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Abstract: A finite element thermal analysis was conducted in this study with the aim of evaluating
the influence of the geometrical parameters of steel sections on their thermal response under solar
radiation. Four W12 and W24 standard steel beams were investigated under the solar irradiation
conditions of a sunny summer day. The finite element analysis was carried out using COMSOL
Multiphysics considering the Sun’s movement from sunrise to sunset, reflected radiation from the
ground, surface convection of air and long wave radiation as the main boundary thermal loads. The
temperature-time variation at different locations in the sections, vertical temperature distributions,
temperature gradient distributions and thermal stress distributions were investigated. The results
showed that the daily maximum temperatures, temperature variation, temperature and temperature
gradient distributions and thermal stresses are influenced by the geometry of the steel section.
The flange width and flange thickness were found to be the controlling parameters during the
noon hours, while these parameters in addition to web depth control the shading effect during the
afternoon. On the other hand, web thickness affects the temperature of webs at sunrise and sunset
times. Geometrical ratios like Wf/H, Wf/tf

2 and 2Wf/Htf were the most influential parameters on
temperatures, temperature gradients and thermal stresses of steel beams subjected to solar radiation.
The investigated section with the maximum Wf/tf

2 value of 0.96 (W12 × 58) recorded the highest
top-surface noon temperature, while section W24 × 84 with the lowest Wf/tf

2 value of 0.60 exhibited
the lowest temperature.

Keywords: solar radiation; air temperature; steel beam; temperature gradient; thermal stress

1. Introduction

Climate change is becoming more noticeable with time and has been the focus of hun-
dreds of research works during the last few years. It is agreed that climate change and global
warming can impact all aspects of human life, including the construction industry [1,2].
Short-duration cold waves were also reported to impose undesirable temperature-induced
stresses, especially for large bridge structures [3]. Some types of structures, like bridges,
are under the direct influence of climate variations due to their outside exposure [4–6].
Wide differences in temperature between seasons could induce larger end displacements
for simply-supported superstructures or higher end-restraint moments for continuous
spans [7–9]. On the other hand, wider daily temperature differences lead to higher vertical
and lateral (if any) temperature gradients in the sections, which may induce unfavorable
sectional flexural stresses [10–15]. Self-equilibrating stresses are the type of stresses that are
induced to equilibrate the nonlinear sectional deformations due to nonlinear temperature
gradients along the depth or width of a bridge’s superstructure [16]. Previous studies
showed that self-equilibrating stresses can be high enough to initiate surface cracking
of bridge girders, which impacts the long-term serviceability and results in unplanned
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rehabilitation costs [10,17]. A recent study [18] on a large span steel space dome showed
that seasonal changes of environmental thermal loads can lead to an axial stress of up to
20 MPa.

The geometry and configuration of the bridge superstructure play a major role in
the distribution of sectional temperature gradients in both directions or across the thick-
ness of these sections, where lateral gradients are significant in the case of concrete box-
girders, while these gradients are noticeably small compared to vertical gradients in precast
I-girders. Wider temperature gradients would be imposed in thick sections, while the gra-
dient across the thickness of steel sections is almost zero. Several recent field, experimental
and numerical studies aiming to investigate the possible impacts of temperature changes
on concrete [19–26] and composite [6,12,27–29] girders have been published. However,
only a few focused on the influence of geometrical aspects and girder superstructure con-
figuration. Hagedorn et al. [30] constructed three experimental concrete I-girders. The
three girders were AASHTO Type-I girders, but with different top flange configurations.
Thermocouples were placed in the sections vertically along the webs and horizontally along
the flanges. The authors showed that significant temperature gradients were recorded
during the pre-deck placement. They concluded that the current design gradient model
differs from the recorded gradient distribution, and there is a lack of a model to capture
the flanges’ significant lateral gradients. Song et al. [31] constructed an experimental con-
crete box-girder segment with an unconventional configuration where the bottom flange
was noticeably larger and wider than the top flange. The section was instrumented with
thermocouples at different locations to evaluate the changes of temperature gradient shape
with time. The authors concluded that the design temperature gradient models of most of
current bridge codes are not suitable for the tested unconventional configuration. Moreover,
their results revealed large lateral temperature gradients that affect the stress distribution in
the section. A previous study on concrete I-girders [32] compared the thermal gradients of
I-girders during construction (before deck slab placement) and after the placement of deck
slab on a parallel series of I-girders. The research revealed that the lateral bottom-flange’s
gradient was reduced by 3 ◦C after slab placement due to the shading effect from the
overhanging slab.

