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1 AGH University of Krakow al. Adama Mickiewicza 30, 30-059 Krakow, Poland
2 ITB Building Research Institute ul. Filtrowa 1, 00-611 Warsaw, Poland

Abstract. Mining tremors may have an impact on the safety risk of steel pipelines through their effects. It is therefore important to quantify
the impact of a high-energy mining tremor in terms of strength. In addition, a comparison of the results obtained with the effect of a seismic
tremor can illustrate the scale of such a hazard. Recently, this has been a very frequently raised issue in the area of surface protection against
negative mining impacts and the protection of post-mining areas. Ensuring safe use is particularly important for gas transmission elements. This
paper presents the results of a comparative analysis of the impact of mining tremors and seismic impacts on a specimen steel pipeline segment.
The analyzed pipeline is located in the eastern part of Poland in the area of paraseismic impacts of the LGCD (Legnica-Glogow Copper District)
mine. For this purpose, an analytical approach was used to assess the impact of seismic wave propagation on underground linear infrastructure
facilities. Accelerogram records for the 02-06-2023 seismic tremor from Turkey and the mining tremor for 11-25-2020 were used. In the case
of the design of underground pipelines, the cross-section of the element for which measures describing wall stress and the ovalization of the
cross-section are determined is usually considered. In the situation of the influence of seismic wave propagation or so-called permanent ground
deformation, the response of the pipeline in the longitudinal direction is analyzed. As a final result, longitudinal strains transferred to the pipeline
as a consequence of the propagating seismic wave and mining tremor were determined. The absolute difference between the deformations in
the ground and along the length of the pipeline was determined. This type of analysis has not been carried out before and provides new insights
into the topic of paraseismic impacts on the scale of their interaction with natural earthquakes. Mining tremor data was obtained from the mine’s
seismological department. The seismic tremor data, on the other hand, was downloaded via the publicly available ESM (Engineering Strong-
Motion Database).
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1. INTRODUCTION
The issue of seismic hazards is widespread around the world,
especially in areas where such natural phenomena occur [1, 2].
Phenomena of a similar nature but of lower intensity also occur
in areas affected by underground mines. One of the results of
mining exploitation is the continuous deformation of the mining
area [3–6], accompanied by mining tremors taking place during
the works [7–11].

To this date, there have been lots of studies on the effects
of mining tremors on above-ground civil structures, in which,
due to their design, the forcing of the tremor induces additional
inertial forces [12–14]. A similar state of affairs applies to the
determination of the dynamic response of underground struc-
tures. Also in the case of Polish mining sites, there are works
referring to this theme [15]. However, there are still no stud-
ies showing a comparison of the effects from seismic and min-
ing tremors on pipelines. The world literature, in the form of
monographs, standards and guidelines, focuses mainly on the
impact of natural phenomena [16–18]. Studies on the impact of
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natural earthquakes on underground structures are considered
in terms of seismic wave propagation in the ground [19–21]
and the impact of the so-called permanent ground deforma-
tion (PGD) [22–24]. Within the framework of this study, an at-
tempt was made to estimate the impact of mining tremors on
steel utility pipelines, in terms of the propagation of a paraseis-
mic interaction wave in the ground. In this case, it was con-
sidered that the only possible solution to the problem of min-
ing tremor impacts on underground utilities was to adapt ex-
isting directives applicable to seismic areas [18, 25, 26]. For
the calculation of underground pipelines at the design stage,
analytical methods are most often used to assess the deforma-
tion and strength of the pipeline cross-section [27]. However,
seismic analysis mainly considers the longitudinal direction of
the pipeline, for which instantaneous deformations and curva-
tures are determined [26]. Thus, the analytical solutions used
to assess the impact of propagating waves induced by earth-
quakes were transferred and applied to the field of anthro-
pogenic impacts generated by underground mining exploita-
tion. It should be mentioned that in addition to the analytical
approach, spatial FEM modelling of pipelines subjected to nat-
ural earthquake impacts was also used. [28,29]. Due to the util-
itarian nature of the work, the focus was on a simplified ap-
proach.
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In addition to the main purpose of the research undertaken,
which was to identify a procedure to assess the impact of
ground vibrations induced by underground mining on existing
buried pipelines, an additional scientific problem was posed.
Namely, it was also considered important to demonstrate the
difference quantitatively, by comparing the results obtained for
a mining tremor with natural phenomena of distinctly higher in-
tensity. In conclusion, the specific objective of this study was to
determine the difference between the effect of mining tremors
and high-energy earthquakes. For this reason, in order to ensure
that the stated aim of the research is met, in addition to provid-
ing a simplified procedure for assessing the impact of mining
tremors on existing underground pipelines, the case of seismic
wave propagation recorded for an earthquake in the province
of Gaziantep, Turkey (02-06-2023 [30, 31]) was also ana-
lyzed. The data was extracted from the publicly available ESM
database (Engineering Strong-Motion Database). The mining
tremor, on the other hand, was downloaded from the mine cat-
alogue and took place on the LGCD (Legnica-Glogow Copper
District) mining terrain (11-25-2020) [32].

