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ABSTRACT

Experimental and Numerical Analysis of Thermal Behavior of Composite
Bridge Girders

MUSSA, FATEN IBRAHIM
Ph.D. in Civil Engineering
Supervisor: Assoc. Prof. Dr. Nildem TAYSI
Co-Supervisor: Assist. Prof. Dr. Sallal ABID
July 2017

164 pages

Due to their permanent external exposure, bridge structures are under the continuous
exposure to the temporal thermal loads. These loads are mainly due to the temporal
fluctuation of solar radiation and air temperature. In this research, experimental and
FE studies were directed to investigate the thermal behavior of composite girders
under the variation of solar radiation and air temperature. This research is divided
into four parts. In the first, an experimental work including two composite girder
segments, T-Beam and I-Beam, was conducted. The segments were instrumented
with thermocouples, strain gages and weather sensors. In the second part, a thermo-
mechanical FE analysis was conducted using COMSOL for the two segments, which
was verified using the experimental temperature records. Using the verified FE
model, a parametric study was conducted in the third part to evaluate the effect of the
girder’s size. The fourth part was directed to evaluate the long-term temperature
variations in Turkey. In this part, the verified FE model in addition to weather history
records for more than 50 years of 10 Turkish cities were utilized. The experimental
results showed that the temperature variation in concrete parts was higher than in
steel for the two segments. Comparisons between the experimental and FE
temperatures revealed that the FE models could capture the temperatures accurately.
The parametric study disclosed that the thickness of the top concrete flange was the
most effective geometrical parameter. The extreme temperature analysis showed that
based on the vertical temperature gradients, Turkey can be divided into two regions.

Keywords: Composite I-girder; concrete encased steel girder; solar radiation; thermal
load, temperature distribution, temperature gradient.



OZET

KOMPOZIT KOPRU KiRISLERININ DENEYSEL VE NUMERIK ISIL
ANALIizZI
MUSSA, FATEN IBRAHIM
Doktora Tezi, Insaat Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Nildem TAYSI
Yardimer Tez Yoneticisi: Yrd. Dog. Dr. Sallal ABID
Temmuz 2017

164 sayfa

Siirekli dis hava olaylarina agik olan kdprii yapilart degisken 1s1l yiiklere maruz
kalmaktadirlar. Bu yiikler esas olarak giines radyasyonunun ve hava sicakliginin
zamanla degiskenliginden kaynaklanmaktadir. Bu arastirmada, giines radyasyonunun
ve hava sicakliginin degisimi altindaki kompozit kopriilerin 1si1l davraniglarini
incelemek tlizere deneysel ve sonlu elemanlar g¢aligmalart yiritilmistir. Bu
arastirma dort kisimdan olusmaktadir. ik asamada, T-kiris ve I-kiris olmak iizere iki
kompozit koprii pargasi ile deneysel bir calisma gergeklestirilmistir. KOpru parcalart,
termokapullar, gerinim dlgerler ve hava sensorleri ile donatilmustir. Ikinci béliimde
ise deneysel sicaklik kayitlar1 kullanilarak her iki koprii igin termo-mekanik sonlu
elemanlar analizi COMSOL program: kullanilarak gergeklestirilmistir. Kopri
boyutlarmin etkisini degerlendirmek i¢in dogrulugu onaylanmis sonlu elemanlar
modeli kullanarak, tigiincli boliimde bir parametrik ¢alisma yapilmistir. DOrdlncu
bolim ise Tirkiye'deki uzun vadeli sicaklik degisimlerini degerlendirmeye
yoneliktir. Bu boliimde, Tiirkiye’deki 10 sehrin 50 yili agkin hava durumu kayitlarina
ek olarak dogrulanmis sonlu elmanlar modeli kullanilmistir. Deneysel sonuglar, her
iki kOpri i¢in de, beton kisimlardaki sicaklik degisiminin ¢elikten yiiksek oldugunu
gostermistir. Deneysel ve sonlu elemanlar analizi arasindaki karsilastirmalardan,
sonlu elemanlar modellerinin sicakliklar1 dogru bir sekilde yakalayabilecegini ortaya
koymaktadir. Parametrik c¢alisma, en etkili geometrik parametrenin, iist beton
tabliyesinin kalinlig1 oldugunu ortaya koymaktadir. Asir1 sicaklik analizi, diisey
sicaklik  degisimlerine dayanarak Tiirkiye’nin iki bdolgeye ayrilabilecegini
gostermektedir.

Anahtar Kelimeler: Kompozit I kiris; beton kapl ¢elik koprii; giines radyasyonu; 1s1l

yiik, sicaklik dagilimi, sicaklik degisimi.
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CHAPTER 1

INTRODUCTION

1.1 General

Due to the daily and seasonally frequent changing of the environmental thermal
loads (solar radiation, air temperature and wind speed), bridges are subjected to
undesirable deformations and stresses. The solar radiation causes the temperature to
vary nonlinearly through the depth and the width of the girders. Such variation leads
to additional stresses (equilibrating stresses) to prevent the nonlinear deformation of
the girder cross-section. The thermal equilibrating stresses can cause the cracking in
concrete where it can be as effective as the static gravity loads. Moreover, the
average temperature of the whole structure changes during the day and night cycles
causing longitudinal movements or continuity stresses based on the end conditions of
the bridge [1].

To understand the temperature gradient distributions and the consequent thermo-
mechanical effects, many researches were carried out during the last three decades on
several types and several parts of bridge structures. In general, the field long-tern
studies are mostly fully sponsored as long-term Structural Health Monitoring (SHM)
projects. The long term SHM systems include the instrumentation of the bridge
girders, and other parts, by many types of sensors. Due to the high cost of bridge
instrumentation, smaller size experimental girders were used by many previous
studies [2-9] to evaluate the effect of the variations of solar radiation and air
temperature on temperature gradient distributions and the consequent thermal
response of bridge structures. Other studies [10-20] used analytical, numerical, and

statistical techniques for this purpose.

1.2 Basic Concept



The heat transfers and flows in any grey body in three means. On the surfaces
exposed to the surrounding environment, radiation and convection control the heat
gain and loss to or from these surfaces. From surfaces to interiors and vice versa, the
heat transfers via the heat conduction, which differs from material to another
depending on the properties of the material. The main source of heat on the earth is
the sun. Solar radiations reach the surfaces either directly or indirectly. A fraction of
the incident solar radiation reflected into the atmosphere depending on the color and
texture of the surfaces, while another fraction is absorbed as heat. Convection
between the exposed surfaces and the air leads to the cooling of the bridge surfaces
during the dark hours of the day. The degree of convection depends on wind speed
and the difference in temperature between the surfaces and the surrounding air. The
conduction of heat from exterior surfaces to the interior parts of the sections or vice
versa depends on two primary thermal properties of the material in addition to the
density, these are the specific heat and the thermal conductivity. Another important
heat source is the absorption of the reflected radiation from the ground and other
neighbor objects. The absorbed heat is also dissipated from concrete surfaces (during
the cold dark hours) to the atmosphere via the long wave radiation, which is
considered as a cooling load added to the convection cooling [21-25].

During the day, the temperature changes rapidly in the atmosphere. However, due to
the weak thermal conductivity of concrete, the temperature inside the cross section
changes slowly, while in the exposed steel sections, the opposite holds.
Consequently, the temperature distributions in the cross section are non-linear and
depend on many characteristics as the thermal properties, the geometry, the type and
color of the surfaces, time of the season and the position of the bridges from the sun
movement.

After sunrise, the air is heated due to solar radiation and its temperature is gradually
increased. The variation in the air temperature produces uniform distributions of
temperature in the bridge. On the other hand, the direct solar radiation leads to a
significant change in the heat of the bridge surfaces, which leads to rapid changes in
their temperatures. In the same time, the interior layers of concrete keep colder as the
heat is slowly conducted from the exposed surfaces to the interiors. Thus, during the
sunny hours (day hours before, during, and after midday), temperature gradients

occur between the hot surfaces and the cold interiors. Such temperature gradients are



termed as positive gradients. If these gradients are calculated along the central
vertical axis of the girder or through the webs, then they are termed as vertical
temperature gradients. On the other hand, horizontal temperature gradients are those
calculated laterally along the centerline of the horizontal parts of the superstructure

such as the top slab or the flanges [26].

After sunset, the exterior surfaces are cooled quickly due to the effects of the
convection and the long-wave radiation, while the interiors still hot. Thus, and again
due to the weak thermal conductivity of concrete, reversed temperature gradients
occur with cold surfaces and hot interiors. Such temperature gradients occur after

sunset to sunrise and termed as negative temperature gradients.

In composite girders, the thermal conductivity of steel is much higher than of
concrete. Moreover, the thicknesses of steel sections are extremely smaller than of
concrete sections. Hence, minimal temperature gradients occur within the steel
sections. Across the concrete sections however, significant temperature gradients
occur. Another note is that the overall temperatures of the exposed steel sections
become much higher during the day and much lower during the night compared to
the concrete parts due to the same reasons. Thus, the temperature gradient
distributions in composite girders are significantly different from those of concrete
girders [27].

1.3 Objectives of the Research

This research implemented at the Gaziantep University campus (Latitude 37 2' 22" N
and longitude 37 19' 2" E) in Turkey to study the thermal behavior of two different
composite girder segments. The work presented in this thesis composes of four main
parts. An experimental work, a finite element modeling study, a parametric study and
an extreme analysis study. The main objectives of the work presented in this thesis

are:

o Experimentally investigating the effect of solar radiation, air temperature, and
wind speed on the temperature and temperature gradients distributions and
thermal strains of composite girders. The experimental work includes the
casting of two composite girder segments; a concrete slab on steel beam (T-

Beam) and a concrete-encased-steel beam (I-Beam). The two segments were

3



instrumented with thermocouples, strain gages, air temperature probe, wind

speed anemometer and solar radiation pyranometer.

e Conducting a thermo-mechanical finite element study using the COMSOL
finite element package [28] to solve heat flow in the two composite girder
segments under the effects of the different boundary condition, including the
convection, solar radiation, reflected radiation and re-radiation. The FE
thermal analysis investigates the temperature and temperature gradient
distributions in addition to thermal strains and thermal stresses due to these

gradients.

e Verifying the FE element model using temperature records from the two
experimental segments and studying the influence of the size of the girder
bridge on the thermal behavior using the verified FE model. In addition to the
overall sizing of the girders, the effect of the thickness of concrete flanges or

top slab and the height of the girder are also investigated.

e Conducting an extreme analysis to evaluate the long-term temperature
gradient variations in composite girders in Turkey. For this aim, the verified
FE model of the T-beam is used in conjugate with weather records of more
than 50 years for 10 Turkish cities distributed along the seven Turkish
regions. From this analysis, the possible extreme vertical and lateral
temperature gradients are investigated for the adopted cities, and hence,

design gradients can be introduced.
1.4 Layout of the Study
This dissertation consists of eight chapters to accomplish the problem of the study.

Chapter two summarizes the available literature review on the effect of
environmental thermal loads on temperature and temperature gradients in bridge
girders, especially composite girders, in addition to the consequent structural effects.
The chapter also reviews some of the available international design code provisions

on this subject.



Chapter three describes the experimental work, construction, setup and
instrumentation of the two composite girder segments, while the records of the
experimental work from the two segments are presented and discussed in chapter
four. These results include the environmental records (air temperatures, wind speed
and solar radiation) and temperature records from the different thermocouples
installed in the different parts of the two girders, in addition to strain measurements.

In chapter five, a summary of the formulation of the temporal FE thermo-mechanical
analysis and an overview of the temperature effects, provisions of AASHTO LRFD
[29] is introduced, followed by an explanation of the conduction of this analysis
using COMSOL. The verification of the FE thermal analysis is also presented in this
chapter. Chapter six presents the FE parametric study, which is composed of three
parts. The first investigates the combined effect of the girder depth and the thickness
of its flanges and web. The second evaluates the effect of the girder depth by using
fixed thicknesses for the web and flanges. The third part investigates the effect of the

thickness of the web and flanges for a fixed depth of the section.

In chapter seven, the Turkish State Meteorological Service [30] data of temperature
and solar radiation are used for more than 50 years, since 1960 to 2013 to estimate
the extreme temperature and temperature gradients in composite girders. The
analysis includes six different months, which are April, June, July, October,
November, and December for two selected cities. Based on the verified COMSOL
FE model, the maximum vertical and horizontal temperature gradients of composite
bridge girder in ten cities for six months are obtained and compared in this chapter.
Finally, the most important conclusions of the four parts of this study are presented

in chapter eight in addition to recommendations for future required studies.



CHAPTER 2

LITERATURE REVIEW

2.1 General

From the early years of the 60th of the previous century, large studies were carried
out to understand the effect of temperature related by the bridge problems. Field tests
and numerical solutions were made to improve the understanding of the thermal
behavior of bridges under environmental thermal loads. Generally, researchers have
studied the thermal behavior devoted to composite box girder bridges. While the

composite I-girder bridges are rare.

A detailed current survey of the literature published on the thermal gradient analysis
in composite bridges girder is presented in this chapter. In addition, some current

design codes provisions are reviewed.
2.2 Thermal Behavior of Composite Girder Bridges

In the earlier decades very large studies were conducted about temperature impacts
on concrete bridges. One of the most significant studies in composite girder bridges
is thermal effects. These effects have important impacts as dead or live load
influence. But, only some investigations were devoted to composite steel-concrete
bridges. On the other hand, in composite girder bridge, the temperature distributions
are different due to various properties and cross sections. Hence, the shear
connections in a composite girder bridge must be designed correctly to able of

resisting thermal stresses.
2.2.1 Experimental and field data of thermal effects

Naruoka et al. [13], in 1957 checked a temperature at a simply supported bridge with
reinforced deck slab-on-steel girders of the Shigita Bridge in Japan in July. The

researchers have obtained a typical vertical temperature distribution during the study
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period. Also, the results of the field tests showed that the distribution is linear in the
concrete deck slab and almost constant in the steel girder. Furthermore, the
researcher found that the maximum difference in temperature between the top and
bottom of the concrete deck slab around 22 °C, in addition, the thermal gradient in

the black surface is very steep.

Zuk [16], in 1961 discussed linear temperature gradients in statically determinate
composite bridges by revealing accurate derivation of thermoelastic stresses and
deformations. He assumed that slab and beam were considered separate and free to
deform independently. Actual stresses and deformations could then be built by
elementary beam theory. Later in 1965, Zuk [14] extended this work to handle the
vertical temperature gradients as a function of depth in a composite bridge across the
Hardware River in North Carolina. The outcomes pointed that the vertical
temperature distribution is almost linear in the concrete part with very small variation
through the depth of the steel girder. In addition, the researcher found that the
temperature differences in concrete deck between the top and bottom ranged from 11
to 19 °C during the day and -2 to 4 °C during the night.

Brewanger and Symko [31], in 1976 illustrated from experimental and analytical
steady-state of temperature distributions generated in cross-sectional planes of a
composite steel-concrete single span for bridges. By using the theory of heat transfer
in solids, the researchers predicted temperature distributions throughout the cross
section from known surface temperature. On the other hand, the study included an
improvement of finite solutions for steady-state of temperature distributions
according to the known boundary conditions. Also, the evaluation of the strains and
stresses were involved. Which reflected relatively small concrete slab stress when
related to their allowable stress. While, the temperature stress in the steel beam is
very large to consider in the design of these bridges. But, the empirical strains are
linear in the composite section with the computed FE strains to give little higher
stress. Finally, they found a temperature and stress distributions are nonlinear with

linear strains in the FEs.

In 1977, Thepchatri et al. [32] conducted a series of an experimental and analytical
study on three bridges of different sections in the Austin area: a post-tensioned

concrete slab bridge, a composite post-tensioned bridge, and a composite steel girder
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bridge. The researchers proceeded to determine thermal effects. In these studies,
diurnal variation in air temperature, solar radiation and wind speed were chosen to
express extreme winter and summer climatic conditions. The researchers made a
comparison between available field data and the analytical result. This comparison of
temperature distributions obtained a proper correlation. Also, the Center for Highway

Research conducted several general conclusions resulted from these studies.

Chan et al. [33], in 1990 studied thermal stresses of three composite box girder
bridges during the two-year period continuously of collection temperature data. From
the three bridges, data of the extreme temperatures and temperature differentials in
the box girder sections were examined. By using a FE method, thermal stresses were
obtained from the measured temperature differential data. The results of this study
gave thermal effects in compression in steel 92 and 3.8 MPa in tension in the
concrete. Finally, the researchers suggested many scams to reduce temperature
differences in the composite box girders.

Fu et al. [34], in 1990 determined the analytical results gained from a parametric
study on the thermal behavior, according to the experimental study of three different
species of composite bridge structures subjected to the thermal load. The parameters
investigators were including the diurnal ambient air temperature, intensity of solar
radiation, slabbing overhang-to-slab depth ratio and heat-transfer coefficient. These
composite concrete-steel bridges were a single and double-cell box girder and a
plate-girder. The researchers computed temperature distributions and temperature
induced stresses identical to a given geographic location and anticipated
environmental conditions. The outcomes of this study prove that a steady state
thermal condition never exists in a bridge structure. The intensity of solar radiation

and ambient air temperature are both time-dependent.

In 1991, Pentas et al. [35] carried out an investigating for temperatures and
temperature distributions into a composite bridge in Louisiana. Researchers found
that the maximum average girder temperature closely follows the ambient
temperature and the maximum average slab temperatures followed a similar trend.
But at higher temperature solar radiation will magnify the slab temperatures in a
somewhat linear manner. Also, they suggested two relationships to predict maximum

average slab temperatures dependent on slab temperature and ambient temperature.
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According to their observations, a vertical temperature profile will be developed.
Furthermore, they introduce equations to suggest the temperatures at three points
through the depth of the section: top of a deck, deck-girder junction, and mid- depth
of the girder. By this equation, the temperature profile is linear between these points

and constant below the center of the girder.

Mootry and Roeder [36], in 1992 made a large study of thermal effects at 11
different locations in the United States for typical bridges of three cross sections:
concrete box girder, concrete T-beam, and composite steel I-girder. Maximum and
minimum effective bridge temperatures for every section were determined. These
were compared to AASHTO [37] specified temperature ranges. Generally, the results
showed that concrete bridges undergo mean temperatures which sometimes exceed
the AASHTO recommended range while mean temperatures for the steel bridges

were completely within the recommended range.

In 2004, Im and Chang [38] observed a steel-concrete composite box girder bridge
by thermocouples during more 6-years in the south of Seoul. The study focused on a
three parameters of the thermal load which is involved: effective temperature,
vertical and horizontal temperature difference. According to the hourly data
measured the researchers revealed that the horizontal temperature differences are no
longer negligible since they are of the same order of magnitude as the vertical
temperature differences in the winter months. On the other hand, they indicated that
all the thermal load parameters of hourly maximum and hourly minimum values

obey to the Gumbel distribution.

Rimal et al. [39], carried out an empirical study on the performance of a composite
box-girder railway bridge subjected to the environmental thermal effects (solar
radiation, air temperature and wind speed) in Kralovske Porici Bridge. The
measurement of the temperature fields and the temperature gradients in the bridge
structure was made under extreme summer and winter temperature conditions. The
researchers found that the temperature and time pattern along the cross-section height
takes a general form not approaching the majority of the current standard design of
composite steel-concrete bridges. Also, they referred to the temperature, time pattern

along the concrete slab cross-section may be considered as linear.



In 2009, Zhang Tao [40] implemented an experimental work for composite I-girder
bridge. He presented the characteristic of the temperature field, and examined the
relation between the ambient and structural temperature field by a mathematical
model. And suggested a design temperature profile. Dimensions of the section of
plate girder are 380 x 560 cm?, a concrete plate deck supported on three I-main beam
and I-cross beam sections of 40 and 25 cm depth respectively. This study pointed
that heating by the solar radiation made the concrete deck as a heat source and raises
the temperature of the steel plates which aren't exposed to direct sunlight. And
because of the non-uniformity of the temperatures in concrete deck and steel girder,
large internal thermal stresses are developed if any thermal deformation is restrained.
Also, he found that the variation of the steel girder is faster than the concrete girder
due to thermal properties of the material. In addition, the temperature distribution in
the concrete deck is nonlinear, the temperature difference is maximized. the
researcher concluded that the vertical temperature distribution caused by the solar
radiation is not homogeneity, and the temperature difference changes a little with the
ambient environment change. He also showed that under the solar radiation, the

shear connection is easy to damage.

In 2009, Francesca [41] studied the long-term behavior of composite steel-concrete
bridge beams subjected to static loads, shrinkage, and thermal gradients. Diurnal and
seasonal temperature variations are taken into account. From experimental work, the
researcher adopted in his analysis a linear elastic law for the steel beam and a linear
viscoelastic behavior for a concrete slab. He also found that, when the temperature
gradients present non-linear distributions along the vertical axis of the section,
further self-equilibrated stresses arise in the composite section, even if simply
supported systems are considered. These stresses have to be added to those generated
by permanent and static loads and the ones induced by shrinkage of the concrete slab.
Finally, the researcher point that, in the service stage, the steel beam does not present
stresses of any significance, as its cross-section is designed in order to limit vertical

displacement while the concrete slab can be subjected to cracking phenomena.

In 2013, Zhou and Yi [42] studied a thermal load by representation the three types of
bridges that are a concrete bridge, steel-concrete composite bridge, and steel bridge.