The available literature on the influence of the daily and seasonally variation of at-
mospheric thermal loads on steel sections and girders is limited. A few experimental
studies [33–37] have tried to give clearer picture about the behavior of steel sections un-
der direct environmental exposure, while some field works on steel sections and girders
were also published during the last years [38–40]. However, most of these studies did
not pay attention to the effect of sectional properties. Wang et al. [41] showed that steel
truss girders exhibited larger transverse temperature gradients compared to vertical ones.
Chen et al. [42] instrumented three steel sections of different sectional shapes with thermo-
couples and left them exposed to solar radiation changes. Rectangular box-section, circular
tube section and I-section forms were adopted in their study. Their records showed that
there are almost no temperature changes across the sectional plate thickness and along the
span of the beams, which a typical result due to the high thermal conductivity and thin
walls of steel sections. The authors also concluded that section size is one of the most influ-
ential factors affecting the non-uniformity of temperature gradients in such sections, where
larger steel sections were predicted to suffer higher temperature changes. Lee et al. [43]
showed numerically for steel I-sections that the sectional strength against buckling can
be improved by using a larger flange width and thickness. A very recent study [44] on
I-steel beams was directed experimentally and numerically to evaluate the influence of
the several sectional aspects under environment exposure. The investigated parameters
were the section’s shape and its depth, the thickness of section member’s (flange and web),
the width of the flanges in addition to size comparisons. The author concluded that larger
beams suffer higher temperature gradients by approximately 8 ◦C. Similarly, for sections
with equal flange width and flange thickness, temperature gradients in deep sections are
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higher than in shallow ones by approximately 7 ◦C. The author also concluded that the
thickness of the flange is an influential factor on the vertical temperature variation.

2. Study Objective

The hourly, diurnal and seasonal variation of air temperature are controlled by the
amount of warming from sunrays, which is controlled mainly by the variation of solar
radiation intensity. Exposed objects on the Earth’s surface, including bridges, are subjected
to time-dependent temperature alterations due to air temperature changes and the radiation
from the Sun. Many influential factors can affect the degree of heating or cooling of
the different parts of bridges. Among these factors is the sectional configuration of the
superstructure. For I-steel girders and members, the depth of the web and width of flanges
control the amount of targeting solar radiations on the web by controlling the length of
the shaded area, while the thickness of members controls the temperature conductivity
from exposed to shaded areas. Figure 1 shows that shading area of the web side facing
the Sun (from the top flange) increases as the Sun moves higher in the sky during the
morning hours, while the other side is completely shaded. This movement is reversed
after mid-day, where the shaded area of the facing side decreases as the Sun moves down
towards sunset. Figure 2 shows that for two beams with the same depth and at the same
time, increasing top flange width leads to deeper shaded web areas. Shading reduces the
heating of the target area as the direct heating from solar radiation is obstructed by the
top flange, while the top surface is being heated at a faster rate. Thus, high temperature
differences would be induced between the flanges and the web, which as discussed in
the previous section, would induce unfavorable thermal stresses. Figure 2 highlights the
importance of geometry of the adopted members for steel bridge superstructures, which
spots the light on the need of detailed studies on the different candidate sections in such
constructions. Standard sections including I-sections, channels, angles and tubes are the
most used sections in bridges’ steel and composite superstructures.

Figure 1. Web shadowing from top flange.
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Figure 2. Effect of flange width on web shadowing.

The literature survey conducted in the Introduction showed that several studies were
carried out at the aim of better evaluation of bridge girder thermal response due to climate
time-dependent variation, although, the number of experimental and numerical studies
on steel girders still lags far behind those on concrete sections. Moreover, despite the
importance of geometrical parameters like member depth, width and thickness on tem-
perature sectional variation, very few studies have focused on these parameters. Aiming
to fill the knowledge gap in this area, an I-steel beam equipped with temperature sensors
was installed in the field and a finite element study was conducted. The main focus of
this research is to better understand the combined influence of geometrical parameters as
functions of the effective main parameters like depth, width and thickness of sections.

In the steel construction industry, the work may be interrupted for many reasons and
for long times, which leaves the structural sections exposed to the changing environmental
thermal loads. In the case of extreme thermal conditions, like high summer solar radiation
intensity or high daily temperature fluctuation, effective thermal stresses, deformations or
movements may be induced in the sections, which require a structural evaluation. This
research focuses on the most important geometrical parameters controlling the thermal
response of steel members under such conditions. Therefore, the outputs of this research
are useful to understand the time-dependent variation of temperatures and stresses in
steel sections during the construction period where the whole structure is exposed to
open environments.

