
FINITE ELEMENT ANALYSIS OF
TEMPERATURE EFFECTS IN
CONCRETE BRIDGE DECKS

by

DEBASISB SABA

A thesis submitted in partial fulfilment of the requirements of the degree of
Master a/Science in Civil Engineering

1111111111" IIIII II 111111111111111
#91722#

DEPARTMENT OF CIVIL ENGINEERING
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY

DHAKA, BANGLADESH

SEPTEMBER, 1997

~--



FINITE ELEMENT ANALYSIS OF
TEMPERATURE EFFECTS IN
CONCRETE BRIDGE DECKS

M.Sc. Engg. Thesis by

DEBASISH SAHA
September, 1997

Approved as to style and content by

Dr. M. Azadur Rahman
Professor
Department of Civil Engineering
BUET, Dhaka

Chairman
(Supervisor)

Dr. Md. Hossain Ali
Professor and Head
Department of Civil Engineering
BUET, Dhaka

Dr. Sohrabuddin Ahmad
Professor
Department of Civil Engineering
BUET, Dhaka

Mr. A.S.M. Abdul Hamid
Director
Khalid and Partners Ltd.
8/9 Lalmatia, Block C, Dhaka-l207

1\

"-'1. 1-+. ~'
Member

(Head ofthe Department)

0/VCS"
M~~ber

(External)



Declaration

I hereby certify that the research work reported in this thesis is the result of original
research performed by me. Neither this thesis nor any part of it has been submitted
elsewhere for the award of any degree or diploma.

----~-~~
(Debasish Saha)

iii

,



Abstract

The present study is an attempt to understand the thermal effects in concrete bridge decks
with special attention to Bangladesh. Thermal effects in a bridge deck are consequence of
non-linear temperature distribution over the deck cross section. As a result, stresses,
movements, and even cracks are initiated, the order, magnitude and significance of
which are still not fully understood. Although over the past two decades a number of
studies have been carried out, codes provide little or no guidance whatsoever on this
matter. The earlier studies demonstrated that thermal effects are comparable in
magnitude to dead and live load effects.

Since the governing factors influencing temperature distribution vary geographically, the
results of any such study become limited to specific geographic and meteorological
condition. Therefore, previous results cannot be applied to any other situation. This study
aims at investigation of thermal effects in the context of Bangladesh. Particular attention
is given on the non-linear temperature variation over the cross section of concrete bridge
decks and on the resulting longitudinal eigenstresses. Additional continuity stresses that
develop in a continuous bridge are also addressed.

An analytical model is developed to find out the influence of various parameters on the
temperature induced stresses. A method for two-dimensional finite element transient heat
transfer analysis is formulated. The mathematical model incorporates as many as 40
factors or parameters, some are interdependent, affecting temperature distribution which
are related to the material, geometrical, meteorological and geographical conditions. On
the basis of the model a computer program is developed to predict the temperature and
stress distributions over bridge cross sections.

Results derived from the analytical model are compared with the experimental and
theoretical results obtained by other investigators.

Several analyses are carried out in order to establish the critical values of parameters
causing extreme thermal effects in concrete bridge decks constructed in Bangladesh.
Special attention is given to model the seasonal and diurnal variation in boundary
conditions. Statistical analysis of extremes is carried out to determine the extremes of
meteorological parameters for 30-yr return period. Finally, temperature distributions to be
applied in Bangladesh in slabs, beams and webs of box girder of various depths
encountered in practice are proposed. Simplified hand calculation method is also
presented to calculate the magnitude of thermal stresses due to proposed distributions.
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Notation

Temperature b'fadient in the direction 11 of heat flow, °C/m (OF/ft)

cr

p

e
o

Length parameter, may be x, y, or z, m (ft)

Stefan-Boltzmann constant, 5.677 x 10-"W/m2K4 (18.891 x 10-" Btulhr ft2
°R4

)

Density of the material, kg/m3 (Ib/ft3)

Zenith angle

Solar declination

(0 Hour angle

<p Latitude

a Azimuth of the sun

i; Lag factor

E Emissivity of the surface, unit less

e, Solar altitude

t, Transmission coefficient for unit air mass

A Area normal to the direction ofheat flow, m2 (ft2)

a Azimuth of the surface

A, Area in x direction

c Specific heat of material

D Day of the year

d Depth of girder

dh Length of sunlight hours, hour

dT Change in temperature

dt Change in time

Eg Energy generated in the system, W (Btulhr)

Ein Energy inflow to the system, W (Btulhr)

Ein, Change in internal energy of the system, W (Btulhr)

Eo Energy leaving the system, W (Btulhr)

G Rate ofheat generated per unit volume, W/m3 (Btulhr ft3)

h Asphalt wearing surface thickness

h Hour of the day

x



h,

k

kx, ky, kz

1, m, n

m

QlImax

q,

s

T

T

Notation

Convective heat transfer coefficient

Irradiative heat transfer coefficient

Overall heat transfer coefficient

Hour at sunrise

Hour at sunset

Incident angle the sun rays make with the normal to the surface

Solar heat flux or radiation incident upon a surface

Solar heat flux incident upon a horizontal surface

Solar heat flux incident upon a surface normal to the sun rays or normal
solar irradiation

Solar Constant, 442 Btu/hr ft2

Thermal conductivity of the material, W/m °C (Btu/hr ft OF)

Thermal conductivity in x, y, and z direction respectively

Direction cosines of outward normal to the boundary

Length of the overhanging slab

Height of shade

Relative air mass

Total solar eneq,'Y incident on a horizontal surface during the maximum air
temperature day

Total solar energy incident on a horizontal surface during the minimum air
temperature day

Rate of heat flow by conduction, W (Btu/hr)

Surface heat flux i.e. boundary heat input or loss per unit area, W/m2 (Btu/hr
ft2)

Conduction heat flux, W/m2 (Btu/hr ft2)

Absorbed solar radiation (short-wave, from the sun to the surface)
component of surface heat flux, W/m2 (Btu/hr ft2)

Convection component of surface heat flux, W/m2 (Btu/hr ft2)

Irradiation component (longwave, from the surface to the surrounding air) of
heat flux, W/m2 (Btu/hr ft2)

Absorption coefficient of the surface

Heat flow in x, y, and z direction respectively

Surface slope

Maximum temperature at upper surface of concrete

Temperature, °C (OF)
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T~
T.
Ta

Tam",

Tamca"

Tami"

Tw

Y,
Yw

w

Notation

A constant equal to 459.67 used to convert temperature in OF to oR, or equal
to 273.15 to convert temperature in °C to oK.

Hour of the day

Temperature of the surrounding medium, °C (OF)

Minimum temperature of top slab over closed interior cells

Air temperature, °C (OF)

Maximum ambient air temperature

Mean ambient air temperature

Minimum ambient air temperature

Daily range of air temperature

Surface (or wall) temperature, °C (OF)

Temperature above distance y

Distance above the depth of temperature variation

Mean thickness of deck between webs

Height of temperature variation in soffit slab

Depth of temperature variation in web

Wind speed

Relative atmospheric pressure factor
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1. Introduction

Temperature effects in concrete bridge decks have come under close investigation in
recent years (after 1970). In the design of most bridges, temperature effects were usually
considered only in a trivial manner; namely, in the detailing of the expansion joints, and
perhaps in the analysis of a framed bridge where either a uniform change of temperature
across the section (rise or fall in the overall mean-temperature of the body) or a linear
variation of given magnitude between top and bottom fibres was analysed. The effect of
non-linearity of temperature distribution across the deck-depth was not well understood.
There are numerous cases of recorded damage of bridges, particularly in box girder
bridges, where temperature gradients across various parts of the cross section caused
damage to the structure [Dilger et a!., 1983].

As structures became more complex and the distribution of temperature through the deck-
depth, particularly its non-linear profile, began to be understood better, need for a closer
look into thermal effects arose.

It is now realised that, in certain types of structures, the combined effects of 'change in
body-mean-temperature', the 'non-linear distribution of thermal gradient through the
deck-depth' and the 'continuity effect' owing to the constraints offered to free hogging or
sagging tendency of the structure (under unequal extreme fibre temperatures) by the
intermediate and fixed supports, can create flexural stress that can match the dead and
live load stresses [Raina, 1991].

1.1 Concern About Temperature Effects

The US Federal Highway Administration warned that one out of every four bridge decks
in the United States, many of which are less than 20 years old, is badly deteriorated for
which estimated rehabilitation or replacement cost is as high as $25 billion (Puhlic Road,
1983). According to a report published by the Department of Transport, approximately
$880 million needs to be spent on repairing Britain's concrete bridges (The Structural
Engineers 1989). In a 1986 conference held in Ottawa, Ontario, Canada, on bridge
structures, it was noted that about 130 (or 1%) of Ontario's bridges required
rehabilitation, carrying a potential price tag of hundreds of millions of dollars.

The major bridge deck deterioration problem can be attributed to corrosion of reinforced
steel as a result of chloride attack from deicing salts. For the concrete bridge deck slab
with low tensile strength, the temperature-induced stresses need not be very large to
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initiate tensile failure of the concrete, and minute cracks due to tension may subsequently
grow into large cracks that allow the reinforcing steel to be exposed to possible corrosion.
The effect of corrosion of reinforced concrete on new and existing structures can be
aggravated as a result of these thermal cracks along with the existing service load cracks
[Fu et aI., 1990].

1.2 Types of Temperature Effects

A review of the present state of knowledge about the thermal stresses clearly indicates
that thermal stresses are caused mainly by the following three effects [Raina, 1991]:

• The effect of heave due to rise or fall in body-mean-temperature termed as 'heaving
stress'

• The effect of self-strain due to non-linear variation of temperature in fibres resulting
in so-called 'eigenstress' or 'self-equilibrating stress' and

• The effect of curvature due to unequal extreme fibre temperatures resulting In
'continuity stress'.

In a simply supported deck 'self-strain' is the only cause of temperature stress. On the
other hand in a continuous beam deck (free to heave longitudinally) 'curvature' and 'self-
strain' both produce stresses and all three causes are effective in a frame deck. The three
types of temperature effects are discussed briefly in this section.

1.2.1 The Effect of Heave

Change (rise or fall) in the 'mean' temperature of the body of the deck causes this
thermal stress (Type I). It is assumed that the temperature of the entire body of deck has
one 'mean' value at any instant of time, thereby wanting the structure to 'heave'. If the
structure is free to permit this 'heave', i.e., is free to expand or contract (e.g., simply
supported beam or a continuous beam), this causes no thermal stresses. However, if the
structure is unable to permit such heave (e.g., arch, frame, fixed beam), i.e .. offers
constraint to its tendency to heave, moments, etc. are then caused, which create stresses
(thermal stress Type 1). These moments can be evaluated by the usual methods of
theory of elasticity.

2
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1.2.2 The Effect of Self-Strain

The Eigenstress is caused by the 'non-linear' distribution of temperature across the deck-
depth. If the top surface of the concrete deck is hotter than its soffit surface (temperature
T I and T2 in Figure I. I), the ordinate T of the thermal gradient at any intermediate depth
follows a non-linear variation as shown in Figure I.J.

------..•

at

= a x (b)

(c)
Differential Thermal
Strain Gradient
(If Fibres were
Unrestrained From
Each Other)

y

(b)
Non-Linear
Differential
Thermal
Gradient

----- .•.~

+

y

(a)
Uniform
Thermal
Gradient

(a) + (b)
Total
Thermal
Gradient

a

Non-Linear
Profile of
Temperature
Gradient

Pavement

Deck-depth

---------.~To

T

T,
b

To = Surface Temperature
of Pavement

T 1 = Surface temperature
of Deck

T, = Temperature at Soffit
of deck

T = Temperature of Deck
at an Intermediate
Fibre Level

y

(c)
Differential
Thermal Strain
Gradient

,'..

(d)
Final Linear
Thermal Strain
Gradient

(d)-(c)
Difference of Linear &
Unrestrained Thennal strain
Gradients (Eigenstrain)

Figure /-}: Total thermal gradient Figure J -2: Build up of the thermal Kradient

Figure 1-2 indicates the build-up of the total thermal gradient. Its uniform part (a), at the
instant of consideration, is akin to the 'body-mean-temperature', the variable part (b),
better called the 'differential thermal gradient', would heat each fibre to a different
degree, the variation being non-linear. If the fibres were free of each other (i.e.,

unrestrained) then they would experience the corresponding non-linear thermal strains eet

3
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(ocbeing the coefficient of thermal expansion). But since their deformations must follow
a linear law (plane sections must remain plane), they will not accept these non-linearly
related strains, and the difference between the final 'linear' strain gradient (d) and the

'unrestrained' strain gradient (c) (i.e., EO - y8 -oct) will represent the uneven 'internal
disturbance' or 'self-strain'. Its strain effect is called the cigenstrain and its strcss cffect is
called the eigenstress (thermal stress Type 2), both of which would be zero if only the
thermal gradient were linear (which it is not). This Eigenstress (and the Eigenstrain), as
can be seen, is purely an internal entity, not associated with any support reactions. These
stresses in the cross section of statically determinate bridges must be self-equilibrating,
because the temperature produces no change on the stress resultants (internal forces). So,
an alternative terminology of 'eigenstress' in the case of statically determinate structures
may be the 'self-equilibrating stress,' which are distinct from the continuity stresses that
occur in addition to the self-equilibrating stresses only in the statically indeterminate
bridges.

The distribution of Eigenstress, not being linear, when added to the thermal 'continuity'
stress, may show significant stresses not only at extreme fibres but also at intermediate
fibres (for example, mid height portion of webs) which are heavily loaded under shear.
This can produce longitudinal cracks in webs.

1.2.3 The Effect of Curvature

Intermediate support restraint on the free hogging (or sagging) tendency of the structure
caused by unequal extreme fibre temperatures results in 'continuity stresses'. In a beam-
type deck, the difference of temperature between the extreme surfaces causes hogging (or
sagging) of the beam.

If the beam is simply supported, it merely hogs (or sags) as its supports do not prevent
rotation. This free deformation is not a 'moment-induced' deformation, but merely a
'strain-induced' deformation, and hence no moment is caused.

However, if the beam is continuous, its aforementioned tendency to freely hog (or freely
sag) will be 'constrained' at the intermediate supports. This 'continuity' sets up moments
that cause additional stresses (thermal stress Type 3) called 'continuity stresses.

4
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1.3 Objectives of the Present Study

The present study intends to investigate the temperature effects in concrete bridge decks
particularly constructed in Bangladesh. Reasonably idealised temperature distributions
are to be formulated so that temperature effects can be evaluated without sophisticated
method of analysis. To achieve this goal this study intends:

I. to develop a mathematical model that is comprehensive enough regarding factors
affecting temperature distribution which shuld give special attention to dealing with
seasonal and diurnal variation of boundary conditions;

2. to perform statistical analysis of extremes of major meteorological factors such as
seasonal and diurnal temperature and wind speed to obtain design values and ranges;

3. to develop a computer application based on the model, that will perform two
dimensional transient heat transfer analysis to produce temperature distribution and to
calculate stresses in a bridge deck cross section;

4. to analyse sufficient numbers of cross section to find out the critical values of major
parameters that would cause extreme thermal responses;

5. to propose temperature distribution in deck cross sections of various shapes and
depths and to present simple technique to calculate the temperature effects.

1.4 Scope of Work

Present study is mainly an analytical work. Experimental model tests or field
measurements of temperatures and stresses are extremely important. But in absence of
any previous investigation in the context of Bangladesh, compilation of the state of the art
and analytical understanding of the subject have been given priority.

This study focuses attention on the eigenstresses in longitudinal direction only.
Temperature induced transverse stresses are also developed in bridge decks but those are
believed to be insignificant. However, contributions of transverse curvature to
longitudinal stresses are considered in this study.

Temperature effects in composite steel-concrete sections or in skew bridges are out of the
scope of this study.

Methodoloh'Y of this study can be briefly described as:

1. Development of a finite element based mathematical model of heat transfer and
verification of the model with analyses or experiments of previous investigators.

5
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2. Use of the verified model to identify and estimate critical values of major influential
parameters.

3. Application of critical values of influential parameters in analysis of deck cross
sections of varying geometric configuration to find design temperature distribution.

4. Calculation of longitudinal stresses in bridge decks constructed in Bangladesh to
demonstrate the magnitude of stresses due to the proposed design temperature
distribution.

Heat transfer problems associated with bridges are usually solved by finite difference
method. The finite element formulation of heat transfer is not much different from finite
difference formulation except the generality in dealing with various element shape
functions in the former case while the later method relies on regular nodal grid.
Moreover, the finite element method is the defacto standard of modem computer
applications.

6



2. Review of Literature

Temperature-related bridge problems have been the subject ofrather extensive studies in
the past two decades (Priestly, 1972, 1976, 1978; Emerson, 1973, 1977, 1982; Hunt and
Cook, 1975; Hambly, 1978; Thurston, 1978; Churchward and Yehuda, 1981; Elbadry and
Ghali, 1983, 1986; Hirst, 1984; Prakash Rao, 1986; Duen Ho and Chi-Ho Liu, 1989;

Mirambell and Aguado, 1990; Moorty and Roeder, 1992). Most of the studies have been
devoted to concrete bridges, particularly concrete box-girder bridges. Investigations in
connection with concrete-steel composite bridges, to a lesser extent, have also been
conducted (Emanuel and Hulsey, 1978; Symko 1979; Dilger et aI., 1981, 1983; Fu, Ng,
and Cheung, 1990;). Thermal effects in skew-bridges, to a much I'esser extent, have also
been investigated (Rahman and Kalankamary, 1979, 1980).

Although many bridge designers recognise that the temperature variations can produce
high stresses, little guidance is given in bridge design codes on how these stresses can be
accurately calculated.

2.1 Existing Specifications for Temperature Gradient

Existing recommendations in several codes specify the differential part only of the
temperature distribution as it appears in Figure 2-1. The BT component from Figure 2-1
is not specified in existing codes; instead they specifY the AVT component. Some of the
existing specifications for the differential part DT(y) are shown in Figure 2-2.
Specifications and propositions are as follows:

I. Maher, D. R. H, Australia, 1969

2. Ministry of Works, New Zealand, 1970

3. Priestley M. J. N., New Zealand, 1976

4. Ministry of Works, New Zealand, 1974

5. British Standards Institution, BS 5400: Part 1, England, 1978

6. National Assoc. of Australian State Road Authority (NAASRA), Australia, 1976.

In addition AASHTO and ACI 343R specifications are described separately in Section 2.2
and 2.3.
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2.2 AASHTO Specification 1985

The American As~ociation of State Highway and Transportation Officials (AASHTO)
specifications provide no apparent provisions to account for thermal stresses but do
provide probable temperature ranges to account for movements. The AASHTO
specification (14 Ed., standard 1985) for predicting longitudinal thermal expansion in

bridges is given by aLllT, where a is the coefficient of thermal expansion, L is the length

of the bridge, and IIT is the range of mean bridge temperature. The temperature range
specified by AASHTO is based on two climates; moderate and cold (Table 2-1). The
temperature ranges of concrete and steel bridges for each of these climates is specified.

This method of predicting bridge temperature ranges and resulting movements does not
recognise the full complexity of the thermal behaviour of bridges.

2.3 AC1343R-88 Specification 1988

In the ACI 343R-88 (Reported by ACI-ASCE Committee 343, 1988) thermal effects are
described and temperature distribution is specified (section 5.4.4) as follows:

"Stresses or movements due to temperature changes and to temperature differential in the
member should be considered in the design. The thermal coefficient for normal weight
concrete members may be taken as 0.000006 per degree Fahrenheit (0.0000 II per degree
Celsius). The temperature range should be determined for the locality in which the
structure is to be constructed. In the absence of site specific data, the long term change in
temperature from the mean annual temperature may be taken as given in AASHTO which
is shown in (Table 2-1):

Moderate Climate
Cold Climate

Tem erature

Table 2-1: AASHTO Range of mean Bridge Temperature

Short term (24 to 48 hours) temperature changes and solar radiation produce differential
temperatures through the depth of a concrete bridge. Stresses produced by this non-
uniform temperature distribution can be significant at the service load level. Such
differential temperatures do not reduce the ultimate load capacity. A temperature
distribution appropriate for calculation of the effects of differential temperature is shown
in Figure 2-3. The temperature distribution for a given site and structure may be derived
by heat flow calculations on a section of the structure for prescribed values of air
temperature, solar radiation and thermal properties.

9
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In Figure 2-3

cr = Depth of girder

h = Asphalt wearing surface thickness

Yo = Depth of temperature variation of webs - 48 inches (1200mm)

Ys = Height of temperature variation in soffit slab - 8 inches (200mm)

Yd = Mean thickness of deck between webs

T = Maximum temperatures at upper surface of concrete

T = 58 - 9h of (32 - 0.2h 0c)

T. = Minimum temperature of top slab over closed interior cells

T. = 58 - 9h - 2.25 Yd of (32 - 0.2h - 0.05 Yd 0c)

Y = The distance above the depth of temperature variation

ty = Temperature at distance y

ty = T(y/Y 0)5

II> -J lJ--T--j

11 ~.T 1.J
Lif'lE"or

V 'lfot'io1:io('o

l
]t"'ir"'iOt'" [>1"f'"io,d

~

lif"lE"or"

.LVot'i o1i or" Lit"4-01'"

\tot'io1i0('0

v.Ij 1-)' r v.~ 1-3" r
(j.e Cl6 0 (J.B D

WEBS ~ E~TERIDR SLABS INTERIOR CELLS

Figure 2-3: ACI 343R-88 Temperature Distribution for Design

Stresses developed due to resistant of thermal expansion may be conceptually divided
into three parts:

I. Section Restraint Stresses: Stresses ansmg from assumption that plane sections
remain plane.

2. Flexural Restraint Stresses: Stresses arising from the support restraints of the member
end rotation (i.e. continuous spans or fixed ends).

3. Axial Restraint Stresses: Stresses arising from support restraint of the overall
longitudinal expansion and contraction."

10



Review of Literature

It should be noted that the 5th degree parabolic temperature distribution for design
(Figure 2-3) specified in ACI-343R-88 has been adopted from that suggested by Priestly
in 1978.

2.4 Priestley 1972

Priestley has published [Priestly, 1972) experimental temperature measurements taken on
the single-layer concrete bridge model shown in Figure 2-4. The model was heated in an
enclosed room by switching on and otT batteries of high-intensity electric light bulbs that
were mounted about 205ft (0.76m) above the bridge deck. The model was cooled by
switching otT the lights and circulating air throughout the room with fans. The entire
process was repeated through four cycles to model the passing of 4 days and nights in the
corresponding prototype. Inspection of these measurements shows that average
temperatures throughout the bridge increased from cycle to cycle as a result of failure to
remove as much heat as the model absorbed during each complete cycle. However,
temperature rises above the initial temperature for each cycle appear to have changed
relatively little throughout the entire four cycles of each experiment. Experiments were
conducted upon models with a bare concrete deck, a bituminous black-top deck, and a
white-painted deck. Following values were used for the experimental constants:

k/pc = 2.71 X 10-2 sq. ft/hr (7 x IO-J sq. cm/sec)

hIk = 0.647 /ft ( 2.12 x 1O-2/cm)

It was not necessary to specifY k, p, c, and h separately for the single-layer model since
only the ratios, k/pc and hIk, appear in the governing equations.

0. \w i- fCon'
o • " I? le<c ••.•'
__ i

-~-

'. \

~B'

'~~~ ••. <., 00'" i
:Il.'

Figure 2-4: Bridge Cross Section Used/or Experiments by Priestley

Priestley's experimental temperature distribution can be a good check for theoretically
calculated values of temperatures in a bridge deck. Figure 2-5, Figure 2-6, and Figure 2-7
show the experimental temperature distributions along line AA, BB, and CC in Figure 2-4
for the first complete temperature cycle upon a bare-top concrete deck.
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Figure 2-7: Experimental Temperature Rises along Line ee' (priestley)

2.5 Hunt and Cooke 1975

This paper shows a method for calculating temperature and stress distributions in bridges
which, in the writers' opinion, gives reasonable accuracy for a reasonable expenditure of
time and effort [Hunt and Cooke, 1975]. The following conclusions were drawn /Tom the
results contained in the paper:

I. Unsteady temperature distributions in bridges can be calculated accurately enough for
most design purposes by ignoring horizontal temperature gradients. This makes a
significant reduction in time and effort required to calculate temperature distributions.

13
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2. More work needs to be done to determine typical values of heat conduction
coefficients for bridges under field conditions.

2.6 Emanuel and Hulsey 1976

Emanuel and Hulsey showed how ambient temperature extremes can influence the
distribution of temperature through an interior deck-stringes section of a composite girder
bridge located in mid-Missouri [Emanuel and Hulsey, 1978].

The extremes considered in the analysis are: (I) Maximum ambient air temperatures and
their corresponding solar flux; and (2) Minimum ambient temperatures and their
corresponding solar flux. Weather conditions are observed and reported by the National
Weather Service at a station in Columbia, Mo. Based on 20 year of weather data recorded
from 1946-1965, the investigators obtained, by means of a computerised reduction of the
data, simple models that closely approximate the diurnal variation for the two extremes.
The maximum air temperature is found to be

Tam.x= 15 sin 21t(h-9)/24 + 17 sin 21t(d-11O+hl24)/365 + 74

in which h = the hour of the day.

d = the day of the year, and

Tam.x= The maximum ambient air temperature, of

(2.1 )

The maximum ambient air temperature, from Eq. 2.1, is found to be 106 of (41°C) on
July 20 at 3.00 p.m. with a recurrence period of 11 year.

The solar heat flux (sum of direct and diffuse) incident upon the surface of the horizontal
bridge deck corresponding to the maximum air temperature is obtained as

10 (h" > h > h,,) = 0

In (h", ::;h ::;h,,) = 2Qam.xSin213/dh

(2.2a)

(2.2b)

in which Eq. 2.2a represents the solar heat incident on a horizontal surface during the
night-time hours when the sun is behind the horizon and Eq. 2.2b gives the solar flux
incident upon a horizontal surface during the daytime hours. The term h" = 12 -~2 is the
hour at sunrise; h" = 12 + dIl2 is the hour at sunset; and 13= 1t(h-h",)/dh. The term dh is the
length of sunlight hours for the day in question and is calculated as

dh = 2.66 sin 21t(d - 82)/365 + 12.2 (2.2c)

The total solar energy incident on a horizontal surface during the maximum air
temperature day, Qam.xis

Qam.x= 945 sin 21t(d-82)/365 + 1,636

14

(2.2d)



Review of Literature

similar to the maximum air temperature, the minimum ambient air temperature TlImin,in
OFis given by the simple model

Tlimin= II sin 21t(h-9)/24 + 30 sin 21t(d-II 0+h/24 )/365 + 31 (2.3)

The minimum temperature, from Eq. 2.1, is found to be -10 OF(-23°C) on January 18 at
3:00 a.m. and is expected to recur every 4.5 year. The solar heat flux received during the
daylight hours is

In (hsr:5 h :5h,,) = 2QlIminSin213/dh (2.4a)

in which QlImin= the total solar energy received during the minimum temperature day and
IS

QlImin= 819 sin 21t(d-82)/365 + 1,688 (2.4b)

The average relative humidity for the Columbia, Mo., area is calculated to be 68%, the
average wind speed for the days giving the maximum air temperature is found to be 8.9
mph (4.0 m/s), and that for the days giving minimum air temperatures is 9.6 mph (4.7
mls).

The numerical solution of the differential equation for the initial and boundary
conditions, is obtained by a finite element analysis. A time step of 6 minutes is used in
the analysis. The solution is initiated I day prior to the minimum and maximum
temperature day with an initial condition of 91°F (33°C) for the maximum air
temperature day and 5 OF(-15°C) for the minimum air temperature day.

In absence of adequate film coefficient data values of 1.0 Btu/hr ft2 OF(5.7 W/m2 0c) and

5.0 Btu/hr ft2 OF(28.4 W/m2 0c) is used to bound the heat transfer film coefficient 11.:, and

to illustrate the influence of this parameter. The value for II.: of 1.0 Btu/hr ft2 OF (5.7

W/m2 0c) represents a no wind condition. The value of 5.0 Btu/hr ft2 OF(28.4 W/m2 0c)
is calculated from .

II.: = 1.0 + 0.22w; w < 16 fps (2.5)

where II.: in Btu/hr ft2 OFfor wind speeds (w) that are higher than those observed for the
exposure studied.

The result of the study show that:

I. a steady state thermal condition never exist within a bridge structure.

2. the convection constant, that is, the cooling produced by the wind, substantially
affects the temperature distribution. A study to evaluate the film coefficients in
various points around a bridge structure as a function of wind speed and direction is
needed.

15



Review of Literature

3. parametric studies of various bridge configurations are needed in order to generalise
thermal response.

4. temperature differential within the deck may reach 39°F (22°C) in a hot day and 31°F
(l70C) on a cold day (for mid-Missouri).

The result of the studies would provide a more rational approach to the complex problem
of thermal behaviour and corresponding stresses in bridge structures.

2.7 Rahman and Kalankamary 1979

In a study by Fazlur Rahman and Kalankamary in 1979 applicability of finite element
program was investigated by comparing the computed results with those obtained from an
experimental model. The paper [Rahman and Kalankamary, 1980] briefly describes the
development of the finite element program and deals with the experimental investigation
of thermal stresses and displacements in a two-span continuous skew bridge model with
an intermediate stiffening beam.

The analysis provides information on normal and shearing stresses, in-plane and out-of-
plane displacements, transverse and longitudinal slopes, and twisting resulting from non-
linear thermal gradient in a bridge superstructure.

The use of layer elements also makes it possible to take into account the variation in
material properties across the thickness. The stresses are generally low (compared to
permissible values) due to thermal gradients alone. However, it is concluded as, if dead
and live loads also prevail, the combined effect may be sufficient to warrant
consideration of thermal effects in the design.

2.8 Churchward and Yehuda 1981

This paper [Churchward and Yehuda, 198 I] includes the description of the experimental
program aimed at collecting data on temperature distributions in a poststressed concrete
bridge section, and the processing of the recorded temperatures to yield information for
the possible analytical prediction of the temperature distribution in similar sections, with
minimum necessity for repetition of measurements. This paper is based on research
performed by the Main Roads department, Queensland, and the University of
Queensland.

A section of bridge had been instrumented with copper constantan thermocouples and
measurements were made continuously throughout a three-year period. Figure 2-8 and
Figure 2-9 show a typical cross section of the bridge and the particular section
investigated, together with positioning of the thermocouples. Figure 2- IO shows the

16
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recorded temperature profiles at different times. The temperature distribution in all webs
is almost identical, while there is a small variation across the flange.

stressirY,;j ducts not shown
200 IX) bituminous concrete1BS

internal fillets I
200x2OO

~
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Figure 2-8: Detail of Investigated Section (Church ward and Yehuda)
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Figure 2~9:Position a/Thermocouples (Churchward and Yehuda)

It was found that the total temperature profile may be reasonably well predicted from the
sum of two design variables: one having a constant value, BT (base temperature) over
whole section i.e. temperature at lower part of section and the second, DTMAX,
representing the differential temperature magnitude at top of section. Expressions have
been formulated which correlate these design variables with the environmental
parameters of maximum and minimum ambient temperatures and insolation as it was

17
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found that extreme ambient temperatures and insolation are the most influential
parameters.
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Figure 2-10: Temperawre Profiles at Various Times of Day (Churchward and rehlldaj

In addition, analytical expressions have been suggested for the differential temperature
profile all of them being a function of DTMAX. All derived expressions were then
correlated for the magnitude of temperatures, and for induced curvatures. It was found
that good correlation in temperature does not necessarily happen in curvatures.

It is to be noted that the derived expressions, whether successful or not, were derived for
a particular bridge section under particular environmental conditions.

2.9 Elbadry and Ghali 1983

In this paper [Elbadry and Ghali, 1983] a method of analysis based on two-dimensional
finite elements is described to determine the time dependent temperature variation within
the cross section of a concrete bridge of arbitrary geometry and orientation for a given
geographic location and environmental condition. A series of transient finite element
analyses are performed to study the influences of various parameters including bridge
axis orientation, ambient temperature extremes, wind speed, surface cover and section
shape on the thermal responses of concrete bridges of various cross section types.

The bridge with cross section shown in Figure 2-11c is assumed to be located at latitude
51.03°N and altitude 3,445 ft (\,050 m) above sea level (conditions at Calgary, Canada).
A time increment of 1.0 hr is used in the analysis. Initial temperatures are assumed
uniform at a value equal to the minimum air temperature (at 0300 hours). A 72-hr
analysis period is adopted, with the same climatological cycle repeated for three days.
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Thus, the results of the third day are considered representative of the actual conditions on
the day considered. Following observations are made in this study:

I. The effect of bridge orientation on thermal curvature is not very pronounced during
Spring or Summer, while in Winter, a change of 44% can occur in the maximum
curvature when the bridge orientation is changed from 90° to 0° (angle made by the
bridge axis with the local meridian, East positive).