Based on field measurement results, the researchers adopted the finite difference
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method and FE method in the numerical analysis. According to the different heat
transfer coefficients of steel and concrete make a nonlinear thermal gradient along
the vertical axis of the cross section. The researchers found that from the
investigation of thermal load in three types of bridges by the theoretical model,

numerical analysis, and field measurement refer to progressing remarkable results.
2.2.2 Theory and computational evaluation of thermal load

In 1977, Emanuel and Hulsey [43] worked out a new numerical solution to compute
the differential heat flow equation of FE method for different composite bridge
decks. They divided cross section into constant heat flow elements. In this study, the
main environmental factors studied: solar radiation, shade, temperature and wind

speed.

Emanuel and Lewis [44], in 1981 carried out a simulation for a prior study of the
environmental stress on the slab force. The researchers made correlation results of
strain and deflection with theoretical values, which reflects agreement results
between the experimental and theoretical values. This, in turn, provided a reasonable
method for predicted the thermal behavior of composite bridge and can be used with
actual temperature profiles, material properties, and substructure stiffness

characteristics.

Dilger et al. [45], in 1981 developed a computer program able to predict the
temperature distribution in the cross-section of a composite steel box-girder bridge.
Researchers demonstrated that a very high temperature differences develop as a
result of the different thermal properties of the two materials and the stresses caused
by thermal effects are higher in continuous structures. Also, the study found that
under the worst conditions, temperature differences of up to 70 °C may develop. On
the other hand, they suggested that to reduce the differences between steel and
concrete in temperature by many means: painting the steel box with a bright color,
providing a long cantilevering deck, and sloping the webs of the box.

Berwanger [46], in 1983 studied a numerical procedure for the solution of transient
temperature variations in composite slab—beam highway bridges. By using higher

order triangular FEs, the bridge deformations calculated. Also, strain and stresses are
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determined by using small deflection theory. According to the FE thermoelastic
analysis method, continuous composite slab-beams bridges can be solved.

Xia et al. [47], in 2011 checked the temperature pattern of a structure by a
thermodynamic direct approach on a simple rectangular concrete slab. The researcher
found that the mechanical model can accurately forecast the structural temperature
field. Because of, the mechanical model deals with the temperature effect on the
thermal reliance with young’s modulus and its gradient in the structure considering a

composite structure whose components have different young’s moduli.
2.3 Temperature Gradients of Bridges

During daytime, especially in summer, a net gain of energy occurs, resulting in a rise
in temperature through the structure such that the top surface becomes warmer than
the soffit. Because of the poor thermal conductivity of concrete, this rise in
temperature results in temperature gradients within the bridge structure. These
gradients are denoted as positive gradients. Conversely, the net loss of heat which
occurs, typically, during winter nights, results in a reduction of temperature in the
structure, thereby creating negative gradients of temperature with warmer soffit than
the top. The resulted deformations from temperature gradients, when restrained,
produce stresses in the structure. To calculate the resulted stresses, these gradients
must be calculated. The temperature gradients are governed by the heat flow through
the body and are functions of the density, specific heat and thermal conductivity of

the material.

In 1970, and based on measurements taken from three bridges in Britain, Maher [48]
suggested a linear temperature distribution through the top slab of the bridge. In
1972, Priestly [49] analyzed the effect of different available suggested thermal
gradient models and compared the results with available measured data. Among
these suggested gradients is proposed by Maher. Another one proposed by the
Ministry of Works of New Zealand [50] in which temperature varies with depth as
second, fourth and sixth-degree parabolas. Based on his study, Priestly found that the
sixth-degree parabola gives the most accurate temperature distribution and thus was
recommended for superstructure depths between 1200 and 1500 mm as shown in

Figure 2.1.
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In 1976, Priestly [10] proposed a revised temperature gradient to that suggested in
1972. 1t has consisted of three individual parts. In the first part, the temperature was
assumed to decrease nonlinearly from a maximum at the top surface of the deck slab
to a depth of 1200 mm, with the nonlinear variation represented by a fifth-degree
parabola. The second part applied only to a top slab of a box girder, in which
temperature was assumed to decrease linearly. The third part assumed a linear

variation of temperature over the bottom 200 mm of the cross section.

18 °C 30°C 32°C 32°C

5 th. degree parabola
6 th. degree parabola

206[\

1.5°C
Maher M.W.N. Priestley Priestley
(1972) (1976)

d =Total cross-section depth d = Depth of deck slab

Figure 2.1 Temperature gradients suggested by Priestly [51].

In 1983, Dilger et al. [51] carried out measurements on the Muskwa River Bridge, a
composite steel box girder bridge. They found that a large temperature difference of
41 °C occurred between the concrete deck and the steel box exposed to the sunlight.
This temperature difference developed in less than two hours. Also, temperature
difference alone would have been large enough to cause cracking of the concrete
deck. The maximum and average recorded crack width was 0.22 and 0.09 mm

respectively.

Elbadry and Ghali [52], in 1986 studied the temperature variations produced by
weather conditions over the cross section of a bridge structure which are generally
nonlinear and which induce stresses of substantial magnitude in both the longitudinal
and transverse directions. They discussed the variables that affect thermal stresses
and used a computer program to predict the temperature distribution and the
corresponding self-equilibrating stresses over the bridge cross sections of data related

to the bridge location and weather conditions. They found that the tensile stresses
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due to temperature could be high enough to cause concrete cracking in different parts
of the box girder bridges.

Chang and Im, in 2000 [53] studied the thermal behavior of composite box girder
bridges. Their study is based on field measurements of a newly constructed
composite box girder bridge in South Korea. The authors carried out a two-
dimensional FE analysis, which has good agreement with the field records. They
compared their results with the BS 5400 [54], and AASHTO LRFD [29]
recommended temperature gradients. The researchers concluded that the design
temperature distribution with a uniform differential between the concrete slab and the
steel girder is unsuitable for representing the thermal effects in design purpose.

In 2002, Au et al. [55] conducted a study of thermal behavior of composite bridges in
Hong Kong. The results of this study demonstrated that the temperature distribution
in bridge depends essentially on the solar radiation, ambient air temperature and
wind speed. Also, the researchers suggested that a fifth-order equation of the design
temperature profile for better estimation of thermal properties of the material and file
coefficients in tropical regions, which is very similar to the one proposed by Priestley
[49].

In 2007, Stuart et al. [56] found that in-plane shear strain in the slab acting as a
flange in the composite girder under the applied bending causes the longitudinal
displacements. This shear lag can result in an incorrect calculation of the
displacement and extreme fiber stresses when using only the basic theory of bending
beam. A parametric study was carried based on FE analysis of bridges selected by a
statistical method (namely, the design of experimental concepts. Effective width
values at the critical sections were calculated from stresses obtained from FE

models).
2.4 Solar Models Literature

Emanuel and Hulsely, in 1978 [57] analyzed a composite girder bridge based on
Columbia weather conditions. They studied two extreme conditions; the first is the
maximum ambient air temperatures and their corresponding solar flux on July 20",
while, the second is the minimum ambient air temperature and their corresponding

solar flux on January 18". They proposed formulas to estimate the solar heat flux
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corresponding to the maximum and minimum air temperature for horizontal surfaces.
Their formulas depend on many variables, among which are; the solar heat incident
to the horizontal surface, a day of the year, daytime (hour), sunrise and sunset hours,

a length of sunlight hours, turbidity of the atmosphere, and the solar constant Igc.

In 1998, Kuehn et al. [58] gave a simple equation to estimate the intensity of solar

radiation during average clear day, and this can be expressed as:

IDN =Ae-B/SinB (2 1)

Where the coefficients A and B are empirical to be determined from the
measurements of Iy made on the typical clear day. A is the apparent direct normal
solar flux at the outer edge of the earth’s atmosphere. B is the apparent atmosphere
extinction coefficient. The numerical values of A and B vary throughout the year
because of seasonal changes in the dust and water vapor content of the atmosphere
and because of changing the earth-sun distance. The author gave recommended
tabular values for coefficient A and B for the twenty-first days of each month.

2.5 Current Design Codes

Many design codes were used around the world; however, in this section, the
temperature distribution and the thermal design provisions of the widely used codes

will be reviewed.
1. AASHTO Standard Specification of Highway Bridges (2007) [59],
2. AASHTO LRFD Bridge Design Specifications (2012) [60],

3. AASHTO Guide Specifications of Horizontally Curved Highway Bridges
(2003) [61],

4. Eurocode, CEN ENV 1991-1-5 (2003) [62] and

5. British Standard BS 5400 (1978) [54].
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2.5.1 US Code

Three important provisions of the American Association of State Highway and
Transportation Official (AASHTO) standards will be discussed in the following

subsection.
2.5.1.1 AASHTO Standard Specification for Highway Bridges (2007)

The AASHTO Standard Specification for Highway Bridges (2007) [59] provided
thermal gradients or temperature differentials through the depth of the bridge, which
stated that for mineral structures and for concrete structure, the range of bridge
temperature should be taken generally as 0 ~ 120 °F under moderate climate and -30
~ 120 °F for cold climate for steel while taken 10 ~ 80 °F under moderate climate and
0 ~ 80 °F for cold climate for concrete. So, AASHTO [59] put a limit for design

massive concrete members or metallic structures in moderate and cold climates.
2.5.1.2 AASHTO LRFD Bridge Design Specifications

AASHTO LRFD [60] Bridge Design Specifications supply more detailed on thermal
loading than AASHTO Stander Specification [59]. There are two officials way in
LRFD Specifications can be used to calculate the thermal movement associated with
the uniform temperature change. The first procedure in the LRFD Specification
similar to recommended temperature ranges in moderate and cold climates in the
AASHTO Standard Specification. Table of the AASHTO LRFD [60] temperature
ranges includes the superstructure and the climate (moderate and cold) at degrees
Fahrenheit. By using this manner the temperature range is multiplied by the thermal
coefficient of expansion of the material and the length of the member being
designed. The second procedure selected a maximum and minimum design bridge
temperature, from a thermal contour map of the United States. Which provided

various maps for concrete and composite superstructure.
2.5.1.3 AASHTO Specifications of Horizontally Curved Highway Bridges

Generally, the limitations of the thermal effects in the AASHTO Guide
Specifications for Horizontally Curved Steel Girder Highway Bridges (2003) act
according to the recommendations of the AAHSTO Standard Specification, with the

addition of temperature differential between the deck and girders, which states: “ A

16



uniform temperature difference of 25 degrees Fahrenheit between the deck and the
girders shall be considered when the width of the deck is less than one-fifth of the
longest span. The load effects due to the temperature differential shall be added to

the effects due to the temperature changes specified in AASHTO”.

Extra comments with respect to the tendency of bearing guides are included in the
commentary of the Guide Specification.

2.5.2 Eurocode (CEN ENV)

In Eurocode 1 [62], the requires of a steel-concrete composite bridge for thermal
effects be evaluated by the uniform temperature component and the temperature
difference components. Generally, the uniform temperature component correlated
with minimum and maximum shade air temperature that depends on the site of mean
sea level, which shall be derived from national maps of isotherms for each country.
Furthermore, the vertical temperature difference component includes either the
nonlinear component by using the normal procedure or linear component using the
simplified procedure. Eurocode 1 illustrated that for important structures the thermal

analysis must be used.
2.5.3 British Standard BS 5400

In BS 5400-1-1978 [55] code, the uniform temperature component and difference
components estimate the thermal actions. The maximum and minimum uniform
temperatures are obtained from the maximum and the minimum shade air
temperatures and the types of bridge cross section. This code used two maps of
isotherm in order to select the maximum and minimum shade air temperatures
depends on the site of mean sea level and asphalt depth of bridges. Linear
temperature distributions are assumed to consider the effects of vertical temperature
difference. BS 5400-1-1978 [55] code gives the shapes of positive and negative
temperature distributions according to the cross section type for steel-concrete

composite bridges.
2.6 Conclusions from the Literature Review

From the review literature, and according to the current literature survey, it can be

concluded that:
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e In general, the researches on composite I-steel girder bridge subjected to the

thermal load behavior by experimental work very little and not cover many

parameters.

e The numerical modeling under the effect of elevated temperatures is still not

fully covered.

So, it can be noted that, for the thermal behavior of composite I-steel girder bridges,
complete works with field measurements and numerical studies are RARE.
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CHAPTER 3

THE EXPERIMENTAL TEST SET UP

3.1 Generally

In this study, an experimental work carried out to examine the environmental thermal
loads under influence of ambient air temperature, solar radiation and wind speed on
the thermal behavior of two different composite I-steel girder segments at the

Gaziantep University campus (Latitude 372' 22" N and 37 19' 2" E).
3.2 Instruments and Equipment

In general, sensors include thermocouples, strain gages, air temperature probe, wind
speed anemometer and solar radiation pyranometer are illustrated in this section.

While, measurement units include the data logger and the connecting parts.
3.2.1 Air temperature probe and sensor mounts

The air temperature probe is an instrument used for observing the ambient air
temperature in the study field. The 108-temperature probe is proposed to use a
thermistor to measure temperature [63].This type of probe is designed accurately to
measure a variety of applications of air, soil and water temperature fields. Figure 3.1
shows a radiation shield to amount the 108-probe and limit solar radiation loading for
air temperature. Also, this type of probe effective in temperature range of -5 to +95
°C. The polynomial linearization accuracy typically < +0.5 °C at the -5 to +90 °C
range, also interchangeability error typically < 0.2 °C over 0 to 70 °C range

increasing to £0.3 °C at 95 °C.

The 108-probes must be housed inside a 41303-5A radiation shield if open to
sunlight. To attach the radiation shield directly to a tripod mast, tower mast, or tower

leg, places the U-bolt in the side holes as shown in Figure 3.2.
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Figure 3.1 The 108-probe requires one single-ended channel for measurement [63].
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Figure 3.2 The 108-air temperature probe with solar shield [64].

3.2.2 Wind speed sensor

The three—cup NRG#40 anemometers [65] from NRG system will be used to
measure wind speed as shown in Figure 3.3. 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 accuracy of the NRG#40 is high because having three conical cups molded in
one continuous piece; the estimated error is £ 0.14 m/s at 10 m/s. A rubber terminal
boot is included. Cup rotation produces a sine wave voltage in a single coil by a four-
pole magnet. Two sine wave cycles were generated for each revolution of the cups

with the frequency directly proportional to wind speed.
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Figure 3.3 The NRG#40 three- cup anemometers [65].

3.2.3 Solar radiation sensor

The CS300 used a silicon photovoltaic detector mounted in a cosine-corrected head
to supply solar radiation measurements for solar, meteorological and hydrological

applications [66].

Figure 3.4 shows the CS300 pyranometer provided by Campbell Scientific is used to
monitor the global sun plus sky radiation in the experimental field. The CS300
measures a radiation range of 0 to 2000 W/m? with an accuracy of +5% of daily total
radiation. The dome-shaped head prevents water from accumulating on the sensor
head.

— _—

©

Figure 3.4 The CS300 silicon pyranometer [66].
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To reduce internal condensation, the sensor head is potted solid and the cable is
shielded with a rugged Santoprene casing [66]. Figure 3.5 shows leveling fixture of
CS300 pyranometer and Figure 3.6 shows holding of CS300 pyranometer and

associated fixture to a holding arm [66].
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Figure 3.5 Leveling fixture of CS300 pyranometer [66].

Figure 3.7 shows the solar radiation system which includes a sensor of the air

temperature probe, wind speed and solar radiation in the site.

CS300
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Crossarm attaches
to tripod or tower
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Figure 3.6 Holding of CS300 pyranometer and associated fixture to a holding arm.
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Figure 3.7 The solar radiation system in the site.

3.2.4 Data acquisition system

The Campbell Scientific's products are used to compose the data acquisition system
of the study. Figure 3.8 shows the data logger CR1000 which is the core of this
system. CR1000 operated in a temperature range of -55 to +85 °C. Also, the
temperature sensor has built in the data logger to measure the temperature of the

panel.

Three the AM16/32 multiplexers are employed to increase the number of sensors that
can be measured by a data logger as shown in Figure 3.9. Also, Ethernet type NL115
and compact flash will be used to store data and directly download to PC as shown in
Figure 3.10. These three products compose the main parts of the system. The data
recording, timing, downloading and presentation will be controlled by the LoggerNet

4.1 software.
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Figure 3.8 The data logger CR1000.
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Figure 3.10 The L115 Ethernet/ compact flash module.

3.2.5 Thermocouples

A thermocouple is a sensor used to measure a temperature-time relationship. This
composed of two legs of the wires of different metals welded together at one end as
shown in Figure 3.11. The welded end produces a junction that leads to a voltage
under any change in the temperature. By thermocouple reference tables the voltage

can be correlated to a temperature reading.

There are several types of the thermocouples according to their characteristics. Types
K, J, E and T are the most common types of thermocouples. In this study,
thermocouple type T is used, which are made with a copper (positive) and a
constantan (negative). Because copper has a much higher thermal conductivity than
the alloys used in thermocouple constructions. This type is appropriate for
measurements in the -200 to 370 °C range and has lowest error than other types,

Table 3.1 shows the detail of the four common types of thermocouple.
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Figure 3.11 The thermocouple type T.

Table 3.1 The detail of the four common types of thermocouple.

Type Conductors Temperature °C | Accuracy (whichever is
(+) Leg (-) Leg Min Max greater)
Special limits of Error:
K Chromel Alumel -270 1260 +/- 1.1 °C or 0.4%
J Iron Constantan | -210 760
E Chromel | Constantan | -270 870 +/-1.0 °C or 0.4%
T Copper | Constantan | -200 370 +/- 0.5 °C or 0.4%

3.2.6 Vibrating Wire Strain Gages

By using a strain gages, the strain and the stresses in different directions can be
checked. In this study, two types of strain gages are used. One for reinforced
concrete and mass concrete structures and other for steel as shown in Figure 3.12 (a)

and (b) respectively

(a) (b)

Figure 3.12 Vibrating wire strain gage (a) for reinforced concrete and (b) for steel.
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3.3 Experimental segments

Experimental works included casting two segments of composite girders. One
segment was composite concrete I-steel girder (T-Beam) as shown in Figure 3.13.
Another segment was composite encased concrete I-steel girder (I-Beam) as shown
in Figure 3.14.

800mnr -

[200mm

Figure 3.13 Composite concrete I-steel girder (T-Beam) segment.

800mmny *

L-m(hm-i
300mm

Figure 3.14 Composite encased concrete I-steel girder (I-Beam) segment.

3.4 The Composite Concrete I-Steel Girder Segment

Figure 3.13 shows detailed dimensions of the T-Beam segment. I-steel girder depth
is 500 mm, width of the flange is 200 mm and the thickness is 8 mm for the steel
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part. The segment I-Beam has the same dimensions of I-steel girder except 400 mm
depth as shown in Figure 3.14.

Figure 3.15 shows, top view of concrete deck 500 x 800 mm and thicknesses are 100
mm for the two segments. Steel reinforcements are 10 mm diameter bars with 100

mm spacing.
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Figure 3.15 Cross-section and steel reinforcement of concrete deck.
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3.5 Experimental Work of composite Girder Segments

In the first step of the experimental work thermocouples and strain gages are
installed into the two segments. Figures 3.16 to 3.19 show the T-Beam and the I-

Beam segments before and after concrete casting into the site.

Figure 3.16 The T-Beam specimen before casting.
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Figure 3.19 The I-Beam specimen after casting.
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3.5.1 Position of Thermocouples

For segment T-Beam, the total number of used thermocouples was 14. Seven
thermocouples are installed for both concrete (TC) and steel (TS). Figure 3.20 shows
the locations of thermocouples which installed in the T-Beam specimen. While, 15
thermocouple used in 1-Beam segment. The location of 12 thermocouples in concrete
(TC) and 3 thermocouples in steel (TS) are shown in Figure 3.21.
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Figure 3.20 The locations of thermocouples installed in T-Beam segment.
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Figure 3.21 The locations of thermocouples installed in I-Beam segment.
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3.6 Position of Strain Gages

In this study, for the T-Beam segment two different types of strain gages are used for
steel and concrete materials. The position of these strain gages are shown in Figure
3.22(a) and (b).

For the I-Beam specimen, two strain gages of the same type installed in the concrete
materials. Figure 3.23(a) and (b) shows the strain gages in the orthogonal position.
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Figure 3.22 The position of strain gages in T-Beam segment (a) cross section and (b)
top view.
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Figure 3.23 The position of strain gages in I-Beam segment (a) cross section, and (b)
top view.

Figures 3.24 and 3.25 show clearly all sensor and measurement devices set up on the

site before casting the two segments.
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Figure 3.24 Sensor and measurement devices set up in the T-Beam specimen.

Figure 3.25 Sensor and measurement devices set up in I-Beam specimen.
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CHAPTER 4

THE EXPERIMENTAL RESULTS

4.1 General

In this chapter, the results of the experimental two segments of composite concrete-
steel girders, T-Beam and I-Beam segments will be discussed in details during the
test period. The test period extended from 21-December-2015 to 22-February-2016.
The results include the environmental records such as the air temperatures, wind
speed and solar radiation. The results of the recorded data of thermocouples in the
different parts have been addressed for T-Beam and I-Beam segments in the cold

season during the annual thermal cycle (December, January and February).

Moreover, in this chapter, the temperature distributions and vertical and lateral
temperature gradients along the two segments in different parts will be presented for
frozen, cold and sunny days of the same period.

4.2 The Environmental Records

The data collected from the environmental sensors that explained in chapter three
will be discussed in this section. The air temperature, solar radiation and wind speed
are demonstrated graphically.

