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The development of a monitored district heating piping system has allowed the study of axial displacement
variations in a buried pipeline. This piping system includes four instrumented sections of piping within an in use
district heating network. There are also different conditions under testing such as thickness of expansion cushions,
temperature ranges and bedding soil types. The pipe axial displacements were on-line monitored by means of
extensometers in six positions along each of the four sections of the pipeline. Measured maximum pipe axial
displacements were 24 and 25 mm in the corners of the 41 m long monitored pipelines, while estimated values were
23 mm using current recommendation procedures and 27 mm using calibrated commercial computer programs. One
temperature unloading—reloading caused displacements to not return to the same values as before, but around
3 mm smaller. Therefore, several unloading—reloading temperature cycles may affect the pipe deformation

behaviour in the short and long term.
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Notation

A cross-section area

D, pre-insulated pipe external diameter

d, external steel pipe diameter

E steel elastic modulus

Fy elastic reaction force of the soil

Fg weight force of the steel pipe and water inside
N normal forces applied on the pipe

F, force along the pipe

R frictional force between the pipe and the soil
h soil depth on pipe crown

K, coefficient of earth pressure at rest

L length of pipe section

)4 internal fluid pressure

RD soil relative density

T'ms i average and inside radius of the steel pipe
T temperature

To initial temperature

t steel pipe thickness

te PE-casing thickness

te foam thickness

t cushion thickness

u pipe displacement

150

z depth

ot coefficient of thermal expansion

y soil unit weight

Vsteel steel unit weight

Pw water unit weight

AT temperature increment

Ores residual soil-pipe angle of friction
3 pipe strain

er Es pipe strain due to temperature and due to stress
U coefficient of friction

v steel Poisson’s ratio

stress around the middle of the pipe
Pres residual soil angle of friction

1. Introduction

District heating is an energy system for the generation and dis-
tribution of large amounts of heat which is considered as one
of the most efficient and sustainable engineering solutions to
meet the heating demand and capable to reduce greenhouse
gas emissions (e.g. Frederiksen and Werner, 2013; Laajalehto
et al., 2014; Werner, 2017). Integration of renewables is one of
the current challenges — that is, the use of solar or geothermal
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instead of fossil fuels (e.g. Lund et al., 2014). District heating
systems transport heat from a central plant to residential, com-
mercial and industrial users by means of extensive pipeline net-
works. Consequently, district heating distribution relies
significantly on the pipeline network. The most widely used
laying system corresponds to a pre-insulated pipeline (CEN,
2020a). The pipes consist of a steel service pipe covered with
polyurethane (PUR) and an outer casing of polyethylene (PE),
which are joined using special welding technologies developed
for reducing heat losses and protecting the pipes from failure.
Nonetheless, since the buried and pre-insulated pipes carry a
hot fluid under high-pressure levels, large temperature vari-
ations in the steel pipes can cause significant pipe defor-
mations, resulting in complex interactions between the moving
pipe and the adjacent soil. Excessive pipe deformations can
lead to serviceability problems such as leakage or pressure
reductions and ultimately pipe or joint breakage that could
eventually stop the energy supply. Therefore, the study of the
soil—pipe interaction phenomenon in district heating requires
on one hand the analysis of forces and displacements in the
pipe due to fluid temperature changes and on the other, knowl-
edge of relevant soil physical properties. For that reason, in
addition to the pipe physical properties, geometry and burial
depth, it is necessary to know the pressure and temperature
changes of the fluid as well as the soil relevant characteristics
such as grain sizes, water content, density, strength and
stiffness.

Researchers have mostly studied pipe—soil interaction exper-
imentally at a small scale in the laboratory (Achmus and
Weidlich, 2016; Weidlich, 2008; Weidlich and Achmus, 2008)
and using numerical analysis (Achmus, 1995; Achmus and
Rizkallah, 1997; Gerlach and Achmus, 2017). Previous
measurements in the field have been limited to the test of a
fluidised soil as a trench fill for a district heating pipeline
(AGFW, 2017). Consequently, it is worth pointing out that
currently there is a lack of information related to measured
pipe axial displacement distributions along pipelines in real
operating district heating conditions. On the grounds that there
is no systematic information available, a monitoring system
in an operating district heating pipeline network has been
developed for research purposes in Chemnitz, Germany (Hay
et al., 2018; Villalobos er al., 2018, 2019). This on-line
monitoring system was implemented with a control unit that
regulates the temperature and fluid pressure supplied to the
studied pipeline. The novelty and challenge of this research
project is the systematic data recording which is first of its kind
in district heating. This research project offers the unprece-
dented opportunity to compare real-time experimental results
with current design guidelines and calculation procedures from
analytical and commercial computer programs. This is impor-
tant for the validation of current design practice, which allows
knowing the actual design scopes and restrictions as well as