3. The Experimental Steel Beam

Figure 3 illustrates the sectional and longitudinal dimensions of the steel beam used
in this research. As shown, the beam was made from 8 mm thickness steel plates to form
an I-shape with 200 mm width flanges and a depth of 500 mm. After instrumentation, the
beam was installed in an open field where shadings from all buildings around the field were
calculated and found ineffective. A compact weather station composed of three sensors
was installed beside the beam as shown in Figure 4a. The first sensor was a temperature
probe to measure the shade air temperature (covered by a solar shield), the second was a
pyranometer to measure the total solar radiation received by a horizontal surface, while
the third was a three-cup anemometer to measure the speed of the wind in the field. The
three environmental sensors were provided by Campbell Scientific (Logan, UT , USA) to
assure their compatibility of the used data acquisition system that uses a Campbell CR1000
system as the core data logger. The 108-air temperature probe use a thermistor that can
accurately measure a temperature range of −5 to +95 ◦C with an error of approximately
±0.2 to ±0.3 ◦C. The dome-shaped CS300 silicon type pyranometer was the adopted solar
radiation sensor. This sensor can measure a high range of global Sun plus sky radiation
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reaching 2000 W/m2 with a maximum error of 5%. The three–cup NRG#40 anemometers
from NRG system will be used to measure wind speed as shown in Figure 4a. This type of
device recommended by Campbell Scientific. The sensor is able to read the wind speed
ranging from 0 to 96 m/s (0 to 215 mph). The NRG#40 was the three conical-cups wind
sensor used. It measures wind speeds up to 10 m/s with an estimated error of ±0.14 m/s.
The three sensors are clearly visible next to the steel beam in Figure 4a.

Figure 3. The steel beam dimensions: (a) Section; (b) Side view.

Figure 4. The experimental steel beam: (a) Southern view and thermal loads sensors; (b) Northern
view and thermocouple locations.

To study the distribution of temperatures in the steel beam, seven type-T thermocou-
ples were installed on the top flange, bottom flange and the northern surface of the web
as shown in Figure 4b. The thermocouples are made of copper and constantan, have a
measurement range of −200 to 370 ◦C with an accuracy of ±0.5 ◦C. Two thermocouples
were installed on the top surface (TS) and bottom surface (BS) of the beam, while two
thermocouples (TF and BF) were installed on the opposite surfaces of the top and bottom
flanges. The rest three thermocouples were installed along the vertical centerline of the
beam’s web, which are W1, W2 and W3. The locations of these thermocouples are shown
in Figure 4b, while their exact coordinates are listed in Table 1. The coordinates were
calculated considering the origin (0, 0) is located at the bottom surface of the bottom flange
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along the vertical centerline of the web, while all thermocouples were installed at the
mid-span section.

Table 1. Sectional locations of virtual thermocouples.

Sensor x (mm) (from
Web Centerline)

y (mm) (from
Bottom Surface)

z (along the
Span) Location

TS 0 500

Mid-span

Top surface

TF 80 492 Top flange’s
bottom surface

W1 4 470 Web: 30 mm
below TS

W2 4 250 Web: mid-height

W3 4 30 Web: 30 mm
above BS

BF 80 8 Bottom flange’s
top surface

BS 0 0 Bottom surface

4. Finite Element Modeling
4.1. Heat Conduction and Thermal Boundary Conditions

As disclosed in Section 2, the main cause of temperature rising is solar radiation which
also heats up the air temperature. The warming occurs within light hours, in which the
intensity of solar radiation and the temperature of air are functions of time. The radiation
from the Sun reaches the exposed surfaces directly as beam rays or indirectly as reflected
radiations from the ground and other close surfaces. During the dark night times, the air
becomes colder due to the absence of the warming source (Sun), which cools faster than
concrete surfaces and works as a cooling load via surface convection. Another cooling
load is the heat dissipation from warm surfaces to atmosphere via long-wave radiations.
The abovementioned heating and cooling loads summarize the thermal boundary loads
that should be simulated in the finite element analysis of externally exposed structures
and members, which were all successfully modeled in the current finite element thermal
analysis as detailed in previous studies [32,44]. On the other hand, the heat conduction
from surfaces to body core during warming time or vice versa during cooling time is the
main process, for modeling which the Fourier heat conduction equation (Equation (1))
was utilized. This equation solves for the temperature as a function of time and position
(coordinates) and is dependent of material’s density (ρ), specific heat (Cp) and the thermal
conductivity (k) [16]:

k
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
= ρCp

∂T
∂t

(1)

The convection cooling (qc) between the beam external surfaces and the moving air in
the field environment is represented in Equation (2), where Ts represents the temperature
of the beam’s surface and Ta represents the air temperature, while h is the convection
coefficient, which is represented as a function of wind speed (v). It is important to ad-
dress the used formula (Equation (3)) for the convection coefficient as there are several
empirical formulas in the literature for I-beam sections. This formula was adopted from
previous studies where it was used successfully to model the convection between air and
beam surfaces:

qc = h(Ts − Ta) (2)

h = 5.6 + 4v(v ≤ 5m/s) (3)

