [8] adopted an innovative instrumentation with a
40× 40m2 transmitter loop and found an unknown and
unexpected buried valley complex at 300m, Li et al. [14]
predicted and detected water-filled caves ahead of the tunnel
excavation face at 30m with a 2× 2m2 transmitter loop.
However, the WBB behind tunnel linings of VBTEM is too
close. Based on the abovementioned differences, the de-
tection of the WBB behind tunnel linings is a full-space and
short-distance problem.

In operational tunnels, the WBB behind tunnel linings
within the range of 2m to 5m is an urgent concern for
tunnel engineers, which means that detection distance of the
low-resistivity target of VBTEM is different from other TEM
and the corresponding electromagnetic response between
them are also different. /e time range requirement of
ground TEM and tunnel TEM range frommicrosecond level
to millisecond level [9, 13, 14], while the time range re-
quirement of VBTEM is required to be at least microsecond
level or lower, so the transmitter type and coil parameters of
VBTEM need to be reselected and redesigned, respectively.
Because of the lower level of time range, the early transient
electromagnetic signals need to be paid more attention,
which means the technical parameters of the VBTEM
equipment should be proposed. To early-time and short-
distance TEM problem, the response curve law of the WBB
behind tunnel linings is also worth of further study.
Meanwhile, unlike ground TEM and tunnel TEM, the scale
of the WBB cannot be very large, and it exists on a certain
scale behind the tunnel lining; thus, whether its scale can be
effectively detected remains to be further investigated. Due
to the limitation of tunnel cross section, only a limited
number of measurement points can be measured in oper-
ational tunnels, just like tunnel TEM [14, 15], so the single-
point electromagnetic signal technology also needs to be
referenced in VBTEM. Similarly, in the case of a single
measurement point and short-distance, detecting the WBB
behind tunnel linings in operational tunnels needs to be
profoundly investigated, and physical characteristics of the
WBB behind tunnel linings also needs to be further
described.

To solve the problems of theWBB above, taking a typical
tunnel detection model as the research object, a three-
dimensional electromagnetic numerical simulation model is
established by the finite element method. /e transient
electromagnetic response curves of the uniform full-space
surrounding rock and WBB are investigated, and the

difference between the two curves is comprehensively an-
alyzed. /rough the parametric sensitivity analysis of
the WBB, the transient electromagnetic response rule of the
WBB at different parameters is fully studied. Based on the
research idea of normalization, the dimensionless electro-
magnetic response curves of the WBB are presented to
clearly highlight the change in the WBB. /e numerical
characteristic parameters at the single point electromagnetic
signal are fully introduced from a quantitative perspective.
Finally, the mathematical extraction equation is proposed,
and seven numerical characteristic parameters are extracted.
Aimed at the short-distance of the WBB, the technical
parameters of VBTEM equipment are put forward. /is
research provides valuable technical references for the se-
lection of transmitter and design of coils of VBTEM.

2. Analysis Principle and Calculation Method

2.1. Introduction to Tunnel Detection System. TEM tech-
nology has been widely used for the detection of different
media [7, 10, 14]. In operational tunnels, the normal sur-
rounding rock and WBB have very different electrical re-
sistivity; thus, the transient electromagnetic technology has
the potentiality and ability to detect the normal surrounding
rock and WBB behind tunnel linings, and it can even in-
vestigate the development scale of the WBB. In this paper,
the VBTEM is first proposed to detect the WBB behind
tunnel linings. /e VBTEM measurements in operational
tunnels mainly involve the VBTEM coil and the vehicle
equipment, where the VBTEM coil contains the transmitter
coil and the receiver coil. A detailed layout of the VBTEM
detection system is shown in Figure 1. /e function of the
transmitter coil is to form the primary magnetic field in the
surrounding rock space, and the function of the receiver coil
is to receive the secondary magnetic field caused by the eddy
currents in the surrounding rock behind tunnel linings.

/e realization process of VBTEM detection is to install
the transient electromagnetic equipment and coils on the
vehicle equipment. /e vehicle equipment provides a
working platform for the coils and a moving function for
subsequent rapid detection, so the VBTEM system can
detect and move at the same time, which means that the
system can acquire the transient electromagnetic induction
signals when the system is moving. During the operation of
vehicle equipment, a certain frequency and power of tran-
sient electromagnetic pulse signal is launched to the tunnel
structure and surrounding rock, the special receiver coil
receives the transient electromagnetic induction signals of
the tunnel structure and surrounding rock.When the vehicle
equipment passes through the whole tunnel, the transient
electromagnetic induction signal of the whole tunnel can be
obtained. /rough postprocessing of transient electromag-
netic induction signals, the disease characteristics of the
tunnel structure can be identified, the spatial location of the
corresponding internal disease can be obtained, and the
distribution map of the disease in the whole tunnel structure
can be determined.