possible improvements needed. Especially, the effect of temp-
erature-induced loads on buried pipes which need elongation
measurements in real conditions in order to assess appropri-
ately the pipe performance with time. This validation can
provide more confidence in the application of the soil—pipe
interaction physical-mathematical model adopted in the
design codes. The lack of monitoring data in real operational
conditions may let in an uncertain situation for the current
calculation framework, hence, less confidence in its use.
Moreover, professionals directly and indirectly involved in the
design, construction and maintenance of district heating pipe-
line networks will be benefited from this research study.
Furthermore, owners of district heating networks need to
assess accurately the performance of pipelines to be able to
take the right decisions related to operational maintenance,
remaining life time and replacement.

The design and construction of district heating pipelines follow
well-established procedures to assess pipe forces and displace-
ments according to standards and recommendations (e.g.
AGFW, 2021; CEN, 2019). However, calculation procedures
require data from field measurements to validate their use. In
general, the available high-quality data of field measurements
of pipe axial displacement are scarce and in district heating
applications there are only a few (AGFW, 2017; Hay et al.,
2018; Villalobos et al., 2019). Therefore, measured results from
pipe axial displacements will allow the comparison with theor-
etical estimations. This study follows closely the work of Hay
et al. (2018) and Villalobos et al. (2019), where the monitored
district heating pipeline system is described and part of the
results of temperature and earth pressure distributions around
the pipeline are presented and analysed as well as some of the
pipe axial displacements. In this study, high-quality instrumen-
ted buried pre-insulated pipelines for the measurements of dis-
placements under temperature-controlled conditions are
described. The measurement of axial displacements of buried
pipes using 24 extensometers is described and the results are
studied during specific moments and conditions. Moreover,
theoretical calculations are carried out to estimate the pipe
axial displacement, which are compared with the measured
data.

2. Design and construction of the
monitored pipeline

The design of the pipeline for the monitoring district heating
piping system was based on the recommendations of CEN
(2019) and AGFW (2021). Table 1 summarises the parameter
values used in the design of the pipeline. These values of
temperature, pressure and soil conditions are not necessarily
the same to be found in the field under operational conditions,
since they are mostly based on experience and design standards
for unfavourable soil, pressure and temperature conditions.
For that reason, these values provide an upper bound
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Table 1. Measured, calculated and recommended parameter values used in the design of the district heating monitored pipeline

Component Parameter: unit Value Comment

Fluid Maximum operation temperature, T: °C 135 Recommended
Installation temperature, To: °C 10 Recommended
Maximum internal fluid pressure, p: bar 25 Recommended

Steel pipe Elastic modulus, E: MPa 206 290 Calculated
Thermal expansion coefficient, ar: 1/K 1.24 x 107 Calculated

Soil Depth above the pipe crown, h: m 0.80 Measured
Unit weight, y: kN/m? 19.0 Measured
Angle of internal friction, ¢: ° 32.5 Recommended
Soil-casing angle of interface friction, d: © 21.8 Recommended
Friction coefficient, u 04 Recommended

Pre-insulated pipe Displacement in the corner, u: mm 56 Calculated
Friction force, Fr: kN/m 5.1 Calculated

Steel pipe Axial compression stress: MPa 82.8 Calculated
Axial compression stress: MPa 184 Allowable

PUR insulation Shear stress: kPa 10 Calculated
Shear stress: kPa 27 Allowable
Compression stress: kPa 18 Calculated
Compression stress: kPa 150 Allowable

Recommended: standard value normally adopted for design in the district heating industry based on EN 13941 (CEN, 2019) and AGFW (2021)

compared for instance with the axial displacements measured
in the monitored pipeline.

