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ABSTRACT

FINITE ELEMENT ANALYSIS OF TEMPERATURE DISTRIBUTION IN
PRECAST CONCRET GIRDERS SUBJECTED TO THERMAL LOADS

AL-HATMEY, lhssan Adil

M.Sc. in Civil Engineering
Supervisor: Assist. Prof. Dr. Nildem TAY Si

November 2014, 100 pages

In general, the present bridge design codes introduce special provisions to control the
possible effects of thermal loads that results from solar radiation and variation in air
temperature. In this research, a thermal finite element analysis was conducted to
study the temperature distributions and temperature gradients in precast concrete
bridge girders under the effect of the daily variations of solar radiation, air
temperature and wind speed. The proposed finite element model was verified with
experimental results from literature, in which good agreement was found between the
finite element results and the experimental records. The finite element model was
then used to study the time dependent temperature variations and vertical
temperature gradients for extreme thermal loads in Gaziantep, Turkey, in which
weather stations was installed and climate records for more than 30 years were
utilized. Comparisons were made between the predicted maximum vertical
temperature gradient for the case of Gaziantep extremes and four available gradient
models. The comparisons showed that with minor modifications, the current
AASHTO temperature gradient model can be used to simulate Gaziantep extreme

conditions.

Keywords: finite element analysis, precast concrete girder, solar radiation,

temperature gradient, thermal loads.



OZET

SICAKLIK YUKLEMELERINE MARUZ KALAN PREFABRIK BETON
KIRISLERIN SONLU ELEMANLAR ILE SICAKLIK DAGILIMLARININ
ANALIZI

AL-HATMEY, Ihssan Adil
Insaat Miithendisligi Yiiksek Lisans
Danisman: Yrd. Dog. Dr. Nildem TAY SI
Kasim 2014, 100 Sayfa

Genel olarak mevcut olan koprii tasarim standartlari, giines 1smlart ve hava
sicakliklarindaki farkliliklardan dolay1 olusabilecek muhtemel sicaklik etkilerini
kontrol etmek i¢in 6zel Oneriler sunmaktadirlar. Bu ¢alismada, giines 1sinlari, hava
sicakligr ve rlizgar hizinin giinliik degisimlerinden dolayr 6nddkiimlii betonarme
koprii kesitlerindeki sicaklik dagilimlar1 ve sicaklik farkliliklarii incelemek igin,
sonlu elemanlar 1s1l analizleri yapilmistir. Onerilen sonlu elemanlar modeli
literatiirdeki deneysel sonuglarla dogrulanmistir ve sonlu elemanlar sonuglari ile
deneysel sonuclar arasinda iyi bir uyum gozlemlenmistir. Daha sonra dogrulanan bu
sonlu elemanlar modeli Gaziantep, Tiirkiye’deki 30 yillik meteorolojiden alinan
verilerdeki asir1 sicaklik yiiklerini zamana bagli sicaklik dagilimlarint  ve
degisimlerini hesaplamak i¢in kullanmilmistir. Gaziantep’teki tahmin edilen
maksimum diisey sicaklik degisimleri ve mevcut olan dort degisim modeli sonuglari
arasinda karsilagtirmalar yapilmustir. Karsilastirmalar gostermektedir ki, ufak
iyilestirmeler ile mevcut AASHTO sicaklik degisim modeli, Gaziantep’teki asiri

durumlari yansitmak i¢in kullanilabilir.

Anahtar Kelimeler: sonlu elemanlar analizi, 6ndokiimlii betonarme koprii, giines

1sinimlari, sicaklik degisimleri, 1s1l yiiklemeler.
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CHAPTER 1

INTRODUCTION
1.1 General

Precast Prestressed Concrete (PC) girders are increasingly utilized in construction of
concrete bridges all around the world. Many of the research were conducted using
various materials and different structural analyzes and construction techniques to
increase the span of the PC girders. Most of these studies focused on the structural
stiffness, material development, the whole bridge structural and the integrity of the
girders. Also the many design codes presented various types and recommended
special design specification and construction limitations. Considers (AASHTO)
among of these codes. Special provisions have been recommended for the thermal
considerations to control influence of temperature differentials arises from variations
of climate including solar radiation and air temperature. However, further studies
there is a need to understand the behavior of PC bridge girders under time-dependent
thermal loads, which can caused deformations and stresses that affect the depend on

time durability and the structural safety of the bridge girders.

Due to climatological variations in the ambient environment, bridges continuously
gain and lose heat. The heat transfers take place during three principal mechanisms:
convection of heat between the ambient air and the surface, radiation from the sun,
and re-radiation of the surface to or from the ambient environment. The solar
radiation intensity reaching the surface of a bridge and the surrounding air
temperature are functions of the time of day and also the time of the year. The
interaction between the climatological environment and the surface of the structure
results in temperature variation between the elements of the structure. These
temperature variations, in turns, produce strains and deformations in the structure.
The intensity of solar radiation reaches of the bridge superstructure primarily through
direct radiation, diffused radiation from the sky and reflected from the surrounding

objects.



The coming radiation reaching the surface may penetrate the surface or may be
reflected back, be absorbed and transform to heat. The magnitude of absorbed energy
depends on the color and nature of the receiving surface. A rough and dark surface
has a higher absorptivity than does a smooth and light surface. Some of this absorbed
energy is lost to the air by re-radiation and convection. Convective heat transfer is a
function of the temperature difference between the ambient air and the surface as

well as wind speed as shown Figure 1.1.

Air temperature

vAg

<1©> A Convection

£ vV N Long-Wave
\ radiation

Solar radiation

Wind speed

Figure 1.1 Cooling and heating of concrete girder

In this research, Two Dimensional (2D) and Three Dimensinal (3D) Finite Element
(FE) analysis will be carried out to understand the temperature gradients and
temperature distribution occurs within the various parts of the PC girders under time-
dependent thermal loads. In this research, FE method will be using two various
commercial FE packages to research the thermal behavior of (AASHTO) PC girders
also under time-dependent thermal loads. The results of this study may contribute to
a best understanding of the vertical temperature distribution in the girder and hence

vertical temperature gradients which are very important for design considerations to



control the thermal deformations of the bridge girders. Also, lateral temperature
gradients and temperature distribution in the bridge girder will be studied, which
also may lead to thermal cracks. Tow FE packages will be used to simulate the time
dependent heat transfer problem in the PC girder. The first is the well known FE
package ANSYS [1], while the second is the multi-physics FE program COMSOL
[2]. Results of the both programs will be verified and compared with experimental

results from literature.

1.2 Objectives and Layout of the Thesis

The goals of this research are to investigate differences in the temperature
distributions of PC bridge girders under different environmental conditions and to
evaluate the behavior of the bridge girders. This study determines extremes in
seasonal climate conditions pertaining to the highest vertical and lateral temperature
differentials and suggested vertical and lateral thermal gradients for the design of the
PC bridge girders. Also study the influences of seasonal variations and various
bridge orientations on the lateral and vertical temperature differentials. Another
important mission in this search is work on the FE program to carry out the heat
transfer model and the structural model of the problem. Two FE packages were tried

to simulate the heat transfer problem.

Chapter two shows the literature review that summarizes the researches that dealt
with the thermal environmental effects of concrete bridge girders. Chapter three
presents basic equations of the heat transfer also describes experimental and FE
results of the compared study. In chapter four and five, results from ANSYS and
COMSOL programs respectively, are presented and discussed in details during the
first of June 1% and on November 15™.Chapter six determines extremes for seasons
of the year environmental conditions associated to the maximum vertical and lateral
temperature distributions and temperature gradient in Gaziantep. Finally, Chapter
seven summarizes the results of the current study for the thermal responses and

behavior of prestressed concrete bridges.



CHAPTER 2

LITERATURE REVIEW

2.1 General

The interest in researching the conduct of bridge structures under climate thermal
loading was increased significantly in latest years. Expected stress distributions and
temperature within a bridge structure for design considerations was concentration of

many investigators.

Early realization in this field attempted to relate temperature average within the
structure to the ambient weather data. Expecting of the temperature field from the
actual climate conditions has been a later step. Variation approaches were used to
expect this temperature field. For structures of the simple geometry, traditional
methods of analysis have been utilized. However, for structure with compound

geometry, numerical techniques depended on finite difference or FE was adopted.

In the following, a brief study of the heat transfer mechanism that take place between
the atmosphere and the structure is introduced along with a review of the
experimental and theoretical study previously done. Also the types of thermally

caused stresses in structure are discussed.

2.2 Environmental Thermal Influences in Concrete Bridges

Narouka et al. [3] conducted tested on a composite steel bridge produced in the
determination of a nonlinear distribution of temperature during the depth of the
bridge section. The maximum calculated temperature differential was found to be -9
0o

C.

Barber [4] introduced a formula capable of guess the maximum temperature on the
surface pavement of the bridge. Also this formula incorporated the wind speed,
pavement temperature properties, air temperature, solar radiation and the surface

temperature.



Leonhardt et al. [5] reported that nonlinear thermal gradients case the cracks and the
lateral movements in the PC Box Girder (BG) in Germany for Jagst Bridge, after

that, was interested in the temperature differences under climate conditions.

Early studies with thermal effects on bridge superstructure beyond 1960 basically
used on One-dimension heat flow, Zuk [6] found a new method to compute stresses
and temperature deflection from linear thermal gradients. Later, Zuk [7] calculated
the maximum temperature on the surface of a steel and composite bridges using an

equation that suggested by Barber [4].

Priestley [8] analyzed the influence of different available proposed temperature
differentials and compared the results with obtainable measured data. One of these
proposed gradients is the one suggested by Maher [9]. Maher proposed a linear
temperature gradient during the top slab of the superstructure. This assumption was
depended on variation measurements taken from several bridges in Britain. Another
proposed thermal gradient research by Priestley is the one suggested by the Ministry
of Works of New Zealand [10] that the temperature vary with several depth as

second, fourth and sixth degree parabolas.

Priestley [11] conducted several parametric studies on PC girder deck slab bridges
and BG to study the influence of climate thermal loads on bridges; he proposed a
nonlinear fifth order temperature gradient, which varies from a maximum at the top
surface to zero at 1.2 m blow the top surface. The proposed fifth order gradient

model is illustrated in Figure 2.1
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Figure 2.1 Vertical thermal gradient suggested by Priestley [11]

Emerson [12] used finite difference method in one dimensional (1D) to compute
temperature distribution in steel, composite and concrete bridges based on ambient
air temperature, wind speed, solar radiation. The author started the numerical
computations at the early morning hours between 4:00 am and 8:00 am during
which, the temperature of the bridge is nearly uniform. For concrete bridges, the
maximum thermal gradients take place around 4:00 pm for the thick slab and the box
section, while it take place around 3:00 pm for the thin slab in the summer reversed
the thermal gradients generally take place around 6:00 am for thick slab and the box

section while it take place around 5:00 am for the thin slab in the winter.

Lanigan [13] developed a 2D FE program to find temperature distribution during
bridge-type structures. The results got from the program exhibited good agreement
with the measurements done on laboratory models. Reynolds and Emanuel [14]
reported their research of the different parameters that effect the estimation of
temperature gradient between the inner and outer surfaces of the bridge structure.
Also they reported the results of different measurements and theoretical studies
carried out on the temperature response of bridges.

Will et al. [15, 16] developed FE-programs for thermal stress analysis and the heat
transfer of bridge structures. The 2D FE was used to predict thermal distributions
inside the concrete bridges. The thermal stresses and movements were then estimated

using a thermal stress program based on the predicted temperatures from the 2D



temperature analysis. The author found that the calculated movements have good

agreement with field coupled movements.