Figure 4.1 shows the hourly air temperature variation and the daily air maximum,
minimum and difference (max-min) temperatures from 21-December-2015 to 22-
February-2016. Where, the maximum recorded air temperature during the selected
period was 23.0 °C in 18-February-2016 at 3:00 PM, while the minimum recorded
air temperature was -9.9 °C in 28-January-2016 at 3:00 AM. The maximum daily
temperature difference (max-min) was 18.6 °C in 25-December-2015 and the

minimum daily temperature difference was 1.4 °C in 13-January-2016.
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Figure 4.1 Hourly air temperatures and daily maximum, minimum, and difference
(max-min) air temperatures from 21-December-2015 to 22-February-2016.

Figure 4.2 illustrates hourly and daily maximum solar radiation intensities from 21-
December-2015 to 22-February-2016. The maximum recorded solar radiation

intensity during the examined period was 870 W/m? in 10-February-2016 at 11:30
AM.
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Figure 4.2 Hourly and daily maximum solar radiation intensities from 21-December-
2015 to 22-February-2016.

Figure 4.3 shows the hourly wind speed from 21-December-2015 to 22-February-
2016. The maximum recorded wind speed in the selected period was 5.049 m/s in

25-January-2016 at 2:00 PM, while the minimum recorded wind speed was 0 m/s,
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which is a frequent minimum value, occurred before sunrise and before/after one

hour of sunset. The daily average wind speed for the examined period was 0.095 m/s.
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Figure 4.3 Hourly wind speed from 21-December-2015 to 22-February-2016.

4.3 Results of the T-Beam during the Test Period

The fluctuated temperature with time during the cold season will be presented in this
section. The hourly maximum, minimum, different (max-min), the average
temperature of the 14 thermocouples and the mean temperature are studied. The
hourly average temperatures of thermocouples in concrete and steel parts are
discussed separately. The hourly and daily maximum and minimum temperature

differences at different locations in the segment are studied.

Figure 4.4 shows the hourly maximum temperatures of the 14 thermocouples, where
the highest recorded hourly maximum temperature was 36.41 °C on 18-February-
2016 at 2:00 PM at the location of TC1.

Figure 4.5 illustrates the hourly minimum temperatures of the 14 thermocouples. The
lowest recorded hourly minimum temperature was -9.39 °C in 28-January-2016 at
4:30 AM at the location of TS6. The variations in the maximum and minimum
temperatures reflect the influence of the location of the thermocouple. Where TC1 at
the extreme edge of the concrete deck and the TS6 at the edge of the bottom flange

of I-steel girder exhibited the maximum and minimum temperatures, which is
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directly attributed to their locations from sun movement and hence the received
quantity of solar radiation.
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Figure 4.4 Hourly maximum temperatures of 14 thermocouples from 21-December-
2015 to 22-February 2016 for the T-Beam segment.
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Figure 4.5 Hourly minimum temperatures of 14 thermocouples from 21-December-
2015 to 22-February 2016 for the T-Beam segment.

Figure 4.6 shows the hourly temperature difference (maximum-minimum) of the 14
thermocouples, where the maximum difference was 15.13 °C in 25-December-2015
at 10:00 AM and the minimum value was 0.02 °C in 4-January-2016 at 10:30 PM.

Figure 4.7 shows the hourly average temperatures of the 14 thermocouples from 21-
December-2015 to 22-February 2016. The maximum recorded hourly average

temperature was 30.3 °C in 18-February-2016 at 2:00 PM, while the minimum
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recorded hourly average temperature was -8.6 °C in 28-January-2016 at 5:00 AM.
The average of the hourly average temperature during the examined period was 6.5
°C.
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Figure 4.6 Hourly temperature differences (max-min) of 14 thermocouples from 21-
December-2015 to 22-February 2016 for the T-Beam segment.
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Figure 4.7 Hourly average temperatures of 14 thermocouples from 21-December-
2015 to 22-February 2016 for the T-Beam segment.

Figure 4.8 presents the hourly average temperatures of the seven thermocouples
fixed in concrete during the studied period. The maximum value for the average
temperature was 31.0 °C in 18-February-2016 at 2:30 PM, while the minimum
recorded value of the average temperature was -8.4 °C in 3-January-2016 at 5.30
AM. The average value of the hourly average temperature of the seven concrete

thermocouples during the examined period was 6.6 °C. The fluctuation of the
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average temperature of the seven concrete thermocouples is almost identical with

that of the average temperature of the 14 thermocouples.
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Figure 4.8 Hourly average temperatures of the seven concrete thermocouples from
21-December-2015 to 22-February 2016 for the T-Beam segment.

Figure 4.9 shows the hourly average temperature of the seven thermocouples fixed
on the steel section of the segment from 21-December-2015 to 22-February 2016.
The hourly average temperatures of the thermocouple were limited between 30.0 °C
in 18-February-2016 at 2:00 PM to -9.0 °C in 28-January-2016 at 4:30 AM. The
Average value for the hourly average temperature of the steel thermocouples during

the examined period was 6.4 °C.

Figure 4.10 illustrates the hourly mean temperatures of thermocouples during the
studied period. The mean temperature is the area based average temperature of the
beam, which is calculated as the sum of the temperatures of each thermocouple
multiplied by its surrounding area divided by the total area of the beam section,
which is calculated by:

Y TiXA;

Mean(T) = S

(4.1)

Where T; is the thermocouple temperature, i is the number of the thermocouple, and

A; is the individual area that surrounds the thermocouple.

The maximum value of the mean temperature was 30.9 °C in 18-Faburay-2016 at

2:30 PM. The minimum recorded value was -8.4 °C in 3-January-2016 at 5:30 AM.
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In the design of thermal movements, the maximum and the minimum mean
temperatures are used.
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Figure 4.9 Hourly average temperatures of the seven steel thermocouples from 21-
December-2015 to 22-February 2016 for the T-Beam segment.
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Figure 4.10 Hourly mean temperatures of thermocouples from 21-December-2015 to
22-February 2016 for the T-Beam segment.

The thermocouples were installed at different places distributed as vertical and
horizontal grids in/on the concrete slab and the steel girder to evaluate the
temperature variations along the vertical and lateral sections. Figures 4.11 to 4.19
study the hourly variation and the daily maximum and minimum temperature

differences at different locations of the segment from 21-December-2015 to 22-
February 2016.

Figures 4.11 to 4.16 show the temperature differences between the thermocouples
along the vertical centerline of the girder. The visualization of these temperature

39



differences gives better understanding for the aforementioned distribution of the
vertical temperature gradient. The maximum temperature along the vertical
centerline occurs at the top surface thermocouple (TC3) during the hot hours of the
day, which composes the positive temperature gradients. On the other hand, after
several cooling hours, the temperature of this thermocouple becomes the lowest (in
the concrete slab) along the vertical center line, which leads to the distributions of the
negative vertical temperature gradients. Therefore, TC3 is compared in this section
with the concrete-slab mid-thickness thermocouple (TC4), the thermocouple installed
at the bottom face of the concrete slab (TC5), the central thermocouple of the steel
section (TS4), and the thermocouple TS7, which is installed at the lower face of the
bottom flange of the steel section. In addition, the temperature of TC3 is compared at
each time step with the maximum and minimum temperatures of the thermocouples
installed along the vertical centerline of the girder, hence the maximum and
minimum temperatures of thermocouples TC3, TC4, TC5, TS1, TS3, TS4, TS5 and
TS7.

Figure 4.11 shows the hourly variation and the daily maximum and minimum
temperature differences between TC3 and the TC4 during the studied period. This
temperature difference shows the temperature variation along the top half of the
concrete slab. The hourly and daily maximum temperature differences ranged from
0.3 to 3.1 °C, while the hourly and daily minimum temperature difference ranged
from -1.5t0 -0.03 °C.
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Figure 4.11 Hourly variation and daily maximum and minimum temperature
differences (TC3-TC4) from 21-December-2015 to 22-February-2016 for the T-
Beam segment.
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Figure 4.12 shows the hourly variation and the daily maximum and minimum
temperature differences between the thermocouples TC3 and the TC5 from 21-
December-2015 to 22-February-2016. This difference shows the variation of
temperature between the top and bottom surfaces of the concrete slab. The maximum
difference value ranged from 0.4 to 5.5 °C, and the minimum difference value was in
the range of 0.3 t0 -2.4 °C.
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Figure 4.12 Hourly variation and daily maximum and minimum temperature
differences (TC3-TC5) from 21-December-2015 to 22-February 2016 for the T-
Beam segment.

Figure 4.13 illustrates the hourly variation and the daily maximum and minimum
temperature differences between the TC3 and the central steel thermocouple TS4
during the examined period. The maximum recorded difference was from -0.01 to

7.0 °C, while the minimum temperature difference ranged from -12.8 to -0.3 °C.

Figure 4.14 shows the hourly variation and the daily maximum and minimum
temperature differences between TC3 and TS7 during the studied period. This
temperature difference shows the gradient between the top and bottom surfaces of
the composite girder. The maximum recorded temperature differences were from 0.0

to 7.1 °C, while the minimum temperature differences were from -0.3 to -12.1 °C.

Figure 4.15 illustrates hourly variation and the daily maximum and minimum
differences between TC3 and the minimum temperature of the girder during the
examined period. The maximum difference temperature was from 0.4 to 7.1 °C,

while the minimum temperature difference ranged from 0.0 to 0.5 °C. The
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comparison between the results of the temperature difference of (TC3-Min) with the
differences with other thermocouples (TC4, TC5, TS4 and TS7) show that higher

temperature differences were recorded between the TC3 and the minimum

temperature.
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Figure 4.13 Hourly variation and daily maximum and minimum temperature
differences (TC3-TS4) from 21-December-2015 to 22-February 2016 of the T-Beam
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Figure 4.14 Hourly variation and the daily maximum and minimum temperature
difference (TC3-TS7) from 21-December-2015 to 22-February 2016 of the T-Beam

segment.
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Figure 4.15 Hourly variation and the daily maximum and minimum temperature
differences (TC3-Min) from 21-December-2015 to 22-February 2016 for the T-Beam
segment.

Figure 4.16 visualizes the hourly variation and daily maximum and minimum
temperature differences between TC3 and the maximum temperature (TC3-Max)
during the studied period. The maximum recorded values of this difference were

from -0.3 to 0.0 °C and the minimum values ranged from -12.8 to -0.8 °C.
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Figure 4.16 Hourly variation and daily maximum and minimum temperature
differences (TC3-Max) from 21-December-2015 to 22-February 2016 for the T-
Beam segment.

After reviewing the difference temperatures between the thermocouples along the
vertical centerline of the composite girder that composes the vertical temperature
gradient distributions, the differences between the temperatures of the thermocouples

along the horizontal direction are shown in Figures 4.17 to 4.19. The lateral
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temperature gradients occurs along the width of the top concrete slab, therefore
thermocouples were installed along the horizontal centerline of the concrete slab to
evaluate this gradient. These are TC1, TC2, TC4, TC6 and TC7 from north to south.

Figure 4.17 shows the hourly variation and the daily maximum and minimum
temperature differences of the thermocouple southern edge thermocouple TC7 and
the slab’s central thermocouple TC4 from 21-December-2015 to 22-February 2016.
This temperature difference shows the lateral temperature gradient at the southern
edge of the top concrete slab. The maximum value of the difference of (TC7-TC4)

ranged from 1.3 to 9.3 °C, while the minimum value ranged from 0.06 to -2.5 °C.
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Figure 4.17 Hourly variation and daily maximum and minimum temperature
differences (TC7-TC4) from 21-December-2015 to 22-February 2016 for the T-
Beam segment.

Figure 4.18 shows the hourly variation and daily maximum and minimum
temperature differences between TC7 and TC1 from 21-December-2015 to 22-
February 2016. TC1 is the northern edge thermocouple. Thus the temperature
difference (TC7-TC1) shows the lateral temperature gradient between the southern
edge and the northern edge of the concrete slab. The maximum value of the
difference of (TC1-TC7) ranged from 1.4 to 9.2 °C, while the minimum value of the
difference was between -0.01 and 0.4 °C. When comparing the results of the
temperature differences (TC7-TC4) and (TC7-TC1), the maximum difference values
were in the range of 0.02 to 0.06 °C (very close), yet the minimum difference values
ranged from -2.5to 0.31 °C.
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Figure 4.18 Hourly variations and daily maximum and minimum temperature
differences (TC7-TC1) from 21-December-2015 to 22-February 2016 for the T-
Beam segment.

Figure 4.19 shows the hourly variation and the daily maximum and the minimum
temperature differences between the northern edge thermocouple TC1 and the central
thermocouple TC4 from 21-December-2015 to 22-February 2016. The maximum
difference (TC1-TC4) ranged between 2.6 and -0.3 °C, while minimum difference
ranged from -0.34 to -4.8 °C. The comparison between the results of the difference of
(TC1-TC4) with the results of the difference of (TC7-TC4) shows that the values of

the maximum and minimum differences of (TC7-TC4) were higher.
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Figure 4.19 Hourly variation and the daily maximum and minimum temperature
difference (TC1-TC4) from 21-December-2015 to 22-February 2016 for the T-Beam
segment.
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This is an expected result, as it is expected that the temperature of the southern edges
of the girder are higher than that of the northern edge. This is due to the sun
movement in winter and hence the quantity of the received solar radiation by both
edges. In winter, the sun rises from south-east moves to the south of the equator and
sets at the south-west. This means that along the full day hours, the southern edges
are exposed to solar radiation, while northern edges are mostly shaded. Thus, the
temperature at the southern edge thermocouple is generally higher that all other

points along the slab
4.4 Results of the I-Beam during the Test Period

The results of the 1-Beam segment are discussed briefly in this section. Fifteen
thermocouples were installed in the girder segment, 12 thermocouples were
distributed in the concrete section and three thermocouples were installed on the steel

beam.

Figures 4.20 to 4.22 show the hourly maximum, minimum and difference (max-min)
temperatures of thermocouples from 21-December-2015 to 22-February 2016. The
highest maximum hourly temperature value was 36.5 °C at thermocouple 1C4 in 18-
February-2016 at 2:00 PM and the lowest value was -7.3 °C in 3-January-2016 at
6:00 AM at thermocouple 1S2.
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Figure 4.20 Hourly maximum temperatures of thermocouples from 21-December-
2015 to 22-February 2016 for the I-Beam.
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The highest value of the hourly minimum temperature of the 15 thermocouples was
24.3 °C in 21-December-2015 at 1:00 PM at 1C4 and the lowest value was -8.4 °C in
28-January-2016 at 4:30 AM at IC7. For the hourly difference (max-min)
temperature of thermocouples, the highest value was 13.3 °C in 1-January-2016 at

1:30 PM and the lowest value was 0.0 °C on many days.
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Figure 4.21 Hourly minimum temperature of thermocouples from 21-December-
2015 to 22-February 2016 for the I-Beam.
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Figure 4.22 Hourly difference (max-min) temperature of thermocouples from 21-
December-2015 to 22-February 2016 for the I-Beam segment.

Figures 4.23 to 4.25 illustrate the hourly average temperature for all of the 15
thermocouples, the 12 concrete thermocouples, and the 3 steel thermocouples,
respectively, from 21-December-2015 to 22-February 2016. The maximum hourly

average temperature value for the 15 thermocouples was 28.4 °C, while the minimum
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value was -7.6 °C. For the 12 concrete thermocouples, the maximum recorded
average temperature was 29.0 °C and the minimum was -7.6 °C. The maximum
average temperature of the 3 steel thermocouples was 26.7 °C, while the minimum
value was -7.4 °C. The maximum and minimum values took place in 18-February-

2016 and 3-January-2016 respectively.

Figure 4.26 shows the hourly mean temperature of the 15 thermocouples from 21-
December-2015 to 22-February-2016. The maximum and minimum values of mean

temperature were 28.7 and -7.6 °C, respectively.
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Figure 4.23 Hourly average temperature of the 15 thermocouples from 21-
December-2015 to 22-February 2016 for the I-Beam segment.
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Figure 4.24 Hourly average temperature of the 12 concrete thermocouples from 21-
December-2015 to 22-February 2016 for the I-Beam segment.
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Figure 4.25 Hourly average temperature of the 3 steel thermocouples from 21-
December-2015 to 22-February 2016 for the I-Beam segment.
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Figure 4.26 Hourly mean temperature of thermocouples from 21-December-2015 to
22-February 2016 for the 1-Beam segment.

The difference in temperature between the thermocouples installed along the vertical
centerline of the composite girder was calculated to study the vertical temperature
gradient. Figures 4.27 to 4.29 show the hourly variation and daily maximum and
minimum temperature differences between the thermocouple I1C1 and the
thermocouples IC2, IC3 and IC10 during the study period. The maximum
temperature difference value of (IC1-1C2), (IC1-IC3) and (IC1-1C10) were 3.11, 5.7
and 6.66 °C. The corresponding minimum values were -1.4, -2.2 and -1.25 °C,
respectively. The thermocouple IC1 was considered as it is the top surface’s

thermocouple, hence, to which the gradients along the vertical axis of the girder are
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calculated. IC2 is the thermocouple installed in the top concrete flange, 25 mm below
the top surface (25 mm below IC1); while IC3 is the thermocouple installed at the
center of the top concrete flange (50 mm blow the top surface). On the other hand,
IC10 is the girder’s bottom surface’s thermocouple (installed on the bottom surface
of the bottom concrete flange). Therefore, the differences of IC1 with 1IC2 and IC3
show the temperature gradient within the top concrete flange, while its difference
with 1C10 show the general linear gradient between the top and bottom surfaces of
the girder.
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Figure 4.27 Hourly variation and daily maximum and minimum temperature
differences of (IC1-1C2) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.
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Figure 4.28 Hourly variation and daily maximum and minimum temperature
differences of (IC1-1C3) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.
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Figure 4.29 Hourly variation and daily maximum and minimum temperature
differences (IC1-1C10) from 21-December-2015 to 22-February 2016 for the I-
Beam.

Figure 4.30 illustrates hourly variation and the daily maximum and the minimum
temperature differences of IC1 and IS2 thermocouples from 21-December-2015 to
22-February 2016. 1S2 is the thermocouple installed on the central web of steel
girder inside the concrete. The maximum value of the daily maximum temperature
difference was 7.6 °C, while the minimum value of the daily minimum temperature
difference was -3.6 °C.
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Figure 4.30 Hourly variation and daily maximum and minimum temperature
differences of (1C1-1S2) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.
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The hourly maximum and minimum temperatures of all thermocouples along the
vertical centerline of the composite girder were calculated to better understand the
temperature gradient along this line. These thermocouples are the concrete
thermocouples IC1, IC2, IC3 and IC10 in addition to the three steel thermocouples
IS1, IS2 and 1S3. Figure 4.31 shows the hourly variation and the daily maximum and
the minimum temperature difference between IC1 and the minimum temperature

from 21-December-2015 to 22-February 2016. The values ranged from 7.6 to 0.0 °C.
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Figure 4.31 Hourly variation and daily maximum and minimum temperature
differences of (1C1-Min) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.

While Figure 4.32 shows the difference between the IC1 and the maximum
temperature for the same period. The maximum and minimum values were 0.0 and -
3.6 °C respectively. These values reveal that the top surface thermocouple IC1
records the highest temperature in some times (midday) and the minimum in others

(after midnight), while in other times, the maximum and minimum temperatures are
recorded by other thermocouples.

The lateral temperature gradient is evaluated along the centerline of the top flange of
the composite girder, hence along the concrete section only. The lateral gradient is
evaluated by taking temperature differences of the edge thermocouples (IC4 and IC7)
and the central thermocouple IC3. Note that the thermocouples installed along the
horizontal centerline of the top flange from North to South are 1C4, IC5, IC3, I1C6
and IC7 with a fixed spacing of 200 mm. Thus, the southern edge thermocouple is
IC7, while the northern edge thermocouple is 1CA4.
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Figure 4.32 Hourly variation and daily maximum and minimum temperature
differences of (IC1-Max) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.

As discussed in the lateral gradient of the T-beam, during the cold season, the sun
moves from sunrise to sunset along the day to the south of the equator. Thus, the
solar radiation received by the southern surfaces is much higher than those received
by the northern ones. Therefore, it is clear in Figures 4.33, 4.34 and 4.35 that the
maximum lateral temperature gradients all occur at the southern edge, where the
maximum temperatures were recorded at thermocouple IC7. Figure 4.33 shows
temperature differences between the southern edge thermocouple IC7 and the central
thermocouple IC3. The maximum value of the difference was 12.41 °C and the

minimum value was -4.11 °C.

On the other hand, Figure 4.34 illustrates the temperature difference between the
southern edge thermocouple IC7 and the northern edge thermocouple IC4 during the
tested period. The maximum recorded value for this difference was 10.1 °C and the
minimum recorded value was -0.04 °C. These values reveal that along the full day
fours, the highest temperatures were recorded at the southern edge, hence the daily
lateral gradient jump occurs there compared to other thermocouples. Comparing the
difference values from Figures 4.33 and 4.34, it is clear that the maximum lateral

gradients occur between the southern edge and the center of the slab.
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Figure 4.33 Hourly variation and the daily maximum and minimum temperature
differences of (IC7-1C3) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.
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Figure 4.34 Hourly variation and the daily maximum and minimum temperature
differences of (IC7-1C4) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.

Figure 4.35 shows the difference of temperature between IC4 and 1C3 thermocouples
during the study period. The maximum difference result was 4.5 °C and the
minimum result was -5.08 °C. This again reveals that the gradient at the northern
edge (compared to the center of the flange) is much lower than the temperature
gradient at the southern edge.
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Figure 4.35 Hourly variation and the daily maximum and minimum temperature
differences of (1C4-1C3) from 21-December-2015 to 22-February 2016 for the I-
Beam segment.

4.5 Frozen, Cold and Sunny Days

From the two winter months period, days were selected and categorized into three

distinguished categories. These are the Frozen, Cold and Sunny days.

