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The positioning of buried pipelines from magnetic data
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ABSTRACT

Buried pipelines are “lifelines” for cities; therefore, it is
vital to understand their location and depth before municipal
construction to prevent them from being damaged. Magnetic
methods have been applied to detect buried ferrous metal
pipelines such as steel and cast-iron pipes. We have devel-
oped a positioning method for buried pipelines from mag-
netic data, which is based on a combination of the tilt angle
and the downward continuation. The magnetic tilt angle can
provide information about the location and depth of buried
pipelines, which can easily be calculated by the horizontal
and vertical magnetic field gradients. We prove that the tilt
angle for the magnetic field that has been reduced to the pole
is independent of the magnetization direction given by the
pipeline direction with respect to the inducing field. A tilt
angle of 90° marks the location of a buried pipeline, whereas
the depth is the distance between the location of the 90° and
its adjacent 0°. The iterative Tikhonov regularization method
for downward continuation, while separating the superim-
posed anomalies and enhancing the horizontal resolution,
also reduces the influence of fast Fourier transform-induced
noise and other noise that is intrinsic to the data set. We use
the derivative of the Tikhonov regularization result as a regu-
larization term of the minimization function and a constraint
for the regularization parameter choice to obtain a more stable
and accurate downward-continued result. This positioning
method is applicable to single and parallel pipeline detection.

INTRODUCTION

Buried pipelines are “lifelines” for cities and are responsible for
the transmission function of material and energy. It is vital to find
their location and buried depth to prevent them from being damaged

in the process of urban development and construction. Magnetic
methods have been used for the positioning of buried ferrous metal
pipelines.

Many methods have been developed to process sampled magnetic
data to estimate source parameters. Nabighian (1972) calculates the
depth, magnetic susceptibility, and dip of 2D bodies by using the
analytic signal of the magnetic anomaly. Thompson (1982) proposes
the Euler deconvolution method, which is based on the Euler’s homo-
geneity relationship, to infer the depth of 2D sources from the mag-
netic data. This method requires assumption of a “structural index”
related to the type of magnetic target. Salem and Ravat (2003) present
a method based on a combination of the analytic signal method and
the Euler deconvolution method to deduce the location, depth, and
geometry of magnetic sources. Salem et al. (2004) use the linear
equation between a symmetric anomalous field and its horizontal gra-
dient to calculate the source’s depth. The method is suitable for a
single contact, a dike, and a horizontal cylinder. Miller and Singh
(1994) introduce the concept of magnetic tilt angle, which estimates
the location and depth of vertical contacts based on the ratio of the
vertical and horizontal gradients of the magnetic field. Salem et al.
(2007) and Cooper (2014) apply the tilt angle to identify the source of
an infinite contact. Salem et al. (2008) combine the tilt angle with the
Euler deconvolution method to identify the location, depth, and shape
of magnetic sources without a priori information about the structural
index of the target. Salem et al. (2013) and Murphy et al. (2012) de-
scribe an adaptive tilt angle equation for depth estimating from full-
tensor gravity data. This method is suitable for estimating the location
and depth of a single point mass, a horizontal line of mass, a vertical
sheet, and a horizontal sheet. Cooper (2016) describes the downward
continuation of the tilt angle, which allows more accurate sources
depth determination from the tilt-depth method, but it is strictly valid
only for isolated sources. Eshaghzadeh (2017) applies the tilt deriva-
tive to estimate the depth of a semi-infinite vertical cylindrical.

With the rapid development of cities, the underground space avail-
able for urban construction is becoming more and more limited. Most
pipelines are buried in parallel to economize urban underground
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space resources. The major difficulty for identifying parallel pipelines
is that the magnetic anomalies generated by them are superimposed
on each other. Downward continuation can separate superimposed
magnetic anomalies and enhance horizontal resolution. Dean (1958)
derives the frequency response of the downward continuation of the
potential field and points out that the approach represents an ill-posed
problem. Many methods exist for stabilizing the downward-continu-
ation process. Tikhonov et al. (1968) introduce a stable downward-
continuation method based on the classic regularization concept.
Cooper (2004) suggests three methods for stable downward continu-
ation, and the results show that downward continuation achieved
by least-squares inversion is more stable. Pasteka et al. (2012) use
C-norms to select the optimum regularization parameter value of
the Tikhonov regularization method. Xu et al. (2007) introduce an
iterative method for downward continuation that is more stable than
the Fourier transform method and able to downward continue data to
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Figure 1. The magnetic measurement model of a single buried pipeline: (a) aide view

and (b) top view.

