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Buried pipelines are subjected to the action of static forces and moments caused by friction forces at the
pipeline-ground contact. At the same time, pipelines are subjected to dynamic actions generated by paraseismic
pulses, in particular, in areas of mining and heavy traffic. The paper presents and experimentally verifies a test
method of tribological pipeline-soil interaction in conditions of artificially induced soil static and dynamic
actions. The applied test methodology allows the determination of friction forces at the tested pipeline section.
The friction forces changes over time on the pipeline and soil surface for the varying pipeline tensioning
forces were continuously recorded during the tests. Based on the Short-Time Fourier Transform (STFT) of
signals, the paper presents the impact of dynamic actions on momentary values of measured friction forces.
Relationships are given that allow the determination of friction forces between the pipeline and the soil,
including their limit values resulting in the loss of the mutual adhesion of the pipeline and the soil.

gazociag, sita tarcia, drgania, transformacja Fouriera STFT.

Gazociagi zaglgbione w gruncie narazone sg na oddziatywania statycznych sit i momentow powstajacych pod
wplywem dziatania sit tarcia w kontakcie rury z gruntem. Jednoczes$nie gazociagi poddawane sa oddziaty-
waniom dynamicznym, majacym geneze w impulsach pochodzenia parasejsmicznego. Szczegodlnie dotyczy
to obszarow objetych dziatalno$cia gornicza i wzmozonym oddzialywaniem komunikacyjnym. W artykule
przedstawiono oraz eksperymentalnie zweryfikowano metode badan tribologicznej wspotpracy gazociagu
z gruntem w warunkach wywolywanych sztucznie oddziatywan statycznych oraz dynamicznych gruntu. Za-
stosowana metodyka badawcza pozwala na wyznaczenie wartosci sit tarcia na badanym odcinku gazociagu.
Podczas badan prowadzono ciagla rejestracje czasowych zmian sit tarcia na powierzchni gazociagu i gruntu
dla zmiennych warto$ci sit naciggu rury. W artykule, w oparciu o metode krotkoczasowej transformacji Fo-
uriera (STFT) sygnatow, przedstawiono wplyw wymuszen dynamicznych na chwilowe wartosci mierzonych
sit tarcia. Podano zaleznos$ci umozliwiajace wyznaczenie wartosci sit tarcia gazociagu i gruntu, w tym takze
ich granicznych wartosci, po przekroczeniu ktorych nastepuje utrata wzajemnej przyczepnosci rury i gruntu.

INTRODUCTION

Safety evaluation of gas pipelines located in unstable
subsoil (e.g., mining areas, heavy traffic areas) is
necessary from the point of view of their use [L. 1-8].
Depending on the source, pipelines can be subjected,
permanently or periodically, to internal loads (medium
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pressure and temperature) and external loads (soil
weight, overburden load) and, in unstable subsoil, also
to quasi-static and dynamic loads caused by the soil
deformation [L. 9].

The external pipeline loads are caused by quasi-
static forces and moments generated by the action of
friction forces on the pipeline-subsoil interface and by
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dynamic forces and moments generated by dynamic
pulses of paraseismic origin. Vibration caused by shocks
and transmitted to the subsoil and pipeline changes
friction forces, causing variability of external structure
loads. The resonance properties of systems also affect
the energy transmission to pipelines by amplification or
attenuation of harmful effects of paraseismic actions.
The research results in this area that included an analysis
of pipeline vibration caused by dynamic actions with the
use of Hilbert-Huang Transform HHT and HVD can be
found [L. 10, 11].

The goal of the experiments presented in this paper
was to determine the impact of dynamic subsoil actions
on friction forces in the pipeline-soil interface with
simultaneous action of static forces. The experiments
were conducted on a pipeline section laid in soil
in a quartz sand backfill. The dynamic loads in the
experiments were artificially triggered soil vibration
of a pulse character, which can be interpreted as
paraseismic waves generated by mining quakes. Variable
values of stabilized static loads on the selected pipeline
section were generated by an actuator that could apply
the action of different tension forces along the pipeline
longitudinal axis. The experiments were conducted in
repeatable conditions of the application of static and
dynamic actions, ensuring the invariability of parameters
and soil mechanical properties. The values of variables
acting on the pipeline were measured with the strain
gauge technique and recorded during the experiment.
The recorded signals of forces acting on the pipeline
section were analysed based on the STFT (Short-Time
Fourier Transform). The phenomena occurring at the
pipeline-soil interface are non-stationary. Therefore,
the application of STFT allows the determination of the
friction force signals’ frequency spectrum variability in
time. These values were determined for various pipeline
static tensioning forces and for various intensities of
dynamic soil actions. The relationship between the

pipeline-quartz backfill friction forces and the values
of soil dynamic action in the presence of static pipeline
tensioning was proved.