The first category, Frozen day, refers to the day within which the temperature of the
air was lower than zero during the full 24 hours. From the data of the tested period,
seven days were recorded as frozen days. The frozen days are 1 to 4-January-2016
and 25 to 27-January-2016.

Cold day refers to any day having a daily minimum air temperature less than zero.
However, to optimize this term for most severe conditions, only those days having
daily air temperature difference not be less than 15 °C (Tairmax—Tairmin=>15 °C) were
considered as cold days. According to the above mentioned two conditions, six days
can be considered as cold days. These six days are 23, 25 and 28-December-2015,
29-January-2016, in addition to 3 and 4-February-2016.

Three conditions must be satisfied for a day to be termed as a Sunny day. The first
term is that temperature of air must be higher than zero along the 24 hours, while the
second term is that the daily air temperature difference should not be less than 15 °C
(Tairmax—Tairmin=>15 °C). The third condition of sunny days is that the daily maximum
of hourly solar radiation should be greater than 700 W/m?. During the two months of
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the test, only three days can be distinguished as Sunny days, these are 16 to 18-

February-2016.

For better and optimized presentation of the recorded environmental, temperature

and strain readings, only one day from each category was chosen for data

presentation and comparison purposes. These three days and their recorded
environmental data are shown in Table 4.1.

Table 4.1 Environmental data of the chosen Frozen, Cold and Sunny days.

Condition Frozen Day | Cold Day Sunny Day
Date 2-Jan-2016 | 4-Feb-2016 | 18-Feb-2016
Max. Air. Temperature (°C) 0 13.3 23
Min. Air. Temperature (°C) -9.25 -3.2 4.5
Air Temperature Difference (°C) 9.25 16.5 18.5
Max. Hourly Solar Radiation (W/m?) 606 673 712
Average Wind Speed (m/sec) 1.46 0.43 0.44

4.5.1 Environmental records of the Frozen, Cold and Sunny days

The hourly air temperatures during the 24 hours for the three tested days are shown

in Figure 4.36. Maximum hourly air temperature recorded for the Frozen, Cold and

Sunny day were 0.0, 13.3 and 23.0 °C respectively. The minimum air temperature on
the same days was -9.25, -3.2 and 4.5 °C respectively.
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Figure 4.36 Hourly air temperatures during the 24 hours in 2-January (Frozen), 4-
February (Cold), and 18-February (Sunny).

56




Figure 4.37 illustrates the hourly solar radiation intensities during the 24 hours on (2-
January (Frozen), 4-February (Cold) and 18-February (Sunny)). The maximum value
of the hourly solar radiation intensities recorded for the three examined days was

606, 673 and 712 W/m? on Frozen, Cold and Sunny day respectively
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Figure 4.37 Hourly solar radiation intensities during the 24 hours in 2-January
(Frozen), 4-February (Cold), and 18-February (Sunny).

4.5.2 T-Beam results of the Frozen, Cold and Sunny days

As stated previously, three days were selected from the three different conditions to
evaluate the temperature distributions of the different thermocouples, the hourly
maximum, and the hourly mean temperature of all thermocouples during these days.
The three days are 2-January (Frozen), 4-February (Cold) and 18-February (Sunny).
In addition, the hourly variations of the temperature gradients are also presented

along the 24 hours of the presented days.
4.5.2.1 T-Beam temperatures of the Frozen, Cold and Sunny days

The hourly temperatures of thermocouples TC1, TC3, TC4, TC5, TS1, TS4 and TS7
during the 24 hours of 2-January (Frozen), 4-February (Cold) and 18-February
(Sunny) are shown in Figures 4.38 to 4.44, respectively, while, the maximum and
mean temperature of all thermocouples during the same selected days are shown in

Figures 4.45 and 4.46 respectively.
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Figure 4.38 shows the hourly temperatures of thermocouple TC1 during the 24 hours
in 2-January (Frozen), 4-February (Cold) and 18-February (Sunny). The recorded
maximum hourly temperature values were 5.64, 25.64 and 36.41 °C for Frozen, Cold
and Sunny days, respectively. On the other hand, the recorded minimum hourly

temperatures of this thermocouple were -7.23, -1.1 and 6.36 °C, respectively.
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Figure 4.38 Hourly temperatures of thermocouple TC1 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam
segment.

Figure 4.39 illustrates the hourly temperatures of thermocouple TC3 during the 24
hours of the three tested days. The recorded maximum hourly temperature were 3.2,
21.4 and 32.5 °C in the Frozen, Cold and Sunny days respectively, while their
corresponding minimum hourly temperatures were -6.68, -0.97 and 6.7 °C
respectively. When comparing the results of the TC1 and TC3 thermocouples, it is
noted that the maximum values of temperature was higher for TC1 than for TC3,
while the minimum temperature was lower for TC1 than TC3. This result is an
expected one as TCL1 is a surface thermocouple, while TC3 is an interior one. Hence,
TC1 heated faster during the day hours and cooled faster during the night hours.

Figure 4.40 represents the hourly temperatures of thermocouple TC4 for the 24 hours
of 2-January (Frozen), 4-February (Cold) and 18-February (Sunny). The maximum
hourly temperatures were 2.5, 19.8 and 30.3 in 2-January, 4-February, and 18-
February, respectively, while the minimum hourly temperatures for the same
sequence of days were -6.47, -0.8 and 6.8, respectively. As TC4 is an internal

thermocouple, its daily maximum temperatures in the three tested days were lower
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than those of TC1 and TC3. The solar radiation received by internal is minimal
compared to that received by the edge and the top surface.

40

. TC3
—@- Frozen Day
30 Cold Day o H“\
| - Sunny Day \
¥
< 201 \-
2
g _ ““'1“.
$—
5]
2,
£ 10 o=, “/
& Saaw
WS ahas 2
"] / f"‘ \\
teeectsettcosceet '**.,._.‘
10 T T T T T T T T T T T
0 4 8 12 16 20 24

Time (hours)

Figure 4.39 Hourly temperatures of thermocouple TC3 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam

segment.
40 T E—
_ TC4
—@~ Frozen Day
30 Cold Day r_,:'*“-.
|| - Sunny Day \
o
~ 20 -
o
g i l'"\I-qn-.
et
(]
a
10 =g,
E ..'.'I-II-I'/
P o-0-0-9-0-0-0
0 " *\\
e evesesesccocet "‘*.ﬂ.*.
10 T T T T T T T T T T T
0 4 8 12 16 20 24

Time (hours)

Figure 4.40 Hourly temperatures of thermocouple TC4 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam
segment.

The hourly temperatures variation of thermocouple TC5 during the 24 hours in the
three selected days is shown in Figure 4.41. The recorded maximum values were 2.2,
18.4 and 28.2 °C in the Frozen, Cold, and Sunny days, respectively, while the

minimum values were -6.96, -0.84 and 6.7 °C, respectively.
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Figure 4.41 Hourly temperatures of thermocouple TC5 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam

segment.

Figure 4.42 illustrates the hourly temperatures of thermocouple TS1 for the 24 hours

of the Frozen, Cold, and Sunny days. The daily maximum temperatures were 2.2,

18.3 and 28.14 °C in 2-January, 4-February, and 18-February, respectively, the

corresponding minimum temperatures were -7.05 , -0.86 and 6.62 °C, respectively.
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Figure 4.42 Hourly temperatures of thermocouple TS1 during the 24 hours in 2-

January (Frozen), 4-February (Co

The hourly temperature variation of

three tested days is shown in Fig

Id), and 18-February (Sunny) for the T-Beam
segment.

thermocouple TS4 during the 24 hours of the

ure 4.43. Where, the daily maximum hourly

temperatures were 4.53, 19.73 and 28.74 °C in the Frozen, Cold, and Sunny days,
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respectively, while the daily minimum hourly temperatures were -8.34, -1.76 and
5.54 °C, respectively. The maximum temperature of TS4 was higher than those of
TC1 because of its location. Similarly, the minimum temperatures were lower than
those of TC1 for the same reason. The thermocouple TS4 is located at the central
depth of the steel beam. Thus it is installed on a vertical surface, and hence receives
high solar radiation than that of the top surface (TC1) during the cold season.
Although TS4 is installed on the northern surface, this was not as effective as steel is

highly conductive metal and the thickness of the web is only few millimeters.
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Figure 4.43 Hourly temperatures of thermocouple TS4 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam
segment.

Figure 4.44 presents the hourly temperature variation of thermocouple TS7 for the 24
hours on the three selected days. TS7 is the girder’s bottom surface’s thermocouple
(at the bottom surface of the bottom flange of the steel section). The daily maximum
values were 3.46, 21.64 and 32.13 °C in 2-January, 4-February, and 18-February,
respectively, while the minimum values were -8.67, -2.04 and 5.26 °C, respectively.
It should be noted that this thermocouple is highly affected by the reflected radiation
(albedo).

The hourly variation of the maximum temperatures of all thermocouple during the 24
hours of 2-January (Frozen), 4-February (Cold), and 18-February (Sunny) are shown
in Figure 4.45. The maximum values in the three selected days were 5.64, 21.64 and
32.13 °C, respectively, while the minimum values were -6.28, -0.71 and 6.91 °C,

respectively.
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Figure 4.44 Hourly temperatures of thermocouple TS4 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam
segment.
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Figure 4.45 Maximum temperature of all thermocouple during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam
segment.

Figure 4.46 shows the hourly variation of the mean temperatures of all
thermocouples during the 24 hours in 2-January (Frozen), 4-February (Cold) and 18-
February (Sunny). The highest recorded mean temperatures were 2.81, 20.45 and
30.87 °C in the Frozen, Cold and Sunny days, respectively, while the lowest mean
temperatures were -6.76, -0.88 and 6.71 °C, respectively.
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Figure 4.46 Mean temperature of all thermocouple during the 24 hours in 2-January
(Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam segment.

4.5.2.2 T-Beam temperature differences of the Frozen, Cold and Sunny days

The maximum vertical temperature gradient is calculated by subtracting the
minimum temperature along the vertical centerline of the composite girder from all
temperatures of the thermocouples along this line. These thermocouples from top to
bottom are TC3, TC4, TC5, TS1, TS3, TS4, TS5 and TS7.

Similarly, the lateral temperature gradient is calculated by subtracting the minimum
temperature of the thermocouples installed along the horizontal centerline of the top
concrete slab from the temperatures of all these thermocouples. The thermocouples
that were used for the calculation of lateral temperature gradient from north to south
are TC1, TC2, TC4, TC6 and TC7.

However, for easier presentation of gradient data, the difference of (TC3-TS4) is
considered here for the vertical gradient, while the temperature difference (TC7-
TC4) is considered here for the lateral gradients. In this section, the maximum
vertical and lateral temperature gradients were studied during the 24 hours of 2-
January (Frozen), 4-February (Cold) and 18-February (Sunny). The ranges of vertical
and lateral temperature gradients for the three examined days are presented in Table
4.2.

Figure 4.47 shows the variation of the vertical temperature gradient by calculating
the difference between TC3 and TS4 during the 24 hours of 2-January (Frozen), 4-
February (Cold) and 18-February (Sunny). The minimum values of vertical

temperature gradient for the three days were -4.69, -8.98 and -9.94 in the Frozen,
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Cold and Sunny days, respectively, which were occurred around 9:00 AM. On the
other hand, the corresponding maximum gradient values were 3.29, 5.29 and 5.99 °C

at 7:00, 7:30 and 1:00 PM, respectively.

Figure 4.48 graphs the lateral temperature gradient by (difference between TC7 and
TC4) during the 24 hours of 2-January (Frozen), 4-February (Cold) and 18-February
(Sunny). The minimum and maximum lateral temperature gradients are listed in
Table 4.2. The minimum values for the three days were occurred at 8:00, 8:00 and
7:30 PM, respectively, while the maximum values for these days were occurred at
9:30, 11:30 and 10:00 AM, respectively.

Table 4.2 Temperature gradient ranges of the chosen Frozen, Cold, and Sunny days
for the T-Beam segment.

Condition Frozen Day | Cold Day Sunny Day
Date 2-Jan-2016 | 4-Feb-2016 | 18-Feb-2016
Vertical Gradient Range (C) -4.69t03.26 | -8.981t05.29 -9.94 t0 5.99
Lateral Gradient Range (C) -1.19t03.90 | -2.431t08.07 -2.28108.12
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Figure 4.47 Vertical temperature gradient (TC3-TS4) during the 24 hours of 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam

segment.
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Figure 4.48 Lateral temperature gradient (TC1-TC4) during the 24 hours of 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the T-Beam
segment.

4.5.2.3 T-Beam vertical and lateral temperature distributions of the Frozen,
Cold, and Sunny days

Figures 4.49 to 4.51 study the vertical temperature distributions for the T-Beam
segment at five different time steps in the three tested days. The temperature
distributions consider all thermocouples listed along the vertical centerline of the
girder, as stated in the previous section. The figures show that the temperature at top
and bottom surfaces of the segment decreased before sunrise and after sunset at the
time steps 4:00 AM and 6:00 PM.

The temperature distributions are almost nonlinear along the interior part of the
girder. It is noted in the three figures that at 8:00 AM, the temperature of the steel
section increased noticeably compared to the concrete slab. This is mainly due to the
high solar radiation received by the vertical surfaces due to the high inclination
angles of sunrays at this time. Similar, but less noticeable behavior is noticed at 4:00
PM. On the other hand, the temperature is almost constant along the girder at 4.00

AM due to the long cooling hours which neutralize the day heating effect.

During the hot hours (1:00 PM and 4:00 PM), the temperature of the top surface
increases due to the receiving of considerable amount of energy from solar radiation.
Although, in most cases, the temperature of the top surface still not the highest along

the vertical axis except in the sunny day. This can be attributed to two reasons; the
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inclination of sunrays in winter (high solar inclination angles) and the high thermal

conductivity of steel compared to concrete. After sunset, as in the distribution at 6:00

PM, due to the higher thermal conductivity of steel, the steel section cooled faster

than the concrete section as it is clear in Figures 4.49, 4.50 and 4.51.
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Figure 4.49 Vertical temperature distributions at different times in 2-January-2016
(Frozen) for the T-Beam segment.
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Figure 4.50 Vertical temperature distributions at different times in 4-February-2016
(Cold) for the T-Beam segment.
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Figures 4.52 to 4.54 study the lateral temperature distributions along the horizontal
centerline of the concrete slab at five different times in the three tested days. The
temperature distributions at five different time steps of the day were constant along
interior part of the concrete flange at (TC2, TC4 and TC6) for the three selected
days. The variation of temperature occurred at the exterior thermocouples at the

northern and southern edges of the concrete slab reflecting significant variations at
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Figure 4.52 Lateral temperature distributions at different times in 2-January-2016
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4.5.3 I-Beam results of the Frozen, Cold and Sunny days

In this section, the temperatures and temperature gradient distributions of the I-beam

composite girder segment are analyzed in the same manner as in the previous section

for the T-beam.

4.5.3.1 I-Beam temperatures of the Frozen, Cold and Sunny days

Figure 4.55 shows the hourly temperatures of thermocouple IC1 during the 24 hours

on the three tested days. The maximum hourly temperatures of thermocouple were
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2.88, 20.44 and 31.49 °C in the Frozen, Cold and Sunny days, respectively, at 2:30
PM, while corresponding minimum values were -6.09 °C at 7:00 AM, -0.18 °C at
6:30 AM and 7.66 °C at 6:30 AM, respectively.
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Figure 4.55 Hourly temperatures of thermocouple IC1 during the 24 hours of 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the 1-Beam
segment.

Figure 4.56 illustrates the hourly temperature variation of thermocouple 1C3 during
the 24 hours of the selected days. The maximum recorded values of temperature
were 2.05, 18.59 and 28.92 °C in the Frozen, Cold and Sunny days, respectively, at
3:30 PM. The minimum values were -5.98 °C at 7:30 AM, 0.16 °C at 7:00 AM, and
7.98 °C at 7:00 AM, respectively. The maximum temperatures of IC3 were lower
than those of IC1, while the minimum values were higher than IC1. This is an
expected result as IC1 is the top surface’s thermocouple, while IC3 is an interior
thermocouple that is installed 25 mm deeper in the concrete slab. Thus, IC1 is heated
faster during the hot hours due to solar radiation and cooled faster due to cold air
during the cold hours of the day.

Figure 4.57 shows the hourly temperature variation of thermocouple IC7 during the
24 hours of the three tested days. The maximum recorded values were 5.95 °C at
3:00 PM, 25.97 °C at 2:00 PM, and 36.53 °C at 2:00 PM in the Frozen, Cold and
Sunny days, respectively. The minimum recorded values in 1C4 were -6.95 °C at
12:00 AM, -1.5 °C at 6:30 AM, and 6.27 °C at 6:30 AM, respectively. As it is a
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surface thermocouple, the maximum hourly temperature for IC7 was higher than the
IC3, but the minimum hourly temperature for IC3 was higher.
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Figure 4.56 Hourly temperatures of thermocouple IC3 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the 1-Beam
segment.
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Figure 4.57 Hourly temperatures of thermocouple IC7 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the I-Beam
segment.

Figure 4.58 presents the hourly temperature of thermocouple 1C4 during the 24 hours
of the three tested days. The maximum values of hourly temperature were 1.43 °C at
3:00 PM, 18.07 °C at 2:30 PM and 28.27 °C at 2:00 PM in the Frozen Cold and
Sunny days, respectively. On the other hand, the minimum values were -7.14 °C at
12:00 AM, -1.54 °C at 6:30 AM and 6.25 °C at 6:30 AM, respectively.
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Comparing the temperatures of IC1, IC7 and IC4, it is clear that the southern edge
thermocouple IC7 exhibited higher temperatures than the top surface’s thermocouple
IC1 and the northern edge thermocouple IC4. This was discussed in the previous

section and was attributed to solar altitude angles during the cold season.

40 —T
. 1C4
—@- Frozen Day
30 Cold Day
|| - Sunny Day f bi.\'\-
g d ™
~ 20 -
o
5 “\
s - L e s ]
g
y
I Py
e _ L“."'Ii
n S i O
0 ',r’"‘ “\‘
-4*0-0-.-.*0-0-0-0-...",_._.1 \‘*'**N-.
10 T T T T T T T T T T T
0 4 8 12 16 20 24

Time (hours)

Figure 4.58 Hourly temperatures of thermocouple IC4 during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the I1-Beam
segment.

Figure 4.59 shows the hourly temperatures of thermocouple 1C10 during the 24 hours
of the selected days. The maximum hourly temperature values were 1.67 °C at 3:00
PM, 16.88 °C at 3:00 PM, and 25.68 °C at 3:30 PM in the Frozen, Cold and Sunny
days, respectively. The minimum recorded hourly temperatures were -6.04 °C at 6:30
AM, 0.04 °C at 6:30 AM and 7.87 °C at 6:30 AM, respectively. The maximum and
minimum hourly temperatures for 1IC10 was lower than the IC1 and IC3 noting that
IC10 i1s the bottom surface’s thermocouple, where solar radiation is mostly received

as reflected radiation from the ground.

Figure 4.60 illustrates the hourly temperatures of thermocouple 1S2 during the 24
hours for the three tested days. I1S2 is the thermocouple installed on the web of the
steel section at the central depth of the girder. The maximum recorded values were
2.58 °C at 4:30 PM, 17.24 °C at 4:30 PM and 26.42 °C at 5:00 PM in the Frozen,
Cold, and Sunny days, respectively. The minimum hourly temperatures were -5.95
°C at 7:00 AM, 0.31 °C at 7:00 AM and 8.17 °C at 7:00 AM, respectively.
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Figure 4.59 Hourly temperatures of thermocouple IC10 during the 24 hours of 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the 1-Beam

Segment.
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Figure 4.60 Hourly temperatures of thermocouple 1S2 during the 24 hours of 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the 1-Beam
segment.

Figure 4.61 shows the maximum hourly temperatures for all thermocouples during
the 24 hours. The maximum recorded values were 5.95 °C at 3:00 PM, 25.97 °C at
2:00 PM, and 36.53 °C at 2:00 PM in the Frozen, Cold and Sunny days, respectively.
On the other hand, their corresponding minimum values were -5.93 °C at 7:00 AM,
0.31°C at 7:00 AM, and 8.26 °C at 6:30 AM, respectively.

Mean temperature of all thermocouples during the 24 hours on three selected days
are shown in Figure 4.62. The maximum values of the mean temperature during the
three days (Frozen, Cold and Sunny) were 2.59, 18.78 and 28.69 °C at 3:30 PM,
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respectively. The corresponding the minimum mean temperature values were -6.09, -
0.37 and 7.64 °C at 6:30 AM, respectively.
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Figure 4.61 Maximum temperature of all thermocouples during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the 1-Beam

Segment.
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Figure 4.62 Mean temperature of all thermocouples during the 24 hours on 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the I-Beam
segment.

4.5.3.2 1-Beam temperature differences of the Frozen, Cold and Sunny days

The hourly variation of the maximum vertical and lateral temperature gradients
during the 24 hours on three selected days (2-January (Frozen), 4-February (Cold)
and 18-February (Sunny)) are discussed in this section. As discussed for the T-beam

composite girder in the previous section, the vertical gradient was considered as the
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difference between top

surface’s thermocouple ICl1 and the central steel

thermocouple 1S2. For lateral gradient, the difference between two of the concrete
slab thermocouples was considered. These are the southern edge thermocouple IC7
and the concrete slab’s central thermocouple IC4. Table 4.3 shows the range of the
recorded vertical and lateral temperature gradients during the chosen days in 2-
January (Frozen), 4-February (Cold) and 18-February (Sunny).

