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Featured Application: Our work emphasizes the critical effects of thermal loads on the stability of
reference pillars used for precise geodetic measurements. Temperature-induced deformations can
affect measurement accuracy, especially if the stabilization points are assumed to be fixed. By
using inclinometers, we can effectively monitor these displacements, enable corrections and
improve the reliability of geodetic networks. This approach improves awareness of thermal effects
in geodetic applications and provides a practical solution for maintaining precision in high-
accuracy measurements. Our study also contributes to the understanding of the behavior of
reinforced concrete structures subjected to daily and seasonal temperature fluctuations, which can
induce thermal stresses and deformations. Furthermore, it highlights the applicability of
inclinometers in measurement systems.

Abstract: In this paper, we analyze the displacements of a geodetic reference pillar due to thermal
loading, which typically occurs when the sunlit side of the pillar heats up more than the shaded side.
This temperature differential induces bending of the pillar, resulting in the horizontal displacement
of the screw used for forced centering of the instrument. Measuring displacement in the field is
challenging, as it is difficult to thermally isolate the displacement sensor mount from the
environment, whereas measuring rotations is much easier. Under controlled laboratory conditions,
we measured the inclination of the plate with the forced-centering screw and simultaneously
recorded the displacements near the top of a test pillar. We found excellent agreement between the
displacements calculated from the inclination and the directly measured displacements. Our results
demonstrate that using an isolated inclinometer and converting the measured inclination values into
displacements provides a representative characterization of the behavior of a pillar for precise
geodetic measurements.

Keywords: geodetic reference pillar; thermal loading; bending; displacements; rotations;
measurements

1. Introduction

Well-stabilized reference points are essential for precise geodetic measurements of ground
movements and structural displacements. These points serve as the basis for measuring control
points on or near the observed objects. The stabilization of these points is crucial to enable the often
desired or even required accuracy of determining control point displacements within 1 mm. To
achieve such high precision, we need to better understand the behavior of the reference points under
different conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The reference points are often stabilized by reinforced concrete pillars equipped with bolts for
forced centering of the instrument. When properly executed, this stabilization ensures the long-term
stability of the reference point throughout the measurement period of the structure or its
surroundings. Stabilization with reinforced concrete pillars offers many advantages if carried out
correctly. However, in some cases they are not done correctly. A common problem occurs when a
plastic pipe, usually of small diameter (sometimes only 20 cm), is inserted into the foundation of the
pillar to serve as formwork. Reinforcement is placed inside the pipe, which is then filled with
concrete. At the top of the pipe, a steel plate is anchored in the fresh concrete with a forced centering
screw. These pipes are available in various colors, including black. (Figure 1).

(a) (b) (c) (d)

Figure 1. Examples of reference points for precise geodetic measurements: (a) First example; (b) Second example;

(c) Third example; (d) Fourth example.

Relatively small diameters of the cross-sections and the dark, mainly black color of the tube left
on the pillar pose a considerable problem when exposed to sunlight. Temperature differences within
the pillar can have a considerable influence on the position of the forced centering screw, to such an
extent that they cannot be ignored in precise measurements, see [1]. Local temperature variations in
the reinforced concrete column, caused by one side being exposed to sunlight while the other is in
the shade, lead to an expansion of the sunlit part and consequently to bending of the column. This
bending leads to displacements of the forced-centering screw, which cannot be neglected under real
conditions. Thermal effects on reinforced concrete columns can cause displacements up to 1 mm [2].

Measuring the displacement of a reference pillar in situ is a challenge, as it is difficult to
thermally insulate the displacement sensor mount and the installation of such sensors would require
considerable effort. On the other hand, the bending of the pillar also changes the inclination of the
steel plate with the forced centering screw. This inclination can be measured directly with a precise
thermally insulated inclinometer, which is an interesting alternative and motivation for this study.
Note, however, that the measured inclinations are only applicable if a simple correlation to
displacements can be established.

In our experimental setup, we performed inclination measurements on a test pillar where we
could also measure displacements and temperatures to validate our numerical model. Our study
focuses exclusively on the horizontal displacements of the pillar due to thermal loading, as the
positional components of displacement are the main focus in 2D geodetic networks (the vertical
component is negligible in 2D network analysis).