/e VBTEM system can sense a single transient to
capture three-dimensional (3D) spatial information about
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surrounding rock. TEM technology has been widely used in
the aviation, marine, well drilling, and tunnel excavation
field for decades, but the VBTEM system discussed in this
paper is an important attempt in operational tunnels.

2.2. Transient ,eory of Electromagnetic Fields. /e basic
principle of the VBTEMmeasurement system in operational
tunnels is shown in Figure 2. /e current of the transmitter
coil is suddenly switched off at time t0./is abrupt change in
the primary magnetic field induces an impulse of electro-
motive force in the surrounding rock, and this electromotive
force will cause eddy currents to flow in the surrounding
rock. /e receiver coil measures the rate of change in the
secondary magnetic field generated by the diffusing eddy
currents in the time range τ ∈ [t1, t2]. Although the basic
principle of the VBTEM is same as that of other applications
of TEM, the first time gate t1 of the VBTEM needs to be
more earlier due to the short-distance of the WBB. /ere-
fore, it is an early transient electromagnetic problem, which
is an important difference between the VBTEM and others
TEM. Meanwhile, the turn-off time toff based on the existing
equipment of TEM needs to be shortened due to the
redesigned-coil of VBTEM and the first time gate.

To facilitate the analysis of transient electromagnetic
fields in space, the following assumptions are made:

(1) /e surrounding rock is a perfect linear isotropic
medium. /e medium is source-free and lacks ad-
ditional polarization and magnetization media. /e
correction of the complexity of the properties of
surrounding rock mass is not considered in this
paper.

(2) /e effect of the displacement current is ignored, and
the propagation effects in the time range of interest
are neglected.

(3) /e current of the transmitter coil adopts the ideal step
wave in the process of the theoretical analysis of the
electromagnetic field. In general, only one-step wave
excitation is usually discussed to simplify the problem.

(4) /e interference sources, such as vehicles, steel
frames, and rock bolts, are not considered, and only
the effect of the WBB is considered.

Based on the above assumptions, the governing equa-
tions for VBTEM diffusion can be illustrated by simplifying
Maxwell’s equations as follows:

∇ × E � −
z

zt
B, (1)

∇ × H − σ · E � 0, (2)

where E is the electric field intensity (V/m), H is the
magnetic field intensity (A/m), B is the magnetic flux density
(Wb/m2), σ is the electric conductivity tensor for an an-
isotropic formation (S/m), and t is the time of the elec-
tromagnetic field (s).

Assuming that the research problem of this paper
considers free space, ε � ε0 � 8.854 × 10− 12 F/m and
μ � μ0 � 4π × 10− 7 H/m , where ε0 and μ0 are the vacuum
dielectric constant (F/m) and vacuummagnetic permeability
(H/m), respectively.

Introducing the vector magnetic potential A defined as
B � ∇ × A, we can rewrite formulas (1) and (2) as

σ ·
z

zt
A + ∇ × H � 0. (3)

Generally, the transmitter coil is fed with an ideal
negative step current and its form is shown in formula (8).

I(t) �
I0, t< 0,

0, t≥ 0,
 (4)

where I(t) presents the negative step wave, I0 represents the
current in the transmitter coil, and t denotes the time of the
transient electromagnetic system.

/e amplitude of the induced voltage caused by the
secondary magnetic field in the receiver coil is correlated to
the surrounding rock behind tunnel linings. Based on
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Figure 2: Basic principle of the VBTEM measurement system in
operational tunnels.
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Figure 1: Sketch of the VBTEM detection system of the WBB
behind tunnel linings.
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Faraday’s electromagnetic induction law, the induced
voltage of the receiver coil is shown in formula (5):

V(t) � −N
zϕ
zt

� −NS
zB

zt
, (5)

where V(t) is the induced voltage in the receiver coil, ϕ is the
magnetic flux in the receiver coil, N is the number of turns in
the receiver coil, and S is the area of the receiver coil.

2.3. Numerical Model. /e secondary electromagnetic field
signals in a homogenous isotropic media have been inves-
tigated via theoretical analysis and numerical simulation
[10, 14, 16], and the results of these methods are consistent
when the error is allowed; thus, the numerical simulation
method is also adopted in this paper. /e COMSOL Mul-
tiphysics (Version 5.4) is selected as the simulation software
based on the principle of finite element, and the AC/DC
module is specially designed to solve the simulation problem
of electromagnetic field. Meanwhile, a two-dimensional
rotationally symmetric model can simplify the three-
dimensional space model under the condition of space
symmetry, and it has been proven to have good accuracy and
efficiency. As shown in Figure 1, the three-dimensional
space is a completely symmetric model when the topo-
graphic changes in surrounding rocks and the existence of
tunnels are not considered; thus, the two-dimensional
rotationally symmetric model is adopted to simulate the
three-dimensional space model. In the numerical calcu-
lation, formula (3) is selected as the governing equation. To
focus on the transient electromagnetic response of the
WBB, the steel frames in the lining concrete, the air in the
tunnel trunk, the vehicle equipment, and the topography of
surrounding rock are not considered in this paper.
Meanwhile, the space problem of VBTEM is not constant
because of the topography of surrounding rock, and the
full-space problem chosen in this paper is an ideal and
fundamental condition.