Table 4.3 Temperature gradient ranges of the chosen days for the I-Beam segment.

Condition Frozen day Cold day Sunny day

Date 2-Jan-2016 4-Feb-2016 18-Feb-2016

Vertical Gradient Range (C) -1.74t01.59 | -1.98105.68 -1.56 to 7.59
Lateral Gradient Range (C) -2.19t04.79 | -3.48t010.55 | -3.62to 10.27

Figure 4.63 illustrates the hourly variation of the vertical temperature gradient during
the 24 hours on the three chosen days. The maximum values of this gradient were
1.59 °C at 1:00 PM, 5.68 °C at 1:30, and 7.59 °C at 1:30 in the Frozen, Cold and
Sunny days, respectively. The corresponding minimum values were -1.74 °C at 5:30
PM, -3.48 °C at 7:00 PM and -.62 °C at 7:00 PM, respectively.
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Figure 4.63 Vertical temperature gradient (IC1-1S2) during the 24 hours in 2-
January (Frozen), 4-February (Cold), and 18-February (Sunny) for the 1-Beam
segment.
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Figure 4.64 shows the hourly variation of the lateral temperature gradient during the
24 hours in the three tested days. The maximum recorded values of the lateral

gradient were 4.79 °C at 11:30 AM, 10.55 °C at 11:00 AM, and 10.27 °C at 10:30 in
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the Frozen, Cold and Sunny days, respectively. In the same order, the minimum
values were -2.19 °C at 11:30 PM, -3.48 °C at 11:30 PM and -3.62 °C at 11:00 PM,

respectively.
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Figure 4.64 Lateral temperature gradient (1C7-1C4) during the 24 hours in 2-January
(Frozen), 4-February (Cold), and 18-February (Sunny) for the 1-Beam segment.
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4.5.3.3 I-Beam vertical and lateral temperature distributions of the Frozen,
Cold and Sunny days

Figures 4.65 to 4.67 illustrate the vertical temperature distributions at different times
in 2-January-2016 (Frozen day), 4-February-2016 (Cold day) and 18-February-2016
(Sunny day) for the I-Beam segment. The results of the three tested days show that
the vertical temperature distribution with the highest temperatures occurred at 4:00
PM for Frozen, Cold and Sunny day at depth 500 mm. Unlike the T-beam composite
girder, the distribution of 8:00 AM is also almost nonuniform. At 4:00 AM with
minor temperature increases at the top and bottom surfaces the distribution is also
almost uniform. In the I-beam on the other hand, the thermocouples of the steel
section are installed in concrete. Thus, needs much more time for heating. Hence, the

web temperature still cold during the morning shining hours.

As shown in Figures 4.65, 4.66 and 4.67, the noticeable positive vertical temperature
gradients occurred between 1:00 PM and 4:00 PM. After which, the distribution
changes to the negative gradient distribution as shown in the distribution at 6:00 PM.
The gradient distribution at 1:00 PM can be used for vertical positive gradient

considerations in cold seasons. As shown in the three figures, the temperature
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gradient is evident to occur across the top flange thickness, with highest temperature
at the top surface and lowest temperature at the central depth of the composite girder.
The temperature at the bottom surface small and there is no temperature increase
there as that at 8:00 AM. The gradient at the top surface of the 1:00 PM distribution
is the highest in the sunny day and the lowest in the frozen day. Note that the small
increase at the top surface is more noticeable in the sunny day, while it is not
noticeable in the frozen day. This is directly attributed to the amount of received
radiations and the cloud cover variation between the three days.
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Figure 4.65 Vertical temperature distributions at different times in 2-January-2016
(Frozen) for the I-Beam segment.
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Figure 4.66 Vertical temperature distributions at different times in 4-February-2016
(Cold) for the 1-Beam segment.
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Figure 4.67 Vertical temperature distributions at different times in 18-February-2016
(Sunny) for the I-Beam segment.

Figures 4.68 to 4.70 show the lateral temperature distributions along the horizontal
centerline of the top concrete flange at different time steps in the three chosen days.
It is clear the distributions at 4:00 AM and 6:00 PM are almost neutralized along the
full width of the top flange. At 8:00 AM, the increase of temperature at the southern
thermocouple due to the received radiation from sunrise to 8:00 AM leas to the
shown temperature gradient at the southern edge. However, the overall temperature
of the flange still low. After five heating hours, the overall temperature of the top
flange increased as shown in the temperature distributions at 1:00 PM. Moreover, the

gradient at the southern edge becomes higher as shown in Figures 4.68 to 4.70.
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Figure 4.68 Lateral temperature distributions of top-concrete flange at different
times in 2-January-2016 (Frozen) for the I-Beam segment.
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Figure 4.69 Lateral temperature distributions of top-concrete flange at different
times in 4-February-2016 (Cold) for the I-Beam segment.
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Figure 4.70 Lateral temperature distributions of top-concrete flange at different
times in 18-February-2016 (Sunny) for the I-Beam segment.

4.6. Thermal strains for I-Beam Segment

Figure 4.71 shows the hourly variation of the strains measured from the two strain

gages that were embedded at the central depth of the top flange of 1-Beam segment.

The strains were measured as the change of the strains from an initial strain reading.

This reading was the strain value at the start time of the period, which is at the
midnight (00:00) on the first day of 21-December-2016. The data logger was

supplied with a compatible strain analyzer, which uses a spectral interpolation

method to measure the resonant frequency. The recorded frequency at each time step
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was then converted to micro strains after subtracting the frequency at the starting
time (initial frequency) and multiplying by conversion factors provided by the

manufacturer.

The nonlinear temperature distributions shown in Figures 4.65 to 4.67 cause free
nonlinear thermal strains that try to deform the section nonlinearly. However, the
actual thermal strain distribution is linear because the section should keep plane after
deformation. As a result, equilibrating thermal strains form. These thermal strains are
compression along the hotter regions and tension along the colder regions. As shown
in Figure 4.71, the strains increased from zero at the starting time to tensile strains
during the cooling hours where the vertical temperature gradient was negative.
Starting from the first shining hours, the thermal strains changed from tension toward
compression as the temperature of the top surface increased. The compression strains
increased during the day hours reaching maximum daily values during the midday
hours. After which, the thermal strains reversed toward zero strain as the temperature
of the top flange decreased. This cycle is repeated for the next 9 days, but with
different strain values depending on the temperature gradient distributions of these

days compared to the starting time.

During the last 10 days of December, the recorded maximum compression and
tensile strains were approximately 110 and 40 micro-strains, respectively. It is worth

to remind that these strains are change of strains from the initial strain values.
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Figure 4.71 Ten days variation of thermal strains from 21 to 30-December-2016 of
I-Beam segment.
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CHAPTER 5

FINITE ELEMENT ANALYSIS OF HEAT TRANSFER

5.1 General

Externally exposed structures, such as bridges, continuously lose and gain heat by
three main mechanisms of heat transfer. Conduction to and from the surroundings
through the section’s thicknesses, convection with the ambient air, and solar
radiation and irradiation from the bridge surfaces. Figure 5.1 shows the
environmental actions on the bridge. In contrast, the variations of heat produce
variations in temperature distribution, in addition, the effects of condition restraints
of the bridge structure, all these lead to creating thermal stresses. Therefore, make
use of a numerical technique to predict the thermal behavior of bridges gives clear
process. Among the different available numerical analysis, two methods, namely, the
finite difference and the FE methods [67].
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Figure 5.1 Environmental actions on the bridge [67].
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Analysis of heat flow in a body is generally a three-dimensional problem. In the
bridge with constant cross-section properties over a long length, it can be assumed
that the temperature is constant over the bridge length, but varies through the depth
and within the thickness of the cross section. However, in composite girder bridges,
the temperature varies from one section to another as well as within each cross
section of material in both the vertical and horizontal directions. Therefore, a three

dimensions analysis is required.

An overview of the formulation of the FE method used to solve the heat flow

equation with time and the thermal stresses is presented.
5.2 Basic Equations of Heat Transfer

The basic equations of heat transfer, namely the differential equation of heat flow in

three dimensions in a solid presented by Carslaw and Jaeger [68] is:

25 2) 4 25+ 10 3) - e o

Where: ky, ky, k, are thermal conductivities in x, y and z-direction. Thermal
conductivity is a material property, describing the ability to conduct heat, can be
defined as "the quantity of heat transmitted through a unit thickness of a material - in
a direction normal to a surface of unit area - due to a unit temperature gradient under
steady state conditions”, the unit of k is W/m°C. T is the temperature at any point (X,
y, ) at any time, t, pis the density in kg/m3, c is the specific heat capacity in
J/kg°C.

In 1980, Dilger and Ghali [69] added the term Q for the heat generated inside the
body. So Eq. 5.1 becomes:

] oT ] oT ] oT oT
5 (6 5) + 55 (o 55) + 5 (ke 5y) + Q=0 (5.2)
Where, Q is the amount of heat per unit volume generated inside the concrete by

cement hydration (W/m?). So Q considered only during the early age of concrete and

equal to zero on the other stage.

For a bridge, it is a common assumption that the temperature along the length is

constant. This lead to simplified equation 5.1 and 5.2 to:
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a aT a aT\ _ _ aT

o) +55 (o 55) = pet :3)
i oT i aT _ T

3 () + 55 (ky 57) + Q=pe; (5.4)
5.2.1 Boundary conditions

The boundary equations associated with heat flow equation can be expressed in the

following form [49]:

aT oT aT
kgt Tl +k, 51+ =0 (5.5)

Where: 1, ,1,,1, are the directions cosines of the unit out-word normal to the

boundary surface. q is the boundary heat input or loss per unit area in W/m?. For

isotropic, homogeneous and temperature-independent materials k, = k, = k, =

k = constant, then Eqg. (5.2) can be written as:

0°T = 92T . 9%T oT
k(§+ﬁ+ﬁ)+Q—pCE (5.6)

And Eq. (5.5) can be written as:

oT oT oT
k(&lx+a—yly+alz)+q_o (5.7)

The value of q is the sum of three basic components of heat transfer mechanisms:
heat convection q. between the girder and the environment, heat irradiation g, to the
surrounding environment, and solar radiation g from the sun [68, 69]. This sum
varies with time and the position considered on the boundary surface s and is given
as [49]:

q=4qct+9gst+q, (5.8)

5.2.1.1 Convection (q.)

The movement of air over the girder surface and the differences between the
temperature of the bridge surface and the ambient air lead to heat transfer by

convection g, which can be calculated by the following expression [70]:

qc = he(Ts — To) (5.9)
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Where: T, is the temperature of the girder surface, T,is the ambient air
temperatures, that is dependent on position and time t. h.is the convection
coefficient of heat transfer W/m? K, which is a function of wind speed, surface
roughness and the geometric configuration of the structure. It can be calculated by
using the empirical equations in ASHRAE 2005 [71]:

h,=56+4.0v for v <5m/s (5.10)
h, = 7.2v%78 for v>5m/s (5.11)

Where v is wind speed and 5.6 W/m? K for average surface roughness without the

effects of wind.
5.2.1.2 Solar radiation (qg)

The heat gain due to solar radiation received by an exposed surface can be expressed
as:

qs = olg (5.12)

Where: a is the absorption coefficient of the surface which depends on the nature of
the surface. I is the total solar radiation incident normal to the surface of the girder
at time t. The total solar radiation, I, striking a surface consists of three components:

beam radiation I, diffuse radiation I4, and reflected solar radiation I,.

IS = Ib + Id + Ir (513)

Where I, refers to the solar radiation originates from the direct beam, intense, and
parallel sun's rays striking the horizontal surface. While 1;is derived from the
scattering of the beam component by dust, fog, clouds, smoke, and other particles
suspended in the atmosphere [72]. Finally, I, refers to reflected solar radiation on the
surface due to other surrounding surfaces. Hence, it depends on the reflective
properties of the surrounding surfaces and the total radiation striking the horizontal

plane.

Generally, most weather stations report only solar radiation incident on a horizontal
plane. So, the calculation of solar radiation incident on a tilted surface of the girder is
required. According to orientation, location and the geometry of the girder, solar

radiation on an inclined surface calculated by using the following equations [73]:

84



Isn = Ibn + Idn + Ir (514)

cos 0
Ion = Iy (cos BZ) (5.15)
lgy = Iy (1+c2058) (5.16)
=g (I + 1g) (552) (5.17)
So Eq. (5.13) becomes:
0 8 —cos 8
Iy = Iy (CC;’SSGZ) g (B0 (p + 1g) () (5.18)

Where Iy, 14 on the horizontal surface, Iy, 4, On a tilted surface, 6, and 6 zenith
and incident angle respectively, & is the tilted angle between the surface and the
horizontal plane, and r, ground reflectivity value of the surrounding surface

normally equal to 0.2 for the surface without snow.
5.2.1.3 Irradiation (q,)

g, is the heat transfer from the heated surface to the surrounding atmosphere by long

wave radiation. Irradiation heat transfer can be expressed as [74]:

dr = SCS(TS4 - To%) (519)
Where: Cqis the Stefan-Boltzmann constant = 5.67x10° W/m? K* and ¢ is the

emissivity coefficient of the surface. While Ts and T, the temperature at the surface

of the girder, and ambient air temperature respectively.

Diurnal ambient air temperature T,(t) variation follows a sinusoidal daily cycle

between the minimum T,;, and maximum T, temperatures [75]:

Ta(t) = % (Tmin + Tmax) + % (Tmin - Tmax)- Sin[(t - 9) %] (5-20)

On the other hand, many researchers pointed to the importance of determined the
shadow depth, which depends on the time and the inclined angle of the surface.
Which has a significant impact on the solar radiation [74-76]. In 2012, Lee [77]
accounted in the calculation of solar radiation, the effect of the shadow casts on the

web and bottom flange of the girder by the top flange as shown in Figure 5.2. The
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shadow depth on the web d and the shadow extends along the inclined bottom flange
of the girder dy obtained to the following equation [78]:

tan og
d= Wtop m (521)
dT — (d—hyeb)/ Whot (522)

cos Bt

Where: wy,, is the width of the top flange overhang, asis the solar altitude angle, y;
refer to the solar azimuth angle, and y is the surface azimuth angle. h,,.},, denotes to
the depth of the web, wy,; is the width of the bottom flange from the web, and Bt is

the inclined angle of the bottom flange. Figure 5.2 shows all these details.
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Figure 5.2 Shadow cast on the web and the bottom flange [78].

5.3 Thermal Stresses

In general, many researchers revealed by experimental works for significant
influence of thermal stresses on bridge structures [28, 49, 69, 77]. These stresses are
induced by variations in the uniform temperature and the thermal gradients across the
section of the bridge. Therefore, several methods of analysis are used according to
certified codes to study the effect of temperature changes on bridge superstructures.
In this study, the composite I-steel girders are examined a section along the straight
span in the y-axis is constant as shown in Figure 5.3. Thus, the temperature

difference T (x, z) is a function of the (x) and (z) directions only.
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Consequently, there are two types of thermal stress variation. Thermal stress varying
along the longitudinal direction (z), and thermal stress that varies along the
transverse direction (x). Types of thermal stresses and available methods of analysis

are given in the following sections.

(a) (b)
Figure 5.3 Composite concrete-steel girders: (a) T-Beam and (b) I-Beam

5.3.1 Longitudinal stresses

Longitudinal stresses are the thermal stresses that vary along the vertical axis, (z). If
the structure is statically determinate and the temperature distribution is uniform or
linear, no stresses are developed. But if the shapes are nonlinear over the cross
section, then thermal stresses occur in both statically determinate and indeterminate
structures. In the longitudinal direction, there are two types of thermal stresses, self-

equilibrating and continuity stresses [79].
5.3.1.1 Self-equilibrating stresses

Self-equilibrating stresses are stresses produced from the nonlinear variation of
temperature over the cross-section of the bridge superstructure. This variation tries to
deform the subsequent fibers of the section of the superstructure. The deformation is
proportional to the distance of each fiber from the centroid. If the section is allowed
to deform freely, then the strain is termed as “free strain”, which equals the product
of the temperature difference by the coefficient of thermal expansion (aT). In
general, if the variation of temperature is linear, the free strain will be linear and

deformations will occur in the cross section without creating stress. On the other
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hand, if the variation of temperature is nonlinear, then strained fibers of the cross-
section try to nonlinearly lie out of their plane section. As a result, the self-
equilibrating stresses are produced to restore the deformed shape to extend in one
plane (assure linear deformation). According to the Navier-Bernoulli hypothesis, that
plane sections perpendicularly to the neutral axis before deformation stay plane and

perpendicular to the neutral axis after deformation [80-82].

Thus, it is obvious that the self-equilibrating stresses (eigenstresses) exist if the
temperature variations (gradient) nonlinear along the cross section, despite the

support condition. This type of stresses can be determined by several techniques.
5.3.1.2 Continuity stresses

Continuity stresses are stresses induced in a multi-span statically indeterminate
bridge. Generally, the variation in temperature over the cross-section induces support
reactions and internal force in the girders. Hence, these forces lead to continuity
stresses as deformations resulting from the change of temperature are restrained by
the intermediate supports. To calculate the continuity stresses, there are many
methods can be applied to analyses the structure depending on the degree of

freedom.

The longitudinal stresses are the resultants of continuity stresses and the self-

equilibrating stresses.
5.3.2 Transverse stresses

Transverse stresses are the thermal stresses that act along the transverse direction. In
1985, Imbson et al. [76] found that transverse thermal stresses can be as significant
effect as those acts vertically along the depth of the section. Transverse stresses
occur in sections like box-girders where temperature varies laterally along the top
and bottom slabs and across the webs in addition to the vertical temperature variation
[83, 84].

5.4 The AASHTO Specifications

As mentioned in the literature review, there are many codes deal with the effect of

temperature, one of these codes is AASHTO LRFD [59]. In this section, an overview
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of the temperature actions, provisions of AASHTO LRFD is introduced. The
AASHTO [60] specification is one of the commonly used codes that take into
account the effect of temperature changes in bridge structures. The included thermal
effects are two-fold. The first is the change of the overall mean temperature of the
superstructure of the bridge from time to another. The second thermal action is the
existence of temperature gradient along the vertical depth of the superstructure and

the consequent stresses.
5.4.1 AASHTO LRFD Design Methods for Uniform Temperature

AASHTO LRFD [29] introduces two design procedures for calculating thermal
movement associated with uniform temperature, procedure A and procedure B. For
concrete bridges with concrete or steel girders, these two procedures can be used. On
the other hand, procedure A employed for all other bridge types and the code

described it as the historic method.

Procedure A in AASHTO LRFD [29] specification is similar to that recommended in
the AASHTO Standard Specification of Highway Bridges (2007) [59]. In this
procedure, the climate of the USA is classified into two categories; moderate and
cold climates, according to a number of freezing days as shown in Table 5.1
(AASHTO Table 3.12.2.1-1). If the number of freezing days is less than 14, the
climate is considered as moderate, otherwise, the climate is considered as cold.
Where freezing days can be considered when the average temperature is less than 0
°C.

The minimum and maximum temperatures are given in Table 5.1 represent the
minimum and maximum design temperatures. In this procedure the change in
temperature the difference between the lower or the upper bound temperature from

Table 5.1 and the temperature at which the bridge was constructed.

Table 5.1 Procedure (A) temperature ranges.

Climate Steel or aluminum Concrete Wood
Moderate °C -18 to 50 -12to 27 -12t0 24
Cold °C -35t0 50 -18 to 27 -18t0 24
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On the other hand, procedure B uses the thermal contour maps of the United States
for an average history of 70 years (with a minimum of 60 years) of data to determine
the maximum and minimum design temperatures. AASTHO LRFD [29] gives
several maps for concrete girder bridges with concrete decks and for steel girder
bridges with concrete decks. The difference between the maximum design
temperature and the minimum design temperature is multiplied by the coefficient of
thermal expansion to obtain the thermal strain. The thermal strain is multiplied by the

length to estimate the thermal movement as shown in the equation below.

Ap= Od—‘(TMaxDesign - TMinDesign) (5.23)
Where L is length (mm) and a is the coefficient of thermal expansion (mm/mm °C).

5.4.2 AASHTO LRFD Temperature Gradient

AASHTO LRFD discusses the effect of the temperature gradient on the depth of the
superstructure of the bridge in section 4.6.6 [29]. As illustrated in Figure 5.4, there
are three effects of the vertical temperature gradient: axial expansion, flexural
deformation, and internal stress (self-equilibrating stresses).

Figure 5.4 shows three components of temperatures that compose the free
temperature distribution. Where, T, represents the uniform mean component, which
reflects the expansion of the neutral axis of the member. AT refers to the linear
gradient, which causes the curvature of the member. Finally, T, is the nonlinear

gradient that is related to the self-equilibrating stresses (eigenstresses).

1

Ye

1 T(y) T #AT - To

Figure 5.4 Components of the general nonlinear temperature gradient.
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The three components can be extracted by the following three equations respectively:

1
Tp= - [TdA (5.24)
h
AT = - [T(y—yo) dA (5.25)
To=T— T, — % AT (5.26)

Where A is the area, I refers to the moment of inertia, h denotes to the height of the

cross-section, and y, refers to the centroid location.

The actions that are produced by the three temperatures mentioned above are as

follows, respectively.

e=aTy (5.27)
¢ =a (5.28)
o=EaT (5.29)

Where « is the coefficient of thermal expansion, and E refers to the modulus of

elasticity.