This paper is intended to fill in the gaps in the subject of the
impact of paraseismic tremors on underground pipelines. In ad-
dition, it will show the difference of such an impact when con-
fronted with a high-energy seismic event. This may contribute
to more conscious actions with regard to planned protection or
retrofitting.

2. RESEARCH METHODOLOGY
Many studies on the effects of earthquakes on structures [26],
particularly underground pipelines, use a simplified methodol-
ogy based on the solutions of the Newmark model [33]. This de-
termines the deformations in the ground that can be transmitted
to the pipeline during the movement of the seismic wave. Ac-
cording to [26], the material transverse waves (S) and surface
Rayleigh waves (R) have a real effect on pipeline strain. The
peak velocity (PGV) and ground accelerations (PGA) recorded
at the surface are also relevant here. From this, relationships
are obtained that allow the determination of longitudinal defor-
mations in the ground in the pipeline neighborhood (1) as well
as of curvatures [17]. Figure 1 presents an overview schema of
relationship (1).

εg =
PGV
VS

sin /0cosγS , (1)

where: PGV peak value of vibration velocity of ground particles
at the surface VS velocity of propagation of shear S-wave γS
angle between wave propagation direction and horizontal plane
/0 angle between wave propagation direction and vertical plane.

In the case of determining the value resulting from re-
lation (1), seismological information on the velocity model
of transverse S-wave versus depth [34] or the averaged VS30
value [35] can be used. According to [26], relationship (1) can
be reduced to form (2).

εg =
PGV
2VS

. (2)

Fig. 1. An overview schema of relationship (1)

The effect of the Rayleigh surface wave (VR) propagation is
included in relation (3) [26].

εg =
PGV
VR

, (3)

where: VR apparent velocity of propagation of surface wave R.
Here, it is problematic to determine the apparent velocity of

the propagating surface wave R expressed by variable VR. This
value can be determined in at least three ways. The first is to
use the relationship between VR and VS velocities taking into
account Poisson’s coefficient (4). This is the analytical solution
used for wave propagation issues in an elastic medium [36].

VR

VS
=

0.87+1.12µ

1+µ
, (4)

where: µ Poisson’s coefficient.
The second way is to apply explicitly the arrangements con-

tained in [18, 25]. These determine the value of the apparent
seismic wave velocity at arbitrary levels equal to 2000 m/s [25]
and 500 m/s [18].

The third method is based on the assumption that the approx-
imation of the apparent velocity of a surface wave VR is the so-
called phase velocity (Cph). In this case, so-called dispersion
curves are used. These allow the phase velocity of a VR sur-
face wave to be indicated in the frequency domain. Dispersion
curves can be determined either by means of MASW (Multi-
Channel Analysis of Surface Wave) measurements [37] or by
approximation [26, 38]. For the calculations in this paper, the
dispersion curve approximation method was used, which is de-
scribed in detail in [38].

An additional form of seismic wave propagation manifes-
tation in underground pipelines is curvature, which can trans-
late into structural strength. The curvature is the result of peak
ground acceleration and the velocity of the propagating S-
wave [26]. In reality, however, the impact of curvature is negli-
gible and was therefore not included in further analyses.

In reality, however, only a certain proportion of the originally
determined impact is transmitted to the pipelines. In order to
determine the actual value of the pipeline strain (εP), according
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to [39], it is necessary to make a transition from the value of εg
using the reduction relation (5).

εp = βc · εg , (5)

where: βc conversion factor.

