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SUMMARY

This paper reviews the state of the art of the behaviour of bridge structures under nonlinear
temperature distributions produced by weather conditions. Methods are discussed for pre-
diction of distributions of temperature and the corresponding stresses in a bridge cross section.
The effects of various climatological and geometrical parameters on the temperature and stress
distributions in both concrete and composite bridges are discussed. The influence of cracking
on the thermal response and the significance of thermal loading to ultimate capacity are dis-
cussed.

RESUME

Cet article présente |'état actuel des connaissances sur le comportement des structures de ponts
soumis a des répartitions de température non linéaires dues aux conditions climatiques. On
discute des méthodes destinées a prévoir la répartition de la température et des contraintes
correspondantes dans une section de pont. Les effets des différents paramétres climatologiques
et géométriques sur les répartitions de température et de contraintes dans les ponts en béton et
mixtes sont discutés. L'influence de la fissuration sur le comportement et |'effet des sollicita-
tions d’origine thermique sur la résistance ultime sont briévement discutés.

ZUSAMMENFASSUNG

In diesem Beitrag wird das Verhalten von Bruckentragwerken untersucht, welche durch eine
nichtlineare Temperaturverteilung infolge ausserer Wetterbedingungen beansprucht sind. Es
werden Methoden zur Vorhersage der Temperatur- und Spannungsverteilung uber den Bricken-
querschnitt diskutiert. Die Auswirkungen der verschiedenen klimatischen und geometrischen
Parameter werden auf die Temperatur- und Spannungsverteilungen in Stahlbeton- und Verbund-
tragern verfolgt. Schliesslich wird der Einfluss der Rissbildung auf das Tragverhalten und die
Bedeutung dieser Zwangsbeanspruchung gegenuber der Traglast diskutiert.
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1. INTRODUCTION

The design of bridge structures for temperature variations has traditionally
been limited to the longitudinal movements induced by the maximum expected mean
temperature changes. These movements are usually allowed to occur freely (or
with minimum restraint) by provision of expansion joints. Recently, however,
there has been a growing awareness that in spite of provision of joints, impor-
tant thermal stresses occur, particularly in continuous bridges. Many observa-
tions have indicated that thermal loadings can seriously affect the serviceabil-
ity and the structural integrity of such structures [15,21].

The sources of thermal loadings in bridges can be from the heat of hydration of
cement in the early ages and from the effect of weather conditions over the life
of the structure. The distribution of temperature throughout a bridge structure
must be known if the resulting stresses, reactions and deformations are to be
calculated. This paper discusses the sources of thermal loadings in bridges and
reviews the methods of predicting the distribution of temperature through such
structures. The significance of thermal stresses induced in both prestressed
concrete and composite bridges is also discussed.

A concrete bridge structure under the effect of dead load may have cracks or may
be free of cracking depending upon the design particularly on the amount of pre-
stressing. These cracks affect considerably the stresses caused by temperature
variation, This effect is briefly discussed here.

2 SOURCES OF HEAT IN A BRIDGE STRUCTURE

Variations of temperature in concrete bridges begin by the heat of hydration of
fresh concrete. The temperature rise by the chemical process depends on the
type and amount of cement, on the thickness of the concrete member, on the ther-
mal insulation of the forms and on the temperature of the mixing water and sur-
rounding air. A temperature rise of 30°C (54°F) to 50°C (90°F) can be expected
in members thicker than about 0.50 m (1.6 ft) due to this source of heat [16].

Also, an exposed bridge deck is continuously losing and gaining heat -- from
solar radiation, radiation to or from the sky or surrounding objects, and con-
vection to or from the surrounding atmosphere. Temperature changes induced by
these sources depend upon the geometry of the bridge cross section and on a
number of other factors:

- Geographic location of the bridge (latitude and altitude).

- Orientation of the bridge axis with respect to the sun.

- Time of the day and season.

- Degree of cloudiness and turbidity of the atmosphere.

- Climatological conditions: expressed in terms of the diurnal
variations of the ambient temperature and wind speed.

- Nature and colour of bridge deck surfaces: expressed in terms
of solar radiation absorptivity, emissivity and surface convection
coefficient.

- Thermal and physical properties of the constituent materials of
the bridge: thermal conductivity, specific heat and density.