This topic has already been recognized by the scientific community. In the work of Kopacik et
al. [3] and Liptak [4], the horizontal displacements of geodetic reference points due to thermal loads
were considered in the context of monitoring bridge deformations. Gerhatova et al. [5,6] investigated
the impact of thermal effects on the positions of GNSS antennas and concluded that the temperature-
induced bending of pillar monuments can lead to significant position shifts. Their research
emphasizes the importance of continuous monitoring and environmental aspects in maintaining the
accuracy of GNSS data. Lehner [7] and Haas et al. [8] investigated how environmental factors,
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particularly temperature fluctuations and wind, affect the stability of GNSS monuments and
emphasized the need for adequate construction and shielding of the pillars to ensure the reliability
of measurements. Lidberg and Lilje [9] assessed the stability of monuments within the SWEPOS
GNSS network using terrestrial geodetic techniques. Their results indicate that thermal expansion
and uneven heating can lead to deformations of the pillars that affect the positions of the GNSS
antennas. The study recommends the insulation and temperature stabilization of pillars to minimize
such effects.

The importance of high-precision inclination measurements for monitoring in geodetic and
structural applications was reported by several authors. Erol [10] evaluates digital inclinometers for
continuous deformation monitoring, showing their effectiveness in tracking structural tilts. Kiimpel
and Fabian [11] highlight inclination monitoring as essential for assessing the stability of geodetic
reference points in permafrost, where ground movements can affect measurement accuracy. Mentes
and Banyai [12] and Mentes [13] demonstrate the role of inclination sensors in detecting landslide-
induced angular changes, linking them to environmental factors. Glot et al. [14] further confirm the
long-term applicability of inclinometers by monitoring the headframe of a salt mine shaft,
demonstrating their reliability in detecting slow structural deformations over extended periods.
Together, these works stress the need for precise inclination control to ensure reliable geodetic and
structural assessments.

Despite that the thermal effects from solar radiation are well known it was only recently that
more effort has been dedicated in predicting these effects, focusing on bending deformations, thermal
stresses, and structural integrity under moderate temperature changes and relatively large
temperature gradients between heated and shaded surfaces. Several studies (e.g., Hagedorn et al.
[15], Abid etal. [16], Wang et al. [17], Lu et al. [18], Fan et al. [19], Saad et al. [20]) analyses temperature
distributions in concrete elements, particularly in box girders and slabs. Extreme solar heating can
increase internal stresses, which, when combined with mechanical loads, can accelerate fatigue and
material degradation, see Newell and Goggins [21], He et al. [22]. To predict the varying thermal
conditions in a concrete structure numerical models were used by Larsson and Thelandersson [23],
Li et al. [24], Zhang et al. [25].

We will here focus on the relationship between the horizontal displacements and the cross-
sectional rotations measured as inclinations of a typical pillar used for stabilizing the reference points.
The paper presents the experimental setting in controlled laboratory conditions where we were
simulating natural solar radiation by heating only one side of the column leaving the other much
colder. Through precise measurements, we captured the displacements near the top of the pillar, the
inclination of the horizontal plate at the top, and the inclination of the angle bracket near the top,
along with the time history of temperatures at several points of the observed structure. This study
provides valuable insights into the behavior of reinforced concrete pillars under moderate but non-
negligible thermal loads, improving our understanding of their structural response to realistic
environmental conditions.

2. Experimental Setting and Computational Model

The behavior of a typical pillar used for forced centering of geodetic instruments was
experimentally analyzed under controlled laboratory conditions (see Figure 2). The pillar was made
of reinforced concrete and rigidly fixed into a solid concrete block. The concrete was placed using a
plastic tube with an inner diameter of 0.217 m, an outer diameter of 0.250 m, and a height of 1.510 m.
A standard pre-prepared dry mix of class C25/30 was used for the concrete. Four vertical steel bars,
each with a diameter of 12 mm, were installed before pouring. The plastic tube was latter removed
to allow for the installation of temperature sensors on the pillar's surface.