4.2. Finite Element Thermal Analysis

COMSOL Multiphysics [45] was used in this research to carry out the three-dimensional
finite element thermal analysis of the steel beams and modeling of all the boundary con-
ditions, including solar radiation, convection, long-wave radiation, reflected radiation
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and convection. The volume of the identical geometry of the experimental steel beam
was meshed using second order tetrahedral elements with a fine mesh that included
18,730 elements. To apply the radiation boundary conditions, including the built-in solar
model, long wave radiation and surface-to-surface radiation, COMSOL automatically
generates triangular surface elements. The triangular surface elements are automatically
created by the COMSOL surface-to-surface radiation module and are used to apply the
radiation boundary conditions including the built-in solar radiation model that account for
solar radiation angles and quantities along the day hours, the surface-to-surface radiations
and the reflected radiations. The number of generated triangular elements to cover the
surfaces of the meshed steel beam was 12,700. As the analysis was conducted by coupling
the heat transfer module with the mechanical module, the essential material parameters of
both modules should be defined. In the current research, the typical material properties
of constructional steel were adopted. The heat capacity, thermal conductivity and density
were 475 J/kg·K, 44.5 W/m·K and 7850 kg/m3, respectively, while the elastic modulus
and coefficient of thermal expansion were 200 GPa and 12.3 × 10−6 1/K, respectively. The
input data (experimental records) of the environmental thermal loads were tabulated for
each 30 min along the target day and the preceding two days then loaded into the model.
On the other hand, the coordinates of the experimental field, the daily maximum solar
radiation intensity and time were fed to the model as required solar model inputs. All runs
were started 48 h before the target day to stabilize any possible effects due to the applied
initial temperature. To further reduce the effect of the initial temperature, the analysis was
started at midnight where the temperature of the beam is almost uniform.

The analysis was conducted in two steps. In the first, the experimental beam was mod-
eled with the exact geometry and orientation of the beam (Figure 5), where the measured
solar radiation, air temperature and wind speed data of a selected sunny day from the test
period, which was 14 June, were applied. The purpose of this analysis was to verify the
conducted thermal analysis with the recorded surface temperatures. In the second step, the
verified model was used to analyze two W12 and two W24 standard steel beams using the
same conditions (boundary conditions, initial conditions, temperature and radiation loads,
materials and so on). However, to evaluate the required geometrical parameters, only the
geometry was different between the four beams as detailed in Table 2. Using the compar-
isons between the distributions and timely variations of temperatures and thermal stresses
of the investigated beams, the effective geometrical parameters were investigated. These
beams were selected because the beams of each pair have the same depth and different
flange widths, which allows to study the shadowing effect on standard sections.

Figure 5. The finite element model of the experimental beam: (a) Geometry; (b) Mesh.
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Table 2. Dimensions of the analyzed standard steel beams.

Dimensions (mm) W24 × 104 W24 × 84 W12 × 58 W12 × 50

Height (H) 612.14 612.14 309.88 309.88
Web thickness (tw) 12.7 11.938 9.144 9.398
Flange width (Wf) 325.12 229.108 254 205.232

Flange thickness (tf) 19.05 19.558 16.256 16.256

4.3. Verification with Experimental Records

As disclosed in the previous sections, the experimental temperature records of the
seven thermocouples were used to verify the finite element thermal analysis. Comparisons
were made between the predicted temperatures from the finite element analysis at the same
locations of the fielded test thermocouples with the recorded test temperatures of these
thermocouples. The comparisons were made at 48 time steps, each of 30 min, along the
full hours of the selected sunny day, which was 14 June. The test recoding of temperature
at time intervals of 30 min allowed for more accurate temperature comparisons with
48 points/day. Figure 6 shows the comparisons of four selected thermocouples, which are
the top and bottom surfaces (TS and BS), the top web thermocouples (W1) and the bottom
flange one (BF). Figure 6a shows that the behavior of temperature with time of both TS and
BS is similar to the experimental behavior with slight differences. The temperature rises
during the day hours reaching a maximum range between 11:00 and 14:00, and then drops
with time until the temperature is almost equalized at midnight. The differences between
the predicted and recorded temperatures of TS and BS were in the range of 0.06 to 4.01 ◦C
within the 48 time steps, which were mostly the highest among the seven thermocouples.
Figure 6b shows the comparisons at the web thermocouples W1 (30 mm below the top
flange) and BF (top surface of bottom flange). The same above addressed notes can
be adopted here, where minor differences can be noticed between the time-dependent
variations of predicted and recorded temperatures. The temperature differences at W1
were in the range of 0.07 to 3.81 ◦C, while those at BF were in the range of 0.06 and 3.93 ◦C.
It should be noticed that the highest differences were occurred at similar time intervals for
all thermocouples as shown in Figure 6, which means that differences between temperature
gradients are much less. Along the 48 time steps of the selected days, the differences
between the recorded and predicted vertical temperature gradients ranged between zero
during cold hours and 1.2 ◦C during shiny hours. The same analysis procedure was also
followed and verified recently for different configurations of steel-concrete composite
girders and concrete girders [46–49].