Radolli and Green [17] used 1D finite difference method to expected temperature

distribution in girders and concrete slab bridges. Predicted observed
measurements and temperature differential were in good agreement. They suggested

simplified formulas to predict thermal gradients for use in design.

Emanuel and Hulsey [18] used FE method introduced minimum and maximum deck
temperatures as well as vertical temperature variations concrete composite and steel
bridges exposed climate variation. The predicted maximum temperature for hot day
and the predicted minimum temperature for cold day were 66 °C and 23 °C
respectively. While the vertical temperature variation, the predicted maximum
temperature for the top and the predicted the minimum temperature for the bottom
were 22 °C and 17 °C respectively.

Dilger et al. [19, 20] took into account for the location, the orientation and the
geometry of the bridge when compute bridge temperatures using a method of 1D
finite difference. The expected temperatures showed good correspond with the
accounted data at the bridge on Muskwa River in British Columbia. Thermal stresses
also were calculated using extreme of the expected temperatures. This research
showed that the highest temperature variations took place during the following

conditions:

» High density of solar radiation

» Large daily difference in surrounding temperature
* No shade or small of the box flange overhang

» Big size of the steel box

» Dark surface of the steel box

* Non-presence of wind

Kenney and Soliman [21] whose studies were depended on past several experimental
and theoretical results suggested a simple thermal gradients and vertical thermal
gradient in concrete composite and steel bridges for the winter and summer seasons.

The temperature distribution which recommended for Southern Ontario and the



Middle Atlantic States, Canada was uniform during the depth of the steel girder and

linear during the depth of the concrete deck.

Clark [22] studied the frequency occurrence of temperature differentials in a BG
bridge throughout a period of 50 years. He explained that the critical temperature
distribution was related to the maximum and minimum values of the surrounding air

temperature.

Emerson [23, 24] carried out extended experimental studies on composite, steel and
concrete bridges of various dimensions and shapes located in Wales and England.
Amongst other bridges, also she carried out extensive research on BG cross sections.
The levels of the maximum thermal gradients measured for each bridge, tabulated in
Table 2.1, denote the effect of thickness of the surfacing. She conducted a set of
analyzes to investigate the effect of thickness of surfacing on maximum thermal
gradients in 6 different cross section depths, ranging between 1.5 m-0.2 m, when
subjected to an extreme weather condition in the British. Various surfaces like as
waterproofing membrane, asphalt cover, etc, of different thicknesses were tried and

the maximum thermal gradient was ascertained.

Emerson [25, 26] noted that when the measured temperature for the bridge reached
each time lows and highs, in the winter and summer respectively, the thermal
gradients in the bridge were not different from those measured in the previous years.
Her conclusion of this research that large negative and positive thermal gradients

could happen within a daily cycle and this could occur at least 5 or 6 times a year.



Table 2.1 Temperature variations of bridges in British

Surfacing Temperature

Bridge Structure Type Depth (m) Thickness Difference
(mm) (°C)
Adur CBGB 11 64 17.0
Coldra I-Beam 1.14 102 13.0
Mancunian CBGB 1.3 90 14.0
Hammersmith CBGB 2.0-2.7 92 15.0
Medway I-Beam 2.4-2.7 57 16.0
Marlow Bishom CBGB 1.52-4.15 150 17.0

CBGB-= Concrete Box Girder Bridge

Moorty and Roeder [27] used FE method for evaluating the temperature response of
concrete composite and steel bridges exposed to weather conditions. The steel girder
has been modeled using 3D beam elements and the concrete deck has been modeled
by utilizing plate elements. The thermal movements and temperature distribution
obtained from these analytical models were then compared with the results of the
measurements for the verification of the suggested method. In addition, this research
discussed the effects of support conditions and variation bridge geometry on thermal
responses and temperature distributions in the composite bridges.

Imbsen et al. [28] investigated the influence of different thermal gradients on a
variety of effective bridge section. Their study summarizes of the variation available
temperature differentials in current bridge design codes, and they recommended four

variation temperature distributions for variation zones United States.

For the analysis of temperature influences in a concrete BG, Elbadry and Ghali [29]
performed a parametric research for the influences of the girder geometry, bridge
orientation, surface conditions and weather conditions on thermal stresses and bridge
temperatures using a 2D FE analysis. Based on the research, the combination of
climate and surface conditions necessary to introduce the temperature field linked to

the stresses and largest curvature in the concrete BG were as the follows:

e Daily range of surrounding temperature is large

e Deck is all covered by asphalt



e One side of the BG is safeguarded from solar radiation throughout the hot
season.

Later, Elbadry and Ghali [30, 31] discussed concrete cracks and tensile stresses
induced nonlinear temperature gradient in a concrete bridge and introduced a
minimum quantity of reinforcements so that to control the width of thermal cracks.
Mirambell et al. [32] introduced an analytical model depends on a 2D finite
difference method in calculate stress distributions and temperature in concrete BG
bridges. In that research, they focused on the importance of transverse temperature
variation between the air enclosed and the external air in the concrete box which
induce tensile stresses at the inside or outside of the web and the slab of the BG.

Moreover to numerical and theoretical evaluation of the thermal conduct in concrete
bridges, experimental researches were conducted by several researchers. Dilger et al.
[33] also monitored the behavior of a steel composite and continuous concrete BG
for a concrete deck during the period of construction and during the first three years
of the operation. There were cracks reported by the field measurements in the
concrete deck and also nonlinear strain distributions across the width and the depth
of the steel boxes which were rates to temperature increases in the concrete deck, as
well as the rapid heating of steel boxes exposed to direct of solar radiation. For the
section of a double box concrete bridge, Churchward and Sokai [34] presented
measurements of temperatures during period of construction, their study provided
experimental expressions for average temperatures and vertical temperature profiles
as a function of maximum thermal gradient depend on temperature and surrounding

temperature.

Roberts-Wollman et al. [35] calculated concrete temperature data in San Antonio
city, Texas over a section of a segmental BG bridge, the maximum negative and
positive vertical temperature differentials measured in the study were then compared
to those recommended in the AASHTO Segmental Specifications in 1999 [36], and
AASHTO LRFD Bridge Design Specifications in 1994 [37]. For the positive
temperature differential, the AASHTO LRFD Bridge Design Specifications (1994)
exhibited large vertical gradients for the surface without a topping. The vertical
gradient was measured when topped with asphalt was nigh to those of the AASHTO
LRFD Bridge Design Specifications (1994). The AASHTO Segmental Specifications
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(1999) showed larger vertical gradients for both conditions. Furthermore, the
negative vertical temperature differentials were larger for both surface conditions
when they were compared to the AASHTO Specifications in (1994, 1999). In
addition, this research evaluated the relationships between the surround climatic

conditions and measured girder temperatures to predict positive thermal gradients.

Relative to thermal gradients, AASHTO in 2000 [38] as shown Table 2.2, divides the
USA into four zones of solar radiation, with zone four receiving the least and zone
one the most solar radiation. Zone one encompasses most of the Western USA,
giving the Saco bridges the thermal gradient shown in Figure 2.2. Negative thermal
gradients are obtained by multiplying the positive temperatures by (-0.3). The lower
amount negative thermal gradient reflects the different cooling and heating events for
the bridge decks. The positive thermal gradients take place when throughout the
summer the soffit is warmer less than the top of the deck; the negative thermal
gradient develops on winter nights when the soffit temperature is cooler less than the
deck. The event of summer develops a much larger thermal gradient than the event

of winter.

T,, T, and T3 indicate temperature at the top of the bridge deck, temperature at
location 0.1 m below the top of the bridge deck and temperature at the bottom of the

superstructure respectively.
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Table 2.2 Temperature gradients AASHTO [38]

Zone T.(°C) T,(°C)
1 30 7.8
2 25 6.7
3 23 6
4 21 5
T1=30°C -
< »
T 0.100
0.210 <
Y Ty=7.8°C T
A A
0.300
0.102
v
0.076 v
0.279
0.512
0.711
——
0.127
0.127
‘L v v

T3=0°C

All dimensions are in meters

Figure 2.2 Saco Bridge temperature distributions (for positive temperature gradient)

Saetta et al. [39] introduced a numerical procedure depended on the FE method for
expecting stress levels and temperature variations in a concrete BG bridge and a
concrete dam. Assuming stress fields and uncoupled temperature, this study first
measured the temperature field by a concrete structures consisted from internal heat
generation and climate boundary conditions. The acquired temperature field was
including transferred thermal loads in the stress-strain analysis that depended on the
linear elastic conduct of material. For the validation and effectiveness of the

suggested numerical method, the results obtained in that research were compared

with the empirical results that reported in the literature.
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Suchinda and Will [40, 41] developed a new method for predicting the temperature
conduct of fiber reinforced polymeric demonstrated and V-shaped bridge decks the
need to consider temperature response caused climate conditions in the design. In the
research, a 2D heat transfer FE analysis using calculated climate boundary conditions
has been performed to determine temperature distributions in the superstructure
deck. The gained temperature distributions have been transferred to a temperature
stress analysis using movements, shell elements and deck temperatures were
predicted. Furthermore, parametric research to demonstrate the effect of the heat
emissivity and solar absorptivity of the fiber reinforced polymeric plate on

temperature responses was conducted.

Gilland and Dilger [42] measured temperature differences, ambient air temperature,
wind speed and solar radiation during the period of construction of the Confederation
Bridge, a PC BG situated in Atlantic, Canada. Temperature data appeared that prior
to the removal of the formwork, concrete temperatures sounded to gradually increase
because the heat of hydration. After the formwork has been removed, the concrete
members experimented sudden temperature differentials because their exposure to

surrounding climate conditions.

Roeder [43] was collected a significant quantity of data for both the Utah and
California Bridges and was compared to the minimum and maximum design
recommendation maps stipulated in the AASHTO LRFD Specifications in 2010 [44].
Showed this map that bridges often be designed for less movements than desired by
the AASHTO Specifications in 1996 [45]. The minimum and maximum average
temperatures of the Utah and California Bridges were expected with 17 % and 27 %,

respectively.

Li et al. [46] analyzed the temperature response of the Confederation Bridge
depended on experimental data for three sections approximately 4.5 m, 8.7 m and
13 m deep. They used the Extreme Value Analysis (EVA) to obtain 100 year return
thermal loads. The EVA results were compared with the Canadian code (CAN/CSA-
S60-00) [47] and with the Priestley model [11]. They found that the Canadian code
gives a fairly good estimate for average temperatures but underestimate the positive
linear differential temperatures by about 20 %, the 4.5 m deep bridge section showed

Priestley model in the hot season was good agreement, but the other two deeper
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sections shown lower temperature in the slabs and higher temperature in the web.
The Priestley model based on, this study suggested a modified third-order vertical

temperature differential for extremely deep prestressed girder sections.

Lee, [48] carried out analytical and experiment study on precast PC bridge girder to
investigate the thermal influences on girder. An experimental research on PC girder
segment in Georgia evaluated and identified variations in lateral and vertical
temperature differentials in the girder with change in the climate conditions. The
author found the largest vertical temperature differentials was in the summer, the
intensity of the solar radiation was the highest on the top surface of the girder. With
an increase in intensity of solar radiation on the vertical surface, the largest lateral
temperature differentials were in the winter and late falls. He determines the
magnitudes of the temperature differentials with variation in meteorological
conditions and using the FE package ABAQUS [49] based on 2D FE heat transfer
analysis model. Also introduced a simple method depended on 1D beam theory to
compute thermal deformation reductive by lateral and vertical thermal gradients. The
vertical deformation has been computed using a vertical temperature differential
along the web heights of a PC concrete girder; the transverse thermal deformation
has been computed using three transverse temperature differentials in the middle

width of the top flange, across the web and along the bottom flange, respectively.