Similar to most coil configurations, the central loop
configuration of the VBTEM coil is also adopted in oper-
ational tunnels. To facilitate the establishment of the finite
element model, the transmitter coil is simplified as a cir-
cular coil based on the principle of coil area equivalence,
and the WBB is assumed to be a flat cylinder. Any area
outside the tunnel cross section can be the location of the
WBB, but we simplify the position of the WBB to the
normal direction of the transmitter coil, which is the most
basic case of different locations. /e detailed layout and
dimensions of the VBTEM coil and WBB are shown in
Figure 3, where I and l are the current and diameter of the
transmitting coil, respectively, ρ, D, and R represent the
resistivity, thickness, and radius of the WBB, respectively,
and L denotes the distance between the transmitter coil and
the WBB.

/e boundary condition imposed on all external
boundaries is magnetic insulation, whichmeans that n × A is
equal to 0. /e outer boundaries should be placed far
enough, so they do not affect the solution in the region of
interest. To simulate infinite space and prevent reflection of

the electromagnetic wave at the boundary, an infinite ele-
ment boundary with a thickness of 20m is set for the ex-
ternal surrounding rock. In the simulation model, the radius
of the surrounding rock is 400m, and the height of the
surrounding rock is 800m./e resistivity of the surrounding
rock is not static, and its range is from 100Ω·m to 8000Ω·m.
For the sake of convenience, the resistivity of the sur-
rounding rock is set as 1000Ω·m based on the literature
[7–10]. For the dimensions of the WBB, the distance be-
tween the abnormal body and the transmitter coil is 4m, the
radius of theWBB is 4m, the thickness of theWBB is 0.3m,
and the resistivity of theWBB is 0.5Ω·m./e finite element
model is shown in Figure 4. Because of the huge size
difference between the WBB and surrounding rock, it is
hard to illustrate all the details in the same figure, so a local
magnification area to highlight the WBB and coil is shown
in Figure 4. Because the model is much larger than the
research object, the grids of the WBB and transmitter coil
should be reasonably refined to achieve a high-accuracy
calculation. A reasonably fine grid is defined for the regions
of interest and for those with high contrasts of electro-
magnetic properties, including the coil and WBB, the
maximum grid of the cell is one-tenth of the corresponding
object, and the local grid is shown in Figure 4. A reasonably
coarse mesh is kept away from these regions for fast
computation.

During transient electromagnetic geophysical explora-
tion, the transmitter coil is square, and the square coil is
simplified to a circular coil for the sake of model calculation.
/e transmitter coil is a line current loop, and it is arranged
on the central axis of symmetry. /e physical parameters of
the coils are assumed in advance. /e radius of the trans-
mitter coil is 0.5m, the number of turns in the transmitter
coil is 20, and the current of the transmitter coil is set to 10A.
/e area of the receiver coil is 0.0001m2, and the number of
turns in the receiver coil is 20. /e parameters of the coils do

R

D

L

ρ

l

I Tx

X

YZ

Rx

Water-bearing body

R: radius ρ: resistivity l: diameter Tx: transmitter coil
D: thickness L: distance I: current Rx: receiver coil

Figure 3: Layout and dimensions of the VBTEM coil and WBB.
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not affect the overall shape of the curve of transient elec-
tromagnetic under the condition of ideal negative step
current and uniform surrounding rock./e coils parameters
mainly affect the early response of transient electromagnetic
due to the inductive characteristics. /erefore, the param-
eters of the coils are unchanged in the qualitative analysis of
this paper, and only the parameters of the VBB are focused.

According to formulas (4) and (5), the current is turned
on at 0 s, and the time-lapse transient electromagnetic re-
sponse signal can be measured by the receiver coil when time
is greater than 0 s. To compare the transient electromagnetic
response curve of the uniform full-space surrounding rock
(UFSR) andWBB, the transient electromagnetic response of
UFSR is also analyzed. /e UFSR does not contain a WBB,
and the resistivity of this region is equal to that of the
surrounding rock in the simulation model. Due to the
substantial dynamic contrast of the transient response,
VBTEM time-lapse response signals are usually displayed on
a log-log scale. Taking the induced voltage as the analysis
object, the simulation results of the transient electromag-
netic response curve of the UFSR and WBB are shown in
Figure 5.