Figure 6. Verification of predicted finite element temperatures with test records: (a) TS and BS; (b) W1 and BF.
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5. Results and Discussion
5.1. Temperature-Time Relations

The hourly temperature-time relations for the investigated day are shown in
Figures 7–9 for the top surface, bottom surface and web mid-depth for the four ASTM
standard sections.

Figure 7. Temperature-time relations for the top surface of the steel sections.

Figure 8. Temperature-time relations for the bottom surface of the steel sections.

Figure 9. Relationship between top surface temperature and Wf/tf
2 at noon hours.
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Figure 7 shows that the top-surface temperatures of the four sections are almost the
same during the cold (night) time, which is also obvious for the bottom-surface tempera-
tures as shown in Figure 8. This is mainly attributed to the high thermal conductivity of
steel that accelerates heat expulsion from the section core through surfaces. Adding the
influence of the small thickness of web and flanges compared to concrete sections, which
reduces the heat transfer path resulting in faster cooling. The cooling during the night
hours is attributed to the exchange with air via surface convection and the heat dissipation
via surface long-wave radiation. Owing to the large surface area to volume ratio of the
steel sections, quick surface cooling takes place. After receiving a significant amount of
solar radiation beyond 8:00, the top surface gets warmer and differences between the
four sections become clearer, especially at the noon hour as shown in Figure 7. However,
the differences at this time are not so significant. The W12 sections exhibit the highest
temperatures due to the thinner flanges, while W24 × 84 exhibited the lowest temperature
owing to its thickest flange among the four sections. The thickness of the top flange of the
W12 sections is 16.25 mm, while those of W24 × 104 and W24 × 84 are 19.05 and 19.56 mm,
respectively. Thicker section means longer heat transfer time from the heated surface to
the section’s core, which means slower gain of temperature. The same observations are
applicable for the bottom flange as shown in Figure 8. The bottom flange receives the
heating solar radiation from the top surfaces of the flange and the reflected component
from the bottom surface of the flange.

The above discussion comparing between the two groups of specimens relies on the
sole effect of flange thickness. For better understanding, there should be a physical quantity
that can by a good comparison tools between the four sections. The heating of the top
surface is not solely affected by flange thickness, where the increase of flange width (Wf)
leads to higher accumulated absorbed energy. Thus, both flange width and flange thickness
are effective. When the temperature variation behavior at the peak temperature hours
(12:00 to 15:00) was compared with the ratio of flange width to flange thickness (Wf/tf),
no specific trend was clear, which is mainly due to giving equal weights for both flange
width and flange thickness. The flange thickness should be given a higher influence weight
as it is the main controller of temperature at this time of day. Therefore, the temperature
variations were investigated with the ratio of flange width to the square of flange thickness
(Wf/tf

2) as shown in Figure 9. It is obvious in the figure that the top surface temperature
increases with the increase of the quantity Wf/tf

2. The section W12 × 58 with the highest
Wf/tf

2 value of 0.96 exhibited the highest top surface temperature at noon hours, while the
section W24 × 84 with the lowest Wf/tf

2 value of 0.60 showed the lowest temperatures at
the same time. This means that the top surface temperature increases with the increase of
top flange width and the decrease of its thickness but is more affected by flange thickness
than flange width.

The temperature variation of the top and bottom surfaces (Figures 7 and 8) is obvious
to be uniform with time. Oppositely, Figure 10 shows that the temperature distributions
of the mid-depth of the web exhibit some sharp edges that reveal local drop or rise of
temperatures. This is attributed to the location of the measured temperature, where the
web (especially the upper part) receives solar radiation intensities with different amounts
from those received by the top surface. This fluctuation in the received amount of solar
radiation, and hence the fluctuation of web temperature is directly attributed to the shading
effect from the top flange, where shaded areas receive a much smaller fraction of solar
radiation than exposed areas.
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Figure 10. Temperature-time relations for the mid-depth of the steel sections.

The mid-depth temperature at noon hour is a function of the previously received solar
energy during the late morning hours, in addition to the amount of energy transferred
from the top surface through web during noon hour. As shown in Figure 10, the noon
temperatures is significantly affected by the received solar energy (and hence web tem-
perature) from 8:00 to 12:00. This temperature is also affected by the heat absorbed by the
totally exposed top surface, which heats up the web owing to the high thermal conductivity
of steel. The amount of received heat by the top surface, as discussed in Figures 7–9 is
controlled by the top flange width and thickness, while the bath of the mid-depth is half the
section’s depth (H/2). Thus, the ration of flange width to the product of flange thickness
and H/2, which is Wf/tf × H/2 or more simply 2Wf/Htf, is a key geometrical parameter
that shares the heating of this region at noon hour. Figure 11 shows that the temperature
of the mid-depth section around noon hour increases with the increase of the quantity
2Wf/Htf. The increasing of flange width and decreasing of flange thickness leads to hooter
flange, while shorter path (H/2) leads to faster heating of the mid-depth of the section
via top surface. As shown in the figure, although W24 sections have wider flanges, their
temperatures were the lowest at noon hours due to their significantly higher depth (H),
while the compact depths of W12 sections make the path shorter to heat up their mid-depth.

