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Only mean temperature changes are generally considered in the design of
concrete bridge superstructures. Because of daily changes in both ambi-
ent temperature and intensity of solar radiation, temperature differentials
also exist in concrete superstructures. These temperature differentials
induce stresses throughout the depth of concrete structures, which are
generally not included in current design procedures. This paper describes
the heat transfer processes that occur between the atmosphere and a con-
crete superstructure and also the climatic conditions necessary for the
development of temperature differentials during both summer and winter.
Temperature-time analyses, computed by using a one-dimensional heat
flow analysis, indicate that the distribution of temperature throughout
the depth of a superstructure is nonlinear and is a function of superstruc-
ture depth. Stresses associated with the nonlinear temperature gradients
are described. These stresses can be several times those due to live load,
especially in continuous systems. The stresses predicted from the ideal-
ized distributions are compared to those obtained by using the heat flow
analysis. The results indicate that the idealized distributions have limited
design value. Simple empirical design expressions are developed for both
thermal stresses and curvature. These are based on typical climatic data
for summer and winter conditions and can be applied to a variety of
cross-sectional superstructure geometries. An example of the stresses in-
duced by thermal loading on a two-span box-girder superstructure is
given.

Limited data are available to assist the bridge designer
concerned with the stresses induced in a concrete bridge
superstructure by heating and cooling effects (_1, 2, 3,
4). Current AASHTO specifications include probable
temperature ranges to be used in design and generally
offer guidance only with respect to expansion and con-
traction of straight structures. Mean temperature con-
ditions in actual structures can differ appreciably from
the ranges suggested (:1_, _@). No guidance is provided to
designers concerned with serviceability problems in deep
concrete superstructures where significant temperature
differentials are possible. For example, temperature
differentials approaching 22°C (40°F) (a frequently speci-
fied temperature rise) have been observed between the
top and bottom of a deep (1.4-m or 4.5-ft) concrete box
girder (6).
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Some bridge design specifications or recommendations
do consider differential as well as mean temperature ef-
fects (2, 3, 4). German Industrial Standard (DIN) 1072
and British Standard 153 recognize the presence of a
temperature gradient through the depth of a bridge super-
structure and give design values for gradients in both
steel and concrete structures (g). However, little or no
guidance is offered regarding the vertical distribution of
the temperature differential throughout the depth of a
concrete bridge superstructure. Procedures for calcu-
lating the forces and stresses induced in the superstruc-
ture by such temperature differentials are also lacking.

Why is there concern about temperature gradients in
concrete bridge superstructures? Much of the design
experience embodied in current specifications is based
on the study of structures with both cross-sectional and
plan geometries designed and constructed several years
ago. The results of these studies may not be typical of
superstructures currently designed and constructed. For
example, concrete box girder superstructures are a re-
cent innovation, and field observations indicate tempera-
ture differentials of more than 22°C (40°F) can exist be-
tween the upper and lower flanges of a box girder system
(6). This temperature differential gives rise to local
stresses that are nearly four times those attributed to
full live load. Studies of a two-span prestressed con-
crete structure have indicated tensile stresses of more
than 3450 kPa (500 1bf/in’) directly above the intermedi-
ate support as a result of moderate temperature differ-
entials (7). Such stress values are of importance in the
design of prestressed concrete structures where crack-
ing in the absence of live load is undesirable. Further
evidence is available where damage has been attributed
to thermally induced stresses (8, 9, 10, 11).

HEAT FLOW THROUGH A CONCRETE
SUPERSTRUCTURE

The distribution of temperature throughout the depth of

a concrete superstructure must be known if the resulting
stresses, reactions, and deformations are to be calcu-
lated. It has been possible to correlate weather data
with the surface temperatures of exposed pavements dur-
ing heating and cooling cycles (_13). However, the in-



fluence of changes in climatic conditions, with both
time and location, and the factors controlling the heat
gained or lost by a superstructure do not allow the di-
rect application of the results obtained from the study
of pavements to concrete superstructures.

