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Abstract. This study investigates convenient methods of determination of temperature gradient 

of slender structures in time. Correct determination of temperature along the height of the cross-

section takes a key role in defining the temperature loading of slender bridge structures. A proper 

definition of temperature loading is crucial for structures such as stress ribbon because of their 

sensitivity to temperature change in terms of geometrical changes of the structure. Correct 

determination of the temperature gradient is important during long-term geodetic monitoring, 

which might be used to prove the correctness of computational models of bridge structures. To 

approximate heat transfer in cross-section, a test specimen with temperature sensors installed 

along the height was formed and continuously monitored. The accuracy of the retrofitted 

temperature sensors was also investigated. The temperature at the surface of the specimen, solar 

radiation and wind velocity were used as input data for heat transfer analysis. The measured 

values from sensors situated along the height were subsequently used for verification of 

performed heat transfer analysis on volume computational model in the software Ansys 

Mechanical. 

1. Introduction 

Cable-supported structures like stress ribbon or suspension bridge are frequently used in modern 

architecture because of their clean design and the possibility of forming independently from existing 

terrain. For statically certain structures the thermal load is not crucial for the design because free 

deformation is allowed. However, for the structurally and statically more complex structures like 

pedestrian bridges with slender decks supported by cables, a combination of temperature loading and 

restraining of free deformation plays a key role for static analysis. For proper evaluation of cable-

supported structures, non-linear analysis with large deformation effects needs to be performed. 

2. Description of the examined stress ribbon structures 

In order to verify the computational model of the structures such as stress ribbon structures or suspension 

pedestrian bridges, it is necessary to correctly evaluate the geodetic surveying of the bridge. Precision 

and accuracy in geodetic surveying can measure the exact sag of the structure, however, the geometry 

of cable-supported structures is very sensitive to the surrounding temperature and whether or not the 

solar rays reach its surface. These and other conditions affect the temperature along the height of the 

deck and can cause incorrect evaluation of geodetic surveying. It follows that without knowing the 

temperature load in the deck we cannot precisely determine the sag of the structure. 

2.1. Structural design and Geometry of the structure 

The proposed experiments examining the effect of thermal loading on the geometry of bridge structures 

with slender deck were designed in response to an actual structures of stress ribbon in Kroměříž (figure 
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1,2 and 3) and Radonice nad Ohří. The superstructure of both bridges is structurally composed of a 

prestressed concrete deck supported by cables, which is rigidly connected with outer monolithic 

abutments. The bridges deck is made of precast segments (type DS-L and DS-Lv) 0.30 m high, 3.80 m 

wide and 3.00 m long. The segments are carried by 2×5 tension cables type "A" from 3×2 strands and 

prestressed by 14 tension cables type "B" 3×2 strands and cables type "C" 4×2 strands. All tendons are 

formed by Lp 15.5 mm diameter strands [5] [6]. 

 

Figure 1. Pedestrian bridge in Kroměříž, Czech Republic – a) cross-section at the abutment, 

b) cross-section at the midspan. 

 The bridge is straight in plan and has a variable longitudinal slope. The length of the suspended stress 

ribbon is 63.36 m. The width between the railing is constant 3.00 m and the width of the bridge deck is 

constant 3.80 m. The variable longitudinal slope decreases towards the mid-span of the bridge to a value 

of zero. According to the original design documentation the transverse cross-slope is 1.00 % [5]. 

 

Figure 2. Pedestrian bridge in Kroměříž, Czech Republic – a) elevation, b) plan. 

 To reduce the local stresses at the connection of end segment and abutment, the outermost segments 

are bedded on the abutments on unreinforced elastomeric bearings. Bearings are not connected to the 

bridge structure therefore the structure may unwound from the bearings during construction or 

temperature drop and rewound under the pedestrian load or temperature rise. This results in a variable 

span of the superstructure in the range of 57.73 m to 63.36 m. The length of the span and the sag depends 

on the temperature and the magnitude of the load. During the frost in winter, the sag of the stress ribbon 

decreases, on the contrary at higher temperature level the sag increases, for example, a sag value of 1.56 

m corresponds to the temperature of 10 °C and the difference in the sag is in the range of 0.30 m. 