Wang and Fang [50] studied the temperature difference of concrete BG bridges. In
that research, they used the commercial FE-program ANSYS based on 2D FE
analysis and depend on measurement filed on a PC BG bridge in China. They
reported that their FE model temperatures in conjunction with the recorded ones

within a maximum error of 3.

Zhang et al. [51] utilized the ANSYS APDL parametric in the design language to
development a secondary visual module for the analyzing of temperature field in PC
BG. Comparative research with field measurements of a changeable section PC BG
bridge exhibited that the used FE simulation can objectively express the actual
boundary conditions with higher accuracy and can meets the requirements of

practical analysis and design in engineering.
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Carboni and Lacarbonara [52], used the FE multi-physics package COMSOL [2]
investigate in the thermo-elastic-dynamic conduct of concrete BG bridge. A 3D
model was simulated to assess the temperature field because solar radiation and
climate exposure and its influences on the normal frequency of the bridge. They
observed in summer negative differences of the natural frequencies because the
heating of the structure, which reach a maximum around 3:00 pm. While, in winter,
positive differences were observed because the cooling of the structure in the early
hours of the day even 9:00 am, beyond which the difference start to decrease up to
about 3:00 pm.

2.3 Proposed and Design Thermal Gradient

Based on Maher experimental studies in the Australia and United Kingdom, Maher
[9] suggested a linear temperature variation for concrete BG sections. He proposed
variations only during the flange section i.e. the deck slab of the bridge, since he
thought that they have been the most significant. The distribution is shown in Figure
2.3.

25°C

\Bottom of slab

Maher 1970

Figure 2.3 Temperature distribution proposed by Maher [9]

Since initially suggested by Priestley in 1972 [8] to the New Zealand Code of
Practice New Zealand Ministry of Works Department (NZMWD) and largely as a
result of the found thermally caused by damage to the Newmarket Viaduct, the
difference was modification from a simple increase in the deck slab to a nonlinear

sixth order curve, design thermal gradient for sections greater than 1220 mm deep
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and decreasing to a zero at a depth of 1390 mm regardless, of the section. In addition
a parametric study and research of seven typical New Zealand bridge sections
exhibited that the critical case could be adequately expected by a fifth-order curve
distribution, Priestley [11]. The revised thermal gradient consists of fifth-order curve
expending from the upper surface to a maximum depth of 1200 mm which is suiting
for slabs, T-beams, web members and cantilevers of BG sections. Also, a linear
temperature distribution is applied to the bottom 200 mm of all sections. For concrete
above closed air cells, a linear increase in temperature is determined for
representation the insulating influence of the air cell as illustrated in Figure 2.4.
Priestley proposed that this revised temperature gradient would lead to a significant
reduction in the soffit tension stress level. This difference has now been accepted by

the (NZMWD) for all main concrete bridges designed.

«— 17°C —» «— 17°C — 30°C+— 32°C ——
Deck
1370 1200 slab
mm
mm
,= 30(y/1370)° °C t, = T(y/1200)°°C
t,=5-0.05h°C
T=32-02h°C
v Ty v T y
h = black top
Thickness (mm)
200mm
v
15°C
NZMWD 1970 NZMWD 1973 NZMWD 1977

Figure 2.4 Temperature gradients proposed by the NZMWD [10, 53, 54]

In the United Kingdom prior to 1973, the concrete bridges were designed for a
maximum temperature variation of 8.3 °C, linear during the section. Emerson [23],
indicated that this was inadequate a nonlinear temperature difference depend on
twelve years of location measurements on seven bridges with different depths, in
Wales and England was adopted. The effect of the surfacing layer was included by

use of a modified in the calculations. In 1978 various straight line format depend on
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further study by Emerson [25] was suggested in the design loading document
BS5400. Allowances have been made for the influence of surfacing. These
temperature distributions are depend on the extreme weather conditions throughout
the twelve year period and could be extensive in the future. As shown in Figure 2.5

the various thermal gradients in the British standards code.

¢ 8.3°C 5 513-500 5 513.5°C S

500mm

d1=0.3m<150mm

D d2=0.3m>100mm
<250mm

d3=0.3<100mm

f i +blacktop thickness
y D/

25°C 25°C
BS153 1972 Emerson 1977 BS5400 1978

Figure 2.5 Thermal gradient adopted by the United Kingdom code and by Emerson
[25]
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CHAPTER 3

HEAT TRANSFER IN BRIDGE GIRDERS

3.1 General

In general, the analysis of heat transfer in bridges is a 3D problem. In a bridge with
constant cross-sectional dimensions along the span length, the temperature can be
considered constant over the bridge length but varies along the depth and across

thickness of the sections.

Temperature distribution in a structure depends on time and upon the cross sectional
geometry, the geographical location and orientation of the longitudinal axis of the
bridge, which defined by the latitude, longitude and azimuth angle, in addition it
depends on the properties of the materials, namely solar radiation absorption
coefficient, surface emissivity, material density, specific heat, thermal conductivity
and the surface convection coefficient. It also a function of the time of the day and
the season, climate conditions including daily variations of air temperature, wind
speed, and clearness of the sky. Moreover, during the early days of concrete, the heat

of cement hydration is an additional internal thermal load.
3.2 Basic Equations of Heat Transfer

The conduction of heat through the girder volume is governed by the Fourier heat
transfer differential equation, The general differential equation of heat flow in three
dimensions is [55]:

5 (e 5) +55 (o 55) + 5 (ke T) + @ = pe @)
Where: k,, k,,, k, are thermal conductivities in x, y and z direction. The unit of k is
W /m°C. Typical values for concrete, steel and asphalt.

T is the temperature at any point (x, y, z) at any time, t

Q is the amount of heat generated within the body (e.g. by hydration of cement) per

unit time per unit volume, W /m3
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p is the density in kg/m3
C is the specific heat capacity in J/kg°C
The thermal loads applied on the boundaries of the concrete girder can be

represented by

kg—;rll+qc+qs+qg+qT=O (3.2)
In which, g, is the convection heat change between the bridge surfaces and ambient
air

qc = h(Ts — To) (3.3)

Where h, is the convection coefficient in W /m?°C, T is the surface temperature of
the girder, and T, is the temperature of the surrounding air. In this research the
formula shown in Eqn. (3.4) (Lee, 2010) was used, in which v represents the wind
speed.

o= {5.6 +4.0v (v<5m/s)
€ 7.2v%78 (v >5m/s)

qg is heat absorbed from solar radiation, where,
qs = alg (3.5)
Where a is the surface absorptivity of the girder surfaces, while I is the solar

(3.4)

radiation flux on a horizontal surface.

q, 1s the radiation reflected from the ground and the surroundings (albedo)

qr = €a(T¢ —Tg) (3.6)
q, is the heat emitted from the surfaces of the bridge by log-wave radiation, € is the
surface emissivity, and o is a constant equals 5.67 x 10~ W /m?2K* (Stefan-

Boltzmann constant).
3.3 The Comparative Study

Heat transfer problems that include solar radiation, other irradiation sources, surface
radiosity, and convection cooling in addition to conduction have many detailed
boundary conditions. To well define all these boundary conditions and thermal loads,
many detailed inputs are required. Some of these inputs are time-dependent like
ambient air temperature and wind speed. Others are time-independent, such as bridge
layout and geographical information like latitude, longitude and time zone. Also, the
materials thermal properties like thermal conductivity; specific heat, emissivity and

absorptivity should be well defined. Geometry of cross-section plays an important
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role in the problem and need to be accurately defined. All these parameters make it
somewhat difficult to find some suitable study in the literature for comparison
purpose compared with the conventional structural problems with static or dynamic
loads. However, an experimental study on a segment of a precast concrete girder
with the required details was found and is used in this study for verification

purposes.
3.3.1 Definition of the case study

Due to the availability of almost all of the required input data, an experimental and
numerical study carried out at Georgia Institute of Technology in Atlanta/USA by
Lee [48] was chosen for comparison purposes. In this study a five-foot length of the
standard AASHTO BT-63 prestressed concrete girder was used in the experimental
part as shown in Figure 3.1. On the other hand, the FE program ABAQUS [49] was
used to simulate the problem and carry further structural and parametric studies

L 3I_6II |

3.5"__|=\ oo
4II

Prestressing

63" 45" strands

as']
6" 0000

(a) (b)

Figure 3.1 Cross-sectional details and FE mesh of the test specimen [48]
(a) experimental model and (b) FE mesh
A total number of 28 interior and surface thermocouples were installed at the mid
span of the specimen as shown in Figure 3.2. Two pyrometers were used to measure
the intensity of solar radiation on the vertical and horizontal surfaces of the girder.
To measure wind speed, anemometer was installed above the surface of the top

flange.
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The latitude of the test location is 33°46'N, while longitude is 84°23'W and time
zone is -5. The longitudinal axis of the girder lies on the East-West direction while
vertical web surfaces face the north and south direction. Because of the difficulty of
measuring thermal properties of concrete, the author chose some recommended
values from the literature and used it in the FE model. The used thermal
conductivity, specific heat, and concrete density were 1.5 W /m K, 1000 J/kg K,
and 2400 kg/m3 respectively. The emissivity and absorptivity coefficients were

assumed to be 0.85 and 0.5 respectively.
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Figure 3.2 Thermocouple (a) locations and (b) numbers [48]

The author chose three days to present his experimental results; these are, June 1%,
October 1%, and November 15™. While in the presenting of the numerical study, only
the June 1% and the November 15" were chosen. Figures 3.3 and 3.4 below show the
measured hourly air temperatures and wind speed respectively, while Figure 3.5

shows the measured solar radiation intensities.
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Figure 3.4 Recorded wind speed for the chosen days [48]
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Figure 3.3 Hourly air temperatures for the chosen days [48]
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Figure 3.5 Measured solar radiation on vertical and horizontal surfaces [48].

To calculate the convection coefficient h. based on wind speed v, was used a
formula proposed by Saetta et al. [39] which is as follows:

h'C = 5.6 + 4.017 (4_1)

The initial temperatures were considered to be 29.7 °C for June 1% and 19.3 °C for
November 15™.

3.3.2 Experimental and FE results of the case study

In this section some initial results of the experimental and numerical parts from
reference [48] are presented. These results include temperature distribution for the
whole chosen days for specific thermocouples and sectional temperature

distributions for specific times.

Figures 3.6 through 3.8 show the measured and predicted temperatures variations at
different thermocouples locations on June 1. While Figures 3.9 through 3.11 show

the temperatures variations at different thermocouples locations on November 15"
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Figure 3.6 Temperature variations at thermocouples 7, 13, 28 on June 1% [48]
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Figure 3.7 Temperature variations at thermocouples 2 and 5on June 1°* [48]
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Figure 3.8 Temperature variations at thermocouples 11 and 14 on June 1° [48]
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Figure 3.9 Temperature variations at thermocouples 7, 13, 28 on November 15" [48]
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Figure 3.10 Temperature variations at thermocouples 2 and 5 on November 15™ [48]
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Figure 3.11 Temperature variations at thermocouples 11 and 14 on November 15"
[48]
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Figure 3.12 shows selected temperature contours on the whole cross section on June

1%, while Figure 3.13 shows the temperature contours on November 15"
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40.0 40.0
35.0 35.0
30.0 30,0
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(a) 6:28 a.m. (b) 1:42 p.m.
Figure 3.12 Temperature contour plots on June 1 [48]
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Figure 3.13 Temperature contour plots on November 15" [48]
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CHAPTER 4
MODELING WITH ANSYS
4.1 General

Since the temperature has been considered to be constant along the span of straight
girders because of the constant boundary conditions, the heat transfer problem can be
simulated using a 2D model. Therefore, using ANSYS a 2D model was considered.
Considering the 2D and 3D problems, thermal radiation in ANSY'S can be modeled
using three techniques. The first two methods are the AUX12 radiation matrix
method and the Grandiosity solver method, both are used for more generalized
radiation problems were surface-to-surface radiation (two or more surfaces) is
considered. The third method is an easier method that is used to simulate radiation
between a surface and a point. The third method is the one recommended by ANSY'S
to simulate the surface-to-ambient radiation of a surface, where the node can be
considered as the ambient that receives temperature from the hot surfaces. The third
method requires the use of the surface effect elements SURF151 and SURF152 for
2D and 3D models respectively. These surface elements work as a skin above the
used thermal plane or solid elements to apply all types of boundary conditions
without having any physical properties (thickness) that may affect the solution.