Table 1. The values of a single buried pipeline’s model
parameters.

Model parameters Value
Pipeline Length (L) 50 m
Outer diameter 03 m
Thickness 0.02 m
Density 7860 kg/m’
Magnetic susceptibility 1 SI
Azimuth (A) 60°
Buried depth (H) 3m
Inducing field Intensity 55,000 nT
Inclination (1) -30°
Measurement plane  Length (L,,) 10 m
Width 10 m
Height (H,,) 0m
Azimuth (A") 90°
Measurement point interval 0.1 m
Measurement line interval 0.1 m

Li et al.

a greater depth. Zeng et al. (2013) prove that the iterative downward-
continuation method is sensitive to noise and develop an adaptive
iterative method based on Tikhonov regularization approach, which
allows the control of fast Fourier transform (FFT)-induced noise and
other noise that is intrinsic to the data set. Cooper (2019) introduces a
downward-continuation algorithm that downward continues the data
by a distance that is a fraction of the current depth, rather than by a
fixed distance.

The main goal of magnetic surveying of buried pipelines is to
estimate their location and depth based on acquired data. In this
paper, we describe a positioning method for buried pipelines from
magnetic data, which is based on a combination of tilt angle and
downward continuation. Compared with other interpretation meth-
ods, such as Euler deconvolution and optimization inversion, our
method does not need to consider pipeline demagnetization and the
pipeline direction with respect to the inducing field. In addition,
while performing the iterative Tikhonov-regulari-
zation for data downward continuation, we replace
the Tikhonov-regularization result with its deriva-
tive as a regularization term of the minimization
function and a constraint for the regularization
parameter choice to ensure that the downward-
continued result is more stable and accurate.

BASIC THEORIES
Magnetic tilt angle

When the length of a pipeline is much longer
than its buried depth, it can be regarded as an in-
finite horizontal cylinder. Assuming that the pipe-
line runs parallel to the y-axis, the gravitational
potential V generated by the pipeline at any ob-
servation point P(x,y,z) can be expressed as
(Nagy et al., 2000)

V(x,y,z) ==2GpS-Inr, (1)

where G is the gravitational constant, p is the density of the
pipeline, S = z6(® — &) is the cross-section area of the pipeline,
@ and § are the outer diameter and thickness of the pipeline,
r=+/(x=X)>+ (z— H)?> = VAx> + AZ%, X and H are the loca-
tion and buried depth of the pipeline.

There are two assumptions: (1) The pipeline has uniform magnetic
susceptibility k, and (2) the remanent magnetization M, and the in-
duced magnetization M; have the same direction. Therefore, the mag-
netization M of the pipeline can be expressed as (Wang et al., 2019)

T
M=M,+M,=x-2+M,, 2
Ho

where y is the permeability of the vacuum and T, is the induc-
ing field.

The components of the magnetization M in the x-, y-, and
z-directions are

M,=McosIsinA, M, =M cosIcosA, M,=Msinl, (3)

where [ is the inclination of the inducing field and A is the azimuth
of the pipeline (i.e., the angle between the pipeline direction and
magnetic north A is positive eastward).
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According to Poisson’s equation, there is a relationship between and the magnetic field of the pipeline is
the magnetic and gravitational potentials of the pipeline (Wang et al.,
2019). The magnetic potential of the pipeline is B =—uyVU. ®))
U= M - grad,V, 4) Because the pipeline is running parallel to the y-axis, the
4”Gﬂ gravitational potential along the pipeline direction (the y-axis) is
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Figure 2. (a-c) The responses of B,,,,, B,,,, and B,,., corrupted by random noise with 1nT standard deviation and InT average, (d-f) data from
(a), (b), and (c) downward continued by 1 m, respectively, (g-h) pole-reduced data B, and B_,, (i) tilt angle map, (j) tilt angle curve on the
measurement line drawn in Figure 2i, and (k) the curve of the regularization parameters.
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unchanged and the y-directional second-order partial derivatives are
zero. The components of the magnetic field B in the x-, y-, and
z-directions are as follows:

__Ho
' 4nGp

Ho
B. =
' 4x2Gp

(Mxsz + Mszz)’

MV +MV,,), B,=0, ©6)

where V., V., and V_, are second-order derivatives of the gravity
potential V, V,, ==V ..
Substituting equations 1 and 3 into 6, we get

_ poSM([2 cos I sin A - AxAz —sin I(Ax? — Az?)]

B b
‘ 2n(Ax? + AZ?)?
o
B — HoSM(cos I sin A(Ax* — Az?) + 2 sin I - AxAZ]
o 27(Ax? + AZ?)? '
®)

When the pipeline is vertically magnetized, M, =0, M, = M,
and

Ho Ho
= MV._., B, =
zL 472G » 44 xLl Ax Gp

MV.. 9

Substituting equations 3 and 9 into 6, we get

B, =B, cosIsinA+ B, sinl,

B, =B, sinl—B, cosIsin A, (10)
and the equation for reducing magnetic data to the pole:
__B.sin]—B,cosIsinA __B.cosIsinA+B,sinl
A7 Sin? I+ cos? Isin?A 7 sin? [ +cos?Isin?A
an

Figure 3. An exposed buried pipeline in the Changping District,
Beijing.
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Substituting equations 7 and 8 into 11, we get
UoMS(1—cos? Acos?I)
27(Ax* + Az?)?(sin? I +cos* I'sin?A)’
12)

BZJ— = (AZZ—A)CZ)

HoMS(1 — cos® Acos? I)
27(Ax? + Az?)?(sin? I + cos® I'sin® A)
13)

B, =2AxAz

The tilt angle can be expressed as (Miller and Singh, 1994)

B
0 =tan! | ——— (14)
\/Bi + B3
Substituting equations 12 and 13 into 14, we get
Az? — Ax?
0=tan"! | ——). 15
( [2AxAz] (15)

The tilt angle for pole-reduced magnetic data is the same as the
tilt angle for full tensor gravity data (Murphy et al., 2012), which is
not affected by the magnetization direction given by the pipeline
direction with respect to the inducing field. A tilt angle of 90°
(Ax = 0) marks the location of a buried pipeline, whereas its depth
is the distance between the location of the 90° and its adjacent
0° (Ax = Az).

In real magnetic measurements, measurement lines are usually
not perpendicular to the buried pipeline. Therefore, the data should
be rotated using equation 16 before reducing to the pole:

B, sin(A’—A) cos(A’—A) O] [ B,
B, | = |cos(A'=A) —sin(A’=A) 0| |B,,|. (16)
BZ 0 0 1 Bmz

where A’ is the azimuth of the measurement line (that is the angle
between the measurement line direction and magnetic north, A’ is
positive eastward), and B,,,, B, and B,,, are the magnetic obser-
vation data. The azimuth A of the pipeline can be calculated as (Guo

et al., 2015a)

X — X

A = arctan 22— "PL (17)
Yp2 = YVpl1

where Py(x,1.y,1) and P,(x,,.y,,) are the coordinates of two
points of a contour line in the magnetic map.

Downward continuation

If the magnetic data on the measurement plane are denoted
by B(x,y,zp), the magnetic data B(x,y,z) on any plane can be
obtained from equation 18 (Dean, 1958):

Ah [ [o B(e,n,z0)
B(x,y,z)=— dedn,
=5, [ =P+ (y—n)? - ARPRIEM

(18)
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where Ah = 7 — z is the elevation difference and the z-axis is pos-

itive downward.

An integral kernel function k(x, y) is defined as

1
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Therefore, equation 18 can be written as a convolution:

B(x,y.z) = k(x,y) ® B(x.y.z).