In the daytime and especially during the summer, the heat gain is greater than
the heat loss, resulting in a temperature rise throughout the cross section.
During a typical winter night, the converse is true, and the temperature in the
superstructure drops. The heat flow processes for typical summer and winter
conditions are shown in Fig. 1. Radiant energy from the sun is partially ref-
lected and partially absorbed. Reflected energy does not influence bridge tem-
perature; absorbed energy, however, heats the bridge deck surface and gives rise
to a temperature gradient through the deck. The amount of radiation absorbed by
a bridge deck is a function of the nature and colour of the surface. A dark,
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rough surface has higher absorp-
tivity than does a light, smooth
surface and consequently absorbs
more solar radiation. Some of
the absorbed radiant energy is
lost from the surface by con-
vection and reradiation. Con-
vective heat transfer from or
to the atmosphere is a func-
tion of wind velocity, ambient
air temperature, and deck sur-
face temperature.

3. BRIDGE TEMPERATURE

Because of the wide variations
in climatic conditions in any
given locality, a variety of
temperature distributions is
possible. In the literature,
several such distributions
have been observed or sug-
gested based on theoretical
studies. Included in these
distributions are:

1. A linear temperature dis-
tribution in the deck
slab and the top part

of the web in a concrete
box-section observed by

Maher [18], (Fig. 2a).

\ /

OTom
\

\ /

CONVECTIVE HEAT

GAMNED FROM REFLECTED
ATMOSPHERE N\ SOLAR
o “\, , RADIATION INCIDENT SOLAR
nl'l i
MET HEAT LOSS AT s i} / / RADIATION
OUTSIDE SURFACE — =l L
BY CONVECTION AND —— s —4 e,
IRRADIATION | SR SSE s pisapl Ve = | RADs
< / \
=% \ _~BRIDGE DECK
HEAT GANED -1 l !
¥ HORMIVON, OF I HEAT FLOW INTO' 1
CEMENT DECK FROM OUTSIDE
SURFACE

o) SUMMER DAYTIME CONDITIONS

| CONVECTIVE HEAT GAINED
FROM ATMOSPHERE
]

NET HEAT LOSS AT —
OUTSIDE SURFACE

U .

r-t--=-
[T Rt d

'
1
!
BY CONVECTION :
IRRADIATION 118 '
L Py Tt
- T T Al BRIDGE DECK
5 7N
Ll
(TR 1
[
P

/HEAT GAINED BY
HYDRATION OF CEMENT

b) WINTER EVENING CONDITIONS

Fig. 1 Heat Gain and Loss Processes

Based on finite difference analyses, Priestley [22] suggested a combination

of fifth degree parabolic and straight line variations over the webs and the
top and bottom slabs of box and T girders (Fig. 2b).
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When the bearings of a bridge allow horizontal translation, a rise of tempera-
ture that is uniform over the bridge cross section, does not produce stresses.
Thus, for the purpose of stress calculations the temperature variation over the
cross section may be measured from an arbitrary datum. The datum in Figs. 2a
and b is taken as the temperature over the major part of the web, away from the
top and bottom extremities.

It will be shown that the longitudinal stresses due to temperature heavily de-
pend on the shape of the temperature distribution. Thus, the temperature dis-
tribution needs to be accurately predicted.

4, HEAT FLOW EQUATION

For the purpose of temperature and stress analyses, it may be assumed that the
temperature is constant over the bridge length but varies from point to point
within the cross-section and also with time. This assumption will be adopted
all through this paper. The following well-known heat flow equation applies [3].

32T 32T _ 3T
1<—--2—+1<y =+ Q = pco (1)

where kX and k_ are the anisotropic thermal conductivities in the x and y direc-

tions, respectively, of units W/m°C or Btu/(h ft °F); Q is the rate of heat per
unit volume generated within the body (e.g. by hydration of cement), W/m3 or
Btu/(h ft3); p is the density, kg/m3 or 1b/ft3; and c is the specific heat,
J/(kg°C) or Btu/(1b°F). The quantity Q of heat generated by hydration of cement
in concrete may be predicted by empirical equations (see Ref. [20]).

If the energy is transferred by the surrounding media to or from the boundary
surface, the boundary conditions associated with Eq. 1 can be expressed by

oT oT B
x ax "x * ky ay My +q = 4 (2)
where nx and n are the direction cosines of the unit outward vector normal to

the boundary surface and q is the boundary heat input or loss per unit area,
W/m? or Btu/(h ft2).