4.2 Element Types and Load Procedure

2D PLANE77 element was used to model the thermal conductivity and SURF151
surface effect element was used to apply the solar radiation, convection, and surface-
to-ambient radiation boundary conditions. The used load application technique
depends on the measured solar radiation data and do not calculate solar position and
the resulted radiation intensity because this needs further programming and writing a
special subroutine. The author measured the intensity of solar radiation on the top
face of the top flange and on one of the vertical sides of the web as shown in Figure

3.5. Therefore and because of the lag of information about the solar radiation
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intensity on the second vertical face of the web, the solar radiation was considered to

symmetric and equal at both sides.

The method of the overall heat transfer coefficient was used to apply both convection
loads g. and solar radiation load gs as convection load only with an integrated

ambient air temperature as follows:

q=dc +qr—qc (4.1)
Where g represent the surface-to-ambient radiation of the surfaces which can be
calculated using the extra node with the surface effect element or rounded using
suggested empirical formulas. The top equation can be re-written as shown below to
exclude g, from the calculation of the integrated air temperature.

q=4qo+qr (4.2)
Qo = 4c — q4s = hc(Ts - Ta) —a.l (43)
Thus:

QO=hc[Ts_Ta_a-I/hc] (4-4)
Or:

qo = he(Ts — Tps) (4-5)
Where

Tos =T, +a.l/h (4.6)

The integrated air temperature Tqs was calculated for each time step and g, was

applied as a convection tabular load.

Actually, even that the axis of the beam lies on the east-west direction, in fact the
solar radiation is not the same on the northern and southern faces. The distribution
and amount of difference depends on the season of the year and the time of the day.

4.3 Results of the ANSYS Model

Figures 4.1 and 4.2 show the temperature contours of the girder section on the first of
June. Figure 4.1 describes the temperature variation across the section at the early
morning at 6:28 am. It is shown that temperatures ranges between about 20.6°C and
about 25.5°C, similar results can be observed in Figure 3.12, where temperature

ranges from about 20.6 °C to about 27.1 °C. Another notice is that the maximum
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temperature located at the center of the bottom flange and the minimum temperature
concentrates at the outer parts of the top flange as can be obviously shown from
Figure 4.1 and 3.12. Note that the color grading used in the ANSYS model is more
accurate than the one used by the author, since nine colors are used to describe a 5

°C temperature difference, while the author used only one color for each 5 °C.

As shown in Figure 4.1, the temperature distribution describes the end time of
cooling process and start time of solar heating. Figure 4.2, on the other hand,
describes a time step where solar heating reaching its ultimate stage. The external
surfaces and especially the top horizontal surface suffer direct solar radiation heating,
which raises the temperature of these surfaces compared to the interior cores. On the
other hand, the core of the bottom flange where the concrete mass is maximum
shows the minimum range of temperature. This is due to the weak thermal

conductivity of concrete compared to its specific heat.

As mentioned in the previous chapter, the used thermal conductivity is 1.5
W /m. Kwhile the specific heat is 1000 J/kg. K, compared with metals like carbon
steel where the thermal conductivity is about 50 W /m. K, and specific heat is about
500 J/kg.K. The temperature contour plot, shown in Figure 4.2 shows a good

agreement with the compared one shown in Figure 3.12.

The temperature ranges from 30.2 °C to 52 °C with maximum at the top surface of the
top flange and minimum at the core of the bottom flange. The resulted temperature
distribution is very close to the measured temperature distribution, where the
measured temperatures range from 30.6 °C to 50.9°C, while the range of the
ABAQUS predicted temperatures was from 29.7 °C to 49.3°C .

Thus, the difference between the ANSYS predicted temperatures and measured
temperatures is acceptable enough compared with the difference of the ABAQUS
predicted temperatures shown in Figure 3.12 and measured temperatures. One
important difference between the ANSYS model and the compared ABAQUS model
is that temperature loads were assumed to be symmetric on both the southern and the
northern sides of the web, while in fact it is not symmetric as shown in Figure 3.12.
Actually, the northern side worms more than the southern side in summer during the

first hours of the morning and the last hours before the sunset. This is due to the
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complicated movement of the sun, which will be discussed later in the chapter 5.

AN

" NODAL SOLUTION

TIME=66.467
TEMP (AVG)
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Figure 4.1 Temperature contour plots on June 1% at 6:28 am

" NODAL SOLUTION AN
TIME=73.7
TEMP (AVG)
RSYS=0
SMN =30.196
SMX =52.013
30.196 35.044 39.892 44.74 49.589
32.62 37.468 42.316 47.165 52.013

Figure 4.2 Temperature contour plots on June 1% at 1:42 pm



Figures 4.3 to 4.6 show the temperature variation at specific thermocouple locations
during the full 24 hours of the first of June. A simple comparison of these
temperature variations with the corresponding variations of the comparative model
shown in Figures 3.6 through 3.8 reveals that the ANSYS model temperature results
agree fairly with the measured temperatures and the compared ABAQUS
temperature results. Figure 4.3 shows the temperature variation at the location of
thermocouples 7, 13 and 28. When it is compared with Figure 3.6, it is noticeable
that the behavior is almost the same for the three thermocouples. Also, the maximum
and minimum temperature values fairly agree with those of the compared ABAQUS
model results and the measured temperatures. Similar behavior agreements can be
noticed for thermocouples 2 and 5 by the comparison between Figures 4.4 and 3.7.
Even the inflection points and the curves intersections seem to be at the same time-
temperature positions. Comparison between Figure 4.5 and 3.8 at thermocouples 11
and 14, obviously show that both the ANSYS 2D model and the ABAQUS 2D
model temperature results follow the same behavior of the field measured
temperatures. Figure 4.6 summarizes the temperature variations at thermocouples 2,
5,7, 11, 13, 14 and 28 on June 1%,
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Figure 4.3 Temperature variations at thermocouples 7, 13, 28 on June 1%
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Figure 4.4 Temperature variations at thermocouples 2 and 5 on June 1%
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Figure 4.5 Temperature variations at thermocouples 11 and 14 on June 1*
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Figure 4.6 Temperature variations at thermocouples 2, 5, 7, 11, 13, 14 and 28 on

June 1%

The minor differences between ANSYS

results with the compared field

measurements and ABAQUS numerical study results can be attributed to the

simplified load application technique and the assumptions that were used in the

modeling of this girder using ANSYS.
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CHAPTER 5

MODELING WITH COMSOL MULTIPHYSICS
5.1 General

One of the features that COMSOL 4.3a is the division of the different physical
problems into physics or modules; each contains various sub-branches depending the
type of the problem. The heat transfer module includes several branches, among
which is the radiation heat transfer branch, which in turn contains four main sub-
branches, among which is the heat transfer with surface-to-surface radiation.
COMSOL 4.3a was used to model the same AASHTO BT-63 prestressed concrete
girder segment described in Chapter 4. The heat transfer with surface-to-surface
radiation node in COMSOL 4.3a has a built-in solar model. Using this solar model,
the sun position, sun movement, and the resulted solar radiation fluxes can be
automatically accurately calculated and applied on the modeled girder. The solar
radiation applied as an external radiation source and is applicable for three-
dimensional problems only. Therefore, the AASHTO BT-63 PC girder segment was

modeled using a 1m span length.

Insulated
Pickup Steel
Insulated End
Insulated End Data Acquisition
Systems
Wooden Board
Steel Block
Foam Sheet

Figure 5.1 The experimental girder segment [48]
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To eliminate the impact of the modeling criteria on the results, the end cross-
sectional faces of the girder were considered as thermally insulated. The modeling
criterion simulates the real experimental segment, where the segment has a limited
span and extruded polystyrene sheets thermally insulated the end cross-sectional

faces as shown in Figure 5.1.
5.2 Seasonal and Daily Sun Movement

Before presenting the model results, an important solar factor should be discussed
which is the change of the daily sun movement. The position of the sun plays an
important role on the received incident intensity and distribution of solar radiation on
the surfaces of the bridges. This position for a specific point on the earth surface
globally differs yearly from season to season and daily from hour to hour. Figure 5.2

illustrates the difference of the daily sun movement between the different seasons.

Latitude of

3 4 Observer
South North

sUnr'
Winge € On ¢
™€ Sois ligg

East
Sunrise on the
Spring and Autum
Equinoxes

Figure 5.2 Daily sun positions of the four seasons

As shown in Figure 5.2, in spring and autumn the sun rises from east and sets at west
making some angle the zenith (vertical to sky) towards the south. Thus for the case
of the girder under study where the longitudinal axis lies on the E-W direction, the
solar radiation should be almost symmetrical on the southern and northern web faces

during the early morning hours and the hours before sunset. While during the mid-
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day hours, the northern faces should be partially shaded and hence receive lower

amount of solar radiation than the southern faces.

Sun movement during summer is more interesting. As shown in Figure 5.2, the sun
rises from the Northern-East and moving towards the Southern-west trying to reach
the zenith higher in the sky than in spring or autumn. Before noon the sun crosses the
zenith-EW plane resting at the higher point in the sky at the day noon making an
angle with the zenith toward the south. Beyond noon, this movement is reversed until

the sunset at the N-W direction. Figure 5.3shows this movement on June 21,

June 21

-90 -60 -30 0 30 60 80

Figure 5.3 Hourly sun positions on June 21*

To validate the solar model used by COMSOL 4.3a, the solar radiation and shading
effect were studied at different hours on June 1* and November 15". Figure 5.4
shows the cross-sectional temperature contour at sunrise at 5.28 am on June 1%, It is
shown in the figure that temperature is almost symmetric, which an expected result
after the night is cooling hours. However, it is actually not so. There is a slight
difference, which can obviously noticed by comparing the 3D temperature contour

plots of the northern and southern faces of the girder segment as shown in Figure 5.5.
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Figure 5.4 Cross-sectional temperature contour at sunrise at 5:28 am on June 1%

5:28 AM Southern Face -:‘..;u 5:28 AM Northern Face v

Figure 5.5 Temperature contours at sunrise at 5:28 am on June 1*

As shown in Figure 5.5 solar radiation attacks the northern faces while the southern

faces are completely shaded. This means that sun rises from the northern-east
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direction. Figures 5.6 and 5.7 show the temperature contours at the sunset time at

7.43 pm on June 1%,

7:43 pm Southern Face 1, 7:43 PM Northern Face ,i .