FIELD PIPELINE TESTING FACILITY

Figure 1 presents a diagram of the field pipeline testing
facility. The facility was constructed using a section of
closed pipeline, 28 m in length and 50 mm in diameter,
buried in soil 0.8 m deep in a quartz sand backfill.

Strain gauge transducers for force measurements
were installed in places S1 and S2 on the pipeline. The
force transducers were implemented using two 0.5 m
pipe sections with identical parameters of the tested
pipeline. The pipe sections welded into the pipeline
were used as elastic converters of force into strain. The
axial strain was measured with strain gauge sensors
glued onto each pipe section and bridged in a manner
compensating the impact of strain caused by bending
moments and temperature changes [L. 9, 12, 13]. Then,
each sensor was calibrated in the laboratory and welded
into the suitable placed of the tested pipeline at the test
facility (at points S, and S, — Fig. 1).

Measuring points S, and S, were placed in areas of
different pipeline activity. Point S, is located between the
buried pipe fragments where variations of pipeline-sand
backfill friction forces will affect the pipeline activity.
On the other hand, point S| is located in the beginning
of the pipeline, in the direct vicinity of the beginning
of the tested pipeline section anchored to soil by means
of bolts. Therefore, the impact of the pipeline-backfill
friction forces on the pipeline activity will be limited in
this point. Dynamic pulses were generated by dropping
a 1200 kg weight from approximately 2.7 m at points of
dynamic action. Figure 1 presents points P, — P, where
paraseismic pulses were applied.

% impact
)] points
P4 ‘\‘ . Pz
o5

tension screw

quartz sand backfill

Fig. 1. Diagram of facility to test the impact of static and dynamic actions on pipeline-subsoil friction forces — top view
Rys. 1. Schemat stanowiska terenowego do badan wptywu oddziatywan statycznych i dynamicznych na sity tarcia gazociagu

i podtoza — widok z gory
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THEORETICAL FOUNDATIONS
OF RESEARCH PROCEDURE

The resultant friction force F(t) in the 18.3 m section
between points S, and S, is equal to [L. 8, 9, 11-13]:

Fe(t) = Fi(t) — F(t) (1

where

F(t) - resultant friction force between pipeline and soil

in section between points S and S,

F.®O, F,0® - forces acting along the plpfzhne axis, at
points S, and S, that can be determined based on
strains g (1), €,(t) for the elastic range of pipe
behaviour:

Fit) =A-E-&(t), FE)=AE &t 2
where

&,(1), e,(t) — measured strain caused by force acting

along the pipeline axis at points S, and S,

A — pipe cross section area,

E — Young’s modulus of the pipe material.

Based on (1) and (2), the resultant friction force at
the tested pipeline section can be determined from the
following relationship:

Fr(t) = A E - [&.(t) = (1)) 3)

Taking into account the force transducers sensitivity
determined during the calibration process, the friction
force is

kN

RO =15265 (6,0 - &0O] @

By means of a tension screw (Fig. 1), various values
of static pipeline tensioning force F, were applied, also
changing the pipeline-backfill friction forces in the
process. The resultant friction force is the sum of two
components: the static friction force F,, and the dynamic
friction force F(t):

F(t) = Fps + Fra(t) (5)

where
Fo— static friction force component along the tested
pipeline section, between points S, and S,

(Fig. 1),
F4() — dynamic friction force component along the
tested pipeline section, between points S, and
S,.
Mean static friction force on the tested pipeline
section, between points S, and S, during the test time
Tis

Frs == [, Fp(t)dt (6)

where
T — measuring sequence duration.

The dynamic friction force component can be
calculated based on (5) and (6):

Fra(t) = Fr(t) = 7 f F(t)at (7

The maximum value of dynamic friction force
component is

Framax = max ¢|Frq(0)| (3

Dynamic friction force components F (t) have
various values depending on static pipe tensioning forces
and different intensities of soil dynamic actions. The
phenomena occurring at the pipeline-soil interface are
non-stationary. Therefore, the recorded dynamic signals
of friction forces F (t) acting on the pipeline section
must be subjected to the time and frequency analysis
using the STFT (Short-Time Fourier Transform).