The rate of energy transfer, q at the surfaces of a bridge structure is the sum
of solar radiation, convection and irradiation

q = q; +q,+4q, (3)
where qs(s,t) is the solar radiation, qc(s,t) is the convection and qr(s,t) is

the irradiation from the surface to the surrounding air. Each of these quanti-
ties varies with the position s of the point considered on the surface and the
time.

The heat transfer components of Eq. 3 are treated by the following simple expres-
sions. The heat gain due to sun rays, i.e. short wave radiation, received by the
structure can be expressed by

q, = 2 I (4)

where I(s,t) depends on the position s of the point on the surface of the struc-
ture, the inclination of this surface to the horizontal and the length of the
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path of the sun ray through the atmosphere, which is in turn dependent upon the
position on the earth and the time t of the day and the day of the year (see
Refs. [5] and [6]). The dimensionless coefficient a is the fraction of I
absorbed by the surface of the structure.

The heat lost or gained from the surrounding air by convection as a result of
temperature differences between the bridge surface and the air is given by
Newton's law of cooling as

q. = h, (T =T (5)

where hc is the convection heat transfer coefficient, W/(m2°C) or Btu/(h ft2°F);
T(s,t) is the temperature of the surface; and Ta(t) is the air temperature at
time t. In a box-girder bridge, Ta(t) is different inside and outside the box.
The convection heat transfer coefficient, hc’ is a function of many variables

such as wind speed, surface roughness, and geometric configuration of the ex-
posed structure. Its value is usually determined experimentally or calculated
by empirical formulae [13,19].

The heat transfer between the bridge and the surrounding atmosphere due to long
wave radiation, i.e. thermal irradiation, produces a nonlinear boundary condi-
tion which can be modeled by Stefan-Boltzman radiation law which may be conven-
iently rewritten in the form [13]:

q_r = hr (T - Ta) (6)

in which hr(s,t) is a radiation heat transfer coefficient defined as

hr = Cge [(T + T*)? + (T, + T*)2] (T + T, + 2T*) (7)

where Cs is the Stefan-Boltzman constant = 5.677 x 10°8 W/(m2°K") or 18.891 x

1078 Btu/(h ft2°R"*); e is the emissivity coefficient relating the radiation of
the bridge structure (a gray body) to that of an ideal black body (0 < e =< 1);
and T* is a constant = 273.15 used to convert temperature in degrees Celsius,
°C, to degrees Kelvin, °K, or = 459.67 to convert temperature in degrees Fahren-
heit, °F, to degrees Rankin, °R.

The radiation heat transfer coefficient, hr' cannot be calculated unless T(s,t)
is known. However, it has been shown that hr is only slightly temperature de-

pendent [17] and thus in a time incremental solution, an approximate value can
be calculated employing earlier values of T(s,t). Once the radiation coeffic-
ient is calculated, it can be treated similarly to the convection coefficient,
hc’ and the effects of heat flow by convection and irradiation can thus be com-

bined in an overall heat transfer coefficient

h = hC + h (8)
To find the temperature distribution over the thickness of a slab it is suffic-
ient to seek a solution of one-dimensional simplified form of Eq. 1. The finite
difference method can provide simple numerical solution and was adopted by sev-
eral investigators [9,11,17,22]. The finite element method was also used for
the same problem [23]. The two-dimensional heat flow Eq. 1 needs to be solved
when the temperature variation is to be determined through the thickness and
over the breadth of the slabs and webs of a box girder. The finite element
method was efficiently used for this analysis [6,8,14,24].
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The temperature distribution in the plates of steel box girders may be determined
employing one dimensional model [4]. Because of the relatively small thickness
of the steel plates (10 to 25 mm) and their high thermal conductivity, the tem-
perature distribution may be assumed constant throughout the thickness but varies
from point to point over the perimeter of the box and also with time.