These responses from equations (5.27) to (5.29) can be rearranged as follows for the

composite steel girder section with concrete slab:

e =~ [aTdA (5.30)
p=1faT(y—y)dA (5.31)
oo=E[aT—€— -yl (5.32)

Where A and I are transformed by the modular ratio as a have different value at the

interface between the steel and concrete.
5.5 The Finite Element Modeling Using COMSOL

In this study, the COMSOL Finite Element program [28] adopted to accomplish the
analysis of the thermal transfer on the composite concrete-steel girder bridge
segments. COMSOL includes two expressions of radiation interface. Surface-to-

ambient radiation, and surface-to-surface radiation, which was used in this study to
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deal with the heat transfer equation illustrated in section 5.2 with applied the
boundary condition, and the structural boundary conditions discussed in section 5.3.

5.5.1 Element Type

All element types in COMSOL program were used to accomplish the meshing
process which includes tetrahedral, triangular, edge and vertex element in both the
concrete and the steel part. Where, the tetrahedral element used to mesh the volume
of composite concrete girder for heat conduction. The triangular elements were

appropriate to mesh boundary surface.
5.5.2 Mesh Size

Before computing the heat transfer analysis for the models, meshing process
achieved by using fine size to more accurate results. Figures 5.5 and 5.6 show the T-
Beam and I-Beam meshed segments. The 0.04354 m® volume of T-Beam segment is
meshed by using more than 31000 elements, while for 0.07 m® volume of I-Beam is
segment meshed by more than 78000 elements. Figures 5.7 and 5.8 show the mesh
quality where the average mesh quality was 0.7 for the two segments which reflect a
high quality of the mesh. Also, the figures show that almost the element quality
exceeds 0.9.

‘/,t/. X

Figure 5.5 The mesh of the T-Beam segment.
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Figure 5.6 The mesh of the I-Beam segment.

5.5.3 Material thermal properties

The same material properties used in the heat transfer analysis for the two segments.
A homogeneous, isotropic, and independent of time material are assumed in heat

transfer process.
1. The material properties of the concrete:
e Concrete density p = 2400 kg/m3.
e Thermal conductivity k = 1.5 W /(m K).
e Specific heat capacity ¢ = 900 J/(kg K).
2. The material properties of the steel:
e Steel density p = 7850 kg/m3.
e Thermal conductivity k = 44.5 W /(m K).

e Specific heat capacity.c = 475]/(kg K).
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Figure 5.7 The quality of mesh's elements of T-Beam segment.
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Figure 5.8 The quality of mesh's elements of T-Beam segment.

5.6 Verification of the Finite Element Models

As mentioned previously, COMSOL program is adopted. The verification purposes
were achieved for the two segments. The maximum vertical temperature gradients
for the three selected days are presented. The temperature variation at each
thermocouple during the 24 hours are illustrated in the figures for Frozen, Cold and
Sunny day in 2-Janurary-2016, 4-Febreuary-2016 and 18-February-2016 respectively

to study the comparison between the recorded temperatures from the experimental
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composite concrete bridge girder segments and the predicted temperatures from the
FE thermal analysis.

5.6.1 The Temperature Daily Variation at Thermocouple of T-Beam Segment

Figures 5.9 to 5.22 show the daily variation between FE thermal analysis and the
recorded experimental temperatures at thermocouples of T-Beam segment during the
three selected days. The results of the 14 thermocouples installed in different places
of the concrete (TC) and steel (TS) during the three selected days shown in these
figures. The location of the thermocouples along the vertical and the horizontal

section is shown in Figure 3.20.

The position of the thermocouples in concrete part (TC) is along the vertical and the
horizontal section. But, for steel part, there are two thermocouples (TS) located along
the vertical section which represented TS1 and TS7. TS2 and TS6 located 180 mm
from the centerline of the vertical section on the north side. Also, there were three
thermocouples are located 4 mm from the centerline of the vertical section, which are
TS3, TS4 and TS5. These details are shown in Figure 3.20.

To examining the results and study the degree of the acceptability between the
recorded and the predicted temperatures distributions, so the Average Absolute Error
(AAE) and the Maximum Absolute Error (MAE) are calculated.

Where, AAE equals the 24 hours average of the absolute difference between
experimental and FE temperatures of each particular thermocouple. MAE is the
maximum absolute difference between experimental and FE temperatures of each
particular thermocouple during the 24 hours which obtained by used statistical

verification tools. AAE can be calculated by:
AAE = M (5.33)
Where Xpg is the finite element predicted temperature, Xg,,, is the experimentally

recorded temperature of each particular thermocouple at the same time step, and n
which is 48 for the day.

Figure 5.9 shows the results of the three selected days at thermocouple TC1. The

figure visualises well agreement between the predicted and the recorded
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temperatures results. Gaps between the predicted and experimental results accrue at a
maximum temperature and the beginning/end of the day during the 24 hours. The
AAE recorded for TC1 were 1.18, 1.25 and 1.5 °C in frozen, cold and sunny day
respectively. While the MAE in corresponding days were 3.42, 3.62 and 4.18 °C
respectively. For the AAE and MAE, the Frozen day (2-January-2016) recorded the
lowest error and the Sunny day (18-February-2016) recorded the highest error. The
general behavior of the variation temperatures with time was almost the same for

experimental and FE results.
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Figure 5.9 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TC1 for T-Beam segment.

The results at thermocouple TC2 also gave better agreement as shown in Figure 5.10.
The AAE recorded were 0.7, 1.2 and 1.24 °C in the three selected days respectively.
The MAE in the corresponding days was 1.87, 2.37 and 3.28 °C respectively. The
lowest error recorded for the AAE and MAE was in the frozen day and the highest
error recorded on a sunny day. The results of the two types of errors at thermocouple
TC2 were lower than thermocouple TC1.
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Figure 5.10 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TC2 for T-Beam segment.

Figure 5.11 demonstrate the results at thermocouple TC3 which gave a good
agreement between the predicted and recorded temperature results. The AAE
recorded were 0.76, 1.2 and 1.32 °C in the Frozen, Cold and Sunny day respectively.
The MAE in the corresponding days was 2.26, 2.0 and 3.62 °C respectively. The
AAE was lowest in the frozen day while the MAE was in the cold day. The highest
errors were recorded on a sunny day. Recorded errors at TC3 were lower than the

errors in thermocouple TCL.
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Figure 5.11 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TC3 for T-Beam segment.
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Graphically, a good agreement of the results at the thermocouple TC4 as shown in
Figure 5.12. The AAE recorded were 0.67, 1.16 and 1.26 °C in Frozen, Cold and
Sunny day respectively. The MAE in corresponding days was 1.77, 2.11 and 3.39 °C
respectively. As the previous thermocouple, for the AAE and MAE, the frozen day
(2-January-2016) recorded the lowest error and the sunny day (18-February-2016)
recorded the highest error. The two types of errors in the TC4 are the almost lowest
than the TC1 and TC3.
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Figure 5.12 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TC4 for T-Beam segment.

Figure 5.13 shows the results of the three selected days at thermocouple TC5. The
figure reflects a good agreement between the predicted and the recorded
temperatures results. The AAE recorded for TC5 were 0.55, 1.08 and 1.34 °C in
frozen, cold, and sunny day respectively. While the MAE in corresponding days
were 1.84, 2.5 and 3.85 °C respectively. For the AAE and MAE, the Frozen day (2-
January-2016) recorded the lowest error and the Sunny day (18-February-2016)
recorded the highest error. Also, the general behavior of the variation temperatures
with time was the same for experimental and FE results. Recorded errors at TC5

were almost lower than the errors in thermocouples TC1, TC3 and TCA4.

The results at thermocouple TC6 as well gave better agreement as shown in Figure
5.14. The AAE recorded were 0.62, 1.19 and 1.27 °C in the tree selected days
respectively. The MAE in the corresponding days was 1.78, 2.24 and 3.26 °C
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respectively. The lowest error recorded for the AAE and MAE was in the Frozen day
and the highest error recorded on a Sunny day. The results of the two types of errors

at thermocouple TC6 were almost lower than thermocouples TC1 and TC3.
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Figure 5.13 Hourly experimentally recorded and FE predicated temperatures at
thermocouple TC5 for T-Beam segment.
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Figure 5.14 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TC6 for T-Beam segment.

Figure 5.15 shows the results of the three selected days at thermocouple TC7. The
figure gave a better understanding between the predicted and the recorded
temperatures results. The AAE recorded for TC7 were 0.42, 1.14 and 1.51 °C in
Frozen, Cold and Sunny day respectively. While the MAE in corresponding days
were 1.29, 2.39 and 4.21 °C respectively. For the AAE and MAE, the Frozen day (2-
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January-2016) recorded the lowest error and the Sunny day (18-February-2016)
recorded the highest error. Also, the general behavior of the variation temperatures
with time was the same for experimental and FE results. Errors at TC7 were almost

lower than the errors in thermocouple TC1.

30

TC7

-1| @ FE2-Jan
<3 Exp2-Jan

20 FE 4-Feb
Exp 4-Feb

i FE 18-Feb

Exp 18-Feb

Temperature (°C)
)

0 4 8 12 16 20 24
Time (hr)

Figure 5.15 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TC7 for T-Beam segment.

Figure 5.16 shows the results of the frozen, cold, and sunny day at the thermocouple
TS1, which fixed on steel part. The figure reflects a good agreement between the
predicted and the recorded temperatures results. The AAE recorded for the TS1 were
0.53, 1.08 and 1.36 °C in the three selected days respectively. While, the MAE in
corresponding days were 1.93, 2.66 and 3.96 °C respectively. As same as, in concrete
part, for the AAE and MAE, the Frozen day (2-January-2016) recorded the lowest
errors and the Sunny day (18-February-2016) recorded the highest errors. The
general behavior of the variation temperatures with time was the same for
experimental and FE results. The AAE was almost the same between the TS1 and the
TC5. The MAE at the TS1 higher than the TC5.
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Figure 5.16 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TS1 for T-Beam segment.

Figure 5.17 shows the results of the selected days at the thermocouple TS2. The
figure gives a better agreement between the predicted and the recorded temperatures
results. The AAE recorded were 0.51, 1.09 and 1.33 °C in the Frozen, Cold and
Sunny days respectively. The MAE in corresponding days was 1.57, 2.21 and 3.79
°C respectively. For the AAE and MAE, the Frozen day (2-January-2016) recorded
the lowest errors and the Sunny day (18-February-2016) recorded the highest errors.

Errors at the TS2 were almost lower than the errors in the thermocouple TS1.
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Figure 5.17 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TS2 for T-Beam segment.
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The results at the thermocouple TS3 also gave a better agreement for the Frozen,
Cold and Sunny days as shown in Figure 5.18. The AAE recorded were 0.58, 1.09
and 1.44 °C in the tree selected days respectively. The MAE in the corresponding
days was 2.51, 3.36 and 4.25 °C respectively. As the previous thermocouples, the
lowest error recorded for the AAE and MAE was on Frozen day and the highest error
recorded on Sunny day. The results of the two types of errors at the thermocouple
TS3 were almost higher than the thermocouples TS1 and TS2.
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Figure 5.18 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TS3 for T-Beam segment.

Figure 5.19 shows the results of the selected days at the thermocouple TS4. The
variation in figure almost still in the accepted range between the predicted and the
recorded temperatures results. The AAE recorded were 1.07, 1.31, and 1.83 °C in the
Frozen, Cold and Sunny days respectively. The MAE in corresponding days was
3.75, 5.59 and 5.29 °C respectively. For the AAE and MAE values, the Frozen day
(2-January-2016) recorded the lowest errors values and the Sunny day (18-February-
2016) recorded the highest errors values. Errors at the TS4 recorded a highest than
the errors in thermocouples TS1, TS2 and TS3.

The results at the thermocouple TS5, as well, gave accepted range for the selected
days as shown in Figure 5.20. The AAE recorded were 1.04, 1.39 and 2.02 °C in the
Frozen, Cold and Sunny day respectively. The MAE in the corresponding days were
3.3,5.19 and 5.57 °C respectively. The lowest error values recorded for the AAE and
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MAE was in the frozen day and the highest error values recorded on a sunny day.
The results of the two types of errors at the thermocouple TS5 were almost higher
than the thermocouples TS1, TS2 and TS3.
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Figure 5.19 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TS4 for T-Beam segment.
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Figure 5.20 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TS5 for T-Beam segment.

Figure 5.21 shows the results of the selected days at the thermocouple TS6. The
variation in figure almost still in the accepted range between the predicted and the
recorded temperatures results. The AAE recorded were 0.75, 1.35 and 2.04 °C in the
Frozen, Cold and Sunny days respectively. The MAE in corresponding days was 2.6,
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4.6 and 5.61 °C respectively. For the AAE and MAE values, the Frozen day (2-
January-2016) recorded the lowest errors values and the Sunny day (18-February-
2016) recorded the highest errors values. Errors at the TS6 recorded the highest
values than the errors in the thermocouples TS1, TS2 and TS3.
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Figure 5.21 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TS6 for T-Beam segment.

The results at the thermocouple TS7 gave accepted range between the predicted and
recorded results for the selected days as shown in Figure 5.22. The AAE values
recorded were 0.92, 1.39 and 2.04 °C in the Frozen, Cold and Sunny day
respectively. The MAE values in the corresponding days were 3.02, 4.87 and 5.59 °C
respectively. The lowest error values recorded for the AAE and MAE was in the
Frozen day and the highest error values recorded on a Sunny day. The results of the
two types of errors at the thermocouple TS7 were almost higher than the
thermocouples TS1, TS2, TS3 and TS6.

Table 5.1 shows the difference between the predicted and the recorded results of the
selected days in 2-January-2016, 4-February and 18-February for the T-Beam
segment. The AAE is ranged from 0.42 to 2.04 °C, and the MAE ranged from 1.29 to
5.61 °C. A good agreement and accepted values obtained from the percentage of
errors reflect a good simulation and convergence between the FE thermal analysis
and the temperature distributions in the experimental composite T-Beam bridge

girder segment.

104



40

TS7
4 FE2-Jan
<3 Exp2-Jan
FE 4-Feb
Exp 4-Feb
FE 18-Feb
Exp 18-Feb

30

L1

Temperature (°C)
=)

Time (hr)

Figure 5.22 Hourly experimentally recorded and FE predicted temperatures at
thermocouple TS7 for T-Beam segment.

Table 5.1 Average and maximum absolute errors between experimental and FE
temperatures for all thermocouples of the T-Beam segment.

Thermocouple 2-Jan-2016 4-Fe-2016 18-Feb-2016

(Frozen day) (Cold day) (Sunny day)
AAE MAE AAE MAE AAE MAE
TC1 1.18 3.42 1.25 3.62 1.50 4.18
TC2 0.70 1.87 1.20 2.37 1.24 3.28
TC3 0.76 2.26 1.20 2.00 1.32 3.62
TC4 0.67 1.77 1.16 2.11 1.26 3.39
TC5 0.55 1.84 1.08 2.50 1.34 3.85
TC6 0.62 1.78 1.19 2.24 1.27 3.26
TC7 0.42 1.29 1.14 2.39 1.51 4.21
TS1 0.53 1.93 1.08 2.66 1.36 3.96
TS2 0.51 1.57 1.09 2.21 1.33 3.79
TS3 0.58 2.51 1.09 3.36 1.44 4.25
TS4 1.07 3.75 1.31 5.59 1.83 5.29
TS5 1.04 3.30 1.39 5.19 2.02 5.57
TS6 0.75 2.60 1.35 4.60 2.04 5.61
TS7 0.92 3.02 1.39 4.87 2.04 5.59

5.6.2 The Temperature Daily Variation at Thermocouple of 1-Beam Segment

Figures 5.23 to 5.37 illustrated the verification of daily variation between the FE
thermal analysis and recorded experimental results at thermocouples of the I-Beam
segment during the three selected days. As presented in section 3.4.1, the numbers of

the thermocouples installed in the segment were 15 thermocouples. 12
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thermocouples fixed in concrete part IC, and 3 thermocouples fixed on steel part IS.
Figure 3.21 shows the locations of the thermocouples with details.

By the same scenarios studied in the previous section, Figures 5.19 to 5.30 show the
results at the 1C thermocouples, While, Figures 5.31 to 5.33 show the results at the IS
thermocouples. To obtain the convergence between the FE thermal analysis and the
recorded experimental results of temperatures distributions, the AAE and the MAE

will be studied.

Figures 5.23 to 5.34 show the results of the Frozen, Cold and Sunny days at
thermocouples IC. The values of the AAE at the 1C4 thermocouple are almost greater
than the IC5, the IC6 and the IC7. Also, the IC4 is almost lower than the IC1, the IC2
and the IC3. The AAE in the IC1 is higher than the IC10. Generally, the AAE for the
IC thermocouples ranged from 0.3 to 2.1 °C at the thermocouples IC7 and IC11
respectively. While the MAE ranged from 0.89 to 5.59 °C also at the thermocouples
IC7 and IC11 respectively. Table 5.2 reflect a good and accepted agreement for the I-
Beam segment and interview a well simulated between the FE analysis and the

experimental work at the thermocouple installed in concrete.
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Figure 5.23 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IC1 for I-Beam segment.
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Figure 5.24 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IC2 for I-Beam segment.
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Figure 5.25 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IC3 for I-Beam segment.
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Figure 5.26 Hourly experimentally recorded and FE predicted temperatures at
thermocouple 1C4 for I1-Beam segment.
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Figure 5.27 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IC5 for I-Beam segment.
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Figure 5.28 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IC6 for I1-Beam segment.
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Figure 5.29 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IC7 for I1-Beam segment.
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thermocouple IC10 for I-Beam segment.
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Figure 5.33 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IC11 for I-Beam segment.
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Figure 5.34 Hourly experimentally recorded and FE predicted temperatures at
thermocouple 1C12 for I-Beam segment.

Figures 5.35 to 5.37 show the results at thermocouples fixed in steel part IS. The
AAE values ranged from 0.85 to 1.65 °C recorded at the thermocouple 1S3. While
the MAE values ranged from 2.27 to 3.53 °C recorded at the thermocouples 1S3 and
IS2 respectively. The Maximum differences between the predicted and experimental
results take place at a maximum temperature and the beginning/end of the day during
the 24 hours. As shown in Table 5.2 the results at thermocouples installed in steel

part gave a good agreement.
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Figure 5.35 Hourly experimentally recorded and FE predicted temperatures at
thermocouple 1S1 for I-Beam segment.

The figure visualises well agreement between the predicted and the recorded
temperatures results. Gaps between the predicted and experimental results accrue at a
maximum temperature and the beginning/end of the day during the 24 hours. The
AAE recorded for TC1 were 1.18, 1.25 and 1.5 °C in Frozen, Cold and Sunny day
respectively. While the MAE in corresponding days were 3.42, 3.62 and 4.18 °C
respectively. For the AAE and MAE, the Frozen day (2-January-2016) recorded the
lowest error and the Sunny day (18-February-2016) recorded the highest error. The
general behavior of the variation temperatures with time was almost the same for

experimental and FE results.
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Figure 5.36 Hourly experimentally recorded and FE predicted temperatures at
thermocouple IS2 for I1-Beam segment.
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Figure 5.37 Hourly experimentally recorded and FE predicted temperatures at

thermocouple 1S3 for I-Beam segment.

Table 5.2 Average and maximum absolute errors between experimental and FE

temperatures for I-Beam segment.

Thermocouple 2-Jan-2016 4-Fe-2016 18-Feb-2016

(Frozen day) (Cold day) (Sunny day)
AAE MAE AAE MAE AAE MAE
IC1 0.93 2.29 1.63 2.95 1.28 3.31
IC2 0.96 2.39 1.63 2.75 1.16 3.02
IC3 1.01 2.55 1.62 2.67 1.06 2.79
IC7 0.30 0.89 1.15 2.69 1.58 4.49
IC6 0.52 1.23 1.46 2.83 1.33 3.31
IC5 0.65 1.58 1.53 2.98 1.30 3.22
IC4 0.66 2.16 1.48 3.88 1.69 4.47
IC9 0.76 2.09 1.32 2.00 1.14 4.07
IC8 1.01 2.94 1.70 3.34 1.26 4.02
IC10 0.72 2.09 1.55 2.46 1.01 3.58
IC12 1.01 2.85 1.42 2.50 0.93 3.21
IC11 2.01 5.59 1.44 2.50 0.89 3.22
IS1 1.10 2.84 1.57 2.73 0.99 2.73
IS2 1.33 3.53 1.55 2.80 0.86 2.85
IS3 0.85 2.27 1.65 2.75 0.94 3.24
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CHAPTER 6

PARAMETRIC STUDY: SIZE EFFECT

6.1 General

The design temperature gradients of the bridge design codes are considered
applicable for wide range of section sizes. However, that the size of the section
matters and that the available design gradients may result in underestimated or
overestimated stresses for large sections or special configuration sections. From this
review, it can be said that the depth of the girder and the thickness of the flanges and
web should have an influence on the temperature gradient distributions. In this
chapter, a parametric study is carried out on the concrete-encased steel-beam girder
to investigate the effect of the size of the girder using the verified FE model. This

parametric study is subdivided into three studies.

Firstly, the overall section sizing is studied so that both section depth and member
thicknesses are increased in similar rates keeping the same aspect ratios. This
parametric study investigates the combined effect of the girder depth and the
thickness of its flanges and web. The second parametric study, the effect of the girder
depth is studied using fixed thickness of web and flanges, while the third investigates
the effect of the thickness of the web and flanges for a fixed depth section. In all

parts of the FE parametric study, the environmental data of 5-July-2015 were used.
6.2 Experimental, double, and triple size girders

Based on Figure 6.1, the dimensions of three FE girders are listed in Table 6.1. The
first girder has the same dimensions of the experimental girder, while in the second
and the third girders all dimensions were twice and tripled, respectively, keeping
fixed geometrical aspect ratios. As shading effects depend on the aspect ratios of the
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girder members, they were kept fixed at this stage to overcome any result confusion

due to the different shading effects.
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Figure 6.1 Dimensions of the FE sized: (a) composite girder and (b) steel part.

