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the American Association of State Highway and Transportation 
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veillance of research contracts are the responsibilities of the 
National Research Council and the Transportation Research 
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The needs for highway research are many, and the National 
Cooperative Highway Research Program can make significant 
contributions to the solution of highway transportation problems 
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FOREWO RD 	This report contains the findings of a comprehensive study of thermally induced 
stresses in reinforced and prestressed concrete bridge superstructures. Design guide-

By Staff lines for thermal effects in concrete bridge superstructures, accompanied by a corn-
Transportation mentary, are included in the report and are of immediate importance, applicability, 

Research Board and interest to bridge engineers, construction engineers, researchers, specification 
writing bodies, and others concerned with thermal effects in concrete structures. 

Bridge design requires consideration of the effects produced by temperature ranges 
and thermal gradients in the structure. These effects are particularly significant in 
large concrete bridges but are covered only to a limited extent in the current AASHTO 
Standard SpecWcations  for Highway Bridges. Modern methods of concrete bridge 
construction require more accurate information for design purposes. 

An increasing number of long span, concrete box girder bridges are being con-
structed in the United States. In large sections, commonly used for segmental or other 
modern concrete bridge superstructures, the effects of temperature gradients, either 
across the section or through the thickness of its elements, are important and should 
be considered in the design. In some cases, stresses caused by temperature gradients 
may exceed those calculated for design live loads. Some design codes used in other 
countries provide guidance on these effects, but they are not adequately addressed in 
the current AASHTO Specifications. 

This report contains the findings of NCHRP Project 12-22, "Thermal Effects in 
Concrete Bridge Superstructures." The objectives of this study were to develop rec-
ommended specifications and design procedures for consideration of thermally induced 
stresses and movements in concrete bridge superstructures. 

The first part of the report provides a review and evaluation of existing domestic 
and foreign codes of practice, research findings, and performance data. On the basis 
of this information, key parameters for the development and refinement of design 
procedures for thermal effects are identified. Case studies were performed to investigate 
the effects produced by thermal gradients on typical bridge configurations. Based on 
an assessment of the results of these case studies, design guidelines and a corresponding 
commentary have been developed and are presented along with representative example 
problems. The guidelines and commentary will be considered for adoption by the 
AASHTO Subcommittee on Bridges and Structures. 

The report also provides a comprehensive bibliography containing detailed ref-
erence categories that would be of use to both designers and researchers. 
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THERMAL EFFECTS IN CONCRETE 
BRIDGE SUPERSTRUCTURES 

SUMMARY 	This is a report on a comprehensive study of thermally induced stresses in reinforced 
and prestressed concrete bridge superstructures. The study includes stresses resulting 
from variations in average bridge temperature and variations in temperature due to 
temperature gradients within the superstructure. The former types of stresses have 
an important effect on the performance of most concrete bridge superstructures, while 
the latter types of stresses have had an adverse effect on bridge performance in only 
a few cases—primarily long-span prestressed box girders with design optimized cross 
sections. 

The average bridge temperature varies seasonally and/or diurnally primarily be-
cause of fluctuations in ambient temperatures. The resultant expansion and contraction 
of the bridge superstructure can result in internal stresses if the structure is restrained. 
Radiational heat gain or loss can result in a nonuniform distribution of temperature 
through the depth or the width of a superstructure. This temperature variation is not 
linear and can induce stresses in two ways. First, the variations in the thermal 
distortions of the concrete will induce deformations perpendicular to the longitudinal 
axis of the superstructure which, when restrained, will result in internal bending 
moments. Secondly, the nonlinear variation in temperature will be restrained from 
inducing nonlinear distortions of the superstructure section because of the tendency 
for plane sections to remain plane. This will also result in thermally induced stress. 

The current AASHTO design specifications contain provisions for the variation in 
average bridge temperature, but do not provide any guidance for considering the 
variation in the temperature between different elements of the superstructure. The 
Post Tensioning Institute (PTI) and the design specifications from several foreign 
countries provide methods for considering this phenomenon. Most states that consider 
this temperature variation during design use the methods proposed by PTI. 

The methods used by PTI and several foreign countries vary considerably. One of 
the primary differences in these methods is the assumed variation in temperature 
through the depth of the superstructure. Case studies performed as part of NCHRP 
Project 12-22 demonstrated that temperature variations can result in significant ther-
mally induced stress and that the assumed variation in temperature has a large 
influence on these stresses. 

Based on the results of these case studies and the fact that temperature variations 
in superstructures were verified by field measurement, the temperature gradient shape 
recently proposed by the University of Illinois is recommended for design purposes 
in the United States. This temperature gradient shape consists of a multilinear tem-
perature variation for both the loading cases of radiational heating and radiational 
cooling. A proposed revision to the AASHTO specifications which includes this 
method of considering temperature variation was drafted as part of this study. 



CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

Temperature effects on bridges can be classified into effects 
resulting from the seasonal and/or diurnal variation in the mean 
bridge temperatures and effects resulting from the variation in 
temperature between different elements of the bridge at any 
point in time. Variations in the mean bridge temperature will 
result in the expansion or contraction of an unrestrained bridge 
superstructure. If the superstructure is fully or partially re-
strained by its supporting columns, piers, or abutments, iher-
mally induced stresses will result. The variation in temperature 
between different elements of the bridge will result in rotational 
as well as translational distortions of the superstructure. 

Rotational distortions caused by a variation in temperature 
through the depth of the superstructure will result in bending 
moments in a structure which is continuous over one or more 
supports. When the temperature variation with depth is non-
linear, stresses will also be induced because of the tendency for 
plane sections to remain plane. 

Traditionally, most bridges have been designed to accom-
modate only the overall longitudinal movement arising from 
temperature strain. However, with the recent changes in bridges 
types, it has become apparent that temperature differentials also 
exist in bridge superstructures. These temperature differentials 
cause stresses that should be included in the design procedures. 
Although the current AASHTO specifications include probable 
temperature ranges of mean temperature conditions that affect 
expansion and contraction of concrete bridge superstructures, 
there is no recommendation for temperature differentials that 
may occur in superstructure sections. 

Several bridge design specifications and guidelines recognize 
the existence of temperature gradients throughout the depth of 
a bridge superstructure and recommend that vertical tempera-
ture gradients be considered in the design procedure. In addition, 
some guidelines have also recommended that temperature gra-
dients be used in the transverse direction to reflect the temper-
ature changes that occur between the external and internal 
surfaces of box girder bridges. To date various approaches have 
emerged, most of them requiring different shaped temperature 
gradients and intensities to be used in the gradient. The thermal 
response of a bridge involves a combination of the shade tem-
perature, the intensity of solar radiation, the absorptivity of the  

superstructure materials, and the depth of the superstructure. 
Although many researchers and code writers recognize these 
factors and have proposed various design specifications that 
include these thermal effects, they often disagree about the im-
portance and refinement that should be included in the design 
procedure. In addition, code writers are influenced by local 
meteorology and construction practices. The objective of 
NCHRP Project 12-22 is to develop comprehensive specifica-
tions and design procedures for consideration of thermally in-
duced stresses and movements in concrete bridge 
superstructures, and to recommend those procedures that might 
be the most appropriate for inclusion in the AASHTO Speci-
fications. 

To meet this objective, the basic approach taken in this project 
was to review and evaluate existing domestic and foreign codes 
of practice, research findings, and performance data; and, on 
the basis of the information generated, to establish rationales 
for alternative approaches to the development of guidelines for 
consideration of thermal effects in the design of major concrete 
bridge structures. The salient aspects of the research are covered 
in the succeeding chapters and appendixes of this report. Current 
research results and performance data are briefly discussed in 
Chapter Two. Chapter Three gives a comprehensive discussion 
of the key parameters in the development and refinement of the 
design procedures for thermal effects. Bridge design codes of 
different countries and alternative approaches to account for 
thermal effects are detailed in Chapter Four. Chapter Five de-
scribes several case studies that were conducted to investigate 
the effects produced by thermal gradients on the longitudinal 
and transverse fiber stresses induced in a selected group of U.S. 
bridges. The conclusions and recommendations summarized in 
Chapter Six are based on an assessment of the results of these 
case studies. Design guidelines and commentary are provided 
in Appendixes A and B, respectively. Two worked example 
problems are given in Appendix C. More detailed background 
information with respect to bridge design codes of the different 
countries and alternative analysis procedures for calculating 
thermally induced longitudinal stresses are provided in Appen-
dixes D and E respectively. 

CHAPTER TWO 

FINDINGS-CURRENT RESEARCH AND PERFORMANCE DATA 

	

There are only a few published accounts of concrete bridges 	Bridge in Germany. This two-span continuous box girder bridge 

	

damaged by differential temperature effects. In 1965, Leonhardt 	is shown in Figure 1. Five years after completion of the bridge, 

	

et al. (105) described the damage in the girders of the Jagst 	cracks were discovered along one of the webs, as shown in the 
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Figure 1. The Jagst Bridge in Germany (105). 

figure. Crack widths of 0.2 in. (5 mm) were measured, with 
lateral displacements of 0.1 in. (2 mm). Initially, the damage 
was attributed to the effects of nonlinear temperature gradients, 
but subsequent more detailed investigation revealed that other 
contributing factors included large, concentrated prestress forces 
and small amounts of reinforcement to control cracking. Large 
ducts located in each web produced large concentrated forces 
which, in turn, induced high, localized tensile stresses. It is 
possible that a more uniform arrangement of prestressing ten-
dons would have prevented the cracking. The stirrups that were 
provided in the webs failed to prevent the cracking. In a sub-
sequent publication, Leonhardt and Lippoth (117) made rec-
ommendations intended to prevent such uncontrolled cracking. 
They suggested that thick-walled box sections should, if possible, 
be avoided and that enough secondary reinforcement should be 
provided to control any cracks that might occur. 

In 1981, Zichner (90) described the fundamentals for deter-
mining temperature effects in concrete bridges and indicated  

that cracks such as those shown in Figure 2 were observed in 
the course of thorough inspections of several bridges. The cracks 
located in the bottom slabs and girder stems of box girder bridges 
can be attributed to, among other causes, temperature differ-
ences that existed within the bridge superstructure. 

More recently the State of Colorado experienced cracking in 
the webs and bottom deck soffits of four cast-in-place, segmental, 
prestressed bridges. Two of the bridges are approximately 747 
ft long, the third about 516 ft long, and the fourth about 449 
ft long. The three longer bridges have four spans, while the 
shorter one has three. The three-span bridge, shown schemat-
ically in Figure 3, exhibited the greatest amount of cracking. 
The crack patterns on the single-cell bottom deck soffit and 
webs are also shown in Figure 3. The largest crack width re-
ported is approximately 0.13 in. (3 mm). In a report, Ellsworth 
and Wooley (130) state: 

The temperature . . . was measured at 5:00 p.m., August 11, 
1982, by the use of a wahi digital heat spy, model DHS-40X. 
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This device detects infrared radiation and displays a correspond- 	 The following morning at 8 am, the procedure was repeated. 

ing temperature. Recordings were taken on the riding surface, 	The temperature was recorded as follows: riding surface: 50 
the barrier wall and the bottom exterior slab. Temperatures were 	degrees F, exterior bottom slab: 47 degrees F. 
found to be 82, 72, and 60 degrees, respectively. At this time 	 The joint opening at segment 203 and 204 was recorded at 
the opening of the joint between segments 203 and 204 was 	1/8". This demonstrated that the temperature gradient was no- 

measured at 3/8". 	 ticeably affecting the structure. 
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Figure 3. Miller Creek Bridge in Colorado. 

The other three structures were reported to ". . . show the 
same cracking pattern . . . but to a lesser degree." 

During an 8-year period, California (34) investigated 64 con-
crete box girder structures that were over 350 ft long and had 

. PIER 2 

no expansion joints, i.e., the deck was continuous between the 
back walls of the abutments (the abutment backwalls were mon-
olithic with the girders). 

Twenty of these structures were over 400 ft long with three 



extending over 500 ft. The objective of the investigation was to 
determine if shrinkage, elastic and plastic prestress deformation, 
and temperature effects adversely affected the serviceability of 
the structures. The investigators relied on unusual cracking as 
the primary manifestation of adverse effects. 

Unusual cracking was found in only 20 bents, and that only 
at the top of one or more columns. These cracks were horizon-
tally oriented and in the area that is in tension when the structure 
shortens. There were also horizontal cracks near the top of 12 
abutment walls. None of the cracks measured more than 0.01-
in. in width. None of the decks, exterior webs, or soffits showed 
any signs of unusual cracking. 

Temperature probably helped develop these cracks in the 
columns, but so did shrinkage and prestress deformation. It was 
not possible to determine how much each of these factors con-
tributed to the unusual cracking. 

Other reported cases of thermal-caused stress in structures 
are included in a report by Lanigan (109) on construction joints  

opening in webs of a box girder bridge and in a report by Huizing 
et al. (110) on the falsework collapse of a continuous box girder 
bridge. 

White (20) of Great Britain concluded that the British design 
practice prior, to 1979, which made no specific provisions for 
temperature differentials, in general resulted in adequate ac-
commodation of temperature effects. While surveying reported 
problem of temperature differentials in highway structures, he 
found that there were no recorded cases of temperature-caused 
distress in his country. He concluded: "It appears that the lack 
of information in the British Isles is either because any cases of 
temperature damage which have occurred have not been pub-
lished or because temperature damage has not occurred, the 
latter implying that the effects of nonlinear differential temper-
ature distributions have been unintentionally allowed for in the 
design process (i.e. the other design loadings are too severe and/ 
or the design criteria too conservative)." 

CHAPTER THREE 

FINDINGS-HEAT EXCHANGE AND THERMAL EFFECTS 

HEAT ENERGY EXCHANGE ON CONCRETE 
BRIDGE SUPERSTRUCTURES 

Any structure exposed to the atmosphere is subjected to an 
exchange of heat energy between the surface of the structure 
and its surrounding environment. A bridge is continually gaining 
or losing heat which produces both seasonal and diurnal vari-
ations. The amount of heat energy exchanged is dependent on 
many factors. There are three principal mechanisms of heat 
transfer: (1) radiation from the sun and reradiation between the 
surrounding environment and the structure itself, (2) convection 
of heat between the surface of the structure and its surrounding 
environment, and (3) conduction of heat between the surface of 
the structure and its surrounding environment 

Heat Transfer by Radiation 

Heat transfer by radiation is generally considered to be the 
most important of the three mechanisms. During the daylight 
hours when the structure is exposed to the sun, especially during 
the warm summer months, a net gain of heat energy occurs 
through the depth of structure, primarily as a result of the solar 
radiation impinging on the surfaces of the structures. Con-
versely, primarily as a result of reradiation to the surrounding 
environment of the heat energy stored in the structure, a net 
loss of heat energy occurs during the night. During the summer, 
the temperature in the top surface of the bridge deck is warmer 
than the soffit, which results in a positive gradient. Negative  

gradient develops on typical winter nights when the top surface 
is cooler than the soffit. The intensity of the solar radiation 
reaching the surface of the earth is dependent on the angle at 
which the radiation passes through the atmosphere and the 
length of daylight time. This intensity is dependent on latitude 
and has an annual variation, as shown in Figure 4. In addition, 
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Figure 4. Variation in solar radiation for various latitudes. 
(Source: Ref. 98) 
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the intensity of the solar radiation reaching the surface of a 
bridge is dependent on several other factors, each pertaining to 
the condition of the earth's atmosphere. These factors are shown 
diagrammatically in Figure 5. The intensity of solar radiation 
varies daily, as shown in Figure 6. Moreover, because of the 
poor thermal conductivity of concrete, these diurnal variations 
result in temperature gradients within bridge superstructures. 

As shown in Figure 5, the radiation which penetrates the 
atmosphere and reaches the surface of a bridge deck has two 
primary effects. It may be reflected or it may penetrate the 
surface, be absorbed and converted to heat. The amount of 
absorbed radiation in a bridge structure is dependent on the 
type of surfacing. Various media absorb different quantities of 
radiation. Colored bodies are distinguished by their selective 
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absorption of different wavelengths of light. A body which ab-
sorbs all wavelengths is defined as a "blackbody." Concrete 
structures function as "gray bodies" because they absorb only 
a certain amount of wavelength and reflect the remainder. Emer-
son (21) has investigated the amount of radiation absorbed on 
bridges having various amounts of surfacing. Emerson con-
cluded that the influence of the depth of deck surfacing should 
also include the shape of the cross section. Priestley (16) in-
vestigated the effects of white surfacing, black surfacing, and 
no surfacing on a one-quarter scale model of a box girder bridge. 
The maximum surface temperatures of the concrete were found 
when the deck was unsurfaced. The white surfacing was found 
to yield the lowest temperatures. The temperatures yielded by 
the black surfacing were about 10 percent lower than those 
occurring in the unsurfaced concrete. This difference was due 
to the insulating effect of the top, black layer, even though it 
had a greater absorptivity of radiation than the base concrete 
surface. 