According to the simulation results of the transient
electromagnetic response of UFSR, it can be concluded that
the induced voltage response curve presents a linear rela-
tionship on the whole in the case of double logarithmic
coordinates. However, it can be seen from Figure 5 that
the variation in induced voltage in the presence of the
WBB is obviously different from that in the UFSR model
when the induction time is in the middle stage. At the
same time, the induced voltage response curve of the WBB
is consistent with the UFSR model when the induction
time is in the early and late stages. In the middle stage, the
induced voltage response curve is obviously characterized
by three stages: uplift, peak (relief amplitude), and re-
gression, as shown in Figure 5. Meanwhile, the effective
time range level of the WBB is between 1.0 × 10− 7 s and
1.0 × 10− 4 s by comparing the response curves of UFSR
and WWB; thus, the time requirement of VBTEM
equipment at least microsecond level and even nano-
second level.

/e transient electromagnetic signals of interest of the
WBB are in the picosecond voltage range, and thus, the
minimum signal value is too small to accurately measure.
Drawing on other areas of detection technology, an ef-
fective transmitter-receiver moment-area needs to be
redesigned, and heavy stacking and filtering are expected to
increase the signal-to-noise ratio to an acceptable level
[10, 17–19]. Similarly, it is worth noting that the transient
electromagnetic response curve of UFSR shows some
fluctuation phenomena and decreases rapidly in the late
stage of the transient electromagnetic response curve,
which may be caused by model dimensions, mesh quality,
and boundary conditions. However, a fluctuation phe-
nomenon in the late stage exists in both the UFSR model
and the WBB model, so this phenomenon does not affect
the analysis of the transient electromagnetic response in the
entire process.

2.4. Method of Characteristic Extraction. As shown by the
result in Section 2.3, the transient electromagnetic response
curves are obviously different in the presence of the WBB.
Moreover, this difference is almost identical to the elec-
tromagnetic curves in other application fields [9, 14, 15];
thus, this conclusion provides a significant reference for us
to apply VBTEM technology in operational tunnel detec-
tion. To quantitatively analyze the difference (i.e., the
characteristics of the WBB), a method of characteristic
extraction is proposed and the numerical characteristic
parameters are extracted.

In the characteristic extraction method of the transient
electromagnetic response, Li et al. [14] extracted the char-
acteristic parameters of the curve through an empirical
formula. However, this method has a certain randomness
and thus requires many experiments to obtain the appro-
priate curve, and it also does not consider the influence of
the background field on the response of the surrounding
rock. /e transient electromagnetic response of the
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background field of UFSR presents a linear change relation,
which provides an important way for us to address the
transient electromagnetic response of the WBB.

To compare the transient electromagnetic response of the
UFSR andWBB, a mathematical method is used to divide the
response of the UFSR by the response of the WBB, and this
method can isolate abnormal data and highlight the change in
the WBB. /e mathematical treatment of the transient
electromagnetic response of theWBB is shown in formula (6):

ICP(t) �
UWBB(t)

UUFSR(t)
, (6)

where ICP(t) is the characteristic parameter formula after
mathematical treatment, UWBB(t) is the transient electro-
magnetic response formula of the WBB, UUFSR(t) is the
transient electromagnetic response formula of the UFSR,
and t is the transient electromagnetic response time.

Taking the analysis object in Section 2.3 as an example,
the result in double logarithmic coordinates after the
mathematical treatment of formula (6) is shown in Fig-
ure 6. By comparing Figure 6 with Figure 5, we can find that
the mathematical treatment method is essentially a kind of
linear transformation, and this transformation illustrates
that it will not cause data failure after changing data.
Moreover, the results of the dimensionless response curve
are independent of the parameters of the coil due to
normalization.

According to the linear transformation of formula (6),
seven numerical characteristic parameters can be extracted
from Figure 6. /ese characteristic parameters mainly in-
clude the uplift point (UP), the maximum value (MV), the
maximum point (MP), the regression point (RP), the left
time span (LTS), the right time span (RTS), and the total
time span (TTS). /e UP indicates that the transient
electromagnetic response curve of the WBB just exceeds
that of the UFSR, which means that the transient elec-
tromagnetic response begins to focus on the WBB./e MV
indicates that the characteristic parameter curve reaches its
maximum value, which means that the response amplitude
difference between WBB and UFSR reaches the maximum.
/e MP is expressed as the time to reach the maximum
value. /e RP illustrates that the transient electromagnetic
response curve of the WBB just tends to that of the UFSR,
which means that the transient electromagnetic response
transforms from WBB to UFSR. /e LTS represents the
time when the characteristic parameter curve is in the
increasing phase, and the RTS denotes the time when the
characteristic parameter curve is in the decreasing phase.
/e TTS signifies the time from the uplift point to the
regression point of the characteristic parameter curve,
which is used to measure the total duration under the
condition of the WBB. In addition, it should be noted that
the LTS, the RTS, and the TTS are related to each other; that
is, the third time span can be converted if the two other
time spans are known.