βc =


1 if γcr ≥ γ0 ,

1

γcr

γ0
·

(
1+
(

2π

α

)2

· AE
Kg

) ·q if γcr < γ0 , (6)

where:
γcr =

tu
πDG

, γ0 =
2π

α

Et
G

εgβ0,

tu = πDγH
(

1+ ko

2

)
tank /0S, Kg = 2 ·π ·G

cp heat capacity, J/(kg·K)
γcr critical shear strain
γ0 maximum shear strain at pipe-soil interface

tu maximum longitudinal force per unit length at soil-
pipe interface

D pipe diameter
G shear modulus of soil
α wavelength
q factor that ranges from 1 to π/2 and quantifies the de-

gree of slippage at the pipe-soil interface
t pipe wall thickness
A cross-section area of pipe
E elasticity modulus of pipe material
Kg linear soil stiffness per unit length
γ volumetric weight of soil
H pipeline installation depth
ko coefficient of lateral soil pressure at rest
k friction reduction factor, ratio of joint eccentricity to

wall thickness.

3. RESULTS AND DISCUSSION
The basis for the analyses was a 300-meter segment of a steel
pipeline with a diameter of D = 300 mm, located within the in-
fluence range of the paraseismic impact of a Polish mine. This
phenomenon was recorded on 11-25-2020 in the LGCD mining
area. The results obtained were compared with the impact of an
earthquake that occurred in Turkey on 02-06-2023 in the area
of the city of Gaziantep. This comparison gave an idea of the
magnitude of mining tremors and the negative effects they gen-
erate on underground infrastructure. The magnitude of the lon-
gitudinal deformations that can be transmitted to the analyzed
pipeline under dynamic impacts induced by mining activities
and natural earthquakes was quantified.

3.1. Analysis of impact of a mining tremor
In order to determine the longitudinal strains in the subject
pipeline, the relation described in Chapter 3 and the data from
the recordings of the magnitude ML = 4.1 mining tremor were

used. The recordings of this phenomenon are presented in the
form of velocity and acceleration of ground in time, for three
measuring stations labelled A, B and C, respectively. For fur-
ther analyses, the course of vibrations with the highest intensity
in the horizontal plane was selected (registration recorded at
station C in horizontal direction E – see Figs. 2 and 3). Peak
velocity of the recorded vibrations is PGV = 2.54 cm/s in the
case of the analyzed tremor (cf. Fig. 2). In contrast, peak ground
particle acceleration reaches PGA = 188 cm/s2 (cf. Fig. 3).

Fig. 2. Time recording of ground velocity at measuring station C
(11-25-2020, LGCD mining area)

Fig. 3. Time recording of ground accelerations at measuring station C
(11-25-2020, LGCD mining area)
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Further, based on the registration indicating the highest peak
value of ground velocity, a Fourier transformation was per-
formed to obtain the frequency spectrum of the signal (cf.
Fig. 4). This was necessary in order to determine, in a further
step, the value of phase velocity of the Rayleigh wave. Analysis
of the spectrum indicated that the peak value of the acceleration
is carried by frequency f = 2.92 Hz (cf. Fig. 4).

Fig. 4. Frequency spectrum of the C station speed signal

The next step was to determine the longitudinal strains (2)
resulting from the propagating tremor. For this purpose, the ve-
locity model of the shear S-wave for the analyzed site was used,
the distribution of which is illustrated in Fig. 5 [32]. This was
necessary in order to establish the required propagation velocity
of the shear S-wave. On the basis of the velocity model, it was
determined that at the depth of the pipeline foundation (up to
40 m – cf. Fig. 5), the shear S-wave propagates with a velocity
of no more than VS = 230 m/s. On this basis, the longitudinal
deformations from the S-wave were determined (7).

ε
S
g =

PGV
2VS

= 0.055 mm/m . (7)

In the final step, the longitudinal strain from the propagat-
ing surface Rayleigh wave was determined according to rela-
tion (3). Here, according to [26], it was assumed that the ap-
proximation of the apparent velocity VR could be the phase
velocity Cph. This value was determined from an approximate
dispersion curve. The scheme for determining this value is pre-
sented in Fig. 6. According to the shear wave velocity model
S (cf. Fig. 5), three soil layers of the following thicknesses

Fig. 5. Velocity model of shear S-wave [32]

were assumed for the calculations: 40 m (VS = 230 m/s), 60 m
(VS = 720 m/s) and the remaining soil below, for which the
shear wave velocity was assumed to be VS = 920 m/s.