5: MATERIAL PROPERTIES

The basic material properties that determine the thermal behaviour of bridge
structures are: thermal conductivity, k; specific heat, c; thermal diffusivity,
k/pc; and coefficient of thermal expansion, a. The literature reveals that

these properties for a heterogeneous material such as concrete vary over a wide
range and depend primarily upon the composition and moisture content. Tor
example, for concrete of normal weight and within normal atmospheric temperature,
the conductivity varies from 1.5 to 2.5 W/(m°C) or 0.87 to 1.45 Btu/(h ££°R) {2,
20]; specific heat ranges between 840 and 1170 J/(kg°C) or 0.20 and 0.28 Btu/
(1b°F) [20]; the diffusivity varies from 0.7 x 10-6 to 1.4 x 107® m?/s or 7.53 x
10~ to 15.07 x 10-% ft2/s [2,121 and the coefficient of thermal expansion ranges
from 7.2 x 10-6 to 10 x 10-% °C-! or 4 x 106 to 5.56 x 105 °r~1 [1].

6. CONSEQUENCES OF TEMPERATURE VARIATIONS

This section discusses the stresses caused by temperature in a bridge for which
the bearings allow free horizontal translation. In a simply-supported span,
uniform or linearly varying temperature over the depth of the cross section
produces no stresses. With nonlinear temperature variation (Fig. 3b), the same
bridge is subjected to stresses because of the restraint of temperature expan-
sion that must occur by the different fibres. These stresses, which are self-
equilibrating, are referred to as eigenstresses (Fig. 3c). In a continuous
bridge, temperature change produces statically indeterminate reactions
and internal forces whether the variation in temperature over the cross section
is linear or nonlinear. The stresses due to these forces are referred to as
continuity stresses. The eigenstresses and/or the continuity stresses can reach
values above the tensile strength of concrete. Many cracks in prestressed con-
crete bridges are attributed to these effects which are usually neglected in
design calculations. A temperature rise caused by the sun at the top surface

of a continuous bridge produces positive moments which cause tensile stresses

at the bottom fibres. A crack damage caused by this type of thermal stresses

otto

S N
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) R — L
| jz:wu

1
I
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Fig. 3 Stresses in a Simply-Supported Beam
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in two-span continuous beams in the vicinity of the intermediate supports was
reported in Ref. [15].

Equally important temperature stresses occur in the transverse direction in a
closed box section, which may be treated as a statically indeterminate plane
frame.

e STRESSES IN THE TRANSVERSE DIRECTION

Stresses in the transverse direction in a closed box may be calculated consider-
ing a plane frame made up of a strip between two cross sections of the box unit
distance apart (Fig. 4a). The transverse stresses in the overhangs are zero and
thus need not be considered in this analysis. Let the temperature rise in a
section of this plane frame vary over the depth of the top slab as shown in

Fig. 4b. Tor calculation of stresses, the displacement method of analysis [10]
is convenient. The strain due to temperature is artificially restrained at all
points; the restraining transverse stress at any fibre is

%s = T {%%-T(y) (9)

where E is Young's modulus of elasticity and v is Poisson's ratio. At any
section 1-1, the stress resultants are

N =

o _dy (10)
03 f thickness

0s

M

o _ydy (11)

03 I thickness ©%

Nos and Mos vary with s as a result of variation of temperature or the thickness,
and thus in the restrained condition tangential and transverse forces Pos and U

must be applied (Fig. 4d). Considering the equilibrium of an element ds, Fig. 4c,
the intensities of the restraining forces are:

dNOS

pos - ds {12}
dzmos

Qs = - 2 (13)
ds

The restraining forces for a typical member of the frame are shown in Fig. 4d.
The artificial restraint is to be removed by the application of equal and oppo-
site forces for all members and the corresponding stress 85 is calculated from

a conventional analysis. The actual stress due to temperature is

6. = 0_+0 (14)



176 IABSE PROCEEDINGS P-66/83 IABSE PERIODICA 3/1983 ‘

FORCES ON THIS

lgs,2 ~  ELEMENT ARE SHOWN
IN PART C OF THIS FIGURE

I e 2
IS Ry
.’[ l\‘ E '-‘.—'_lr
| | !
L —~ bl TR

ICKNESS

o) CROSS SECTION OF A BOX b) TYPICAL SECTION I-1 AND TEMPERATURE
GIRDER BRIDGE DISTRIBUTION
ds

F

q
M Pos %,y ,Mos ds
os 2 Mos* —g3 (Mg Qos (Mgg)
8
A N el AN
\ LT Noshi ™ 18_" Moa'g
ds M dM
2 —(=2)a (e
y ds ds
¢) FREE BODY DIAGRAM d) ARTIFICIAL RESTRAINING FORCES FOR MEMBER AB

OF THE PLANE FRAME

Fig. 4 Calculation of Stresses in Transverse Direction

8. EIGENSTRESSES

In the longitudinal direction the bridge is assumed to act as a beam, the pro-
cedure used for the transverse stresses can also be used for the longitudinal

stress o,. The procedure is applicable for a simply-supported or continuous

bridge and the stresses thus obtained are the total of the eigen and continuity
stresses. In this and the following section the stresses in a simply-supported
and a continuous bridge of constant cross section are considered.