Figure 11. Relationship between mid-depth temperature 2Wf/Htf at noon hours.

The shading from the top flange plays a controlling role in the variation of web
temperature during the afternoon period. In this time, the sun moved from its highest
location towards sunset with decreasing solar inclination angles. Therefore, one of the web
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sides is totally shaded, while the other one is partially shaded under the length effect of
the top flange’s overhanging portion. Thus, the increasing of the flange width at a specific
time leads to deeper shading effect on the web. However, longer webs are less affected by
this shading. Therefore, the temperature variation at this time is controlled by the ratio
of flange width to section depth (Wf/H). As shown in Figure 10, the slope of temperature
variation after 15:00 is positive for the deep W24 sections, which means that the mid-depth
is receiving direct solar radiation at this period. On contrary, the slope of the shallow
W12 sections is negative at the same period reflecting a continuous cooling process, which
means that the mid-depth is shaded at this time by the top flange. Figure 12 translate
this behavior in terms of temperature variation with the geometrical quantity Wf/H. the
vertical axis of this figure represents the temperature difference between the subsequent
hourly records from 15:00 to 18:00. It is shown in the figure that the slope of temperature
variation is positive for the sections with lower shading effect (lower Wf/H), which are
the W24 sections, from 15:00 to 17:00 which reflects their heating process at this time. On
the other hand, the slopes of the sections with higher shading effect (higher Wf/H) is
obviously negative, which refers to a cooling phase at this time due to the shading effect.
The temperature variation slope is obvious to decrease with the increase of shading effect
(Wf/H) from section W24 × 84 with Wf/H = 0.37 to section W12 × 58 with Wf/H = 0.82.

Figure 12. Relationship between mid-depth temperature and Wf/H at afternoon hours.

5.2. Vertical Temperature Distributions and Gradients

The distributions of temperature along the depth of the four steel sections are pre-
sented at sunrise, noon and sunset times in Figure 13a, Figure 14a, Figure 15a, respectively,
while their corresponding gradient distributions are shown in Figure 13b, Figure 14b,
Figure 15b, respectively. The three figures show that the W12 sections are colder than W24
sections at sunrise and sunset hours, while hotter than W24 sections at noon hour. This
is attributed to the thinner web and flanges of W12 sections compared to W24 sections,
which facilitates their faster cooling and faster heating.
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Figure 13. Vertical temperature distributions and temperature gradients at sunrise: (a) Temperature distributions;
(b) Temperature gradients.

Figure 14. Vertical temperature distributions and temperature gradients at noon: (a) Temperature distributions;
(b) Temperature gradients.

Figure 15. Vertical temperature distributions and temperature gradients at sunset: (a) Temperature distributions;
(b) Temperature gradients.
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The effect of shadowing from the top flange is not clear at sunrise and sunset times
due to the low inclination angle of sunrays, which reduces or eliminates any influence of
overhanging flange portions on web radiation. The slight differences in temperatures and
temperature gradients between the beams of each pair of sections shown Figure 13 are
attributed to the effects of other geometrical aspects like the thickness of the web and to
the already preserved temperatures along the night hours. On the other hand, the effect
of shadowing from the flanges overhanging portions becomes more significant after 8:00
morning up to before midday and from approximately 14:00 to 17:00. In summer, the sun
moves up in the sky within the early morning hours after sunrise with the angle between
sunrays and the horizon increases as time passes until noon. With the increase of solar
inclination angle, the amount of crossed radiation by the top flange increases leading to
deeper shadow depth down along the web as discussed in Figure 1. At these hours, the top
surface is being fully heated by solar radiation, while one side of the web is totally shaded
and the other one is mostly shaded, which results in slow heating of the web. The different
heating conditions between flanges and web lead to a higher temperature gradient, which
increases with the accumulation of this process until midday. For beams with wider flanges
compared to depth (flange width/section depth ratio), the effect of shadowing from the
top flange becomes more pronounced as shown in Figure 2.