2. Thermal curvatures and stresses are in general greater in Summer than they are in
Spring or Winter.

3. Increasing the daily range of the ambient air temperature Increases both thermal
curvatures and eigenstresses.

4. Higher wind speeds tend to bring the temperature of the bridge surfaces closer to that
of the ambient air. Higher wind speeds result in smaller curvatures and consequently
reduced continuity stresses. 71le wind speed has smaller efJec! on !he eigens!resses.

5. Asphalt has higher absorptivity and emissivity coefficients compared to grey concrete
surface. The presence of2 in. (50 mm) asphalt overlay on the concrete deck results in
an increase in the top surface temperature and the thermal curvature and eigenstresses
induced in the cross section (on the contrary, snow reduces each of these variables). A
surface cover of dense concrete is therefore more favourable with respect to surface
temperature and stresses compared to asphalt cover.

6. The temperature fields that induce the largest curvature and eigenstresses In a
concrete box-girder cross section of a given geometry may develop under the
following (a) During summer when the solar energy received on the deck surface is a
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maximum and the webs are protected by the shade of the overhangs. (b) When the
daily range of ambient air temperature is large. (c) When the wind speed IS a
minimum and (d) When the deck is covered with an asphalt wearing surface.

7. Bridges with larger depth have larger eigenstresses. 71zetemperature distribution and
the corresponding eigenstresses and curvatures are not much different in the three
types of bridge sections considered, namely solid or cellular slabs and box-girder.
This conclusions may be helpful in the development of code provisions or simplified
rules for bridge design.

2.10 Dilger et al. 1981, 1983

lt has been demonstrated that in a steel box-girder bridge temperatures can be of such
magnitude and distribution that they should be considered in the design of such a bridge.
In composite steel-concrete box girders very high temperature differences develop as a
result of the different thermal properties of the two materials.

A detail parametric study was conducted for analysis of temperature effects. The
temperature distribution measured on the Muskwa River bridge on the Alaska Highway,
British Columbia, Canada (58.48°N lat. and 122.44°W long.) was compared with the
theoretical result [Dilger et aI., 1983).

The temperature difference is the highest under the following condition:

I. Extreme diurnal variation of the ambient temperature.

2. Dark surface of the steel box.

3. Snow or ice cover on top of the bridge.

4. High solar radiation intensity in areas of no air pollution and elevations high above
sea level.

5. Winter and spring conditions.

6. No wind.

7. Small or no overhanging cantilever.

8. Large steel box.

Under the worst combination of these factors, temperature difference of up to 158°F

(70°C) may develop. The difference in temperature between steel and concrete can be
reduced drastically by the following means: (a) Painting the steel box in a bright colour;
(b) providing a long cantilevering deck; and (c) sloping the webs of the box. in addition,
providing air vents may reduce the temperature difference of air inside and outside the
box.
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The stresses caused by thennal effects are highest in continuous structures and reach, for
the cases investigated, values of up to 14.5 ksi (100 MPa) in compression and 6.1 ksi (42
MPa) in tension. The tensile stresses developed in the concrete are as high as 0.42 ksi (2.9
MPa).

2.11 Hirst 1984

In this paper [Hirst, 1984] a theoretical model is presented which allows the structural
engineer to predict the thennal loading parameters for a concrete roof heated by solar
radiation from a knowledge of material properties and standard meteorological data.

The paper pointed out that being dependent on climate thennal loading is extremely
variable. Histograms showing the frequency of occurrence of daily maximum effective
temperature and thennal moment have been presented for three Australian climate
regimes. The frequency distributions are not nonnal and the fonn of the distribution
varies with climate. A nonnal or Gaussian distribution cannot be assumed. This has
important implications when computing characteristic values for use in limit state design
codes, that is knowledge of extreme values is insufficient and the prohahility of
occurrence of a load is required to compute appropriate characteristics values.

The accuracy of the theoretical model was checked against the experimentally collected
data. The temperature profile in an isolated experimental slab was being monitored (at
Adelaide University) every hour by a computer data logging system so that a continuous
record of temperatures were available. Thus 24 hourly readings were available for 315
days. Comparison with measured values shows the theoretical model to predict
temperatures accurately on clear sky days. Statistical analysis over 315 days of varying
weather shows the coefficient of variability between measured and predicted values to be
7.6% for effective temperature and 28.3% for thennal moment.

2.12 Prakash Rao 1986

A series solution for the equation of heat flow through a multilayered medium is adopted
in this paper [Rao, 1986]. It is shown that the Finite Difference Method (FDM) yields
different solutions for different initial values if iterated once or twice, but the solution
coincides with the series solution proposed if iterated a sufficient number of times,
depending upon the path length for heat flow.

The significance of ambient temperature variation and its influence on the temperature
distribution is also .discussed. The temperature distributions and the stresses induced in a

typical box girder for the data of Christchurch (Newzeland, latitude 43.7°S, longitude
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172.6°E), Melbourn (Australia, lat. 37.5°S, long. 144.6°E), and New Delhi (India, lat.
28.6°N, long. 77.2°E) have been compared.

The influences of some of the parameters such as blacktop thickness, ventilation of the
air-cell of a box girder, and the ambient temperatures are studied. The example box
girder with vertical webs used by Thurston (Figure 2-12) was chosen for illustration. The
material properties used by Thurston was adopted (Table 2-2).

5200 '0

Ll I 21
I0' -- I' 0

01 0In - 500 l- i 0- 0 ,-1 -..,
! 0'I I2500 cD~

FiKure 2-12: ('ross ,\"ec/ion of/he Pre,\'Ires,\'edConcrete Girder used by Thllrs/on (Prakash Rao)

Material Material

Property Concrete Bitumen Air

Conductivity k, J/m/s1°K 1.384 0.744 0.0225

(Btu/ftlhr/oR) (0.80) (0.43) (0.013)

Specific heat c, Jlkg/°K 922.0 838.0 922.0

(Btu/lb/oR) (0.220) (0.200) (0.220)

Density p, kg/m) 2480.0 2240.0 1.3

(Ib/ft) ( 154.8) ( 139.8) (008)

Modulus of elasticity,GN/m2 35.0 0.1 0.0
(psi) (5.08 x 10(') )

(0.0)(14.50xlO)

Coeff. of thermal expansion, 10.8 x 10.(' 20.0 X 10.(' 0.0
m/m/oK (in/in/OR)

(6.0) (1I.lI) (0.0)

Table 2-2: Material Properties Assumed by ThurslOn (Prakash Roo)

The actual wind speed is used (in calculation of heat transfer coefficient) without any
I reduction factors. It is also found that the stresses do not differ significantly when the

average wind .\peed of the day was used instead of hourly varying wind speeds.
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The meteorological data of Melbourne were analysed to obtain critical temperature
distributions for various cases of beams and slabs likely to be encountered in practice.
The temperature and stresses were computed at hourly intervals and the critical
distributions so obtained were simplified such that the proposed design distributions
induce about the same maximum stresses in the case of slab and web elements, and about
the same curvatures in the case of flange elements, while maintaining the same average
temperatures as the actual computed distributions. To check that the proposed
temperature distributions induce soffit tensile stresses that are within 10 percent of the
actual values, several two-span and multispan continuous slab, T-beam, and box-girder
bridges were analysed.

Temperature distribution proposed by the author for Melbourn (37.5°S lat.) is as follows:

Slabs and Webs

The actual distributions of temperature and the proposed simplified distributions for slabs
and webs are indicated in Figure 2-13. The temperatures at 1500 hours are critical for
slabs and beams of depths smaller than about 0.5m (J.64ft) and those at 0400 hours for
other cases. The slabs of thickness less than 0.5m (J.64ft) have only small flexural
stresses at 0400 hours under fully restrained conditions; for such slabs the average
temperatures were computed and the proposed expression gives the best fit (Figure 2-13a)
to these data. Such slabs rarely exceed 0.5m (1.64ft) thickness, but the average
temperatures given are valid for thickness up to 1.0m (3.28ft).

Figure 2-13b shows the temperature distribution at 0400 hours for webs of greater depth
than 1.0m (3.28ft), and the proposed bilinear distributions are also indicated. The positive
distributions at 1500 hours are shown in Figure 2-13c.

Slabs Enclosing an Air-Cell

In a box girder the air-cell enclosed by top and bottom slabs significantly affects the
temperature distribution. Two cases of air cells, ventilated and closed (unventilated),
were considered. A ventilated air-cell has the same ambient conditions inside the cell as
outside, whereas 'the air inside a closed cell acts as a heat bank and raises the
temperatures of the slabs under solar radiation conditions, as well as during the night
hours. The thickness of the air-gap (clear distance between top and bottom flanges)
affects the temperature distributions in the slabs slightly. The temperature distribution at
0400 hours for various thickness of top slab above a closed air-cell is shown in Figure 2-
14a and the temperature distribution in the bottom slab for ventilated and closed air-cell
condition is shown in Figure 2-14b and Figure 2-14c respectively.
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The computed temperature distribution and the proposed distribution for the same slabs
at 1500 hours are indicated in Figure 2-15.

The proposed design distributions were built into a computer program using Finite Strip
Method. A two span, continuous prestressed concrete box girder of the cross section
profile shown in Figure 2-12 but of2.0m depth, was analysed to compute stresses under
these temperature distributions.

The longitudinal stresses at the central support and the transverse moments in the box
girder for various conditions are plotted in Figure 2-16. For the sake of comparison, the
stresses for the fifth degree parabola proposed by Priestly were also computed and plotted
in the same figure.
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Some of the conclusions drawn from the analyses presented in this paper are at variance
with the results available in the published literature.

I. Ambient temperatures significantly influence the temperature distribution in a
concrete bridge. For places with high ambient temperatures negative gradients (cold-
top condition) may cause higher soffit tensile stresses than positive gradients (hot-top
condition).

2. Longitudinal stresses are not directly proportional to the maxImum ambient
temperature. Higher ambient temperatures do not induce significantly higher soffit
tensile stresses, and in some cases may induce lower stresses.

3. It is important to consider both positive and negative gradients, particularly for the
transverse moment, since the moments caused may be of similar magnitude but of
different sign.

4. Black-top thickness does not appear to affect the maximum soffit tensile stresses
significantly and, thus, alternative temperature distributions need not be developed for
different blacktop thickness.

5. The solution should be iterated several times (twice for a 200 mm slab thickness and
up to about 80 times for a 4.0 m deep web), depending on the path length for heat
flow, if a uniform temperature distribution is assumed as the initial condition.

2.13 Duen He and Chi-He Liu 1989

Ho and Liu pointed out that in the temperature distribution problem the difficulties lie not
in the solution techniques, but rather, in the uncertainties involved in the assumptions of
the input parameters and of the initial and boundary conditions. Most important of all
both daily maximum air temperature and daily global solar radiation vary in a random
manner. Thermal loadings which depend upon such variables are therefore random
functions. Hence, in their opinion, rational conclusions with regard to the extreme values
of these functions can only be obtained based on statistical analyses.

In their paper, particular emphasis is placed on the statistical approach. A mathematical
model is first established. This model was then calibrated by comparing the statistics of
the calculated and measured thermal loadings and not, as is often the case, by comparing
the calculated and measured temperature profiles of anyone particular day (or days). An
explanation of Evan's method is given, based on the idea of Gaussian quardature. This
method is regarded as an essential in the statistical study of the extreme values of the
thermal loadings.

From 1982 to 1984, site measurements have been carried out on a prestressed-concrete
bridge in Hong Kong (Ho et at. 1984). A total of 72 thermal sensors have been installed in
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the multicellular and the solid portion of the prestressed concrete bridge deck of depth
1.4 m. Temperature readings were taken at hourly intervals and the data were stored on
cassette tapes. The measuring system was designed for a temperature range of O°C - 75°C

and a system accuracy of :to.5°C. Field data obtained from the bridge were used in the
calibration of mathematical model.

The calibration was carried out by comparing the statistics, namely, the mean and the
standard deviations of the measured and calculated thermal loadings of the solid portion
of the deck. To search for the set of input parameters k, Cy, and hi, which would give best
fit to the observed data. The difference between the measured and calculated statistics of
a given set of thermal loadings was minimised with respect to the input parameters.

2.14 Mirambell and Aguado 1990

In this paper [Mirambell and Aguado, 1990] the influence of different geometric
parameters on the thermal response and stress distributions in concrete box girder bridges
is analysed. The numerical implementation of the most important environmental
conditions that influence the thermal response of concrete box girder bridges is also
presented.

The temperature result derived from the presented method were compared with
experimental results obtained by Hoffman et al. (1980). It is observed that the profile of
the analytical and experimental temperature distributions and their evolution during the
analysed day are very similar, the differences being smaller than 13%.

The analysed parameters in this study are:

I. Upper slab thickness-web thickness ratio.

2. Overhanging length-web depth ratio.

3. Variation of the superstructure depth along the longitudinal axis of the bridge, and

4. Presence ofhaunched top and bottom slabs.

From the result presented in this paper, the following conclusions are obtained:

I. To obtain temperature distributions in concrete box girder bridges, we must consider
both the bidimensional temperature field and the bidirectional heat flow, as well as
temperature evolution inside the cells.

2. Among the geometrical parameters, the superstructure depth and the ratio between
the deck's upper and bottom slab width are those with the greatest influence on the
thermal response and stress distributions of concrete box girder bridges.
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3. It is interesting to point out the importance of the transverse thermal action caused by
the difference of temperature between outside the cells and within the cells. It is
convenient to design haunched top and bottom slabs with a gradual transition to avoid
connecting thick elements with elements of small thickness. Similarly, in some cases
and depending on the bridge azimuth, the transverse temperature difference is
significant and should be considered in design. The larger the "web depth-
overhanging length" ratio is, the greater is the value of this temperature difference.

4. In concrete box girder bridges with variable bending stiffness along the longitudinal
axis of the bridge, the cross section subjected to the greatest vertical temperature
difference and to the greatest temperature difference between the external air and the
air enclosed in the cells is the midspan section, while the cross sections of the
intermediate supports are subjected to the b'featest transverse temperature differences.

5. The thermal response of unicellular and multicellular concrete box girder bridges is
very similar, and the qualitative influence of all the analysed parameters is the same
for both cross-section types.

2.15 Fu, Ng, and Cheung 1990

This paper [Fu et aI., 1990] presented the analytical results obtained from a parametric
study on three types of concrete-steel composite bridge subjected to solar radiation. A
series of transient temperature distributions and temperature induced stresses
corresponding to a given geographic location and assumed environmental conditions
were computed. The principal parameters included in this investigation were intensity of
solar radiation, diurnal ambient air temperature, heat-transfer coefficient, and slab
overhang to slab depth ratio. The following conclusions are drawn based on the analytical
investigation reported:

I. The most influential variable on the temperature distribution and therefore on the
thermal stresses within a bridge deck appears to be the slab overhanging to depth
ratio, which controls the area of steel (in a composite bridge) exposed to direct solar
radiation.

2. The effects of heating of air inside an enclosed box should be included in predicting
the temperature distribution for box girder bridges.

3. The convection constant, that is, the cooling or heating produced by the wind,
substantially affects the temperature distribution when the bridge is being heated by
solar radiation.

4. Daily air temperature extremes have a marked influence on the thermal behaviour of
a composite bridge.
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5. Gradients of temperature profile and temperature-induced stress distribution are
correlated so that the greater the thermal gradient, the higher the thermal stresses.

6. Initial temperature does not appear to have major effects on the temperature
difference within a bridge deck when solar radiation is present.

2.16 Moorty and Roeder 1992

A theoretical method of predictioning bridge temperatures and the resulting movements
is presented in this paper [Moorty and Roeder, 1992]. The paper provides an improved
understanding of thermal movement in bridges. It shows that the AASHTO method
provides a reasonable prediction of thermal movements in many bridges, but may be
unrealistic for some others. Following conclusions are drawn in this paper:

I. A one-dimensional analysis is adequate for obtaining temperature distributions In
composite bridges, but it predicts higher temperatures of 3°_5°F (1.5° to 2.7°C) in the
webs of concrete bridges. When side heating of the webs due to direct insolation
occurs, two-dimensional analysis is required.

2. The bridge temperature ranges specified by AASHTO are exceeded in certain regions
the United States for concrete bridges, while they may be too large to steel and
composite bridges for some locations.

3. The transverse movements and stresses in bridges increase with an increase in the

skew angle and the width of the bridge. Hence, sharply skewed, short span, wide
bridges are more susceptible to damage.

4. Measured bridge temperatures are similar to those obtained analytically.

2.17 Literature Review Summary

The literature survey figures out a huge wealth of information. It becomes obvious that
codes are devoid of comprehensive guidance regarding thermal effects in bridge decks.
This is partly due to fact that compilation of the researches so far carried out was not
done for an unknown reason and partly due to dependence of thermal effects on
geographical and meteorological factors. No doubt that thermal effects should be
investigated locally.

The invaluable comments, recommendations and experience of the earlier investigators
were duly considered throughout the present study. In fact those act as the winds on the
sail, the light-houses, and the sea-guls in the voyage on the uncharted ocean. The voyage

is 'uncharted' in the sense that in the past no related research was conducted in the
context of Bangladesh. Calibration of the developed model for any region of the country
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is not possible in absence of any field measurement. In such situation the present study
depends on the experimental values obtained in different geographical and climatological
conditions. For example, Priestly and Hoffman's field measurements may be considered
to verify the accuracy of the mathematical model of this study.

The following 'how to do', 'what to do' and 'what not to do' were sorted out for the
present study from this literature review:

1. This study should give emphasis on the 'eigenstress' and 'continuity stress' since
heaving effect is only trivial. Although it has been pointed out that eigenstress in the
transverse direction may also be significant, this study has set priority to the
longitudinal eigenstress only. However, the method presented in this study is equally
applicable for the transverse stresses.

2. A two dimensional transient state finite element analysis is to be performed. The
'two dimensional analysis' might seem unnecessary as was indicated by some
researchers. But this study should include heat transfer from the transverse directions
and should not consider the symmetry of cross sections to model the unsymmetric
boundary conditions that are quite natural. Particularly, in the case of box girder
bridges two dimensional heat flow analysis is important.

3. While the air temperature and solar radiation are the most influential factors affecting
thermal responses, the other factors also need to be considered. In this study attempt
shall be made to model as many factors as possible whether that have any known
impact upon the thermal stresses or not. However, factors such as snow covers, etc.,
that may be impractical in the context of Bangladesh are to be excluded.

4. The initial and boundary conditions are very difficult to predict. Uncertainties
involved in the assumption of initial and boundary conditions should have to be
minimised. Fortunately, the indication that the initial condition may have little
consequences on the eigenstress (it may make some differences in the magnitude of
effective temperature cycle to cycle but the differential temperature may be
unaffected) may allow larger time steps. A 3 to 4 days transient analysis of time steps
ranging from 30 minutes to 60 minutes might be appropriate for the study. However,
convergence criteria that depend on other factors such as mesh size, material
properties, etc., also need to be considered.

5. The complex boundary conditions that prevail in reality are quite difficult to model.
This study should make attempts to carefully consider the effects of solar radiation at
day, nocturnal radiation at night, convection and their diurnal and seasonal variation
and variation due to environmental changes (atmospheric turbidity, shading, etc.)
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6. This study should develop a comprehensive enough mathematical model since no
professional finite element software known till today (including STAAD, ANSYS,
FEAP, and SAP) shall allow such complex geographical, meteorological, and
environmental variation in parameters specifically for heat transfer analysis. Other
alternative may be to collect such programs from the previous researchers. But
collection seems not to be any easier than creation. So present study should rather
develop an application of its own.
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3. Finite Element Formulation of Heat Transfer

3.1 Basic Equation of Heat Transfer

Whenever a temperature gradient exists within a system, or when two systems at different
temperatures are brought into contact, energy is transferred. The process by which the
energy transport takes place is known as heat transfer. The literature of heat transfer
generally recognises three distinct modes of heat transmission: conduction, convectioll,
and radiation.

The basic equations of heat transfer are essentially the rate equations and the
conservation of energy equation. The rate equations describe the rate of enerl,'Y flow
within a body as in conduction or between bodies as in convection or radiation. The
conservation of energy equation describes the energy balance.

3.1.1 Heat Transfer By Conduction

Conduction is the mode ofheat transfer within a body without any net motion of the mass
of the material. Fourier's law of heat conduction gives

(3-1 a)

where Ok = rate of heat flow by conduction, W (Btulhr)

k = thermal conductivity of the material, W/m °C (Btulhr ft OF). Thermal

conductivity indicates the quantity of heat that will flow across a unit area
if the temperature gradient is unity.

A = area normal to the direction of heat flow, m2 (ft2)

T = temperature, °C (OF)

11 = length parameter, may be x, y or z, m (ft)

= Temperature gradient i.e. the rate of change of temperature T with respect

to distance in the direction 11 of heat flow, °C/m (OFIft).

The rate of heat transfer per unit area within the body is termed as heat flux and IS

denoted by q. Thus heat flux by conduction can be expressed as



(3-1 b)

Finite Element Formulation of Heat Transfer

aT
qk = -k Or]

qk is expressed as WI m2 (Btu/hr ft2)

for a two dimensional isotrophic (material properties in both direction is equal, I.e.,
k,=ky=k) heat flow analysis for x, and y direction

where I,m = direction cosines of outward normal to the boundary

3.1.2 Heat Transfer By Convection

Convection is the mode of heat transfer between a solid and a fluid surrounding it. The
rate of heat transfer by convection is given by Newton's law of cooling as

(3-2a)

where Qe = rate of heat transfer by convection, W (Btu/hr)

he = surface heat transfer coefficient or convective heat transfer coefficient,
W/m2 K (Btu/hr ft2 F).

A = surface area of the body from which heat transfers, m" (ft")
T = surface temperature, °C (OF)

Too= temperature of the surrounding medium, °C (OF)

Heat flux by convection is

(3-2b)

Thus the heat lost to (or gained from, if the value is -ve) the surrounding air by
convection as a result of temperature differences between the bridge surface and the air
can be given as equation (3-2b) and is

(3-2c)

where he = convective heat transfer coefficient of the bridge surface, Btu/hr ft2 OF
(W/m20C)

T(x, y, t) = temperature of the surface, °C (OF)

Ta(t) = ambient air temperature at time t, °C (OF)

Two values of Ta are considered for the ambient air outside and inside a box-girder
bridge. The convective heat transfer coefficient he, is a function of many variables such as
wind speed, surface roughness, and geometric configuration of the exposed structure. In
this study he has been assumed to vary only with wind speed as discussed in Chapter 4.
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3.1.3 Heat Transfer By Radiation

Radiation heat transfer is the mode of heat transfer between two surfaces or bodies
obeying laws of electromagnetics. This is the only mode of heat transfer which takes
place in vacuum and also when two bodies are not in direct contact with each other.

When a body is placed in an enclosure whose walls are at a temperature below that of the
body, the temperature of the body will decrease even if the enclosure is evacuated. The
process by which heat is transferred from a body by virtue of its temperature, without the
aid of any intervening medium, is called therrnal radiation. The wave length range

encompassed by therrnal radiation falls approximately between 0.1 and IOO~ (1~ or
micron = 10-6 meters or 3.94 x 10-5 inches). The sun, with an effective surface

temperature of about 10,000 OF, emits most of its energy below 3~ (short-wave radiation).

The heat flux absorbed due to sun rays, i.e., short wave radiation, received by the
structure can be expressed by Stefan-Soltzman radiation law

qJx, y, t) = aJ(x, y, t) (3-3)

where a, = absorption coefficient, the fraction of I absorbed by the surface of the
structure, dimensionless

l(x, y, t) = the total solar radiation on surfaee s(x, y) at time t, WI m2 (Stulhr fe)

The rate ofheat transfer by radiation between two surfaces is given by,

Or = cr E A (T) , - T2 ') (3-4a)

where cr = Stefan-Soltzman constant, the value of which may be considered as 5.669 x
IO-KW/m2 K' (0.1714 x IO-KStulhr fi2 R')

E = emissivity of the surface, unit less

A = surface area of the body from which heat flows, m2 (fi2)

TI = absolute temperature of the body I in degrees Kelvin or Rankine, K (R)

T2 = absolute temperature of the body 2 in degrees Kelvin or Rankine, K (R)

The Eq. (3-4a) implies that body 2 is very large compared to the body I and the body I is

completely enclosed in body 2, in which case A = AI and E = EI. In case the above
restriction is not met, one has to use the radiation configuration factor (fraction of energy
leaving body 1 reaching body 2 denoted by F12)and also bring the effect of the different
emissivities of the two surfaces (E) and E2).

Thus the heat transfer between the bridge surface and the surrounding atmosphere due to
long wave radiation, i.e. therrnal irradiation, produces a non-linear boundary condition as
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shown in Eq. (3-4a). The irradiation heat flux lost to (or gained from, if the value is -ve)
the sky can be given by

(3-4b)

where (J = Stefan-Boltzmann constant, 5.677 x 10-"W/m2K4 (18.891 x 10-"Btulbr fe
°R4

)

E = emissivity coefficient relating the radiation of the bridge surface (a grey

body) to that of an ideal black body of which E is unity, (0 S; E of grey body
S; I), unit less

T,h = effective sky temperature, °C (OF). It can be assumed to be a constant and

may be considered as -45°C or -49 of during a clear cold night (nocturnal
radiation) and equal to Ta during day

T' = a constant equal to 459.67 used to convert temperature in OF to oR, or
equal to 273.15 to convert temperature in °C to oK.

Another form of the expression, as recommended by Konig and Zichner [1983) and also
used by Emanuel and Hulsey [1978) is

(3-4c)
in which E, = emissivity coefficient of atmosphere

Ta(t) = ambient air temperature at time t, , °C (OF)

Variation of EmiSSivity Coefllcient of Air with
Ambient Air Temperature
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The value of E, as suggested by Konig and Zichner is 0.82. However the emissivity
coefficient of atmosphere varies with air temperature (Figure 3-1) and can be expressed
by the following equation [Emanuel and Hulsey, 1978; Elbadry and Ghali, 1983):
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(3-4d)

in which Ta is the air temperature in 0e. The value of E, = 0.82 is in accordance with this
equation when Ta = 22°e.

The computer program developed in this study uses both the Eq. (3-4b) and Eq. (3-4c).
Eq. (3-4c) limits the lowest surface temperature to E,025Ta when the radiation will come

to a stand still. But in a clear cold night in absence of solar radiation the surface
temperature may be less than E,025Ta which can be explained by Eq. (3-4b) as sky
temperature in night may be below the ambient air temperature. This accounts for the
freezing of water during the night even when the atmospheric temperature is above 00e.
It is convenient to rewrite the Eq. (3-4b) in a quasi-linear form

-4 -4 -4 -4q,(x, y, t) = Cl'E[(T+T) - (Ta+T) ] + Cl'E[(Ta+T) - (T,ky+T ) ] or

q,(x, y, t) = h, (T-Ta) + Cl'E[(Ta+T')4 - (T,ky+T')4]

in which h,(x, y, t) is a radiative heat transfer coefficient defined as

h, = Cl'E«T +T') 2+ (Ta+T') 2)(T + Ta + 2T' )

Similarly quasi-linear form of Eq. (3-4c) is

-4 -4 -4q,(x, y, t) = Cl'E[(T+T) - (Ta+T ) ] + Cl'E(I-E,)(Ta+T) or

q,(x, y, t) = h, (T-Ta) + Cl'E(I-E.) (Ta+T')4

in which h,(x, y, t) is same as in Eq. (3-4e)

(3-4b)

(3-4e)

(3-4c)

Coefficient h, cannot be calculated unless T(x, y, t) is known. However, in a time
incremental solution, an approximate value of h, at any instant can be calculated by using
earlier values ofT. Once the radiative coefficient is calculated, it can be treated similarly
to the convective coefficient 1\,.Thus the effects of heat flow by convection and radiation
can be combined in an overall convecto-radiative heat transfer coefficient, he<as

(3-4f)
Eq. (3-4b) and Eq. (3-4c) can be combined as follows:

q,(x, y, t) = h, (T-Ta) + ~q, (3-5a)

If nocturnal radiation on the top surface (the surface that faces the sky) is to be
considered for a clear cold night

- 4 - 4~q,= Cl'E[(Ta+T) -(T,ky+T)]

Otherwise, for all time and all surfaces in contact with ambient air

~q, = Cl'E(I-E.) (Ta+ T') 4
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3.1.4 Energy Balance Equation

The equation of conservation of energy is one of the key equations in the heat transfer
analysis which states that

(3-6a)
where E;n = energy inflow into the system, qk+ q,

E~ = enerl,'Ygenerated in the system, such as heat of hydration. In this study E~ is
assumed to be zero.

Eo = energy leaving the system, qc+ q,

E;nl= change in internal enerl,'Yof the system, and is zero

So the resulting equation is

(3-6b)

Combining Eq. (3-1 c), (3-2c), (3-3), (3-4f), and (3-5) into (3-6b) the enerl,'Y balance
equation become

(3-6c)

Eq. (3-6c) expresses the internal heat transfer by conduction in terms of boundary entities
such as heat transfer by radiation, convection and irradiation.

3.2 Governing Differential Equation for Heat Transfer

The governing differential equation shall be derived for a three-dimensional stationary
system in Cartesian co-ordinates. In this study a two-dimensional isotropic system has
been considered which is a special case of the generalised three-dimensional system.

3.2.1 Heat Conduction Equation

An elemental volume of a solid body is considered as shown in Figure 3-2. The energy
balance for the elemental volume can be written as

[Heat in flow in time dt] + [Heat generated within the body in time dt] = [Heat leaving
the body in dime di] + [Change in internal energy during dt ], or

(Q,+Qy+Qzldt + G dxdydz dt = (Q,+d, + Qy+dy+ Qz+<!z)dt+ pc dxdydz dT (3-7)

where G = rate ofheat generated per unit volume, W/m3 (Btu/hr ft3)

dT = rise in temperature during dt, °C (OF)

P = density of the material, kglm3 (lb/ft3)
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c = specific heat of the material

Q, = heat flow into the face dydz located at x

= -k, A, = -k, dydz

Q,+d, = Heat flow from the face dydz located at x+dx

-Q £Q.dx- ,+ Ox

aT a aT
= -k, dy dz Ox - Ox (k, Ox ) dxdydz

FiKure 3-2 Elemental Volume

where k, is the thermal conductivity of the material in the x-direction. By writing down
similar expression in the y and z directions and substituting in the energy balance
equation yields (after dividing throughout by dx dy dz dt)

(3-8)

Eq. (3-8) is the differential equation governing heat conduction in a solid body in which
k" ky, and k, are different. If the thermal conductivities in x, y and z directions are
assumed to be same i.e. k, = ky = k, = k = constant as in isotropic material, the Eq. (3-8)
reduces to

<iT <iT <iT G _.esc aT
Ox2 + ay2 + az2 + k - k at

where (klpc) is denoted by a, thermal diffusivity whose units are m2/s.

If there are no heat sources or sinks in a body, Eq. (3-9) reduces to
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(3-10)

aTIf the body is in a steady state, the temperature is independent of time in which case at

is zero. Hence Eq. (3-9) reduces to Poisson's equation,

(3-1 I )

If the body is in a steady state without heat sources or sinks, Eq. (3-9) reduces to Laplace
equation,

(3-12)

Assuming the thermal properties to be constant over the length of a bridge girder, the heat
flow through the cross section of a bridge girder at some distance from the ends is
essentially two-dimensional. For simplicity, it is further assumed in this study that the
percentage of reinforcement in the deck is small and that concrete is homogeneous and
isotropic.

Thus the variation of temperature l' over a bridge cross section without any heat sources
within the body (such as heat of hydration) at any time t can be given by the two-
dimensional form of the isotropic heat flow Eq. (3-9).

(3-13 )

3.2.2 Boundary and Initial Condition

The differential Eq. (3-13) is second order since the highest derivative with respect to x
and y is two, and two boundary conditions, in each of the two directions, x and yare to be
specified.

At the deck-air interface energy is transferred by the solar flux absorbed by the bridge
deck, q,(t), convection qC<x,y, t) and the irradiation from the surface to the surrounding
air q,(x, y, t). Conservation ofheat flux at a boundary surface given by (3-6)

aT aT
kax 1+ kay m - u, I+h", (1' - Ta)+ t!q, = 0 for t > 0 (3-J4a)

Solar radiation, I, is considered as zero at night or within the shaded portion at day.

The differential Eq. (3-13) is first order in time 1. Hence it requires one initial condition.
The initial condition at time t = 0, the bridge temperature after the concrete has hardened
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is assumed to be at a steady-state condition and is given by the mean daily temperature,
Tamcan.for the day of the year. Thus

T(x, y, 0) = Tame•n (3-15)

If analysis is started at early morning hours (as t=O), Tammcan be used instead of Tamean. It
has been reported that at early morning deck temperature is more or less uniform and is
approximately equal to the minimum temperature of the day.