(20)

In the frequency domain, equation 20 can be written as a product:
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Flgure 4. (a-c) The responses of B,,,, B,,,, and B,,., (d-f) data from (a-c) downward continued by 1.5 m, respectively, (g-h) pole-reduced data
B, and B, , (i) tilt angle map, (j) tilt angle curve on the measurement line drawn in panel i, and (k) the curve of the regularization parameters.
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—22-AhAS WP +0?
>

where B(u, v, z), B(u, v, 2y), and H(u, v) are the Fourier transforms
of B(x,y,z), B(x,¥,20), and k(x, y) and u and v are the wavenum-
bers in the x- and y-axes.

When A# is positive (or negative), equation 21 is the calculation
for upward (or downward) continuation and equation 22 is the
upward-continuation operator H., (1, v) (or the downward-continu-
ation operator H oy, (4, v)). The downward continuation, while
enhancing details in the data, also amplifies high-frequency noise.
Consequently, one needs to regularize the problem to obtain a
reasonable approximate solution. The most popular method is
Tikhonov regularization, which for downward continuation allows
the control of FFT-induced noise and other noise intrinsic to the
data set.

The Tikhonov-regularization approach can be defined as a min-
imization problem solution — we must minimize a function (J),
which is formulated as (Tikhonov and Arsenin, 1977)

0B, 0B,
/‘/D‘Il:xvyaBzva_.;va_);:|dXdy://D{[k(x’y)®BZ_BO]2
B\ 2 B\ 2
0x dy

where B, = B(x,y,z), By = B(x,y, z9); a > 0 is the regularization
parameter, which provides a trade-off between the measurement
fidelity and the prior information introduced by the regularizing
function.

H(u,v)=¢e (22)

(23)

a) b)

Measurement plane

Height (i)

Buried depth (1)

Figure 5. The magnetic measurement model of parallel buried pipelines: (a) side view

and (b) top view.

Table 2. The values of the parallel buried pipelines’ model
parameters.

Model parameters

Induced field Azimuth (A) Buried Axis
inclination (/) depth (H) spacing (d)
45° —45° 2 m I m

Li et al.

The Euler-Lagrange equation corresponding to equation 23 is
(Troutman, 1983)

o ol N _of o
0B, 0x\0(dB./dx)) 0y \9(dB,/dy)
dk(x,y) ®B.] B, _ 0B,
{ (x,y) ® B,—B)" 3B, 2a P 2a 57
0*B. *B.
(x y)®B BO a( ax +a—yz>
=0, 24)
where
o(k(x, y) ® B.)
Ah
dédn =1
/ [ a0 aw e

Applying the Fourier transform to equation 24 and combining the
theorem of spectrum of differentiation,

0B . .~ 0B . .
(3xzz = (iu)’B, = —u*B,, dyzz = (iv)’B, = —1*B,,
(25)
we get
HyB, +a(u®> +v*)B, =B,, (26
R B, .
Bzzm:HTdownBO’ 27
up
and
e—27r~Ah~\/ u?+v?
Hrgown =

|+ a(u? + 0?)e 2e b/t ’
(28)

where B, = B(u,v,z) and By = B(u.v.z,);
Hrgown (1, v) is the Tikhonov downward-continu-
ation operator; and A/ is a negative number.

A saturation result of the Tikhonov regulariza-
tion method shows that a higher rate of conver-
gence cannot be expected under higher
smoothness assumptions. However, a higher rate of convergence
can be obtained by “iterative Tikhonov regularization” (Zeng et al.,
2013), which is defined as follows:

B!

B? = HTdownE(% = é?_l + HTdown(EO - Hupég_l)'

(29)
For the regularization method, the choices of the iteration number

and the regularization parameter are crucial to yield a well-posed
solution. The optimal iteration number is five. The root mean-
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square error between the downward-continued and theoretical fields
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is unchanged as the iteration number increases from five (Zeng et al.,

2013). Here, we extended the algorithm for determining a regulari-

zation parameter as (Reginska, 1996)

a* = argmin{|| (u® + v*)(BS)?||[| By — HupBZ[}-
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APPLICATION TO A SINGLE BURIED PIPELINE