Heat Transfer by Conduction and Convection 

In addition to the heat transfer by radiation heat transfer by 
conduction and convection also takes place at the structure 
surface. However, because the heat transfer by conduction alone 
is small, it is difficult to assess. Therefore, it is normal to allow 
for heat transfer by conduction and convection by assuming a 
single, combined coefficient sensitive to wind velocity, ambient 
air temperature, and surface temperature. 

Overall Heat Energy Exchange 

Once the variables governing the heat exchange have been 
defined and quantified and the expressions governing the surface 
boundary conditions have been developed, the temperature dis-
tribution throughout the structure may be calculated. To help 
the bridge designer establish these boundary conditions, re-
searchers have developed various expressions for the heat-energy 
exchange at the surface of a structure. 

THERMAL EFFECTS ON BRIDGE 
SUPERSTRUCTURES 

Having established the parameters governing the heat ex-
change at the boundaries of a bridge, the temperatures within 
the structure may be determined. A bridge superstructure is 
continually gaining and losing heat which produces both sea-
sonal and diurnal variations in the bridge, variations that are 
of concern to the bridge designer. Provisions for seasonal var-
iations are included in the design of bearings, hinge seats, and 
substructure components that are connected to the superstruc-
ture. The mean temperature of the superstructure is used in this 
case. 

Thermal Properties of Concrete 

The thermal coefficient of expansion for concrete is greatly 
dependent on its aggregate type and mix proportions (76, 96, 
97). The cement paste of normal concrete usually has a higher 
thermal coefficient of expansion than the aggregate in the mix,  

but because the aggregate occupies about 75 percent of the 
volume, it is the aggregate's thermal exansion characteristics 
that dictate the volumetric change during a temperature change. 
It is believed that a concrete's thermal coefficient of expansion 
is about equal to the weighted average of the thermal coefficient 
of its ingredients. Variations in coefficients for a particular mix 
are caused by the original water/cement ratio, method of curing 
and moisture content, and age at the time of interest. 

Most codes specify an average thermal coefficient of 0.000011 
to 0.0000121°C (about 0.0000061°F) for reinforced concrete. 
Actual coefficients from laboratory tests on concrete samples, 
given in Table 1, vary as much as 22 percent above and 64 
percent below the higher value, depending on the aggregate type. 

Aggregates are often complex in terms of mineral content, 
while the minerals vary widely in thermal characteristics (96). 
For examples of the mineral variations, siliceous minerals such 
as quartz have a coefficient of approximately 12 microstrain/ 
°C, whereas calcite, which is present in many limestones, has a 
coefficient from 1 to 5 microstrain/°C. Thus, the thermal ex-
pansion coefficient of rocks having a high percentage of siliceous 
minerals is higher than those having a high percentage of calcite. 

Rocks are usually grouped according to their primary mineral. 
The secondary mineral can vary both in type and amount; hence, 
rock groups from different sources (parts of the country, or on 
a more broader base the world) can have different thermal 
coefficients. Accordingly, rock groups are sometimes listed with 
a range of thermal coefficients, as given in Table 2. 

Table 1. Thermal coefficients of concrete (.0000011°C). 

AGGREGATE 
REPORTER 

TYPE PCAa EMERSON' BROWNC ONTARIO 

Quartzite 12.7 11.7-14.6 12.8 
Quartz 11.9 9.0-13.2 
Sandstone 11.7 11.7 9.2-13.3 11.7 
Gravel 10.8 13.2 9.0-13.7 13.1 
Granite 9.5 9.6 8.1-10.3 9.5 
Dolerite 9.6 9.5 
Basalt 8.6 7.9-10.4 
Marble 4.4- 7.4 
Limestone 6.8 7.3 4.3-10.3 7.4 

° Building Movements and Joints, 1st Ed., Portland Cement Association, Skokie, Illinois, 
1982. 

M. Emerson, "Bridge Temperatures for Setting Bearings and Expansion Joints, TRRL 
Supplementary Report 479, Berkshire, England, ISSN 0305-1315, 1979. 

R. D. Brown, "Properties of Concrete in Reactor Vessels," Conference on Prestressed 
Pressure Vessels, F1'oc., Institute of Civil Engineers, London, 1968. 

Ontario Highway Bridge Design Code and Commentary, Ontario Ministry of Transportation 
and Communications, Ontario, Canada, 1979. 

Table 2. Thermal coefficients of aggregates (.000001/°C). 

AGGREGATE 	DEPT. OF 	_________ REPORTER  
TYPE INTERIORa BROWNb  PCAc FHWAd 

Quartzite 3.4 7.0-13.2 13.1 6-7 
Sandstone 3.1 4.3-12.1 11.9 6-8 
Gravel 10,6-12.8 4.5-7 
Granite 2.4 1.8-11.9 1.8-11.9 4-5.5 
Basalt 1.7 4.0-9.7 8.1 4-5 
Marble 2.2 2.2-16.0 1.1-16.0 
Limestone 2.4 1.8-11.7 3.4-11.5 2.5-4 

° Concrete Manual, 7th Ed., U.S. Department of the Interior, Bureau of Reclamation. 
D. Brown, "Properties of Concrete in Reactor Vessels," Conference on Prestressed 

Pressure Vessels, Ft'oc., Institnte of Civil Engineers, London, 1968. 
o Building Movements and Jointx 1st Ed., Portland Cement Association, Skokie, Illinois, 

1982. 
G. Fattal, T. A. Reinhold, and B. Ellingwood, "Analysis of Thermal Stresses in Internally 

Sealed Concrete Bridge Decks," Report No. FHWA/RD-80/085, Center for Building Tech' 
nology, National Burean of Standards, April 1981. 



Another reason for some of the reported differences by dif-
ferent testers within an aggregate group could be due to the 
method of testing (96). The curing method used on the test 
sample, the moisture content of the sample at the time of testing, 
its size, and the rate in which the temperature is changed all 
influence to some degree the resulting thermal coefficient of 
expansion. Variability in these factors among the various tests 
would, in itself, cause some variability in the results. 

The presence of reinforcing steel in most in-service concrete 
because of a possible difference in their thermal coefficients 
probably causes a composite coefficient of the mass that is unlike 
either the steel's or the concrete's. It is thought that the max-
imum effect on the concrete's thermal coefficient by the presence 
of steel reinforcement is no more than 10 percent (96). 

Because of the wide range of aggregate's thermal character-
istics and the various factors that influence the thermal coef-
ficient of concrete, it is difficult to predict with a high degree 
of accuracy the actual thermal coefficient of expansion for a 
concrete without extensive material testing. Even with testing 
of the materials to be used, it should be recognized that there 
will likely be a difference between the test and actual field results. 

Temperature Range 

Mean or effective bridge temperatures are associated with the 
long-term (seasonal) movements of a bridge. These movements 
may require the use of expansion joints, but the current trend 
is to eliminate joints where possible and allow structural ele-
ments, such as column and abutments, to absorb temperature-
induced movement. The AASHTO Design Specifications pro-
vide values for a rise and fall in average bridge temperature as 
a function of superstructure material and the surrounding type 
of terrain. Other bridge codes also provide guidelines for cal-
culation of overall longitudinal movements by specifying a range 
of temperatures that depends on the geographical location and 
form of construction. The specified range of effective temper-
ature represents the average range to be considered in design. 
Unusual conditions, such as frost pockets and sheltered, low-
lying areas, may require that there be some adjustments to a 
given range of effective temperatures. 

Emerson (81) defines the effective temperature of a bridge 
as that temperature which governs the longitudinal movement 
of the bridge deck. The effective temperature may be derived 
by performing a calculation which includes both the product of 
the areas between isotherms and their mean temperatures di-
vided by the total area of cross section of the deck. Emerson 
(43) and Black (27) have correlated the extreme values of the 
effective bridge temperature with shade temperatures. Emerson 
correlated the shade temperature with the temperatures obtained 
from structures instrumented with thermocouples, and Black 
correlates shade temperature with bridge movements to obtain 
the extreme values of effective bridge temperatures. 

Temperature Differentials and a Review of 
Analytical Studies to Determine Temperature 
Distribution 

Because of the poor thermal conductivity of concrete, diurnal 
temperature effects produce temperature gradients in a concrete 
bridge superstructure. As mentioned earlier and explained in 
greater detail under "Response Analysis," these gradients will  

result in rotational distortions that will produce stresses in the 
superstructures. Large, positive temperature gradients occur 
during days with high solar radiation, clear skies, a large range 
of ambient temperatures, and a light wind. Negative temperature 
gradients develop during periods associated with evening con-
ditions. The temperature gradients that form are governed by 
heat flow through the body and are a function of the density, 
specific heat, and thermal conductivity of the concrete. 

The general heat flow equation which governs the transient 
heat flow within the boundaries of the bridge superstructure is 
expressed as: 

&T 	k [82  T 82T 82T1  
(1) 

where 
T = temperature of the mass; 
t = time; 

x,y,z = direction in the Cartesian coordinates; 
k = thermal conductivity; 
p = density; and 
c = specific heat. 

Various researchers have reduced Eq. 1 from the general three-
dimensional heat-flow equation to both two-dimensional and 
one-dimensional heat-flow equations. A two-dimensional heat-
flow analysis includes both the vertical and transverse heat flows 
in the given bridge superstructure. However, one-dimensional 
heat flow in the vertical direction is generally considered to be 
sufficiently accurate to conduct most bridge superstructure anal-
yses. Since the 1965 report by Leonhardt, Kolbe, and Peter 
(105), in which they describe the distress apparently caused by 
nonlinear temperature distribution in the Jagst bridge (see Fig. 
1), there have been many research studies on the thermal re-
sponse of bridges subjected to diurnal temperature variation 
caused by solar radiation. 

Tests conducted in Japan by Narouka, Hirai, and Yamaguti 
(62) in 1955 on a composite steel bridge verified that there were 
nonlinear temperature gradients through the depth of the con-
crete deck. The maximum measured temperature gradient was 
about 16°F. 

In 1957, Barber (63) presented a formula to estimate the 
maximum pavement surface temperature. The formulation in-
cluded the relationships between pavement temperature, air tem-
perature, wind speed, intensity of solar radiation, and the 
thermal properties of the pavement materials. In 1961, Zuk (64) 
developed a rigorous method for computing thermal stresses 
and deflections in statically determinate composite steel bridges. 
This method made it possible to estimate the stresses and strains 
resulting from linear temperature gradients over the bridge cross 
section. Liu and Zuk (65) extended this work in 1963 to include 
the temperature effects in simply supported, prestressed concrete 
bridges. This model included the change in prestressing force 
caused by the change in temperature of the tendon. Tempera-
tures of the tendon were assumed to experience the same tem-
perature as the surrounding concrete. Results of the study 
indicated that the change in the prestressing force varied from 
—3 to 5 percent of the initial prestress. Temperature-induced 
stresses were computed to be approximately 200 psi in compres-
sion and 100 psi in tension. 

In 1965, Zuk (67) attempted to predict the maximum bridge 
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surface temperature for the Virginia area by using a modification 
of the equation originally presented by Barber (63). He also 
presented an equation for determining the maximum tempera-
ture differential between the top and bottom of a composite 
steel bridge. Good correlation was reported between the mea-
sured and computed values. Field tests further confirmed the 
accuracy of Zuk's equation in determining the nonlinear tem-
perature distribution through the concrete deck. Temperature 
distribution in the steel beams was either uniform or varied. 
The computed maximum temperature differential was 24°F, 
compared to the measured temperature differential of 23°F. In 
addition, good correlation was obtained between the calculated 
maximum deck temperature of 102°F and the measured value 
of 98°F. 

In 1969, Wah and Kirksey (66) reported the results for a 
study that included the theoretical development experimental 
model and field tests for a simply supported, reinforced concrete 
bridge. Equations were developed to predict the thermal stresses 
and deflections in a beam-slab bridge. Field tests were performed 
on two summer days and one winter night. A significant dis-
crepancy was found between the measured and the theoretical 
deflections, which was attributed both to the inability of the 
theoretical analysis to accurately include the actual temperature 
distribution and to the deviation of the actual bridge from the 
model of the bridge. Wah and Kirksey reported that tensile 
stresses as high as 1,500 psi were computed from measured 
strains. 

Priestley (57, 58) analyzed the effects of several assumed 
thermal gradients and compared the results with measured data 
available at the time. One of the assumed thermal gradients 
consisted of a linear temperature distribution through the top 
deck slab, as proposed by Maher (56) and as supported by 
measured temperatures from three bridges located in the British 
Isles (59, 60, 61). Other assumed thermal gradients included 
the temperature distribution proposed by the Ministry of Works 
of New Zealand and distributions in which temperatures vary 
with depth as second-, fourth-, and sixth-degree parabolas. The 
sixth-degree parabola was found to be in good agreement with 
measured data, and its use was recommended for superstructure 
depths between 3.94 and 4.92 ft (1,200 and 1,500 mm). 

In 1973, Emerson (21, 83) described a method to calculate 
the one-dimensional heat flow within a concrete-slab bridge by 
using an iterative, finite-difference solution scheme. The method 
related the bridge temperature to solar radiation, ambient air 
temperature, and wind speed. The model of the structure in this 
case is composed of several layers, and a starting time is assumed, 
at which point the equations governing the boundary conditions 
are applied. The assumption of boundary conditions requires an 
estimatjon of the times at which the nonlinear differential dis-
tribution is at a minimum. It is further assumed that the tem-
perature throughout the structure is a constant at this time. 
Emerson (83) estimated that for concrete bridges the beginning 
time was 0800 hours for the heating phase and 1600 hours for 
the cooling phase. By using these input parameters, a nonlinear 
differential temperature distribution was computed at 15-mm 
intervals until a maximum gradient was reached at approxi-
mately 1500 hours. Temperatures predicted by the model cor-
related well with measured prototype summer and winter 
temperature distributions. 

In 1973, Lanigan (109) developed a two-dimensional, heat-
flow, finite element program and found good agreement between  

theoretical temperature distribution, measurements on labora-
tory models, and prototype structures. In this case, heat flow 
along the longitudinal axis of the bridge was ignored. 

In 1974, Berwanger (74) modified the method presented by 
Zuk (64) in 1961 for the composite girder bridge. The modi-
fication was made to account for symmetrically and unsym-
metrically reinforced concrete slabs subjected to linear and 
nonlinear temperature gradients. The investigation included 
both simple and continuous, composite girder steel bridges. 
Temperature-induced stresses, resulting from an assumed tem-
perature differential of 45°F, was found to be significant enough 
to warrant additional studies. In this case, a linear temperature 
gradient was assumed in the concrete slab and a constant tem-
perature in the steel girder. 

In 1976, Priestley (60, 61) proposed a revised temperature 
distribution consisting of three individual parts. In the first part, 
temperatures were assumed to decrease nonlinearly from a max-
imum of the top surface of the deck slab to a minimum at a 
depth of 1,200 mm. The nonlinear variation was represented by 
a fifth-degree parabola. The second part of the revised distri-
bution applies only to a deck slab over an enclosed cell of a 
box girder in which case temperatures were assumed to decrease 
linearly. The third and final part of the revised distribution 
assumes a linear variation of temperatures over the bottom 200 
mm of the cross section. A diagram of this variation in tem-
perature is shown in Appendix D. 

Priestley observed that in bridges with bituminous overlaps, 
the maximum temperature at the top of the concrete deck slab 
would decrease linearly with the thickness of the overlay because 
of the insulating properties of this material. Radolli and Green 
(55) and Zuk (67) observed that the darker bituminous surface 
provided greater solar absorptivity. They found that an overlay 
thickness of 1.6 to 2.0 in. (40 to 50 mm) would be required 
before the insulating properties of the overlay would offset the 
effect of the increased solar absorption on the temperature of 
the underlying concrete. Data obtained by Emerson (21), which 
varifies this phenomenon, are the basis for the provisions of the 
British Code of Practice, BS 5400. 