3.3 Finite Element Formulation

The cross section of the bridge is divided into a finite number of discrete elements. In
finite element method we consider that a given region is composed of a number of sub-
regions called elements connected at the nodes at which the values have to be calculated.
We also assume a variation within an element and the continuous variable is replaced by
piece-wise continuous functions defined in the element in terms of nodal values. By
formulation of the finite element method, we attempt to find a relation of the various
quantities in the element in the form

[K]{Tl = If} (3-16 )

There are two ways the formulation can be made. (i) Variational or (ii) Weighted residual
method. Weighted residual method is more versatile in nature [Krishnamoorthy, 1994J
and the same is used, in this study, for the formulation of conduction heat transfer.

3.3.1 Weighted Residual Method

To solve the differential equation

L(T) - f= 0

Where L is an operator.

(3-17)

a

We may assume T = T = I N;T;, in which N; is the assumed function and T, IS an
j=]

unknown parameter.
- -

L( T) - f;t 0 but L( T) - f= R

Where R is the residue.

JRWi dO = 0, i= 1,2, ... n
Il

(3-18)

(3-19)

The method of weighted residuals seeks to determine the n unknown Ti in such a way that
the error R over the entire solution domain 0 is small. This is accomplished by forming a
weighted average of the error and specifYing that this weighted averages vanish over the
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solution domain. Here we choose n linearly independent weighting functions, Eq. (3-19)
represents a set of equations to be solved for Ti to obtain an approximate representation
of the unknown field variables.

Depending on the choice of the weighting function, various names are given to particular
cases such as (i) Point collocation method (ii) Sub-domain collocation method (iii)
Galerkin's method (iv) Least square method, etc. The Galerkin's method, being widely
used, is used in this formulation. In this method the shape function N;, i = 1,2,3 ... n are
used as weighting functions.

W;=N,

3.3.2 Galerkin's Weighted Residual Method in 20 Space Domain

. (h&T aT
From Eq. (3-13) we have, k( ox2 + 8y2 ) = pC

at

(3-20)

Applying Galerkin criterion in two-dimensional space domain (cross-sectional area s,
length parameter p as in perimeter, unit thickness of element along the z-direction i.e.
direction of girder axis),

f &1' &1' 01'
Ni [k( ax2 + 8y2 ) - pC8t" ] dx dy = 0

s
Carrying out the integration by parts,

. I ". . f &1'A typlca term lor integratIOn Ni ax2 dx dy

s

= fN° l' d _fa l' aNi d d'ax y ax ax x y
p s

and fNiPc°OtT dx dy =J N, pc[N] dxdy d~~l =J pc[N] Ni dx dy d~~l

s s s
Thus Eq. (3-21 a) takes the form,

faT 01' fO[N]ON o[NlON -
Ni(ax 1+ 8y m)kdp- [ax 8:+ ay 8y']k ( T ldxdy-

p s

J pc[N] Ni dx dy d~~} = 0

s

But, from boundary condition Eq. (3-5), we have,
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aT aT
kax I + kOy m - a,. I+hc, (T - Ta) +I\q, = 0, for t > 0, or
- -aT aT-I+-max Oy

I _
=k (a,(x, y, t)l(t) - he«x, y, t)( T - Ta) -I\q,); Thus,

f - f a[N) ~ a[N]aN, . -N;(a,f (I) - he« T - Ta) -I\q,) dp - [ax ax + Oy Oy ] kl T ldx dy-
p s

I .c!l!l_pe[N) N; dx dy dt - 0 (3-21c)

s ,

which can be written, in final form as,

[C ld~~} + [K](T} = IF} (3-22)

where IT} = {T(t)} = time dependent vector of temperatures at the nodes,

IF} = IF(t)l = thermal load vector for the system, i,e, sum of contributions of the
heat gain due to solar radiation, convection and irradiation losses.

[C] and [K] = heat capacity and conduction matrices of the system generated by
assemblage of individual element matrices,

- faN, aNi aNi aNi fand where K'j - k ax ax + Oy Oy dx dy + fIo,N;Nj dp

s p

T, for i =1, 2, '" n

Cjj =f peNj NJ dx dy
s

(3-23a)

(3-23b)

(3-23c)

(3-23d)P;= fa,I(l)N;dp + f hc,TaN,dp-f I\q, dp
p p p

for i = 1,2,."n andj = 1,2,,,,n

The system conduction matrix [K], is generated by assemblage of two types of element
matrices: conductivity matrix [K]c for interior elements and convection-radiation matrix
[K]c, for boundary elements,

The above equation can be recast in matrix form as

[K] = [Klc + [K] c,=f [Bf[D][B] ds +f hc,[N]T[N]dp

s p
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(3-24c)

{F} = f a, I(t) [N]Tdp +f he<Ta(N]Tdp -f t>q, (N]Tdp

P P P
(3-24d)

where [B] = gradient matrix, a matrix consisting of the first derivatives of the shape
functions with respect to x and y.

[

iN, iN,
[B]= d< d<

iN, iN,--
0' 0'

and, [D] = [~ ~]

•••••~:] (3-24e)

(3-24f)

3.3.3 Galerkin's Weighted Residual Method in 10 Time Domain

d'PNow, we have to solve the ordinary differential Eq. (3-22), [C lili+ [K]{Tl = {Fl

subjected to T = T, at t = O. This is a set of linear differential equation that can be solved
for nodal point temperatures as a function of time. It is assumed that the time span is

divided into a number of finite increments each t>t and that temperatures and thermal

loads are varying linearly within each increment. Over each time increment t>t,

temperature and thermal load can be approximated, respectively, by

{T} =Ni{T}; + Nj{T}j

{F}= Ni{F};+ Nj{F}j

[K][T] = Nj ([K][TJ), + N, ([K][TJ),

. h' tIn w Ich Ni = I - t>t

tand N =-
J t>t

(3-25a)

(3-25b)

(3-25c)

(3-25d)

(3-25c)

Applying again Galerkin's weighted residual method in time domain T(t) for an element
in time and using Ni as the weighting function

t>t

J([C ]d~;} + [K]{T} - {F}) Nj dt = 0

o
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Substituting Eq. (3-25a) to Eq. (3-25e) into Eq. (3-26) and performing the inteb'Tation
yield the following recurrence equation

1 2 I I 2 I
(dt [C] + 3" [K]n+I)(T}n+1= (dt [C] - 3" [Kln)(Tln + 3" {Fln+1+ 3" (FIn (3-27)

(3-28a)

which can be solved to find {T}n+1from {T}n, provided the initial value {T) I at t=O is
known. It has been shown that the results obtained from Eg. (3-27) are more accurate and
oscillate less than those obtained from the well-known Crank-Nicholson technique, even
when large time increments are used [Elbadry and Ghali, 1983; Elbadry, 1982].

When solving Eq. (3-27) for the nodal point temperatures {T}n+1, an approximate value
must be adopted for 1\,'.0+1(involved in generation of [K]n+1and of {F}n+1). It has becn
shown that h, part of the 1\" defined by Eq. (3-4e) and (3-4f) is temperature dependent.
But this dependency is only slight [Maes, 1980] and consequently iteration can be
avoided as hcr.o+'can be extrapolated from the values of h'Tat time steps nand n-l giving
the present value ofl\".n+1= 2he<.n- hcr.n.1.

3.4 Boundary Condition Inside a Box

To predict the temperature of the inside surfaces of a box, it is necessary to establish the
air temperature inside the box. In a ventilated condition the air temperature inside the box

can be assumed as equal to the ambient air temperature Ta(t). In a non-ventilated
condition the temperature of the still air inside the box depends on the time variation of
the of the temperature field of the inside surfaces of the box. Considering the enerb'Y
balance between two cross sections of the box unit distance apart, the following equation
is obtained [Elbadry and Ghali, 1983; Dilger et aI., 1983]

_ dTbf h,(T, - Tb)dp - p, Ca Ab dt

p

in which T,(p, t) = inside surface temperature at time t

Tb(t) = air temperature inside the box; p = length of the inner perimeter of the box

p, = density of air

Co = specific heat of air, and

Ab = air volume (area of the box) inside the box

As the interior surface of the box is divided into finite boundary elements, Eq. (3-28a)
can be rewritten as:
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""he,Llp,= L:
i=1

Eq. (3-28b)

in which no = number of boundary elements inside the box

Llp, = length of boundary element I

he, = the average of two nodal values of heat transfer coefficient of inside
surface, and

T" (I) = the average of two nodal values of surface temperature. Putting

""
H = L: he;Llp,

i=!

"'F = L he;T,; Llp,
i=!

Eq. (3-28b) becomes

dT
C~ + Hto=F

(3-28c)

(3-28d)

(3-28e)

(3-28f)

which is of the same form as Eq. (3-22). Thus, Galerkin's method Eq. (3-26) can now be
applied to give the following recurrence equation

(3-28g)

which is analogous to Eq. (3-27) and from which To.n+1 can be obtained knowing To.n.

The program developed in this study is able to model both ventilated and closed-box
condition.

3.5 Element Characteristics

In this study linear triangular elements (Figure 3-3) have been used for discretisation of
two-dimensional conduction heat transfer problem. The temperature in an element is
represented by

(3-29)
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Ck = X. y. - X. y.- h = y. - y . ak = X - X. 1.J J " lIk 1.1' .1 I

N = L- N = L' Nk = LkI h.1 J' .

The following relations can be derived: =_1 [ho
2A a

Boundary condition

Triangular meshing

Figure 3-3: Two-dimem'ionallriangular di.w:reli.mtlon

, h C dA al b! c!f L, Lj Lk = (a + b + c + 2)! 2A
A

I [ho[8]=-
2A a

b, b.] [k'; [D] =a a. 0 ]

I x, y,
o . 2A = I x, y,
k '

y lxkYk

for unit thickness of the elements

rF}~f ,110 I: Idp'f ~,T.I~Jdp-{,q,WJ~p
p p

and [C] =f pc[Nf [N] dx dy
s
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here s is the surface area of element and p is the length of the element convective and/or
irradiative boundary. The equation for (F} assumes that no heat sources are present
within the elements. For the element in Figure 3-3:

[ [

b.b.

[k] =4~ k,
sym.

during daytime hours

bob, bob'] [ aa
b,b, b,b. + k,

b.b. sym.

but during night solar radiation is absent, so

[
2 1 1]

[C] = RjA 1 2 I

I 1 2

where ljk(t) and I;k(t) are incident radiation on boundary jk and ik respectively and hcrjk

and hcr_ik are respective convecto-irradiative heat transfer coefficients. "'q, can be
.determined from Eq. (3-5b) or Eq. (3-5c) which is appropriate.

The individual element characteristic matrices are thus combined to form global
conductivity matrix and heat matrix and unknown nodal temperatures can be obtained by
any suitable solution scheme. This study employs Alan Jennings' (1977) variable band
storage scheme to solve the simultaneous linear equations.

3.6 Stresses Due to Temperature

Temperature stresses can be high in both the longitudinal and transverse directions. In
this study, only the longitudinal stresses are considered. When the temperatures of a body
are known, the thermal stresses can be calculated using simple mechanics concepts or
more sophisticated finite element method. In a simply supported bridge the temperature
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stresses in the longitudinal direction may be calculated assuming the bridge to act as a
beam (Figure 3-4).

N" N!,,, MOya = -EaT - (--" + . Y+ x)
A Ix Iy (3-33 )

This is referred to as eigenstress; its value is zero when the temperature distribution over

the cross section is linear. Terms No, Mox, and MOy are resultants of stress ao = -EaT that
would be required if the strain due to temperature is artificially restrained.

No (Tension)

No= f faD dx dy

Centroid

_. _. _. -. -. -. -.-+..........-.-

x

Temperature
Ri~eT(x v)

;. y

Figure 3-4: .'iign Convention for Resultants o/Stress

(3-34a)

M,lx = f faD Y dx dy

M(~ = f faD x dx dy

(3-34b)

(3-34c)
,

The thermal curvatures IJIx and lJIy induced In the vertical and horizontal directions,
respectively, are

(3-35)

In continuous bridges. the curvature IJIx is restrained and statically indeterminate reactions
and internal forces will develop producing continuity stress which must be added to the
eigenstresses.
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Zero reactions and moments
a

c: ~curvature = ~I,= I:fPy dxdy

Multipliers
Reactions = \VX Eix / I

I' I II- I -I Moments = \lIx Elx

'1 J :) Reactions

1.5 Moments

I' I -I- I II- I -I
1.2 1.2 1.2 1.2

24/19
18/1918/1924/19

1.2 1.2

~ I 'I' I II- I II- I 'I

12/7 6/7 12/7 9/7

(,/7
9/7 9/7

I' I -I' I 'I' I -I- I -I- I 'I
24/19 30/19 6/19 6/19 '30/19 24/19

FiRure 3-5: Reactions and Rendinf: Moments in Continuous Ream.'i Due 10 Temperature Rise

Figure 3-5 shows the reactions and continuity moments produced by a temperature rise in
continuous beam of different number of spans. It can be seen that, for a given bridge,

continuity stresses are proportional to the induced curvature 1jI,. Thus eigenstresses and
curvatures can be considered as indicators of the order of magnitude of stresses in
continuous bridges.

50



4. Mathematical Model

4.1 Parameters

Temperature distribution and stresses in a concrete bridge deck vary with external
environment, geographical position, geometry of cross-section and material properties. In
this study some 40 parameters have been identified. Each of these parameters has
potential to either directly or indirectly affect the temperature distribution in a bridge
deck. All these parameters have been broadly classified into four categories, namely:

1. Meteorological Parameters

2. Geographical Parameters

3. Geometrical Parameters, and

4. Material Parameters

These parameters are listed in Table 4-1 to Table 4-4. To indicate the nature of influence
of the parameters, a one character type code have been used. These are as follows:

Type Code

S

v

E

Meaning

Input variable

Statistical

Process variable

Equation

An "(" is used for that required to be input directly, such as the density of concrete. A
type "S" is also an input parameter but is determined from statistical analysis of long
term data. For ex~mple extremes of air temperature or of wind speed are type "S"
parameters. The type "V" parameter is a process variable and is usually time related such
as hour of the day, day of the year, etc. An "E" is to mean dependent parameters, that
means it can be eval uated from other parameters.

Uncertainties involved in the assumptions of the input parameters and of the initial and
boundary conditions is the major problem in achieving rational output from the
mathematical model. A through understanding of the way in which the parameters affect
the temperature distribution may help to identifY those parameters that are more

influential than the others. While assigning a type code, less influential parameters,
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indicated by the earlier investigators, were assumed to be either constant parameters
(such as relative atmospheric pressure) or to be input directly (such as material
properties) in the model. Although these parameters may vary with time (diurnal or
seasonal) but it has been assumed that such variation in these parameters shall have
insignificant impact. This simplicity is required to avoid complexities and to limit the
number of variable parameters. Only those parameters that may have significant
influence upon the temperature distribution or that can be expressed in terms of other
parameters with sufficient accuracy and vary considerably with time or other factors such
as temperature are modelled in expressions.

4.1.1 Meteorological Parameters

Table 4-1 lists the Meteorological Parameters most of which are dependent on others
such as time, location, orientation, etc. Such dependency will be discussed in the
subsequent sections. The Tam" , Tamin, Tamcan, and ware to be determined statistically.
Because these parameters vary in a random manner. Thermal loadings which depend
upon such variables are therefore random functions. Hence rational conclusions regarding
the extreme values of these functions can only be obtained based on the statistical
analyses. A statistical analysis of extreme values have been presented in Chapter 5.

SI. Symbol Type Description
I ~ I Lag factor used to describe sinusoidal pattern of ambient air

temperature, hr
2 Isc I Solar Constant, 1395 W/m2 (442 Btu/hr fil )
3 Pr I Relative atmospheric pressure factor, unit less
4 Tam" S Maximum daily ambient air temperature, °C (OF), f(statistics,

0)
5 Ta,nean S Mean daily ambient air temperature, °C (OF), f(statistics, 0)
6 Tam;n S Minimum daily ambient air temperature, °C (OF), f(statistics,

0)
7 w S Wind speed, m/sec (ftlsec), f(statistics, 0)
8 I E Solar heat flux or radiation incident upon a surface, W/m2

(Btulhr fi2), f(l", ta, 8, (~,O,t»
9 q E Surface heat flux i.e. boundary heat input or loss per unit

area, W/m2 (Btu/hr fi2), f(q" q" qr)
10 qc E Convection component of surface heat flux, W/m2 (Btu/hr

fi2), f(b.:(w),T, Ta)
II qk E Conduction component of surface heat flux, W/m2 (Btulhr
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SJ. Symbol Type Description
fill, f(k, gradient ofT)

12 q, E Irradiation component (Iongwave, from the surface to the
surrounding air) of surface heat flux, W/m2 (Btu/hr n2),
f(h,(T, Ta), T, Ta)

13 q, E Absorbed solar radiation (short-wave, from the sun to the
surface) component of surface heat flux, W/m2 (Btu/hr n\
f(a, , 1(1""" e, ($,D,t))

14 Ta E Ambient air temperature, °C (OF),f(Tam", Tamin,D,t)
15 TlJ,j E Daily range of ambient air temperature, °C (OF), f(Tam",

Tamin)
16 Tu I Atmospheric turbidity factor, ranges from 1.8 (clear sky) to

8.0 (very turbid or cloudy)

TaMe 4-/: MeteoroloKical Parameters

4.1.2 Geographical Parameters

Table 4-2 lists the Meteorological Parameters. These are mostly time dependent. The
variation of latitudes within Bangladesh may not have major influence upon temperature
distribution, however following latitudes have been used for the cases studied.

• Dhaka, 23 deg 48 mts N

• Faridpur, 23 deg 37 mts N

• Jessore, 23 deg 13 mts N

• Khulna, 22 deg 51 mts N

SI. Symbol Type Description
I $ I Latitude, independent
2 D V Day of the year, independent
3 t V Hour of the day, independent
4 a I Azimuth of the surface, independent
5 1) E Solar declination, f($,D)
6 (J) E Hour angle, f($,D,t)
7 e E Zenith angle, f($,D,t)
8 a E Azimuth of the sun, f(D,$,t)
9 e, E Solar altitude, f($,D,t)
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SI. Symbol Type Description
10 dh E Length of sunlight hours, f(~,D)
II h" E Hour at sunrise, f(~,D)
12 h.~s E Hour at sunset, f(~,D)
13 J E Incident angle the sun rays make with the normal to the

surface, f(~,D,t,s,a)
14 m E Relative air mass, f(~,D,t)

Tahle -1--2:C'reographica/ Parameters

4.1.3 Geometrical Parameters

Table 4-3 lists the Geometrical Parameters. The geometrical properties such as moment
of inertia, centroid of x-section depends on the shape and size of the cross section. Some
size parameters such as web thickness, slab thickness, etc. may also have influence upon
thermal responses.

Basic shapes considered in this study are rectangular beam and box section, tee beam and
box section, and I-beam section. The tapered section and the presence of haunch may not
have significant influence on the thermal responses, hence excluded in this study.
However, the computer program developed for the study is capable to deal with (generate
mesh of) tapered section. The haunched section can be dealt with by considering the
average thickness or average depth ofhaunched portion.

SI. Symbol Type Description
I d I Depth of girder, m (ft), independent
2 h I Asphalt wearing surface thickness, m (ft), independent
3 I, I Length of the overhanging slab, m (ft), independent
4 s I Surface slope, independent
5 I,h E Height of shade, m (ft), f(~,D,t,a)

TaMe 4.3: Geometrical Parameters

4.1.4 Material Parameters

Table 4-4 lists the Material Parameters. Table 4-5 and Table 4-6 lists the properties of air
and concrete respectively. These two tables list commonly used values for air and
concrete properties. The column captions in the tables are the references in which the
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values were used. The comparison of commonly used values of material properties enable
to estimate reasonable values to be used in the study.

The value of surface absorption coefficient, a,., of concrete, depends upon the cement
type, kind of aggregate, age, cleanliness and texture of the surface. The value of a,.= 0.65
is more realistic than a value of 0.5 [Konig and Zichner, 1983). Covering a concrete
surface by a black asphalt layer, as is often the case, results in an increase in a, to a value
close to unity (or less depending again on cleanliness). At the same time, the asphalt layer
having smaller heat conductivity than concrete (Table 4-6 and Table 4-7) tends to offset
the effect of any increase in a,.. The insulation effect of asphalt depends, of course, on the
thickness of the layer. Thus the often made assumption that bridges without asphalt
covering may get less stress cannot be made so straight forward.

SI. Symbol Type Description
I p I Density of the material, kglmJ (Ib/ftJ)
2 E I Emissivity of the surface, unit less
3 t, I Transmission coefficient for unit air mass, unit less
4 c 1 Specific heat of material, kJlkgK (BtuilbR)
5 k I Thermal conductivity of the material, W/m °C (Btulhr ft OF)
6 a,. I Absorption coefficient of the surface, unit less
7 he E Convective heat transfer coefficient, unit less, f(w)
8 h, E Irradiative heat transfer coefficient, unit less (he<= he+ h, , the

convecto-radiative heat transfer coefficient), flT, Ta)
9 L, E Emissivity of the air, unit less, flTa(statistics, D))

Table -1-4:Material Parameters

Sym. Description Unit IElbadry and IRao,19861
Ghali, 19831

t, Transmission coefficient unit less - -
k Thermal conductivity W/mK - 0.0225

I W/mK = 0.577 Btulhr ftR Btulhr ftR - 0.013
p Density kglmJ 1.228 1.3

I kglm3 = 0.06243 Ib/ftJ Ib/ft3 0.073 0.08
c Specific heat kJlkgK 0.716 0.922

I kJlkgK = 0.239 BtullbR BtullbR 0.171 0.22
E, Emissivity unit less - -

Table 4-5: Properties of Air
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Sym. Description Unit (Fu el al.• IHo and IMirambe [Rao. (Hirsl. [Dilger et IEmanuel IHunt and19901 Liu. 19891 IIand 1986) 19841 al. 1983; and Cooke.
Aguado. Elbadry Hulsey. 19751
19901 and ghali. 19781

19831
k Thennal conductivity W/mK 1.4 1.8 - 1.384 1.4 1.5 1.73 1.384

I W/mK = 0.577 Btulhr fiR Btulhr ftR 0.81 1.04 - 0.80 0.81 0.87 1.0 0.80
p Density kglmJ - - - 2480.0 2500.0 2400.0 2400.0 2310.0

I kglmJ = 0.06243 Ib/ftJ IblftJ - - - 154.8 156.0 150.0 150.0 144.0
c Specific heat kJ/kgK - - - 0.922 0.96 0.96 0.67 0.88

I kJ/kgK = 0.239 Btu/lbR Btu/lbR - - - 0.22 0.23 0.23 0.16 0.21
klpc Thennal diffusivity m2/hr 0.0025 0.0034 0.0023 0.0022 0.0021 0.0023 0.0039 0.0025

I m2/hr = 10.764 ft2/hr ft2/hr 0.0270 0.0366 0.0250 0.0235 0.0226 0.0252 0.0420 0.0270
E Emissivity unit less 0.84 - 0.88 - - 0.88 0.90 0.90
a, Absorption coefficient unit less 0.65 - 0.5 - - 0.5 0.70 0.70
a thennal expansion coefT. (10-6) 0Cl - - 8.0 10.8 12.0 8.0 - -

1 °Cl = 0.555556 °F1 (10-6) °Fl - - 4.44 6.0 6.67 4.44 - -
E Modulus of elasticity MPa - - 27386 35000 - 27386 - -

I MPa = 0.145 ksi ksi - - 3970 5080 - 3970 - -
Table .J-6: Properties a/Concrete
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Sym. Description Unit IRa., IHirst, (Dilger IHunt
19861 1984( et al.. and

1983: Cooke.
Etbadry 19751
and
Ghati,
19831

k Thermal conductivity W/mK 0.744 0.70 093 0.70
I W/mK = 0.577 Btu/hr ftR Btu/hr ftR 0.43 0.40 0.54 0.40

p Density kglm) 2240.0 - 2100.0 2120.0
1 kglmJ = 0.06243 Ib/ftJ Ib/ft) 139.8 - 131.0 132.0

c Specific heat kJ/kgK 0.838 0.96 0.92 -
1 kJ/kgK = 0.239 Btu!1bR Btu!1bR 0.20 0.23 0.22 -

k/pc Thermal di fTusivity m2/hr 0.0014 - 0.0017 -
I m2/hr = 10.764 ft2/hr ft2/hr 0.0154 - 0.0187 -

E Emissivity unit less - - 0.92 0.90
a, Absorption coefficient unit less - - 0.90 0.90
a thermal expansion coeff. (10"")0C-I 20.0 - 20.0 -

I 0C-
l = 0.555556 °FI (10"") °FI 11.11 - I 1.11 -

E Modulus of elasticity MPa JOO.O - 100.0 -
J MPa = 0.145 ksi ksi 14.5 - 14.5 -

TaMe 4.7: Properties of Aspholt

4.2 Intensity of Solar Radiation

4.2.1 Solar Constant

The rate at which solar energy impinges on a surface of unit area placed normal to the
sun at the outer fringes of the earth's atmosphere, the so-called solar constant (I,c), is
about 442 Btu/hr/ft2 (1395 W/m2

) [Krieth, 1976]. The rate at which solar radiation
reaches the earth is, however, substantially less than 442 Btu/hr/f". Because part of the
radiation is absorbed and scattered as it passes through the 90-mile-thick layer of air,
water vapour, carbon dioxide, and dust which envelops the earth.

In the present study solar constant is assumed to be same as was considered by Elbadry
and Ghali (1983). Values are 429 Btu/hr ft2 (1353 W/m2) in Spring; 443 Btu/hr ft2 (1398
W/m

2
) in Winter; and 414.6 Btu/hr ft2 (1308 W/m2) in Summer. For the days of the year

values are interpolated as follows:
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I" = 1394 - 4 I *D/80 W/m2 , 0 < D :s;80

I" = 1353 - 45*(D-80)/93 W/m2 , 80 < D:s; 173

I" = 1308 + 45*(D-173)193 W/m2 , 173 < D :s;266

I" = 1353 + 45*(D-266)/90 W/m2 , 266 < D :s;356

I." = 1398 - 4*(D-356)/9 W/m2 , 356 < D:s; 365

where D = day of the year. Variation of solar constant over the year, as modelled above,
is shown in Figure 4-1.

Variation of Solar Constant
(assumed in this study)

1400
E 1380
;: 1360
c 1340:l
~ 1320oo 1300
.ii ,280o
(I) 1260

M•• "'<0
Day of the Year

"''"N "'••M

Figure -I-I: Variation of.)olar Constant

4.2.2 Calculations of Solar Radiation

The amount of solar radiation received by a surface on the earth depends on the location,
the time of the day, the time of year, the weather, the slope of the surface, and the
orientation of the surface.

The diminution of the solar radiation by earth's atmosphere depends on the length of the
path, which in tum depends on the position of the sun. The radiant energy incident upon a
surface on the earth placed normal to the rays of the sun In can be estimated from the
equation

(4-la)

where I,c = Solar Constant;

T, = transmission coefficient for unit air mass; and

m = relative air mass, defined as the ratio of the actual path length of the
radiation through atmosphere to the shortest possible path (i.e. the vertical
path length at sea level).

58



Mathematical Model

The value of 'a is slightly less in summer than in winter because the atmosphere contains
more water vapour during the summer. It also varies with the condition of the sky,
ranging from 0.81 on a clear day to 0.62 on a cloudy one. A mean value of 0.7 is
generally considered acceptable for most purpose [Krieth, 1976).

The value of " can also be assumed as 0.91U [Fu et aI., 1990; Dilger et a!., 1983). The
turbidity factor tu , is used to express the attenuation of beam radiation in different
atmospheric conditions. For clear skies the turbidity factor varies between 1.8 and 3; for a
heavy industrial environment this factor may be as high as 8 or 9.

The value ofm depends on the position of the sun given by solar altitude' e
a
, the angle

between the horizon and the direction of the sun. At sea level m = 1 when the sun is at the
zenith. For solar altitude ea 2 5° at sea level

m '" cosec ea (4-1 b)

For altitude other than at sea level an adjustment according to the relative atmospheric
pressure P, should be made according to Table 4-8 [Dilger et a!. 1983]. With the
coefficient P, , the relative air mass factor for the altitudes above sea level can be
obtained as [Fu et a!., 1990; Dilger et a!., 1983)

m = P, cosec(e. + 5°) (4-lc)

Altitude Above Sea Level in feet (m) Relative Atmospheric Pressure, Pr
0 (0) 1.0

1,640 (500) 0.94
3,280 (1,000) 0.89
4,920 (1,500) 0.84
6,560 (2,000) 0.79

Table 4-8: Relative Atmospheric Pressure at Different Altirudes

The altitude of Dhaka is 8.0m above sea level and the value ofP, can be assumed as 1.0.
Thus, for Dhaka (or Bangladesh in general)

P, = 1.0 and

m = cosec(e. + 5°)
(4.2a)

(4-2b)

If the receiving surface is not normal to the direction of the sun, as is usually the case, the
incident radiation per unit area becomes

(4-3 )

Where i = incident angle the sun rays make with the normal to the surface.

IAstronomical terms used in lhis study are detind in Appendix-A: Gloss~ry
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The angle i can be described in terms of several angles defining the position of the sun
relative to an observer on the earth and the orientation of the surface relative to the
surface of the earth as follows.

If the receiving surface is horizontal, i becomes equal to the zenith angle 0, then cos i =
cos e and radiation intensity for horizontal surface Ih is given by

lh= Incos e
(4-4 )

FiK"re -1-2: Celestial ,\'phere and .\'un~'iCo-ordinates Relative to Observer on Farth atl'aint C

The position of the sun depends on at least two simultaneous motions because the earth
revolves in the ecliptic plane once every approximately 365.24 days (365 days 5 hours 48
minutes and 47 seconds) around the sun's ecliptic axis and spins at the same time like a
gyroscope around its own celestial axis, which is tilted 23.46 deg (23°27'30") with

respect to the ecliptic axis, at the rate of approximately ~2 radians/hr.

60



Mathematical Model

When the sun is viewed from the earth (Figure 4-2), the zenith angle varies with the
latitude of the location, time of the day, and the solar declination. The latitude of a
location, q>,can be obtained from an atlas or a globe.

210 N ~ q>~ 24 0 N for Bangladesh

The time of the day is expressed in terms of the hour angle, OJ,which indicates the
apparent rotation of the celestial sphere about the earth's axis. In other words, it is the
angle through which the earth must tum to bring the meridian of a particular location
directly under the sun. The hour angle is measured in degrees westward from local noon

(i.e., from the South meridian). As a result of earth's rotation, OJvaries from zero at local

noon to a maximum at sunrise or sunset. The maximum value of fO depends on the
latitude and the solar declination, O.

from spherical triangle I'iNSZ of Figure 4-2 zenith angle e can be expressed as
cos e = cos(90-o) cos(90-q» + sin(90-o) sin(90-q» cos <0

i.e., cos e = sino sinq>+ coso cosq>cOSOJ
(4-5a)

(4-5b)

Combining Eqs. (4-4) and (4-5b) gives the rate at which radiant ener6'Y is received at a
horizontal surface, the local insolation, as

Ih = In (sino sinq>+ coso cosq>CoSfO) (4-6)

Tilled
surfue

Horizontll Plane

---East

North

/

Vertiralm Itorizontll plane~-:&"':~I s
I
I
I
I

--W.sI

South

Figure -1-3:Definition o/.';olor and .\ilr/a,'c Angles

For a surface which is tilted (Figure 4-3) at an angle «;) deg to the horizontal and whose
normal faces (a) deg westward (measured along the horizon from the South meridian),
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the nonnal solar irradiation In can be divided into two components respectively
perpendicular to and parallel to the tilted surface. Only the perpendicular component
impinges on the surface.