The depth-detection error is defined as the absolute difference

between the estimated and true values for the buried depth of pipe-
lines, which shall not exceed 0.15 H (in which H is the actual depth
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of buried pipelines. When H < 1 m, assume that # =1 m) (Li
et al., 2019). The location detection error is defined as the absolute
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Figure 6. (a-c) The responses of B, B, and B,,., corrupted by noise with 0.01 nT standard, (d-f) data from (a-c) downward continued by
1.7 m, respectively, (g-h) pole-reduced data B,, and B_,, (i) tilt angle map, (j) tilt angle curve on the measurement line drawn in panel i, and

(k) the curve of the regularization parameters.
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difference between the estimated and true values for the axis spac-
ing of parallel pipelines, which shall not exceed 0.1 H.

We lower the downward-continuation altitude from zero at the
measurement point interval. Because the data are downward contin-
ued closer to the pipeline depth, they contain more high-frequency
detail that might be controlled in the process of the Tikhonov-
regularization approach. Therefore, if the tilt angle map has one
or two linear peaks with a value of 90°, we will stop lowering the
downward-continuation altitude to avoid the increase of detection
errors due to data distortion.

Theoretical example

The magnetic measurement model of a single buried pipeline is
shown in Figure 1, in which the N-axis is the magnetic north, the
gray area is a measurement plane, and the black spots are measure-
ment points. The values of the model parameters are shown in Table 1.

Figure 2a-2c shows the response of the three components of the
magnetic anomaly from the model presented in Figure 1, all of them
corrupted by random noise with a standard deviation of 1nT and an
average of InT. Figure 2d-2f are data from Figure 2a-2c downward
continued by 1 m (A. = —1 m) using equation 30 with & = 0.631
(see Figure 2k), respectively. The terms P;(0, 1.3) and P,(10,7.1)
are the coordinates of two points of the contour line drawn in Fig-
ure 2f. The azimuth of the pipelines is determined to be 59.89° by
equation 17. Figure 2g and 2h are the pole-reduced data calculated
using equations 16 and 11 based on the data from Figure 2d-2f.
Figure 2i is the tilt angle map of the data from Figure 2g and
2h computed using equation 14.

An estimated value of the buried depth of the pipeline can be
determined as (see Figure 2i)

H*=H;+|Ah|—H,, = |dog 0 Xsin(A'—A)|+|Ah| - H,,,
(€)Y

where H ; is the depth from the downward-continuation plane to the
pipeline, H,, is the height of the measurement plane, dy o is the
distance between the location of the tilt angle value of 90° and its
adjacent zero value, A’ and A are the azimuth of the measurement
line and the pipeline, respectively, and A/ is the downward-continu-
ation distance.

Figure 7. Two parallel cast-iron pipes on a flat area in our office
building in the Changping District, Beijing.
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The estimated value of the buried depth of the pipeline presented
in Figure 1 is determined to be 2.95 m by equation 31. The depth
detection error is 0.05 m, which is less than the precision of 0.45 m
(i.e., 0.15 H, H=3 m).

Field example

Figure 3 shows an exposed buried pipeline in the Changping
District, Beijing. The pipeline running from north to south is buried
at a depth of 4.5 m. The inclination and declination of the geomag-
netic field are 59.061° and —6.629° (Guo et al., 2015b). The mag-
netic data acquisition equipment includes a computer and a
measurement apparatus that is assembled by eight magnetoresistive
sensors at an interval of 0.1 m in a straight line. We kept the meas-
urement apparatus close to the ground and moved it along the east—
west direction in the measurement area.

Figure 4a—4c shows the response of the horizontal and vertical
components of the measured magnetic field. Figure 4d—4f are data
from Figure 4a—4c downward continued by 1.5 m (Ah = —1.5 m)
using equation 30 with a* = 0.631 (see Figure 4k), respectively.
The coordinates of two points of the contour line drawn in Figure 4f
are P(6.2, 0) and P»(6.2, 10). The azimuth of the pipelines is de-
termined to be 0° by equation 17. Figure 4g and 4h are the pole-
reduced data calculated using equations 16 and 11 based on the data
from Figure 4d-4f. Figure 4i is the tilt angle map of the data from
Figure 4g and 4h computed using equation 14. The estimated value
of the buried depth of the pipeline presented in Figure 3 is determined
to be 4.6 m by equation 31. The depth detection error is 0.1 m, which
is less than the precision of 0.675 m (i.e., 0.15 H, H = 4.5 m).