Thermal loading was applied using several heaters mounted on a vertical bar on one side of the
pillar, while the opposite, cooler side was partially insulated (Figure 2a). This insulation prevented
the back side of the pillar from heating due to radiation, allowing it to warm up solely through
internal heat transfer. Additionally, it reduced temperature effects on the measuring equipment.
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Studies, such as [26], examine the effect of temperature on inclinometers. In our research, we were
aware of this influence, so we thermally insulated the inclinometers. As a result, the heating of the
column had only a minimal impact on their operation.

Several temperature sensors were installed on both the front, heated side of the pillar (Figure 2a)
and the back, cooler side (Figure 2b), with measurements recorded every 30 seconds. The installed
sensors enabled preliminary studies that led to an optimized vertical arrangement of the heaters,
ensuring a nearly uniform temperature distribution along the height of the pillar. This distribution
was not only simple but also aligned with the numerical model presented later, making it crucial for
establishing a robust relationship between rotations and displacements.

() (b) (©

Figure 2. Experimental setting: (a) Heated side of the pillar; (b) Cooler side of the pillar; (c) Displacement sensor

and two inclinometers.

A displacement sensor mount was installed behind the pillar, measuring displacement at the top
to capture its actual movement due to thermal loading (Figure 2c). Measurements were taken every
30 seconds, and heating was stopped once the top sensor registered a displacement of 1 mm. Two
inclinometers were mounted on the pillar (Figure 2c). The first (Leica Geosystems Nivel 210 — top
inclinometer) was placed at the very top of the pillar on an extruded polystyrene (XPS) insulation
board to prevent direct heat transfer from the pillar to the inclinometer. The second (Leica
Geosystems Nivel 210 — side inclinometer) was mounted laterally on a right-angle bracket attached
to the pillar. Measurements were taken every 30 seconds.

A more detailed positioning of the sensors, including dimensions and distances, is shown in
Figure 3. Rotations and displacements strongly depend on the vertical position relative to the column.
Since the mounting plate is placed at the top, the displacement sensor and inclinometers are
positioned nearby. However, due to geometrical constraints, they cannot measure the exact same
point. The key geometrical data are as follows: height of the pillar: h = 1.510 m; position of the top
inclinometer: xp, = 1.572 m; position of the side inclinometer xp; = 1.537 m; position of
displacement sensor xp = 1.470 m.

Based on the experimental setting we now present the model. Given the relatively small
dimensions of the cross-section, it is reasonable to assume a linear temperature distribution over the
volume. This can be expressed as: AT(x,y,z) = AT, + AT,(x) z. Here, AT, represents the average
incremental temperature along the reference axis, while AT,(x) denotes the temperature gradient of
a cross-section at position x, where x is the arc-length parameter along the centroidal axis of the
pillar. In our model, the cross-sectional temperature gradients are estimated by subtracting the
measured temperatures on the cooler (non-heated) side from those on the heated side at several
discrete points along the height of the pillar.
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Figure 3. Details and geometrical data of the setting: (a) More detailed positioning; (b) Dimensions and

distances.

Temperature gradients measured by sensors at three distinct heights are depicted in Figure 4.
The sensor positions are: bottom, x® = 0.150 m, middle, xP = 0.750 m, and top, x) = 1.350
m. The gradients were estimated as

ot = (1) - 10)/d, (1)

where Tc(i) and T‘f,i) represent the temperatures on the cooler and heated sides, respectively, at
position i, and d denotes the diameter of the pillar. For the present study we have d = 0.217 m.
From Figure 4 we can see that the temperature gradients are almost evenly distributed over the
height. This was achieved by carefully planning the experiment to realistically model the effect of
solar radiation on such structures. The results allow us to assume a constant AT,(x) with respect to
x, while its temporal distribution in our experiment can be seen in Figure 4.
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Figure 4. Temperature gradients at three different heights of the pillar.