The design, construction and operation of the instrumented
pipeline have been already reported (Hay et al., 2018;
Villalobos et al., 2019). Briefly, the pipeline is 194 m long
divided into two parallel supply and return parts, which in
turn is further divided in four sections, as shown in Figure 1.
The four different sections allow the assessment of various
combinations of materials such as type and amount of sleeves
in the joints, soil beddings as well as with or without expansion
cushions at the pipeline corners. Figure 1 illustrates the
instrumented pipeline with the four 41 m sections plus 5 m of
perpendicular pipe connecting to the fixed points. For the

installation of similar sections of pipes and to restrict pipe
movements, six reinforced-concrete blocks were used as fixed
positions; namely two in each extreme and two in the middle
of the monitored pipelines as shown in Figure 1. Also shown
in Figure 1 in section 3 are the extensometer positions with a
number that indicates the distance from the shaft centre. The
location of four temperature sensors to measure the fluid
temperature is also indicated with the letter T in Figure 1.
Figure 2 shows the A—A cross-section in sections 2 and 4,
showing also the plastic box for fixing the extensometers.
Table 2 summarises each section in term of joint type, number
of joints and soil bedding. Shrink-on sleeve is a type of joint
normally carried out which results in a joint diameter larger
than that of the pre-insulated pipe. Extruded sleeve is another

Flow Container with
in out control unit
} Sections @ 41 m |
N I
' i —> A Trocellen™ cushion |
Extruded shrink joint ~ SNaftwith 1 o rete block 1
sensor cables | - : 80 mm !
] . i fixed point ) 1
. Section 1 ! Section 2 !
T: Temperature sensor DN T |
T TT T T Inr I T 1T 1T 1T 1T 1
T
S= o[ IT = IT == =] [ IT IT | I E— H
40 37.5 255 135 15, . T
394 ¢ Section 4
Section 3 Cor;c[)ete
: . . E lastic  S'@
Pre-insulated bonded pipes Shrink-on sleeve xtensometer plastic —> A /
X . . box and position in metres Concrete block
with outer PE casing joint . )
fixed point

Figure 1. Sketch of the monitored pipeline sections, showing control unit, fixed points, joints, cushions, temperature sensors and
extensometer positions in metres from the shaft centre line
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Figure 2. Trench A-A cross-section with pipes of sections 2 and 4 showing the extensometer position on the pipes’ crown

Table 2. Description of the pipeline sections

Section Joint type

1 Extruded shrink

2 Plastic shrink-on sleeve
3 Plastic shrink-on sleeve
4 Plastic shrink-on sleeve

Source: Hay et al. (2018), Villalobos et al. (2019)

type of joint not so often used which require a special machine
that make a finishing with almost the same diameter of the
pre-insulated pipe.

There is no foam in the last sleeve next to the corner with the
idea to assess the relative displacement between the casing and
the medium steel pipe.

The tested pre-insulated bonded pipes correspond to a DN
150/250 pipe (CEN, 2020a, 2020b), which are composed of a
central medium steel pipe, PUR foam-covering insulation,
external PE casing and at the pipeline corners Trocellen™
cushions with the dimensions of diameters and thicknesses as
shown in Figure 3. The use of cushions attempts to reduce the
soil—pipe interface friction at the pipeline corners and there-
fore allowing larger displacements to occur.

3. Monitoring axial displacements

Extensometers are normally used for measuring tunnel conver-
gence and subsidence as well as foundation settlements and in
general for measuring displacements of structures usually in
pre-excavated boreholes in soil or rock. The displacement is
obtained by measuring the change of distance between two
points using a fibre glass rod inside a plastic tube. When one
extreme is fixed, the displacement measured becomes absolute
and not relative. In this form, several points can be measured
to obtain displacement variations along a pipe (Dunnicliff,

Number of joints

Soil bedding

Medium—fine sand
Medium-fine sand
Medium—fine sand
Medium—coarse sand with fine gravel

Ul U1 0 Ul

d,=168.3 mm

™ ; )
Trocellen™ cushion | PE casing

t, ~ 80 mm

Steel pipe
t=4mm

PUR foam insulation
t;=37 mm

Figure 3. Cross-section of a district heating pipe DN 150/250
(CEN, 2020a) used in the investigation

2012). Reported applications of extensometers in tunnel, pile
and wall projects can be found, for example, in Kavvadas
(2003), Burd et al. (2020) and Vulliet et al. (1997). However, in
district heating pipeline applications, the use of extensometers
is relatively new and with only a few available data published
(AGFW, 2017).