An exposed concrete bridge deck is continually losing
and gaining heat—from solar radiation, radiation to or
from the sky or surrounding objects, and convection to
or from the surrounding atmosphere. In the daytime,
and especially during the summer, the heat gain is
greater than the heat loss, resulting in a temperature
increase throughout the depth. During a typical winter
night, the converse is true, and the temperature in the
superstructure decreases. Heat input typical of a sum-
mer day results in positive temperature gradients in the
deck in which the top surface is warmer than the bottom.
Negative gradients, in which the top surface is cooler
than the bottom, result from a net heat loss.

The heat flow processes for typical summer and win-
ter conditions are shown in Figure 1. Because of the
poor thermal conductivity of concrete, these processes
can result in temperature gradients in a concrete struc-
ture and changes in mean temperature.

Large positive temperature gradients occur during a
day with high solar radiation, clear skies, a large range
of ambient temperature, and a light wind. High mean
temperatures, on the other hand, are associated with a
high intensity of solar radiation combined with a high,
almost constant, ambient air temperature. Negative
temperature gradients develop during cooling periods
associated with evening conditions. When the mean
bridge temperature exceeds the ambient temperature at
a particular time, more radiant energy is lost from the
exposed top surface of a bridge superstructure than from
the sheltered bottom surface.

Weather data suitable for use in a heat flow analysis
considering both radiant and convective heat exchange on
the upper and lower surfaces of a bridge deck vary with
both time and location. Conditions at a given time and
position must be considered. Observations for the
months of May to August in Toronto indicate that the
change in daily ambient air temperature is approxi-
mately 10°C (18°F), and the daily intensity of solar radi-
ation on a horizontal surface has a mean value of 23
MJ/m? (550 langleys). Consideration of these values
leads to the choice of the climatic data shown in Figure
2a as being representative of a day of high-intensity
solar radiation and above-average temperature change.
Similarly, data rcprcsentative of a clear, still winter
night in January were selected for the heat loss condition
(Figure 2b).

Heat flow through a bridge superstructure varies dur-
ing the diurnal cycle and is a non-steady-state process.
Hence, laws governing steady-state heat flow are not
applicable to exposed structures, and any analysis of the
response of such structures to heat flow must consider
the variation of temperature throughout the depth of the
structure with time.

A one-~dimensional heat flow analysis similar to that
used by Emerson (§) was developed, and the resulting
partial differential equation was solved by using the finite
difference method. The appropriate boundary conditions
considered for the heat flow analysis and the material
constants assumed for the concrete are given in Table 1.

The assumption of unidirectional heat flow from the
exposed surfaces of the concrete superstructure to the
interior is not strictly correct. Comparisons with ob-
served and predicted values of temperature (4, 13) indi-
cate good correlation with unidirectional heat flow anal-
yses, notwithstanding small transverse temperature
gradients.

The application of the heat flow analysis for the rep-

resentative climatic conditions (Figure 2) resulted in the
temperature distributions shown in Figure 3 for solid
slabs of different depths. Temperature distribution is a
function of member depth for both winter and summer
conditions. For the summer conditions, the surface
temperatures are nearly 11°C (20°F) greater than the
maximum ambicnt air temperature, and the temperature
distribution is nonlinear for slab depths greater than ap-
proximately 30 cm (12 in). The temperature at the mid-
depth of 76 and 122-cm (38 and 48-in) sections is not in-
fluenced by the exterior heat, and the change in the mean
temperature of these sections is small. Winter tempera-
ture gradients do not appear to be so severe as those as-
sociated with summer conditions. Thus, a slab with a
depth of more than approximately 30 cm (12 in) will,
when heated or cooled as a consequence of changing radi-
ation and temperature conditions, be subjected to non-
linear temperature distribution.