If the azimuth of the sun is expressed as a then from the spherical triangle t.ZSP of
Figure 4-4

cos i = cos s cos 8 + sin s sin 8 cos (a - a) (4-7)

Normal to the horizontal plane

Incident
angle

Normal to the
tilted plane

Zenith angle, 0 Z

S/~\~
, /
\

/ Surface
/ tilt, S

Difference in
solar and surface
1'l7imllth R _ N

Tilted plane

/
Horizontal plane

Figure ,J.4: .\'pherical Triangle ZSP

from spherical triangle t.NSZ of Figure 4-2following relations can be obtained

cos(90 - 8) = cos 8 cos(90 - $) + sin 8 sin(90 - $) cos( 180 - a)

. _(cos8sinp-sin8)
I.e., cos a - (sin 8 cos $) , and

. cos 8 sin w
Sin a = . 8

Sin

(4-8a)

(4-8b)

(4-9)

Thus replacing a and 8 from Eq. (4-7) by combining Eqs. (4-8a), (4-8b), and (4-9) the
incident angle i is expressed as

where

cos i = sin 8 sin $ cos s - sin 8 cos $ sin s cos a + cos 8 cos $ cos s cos (0

cos 8 sin $ sin s cos a cos (0 + cos 8 sin s sin a sin w

$ = latitude of the location (North positive and South negative);

8 = solar declination (North positive and South negative);

s = slope of the surface;

a = surface azimuth angle (East positive and West negative);

+

(4- I0)

and OJ = hour angle, solar noon being zero, and each hour equalling 150 of
longitude (mornings positive and afternoons negative)
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The solar declination, 0, can be obtained directly for any day of thc year from an
ephemeris. However, in this model declination has been obtained by the approximation
[Elbadry and Ghali, 1983]

. 284+D
I)= 23.46 Sin (2rr 365.24 )

Where D = day of the year. Eq. 4-3 is, of course, applicable only between t" and t",
which are the hours of sunrise and sunset, and can be calculated by

Not discussed here is the correction of daylight hours with "Time Equation'. (that varies

:t16 minutes over the year) and correction due to atmospheric refraction of sunlight
during sunrise and sunset (which may increase daylight hours by 6 to 10 minutes). These
corrections have been implemented in the program developed.

I .1
t" = 12 -15 cos (-tan 0 tan q,)

I .
and t" = 12 + 15cos 1 (-tan 0 tan q,)

(4-12a)

(4-12b)

,,1/-O_SUN
/

HORIZONTAL OVlJlllANG
/ PROVIDING SHADE

N

FiKure 4-5: ."'hadedue (0 overhanK

Also Eq. 4-3 does not apply to a shaded surface. One of the problems in predicting the
daily temperature fields in bridge decks with overhangs is to find out where their shadows
will be at different times of the day throughout the year. The solution to this problem
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must take into account three elements: the overhang cantilever length I" the position
(defined by azimuth a and altitude Sa ) of the sun in the sky at the required time and the
characteristics of the surfaces (slope s and azimuth a) to be shaded. The height of the
shade of the overhanging slab on the web ofa girder bridge (Figure 4-5) is given by

I = Ie tan Sa
,h (sin(90 - a - a) sin s - cos a tan Sa)

where Ie = length of the overhanging slab;

s = slope of tbe web;

a = azimuth of the surface;

a = azimuth of the sun (can be obtained from Eq. 4-9)

Sa = the solar altitude, i.e., 90 - S, (S can be obtained from Eq. 4-5b)

4.3 Diurnal Variation of Solar Radiation Intensity

(4-12c)

The diurnal variation of solar radiation intensity I(t) may be given by the following
equation:

I( ) - JL (? . 2~ . ~)t, - 3D _Sin D. + 1t sinD
s s s

where I(t) = the solar radiation intensity, MJ/m2/b

Q = the daily global solar radiation, MJ/m2/d

t, = the time after sunrise, hr

(4-13)

D, = the daylight time, hr

The above equation was used by Duen Ho and Chi-Ho Liu [1989]. Instead of expressing
in terms of daily global solar radiation, present study calculates the solar radiation
intensity as described in section 1.3. The solar radiation intensity given by Eq. 4-3 and
Eq. 4-10 when integrated over whole day gives a Q = 25 MJ/m2/d for the summer day of
22 June and 10 MJ/m2/d for the winter day of23 December.

4.4 Diurnal Variation of Air Temperature

The diurnal variation of ambient air temperature is often assumed to follow a sinusoidal
cycle [Elbadry and Ghali, 1983] between the minimum air temperature, Ta",m and the
maximum air temperature, Ta",ax. Thus

_ . 21t(t-i;)
Ta(t) - Ta",can+ TllJ Sin 24
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in which t = hour of the day;

Tam",,"= daily mean air temperature, i.e., Tamcan= 0.5(Tam" + Ta,nm)

Tad = amplitude of the sine wave, or the daily range of air temperature, ie., Tad
= 0.5(Tama, - Tamin);

~ = a lag factor equal to 9.0, assuming the minimum air temperature to occur
at 3:00 a.m. and the maximum air temperature to occur at 3:00 p.m.
(conditions at Calgary, Canada, 51.03°N latitude)

In most of the cases minimum temperature (shade air at 1.5m) usually will occur around
sunrise (because net radiation is still negative until about that time), and the maximum
will be reached about 2 or 3 hours after the local solar noon (lag time for conduction and
convective processes to affect conditions at that height) [Houghton, 1985].

An important feature to consider is the difference in the average time from the occurrence
of minimum to the maximum temperatures, and the average time from maximum to
minimum temperatures. The former lasts from sunrise to about 2:00 p.m., the latter from
2:00 p.m. to sunrise. Therefore, the latter period is longer everywhere, except in very high
latitudes close to the summer solstice (as was the case with Calgary, Canada). This
asymmetry of the thermal pattern rather negates the often accepted concept of a daily
sinusoidal temperature fluctuation.

In Dhaka it was observed that the minimum air temperature occurs at around 6:00 a.m.
(sunrise at Dhaka remains within 5:30 a.m. to 6:30 a.m. throughout the year) and the

maximum air temperature occurs at around 2:00 p.m. and the lag factor ~ cannot be
adjusted to give a better fit. Figure 4-6 includes the sinusoidal pattern for ~=9.

In the present analysis relations given by Duen Ho and Chi-Ho Liu [1989] have been
adopted after a little modification. These relations were determined by curve-fitting from
meteorological records of Hong Kong (22°N) which is located at almost comparable
latitude of Dhaka (23. 8°N).

In this model, in the summer analysis, the diurnal variation of air temperature Ta(t) is
defined in terms of Tam", In winter, T,,(t) is defined in terms of Ta""n' Thus

_ (t+6)
Ta(t) - Ta,ncun- T~ 12

_ . rr(t-l0)
T,,(t) - Tamc"n+ T~sm 8

- ~T,,(t) - Ta,nc"n- T~ 12

0<t<6

6<t<18

18 < t < 24

(4-l5a)

(4-15b)

(4-15c)

in which, Tamcan= daily mean air temperature in °C;
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Ta,l = range of diurnal variation of air temperature in °C;

Tamean(in summer) = O.77T<lmax+ 4.97 and

Ta",,'an(in winter) = 3.26 + 0.935 Ta,nin

Ta" (in summer) = 0.23Ta",,,, - 4.97 and

Tad (in winter) = 3.26 - 0.065Ta",in

(4-16a)

(4-16b)

(4-17a)

(4-17b)

--------,
!

I 14 January

! --<>-- 15-Jan

1--O-17-Jan
I

. - . - . - . 3 days
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- - - - Three days
extreme
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I --+- Sinusoidal

I
, Pattern
_ -This study

24.00

23.00

22.00

21.00

20.00

17.00

19.00

18.00

16.00

To verify the above relationships an experiment was carried out for three winter days (14,
15 and 17 January, 1997) of Dhaka, in which ambient temperature was measured at an
interval of half hour for 24 hours with a K-Type thermocoupled digital thermometer. The
Figure 4-6 shows the plot of the diurnal variation of observed temperature data along with
the 3 day extreme and average, the patterns given by Duen-Chi model, and the modified
adopted pattern of this study.

Time (hour:minute) vs. Temperature (OC)
Dhaka, January 1997

1'700

I 26.00

I 25.00
I

15.00 -+-+-1 , I , I I I I I I , I , I I I I I I +-+-+-1 I ! I i 1 I I I-+-+- .•-+...,-.,.-;.--............•~
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 m0 '" 0 '" 0 '" 0 '" 0 '" 0 '" '? '" 0 '" '"i:i M " cD r:.: iJi i:i N M u-; cD co iJi ~ N M~ ~ N N N

.._--_ .._- ...._-~-------~-_._-------_._-~-----_._--~------

FiJ{ure .J-6:Diurnal Variation (~rTemperalure 01 Dhaka in .January
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The temperatures obtained from the experiment may not represent the actual extreme
ambient condition'ofthe days, as maintenance of an ideal shade condition was difficult,
but it does represent the 'pattern of variation' which helps establishing relationships of
ambient temperature of the locality \vith measured minimum, maximum and mean
temperatures of the days. It is presumed that the established pattern shall remain the samc
for different magnitude of the temperature extremes.

Estimates of Tam",,"and Ta.I (Eq. 4-16 and 4-17) gives a lower magnitude ofT" (Figure 4-
6) than the observed T" at Dhaka. The lower range of TlId for Hong Kong may be
attributed to its marine location (water cools and heat more slowly than land). In dry,
tropical region the mean annual diurnal difference can exceed 15°C or 20°C, but in

coastal and island locations around the world it can be less than 5°C. For Dhaka the mean

annual diurnal temperature difference is 13°C [Houghton, 1985] i.e., TlId can be as much
as 6.5°C.

Actual Ta,ncanas O.5(Tam" + Tam;n) and actual TlId as O.5(Tamax- Tam;n) are used and
found to give better resemblance to the observed data. Thus the Eq. 4-15 has been
adopted for Dhaka with modification for Tamcanand Ta.I as stated. Once the relationships
are established, extreme values obtained from statistical analysis of long term
temperature data are put into the equations to get the actual relationships.

30.00 .

Dhaka City Monthly Maximum and Minimum
Temperatures

Month

c••..,
0.00

35.00

0'
'" 25.00
"i 20.00
"~ 15.00
[
E 10.00
~ 5.00

Month Max. Min.
Jan 26.09 12.61
Feb 28.04 15.43
Mar 30.87 19.13
Apr 31.96 23.45
May 31.96 24.13
Jun 30.87 25.22
Jul 30.00 25.22
Aug 30.00 24.13
Sep 31.09 24.13
Oct 31.09 23.26
Nov 28.91 19.13
Dec 26.09 14.13

Fl}?ure ../-7: Dhaka city mnnthly maximum and minimum temperatures as
sIiKJ?c.'iled hy Japan RridJ?t' and stnlclure Institute

This study made effort to incorporate the research result of Japan Bridge and Structure
Institute, Inc., Japan for Dhaka City temperature extremes. These extremes (Figure 4-7)
are recommended in the "Basic Design Considerations Regarding the Project for
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Reconstruction of Five Bridges on Dhaka-Chittagong Highway, Rough Draft (first),
March 1997, Japan Bridge and Structure Institute, Inc., Japan". But the statistical analysis
of extreme conducted in this study (chapter 5) shows significant variations with the above
recommendation for Dhaka City temperature. Even when the above recommendation is

being described in this paper the Dhaka City temperature is abovc 35°C (May 10, 1997)

whereas it has a maximum value of 31.96 0c. This study rather used the outcome of the
statistical analysis that gives ambient temperature of 30 years return period with
confidence coefficient of 0.95.

4.5 Convective Heat Transfer Coefficient

The influence of wind speed is included in the value of the convective heat transfer
coefficients at the external surfaces of the deck. The assumed values in this study are the
same used by Elbadry and Ghali (1983), Mirambell and Aguado (1989) and were
proposed by Kehlbeck (1975). Though the heat transfer by convection is a complex
phenomenon and it can be influenced by many variables in its numerical implementation
(area; shape and rugosity of the surface; temperature; viscosity and speed of the fluid;
etc.), the values of the convection heat transfer coefficients proposed by Kehlbeck permit
accurate quantification of the transferred heat by convection as follows [Mirambell and
Aguado, 1990):

Top surface of concrete deck, he= 3.83w + 4.67

Bottom surfaces, he= 3.83w + 2.17

Other surfaces of the web, he= 3.83w + 3.67

Inside surfaces of the box, he = 3.5

in which w = wind speed in m/s

and he = convective heat transfer coefficient in W/m2 0C

(4-18a)

(4-18b)

(4-18c)

(4-18d)

Eq. 4-18a is almost identical to the relation used by Emanuel and Hulsey ( 1976) which is
he (Btu/hr ftl OF)= 1.0 + 0.22w (fils) i.e. he (W/m1 °C) = 5.68 + 4.1w (m/s).

In the present study, the actual wind speed is assumed without any reduction factors. It
was also found that the stresses did not differ si!,'Tlificantlywhen the average wind speed
of the day was used instead of hourly varying wind speeds [Rao, 1986J. Statistical
analysis of extreme wind speed is described in the next chapter.
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Thennal loading is function of random meteorological parameters. Of particular the
ambient temperature, wind speed, and solar radiation are most influential meteorological
parameters. In this chapter estimates of ambient temperature and wind speed are
described for four selected stations of Bangladesh namely Dhaka, Faridpur, Jessore and
Khulna. The choices of stations are made for which long tenn data were available.
However, the procedure followed in the analysis is equally applicable for other stations.

This study does not take into account of randomness of solar radiation. The solar
radiation is rather assumed to impinge upon bridge decks from sunrise to sunset with an
average turbid condition of the sky. However, diurnal and seasonal variation in the
intensity of solar' radiation due to variation in solar altitude, azimuth, and declination
moreover geographical location, azimuth and tilt of receiving surface were taken care of
as suggested by Eq. (4-3) and Eq. (4-10). Randomness of solar radiation may be treated
by statistical estimates of bright sunny hours or daily total radiation. Estimates of
atmospheric turbidity may also be required. Although solar radiation randomness was not
accurately modelled the extreme thennal responses may still be obtained by modelling
whole day bright clean sky and whole day turbid sky condition or combination of
brightness and turbidity to simulate the extreme situations.

5.1 Extreme Type I Distribution

Gumbel (I 960)has observed that the tails of the frequency distributions of most climatic
variables, such as air temperature and wind speed, fall off exponentially. The extreme
values (that is, the largest or the smallest) of these random variables therefore have
double-exponential type I asymptotic distributions or F:xtreme type 1 distrihution. The
extreme type I distribution, applied to represent yearly and monthly meteorological data,
has the fonn [Ho and Liu, 1989; Grigoriu, 1984]

I
F(z) = exp{-exp[-s-(z - Am (5-1)

in which A and 8 = the location and scale parameters. They are related to the mean m and
variance cr2 of F by

2
, 1t 2

m = A + y15; cr' = (; 8 (5-2)
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in which y = 0.5772 I6 = the Euler's constant.

Consider the independent, stationery series {Z;} with the marginal distribution F in Eq.
(5-1). On average, the series exceeds once during any period R the threshold

in which qR= -In[-ln(I-~ )J

(5-3)

(5-4 )

When the series {Z;}models winds or temperatures, ZR gives estimated wind speeds or
temperatures. For example, 30-yr Tam" can be calculated from Eq. (5-3) and Eq. (5-4) for
R=30 yr or 360 months when Zj denotes yearly or monthly maximum ambient
temperatures, Tam".

Since in practice the parameters 'A and 8 are unknown, they must be estimated from
meteorological records (z\, Z2, Z], .... , ZnJ. As a result, ZR cannot be determined exactly. It
is approximated by

(5-5)
- - -

in which 'A, 8 and ZR are estimates of 'A,8, and ZR. Eq. (5-5) is in effect the Gumble
line obtained by fitting a straight line to the observations (z;} plotted on extreme type I
value probability paper.

5.2 Estimation of Location and Scale Parameter

There are many techniques for estimating unknown location and scale parameters of the
distribution, F, in Eq. (5-1) from observations, {z\, Z2, Z], .... , ZnJ. Perhaps the method of
moments is the most widely applied. According to this method mean and variance of F
can be esti mated by

I "~=-"'z'n ~ h
j,..1

- ,
(z, - my; (5-6)

- - -
'A= m-y 8;

The corresponding estimates of 'Aand 8 are then

_ 6"5 _
8=- (j

1t

- - - -
or'A= m-0.577216 8; 8=0.779697 (j
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5.3 Confidence Limits

Let {Zt, Z2,Z" ...., z,,} be n independent samples from the extreme type I distribution in
Eq. (5-1). The true (but unknown) ZR in Eq. (5-3) can be bounded with any specified
probability (I - a) by two random variables St and S2 depending on observations, i.e.,

The range (St, S2) is called a 100(l-a) percent confidence interval for ZR. It has the
confidence limits St and S2 and the confidence coefficient (I-a).

Approximate confidence limits can be obtained for ZR from the assumption that its
- - - -

estimate ZR= A + qR I) is normally distributed. When. ZR is an unbiased estimator, ( Zil

- ZR)/Std[ ZR] is the standard Gaussian variable with zero-mean and unit-variance. This
variable can then be bracketed, e.g., by the intervals ( St , S2); = (-I, I); (-2, 2); and (_

3,3) with probabilities I-a = 0.68; 0.95; and 0.997. The resultant confidence limits for Zil
are then

- - --
St = ZR + St Std[ ZIlJ; S2= ZR + S2Std[ ZR];

in which the standard deviation of ZRcan be calculated from the expression

- 7[2 7[ 605 I)
Std[ ZR]= [6" + 1.1396(qR-0.577216)?" + I.I(qR-0.577216)t'5-;-;;n-s

(5-9)

(5-10)

The confidence limits depend on the unknown parameter I). To determine these limits, I)
is assumed to take on the same value as its estimate I).

5.4 Data Analysis

Estimates are determined for extreme winds and temperatures with 30 year return period
with 95% confidence limit. The analysis involved 19 or 20 years actual monthly data of
selected regions of the country. The regions are Dhaka, Faridpur, Jessore, and Khulna.
Only 4 years' data were available for Dhaka.

Extreme temperatures represent highest monthly maxtmum and lowest monthly
minimum ambient temperatures of the region. Extreme wind represents the monthly
average wind speed of the region.

In case of maximum temperature +ve values of standard deviation were considered to
calculate 30-year maximum. In case of minimum temperature and average wind speed
negative values of standard deviation were considered since lower these parameters are
higher shall be the effects. During thermal response analysis (chapter 6 and 7) same
average wind speed was considered for all 24 hours period because of the indication that
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diurnal variation in wind speed may not have that much impact on the thermal effects.
However, at least two variations in average wind speed i.e., one calculated with negative
standard deviation (lowest average) to be used during daytime hours and the other
calculated with positive standard deviation (highest average) to be used during the
cooling process in night-time hours might be a good idea.

Temperature and wind speed data analysed are presented in Appendix-E. The results of
the analysis are presented in the following tables and figures. In the figures of ambient
temperature extremes 95% confidence limits are shown with dotted lines above and
below 30-year extremes. Following symbols are used in the tables and figures below:
TmuJO
TminJO

TdJO
WIt,,30

SI
S2

30 year maximum monthly ambient temperature (OC)
30 year minimum monthly ambient temperature (OC)
Difference in Tm,,,,o and Tmin,O
30 year average monthly wind speed (knots or m/sec as specified)
Lower confidence limit with confidence coefficient 0.95, Eq. (5-12)
Upper confidence limit with confidence coefficient 0.95, Eq. (5-12)

Jan Feb Mar Apr May .Jun ,Jul Aue Sep Oct Nov Dec
W.,JO (Dhaka) 0.8 0.8 0.8 1.0 1.0 1.0 1.0 0.8 0.8 0.6 0.6 0.6

W.v30 (Faridpur) 0.8 0.8 0.8 1.2 1.2 1.2 1.0 0.9 0.8 0.6 0.6 0.5
w.v30 (Jessore) 1.7 1.9 2.6 2.9 2.6 2.4 2.6 2.6 2.5 1.8 1.7 1.8
W.,JO (Khulna) 0.5 0.7 0.2 0.0 0.2 0.5 0.5 0.2 0.7 0.6 0.3 0.3

Table 5-/: 30 year monthly average wind speed in m<••ee

Monthly Average Wind Speed
Return Period: 30 Year

5.0
Cil<;
c: 4.0
~
'tla: 3.0
a.
III
-g 2.0

3:
1.0

0.0

r-<>-w~"(O"~.,
--'-wav30 (Faridpur)I
--'-wav30 (Jessore)

-0- ",.~~~OJK~u~a)_J

Month

Figure 5-1: 30 year monthly average wind speed
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Year Jan IFeb Mar Apr May IJun IJul Au~ Sep Oet Nov IDee
Dhaka

TmaxJO(Dhaka) 29.7 32.2 36.4 36.5 37.5 36.2 34.6 37.9 40.2 36.0 34.9 30.3
TminW(Dhaka) 10.2 14.3 14.3 14.7 19.9 22.4 23.8 23.5 22.8 18.6 14.9 12.6
TdJ(L(Dhaka 19.5 17.9 22.1 21.8 17.7 13.9 10.8 14.4 17.4 17.4 20.0 17.7

Faridour
Tm"JO (Faridpur) 39.1 39.0 40.1 43.2 42.7 39.5 38.1 37.8 38.6 37.6 39.5 37.7
TminJO(Faridpur) 5.4 5.7 9.7 16.3 15.1 20.3 20.5 20.1 20.7 17.3 9.8 7.5
TdJO(Faridpur) 33.6 33.3 30.4 26.9 27.5 19.2 17.5 17.7 17.8 20.3 29.7 30.2

Jessore
TmaxW(Jessore) 36.1 39.3 41.0 43.0 45.2 43.5 39.1 37.8 38.9 39.0 38.3 36.8
TminJO(Jessore) 2.8 4.1 9.1 13.2 17.0 19.7 21.8 19.7 17.5 15.5 8.7 5.7
TdJO(Jessore) 33.3 35.2 31.9 29.9 28.2 23.8 17.2 18.1 21.4 23.5 29.6 31.1

Khulna
TmaxJO(Khuln<iL 39.2 38.4 41.8 42.2 41.6 39.6 39.0 38.5 39.2 37.2 40.6 34.4
TminJO(Khuln<ll 6.6 7.4 10.5 13.7 17.0 20.8 19.5 21.7 21.4 17.7 11.5 6.0
TdJO(Khulna) 32.6 31.0 31.2 28.5 24.6 18.9 19.6 16.8 17.8 19.5 29.1 28.4

Tah/e 5-2: 30 year amhientlemperal/lre exlreml!s ('fj

Monthly Ambient Temperature Extremes of Dhaka
Return Period: 30 Yearj Confidence Limits: 95%
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Estimates of Extremes

Monthly Ambient Temperature Extremes of Faridpur
Return Period: 30 Year; Confidence limits: 95%,
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Figure 5-3: 30 year monthly ambient temperature extremes n/FaridfJllr

Monthly Ambient Temperature Extremes of Jessore
Return Period: 30 Year; Confidence Limits: 95%
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Estimates of Extremes

Monthly Ambient Temperature Extremes of Khulna
Return Period: 30 Year; Confidence Limits: 95%
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6. Verification of the Developed Model

To study the influence of different parameters on their thermal response a computer
program, FHATherm, is developed based on the methods described earlier. 1"fA77wrm is
naI1led after "Finite Element Analysis of Thermal effects" in concrete bridge decks.
Needless to say that the model must be verified to make sure that it functions well and in
a predictable manner. Before establishing thermal effects in concrete bridge decks
constructed in Bangladesh the developed model was examined for accuracy and
dependency.

The temperatures and stresses derived from the present mathematical model were
compared with experimental results and theoretical results published by previous
investigators. The results from previous experiments and parametric studies were
compared with the results obtained from FEA Therm.

Comparison with experiments or analyses carried out for different location was possible
as FEA 7herm, upto certain extent, can be used to model environment of geographic
location other than Bangladesh. However, extent of applicability of the pro!,'Tamcan be
expanded with little effort. One major thing to be considered is ambient temperature
pattern specific to the location. At present the program can recognise two such patterns,
one is specifically for Bangladesh, a semi-sinusoidal pattern developed in this study
(described in Chapter 4) and the other is a sinusoidal pattern often used independently of
geographic location. Other geographical and meteorological parameters, such as latitude,
wind speed, solar constant, maximum and minimum ambient temperature, turbidity,
altitude, etc., can be input directly into the program.

In most of the cases sinusoidal pattern was used in the parametric studies with which the
current model was compared. Where the actual ambient pattern of the location was not
indicated by the investigators the sinusoidal pattern was assumed for the analysis of
experimental models. A brief description of 1"[,A7'llerm is presented in Appcndix-C.

In the process of analysis one must take into account the environmental and climatic
conditions existing on previous days to determine initial temperature distribution.
Because initial condition is unknown, the period of analysis should be larger than one
day. In the following analyses a 72-hr to 96-hr period, with environmental conditions
imposed cyclically for the days, was considered. In this way, the influence of the initial
temperature distribution on the thermal response of the bridge deck was diminished. The
results corresponding to last day of the analysis are presented and compared.



Verification ofthc Developed Model

6.1 Comparison with Hoffman's Experiment

Hoffman et al. (1980) conducted an experiment on a segmental prestressed box girder
bridge located at the Pennsylvania Transportation Research Facilities. Field
measurements, including vertical deflections and thermocouple readings for temperature,
were collected over a one-year period. Figure 6-1 shows the location of the
thermocouples at the instrumented cross section of the bridge. Temperatures for July 16,
1979 are presented. Input data necessary to determine the time-dependent temperature
distribution during the analysed day are given in Table 6-1.

It is to be noted that specified thermal diffusivity (klpc) of concrete = 0.0023 m2/hr is
converted to an equivalent properties for thermal conductivity (k) = 1.4 W/m oK, mass

density (p) = 2275 kgimJ and specific heat capacity (c) = 960 J/Kg oK for input to
FHA Therm. The analysis was also carried out for a more common value of absorption
coefficient of 0.65 apart from Hoffman's assumed value of 0.5. During Hoffman's
experiment the sky condition was cloudy. The turbidity factor in F1,A 7'l1erm was assumed
to be 6.26 to give a total solar radiation of 4,710 W hr/m2 at July 16, on a horizontal
surface located at Pennsylvania.

In addition following parameters were assumed for input to FHA 771crm.

1. Latitude of Pennsylvania = 42 oN

2. Thermal expansion coefficient of concrete = 8.0 x 10.('0Cl

3. Modulus of elasticity of concrete = 27,386 MPa

4. Azimuth of the bridge deck = 0 °E

5. Air circulation within the box

6. Variation in shading on web

7. Nocturnal radiation not considered

8. Initial condition = temperature everywhere at 22°C (ambient temperature at 6:00)

9. Boundary convection coefficients according to Eqs. 4-18

Analysis was started at 06:00 of 12 July and continued for 90-hrs till 23:00 of 16 July at
an interval of 60 minutes. Mirambell and Aguado [1990] also compared their analytical
results with Hoffman's experimental results. Figure 6-2 shows the analytical and
experimental temperature distributions, along the vertical symmetrical axes of the
analysed cross section (Thermocouples I, 2, 3, 5, 7, 8, and 9), at different hours of the
day. In the figure, it may be observed that the profiles of the analytical and experimental
temperature distributions and their evolution during the analysed day are very similar.
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Verification of the Developed Model

The differences with analytical (Mirambell and A/,'1Iado's analysis and present analysis)
and experimental results are between 2% to 10% (Table 6-1). The deviation is calculated
as follows:

rabsolute difference 0Deviation = -----------x J 0 %
rabsolute measured value (6-1 )

where difference is the difference between measured and analytical responses and
ahsolute measured value is the measured response without sign.

.'20 2 13: 14 --I•.• 'l2y 3 ~ IS

I
11 123 S:0 . , 12 6 ••• 4 .24I

~9 '9 17.•••••
1018 81 16 ••

21[

.7
I

• Thermocouples

F'),'1/r('6-/: I.ocation o/Thermocouples at Instmmented Cross .\'eclion ofHridJ.:l! (H(~lJman el. al. /980)
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Verification of the Developed Model

a • assmned In thIS siudy; h. assumed hy.MITIJmhdl and I\guad(l~m _McaslITl"t1 hy 11I'IYman

Table fJ-/: Parameters AS,nJmed to Compare with HoJfman~'iI~xperim('nr

k\~l Symbol Description Unit Value

Meteorological Parameters

I Isc Solar constant W/m' 1318 '

2 A Altitude of the location m 100 '

3 P, Relative atmospheric pressure unit less 0.996

4 Tama" Maximum ambient temperature °C 31.8 m

5 Tamm Minimum ambient temperature °C 20.0 m

6 w Wind speed m/sec 1.0 m

7 T" Atmospheric turbidity unit less 6.26 '

8 Q Daily total solar radiation W hr/m' day 4.710 m

Geographical Parameters

I <fJ Latitude degree (N +ve) 42 oN"

2 D Day of the year day 16 July. 1979

3 a Deck Azimuth degree (E +ve) o 0E a

Geometrical Parameter

I d Depth of girder m 1.7

2 h Asphalt surface thickness m 0.0

3 I, Length of overhang m 1.125

Material Parameters

I p Density Kg/m' 2275 '

2 E Emissivity of the surface unit less 0.88 ""

3 c Specific heat capacity J/Kg OK 960 '

4 k Thermal conductivity W/m OK 1.4 '

5 a, Surface absorption coefficient unit less 0.5 '", 0.65 '

6 klpc Thermal diffusivity m'/hr 0.0023 h

7 a Thermal expansion coefficient 0(' .1 8.0 X 10.("

8 E Modulus of elasticity MPa 27.386 "
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Verification ofth. Developed Model

Calculation of Deviation at 08:00

Thermo- Depth (a) (b) Mirarnbell (e) (d) Deviation of Deviation of Deviation of
couple Hoffman's & Aguado's PresentStudy Present Study (b) from(a) (e) from(a) (d) from (al

Experiment Analvsis ••~0.65 ••=0.5 =abs(b-a) =ab.s(c-~_ =abs(d-a)
I 0.00 27.60 28.40 29.03 27.89 0.800 1.430 0.290
2 0.10 27.00 27.40 27.21 26.59 0.400 0.210 0.410
3 0.20 26.80 27.20 26.57 26.07 0.400 0.230 0.730
5 0.85 26.00 26.40 25.38 25.37 0.400 0.620 0.630
9 1.50 25.70 27.00 24.65 24.65 1.300 1.050 1.050
8 1.60 25.60 26.00 24.74 24.74 0.400 0.860 0.860
7 1.70 24.40 24.80 24.40 24.40 0.400 0.000 0.000

Sum Ifl3.IO Ifl7.20 Ifll.9X /79.71 -1./0 ~.~O 3.97
Deviation by Eq. (6-1 2.24% 2.40% 2.17%

Calculation of Deviation at 15:00

Thermo- Depth (a) (b) Mirarnbcll (e) (d) Deviation of Deviation of Deviation of
couple Hoffman's & Aguado's PresentStudy Present Study (b) from(a) (e) from (a) (d) from (a)

Exocnmcnt Analvsis ••~0.65 ••=0.5 =abs(b-a) =abs(e-a) ~abs(d-a)
I 0.00 42.60 40.20 42.03 38.78 2.400 0.570 3.820
2 0.10 39.00 35.30 32.34 30.80 3.700 6.660 8.200
3 0.20 35.50 30.50 29.66 29.05 5.000 5.840 6.450
5 0.85 27.40 26.60 25.08 25.07 0.800 2.320 2.330
9 1.50 27.00 27.20 27.25 27.25 0.200 0.250 0.250
8 1.60 26.90 26.90 25.70 25.70 0.000 1.200 1.200
7 1.70 27.80 28.40 27.61 27.61 0.600 0.190 0.190

Sum 226.20 215.10 209.67 21N,26 12.70 17.03 22.~~
Deviation by Eq. (6-1 5.61% 7.53% 9.92%

Calculation of Deviation at 24:00

Thermo- Depth (a) (b) Mirambcll (e) (d) Deviation of Deviation of Deviation of
couple HolTman's & Aguado's Present Study Present Study (b) from(a) (e) from(a) (d) l'rom(a)

Exocriment Analvsis ••=0.65 ••=0.5 =abs(b-a) =abs(e-a) ==abs(d-a)
I 0.00 27.80 26.40 28.90 28.15 1.400 1.100 0.350
2 0.10 28.70 29.40 32.46 31.29 0.700 3.760 2.590
3 0.20 29.20 30.60 30.07 29.18 1.400 0.870 0.020
5 0.85 27.60 27.80 27.13 27.11 0.200 0.470 0.490
9 1.50 26.60 28.60 26.33 26.33 2.000 0.270 0.270
8 1.60 26.20 27.50 27.38 27.38 1.300 1.180 1.180
7 1.70 25.70 25.90 25.97 25.97 0.200 0.270 0.270

..)'um 191.H 196.2 19H.2~ 195. -II 7.20 7.92 5./7
Deviation by Eq. (6-1 3.75% 4.13% 2.70%

Tahle 6-2: ralculation (~rAnalytical J)e....iationfrom Holfman 'sF'xperimental Res/llts
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Verification of the Developed Model

6.2 Comparison with Mirambell and Aguado's Parametric Study

Mirambell and Aguado studied the influence of geometry of cross section of concrete box
girder bridges on their thermal response. The basic parameters are shown in Table 6-3. In
their analyses, the thermal properties of materials, the environmental conditions, and the
location and orientation of the bridge have been obtained from Elbadry and Ghali (1983).
The analysed cross sections are shown in Figure 6-3. In the present study the cross section
of Figure 6-3(a) was analysed for comparison. Figure 6-4 and Figure 6-5 shows the
temperature and self-equilibrated longitudinal stress distributions along the web centre
line at time of maximum vertical temperature difference (15:00 hour) for the cross
section of Figure 6-3(a). The temperature distributions in Mirambell and Aguado's

analysis is almost 3 °C higher than the present study throughout 24 hours. The higher
temperature may be attributed to the fact that in their analysis Mirambell and Aguado did
not consider the effect of atmospheric emissivity (E,) on the long wave radiation i.e. they
considered tl.q, = 0 in Eq. (3-5a). The resulting stress difference with this study is about
25%.