Four sets of six fibreglass extensometers Glotzl GKTE 16
(Rheinstetten, Germany) were used for the measurement of
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axial displacements along six positions of the buried pre-
insulated pipes. The total 24 extensometers (12 in the supply
and 12 in the return pipeline) are positioned at the same
distance with respect to the shaft centre to be able to compare
results. This extensometer is a versatile and compact unit that
provides reliable results whose measurement length can span
from 0.5 up to 100 m with a measurement range between * 30
and * 125 mm. The measurement accuracy depends on the
measurement length, so for a length of 13.5 m the accuracy
is£0.003 mm and for 40 m is*0.075 mm (Gl6tzl, 2007). The
24 extensometers were calibrated by Glotzl between November

Plastic box (L x B x H = 150 x 80 x 40 mm)
for extensometer covered with cushion

Cushion 80 mm thick

\N

/

VA

(ai)

Extensometer fixed

on steel pipe sensor

Temperature sensor

Glass fibre cable

250 mm

T T
| .
| |
I .
|

|
|
! .
| |
‘\\I
| ]
| |
\ !
| ]
T B
e
! i
| .
|

|
|
! .
| |
! .
| |
|
|

Steel pipe
welded joint

2016 and April 2017. The calibration range was 100 mm
(+80 mm and —20 mm) with a clear linear relationship result-
ing in a calibration factor of 0.16 mA/mm.

Figure 4(a) shows an extensometer in a plastic box in a
12:00 h position covered by the cushion close to the corner,
where the glass fibre cable is fixed to measure the pipe displa-
cement in this position. Figure 4(b) shows the extensometer
installed in a joint directly on the steel pipe using a steel plate
also in a 12:00 h position. Later on, the joint is filled with
mineral wool for insulation and to prevent direct contact

Extensometer
12:00 h

Cable of the extensometer

Extensometer

PE casing

Steel pipe

Temperature
sensor

Figure 4. (a) Sketch and photograph from section 3 of the extensometer installed on the pipe casing and covered by the cushion; (b)
extensometer and temperature sensor installed on the steel pipe at 12:00 and 15:00 h positions and (c) Gl6tzl fibreglass rod

extensometer GKTE 16 (Glotzl, 2007)
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between the steel medium pipe and the PE casing. The
cushion and the foam over the extensometers significantly
reduce the soil shearing on the instrument and hence avoiding
to have effects on the measured displacements. This four series
of six sensors as well as the signal converter are installed in
the concrete control shaft right in the middle as shown in
Figures 1 and 6. A photograph of a three fibreglass extenso-
meter is shown in Figure 4(c).

In addition, four temperature sensors were used to measure the
fluid temperature as shown in Figure 4(b), whose location in
the pipeline is shown in Figure 1 with the letter T. The sensors
correspond to Nil000 TK5000 with sealed cables IP68, which
can measure in the range of —50 to 180°C.

In the four sections, the last joint before the corners is initially
not foamed because in that space sensors are installed.

Concrete
blocks ./,

iy

v

EXtensometer
cables connected _

to the shaf P

Figure 5. (a) Open trench with both pipes crossing the concrete
blocks and extensometers attached inside plastic boxes on the
pipes’ crown (section 1 on the right and section 3 on the left) and
(b) extensometer cables connected to the shaft

The copper and glass fibre cables run along the openings left
in the foam, which were sealed later on. Figures 5(a) and 5(b)
show the open trench during the construction and installation
of instruments with both pipes and the extensometers fixed in
plastic boxes on the pipes with the cables towards the
connection in the shaft.

4. Shaft

The extensometers cabled to the shaft were conducted to the
control unit by a tube as illustrated in Figure 6, where signal
recordings are stored and sent outside through wireless inter-
net. Figure 6 depicts a view from above of the shaft where the
extensometer cables are plugged in. This figure also shows
the pipe sections, concrete slab and the concrete blocks. From
the shaft, data cables are buried along the piping trench to the
control unit where the data are received and recorded.