In 1977, Will et al. (88) developed a finite-element program 
for predicting bridge response under temperature changes. Two 
programs were developed, one for the transient heat-conduction 
analysis, and the other for the static thermal stress analysis of 
bridge-type structures. The transient heat conduction program 
employed two-dimensional finite elements to predict the internal 
temperature distribution in the bridge cross section. The tem-
perature distribution obtained from the heat conduction analysis 
was subsequently used as input into the static analysis to obtain 
the thennally induced movements and stresses • in the bridge. 
The static analysis program uses two-dimensional finite elements 
in a three-dimensional, global assemblage with six degrees-of-
freedom at each nodal point. This program can handle skew 
supported bridge structures. The developed analytical proce-
dures were correlated satisfactorily with measured field move-
ments on two bridges. Included in the study were a three-span, 
continuous, post-tensioned bridge which was skewed at the sup-
ports, and a two-span, pedestrian overcrossing with pretensioned 
beams made continuous for live loads. The measured field move-
ments were slope changes measured with a mechanical incli-
nometer developed by Matlock et al. (118) to measure slope 
changes on bridges tested for live load effects. Instead of the 
solar radiation, wind speed, and air temperature used by Emer- 
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son (43) surface temperatures were measured at selected time 
intervals and input into the transient heat-conduction analysis 
as boundary conditions. 

Thepchatri, Johnson, and Matlock (87) conducted analytical 
studies by using the computer program developed by Will, John-
son, and Matlock (88) and assumed diurnal variations in solar 
radiation, air temperature, and wind speed to predict the tran-
sient temperature distribution in three types of bridge cross 
sections: (1) a post-tensioned concrete slab bridge, (2) a com-
posite, precast, post-tensioned bridge, and (3) a composite steel 
girder bridge. The environmental conditions, believed to be equal 
to the extreme summer and winter climatic conditions of Austin, 
Texas, were used for boundary conditions in the two-dimen-
sional finite element, heat-flow analysis. In addition, the devel-
oped mathematical models were verified by conducting 
correlation studies on a three-span concrete slab bridge and a 
simply supported, girder-type reinforced concrete bridge. Field 
measurements of surface temperatures were correlated with the 
predicted temperature variations by using measured solar ra-
diation, air temperature, and wind velocity in the case of the 
slab bridge. Extensive field test data throughout the cross-section 
depth were available for the girder-type bridge (87). In this 
case, extremely good correlation was obtained throughout the 
structure depth by using the two-dimensional heat-transfer 
model. Having verified the analytical procedures, the researchers 
proceeded to determine the temperature distributions on the 
three selected cross sections by using the extreme summer and 
winter climatic conditions from Austin, Texas. A maximum 
temperature differential of 35°F through the depth of the cross 
section of the 17-in, slab bridge was obtained for an extreme 
summer condition during the month of August. Extreme winter 
conditions, on the other hand, produced a reversed gradient of 
9°F. Analyses conducted on a three-span, continuous concrete 
slab bridge indicate that during the extreme summer condition, 
a compression stress of 1,000 psi would occur on the top surface, 
whereas during the extreme winter condition, a top tensile stress 
of 400 psi would occur. The maximum predicted gradient for 
the 40-in.-deep composite concrete bridge composed of a precast, 
pretensioned concrete beam and reinforced concrete slab was 
27°F for the summer condition. This gradient produced a max-
imum compressive stress of 477 psi at the deck surface and a 
maximum tensile stress of approximately 400 psi in the bottom 
fiber of the pretensioned girder for a two-span continuous bridge. 
A maximum reversed gradient of 7°F was predicted for the 
winter condition. This gradient produced a tensile force of ap-
proximately 140 psi at the bottom fiber of a simply supported 
span. 

In 1975, Radolli and Green (55) developed a one-dimensional 
heat-flow analysis similar to that used by Emerson (83). Al-
though acknowledging that the assumption of one-dimensional 
heat flow was not strictly correct, they cited comparisons in-
dicating good correlations between observed and predicted tem-
perature gradients obtained from a one-dimensional heat-flow 
analysis. They were able to use this approach to develop sim-
plified formulas for use in design. Comparisons between the 
British Standards (12), Maher (56), the New Zealand Ministry 
of Works (16), and Priestley's sixth-degree parabola to an "I" 
girder indicate that the resulting stresses are strongly dependeht 
on the temperature difference and temperature gradient. Corn 
parisons between the gradients proposed by Leonhardt, Priest-
ley, Maher and the one-dimensional heat flow were presented  

for varying superstructure depths. The results were decomposed 
into continuity and self-equilibrating stresses. Radolli and Green 
proposed the use of simple design formulas for design that do 
not require an understanding of the temperature gradient. This 
is basically the approach used in the Ontario code. 

Response Analysis 

Having selected a given temperature gradient or loading, the 
bridge designer is next faced with performing the response anal-
ysis. The most significant aspect of ambient thermal response 
of bridges is the consideration of temperature-induced strains. 
As with other induced deformations, such as creep and shrink-
age, a temperature-induced strain does not induce stress in a 
member unless the free thermal expansion is restrained in some 
manner, as would be the case for any statically indeterminate 
structure. Thermal strain can occur without thermal stress; and 
thermal stress, without thermal strain. Because neither free 
movement nor complete restraint conditions exist in bridge 
structures, a combination of both thermal stress and thermal 
strain generally prevails. In particular, longitudinal tension 
stresses induced at the soffit of continuous bridges can be isolated 
as the single-most troublesome effect, though transverse thermal 
stresses also need to be considered, especially for box girder 
bridges. 

Assumptions 

The following assumptions are made in the development of 
thermal stress analyses using the one-dimensional beam theory. 

The material is homogeneous and exhibits isotropic be-
havior. 

Material properties are independent of temperature. 
The material has linear stress-strain and temperature-strain 

relations. Thus, thermal stresses can be considered indepen-
dently of stresses or strains imposed by other loading conditions, 
and the principle of superposition holds. 

The Navier-Bernoulli hypothesis that initially plane sec-
tions remain plane after bending is valid. 

The temperature varies only with depth, but is constant 
at all points of equal depth. 

& Longitudinal and transverse thermal responses of the 
bridge superstructure can be considered independently and the 
results superimposed; i.e., the longitudinal and transverse ther-
mal stress fields are assumed to be uncoupled. 

This final assumption simplifies the analysis, particularly for 
such complex section geometries as box girders. Because of this 
assumed uncoupling of the response, the theory and analysis 
techniques for longitudinal and transverse thermal stresses are 
treated separately in the following sections. 

Longitudinal Response Analysis 

It is advantageous to separate the longitudinal thermal re-
sponses into two components and superimpose the results. The 
bridge structure to be analyzed is first made statically deter- 



12 

Figure Z Arbitrary cross section subjected to a nonlinear tem-
perature gradient. 

Figure & Temperature-in-
duced strain distribution as-
suming that the section 
fibers do not influence one 
another. 

(linear) strain distribution 

Figure 9. Temperature-induced strain distribution. 

minate by removal of sufficient internal redundancies. The 
stresses due to the nonlinearity of the temperature profile are 
also calculated. These stresses are generally called the "self-
equilibrating stresses." The compatibility of the structure is then 
reestablished by applying the appropriate forces and moments 
to remove the inadmissible deformations introduced at the lo-
cations of released redundancy. The stresses resulting from this 
action are termed "continuity stresses." Each longitudinal stress 
component is discussed in greater detail in the following sections. 

Self-Equilibrating Stresses— Theory. Consider an arbitrary 
cross section subjected to a temperature field which is not plane 
(see Fig. 7). If such conditions exist within an unrestrained 
section, each of the section's fibers will tend to deform in such 
a way that the section will not remain plane (see Fig. 8). This 
deformation, however, violates the Navier-Bernoulli hypothesis 
stated earlier. Because of this, only a portion of the temperature 
field is responsible for the section's deformation, and the final 
strain profile must be linear as shown in Figure 9. 

The differences between the thermal strains which would 
result from a free expansion of the section fibers and the strains 
in the resultant plane section give rise to what are termed self-
equilibrating stresses (see Fig. 10). By definition, the sum total 
of these stresses across a section and the bending moments 
resulting from these stresses is zero. The procedure for deriving 
expressions for the self-equilibrating stresses, based on the as-
sumptions discussed under "Assumptions," consists of the 
stresses in an artificially restrained structure, plus stresses re-
sulting from axial loads and bending moments that would be 
required to remove the artificial restrains. (Note that in the 
sequel, compressive stresses are taken as positive.) 

Figure 11 shows an arbitrary cross section and vertical tem-
perature distribution of a typical member. As noted under the 
heading, "Assumptions," it is assumed that the temperature 
varies only in the vertical direction. Full restraint is provided 
at the ends of the member by the bending moment M and the 
axial force P. 

1 	 _ 

TM 

Free thermally - 	Strain 	 Final (linear) 
induced strain 	 Difference 	strain distribution 

Figure 10. Strain difference that results in the self-equilibrating 
stresses. 

FM P 

Figure 11. Typical member with an arbitrary cross section and 
vertical temperature distribution. 

l
y 
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For a fully restrained member subjected to a nonlinear tem-
perature-induced strain, the longitudinal stresses are given by 

o,(Y) = EaT(Y) 	 (2) 

where 
a-,(Y) = longitudinal stress at a fiber located a distance Y 

from the center of gravity of the cross section; 
E = elastic modulus; 
a = coefficient of thermal expansion; and 

T( F) = temperature at a depth Y. 

Since the self-equilibrating stresses act only on an unrestrained 
(statically determinate) structure, the conditions of longitudinal 
and flexural restraint shown in Figure 11 must be removed. The 
restraining axial force P. based on the stress distribution given 
by Eq. 2, is determined from 

P = 
fy 

Ea T(Y) b(Y)dY = 
I 

o-,(Y) b(Y)dY 	(3) 

and the stress associated with this axial force acting on the 
cross-sectional area A is given by 

P 
o(Y) 	 (4) 

where b( Y) = net section width at height Y. 
The restraining end moment M can be evaluated from 

M 
= I 

Ea T( Y) b ( Y) YdY = 
I 

o-,(Y)b(Y)YdY (5) 

and the longitudinal stress associated with this moment is given 
by 

MY 
(6) 

For a long, thin member without end restraints, the longitudinal 
self-equilibrating stress is obtained by applying the negative of 
both the restraining axial force and the restraining end moment 
to the stress distribution given by Eq. 2. Thus using Eqs. 2, 4, 
and 6 yields 

o(Y) = o-(Y) - o(Y) - cr,,,(Y) 

or 

cr(Y) = EaT(Y) - 
P 
- - MY 
	

(7) 
A I 

This summation of stresses is shown graphically in Figure 12. 
Notice that if the temperature variation is linear, no self-equil-
ibrating stresses will exist. 

Continuity Stresses. To calculate the continuity stresses, a 
sufficient number of internal redundancies are first removed for 
the purpose of making the structure statically determinate. The 
inadmissible deformations induced at the locations of removed 

T 	r + 	+ 

Figure 12. Distribution of self-equilibrating stresses. 

redundancies are then eliminated by the application of appro-
priate forces and moments. The stresses induced by this rees-
tablishment of compatibility are known as continuity stresses. 

The magnitude and distribution of the continuity stresses are, 
of course, dependent on the particular bridge structure and 
support conditions being analyzed. Nonetheless, the total state 
of stresses, which is obtained by the principle of superposition, 
is the sum total of the self-equilibrating and continuity stress 
sets. 

Transverse Response Analysis 

Although transverse thermally induced stresses may be cal-
culated as part of the total solution, for more complex sections 
it is convenient to "decouple" the transverse and longitudinal 
stresses, and analyze them separately. Such an approach is con-
sistant with the assumptions made under "Assumptions." 

Box girder bridges are the most common types requiring a 
transverse analysis, and are discussed in the following para-
graphs. 

In a box girder section, under a vertical temperature gradient, 
the deck slab will be subjected to greater temperature variation 
than the soffit. For fairly slender deck slabs (less than about 10 
in. in thickness), it is reasonable to assume a linear temperature 
gradient through the thickness (16). 

One approach (16) to analyzing the transverse response con-
sists of removing the constraints imposed on the deck slab and 
allowing it to deform freely. As shown in Figure 13, the un-
restrained thermal deformation of the heated deck slab may be 
thought of as consisting of two components: (1) an average 
transverse increase in length of AL = [La ( T 1  + T2)] 1(2); 
and (2) a (hogging) curvature of iji = [a(T 1  - T2)]/(h), in 
which T ]  and T2  are the temperature increases of the top and 
bottom surfaces of the deck slab relative to the soffit slab; L is 
the distance between web centerlines; and h is the deck slab 
thickness. 

In this unrestrained state, no primary thermal stresses are 
induced because the temperature gradient is linear, and the fi-
nal strain profile is identical to the unrestrained thermal strain 
profile. 

Secondary thermal stresses will, however, be induced by re-
straint of the deck slab elongation and curvature. The elongation 
can be treated as an initial lack-of-fit problem, in which the 
section is in equilibrium with the initial free elongation of the 
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Figure 13. Top figure shows thermally induced deck slab elongation; bottom figure, thermally induced 
deck slab curvature. 
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deck slab. Stresses induced by restraint of the curvature are 
analyzed by calculating the moments required to fully restrain 
the rotation, then releasing the deck-slab/web joints and per-
forming a moment distribution around the section. Total trans-
verse stresses are the sum of those resulting from restraint of 
the elongation and the curvature. The relative magnitude of the 
two effects depends largely on the relative stiffness of the webs 
and deck slab (16), and it must be noted that the section has 
tacitly been assumed to be uncracked. 

A second approach to analyzing the transverse response con-
sists of both hand calculations and computer analyses. The 
following steps are involved in the procedure. 

On the basis of the configuration of the bridge cross section, 
an equivalent mathematical model is developed (using beam 
elements) for subsequent static plane frame analysis. 

All degrees of freedom are constrained by imposing arti-
ficial restraints at all the nodal points. 

The thermal gradient is applied to the restrained structure 
and thermally induced stresses are computed across the member 
cross section. These calculations are performed by hand. 

On the basis of the applied thermal gradient, fixed-end 
forces and fixed-end moments are computed. 

The negative of the fixed-end forces and that of the mo-
ments are applied as concentrated nodal forces and couples. 
This removes the artificial constraints imposed in step 2. 

Stresses are obtained from a computer analysis using the 
applied loadings determined in step 5. 

The stresses determined in steps 2 and 6 are now summed 
together. 

Interaction Between Longitudinal and Transverse 
Thermal Stresses 

In the foregoing discussion the longitudinal and transverse 
stresses have been treated separately. The assumed uncoupling 
is, however, an approximation and the actual thermally induced 
stresses will be somewhat higher than those computed. 

As presented by Priestley and Buckle (16), an approximate 
allowance for the interaction resulting from Poisson's ratio, v, 
effects can be obtained by adding v times the bending component 
of the longitudinal stress to the transverse stresses, and vice 
versa. It was further pointed out that these revised longitudinal 
stresses will have little influence on the curvature, provided the 
neutral axis of the cross section is a reasonable distance below 
the deck slab, since the net longitudinal compression in the deck 
slab remains unaltered. 

The interaction of stresses discussed above assumes isotropic 
material behavior; thus, if the deck slab is conventionally rein-
forced in the transverse direction, and therefore subject to crack-
ing, the concept of Poisson's ratio no longer has meaning. In 
such a case it is more reasonable to ignore the interaction be-
tween longitudinal and transverse stresses. 

Available Meteorological Data 

Climate is a measure of the typical atmospheric conditions 
at a specific location and is determined from meteorological  

data collected over a period of years. Particular aspects of cli-
mate may be quantified in terms of statistical information about 
temperature, precipitation, wind, solar radiation, or other mea-
surable atmospheric phenomena. This type of information is 
important for many planning, engineering, and scheduling pur-
poses. Within the United States this information is collected 
and analyzed by the Environmental Science Services Admin-
istration (ESSA). This agency publishes a useful summary of 
climatic information (98). Figures 14 and 15, which are ex-
amples of the types of information available, indicate the dis-
tribution of normal daily average temperature and normal daily 
range of temperature, respectively, for the month of January. 

Detailed climatic information is important when designing 
for potential thermal effects on bridges in a country with the 
climatic diversity of the United States. A similar condition exists 
in several other countries. Code writers in at least two of these 
countries have recognized the need to incorporate detailed cli-
matic information in their thermal design procedures. The Brit-
ish Design Standard provides isothermal maps of maximum and 
minimum shade air temperature, while the Ontario Bridge Code 
uses isothermal maps of maximum and minimum daily mean 
temperatures. The climatic information from each of these codes 
varies; however, methods have been developed in each case for 
using the climatic data to determine fluctuations in bridge tem-
perature. Although the bridge design specifications of the Amer-
ican Association of State Highway and Transportation Officials 
do not currently use detailed climatic data, it is desirable to 
develop bridge design procedures similar to England and On-
tario that will use the data compiled by ESSA. 