APPLICATION TO PARALLEL BURIED PIPELINES
Theoretical example

The magnetic measurement model of parallel buried pipelines is
shown in Figure 5. The values of the fixed model parameters are
shown in Table 1, and the values of the varying model parameters
are shown in Table 2.

Figure 6a-6¢ shows the response of the three components of the
magnetic anomaly from the model presented in Figure 5, all of them
corrupted by random noise with a standard deviation of 0.01nT.
Figure 6d-6f are data from Figure 6a-6c downward continued by
1.7 m (Ah = —1.7 m) using equation 30 with a* = 0.0025 (see
Figure 6k), respectively. The terms P;(8.2, 0) and P(0, 8) are the
coordinates of two points of the contour line drawn in Figure 6f.
The azimuth of the pipelines is determined to be —45.71° by equa-
tion 17. Figure 6g and 6h are the pole-reduced data calculated using
equations 16 and 11 based on the data from Figure 6d-6f. Figure 6i
is the tilt angle map of the data from Figure 6g and 6h computed
using equation 14.

The estimated value of the axis spacing of the two pipelines can
be determined as (see Figure 6i)

d* = |d90 o 90><sin(A’—A)|, (32)
where dy o0 15 the distance between the locations of the tilt angle
value of 90°.

The estimated values of the buried depth and axis spacing of the
two pipelines presented in Figure 5 are determined to be 2.19 and
0.98 m by equations 31 and 32, respectively. The depth detection
error is 0.19 m, which is less than the precision of 0.35 m
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(i.e., 0.15 H, H = 2 m). The location detection error is 0.02, which
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is less than the precision of 0.2 m (i.e., 0.1 H).

Experimental example

The magnetic-data-acquisition equipment used in the experiment
includes an integrated magnetic gradiometer and a fluxgate sensor.

J119

The experiment was carried out on a flat area in our office building

in the Changping District, Beijing (see Figure 7). The two pipes run
from east to west. The buried depth and axis spacing of the two
pipes are 0 and 0.5 m, respectively. The height of the measurement
plane is 0.5 m. Measurement lines run from south to north. The
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Substituting the three values into equation 33, we determine the in-
clination and declination of the geomagnetic field to be approxi-
mately 60° and —7°:

. B,
_, D = arctan —.
\/B:+ B; By

Figure 8a—8c shows the response of the horizontal and vertical
components of the measured magnetic field. Figure 8d—8f are data
from Figure 8a-8c downward continued by 0.4 m (Ah = —0.4 m)
using equation 30 with a* = 0.0794 (see Figure 8k), respectively.
The coordinates of two points of the contour line drawn in Figure 8f
are P(0.9, 1.6) and P,(4.4, 1.6). The azimuth of the pipelines is de-
termined to be 90° by equation 17. Figure 8¢ and 8h are the pole-
reduced data calculated using equations 16 and 11 based on the data
from Figure 8d-8f. Figure 8i is the tilt angle map of the data from
Figure 8g and 8h computed using equation 14.The estimated value of
the buried depth and axis spacing of the two pipes presented in Fig-
ure 7 are determined to be 0.1 and 0.5 m by equation 31 and 32,
respectively. The depth detection error is 0.1 m, which is less than
the precision of 0.15 m (i.e., 0.15 H, replace H with 1 m). The lo-
cation detection error is 0 m, which meets the precision.

I = arctan 33)

CONCLUSION

A positioning method for buried ferrous metal pipelines has been
described based on a combination of magnetic tilt angle and down-
ward continuation. The tilt angle of pole-reduced magnetic data for
buried depth and location detection is not affected by the magneti-
zation direction of pipelines. The iterative Tikhonov-regularization
method for downward continuation not only enhances detail in
magnetic data but allows the control of high-frequency noise. The
application of the method to the positioning of single and parallel
pipelines gave satisfactory results.
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