If the cross section and the temperature distribution are constant along the
span of a simply-supported bridge, the strains due to temperature can be arti-
ficially restrained by applying forces only at the end cross sections. At a
point (x,y) of any cross section the stress in the restraint state is (Fig. 5)

_ Ea
002‘ = -—l—xT(X,Y) (15)

The stress resultants at any section are (Fig. 5):

re

Nog = || Toq OX O (16)
M « [f dx d (17
ox% Oog ¥ & &Y 17)
Moyz = ), Opg X dx dy (18)
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Moyl

Removal of the artificial restraints results in equal and opposite internal
forces, which will produce stresses that are to be added to 0o tO obtain the
eigenstresses,

N M M
_ Ea oL oxX4% oy
9 T I T gt I T, x) s

where A, Ix and Iy are the area and the principal moments of inertia of the
cross section.

The use of Eq. 19 and the significance of the eigenstresses are demonstrated by
the following example of a statically determinate bridge. An example for the
calculation of continuity stresses will be given in the following section.

Example 1: Find the stress distribution in a simply-supported cencrete slab
bridge assuming a temperature rise to vary over the depth as shown in Fig. 6b,

Equations 15 to 19 give

%oy ™ =TT (%JH (20)
Beg = - %%%-Ifn (21)
Mxe = ~ E?Z 2(n+?§§n+2) (22)

op = B d -ty 0 - P an 23)

The eigenstresses are zero at all fibres when the temperature distribution over
the depth is linear (n=1).

Assuming the temperature rise to vary as a parabola of the third or fifth degree
gives the values of the eigenstresses shown in Figs. 6d and e. The results of
this example indicate how the eigenstresses depend upon the shape of the temp-
erature distribution., For E = 30,000 MPa (4350 ksi), v = 0.2, a = 10 x 10-6 °c~!
(5.56 x 10=6 °F~1) and T = 40°C (72 F), the maximum compressive and tensile
stresses .in Flg. 6e are -7.14 and +2.4 MPa (-1.035 and +0.348 ksi).

The shape of the eigenstress distributions in I and box girders are of the same
form as in Fig. 6d or e, The tensile stress in the central part of the height
can produce cracks in the webs which are usually heavily stressed due to shear
from gravity loads.
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Fig. 6 Calculation of Total Stresses in a Slab Bridge Continuous
Over Two Equal Spans (Examples 1 and 2)

In some circumstances when the temperature of the top surface of the slab drops
suddenly as a result, say, of a deposited layer of hail during a summer day,
tensile eigenstresses may be induced at the top and bottom fibres. These
stresses when added to stresses from other loading conditions, may cause cracks
at one or the other of the exterior surfaces of the slab.

9. CONTINUITY STRESSES

Consider a simply-supported bridge subjected to temperature change that varies
over the cross section. The thermal curvature in the vertical plane in this
statically determinate structure is

Mox
w = - H— (24)
X
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Substitution of Mox using Eqs. 15 and 17 gives

w=(1_—$)IZJTydy (25)

If the same bridge is made continuous with other spans, the curvature iy is re-
strained and statically indeterminate reactions and internal forces will develop
producing continuity stresses which must be added to the eigenstresses. Tig-
ure 7 shows the reactions and continuity moments produced by a temperature rise
in continuous beams of different number of spans. It can be seen that, for a
given bridge, continuity stresses are proportional to the induced curvature y.

Example 2: Assuming that the bridge of Example 1 is continuous with another
symmetrical span, find the temperature stresses at the central support.

= ZERO REACTIONS AND MOMENTS
Vi
I - CURVATURE ¥y d STy dy

:- I-¥) 1y

MULTIPLIERS :

z
r—-—l—°+-—"| REACTIONS : £ ¢
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- *,
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Fig. 7 Reactions and Bending Moments in Continuous
Beams due to Temperature Rise (See Fig. 5)
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The curvature in a simply-supported span (Eq.