There are many factors that must be considered when con-
verting raw climatic data to thermal loadings for designing 
bridges. Besides considering factors such as the type of con-
struction and local site conditions, a design code must consider 
the probability of extreme loading conditions. Because it is gen-
erally assumed that new bridges in the United States have a 
useful life of approximately 50 years, it is reasonable to design 
bridges for thermal loads that are likely to occur within this 
time period. Although it may not be possible to obtain climatic 
data based on a 50-year return period, it is possible to adjust 
available climatic data to approximate data for a 50-year return 
period. This should be the approach used in using ESSA data 
for bridge design. 
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CHAPTER FOUR 

FINDINGS-BRIDGE DESIGN CODES AND ALTERNATIVE APPROACHES 

Table 3. Summary of international design provisions for thermal effects in concrete bridges. 

EFFECTIVE MEAN STRUCTURE TEMPERATURE DIFFERENTIAL TEMPERATURE—VERTICAL GRADIENT 

VARIABLES 

AFFECTING GRADIENT USED 

TEMPERATURE TEMPERATURE CLIMATIC FOR DECK 

RANGE RANGE INFORMATION NOTES METHOD USED WARMING 

Based on locality Climate Moderate and 
In general use: Temp. lag in cold climates 

USA Rise 	Fall massive members are mentioned-No None None 
(AASHTO) Mod. 30°17 	40°F Structure type definitions given. 

Cold 35°F 	45F 

USA 
Suggests no Assumed difference ç-T • ST 

(PTI) 
improvements to in the temp. 

of deck slab AASHTO 

A specified Nonlinear temp. i— 1 

New 
temperature van- gradient. Consider 

Zealand 
ation is given: None None longitudinal and 

120 

i Rise 	Fall transverse effects 
20°C 	20°C  

n Vaes Climate Isothermal maps Temp. change based Nonlinear temp. hj4_.__— T  

Extremes are: Structure type adjusted for: on temp. at time of gradient h4}l T  

England - 14 C & 37°C Deck surfacing retum period construction 
elevation 
local divergence T5 

Minimum: - 30°C Structure type Different temp. Linear temp. A temp. differential of 
Maximum: 20°C Element thick- range used for gradient 5°C is assumed 

Germany or 15°C if element ness None calculation of 
thickness > 70 cm movement. 
Neutral: 10°C 

5C below mm. Type of super- Isothermal maps A construction Unrestrained Nondimensional curvature 
daily mean temp. structure of max. and mm. temp. of 15°C is superstructure based on superstructure 

Canada 
(Ontario) 

10°C above max. Depth of super- mean daily temp. usually used, curvatures depth 
daily mean temp. structure 

Climate 

Based on local Type of super- National Building Temp. rise and No specific method 
temp. record structure Code of Canada fall based on the is mentioned. 

Canada Mm. range of Temp. lag for used as a guide temp. when con- Not specified 
(CSA) 40°C specified. massive members structed. 

Climate 

Vanies-3 ranges Climate 3 climatic regions Mean temp. based Nonlinear temp. 17 4°C 
used: Superstructure defined based on on climatic region. gradient. Both longi- 

T 00 

6 0 C 
Australia 0 to 50°C type latitude 	and 	eleva- tudinal & transverse -.Equal 

—5 to 50°C tion stresses considered. 
Equal 

—10 to 40°C 

Based on site. In Climate Different temp. Gradient not 
general ± 15°C Thickness of range used for cal- required for 

Japan except ± 10°C for cross-section None culation of move- concrete bridges None 
structures with elements ment. 
thick members 

Formuli based on Climate Formula based on A temp. of 10°C A linear temp. A temp. differential of 10°C 
superstructure Thickness of latitude derived is assumed at the gradient is assumed is assumed 

Sweden thickness and superstructure from temperature time of construction 
latitude records. 

Average structure Type of structure Assumed temp. A linesre temp. A temp. differential of 15°C 

Denmark 
temperatures vary range based on gradient is assumed is assumed 
from - 15 to 25°C records of past 

115 yrs. 

Based on ambient Climate data Usually ignored. 
temp.: Exposure Linear gradient 

Italy Exposed: ± 15°C None used if measur- Not specified 
Nonexposed: able differential 
± 10°C exists. 

Minimum: - 40°C Design stresses Linear thermal Temp. differential of 10°C 
Maximum: 	30°C based on long- gradient 

France None Specified None term elastic 
modulus to 
consider creep. 
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Bridge design codes of different countries provide many dif-
ferent approaches to help the designer account for thermal ef-
fects. These are summarized in Table 3. While each approach 
is discussed in detail in this chapter, copies of these codes or  

pertinent correspondence from the countries surveyed are in-
cluded in Appendix D. The codes basically differ in the refine-
ment used in determining the meteorological conditions at 
proposed bridge sites, the types of thermal loadings considered, 

DIFFERENTIAL TEMPERATURE—VERTICAL GRADIENT OTHER DIFFERENTIAL TEMPERATURES OTHER 

TEMPERATURE MATERIAL At 

GRADIENT USED HORIZONTAL GRADIENT IN STRUCTURE OTHER 

FOR DECK VARIABLES TEMPERATURE CROSS-SECTION PROPERTIES FOR DESIGN 

COOLING CONSIDERED GRADIENT ELEMENTS THERMAL ANALYSIS REQUIREMENTS 

CT: Normal concrete Minimum shrinkage and 
.000006 per °F. Light- temperature reinforce- 

None Not applicable None None weight depends on type ment. 
of aggregate. 

Considered for trans- 10°C difference assumed Cooling of exposed sur- 

verse stresses when for worked example None 
faces is considered. 

thick bottom slab 
exists 

Depth of member Temp. variation ap- Crack transformed 

None Thickness of black- None plies to deck slabs moment of inertia 

top surface used 

Deck surfacing Temp. gradients apply CT: Normal concrete 

thickness to deck slabs 12 x l0°rC 

T XT. 

Superstructure None Limestone Agg. 

thickness 7 x lO °PC 

1' . Structure type 

A temp. differential None None None 
Not specified 

of 5 C 15 assumed 

Nondimensional Superstructure A positive linear CT  assumed to 

curvature based on thickness None differential of 15°C vary with aggregate 

superstructure depth in the deck slab, type and curing method. 

Not specified Not specified Not specified Not specified CT: Normal density Mm. shrinkage and 
concrete 11 x 10-6rC temp. reinforcement 

Superstructure depth Requires consideration, Temp. gradient applies CT: Normal weight 

None but gives no further to deck slabs also, concrete 11 x 10-6rC 
guidance 

CT: Reinforced 
None None None None concrete - .000010tC 

A temp. differential Type of structure None None 
of —5 C is assumed 

A temp. differential Type of structure Temp. differential of 

of - 10°C is assumed N None 
5°C assumed between 
inside & outside of a 
box girder. 

Not Specified Only if measurable Only if measurable CT: .000011°C 
differential exists differential exists 

CT: .00001/°C 
Long-term elastic mod- 

None None None ulus used for part of 
temp. load 
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and/or in the methods used to accommodate these thermal 	3. Cooling of exposed surfaces in relation to the interior of 
loadings. A discussion of the design criteria from each country 	thick concrete members, which can result in tensile stresses on 
surveyed follows, 	 the concrete surface. 

UNITED STATES 

The minimum requirements for the design of bridges in the 
United States is governed by the design specifications of the 
American Association of State Highway and Transportation 
Officials (AASHTO). In certain cases, additional, more detailed 
design criteria may be used. With respect to temperature, the 
design recommendations of the Post Tensioning Institute (PTI) 
are often used in the design of prestressed concrete bridges. 
Many individual states have also developed their own design 
procedures for considering thermal effects. A survey of states 
performed as part of this study has made it possible to sum-
marize these practices under "State Practices." 

The American Association of State Highway and 
Transportation Officials 

The AASHTO design specifications for bridges provide for a 
rise and fall in effective mean temperature in concrete structures. 
The specified normal temperature range varies, based on the 
type of climate. The specifications require that reduced tem-
perature fluctuations be considered within massive concrete 
members and/or structures, but no specific guidance is given 
as to when and how this is to be done. Variations in the mean 
temperature are used to calculate stresses and movements re-
sulting from the thermal expansion or contraction of the su-
perstructure. A thermal coefficient of expansion for normal-
weight concrete is specified. The specifications do not provide 
for direct consideration of temperature differentials within the 
superstructure. Minimum reinforcement of all exposed surfaces 
is required to control cracking due to shrinkage and thermal 
stresses. 

Post Tensioning Institute 

The Post Tensioning Institute recommends that temperature 
differentials be considered in calculating longitudinal and trans-
verse stresses in bridge superstructures. In a worked example 
presented in their design manual, they assume a 10°C (18°F) 
temperature difference between the top slab and the remainder 
of the cross section. This will result in a loading effect, equivalent 
to that of an applied axial load and longitudinal moment, that 
will produce longitudinal fiber stresses in both simple and con-
tinuous spans. This nonlinear temperature gradient produces 
self-equilibrating stresses in a bridge superstructure. 

The Post Tensioning Institute also recommends that the fol-
lowing temperature phenomena be considered in calculating 
transverse stress: 

Rapid cooling of the top slab in relation to the thick bottom 
slab near the interior supports. 

Higher temperatures within the interior bays of box girders 
due to cooling of the exposed surfaces of the cross section. An 
example of a difference in temperature of 15°C (27°F) is used 
to illustrate the transverse stresses that will result. 

The temperatures used in the illustrative examples of the PTI 
manual are not necessarily appropriate for all bridge structures. 
Very little guidance is given for selecting proper temperature 
differentials. 

State Practices 

Questionnaires were sent to each of the states to obtain in-
formation on their experiences and practices related to the tem-
perature effect on highway structures and the remedial actions 
taken to accommodate these effects. A summary of the questions 
and responses is presented in the following paragraphs and in 
Table 4. 

Question 1: Has your State performed any type of research 
or studies on temperature effects. . . ? Research reports 
were provided by the States of California, Illinois, Indiana, 
Iowa, Kansas, Missouri, New York, Oklahoma, Oregon, 
Pennsylvania, Tennessee, Texas, Virginia, and Wisconsin. 
These reports are included under the "References and 
Bibliography." 
Question 2: Have you observed any manifestation of tem-

perature-related distress in bridges? The following states 
commented as shown: 

Colorado: Major problems have been where multispan 
bridges up to 400 ft have been constructed without joints. 
Cracking has developed in the asphalt pavement, in the 
joint between approach slab and abutment, or cracking of 
the abutment wall diaphragm due to temperature move-
ments. We have built this type of concrete structure up to 
400 ft without joints. The most severe problem has occurred 
on post-tensioned CIP concrete structure due to shortening 
added to temperature effects. 

Kansas: Some reinforced concrete rigid frame deck girder 
bridges (2 girders) have shown serious cracking. Some of 
this might be due to temperature-related stresses. Cracking 
between precast segments at epoxy joints appears partially 
related to thermal stresses. 

South Carolina: Diagonal cracks in RC Tee Beams at 
bearing areas; spalled narrow bent caps; cracked build-ups. 

Wisconsin: Excessive cracking of concrete decks on long-
span steel girders; floorbeam connection failures due to 
possible moments about y-y axis of floorbeams from dif-
ferential thermal movements between the tie girder of long-
span steel tied arches and the floor system consisting of a 
reinforced concrete deck on steel stringers. 

Question 3: Do you apply thermal axial and/or nonlinear 
gradient effects when designing concrete bridge superstruc-
tures? The following states commented as shown: 

Alaska: So far, only on major structures, where the value 
of the structure justifies the cost of analysis, and the analysis 
techniques provide for inclusion of temperature effects. 
Generally, assumed temperature differentials are input into 
computer analyses. 



Table 4. Summary of state responses to questionnaire. 

STATE 
QUESTION 

1 
QUESTION 

2 
QUESTION 

3 
QUESTION 

4 

YES NO YES NO YES NO YES NO 

Alabama X X X X 

Alaska X X X X 

Arizona 

Arkansas X X X X 

California X X X X 

Colorado X X X X 

Connecticut X X X X 

Delaware 

Dist. of Columbia X X X X 

Florida 

Georgia 

Hawaii X X X X 

Idaho X X X 

Illinois X X X X 

Indiana X X X X 

Iowa x x X X 

Kansas X X X X 

Kentucky 

Louisiana X X X X 

Maine 

Maryland X X X X 

Massachusetts 

Michigan - X X X X 

Minnesota 

Mississippi X X X X 

STATE 
QUESTION 

1 
QUESTION 

2 
QUESTION 

3 
QUESTION 

4 

YES NO YES NO YES NO YES NO 

Missouri X X X X 

Montana x X X - X 

Nebraska XX X X 

Nevada - X X X X 

New Hampshire - X X x 

New Jersey X X - X X 

New Mexico X X X X 

New York X - - X X X 

North Carolina X X X X 

North Dakota X X X X 

Ohio X X X X 

Oklahoma X X X X 

Oregon x X X X 

Pennsylvania X -  X X X 

Rhode Island X X X X 

South Carolina X X X X 

South Dakota 

Tennessee X X - X X 

Texas X X X X 

Utah 

Vermont - X X X X 

Virginia x X X X 

Washington X x X X 

Washington DC 

West Virginia 

Wisconsin X - X X X 

Wyoming X X X X 

* Montana's general comment "5ince we do not have any long span concrete structures as 
described in the second paragraph of your letter, Montana can not provide any useful 
information to the research project." 

Arkansas: Thermal effects determine expansion joint sizes 
and bearing device type. 

Colorado: Current designs for segmental concrete bridges 
being done by Figg & Muller include provisions for a tem-
perature gradient between top and bottom of segment. 

Indiana: Only in long-span concrete box girder proce-
dures (40). 

Kansas: Monolithic steel beam at abutments—reinforced 
to handle moment as well as temperature differential. 

Louisiana: Thermal effects are considered in the design 
of beam bearing pads for expansion ends and pile stresses 
and girder connections for fixed end continuous girder 
spans. Joint design is also affected. 

Maryland: Most structures are for short span. Axial 
forces taken into account in continuous span structures  

when determining if bearing at pier should be fixed or 
expansion. Compare the required force to overcome friction 
at expansion bearing with force required to move pier col-
umn some iL for given temperature change. 

Missouri: On reinforced concrete box girder bridges with 
integral columns we include moments from thermal forces 
in design. No consideration of these forces is made in pre-
stressed I-girder and Double Tee superstructures. 

New Hampshire: We will investigate the thermal and/ 
or nonlinear gradient effects in our current long-span con-
crete bridge design. 

New York: On large box superstructures (other than 
AASHTO boxes) we have applied a linear temperature 
gradient from top of box to bottom + 1 8*F  (10°C) and - 9°F 

(5°C). These types of structures are very rare so it would 
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not be correct to say this is policy—just what we have 
used on two projects. 

Ohio.' We would expect deep concrete bridges designed 
for us by consulting firms to be so designed. 

Oregon: Slab differential used for stress analysis of trans-
verse frame for box girders. 

Pennsylvania: Mostly apply to the expansion and con-
traction of the bridge superstructures due to temperature 
change. 

South Carolina.' Usually only so far as determining ex-
pansion joint size. Thermal expansion force taken into ac-
count when single span bridges fixed at both ends to vertical 
abutments are necessary (rare case). 

Tennessee: Our policy regarding thermal expansion and 
contraction is set out in Structures Memorandum 045. A 
copy is enclosed (see Appendix D). 

Texas: We have considered thermal gradients in a brief 
analysis of a continuous post-tensioned segmented railroad 
bridge of trough shape. 

D. Question 4: Other than the nominal light reinforcement 
placed near the surface in bridge superstructures to minimize 
shrinkage or thermally caused concrete cracking, does your 
State s design codes address thermal stresses? The following 
states commented as shown: 

Illinois: Specifies conditions at expansion joints which 
may require additional reinforcement in the abutment back 
wall or piers. 

Pennsylvania: Specifies that "Provisions shall be made 
for stresses and movements resulting in variations in tem-
perature." A range of temperatures is given for steel and 
concrete structures. They also specify "Maximum Allow-
able Stresses at Joints in Tensile Zone" of precast and cast-
in-place segmental bridge systems for different AASHTO 
loading groups. 

It is clear from the responses that the effects of axial length 
changes at expansion joints is considered to be the most serious 
problem by the majority of those states "concerned" with tem-
perature problems. No state includes the temperature gradient 
effect in its normal design codes. Ten States—Alaska, Colorado, 
Indiana, New Hampshire, New York, Ohio, Oregon, Pennsyl-
vania, Texas, and Washington—do, however, consider temper-
ature gradient effects for special conditions. Only three of these 
states furnished the range of temperature gradients used for 
special conditions. New York used a top to bottom of box 
gradient of + 18°F (10°C) to —9°F (5°C) during stress analysis 
on two large box superstructures. Pennsylvania, in its 5th draft 
of "Segmental Bridge Interim Design Specifications," includes 
a temperature gradient of 40°F (22.2°C). The State of Washing-
ton has followed the design recommendations of the Post Ten-
sioning Institute for several major bridge structures. A summary 
of the design criteria followed is included in Appendix D. 