Figure 5.7 Temperature contours at sunset at 7:43 pm on June 1%

The same point can be noticed by the observation of Figures 5.6 and 5.7, where the
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northern faces are exposed to solar radiation while the southern faces are shaded and
being cooled. This again confirms that in the solar model, the sunsets at some angle
to the north rather that the exact west. This comparison still needs the temperature
contours at some time near the mid-day. The time of maximum temperature
distribution, which is more than two hours after the solar noon on June 1st, is used
here. At 2:45 pm the section was noticed to be suffered the maximum daily
temperatures, which will be discussed later in this chapter. At this time it is expected
that sun has moved from its noon position, which slightly crosses the zenith-EW
plane to the south direction towards the sunset position at the northern west. Hence,
trying to cross the zenith-EW plane back, which means that solar radiation, is almost
symmetrical on both northern and southern faces of the girder as shown in Figure

5.8.

A

(0

Figure 5.8 Cross-sectional temperature contour at 2:45 pm on June 1*

It is shown in Figure 5.8 and well clarified in Figure 5.9 that the northern faces of the
girder segment is slightly further shaded than the southern faces. This mean that at
this time the sun hasn’t reached the zenith-EW plane yet, and hence the sunrays still

slightly tilted to the south direction. Thus, it can be concluded that the solar model of
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COMSOL 4.3a simulates the actual solar movements.

2:45PM Southern Face 3 | ; 2:45PM Northern Face

Figure 5.9 Temperature contours at sunset at 2:45 pm on June 1%

November 5

Horizon

| | |

-90 -60 -30 v 30 60 90

Figure 5.10 Hourly sun positions on November 5t
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Another verification of the COMSOL 4.3a solar model can be shown using the same
girder segment on November 15™. As shown in Figure 5.2, during November the sun
rises from the southern east and sets at the southern west. Between sunset and
sunrise, the sun moves to the south of the zenith-EW plane with lower altitude than
in summer. This movement is well illustrated in Figure 5.10, which shows the hourly

o . th
position of sun on November 5.

This movement is accurately modeled by COMSOL 4.3a solar model as can be
obviously noticed in Figures 5.11 through 5.14. The cross-sectional temperature
contour at the sunrise time at 7:35 am may give some information about the sun
position at that time. However, the 3D temperature contours shown in Figure 5.11
can obviously show that sun rises from the southern east part. As shown, the
southern side is fully radiated, while the northern side is still shaded. The Figure 5.11
also reflects that sun is at the lowest daily altitude, since there is no noticeable
shading effect on any of the vertical southern faces of the girder and no noticeable

radiation effect on the top surface of the girder.

7:35 AM Southern Face 7:35 AM Northern Face

Figure 5.11 Temperature contours at sunrise at 7:35 am on November 15"

Figure 5.12 is a 2D temperature contour which represent the temperature variation on
the cross-section of the girder. However, the solar position at the sunset time at 5:34
pm on November 15" is clearly clirified in this figure. The inclination of the sun
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towards the south at sunset time is clear in Figure 5.12, and it is more obviously
shown in Figure 5.13 where 3D temperature contours are illustrated. As shown in
Figure 5.13, one important difference between sunset and sunrise times is the
temperatures distribution of the top surface of the girder.

In Figure 5.11 the end of the cooling process can be noticed, where the central line of
the surface still wormer than the outer areas. This is because the outer areas or the
overhanging portions of the girder cooled faster during the night due the larger
cooling surface area-to-mass ratio. While, the central area have small cooling surface
area compared to the larger beneath concrete mass. The opposite is obviously noticed
at the sunset time after the day worming hours. As shown in Figure 5.13, the outer
overhanging portions of the flange are wormer than the central area. This is again
because of the higher surface area-to-mass ratio compared with the central area.

These areas receive higher amounts of solar radiation and hence worm faster.

A B2t

&
Figure 5.12 Cross-sectional temperature C(%ntour at sunset at 5:34 pm on November
15'
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5:34 PM Southern Face - 5:34 PM Northern Face

Figure 5.13 Temperature contours at sunset at 5:34 pm on November 15"

1:35 PM Southern Face . 1:35 PM Northern Face

Figure 5.14 Temperature contours at 1:35 pm on November 15

Figure 5.14 shows the 3D temperature contour plots after the midday of November

15™ at 1:35 pm. It is shown that even at the midday period, the sun movement still to

the south of the zenith-EW plane. It is clearly shown in the figure that the sun still

radiates the southern faces of the girder but with higher altitude, where the top

surface receives higher solar incidents and web vertical face is partially shaded by

the overhanging portion of the top flange. On the other hand, the northern faces of
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the girder are almost fully shaded due to the sun inclination angle. The previous
figures together with those of June 1* show the high accuracy of the COMSOL solar

model.
5.3 Element Type and Load Procedure

In COMSOL choosing element type is not required like in ANSYS, it is only
required to define the type of the shape function whether Lagrange element or
Hermitian element. Also, the order of the shape function should be defined whether

linear, quadratic, cubic, quartic or quintic.

Since radiation is a nonlinear problem, then nonlinear element should be used. For
heat transfer with radiation, the default element order is quadratic. In COMSOL,
loads can be applied directly, using interpolation tables, or using various types of
functions. The daily changes in temperature and wind speeds were introduced as a
tabular data, COMSOL then transform these tabular data into an interpolated
function. The user can control the type and order of this interpolation whether linear
or higher order. Daily temperature was interpolated as a sin wave, while wind speed
was introduced as stepped linear interpolation to simulate the daily temperature and

wind speed defined in Figures 3.3 and 3.4 respectively.

The heat transfer with surface-to-surface radiation module was used to define the
heat transfer process with many possible load types. Convection coefficient was
introduced as a function of the hourly-interpolated wind speed. Surface-to-ambient
radiation was activated, so that the grandiosity of all surfaces is calculated directly at
each time sub-step based on the difference between the introduced ambient air
temperature and the calculated surface temperature from the previous time sub-step.
Surface-to-surface radiation between the girder surfaces is automatically activated in
this module. It is the most complicated and time consumer item of the heat transfer

model.

Solar radiation was defined using the COMSOL solar model as an external radiation
source. Reflected radiation from ground was also calculated as an external time-
dependent heat flux using a ground reflectivity of 0.2. Note that some of the

introduced thermal loads like surface-to-surface radiation and ground reflectivity
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were not introduced in the ABAQUS model of the author. The surface-to-surface
radiation, which combined with surface-to-ambient radiation in open enclosures is
the most complicated item in the heat transfer process and is generally neglected by
most of the previous researchers due to this complicity.

5.4 Results of the COMSOL Model

In this section, temperature results of the current COMSOL model are discussed and
compared with the measured and ABAQUS model predicted results discussed in
chapter 4. These results include the temperature contours at specific times of the day
and the daily temperature variation at specific thermocouple locations both at the

first of June and the fifteenth of November.
5.4.1 Temperature contours

Figures 5.15 through 5.18 show the comparison temperature contours on June 1%

while Figures 5.19 and 5.20 show these temperature contours on November 15"
5.4.1.1 Temperature contours on June 1%

In Figure 5.15 and 5.16, the effect of sun position in the summer mornings is clear,
where northern faces are under direct low altitude solar radiation and southern faces

are almost completely shaded.
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1.

Figure 5.15 Cross-sectional temperature contour at 6:28 am on June 1°

A 6:28 AM Southern Face

6:28 AM Northern Face

Figure 5.16 Temperature contours at 6:28 am on June 1*

As shown in Figure 5.15 and 5.16, the girder temperature ranges from 20.6 °C to 27.7
°C at the early morning at 6:28 am, which are almost the exact measured

thermocouple temperatures, the measured thermocouple temperatures at 6:28 am are
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in the range of 20.6 °C to 27.1°C. The temperature distribution is also the same with
minor differences, where the maximum temperature located at the center of the
bottom flange while the bottom faces of the far ends of the top flange seems to have

the minimum temperatures.

One important difference between COMSOL temperature contour shown in Figure
5.15 and the compared ABAQUS temperature contour shown in Figure 3.12a is the
effect of the sun position, where it is shown that temperature is almost symmetric in
Figure 3.12a. This can be attributed again to the output format of these contours.
Because the author used only one color for each 5°C difference, while in COMSOL
output formatting, the full range of rainbow color grading was used. Using wider
range of colors to present smaller temperature steps make it betters to accurately
study the temperature distributions. However, this does not mean that the used solar
model by the author is incorrect. By the comparison between Figure 3.12b for
temperature contours at 1:42 pm and its corresponding COMSOL figures, Figure
5.17 and 5.18, it is shown in all these figures that sunrays are slightly inclined toward

the southern faces as discussed in the previous section.
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Figure 5.17 Cross-sectional temperature contour at 1:42 pm on June 1°
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1:42 PM Northern Face

1:42 PM Southern Face

Figure 5.18 Temperature contours at 1:42 pm on June 1%

This can be noticed by the comparison of the two ends of the top faces of the bottom
flange. This means that the solar modeling used by the author follows the correct
solar movement. The thermocouple-measured temperatures were in the range of 30.6
°C to 50.9 °C, while the range of the predicted temperatures by COMSOL model is
29 °C to 51.9 °C, which reflects the accuracy of the COMSOL predicted temperatures
where temperature difference does not exceed 1.6°C. On the other hand, the
ABAQUS predicted temperatures were from 29.7 °C to 49.3 °C which is also close
enough to the measured temperatures with a maximum temperature difference of
1.6°C.

The COMSOL model temperature distribution is quite similar to that of ABAQUS.
As shown by the comparison between 5.17 and 3.12 b, the maximum temperatures
concentrated on the top layers of the top flange composing some condensed slightly
varied temperature layers with smaller depths at the central area and larger depths at
the outer areas of the top flange, while the web temperature seems to be uniform near
the minimum girder temperature, which concentrated at the central mass of the

bottom flange.
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5.4.1.2 Temperature Contours on November 15"

Comparing the temperature contours on November 15", it can be said that the same
notices and observations discussed in the comparison of June 1% both for morning
and afternoon can be drawn here. Taking into account the output controls and the
color grading-temperature ratio used in the current COMSOL model and the author
ABAQUS model, it can be said that both models drawn almost the same temperature
contours at 7:35 am and 1:35 pm. This can be obviously shown by the comparison of
Figures 5.19 with Figure 3.13a.

The minimum and maximum thermocouple temperatures recorded by the author
were about 9 °C and 14.2 °C respectively. While COMSOL model shown in Figure
5.19 shows that temperature ranges from about 11.9 °C to about 15.4 °C at 7:35 am.
Thus a maximum temperature difference of about 2.9 °C is recorded between the
measured and COMSOL predicted temperature at this time. While a maximum daily
temperature difference of 5.4 °C was recorded between the measured and the
compared ABAQUS predicted temperatures on November 15™. At 1:35 pm, the
current COMSOL model and the compared ABAQUS model show exactly the same
behavior and temperature contour plots.