Young Scientist 2021
IOP Conf. Series: Materials Science and Engineering 1209  (2021) 012066

IOP Publishing
doi:10.1088/1757-899X/1209/1/012066

3

 

 

 

 

 

 

 

Figure 3. Stress ribbon pedestrian bridge in Kroměříž, Czech Republic. 

2.2. Temperature loading of the structure 

Structures can be thermally loaded by uniform temperature component, linearly varying temperature 

difference component and non-linear temperature difference component. According to Eurocode 1991-

1-5 are bridge structures loaded by uniform temperature component, which depends on characteristic 

values of maximum and minimum shade temperature defined by national maps of isotherms and by 

temperature difference component, which can be considered as linear temperature difference component 

(Approach 1) or as nonlinear temperature difference component (Approach 2). Considering the thermal 

loads applied to structures according to Eurocode, it can be assumed that the actual temperature load 

cannot be simplified to a constant value of the ambient air temperature or the temperature at the surface 

of the bridge deck throughout the entire cross-section height. 

 Above mentioned assumptions were confirmed by geodetic measurements carried out on similar 

structures in the past. They showed that measuring air temperature and the temperature of the top and 

bottom surfaces of the bridge deck is not sufficient to determine the thermal load and therefore initial 

geometry of the structure. The differences between the surface and interior temperature of concrete 

segments can be up to 10 °C. Such a significant difference will impact the sag of the stress ribbon and 

invalidate the comparison of the geodetic measurement with the sags determined by the structural 

analysis. Distorted conclusions can be made and misinterpretation of the results leads to incorrect 

determination of stiffness of the structure, which may also explain different deflection from the 

measurement and analysis. Reduced stiffness might be caused by damage of prestressing cables by 

corrosion and leads to the wrongly justified reconstruction of the bridge. In worse cases, reduced 

stiffness may not be detected. 

3. Experimental determination of heat transfer through a cross-section 

In order to continuously measure and monitor the temperature along the height of the precast segment 

was created specimen from reinforced concrete with built-in temperature sensors. These sensors served 

for the verification of computational models investigating heat transfer and for verification of the 

correctness of the measured data by additionally fitted sensors. 

 The experimental model (figure 5) consists of a reinforced concrete block with dimensions of 2.00 × 

2.00 × 0.30 m, placed outdoors in an open area on steel supports at a height of 1.00 m above the ground. 

The main parameters measured on the specimen are the temperature along the height of the cross-section 

in three plan positions - A, B and C (see figure 4), the ambient temperature above and below the 

specimen, and the solar radiation on the panel. There are 7 internal temperature sensors Pt100 along the 

height of the specimen at each positions A, B, and C with a spacing of 50 mm. The Pt100 temperature 

sensors by Sensit, type TG68-60 are a resistance sensor designed for measuring the temperature of 

gaseous and liquid substances. The temperature sensors placed on the top and bottom of the specimen 

are concreted to face with the surface with a level difference of up to 1 mm. Therefore, it can be 

considered that the temperature measured on the sensors corresponds to the surface temperature of the 

specimen, i.e., it considers the effect of solar radiation that heats the specimen. Considering the specimen 

size and the sun exposure, it can be assumed that the temperature is the same all over the top respectively 
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the bottom surfaces, but due to the placement of the temperature sensors, we can observe the temperature 

change near the specimen surface along the height (position A and C) in contrast to the data measured 

by sensors in the centre of the specimen (position B). The air temperature sensors are installed just above 

and below the surface of the specimen. Illumination is measured by a light sensor located in the middle 

of the element on the top surface. The sensor type is a photodiode with a spectral sensitivity of 600 nm 

and a measurement range from 0 to 100000 Lux. Measured data is collected by the dataTaker multi-

channel measurement control unit DT80G with a CEM20 expansion module. 

 

 

 

 

Figure 4. Location of the temperature sensors 

in the specimen – a) plan, b) cross-section. 

 Figure 5. Experimental model – reinforcement 

with built-in sensors and concreted specimen with 

additionally installed sensors. 