THERMAL STRESSES

A nonlinear temperature distribution and the strains as-
sociated with this gradient lead to some complexities in
the computation of stresses. Structural designers do not
usually consider the effect of initial strains in the anal-
ysis of sections. Figure 4 shows a typical member with
an arbitrary cross section and vertical temperature dis-
tribution. The temperature varies only in the vertical
direction in this analysis. Full restraint is provided to
the ends of the member by the moment M and the axial
force P.

A member analysis made by assuming that (a) the
material is elastic and has temperature-independent
properties, (b) plane sections remain plane after bending,
and (c¢) the principle of elastic superposition is valid leads
to the following equation for the longitudinal stresses
ot,« for a fully restrained member with a nonlinear
temperature-induced strain

Oy x = - EaAT @)
where

longitudinal stress at a fiber located a distance
x from the center of gravity,
a = coefficient of thermal expansion,
AT = change in temperature, and
E = modulus of elasticity.
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The restraining end moment M can be evaluated by

X2
M= f EaAT b, xdx (2)
*

and the longitudinal stress associated with this moment
Os,x 18 given by

X2 X2
O =X (M/D) = x(f EaAT b, xdx /f by x2 dx) 3)
Xy / X1

where I = moment of inertia.
Similarly the restraining end force P acting on the
area A and associated stress o;,; are

X
p= —f EaAT b, dx “4)
X1

/ £* x> | £°%3 \
0px = P/A =-\J EaAT b, dx/J by dx) )
X1 X1



Figure 1. Heat gain and loss processes for {a) summer and

(b} winter conditions.
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Figure 2. Typical climatic data for (a) high-intensity

and (b) low-intensity radiation.
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Table 1. Thermal and elastic properties used in one-dimensional

heat flow analysis.

Property Value
Diffusivity, mm%s 0.6
Conductivity, W/m K 13.8
Absorptivity

Plain concrete 0.5

Bituminous surfacing 0.9
Emissivity 0;9
Specific heat, J 242
Coefficient of expansion 0.000 010 8/°C
Top surface heat transfer coefficient, W/m**K

Summer 23

Winter 19
Bottom surface heat transfer coefficient, W/m**K

Summer 9

Winter 9
Elastic modulus, GPa 34.5

Note: 1m?%s=10.7 ft%/s; 1 W/m-K = 0.58 Btu-ft/h-ft2°F; 1 J = 0,000 95 Btu; °C =

°F/1.8; 1 W/m?.K = 0.17 Btu/h-ft2°F; 1 MPa = 145 Ibf/in%

Figure 3. Typical temperature distributions during
{a) summer and {b) winter.
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Figure 4. Restrained beam with nonlinear temperature distribution.
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The longitudinal thermal stress o present in a fiber lo-
cated a distance x above the center of gravity of a long
thin member with no end restraint (13, 14, 15) has the
form

0ex = -EAT - x (M/1) - P/A (6)

Subtraction of the stresses induced by the restrain-
ing forces P and M (equations 3 and 5) leads to equation
6. This latter equation describes the stress state cor-
responding to a nonlinear temperature gradient in an un-
restrained member.

The concept of a stress state in an unrestrained mem-
ber that is not subjected to external forces may be new
for the bridge designer. Reference to Figure 5 may
clarify this concept. The nonlinear temperature distri~
bution attempts to induce a nonlinear strain distribution
proportional in magnitude to the temperature distribu-
tion. Additional strains develop in the section as a con-
sequence of the Euler-Bernoulli hypothesis concerning
plane sections. These strains have associated self-
equilibrating stresses similar in form to the residual
stresses found in fabricated steel members. The self-
equilibrating stresses depend directly on the daily heat-
ing and cooling cycle and material properties; they do
not depend on the support conditions of a structure and,
until a satisfactory English-language term is established,
will be referred to as eigen stresses.