5. Analysis of pipe axial displacements

As shown in Figure 1, the position of the six extensometers
along each section was at 1.5, 13.5, 25.5, 37.5, 39.4 and 40 m
from the concrete shaft in the middle. The extensometers were
installed at the crown of the pipes for the comparison of dis-
placements at the same level. The extensometers at 37.5, 39.4
and 40 m started recording displacements immediately after
the initial filling of the pipeline with fluid temperature up to
around 56°C, recording displacement values in the order of 5
and 6 mm, while the other sensors recorded no pipe movement
whatsoever. Once the filling process was completed after
97 min, the pump was switched on to generate a flow with a
target fluid temperature of 90°C. Figure 7 shows the variation

Extensometer
Concrete block readout for
fixed point section 4 Reinforced-
for sections 1 concrete
and 2 ‘ slab
2 4 Pipe
I saction 4
Shaft
Pipe
section| 1
1 3
T I
[
11
: : Concrete block
Tube with | fixed point for
instrument/iz: sections 3 and 4
cables 11
!

Figure 6. View from above of the shaft in the middle showing
the pipe sections, instrument cables, concrete blocks and cable
connection points for extensometers coming from each section
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Figure 7. Variation with time and medium temperature of pipe axial displacements measured on the casing in the return section 2 for
six positions at 1.5, 13.5, 25.5, 37.5, 39.4 and 40 m from the shaft in the centre

with time and temperature of the pipe axial displacement in
the six positions along the pipe in the return section 2. It can
be observed that once the fluid temperature increased from 8
to 78°C in approximately 3 h, the pipe moved axially towards
the corner with maximum displacements at the corner between
15 and 17 mm in one day. At 25.5 and 13.5 m displacement
values of 8.4 and 3 mm were recorded, respectively, while at
1.5 m practically no movement was recorded. After 3 days
with a constant temperature of 8§9°C, steady higher values of
displacements were reached, namely 0.3, 4.5, 11.5, 20.1, 21.9
and 22.1 mm, respectively. After a month under 89°C, steady
values reached a plateau of maximum displacements of 1, 5.8,
12.7, 21.2, 22.8 and 24.1 mm, respectively.

These maximum values stayed almost constant for another
2 months until the temperature descended from 89 to 20°C in
22 days as it can be observed in Figure 7. As a result, pipe
axial displacements decreased to 0.6, 4.9, 9.2, 9.6, 13.2 and
14.7 mm, respectively. Once the temperature returned to the
previous 89°C, the displacements did increase but to steady
values below those recorded before (0.8, 4.0, 10.1, 17.6, 19.5,
21.5 mm). The irrecoverable deformation is believed to be
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mainly due to soil densification, which in turn increases fric-
tion in the soil—pipe interface restraining the pipe to come
back exactly to the previous displacement values. A similar
response was found in the supply section 3, although with
slightly higher values at the corner (23.0 mm). It is clear that a
first temperature unloading—reloading can have a significant
effect on the pipe displacements. However, more monitoring
time is needed in order to find out the long-term pipe response
to temperature unloading—reloading cycles.

The axial displacement variation with time and temperature
along the pipeline in the return sections 1 and 2 and the
supply sections 3 and 4 are shown in Figures § and 9, respect-
ively. These experimental results allow the comparison with
displacement estimated from the current calculation methods
as detailed in the Appendix (AGFW, 2021).

In Figures 8 and 9 the time is in days with hours in brackets
when time is less than 1 day. These figures show displacements
just after zeroing and during 3 months and a half (109 days).
In addition, discontinuous lines from displacement calculations
for loose and dense soil are included. The main soil and pipe
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Figure 8. Measured and estimated pipe axial displacements along
the pipe from the shaft centre 0 to the corner 40 m away in (a)
section 1 and (b) section 2

input data adopted are summarised in Tables 3 and 4. Loose
soil data are based on the results from soil mechanics labora-
tory and in situ geotechnical tests (AGFW, 2020; Villalobos
et al., 2019). The coefficient of friction x =tan , where ¢ is the
residual soil—pipe angle of friction, was determined in the lab-
oratory from direct shear tests according to DIN (2002). For
loose sand, J was between 22.5 and 23.2°, which is a represen-
tative of the initial in situ conditions. For that reason a value
of §=23° was adopted for the calculations, noting that it is
close to the normally used relation of § =2/3¢, where ¢ is the
soil angle of friction. From direct shear tests, ¢ was between
35.8 and 36.1°. These values represent the initial in situ con-
ditions and are used in Figures 8 and 9 to estimate the pipe
axial displacements.