 In addition to the built-in temperature sensors, additional temperature sensors were installed near the 

built-in sensors. These sensors were at a sufficient distance from the concreted sensors to prevent their 

damage and to prevent affecting the measured data but reasonably close to allow the comparison of the 

measured values. To measure the deformation of the specimen, a strain gauge is placed on the upper and 

lower surfaces. Since deformation on the structure is not restrained, it should be possible to estimate the 

temperature of the specimen through the deformation. 

4. Finite-Element Modeling of heat transfer 

In addition to experimental determination of the temperature along the height of the cross-section, a 

simulation of the time-dependent heat transfer analysis in the finite element software Ansys Mechanical 

2021 R1 was performed. The approach of modelling temperature constraints at the outer surface of the 

elements was chosen. Since the temperature on the surface of the structure is not difficult to measure, 

this modelling method is very easy to implement on any construction. Moreover, by measuring the 

temperature at the surface of the structure and not the ambient air temperature, the effect of solar 

radiation is also taken into account. 

 The early thermal analysis was performed on a two-dimensional element Plane 55, which has four 

nodes and it is suitable for solving steady-state and transient thermal analysis. Subsequently was the 

problem complexify into a three-dimensional problem modelled by element Solid70, which has eight 
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nodes. Both types of elements have thermal conduction capability and only one degree of freedom at 

each node, and that is the temperature.  

 Since we investigate the heat transfer through an element that is loaded at its surfaces by external 

temperature, the thermal conductivity k is a key input parameter for correct analysis and its evaluation. 

In the Czech Republic, this variable can be determined according to ČSN EN 73 0540-3 Annex A [3], 

where is given the characteristic value of thermal conductivity for reinforced concrete with a density of 

2500 kg/m3 k = 1.48 W/m⋅K. This value cannot be sufficient for modelling the heat transfer for all type 

of concrete. The thermal conductivity of reinforced concrete depends on many parameters such as 

density of concrete, moisture content, type of aggregate or cementitious material and amount of concrete 

reinforcement [1]. The second problematic factor for accurately analyzing the heat transfer through 

cross-section is the flow of the surrounding medium and ambient humidity. The second factor can 

significantly complicate both the measurement and the subsequent analysis in the software, but its 

correct determination improves the results as will be shown in the following chapters. 

4.1. Description of the model and input parameters 

The geometry of the computational model (figure 6) was defined to match the actual geometry of the 

specimen 2.00×2.00×0.30 m. The meshing of the model is chosen so that the evaluated nodes correspond 

to the position of the sensors in the specimen. Thus, the model is divided by 0.05 m in height.  

 The specimen is made of concrete of strength class C30/37 but just like on the real structure we lack 

accurate information about the material properties such as modulus of elasticity, Poisson’s ratio and 

density. The values are defined by Eurocode 2 [4]. An overview of the variables used in the 

computational model is given in Table 1. Differences in these properties from their actual values do not 

affect our analysis because these properties are not crucial for the thermal analysis. The specific heat 

capacity c can be considered for concrete 880 J/kg⋅K and concrete reinforcement (steel) 480 J/kg⋅K. 

Concerning the amount of concrete reinforcement in the specimen, a value of specific heat capacity will 

be considered c = 870 J/kg⋅K. 

 For heat transfer analysis is important the correct determination of the thermal conductivity k. 

Thermal conductivity can be described very simply for a homogeneous and steady heat flux as the unit 

of heat [W] that passes through a unit of the area [m2] per time unit [s]. According to [1] thermal 

conductivity can be calculated with respect to the density according to the equation: 

 𝑘𝑟 = 0,0013 ⋅ 𝜌 − 0,5502 (1) 

 We can see that for a density of 2500 kg/m3 the thermal conductivity calculated according to equation 

(1) is k = 2.7 W/m⋅K, which is a significantly greater value than the value declared according to standard 

[3]. In addition, the thermal conductivity value should be adjusted depending on the speed of the 

medium, i.e., the velocity of wind and the roughness of the concrete [2]. Based on the performed 

calculations and their calibration with the measured data, the method of increasing the thermal 

conductivity in the depth of 50 mm was found effective. The increase of the thermal conductivity was 

implemented as a function of the wind velocity w [m/s], by increasing the conductivity by 19% on the 

top and by 9% on the bottom for every 1 m/s. 