Table 6.1 Dimensions of the FE sized composite girder sections for the overall size
effect parametric study.

Dimensions A B C D E a b C
(mm)

Experimental 800 300 500 100 100 200 400 8
Double 1600 | 600 | 1000 | 200 200 400 800 16
Triple 2400 | 900 | 1500 | 300 300 600 | 1200 24

Figures 6.2 to 6.5 show comparisons of the 24-hour temperature variation at selected
thermocouple locations. The selected locations are the center of the top concrete
surface of the girder, the center of the bottom concrete surface of the girder, the
central height of girder within the steel section, and the center of the northern
concrete edge surface of the top flange, which are given in Figures 6.2, 6.3, 6.4 and

6.5 respectively.

As shown in Figure 6.2, the temperature differences between the three girders are
quite acceptable during the 24 hours at the top-surface thermocouple. The maximum
temperature difference at this point is 4.7 °C, while the minimum difference is less

than 0.2 °C. As shown in Figure 6.2, the temperature difference starts increasing after
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sunset and continues increasing during the night cooling hours to reach a maximum
around the sunrise. During the sunshine hours, the opposite stands, where the
temperature gap between the three girders decreases during this period. The
explanation of this behavior is that for thicker flanges, higher heat is reserved during
the day heating hours because of the higher concrete mass. Thus, longer night
cooling hours are required to decrease the temperature of the surface. As a result, the
smaller (experimental size) top surface cooled faster during the night hours showing
lower temperatures than the larger girders, while it shows slightly higher

temperatures during the mid-day hours.
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Figure 6.2 Size effect on 24-hours temperature distributions at top surface of the
composite girder.

Figure 6.3 shows that similar behavior stands for the bottom surface thermocouple
but with slightly different rates. The minimum and maximum temperature

differences at this thermocouple are 0.8 and 4.8 °C respectively.

Figure 6.4 shows that the size of the girder has a larger impact on the temperature of
the steel central-web thermocouple than on those at the top and bottom surfaces. As
shown in the figure, the largest girder (triple size) shows the lowest daily temperature
fluctuation, while the smallest one (experimental size) shows the highest fluctuation.
In contrary to the top and bottom surfaces, the temperature difference is high during
both the cold and the hot hours. The maximum temperature difference of this

thermocouple during the 24 hours is 7.8 °C. This is because the larger girders have
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thicker webs, hence, smaller girders conduct more heat to the steel section during the
day hours, and allow to faster reversed heat conduction during the night hours. As a
result, the temperature of the steel section of smaller girders increases faster during

the day and decreases faster during the night.
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Figure 6.3 Size effect on 24-hours temperature distributions at bottom surface of the
composite girder.
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Figure 6.4 Size effect on 24-hours temperature distributions at the mid-height of the
composite girder.

Figure 6.5 shows the temperature variation between the three girders at the top-
flange edge thermocouple is also significant with a temperature difference ranges
from 0.9 to 8.6 °C during the 24 hours.
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Figure 6.5 Size effect on 24-hours temperature distributions at the north edge of the
composite girder.

In Figure 6.6, the distribution of the vertical temperature gradient is used to evaluate
the effect of the size of the girder. The effects of temperature differences between the
three girders discussed in Figures 6.2 to 6.5 are reflected here on the vertical
temperature gradient distributions. The maximum temperature gradient occurs during
the mid-day hours, where solar radiation and air temperature are around their daily
highest records. At this time and as shown in Figure 6.2, the top surface temperature
is almost the same for all girders (between 48 and 49 °C) with slightly higher
temperature for the smallest girder. On the other hand, the temperatures of the steel

web are much lower for larger girders as shown in Figure 6.4.
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Figure 6.6 Size effect on vertical temperature gradient.
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The lowest temperatures of the steel web of the experimental, double, and triple size
girders at the time of maximum gradient (13:00) are 35, 31.3 and 29.9 °C
respectively. This vertical temperature distribution leads to the increase of the
vertical temperature gradient as the size of the girder increase as shown in 6.6 which
are 14.0, 16.8 and 18.5 respectively. Figures 6.7 to 6.9 show the 3D temperature
distributions at midday (12:00) for the three girders.
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Figure 6.7 3D temperature distribution at midday (12:00) for the normal size girder.
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Figure 6.8 3D temperature distribution at midday (12:00) for the double size girder.
118



Time=2.16e5 Surface: Temperature (degC)
A 46.464

46

44

42

40

38

x10°

36

0 x10° 34

z
Ys\t/,x 30

V 28.872

Figure 6.9 3D temperature distribution at midday (12:00) for the triple size girder.
6.3 Effect of the girder depth

In the previous section, it was shown that the size of the girder affects the
temperature variations and temperature gradient distributions. The effect of the depth
of the girder is discussed in this section. This FE parametric study compares between
the same sized beams of the previous section but with fixed web and flanges
thickness for all girders, which is 150 mm. Thus, the same dimensions are shown in
Table 6.1, with different depths of 500, 1000 and 15000 mm but with D = E= 150

mm as prepared in Table 6.2.

Table 6.2 Dimensions of the FE sized composite girder sections for the girder depth
effect parametric study

Dimensions (mm) A B C D E a b c

Experimental 800 | 300 | 500 | 150 | 150 | 200 | 400 8

Double 1600 | 600 | 1000 | 150 | 150 | 400 | 800 16

Triple 2400 | 900 | 1500 | 150 | 150 | 600 | 1200 | 24

Figures 6.10 to 6.13 show that for sections with variable depth and fixed member’s
thickness of 150 mm, the temperature variations between the 500, 1000 and 1500

mm depth girders are in general minimal and much smaller than those shown in
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Figures 6.2 to 6.5. The maximum temperature differences between the three girders

at the concrete top surface, concrete bottom surface, steel web, and concrete top-

flange’s edge are 0.8, 1.3, 1.7 and 2.1 °C respectively.
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Figure 6.10 24-hours temperature distributions for different girder depths with 150
mm thick web and flanges at top surface of the composite girder.
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Figure 6.11 24-hours temperature distributions for different girder depths with 150
mm thick web and flanges at the bottom surface of the composite girder.

Similarly, Figure 6.14 shows that for the girders having depths of 500, 1000 mm and

1500 mm with constant web and flange thicknesses, the maximum vertical

temperature gradients are quite the same, which are 14.8, 15.4 and 15.0 °C

respectively. This leads to the conclusion that if the thicknesses of the girder’s
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members are kept constant, increasing the height and width of these members with
the same aspect ratios has a minor effect on temperature and gradient distributions.
Figures 6.7, 6.15 and 6.16 show the 3D temperature distributions at midday (12:00)
for the three different depth girders (fixed thickness = 150 mm).
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Figure 6.12 24-hours temperature distributions for different girder depths with 150
mm thick web and flanges at the mid-height of the composite girder.
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Figure 6.13 24-hours temperature distributions for different girder depths with 150
mm thick web and flanges at the north edge of the composite girder.
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Figure 6.14 Vertical temperature gradients for different girder depths with 150 mm
thick web and flanges.
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Figure 6.15 3D temperature distribution at midday (12:00) for the double size girder
with web and flanges thickness of 150 mm.
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Figure 6.16 3D temperature distribution at midday (12:00) for the triple size girder
with web and flanges thickness of 150 mm.

6.4 Effect of the web and flanges thickness

In this section, the particular effect of the thickness of the web and flanges is
investigated. The effect of the thickness of the girder members is shown in Figures
6.17 to 6.20 and Figure 6.21. In these figures, all girders have the dimensions of the
triple size girder shown in Table 6.1. However, the thickness of the flanges and the
webs (D and E) is variable from 150 to 300 mm with a step of 50 mm as listed in
Table 6.3.

Table 6.3 Dimensions of the FE sized composite girder sections for the overall size
effect parametric study.

Dimensions (mm) | A B C D E a b C
Case 1 2400 | 900 | 1500 | 150 | 150 | 600 | 1200 | 24
Case 2 2400 | 900 | 1500 | 200 | 200 | 600 | 1200 | 24
Case 3 2400 | 900 | 1500 | 250 | 250 | 600 | 1200 | 24
Case 4 2400 | 900 | 1500 | 300 | 300 | 600 | 1200 | 24
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It is shown in Figures 6.17 and 6.18 that as the thickness increases from 150 to 300
mm, the temperature variations increase. This is more noticeable in Figure 6.19 and
Figure 6.20 at the steel web and the edge of the top flange. The maximum
temperature differences at the top surface, the bottom surface, the steel web, and the
top-flange edge are 2.7, 3.0, 5.5 and 6.9 °C respectively. Comparing these values
with those from sections 6.2 and 6.3, it is obvious that the greatest part of
temperature variation can be attributed to the thickness of the concrete web and

flanges.
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Figure 6.17 24-hours temperature distributions for different web and flanges
thicknesses at top surface of the composite girder.
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Figure 6.18 24-hours temperature distributions for different web and flanges
thicknesses at bottom surface of the composite girder.
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Figure 6.19 24-hours temperature distributions for different web and flanges
thicknesses at the mid-height of the composite girder.
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Figure 6.20 24-hours temperature distributions for different web and flanges
thicknesses at the north edge of the composite girder.

Comparing the vertical temperature gradients of the four triple size girders with
different thicknesses of concrete web and flanges, it is clear that the maximum
gradient increases as the thickness increase. The maximum vertical temperature
gradients of the triple size girders with thicknesses of 150, 200, 250 and 300 mm are
14.9, 16.7, 17.2 and 18.5 °C respectively as shown in Figure 6.21. This result
confirms the conclusion that the thickness of the web and the flanges has a
significant impact on temperature distributions and temperature gradients. Figures
6.16, 6.22, 6.23 and 6.9 show the 3D temperature distributions at midday (12:00) for
the three different depth girders (fixed thickness = 150 mm) triple size girder with
thicknesses of 150, 200, 250 and 300 mm respectively.
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As a result of the three parametric studies and within the limits of the studied
parameters, it can be concluded that the size of the girder affects the temperature and
temperature gradient in girders subjected to solar radiation and air temperature. The
results also showed that the thickness of the flanges and web has a more significant
effect than that of the girder depth.
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Figure 6.21 Vertical temperature gradients for different thicknesses of web and
flanges.
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Figure 6.22 3D temperature distribution at midday (12:00) for the triple size girder
with web and flanges thickness of 200 mm.
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Figure 6.23 3D temperature distribution at midday (12:00) for the triple size girder
with web and flanges thickness of 250 mm.

127



CHAPTER 7

TEMPERATURE GRADIENTS IN TURKEY

7.1 General

There are seven different regions in Turkey, so ten cities selected from several
geographical locations to represent the entire Turkey area as shown in Figure 7.1.
The COMSOL 4.3a finite element program [28] adopted to analysis the effect of air
temperature and solar radiation on composite concrete-steel girders. The maximum
vertical and horizontal temperature gradients of composite concrete-steel bridge
girders in ten cities for six months obtained. According to the similarity of results

between the two segments, hence the results for the T-Beam segment adopted in this

study.
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Figure 7.1 The location and regions of the selected cities.

7.2 The Regions and Geographical Location of the Selected Cities

The seven regions of Turkey divided into two groups. One group is coastal which

represented four regions. The second is inland which includes the other three regions.
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The coastal regions are the Mediterranean, the Black Sea, the Marmara, and the
Aegean. The inland regions are the Central Anatolian, the Eastern Anatolian, and the
Southeastern Anatolian. Ten cities were selected to make a detailed investigation and
analysis for whole Turkey region: Adana, Ankara, Antalya, Corum, Diyarbakir,

Istanbul, izmir, Samsun, Sanlurfa and, Sirnak as shown in Figure 7.1. The regions

and the geographical locations of the selected cities are given in Table 7.1.

Table 7.1 The selected cities and their regions and geographical location.

City Region Latitude Longitude

Adana Mediterranean 36.98 N 35.35E
Antalya Mediterranean 36.91 N 30.69 E
Ankara Central Anatolian 39.95N 32.88 E
Corum Black Sea 40.55 N 3495 E
Diyarbakir Southeastern Anatolian 37.89 N 40.20 E
Istanbul Marmara 40.90 N 29.15E
Izmir Aegean 38.43 N 27.17E
Samsun Black Sea 41.28 N 36.30 E
Sanliurfa Southeastern Anatolian 37.13N 38.77 E
Sirnak Eastern Anatolian 37.52 N 4246 E

7.3 The Long-Term Distributions of the Solar Radiation in Turkey

Figures 7.2 and 7.3 clarify the long-term distributions of monthly average solar
radiation in June and December according to the data provided by the Turkish State
Meteorological Service [30]. Figures 7.4 to 7.7 illustrated the long-term distributions
for the maximum and minimum air temperatures in June and December. The data of
the long-term was used to determine the difference in the expected temperature
gradients and bridge temperature in the whole regions of Turkey.

Figures 7.2 and 7.3 show the long-term monthly average solar radiation in June and
December respectively. Where, the lowest intensity of monthly average solar
radiation occur in: the northern regions, the coastal areas along the north Black sea
and the east of the Marmara region. The maximum differences in the data of up to
256 Cal/cm? (W/m? = Cal/cm? x 11.63).
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Figure 7.2 The long-term monthly average solar radiation of June [30].
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Figure 7.3 The long-term monthly average solar radiation of December [30].

Figure 7.4 explain the distribution of the maximum air temperature in a long-term for

Turkey in June. The range of air temperatures was between 29 and 45 °C, and the

highest distribution of the maximum air temperatures in the south and south-west of

Turkey. The extreme daily maximum temperature was greater than 40 °C. While the

maximum air temperature distribution in the long-term recorded in December was

between 9 and 37 °C in Turkey.
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Figure 7.5 illustrates the maximum air temperature distribution in December which
was in the northeast area and the south-west area as the highest and lowest area in

Turkey respectively.
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Figure 7.5 The long-term maximum air temperature of December [30].

The minimum air temperature for long-term in June was from -5 to 14 °C as shown
in Figure 7.6. Southeastern Anatolian and coastal areas along the four seas show the
highest value of minimum air temperatures, but the lower value of minimum air

temperatures recorded in the eastern and central high altitude regions. While regions
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like Corum in the southern part of the Black Sea region recorded high value of daily
maximum air temperatures and low value daily minimum air temperatures. The daily

air temperature difference is higher in such regions.

Figure 7.7 shows the long-term of minimum air temperature distribution in
December for whole Turkey. The minimum air temperature in complete Turkey
between -44 to 5 °C.
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Figure 7.7 The long-term minimum air temperature of December [30].
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7.4 The Data Provided By Turkey Stat Meteorological Service

The data were provided by the Turkey State Meteorological Service [30] include
temperature and solar radiation records for more than 50 years, since 1960 to 2013.
This data are used to evaluate the extreme temperature and temperature gradients in
composite concrete-steel girder bridges. The analysis was carried out for six different
months they represent the four seasons of the year, which are April, June, July,

October, November and December.

The selected day of each month reflects the maximum daily air temperature
difference. Based on the long-term recorded daily maximum and average daily
minimum air temperature, the maximum air temperature difference was calculated.
Also, for each of these six months, the long-term maximum daily average of total
global solar radiation was considered. The wind speed was taken as zero to maximize

the temperatures and temperature gradients.

The data listed in Table 7.2 to 7.7 represented the daily air temperature and solar
radiation for the ten cities in the six months. With regard to the solar radiation the
daily maximum, minimum, and difference are calculated at horizontal surfaces in
W/m?.

Table 7.2 Solar radiation and air temperature in April.

City Daily maximum Daily air temperature °C
raZ?z;:(IJ):l S\?\;?rrnz Max. Min. Difference

Adana 938.66 35.6 11.6 24

Antalya 1023.9 32.5 14.5 18
Ankara 975.52 30.0 5.3 24.7
Corum 865.27 30.4 3.8 26.6
Diyarbakir 989.59 35.3 7.8 27.5
Istanbul 816.43 32.9 8.7 24.2
[zmir 886.21 32.1 11.2 20.9
Samsun 858.29 37.0 7.7 29.3

Sanlurfa 907.14 34.6 12.6 22
Sirnak 1041.7 29.0 8.1 20.9
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Table 7.3 Solar radiation and air temperature in June.

City Daily maximum Daily air temperature °C
razg)alf[ircl% S\(/)\;?LIZ Max. Min. Difference
Adana 960.87 40.8 18.5 22.3
Antalya 1075.1 35.8 18.6 17.2
Ankara 1002.74 35.3 11.6 23.7
Corum 955.98 36.9 9.6 27.3
Diyarbakir 996.57 39.6 14.0 25.6
Istanbul 879.23 40.2 17.9 22.3
[zmir 935.05 38.7 18.0 20.7
Samsun 861.31 37.4 16.7 20.7
Sanliurfa 921.09 44.0 19.3 24.7
Sirnak 1027.28 334 154 18
Table 7.4 Solar radiation and air temperature in July.
City Daily maximum Daily air temperature °C
hourly solar
radiation W/m? Max. Min. Difference
Adana 936.33 44 22.7 21.3
Antalya 1018.55 40.8 23.7 17.1
Ankara 996.11 40.8 16.6 24.2
Corum 1004.83 42.6 13.4 29.2
Diyarbakir 1008.55 44.7 21.7 23
Istanbul 886.21 39.7 194 20.3
[zmir 921.09 42.6 22.4 20.2
Samsun 830.38 36.1 18.4 17.7
Sanliurfa 955.98 46.8 25.0 21.8
Sirnak 1002.62 40.4 22.9 175
Table 7.5 Solar radiation and air temperature in October.
City Daily maximum Daily air temperature °C
hgu_rly solar 2 Max. Min. Difference
radiation W/m
Adana 798.63 38 15.8 22.2
Antalya 818.98 34.9 175 17.4
Ankara 732.22 31.4 8.4 23
Corum 683.84 33.0 6.8 26.2
Diyarbakir 753.62 31.0 8.2 22.8
Istanbul 655.93 34.2 13.5 20.7
[zmir 732.69 33.2 135 19.7
Samsun 648.95 38.4 14.0 24.4
Sanlurfa 767.58 34.8 144 20.4
Sirnak 806.07 27.4 10.7 16.7
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Table 7.6 Solar radiation and air temperature in November.

City Daily maximum Daily air temperature °C
ra?I?z;[lir(% S‘(/)\:%IZ Max. Min. Difference

Adana 588.59 32.6 10.9 21.7
Antalya 641.04 28.9 11.7 17.2
Ankara 585.8 23.6 2.7 20.9
Corum 551.26 25.0 2.3 22.7
Diyarbakir 690.82 24.3 3.7 20.6
Istanbul 537.30 27.2 9.9 17.3
[zmir 655.93 28.8 10.7 18.1
Samsun 516.37 28.8 8.0 20.8

Sanlurfa 635 27.3 7.3 20
Sirnak 641.28 22.6 4.2 18.4

Table 7.7 Solar radiation and air temperature in December.
City Daily maximum Daily air temperature °C
ra?i?altjtir% S‘?\;?:nz Max. Min. Difference

Adana 551.38 30.8 8.6 22.2
Antalya 567.54 26.8 11.5 15.3
Ankara 529.05 19.8 0.7 19.1
Corum 565.22 18.0 -2.5 20.5
Diyarbakir 621.04 18.0 -1.2 19.2
Istanbul 516.37 25.5 7.4 18.1
[zmir 537.31 24.7 7.1 17.6
Samsun 411.7 26.9 5.7 21.2
Sanliurfa 509.39 26.0 54 20.6
Sirnak 551.38 30.8 8.6 22.2

7.5 Temperature Gradients

In order to focus and clarify the results of the COMSOL 4.3a finite element program

[28], two cities of Turkey selected: Samsun and Adana. Where, Samsun from the

cold Black Sea region, and Adana from the hot south region. This section studies the

maximum vertical and horizontal temperature gradients in the six selected months,

the variation of the average, the maximum and the minimum temperatures.

Figures 7.8 and 7.9 show the temperature gradients in the 3D plot for the T-Beam

segment in the six tested months for Adana and Samsun.
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Figure 7.8 The temperature gradients in 3D plot for (T-Beam) to Adana in: (a) April,
(b) June, (c) July, (d) October, (¢) November and (f) December.
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Figure 7.9 The temperature gradients in 3D plot for (T-Beam) to Samsun in: (a)
April, (b) June, (c) July, (d) October, (e) November and (f) December.
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7.5.1 Vertical Temperature Gradients

The results of the maximum vertical positive and negative temperature gradients for
the two cities in the six tested months are shown in Figures 7.10 to 7.13. The vertical

temperature gradients calculated along section Z-Z.

When studying the maximum positive gradient of the vertical section, it is clear that
the variation in the concrete part is almost the same for both cities with the difference
in values, but in the steel part, it is to some extent similar as shown in Figures 7.10
and 7.11. When a comparison between the results of the two cities, Adana showed
higher temperature gradients than Samsun. Where the maximum value of Adana city
was 15.05, 15.48, 14.49, 13.33, 13.11 and 12.25 °C in April, June, July, October,
November and December respectively. The corresponding maximum value for
Samsun was 11.41, 13.49, 12.79, 10.23, 9.14 and 8.83 °C.
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Figure 7.10 Maximum vertical positive temperature gradients in Adana.