Based on Li’s research on the geological prediction of
tunnels and our research objectives, the extraction process
can be expressed by

[UP, MV, MP,RP, LTS, RTS, TTS] � Ext ICP(t)( 

� Ext
UWBB(t)

UUFSR(t)
 ,

(7)

where UP is the uplift point of the characteristic curve,
MV is the maximum value of the characteristic curve, MP
is the maximum point at the maximum value of the
characteristic curve, RP is the regression point of
the characteristic curve, LTS is the left time span of the
characteristic curve, RTS is the right time span of
the characteristic curve, TTS is the total time span of the
characteristic curve, and Ext is the mathematical extrac-
tion method used to extract the seven numerical charac-
teristic parameters.

/e mathematical extraction equation of the charac-
teristic parameters is shown by formula (8). Since the time
span is very long, we use logarithmic time to represent the
change in characteristic parameters, as shown in formula
(8). Similarly, the logarithm of the maximum value is
taken due to the huge change in its value. t1, t2, and t3
represent the time of the UP, MP, and RP, respectively. α
and β are the judgment conditions for the uplift and
regression of the response curve, their recommended
values range from 1.05 to 1.25, and their values are 1.15 in
this paper.

UP � log t1( , ECP(t1)> α,

MV � log ECP t2( ( , ECP t2( ( ′ � 0,

MP � log t2( , ECP t2( ( ′ � 0,

RP � log t3( , ECP t3( < β,

LTS � log t2(  − log t1( , t2 > t1,

RTS � log t3(  − log t2( , t3 > t2,

TTS � log t3(  − log t1( , t3 > t1,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)
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where t1 denotes the time of the UP, α is the condition for
judging the UP of the characteristic parameter curve, t2
represents the time to reach the MV, t3 indicates the time of
the RP, β is the condition for judging the RP of the char-
acteristic parameter curve, and the notation log means
taking the logarithm of time to the base 10.

3. Sensitivity Analysis of Transient
Electromagnetic Parameters

Based on Section 2.3, we find that the outstanding re-
sponse characteristics of the WBB depend only on the
physical parameters of the WBB itself when the param-
eters of the surrounding rock remain unchanged. In this
section, four physical parameters that affect electromag-
netic signals are selected in terms of distance, radius,
thickness, and resistivity, and transient electromag-
netic signal responses of the WBB are qualitatively in-
vestigated at different parameter levels. /e parameter
values of sensitivity analysis of transient electromagnetic
parameters in the numerical simulation are shown in
Table 1.

3.1. Influence Analysis of the Distance of the WBB. /e
transient electromagnetic response curve of the receiver coil
at different distances of the WBB is depicted in Figure 7.
When the WBB approaches the transmitter coil of the
transient electromagnetic equipment, the relief amplitude of
the transient electromagnetic response curve is obvious, the
uplift time of the transient electromagnetic response curve is
relatively early, and the regression time of the response curve
tended to the transient electromagnetic response curve of
UFSR is relatively late. Nevertheless, the relief amplitude of
the response curve decreases significantly, and the duration
of the relief amplitude of the transient electromagnetic re-
sponse curve decreases obviously when the WBB is far from
the transmitter coil.

/erefore, it can be concluded that the distance of the
WBB greatly affects the uplift time and relief amplitude of
the transient electromagnetic response curve. However, it is
noteworthy that the distance of the WBB is not sensitive to
the regression time of the transient electromagnetic response
curve.

3.2. Influence Analysis of the Radius of the WBB. /e tran-
sient electromagnetic response curve of the receiver coil at
different radii of theWBB is illustrated in Figure 8.When the
radius of the WBB increases, the relief amplitude of the
transient electromagnetic response curve is apparent, the

regression time of the transient electromagnetic response
curve compared to the transient electromagnetic response
curve of the UFSR is relatively late, and the uplift time of the
transient electromagnetic response curve remains the same.
Meanwhile, the relief amplitude of the transient electro-
magnetic response curve decreases significantly, and the
regression time of the transient electromagnetic response
curve is relatively early when the radius of the WBB de-
creases, so the duration of the relief amplitude of the
transient electromagnetic response curve decreases
obviously.

Based on above analysis, it can be concluded that the
radius of the WBB clearly affects the relief amplitude and
regression time of the transient electromagnetic response
curve. Similarly, we find that the radius of theWBB does not
affect the uplift time of the transient electromagnetic re-
sponse curve.

3.3. Influence Analysis of the ,ickness of the WBB. /e
transient electromagnetic response curve of the receiver coil
at different thicknesses of the WBB is shown in Figure 9.
When the thickness of the WBB increases, the relief am-
plitude of the transient electromagnetic response curve
increases gradually but slowly, the regression time of the
transient electromagnetic response curve compared to the
transient electromagnetic response curve of the UFSR is
relatively late, and the uplift time of the transient electro-
magnetic response curve remains the same. Meanwhile, the

Table 1: Parameter value of the sensitivity analysis in the numerical simulation.