The effect of E" during irradiation heat transfer between surface and atmosphere is also
examined in the next section which clearly indicates that exclusion of this factor usually
results in a higher temperature difference and consequently higher curvature and
eigenstress.

Fi~lIre0-3: Cmss Sections Analysed hyMiramhell and Aguado
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Verificationoflhe DevelopedModel

a - assutnl,.>J in thIS stud)

Sl Symbol Description Unit Value

Meteorological Parameters

I Isc Solar constant W/m' 1353 "

2 A Altitude of the location m 1050

3 P, Relative atmospheric pressure unit less 0.962

4 Tama'X Maximum ambient temperature °C +5.0

5 Tamin Minimum ambient temperature °C -15.0

6 w Wind speed mlsec 1.0

7 .Tu Atmospheric turbidity unit less 1.8

8 Q Daily total solar radiation W hr/m' day -
Geographical Parameters

I q, Latitude degree (N +ve) 51.03 ON

2 D Day of the year day 21 March

3 a Deck Azimuth (lTom South) degree (E +ve) 900E

Geometrical Parameter

I d Depth of girder m 2.20

2 h Asphalt surface thickness m 0.0

3 I, Length of overhang m 2.25

Material Parameters

I p Density Kg/m' 2275 "

2 £ Emissivity of the surface unit less 0.88

3 c Specific heat capacity J/Kg OK 960 '

4 k Thermal conductivity W/moK 1.4 '

5 a, Surface absorption coefficient unit less 0.5

6 klpc Thermal diffusivity m'/hr 0.0023

7 a Thermal expansion coefficient °e" 8.0 x 10-6

8 E Modulus of elasticity MPa 27.386

Tahle 6.3: Parameters in Miramhel and Axuodo '.'1 Analyses
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6.3 Comparison with Elbadry and Ghali's Study

Elbadry and Ghali analysed the bridge cross section shown in Figure 2-llc for the
meteorological and geographical conditions at Calgary, Canada. The parameters used are
listed in Table 6-3. Originally Elbadry and Ghali [1983] analysed with an effective
emissivity coefficient of atmosphere of l:n = 1.0. The Analysis was also carried out by

Konig and Zichner [1983] for the same cross-section and same environmental condition

but with Cn = 0.82. Later Elbadry and Ghali [1983] revised there analysis for a variable c"
on the basis of Eg. 3-4d. This study analyses for a variable c" with and without an

additional 50mm aSphalt layer on the deck and compares the curvature (\II,) with analyses
of Elbadry and Ghali; and Konig and Zichner. Comparisons of results are shown in
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Verification of the Developed Model

(Figure 6-6). The result of this study shows a good agreement with Konig and Zichner.
Elbadry and Ghalis graph although shows the same qualitative development but the
values are above others. These differences are probably primarily due to the differences
in the treatment of daily total solar radiation in the analyses.

"----. _ .._-------_ .._----~-----------~---_._--
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The comparison of results from the present study with the results of various experiments
and studies described in this chapter demonstrates the performance of the model
developed. The model's qualitative performance is perfect and quantitative performance
is in general good. The differences among analyses are obvious as assumptions and
treatments of parameters and methods of analyses vary. Dependency of any model can
only be assured when it is calibrated according to the field measurements of a specific
location. Unfortunately, the model developed in this study lacks of such calibration.
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7. Thermal Response Analysis for Bangladesh

The statistical analysis of extremes of the four selected regions of Bangladesh
demonstrates that analyses due to variations in monthly temperature extremes and
average wind speeds among the regions are needed to establish a critical region, i.e. the
region in which "extreme responses" are occurred. Further parametric studies can thus be
limited to the critical region only. To reduce further the number of analyses it is also
important to establish critical months of the year. Thus analyses for the critical region at
the environmental conditions for critical months shan only be needed.

To obtain the hours, months, and the region of extremes, a O.3m wide and 1.0m high
rectangular concrete girder section (hereinafter referred to as basic x-section) is chosen
for analysis. The simple rectangular girder section is chosen to reduce the time of
analysis. It is presumed that months and region of extremes are independent of the
geometry of x-section. Thus period and location of extremes obtained from the analyses
of rectangular girder section are assumed to be applicable for other x-sections, e.g. box
girders.

The basic parameters considered are listed in Table 7-1. An analyses are performed for 3
consecutive days starting at 6:00 hour of the first day and ending at 23:00 hour of the last
day at an interval of 60 minutes (a total of 66 time steps for each analysis). The section
was divided into a mesh of 64 elements and 43 nodes. The initial temperature of the
cross-section is considered to be uniform temperature an over the section (at 06:00 hour)
and is equal to the minimum temperature of the month considered. The results of the last
day are presented.

Faces of the web are considered to be exposed to or hidden from solar radiation due to
the variation of position of the sun in daytime hours. A 0° E girder azimuth is assumed,
which means, longitudinal axis of the girder lies on local meridian. As a result the left
face win be shaded before noon and the right face win be shaded at afternoon.

The effect of orientation of girder axis is also investigated to its significance. For this set
of analyses a box-girder is chosen. The shade conditions on the web faces are also
investigated to find a critical boundary shading. Closed box condition and ventilated box
condition are also studied. The effect of deck cover, i.e. responses in an asphalt covered
deck and bare concrete deck is also studied. An these preliminary sets of analyses are
carried out to establish the critical conditions. With the critical set of parameters thus
obtained, final rounds of analyses are carried out by varying geometry, especiany depth
of girder.



Thermal Response Analysisfor Bangladesh

Sl Symbol Description Unit Value

Meteorological Parameters

I Isc Solar constant W/m2 Section 4.2.1

3 P, Relative atmospheric pressure unit less 1.0

4 Tam~ Maximwn ambient temperature °C Table 5-2

5 T3min Minimum ambient temperature °C Table 5-2

6 w Wind speed m1sec Table 5-1

7 To Atmospheric turbidity unit less 4.00

Geograpbical Parameters

1 4> Latitude degree (N +ve) Section 4.1.2

2 0 Day of the year (last day of analysis) day 4 Equinoxes;
15th for other
months

3 a Deck Azimuth (from south) degree (E +ve) o °E'
Geometrical Parameter

1 d Depth of girder m 1.0

2 h Asphalt surface thickness m 0.0

3 I, Length of overhang m 0.0

Material Parameters

1 p Density Kgim' 2400

2 € Emissivity of the surface unit less 0.88

3 c Specific heat capacity JlKg OK 960

4 k Thermal conductivity W/moK 1.5

5 a, Surface absorption coefficient unit less 0.65

6 klpc Thermal diffusivity m2/1u 0.0023

7 a Thermal expansion coefficient °C .) 8.0 x IO.{;

8 E Modulus of elasticity MPa 27,386

Table 7-1: Basic parameters considered in the analyses
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Thennal Response Analysis for Bangladesh

7.1 Hours of Diurnal Extremes

Detennination of the hours of diurnal extremes may be important for field measurement.
During the field measurement, one should not miss to measure responses at the hours of
diurnal extremes. However, knowing this infonnation beforehand shall not help reducing
number of analyses in a parametric study. Because, transient state analysis must continue
for days with time step sizes as smaller as possible.

To detennine the hours of diurnal extremes, the analyses of the basic x-section for
environmental conditions of Faridpur are compared. Results of January, March, and May
are presented in Table 7-2.

In general, the extreme longitudinal eigenstresses are found to occur at around 6:00-7:00
and 14:00-15:00 hours and the extreme temperatures at 7:00-8:00 and 14:00-16:00 hour.

The results of box girder analyses carried out later for other purposes also comply with
the statement above. Figure 7-1 shows diurnal variation of ambient temperature for the
months considered. The figure is based on ambient temperature model developed in this
study (discussed in Section 4.4).

Time of Maximum Time of Minimum
Temperature Temperature

x v Jan Mar Mav Jan Mar May
left top 15:00 15:00 15:00 7:00 7:00 6:00
left bottom 16:00 16:00 16:00 7:00 7:00 7:00

mid too 15:00 15:00 14:00 7:00 7:00 6:00
mid bottom 17:00 17:00 17:00 8:00 8:00 8:00

right top 14:00 14:00 14:00 7:00 7:00 6:00
right bottom 15:00 15:00 15:00 7:00 7:00 6:00

Time of Maximum Time of Maximum
Tensile Stress Comoressive Stress

x Iv Jan Mar Mav Jan Mar May
left top 6:00 6:00 6:00 14:00 14:00 14:00
left mid 6:00 6:00 6:00 15:00 16:00 15:00
left bottom 6:00 6:00 6:00 15:00 15:00 15:00

mid top 7:00 7:00 6:00 14:00 14:00 13:00
mid mid 16:00 16:00 16:00 7:00 6:00 6:00
mid bottom 9:00 9:00 8:00 14:00 14:00 14:00

ril!ht top 6:00 6:00 6:00 14:00 14:00 14:00
right mid 6:00 6:00 6:00 15:00 15:00 15:00
right bottom 6:00 6:00 6:00 15:00 15:00 15:00

Table 7-2: Hours o/diurnal extremes in different months of the year
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It is to be noted that extreme responses occur around the time of ambient temperature
extremes, i.e. 06:00 and 14:00 hours. Around the time of ambient temperature extremes
the difference between top and bottom fibre temperature becomes maximum.

Around the time of lowest amhient temperature maximum top and hOI/omfihre tensile
stresses occur. Around the time of highest amhient temperature maximum top and hOI/om
fihre compressive stresses occur.

Usually time of extreme section temperatures and stresses lags one or two hours from the
time of extreme ambient temperature.
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Hours of the Day
CD
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--tv1arch
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Diurnal Variation in Ambient Temperature at Faridpur
45.00

40.00.

35.00

0 30.00
'""~ 25.00
~:s
E 20.00
III

15.00E
"•...

10.00.

5.00

0.00
0 N

Figure 7-1: Diurnal Variation in Amhient Temperature at Faridpur

7.2 Months of Annual Extremes

Infonnation about the months of annual extremes is essential to reduce the number of
analysis and concentrate only at the months of annual extremes. To detennine it, the basic
x-section is analysed consecutively for 12 months and for environmental conditions of all
four regions (Dhaka, Faridpur, Jessore, and Khulna). Each of these 48 analyses is carried
out for 66 time steps as mentioned in the previous section. Listed in Table 0-1 to Table
D-4 in Appendix-O are the annual extremes of the regions at the nodes and the
corresponding months of annual extreme. These are obtained by computing extremes of
24 hour-extremes of each of the 12 months of the year. At the end of the tables are
extremes for the section as a whole and extremes at heights of 0.25m interval.

It is to be noted that the months of eigenstress extremes do not necessarily correspond to
the months of temperature extremes. Following table summarises the results presented in
Table 0-1 to Table 0-4. Comparison of Table 7-3 with Table 5-2 (30 year ambient
temperature extremes) figures out some interesting facts described below:
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J. Maximum temperature occurs in the "month of highest diurnal ambient temperature ".

2. Minimum temperature occurs in the "month of lowest diurnal ambient temperature ".

3. /;xtreme longitudinal eigenstresses (tensile and compressive) occur in the "month of
highest diurnal ambient temperature diffirence ".

4. Considering months of longitudinal eigenstress extremes, the parametric study may be
restricted to the months that correspond to the "months of highest and 2nd highest
diurnal temperature difference" of a region.

The last fact is very important as it points out that 2 out of 12 months are the critical
months to which the parametric studies may be restricted. The traditional approach of
considering spring, winter, and summer as the critical seasons of analyses can now be
examined. While diurnal temperature difference is usually highest in late winter and
sometimes in early spring, the summer analyses (at least for the latitudes of Bangladesh)
are not that much important.

Maximum Minimum Maximum Tensile Maximum
Temperature Temperature Stress Compressive Stress

Dhaka August 112 January L March DI March 01

September HI April 02 April 02

Faridpur April HI January L January DI January 01

March D2 March D2

Jessore May HI January I. February 01 February 01

June H2 March D2 March D2

Khulna May H2 DecemberL February OJ January 01

August March 02 March D2

Ref: Table 5-2:- 0 - Month of highest diurnal temperature difference; H_Month of highest diurnal temperature;

L -Month of lowest diurnal temperature; 1,2 - To denote month of first and second highest respectively;

Table 7-3: The months of annual extremes

7.3 Place of Regional Extremes

The analyses just described are also taken into consideration to establish the place of
regional extremes. Presented below in Table 7-4 and Figure 7-2 are the magnitudes and
patterns of annual extremes in the rectangular girder section for the selected regions.

These clearly demonstrate that Jessore is the critical region out of the four regions
considered, giving all four extremes namely maximum and minimum temperatures, and
maximum tensile and compressive longitudinal eigenstresses.
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TEMP AnnualMaximwn Annual Minimwn
SectionTemnerature Section Temnerature

y Dhaka Faridnur Jesson Khulna Dhaka Faridour Jesson Khulna
0 43.66 44.29 46.32 43.33 14.13 11.66 7.83 12.36

0.25 43.84 43.23 45.02 44.08 16.58 15.14 11.73 15.31
0.5 44.19 43.61 45.37 44.52 16.61 15.01 11.69 15.27
0.75 44.14 43.47 45.11 44.58 16.68 15.31 11.82 15.44
1 52.42 53.83 55.14 55.17 11.36 8.73 5.39 9.12

STRESS Annual Maximwn Tensile Annual Maximwn Compressive
Lon"itudinal Eip;enstress Lon"itudinal Ei"enstressy Dhaka Faridnur Jesson Khulna Dhaka Faridnur Jessore Khulna

0 1109.46 1377.21 1661.82 1331.26 -1753.76 -2276.99 -2587.37 -2125.44
0.25 841.94 1150.51 1366.81 1054.94 -1179.38 -1329.57 -1531.14 -1318.18
0.5 1020.83 1225.55 1446.63 1195.24 -945.09 -1191.66 -1377.14 -1119.41
0.75 1387.1 1609.87 1844.52 1600.37 -757.13 -909.64 -1063.67 -865.89
1 1534.72 1830.3 1966.41 1820.92 -3103.66 -3551.12 -3633.47 -3636.36

Table 7-4: Magnitude o/annual extremes ~fthe regions
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Figure 7-2: Pattern of annual extremes a/the regions

7.4 Critical Orientation of Girder

To investigate the effect of girder orientation or azimuth a box-girder section IS

considered. This section is the same "2.25m-height x 5.2m-bottom width x a.25m slab
thickness" box-girder (Fig 2-11c) that was investigated by Elbadry and Ghali (1983),
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except that 1O.Om-topwidth has been reduced to 7.2m. Thus "overhanging-width to web.
depth ratio" becomes 0.50 instead of 1.2. The reduced ratio causes portion of the web to
be shaded and the rest to be exposed to solar radiation and thus effect of orientation could
be better understood. The section is meshed with 132 nodes and 176 triangular elements.
Each analysis is carried out for 66 time steps of one hour at March condition of Jessore.
A total of 12 such analyses are done for _750 (West) to +900 (East) azimuth at 150

interval. The variation in extreme responses for various orientations are not very
pronounced (only around 5% for 50% overhang ratio, variation can be more for reduced
ratio and Winter condition) but they are predictable as can be noticed from the analyses'
results below.

Distance from Tensile Eigenstress Azimuth Compressive Azimuth (deg)
Soffit 1m) (kPa) (deg) Eioenstress (kPa)

0 529.9785 0 .2431.19 75
0.09 118.2677 0 .968.755 75
0.18 481.6115 15 .841.902 0
0.407 1042.565 45 .849.04 15
0.63.:" 1113.212 45 .707.375 15
0.862 1213.658 45 .611.89 15
1.09 1313.495 75 .500.208 0
1.317 1415.155 75 .383.62 0
1.545 1485.515 75 .• 260.823 0
1.772 1437.003 60 .278.145 90
2 1166.97 0 .838.078 90

2.125 856.04647 60 -1164.4741 60
2.25 1056.805 15 .3766.37 75

TaMe 7-5: Magnitude of extreme average eigenstresses at various height from soffit dut: to variations in orientation

Extreme Average Longitudinal Eigenstresses in a l
2.25m High Box-Girder (Jessore, March)
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; ~ 0 0 0 -0-- Corrpressrvell

I ~ Stress -----J I
I ~ :::: I
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Figure 7-3: I'altern of extreme average eigenstresses at variolls height from soffit dlle to variations in orientation

In Table 7-5 and Figure 7-3 respectively, presented are the magnitude and pattern of
extreme average eigenstresses (averaged for various distances above soffit) due to
variations in orientation of girder axis. Extreme compressive stress is found at the top
(2.25m above soffit) and extreme tensile at 1.545m (70% of height) above soffit. Extreme
bottom (at sotlit) compressive stress is found to be 65% of the top compressive stress.
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In Table 7-6 extreme averages of bottom, top, and' of 1.545m height are listed for
orientations at 150 intervaL Figure 7-4, Figure 7-5, Figure 7-6 shows the patterns of the
same. From these the maximum stresses (compressive as well as tensile) are found at
+750 (East) orientation and minimum stresses (compressive and tensile) at _150 to _300
(West) orientation.

On the other hand, maximum and minimum vertical curvature (III,) are found to occur at

+900 and 00 respectively. Table D-5 in Appendix D and Figure 7-7 shows the listing and
pattern of variation in curvature for various girder orientations. The variations are not
very pronounced. From Figure 7-7 it can be noticed that minimum curvature is to occur at
7:00 hour whereas maximum at 15:00 hours. Figure 7-8 shows 7:00 hour's and 15:00
hour's curvatures for various orientations, from where orientation corresponding to

maximum and minimum curvature is found to be 900 and 00 respectively. Following
conclusion regarding effect of orientation may be made:

Girder-Axis Compressive Compressive Tensile Eigenstress
Azimuth Eigenstress (kPa) at Eigenstress (kPa) at (kPa) at y=1.545m
(Dell) Bottom, \""0.Om Too, \""2.25m
90 -2424.9 -3765.28 1475.908
75 -243\'19 -3766.37 t485.515
60 -2413.62 -3761.53 1478.083
45 -2400.53 -3754.94 1475.35
30 -2385.37 -3749.11 1470.438
15 -2378.51 -3743.8 1472.023
0 -2372.45 -3740.87 1473.175
-15 -2369.36 -3737.60 1470.353
-30 -2372.15 -3737.16 1467.993
-45 -2368.75 -3736.96 1468118
-60 -2387.41 -3739.42 1473.412
-75 -2411.61 -3741.29 1473.327

Tahle 7-6: MaKnitude of extreme avera?,e eiKenslresses at various orientation

Orientation has little impact on extreme responses. Maximum stresses (compressive and

tensile) occur at an orientation around 90 a (in this case + 75 ~ i.e. girder longitudinal
axis lies in almost I,ast-West direction, as a result one face of the web always remains
fully shaded and other face may be parlly or fully shaded depending on overhang-web
ratio). Marimum curvature occurs at ')0 a and minimum curvature occurs at /I ~ Figure 7-
9 to Figure 7-11 in the fiJI/owing section demonstrate that 90 a and 0 a lire orientations of
minimum and maximum exposure of web to sunlight.
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Extreme Compressive Eigenstress at the Bottom of a
2.25m High Box-Girder (Jessore, March)
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Figure 7-.J:Pattern of ex/reme avero!{c hotlom-fihre compres.vive stress at various orientation

Extreme Compressive Eigenstress at the Top of a
2.25m High Box-Girder (Jessore, March)
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Figure 7-5: Pattern of exIreme average top-fihre compressive stress at various orientation
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Figure 7.6: Pattern a/extreme average tensile stress at varion", orientation

94



Thennal Response Analysis for Bangladesh

Diurnal Variation of Curvature for Different Orientations of
Girder Axis
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Figure 7-7: Diurnal variation of curvature due 10 various orientations of girder axis
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7.5 Critical Shade Condition

If orientation of girder has little contribution to thermal responses, it may not be
necessary to consider complex boundary condition arising from variable shade conditions

on the web over the day. Because orientation affects responses by varying solar radiation
intensity on vertical surfaces of web. Solar radiation intensity on top surface remams
unaffected irrespective of the orientation of girder axis. On the other hand,

Diurnal Variation of Non-Shaded Web Length
OJe to Variation in Girder Azimrth
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Diurnal Variation of Non-5haded Web length
OJe to Variation in Girder Azirruth
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Diurnal Variation of Non-5haded Web length
OJe to Variation in Girder Azirruth
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Fi~flre 7-11.' Diurnal variation'o! non-shaded web length due to variation in girder azimuth in Decemher

increased "overhang to web-depth ratio" causes large portion of web faces to be shaded
for most of the daytime hours. The Figure 7-9 (top) shows shade conditions for the set of
analyses done during investigation of the effect of orientation, described in the previous
section. 50% overhang-web ratio causes the web faces to be shaded most of the time,
resulting only 5% variation in curvatures due to changes in orientation. When girder

azimuth is 90°, web faces are fully shaded for 50% overhang and 60% shaded for 25%
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overhang (Figure 7-9, bottom), for almost 24 hours of the day. In June, solar altitude is
higher than that of March and even 25% overhang causes full shade condition in most of
(66%) the daytime hours (Figure 7-10). It means June and March analyses may not vary
considerably with variation in orientation or shade condition (full shade or variable
shade). But December may be exception.

During December, solar altitude is lowest, resulting only 20% shading over the day for

even 900 azimuth and 25% overhang (Figure 7-11). In December, variation in responses
can be more pronounced (Figure 7-12 shows 30 to 40% variation) for changes in girder
orientation (Elbadry and Ghali observed a 44% variation in vertical curvature during
December for 120% overhang, Section 2.9). However, since magnitude of vertical
curvature in December is relatively smaller than that in March (Figure 7-13) this greater
variation shall not cause vertical curvature in December to exceed that in March. But
transverse curvature (\jIy) in December is more pronounced than in March.

Variation of Curvature (Jessore, December)
for Fixed and Variable Shade Condition on Web
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Figure 7-13: Variation of curvature for fixed and variable shafle condition on web. Jessore. March
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Winter analyses and Spring analyses carried out with 900 azimuth, for both variable shade
condition and full shade condition on web faces are compared' below, In each of the
analyses overhang is 25% and girder depth is 4.25m. Figure 7-12 and Figure 7-13 clearly
demonstrate that full shade condition over the web (fixed for 24 hours) always results in

greater vertical curvature (\!Ix) than variable shade condition. It also demonstrates that in a

box girder bridge transverse curvature caused by variable shade condition (900 Azimuth)
may be comparable in magnitude with vertical curvature during Winter (Figure 7-12).
The implication of greater vertical curvature is that it may cause greater continuity stress
but not necessarily greater eigenstress. Eg. (3-33) shows that transverse curvature (\!IJ
also contributes to longitudinal eigenstress.

The analyses results show that longitudinal tensile eigenstress is greater in variable shade
condition and compressive eigenstress is greater in fixed shade condition. Tensile stress
in December is even greater than that in March (due to greater variation in vertical and
transverse curvature). From the above discussion it appears that:

A box-girder model with full shade (arbitrary azimuth) for February-March condition may be
sufficient to determine extreme compressive stresses but a variable shade condition with 900

azimuth need also to be studiedfor December condition to determine extreme tensile stress.
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7.6 Effect of Ventilation in Box-Girder

Figure 7-15 and Figure 7-16 demonstrate the effect of ventilation in a box-girder bridge.
In a ventilated condition air-cell enclosed in a box girder is assumed to be in the same
ambient condition as outside, whereas in a closed or un-ventilated condition temperature
of the still air inside the box depends on the variation of temperature of the inside surface
of the box. It has been observed that air inside the closed box maintains a temperature
closer to mean daily temperature al1over 24 hours (Figure 7-14).

Variation of Closed-Box AlrTemperature
in a 100m x 1.0m Box
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Figure 7-/4: Variation o/Closed-Box Air Temperature

In a closed box or un-ventilated condition average extreme' top and bottom fibre
compressive eigenstresses and the vertical curvature are greater than those in a ventilated
condition. On the other hand, average extreme top and bottom fibre tensile eigenstresses
are greater in a ventilated condition but average extreme section tensile stress occurs (at a
distance 80% of depth above soffit) in a un-ventilated condition. The greater curvature in
a closed box condition may have greater impact on continuity stress .

• average extreme-24-hours extreme of average values at a distance above soffit
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Vertical Curvature for Ventilated and Oosed Box Girder,
Jessore, W1arch
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Figure 7-/5: Vertical curvature/or ventilated and closed box girder

7.7 Effect of Asphalt Cover

A 50mm asphalt cover is considered on the same concrete box girder section in order to
understand its effect. Results are shown in Figure 7-17, Figure 7-18, and Figure 7-19. The
results are partially at variance with the observations made by Elbadry and Ghali (1983)
that state, the asphalt cover increases top surface temperature (consistent with this study)
and also the thermal curvature and eigenstresses (at variance with this study). While
asphalt covered top surface temperature is higher than bare concrete top, the "concrete
deck top" below the asphalt cover maintains a lower temperature in comparison to its
bare counterpart. The same is true for "concrete-top" eigenstress. Curvature in a asphalt
covered deck is also lower in magnitude than that in a bare concrete section.
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Alerage Extreme Eigenstresses for
Ventilated and Closed Box Girder,

Jell9Ore, March

Alerage Extreme Eigenstress for
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(b) Eigenstress - bare concrete top slab
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Figure 7-19: 24-hour temperature and eigenslress distribution in a box girder with and without asphalt cover

Although asphalt has higher absorptivity and emIssIvIty coefficients compared to
concrete surface it has lower conductivity also. Even though the asphalt overlay on the
concrete results in higher top surface temperature (asphalt surface), the net input
temperature on the concrete top below the asphalt overlay becomes smaller than that
would be in a bare concrete top. The asphalt overlay act as a solar-shield on the concrete
deck resulting in not only lowered concrete-top temperature but also lowered curvature
and eigenstresses (concrete-top and soffit, tensile and compressive).

7.8 Effect of Conductivity

Higher conductivity causes temperature to be distributed more quickly throughout the
cross-section. As a result higher conductivity reduces temperature gradient and
consequently eigenstresses. As can be shown from Figure 7-20 displaying result of
analyses (of LOrn rectangular section for March condition of Jessore) using three
commonly used values of conductivity of concrete. Though differences are not very
significant, the trend is clear. Lower the value of conductivity higher is the eigenstress.
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Variation of Extname Average E1genstress with
Conductivity of Concrete
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Figure 7-20: Variation of extreme average eigenstress wi,th conductivity of concrete

7.9 Choice of Parameter Values

From the preliminary set of analyses described above, values of parameters are chosen so
that responses become maximum. The parameter values selected shall limit the final set
of analyses for various geometric configuration and it is hoped that the responses thus
obtained are extreme for the cases studied. Following are the selected values (may be
termed as critical values) of various parameters:

1. Place: Jessore

2. Month: February; March; and December

3. Girder Azimuth: 900E (girder longitudinal axis at East-West direction)

4. Shade Condition : Full shade condition in February and March; Variable shade
condition in December.

5. Geometry: Rectangular slab or beam and Box girder

6. Ventilation: Both ventilated and un-ventilated

7. Surface Cover: No cover (bare concrete section)

8. Conductivity: 1.384 W/m K

9. Values of other non-geometric parameters remain the same as basic parameters
considered in earlier analyses (Table 7.1)

TaMe 7-7: Critical values a/parameters
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Dimensions of cross section of a typical rectangular slab or beam and a box girder is
shown below. As presence of haunched upper and bottom slabs does not affect the
thermal responses on concrete box girder bridges (Mirambell and Aguado, 1989), any
haunched section may be simplified into the sections shown below and analysed with
sufficient accuracy (considering average height or width of the haunched portion).
Dimensions in Figure 7-21 are as follows:

WI = Width of top slab; Wh = Width of bottom slab; WI = Width of the webs;

D~= Depth of girder or slab; D, = Depth of top slab; D1 = Depth of bottom slab

Length of overhang = (WI - Wh)/2; Depth of web = D~ - D,

D.

[ Wt

Figure 7-21: Dimensions of cross section of a box girder; and rectangular slab or beam

To investigate the temperature effects in a rectangular slab or beam of upto LOrn depth
values of parameters considered are listed in Table 7-8. 66 hour long analysis at an
interval of 60 minutes was performed for each of the 20 cases below. Values of other
parameters not listed below are taken from Table 7.1 (basic parameters) and Table 7.7
(critical values).

• Depth: O.lm to LOrn atO.lm interval (10 variations)

• Month: February and March (2 variations)

• Shade Condition: Full shade at the web faces

• Geometry: Rectangular slab or beam (WI =Wh = LOrn)

Table 7-8: Values a/parameters considered/or rectangular slab or beam a/uptD I.Om depth
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For girder depth above 1.0m, box girders are considered for analyses. A total of 24
analyses are carried out with following values of parameters:

• Depth: 1.5m to 5.0m at 0.5m interval (8 variations)

• Month: February, March and December (3 variations)

• Shade Condition: Full shade condition in February and March; Variable shade
condition in December.

• Geometry: Box-girder (Ds = 0.2m; D, = 0.2m; Wt = such that it maintains a 50%
overhang-girder depth ratio, i.e. Wt = Wb + Dg; Wb = 5.2m; 1 combination)

• Ventilation: Open box ventilated condition

Table 7-9: Values a/parameters considered/or box girder of depth greater than I.Om

To demonstrate the temperature effect on the top and bottom slab of closed box girders
16 analyses are carried out with following values of parameters:

• Depth: 2.5m

• Month: March

• Shade Condition: Full shade condition

• Geometry: Box-girder (Ds = 0.2m; D1 = O.lm to 0.8m at O.lm interval; Wt, Wh =

same as previous; Dj = 0.2m; Ds = O.lm to 0.8m at O.lm interval; 16 variations)

• Ventilation: Closed box condition

Table 7-10: Values o/parameters considered/or closed bor girder

7.10 Computed Temperature Distributions

Results of model analyses for critical values of parameters selected in the previous
section are presented here. The figures in this section represent the March analyses only.
Analyses of February and December are also performed and on the basis of all analyses
critical temperature distributions have been proposed in the next section. The computed
distributions of temperature at 06:00 hours and 15:00 hours are critical that correspond to
critical negative and positive temperature gradient. 06:00 hour negative gradient produces
extreme fibre maximum tensile stresses and 15:00 hour positive gradient produces
extreme fibre maximum compressive stresses. It is to be noted that 15:00 hour tensile
stresses few centimetres below top fibre or above bottom fibre are greater in magnitude
than the 06:00 hour extreme fibres tensile stresses. Longitudinal tensile continuity
stresses due to support restraint is higher in the afternoon hours due to larger temperature
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difference between top and bottom fibres (Figure 7-22 and Figure 7-23). In other words
15:00 hours temperature distributions are important for compressive as well as tensile
stresses. This is why most of the codes and practices deal with only temperature
distributions of afternoon hours.

7.10.1 Computed Distributions in Slabs or Beams of Depth upto 1.0m

For slabs or beams of depth less than or equal to LOrn, computed distributions are shown
in Figure 7-22. These distributions are at the middle section (x=O.5m) of rectangular
girders of LOrn base width. The characteristics of the distributions can be easily
identified. 15:00 hour positive gradients for depth upto LOrn slabs or beams follow the
characteristics below:

I. For depth less than 0.40m, distribution pattern can be divided into two parts, upper
and lower triangular parts, each part comprising a height of ~ of the depth.

2. For depth greater than 0.40m, the pattern can be divided into three parts, upper
triangular, middle constant and the lower triangular part. Height of upper triangular
part is around 0.2m and that oflower part is ~h of the depth.

3. Middle part can be represented as a constant temperature of 15+10.(1.0-0
8
) 0C,

where 08 is depth of slab or beam in meter.

4. Top and bottom temperature may be considered as 45°C and 28°C respectively.

Although, 06:00 hour distribution is little bit irregular and without a distinct constant part,
it follows approximately the same manner of 15:00 hours distributions but in reverse
direction.

7.10.2 Computed Distributions in Beams or Webs of Depth 1.0m to 5.0m

Distributions at the middle of the web of box girders of depth ranging from LOrn to 5.0m
are presented in Figure 7-23. Those, however, follow a consistent pattern. The
characteristics are as follows:

1. The upper and lower parts of 15:00 hours distribution patterns closely resemble to 5th
order parabola as is often suggested in various codes and practices.