Figure 14a shows that the temperature of W12 × 58 is higher than that of W12 × 50,
which is attributed to the larger surface area of the former, where the surface area equals
approximately 10,970 mm2 for W12 × 58 and 9420 mm2 for W12 × 50. Similarly, the
temperature of W24 × 104 is higher than that of W24 × 84 for the same reason. The surface
areas of W24 × 84 and W24 × 104 are approximately 15,940 and 19,740 mm2, respectively.
As all thermal loads are surface loads, then larger surface area leads to the absorbing of
larger total amount of solar radiation and hence more heat. Figure 14b shows that section
W12 × 58 recorded higher temperature gradient than that of W12 × 50, which can be
attributed to the wider flange width and smaller thickness as discussed in Figure 9. The
larger surface area leads to the increase of the whole body temperature, yet, the wider
flange slowed down the heating of the web leading to higher difference with the top
surface, which is recorded as larger temperature gradient. The flange widths of sections
W12 × 50 and W12 × 58 are 205 and 254 mm, respectively. Since both sections have the
same depth of 310 mm, then the flange width/section depth ratios of the two sections
equal 0.66 and 0.82, respectively. Thus, increasing this ratio for the same depth increases
the vertical temperature gradients at noon hours, and thus increasing the daily maximum
positive temperature gradient. This conclusion is confirmed by the results of the larger
W24 sections. As it is clear in Figure 14b, the temperature gradient of W24 × 104 is higher
than that of W24 × 84. The flange width/section depth ratios of the two sections are 0.53
and 0.37, respectively. It should be noticed that as discussed in the previous section, the
noon temperature is affected by the shadowing effect during the preceding late morning
hours (after 8:00) and the Wf/tf

2 ratio during the noon hours.
After noon, the Sun moves from the highest point in the sky towards its setting

position in the horizon. Hence, the solar radiation inclination angle keeps decreasing
until sunset. Most of the heating budget of the day hours before sunset comes from low
inclination solar radiations that affect majorly on the web. Thus, the temperature of the
section during this period relies mainly on the geometrical properties of the web and less
on the shading effect of the flange. Therefore, and as shown in Figure 15a, the temperature
of the sections with thinner webs are higher than those with thicker webs. It is clear in the
figure that the temperature of W12 × 58 (web thickness = 9.14 mm) is higher than that
of W12 × 50 with the web thickness of 9.4 mm. Similarly, the temperature of W24 × 84
with web thickness of 11.94 mm is higher than that of W24 × 104 with web thickness of
12.7 mm. On the other hand, the temperature gradient of W24 × 104 is obviously higher
than that of W24 × 84 as shown in Figure 15b, which can be attributed to the wider flanges
that led to faster long-wave radiation and convection cooling, where these surfaces are not
exposed to solar heating during these hours. Consequently, the temperature gradient with
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the heated web becomes higher. The same result is obvious for the W12 sections, where the
W12 × 58 section with wider flange exhibited larger temperature gradient than W12 × 50.
Referring to the effect of Wf/H ratio discussed in Figure 12, it is obvious in Figure 15b that
W24 sections with lower Wf/H ratio exhibited higher temperature gradients than W12
sections that are of higher Wf/H ratio.

5.3. Thermal Stresses

The nonlinear temperature gradient distributions shown in Figure 13b, Figure 14b,
Figure 15b result in the nonlinear stress distributions shown in Figure 16a–c. The uniform
temperature change at the centroid of the beam leads to an axial deformation, which is
translated into an axial force if restricted. On the other hand, the nonlinear temperature
distribution along the depth of the section tends to deform the section nonlinearly, but it is
restricted by the adjacent fibers that keep this deformation linear. The difference between
the nonlinear free thermal strains, uniform thermal strains and restricted linear strains
results in residual nonlinear distribution of what is called as self-equilibrating stresses.
Figure 16 shows the distribution of self-equilibrating thermal stresses induced from the
temperature gradients of the four investigated sections at sunrise, noon and sunset times.
It is obvious that thermal stresses follow approximately similar trend of variation with
depth as that of temperature gradients, but with reversed signs because the heated portions
(hotter portions) try to elongate, therefore, compression thermal self-equilibrating stresses
are induced to arrest this elongation. Oppositely, the tendency of shrinkage at colder
portions is restricted by tensile equilibrating stresses. Figures 13b and 15b show that at
sunrise and sunset, the webs are hotter than the top and bottom surfaces (negative gradient).
Consequently, compression stresses arise in the web while the top and bottom surfaces are
under tensile stresses as shown in Figure 16a,c. On the other hand, the opposite occurs
for noon thermal stresses, where the hotter top and bottom surfaces exhibit compression
stresses, while the maximum tensile stress occurs in the colder web as shown in Figure 16b.