The STFT allows determining the distribution
of sinusoidal amplitudes of signal components for
frequency values occurring in the analysed signal. It
can be used to identify the resonance properties of
mechanical systems. The STFT also allows obtaining
information on phase relationships between individual
components, which can be used in system diagnostics.
However, the most important information obtained as
a result of the STFT is the determination of frequencies
and amplitudes of sinusoidal components occurring in
a signal that described non-stationary phenomena.

The application of STFT allows determining the
time variability of complex frequency spectrum SF_(f,t)
of friction force signals:

SFra(f,t) = STFT {Fz4(t)} )

The transform modulus |SF (f,t)| is an amplitude
frequency spectrum that reaches its maximum SF
for the following arguments:

fd,max

(fmaxl tmﬂx ) = arg maxlstd (fl t)l (10)

and is

SFfd.max = ITIB)(;' max , |SFfd (f: t)l = ]SFfd (fmax* rmc{x)| (11)

Because the graphical representation of spectrum
ISF,,(f,t)|, which is a function of two parameters, requires
the use of a three-dimensional space, two-dimensional
cross sections are often used, allowing, for example,
a representation of a sectional view of three-dimensional
characteristics of transform [SF (f,t)] as a function
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of frequency for specified time t =t for which the
characteristics includes the maximum value SF, _ (9):

|SFra(f, tmax )| = |SFra(f. t )|t=tmx (12)

This is a method to obtain an amplitude frequency
spectrum for a specific moment of its occurrence.

MEASURING SYSTEM

The measuring system was built based on an 8-channel
Spider8 measuring amplifier from Hottinger Baldwin
Messtechnik [L. 14] connected to a computer by means
of an USB interface. The amplifier has measuring
channels that allow the integration of strain gauge
sensors in bridge systems in the full and half-bridge
configurations. Each channel has its own A/D converter
and antialiasing filter.

The system was used to measure the pipe
longitudinal strain at points P, and P, with strain gauge
sensors in the full bridge configuration, with a 0.5%
measurement uncertainty determined by the scaling
accuracy. The method of gluing the strain gauge sensors
on the measurement section and the arrangement in
which they were connected allowed a compensation of
non-measured forces’ components and moments, and the
temperature. The measurement signals were recorded by
means of measuring channels and the Spider8 amplifier
with a 0.1% measurement uncertainty. The sampling
frequency was fs = 1200 Hz, the limit frequency of the
antialiasing filter was 150 Hz, and the single recording
time was T =3.33 s.

EXPERIMENTS AND RESULTS

The field testing facility presented in Figure 1 was
used to conduct experiments in conditions of static and
dynamic forced. The experiments were conducted for
four different nominal values of pipeline tensioning
force F: 0 kN, 20 kN, 95 kN, and 120 kN. Dynamic
pulse actions generated by a falling weight were applied
atpoints P —P, for each force value (Fig. 1). The pipeline
longitudinal strain signals ¢ (t) and &,(t) were recorded
at points S, and S,. The strain signals, according to (3),
were used to determine friction force F(t) at the tested
pipeline section between points S, and S,.

Application of dynamic forces at points PP,
allowed changing the intensity of dynamic soil action on
the tested pipeline section, because the distance between
the force application point and the pipeline changed. The
mean static friction force component F  was changed by
altering of the static pipeline tensioning force.

Figures 2 and 3 present the measurement results
for a typical experiment. The figures include curves of
tensioning forces F () and F(t), at points S, and S,,
respectively. The nominal tensioning force at point S,

was F =95 kN (the actual tensioning force F, for this
experiment was 94.7 kN).