2. The middle constant part for 15:00 hours and 6:00 hours are 15°C and 200C
respectively.

3. Variable upper and lower part vary respectively within 0.625m from top and 0.375m
from bottom. These distances are same for both 15:00 hours and 6:00 hours
distributions.
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7.10.3 Computed Distributions in Slabs of Closed Box Girders

In Figure 7-24 and Figure 7-25 distributions are presented for top and bottom slabs of
closed box girders. The results obtained are at variance with results of earlier
investigator. For example, Prakash Rao (1985) described that air inside a closed cell acts
as a heat bank and raises the temperature of the slabs under solar radiation conditions as
well as during night hours. Whereas this study observed that still air temperature inside
closed boxes never exceed the daily mean temperature. As a result the net heat input to
the inside surfaces of a closed box is always less than the ambient input to a ventilated
box. Further study shall look into this in order to establish design temperature
distributions in slabs above and below closed box girders.

7.10.4 Computed Distributions in Slabs Below Ventilated Box

Figure 7-26 represents temperature distributions in the bottom slab of ventilated box
girders. 06:00 hours distribution shows little temperature gradient in slab below
ventilated box. The temperature distribution for slabs above ventilated air-cell shall be
the same as that in slabs or beams of depth less than or equal to 1.0m.
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Figure 7-22: Computed 6:00 hour and 15:00 hour lemperahlre distributions in slabs or beams of depth upto J.Om
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Computed 06:00 Hour Temperature Distributions
in Beams or Webs of Depth 1.0m to 5.0m
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Figure 7-23: Computed 6:00 hour and 15:00 hour temperature distributions in beams or webs a/depth I.Om to 5.Om
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7.11 Proposed Design Temperature Distributions

Critical temperature distributions obtained are simplified so that calculation of thermal
effects is possible without employing sophisticated method of analyses such as finite
element or finite difference methods. With the proposed design temperature distribution,
computation of thermal responses will be possible even with simple hand calculation.
Method of hand calculation is presented in Section 7.12. Temperature distributions for
different depths encountered in practice are proposed for slabs, beams, box girder webs
and bottom slabs of ventilated box girders.

7.11.1 Simplification Process

The simplification of design temperature distribution is done in a way that proposed
desil,'Tldistributions induce about same maximum stresses and curvatures and maintain

about same average temperatures as the actual computed distributions so that calculated
eigenstresses, continuity stresses and heaving stresses based on simplified distribution do
not differ much with the actual stresses due to actual distribution. However, it is very
difficult to maintain all the stated characteristics in a simplified equivalent distribution in
which contributions from transverse temperature gradient are neglected.
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Several sections are analysed in spreadsheets. Initial distributions are assumed from
computed distributions. Distributions are adjusted by trial and error until all three
characteristics (stresses at various points, curvature in longitudinal direction, and average

weighted temperature i.e. ITdAlA) are met with reasonable accuracy while maintaining
close resemblance to the finite element based computed distributions.

3.0m Depth Box Girder S.Om Depth Box Girder

FEAThenn Simplified Error FEATherm Simplified Error
Distribution (%) Distribution (%)

Average 24.65 DC 25.93 DC 5% 23.95 DC 25.3 DC 6%
Temoerature
Soffit Compressive 1487 kPa 1597 kPa 7% 1640 kPa 1776 kPa 8%
Stress
Soffit Tensile Stress 1367 kPa 1423 kPa 4% 1166 kPa 1177 kPa 1%
(25m above soffit)
Top Compressive 3245 kPa 3252 kPa 0% 3407 kPa 3392 kPa 0%
Stress
Top Tensile Stress 2292 kPa 2889 kPa 26% 2254 kPa 2917 kPa 29%
!.25m below top)
Longitudinal 1.76 E-05 2.17 E-05 23% 1.05 E-05 1.27 E-05 21%
Curvature (1m)

Table 7-1/: Difference between results a/two dimensional Finite Element Analysis and hand calculation hased on
proposed one dimensional simplified distribution

Three alternative distributions are proposed. Simplified segmentally linear distributions
(Alternative-3) are shown in Figure 7-28: Proposed 6:00 hour and 15:00 hour temperature
distributions in slabs or beams of depth upto 1.0m; Figure 7-29: Proposed 6:00 hour and
15:00 hour temperature distributions in beams or webs of depth 1.0m to 5.0m; and Figure
7-30: Proposed 6:00 hour and 15:00 hour temperature distributions in the slabs below the
ventilated air-cell in a box girder. Two other alternatives, Alternative- I and Alternative-2
deal with 15:00 hours distributions only and are discussed in section 7. I 1.3.

7.11.2 Adjustment of Design Distributions for Transverse Effects

Design distributions are based on computed distributions at the middle section of webs or
decks. One major limitation of application of middle section distribution (of this study or
of any other existing) for deck's cross section as a whole is its negligence of effect of
transverse temperature distribution. Transverse temperature distribution follows the
similar pattern to vertical direction (with lower gradient). As a result, exterior portions of
the deck are hotter than the interior at 15:00 hours. In other words, average temperature
of the deck will be lower than the actual average, when calculated with design
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distribution based on middle of the web. Although reverse is true at 6:00 hours but
difference between exterior and interior portion is low compared to 15:00 hours.

In this study attempt is made to measure 15:00 hours deviation and it has been found that

average weighted temperature (ITdAJA) is to be increased by 10% to 20% (depending
on the cross sectional area of the deck, larger the area higher is the percentage). And it is
being suggested that increase in percentage (p) be calculated as:

p = (10 + N2), where A ,,;Cross sectional area in m2

Above increase in .average temperature be applied in calculation of 15:00 hours only. No
increment is suggested for 6:00 hours calculation.

Hand calculation is performed to demonstrate the deviations of the proposed distribution
from distribution obtained in finite element analysis. 15:00 hours calculations for tWo box
girders of depth 3.0m and 5.0m are presente? in Table 7-11. It shows that other than the
curvature and top fibre tensile stress all othe~thermal responses remain within reasonable
limits of accuracy (0 % to 8%) provided a 15% (::::10+AreaJ2) increase in average
temperature is assumed.

7.11.3 Alternative 15:00 Hours Distributions

Considering the importance of 15:00 hours distribution two alternative distributions for
depth greater than 1.0m are proposed in this section, which, particularly the alternative-I,
offer high degree (error less than 5%) of consistency with distributions obtained from
finite element analysis. These alternatives would require a bit more calculation because
of their complexities. However, this study observes that hand calculation can be
performed easily knowing the area and centroid of any distribution. Area and centroid of
the proposed distributions can be obtained by integrating the distribution equations along
the depth of deck. Method presented in Section 7.12 follows this approach.

It is also to be noted that equations for top and bottom portion of the webs or beams
remain the same for all depth (middle portion is either constant or varies linearly). So,
area and centroid of the proposed distribution need to be calculated once. Hxponl!n1wl
Decay distribution (Alternative-I) offers greater accuracy than the 511tOrder Parabolic
(A1ternative-2) distribution. Of the three distributions presented, the Sef!,menlally Linear
distributions (Figure 7-28) are less accurate. Two alternatives for 15:00 temperature
distributions in webs and beams of depth greater than 1.0m are proposed here.
Comparison of proposed 15:00 hours distribution with FEATlterm result for a middle
section of a 3.0m box girder web is demonstrated in Figure 7-27.
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Alternative-I: Exponential Decay Distribution
r----------------------"y,;--------- __-,
(a) Within 0.75m depth below top (Yt): T= 15.8 + 26.9 * e -0.10 °C

(b) Yt > 0.625m and Yh (above soffit) > 0.625m: T varies linearly from 15.8°C to 14.4°C
Yt

(c) for Yh <= 0.75: T= 14.4 + 13.6 * e -0088 °C

Table 7M

} 2: Exponential/Jeeay Distribution (Alternative-I)

Alternative-2: 5th order Parabolic Distribution

(a) Within 0.625m depth (Yt) below top: T= 15 + 27 * t~~;5Y!)5 °C
(b) Yt >0.625m and Yh (depth above soffit»0.625m: T varies linearly from 15°C to 14°C

0.625 - Y
(c) for Yh <= 0.625: T= 14 + 14 * ( 0.625 t i °C

Table 7-/3: 5th order Parabolic Distribution (AIICrnaliw!-2)

Adjustment for transverse effect shall be required with these alternatives also. Because,
no single distribution alone can at the same time take into account of the temperature
variations in the transverse direction. Figure 7-31 compares longitudinal eigenstress
calculated on the basis of the proposed distribution with FEATherm results. A 15%
increase in average temperature is assumed for each of the proposed distributions. Of the
three proposed distributions exponential decay and 5th order parabola forms offer almost
same stresses, however, 5th order parabola form offers better curvature value.
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Comparison of Proposed 15:00 Hours Temperature
DIstributions With FEATherm

in Webs of a 3.00m Depth Box Girder
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Figure 7-27: Comparison a/proposed J5:00 hours temperature distributions with FEATherm results in webs of a
3.00m depth box girder
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Proposed 06:00 Hour Temperature Distributions
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Figure 7-29: Proposed 6:00 hour and 15:00 hour temperature distributions in beams or webs of depth rOm to 5.0m
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7.11.4 Area and Centroid of the Proposed Distributions
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Figure 7-30: Proposed 6:00 hour and 15:00 hour temperature distributions in the slabs below the ventilated air-cell
in a box girder

Area and centroid of temperature distribution are essential for the approach of
determining thermal effects presented in Section 7.12.

Alternative-I: Since the distribution is of the form T = A + Berny integrating over the
depth y, (the depth below top of the deck) area A, and moment of area about the top of the
deck M, can be obtained as:

for the top O.75m of the distribution, A = 15.8, B= 26.9, m = -1/0.1 = 10.00, and y, = 0.75:

•• At = 14.5385 moe,

•• M, = 4.7115 m2 °C and

•• the centroid y,=M,1 A,=0.324Im (from top of the deck)
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for the bottom 0.75m of the distribution, A = 14.4, B= 13.6, m = -1/0.88 = 11.3636, and
Yh= 0.75. Replacing Ylwith Yhin Eqn. (7-1) and Eqn. (7-2):

• Ah= 13.1667 m °C,

• Mh= 4.15512 m2 °C and

• the centroid Yh=Mh / Ah= 0.3156m (from bottom of the deck)

Alternative-2: This alternative is of the form T = A + B (Y1...:..Y )5, integrating over Y,:
Y,

_!'01 B y,2 !UJ
M, - 2 + 6 + 42

(7-3)

(7-4)

for the top 0.625m of the distribution, A = 15,8= 27, and Yl= 0.625:

• A, = 12.1875 m °C,

• M, = 5.0893 m2 °C and

• the centroid y, = Ml / A, = 0.4176m (from top of the deck)

for the bottom 0.625m of the distribution, A = 14, B= 14, and Yh= 0.625. Replacing y,
with Yhin Eqn. (7-3) and Eqn. (7-4):

• Ah= 10.2083 m °C,

• Mh= 3.8542 m2 °C and

• the centroid Yh=Mh/ Ah= 0.3776m (from bottom of the deck)

On the basis of the stated values of Area and Centroids longitudinal eigenstresses are
manually calculated and compared with FEATherm results for a 3.OOmdepth box girders.
The stresses are shown in Figure 7-31. 5th order parabolic distribution and exponential
decay distribution both result in similar stresses and curvatures.
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Comparison of Longitudinal Eigenstresses for Proposed 15:00
Hours Distributions With FEATherm
in Webs of a 3.00m Depth Box Girder
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Figure 7-31: Comparison a/longitudinal eigenstressesjor the proposed /5:00 hours temperature distributions with
/<EATherm results in webs of a 3.00m depth box girder

7.12 Hand Calculation Example: Meghna - Gumti Bridge

This example calculates longitudinal eigenstresses and combines this with continuity
stresses in an idealised deck section of Meghna-Gumti Bridge.

Meghna-Gumti Bridge is effectively a 6 span continuous bridge which is constructed by
cantilever erection method. The type of girder is single box girder of non-uniform
section. The girder height is 5.8m at the column capital, 2.3m at the end of side span and
1.9m at the central point of intermediate spans. height of girders varies in a sinusoidal
manner. In this Bridge a design temperature gradient of 5°C between top and bottom
flanges has been assumed [Nazrul, 1997]. This example calculates on the basis of the
proposed temperature gradient of this study.
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Section s= 1:100

Ed';je support Column capi tal
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Figure 7-32: Cross section ofMeghna-Gumti Bridge 01 edge support and column capital (all dimensions in mm)

Deck section at column capital has been chosen in this example (Figure 7-32). Top slab
thickness is averaged (390mm) for simplicity of calculation. Other dimensions remain
unchanged. Thus following values of geometric properties are considered and calculated
for the column capital section:

Dg (depth of girder) = 5.80m

Ds (thickness of top slab) = 0.39m

DI (thickness of bottom slab) = 0.60m

Wt (top width of the deck) = 8.90m

Wb (bottom width at soffit) = 5.00m

WI (width of the webs) = 0.50m

A (area of cross section) = 11.281 m'

Ix (Moment of Inertia about neutral axis)
= 54.7494 m4

y (Distance of centroid from soffit) =
3.08563m

Assumed elastic modulus of concrete Ec = 27386 MPa and coefficient of thermal

expansion a = 8.0 x 10-6 I 0c. 15:00 hours and 06:00 hours proposed temperatures are
listed in Table 7-14, Table 7-15, and Table 7-16. All three alternatives of 15:00 hours
distribution in web are considered in this example.
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Middle of the Top slab Middle of the Bottom slab
(Figure 7-28) (Figure 7-30)

Distance above bottom Temperature roC) Distance above soffit (m) Temperature (OC)
of slab (m)

0.000 28 0.000 28

0.195 20 (28 to 20 linear) 0.150 16 (28 to 16 linear)

0.390 45 (20 to 45 linear) 0.300 16 (16 constant)

- - 0.600 25 ( 16 to 25 linear)

Area of distribution, 11.02 mOC Area of distribution, 11.175 mOC
A, = LT6y A" ~ LT6y
Centroid of 5.625 mOC Centroid of distribution 0.295 mOC

distribution from soffit, from soffit,
V, ~ LyT 6y / LT1ly Vb = LyT6y / LT1ly
Area of top slab 3.432 m' Area of bottom slab 2.40 m'

without webs' portion, without webs portion.
A" A••

Table 7-/4: ,/5:00 hours temperature in top and hottom slabs of deck ofmeKhna.gumti hridge

Middle of the Webs Middle ofthe Webs Middle of the Webs
(Segmental Linear, (Exponential Decay, (5th Order Parabolic,

Figure 7-29) Table 7-12) Table 7-13)
Distance Temperature Distance Temperature roC) Distance Temperature (OC)

above soffit (0C) above bottom above soffit
(m) of slab (m) (m)
0.000 28 0.000 28 0.000 28

0.250 15 (28 to 15 0.750 14.4 (28 to 14.4 as 0.625 14 (28 to 14 as (c) of
linear) (c) ofTable 7-12) Table 7-13)

5.175 15 (15 to 15 5.550 15.8(14.4to 15.8 5.175 15(14to 15 linear)
const) linear)

5.550 18 (15 to 18 5.800 42.7 (15.8 to 42.7 5.800 42.7 (15 to 42.7 as
linear) as (a) ofTable 7-'12) (a) ofTable 7-13)

5.800 45 (18 to 45 - - - -
linear)

Aw=LT6y 93.31 mOC Aw=LT6y 92.64 m °c Aw=LT6y 88.37 m °c

Yw-LyT6y 2.99 m Yw= LyT6y 2.96m Yw~LyT6 2.97 m
/LT6y / LT6y y / LT6y

Area of two 5.80 m' Area of two 5.80 m' Area of2 5.80 m'
webs, Aw~h webs, Awch webs. Awe!>

roMe 7-/5: /5:00 hours temperature in webs of deck ofmeghna-g1.lmti bridge
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Middle of the Webs Middle of the Top Slab Middle of the Bottom(Figure 7-29) (Figure 7-28) Slab
(Figure 7-30)Distance above Temperature Distance above Temperature Distance above Temperaturesoffit (m) (0C) bottom of slab (m) (0C) soffit (m) (0C)

0.000 16 0000 18 0.000 14
0.125 20 (16 to 20 0.195 24 (18 to 24 0.100 16(141016

linear) linear) linear)
5175 20 (20 0.390 12 (24 to 12 0.500 16 (16

constant) linear) constant)5.550 23 (20 to 23 - - 0.600 15(16to15
linear)

linear)5.800 12(23to12 - - - -
linear)

A" ~ IT.1y 115.69 mOC At = IT.1y 7605 mOC Ah ~ IT.1y 9.45 mOC

Y. ~ IyT.1y / 2.903 m y, ~ IyT.1y / 5.595 m Yh = IyT.1y / 0.30141 m
IT.1y IT.1y IT.1y
A.....ch 5.80 m' A" 3.432 m' A•• 2.40,;;r

Table 7.} 6: 06:00 hours temperature in webs, lOp slabs. and holtom slahs of deck olmeghna-gwnti hridge

Table 7-17 lists temperature induced longitudinal curvature and axial strain of 15:00
hours and 06:00 hours. 15:00 hours values are calculated for all three alternatives.

t5:00 hours 15:00 hours 15:00 hours 06:00 hours
distribution distrihution distrihution distribution

(with segmental (with exponential (with 5th order (segmental linear)
linear form on decay form on parabolic form

wehs) webs) on webs)
f '<di~Tdydx 258.81 258.03 25313 213.57

f ~1i~ (y- y)Tdydx 87.35 84.62 86.07 24.39
1jI, U8E-05 1.24E-05 U6E-05 356E-06
E, 000018 0.00018 0.00018 0000151

Eo 0.00014 0.000145 0.000141 0.00014
T1vg 24.94 22.87 22.44 18.93

Table 7-/7: Temperature induced curvature and strain in Meghna-Gumti hrh~~e deck
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Table 7-17 is based on calculations according to formulas listed below:

Cross sectional area, A ~ Awcl>+ A,.,+ Am in (m')

J~1imTdydx = p"(Aw "W~h+ A, "W,,+ Ah " W", ) in (m' 0C), where p is percentage increase (for 15:00
hours only) due to transverse distribution, (110+N2)/I00 '" 1.15, p=1.0 for 06:00 hours.

J ="m (y- Y)Tdydx =Aw "Ww,h"( Yw- y) + A, "W,,"( y, - y)+ A." W,,"( Yh_ Y) in (m'0C)

Curvature W, = (aJ =1im (y- y)TdydA) / I, in (1m)

Axial strain &,= aJ=1;m Tdydx/A in (m/m)

Soffit strain Bo= Ex - \iJ" * yin (m/m)

Average section temperature Tavg = fse<.1ionTdydx / A

Listed below in Table 7-20 to Table 7-21 are longitudinal eigenstress a••, continuity
stresses axe. and resulting thermal stress at a distance y above soffit. In stress calculation,
only exponential decay values are considered for 15:00 hours since all three alternatives
offer identical values of curvature and strains. Longitudinal eigenstresses are calculated
as:

Continuity stresses and support reactions can be calculated according to section 3.6. For
this particular case maximum continuity moment and longitudinal continuity stress that
occurs at the first interior support can be expressed by:

a,e= -1.25Ij1x Ee ( y- y)

The resulting stresses in the webs of the section is shown in Figure 7-32.
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Table 7-/8: Temperature induced stresses in the webs o[Meghna-Gumti Bridge

15:00 houl'll Stresses in the Webs
06:00 honl'll Stresses in the Webs

y from eigen- continuity Total y from eigen- continuity Totalsoffit (m) stress stress Stress soffit (m) stress stress Stress(kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
0000 -2168 +1310 -858 0000 +341 +377 +718
0.750 +1065 +992 +2057 0125 -523 +361 -152
5.050 +2215 -834 + 1381 5.175 -30 -255 -285
5.800 -3425 - 1152 -4577 5550 -651 -301 -952

5.800 +1784 -331 +1453
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Figure 7~/9:Temperature induced stresses in the webs ofMeghna-Gumti Bridge
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15:00 hours Stresses in the Top Slab 06:.00 hours Stresses in the Top Slab

y from y from eigen- continu Total y from y from eigen- continu Total
bottom soffit stress -ity Stress bottom soffit stress -ily Stress
o(Slab (m) (kPa) stress (kPa) of slab (m) (kPa) stress (kPa)
(m) (kPa) (m) (kPa)
0.000 5.41 -336 -987 -1323 0.000 5.41 +431 -284 +147
0.195 5.605 +1483 -1069 -414 0.195 5.605 -865 -307 -1172
0.390 5.8 -3930 -1152 -5082 0390 5.8 +1784 -331 +1453

Tahle 7-20: Temperature induced stresses in the top slah ofMeghna-Gumti BridKe

15:00 hours Stresses in the Bottom Slab 06:00 hours Stresses in the Bottom Slab

y from eigen- continuity Total y from eigen- continuity Total
soffit (m) stress stress Stress soffit (m) stress stress Stress

(kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
0.000 -2168 +1310 -858 0000 +779 +376 +1155
0.150 +512 +1246 +1758 0100 +351 +364 +715
0.300 +613 + 1-1-83 +1796 0.500 +390 +315 +705j

0.600 -1307 +1055 -252 0.600 +612 +303 +915

TaMe 7-2/: Temperature induced stresses in the hottom slah o/MeKhna-Gllmti Bridge

In the section at column capital considered following stress resultants are obtained:

• (at 06:00 hours) maximum top fibre tensile stress is 1453 kPa (210 psi)

• (at 15:00 hours) maximum top fibre compressive stress is 5082 kPa (736 psi)

• (at 06:00 hours) maximum soffit tensile stress 1115 kPa (162 psi)

• (at 15:00 hours) bottom slab maximum tensile stress 1796 kPa (260 psi)

• (at 15:00 hours) maximum tensile stress in web 0.75m below top 2057 kPa (298 psi)

Stresses are also calculated, in the webs of the column capital section of the Meghna-
Gumti Bridge, on the basis of BS 5400 distribution (Figure 2-2). Comparison of results
obtained from proposed exponential distribution is shown in Figure 7-34. It is observed
that the longitudinal curvature and consequently the continuity stress; and top fibre
compressive stress are more or less identical in the two cases but tensile stress at the
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bottom of each web is underestimated in the case of BS 5400. Magnitude of bottom of
the web (at 0.375m above the soffit) tensile stresses for BS 5400 and proposed
distribution are 730 kPa (105 psi) and 2060 kPa (300 psi) respectively. Thus application
of BS 5400 specified temperature distribution in the context of Bangladesh may not be
justified.

Figure 0-1 and Figure 0-2 in Appendix-O show comparisons of proposed 15:00 hours
temperature distributions in this study with some of the existing specifications or
propositions.

Comparison with 85-5400 Distribution and
Proposed Exponential Distribution

Thermal ~resssesin Webs of Coltunn Capital Section of Meghna.Gumti Bridge

3000

2000

1000

••l1. 0~
••••••••~ -1000
ili
••E -2000••.c...

-3000

-4000

-5000

-- 8genstress - Proposed Exponential Ostribution

-- Continuity Stress - Proposed EXponential Distribution

-- Total Stress - Proposed Exponential Distribution

- 8genstress - BS 5400 Distribution

--Continuity Stress - BS 5400 Ostribution

- Totel Stress - BS 5400 Ostribution

Depth Above Soffit (m)

Figure 7-33: Comparison with Stresses based on BS5400 Distribution

Magnitudes of thermal stresses, especially the tensile stresses, warn that combination of
thermal stresses with dead and live load stresses in critical sections (column capital,
midspan, etc.) of prestressed or non-prestressed concrete decks need to be considered and
resulting net stresses be compared with the allowable values.

Calculations are shown for uncracked section only. Neutral axis, area, and moment of
inertia be recalculated for the cracked transformed section. It can be seen that after
cracking, the extreme fibre 15:00 hours compressive stress is reduced and tensile stress is
increased. Continuity stresses may reduce considerably due to thermal cracking.
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8. Conclusion and Recommendations

8.1 Conclusion

Analytical outcome of this study demonstrates that temperature induced stresses
(especially tensile) can be considerably large to produce thermal cracks in a concrete
bridge deck.

Temperature differential is reversible (but not with same intensity). So there is a tendency
to alternately hog and sag. Worst effect in a continuous beam deck generally occurs when
top is hotter (at 15:00 hours). Longitudinal eigenstress in a top hotter condition is tensile
within the body of beams or webs and bottom slab of box girders. It is compressive at the
top and bottom fibre and exterior parts of the deck. Top hotter condition causes a
tendency to hog, resulting downward reaction at intermediate supports and consequent
upward reactions at abutments (Figure 3-5). Hence a sagging type continuity moment
occurs, which in tum adds to the tensile stresses below and compressive stresses above
the centroidal axis of the deck (Figure 7-33).

Magnitude of these tensile stresses can be comparable to that of allowable tensile strenb>th
of concrete. Thus a thermal cracking can be initiated in the bottom of the exterior span
(in continuous deck of more than 3-spans), or in the bottom of the central span (in a 3-
span continuous deck), or around central pier (in 2-span continuous deck). It also
increases the reactions at the abutments.

In a prestressed concrete deck 15:00 hours top fibre compressive stress may cause loss of
prestressing and 06:00 hours top fibre tensile stress (mayor may not be increased further
due to continuity effect) may initiate cracks at the top o(the deck in absence of live load.

This study has set priority for compilation of state of the art and development of a
comprehensive analytical model. This is an effort to understand the pattern and
magnitude of temperature distribution and stresses induced in a concrete bridge deck,
constructed particularly in Bangladesh. Further field and analytical investigations may
continue considering the experience of the present study.



Conclusion and Recommendations

8.1.1 Advancements

Following are the advancements made in this study:

I. A comprehensive mathematical model is developed that deals with as many as 40
(some are interdependent) geographical, meteorological, geometrical and material
parameters.

2. Finite element formulation of two-dimensional transient heat transfer in bridge decks
that incorporates needed meteorological boundary conditions is presented.

3. A computer program is developed on the basis of the stated model.

4. Statistical analysis is performed to establish ambient temperature extremes, of the
four regions considered, with 30-yr return period.

5. Parametric studies of model decks are carried out to establish critical values of major
influential parameters. More than 125 analyses are done each for 66 time-steps and
having 100 to 600 nodes (in total 1.2 million deh'TeeSof freedom or so are evaluated).

6. Simplified hand calculation technique is presented to calculate eigenstress and
continuity stress.

8.1.2 Observations

Some of the observations made in this study in the context of Bangladesh are described
below:

I. Extreme longitudinal eigenstresses are found to occur at around 6:00-7:00 and 14:00-
15:00 hours.

2. Extreme longitudinal eigenstresses (tensile and compressive) occur in the month of"
highest diurnal ambient temperature difference.

3. Orientation of girder axis has little impact on extreme thermal responses.

4. Model analyses can be carried out with a full shade condition on the sides of the deck.

5. The asphalt overlay act as a shield on the concrete deck resulting in lowered concrete-
top and soffit temperature and stresses in a deck due to its low conductivity.

6. Higher conductivity of concrete tends to reduce temperature gradient and stresses.

7. Top fibre and bottom fibre temperature in a concrete bridge deck in Bangladesh may

be 43 and 28°C at 15:00 hours, and 12 and 16 °C at 06:00 hours. That is the

difference between top and bottom fibre temperature varies between +15°C to -4 dc.
8. Top fibre thermal compressive stress may be in the order of 1000 psi. Top and bottom

tensile stresses can be as much as 400 psi.
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8.1.3 Propositions

Temperature distributions in slabs, beams, and webs of upto 5.0m depth and bottom slabs
of box girder of upto 0.8m thickness have been propOsed for both 15:00 and 06:00 hours.
These propositions are specific to Bangladesh.

8.2 Recommendations

Results obtained in this study require further verification and refinement, supported by
both analytical and field investigation. It is believed that thermal effects have
considerable consequences. This study concurs that there are reasons to that belief.
Therefore, investigations must continue.

8.2.1 Field Measurement

Field measurement of actual temperature distribution and strain is strongly recommended
along with further analytical study. Needless to mention that field measurement and
analytical study complements and authenticates each other. From the outcome of this
study following points can be made regarding schedule of field measurement:

I. Field measurements must be carried out in the months of highest and second highest
diurnal temperature difference of the region.

2. If continuous' measurement is not possible field measurement can be carried out at
morning hours (5:00 to 7:00 hours) and at afternoon hours (14:00 to 16:00 hours).

The critical months and hours stated above apply to analytical study as well. Convective
and irradiative heat transfer coefficients need to be compared and adjusted with results of
field investigation.

8.2.2 Finite Element Analysis

Further analytical study shall address some of the limitations of this study. One limitation
of this study is that finite element formulation is based on simplified meshing with three-
noded triangular element and no comparison has been made with results obtained from
analysis that employs higher noded elements and better meshing technique. For future
analytical studies:

1. Six-noded triangular or eight noded isoparametric element may be a better choice
provided significant precision (from designers point of view) can be achieved.
Otherwise, such costly implementation would be unnecessary.

2. Convergence of the result could be improved with implementation of auto-time
stepping and adaptive remeshing.
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8.2.3 Use of ANSYS

Sophisticated features such as isoparametric element, auto-time stepping, adaptive
remeshing, etc., are already available in ANSYS but unfortunately this study departed
from this masterpiece due to some of its inherent limitations. For example, FEATherm
can automatically adjust the diurnal variation of boundary conditions which are complex
function of variation of solar position, intensity of radiation, shade condition, ambient
temperature, and temperature dependent material property during day and night hours
that would be very difficult to accomplish in ANSYS. The present study addresses these
issues to establish whether such boundary modelling is required. Now that it is
understood, diurnal variation of shade condition and material properties can be avoided if
simplicity is required. A full shade condition can be considered which also eliminates the
necessity of considering effect of girder azimuth.

Two major time dependent variables namely, intensify of solar radiation and amhient
temperature must be considered in any analysis. It is possible in ANSYS to specify these
variables at fixed points of time but doing this will also limit auto-time stepping feature
to rely on interpolated values of these prime variables. However the other treasures of
ANSYS, that is the choice of elements among numerous ones, the speed of analyses, etc.,
need to be exploited. FEATherm is slow (a 66 time-step analysis of 408 elements and
294 nodes takes 3 hours 46 minutes in a 50 MHz 486 PC) for two reasons, firstly Visual
Basic is inherently slow and secondly attention was given to functionality rather than to
speed optimisation.

8.2.4 Analytical Study

Following recommendations are made regarding future analytical investigations:

1. Design amhient temperature extremes need to be established that can be applied for

Bangladesh as a whole or in a sub-regional basis. Ambient extremes established in
this study are based on only four regions covering the South-West quadrant of the
country.

2. Intensity of solar radiation calculated in this study is based on solar motion and
assumed turbid condition of the sky. This method may be replaced by a design
radiation intensity pattern based on measured radiation in Bangladesh.

3. Establishment of design wind speed may not be necessary. Rather a speed of 1.0
m/sec may be considered in analyses.

4. A two-dimensional transient analysis must be carried out. If possible a 4 day analysis
with 30 minutes time-step (if auto-time stepping is not performed) is recommended.
Most of the analyses in this study are 66 hours study with 60 minutes step.
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5. Transverse temperature distribution in the longitudinal direction (and if possible in
the transverse direction) needs more attention. Transverse temperature distribution
may considerably influence the decision regarding one dimensional design
temperature distribution in vertical direction. This study simply suggests a percentage
with which the average 15:00 hours temperature be increased to take into account of
transverse distribution.

6. Future study should address the closed box condition in more detail.

8.2.5 Cyclic Behaviour

Stress reversal in early morning and afternoon hours need to be considered in calculation.
It may be pointed out that temperature induced stresses are cyclic at the rate of 365 cycles
per annum and at the frequency of one cycle in 24 hours. However, this cyclic character
may not be compared to the classical fatigue phenomenon in which several hundred
cycles per minute are normally applied.
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APPENDIX-A: Glossary

Absorption. The process in which incident radiant enerb'Yis retained by a substance. A
further process always results from absorption; i.e., the irreversible conversion of
the absorbed radiation into some other form of energy within and according to the
nature of the absorbing medium. The absorbing medium itself may emit radiation,
but only after an energy conversion has occurred.

Air mass, m. The path length of radiation through the atmosphere, considering the
vertical path at sea level as unity. Thus, at sea level, m= 1 when the sun is at the
zenith (i.e., directly overhead), and m=2 for a zenith angle (8, the angle subtended
by the zenith and the line of sight to the sun) of 60°. Except for very large zenith
angles (m>3, where the atmospheric refraction becomes significant), m = sec e.

Altitude. The Altitude of a heavenly body is the distance North or South of the horizon
measured by the arc of the meridian of the heavenly body intercepted between the
heavenly body and the horizon.