If the curvature of a member induced by a tempera-
ture gradient is restrained by the interior supports of a
continuous beam, additional stresses develop. These
additional stresses will be referred to as continuity
stresses, and the form of the moments and reactions as-
sociated with these stresses is shown in Figure 6. The
value of maximum thermal continuity stress for the two-
span beam is

6., = Y2¢Ec (@)
where

0., = continuity stress at the support,
¢ =thermal curvature, and
¢ =distance tothe extreme fiber from the centroidal
axis,

and, in general,
Uc,.e = C1C2¢dE (8)
where

C: = constant developed from the span geometries
(1.5 for a two-span system, 1.0 for the interior
span of a multispan system),

C: = constant developed from the sectional geometry
(0.5 for a rectangular section), and

d = member depth.

The total stresses developed in a two-span member
for typical summer and winter conditions (Figure 7) con-
sist of both eigen stresses and continuity stresses. As
mentioned previously, the eigen stresses are self-
equilibrating stresses formed as a consequence of the
nonlinear temperature distribution throughout the section
depth, and continuity stresses develop because the de-
flection at point B (Figure 7) is zero. Inspection of the
total stress patterns (Figure 7a) indicates that large
tensile stresses develop in the web of the member as a
consequence Af the ciummar COndil-innn

SCQUCIICT Ox Wil SulliliiCy viUiie.

Thus, a prestressed concrete member designed for
zero tension at support B under dead load plus prestress

should be provided with reinforcing steel in the web to
cater for these thermally induced tensile stresses.
Leonhardt has also noted this requirement based on a
simpler analysis (7). Well-distributed steel is required
in the flange to cater for the tensile stresses due to the
winter condition (Figure 7b).

It is apparent from Figure 6 that summer heating ef-
fects change the values of reaction. Some experimental
data are available describing reaction change for a three-
span bridge, but regrettably values of the intensity of in-
coming solar radiation were not availabie (16). Typical
values were assumed, and the reaction changes calculated
from derived curvature values appear to predict the ob-~
served values closely for a day with high solar radiation
(E). The observed reaction change results in a moment
change of nearly 60 percent of the dead load moment for
the double girder three-span structure with spans of 13,
17, and 13 m (44, 55, and 44 ft).

DESIGN CONSIDERATIONS

In the literature, several temperature distributions have
been suggested for design (7, 14, 17). The adequacy of
these distributions with respect to the prediction of eigen
stress and continuity stress values in concrete super-
structures does not seem to have been examined previ-
ously. Figure 8 shuws several suggesled lemperalure
distributions. The eigen stresses and curvature values
induced by these distributions were computed for sum-
mer conditions. It is apparent that the form and magni-
tude of both the eigen stresses and curvatures are
strongly dependent on both assumed temperature differ-
ence and temperature gradient. Linear gradients do not
induce eigen stresses. Temperature measurements ob-
tained from prototype structures with depths of approxi-
mately 1 m (3 ft) correspond most closely to those pre-
dicted by a sixth-degree parabola (5). The stresses
corresponding to this distribution are very similar in
magnitude and distribution to those recommended by
Maher, who considers a linear gradient throughout
the depth of the top slab of a box girder superstruc-
ture (17). The temperature difference (23°C or 40°F)
used in the example should be considered as an upper
limit (6).

Three representative temperature distributions and
the one-dimensional heat flow analysis were used to com-
pute eigen stresses and nondimensional curvatures (¢d)
for various depths of a solid slab. The distributions
used and the results obtained are given in Figures 9
and 10. Not all concrete superstructures are solid, and
corrections to the analysis for cellular structures are
available (18).

Two values of temperature differential (10 and 20°C
or 18 and 36°F) were considered for the linear gradient
(the Leonhardt gradient). For the Priestley and Maher
gradients, a temperature differential of 19°C (35°F) was
used. The linear Maher gradient was assumed to extend
to 20 cm (8 in) below the surface of the solid superstruc-
ture. The sixth-order parabolic distribution suggested
by Priestley (14) was used.