2aT [ 3n ]

[ ED R CR I X))

25) is

(26)

The continuity moment at the central support (see Fig. 7) is

Ed? T
4(1-v)

3

2

M

3n
Ewa = [(n+1)(n+2)]

The total temperature stresses shown in Figs.

ses due to M and the eigenstresses (Figs. 6d and e).

(4350 ksi), v = 0.2, « = 10 x 1076 °C-1 (5.56
the extreme fibre stresses in Fig. 6g are -15.
ksi).

10. EFFECTS OF VARIOUS PARAMETERS

(27)

6f and g are the sum of the stres-
For E = 30,000 MPa

x 1076 °F-1) and T = 40°C (72°F),

18 and +5.175 MPa (-2.2 and +0.75

Several parametric studies were conducted to investigate the effects of varying
the orientation of the bridge axis, air temperature extremes, wind speed, sur-
face conditions and shape and dimensions of the cross section on the tempera-
ture development and on the stresses induced in concrete and composite bridges.
Only selected results of these studies will be presented here while details can

be found in Refs. [4] and [6].

The bridges considered are assumed to be located in Calgary, Canada (51.03°N,

altitude of 1050 m (3445 ft)).
quired for the analysis are given in TFig. 8.

Climatological data, for different seasons, re-

The dirunal variation of ambient

air temperature is assumed to follow a sinusoidal cycle [4,8] between the mini-

mum air temperature, min Ta’ assumed to occur

at 3:00 a.m., and the maximum

value, max Ta’ assumed to occur at 3:00 p.m. Thus
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Solar Radiation Intensity Received on a Horizontal Surface for

Different Seasons (Conditions at

Calgary, Canada)
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n(t-9)

ot B (28)

Ta(t) = A sin

where t is the hour of the day; A is the amplitude or one-half the daily range
of air temperature; and B is the average daily temperature. The average tem-
perature B may take any arbitrary value without affecting the stresses.

10.1 Effect of Season and Orientation of Bridge Axis

As indicated in Fig. 9a, the effect of bridge orientation on thermal curvature
¢ induced in concrete bridges 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 North-South to East-West position. Thermal
curvatures and eigenstresses are in general larger in Summer than they are in
Spring or Winter. Temperature and eigenstress distributions along the centre
line of one web corresponding to maximum curvatures in Summer are shown in
Fig. 9b.
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For composite box girder bridges, it has been shown that the maximum temperature
difference between steel and concrete develops in Winter in a bridge oriented
East-West [4], while in Summer this orientation results in the smallest tempera-
ture difference. The temperature distribution with maximum temperature differ-
ence over the cross section of a composite bridge assumed to be located in Cal-
gary, Canada, is shown in Fig. 10a. This distribution is for winter conditions
and for East-West orientation of the bridge axis [4]. A difference of 45°C
(81°F) between the maximum steel temperature and the average concrete tempera-
ture is expected. The corresponding distributions of eigen and total stresses
at the central support of a bridge assumed continuous over two equal spans,

40 m (122 ft) each, are depicted in Fig. 10b. The compressive stresses in the
steel reach approximately 90 MPa (13.0 ksi) while the maximum tensile stress
developed in the concrete is about 2 MPa (0.29 ksi).
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.
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0.2 7

.0l4m

'L5rn | 3.0m II.5n1‘
CROSS - SECTION

o) TEMPERATURE T

0.2

CONCRETE
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STEEL STRESS

-100 MPa
b)STRESSES
=15 ksi

Fig. 10 Temperature and Eigen and Total Stress Distributions in a Section at
the Central Support of a Two-Span Continuous Composite Box-Girder
Bridge (Winter Conditions in Calgary, Canada, y = 0°)

10.2 Effect of Daily Air Temperature Extremes

Figure 11 depicts the temperature, eigen and continuity stress distributions over
one web of a concrete box girder continuous over two equal spans for which the
range of air temperature variation, 2A, in a single day is assumed to be 20, 30
and 40°C (36, 54 and 72°F). The graphs of this figure represent the conditions
at 4:00 p.m., the time of the day at which the continuity stresses are highest.