Angle of incidence, i. The angle at which a ray of enerb'Y impinges upon a surface,
. measured between the direction of propagation of the energy and normal to the
surface at the point of the impingement, or incidence.

Azimuth. The Azimuth ofa heavenly body is its distance East or West of the meridian of
the observer measured at the zenith by the arc of the horbm intercepted between
the meridian of the observer and the plane passing through the Zenith, Nadir and the
heavenly body. The whole circle azimuth is measured from 0° to 360° in the
clockwise direction.

Celestial sphere. An imaginary sphere, with earth as the centre, upon the surface of
which all the heavenly bodies are considered or imagined to be studded. The orbit
of the earth may be treated as a point in comparison with the radius of the celestial
sphere.

Declination. The declination of a heavenly body is the angular distance from the Equator
to the heavenly body, measured along the celestial meridian.

Ecliptic. The ecliptic is the great circle which the sun appears to describe on the celestial
sphere in year, with the earth as a centre. The plane of the ecliptic makes an angle
of23°27'30" with the plane of the equator and is known as ohliquity of the ecliptic.

Equator, celestial. It is the great circle traced upon the celestial sphere, the plane of
which is perpendicular to the axis of rotation.

Equator, terrestrial. lt is the great circle of the earth, the plane of which is
perpendicular- to the axis of rotation. The extremities of an axis of rotation (polar
axis) of the earth are known as poles. They are called North and South poles.

Equinoxes. The points of intersection of the ecliptic with the equator are known as
equinoxes. The sun is at the Vernal Hquinox or the First Point of Aries yon the 21st
March when it crosses the equator from South to North and it is on the AUlumnal
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Equinox or the First Point of Libra U on 22nd September, The Vernal and
Autumnal Equinoxes mark the beginning of Spring and Autumn respectively.

Hour angle. The Hour angle of a heavenly body is the distance East or West of the
meridian of the observer measured by the arc of !he equator intercepted between
the meridian of the observer and the meridian of the heavenly body.

Latitude. The latitude of a place is its distance North or South of the equator measured
by the arc of !he meridian intercepted between the place and the equator. The
latitude of a point upon the equator is 0° while on the poles it is 90°.

Longitude. The longitude of a place is its distance East or West of the first meridian
measured by the arc 'if !he equa!or intercepted between the meridian of the place
and the first meridian. The longitude is measured East and West from 0° to 1800.

Meridian, celestial. These are the great circles on celestial sphere fonned by the
intersection of planes passing through the celestial poles. the meridian of a place is
the !,'I"eatcircle passing through the Zenith, Nadir and the celestial poles.

Meridian, terrestrial. These are the great circles on earth fonned by the intersection of
planes passing through the polar axis. The meridian of Greenwich is called the first
or standard meridian. The meridian of a place is the great circle passing through the
place and the polar axis.

Radiation. Emission or transfer of energy in the ronn of electromagnetic waves or
. particles.

Right ascension. The Right ascension of a heavenly body is the distance eastward of the
meridian through vernal equinox measured by the arc of the celestial equator
intercepted between the meridian of the heavenly body and the meridian through
vernal equinox. It is expressed in hours, minutes, and seconds from 0 to 24 hours.

Solar Constant. Amount of solar radiation incident, per unit area and time, on a surface
which is nonnal to the solar beam at the outer limit of the atmosphere, the earth
being at its mean distance from the sun.

Solar radiation. Radiation emitted by the sun.

Solstices. The points on the ecliptic at which the North and South declination of the sun
is maximum are known as Summer solstice and Winter solstice respectively. The
sun is at summer solstice on 21st June, and at winter solstice on 22nd December.

Sunshine hours. (I) Hours between astronomical sunrise and sunset are the
astronomically possible sunshine duration hours. (2) Hours between local sunrise
and sunset with regard to the natural horizon at the station in question are the
effective possible sunshine duration hours.

System of co-ordinates of a heavenly body. The position of a heavenly body on the
celestial sphere can be located by means of three different systems of co-ordinates.
They are: (l) The Altitude and Azimuth System (2) The Declination and Hour
Angle Systeni (3) The Declination and Right Ascension System.

Zenith and Nadir. Zenith is the point on the celestial sphere above the observer's station
while Nadir lies on the celestial sphere vertically below the observer's station.
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APPENDIX-B : Meteorological Data

Station Name: Faridpur (23 deg 37 mts N)
20 Yean' Hi~t Monthly Maximum Temperature in DeJl:rt"e Cebiull
Source: BanjZladesh MetcorolQl2;ical Den rtmcnt, Dhaka

Year Jan Feb Mar ADr Mav Jun Jul AU2 SeD Oct Nov Dec
1968 37.8 37.8 37.8 39.4 39.4 37.8 32.8 33.9 37.8 35.6 30.0 37.8
1969 28.3 34.4 36.\ 38.3 37.8 37.2 37.8 32.8 34.4 32.8 21.7 27.2
1970 25.6 31.1 36.\ 38.3 38.9 35.0 34.4 34.4 36.7 32.8 31.1 37.8
1971 26.7 31.1 36.\ 38.3 38.9 35.0 33.9 32.2 37.8 33.9 31.1 25.6
1972 27.2 31.1 37.2 39.4 38.3 36.\ 35.6 33.9 35.0 34.3 30.9 29.9
1973 27.2 33.9 38.1 39.4 34.4 35.6 33.3 32.8 33.3 33.9 31.1 26.7
1974 26.7 37.8 36.7 37.2 36.1 35.6 37.8 37.8 37.8 33.3 31.7 26.7
1975 26.7 31.7 37.8 43.3 37.6 35.6 32.\ 35.4 34.4 36.1 30.0 26.7
1976 28.9 37.8 38.2 43.6 43.5 37.8 37.8 37.8 37.8 37.8 37.8 28.9
1977 37.8 33.3 37.8 37.5 37.8 37.8 33.3 33.6 34.4 33.1 31.4 28.3
1978 37.8 32.5 35.3 36.8 36.5 37.8 333 36.\ 33.3 33.3 32.5 37.8
1979 37.8 30.5 39.1 39.3 41.0 40.3 34.1 35.2 34.4 37.8 37.8 27.0
1980 28.3 37.8 37.6 39.4 36.1 34.2 33.8 34.4 34.6 32.2 31.0 28.\
1981 28.3 34.6 34.6 35.5 34.6 36.0 32.8 34.4 34.1 33.2 38.4 28.\
1982 29.4 30.0 36.2 38.3 38.8 35.5 34.8 32.5 34.0 33.8 31.3 26.9
1983 27.7 32.2 36.0 38.4 36.6 37.\ 35.0 34.7 33.1 33.5 32.8 27.2
1984 25.8 32.0 37.8 38.5 35.0 36.5 33.0 35.0 34.0 34.0 31.0 29.8
1985 29.5 32.0 37.0 39.8 36.4 36.3 33.5 34.0 34.0 34.5 31.8 28.9
1986 28.3 31.7 40.0 36.0 37.0 36.0 34.0 35.0 35.4 32.7 32.5 28.4
1987 28.6 33.0 38.7 40.1 40.2 36.0 33.8 33.5 34.0 34.8 32.2 28.4

Station Name: Faridpur (23 deg 37 mts N)
20 Yean' Lowed Monthly Minimum Temperature in Oelltft Celdull
Courtcs ": BanlZll:ldcsh Mctcorol ical Dl Nu1mcnl. Dhaka
Year Jan Feb Mar ADr Mav Jun Jul AU2 SeD Oct Nov Dec
1968 8.3 6.6 \4.4 \61 21.1 22.7 24.4 23.8 23.8 21.\ 15.6 7.7
1969 8.8 9.4 14.9 18.3 21.1 23.2 24.8 23.8 23.6 \8.3 12.2 \1. I
1970 8.6 9.8 16.6 19.4 21.1 23.4 21.1 24.4 22.7 20.6 11.1 8.8
1971 9.4 8.4 16.6 19.4 21.1 23.4 24.4 23.3 23.8 19.9 10.5 11.1
1972 9.4 6.6 10.5 \7.7 18.2 22.2 23.3 21.9 22.7 \9.4 13.3 7.8
1973 9.4 12.2 11.8 19.4 18.3 22.2 22.7 21.7 22.2 16.7 15.0 10.8
1974 4.4 6.1 13.9 17.2 18.3 19.6 20.5 22.7 21.1 19.1 15.6 89
1975 6.6 8.3 12.7 18.3 21.1 22.1 23.3 24.1 21.6 22.8 12.2 \0.0
1976 9.9 9.4 11.7 20.0 \9.9 21.7 23.3 24.1 23.2 21.1 \5.6 10.3
1977 7.2 8.3 16.1 17.8 15.0 21.2 24.4 21.1 24.1 20.6 17.2 \1.7
1978 8.4 10.5 13.3 18.8 15.0 22.7 24.4 24.5 23.4 21.9 13.9 12.2
1979 11.1 10.6 11.6 18.9 21.1 22.8 21.8 22.8 22.2 22.2 19.2 11. \
1980 10.0 10.2 15.0 17.8 19.0 24.4 24.8 19.3 24.1 21.9 13.3 11.0
1981 10.6 9.9 \4.4 17.0 20.4 21.6 23.8 25.0 22.3 19.3 14.0 10.3
1982 9.8 10.5 14.4 18.8 21.1 23.3 22.1 25.1 24.0 20.5 13.2 10.3
1983 8.6 8.3 15.6 19.4 19.1 23.3 25.0 24.7 24.2 20.5 16.8 9.1
1984 7.6 8.0 \0.5 17.7 19.5 23.5 22.2 24.5 21.0 20.5 15.4 10.0
1985 10.5 10.0 \6.4 19.0 20.5 22.7 23.0 23.5 23.5 20.0 14.0 10.8
1986 9.5 10.0 13.9 18.5 17.5 24.0 23.5 23.5 22.1 20.0 \6.2 12.0
1987 8.4 11.1 15.3 18.5 18.3 22.3 230 22.5 23.8 20.4 14.6 10.5
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Station Name: Faridpur (23 deg 37 mts N)
20 Yelln' A<u~raRe Wind Speed!'lln Knob
Source: Bangladesh McteorolOj "cal Department, Dhaka
Year Jan Feb Mar ADr Mav Jun Ju1 Aug SeD Oct Nov Dec
1968 2.4 2.8 2.3 5.0 5.7 4.6 3.1 3.3 2.9 3.1 2.5 2.5
1969 2.9 3.2 4.5 5.9 3.9 4.4 3.5 2.8 4.6 2.3 2.1 2.4
1970 2.3 2.5 4.8 5.4 5.3 4.1 3.1 3.0 3.1 4.4 3.5 2.1
1971 3.2 2.8 4.8 5.4 5.3 4.1 3.2 3.2 3.4 2.7 2.4 2.0
1972 2.6 2.4 3.6 4.3 5.1 3.3 3.4 3.4 2.3 2.4 2.5 2.2
1973 2.6 2.9 3.5 4.3 3.6 3.3 42 3.5 3.2 3.8 3.0 4.5
1974 2.6 2.8 3.3 4.4 4.3 3.6 2.8 4.3 3.1 2.7 2.3 2.5
1975 2.6 2.5 3.4 4.3 4.4 3.6 3.7 3.9 4.2 3.5 3.0 2.5
1976 2.3 2.5 3.3 4.1 4.0 3.3 32 3.4 3.2 2.7 2.4 2.3
1977 2.8 3.1 3.0 3.9 3.3 2.7 2.5 2.5 2.2 1.7 1.7 1.5
1978 1.5 1.5 2.2 2.3 2.9 1.9 2.5 1.6 1.8 1.4 1.2 1.4
1979 1.7 1.9 2.3 3.3 3.2 4.0 2.8 2.8 2.1 1.7 1.5 1.5
1980 2.8 3.4 2.1 5.4 6.0 4.0 4.0 4.1 4.4 4.0 2.0 3.1
1981 3.4 3.4 3.5 3.7 4.5 3.9 42 3.5 3.6 2.7 2.1 2.3
1982 2.4 2.5 3.8 4.8 3.8 3.7 4.1 4.7 4.1 2.9 2.6 2.7
1983 2.2 2.8 3.8 4.8 3.2 3.8 3.4 3.5 3.8 3.1 2.1 1.9
1984 2.7 3.6 4.9 3.9 4.2 4.1 4.6 3.5 3.4 3.4 2.4 2.5
1985 2.5 2.9 3.9 4.0 4.3 3.7 4.1 4.8 3.9 2.3 2.2 2.1
1986 2.7 2.5 4.3 6.4 3.8 4.3 4.1 3.4 4.1 2.5 2.4 2.3
1987 3.1 2.7 4.7 6.1 5.0 5.0 5.2 5.1 4.3 2.7 2.5 2.3

Station Name: Jessore (23 deg 13 mts N)
18 YC'an' Hi~d Monthly Maximum Temperature in Degree Ct'lllius
Source: Bangladesh MetcorolOllical Deol rtment, Dhaka
Year Jan Feb Mar ADr Mav Jun Jul Aug Sep Oct Nov Dec
1969 30.0 35.6 37.1 40.6 43.3 35.6 33.4 37.8 37.8 37.7 32.5 28.1
1970 27.4 37.8 37.4 40.5 43.3 37.8 37.8 35.0 37.8 37.1 32.1 27.8
1971 31.4 31. 7 37.0 40.0 43.0 32.4 33.3 32.4 36.1 35.0 32.0 31.0
1972 31.0 38.3 36.9 40.6 42.2 43.6 35.5 33.9 35.8 35.5 37.8 31.1
1973 31.5 35.7 40.2 41.7 37.8 35.3 37.8 33.2 336 37.8 31.0 37.8
1974 27.5 35.1 37.8 38.6 37.6 35.6 32.6 34.5 37.8 35.2 32.5 30.8
1975 27.0 34.4 38.6 41.4 42.1 36.1 33.3 34.4 34.0 37.8 37.8 37.8
1976 35.3 36.4 38.3 41.7 38.4 36.0 33.8 34.4 35.6 37.1 33.7 30.4
1977 29.5 37.8 39.1 37.5 36.8 35.5 37.8 34.5 37.8 34.0 33.3 30.2
1979 28.8 31.7 37.4 37.8 42.5 43.4 35.8 35.5 37.2 34.4 37.8 27.4
1980 37.8 32.2 39.3 41.2 39.3 35.9 36.1 37.8 34.4 37.8 32.4 30.6
1981 28.9 340 34.5 36.8 35.0 37.5 35.0 34.4 34.8 34.3 34.4 29.2
1982 30.6 31.5 35.9 38.0 39.4 37.3 38.1 33.4 36.0 35.2 33.5 29.0
1983 29.2 33.4 36.7 40.0 38.0 39.7 35.8 34.0 34.6 35.0 34.5 29.1
1984 28.0 31.8 38.8 40.1 38.0 37.7 33.7 34.8 34.7 34.5 31.5 30.5
1985 30.4 32.6 38.0 40.6 36.6 38.0 34.4 35.0 33.8 34.6 32.6 30.0
1986 29.8 32.6 40.2 39.8 37.8 39.2 35.0 35.4 35.8 33.2 32.5 29.4
1987 28.2 35.4 38.1 39.5 40.3 37.5 35.0 35.5 34.5 34.0 32.5 29.2
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Station Name: Jessore (23 deg 13 mts N)
18 Yean' Lo'ft'c!l.t Monthly Minimum Temperature in Dea?;rN Ccl~iu~
Source: Banll.ladcsh Mcteomloll.ical Dt.'fl rtnw.'TlI.Dhaka

Year Jan Feb Mar Apr May Jun Jul Aue Sep Oct Nov Dec
1969 5.7 8.9 15.6 19.4 19.3 22.9 23.3 22.9 21.7 19.1 10.7 9.3
1970 7.2 8.5 15.1 19.1 21.9 22.7 23.7 24.4 23.3 21.1 11.9 7.9
1971 7.2 7.3 15.0 19.0 21.0 18.8 23.3 23.2 23.4 20.0 11.0 7.0
1972 7.0 4.4 10.1 18.5 20.6 22.5 22.8 23.1 22.2 19.4 13.3 6.8
1973 5.6 9.4 11.5 19.1 18.2 21.1 24.0 22.8 24.1 19.4 14.3 9.4
1974 6.3 4.9 15.0 19.6 19.9 22.9 23.7 19.4 22.3 20.5 15.6 8.7
1975 7.2 95 15.2 21.5 20.5 22.7 23.2 22.4 23.3 22.0 12.2 7.1
1976 6.4 10.4 10.0 18.1 19.5 20.4 22.9 21.1 23.9 18.5 13.6 5.7
1977 5.6 6.0 14.4 19.5 18.6 21.9 24.0 24.6 22.9 19.5 14.5 8.1
1979 9.1 8.6 10.2 18.3 18.2 22.1 23.5 23.0 23.0 .21.4 17.8 8.8
1980 7.7 8.5 13.7 15.8 19.4 22.8 24.2 24.1 24.7 14.2 14.0 9.4
1981 9.2 9.7 14.0 10.3 20.0 23.0 24.0 24.5 14.4 18.2 11.5 8.7
1982 9.0 10.5 14.5 17.8 20.2 22.5 24.2 24.4 21.1 19.0 9.0 8.6
1983 7.5 8.2 14.0 18.2 17.0 22.2 24.6 20.8 23.0 18.5 14.5 8.5
1984 7.3 7.3 11.3 18.6 19.3 23.0 22.8 24.4 22.2 20.7 13.0 7.5
1985 10.6 10.0 15.5 21.0 19.2 23.0 22.7 23.9 22.5 18.8 12.6 10.6
1986 15.4 10.9 13.0 17.5 19.9 21.6 21.5 21.2 21.0 18.0 15.0 10.0
1987 8.2 12.4 15.6 19.5 18.6 23.4 24.0 22.5 23.8 18.3 12.2 10.0

Station Name: Jessore (23 deg 13 mts N)
18 Yean' Avera~eWbld Speeds in Knob
Source: Banll.ladcsh MeteorolOi ical Dc l6.rtmcnl, Dhaka
Year Jan Feb Mar Apr Mav Jun Jul Aue Sep Oct Nov Dec
1969 5.8 5.8 7.3 8.2 7.0 7.1 7.0 7.0 6.9 4.5 3.8 4.6
1970 5.0 5.6 7.2 8.4 9.4 7.5 6.7 6.1 6.6 6.3 5.6 4.3
1971 4.5 4.4 7.2 8.4 9.4 5.3 5.7 5.6 6.1 6.3 4.6 4.4
1972 4.5 4.9 5.4 6.2 8.1 9.1 7.4 7.0 6.2 4.4 4.6 4.4
1973 4.7 5.7 6.6 9.0 5.9 5.1 6.8 5.0 4.9 4.7 4.9 4.3
1974 3.6 4.4 5.1 7.6 7.4 5.8 4.8 6.2 5.3 3.8 3.6 4.7
1975 4.5 5.7 6.4 10.6 9.5 8.1 7.3 8.0 6.5 5.2 5.7 4.8
1976 4.9 6.1 7.2 8.4 7.8 8.4 7.0 7.0 7.4 6.6 4.9 4.6
1977 5.0 6.4 8.1 9.9 8.8 7.0 7.2 7.0 6.7 6.2 5.2 5.7
1979 3.4 3.5 5.3 6.4 6.8 6.2 6.9 7.3 5.9 5.2 3.5 4.1
1980 4.8 5.9 6.6 12.9 12.0 8.7 8.8 8.5 7.8 6.4 4.8 5.4
1981 5.9 5.4 7.3 8.6 7.8 7.5 6.9 8.0 7.2 3.9 4.8 6.2
1982 4.5 5.4 6.7 10.5 8.6 82 7.4 8.5 6.8 5.3 4.7 4.6
1983 4.7 6.0 6.7 9.3 8.1 8.7 7.0 8.0 7.3 5.7 5.2 4.9
1984 5.2 5.6 7.4 10.5 11.7 9.6 9.0 7.9 6.5 5.4 4.3 4.0
1985 4.3 5.5 8.1 10.2 8.8 6.9 6.7 7.0 6.7 6.8 4.5 5.0
1986 4.7 4.7 7.2 9.8 8.0 8.1 7.4 7.0 8.6 6.0 6.0 4.6
1987 5.1 5.3 7.5 9.2 7.9 8.1 7.6 7.3 6.4 5.3 5.3 5.0
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Station Name: Khulna (22 deg 51 mts N)
IHYcan' Hij?;hcd Monthly Maximum Temperature in De~reeC('I~ius
Source: BanlZ.lodcsh Mctoorolo12.icalDcr'lf rtmcnl. Dhaka
Vear Jan Feb Mar Anr May Jun Jul Au~ Sep Oct Nov Dee
1969 37.8 36.2 43.5 38.8 37.9 36.7 34.3 35.7 36.6 36.8 33.9 30.2
1970 37.8 37.8 37.8 37.8 39.4 37.8 36.1 37.8 35.0 37.8 37.8 37.8
1971 37.0 37.0 37.7 39.0 35.0 34.1 35.1 32.7 36.6 35.4 37.8 29.7
1972 30.6 34.1 37.4 39.1 37.8 35.0 37.8 30.0 36.0 35.0 37.0 28.0
1973 30.0 34.0 37.0 36.3 36. I 35.6 32.9 30.9 27.9 35.0 37.0 27.9
1974 30.0 37.8 37.8 35.8 37.8 35. I 36.8 34.4 378 35.0 37.8 27.9
1976 30.3 33.7 38.0 43.4 43.4 36.6 33.9 33.2 33.8 34.5 33.4 30.7
1977 29.7 33.4 37.9 37.8 37. I 36.1 330 34.3 35.2 34.0 37.8 30. I
1978 28.3 32.9 37.8 37.2 36.2 35.3 37.8 37.5 34.4 34.1 330 29.3
1979 29.0 32.4 37.6 40.0 38.4 39.9 36.0 35.0 35.0 34.1 37.8 28.3
1980 37.8 33.4 37.3 39.2 35.8 37.8 32.7 34.0 33.3 33.6 37.8 27.7
1981 28.4 34.3 34.6 35.3 34.4 36.2 33.3 34.6 35.1 33.9 33.6 28.5
1982 29.8 31.2 35.5 36.0 37.5 35.4 37.2 32.2 34.1 34.0 31.7 28.5
1983 28.3 32.2 35.2 37.0 36.6 36.2 37.0 32.8 34.3 33.2 32.5 28.8
1984 26.7 32.2 37.8 37.9 366 36.7 33.0 34.5 34.5 34.2 30.7 30.0
1985 30.1 32.0 38.8 38.2 36.0 37.7 34.3 34.4 34.5 34.4 32.2 29.6
1986 30.0 32.7 39.3 38.1 37.0 38.3 35.5 34.9 35.9 33.1 33.3 29.2
1987 29.1 35.0 37.0 38.9 38.5 37.3 36.1 35.7 35.3 35.2 32.6 29.1

Station Name: Khulna (22 deg 51 mts N)
18 Yean' Lowelt Monthly Minimum Temperature in Ik~rttCehius
Source: Ban12.1aucsh MetcorolORical I::lcn rtment, Dhaka
Year Jan Feb Mar Apr May Jun Jul Au!! Sep Oct Nov Dec
1969 9.8 11.1 19.4 21.7 21.4 25.1 25.0 22.9 23.0 22.2 15.4 13.6
1970 12.1 11.1 17.8 21.7 21.7 24.1 23.6 24.5 24.4 22.2 16.1 10.6
1971 120 11.0 18.9 19.0 21.0 23.9 24.4 23.8 23.9 22.2 14.7 15.0
1972 11.8 11.3 15.6 19.9 22.3 23.0 25.4 23.0 23.0 21.0 15.0 15.0
1973 11.0 9.0 15.0 20.0 22.0 23.0 25.0 24.0 23.0 20.0 15.0 15.6
1974 11.0 8.9 17.7 20.7 21.6 23.1 23.4 245 22.7 20.5 16.9 10.7
1976 10.9 13.3 12.1 19.3 20.2 22.4 23.5 22.1 23.7 20.9 18.2 11.4
1977 8.9 10.1 15.4 19.8 20.0 23.0 23.0 24.2 23.9 22.0 17.6 11.8
1978 85 11.0 14.0 19.3 17.0 21.4 21.0 24.4 22.6 22.5 16.3 12.0
1979 12.0 10.6 12.2 10.1 20.2 22.4 23.4 24.9 23.0 23.2 18.7 11.7
1980 10.6 11.5 15.1 21.8 19.0 23.4 17.4 24.2 25.6 19.5 15.5 10.0
1981 9.2 9.6 14.5 18.8 20.2 23.0 24.8 25.1 24.3 21.1 13.7 8.7
1982 9.1 11.6 14.7 18.8 21.7 22.9 24.9 24.6 23.4 21.0 11.9 10.4
1983 8.3 7.4 15.0 18.5 19.9 21.1 24.0 24.3 23.2 17.3 15.4 7.5
1984 7.7 8.8 12.0 19.5 18.6 23.2 23.6 23.7 22.3 21.5 13.8 8.6
1985 9.2 10.3 15.7 19.5 18.8 22.4 23.2 24.8 24.8 19.5 13.3 8.5
1986 8.0 9.4 143 19.0 19.7 21.5 23.5 22.8 21.8 19.9 16.6 9.6
1987 8.3 11.6 14.3 18.5 18.4 23.7 23.6 21.6 23.4 19.3 13.8 10.9
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Station Name: Khulna (22 deg 51 mts N)
18 Yean' An'rage Wind Speed" in Knob
Source: BanpJadesh Mclcoroloc ical fk oortmcnt. Dhaka
Year Jan Feb Mar ADr Mav Jun Jul AU2 SeD Oct Nov Dec
1969 4.3 3 4.4 4.5 6.2 6.1 5 4.5 4.6 4 5 3.6
1970 4.3 3.8 3.7 3.4 3.7 4 3.4 3.0 3.2 3.8 2.8 3.4
1971 4.3 3 5 3.4 4 3.9 3.2 3 3.7 3.4 3.7 31972 3 2.9 3.1 4 3.1 4 3 3 4 4 4 31973 3 2.8 4 5 5 5 5 5 4 3.5 3.0 4.4
1974 3 2.4 4.8 45 8.5 7.2 5.2 8.4 5.3 3.5 2.9 2.7
1976 2.8 2.9 3 3 4.5 4.5 4.3 3.5 3.4 2.6 2 2.2
1977 2.6 2.3 4.0 6.9 4.7 3.6 4 3.6 3 2 2 1.9
1978 2 2.2 2.3 2.8 3.4 2.7 2.5 2.7 2.2 1.9 1.7 1.7
1979 1.5 1.8 2.1 2.5 2.5 2.7 2.4 2.7 1.9 1.5 1.4 1.5
1980 2 1.6 2 3.5 3.0 3.2 36 4.5 3.1 2.8 1.9 2.3
1981 3.7 3.2 4.5 5.9 5.2 5.5 5.1 6.6 4.1 2.4 2.7 5.7
1982 3 3.1 2.9 2.9 3 3.6 3.8 5.9 3.8 2.7 4.3 2.8
1983 3.3 3.9 6.4 8.6 7.1 8.1 4 8.7 5.9 4 3.3 3.1
1984 3.9 4.3 7.1 9.8 9.3 8.1 8.4 6.2 4.4 3.4 2.2 2.91985 2.8 3.8 7.9 8.7 7.8 6.5 6.5 6.5 4.7 3.3 2.1 21986 3.5 3.3 2.9 3.1 3.2 3.3 3.3 3.4 3.3 2.6 1.9 2.31987 5.7 2.8 3.1 3.3 3.6 3.9 3.7 3.2 2.5 1.8 2 2.1

Station Name: Dhaka (23 deg 48 mts N)
5 Yean' Monthly Muimum Temperature in De~ Cehiu!l
Source: Banaladcsh Bureau of Statistics, Dhaka
Year Jan Feb Mar Anr Mav Jun Jul AU2 SeD Oct Nov Dec1986 30.9 33.4 37.7 38.0 38.9 37.6 36.0 38.8 38.9 37.4 36.1 31.51987 27.1 29.0 31.9 32.9 32.9 32.0 31.0 31.0 36.0 32.0 29.9 27.11988 27.6 29.7 33.1 33.7 34.2 33.1 31.9 33.2 35.4 330 31.4 27.91989 29.0 31.2 34.8 35.4 35.9 348 33.5 34.9 37.3 34.7 33.0 29.31990 28.1 30.4 34.3 34.5 35.4 34.2 32.7 35.3 38.8 34.0 32.8 28.6

Station Name: Dhaka (23 deg 48 mts N)
5 Yean' Monthly Minimum Temperature In DeJttee Cel!liuiI
So R t dchR fS Dh Iuo. urce: ~anQla , UJ"eau 0 • ltttlstlcs. •Year Jan Feb Mar ADr Mav Jun Jul AU2 SeD Oct Nov Dec1986 12.8 18.0 18.0 18.6 25.1 28.2 30.0 29.6 28.8 23.5 18.8 15.81987 11.8 16.5 16.5 17.1 23.0 25.9 27.5 27.2 26.4 21.6 17.3 14.51988 11.9 16.8 16.8 17.3 23.3 26.2 27.9 27.6 26.8 21.9 17.5 14.71989 12.3 17.3 17.3 17.8 24.0 27.0 28.8 28.4 276 22.5 18.1 15.21990 10.7 15.0 15.0 15.5 20.9 23.5 25.0 24.7 24.0 19.6 15.7 13.2
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9.1 Introduction

FEATherm version 1.0 is developed on the basis of the finite element formulation and
mathematical model presented in this study. The program is named after "Finite Element
Analysis of Thermal Effects" in concrete bridge decks. It is a Windows based program
with state of the art event-driven graphical user interface (GUI) and context sensitive help
system. The program is written in Visual Basic 3.0 (Professional Edition).

D•.•••kJped...de' supeMsion cI Dr.M.A2adu Rohnan
by Deb"j,h SaM. aUET. Dhak,. Bonglode,h

Figure C-J: FEATherm Start-up Screen

..jtt:AlheIIllUelp ROOCJ
• fie t'" e_ Jlptiom ~oIp

l:ooIenl' Sesch 11'''' fJri "
'1>

•

FEAThenn Help Contents

Create New Model (pre=P[ocessl

Analyze Created Model (Solve)

Examine Thermal RemQoses
(post-process)

prepMP Outpyt

Figure C-2: Context Sensitive Help

Instead of a conventional scientific language, like Fortran, the Visual Basic was chosen
considering the need for user-friendliness. While the speed in processing is required,
speed in manipulation and visual presentation of the results are also important. It is also
important to ensure reusability for potential researchers. Needless to mention, that the
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present topics needs further investigation. Thus goal of user-friendliness was fixed so as
to benefit and to be benefited from the future researchers.

FEATherm analysis results are reliable. The solver is robust enough to carry out precise
calculations of thermal responses. The results offered are in general good agreement with
the state of the art of theory and experiment.

9.2 Some Major Features of the Program

Major features of FEATherm are discussed below:

1. Extensive parametric study is possible as it allows input of all major factors
affecting thermal responses in a concrete bridge decks. As many as 40 parameters
can be studied which have been classified into Material, Geometrical,
. Meteorological, and Geographical parameters.

2. Diurnal and seasonal variation of temperature and solar radiation intensity are
considered. Variations of solar radiation intensity for orientation, tilting, and shade
condition are handled automatically.

3. Convective heat transfer coefficient is specified on the basis of average wind speed
and surface position. Irradiative heat transfer coefficient and atmospheric emissivity
are temperature dependent. The first one depends on surface and ambient
temperature and the second one depends only on ambient temperature.

4. Diurnal variation of other boundary conditions such as variation of shade condition
due to overhanging flange in daytime hours (can be optionally specified), nocturnal
radiation in clear cold night (optional), energy balance inside unventilated box
(optional), etc., are automatically taken care off

5. Automatic mesh generation for all common cross sections (rectangular, tee, box,
etc.) of concrete bridge decks (with or without asphalt layer). Mesh generation can
be controlled by user.

6. Both Steady state and Transient state analysis can be performed. Two time stepping
scheme Galerkin's and Crank Nicholson's scheme can be selected for analysis.

7. Responses can be viewed graphically in forms of curves, contours, etc.; they can be
animated; or can be listed in forms of tables. Responses can be copied and pasted in
Windows spreadsheets such as Hxcel for further analysis. Patterns can be copied
and pasted in Windows word processors for documentation or can be printed
directly with proper page set-up.
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9.3 Limitations of the Program

Limitations of the program are as follows:

I. Only 3-noded triangular meshing is possible

2. Adaptive re-meshing is not implemented

3. Auto time-stepping is not implemented. Time step size is fixed, it is not adjusted
during runtime on the basis of convergence criteria. Convergence criteria is rather
checked and time step is suggested on the basis of mesh size and material properties

4. Only Longitudinal eigenstresses can be calculated. Continuity stresses can be
manually calculated from the curvature. Calculation of transverse stresses is not
implemented.