- -

(
)

Figure 5.19 Cross-sectional temperature contour at 7:35 am on November 15"
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Comparing the temperature contour at 1:35 pm shown in Figure 5.20 and Figure
3.13Db, it can be obviously noticed that both are almost identical. In both figures, the
maximum temperature concentrated on the southern vertical faces of the top flange,
web and bottom flange in addition to the upward tilted surface of the bottom flange.
The upper part of the southern face of the web is clearly shown to be shaded by the
overhanging portions of the top flange and hence have lower temperatures than the
lower points of the same surface that are directly exposed to sunrays. On the other
hand, lower temperatures are graded towards the fully shaded northern surfaces of
the web and the bottom flange. The top shaded mass of the web and the northern
shaded mass of the bottom flange has the minimum temperature grading with
absolute minimum temperature at the center of the northern part of the bottom

flange.

v ifeos
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Figure 5.20 Cross-sectional temperature contour at 1:35 pm on November 15"

The minimum and maximum COMSOL predicted temperatures at 1:35 pm are 17.6
°C and 34.2 °C respectively as shown in Figure 5.19. While the measured
thermocouple minimum and maximum temperatures are 14.9 °C and 35.3 °C

respectively. Thus, the maximum temperature difference between the measured and
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COMSOL predicted a temperature at this time is about 2.7 °C. This difference is
about half the maximum daily temperature difference recorded between the

measured and ABAQUS predicted temperatures on November 15", which is 5.4 °C.
5.4.2 Temperature variations at thermocouple locations

In this section the daily temperature variations at specific thermocouple locations
both on June 1% and November 15" are discussed. These variations are compared
with those measured directly from the experimental girder segment and with the

corresponding variations predicted by the compared ABAQUS model.
5.4.2.1 Temperature variations on June 1%

Figures 5.21 through 5.23 show the daily temperature variations at specific
thermocouple locations during the full 24 hours of the first of June. The comparison
of these temperature variations with the corresponding measured and ABAQUS
predicted variations shown in Figures 3.6 through 3.8 reveals the good agreement of
both the behavior and temperature values of these variations with the measured and
the ABAQUS model variations. Figure 5.21 show the temperature variations at the
location of thermocouples 7, 13 and 28. The comparison of this figure with Figure
3.6 shows that the behavior is almost the same for the three thermocouples. Also, the
maximum and minimum temperature values fairly agree with those of the compared

ABAQUS model results and the measured temperatures.
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Figure 5.21 Temperature variations at thermocouples 7, 13, 28 on June 1%

The same fashion of agreement is recorded for thermocouples 2 and 5, as obviously
shown in Figure 5.22 and 3.7. Comparison between Figure 5.23 and 3.8 at
thermocouples 11 and 14, show that COMSOL has well simulated the temperature
variation at these thermocouples. One important difference between the COMSOL
predicted temperature variation and the compared measured variation at
thermocouple is the curve sagging between 11:00 am and 3:00 pm. Similar sagging
but with lower slopes can be noticed in Figure 3.8.

This drop of temperature can be attributed to the shading effect on the location of
thermocouple 11 at the northern part of the bottom flange as well illustrated in Figure
5.18. This shading occurred due to the crossing of the sun from the north to the south
of the zenith-EW plane at about 10:00 am, and back crossing of this plane to the
northern side at about 4:00 pm as shown in Figure 5.3. A general notice, which may
slightly affect the temperature values, is the initial condition applied in the COMSOL
model. The effect of the initial temperature, which assumed to be uniform through
the full girder mass at the initial time, can be reduced by starting the simulations
three days before the target day. This procedure was followed in the current ANSYS
model and the compared ABAQUS model. However, in the COMSOL model and

because of the activation of surface-to-surface radiation, the run rime became too
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long and hence shorter time period, which is only the target 24 hours, was
considered.
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Figure 5.22 Temperature variations at thermocouples 2 and 5 on June 1%
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Figure 5.23 Temperature variations at thermocouples 11 and 14 on June 1%
5.4.2.2 Temperature variations on November 15™

Figures 5.24 through 5.26 illustrate the temperature variations during the 24 hours of
the 15™ of November at different thermocouple locations. The behavior of the
temperature variation curves of the thermocouples 7, 13 and 28 follow the same
measured behavior. A comparison between Figure 5.24 and 3.9 shows that the
domains of concaving up and down, inflection points, curves intersection points and

extreme maximum and minimum value are almost the same.
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Figure 5.24 Temperature variations at thermocouples 7, 13, 28 on November 15"

Comparison of Figure 5.25 that describes the temperature variation at thermocouples
2 and 5 predicted using the COMSOL model with Figure 3.10, which describes the
corresponding measured and ABAQUS predicted temperature variations, shows the
high degree of agreement of the COMSOL results with those measured or ABAQUS
predicted. Excluding the initial time, which discussed earlier in the previous section,
all curves details are almost identical. Thermocouple 11 and 14 show similar fashion
of behavior agreement as shown in Figures 5.26 and 3.11.

Thermocouple Temperatures (C)

Figure 5.25 Temperature variations at thermocouples 2 and 5 on November 15"
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Figure 5.26 Temperature variations at thermocouples 11 and 14 on November 15"
5.5 Vertical Temperature Distributions on June 1°

This part compares vertical temperature differences expected by the heat transfer
analysis and obtained from the experiments. The vertical temperature difference of
the locations thermocouple at mid-span was installed along the web heights of the
girder thermocouples 28, 5, 6, 7, 8, 9, 12 and 13 (A-A line). Depended on the
maximum vertical temperature differences, the vertical temperature distributions
were evaluated at the thermocouple sites. This study compares the measured and
predicted maximum negative and positive vertical temperature distributions along
the height of the girder. According to the vertical temperature difference in the
girder during on Junel®, the lowest temperature was predicted along of the bottom
flange (thermocouple 9) and the highest temperature on the top surface along of the
top flange (thermocouple 28). The Average Absolute Error (AAE) and the Maximum
Absolute Error (MAE) were used as verification tools. The AAE is the average of the
absolute differences between the predicted and the experimental temperatures for a
group of thermocouples at a specific time, while MAD is the maximum absolute

difference within the group of thermocouples at that time.

In Figure 5.27, the AAE was 0.97°C while the MAE was 2.3°C at (thermocouple 28).
This AAE and MAE occurred at 6:30 am. Figure 5.28 shows temperature contours at
sunrise at 6:30 am on June 1%, In Figure 5.29, the AAE was 1.2°C and 1.0°C while
the MAE was 3.0°C and 2.4°C at (thermocouple 6). This AAE and MAE occurred at
1:40 pm and 2:00 pm respectively. Figure 5.30 and 5.31 illustrated temperature
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contours at 1:40 pm and 2:00 pm on June 1%, The predicted temperatures of the FE
analysis have good agreement with the experimental temperatures for both the

positive and the negative vertical temperature distributions.
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Figure 5.27 Measured and predicted maximum negative vertical temperature
distributions along the depth of the girder on June1®
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Figure 5.29 Measured and predicted maximum positive vertical temperature
distributions along the depth of the girder on June1®
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Figure 5.30 Temperature contours at 1:40 pm on June 1*
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Figure 5.31 Temperature contours at 2:00 pm on June 1%
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5.6 Lateral Temperature Distributions on June 1%

Also this section compares maximum lateral temperature differences exposed by the
heat transfer analysis and obtained from the experiments. Due to expose the girder to
direct intensity of solar radiation from the sun only one side of the girder and the top
surface, lead to the largest transverse temperature distribution, the lateral temperature
differences were studied along the top flange width thermocouples 2, 4, 5, 3 and 1
(B-B line), along the bottom flange width thermocouples 14, 10, 9, 11 and 15 (D-D
line) and across the web thickness thermocouples 20, 7, and 21 (C-C line). Based on
the maximum lateral temperature differences, the lateral temperature distributions
were evaluated at the thermocouple sites. Figure 5.32 and 5.33 compares the
measured and predicted maximum negative and positive lateral temperature
distributions along the width of the top flange of the girder. Also the (AAE) and the

(MAE) were used as verification tools.

As shown in Figure 5.32 includes temperature difference, defined from the AAE was
1.1°C and 1.0°C while the MAE was 1.75°C and 1.70°C at (thermocouple 4). This
AAE and MAE occurred at 6:30 am and 6:40 am respectively. Also Figure 5.34

shows temperature contours at sunrise at 6:40 am on June 1%,

In Figure 5.33, the AAE was 0.40°C while the MAE was 0.80°C at (thermocouple 4).
This AAE and MAE occurred at 1:10 pm. Figure 5.35 shows temperature contours at
1:10 pm on June 1*. The highest temperature predicted took place on the south-side
of the top flange and the lowest temperature took place in the middle of the top
flange. The predicted temperatures of the FE analysis have good agreement with the
experimental temperatures for both the positive and the negative lateral temperature

distributions
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Figure 5.32 Measured and predicted maximum negative lateral temperature
distributions along width of the top flange of the girder on Junel1*
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Figure 5.33 Measured and predicted maximum positive lateral temperature
distributions along width of the top flange of the girder on Junel1*
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Figure 5.35 Temperature contours at 1:10 pm on June 1%
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Figure 5.36 and 5.37 compares the measured and predicted maximum negative and
positive lateral temperature distributions along the width of the bottom flange of the
girder on June 1%, As shown in Figure 5.36, the AAE was 0.29°C while the MAE
was 0.42°C at (thermocouple 10). This AAE and MAE occurred at 6:30 am.

In Figure 5.37, the AAE was 0.87°C while the MAE was 1.74°C at (thermocouple
14). This AAE and MAE occurred at 1:40 pm. The highest temperature predicted
occurred on the south-side on the vertical surface of the bottom flange. The predicted
temperatures of the FE analysis have good agreement with the experimental
temperatures for both the positive and the negative lateral temperature distributions

of the bottom flange.
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Figure 5.36 Measured and predicted maximum negative lateral temperature
distributions along width of the bottom flange of the girder on Junel®
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Figure 5.37 Measured and predicted maximum positive lateral temperature
distributions along width of the bottom flange of the girder on Junel®

Also Figure 5.38 and 5.39 compares the measured and predicted maximum negative
and positive lateral temperature distributions at across web of the girder on June 1%
As shown in Figure 5.38 includes temperature difference, defined by the AAE was
0.57°C while the MAE was 0.72°C at (thermocouple 7). This AAE and MAE
occurred at 6:30 am.

In Figure 5.39, the AAE was 1.5°C and 0.83°C while the MAE was 2.6°C and 1.4°C
at (thermocouple 21). This AAE and MAE occurred at 12:00 pm and 1:00 pm
respectively. The highest temperature predicted occurred on the south-facing of
vertical surface due to highest solar radiation on that surface. As shown Figure 5.40
and 5.41, temperature contours at 12:00 pm and 1:00 pm on June 1%, The predicted
temperatures of the FE analysis have good agreement with the experimental
temperatures for both the positive and the negative lateral temperature distributions

at across web of the girder.
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Figure 5.38 Measured and predicted maximum negative lateral temperature
distributions at across web of the girder on Junel*
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Figure 5.39 Measured and predicted maximum positive lateral temperature
distributions at across web of the girder on Junel1®
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Figure 5.40 Temperature contours at 12:00 pm on June 1%
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Figure 5.41 Temperature contours at 1:00 pm on June 1%

65

W

A



5.7 Vertical Temperature Distributions on November 15™

Based on the predicted and measured, the vertical temperature differences were
calculated from the difference of the lowest and highest temperatures along the web
heights of the girder (A-A line). The highest temperature in the girder was predicted
and measured on the top surface along of the top flange and the lowest temperature
was on along the bottom flange. Figure 5.42 and 5.45 compares the measured and
predicted maximum negative and positive vertical temperature distributions. The
temperatures in the girder web showed relatively highest increases on the vertical
surface because high solar radiation, on the other hand the temperature distribution in

the web increased with variations from the summer to the fall.