The distributions of stresses shown in Figure 16 confirm the discussed results and
the conclusions obtained in the previous sections about the effect of geometrical aspects
and shading from top flange. It is shown in Figure 16a that at sunrise, W12 sections are
subjected to lower thermal stresses than W24 sections, and sections with larger surface
area exhibited lower thermal stresses than those of smaller surface area. Thinner web also
leads to faster heating and hence higher stresses at this time. The maximum thermal stress
at sunrise in section W12 × 50 equals 4.19 MPa, while that of W12 × 58 equals 4.84 MPa.
Similarly, the maximum sunrise thermal stresses of sections W24 × 84 and W24 × 104 are
4.82 and 5.26 MPa, respectively. The maximum stresses at sunrise are compression stresses
that are located close to the mid-depth due to the negative temperature gradient at this
time. The stress distribution at sunset (Figure 16c) has a similar variation trend to that at
sunrise with maximum compression stresses in the web and smaller tensile stresses at top
and bottom surfaces. The stresses are noticed to be influenced by the combined effect of
the pre-heating of web through top flange during the hot hours before sunset period (as
discussed in Figure 11) and the web thickness.

Figure 16b shows the noon stress distribution which differs from those at sunrise
and sunset, where it is the result of a positive temperature gradient. Thus, compression
stresses are composed at the hotter top and bottom surfaces, while tensile stresses arise in
the web. The effect of the flange width to thickness ratio is obvious in the figure, where
sections with wider and thinner flanges exhibited larger stresses. It was discussed in
Figure 9 that at noon hour, the geometrical ratio Wf/tf

2 is the key parameter controlling
the heating of the top surface. Hotter surfaces mean larger gradients with the colder webs
resulting in higher self-equilibrating stresses. Section W12 × 58 with the wider top flange
(Wf/tf = 15.6) exhibited a maximum stress of 10.72 MPa, which is higher that of W12 × 50
(9.39 MPa) that has Wf/tf ratio of 12.62. Similarly, the Wf/tf ratios of sections W24 × 104
and W24 × 84 are 17.07 and 11.71, respectively, and their maximum noon stresses are 11.16
and 9.99 MPa, respectively.
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Figure 16. Thermal stresses of the four sections: (a) At sunrise; (b) At noon; (c) At sunset.

6. Conclusions

During the construction of steel frames of buildings, bridges or industrial structures,
the frame might be left exposed to open-field conditions for a long time. With the presence
of permanent fluctuating thermal loads like solar radiation and air temperature, unfavor-
able stresses would be induced, which might be not adequately considered in the design
of the structure. The finite element analysis conducted in this study was directed to in-
vestigate the influence of geometrical parameters and shadowing effect on temperature
gradients and thermal stresses induced from solar radiation in steel beams. Four ASTM
standard sections were used to evaluate the effect of the investigated parameters. The
results were presented at three distinguished times of solar radiation effect, which are
sunrise, noon and sunset. The most important conclusions obtained from this investigation
are as follows:

(1) The smaller W12 sections are obviously colder than the bigger W24 sections at sunrise
and sunset and hotter than W24 sections at noon hour. This is due to the thinner web
and flanges of W12 sections compared to W24 sections, which allows for faster cooling
and heating. The temperature gradient along the section depth is controlled by the
time-dependent temperature variation, which is strongly affected by the geometrical
properties of the steel sections.

(2) The maximum temperature of the top surface at noon hour is mostly affected by the
geometrical parameters of the top flange. The maximum temperature increases as the
top flange width increases and its thickness decreases. However, this variation is more
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sensitive to flange thickness than flange width, where the maximum temperature
of the top surface was found to be positively correlated to the ratio of flange width
to the square of flange thickness (Wf/tf

2). Section W12 × 58 with the maximum
Wf/tf

2 value among the four steel sections (0.96) recorded the highest top surface
temperature at noon hour, while the temperature of W24 × 84, which has the lowest
Wf/tf

2 value of 0.60, was the lowest.
(3) The temperature of the web’s mid-depth at noon hour is mainly due to the huge

amount of solar radiation received by the top surface during this period. The influen-
tial geometrical parameters are the area and thickness of the heated part, which is the
top flange, and the path to the target point, which is the mid-depth of the web. The
temperature of the centroid of the web at noon hours increases with the increase of
the quantity 2Wf/Htf. The wider and thinner flange results in faster heating, while
the shorter path (H/2) leads to faster heat conduction to the web’s centroid from the
top surface

(4) The shading from the top flange on the web’s temperature becomes effective during
afternoon hours. Wider flanges impose deeper shadows that reduce the temperature
of the web, while deeper sections are less influenced by flange’s shading. The variation
of temperature during afternoon hours affects that at sunset and is affected by the
geometrical ratio of flange width to flange thickness (Wf/H).

(5) The vertical thermal stress distributions are directly influenced by the nonlinear
temperature gradients at the same times. In addition, their maximum values are also
related to the geometrical parameters that affect the heat transfer and temperature
variation during the heating and cooling phases. The thicknesses of web and flange
and the ratio of flange width to flange thickness are the most influential parameters.
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