NEW ZEALAND 

The New Zealand bridge design criteria consider loading due 
to variations in the mean temperature of the structure and due 
to temperature differentials caused by deck heating. The design  

guidelines require that the cracked, transformed section be used 
in all calculations involving temperature loadings. 

Stresses and movements resulting from variations in the mean 
temperature of the structure are calculated, based on a tem-
perature variation of ± 20°C (36°F) for concrete structures. The 
effect of bearing restraint at the superstructure-substructure 
interface is to be considered in calculating both stresses and 
movements. 

The effect of temperature differentials within the superstruc-
ture cross section on both the longitudinal and transverse 
stresses generated in the structure are also calculated. Temper-
atures in the cross section are assumed to vary nonlinearly and 
are considered to be independent of structure type and material. 
The assumed maximum temperature difference and its variation 
due to depth depend on the thickness of the blacktop (asphalt) 
deck surfacing, the total depth of the cross section, and whether 
the structural element is exposed to the air or only one side 
(e.g., a box-girder deck) or a solid section exposed to the air on 
both sides. For webs and decks not above an enclosed cell, the 
temperature will vary from maximum to minimum as a fifth 
degree parabola over a depth of 1,200 mm (47.2 in.), measured 
from the deck surface. It is assumed the soffit temperature is 
1.5°C (2.7°F) above minimum at the surface and that it will 
decrease linearly to a minimum at 200 mm (7.8 in.) into the 
cross section. For structural cross sections less than 1,400 mm 
(1,200 mm + 200 mm) (55.1 in.), the effect of deck and soffit 
temperatures is added. For box girder decks, a linear decrease 
in temperature at increased depths into the cross section is 
assumed. The rate of temperature decrease will depend on the 
thickness of the blacktop surface. These temperature differen-
tials are illustrated in the design specifications included in Ap-
pendix D. Deck cooling due to reradiation is not considered. 

ENGLAND 

The English bridge design specifications consider changes in 
the average temperature of the bridge as well as differences 
between the temperatures at various depths within the super-
structure cross section. Detailed isothermal maps of maximum 
and minimum shade air temperatures are used as the basis for 
calculating temperature loadings. Shade-air temperatures from 
the maps are adjusted to account for variations in design return 
period, height above sea level, and local divergence. 

Minimum and maximum effective bridge temperatures are 
calculated from the shade-air temperatures at the bridge site. 
These vary for the four different types of superstructures defined 
in the specifications. Effective bridge temperatures are also ad-
justed to account for the type and amount of deck surfacing. 
The effective bridge temperature variation is used to determine 
the forces produced in restraining elements. 

Temperatures through the depth of the cross section are as-
sumed to vary nonlinearly. The variation occurs linearly between 
specified depths. These depths and the amount of temperature 
variation will depend on the total depth of the section, the type 
of construction, and the type and amount of deck surfacing. 
Two conditions are considered. The first condition is unequal 
temperatures that result from deck heating due to solar radia-
tion. The second condition is unequal temperatures that result 
from deck cooling due to reradiation. 

The English code also specifies the coefficient of thermal ex- 
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pansion that is to be used for normal concrete. However, a dif-
ferent value is specified for concrete with limestone aggregates. 

The English bridge design code uses a limit-states approach, 
and load factors are specified for temperature loadings in the 
design of specific elements for the ultimate and serviceability 
limit states. 

GERMANY 

The German bridge design code (DIN 1072) provides for 
variations in the mean temperature of solid concrete bridges as 
well as for temperature differentials within the cross section. 

Variations of +20°C (36°F) and —30°C (54°F) are used to 
calculate stresses due to thermal expansion and contraction of 
a bridge superstructure with an assumed construction temper-
ature of 10°C (18°F). The maximum effective mean temperature 
may be reduced by 5°C (9°F) in structures with elements 70 cm 
(27.6 in.) or greater in thickness or in structures otherwise 
protected from rapid temperature fluctuation. Larger temper-
ature variations are considered when calculating potential move-
ment at the bearings. 

Temperature variations of ± 5°C (9°F) in a cross section due 
to unequal heating (or cooling) are also considered in the design 
of concrete bridges. The temperatures at a cross section are 
assumed to vary linearly through the depth of the superstructure. 

CANADA 

In the past, all bridge design in Canada was governed by the 
AASHTO bridge design specifications, and in many provinces 
this is still the case. However, two separate efforts to revise 
bridge design criteria have recently been completed. The prov-
ince of Ontario has developed a comprehensive bridge design 
specification based on the limit-states approach. The criteria for 
determining thermal effects in this code vary considerably from 
AASHTO's. Another bridge design standard, produced by the 
Canadian Standards Association (CSA), an independent code-
writing body, is not as comprehensive as the Ontario Bridge 
Code, but it does vary slightly from the AASHTO design spec-
ifications. Each of these two design codes is discussed in the 
following sections. 

Ontario 

The recently developed Ontario Bridge Code requires bridges 
to be designed to resist the effects of variations in the average 
bridge temperature and from deformations caused by temper-
ature differentials within the superstructure. The code also pro-
vides requirements to counter the effect of shrinkage and creep 
which can produce stresses and deformations similar to those 
caused by temperature effects. Detailed provisions for calculat-
ing variations in average bridge temperature are given. Maxi-
mum and minimum effective temperatures are assumed to be a 
specified number of degrees above or below the maximum and 
minimum daily mean temperatures, respectively. The number 
of degrees difference depends on the type of superstructure and 
is adjusted according to the superstructure depth. The variations 
given in the coefficient of linear thermal expansion are based  

on the type of aggregate and the method of curing used to 
produce the concrete. 

In noncomposite superstructure types, the effect of a thermal 
gradient is accounted for by specifying an unrestrained super-
structure curvature. Because both radiational heating and cool-
ing of the bridge deck are considered, curvature may occur in 
either direction. This curvature, which varies according to su-
perstructure depth, is intended to account for only the effects 
of linear vertical temperature gradients. The curvatures resulting 
from the thermal gradient effects will produce forces and mo-
ments in the restraining elements of continuous bridges. 

Canadian Standards Association 

The National Standard of Canada, produced by the Canadian 
Standards Association (CSA), varies from the AASHTO bridge 
design specifications in that it specifically states that "variation 
of temperature within a structure" shall be considered when 
determining stresses or movements caused by thermal effects. 
However, the document does not give any specific guidance on 
how this is to be accomplished. 

The temperature range to be used in calculating the effective 
mean temperature within a structure is to be based on weather 
records from the locality where the bridge is to be constructed. 
It is recommended that bridge designers make this determination 
by following the guidelines of the National Building Code of 
Canada. The CSA standards also mention consideration of mem-
ber size and thickness in determining temperature fluctuations, 
but no guidance is offered in this area. 

AUSTRALIA 

The Australian bridge design code requires that the effect of 
variation in both mean temperature and temperature differen-
tials within the structure be considered during design. Coeffi-
cients of thermal expansion for normal-weight concrete are 
specified. Placement of bearings and expansion joints will de-
pend on both the assumed mean temperature for design and the 
temperature at the time of construction. 

Average temperature variations are specified in the Australian 
code. Specific variations depend on the superstructure type and 
the geographic region. Because concrete superstructures are 
slower to respond to ambient temperature variations than other 
superstructure types, the specified average temperature variation 
for concrete superstructures is less than for other superstructure 
types. 

The code also specifies a bilinear, vertical temperature gra-
dient that provides for a temperature differential of 24°C (43°F) 
between the top deck surface and the bottom of the superstruc-
ture cross section. Because the effect of nonstructural surfacing 
on this gradient is assumed to be insignificant, it is not consid-
ered. The specified temperature gradient is shown in the copy 
of the code included in 'Appendix D. 

The Australian code also mentions the potential effects of a 
horizontal temperature gradient through the superstructure 
cross section, from one side to the other. However, no specific 
guidance is offered as to when or how this effect should be 
considered. 
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JAPAN 

The Japanese bridge design specifications consider only the 
variation in average bridge temperature for the design of con-
crete bridges, although a temperature gradient from sunny to 
shady portions of the cross section is required for certain types 
of steel bridges. The variation in the average bridge temperature 
to be used in calculating member forces in concrete bridges is 
dependent on both the bridge site and the type of bridge. A 
distinction is made between bridges with typical structural ele-
ments and those with structural elements over 70 cm (27.6 in.) 
thick. Only the typical rise and fall in bridge temperatures are 
specified for these concrete bridge types. The code contains no 
specific guidance for concrete bridges on how to adjust these 
typical values to account for bridge site variation, although such 
guidance is given for steel bridges. 

The code specifies the coefficient of thermal expansion to be 
used, and also specifies a different rise and fall of average bridge 
temperatures to be used when designing to account for move-
ment at the expansion bearings. This temperature range depends 
on the type of construction and whether the bridge is located 
in a region of typical temperature variation or in a cold climate 
region. 

SWEDEN 

The Swedish bridge design specifications provide formulas for 
calculating the maximum and minimum average temperatures 
in concrete structures. The maximum average temperature is 
determined from average superstructure thickness only, while 
the minimum average temperature depends on latitude as well 
as superstructure thickness. The formulas used to determine 
these temperatures are based on 80th percentile maximum and 
minimum temperature measurements. The formulas apply to 
bridges between 0.1 and 2.0 in (0.33 and 6.6 ft) in thickness. 
An average superstructure temperature at the time of construc-
tion is also specified by the code. The variation between the 
maximum and minimum average temperatures is used along 
with the specified temperatures at the time of construction to 
calculate the stresses and movements caused from longitudinal 
expansion and contraction of the bridge superstructure. 

Temperature distribution in a bridge is assumed to vary lin-
early through the thickness of the cross section. Both deck 
heating and deck cooling are considered. 

DENMARK 

The bridge design procedures used in Denmark take into 
consideration the effect of the variation in the average temper-
ature of the bridge and the linear variation in temperature 
through the depth of the cross section. Because Denmark is a 
small country and the climatic variation within the country is 
slight, no distinction for bridge location is made. In addition to 
the variation in temperature through the depth of the super- 

structure, the code also gives specifications for a temperature 
variation of 5°C (9°F) through concrete structural members, 
such as the side wall of a box girder. 

The specified variation in the average bridge temperature 
through the cross section, which also depends on the type of 
bridge, was basically selected according to the maximum tem-
perature values that were exceeded in 20 percent of the years 
and the minimum temperature values that were below the min-
imum annual temperature value for 80 percent of the years. 
Based on temperature information covering a 115-year period, 
the average temperature of concrete superstructures is assumed 
to vary from 25°C (77°F) to —15°C (+5°F). 

The bridge designer is to consider both increases and decreases 
of the outside temperature through the depth of the superstruc-
ture when designing a bridge. Similarly, the variation in tem-
perature through any concrete structural member is assumed to 
increase or decrease from the outside to the inside of the member. 

ITALY 

The Italian bridge design code provides for temperature var-
iations based on the ambient temperature. A mean effective 
temperature variation of ± 15°C (27°F) for exposed structures 
and ± 10°C (18°F) for nonexposed structures is generally used 
unless more precise data are available. Usually, unless there is 
a measurable difference in temperature between various com-
ponents, the temperature differential within the superstructure 
is ignored. When a difference in component temperature does 
exist, a linear variation is assumed. 

FRANCE 

The French bridge design procedures for thermal effects in-
clude consideration of both the effective mean temperature in 
the superstructure and thermal gradients resulting from deck 
heating due to solar radiation. 

The effective mean temperature in the superstructure is as-
sumed to vary from 30°C (86°F) to —40°C (-40°F). A con-
struction temperature of between 8°C and 14°C (14 and 25°F) 
is assumed. This will result in thermal strains in the superstruc-
ture of 0.0003 for expansion and - 0.0004 for contraction. Part 
of the strain (due to temperature variations of ± 10°C) in con-
crete structures is assumed to occur rapidly. However, because 
the remainder of the strain is assumed to occur over a period 
of time, the long-term elastic modulus should be used to deter-
mine the resultant stresses. Thermal loadings are multiplied by 
load factors of 1.0 or 0.6, depending on whether they act in 
conjunction with permanent or nonpermanent loadings. 

The temperature within the cross section of the superstructure 
is assumed to vary linearly with the highest temperature at the 
deck surface and the lowest temperature at the bottom of the 
cross section. The temperature difference is assumed to be 10°C 
(18°F) if it is superimposed with dead load alone and 6°C 
(10.8°F) when it is superimposed with other loadings. 
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Longitudinal and transverse temperature effects were applied 
to a selected group of U.S. bridges in this chapter. Four thermal 
gradients were used for the longitudinal study, and two thermal 
gradients were used for the transverse study. Comparisons were 
made between the applied gradients and the analytical results. 

LONGITUDINAL TEMPERATURE EFFECTS 

Four thermal gradients, shown in Figure 16, were selected 
for the case studies. These gradients were selected because they 
are representative of those presented in Chapter Four. They 
include those specified in the New Zealand, Britrish, and Ontario 
codes. In addition, the gradient presented in the Precast Seg-
mental Box Girder Bridge Manual (15) was included because 
it is somewhat representative of those currently being used in 
the United States. A summary of the bridges included in these 
case studies is given in Table 5. The applicable portions of the 
codes are those pertaining to the positive gradients that occur 
during the day when there is high solar radiation. For the 
purpose of clarity, those portions of the codes that applied to 
the negative gradients were omitted from these case studies. 

Plots of top and bottom fiber stress versus the distance lon-
gitudinally along the bridge are presented in this section for 
each of the case studies. In addition, section stresses are included 
at selected points along the bridge to show the stress variations 
at different depths. 

The plots show that maximum fiber stresses usually occur at 
the pier or column supports adjacent to the abutments. Changes 
in superstructure cross sections due to flares in the bottom slab 
and girder stems and/or haunched superstructures cause sig-
nificant changes in fiber stresses. 

There is little correlation between the magnitudes of the 
stresses produced by the four thermal loadings evaluated. The 
temperature gradient assumed by the New Zealand code usually 
produced the highest stresses for both top and bottom fibers, 
while the temperature gradient specified in the British code 
usually produced the lowest bottom-fiber stresses. 

In some cases, the presence of columns monolithically con-
nected to the superstructure had a significant effect on the stress 
pattern. In addition, the characteristic shape of the stress pattern 
was affected by the presence of internal expansion joint hinges. 

Stresses shown at simple supports and at hinges (points of 
zero moment) are caused by the self-equilibrating stresses that 
result from nonlinear temperature gradients. These stresses, 
which do not exist at the member ends, are generally assumed 
to occur at some distance from the member ends, usually at a 
distance assumed to be equal to the depth of the member. 

The analyses were conducted for bridges assumed to have a 
coefficient of thermal expansion of 0.000006rF, uncracked sec-
tion properties, and no reductions in thermal gradients for sur-
facing, elevation, etc. 

Case 1 L—Colorado River Bridge 

Selection 

This precast, I-girder bridge differs from box girder bridges 
in that there is no enclosing bottom slab on the T-shaped section. 
Thus the heat-flow characteristics are different from those of 
box girders. Also, the cross-sectional properties of this super-
structure differ from those of the box girder in that the neutral 
axis is closer to the slab. Many bridges similar to this type are 
located throughout the United States. The Colorado River 
Bridge was selected for study because it is representative of this 
type of bridge. 

Description 

This 560-ft-long structure, shown schematically in Figure 17, 
contains five equal spans. The superstructure is composed of a 
continuous 7X-in.-thick,  cast-in-place concrete deck and 7 pre-
cast, pretensioned, prestressed concrete I-girders with a depth-
to-span ratio of 0.056. Diaphragms are cast around the ends of 
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Figure 16 Thermal gradients used for case studies. 



Table 5. Summary of bridges included in case studies for longitudinal temperature effects. 

LONGITUDINAL DIRECTION 

CASE DEPTH/SPAN NO. NO. NO. 