Object Distance (m) Radius (m) /ickness (m) Resistivity (Ω·m)
Distance 2, 4, 6, 8, 10 4 0.3 0.5
Radius 4 2, 4, 6, 8, 10 0.3 0.5
/ickness 4 4 0.1, 0.2, 0.3, 0.4, 0.5 0.5
Resistivity 4 4 0.3 0.1, 0.2, 0.5, 1, 5
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Figure 7: Response curve of the induced voltage of the WBB at
different distances.
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relief amplitude of the transient electromagnetic response
curve does not decrease significantly, and the regression time
of the transient electromagnetic response curve is relatively
early when the thickness of the WBB gets smaller, so the
duration of the relief amplitude of the transient electro-
magnetic response curve decreases slowly.

According to the parametric analysis of thickness, the
thickness of the WBB affects the relief amplitude and re-
gression time of the transient electromagnetic response
curve to some extent. In the same way, we also know that the
thickness of the WBB does not affect the uplift time of the
transient electromagnetic response curve.

3.4. Influence Analysis of the Resistivity of the WBB. /e
transient electromagnetic response curve of the receiver coil
at different resistivities of theWBB is presented in Figure 10.
As shown, the relief amplitude of the transient electro-
magnetic response curve is significant and the regression
time of transient electromagnetic response curve compared
to the transient electromagnetic response curve of the UFSR
is very late when the resistivity of the WBB decreases. /e
uplift time of the transient electromagnetic response curve
remains essentially constant as the resistivity changes. When
the resistivity of the WBB increases, meaning that the WBB
has poor conductivity, the relief amplitude of the transient
electromagnetic response curve decreases significantly, and
the regression time of the transient electromagnetic response
curve is very early, so the duration of the relief amplitude of
the transient electromagnetic response curve decreases
substantially. /erefore, the resistivity of the WBB clearly
affects the relief amplitude and regression time of the
transient electromagnetic response curve. Similarly, we find
that the resistivity of the WBB does not affect the uplift time
of the transient electromagnetic response curve.

According to the sensitivity analysis of the above four
parameters, some qualitative conclusions can be drawn on

the electromagnetic outstanding response of the WBB.
/e influence of distance on the uplift time is much
greater than that of other parameters, which means that
the distance determines the uplift time. All four param-
eters influence the relief amplitude, indicating that the
relief amplitude is a comprehensive manifestation of the
physical parameters of the WBB. /e regression time is
affected by the radius, thickness, and resistivity, and the
sensitivity order can be preliminarily estimated as resis-
tivity, radius, and thickness.

4. Extraction of Characteristic Parameter

Based on Section 2.4 and Section 3, the results of the sen-
sitivity parameter analysis can be analyzed to extract the
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Figure 9: Response curve of the induced voltage of the WBB at
different thicknesses.
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numerical characteristic parameters of the WBB. /e di-
mensionless response curve of the WBB under different
parameter conditions is easily obtained by formula (6), as
shown in Figure 11. /e dimensionless curve is clearly
differentiated, and the change rule of the WBB at different
parameters is basically consistent with the results in
Section 3.

/e numerical characteristic parameters can be obtained
by formulas (11) and (12), as shown in Table 2. /e trends of
the numerical characteristic parameters at different levels are
shown in Figure 12 and 13. To facilitate the investigation of
levels of different physical variables, the levels of different
physical variables are expressed in alphabetical order, that is,
A, B, C, D, and E.

Figure 12 clearly shows that the radius and thickness
have little influence on the UP at different levels, while the

distance and resistivity have a significant influence on the
UP. Furthermore, the UP increases significantly with
increasing radius and decreases slowly with increasing
resistivity. As shown in Figure 13, all four factors have a
significant impact on the MV. /e MV decreases grad-
ually with increasing distance and resistivity in the log-
arithmic case. In contrary, the MV increases quickly with
increasing radius and increases slowly with increasing
thickness. As shown in Figure 12, the MP is not affected
by the distance at different levels, and the other three
factors affect the MP. In other words, the MP increases
gently with increasing radius and thickness, and it de-
creases substantially with increasing resistivity. /e RP is
mainly affected by the radius, thickness, and resistivity, as
shown in Figure 12, while the distance has almost no
effect on the RP. Likewise, the RP increases substantially

1E + 00

1E + 01

1E + 02

1E + 03

1E + 04
N

or
m

al
iz

ed
 v

ol
ta

ge

1E – 7 1E – 6 1E – 5 1E – 4 1E – 31E – 8
Time (s)

UFSR
L = 2m
L = 4m

L = 6 m
L = 8m
L = 10m

(a)