Fig. 6. Schematic of the procedure for determining the dispersion
curve for multi-layer soil (based on [26])

Finally, an approximation of the dispersion curve for phase
velocity was obtained, which is illustrated in Fig. 7. On this
basis, it was possible to determine phase velocity for the pre-
determined frequency corresponding to the maximum ground
acceleration f = 2.92 Hz. The value of phase velocity was set at
Cph = 270 m/s (cf. Fig. 7). This value was also used for further
calculations.

Fig. 7. Determined approximation of the dispersion curve for
the adopted multi-layer soil

According to the procedure used, the value of the longitudi-
nal strain in the ground resulting from the propagating Rayleigh
surface wave was determined (8). As can be seen, the longitu-
dinal strain in the ground reaches a higher value for this wave
than the curvature due to the action of the material S-wave. In
contrast, due to the action of the material S-wave, the curvature
appears to have a negligible value for further calculations.

ε
R
g =

PGV
VR

≈ PGV
Cph

= 0.094 mm/m. (8)
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Further, taking into account the assumed ground conditions
(cf. Table 1), the longitudinal strain in soil εg to the strain trans-
ferred to the subject pipeline εp was reduced. The data summa-
rized in Table 1 represent the parameters that determine friction
at the pipeline-ground interface. They relate both to the soil it-
self and to the material of which the pipeline is made. They are
all used in determining the friction or slippage values accord-
ing to formula (6). According to relation (5) and the assumed
ground conditions, a value indicating that there is no slippage
on the side of the pipeline and, thus, a reduction value of βc = 1,
was obtained. This means that the deformation in the ground
will be entirely transferred to the pipeline.

Table 1
Strength and geometrical parameters of the soil and pipeline

Volumetric weight of soil γ 17 kN/m3

Shear modulus of soil G 27.8 MPa

Coefficient of lateral soil pressure at rest ko 1.0

Friction reduction factor, ratio of joint
eccentricity to wall thickness

k 0.8

Equivalent spring constant to reflect
soil-structural interaction

Kg 174.61 MPa

Internal friction angle /0S 20◦

Pipeline installation depth H 1.6 m

Pipe wall thickness t 10 mm

Wavelength α 600 m

Elasticity modulus of pipe material E 205 GPa

3.2. Analysis of impact of a seismic tremor
In order to compare the intensity and negative effects on under-
ground infrastructure, a natural seismic tremor was analyzed in
addition to a mining tremor. A phenomenon that occurred on
02-06-2023 and affected the territory of Turkey near the city of
Gaziantep [30, 31] was considered here. This tremor was char-
acterized by a magnitude of ML = 7.8 and caused widespread
devastation of buildings and the death of many people. There is
little information, however, on the damage to underground in-
frastructure. This makes it all the more important to understand
the impact of such a powerful phenomenon on underground lin-
ear infrastructure.

On the basis of information taken from [40], in addition to
the magnitude of the tremor, the peak values of velocity and
acceleration of ground vibrations in the most intense phase of
the tremor were also recorded. The recorded velocities and ac-
celerations are presented in Figs. 8 and 9. The values of the ob-
tained vibration parameters are summarized in Table 2. As can
be seen, the values of peak ground accelerations match, and in
the case of the Z direction, exceed the value of gravitational
acceleration. Additionally, in accordance with the methodol-
ogy adopted in Chapter 3, information on the propagation of
a transverse material S-wave at the depth of up to 30 m (VS30 =

618 m/s), which is very important from the point of view of the
conducted analyses, was obtained [40].

Table 2
Characteristics of the 02-06-2023 tremor near the city of Gaziantep,

Turkey

Direction of propagation

E N Z

PGA 745.13 cm/s2 889.70 cm/s2 1 283.47 cm/s2

PGV 209.02 cm/s 128.19 cm/s 82.15 cm/s

Fig. 8. Time course of ground accelerations in the N, E and Z direc-
tions for the tremor of 02-06-2023 near the city of Gaziantep, Turkey

Fig. 9. Time course of ground velocities in the N, E and Z directions
for the tremor of 02-06-2023 near the city of Gaziantep, Turkey

With this set of information at one’s disposal, one was lim-
ited to the determination of longitudinal strains in the ground.
In order to use relation (3), it was necessary to determine the
velocity of propagation of the Rayleigh surface wave. At this
stage, a Poisson’s ratio of 0.25 was also assumed. Using for-
mula (3) and relation (4), the desired value of strain (9) was
determined.