Furthermore, Figure 5.42 includes temperature distribution; defined by the AAE was
1.14°C and 1.16°C while the MAE was 2.2°C and 1.9°C at (thermocouple 7). This
AAE and MAE occurred at 7:40 am and 8:10 am respectively. As shown Figure 5.43

and 5.44 temperature contours at sunrise at 7:40 am and 8:10 am on November 15"

In Figure 5.45, the AAE was 1.6°C and 1.1°C while the MAE was 2.9°C at
(thermocouple 6) and 1.7°C at (thermocouple 7). This AAE and MAE took place at
1:00 pm and 12:10 pm respectively. As shown Figure 5.46 and 5.47 temperature
contours at 1:00 pm and 12:10 pm on November 15™. The predicted temperatures of
the FE analysis have good agreement with the experimental temperatures for both the

positive and the negative vertical temperature distributions.
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Figure 5.42 Measured and predicted maximum negative vertical temperature
distributions along the depth of the girder on November 15"
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Figure 5.43 Temperature contours at sunrise at 7:40 am on November 15"

67



L%

A 15.388

15

114

13

_ 12

11

10

V¥ 9.4458

Figure 5.44 Temperature contours at sunrise at 8:10 am on November 15"
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Figure 5.45 Measured and predicted maximum positive vertical temperature
distributions along the depth of the girder on November 15"
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Figure 5.46 Temperature contours at 1:00 pm on November 15"
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Figure 5.47 Temperature contours at 12:10 pm on November 15"
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5.8 Lateral Temperature Distributions on November 15"

Furthermore the vertical temperature differences, the lateral temperature differences
were computed from the differences between the lowest and highest temperatures in
along width of the top flange, across the web, and along width of the bottom flange
of the girder. Figure 5.48 and 5.50 includes compares the measured and predicted
maximum negative and positive lateral temperature distributions at along the width
of the top flange of the girder. As shown in Figure 5.48, the locations thermocouple
at mid-span was installed along width of the top flange of the girder (B-B line).

As shown in Figure 5.48, the AAE was 0.26°C while the MAE was 0.44°C at
(thermocouple 5). This AAE and MAE occurred at 7:40 am. Figure 5.49 shows
temperature contours at sunrise at 7:20 am on November 15". In Figure 5.50, the
AAE was 1.8°C and 0.9°C while the MAE was 2.3°C and 1.9°C at (thermocouple 1)
and (thermocouple 2) respectively. This AAE and MAE took place at 1:40 pm and
12:50 pm respectively. The highest temperature predicted took place on the south-
side of the top flange and the lowest temperature took place in the middle of the top
flange. As shown Figure 5.50 and 5.51, temperature contours at 1:40 pm and 12:50

pm on November 15"
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Figure 5.48 Measured and predicted maximum negative lateral temperature
distributions along width of the top flange of the girder on November 15"
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Figure 5.49 Temperature contours at sunrise at 7:20 am on November 15"
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Figure 5.50 Measured and predicted maximum positive lateral temperature
distributions along width of the top flange of the girder on November 15"
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Figure 5.52 Temperature contours at 12:50 pm on November 15™
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In addition, as shown in Figure 5.53, compares the measured and predicted
maximum negative lateral temperature distributions along the width of the bottom
flange of the girder and the locations thermocouple at mid-span was installed along
width of the bottom flange of the girder (D-D line). The highest temperature
predicted occurred on the middle of the bottom flange and the AAE was 1.3°C and
1.0°C while the MAE was 2.3°C and 2.2°C at (thermocouple 11). This AAE and
MAE occurred at 7:40 am and 7:30 am respectively. Figure 5.54 shows temperature

contours at sunrise at 7:30 am on November 15™.

Also Figure 5.55, includes compares the measured and predicted maximum positive
lateral temperature distributions. The highest temperature predicted occurred on the
south-side on the vertical surface of the bottom flange. The AAE was 2.0°C and
0.8°C while the MAE was 3.4°C and 2.0°C at (thermocouple 15). This AAE and
MAE took place at 2:00 pm and 1:00 pm respectively. Figure 5.56 shows

temperature contours at 2:00 pm on November 15"
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Figure 5.53 Measured and predicted maximum negative lateral temperature
distributions along width of the bottom flange of the girder on November 15"
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Figure 5.54 Temperature contours at sunrise at 7:30 am on November 15"
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Figure 5.55 Measured and predicted maximum positive lateral temperature
distributions along width of the bottom flange of the girder on November 15

74



A 3558

30

28

26

24

18
WV 17.784

Figure 5.56 Temperature contours at 2:00 pm on November 15"

In Figure 5.57, the locations thermocouple at mid-span was installed across the web
of the girder (C-C line), the highest temperature predicted occurred on the south-
facing of vertical surface due to high solar radiation on that surface. The AAE was
1.5°C, 1.3°C and 1.8°C while the MAE was 2.19°C, 2.24°C and 2.1°C at
(thermocouple 7). This AAE and MAE occurred at 7:40 am, 7:30 am and 6:40 am
respectively. Figure 5.58 shows temperature contours at sunrise at 6:40 am on
November 15"

In Figure 5.59, also the highest temperature predicted occurred on the south-facing,
the AAE was 0.7°C while the MAE was 1.2°C at (thermocouple 20). This AAE and
MAE occurred at 1:00 pm. The predicted temperatures of the FE analysis have good
agreement with the experimental temperatures for both the positive and the negative

lateral temperature distributions.
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Figure 5.57 Measured and predicted maximum negative lateral temperature
distributions at across web of the girder on November 15"
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Figure 5.58 Temperature contours at sunrise at 6:40 am on November 15"
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Figure 5.59 Measured and predicted maximum positive lateral temperature
distributions at across web of the girder on November 15™
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CHAPTER 6

EXTREME TEMPERATURE DISTRIBUTION AND GRADIENTS IN
GAZIANTEP

6.1 Environmental Conditions

From the meteorological air temperature records of 30 years were utilized to evaluate
the maximum temperature gradient in summer condition in the region of Gaziantep,
Turkey. This research evaluates temperatures variations in daily environmental
conditions, ambient air, wind speed and solar radiation. Table 6.1 summarizes the
hourly solar radiation, daily minimum and maximum air temperatures, and daily
average wind speed computed from the measurements for chosen sunny days (30

July), on which largest temperature distributions have been measured.

Table 6.1 The daily and hourly environmental conditions for chosen sunny days
through the measurements from 30 July in Gaziantep

Hourly solar Daily air temperature Daily wind speed Albedo
e 0
Dates r?\?\;/ar::%n (°C) (m/sec)
Maximum | Minimum | Average Maximum
30-July 1013 43.9 21 0.7 1.9 0.2

6.1.1 Solar radiation

Due to variation in the hourly solar radiation during the four seasons of the year, the
largest temperature distributions were in 30 July and smallest was in 23 April. Table
6.2 summarizes the hourly solar radiation during 30 July, 2 September, 3 December
and 23 April. Maximum hourly solar radiations occurred in summer (30 July), which
was 1013 W/m? while the minimum hourly solar radiation occurs in 23 April, which
was 670 W/m?,
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Table 6.2 Maximum hourly solar radiation for the four seasons of the year

Maximum_hqurly
Dates sola(rv\rlf;lrcrj]lza;tlon
30 July 1013
2 Sptember 914
3 December 795
23 April 670

6.1.2 Air temperature

As expected, the minimum and maximum daily air temperatures increases on the 30
July and decreases after 30 July to the 3 December. As notes for the four months, 30
July, 2 September, 3 December and 23 April variation the surrounding air
temperatures as a function of the time of the day, Table 6.3 summarizes maximum
and minimum daily air temperatures for the four seasons of the year.

Table 6.3 Maximum and minimum daily air temperature for the four seasons of the

year
Daily Air Temperature
Dates ('C)
Maximum | Minimum
30 July 43.9 21
2 September 40.9 16
3 December 24.9 1.0
23 April 33.9 11

6.1.3 Wind speed

This study evaluates the differences in daily average wind speed which taken from
the meteorological stations records of 30 years in the region of Gaziantep, Turkey.
The wind speed which was taken range between 0 to 1.9 m/sec and the average wind

speed was 0.7 m/sec.
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6.2 Vertical Temperature Distribution and Gradients

Based on the four seasons’ largest vertical thermal loads in Gaziantep, the maximum
vertical and lateral temperature distributions and gradients in the girder are
discussed. This study shows the positive and negative vertical temperature gradients
of the four days 23 April, 30 July, 2 September and 3 December. As predicted, the
magnitudes of the temperatures were the highest in the 30 July and decreased with
decreases in air temperature and solar radiation from the 30 July to the 3 December.
Table 6.4, summarizes maximum predicted positive vertical temperature gradients

and temperature distributions.

Table 6.4 Maximum predicted positive vertical temperature gradients and
temperature distributions for the four seasons of the year

The maximum predicted The maximum Times
positive vertical positive vertical PM
Dates temperature gradient °C | temperatures °C
30 July 20 59.1 1:50
2 September 16.7 50.7 1:40
23 April 13.9 41.3 1:50
3 December 10.6 30.4 3:20

Since vertical temperature differences in the bridge girder mainly based on the
intensity of solar radiation on the top surface of the girder, Figure 6.1, exhibited, the
largest vertical temperature gradient along the web heights of the girder was in
summer 30 July. As note seasonal variations from the 30 July to the 3 December,
due to the increased solar radiation intensity and the lower altitude of the sun on the
vertical surfaces of the girder, the vertical temperature gradients decreased. The
predicted vertical temperature gradients in 23 April, 30 July and 2 September, were a
rapid decrease from the top surface and smallest gradient in the web while was in 3
December decreased on the top surface and increased in the web because an increase

in the solar radiation intensity on the vertical surface.
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In addition, the autumn, spring and summer exhibited similar in vertical temperature

gradients.

In Figure 6.2, the largest vertical temperature gradient was in autumn because solar
radiation intensity on the top surface of the girder. The predicted vertical temperature
gradients in 23 April, 30 July and 2 September, were decreased on the top surface
and increased in the web because an increase in the solar radiation intensity on the
vertical surface while was in 3 December a rapid decrease from the top surface and
smallest gradient in the web. The maximum predicted negative vertical temperature
gradient along the web heights occurred in 2 September. Table 6.5, summarizes
maximum predicted negative vertical temperature gradients and temperature

distributions.

Table 6.5 Maximum predicted negative vertical temperature gradients and
temperature distributions for the four seasons of the year

The maximum predicted The maximum Times
negative vertical negative vertical AM
Dates temperature gradient °C | temperatures °C
30 July -6.7 37.4 3:40
2 September -6.8 34.1 2:50
23 April -5.4 28 1:50
3 December -6.1 18.4 1:50
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Figure 6.1 Maximum positive vertical temperature gradients for the four seasons of
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Figure 6.2 Maximum negative vertical temperature gradients for the four seasons of
the year
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6.3 Transverse Temperature Distribution and Gradients

This research also investigates maximum transverse temperature distributions and
gradients along the width of the top flange, along the width of the bottom flange and
across the web of the girder, in which the maximum lateral temperature gradients
were observed. The positive and negative lateral temperature gradients along the
width of the top flange for the four seasons of the year. As predicted, the magnitudes
of the temperatures were the highest in 30-July and the smallest in 3-December. The
maximum positive lateral temperatures along width of the top flange as shown in
Table 6.6.

Table 6.6 Maximum predicted positive lateral temperature gradients and temperature
distributions along width of the top flange for the four seasons of the year

The maximum The maximum Times
predicted positive positive lateral PM
Dates lateral temperature | temperatures °C
gradient °C TF TF
30 July 8.2 61.3 2:10
2 September 94 55.6 2:30
23 April 6.9 43.8 2:10
3 December 9.5 32.8 2:40

However, the positive lateral temperature gradient of the top flange as shown in
Figure 6.3, the maximum predicted positive lateral temperature gradient along width
of the top flange occurred in 3 December which was 9.5°C. This temperature

gradient occurred at 2:40 pm, can be observed in Table 6.6.