Figure 9 shows that the Maher distribution and one-
dimensional analysis compare favorably for the predic-
tion of eigen stress values for a wide range of depths.
The Priestley distribution appears to have a limited
range of applicability, and eigen stresses cannot be pre-
dicted by using a linear temperature distribution. The
nondimensional curvature versus depth predictions
(Figure 10) show that the Maher distribution will over-
estimate curvature compared to the one~dimensional
analysis for shallow members; the Priestley distribution
applies only to member depths of between 0.75 and 1.0 m
(30 to 40 in), and the Leonhardt distribution is indepen-



Figure 6. Restrained curvature of a member with
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Figure 7. Two-span beam under (a) summer and (b) winter conditions.
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dent of member depth, contrary to the Maher and one-
dimensional analysis predictions.

For design purposes, the calculation of the eigen and
continuity stresses associated with a given temperature
distribution would be tedious. Simple empirical design
expressions were developed from Radolli's analyses
(18) for use as first approximations in design. The re-
sults for summer heating conditions are given in Figures
9 and 10 and allow calculation of both eigen stresses and
nondimensional curvature for various depths of slab with
relative ease. For depths less than 50 cm (20 in), the
nondimensional curvature is assumed to be constant.
These expressions are basedonclimatic conditions for
Toronto and are therefore valid for locations of similar
climate.

Figures 9 and 10 can be used to predict values asso-
ciated with winter conditions. It was found that eigen
stress values for winter heat flow conditions are nearly
identical to the values for summer conditions but of op-
posite sign; also curvature values are of the opposite
sign and are only 60 percent of the summer values. Thus,
one set of simple calculations can be used to obtain the

Figure 10. ¢d for various distributions and depths.
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stress values associated with thermal loading for both
summer and winter conditions.

The results presented apply to a variety of cross-
sectional geometries including cellular and T-beam
sections (18, 19). Variations in material properties and
heat transfer coefficients will influence stress values.
However, the changes in the stress values for a wide
range of properties and coefficients were found to be
within 25 percent of the values presented here (18).

DISCUSSION OF RESULTS

The analyses and results presented for stress are based
in part on a one-dimensional heat transfer analysis for
a solid slab. A comparison of measured and computed
temperature values (Figure 11) confirms the general
validity of the analysis.

The effect of thermal loadings associated with summer
conditions on the design stress envelopes for typical con-
crete bridge superstructures has been discussed (19).
Figure 12 provides an example of the stresses developed
in a two-span posttensioned box girder as a consequence
of winter cooling conditions. Surface tensile stresses
develop throughout the length of the structure as a con-
sequence of the nonlinear temperature distribution.
These tensile stresses influence both the span and sup-
port regions of the structure. The serviceability of such
a box girder structure could well be affected if additional
bonded reinforcing steel is not added for crack control
in zones of high tensile stress.

Thermal loadings will not affect the overall strength

Figure 12. Stresses in a box girder bridge: (a)
bending moment due to thermal load, (b) total
thermal stress, {c) live load and impact stress, and
(d) total working stress.
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of a continuous superstructure inasmuch as failure of the
superstructure will result in a release of the restraints
causing thermal stresses. However, heating and cooling
of the structure during a normal diurnal cycle combined
with lifetime creep and shrinkage must be considered in
the serviceability analysis of concrete superstructures.

CONCLUSIONS

Significant flexural stresses are developed in concrete
bridge superstructures as a consequence of the heating
or cooling of concrete—a material of relatively poor
thermal conductivity. Nonlinear temperature gradients
develop during a daily heating or cooling cycle. These
gradients lead to both eigen and continuity stresses.
Simple design formulas are developed that allow the pre-
diction of these stresses and do not require a knowledge
of the temperature gradient.

Thermal loading of a superstructure is a serviceabil-
ity problem and should be so considered. Proportioning
of reinforcement in a concrete bridge superstructure
should reflect the stress-inducing thermal effects.
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