The dense soil input values attempt to capture the effect of soil
densification with time and aim mainly to obtain a range in

Time: day
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3 Loose soil P 125
——87
86-109 ™ ---62.2
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—%=89.1 e
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£ 20F w790 [, 86-109
S == 88 6 ) .I
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9] -20.0 84
8 888
[o%
2 10 [
S
i) 0.11
S @267h)
o °f
Q
L2
0

0 5 10 15 20 25 30 35 40 45
Distance from the shaft centre: m

(b)

Figure 9. Pipe axial displacements along the pipe from the centre
0 to the corners 40 m away in (a) section 3 and (b) section 4

Table 3. Soil parameter values used in the calculation

Loose Dense
Soil parameter and unit sand sand
Unit weight, y: kN/m> 15 17
Residual soil angle of friction, ¢res: ° 36 45
Coefficient of earth pressure at rest, Ky 0.41 0.29
Residual soil-pipe angle of friction, djes: ° 23 30
Coefficient of friction, u 0.42 0.58
Relative density, RD: % 42 85

which the calculation method is bounded. Section 4 has
a coarser bedding material, however, the residual friction
parameter values are almost similar to those in sections 1-3.
The coefficient of friction for dense sand was obtained fitting
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Table 4. Pipe parameter values adopted for pre-insulated steel
pipes, fluid and operation conditions

Component Parameter, unit Value
Steel pipe Unit weight, pseer; KN/m> 78.5
Elastic modulus, E: MPa 207 440
Poisson’s ratio, v 0.3
Coefficient of thermal 1.08 x 107%
expansion, ar: 1/K
Fluid Water unit weight, y: kN/m? 9.8
Internal fluid pressure, p: MPa 1.2
Temperature increment, AT: K 82
Pre-insulated  External steel pipe diameter, d;: m  0.1683
pipe Steel pipe thickness, t: m 0.004
Cross-section area, As: m? 0.0021
Pre-insulated pipe external 0.25
diameter, D;: m
Length of pipe section, L: m 41
Soil depth on pipe crown, h: m 0.8

the last curves of axial displacement for 86-109 days (after a
70°C temperature drop and 70°C back to reach 90°C again).
The values in Table 4 are mainly based on the pipeline design
and construction report by Wolf et al. (2016) and suggested
values in AGFW (2021).

Figure 8(a) corresponds to pipe axial displacements in the
return section 1, where it is clear to observe the increase of
axial displacement along the pipe from the fixed middle point
to the corner. Moreover, the position of the axial displacement
curves depends on the temperature and time. Initially, 2.67 h
after displacement zeroing and under a fluid temperature of
58.3°C, the pipeline displaces axially up to 7 mm on the
corner. Once the fluid temperature is increased to 78°C after
almost 6 h, axial displacements increase further up to 17 mm.
When the temperature reaches 88°C, the pipe moves axially up
to 23 mm and no major difference can be seen after 3, 28 or
62 days since these last two curves are almost merged. Then, it
can be pointed out that a steady condition is achieved, where
no further displacements occur.

Another feature of the displacement curves is that they show a
much higher increase of axial displacement in the last points
of measurement at 39.4 and 40 m. This is caused by the fact
that in the last joint there is no foam insulation, which reduces
the friction compared to the friction between PE casing and
the bedding material. The idea behind was to determine the
relative displacement between the casing and the steel pipe,
which results to be between 1 and 1.5 mm. Moreover, this
higher gradient of axial displacements in the area of expansion
cushions (corners) may be caused by the lower friction value
between PE casing and the expansion cushions (for Trocellen
1£=0.22 (AGFW, 2021) compared to the friction value between
PE casing and the adjacent bedding material (¢=0.42 and
0.58).
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When the temperature diminishes to 20°C after 84 days, so
does the displacement to values up to 11 mm. However, when
the temperature returns to almost 88°C, displacements do not
recover to the previous maximum values of 23 mm, instead
they have values of up to 20.6 mm. This behaviour requires
study for more cycles since this occurs in district heating pipe-
lines over a period of several years (e.g. maintenance, winter—
summer cycles).

Note that the calculated values of pipe axial displacement
show a very good agreement for loose soil when a steady
condition is reached at 28-62 days, except for the beginning
and final 2 m where there is some difference. The dense soil
assumption despite not being the initial condition on site, it
shows a lower boundary for the displacement — that is, how
low the displacement estimation can be.