NO. NAME/LOCATION SUPERSTRUCTURE SUBSTRUCTURE LENGTH DEPTH RATIO SPANS HINGES FRAMES COMMENT 

1L Colorado River Bridge Precast, prestressed Pier Wall 565 ft-6 in. 6 ft-3 in. 0.056 5 0 1 Representative 

California/Arizona I-girder I-girder 

2L West Silver Eagle Rd. Cast-in-place Double 750 ft-0 in. 5 ft-0 in. 0.037 6 0 1 Representative 

Overhead, California prestressed box Column box girder 

girder 

3L Turkey Run Creek Br. Precast, prestressed Single 317 ft-0 in. 9 ft-0 in. 0.057 2 0 1 Segmental 

Indiana segmental box Column cantilever 

girder 

4L Kishwaukee River Br. Precast, prestressed Single 1,096 ft-0 in. 11 ft-8 in. 0.047 5 0 1 Segmental 

Illinois segmental box Column cantilever 

girder 

5L Columbia River Br. Cast-in-place Single 1,870 ft-0 in. 9 ft-0 in. mm. 0.053 5 0 1 Segmental & 

Washington prestressed seg- Column 24 ft-0 in. max. haunched 

mental box girder cantilever 

6L W. Silver Eagle Rd. Cast-in-place Double 750 ft-0 in. 5 ft-0 in. 0.037 6 1 2 Falsework 

OH (Falsework) prestressed box Column loading 

California girder 

7L East Connector Cast-in-place Single 1,104 ft-0 in. 6 ft-0 in. 0.055 11 2 3 Multiframe 

California reinforced Column 
box girder 

8L Miller Creek F1l-AK Precast, prestressed Single 445 ft-3 in. 8 ft-0 in. 0.041 3 0 1 Case history 

Colorado segments/box girder Column 
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Figure 17. Case iL—Colorado River Bridge superstructure and substructure details used for analysis. 

the precast girders and monolithic with the deck to form a 
continuous superstructure from abutment to abutment. The sub-
structure is composed of four pier walls, each measuring over 
40 ft high and 2.5 ft thick. The piers, which are fixed at the 
bottom and pinned at the top, are relatively flexible in the 
longitudinal direction. The seat-type abutments have expansion 
bearings that allow longitudinal movement. The structure is 
founded on driven steel piles. 

Results 

Figures 18 and 19 are plots of top and bottom fiber stresses, 
respectively, along a typical girder centerline. Because there are 
no flares in this superstructure, the stress results can be plotted 
simply by computing the stresses at the supports and then con-
necting the plotted points with straight lines. The high-tension 
stresses occurring in the bottom fiber at piers 2 and 5, shown 
in Figure 19, are caused by the T-shaped superstructure. The 
Ontario code specifically calls attention to the occurrence of 
higher bottom fibers in T-beams because of the higher location 
of the neutral axis. 

It is interesting to note that the stresses caused by the axial 
forces in the superstructure that result from the pier-wall shear 
restraint are less than 10 psi. Therefore, these axial force stresses 
are negligible. A structural model allowing freedom of longi-
tudinal movement at the supports in lieu of the pinned pier 
would have yielded essentially the same results. Shown in Figure 
20 are plots of the variation in cross-section stresses with the 
depth for each of the four gradients considered. 

Case 2L—West Silver Eagle Road Bridge and 
Overhead 

Selection 

The West Silver Eagle Road Bridge and Overhead was in-
cluded in the case studies because it is representative of the 
current trend of bridge designers to eliminate intermediate ex-
pansion joint hinges. 

Description 

This structure, shown schematically in Figure 21, is a six-
span, 745-ft-long bridge. The superstructure is a cast-in-place, 
post-tensioned, prestressed concrete box girder that has a depth-
to-span ratio of 0.037. The superstructure has no intermediate 
expansion joint hinges and is cast monolithic with the columns 
to form a continuous frame from abutment to abutment. The 
substructure is composed of five 2-column bents ranging from 
25 to 35 ft in height. The columns are pinned at the bottom 
and fixed at the top. The seat-type abutments have expansion 
bearings to allow longitudinal movement. The structure is sup-
ported on cast-in drilled-hole concrete piles. 

Results 

Figures 22 and 23 are plots of top and bottom fiber stresses, 
respectively, along a typical girder centerline. In Figure 23, the 
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Figure 18. Case IL - longitudinal variation in top fiber stresses along a typical girder centerline due to positive temperature gradients. 

maximum tension and compression stresses are somewhat less 
than those found at corresponding locations for the T-shaped 
girder considered in Case 1L. The reason for this difference 
appears to be due to the additional resistance provided by the 
bottom slab. 

The effect of the monolithic columns is readily apparent at 
piers 2, 5, and 6. For example, at pier 2 with the New Zealand 
load, Figure 23 shows that the bottom fiber stresses changed 
significantly from —446 psi to —326 psi. This is a result of the 
monolithic connection between the superstructure and the col-
umn. The top fiber stresses, shown in Figure 22, are similarly 
changed. Piers 3 and 4 are not significantly affected because 
of their close proximity to the superstructure's point of zero 
movement. 

Also evident in the bottom fiber stress shown in Figure 23 is 
the influence of the relatively modest bottom slab flare. For 
example, at the right side of span 2 with the New Zealand 
gradient, the bottom fiber stress changes significantly from 
—373 psi at the beginning of the flare to —253 psi at the end 
of the flare. In contrast to the bottom fiber stresses, the top 
fiber stresses are only slightly influenced by the presence of a 
bottom slab flare. 

Shown in Figure 24 are plots of the variation in cross-section 
stresses with the depth for each of the four gradients considered. 

Case 3L—Turkey Run Creek Bridge 

Selection 

This bridge was included in the case studies because experi-
mental measurements on the thermal gradients and thermal 
strains were available (40). In addition, the Turkey Run Bridge 
was among the first of its type in the United States to be 
constructed by the cantilever method. Because a number of 
epoxied joints between the precast segments lack mild reinforce-
ment, many engineers have expressed a concern about thermal 
stresses that could cause serviceability problems at this interface. 
Realizing these problems, bridge designers are currently eval-
uating a variety of thermal gradient loads with which to test 
bridges of this type. The temperature gradients, in turn, result 
in additional amounts of prestressing steel. 
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Figure 19. Case iL—longitudinal variation in bottom fiber stresses along a typical girder centerline due to positive temperature 
gradients. 
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Figure 20. Case iL—variation in girder cross-section stress with depth due to positive temperature gradients (the - symbol indicates 
tension and the + symbol indicates compression). 
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Figure 21. Case 2L— West Silver Eagle Bridge and overhead superstructure and substructure details used for analysis. 
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Figure 22. Case 2L—longitudinal variation in top fiber stresses along a typical girder centerline due to positive temperature gradients. 
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Figure 23. Case 2L—longitudinal variation in bottom fiber stresses along a typical girder centerline due to positive temperature 
gradients. 
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Description 

This structure, shown schematically in Figure 25, is a two-
span, 317-ft-long bridge. The superstructure is a precast, post-
tensioned, prestressed concrete segmental box girder constructed 
by the cantilever method. The superstructure, which is contin-
uous from abutment to abutment, has a depth-to-span ratio of 
0.057. The interior support consists of a single column con-
structed to be fixed against rotation at the bottom and pinned 
at the top. This column is supported by a spread footing on 
bedrock. The seat-type abutments, which have expansion bear-
ings to allow for longitudinal movement, are founded on driven 
steel piles. 

Results 

Because this structure is symmetrical and contains only two 
spans, the column will not be affected by axial shortening of 
the superstructure. Thus, for the purposes of analysis, this col-
umn support can be treated as a roller. 

Shown in Figure 26 is a comparison of the maximum mea-
sured temperature differential with the temperature differentials 
used for the test cases. 

Figures 27 and 28 are plots of top and bottom fiber stresses, 
respectively, along a typical girder centerline. The fiber stress 
plots in this case are similar to those for the end spans in Case 
2L. 

The influence of the bottom slab flare is readily apparent from 
Figure 28. As with Case 2L, which also had a flared bottom 
slab, the bottom fiber stresses in this case are significantly 
changed, while the top fiber stresses remain basically unchanged. 

The top slab thickness of this single cell box section also 
varies transversely, making the computations to approximate 
the temperature gradient somewhat more tedious and lengthy 
than for a cross section with a constant slab thickness. 

Case 4L—Kishwaukee River Bridge 

Selection 

The Kishwaukee River Bridge was included in the case studies 
because temperature data are being recorded as part of a field 
investigation to determine the time-dependent behavior of seg-
mental, post-tensioned, cantilever concrete bridges. Although 
the iemperature data are not yet available, Shiu, Danile, and 
Russél (46) cOnfirmed that nonlinear temperature gradients 
similar to those proposed by Emerson (83) and Priestley were 
observed in thi structure. 

This bridge was one of the first of its type to be constructed 
in the United States. As with Case 3L, because a number of 
epoxied joints between the precast segments lack mild reinforce-
ment, many engineers have expressed concern ábut the pos-
sibility of thermal stresses causing serviceability problems at this 
interface. 

Description 

This structure, shown schematically in Figure 29, is a five-
span, 1,096-ft4ong bridge. The superstructure is a precast, post-
tensioned, prestressed concret&segmental box girder constructed  

by the cantilever method. The superstructure, which is contin-
uous from abutment to abutment, has a depth-to-span ratio of 
0.047. The interior supports consist of four single-column bents 
constructed to be fixed against rotation at the bottom. The top 
of the columns are constructed either to be pinned at the su-
perstructure or to allow for freedom of relative transverse move-
ment. The seat-type abutments have expansion bearings to allow 
relative longitudinal movement. 

Results 

Figures 30 and 31 are plots of top and bottom fiber stresses, 
respectively, along a girder centerline. The fiber stress plots are 
similar to those of Case 2L, except that the expansion bearings 
at the tops of the columns eliminate any effect that would occur 
due to connectivity. 

The bottom slab flare, which is longer and thicker than the 
bottom slab flare in Case 2L, has a significant effect on the 
bottom fiber stresses. 

The British-designed thermal gradient produced bottom-fiber 
tension stresses that were significantly low, as shown in Figure 
31. The reason is that the relatively small bottom portion of 
that gradient results in a larger effect on the bottom fiber stress. 

Case 5L—Columbla River Bridge 

Selection 

This bridge was included in the case studies because it differs 
from the precast, cantilever segmental bridges considered in 
Cases 3L and 4L in that the segments are cast-in-place. In this 
case, the segments can be easily spliced across the joints with 
mild, longitudinal reinforcement, thus elminating the epoxy 
joints between the superstructure segments. Another reason for 
selecting this bridge is the variation in structure depth caused 
by the haunches at the interior supports. This bridge was de-
signed according to the Washington State Criteria (see Appendix 
D) on thermal effects. For longitudinal thermal effects of box 
girders the criteria specify a temperature increase of 20°F in the 
top slab. The stresses caused by this increase in temperature are 
combined with dead load for a service loading. In addition, 
another service load condition resulting from one-half the tem-
perature gradient (i.e., 10°F) is combined with the dead load 
and full live load. 

Description 

This structure, shown schematically in Figure 32, is a five-
span, 1,870-ft-long bridge. The superstructure is a cast-in-place, 
post-tensIoned, prestressed concrete segmental box girder con-
structed by the cantilever method. The superstructure, which 
is continuous from abutment to abutment, has a depth-to-span 
ratio of 0.053. The 450-ft main spans are haunched at the sup-
ports. The interior supports consist of single columns con-
structed to be fixed against rotation at the bottom and either 
fixed against rotation or free to translate with respect to the 
superstructure at the top. The columns are supported on deep 
spread footings. The seat-type abutments have expansion bear-
ings to allow longitudinal movement and are founded on driven 
steel piles. 
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Figure 28. Case 3L—longitudinal variation of bottom fiber stresses along a girder centerline due to positive temperature gradients. 
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Results 

Figures 33 and 34 are plots of top and bottom fiber stresses, 
respectively, along a girder centerline. The Ontario code was 
not considered in this case because it was not apparent how this 
code should be applied to nonprismatic sections. The shape of 
the fiber stress plots varies significantly from the cases previously 
considered. It is evident that the effect of the haunch is to 
magnify the stresses at the midpoint of the span, where the span 
is least thick. The effect of the haunch on fiber stresses is similar 
to that of a very long, thick bottom slab flare. 

Instead of occurring at the supports, as in Cases 1 L through 
4L, the maximum stresses for this case occur at midspan. The 
tensile stresses in the bottom fibers are about twice the mag-
nitude of the previous four cases, as shown in Figure 34. 

Because of the magnitude of the tensile stresses in the bottom 
slab and their location coincident with maximum dead load and 
live load tensile stresses, it is evident that the design of a bridge 
of this type should provide for thermal gradient loadings. 

Shown in Figures 35 and 36 are plots of the variation in 
stresses with section depth for the three gradients considered 
for 9-ft and 24-ft deep sections respectively. 
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Figure 33. Case 5L—longitudinal variation in top fiber stresses along a girder centerline due to positive temperaiure gradients. 
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Figure 34. Case 5L—longitudinal variation in bottom fiber stresses along a girder centerline due to positive temperature gradients. 
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Figure 36. Case 5L —24-ft deep cross section - variation in girder cross-section stresses with depth due to positive temperature gradients 
(the - symbol indicates tension and the + symbol indicates compression). 

Case 6L—West Silver Eagle Road Bridge and 
Overhead (Falsework) 

Selection 

The falsework failure that occurred in New Zealand prompted 
the inclusion of this case study. Huizing, Blakely, and Ramsay 
(110) established that the thermal loading was a probable factor 
contributing to the falsework failure that occurred on a section 
of the Karangahape Ramp A Bridge in Auckland, New Zealand. 
It was concluded that the tendency for longitudinal thermal 
hogging resulted in the redistribution of loads in the falsework 
bents, critically increasing the reactions at the extreme sup-
porting bents. The coupling of this thermal effect with similar 
load redistributions resulting from the stage-prestressing process 
led to the eventual collapse of the falsework. 

Except for an added hinge in span 3, this bridge is identical 
to Case 2L. The effects of thermal gradient loads were analyzed 
during an assumed intermediate stage of construction, i.e., 
shortly after casting the concrete, while one of the frames is 
still being supported on falsework. 

This hypothetical example was selected to evaluate the re-
distribution of falsework loads caused by thermal gradient 
strains during construction and to determine if this redistribu-
tion might have a significant effect on falsework design. The 
effect of thermal gradients is similar to the effect of prestressing 
operations in that they result in a redistribution of falsework 
support reactions. 

Description 

This structure, shown schematically in Figure 37, is a six-
span, 745-ft long bridge. The superstructure, which has one 
intermediate expansion joint hinge, is a cast-in-place, post-ten- 

sioned, prestressed concrete box girder with a depth-to-span 
ratio of 0.037. The intermediate supports consist of five 2-col-
umn bents ranging in height from 25 to 35 ft. The columns are 
constructed to be pinned at the bottom and monolithic with the 
superstructure at the top. The seat-type abutments have expan-
sion bearings to allow longitudinal movement. The bridge is 
founded on cast-in drilled-hole concrete piles. 

Results 

The concrete bridge frame, which is assumed to be cured and 
supported on falsework, was analyzed to determine how it would 
be affected by the USA design temperature gradient. The false-
work reactions, particularly under the expansion joint hinge, 
were evaluated for overload. 

The analysis indicated that the only falsework posts signifi-
cantly affected by the thermal loads were those at the expansion 
joint hinge. Depending on the stiffness and redundancy of the 
remainder of the falsework, the reaction at these posts due to 
the assumed thermal gradient alone could exceed the reaction 
at these posts due to dead and live loads. Therefore, if not 
designed for thermal effects, the posts could be subjected to 
compression loads in excess of twice their safe capacity. A larger 
thermal load, such as the thermal gradient used in the New 
Zealand code, would produce a correspondingly greater over-
load. 

This hypothetical situation seldom occurs in actual bridge 
construction practice. Nevertheless, falsework failures are a ma-
jor problem, and it may be appropriate to incorporate provisions 
for thermal gradient loads into falsework design procedures. 
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Case 7L—East Connector Overcrossing 

Selection 

The East Connector Overcrossing was selected to evaluate 
the presence of internal expansion joint hinges which will sig-
nificantly change the thermal stresses in adjacent members. 

Description 

This bridge differs from the other cases studied because it 
contains two intermediate expansion joint hinges and because 
it is the only reinforced concrete bridge studied. Also, the abut-
ments can be assumed to be pinned instead of fixed at the base 
of the diaphragm. 

This structure, shown schematically in Figure 38, is an eleven-
span, 1,104-ft-long bridge. The superstructure, which has two 
intermediate expansion joint hinges, is a cast-in-place, reinforced 
concrete box girder with a depth-to-span ratio of 0.055. The 
intermediate supports consist of ten single-column bents that 
are constructed to be monolithic with the superstructure and 
fixed against relative rotation at the footing. The diaphragm-
type abutments are assumed to prevent longitudinal movement. 
The structure is founded on cast-in drilled-hole concrete piles. 