Table 1. Overview of material properties used in the calculation model. 

Material 

properties 

Modulus of 

elasticity 

Minor 

Poisson’s 

ratio 

Secant coefficient 

of thermal 

expansion 

Density 
Thermal 

conductivity 

Specific 

heat 

Symbol 

units 
Ecm 

[GPa] 

ν 

[-] 

α 

[-] 

ρ 

[kg / m3] 

k 

[W / m ⋅ K] 

c 

[J / kg ⋅ K] 

Value 33 0.20 0.00001 2500 2.7 870 

 

 Just as important as the definition of material properties is the definition of the constraints. Thanks 

to the generated substeps we can describe the value change of the temperature constraint at every surface 

of the element at any time. In our case, due to the continuous measurement on the specimen, it is not a 
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problem to specify temperature constraints condition accurately. In chapter 5.1, the problem of 

temperature constraints on the specimen and effect time step size will be discussed. If one surface of the 

specimen is warmed by 20 °C, which can be considered as the maximum temperature difference during 

a day-night cycle, the temperature of the specimen at the given material properties will stabilize 

throughout the entire height after less than 24 hours. Therefore, it is unnecessary to collect data in 

intervals longer than 24 hours before the evaluation of the structure. 

 

 

 

Figure 6. Axonometry of the computational 

model with the colour distinction of the 

materials. 

 Figure 7. Graphical display of results on the 

computational model. 

5. Evaluation of data obtained from measurements and calculations 

The measurements and calculations aim to approximate as closely as possible the actual thermal loading 

of the slender structures. The influence of long-term temperature and climate conditions is evaluated 

together with short-term effects such as solar radiation and wind during the day. 

 The measured data during the winter months (figure 8) show that although the upper surface of the 

specimen is exposed to solar radiation, it does not warm up to exceed the temperature of the lower 

surface. From the measured data, the highest solar intensities were obtained on the dates from 12 

February to 15 February. On these days the average solar intensities were 90-130 W/m2.  The fact that 

despite the solar radiation the temperature of the top surface is not higher than the temperature of the 

bottom surface may be caused by the flow of the surrounding medium. The specimen is placed only 1.0 

m above the ground. As a result of the roughness of the terrain and obstacles cause that the air below 

the specimen does not circulate as freely as above the specimen. This effect is respected in computational 

models, where the thermal conductivity at the bottom is not increased as much as at the top. 

 

Figure 8. Chart of temperature change over time in winter. 
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 For the data presented in the spring/summer months (figure 9), we can observe a significant 

temperature difference between the upper and lower surface during the afternoon hours. The average 

daily values of solar radiation intensity are approximately three times higher than in the winter months. 

Average values of daily solar intensity are around 300-350 W/m2. It can also be observed that the top 

surface of the concrete sample does not retain the received solar energy until the next day. Overnight, 

the surface of the specimen manages to cool down to the same temperature as the bottom surface. 

 

Figure 9. Chart of temperature change over time in spring/summer. 

5.1. Evaluation of the size of the time step in the heat transfer analysis 

To simplify as much as possible the amount of input data for the heat transfer analysis, the maximum 

possible size of the time step in which the temperature on the surfaces must be defined was investigated 

without affecting the accuracy of the results. Chart of the accuracy of heat transfer analysis depending 

on the time step size (figure 10) represents the temperature along the height of the cross-section (grey 

dashed curves) obtained from the computational models with time steps of 15, 30, 60, 120 and 240 

minutes. The blue curve shows the actual temperature along the height of the cross-section measured by 

the built-in sensors. A relatively good match is obtained for time steps from 15 to 60 minutes. For further 

analyses, a time step of 30 minutes was chosen. To obtain input data for heat transfer analysis, it is 

sufficient to measure the temperature at the surfaces of the real structure every hour for 24 hours before 

the geodetic survey. 