Almost similar displacement variation patterns were found in
section 2, as shown in Figure 8(b). Therefore, it is not possible
to find a clear difference between the rough eight shrink-on
sleeve joints of section 2 and the five smooth extruded sleeve
joints of section 1, at least in the steady results between 28 and
62 days. In Figure 8(b) it is also clear to observe the steady
increase of displacement from day 0 to 62 days. On day 84, a
drop in temperature reduces the displacements creating a
transient condition, which does not follow the same shape of
displacement variation as in the previous sequences. In the last
case, when temperature returns to 88.8°C, the displacement
curve is again with the same convex parabolic shape as before,
but with smaller displacement values at least in the positions
away from the centre.

The estimated curve for loose soil matches almost exactly the
experimental curves for 28 and 62 days, except the last 1 m
where there is a higher increase rate at 40 m. Coincidently,
the estimated curve for dense soil follows the trend of the
experimental curve for 86 and 109 days, which is the
reloading curve after the first unloading. This is an indication
that soil densification took place and in turn the soil became
stiffer.

Figure 9(a) shows that axial displacement variations in section
3 are relatively similar to those in section 2, although slightly
higher values close to the corner and with a difference in the
transient period when the temperature drops to 20°C. In fact,
estimated axial displacements for loose soil in the first 25 m
follow relatively well the experimental curves for 28-62 days.
Notwithstanding, beyond 25 m the estimated curve deviates to
lower values of axial displacement with a maximum difference
of 3 mm at 40 m. Perhaps, this can be attributed to higher
return fluid temperatures of around 1 or 2°C more than in sec-
tions 1 and 2 compared with the supplied fluid in section 3.
The estimated curve for dense soil tends to initially follow the
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reloading curve, but beyond 25 m underestimate the axial
displacement.

Figure 9(b) shows that displacement variations in section 4 are
similar to those of sections 1 and 2, with the only noticeable
difference in the transient period when the temperature drops
to 20°C. It is worth highlighting that the estimated curve for
loose soil matches the experimental curves for 28-62 days
almost all along the pipe, except at 40 m. A possible expla-
nation was already pointed out related to the difference of
interface friction in the corners between PE casing and
cushion and PE casing and bedding material. A similar good
match occurs for the estimated curve for dense soil and the
experimental reloading curve. Apparently, the coarser sand in
section 4 has no major effect on the axial displacement results.
This is probably because the residual angles of internal and
interface friction are almost the same. Moreover, the different
types and number of joints in each section seem to not show a
clear significant effect on the axial displacement results.
Furthermore, when using the commercial software Rohr2
(2017) and sisKMR (2016) with the appropriate input data for
the operation and soil conditions detailed in Tables 2 and 3 for
loose sand, the results of maximum axial displacement with
and without cushion are equal to 30 and 27 mm, respectively.
These results are above the measured value, although they
provide a fair approximation.

6. Final comments and conclusions

A sophisticated on-line monitoring system in an operating dis-
trict heating pipeline network allows systematic data recording
of high-quality measurements of axial displacements by means
of extensometers and under fluid temperature-controlled con-
ditions. The instrumented buried pipeline is the first of this
type in district heating and it offers a unique opportunity to
compare experimental results with current design guidelines
and calculation procedures from analytical and commercial
computer programs. Moreover, due to the flexibility and high
accuracy and precision of results that can be obtained with this
automatically controlled system, it can be adopted as a refer-
ence for testing different types of pipes, joints, cushions and
soils.

The measured variation of axial displacements with time along
the buried pipeline in loose soil showed a non-linear increase
with length. After 28 days under continuous flow at 8§9°C, pipe
axial displacements stabilised with maximum values between
23.5 and 25.8 mm (on steel) and between 22.5 and 24.6 mm
(on the casing). An estimated maximum value of 22.4 mm
compares relatively well with the above measured values.
Commercial computer programs calculated 27 and 30 mm as a
maximum axial displacement without and with cushion,
respectively, values above the measured axial displacement,
however, offered a fair estimation.

Since the estimations of axial displacement variations along
the four pipe sections matched the measured values, it can be
concluded that the calculation procedure adopted is able to
properly estimate the axial displacements of buried pre-insu-
lated pipes for district heating systems, allowing the use and
choice of parameter values without pre-established values or
relationships from standards as usually included in commercial
computer programs.