When checking the results of the two cities notes that in hot season the maximum
values of the maximum vertical positive temperature gradients occur at the top of the
segment (concrete part), while in cold season the maximum value takes place in the
bottom part (steel part). Where, in hot season the sun rays strike from high solar
altitude angle this lead to heating of the concrete part, but in cold season the sun rays
strike from the low solar altitude angle during whole day which leads to heating the

steel part.
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Figure 7.11 Maximum vertical positive temperature gradients in Samsun.

For Adana city, the results of the concrete part were 15.05, 15.48, 14.49, 6.08, 3.32
and 2.13 °C in six tested months respectively. In the same order, the results of
Samsun city of the concrete part were 11.42, 13.55, 12.79, 3.71, 0.72 and 1.02 °C.
The results of the steel part of Adana city were 11.11, 6.27, 7.01, 13.33, 13.11 and
12.25 °C in the similar sequence. The corresponding value of the steel part for
Samsun city was 7.87, 1.82, 5.09, 10.23, 9.14 and 8.83 °C. Hence, in the cold season,
the steel part gives the highest temperature gradient for both cities. Also, the results

show that the concrete part is more stable than steel part.

Figures 7.12 and 7.13 show the maximum vertical negative temperature gradients in
Adana and Samsun city. The maximum vertical negative temperature gradient
showed almost similar behavior in both concrete and steel part of the segment for the

two selected cities with slightly higher temperature in Adana.

For Adana city, the maximum negative temperature gradient value at concrete part
was -2.61, -2.93, -3.05, -2.48,-2.21 and -1.96 °C in April, June, July, October,
November and December respectively. And the value at steel part was -11.35, -
11.84, -11.99, -9.98, -9.07 and -8.35 °C respectively. While, the maximum negative
temperature gradient value at the concrete part for Samsun in the same order was -
2.25,-2.71, -2.85, -2.32, -1.85 and -1.75 °C, and at the steel part was -10.53, -11.05,
-11.33, -9.59, -7.89 and -7.49 °C respectively. The maximum difference between the
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two selected cities in six months at the concrete part was 0.36 °C, and in the steel
part was 1.18 °C.
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Figure 7.12 Maximum vertical negative temperature gradients in Adana.
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Figure 7.13 Maximum vertical negative temperature gradients in Samsun.

Generally, the zero temperature gradients occur at bottom of concrete slab for both
cities in six months as shown in Figure 7.12 and 7.13. Also, from the results it is
clear that the vertical gradient at the hot season (April, June, and July) was greater

than the gradient at cold season (October, November and December).
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7.5.2 Horizontal Temperature Gradients

Figures 7.14 to 7.17 show the maximum positive and negative lateral temperature

gradients calculated along section X-X.

In general, the chart areas divided into two regions, a hot and cold region. Figures
7.14 and 7.15 illustrate that the maximum positive gradient of the lateral section for
the two cities. The two cities has the same behavior, but Adana city gives the highest
results in the maximum positive lateral temperature gradients than the Samsun city.
Where, for the Adana city the maximum positive lateral temperature gradients in
April, June, July, October, November, and December was 6.12, 4.29, 5.56, 10.05,
10.44 and 10.88 °C respectively. For the Samsun city, the corresponding values were
5.78, 4.36, 4.95, 8.85, 9.36 and 10.11 °C.

The figures of maximum positive lateral temperature gradients recorded a leap in the
temperature at the north edge of the concrete slab than the other points. Where, the
north edge of slab for Adana in April, June, July, October, November, and December
mentioned in the previous paragraph, the corresponding values in the south edge
were 0.0, 0.0, 0.0, 0.0, 1.15 and 1.53 °C respectively. In the same order, the values of
the Samsun city in the south edge recorded 0.0, 0.0, 0.0, 0.98, 1.73 and 2.39 °C. So,
there is a significant difference between two edges in the same slab.
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Figure 7.14 Maximum lateral positive temperature gradients in Adana.
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Figure 7.15 Maximum lateral positive temperature gradients in Samsun.

Figures 7.16 and 7.17 show the maximum negative lateral temperature gradients for
Adana and Samsun city respectively. Where the behavior of the results for the two
cities almost the same with a slight difference. The results of Adana were -4.54, -5.1,
-4.73, -5.98, -5.01 and -5.12 °C in April, June, July, October, November and
December respectively. The corresponding values of the Samsun city were -5.4, -5.1,
-4.58, -5.7, -4.13 and -4.33 °C respectively.
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Figure 7.16 Maximum lateral negative temperature gradients in Adana.
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Figure 7.17 Maximum lateral negative temperature gradients in Samsun.

Figures 7.18 and 7.19 illustrate the comparison between the maximum vertical
positive and negative temperature gradient for the selected cities in studied months.
Figure 7.18 shows Antalya city recorded the highest maximum vertical positive
temperature gradient in June which was 20.94 °C. The figure illustrates that June and
July recorded the highest maximum vertical positive temperature gradient for the
most cities except in Sirnak city. Samsun city recorded the lowest maximum vertical

positive temperature gradient which was 13.55 °C in June.

Figure 7.19 shows the maximum vertical negative temperature gradient occur in the
hot season for all cities. The maximum vertical negative temperature gradient
recorded for Corum city in July which was -12.74 °C. While the lowest maximum
vertical negative temperature gradient recorded in Izmur city takes place in June
which was -10.54 °C. It is clearly that the maximum vertical temperature gradient
occurs in the hot season where the high intensity of solar radiations on the days and

the differences between the maximum and minimum daily air temperature is high.

143



N
H

20.94
21 -
51 11548 16.18 16.22 16.23 15.43 15.71
) : 14.93 15 14.95
=15 A 13.55
K
212 -
j -
0)
51 e 2 c
Sl s € 2 =2 == = & & = &
s S 5 ) = = > = = = o
S 2 9 s B 2 a5 B5 38 <
o 3 -
|_
0 r r r r r r r r r
2 2 N > & & 2 N
S N B & N & N & @
¥ R NS o S W &
9 City

Figure 7.18 Maximum vertical positive temperature gradients for ten cities.
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Figure 7.19 Maximum vertical negative temperature gradients for ten cities.

The comparisons between the maximum positive and negative horizontal
temperature gradients for the ten cities in six months are shown in Figures 7.20 and
7.21.

Figure 7.20 shows Diyarbakir give the highest results of the maximum positive
horizontal temperature gradient in December which were 11.89 °C and Sirnak was
recorded the lowest result which was 9.71 °C in October.
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Figure 7.21 shows the maximum negative lateral temperature gradients occurs in
October for all tested cities except three cities. The maximum value recorded for
Sanliurfa city in April about -7 °C. And Istanbul city recorded the lowest value in
October about -5 °C. so the maximum lateral temperature gradients generally happen
in cold weather this because of the sun rays throughout the cold period strike from
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Figure 7.21 Maximum lateral negative temperature Gradients.
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7.5.3 Average, Max and Min Temperature Gradients

Figures 7.22 to 7.27 show the daily variation of average, the maximum, and the
minimum temperatures of T-Beam segment at 24 hours on the selected days in the

six months for Adana and Samsun city.

Figures illustrated that there are three regions in the average, the maximum, and the
minimum daily variation of the temperatures for two cities except in the daily
maximum temperature of Adana. Where the daily temperature in June and July are
the highest, then in April and October. While November and December show the
lowest daily temperature. Also, the figures reflect that the average, the maximum and
minimum temperature on Adana was higher than Samsun in the six months because
of, Adana in a hotter region. In general, the results recorded that, the highest degree

of daily temperatures was in the middle of the day because the sun is warmer.
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Figure 7.22 Daily variation of the average temperature in Adana.
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Figure 7.23 Daily variation of the average temperature in Samsun.
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Figure 7.24 Daily variation of the maximum temperature in Adana.
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Figure 7.25 Daily variation of the maximum temperature in Samsun.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 General

As one of the temporal loads that affect the long-term structural performance,
temperature variation was generally one of the major foci of bridges. This thesis
achieved several phases to investigate the environmental thermal loads on composite
steel girders. The research presented in this thesis includes several study works
starting with the experimental work in Gaziantep University, collection and analysis
of data, conducting a numerical thermal model using the FE theory, conducting size
and geometry parametric studies, and the evaluation of the extreme temperatures and
temperature gradients for long-term (more than 50 years) for the different Turkish

climate regions.

The experimental work included casting of two composite concrete-steel girder
bridge segments, T-beam and I-beam. The experimental composite girder segments
were instrumented with vibrating wire strain gages and thermocouples. Moreover,
other sensors were installed in the site of the work to measure the long-term variation
of air temperature, speed and the solar radiation intensity. The results of two
segments from the collected data are analyzed according to the heat transfer

fundamentals.

Three-dimensional thermo-mechanical FE models for the two segments were
conducted using COMSOL finite element program. These models were verified with
experimental records from the experimental composite girders. Based on the verified
thermal FE model, the parametric study was performed for the effect of size of the I-
Beam segment. Based on the FE model of the T-beam segment, long-term extreme
temperature analysis was carried out for the seven regions of Turkey. Weather

history records for about 50 years were incorporated in this study.
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The followings are the most important conclusions drawn from the different study
works of this research.

8.2 The Experimental Work

Based on the data collected from the strain gages, thermocouples, and the other
weather sensors during the period from 21-December-2015 to 22-February-2016, the

followings can be drawn:

1. The environmental data obtained from the studied period, from 21-
December-2015 to 22-February-2016, show that the absolute recorded
maximum and minimum air temperatures were 23.0 °C (18-February-2016 at
3:00 PM) and -9.9 °C (28-January-2016 at 3:00 AM), respectively, while the
absolute maximum and minimum daily temperature differences (Max-Min)
were 18.6 °C (25-December-2015) and 1.4 °C (13-January-2016),
respectively. The absolute maximum recorded solar radiation intensity during
the studied period was 870 W/m? in 10-February-2016 at 11:30 AM.
Moreover, the absolute maximum recorded wind speed was 5.049 m/s in 25-
January-2016 at 2:00 PM, while the minimum wind speed was 0 m/s, which

occurs before sunrise and before/after one hour of sunset.

2. The temperature difference (max-min during the studied period (cold season)
for the 29 thermocouples installed in steel and concrete parts of the two
segments was higher in concrete than in steel. The maximum differences
were recorded at the extreme edge of the concrete deck. For the T-Beam
segment, the maximum difference was 15.13 °C at 10:00 AM and the
minimum difference was 0.02 °C at 10:30 PM. While for the I-Beam
segment, the maximum difference was 13.3 °C at 1:30 PM and the minimum
difference was 0.00 °C at different times. In addition, for the T-Beam, the
hourly maximum temperature recorded from the thermocouples was 36.41 °C
in 18-February-2016 (at 2:00 PM) at the location of the thermocouple TC1,
while the hourly minimum temperature was -9.39 °C (28-January-2016 at
4:30 AM) at the location of thermocouple TS6. Similarly, the maximum and

minimum recorded temperatures in the I-beam were 36.5 and -7.3 °C,
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respectively, which were recorded on 18-February-2016 (at 2:00 PM) at IC4
and on 3-January-2016 (at 6:00 AM) at 1S2, respectively.

. Three distinct classes of days were selected to evaluate the effects of thermal
loads on temperature variations in composite girders, which are the Frozen,
Cold and Sunny days. The three tested days were 2-January (Frozen), 4-
February (Cold), and 18-February (Sunny). The maximum hourly air
temperatures recorded for the frozen, cold, and sunny days were 0.0, 13.3 and
23.0 °C respectively, while the minimum air temperatures recorded in the
same days were -9.25, -3.2 and 4.5 °C respectively. The maximum hourly
solar radiation intensities recorded for the frozen, cold, and sunny days were
606 W/m?, 673 W/m? and 712 W/m?, respectively.

For the T-Beam segment, the maximum temperatures of all thermocouples
during the 24 hours of the frozen, cold, and sunny days were 5.64, 21.64 and
32.13 °C, respectively, while the minimum temperatures were -6.28, -0.71
and 6.91 °C, respectively. On the other hand, the maximum mean
temperatures were 2.81, 20.45 and 30.87 °C for the frozen, cold, and sunny
days, respectively, while the minimum mean temperatures were -6.76, -0.88
and 6.71°C, respectively. For I-Beam segment, the maximum hourly
temperatures for all thermocouples were 5.95, 25.97 and 36.53 °C for the
three tested days, while the minimum recorded temperatures were -5.93, 0.31
and 8.26 °C, respectively. Similarly, the maximum mean temperatures of all
thermocouple were 2.59, 18.78 and 28.69 °C for the frozen, cold, and sunny
days, respectively, while the corresponding minimum mean temperatures
were -6.09, -0.37 and 7.64 °C respectively.

. The maximum vertical and lateral temperature gradients during the 24 hours
of the frozen, cold, and sunny days for the two girder segments were
investigated. For the T-Beam segment, the ranges of vertical temperature
gradient for the three examined days were (-4.69 to 3.26 °C), (-8.98 to 5.29
°C), and (-9.94 to 5.99 °C), respectively. On the other hand, the lateral
temperature gradient were in the ranges of (-1.19 to 3.90 °C), (-2.43 to 8.07
°C), and (-2.28 to 8.12 °C), respectively. For the I-Beam segment, the range

of vertical temperature gradients for the three days were (-1.74 to 1.59 °C), (-
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198 to 5.68 °C), and (-1.56 to 7.59 °C), respectively, while their
corresponding lateral temperature gradient ranges were (-2.19 to 4.79 °C), (-
3.48 t0 10.55 °C), and (-3.62 to 10.27 °C), respectively.

6. The hourly variation of the strains measured from the two strain gages that
were embedded at the central depth of the top flange of I-Beam segment. The
strains were measured as the change of the strains from an initial strain
reading. This reading was the strain value at the start time of the period,
which is at the midnight (00:00) on the first day of 21-December-2016.
During the last 10 days of December, the recorded maximum compression

and tensile strains were approximately 110 and 40 micro-strains, respectively.
8.3 The Thermal Finite Element Analysis

Based on the temperature comparisons between the thermal FE analysis of and the

experimental segments of the current research, the followings can be drawn:

1. The FE model of the T-Beam and I-Beam girders showed good capability to
simulate the heat conduction, convection, and radiation in the girder and with

the surrounding environment.

2. For the T-Beam segment and along the three selected days, good agreement
was found between the predicted temperatures by the FE analysis and the
experimentally recorded temperatures. Where, the maximum recorded AAEs
were 1.18, 1.39 and 2.04 °C during the frozen, cold, and sunny days,
respectively, while the minimum recorded AAEs were 0.42, 1.08 and 1.24
°C, respectively. The maximum values of the MAE were 3.75, 5.59 and 5.59
°C, respectively, while the minimum values of MAE were 1.29, 2.0 and 3.26

°C, respectively.

3. The thermal FE analysis of the I-Beam segment also showed good agreement
with their corresponding experimental temperatures during the three selected
days. The maximum recorded AAE values were 2.01, 1.7 and 1.69 °C during
the frozen, cold, and sunny days, respectively, while the minimum AAE
values were 0.3, 1.15 and 0.86 °C, respectively. The maximum values of
MAE were 5.59, 3.88 and 4.49 °C for the frozen, cold, and sunny days,
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respectively, while the minimum values of MAE were 0.89, 2.0 and 2.73 °C,

respectively.
8.4 The Parametric Study

Three parametric studies were carried out on the concrete-encased steel-beam girder
to investigate the effect of the size of the girder using the verified FE model. In all
parts of the FE parametric study, the environmental data of 5-July-2015 were used.
Based on the size parametric studies using the verified FE model of the I-beam, the

followings can be drawn:

1. The first parametric study investigates the combined effect of the girder depth
and the thickness of its flanges and web using overall sized girders. The
comparisons between the experimental size, double and triple sized girders
showed that smaller girders suffer higher daily temperature fluctuation. At the
central depth of the composite girder within the steel section, the daily
maximum temperature difference between the three girders was 7.8 °C. The
maximum vertical temperature gradient was higher for larger girders. The
maximum vertical temperature gradients of the experimental, double and

triple size girders were 14.0, 16.7, and 18.5 °C, respectively.

2. Another FE parametric study was directed to examine the particular effect of
the girder depth. For girders with depths of 500, 1000 and 1500 mm, but with
a constant thickness of web and flanges of 150 mm, the maximum daily
temperature variation was only 2.1 °C, whereas the maximum difference
between the maximum vertical temperature gradients of the three girders was
less than 0.7 °C.

3. A third parametric study using 1500 mm deep sections with different web and
flanges thickness of 150, 200, 250, and 300 mm showed that the largest share
of the temperature and temperature gradient variations can be attributed to the
thickness of the web and flanges of the girder. Thus, the influence of the
thickness of the web and flanges on temperature variation and temperature

gradient distributions is more significant than the effect of the girder depth.
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8.5 The Temperature Gradients in Turkey

Ten cities were chosen from the seven different regions that compose Turkey to

evaluate the long-term impact of air temperature and solar radiation on composite

girders in Turkey. The maximum vertical and horizontal temperature gradients of a

sized concrete-on-steel beam (T-beam) composite girder were obtained for the ten

cities for six months (during the hot, moderate, and cold seasons). The analysis was

conducted using the verified FE model of the current research. Only two cities of

were selected to compare between the obtained results, which are Samsun and

Adana. Based on this study, the followings can be drawn:

1.

In the hot season, the sun rays strike from high solar altitude angle which
causes a heating of the concrete part. So the maximum vertical positive
temperature gradients occur at the top of the segment (concrete part). In the
cold season, the sun rays strike from the low solar altitude angle during whole
day which leads to heating the steel part. So the maximum vertical positive
temperature gradients take place in the bottom part (steel part). In general, the
concrete part is more stable than steel part because of the thermal

conductivity is lower than the steel.

The variation in the maximum positive temperature gradient across the
concrete slab was small between the two cities. However, this variation is
more evident along the steel section. The vertical temperature gradients are
higher in Adana than in Samsun. The maximum positive gradient values of
Adana city were 15.05, 15.48, 14.49, 13.33, 13.11 and 12.25 °C in April,
June, July, October, November, and December, respectively. On the other
hand, the corresponding maximum positive gradients for Samsun were 11.41,
13.49, 12.79, 10.23, 9.14 and 8.83 °C, respectively.

The distributions of the maximum negative vertical temperature gradients are
similar for Adana and Samsun, with slightly higher negative temperature
gradients in Adana. The zero temperature gradients occur at the bottom of the
concrete slab for both cities in the six months. The vertical negative gradients
in the hot season (April, June, and July) were higher than in the cold season

(October, November, and December).
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4. Similarly, the distributions of the maximum positive lateral temperature
gradients are almost the same for both cities, but with higher gradient values
in Adana. The maximum lateral temperature gradients were recorded at the
northern edge of the concrete slab as the temperature of this edge is much
higher than other parts of the slab. For Adana, the maximum positive lateral
temperature gradients in April, June, July, October, November, and
December were 6.12, 4.29, 5.56, 10.05, 10.44 and 10.88 °C, respectively. For
Samsun, the corresponding values were 5.78, 4.36, 4.95, 8.85, 9.36 and 10.11
°C. Similar distributions were recorded for the maximum negative lateral
temperature gradients, yet with smaller gradient differences between Adana
and Samsun. The maximum negative lateral temperature gradients in Adana
were -4.54, -51, -4.73, -5.98, -5.01 and -5.12 °C in April, June, July,
October, November, and December, respectively. The corresponding values
in Samsun were -5.4, -5.1, -4.58, -5.7, -4.13 and -4.33 °C, respectively.

5. The maximum vertical temperature gradient occurs in the hot season where
both the intensity of solar radiations and the differences between the
maximum and minimum daily air temperature are high. The comparison
between the maximum vertical positive and negative temperature gradient for
the ten cities in the six months shows that Antalya city recorded the highest
maximum vertical positive temperature gradient in June, which was 20.94 °C.
Samsun city recorded the lowest maximum vertical positive temperature
gradient, which was 13.55 °C in June. The highest maximum vertical
negative temperature gradient was recorded in Corum city in July, which was
-12.74 °C, while the lowest maximum vertical negative temperature gradient

recorded in Izmir city in June, which was -10.54 °C.

6. The maximum lateral temperature gradients took place in spring or autumn
(moderate seasons) or in the cold season. This because the sun rays during
these seasons strike from low solar altitude angles with moderately high solar
radiation intensities. The comparisons between the maximum positive and
negative lateral temperature gradients for the ten cities in six months showed
that these values are different among these cities. Diyarbakir showed the

highest maximum positive lateral temperature gradient in December, which
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was 11.89 °C, while the lowest was recorded in Sirnak, which was 9.71 °C in
October. The highest maximum negative lateral temperature gradient was
recorded in Sanliurfa city in April and was about -7 °C, while the lowest

value was recorded in Istanbul in October and was about -5 °C.

Comparisons were conducted between the daily difference between the
average, maximum and minimum temperatures of the girder during the 24
hours of the selected days from the six months in Adana and Samsun. These
comparisons showed that the average, maximum and minimum temperatures
in Adana were higher than in Samsun in the six months. This is simply can be
attributed to the higher solar radiation intensities in Adana.

8.6 Recommendations for Future Studies

According to the current survey of the literature review for this study, the

recommendations for the future studies are:

1.

Introducing a case study for existing composite I-steel girder bridge in
Turkey, regarding the extreme weather conditions in Turkey according to the

thermal effects by using the models presented in this study.

Investigating the thermal response of the other configurations of composite
girders.

Investigating the fatigue effect due to the cyclic thermal loads from solar

radiation and air temperature in steel and composite girders.

Evaluating the effect of environmental thermal loads on the dynamic
properties (natural frequency) of concrete-encased steel girders.
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