The figure indicates that higher values of A result in, as expected, higher stres-
ses. The effect of change of A on the temperature of steel and concrete in a
composite bridge are indicated in Fig. 12. TFor clarity, only the maximum tem-
perature in steel is plotted in this figure when its value exceeds that of the
ambient air.
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10.3 Effect of Wind Speed

The wind speed influences the convection heat transfer between the external sur-
faces of the bridge and the surrounding air. As indicated in Fig. 13, higher
wind speeds tend to bring the temperature of bridge surfaces closer to that of
the ambient air. Higher wind speeds result in smaller curvatures and consequen-
tly reduced continuity stresses. The effect is smaller on the eigenstresses.

It is thus obvious that bridges at exposed sites can be expected to have less
thermal stress problems than sheltered bridges in urban environments.
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Fig, 13 Effect of Wind Speed on Thermal Curvature and Temperature
and Eigenstress Distributions in Concrete Box Sections
(Spring Conditions, y = 0°)

10.4 Effect of Surface Conditions

Asphalt has higher absorptivity and emissivity coefficients (a = 0.9 and e =

0.92) compared to gray concrete surfaces (a = 0.5 and e = 0.88). The presence

of a 50 mm (2 in) asphalt overlay on the concrete deck results in, as indicated
in Fig. 14, an increase in the top surface temperature and in the thermal cur-
vature and eigenstresses induced in concrete cross sections. On the contrary,

a thin layer of fresh snow (a = 0.15 and e = 0.3) reduces each of these variables.

In a composite bridge, the surface condition of the steel box has a considerable
effect on the temperature difference between steel and concrete. Figure 15 shows
that a gray-black oxidized steel surface (a = 0.95) produces a temperature dif-
ference of 53°C (95°F) while a white surface (a = 0.15) reduces this difference
to a mere 13.5°C (24°F).
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10.5 Effect of Cross Section Shape and Depth

Figure 17 shows that concrete bridges of the same depth but with the cross sec-
tion shapes shown in Fig. 16 have almost the same temperature distribution,
eigenstresses and curvature. On the other hand, the temperature distribution
varies considerably with the section depth. TFigure 18 indicates that eigen-
stresses are higher when the depth is larger.

It can be shown that continuity stresses depend on the product of the depth and
curvature (wd). The relationship between the non-dimensional product yd and the
depth d is shown in Fig. 19 for the bridge sections in Fig. 16. The highest con-
tinuity stress is for the bridge with a depth 0.5 m (1.6 ft).

The increase in the depth of the composite bridges increases the area of the

steel web exposed to the sun and hence the temperature difference between the
steel and concrete. A decrease in the length of the overhangs has a similar

effect on the temperature difference.
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Another major factor is the slope of the steel webs. Because of the smaller
incidence angle of sun rays for sloped webs, the temperature differences dec-
rease as the slope decreases.

The above results may be helpful in the development of code provisions or sim-
plified rules for bridge design.
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Fig. 19 Variation of Non-Dimensional Curvature with
Cross-Sectional Depth for Concrete Sections
of Figure 16 (Summer Conditions, y = 22.5°)

11. EFFECT OF CRACKING ON THERMAL RESPONSE

High tensile stresses due to temperature cannot practically be avoided and crac-
king will have to occur. In a two-span continuous concrete box girder bridge,
when the prestress force over the central support is relatively high resulting
in small compressive stress at the bottom fibre at service load levels, tempera-
ture stresses may cause vertical cracks as shown in Fig. 20b. Partial prestres-
sing and a sufficient amount of non-prestressed steel will help prevent or
alleviate the consequence of this cracking. Cracks parallel to the bridge axis
may occur in the bottom surface of the top slab due to thermal gradient through
the thickness of the deck (Fig. 20c). Horizontal cracks may also occur in the
web when significant horizontal thermal gradients exist through the web thick-

ness (Fig. 20a).