In Figure 6.4 the maximum negative lateral temperature gradient along width of the
top flange obtained from seasonal extreme climate conditions in Gaziantep occurred
in summer 30 July which was -6.6°C. This temperature gradient occurred at 2:20 am.
As shown in Table 6.7.
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Table 6.7 Maximum predicted negative lateral temperature gradients and
temperature distributions along width of the top flange for the four seasons of the

year
The maximum The maximum Times
predicted negative negative lateral AM
Dates lateral temperature | temperatures °C
gradient °C TF TF

30 July -6.6 36.1 2:20
2 September -6.1 30.0 2:50
23 April -5.1 25.2 1:50
3 December -4.8 11.6 4:00
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Figure 6.3 Maximum positive lateral temperature gradients along width of the top
flange for the four seasons of the year
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Figure 6.4 Maximum negative lateral temperature gradients along width of the top
flange for the four seasons of the year
Figure 6.5 and 6.6 show the positive and negative lateral temperature gradients along
the width of the bottom flange for the four seasons of the year. As predicted, the
magnitudes of the temperatures were the highest in 30 July and the smallest in 3

December can be observed Table 6.8.

Table 6.8 Maximum predicted positive lateral temperature gradients and temperature
distributions along width of the bottom flange for the four seasons of the year

The maximum The maximum Times
predicted positive positive lateral PM
Dates lateral temperature | temperatures °C
gradient °C BF BF
30 July 221 60.9 1:30
2 September 24.6 57.8 1:40
23 April 17.4 44.1 1:30
3 December 25.1 40.5 1:40
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As shown in Figure 6.5, the maximum predicted positive lateral temperature gradient
along width of the bottom flange occurred in winter 3 December was 25.1°C. This
temperature gradient occurred at 1:40 pm, as shown Table 6.8. In Figure 6.6 the
maximum negative lateral temperature gradient along width of the bottom flange
obtained from seasonal extreme climate conditions in Gaziantep occurred in 2

September which was -10.7°C. This temperature gradient occurred at 12.50 am as
shown in Table 6.9.
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Figure 6.5 Maximum positive lateral temperature gradients along width of the
bottom flange for the four seasons of the year
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Figure 6.6 Maximum negative lateral temperature gradients along width of the
bottom flange for the four seasons of the year

Table 6.9 Maximum predicted negative lateral temperature gradients and
distributions along width of the bottom flange for the four seasons of the year

The maximum The maximum Times
predicted negative negative lateral AM
Dates 0
lateral temperature | temperatures "C
gradient °C BF BF
30 July -10.5 39.9 2:10
2 September -10.7 37.3 12:00
23 April -8.9 28.0 1:50
3 December -9.2 18.4 1:50

Figure 6.7 and 6.8 show the positive and negative lateral temperature gradients
across the web for the four seasons of the year. As predicted, the magnitudes of the
temperatures were the highest in the summer and the smallest in the winter. The
maximum positive lateral temperatures across the web were 48.7°C at 7:30 pm in 30
July, as shown in Table 6.10.
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Furthermore, the positive lateral temperature gradient across the web as shown in
Figure 6.7, the maximum predicted positive lateral temperature gradient across the web
occurred in winter 3 December was 11.1°C. This temperature gradient occurred at 12:50 pm,

as shown in Table 6.10.

In Figure 6.8, the maximum negative lateral temperature gradient across the web
obtained from seasonal extreme climate conditions in Gaziantep occurred in autumn
2 September which was -5.5°C. This temperature gradient occurred at 1:40 am, as
shown in Table 6.11.
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Figure 6.7 Maximum positive lateral temperature gradients across the web for
the four seasons of the year
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the four seasons of the year

Table 6.10 Maximum predicted positive lateral temperature gradients and

temperature distributions across the web for the four seasons of the year

The maximum The maximum Times
predicted positive positive lateral PM
Dates lateral temperature | temperatures °C
gradient °C web web
30 July 4.7 48.7 7:30
2 September 4.9 45.8 3:50
23 April 2.5 344 3:50
3 December 111 33.2 12:50
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Table 6.11 Maximum predicted negative lateral temperature gradients and
temperature distributions across the web for the four seasons of the year

The maximum The maximum Times
predicted negative negative lateral AM
Dates lateral temperature | temperatures °C
gradient °C web web
30 July -3.7 35.8 12:10
2 September -55 32.3 1:40
23 April -2.9 24.2 1:50
3 December -2.8 19.2 12:00

6.4 Comparison of The Maximum Predicted Positive and Negative Temperature
Gradient with The AASHTO 1989 and AASHTO 2007

Based on the vertical temperature gradients, Figures 6.9 and 6.10 compare the
maximum predicted temperature gradient from extreme weather conditions of
Gaziantep on 30-July with AASHTO 1989 [56] and AASHTO 2007 [57] (Zone 1),
(Zone 2), (Zone 3) and (Zone 4). The vertical temperature gradients got during
subtracting a minimum temperature from the vertical temperatures at along the depth
of the girder A-A line.

The largest predicted vertical temperature differentials, which shows a quick
decrease from the top surface and smallest gradient in the web. Since the AASHTO
thermal gradients were depended on summer climate conditions, the largest vertical
temperature differentials, occurs on June and July was similar to the vertical thermal
gradients of the AASHTO specifications.

Due to the bridge temperature gradient variation in concrete temperatures on the
height of the structure, the largest recorded variation during time period was defined
as the maximum thermal gradient. The data was classified to determine the
maximum temperature gradients occurring on the bridge cross section during the
monitored months. From the recorded data, it was observed that, in general, the most

uniform zone of temperature measurements took place at along the web heights of
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the girder which allowed using it as a base line to compute the bottom and top

gradients for each measurement time.

This uniform zone helped identify the largest negative and positive temperature
gradients matching to the daily temperature variations for each month. Depended on
the data, it was determined that the largest positive temperature gradients occurred in
bridge during mid-afternoon and largest negative temperature gradients occurred
during the early morning hours of each day.

From extreme weather conditions of Gaziantep on 30 July, the largest predicted
positive top surface gradient was 20°C at 1:50 pm on 30 July, while the AASHTO
specifications 1989 and 2007 were 30°C in (zone 1), 25.6°C in (zone 2), 22.8°C in
(zone 3) and 21.1°C in (zone 4), note both of the AASHTO models (zone 4) agree
well with the predicted positive temperature gradient. As compared Figure 6.9 the
largest predicted positive design gradient introduced in the current and previous
versions of the AASHTO LRFD Code, the shape of predicted temperature gradient
shows better agreement with the AASHTO LRFD distribution (zone 4) in that the
concrete temperature became uniform closer to the top flange. At the bottom flange,
the predicted gradient was 7.5°C, while both the AASHTO suggests a gradient of
2.8°C, therefore, it can be concluded that the AASHTO gradient model is suitable
and well for the extreme conditions of Gaziantep with few adjustments.

Similarly, the largest predicted negative gradient -6.8 °C at 2:50 am on 2 September
while the AASHTO specifications 1989 and 2007 were -9°C in (zone 1), -7.6°C in
(zone 2), -6.8°C in (zone 3) and -6.3°C in (zone 4), note both of the AASHTO
models (zone 3) agree well and matched with the predicted negative temperature

gradient as shown Figure 6.10.

Also the recommended negative design gradient introduced in AASHTO LRFD
Specifications (1989 and 2007), and the largest predicted negative gradient. It is
interested to note that the top negative temperature gradient is perfectly encompassed
by the AASHTO LRFD codes and predicted temperature gradients. At the bottom
flange, the predicted gradient was -6.1°C, while both the AASHTO suggests a
gradient of -0.8°C, therefore, it can be concluded that the AASHTO gradient model is

suitable for the extreme conditions of Gaziantep.
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Figure 6.9 Comparison of the maximum predicted positive temperature gradient
with AASHTO 1989 [56] and AASHTO 2007 [57] for the four zones
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Figure 6.10 Comparison of the maximum predicted negative temperature gradient
with AASHTO 1989 [56] and AASHTO 2007 [57] for the four zones
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6.5 Comparison of The Maximum Predicted Positive Temperature Gradient
with NZ Bridge Manual and BS 5400 Code

Figures 6.11 and 6.12 show a maximum predicted temperature gradient from
extreme weather conditions of Gaziantep on 30 July with the gradient distributions of
NZ Bridge Manual and BS 5400. The largest predicted positive top surface gradient
was 20°C at 1:50 pm on 30 July, while the NZ Bridge Manual and BS 5400 were
32°C and 15.4°C respectively, As shown in Figure 6.11, the fifth order gradient
model of the NZ Bridge Manual seems to have conservative largest gradient at the
top surface and much higher temperatures along the top surface of the girder. In
contrast, the BS 5400 fifth order model shows noticeable variations from the
predicted temperatures along the top region of the girder, as shown in Figure 6.12. At
the bottom flange, the predicted gradient was 7.5°C, while the NZ Bridge Manual
and BS 5400 were 1.5°C and 2°C respectively.
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Figure 6.11 Comparison of the maximum predicted positive temperature gradient
with NZ Bridge Manual Code
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CHAPTER 7

CONCLUSIONS

This research investigates vertical and lateral temperature gradients and temperature
distributions in PC bridge girders due to climate effects. A 3D FE heat transfer
model was developed to represent the heat convection between the girder surface and
the climate, heat conduction in the concrete girder, heat radiation to the ambient
dings and heat irradiation from the sun. In the region of Gaziantep, Turkey, air
temperature records of 30 years were used to evaluate the largest temperature
gradients in June and July. To distinguish the most representative temperature
gradient model, four gradient models from different bridge design codes were

compared with the predicted temperature gradient.

Using daily solar radiation incident on a horizontal surface, the 3D heat transfer
analysis are done. The computation of solar radiation with regarding to the time of
day on all surface of the girder depended on the position of the sun, the location,
geometry of the girder, the shadow on the bottom flange and the web of the girder.

Based on the FE analysis of this research several conclusions were obtained.

e This study evaluates vertical and lateral temperature gradients by using
seasonal variations in environmental conditions of Gaziantep, the largest
vertical temperature gradients were found in the summer with the highest
solar intensity on the top surface of the girder, and the largest lateral

temperature gradients were found in the winter.

e During the afternoon period in summer, the top surface worms significantly

due to the high intensity solar radiation, while the cores of web and bottom
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flange keep lower temperatures due to the weak thermal conductivity of
concrete, which causes significant temperature gradient along the depth of the
girder. The maximum predicted temperature gradient was 20°C on 30 July in
Gaziantep, which occurred at 1:50 pm. Thus, the thermal loads involved in
this study were taken from the summer and winter environmental extreme

conditions of Gaziantep.

Based on the four seasons the highest temperature distribution along the 24
hours, which was 59.1°C at thermocouple on the top surface, while the
temperature of the bottom flange showed the highest temperatures during the
cold hours.

The maximum predicted positive and negative temperature gradients from
extreme weather conditions of Gaziantep on 30 July were compared with
ASSHTO LRFD Specifications. The variations and the magnitudes of the
predicted temperatures were in good agreement with AASHTO LRFD
Specifications for the four zones, it can be concluded that the AASHTO
gradient model is suitable and well for the extreme conditions of Gaziantep

with few adjustments.

Many analytical studies on solar radiation and other climatological effects on
large-scale structures carried out with ANSYS were found in literature.
While, such studies with COMSOL are rare.

To model the solar radiation in ANSYS 12.1, further programming and
subroutines are required. On the other hand, simplifications may be applied to
facilitate the problem, which may be accompanied with some acceptable

errors.

The built-in solar model in COMSOL is accurate and can simplify the
problems. Also, using the heat transfer with surface-to-surface radiation node
in the heat transfer module of COMSOL 4.3a, different thermal loads can be
applied at the same time.
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