1E + 00

1E + 01

1E + 02

1E + 03

N
or

m
al

iz
ed

 v
ol

ta
ge

1E – 7 1E – 6 1E – 5 1E – 4 1E – 31E – 8
Time (s)

UFSR
R = 2m
R = 4m

R = 6m
R = 8m
R = 10m

(b)

1E + 00

1E + 01

1E + 02

1E + 03

N
or

m
al

iz
ed

 v
ol

ta
ge

UFSR
H = 0.1m
H = 0.2m

H = 0.3m
H = 0.4m
H = 0.5m

1E – 7 1E – 6 1E – 5 1E – 4 1E – 31E – 8
Time (s)

(c)

1E + 00

1E + 01

1E + 02

1E + 03
N

or
m

al
iz

ed
 v

ol
ta

ge

1E – 7 1E – 6 1E – 5 1E – 4 1E – 31E – 8
Time (s)

UFSR
ρ = 0.1m/S
ρ = 0.2m/S

ρ = 0.5m/S
ρ = 1m/S
ρ = 5m/S

(d)

Figure 11: Dimensionless response curve of the WBB under different parameter conditions: (a) distance; (b) radius; (c) thickness;
(d) resistivity.
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with increasing resistivity and decreases slowly with in-
creasing radius and thickness level. Aimed at the
short-distance TEM problem, the minimum time char-
acteristic parameter is 7.3 when other conditions of the
WBB remain unchanged; thus, the time requirement of
the VBTEM equipment needs to reach the nanosecond
level.

It can be concluded from Figure 13 that all four pa-
rameters substantially affect the time span characteristics,
indicating that time span parameters are important
characteristic parameters. Taking the TTS as an example,
as shown in Table 2 and Figure 13, the TTS varies from
3.20 to 2.00 as the distance increases from 2m to 10m,
which means that the TTS decreases with increasing
distance. /e TTS changes from 2.15 to 2.55 as the radius
increases from 2m to 10m, which shows that the TTS
increases with increasing radius. /e TTS increases from
1.95 to 2.65 as the thickness increases from 0.1m to 0.5m,
which indicates that the TTS increases with increasing
thickness. /e TTS decreases from 3.00 to 2.05 as the
resistivity increases from 0.1Ω·m to 5.0Ω·m, meaning that
the TTS decreases with increasing resistivity. As the
physical parameters of the WBB change, the TTS of the
transient electromagnetic signal also changes. In sum-
mary, this parameter-to-time relationship offers an in-
tuitive way to interpret VBTEM signals from the
surrounding rock.

5. Technical Parameters of the
VBTEM Equipment

/e technical parameters of the VBTEM equipment mainly
include the first time gate, the last time gate, and the time
acquisition interval. Based on seven characteristic

parameters of theWBB, themain technical parameters of the
VBTEM equipment are proposed.

Based on the quantitative analysis of characteristic pa-
rameters of uplift time and regression time, it can be found
that the characteristic parameters of uplift time are mainly
distributed in the range of −7.30 to −6.35 under different
physical parameters, and the characteristic parameters of
regression time are mainly distributed in the range of −4.95
to −3.45. Obviously, the first time gate of the VBTEM
equipment is much less than 1 μs, while the conventional
transient electromagnetic shutdown time is generally in the
range of several to dozens of microseconds. /erefore, the
conventional transient electromagnetic equipment can only
detect partial early-period signals, and most of the early-
period signals will be submerged in the equipment shutdown
time. In terms of regression time, the last time gate of the
VBTEM equipment is less than 1000 μs, and the middle-
period and late-period signals of the WBB can be measured
by most conventional transient electromagnetic equipment,
so the middle-period and late-period signals are not very
strict on transient electromagnetic equipment. /erefore, it
is recommended that the turn-off time of the VBTEM
equipment should not exceed 0.05 μs to fully capture the
early-period transient electromagnetic induction signals of
the WBB.

Based on the quantitative analysis of characteristic pa-
rameters of time span, it can be found that the characteristic
parameters of the TTS are mainly distributed in the range of
1.95 to 3.20 under different physical parameters. For con-
ventional transient electromagnetic equipment, such as
PROTEM 47 with a frequency of 237.5Hz, the starting value
of the first time gate is 6.0 μs and the starting value of the
20th time gate is 611.6 μs, so the logarithmic time span is
2.01. Obviously, in terms of time span, the equipment can

Table 2: Numerical characteristic parameters of the dimensionless response curve at different parameters.