Figure 21 illustrates the effect of cracking of concrete on the continuity mom-
ents and the significance of thermal loading at both service and ultimate load
levels [22]. As can be seen, at ultimate load, the thermal moments are consid-
erably reduced and are of less significance than at service loads, due to non-
linearity of the moment-curvature curve. Thus, it can be concluded that a feas-
ible design would be to imply partial prestressing in combination with suffici-
ent mild steel reinforcement and to rely on the reduction in flexural rigidity
due to cracking to reduce thermal moments. The maximum values of thermal
moments must, however, be considered for limit states of serviceability -- mainly
for dimensioning the reinforcement to ensure that the cracks are finely distri-
buted and crack width limitations are met.
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12, SUMMARY AND CONCLUSION

The temperature distributions produced by the environment over the cross section
of a bridge structure are generally non-planer and induce longitudinal as well
as transverse stresses of substantial magnitude. The longitudinal stresses in-
duced in a simply-supported bridge are referred to as eigenstresses while addi-
tional continuity stresses also develop due to temperature in a continuous, or
statically indeterminate bridge. Analytical methods are available enabling
prediction of temperature distribution over bridge cross section from data re-
lated to the situation of the bridge and weather conditions [7].
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The largest eigen and continuity stresses can be induced in a concrete bridge
of a given geometry during Summer when the solar radiation is maximum and the
webs are protected by the shade of the overhangs. Also unfavorable conditions
exist when the daily range of ambient temperature is large and the wind speed
is minimum. An asphalt deck cover accentuates the stresses due to temperature.
Increasing the overall cross-sectional depth increases the eigenstresses but.
decreases continuity stresses.,

In composite steel-concrete box girders, the temperature difference between
steel and concrete is the highest during Winter in an East-West oriented bridge.
Extreme diurnal variation of the ambient temperature and minimum wind speed are
unfavorable. Conditions of dark surface of the steel box, snow cover on the
concrete deck, small or no overhanging cantilever and deep steel box also in-
crease the temperature difference,.

Temperature variations may cause cracking of concrete in different parts of box
girder bridges. This cracking produces stress redistribution and substantial
relief of temperature stresses. The use of partial prestressing to reduce ther-
mal stress levels and control thermal cracking would seem reasonable.

Thermal effects are generally insignificant when assessing the ultimate load
characteristics of a concrete bridge, and need only be considered for service-
ability checks.

NOTATION
The following symbols are used in this paper:
A = one-half of the daily air temperature range
a = solar radiation absorptivity coefficient
B = daily average of air temperature
C = Stefan-Boltzman constant, 5.677 x 10-8 W/(m?2 °k") or
2 18,891 x 10-8 Btu/(h ft2 °RY)
c = specific heat, J/(kg °C) or Btu/(1lb °F)
d = total cross sectional depth
E = modulus of elasticity
e = emissivity coefficient
h(s,t) = overall heat transfer coefficient at surface s at time t,
W/(m% °C) or Btu/(h ft2 °F)
h = convection heat transfer coefficient, W/(m? °C) or
¢ Btu/(h ft2 °F)
h (s,t) = radiation heat transfer coefficient, W/(m? °C) or
r Btu/(h ft2 °F)
I(s,t) = solar radiation intensity on surface s at time t, W/m2 or
Btu/(h ft?2)
Ix and I = moments of inertia of a cross section about its centroidal x
y and y-axes
k_ and k = anisotropic thermal conductivities in the x and y directions,
x y W/(m °C) or Btu/(h ft °T)
M = restraining bending moment in the transverse direction
s (artificial)
M and M = restraining end moments in the longitudinal direction
oxX 4 oy 4% . pd s
(artificial)
N and N = restraining end forces in the transverse and longitudinal
os o4 di f : i p
irections, respectively, (artificial)
n and n = direction cosines of the unit outward normal to the boundary
Y surface
Pos = tangential distributed restraining forces in the transverse

direction (Fig. 4d)
Q = rate of heat generation, W/m3 or Btu/(h ft3)
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heat flow due to convection, thermal irradiation and solar
radiation, respectively, W/m? or Btu/(h ft2)

q., 4, and q_

9 = lateral distributed restraining forces in the transverse
direction (Fig. 4d)

T = temperature

T* = conversion temperature (Eq. 7)

T, = air temperature

t = time or hour of the day

o = coefficient of thermal expansion, °C~! or °r-!

v = Poisson's ratio

P = density of the material, kg/m3, or 1b/ft3

o and o = stresses in the transverse and longitudinal directions, res-

os oL . . .

pectively, due to temperature when the strains are artificially
restrained

BS = stresses in the transverse direction corresponding to removal
of artificial restraint

9, = eigenstress

= curvature in the vertical direction in a simply-supported

bridge, m~! or ft~!
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