VR =VS30
0.87+1.12µ

1+µ
= 568.6 m/s. (9)

The determined VR value and the peak velocity value PGV =
209.02 cm/s allowed the determination of the longitudinal
strain in the soil.

εg =
PGV
VR

= 3.56 mm/m. (10)
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As in the case of the mining tremor analysis, an attempt was
made to establish the level of transmission of the obtained strain
in the ground to the pipeline. Assuming ground conditions (cf.
Table 1) analogous to those of the analyzed mining tremor, and
identical geometric and material characteristics of the under-
ground structure, the value of deformation transferred to the
pipeline was obtained (11).

εp = βc · εg = 0.5696 mm/m. (11)

As can be seen, according to (11), the longitudinal strains in
the soil are subject to a reduction of approximately 85%. This
is due to the exceeding of the friction limit and the slippage of
the pipeline relative to the surrounding soil.

Table 3 compares the results obtained for the mining tremor
and natural earthquake. As can be seen, horizontal deforma-
tion in the ground from the mining tremor is only a value of
about 3% as compared to the deformation resulting from the
earthquake. In contrast, the situation is different for deforma-
tions transmitted to the pipeline. Due to the lack of slip in the
case of a mining tremor, all of the deformation is transmitted
to the pipeline. In the case of a seismic tremor, only some of
the deformation from the ground is transmitted to the pipeline.
This brings the longitudinal strain in the pipeline from a mining
tremor up to 16.5% of the earthquake-generated values.

Table 3
Comparison of the resulting ground and pipeline deformation values

for mining tremor and natural earthquake

Mining tremor Earthquake

Ground strains Pipeline strains Ground strains Pipeline strains

0.094 mm/m 0.094 mm/m 3.56 mm/m 0.570 mm/m

The results summarized in Table 3 show that the impact
of mining tremors is noticeable given the reference scale of
pipeline deformation resulting from a mining tremor.

From the analysis of both events, it is evident that the ground
strains caused by the tremor reach maximum values in the case
of the Rayleigh surface wave propagation. This is in agreement
with the literature on the subject. It has also been shown that the
longitudinal strain in the ground for a mining tremor is approx-
imately 40 times smaller than for a very intense mining tremor.
This relationship is only a rough estimate and multiscale studies
need to be undertaken to establish the true relationship, taking
into account a much larger number of cases. It is interesting
to note that in the case of a mining tremor, there is no cutting
at the ground-pipeline interface, resulting in all of the longi-
tudinal strain from the ground being transferred losslessly to
the object. The situation is different in the case of the seismic
tremor analyzed, where the reduction reaches about 85% of the
input value. It follows that, while the deformation in the ground
from a mining tremor is much smaller than in the case of a nat-
ural phenomenon, the difference in the deformation values of
the pipeline itself is distinctly smaller (the effect from a seis-
mic tremor is six times greater than the effect from a mining
tremor).

4. CONCLUSIONS

In this study, an example of a steel pipeline segment was an-
alyzed, which was loaded by a mining tremor and a tremor
from a natural earthquake. The mining tremor was character-
ized by ground vibrations with the following peak values: ve-
locity PGV = 2.54 cm/s and accelerations PGA = 188 cm/s2.
In contrast, the seismic tremor that was recorded on 02-06-2023
in the city of Gaziantep, Turkey, was characterized by peak
ground velocity of PGV = 209.02 cm/s and an acceleration of
PGA = 1283.47 cm/s2.

The study compared the effects of a typical mining tremor
and a high-energy seismic event. The result of this comparison
was that, although seismic tremors generate much higher val-
ues of deformation in the ground, pipeline deformation due to
mining tremors is about 15% of its value. Thus, mining tremors
can have a non-negligible effect on the use of these types of
building structures. The results obtained therefore indicate that
the scope of research should be broadened, using both advanced
FEM tools and continuous monitoring of underground pipeline
damage in seismic areas. The latter should provide the data nec-
essary to determine the risk of damage due to single or multiple
seismic events in mining areas. Such a research plan can lead
to more accurate decisions on securing or upgrading existing
underground networks.

The analyses carried out also show the necessity of mea-
suring and publishing the results of the Rayleigh surface wave
propagation. This applies to mining areas but also to those ex-
posed to seismic events. Archiving such data can be helpful, as
shown in the body of this work, for relatively easy and quick
estimation of dynamic influences on underground utility net-
works.
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