The measured tensioning forces F () and F,(t)
were used to determine the friction force component
F(t) according to (4), and the static friction force
component F_ according to (6) and the dynamic friction
force component F, (t) according to (7). All determined
force vs. time graphs, friction forces, and their
components are shown in Figures 4 and 5. In addition,
Figure 4 presents the static friction component F,, and
Figure 5 the maximum value of the dynamic friction
force component F;
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Fig. 2. Tensioning force F (t) at point S determined
according to (2)

Rys. 2. Przyktadowy przebieg sily naciggu F (t) w punkcie S,
wyznaczonej zgodnie z (2)
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Fig. 3. Tensioning force F, () at point S, determined
according to (2)

Rys. 3. Przykladowy przebieg sity naciggu F(t) w punkcie S,
wyznaczonej zgodnie z (2)

The STFT (9) was determined for dynamic friction
force components F,(t). The transforms were calculated
for recorded 3.3 s signal sequences. Hence, the transform
frequency resolution was Af =1/3.3 s = 0.3 Hz. The
spectrogram STFT determination algorithm available
in Matlab&Simulink calculation environment was used.

Figure 6 shows the STFT-determined amplitude
spectrum |SF (ft)] of a friction force signal F (1)
according to (9). According to (10), the values of
variables (fmax,tmax) are determined by the coordinates
of the maximum value of amplitude spectrum SF;
(11). Figure 7 presents a sectional view of transform
modulus [SF (f,t)] as a function of frequency, for
specified time t =t  for which the characteristics
includes the maximum value SF

fd,max"
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Resultant friction force Fl.(t}
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Fig. 4. Resultant friction force F () determined according
to (4), F, according to (6)
Rys. 4. Przyktadowy przebieg wypadkowej sity tarcia F(t)
wyznaczony zgodnie z (4), F zgodnie z (6)
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Fig. 5. Dynamic friction force component F_(t) according
to (7)

Rys. 5. Przyktadowy przebieg sktadowej dynamicznej sity
tarcia F (t) zgodnie z (7)

Amplitude spectrum [SF (f.t)] of friction force signal F,,  [kN]
25 —°

frequency f [Hz]

time t [s]

Fig. 6. Amplitude spectrum |SF, (f,t)] of friction force
signal F_(t) according to (9)

Rys. 6. Widmo amplitudowe |SF,(f,t)] sygnatu sity tarcia
F (D) zgodnie z (9)

The experiments were conducted at 5 points of
application of dynamic pulses (Fig. 1), and at each point
there were 4 different values of static tensioning force
F: 0 kN, 20 kN, 95 kN, and 120 kN. There were 20
experiments altogether, and each of them was repeated
5 times to obtain mean values. Figures 8—11 present
families of characteristics for individual points P —P.

Rys. 9. Maksymalna warto$¢ sktadowej sity tarcia F
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Fig. 7. Amplitude spectrum |SF (ft )| as a function of
frequency, for specified timet=t__, according to (12)

Rys. 7. Widmo amplitudowe [SF, (f,t )| w funkcji czestotli-
wosci, dla ustalonego czasut =t zgodnie z (12)
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magnitudes:

— The static friction force component F_ according to
(6) — Figure 8,

Static friction force component FI-
5 - . : :

8
X340
32332

Friction force F“_ [kN]
=

-20 0 20 40 B0 B0 100 120 140
Tension force F‘ [kiN]

Fig. 8. Static friction force component F_ (according to

(6)) as a function of force F, for points P.—P,

Rys. 8. Statyczna sktadowa sity tarcia F (zgodnie z (6))
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Fig. 9. Maximum dynamic friction force component
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for points P P,
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— The maximum dynamic friction force component
Fiamax according to (8) — Figure 9,

— The maximum dominating component in the spectrum
SF 4 ey according to (11) — Figure 10, and

— The resonance frequency f_  according to (10) —

Figure 11.
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Fig. 10. Maximum dominating component SF_
(according to (11)) as a function of force F, for
points P —P_

Rys. 10. Maksymalna warto$¢ skladowej dominujacej SF,
(zgodnie z (11)) w funkcji sity F, dla punktéw P —P,
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Fig. 11. Resonance frequency fmax (according to (10)) as
a function of force F, for points P —P_
Rys. 11.  Czgstotliwo$¢ rezonansowa fmax (zgodnie z (10))

w funkcji sity F| dla punktow P P,

ANALYSIS OF RESULTS

Let us consider force vs. time graphs F (1), F(1), F(1),
and F (t) shown in Figures 2 through 5. They are
from the experiment in which the dynamic pulse was
applied at point P, and the tensioning force values were
F, =94.7 kN and F, =72.7 kN, respectively. According
to (1), the friction force static component on the tested
section, between points S, and S,, was F, =22 kN. The
friction force dynamic component F,(t) presented in

Figure 5 reaches F; = 0.82 kN, which is 3.7% of the
friction force static component.