Figures 39 and 40 are plots of top and bottom fiber stresses, 
respectively, along a typical girder centerline. The shape of the 
fiber stress plots is greatly influenced by the presence of internal 
expansion joint hinges for a distance of about one span length 
on either side of the hinge. This is similar to the behavior 
observed at the abutments in the previous cases. 

This structure is somewhat different in that the abutments, 
rather than being on rollers, are designed to be pinned. This 
appears to have affected the fiber stresses less than expected. 
The main reason for this difference is the reversal in the direction 
of concentrated column moment at the bents adjacent to the 
abutments. 

The normal flexural cracking that can be expected to develop 
in a reinforced concrete structure such as this will decrease the 
effective moment of inertia of the superstructure and relieve the 
fiber stresses shown. 

Case 8L—MilIer Creek Bridge 

Selection 

This bridge is similar to Turkey Run Creek (Case 3L). It and 
several other bridges in the area developed severe cracking prob-
lems shortly after completion of construction. Thermal gradient 
effects are suspected as being one of the causes of this distress. 

Description 

This structure, shown schematically in Figure 41, is a three-
span 455-ft-long bridge. The superstructure is a cast-in-place, 
post-tensioned, prestressed concrete segmental box girder con-
structed by the cantilever method. The superstructure, which 
is continuous from abutment to abutment, has a depth-to-span 
ratio of 0.041. The interior supports consist of single-column 
bents on spread footings. The bottoms of the columns are fixed  

and the tops are pinned. The seat-type abutments have expansion 
bearings to allow relative longitudinal movement. 

Results 

The shape and magnitude of the fiber stress plots, shown in 
Figures 42 and 43, are similar to those of comparable structures 
previously analyzed, such as Turkey Run Creek and Kishwau-
kee River. However, the magnitude of the stress results produced 
by the New Zealand thermal loading was much less than the 
other structures because of the insulating effect of the relatively 
thick (2%-in.) asphalt overlay. 

This bridge is of special interest because the structure devel-
oped relatively severe cracking in the bottom flange and girder 
stems at approximately the /4 and % points of span 2, as shown 
in Figure 3, a short time after completion of construction. Ther-
mal gradient effects are thought to have been a significant con-
tributing factor to this distress. The crack widths, in fact, were 
observed to be opening and closing on a daily basis, generally 
correlating reasonably well with daily temperature fluctuations. 

This structure was constructed by the cast-in-place segmental 
balanced cantilever method. Prestress tendons are typically 
placed in the bottom slab within the center portion of the span 
to resist positive bending moments that can result because of 
creep after the cantilevered portions of the superstructure are 
tied together. In this bridge, these tendons terminated in the 
vicinity of the cracking. Several other similar bridges constructed 
nearby at about the same time have developed similar cracking 
patterns. 

A plot showing dead, prestress, and USA thermal load 
stresses, as calculated by Figg and Muller Engineers, Inc., of 
Tallahassee, Florida (131), is shown in Figure 44. This plot 
shows that tensile stresses occur in the bottom fiber at the same 
location where the cracks developed. 

Based on the details of construction and the characteristics 
of the observed cracking, the reasons for the cracking appear 
to be some combination of the following: 

Inelastic redistribution of stress (i.e., increase of positive 
moment due to creep) was greater than anticipated. 

Stress concentrations in the prestress anchorage zone. 
Thermal gradient stresses. 

Although the primary cause of the distress cannot be precisely 
determined, it appears that the inelastic redistribution of stress 
resulting in an increase of positive moment (reason 1 above) is 
probably the most important single factor. Local tension stresses 
caused by prestress anchorages and thermal gradient stresses, 
although significant, are probably of secondary importance. 

The cracking probably could have been avoided by extending 
the bottom slab prestress tendons, thus anchoring them much 
closer to bent 2 and bent 3, in zones of high bottom fiber 
compression. 

In summary, it appears that the thermal gradient stresses are 
not the basic cause of this cracking problem, but are, however, 
contributing to it. 
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Figure 38. Case 7L—East Connector Overcrossing superstructure and substructure details used for analysis. 
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Figure 43. Case 8L—longitudinal variation in bottom fiber stresses along a girder centerline due to positive temperature gradients. 
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Two thermal gradient loads, shown in Figure 45, were applied 
to the case studies presented in this section (see Table 6). One 
load is based on the provisions of the New Zealand code and 
the other on a 27°F linear temperature gradient imposed around 
the boundaries of the transverse section, as used in the illustra-
tion presented in the Precast Segmental Box Girder Bridge Man-
ual (15). The temperature gradient used in the New Zealand 
code is determined only on the basis of top slab heating due to 
solar radiation. The 27°F linear gradient, which assumes the 
exterior fibers warmer than the interior fibers, is determined on 
the basis of either the effect of direct solar radiation heat gain 
or a rapid increase in ambient temperature. The reverse case, 
which is based on the interior fibers being 27°F warmer than 
the exterior fibers, was not considered. 

Plots of fiber stresses at the interior and exterior transverse 
surfaces of both the slab and girder stem elements along the 
boundary of the transverse section are included in the case 
studies presented in this section. The plots show the influences 
of variations in slab and girder thickness on these fiber stresses. 
Because the two applied loads are based on temperature gra-
dients that are fairly diverse, there is little comparison between 
the resultant fiber stresses. 

The analysis assumes linearly elastic material and uncracked 
section properties. 

Case iT—Columbia River Bridge (9 Ft Depth) 

Selection 

This structure was included in the case studies because of the 
varying cross-sectional dimensions of the superstructure. The 9-
ft deep section at midspan that is considered in this case has 
slab and girder dimensions that are representative of most box 
girders being constructed. A temperature gradient of ± 15°F 
(8.3°C) was used for the design of this bridge (see Appendix 
D). 

Description 

This structure, which is the same structure studied in Case 
7L, was investigated for transverse temperature effects at the 
midspan cross section. This cross section, shown in Figure 46, 
has a transversely prestressed concrete deck slab with a depth-
to-span ratio of 0.056. The slab varies in thickness, as is typical 
for a single-cell box girder section of this type. The slab on this 
63-ft 3-in, wide superstructure spans nearly 30 ft between girders 
and cantilevers over 16 ft at the overhangs. The sloping girder 
stems are prestressed vertically and the variable thickness bot-
tom slab is conventionally reinforced. 

Designers frequently consider some type of thermal gradient 
load when designing an optimized cross section such as this. 

Results 

Figures 47 and 48 are plots of exterior and interior fiber 
stresses, respectively, in the slab and girder stem elements lo-
cated along the boundary of the transverse section. The shapes 

0 
o - 

0 
F- - 

-0 
0, 

— — 

z 
'C 01 

Q Q 
'0 

a 0 
a 

C C C 

I— 

x 

z 
00 

F- C-) 
'0 '0 

a a 

a 	a r' 	oa a 00 00 _13  

a 	- F- 

a . a 

( 
v_ cc  
.- .-.. 

a < 
0) 
a-o 
--- 

0) o 
-g-i 

C) 
C) 

a 
JD 

E 

	

- 

L)o L)o 

z 
I) 00 C) 00 C) 00 

C-) 
- 2o a 

a2 a2 
C)00 

2 to -- 

Z -- 

Q Q 

a 
00 



54 

"t 	r 
	

L 	90 

I 	 71 	1-6" 

L
l48h/4 	 fc = 5000 psi 

Figure 46. Case 1 T— Columbia River Bridge (9 ft depth) superstructure cross-section details used for analysis. 
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Figure 47. Case IT—Columbia River Bridge exterior fiber stresses (PSI) at the 9-ft depth section. 
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Figure 48. Case 1 T— Columbia River Bridge interior fiber stresses (PSI) at the 9-ft depth section. 

of the fiber stress plots are similar for both load cases. The 
maximum stresses occur at the thinnest sections of the top and 
bottom slabs (midspan), while the minimum stresses occur in 
the girder stems. The largest difference in the magnitude of 
stresses resulting from these two loadings occurs in the bottom 
slab. 

The cracking that will probably occur in the reinforced con-
crete bottom slab will substantially reduce the thermal stresses 
at this location. Smaller stress reductions due to this cracking 
will also result in the prestressed webs and top slab. 

Case 2T—Columbia River Bridge (24 Ft Depth) 

Selection 

This cross section of the Columbia River Bridge was also 
considered because of the rather massive slab and girder sections. 
Particular attention was given to the design of these sections 
because of the higher thermal stresses caused by the stiffer 
massive sections connected rigidly to the piers. 

Description 

This structure, which was investigated in Case IT for trans-
verse temperature effects at midspan, is investigated here for 
similar effects at the ends of the span. A cross section from one 
of the identical ends of the span, shown in Figure 49, has a 
transversely prestressed concrete deck slab identical in design 
to the slab at midspan. The sloping webs, which are 24 ft deep 
at the ends of the span, are prestressed in the direction of the 
slope. The bottom slab, which is 3 ft 6 in. deep to accommodate 
compressive stress, is conventionally reinforced. 

Results 

The effects of the two temperature gradients on the defor-
mations of this cross section are shown in Figures 50 and 51. 
Figure 50 shows the cross-section deformations caused by the 
temperature gradient used by New Zealand. The deformation 
caused by the 27°F linear temperature differential between ex-
terior and interior fibers is shown in Figure 51. In both cases 
the top slab deflects downward contrary to what would be 
expected from a positive temperature gradient. This phenome-
non can be explained by the overwhelming influence of the 
relatively stiff bottom slab. When curvatures are induced in the 
bottom slab due to temperature gradients, the top slab will 
deflect downward. Even though the positive temperature dif-
ferentials in the deck slab will tend to cause upward deflection, 
it is not sufficient to overcome the downward deflection induced 
by bottom slab curvatures. Therefore, there will be a net down-
ward deflection in the deck slab. 

Figures 52 and 53 are plots of exterior and interior fiber 
stresses, respectively, in the slab and girder stem elements lo-
cated along the boundary of the transverse section. The shapes 
of the fiber stress plots for the two load cases are different. The 
difference occurs mainly in the webs. The change in the web 
thickness near the top slab appears to have had a significant 
effect on the stresses produced by the 27°F temperature gradient. 

The top-slab stresses are similar in shape and magnitude to 
those found in Case IT, indicating that the top slab stresses are 
not greatly affected by the webs and bottom slab. 

The high web stresses resulting from the 27°F temperature 
gradient appear to be caused by the massive bottom slab. Any 
flexural cracking in the reinforced concrete bottom slab would 
greatly relieve these web stresses. 
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Figure 49. Case 2T— Columbia River Bridge (24-ft depth) superstructure cross-section details used for analysis. 
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Figure 50. Case 2T— Columbia River Bridge deformations at the 24-ft deep cross section due to the New Zealand temperature gradient. 
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Figure 51. Case 2T—Columbia River Bridge deformations at the 24-ft deep cross section due to a 27°F linear 
temperature gradient (PTI/PCI) in the members. 
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Figure 52. Case 2T—Colurnbia River Bridge exterior fiber stresses (PSI) at the 24-ft depth section. 
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Figure 53. Case 2T— Columbia River Bridge interior fiber stresses (PSI) at the 24-ft depth section. 

Case 3T—Hamilton Street Bridge 

Selection 

This structure was selected because it has a somewhat unusual 
cross section in that the girders are widely spaced. This super-
structure was designed for a transverse gradient of ± 15F 
(8.3°C) between the inside and outside surfaces of the box sec-
tion. Frequently designers do consider a thermal gradient load 
of some type when designing an optimized cross section such 
as this. 

Description 

This structure, shown schematically in Figure 54, is a ten-
span, 1,467-ft-long bridge. The cross section has a transversely 
prestressed concrete deck slab with a depth-to-span ratio of 
0.069. The slab varies in thickness over the girder webs and has  

spans measuring approximately 19 ft between girders. Both the 
vertical girder stems and the variable-thickness bottom slab are 
constructed of conventionally reinforced concrete. 

Results 

Figures 55 and 56 are plots of exterior and interior fiber 
stresses, respectively, in the slab and girder stem elements along 
the boundary of the transverse section. The shapes of the fiber 
stress plots for the two load cases are different, except for the 
top and bottom slabs at the interior cell. Although the fiber 
stress plots are linear at the constant-thickness webs, they show 
that the increase in the thickness of the slabs at the girders 
causes the stresses in the slabs to be moderately magnified. Any 
flexural cracking in the reinforced concrete webs and bottom 
slab would greatly relieve the fiber stresses shown. However, 
that cracking would probably not significantly affect the stresses 
in the prestressed top slab. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

Chapter Five described several case studies that were con-
ducted to investigate the effect of various assumed thermal gra-
dients on the longitudinal and transverse fiber stresses induced 
in various types of concrete bridge superstructures. Several con-
clusions concerning the nature of thermal effects on concrete 
bridges can be drawn from an assessment of the results of these 
case studies. 

These conclusions are as follows: 

Although fiber stresses induced in different bridges by any 
single thermal gradient may vary in magnitude, the stress pat-
terns are generally similar. 

Changes in cross section have a significant effect on the 
fiber stresses induced by thermal gradients. In the longitudinal 
direction, cross-section changes usually consist of haunched gir-
ders or flares in the bottom slab. Large variation in girder depth 
can increase fiber stresses significantly. In the transverse direc-
tion, large differences in the transverse stiffness of the cross-
section elements will also have a large effect. 

The calculated fiber stresses were very sensitive to the type 
of temperature gradient assumed. While some gradients pro-
duced similar extreme stresses, the differences in fiber stresses 
between the extreme fibers were significant. In most cases, this 
difference was sufficient to affect the requirements for longi-
tudinal reinforcement. This was the case even in the bridges 
with shorter span lengths. This could be a contributing factor 
in some cases where concrete cracking has been observed. 

In the transverse direction a temperature difference can 
result in transverse stresses significantly different from when 
such a temperature difference is ignored. These stresses can be 
realistically predicted by assuming a mean effective temperature 
in the top deck slab that is greater than the mean temperatures 
in the remainder of the cross section. 

Temperature gradients can have a significant effect on the 
redistribution of falsework loads. Falsework designers should 
be aware of this fact, especially in light of the falsework failure 
in New Zealand that is attributed to temperature effects. 

RECOMMENDED DESIGN APPROACH FOR 
THERMAL EFFECTS 

Based on the results from the case studies and a review of 
the design approaches used in other countries, it is apparent 
that U.S. bridge design requirements should be expanded to 
include the effects of a thermal gradient. Use of the current 

AASHTO procedures for considering longitudinal movement, 
although not based on precise temperature data, has resulted in 
very few temperature-related problems in concrete bridges even 
though thermal gradients are often ignored. This may be the 
case because the current AASHTO criteria for axial temperature 
effects are too conservative. Therefore, it would also be desirable 
to include a more accurate method for determlnlng seasonal 
variations in temperature and the effect of aggregate type and 
curing methods. The proposed design guidelines, included in 
Appendix A, were written in light of these observations. 

NEED FOR FUTURE RESEARCH 

Although research to date has determined the magnitude of 
temperature differentials in bridge superstructures, the effect of 
these differentials has not been clearly established. The stresses 
that would be theoretically developed in a bridge by the observed 
temperature gradients are inconsistent with the observed per-
formance of these bridges in many cases. There are only a few 
instances of distress caused by a thermal gradient in bridge 
superstructures. When distress does exist, it is often in con-
junction with other contributing factors, and therefore the rel-
ative importance of the thermal effect is not always clear. This 
fact has led to considerable skepticism among bridge engineers 
as to the accuracy of, and need for, elaborate thermal design 
procedures. This is a primary reason why a guide specification 
is recommended rather than a modification of the AASHTO 
design specifications. 

Field measurements of differential temperatures and thermal 
stresses through the sections of prestressed concrete box girder 
bridges clearly indicate significant differences that should be 
recognized and possibly addressed by the designers of such 
structures. Heretofore these effects have usually not been con-
sidered. The lack of problems is not necessarily indicative of 
adequate design procedures. 

It is possible that bridge structures may have some inherent 
strength not currently recognized or temperature-induced 
stresses may not be as high as theoretically predicted. Because 
most temperature effects result in serviceability problems that 
do not affect the structural strength of the bridge, more infor-
mation on the effect of thermal gradients is needed before de-
signers will be totally convinced of the need for elaborate design 
procedures. Even though very little temperature distress has 
been observed due to a temperature gradient, the increased use 
of optimum cross sections in long superstructures makes it im-
perative to develop accurate methods for considering temper-
ature differentials in the superstructure. Future research should 
be directed toward this goal. 
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APPENDIX A 

DESIGN GUIDELINES FOR THERMAL EFFECTS IN CONCRETE 
BRIDGE SUPERSTRUCTURES 

PURPOSE OF THE GUIDELINES 

These design guidelines include provisions for considering the 
effects of temperature on reinforced and prestressed concrete 
bridge superstructures. Temperature effects result from time-
dependent fluctuations in the effective bridge temperature or 
from temperature differentials within the bridge superstructure. 
All concrete bridges should be designed for temperature effects 
resulting from time-dependent fluctuations in the effective bridge 
temperature. Prestressed concrete bridges within a range of span 
lengths, and with cross sections for which a long-established 
history of satisfactory performance does not exist, should also 
be designed for the effects of temperature differentials within 
the bridge superstructure. 