When the temperature descended from 90 to 20°C during 22
days, the axial pipe displacements showed a transient response.
Moreover, when the temperature was increased back again to
90°C pipe axial displacements were still unsteady and once
stabilised they did not return to the same values as before, but
around 3 mm smaller. This may be attributed to pipe-soil stif-
fening expressed as soil densification due to pipe expansion
and contraction which compacts the surrounding soil.
Cushions may also be compacted by increasing pipe—soil stift-
ness and friction. Therefore, further research is needed to study
the unloading-reloading temperature cycles.
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Appendix

Expressions and calculation procedures used are according to
part 10 of AGFW (2021). The friction force per metre along
the pipe Fy is due to the normal forces applied on the pipe Fy
and the weight of the steel pipe and water inside it Fg.
Following Coulomb’s friction law, the friction force results
from a direct relation between a friction coefficient u and the
normal forces to the surface. It is a common practice to
include the weight of the pipe and water in the calculations to
obtain the maximum friction force.

1. FR Zﬂ(FN +FG)

where

1+ K
2. FN:aon'Da( + 0)

2
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The stress oo around the middle of the pipe can be
estimated by

3. JO:yZ:y(h+ %)

where y is the soil humid unit weight, / is the depth of the soil
column above the pipe crown and D, is the external diameter
of the insulated pipe — that is, the steel pipe plus the foam and
plastic mantle.

4. FG = 2armtygeq + nrizyw

where ¢ is the thickness of the steel pipe, yseer 1S the steel unit
weight equal to 78.5 kN/m?, 3, is the water unit weight and rp,
and r; are the average and inside radius of the steel pipe.

d, —t d, — 2t
= = —

5. ’m 5 i >

Thus, replacing (2) and (4) into (1), results in

6. r = /A(FN + FC,)

1 + K,
z,u[a()irDa( +2 0

) + {anmlysteel + 7[Vi2yw}

The total axial strain &(x) in the pipe is the result of tempera-
ture increase and stresses applied on the pipe, for example, by
the soil and fluid.

7. elx) =er + &

The strain due to a temperature change AT can be obtained by

8.  er = arAT

where o is the coefficient of thermal expansion in 1/K, which
for steel can be given by a function of the temperature 7 as

_ T(°C) -6
9. ar(T)= (11.4+ - ) x 10

According to Hooke’s law the axial strain due to an applied
stress o can be expressed as

10. &y =

=l Q

where E is the elastic modulus of the material. For steel £ in
MPa can be expressed as a function of the temperature 7 as

_ 7(°C) 4
11. E(T)_(21.4+ 175)><10

The equilibrium of forces includes the frictional force between
the pipe and the soil presented in (1) as Fr. The pipe internal
pressure p also induces a force along the pipe F, due to the
internal fluid pressure.

7rdi2
4

12. Fy=p

There is also an elastic reaction force of the soil F against the
pipe axial movement at the end where the maximum axial dis-
placement occurs. The soil reaction is actually on the following
pipe which is perpendicular or in angle after the corner or
elbow. This reaction force is not so easy to calculate since it
corresponds to a passive earth pressure applied on an
unknown surface, probably with a triangular distribution
(looking from above). To simplify the calculation Fy is
assumed to be 20% of FrL:

13.  Fyq = 02FRL

Therefore, the total axial strain can be expressed as the sum of
the axial strain caused by a change in temperature and due to
the forces applied on the pipe by the soil and internal fluid.

o
14.  ¢x) = aTAT+E

Fr(L — x) + Fp(1 = 2v) — Fy
EA,

= arAT +—

AT=T-T, is the temperature increase between the tempera-
ture under working conditions of heat distribution 7 and the
initial temperature, for instance, during the installation of the
pipes Ty. L is the pipe length, x is the distance from a pipe
fixed point to the other extreme in a corner for example and v
is the Poisson ratio, which has a value of 0.3 for steel. The
axial displacement u of the pipe can then be determined by
integrating the axial strains due to temperature increase of the
fluid carried by the pipe and the strains due to normal and
internal stresses on and inside the pipe.

15, u(x) =e(x)dx

F,(1 =2v) - F, F X2
aTAT+w:|x R (fox—)

EA, " EA,
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