Let us also consider cumulative graphs in Figures
8 and 9 which comprise all measurement points. The
analysis of the graphs indicates that, for instance, at
measuring point P for the tensioning force F = 97 kN,
the friction force dynamic component F,(t) reaches
1.4 kN (Fig. 9), which is almost 6% of the friction force
static component which equals F =24 kN (Fig. 8). This
means that, as a result of dynamic pulses with energy
values that occur in practical conditions, the resultant
friction force on the pipeline-quartz sand backfill
interface can vary by at least 6% (value verified by
measurements) relative to the static friction force.

Figure 8 also indicates that, regardless of the
action application point P —P,, the friction force static
component F_ has practically the same values which
depend only on the static tensioning force F| (the graphs
practically coincide). In addition, it can be stated that,
when the static tensioning force increases, the friction
force static component F, (Fig. 8) initially grows, and
then, after exceeding of a certain F| value, it begins to
drop.

Using the STFT, let us determine the frequency
values of sinusoidal components occurring in the signal
and their amplitudes. Figure 6 shows, for the case
discussed above, the amplitude spectrum |SF(f,t)| of the
friction force signal F,(t) according to (9). The figure
includes the maximum value which occurs for frequency
fmax at time tmax. Figure 7 shows a sectional view of
the spectrogram from Figure 6 with amplitude spectrum
ISFfd(f,t )| as a function of frequency for specified
timet=1_ , according to (12). The maximum value for
dominating component of frequency fmax is SF, =
0.22 kN. It is significantly smaller than the above-
mentioned maximum value in time domain F =
0.82 kN (Fig. 5), the reason being the fact that a large
portion of energy is also distributed on the remaining
harmonic components of spectrum [SF (ft ). Let us
also consider cumulative graphs in Figures 10 and 11,
which include all measurement points. The maximum
value of dominating component SF, - (according to
(11)) as a function of force F, for all points of pulse
forcing P —P_ grows along with the increase of the
pipeline tensioning force from 20 kN to 95 kN. This
means that the increase of static tensioning force F, is
accompanied not only by the increase of the friction force
static component (Fig. 8), but also by the increase of the
impact of dynamic actions on the value of dominating
dynamic friction force component SF; - (similarly as
for Fy, .. — Fig. 9). However, after a certain value of
force F, is exceeded, the value of dominating dynamic
friction force component SF,  begins to drop (except
P,). This confirms earlier conclusions from the time
domain analysis that the pipeline contact with the sand
backfill deteriorates due to the friction force decrease.
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However, the determination of the STFT most of
all allows determining the resonance frequency values
fmax (according to (10)) of the dominating dynamic
friction force component dominating dynamic friction
force component SFfd,max. Figure 11 presents the
resonance frequency graphs fmax as function of force
F, for all points PP, in which pulses were applied.
Generally, it can be concluded that the frequency of the
dominating component does not significantly depend
on the tensioning force F, and on the pulse application
point P —P_. The resonance frequencies are in the 10—
—15 Hz for almost all cases. However, their value depends
mainly on the condition and quality of the contact at the
pipeline-quartz sand backfill interface.

CONCLUSIONS

The goal of the paper was to determine the impact of
paraseismic dynamic actions of soil on momentary
values of friction forces at the contact of a buried pipeline
with a quartz sand backfill. The results of experimental
field tests were presented, during which the values of
friction forces were determined at the pipeline-backfill
interface. The source of pipeline loads were artificially
triggered soil vibration of a pulse character. The values
of tensioning forces F (t) and F,(t) at places designated
S,and S, were recorded (Fig. 1). The recorded tensioning
force signals were used to determine the following
friction forces and their components: the friction force
static component F, and the friction force dynamic
component F, (). The experiments were repeated many
times for various points of the application of dynamic
actions P —P,, which allowed changing the intensity of
dynamic actions on the examined pipeline section, as the
distance between the application point and the pipeline
changed.
The change of the mean friction force F_ was
obtained by changing the pipeline static tensioning force.
The determined friction force components were
analyses in the time domain, and the dynamic component
F4() was also subjected to the Short-Time Fourier
Transform (STFT) dedicated to non-stationary signals.
The following conclusions can be formulated based on
the analysis of friction force signals with the use of the
STFT:
— The maximum value of dominating friction force
component SFfd,max as a function of tensioning
force F, was determined for all points of pulse
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