5. Some modifications shall be required if steel-concrete composite decks are to be
analysed.

6. Convective heat transfer coefficient is assumed to be temperature independent, but
variation of this coefficient for top, bottom, vertical, and inside-box is possible.
However, irradiative heat transfer coefficient is temperature dependent.

7. Conductivity is assumed to be independent of temperature.

9.4 FEATherm Process Flow

The flowchart in Figure C-3 shows user's work flow to carry out analysis in FEATherrn
and Figure C-4 describes briefly the internal process flow of FEATherm solver.

A-IO
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~ftne Geometry
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for each day in
start-day and end-day

/--~--'-'~
( Start Solver )

'- --,'-~~--*~~-~I Apply Initial Condn,

--- t ,
I Calculate Sunrise and Sunset Hours,

Solar Declination & Solar Constant

for the Day

••

I

__- for each
.....-- time-step in start-hour (or 0:00) --r- and end-hour (or 24:00)

Apply Shade Condition (if Variable)
Calculate Ambient Air Temperature

Calculate Closed Box Temp. (for Box Girder)
List/Print Temperature and Stresses
List/Print Curvatures and Extremes

[
Form Variable Band Matrix, Hn+1

Restore Previous VB Matrix, Hn

Save Current VB Matrix
Modify Current VB Matrix

• (to form current Fn+f)
• (to be used in next-step)
- (add Sp. Heat component Clcit)

FiKure ('--I: Process How (~/1'7:.ATherm ."'olver

Form Heat (Thermal Load) Matrix, FII+1

Restore Previous Heat Matrix, Fn
Save Current Heat Matrix

Modify Current Heat Matrix

Impose Boundary Condition
Decompose and Back-substitute

Restore Previous Nodal Temperatures
Save Current Nodal Temperatures

- (requires Tn, Hn)
- (to modify current Fn+1)

- (to be used in next-step)
- (requires previous heat matrix, Fn)

- (Tn, to be used in next~step)
- (T11+1, save for post process)



APPENDIX-C: FEATherm 1.0

9.5 FEATherm Help Contents

This section is the excerpt of FEATherm Help Contents. The convention used in the
description is similar to the convention that usually followed in a software help system.
For example the following section addresses the reader as 'you' assuming as if the reader
is a FEATherm user. FEATherm Help Contents is described under following titles:

Create New Model (Pre-process)

Analyse Created Model (Solve)

Examine Thermal Responses (Post-process)

Prepare Output

9.5.1 Create New Model (pre-process)

(I) Open a .GEO file (File> Open) or create a new (File> New)
(2) Choose Pre-process> Geometry .•. and enter geometry and meshing information
(3) Choose File> Save to save the file. A .GEO extension is default
(4) Choose Viewer> Mesh> Generate Mesh to generate mesh
(5) Choose Pre-process> Parameters ... to specify various parameters

r Material ParGmeters -Geometrical Parameter. -MeleOfological Parameters -,...Daily Patlern of Parameter. -Geographical Parameter' -Analysis Related Palamelen
Initial Tempet'atUfe (deg C) ~r TimeSleppingScheme-

r. Iialerkin', lIethod r S,lead, Slate Analtais
r t.,ank-Nicholson'. Method c: lransient StaleAnal,_
Start AI (hh:mm) 1:100 I Top of Deck

r_
Time Step (min) IGO I OoUomof Deckr_
Trial I•• (da,1 I. .... I Other Surfaces r _
Maximum No._ - In:lide Sudaco r _

L.-
of Time Steps oIlhe 0 ••
Patteml X-ati.- Inside 01 the r_- Division Girder

L A. Temp (dog CI 1.15.0 I E"rphero f;T_

Aii_ I
Figure C-5: Parameters Dialogue

Note: The Parameters dialogue box contains several stacked frames for input. The input
frames may contain some controls of "green" background. These controls are safe to
change even after an analysis have been performed. The other controls can only be
changed before analysis. However, you can change only "grey" or "cyan" background
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controls. The "white" background controls are display only. They show calculated values.
"cyan" background controls are usually calculated but you may change the values in these
controls. Don't change any control except "green" coloured background if an analysis is
already performed.

""g C

AMBIENT AIR TEMPERATURE

"li~li!t~liii;ij
""u
"..••..
TI~~
.~

Houn orthe day (214Mar on 31:01:48 N Lat.)
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Figure C-6:Parameters Dialogue Displays Diurnal Variation a/Parameters
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Figure C.7: Dialogue for Defining Geometry and Mesh Stze
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9.5.2 Analyse Created Model (solve)

If you have created a new model earlier then

(1) Choose Post-process> Start Solver ... to activate solver. The solver will perform one
step steady state or multiple time-steps transient state analysis depending on the option
chosen. A transient state analysis will continue until

(la) Specified Maximum Nos. of Time Steps in Analysis Related Parameters are
performed, or

(lb) Analysis is performed for the duration specified by Trial for (day), or

(Ie) User requests a temporary break by selecting Post-process> Break. .. A paused
analysis can be resumed (Post-process> Resume Solver ...) at a later time on the same
session or even in a new session possibly on another day.

(ld) User requests an abort by selecting Post-process> Abort Solver ... An aborted
analysis cannot be resumed. It should be restarted (Post-process> Start Solver ..•).

Note: Results of analysis (for all time steps) are saved in the corresponding .GEO file.
You may post-process and preview the analysis results (animation, contours, patterns,
etc.) at a later time.

Figure ('-9: FEATherm Viewer Displaying Meshing and Boundary Condition That Varies with Time

9.5.3 Examine Thermal Responses (post-process)

(I) Choose Post-process > Point of Response ... to specifY the day and timers) of
response. Select Day serial (#) from the Moment dialogue thus displayed. choose
starting Time (bh:mm) from the list.

(2) Prepare responses before preview as below:

(2a) You may want to prepare the responses of this starting time only. Choose First Point
option button and press Apply command button, or
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(2b) You may want to specify more points of time on the same day. Choose More ••.
command button. The Moment dialogue will expand. Select text boxes titled Other
Points and from the Time (hh:mm) list specify the points of time. Finally choose All
Listed option and press Apply to prepare responses.

Figure C-10: Moment DialoJ{Ue 10 Specify Point a/Responses

(2c) You may also request to prepare responses for a sequence of time starting from a
specified time and running at a specified interval. Select the starting point from Time
(hh:mm) list. Choose Sequence option. Press More ... if the moment dialogue is not
already in expanded form. Enter a value in Time Steps in Sequenee text box. Finally
press Apply to prepare responses.

(3) Preview responses

(3a) To preview temperature contour or longitudinal eigenstress contour choose Viewer
> Response Contour followed by specific option.

• 111017

.17 10 24

241030

0301037

.371043

.431050

Figure C-II: Typical Disl"ayofTemperature Contour at ,\peeified Point a/Response

(3b) To preview temperature or longitudinal eigenstress at a particular section of bridge-
deck choose Viewer> Seetional Responses followed by specific option. Now define a
section if any is not yet defined. To define a section press CTRL+S or select Viewer>
Viewer Modes> Define Seetion to switch to define section mode. Now draw a line
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using mouse on the deck cross-section. Wait a while. Sectional responses will be drawn
at the requested section.

0-131010 -170

.-17010970

.970102110

Figure C-12: Typical Display ofEigenstress Contour at Specified Point a/Response

(4) You can edit section (delete, move, etc.) of responses. Choose Viewer> Edit
Section.

(5) You may want to zoom selected portion of the display. Switch to zoom selection
mode by pressing CTRL+Z or selecting Viewer> Viewer Modes> Define Zoom Area.
Draw the zoom area using mouse. That's it.

(6) You can also move or pan the display. Switch to pan mode by pressing CTRL+Q or
selecting Viewer> Viewer Modes> Pan Object. Draw a line using mouse to specifY
source point and destination point and you're done.

(7) If you have chosen All Listed or Sequence option button in step 2, you may press
Animate after Apply. Animation may be slow enough to bore you.
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Figure C.} 3: FF..AThermViewer Displaying 24-Hours Temperature Distribution at the Middle of a 1.0m x 1.Om
Concrete Section along with Range a/Temperatures

1-38~_~2m.98J ' - _
(-1497.93)

(-266.59
(-321.2)
(-87.78) ",,

(51.9 \ ,, "(200.8 ) \ \~, .
(354. 8 \ \

Figure C-14: FEATherm Viewer Displaying 24-Hours Eigenstress Distribution at the Middle ofa I.Om x I.Om
Concrete Section along with Range a/Stresses
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9.5.4 Prepare Output

(I) You can copy and paste the display into your Windows documents (e.g. MS Word), or
save in a file or print it. Choose the corresponding options from Viewer menu or Viewer
window.

(2) Try editing File> Page Setup ..• option before printing or previewing. Sometimes,
while printing, you may be requested to increase Buffer Factor. Do it from Page Setup
dialogue.

(3) Viewer> Viewer Options ... displays another dialogue to fine tune display. Try it.

VlewelOpllons £i
I •i P" Show Node. NodeD Color
:r Show Elements D E!em .• COIOfi r Show Point of Resp .
i r Show Legend • Line Color
;r Show Node TempI . • Back. CoiOfI r Show Elem TempI.
! r Show Node Shes. D Resp. Color
1 w Show Boundary • Not used
1 r Show Tempr. Oilfr.,

11 1! Color I it line Vldlh (pixeQ
! Scheme Response Iso I
I

Response Value (Calculation/unit)

Tempi. INone B
T elnperaturc

110 IScale (deg C/unil), long. I ;1 Sheu Scale
12000 II IKPa/unitlI Shen Exlent

!
! Decimal Place D J Il.if. ,. CariCeI 11~1]!

Figure C-15: Viewer OpNon Dialogue Allow Changes in the Display

(4) The Post-process> List Output offers you responses in a tabular form. You can copy
and paste it in Windows spreadsheets like MS Excel and create charts.
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Legend

Figure C-/6: FEATherm Displaying Temperature Contours in a 1.0m x 1.OmConcrete Section,

(Diurnal Variations at 2.0 Hours Interval)
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Figure C-17: FEATherm Displaying Longitudinal Eigenstress Contours in a 1.Omx I.Om Concrete Section,

(Diurnal Variations at 2.0 Hours Interval)
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(a) Temperature Distribution
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(b) Eigenstress Distribution

Figure C-18: FEATherm viewer displaying 24 hours variation o/temperature and stress along the middle line of a
O.3mx 1.Omrectangular concrte section

Top surface exposed to sunlight •
Web-face exposed to sunlight
Web-face in shade ••----
Node numbers 0, 1,2, ...

Bottom surface of the deck ••~--
Inner surface of the box ••----
Inside the boundary
Element numbers 0, I 2, ...

Figure C-/9: Typical display of FEATherm generated mesh and boundariesof a box girder oriented to East*West
direction. Bot/om oJthe left Joce is exposed to sunlight at /5:00 hours.
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APPENDIX-D : Results of Analyses

Tah/(. J)~/.' Annual Extremes at the Nodes o[ a Rectanf.:ular .\'eclion (0. 3m x I.Om) Located in J)haka

Node X (m) Y (m) TMAX Month TMIN Month. SMA X Month SMIN Month0 0 0 43.66 9 14.13 I 1109.46 4 -1753.76 4I 0.15 0 34.86 9 15.83 I 845.27 4 -231.45 42 0.3 0 37.47 9 14.37 1 1091.69 3 -1446.12 43 0.075 0.063 38.45 9 16.3 I 335.5 4 -379.43 34 0225 0.063 34.89 9 16.67 I 605.8 4 -352.93 45 0 0.125 43.83 9 16.09 I 536.83 3 -1349.25 46 0.15 0125 36.23 9 17.19 I 695.42 3 -361.08 47 0.3 0.125 39.25 8 16.39 1 533.48 3 -920.69 48 0075 0188 38.36 9 17.48 I 364.01 3 -288.63 79 0225 0.188 35.05 8 18.18 I 195.91 2 -227.33 710 0 0.25 43.84 9 16.58 1 414.93 4 -1179.38 4II 0.15 0.25 36.27 9 18.17 I 841. 94 4 -531.91 412 0.3 0.25 39.87 8 16.81 1 417.22 4 -814.97 413 0.G75 0.313 3851 9 17.9 1 41285 4 -24423 414 0225 0.313 35.63 8 18.48 I 1I 1.91 II -211.29 315 0 0.375 44.08 9 16.6 1 40255 4 -1080.57 416 015 0375 36.42 9 1837 I 902.2 4 -567.99 317 03 0375 40.04 8 16.81 I 406.45 4 -728.4 318 0075 0.438 38.73 9 17.96 I 522.98 4 -27133 419 0225 0.438 35.84 8 18.51 I 185.07 4 -234.2 320 0 0.5 4419 9 16.61 I 395.85 4 -945.09 321 0.15 0.5 3655 9 18.42 I 1020.83 4 -601.09 322 0.3 0.5 40.15 8 16.81 1 403.62 4 -706.5 323 0075 0.563 38.79 8 1802 I 668.72 4 -318.55 424 0225 0563 36.01 8 18.57 1 324.05 4 -283.47 325 0 0625 44.17 9 16.7 1 42218 4 -79238 326 0.15 0.625 36.64 9 18.48 1 119053 4 -683.11 327 0.3 0625 40.3 8 16.91 1 429.97 4 -695.34 328 0.075 0.688 38.82 8 17.98 I 876.78 4 -389.41 429 0.225 0.688 36.01 8 18.62 I 522.38 4 -366.85 330 0 0.75 44.14 8 16.68 I 35026 5 -612.05 II31 0.15 0.75 37.72 8 18.04 I 1387.1 4 -757.13 432 0.3 0.75 40.27 8 16.92 I 357.11 5 -639.64 333 0.G75 0.813 40.62 8 17.01 I 1036.4 4 -388.15 434 0225 0.813 36.86 9 17.98 1 631.88 4 -336.85 435 0 0875 46.87 8 15.53 I 430.55 4 -920.75 436 0.15 0.875 40.55 8 15.98 I 994.67 3 -716.52 437 0.3 0.875 38.98 8 15.97 I 422.97 3 -554.93 338 0.G75 0.938 45.23 8 1462 1 547.71 3 -873.62 439 0.225 0.938 42.74 8 14.79 I 828. I9 4 -990.09 440 0 I 52.42 8 1136 1 1534.72 3 -3103.66 441 0.15 1 50.12 8 12.6 I 1102.89 4 -2644.47 542 0.3 I 49.35 8 11.6 I 1517.3 I 3 -2679.35 4YPOS STMAX Month STMIN Month SSMAX Month SSMIN Monthsection 52.42 8 1136 1 1534.72 3 -3103.66 4y=O.OOm 4366 9 14.13 I 1109.46 4 -1753.76 4y=0.25m 43.84 9 1658 I 841.94 4 -117938 4y=0.50m 44.19 9 1661 I 102083 4 -945.09 3y=0.75m 44.14 8 16.68 1 1387.1 4 -757.13 4y=1.00m 52.42 8 1136 I 1534.72 3 -3103.66 4



APPENDlX-D : Results of Analyses

Node X (m) VIm) TMAX Month TMIN Month SMAX Month SMIN Month
0 0 0 44.29 4 11.66 1 1377.21 3 -2276.99 11 0.15 0 3381 4 14.53 I 949.14 5 -391.1 52 0.3 0 38.37 4 11.91 I 1361.81 3 -2032.18 I3 0075 0.063 37.8 4 15.01 1 411.65 3 -531.49 I4 0225 0.063 34.06 4 15.48 1 661.29 3 -444.85 5. 5 0 0.125 43.6 4 14.61 1 655.29 3 -1509.77 36 0.15 0125 34.98 4 16.11 I 1025.96 1 -459.3 I7 0.3 0.125 36.85 7 14.92 1 651.89 3 -1100.97 18 0075 0.188 37.04 6 16.73 I 486.87 1 -289.87 59 0.225 0188 33.18 6 17.63 1 192.93 1 -197.56 I10 0 0.25 43.23 4 15.14 I 517.84 3 -1329.57 3II 0.15 0.25 34.96 6 17.4 1 1150.51 I -672.72 312 0.3 0.25 37.54 7 15.38 I 519.64 3 -1043.7 I13 0075 0.313 37.12 6 17.2 I 493.77 I -291.93 514 0.225 0.313 33.51 7 17.87 1 224.94 1 -261.2 315 0 0.375 43.5 4 1504 I 508 5 -1272.8 I16 0.15 0375 35.1 6 17.59 I 116133 I -696.54 317 0.3 0.375 37.71 7 15.28 I 511.68 5 -1003.77 I18 0075 0.438 37.36 6 17.19 I 588.7 3 -308.48 519 0.225 0.438 33.72 7 17.78 1 271.6 I -275.48 320 0 0.5 43.61 4 15.01 I 498.94 5 -1191.66 I21 0.15 0.5 35.24 6 17.6 I 1225.55 I -725.48 322 0.3 0.5 37.81 7 15.25 I 503.16 5 -922.36 123 0.075 0.563 37.42 6 17.26 I 735.16 5 -361.38 324 0.225 0.563 33.87 7 17.87 I 402.89 5 -328.11 325 0 0625 43.57 4 15.17 1 501.83 5 -1096.42 I26 0.15 0625 35.36 6 17.72 I 1388.3 3 -8 I8.83 327 0.3 0.625 37.95 7 15.41 1 509.73 5 -827.43 I28 0075 0.688 37.47 6 17.33 I 952.78 5 -44704 329 0.225 0.688 33.86 7 18.Q7 I 610.65 5 -427.08 330 0 0.75 43.47 4 15.31 I 410.6 5 -909.64 I31 0.15 0.75 36.48 6 17.32 I 1609.87 3 -906.82 332 0.3 0.75 37.91 7 15.56 1 415.99 5 -690.49 I33 0.Q75 0813 39.41 6 16.35 I 1119.75 5 -428.36 534 0.225 0.813 35.57 6 17.48 1 731.67 5 -387.41 335 0 0.875 46.34 4 14.07 I 536.39 3 -1140.1 I36 0.15 0.875 39.42 6 15.03 1 1313.24 I -816.14 537 0.3 0.875 37.8 4 14.54 1 531.63 3 -833.63 I38 0.075 0.938 44.53 4 13.27 I 639.05 3 -988.81 339 0.225 0.938 41.73 6 13.53 I 8895 3 -1100.21 540 0 I 5383 4 8.73 I 1830.3 3 -3551.1 2 341 0.15 I 49.09 6 11.08 1 1232.68 3 -2848.06 542 0.3 I 50.18 4 8.98 I 1812.79 3 -3121.12 3YPOS STMAX Month STMIN Month SSMAX Month SSM IN Monthsection 53.83 4 8.73 1 1830.3 3 -3551.12 3y=O.OOm 44.29 4 11.66 I 1377.21 3 -2276.99 Iy=0.25m 43.23 4 15.14 I 1150.51 I - I329.57 3y=0.50m 4361 4 15.01 I 1225.55 I -1191.66 1. y=0.75m 43.47 4 15.31 I 1609.87 3 -909.64 Iy=l.oOm 53.83 4 8.73 I 1830.3 3 -3551.12 3
Tahle /)-2: Annual F.xtremesat the Nodes of a Rectangular Section (0. 3m x J.Om)l.ocated in Faridpur
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APPENDIX-D : Results of Analyses

Node X (m) VIm) TMAX Month TMIN Month SMAX Month SMIN Month
0 0 0 46.32 5 7.83 1 1661.82 2 -2587.37 2
I 0.15 0 36.08 5 10.97 I 999.68 5 -666.51 4
2 0.3 0 41.15 5 8.11 1 1654.01 2 -2359.72 2
3 0075 0.063 39.49 5 11.62 I 519.04 2 -627.33 24 0.225 0.063 36.05 5 12.07 1 746.59 2 -544.41 35 0 0.125 45.35 5 11.12 I 820.43 3 -1661.99 36 015 0.125 36.6 5 12.85 1 1219.45 2 -573.93 27 0.3 0.125 37.71 5 11.42 1 818.59 3 -1297.36 38 0.075 0.188 38.31 5 13.7 I 583.96 2 -323.29 59 0225 0.188 34.6 6 14.66 I 265.91 2 -253.06 210 0 0.25 45.02 5 11.73 I 678.63 3 -1531.14 3II 0.15 0.25 36.2 6 14.46 I 1366.81 2 -889.36 312 0.3 0.25 37.96 5 12.02 I 679 3 -1218.14 313 0.075 0.313 38.15 5 1436 1 570.03 3 -356.4 314 0.225 0.313 34.39 6 15.09 I 27207 2 -351.69 315 0 0.375 45.29 5 11.71 1 659.26 3 -1474.43 316 0.15 0.375 36.18 6 14.78 I 1357.41 3 -92233 317 0.3 0.375 38.24 5 12 1 660.21 3 -1180.29 218 0075 0.438 38.38 5 14.4 I 635.63 3 -376.14 319 0.225 0.438 34.61 6 15.07 1 321.25 4 -365.46 320 0 05 45.37 5 11.69 1 640.92 3 -1377.14 221 0.15 0.5 36.29 6 14.82 1 1446.63 3 -943.49 322 0.3 0.5 38.31 5 11.98 I 641. 92 3 -1090.07 223 0075 0.563 38.41 5 14.45 I 756.53 5 -416.17 324 0225 0.563 34.64 6 15.12 I 44207 4 -405.15 325 0 0.625 45.34 5 11.79 I 595.57 3 -1266.28 226 0.15 0625 36.36 6 14.86 I 1590.67 3 -1013.89 327 0.3 0.625 38.3 5 12.08 1 596.49 3 -979.42 228 0075 0.688 38.36 6 14.42 I 959.39 5 -480.88 229 0.225 0.688 34.77 6 15.2 1 640.05 5 -475.73 230 0 0.75 45.11 5 11.82 1 554.18 3 -1063.67 231 0.15 0.75 37.43 6 14.29 I 1844.52 3 -1057.4 332 0.3 0.75 38 5 12.11 1 554.44 3 -779.86 233 0075 0.813 40.14 5 13.3 I 1139.9 5 -435.63 534 0.225 0.813 3655 6 14.44 1 779.91 4 -405.04 235 0 0.875 47.45 5 10.66 I 715.79 3 -1276.87 236 0.15 0875 40.53 5 11.88 I 1511.84 2 -880.06 537 0.3 0.875 39.39 5 11.05 1 713.6 3 -929.06 238 0075 0.938 45.8 5 10.11 I 712.44 2 -1001.95 339 0.225 0.938 43.02 5 10.33 I 942.72 2 -1114.39 540 0 1 55.14 5 5.39 1 1966.41 2 -3633.47 341 0.15 I 50.57 5 7.87 I 1298.62 2 -2948.98 542 0.3 1 51.56 5 5.66 1 1958.13 2 -3289.29 3
YPOS STMAX Month STMIN Month SSMAX Month SSMIN Monthsection 55.14 5 5.39 I 1966.41 2 -3633.47 3y=O.OOm 46.32 5 7.83 I 1661.82 2 -2587.37 2y=0.25m 45.02 5 11.73 1 1366.81 2 .1531.14 3y=0.50m 45.37 5 11.69 I 1446.63 3 -1377.14 2y=0.75m 45.11 5 11.82 I 1844.52 3 -1063.67 3y=1.00m 55.14 5 5.39 I 1966.41 2 -3633.47 3
Tahle /)-3: Annual Extremes at the Nodes of a Rectangular ,\'ection (0. 3m x /.(}m) I.ocated in .Icssore

A-26



APPENDlX-D : Results of Analyses

Node X (m) VIm) TMAX Month TMIN Month SMAX Month SMIN Month
0 0 0 43.33 5 12.36 12 1331.26 2 -2125.44 3I 0.15 0 34.03 8 14.59 12 874.5 I 3 -308.87 2
2 0.3 0 37.3 8 12.75 12 1318.54 2 -1841.57 13 0075 0.063 38.03 8 15.04 12 408.3 I 2 -487.96 2
4 0.225 0.063 34.05 8 15.59 12 655.42 2 -420.38 35 0 0.125 44.03 8 14.75 12 625.28 2 -1505.12 36 0.15 0.125 35.77 8 16.14 12 945.89 I -421.23 27 0.3 0.125 39.35 8 15.27 12 622.5 2 -1076.56 38 0075 0.188 38.22 8 16.44 12 455.38 2 -287.25 79 0225 0.188 35 8 17.35 12 204.99 8 -212.32 810 0 025 44.08 8 1531 12 493.78 2 -1318.18 3
II 0.15 0.25 36.09 8 17.24 12 1054.94 2 -639.26 212 0.3 0.25 40.05 8 15.61 12 495.31 2 -972.62 213 0.075 0.313 38.5 8 16.87 12 479.26 3 -262.98 214 0225 0.313 3561 8 17.6 12 184.62 I -24801 2IS 0 0.375 44.36 8 15.27 12 476.74 2 -1216.21 316 0.15 0375 36.35 8 17.43 12 1078.24 2 -65823 217 0.3 0.375 40.25 8 15.53 12 479.44 2 -928.53 I18 0075 0.438 38.78 8 16.89 12 595.75 3 -287.75 219 0225 0.438 35.85 8 17.57 12 229.75 3 -262.55 220 0 05 44.52 8 15.27 12 45067 2 -1119.41 I21 0.15 0.5 3654 8 17.47 12 1195.24 3 -686.87 222 0.3 0.5 40.39 8 15.52 12 453.49 2 -84458 I23 0075 0563 38.9 8 16.96 12 758.07 4 -343.98 224 0.225 0.563 36.07 8 17.66 12 380.47 4 -315.20 225 0 0.625 44.54 8 15.41 12 455.08 5 -1016.35 I26 0.15 0.625 36.71 8 17.55 12 1370.45 3 -775.48 227 0.3 0.625 40.61 8 15.67 12 468.95 5 -744.79 328 0075 0.688 38.96 8 16.98 12 987.85 4 -439.60 329 0.225 0.688 36.13 8 17.79 12 605.29 4 -410.19 330 0 0.75 44.58 8 15.44 12 364.2 5 -815.35 I3\ 0.15 0.75 37.95 8 17.11 12 1600.37 3 -865.89 332 0.3 075 40.62 8 15.82 12 378.19 5 -699.02 333 0.075 0813 41.05 8 15.94 12 1142.93 4 -42966 434 0.225 0813 37.08 8 17.14 12 711.41 3 -395.43 335 0 0875 47.7 8 14.08 12 497.53 2 -1073.51 236 0.15 0875 41.01 8 14.88 12 1245.48 I -76961 537 03 0.875 39.2 8 14.87 12 493.65 2 -746.05 I38 0075 0.938 46.08 8 13.15 12 639.48 2 -1036.55 439 0.225 0.938 43.52 8 13.45 12 889.56 2 -1134.54 440 0 I 55.17 5 9.12 12 1820.92 3 -3636.36 341 0.15 I 51.08 8 10.96 12 1227.73 3 -2877.38 442 0.3 I 51.63 5 9.53 12 1798.27 3 -317906 3YPOS STMAX Month STMIN Month SSMAX Month SSMIN Month
section 55.17 5 9.12 12 1820.92 3 -3636.36 3y=O.OOm 43.33 5 12.36 12 1331.26 2 -2125.44 3y=0.25m 44.08 8 15.31 12 1054.94 2 -1318.18 3y=0.50m 44.52 8 15.27 12 1195.24 3 -1119.41 Iy=0.75m 44.58 8 15.44 12 1600.37 3 -865.89 3y=1.00m 55.17 5 9.12 12 1820.92 3 -3636.36 3
Tahle /)--1:Annual Extremes at the Nodes of a Rectangular Section (0. 3m x I.Om) I.ocated in Khulna
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APPENDIX-D : Results of Analyses

Tahle D-5: Diurnal Variation in Vertical Curvalllre for Var;oll.~ Orientofions of Axis of a Box-girder (2.25m high)
Located al .Jes.mn.'

Azimuth 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:0090 119E-05 1.06E-05 938E-06 8.20E-06 7.06E-06 5.95E-06 487E-06 4.21E-0675 1.14E-05 1.02E-05 8.99E-06 7.82E-06 6.69E-06 560E-06 453E-06 3.86E-0660 I.IIE-05 9.88E-06 8.69E-06 7.53E-06 6.4IE-06 5.33E-06 427E-06 3.57E-0645 1.09E-05 970E-06 8.51 E-06 736E-06 624E-06 5. I6E-06 411E-06 3.39E-0630 1.07E-05 9.49E-06 831E-06 7.16E-06 605E-06 4.97E-06 3.93E-06 3.20E-0615 1.06E-05 9.35E-06 8.18E-06 7.04E-06 5.93E-06 486E-06 3.8IE-06 3.IOE-060 1.06E-05 934E-06 8. I7E-06 7.03E-06 5.92E-06 4.85E-06 380E-06 3.09E-06-15 1.07E-05 9.44E-06 826E-06 7.11 E-06 6.00E-06 493E-06 3.88E-06 3. 16E-06-30 1.08E-05 955E-06 8.37E-06 7.22E-06 6.IIE-06 503E-06 3.98E-06 3.24E-06-45 1.09E-05 970E-06 8.51E-06 736E-06 624E-06 5.16E-06 4.IOE-06 3.38E-06-60 112E-05 9.94E-06 8.74E-06 7.59E-06 6.46E-06 537E-06 431E-06 3.60E-06-75 115E-05 I.03E-05 9.07E-06 7.90E-06 6.76E-06 5.66E-06 460E-06 3.89E-06

Azimuth 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:0090 4.7IE-06 6.60E-06 9.60E-06 1.33E-05 l.70E-05 2.05E-05 2.30E-05 2.44E-0575 4.35E-06 623E-06 9.22E-06 129E-05 I. 67E-05 2.0IE-05 226E-05 2.38E-0560 4.00E-06 5.88E-06 8.88E-06 125E-05 1.63E-05 1.98E-05 222E-05 2.34E-0545 3.74E-06 559E-06 8.62E-06 1.23E-05 1.61E-05 1.96E-05 220E-05 2.31E-0530 3.5IE-06 5.2IE-06 8.22E-06 119E-05 1.58E-05 I.92E-05 2. I7E-05 2.28E-0515 3.39E-06 5.02E-06 7.98E-06 1.I7E-05 I. 56E-05 I. 90E-05 2.15E-05 2.26E-050 336E-06 494E-06 7.77E-06 l.15E-05 1.54E-05 l.88E-05 2.14E-05 2.26E-05-15 3.42E-06 4.99E-06 7.75E-06 l.15E-05 I. 54E-05 1.88E-05 2.15E-05 2.28E-05-30 350E-06 5.07E-06 7.82E-06 1.l5E-05 1.54E-05 1.89E-05 2.15E-05 2.29E-05-45 3.66E-06 5.26E-06 8.0IE-06 1.I7E-05 1.56E-05 1.91E-05 217E-05 2.31E-05-60 3.92E-06 5.55E-06 837E-06 120E-05 1.59E-05 1.94E-05 220E-05 2.34E-05-75 4.27E-06 600E-06 8.90E-06 1.26E-05 I. 64E-05 I. 99E-05 2.25E-05 2.39E-05

Azimuth 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:0090 2.44E-05 2.30E-05 208E-05 l.88E-05 I. 70E-05 I 55E-05 1.40E-05 1.l9E-0575 237E-05 2.22E-05 201E-05 1.81E-05 I.64E-05 1.49E-05 1.35E-05 115E-0560 231E-05 2.17E-05 1.95E-05 I. 76E-05 1.60E-05 1.45E-05 13IE-05 I. II E-0545 228E-05 2.13E-05 I.92E-05 I73E-05 1.57E-05 142E-05 128E-05 109E-0530 2.25E-05 210E-05 1.89E-05 I. 70E-05 154E-05 I 39E-05 126E-05 1.07E-0515 2.23E-05 2.08E-05 I. 87E-05 1.68E-05 152E-05 U8E-05 1.24E-05 105E-050 223E-05 208E-05 I 87E-05 168E-05 152E-05 137E-05 I 24E-05 105E-05-15 2.25E-05 2.IOE-05 1.89E-05 I. 69E-05 I 53E-05 U9E-05 125E-05 1.06E-05-30 227E-05 2.12E-05 1.90E-05 l.7IE-05 1.55E-05 1.40E-05 I. 26E-05 107E-05-45 230E-05 2.15E-05 I. 94E-05 174E-05 1.58E-05 1.43E-05 1.29E-05 1.1E-05-60 234E-05 2.20E-05 1.98E-05 l.78E-05 1.62E-05 1.46E-05 1.32E-05 112E-05-75 2.39E-05 2.25E-05 203E-05 1.83E-05 1.66E-05 1.51E-05 136E-05 1.l6E-05
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Proposed and Existing Specifications of Temperature Distribution
(Differential Part)

A-3D

-*Segmental Unear (Bangladesh, This Study)

~Recommended by Raina, V.K., 1991
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