 

Figure 10. Chart of the accuracy of heat transfer analysis depending on the time step size. 

5.2. Comparison of measurements and numerical solution 

The following charts (figure 11,12,13 and 14) show the temperature along the height of the cross-section 

obtained by the built-in sensors (blue curve) and the retrofitted sensors (green curve) - only for the data 

measured in June. The graphs also show the results from the computational models, where the grey 

dashed curve represents the temperature determined by heat transfer analysis with unadjusted thermal 

conductivity, the dotted grey line shows the temperature along the height from the analysis, where the 



Young Scientist 2021
IOP Conf. Series: Materials Science and Engineering 1209  (2021) 012066

IOP Publishing
doi:10.1088/1757-899X/1209/1/012066

8

 

 

 

 

 

 

thermal conductivity is increased over the entire height with respect to the wind velocity. The outcome 

of the heat transfer analysis is shown by the dash-dotted orange curve, where the thermal conductivity 

is adjusted only at the top and bottom of the cross-section. 

 

 

 

Figure 11. Comparison of data obtained by 

different methods (13.2. 12:00). 

 Figure 12. Comparison of data obtained by 

different methods (14.2. 6:00). 

 In the following graphs (figure 13 and 14), which track temperature in June, we can compare 

measured data from retrofitted sensors and the built-in sensors. The differences between the values are 

significant and this is mainly caused by the fact that the retrofitted sensors are only sealed on the outer 

surface. This is done on purpose to check that the sensors cannot be installed in the structure this way. 

In the future, it is planned to fill the holes with cement suspension. It can be assumed that then the 

measured data from the built-in and retrofitted sensors will match significantly better. 

Based on the performed analyses, it is clear that the temperature obtained from the numerical models 

have a very good match with the measured data. It can be observed from the graphs that it is important 

to adjust the thermal conductivity appropriately concerning the wind velocity. This adjustment described 

in chapter 4.1 is only empirical based on the calibration of numerical models with measured data. 

Therefore, its application to structures may not always reflect the actual behaviour of the material.  It is 

not possible to perform a local test on a real structure to verify the actual thermal conductivity, at the 

same time the effect of wind on heat transfer cannot be neglected. 

 In the graph from 5.6.21 (figure 14) we can see that although the cross-section shows signs of cooling 

on the surface, the cross-section holds heat in its core. This can also be seen in the Chart of temperature 

change over time (figure 9), where a delay in peak temperature can be seen for values measured at the 

centre of the specimen height. The graph from 4.6.21 (figure 13) shows that we cannot assume a linear 

temperature distribution along the height of the cross-section defined by the temperature at the top and 

bottom surfaces. Likewise in the winter months (figures 11 and 12), where the difference in the 

temperatures is not as significant and hence, we would make a smaller error. 
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Figure 13. Comparison of data obtained by 

different methods (4.6. 12:00). 

 Figure 14. Comparison of data obtained by 

different methods (5.6. 3:00). 

6. Conclusion 

The paper outlined the importance and practical application of the correct determination of temperature 

along the cross-section height in cable-supported structures with slender concrete deck.  

 From the collected data, we get an idea of the temperature distribution along the height of the cross-

section during the day and night during the year. During the daytime, the temperature curve along the 

cross-section height has a convex shape with a higher temperature on the top surface in summer and on 

the bottom surface in winter. Conversely, during the nighttime, the temperature curve along the cross-

section height has a concave shape with comparable temperature on both surfaces. Furthermore, it can 

be stated that retrofitted temperature sensors cannot be considered as reliable data sources without proper 

hole filling by e.g., cement suspension. 

 As one of the main contributions of the research, we can evaluate the gained knowledge from the 

time-dependent heat transfer analysis in the finite element software Ansys Mechanical. The analyses 

show excellent consistency and matching with the values obtained by built-in sensors. As input data for 

the analysis on a real structure is sufficient to measure the surface temperature. The determination of 

thermal conductivity as a function of density and increasing its value in outer parts of the cross-section 

with respect to the wind velocity have been proven effective. 
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