The relationship between lateral displacements and thermal loads in beam-like structures, in the
special case where no mechanical loads are present, is governed by a simple ordinary differential
equation:

daz?
—w(x) = —apAT,. ()

dx?2

Integrating once gives the slope:
;—xw(x) = —apAT, x + C; = —@(x), )
and integrating again results in the lateral deflection:
2
w(x) = —arAT, x; + Cix + C,. 4)

Here w(x) denotes the lateral deflections of a reference axis, and a; = 1.25 x 1073/°C is the
temperature coefficient of the concrete forming the pillar. The integration constants are determined
from the boundary conditions at the clamped end, leading to C; = C, = 0. Note that the locations of
measured displacements and rotations generally do not coincide. However, for a constant cross-
sectional temperature gradient, AT,(x) = const, a simple relationship between displacements and
rotations can be derived:

2

wlxp) _ _ xp”
o (xR) 2xg’ ®)

which leads to
2
W) = =2 () = ~fo(xe). (6)

For such a simple temperature distribution, uniform along the height, the coefficient relating
displacement and rotation is independent of temperature. This allows for straightforward
transformations between these quantities, regardless of the measurement locations.
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In the present experiment, displacements were measured at x, = 1.470 m, while inclinometers
were positioned at xz; = 1.537 m and xp, = 1.572 m. This yields the coefficients used for

postprocessing the measured data

for the rotations at the top and

for the side measurements.

3. Experimental Results

We first present the measured displacements up to the top of the pillar, see Figure 5. It is obvious
that the temporal course of the displacements is closely linked to the temperature gradients shown
in Figure 4. In both the heating and cooling phases, a total of 10 hours of time history is shown with
almost negligible displacements at the end of the observations.
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Figure 5. Lateral displacements at the top.
Figure 6 shows the rotations at two positions where the inclinometers were attached. The upper

one was mounted on the 3 cm thick insulating layer at the top of the pillar, while the lateral one was
mounted on the cantilever near the top on the cooler (unheated) side of the pillar.
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Figure 6. Absolute values of relative rotations at two positions at and near the top.

During the heating phase, the temperature of inclinometer placed at the top of the pillar
increased by 2.9 K, while that of inclinometer attached on the angle bracket at side rose by 2.0 K as
shown in Figure 7. It is evident that the top inclinometer experienced greater slightly heating than
the side one, despite being placed on an insulation board made of extruded polystyrene. We need to
stress also that the side inclinometer was firmly fixed while the top one was only put on the insolation

layer above the top plate.
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Figure 7. Temperature changes at inclinometers.
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Figure 8 shows the comparison between the measured displacements and those obtained from
the measured rotations. The transformation coefficients and as explained in the previous section were
used. The results show excellent agreement, which illustrates the suitability of measuring rotations
instead of displacements, which is a much simpler and more convenient technique. We must
emphasize that the results of the inclinometer attached to the side near the top obviously agree better.
We attribute this to the better insulation and mounting of this inclinometer.
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Figure 8. Comparison of the obtained data.

4. Conclusions

Prior to the construction of large infrastructure projects (such as tunnels and viaducts), a
network of geodetic points must be established. These points are used throughout the construction
process and afterwards for all geodetic measurements. They are usually stabilized with pillars, which
should remain fixed during and after construction. In practice, however, many pillars have proven
to be insufficiently stabilized as they have too small a cross-section and are encased in black-colored
pipes. When exposed to sunlight, the sunlit side of these pillars heats up much more than the shaded
side, which leads to thermal stresses and consequently to the pillar bending. The displacement of the
forced centering screw for the instrument can therefore be considerable.

Measuring the displacement of a column caused by thermal stress in the field is almost
impossible, as isolating the displacement sensor mount from external influences is a major challenge.
However, it is much easier to isolate an inclinometer mounted on the column, which measures the
inclination of the plate that holds the screw for forced centering. From the measured inclination, the
thermally induced displacement can be calculated without much effort.

In the laboratory, we heated a test column from one side and measured the temperatures on the
hot and cold sides, the inclinations at the top of the column and on the side, as well as the
displacements. Using the equations presented, we calculated the displacements from the measured
angles and adjusted them to the level of the displacement sensor so that the calculated displacements

were directly comparable. The displacement curves derived from the inclination measurements agree
very well with the directly measured displacements over time.

d0i:10.20944/preprints202503.0984.v1
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Thus, this paper presents a reliable indirect method for determining the displacement of
geodetic measurement pillars due to thermal loading, a common problem caused by inadequate pier
design.
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