Item Level Uplift point
(UP)

Regression point
(RP)

Maximum point
(MP)

Maximum value
(MV)

Left time
span (LTS)

Right time
span (RTS)

Total time
span (TTS)

L� 2m A −7.30 −4.10 −5.05 3.83 2.25 0.95 3.20
L� 4m B −6.85 −4.20 −5.00 3.12 1.85 0.80 2.65
L� 6m C −6.65 −4.25 −5.00 2.50 1.65 0.75 2.40
L� 8m D −6.50 −4.30 −5.05 1.98 1.45 0.75 2.20
L� 10m E −6.35 −4.35 −4.95 1.54 1.40 0.60 2.00
R� 2m A −6.80 −4.65 −5.45 0.92 1.35 0.80 2.15
R� 4m B −6.75 −4.50 −5.20 1.99 1.55 0.70 2.25
R� 6m C −6.65 −4.25 −5.00 2.50 1.65 0.75 2.40
R� 8m D −6.55 −4.05 −4.90 2.77 1.65 0.85 2.50
R� 10m E −6.50 −3.95 −4.75 2.95 1.75 0.80 2.55
H� 0.1m A −6.75 −4.80 −5.45 1.88 1.30 0.65 1.95
H� 0.2m B −6.75 −4.40 −5.20 2.26 1.55 0.80 2.35
H� 0.3m C −6.70 −4.25 −5.00 2.50 1.70 0.75 2.45
H� 0.4m D −6.65 −4.10 −4.85 2.67 1.80 0.75 2.55
H� 0.5m E −6.65 −4.00 −4.80 2.79 1.85 0.80 2.65
ρ� 0.1Ω·m A −6.45 −3.45 −4.35 3.52 2.10 0.90 3.00
ρ� 0.2Ω·m B −6.55 −3.90 −4.70 2.93 1.85 0.80 2.65
ρ� 0.5Ω·m C −6.65 −4.25 −5.00 2.50 1.65 0.75 2.40
ρ� 1.0Ω·m D −6.90 −4.85 −5.65 1.54 1.25 0.80 2.05
ρ� 5.0Ω·m E −7.00 −4.95 −5.95 1.15 1.05 1.00 2.05
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only meet the electromagnetic response measurement of the
WBB under a few conditions, and it is difficult to meet the
electromagnetic response measurement of the WBB in most
conditions. In order to fully obtain the full-period transient
electromagnetic induction signals of theWBB, the time span
of the VBTEM equipment should be at least 1.95 in the
small-scale or long-distance of the WBB, and the time span
must be at least 3.20 in the large-scale or short-distance
WBB.

It should be noted that the above time span is only for the
prominent response of the WBB, and it does not consider the
part of the response that is consistent with that of UFSR.
Actually, the vehicle-borne transient electromagnetic equip-
ment also needs to consider the response data of surrounding
rock, so it is suggested that the time span of the VBTEM
equipment can reach four time spans to better realize the

comparative analysis of field detection data and response data
of surrounding rock.

6. Discussion

/e numerical characteristic parameter of VBTEM is mainly
obtained via the numerical simulation. In the follow-up
investigation, these results need to be verified by both
theoretical and experimental methods. /e current in the
transmitter coil cannot be turned off suddenly, and there is a
transient process in the coil [9, 16, 20]. /e transmitter-
receiver coil design of VBTEM is different from the coil
design in other electromagnetic fields, and it also need to be
specially designed. If the key problems mentioned above can
be solved, the method of VBTEM can be applied to the rapid
detection of lining disease in operating tunnels. /e
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Figure 12: /e first three numerical characteristic parameters of the WBB: (a) distance; (b) radius; (c) thickness; (d) resistivity.
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detection result of VBTEM can provide a detailed location
and distribution interval of the WBB for the maintenance of
lining disease in operational tunnels.

7. Conclusion

In this paper, the transient electromagnetic response
characteristics of the WBB behind tunnel linings is inves-
tigated in terms of the response curves, time range, and scale
of water-bearing body based on the parametric sensitivity
analysis. Analysis of the results of the numerical simulation
and mathematical extraction equation convince us of the
following. (1) /ere is a significant difference between the
transient electromagnetic response of the WBB and UFSR,
and this difference provides the possibility to detect the
lining disease in operating tunnels. (2) According to the idea
of normalization, quantification of dimensionless response

curves is proposed, and seven numerical characteristic pa-
rameters are extracted. /is parameter-to-parameter rela-
tionship offers an effective and intuitive way to interpret
VBTEM signals from the surrounding rock. (3) Based on the
parametric sensitivity analysis, the technical parameters
requirements of the VBTEM equipment are proposed. /e
first time gate of the VBTEM equipment need to not exceed
0.05 μs for short-distance TEM problem, and the time span
of the VBTEM equipment should reach four time spans to
fully capture the electromagnetic response signal. Hence, the
research results can provide valuable technical references for
the application of VBTEM.

Data Availability

/e data used to support the findings of this study are
available from the corresponding author upon request.
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Figure 13: /e last four numerical characteristic parameters of the WBB: (a) distance; (b) radius; (c) thickness; (d) resistivity.
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