EFFECTIVE BRIDGE TEMPERATURES 

All concrete bridges shall be designed to accommodate the 
stresses and movements resulting from a fluctuation in the ef-
fective bridge temperature. The values for the anticipated min-
imum and maximum effective bridge temperatures are 
dependent on the type of construction and on the minimum and 
maximum normal air temperatures at the bridge site. The min-
imum effective bridge temperature shall be obtained from Table 
A-i, while the maximum effective bridge temperature shall be 
obtained from Table A-2. Although this report is concerned 
with concrete bridges, results for effective bridge temperatures 
in composite and steel structures will be included. Unless more 
precise local meteorological data are available, the minimum 
normal air temperature shall be obtained from the map of iso-
therms included in Figure A- 1, and the maximum normal air 
temperature shall be obtained from the map of isotherms in-
cluded in Figure A-2. 

DIFFERENTIAL TEMPERATURES 

Provisions shall be made for stresses and movements resulting 
from differential temperatures within prestressed concrete 
bridge superstructures when a long-established history of sat-
isfactory performance for similar bridge superstructure does not 
exist. Both longitudinal and transverse stresses and movements 
resulting from the positive and negative vertical temperature 
gradients, described below, shall be considered. 

3.1 Positive Temperature Gradients 

Vertical temperature differentials within concrete superstruc-
tures that result from the solar heating of the deck surface shall 
be assumed to vary at different depths of concrete, as shown in 

Table A-I. Correlation between normal daily minimum temperature 
and minimum effective bridge temperature. 

Normal Daily 
Minimum 

Temperature  

Minimum Effective Bridge Temperature 
I 	 Type of Superstructure 

Concrete Composite Steel Only 

-30 -3 -12 -43 
-25 	' 0 -9 -36 
-20 3 -7 -30 
-15 5 -4 -24 
-10 8 -1 -17 
-5 11 2 -10 
0 13 4 -5 
5 15 9 0 
10 19 14 5 
15 22 17 11 
20 25 22 16 
25 29 26 22 
30 32 31 27 
35 35 36 33 
40 38 40 311 

Table A-2. Correlation between normal daily maximum temperature 
and maximum effective bridge temperature. 

Normal Daily 
Maximum 

Temperature  

Maximum Effective Bridge Temperature 
Type of Superstructure 

Concrete Composite Steel Only 

55 66 70 91 
60 69 74 94 
65 73 7•9 97 
70 77 83 101 
75 80 88 104 
80 84 93 107 
85 88 96 110 
90 92 99 112 
95 95 102 115 
100 98 104 116 
105 101 105 118 
110 105 107 120 

Figure A-3. This gradient is only applicable to superstructures 
with a depth greater than 2 ft. Actual temperatures shall be 
assumed to vary in accordance with the values specified in Table 
A-3 for the various solar radiation zones and thicknesses of 
black top surfacing on the bridge deck. 

When determining the temperature variations within box gir-
der bridges the values T2  and T3  shall be increased by 5°F. 
Maximum solar radiation zones are shown in Figure A-4. 
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Figure A-3. Positive vertical temperature gradient within super-
structure concrete. 

Table A-3. Temperature differentials within a concrete superstructure 
for a positive temperature gradient (see Fig. A-4 for zone map). 

Plain Concrete Surface 

Zone T1  (°F) T2 ( CF) T3 ( CF) 

1 54 14 5 

2 46 12 4 

3 41 11 4 

4 38 9 3 

2 in. Blacktop 

Zone T1 ( CF) T2 	( CF) T3 	( CF) 

1 43 14 4 

2 36 12 4 

3 33 11 3 

4 29 9 2 

4 in. Blacktop 

Zone T1 ( CF) T2 	(°F) T3 (CF) 

1 31 9 3 

2 25 10 3 

3 23 11 2 

4 22 11 2 

3.2 Negative Temperature Gradients 

Temperature differentials within concrete superstructures that 
result from a rapid cooling of exposed concrete surfaces shall 
be assumed to vary at different depths, as shown in Figure A-
5. This gradient is only applicable to superstructures with a 
depth greater than 2 ft. Temperatures shall be assumed to vary 
with the maximum solar radiation zone and the thickness of 
black top surfacing on the bridge deck, as specified in Table A-
4. 

4. COEFFICIENT OF THERMAL EXPANSION 

The coefficient of thermal expansion used to determine tem-
perature effects shall be based on the type of aggregate to be 
used, as specified in Table A-S. 
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Table A-4. Temperature differentials within a concrete superstructure 
for a negative temperature gradient (see Fig. A-4 for zone map). 

Plain Concrete Surface 

Zone T1 ( 5F) T2 (eF) T3 ('F) T4 (F) 

1 27 7 2 14 

2 23 6 2 10 

3 21 6 2 8 

4 19 5 2 6 

2 in. Blacktop 

Zone T1 (CF) T2 	('F) T3 ( °F) T4 (F) 

1 22 7 2 15 

2 18 6 2 11 

3 17 6 2 10 

4 15 5 1 8 

4 in. Blacktop 

Zone T1 ("F) T2 ("F) T3 ("F) T4 (F) 

1 16 5 1 12 

2 13 5 1 9 

3 12 6 1 8 

4 11 6 1 8 

Table A-5. Coefficient of thermal expansion based on aggregate type 
(thermal coefficient of concrete based on fine and coarse aggregates). 

AGGRFGATN TYPE 
ThERMALCOEFFICIENT 

OF CONCRETEC 
(0.000001 pet 	F) 

Quartz its 

Quartz 

7.1 

6.4 

Sandstone 6.5 

Gravel 6.9 

Granite 5.3 

Dolerite 5.3 

Basalt 5.0 

Marble 2.4-4.1 

Limestone 4.0 

*Based on fine and coarse aggregates 

5. ANALYSIS PROCEDURES 

An analysis of temperature effects shall be performed to de-
termine the stresses and movements expected to result from 
temperature-induced strains within specified elements of the 
bridge superstructure. The effects of structure continuity shall 
be included when analyzing both the effects of fluctuations in 
the effective bridge temperature and the effects of temperature 
differentials in the superstructure. Note, however, that for stan-
dard prestress concrete cross sections within a range of span 
lengths having a long-established history of satisfactory per-
formance, the designer has the option of waiving the detailed 
analysis of temperature differential effects. 

APPENDIX B 

COMMENTARY ON DESIGN GUIDELINES FOR THERMAL EFFECTS IN 
CONCRETE BRIDGE SUPERSTRUCTURES 

1. APPLICABILITY OF THE GUIDELINES 

All bridges are subjected to stresses and/or movements re-
sulting from temperature variation. Although time-dependent 
variations in the effective bridge temperature have caused prob- 

lems in both reinforced and prestressed concrete bridges, det-
rimental effects caused by temperature differentials within the 
superstructure have occurred, thus far, only in prestressed 
bridges. 

Except in extreme cases, concrete bridges will not suffer a 
sudden loss of strength as a result of temperature changes. The 
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primary detrimental effect from temperature variation is the 
formation of unacceptable cracks in the concrete that reduce 
the serviceability of the bridge. Strength loss may eventually 
result if these cracks contribute to accelerated deterioration. 
Safety could be affected if the deterioration were to escape 
detection, as might be the case if prestress strands concealed 
from inspection were to corrode. Because the total elimination 
of cracks in concrete bridges is not possible, these guidelines 
are designed to limit temperature-induced cracking to acceptable 
levels. 

Although these guidelines do not specifically address false-
work loads and temperature differentials resulting from the heat 
of hydration in thick members, they will be useful in determining 
those effects. Heat of hydration cooling can be an important 
cause of cracking, such as in the case of curing and/or cooling 
of the top deck slab which is cast on top of the previously 
constructed bottom slab and/or stems which provide restraint 
against movement. 

2. EFFECTIVE BRIDGE TEMPERATURES 

Fluctuations in effective bridge temperatures result in expan-
sion and contraction of the superstructure. These movements, 
in turn, induce stresses in supporting elements such as columns 
or piers, and result in horizontal movement of the expansion 
joints. The magnitude of these stresses and movements on a 
given bridge depends on the range of temperature variation and 
the temperature of the bridge at the time of construction. These 
guidelines establish the criteria for determining the minimum 
and maximum bridge temperatures that can reasonably be ex-
pected. For bridge designers to determine the amount of ex-
pansion and contraction that can be expected to occur on a 
given bridge to be built in a given location, they will need to 
assume an effective temperature at the time of construction. 

2.1 Bridge Temperature Response 

Emerson established a method for estimating minimum and 
maximum effective bridge temperatures based on the geograph-
ical distribution of minimum and maximum shade temperatures 
throughout the United Kingdom (19). The procedures estab-
lished by Emerson were subsequently incorporated into British 
Standard BS 5400. Because the range of minimum and maxi-
mum temperatures for the United States is larger than that 
reported for the United Kingdom, it was necessary to extrapolate 
some of the curves relating effective bridge temperatures to 
minimum and maximum shade temperatures. Minimum tem-
peratures for the United States range from - 30°F to 40°F, as 
compared to a minimum temperature range of - 11°F (- 24°C) 
to 23°F (- 5°C) for the United Kingdom. The extrapolated 
portions of the minimum temperature range presented by Emer-
son are shown in Figure B-i. Maximum temperatures for the 
United States range from approximately 55°F to 110°F, as com-
pared to a maximum temperature range of 75°F (24°C) to 100°F 
(3 8°C) for the United Kingdom. The extrapolated portions of 
the maximum temperature range are also shown in Figure B-
1. The values given in Tables B-1 and B-2 are based on these 
curves. Note that adjustments in the effective bridge temperature 
are not required for bridge surfacing.  

2.2 Minimum and Maximum Air Temperatures 

The isotherms used for the minimum and maximum air tem-
perature are taken from charts published in the "Climatic Atlas 
of the United States" (98). The minimum air temperatures were 
obtained from the normal daily minimum temperatures for the 
month of January, while the maximum air temperatures were 
obtained from the normal daily maximum temperatures for the 
month of July. These isotherms are based on average daily 
records for the 30-year period from 1931 through 1960. Al-
though data are available that list the extreme daily minimum 
and maxitnuin temperatures in the United States for a given 
period of time, there is no readily available published infor-
mation that lists the duration in days that these extreme tem-
peratures have occurred. Since bridges require 2 to 3 days to 
respond to a given minimum or maximum temperature, addi-
tional data on the actual duration are required. In the "Cli-
matography of the United States No. 84," minimum and 
maximum extremes for each day are averaged for the years 1941 
through 1970 (101). Maximum extreme temperatures occurring 
at 20 randomly selected stations were compared with the iso- 

Table B.1. Correlation between normal daily minimum temperature 
and minimum effective bridge temperature. 

Normal Daily 
Minimum 

Temperature  

Minimum Effective Bridge Temperature 
Type of Superstructure 

Concrete Composite Steel Only 
°F "F "F 

-30 -3 -12 -43 
-25 0 -9 -36 
-20 3 -7 -30 
-15 5 -4 -24 
-10 8 -1 -17 
-5 11 2 -10 

0 13 4 -5 
5 16 9 0 

10 19 14 5 
15 22 17 11 
20 25 22 16 
25 29 26 22 
30 32 31 27 
35 35 36 33 
40 38 40 38 

Table B-2. Correlation between normal daily maximum temperature 
and maximum effective bridge temperature. 

Normal Daily 
Maximum 

Temperature  

Maximum Effective Bridge Temperature 
Type of Superstructure 

Concrete Composite Steel Only 
"F 'F "F 

55 66 70 91 
60 69 74 94 
65 73 79 97 
70 77 83 101 
75 80 88 104 
80 84 93 107 
85 88 96 110 
90 92 99 112 
95 95 102 115 

100 98 104 116 
105 101 105 118 
110 105 107 120 
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therms for the normal daily maximums and found to agree 
within 6°F. Minimum extreme temperatures were also compared 
with the isotherms for the normal daily minimums and found 
to agree within 6°F. Initially, it was thought that the extremes 
on a day-to-day basis (averaged over the 30-year period from 
1941 through 1970) would be substantially different from those 
obtained from the isotherms. On the basis of this comparison, 
it may be concluded that the isotherms selected will yield fairly 

accurate approximations of the minimum and maximum ex-
tremes for the United States. Local meteorological data may be 
more applicable in mountainous areas, coastal areas, urban 
areas, and sheltered, low-lying areas where frost pockets may 
develop. It is recommended that local meteorological data rather 
than isotherms be used for unusually large or complex bridges 
located in regions where extreme temperature conditions are 
known to occur. 
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3. DIFFERENTIAL TEMPERATURES 

Variations in temperature at different depths of the super-
structure caused by solar radiation effects may result in signif-
icant temperature-induced fiber stresses. These stresses are 
induced in two ways. The first way occurs when bending mo-
ments are generated in continuous spans as a result of the 
differences between the deformations in the top and bottom 
fibers. These deformations will cause a deflection in the super-
structure; stresses result when this deflection is restrained by 
structure continuity. The second way in which stresses are in-
duced is when nonlinear temperature variations through the 
depths of the section cause initially plane sections of the su-
perstructure to become distorted. Because shallow superstruc-
tures have not been adversely affected in the past by temperature 
differentials, design thermal gradients were developed for su-
perstructures with depths greater than 2 ft. 

Most typical structures have not experienced difficulties be-
cause of temperature differentials. Recently, however, concrete 
bridge designs have become more sophisticated. As a result, 
span lengths have increased and designers have kept superstruc- 
ture weights at a minimum. This has resulted in a reduction of 
reserve strength for temperature-induced stresses, a reduction 
which has caused unacceptable cracking in some bridge super-
structures. Much of this unacceptable cracking could have been 
avoided had the designer accurately considered the effects of 
differential temperatures: 

Bridges can be protected from excessive temperature-induced 
stresses in several ways. One method is to resist the tensile force 
produced by the tensile stresses by providing a sufficient quantity 
of mild reinforcement in the zone of tension. Stresses in rein-
forcement should be limited to 0.6 f, for crack control. Extra 
prestressing steel may also be used. However, it is recommended 
that the designer not rely on the tensile strength of concrete. 

3.1 Positive Temperature Gradients 

Positive temperature gradients occur when solar radiation, 
large diurnal temperature variations, and/or low wind speed 
conditions produce a higher temperature in the bridge deck. 
Each of these individual weather conditions varies throughout 
the United States, and they can combine to produce extreme 
positive temperature distributions in concrete bridge superstruc-
tures in some locations. Experimental data from 26 SOLMET 
stations in the United States were used to compute the maximum 
temperature differences of a 2-m (6.56-ft) deep concrete bridge 
structure (73). In order to obtain solar radiation zones in the 
United States these temperature differences were superimposed 
on solar radiation contours for the month of July (99). The 
maximum solar radiation zones for an unsurfaced deck, a 50-
mm (2-in.) blacktop deck, and a 100-mm (4-in.) blacktop deck 
are shown in Figures B-2, B-3, and B-4, respectively. The United 
States has been divided into four climatic zones (see Fig. B-5), 
each reflecting the maximum expected positive temperature gra-
dients expected for its geographical area. The temperature var-
iations in these four categories, as shown, shall be assumed to 
occur throughout the deck and girder members. The positive 
temperature gradient was based on studies done in Illinois (73). 
A simplification of the New Zealand fifth order temperature 
distribution was shown to be a good approximation by using 
straight-line segments from lower bound and upper bound tem- 

perature differences at the SOLMET stations in Brownsville, 
Texas, and Phoenix, Arizona, respectively. Basically the gra-
dient was composed of three linear curves at the top portion of 
the deck. In order to obtain temperature differences in the 
United States average maximum temperature differences were 
computed over each solar radiation zone to obtain T1 . Tem-
perature differences for Zone 4 were obtained by extrapolation. 

Because of the effect of the enclosed air cavity in concrete 
box girder bridges, the temperature in the deck above the cavity 
will be slightly different than in an exposed deck. Measurements 
made by researchers at the University of Illinois have shown 
that box girder deck temperatures above the girder stems do 
not vary significantly from those in the deck above the cell (73). 
Modifications to the design temperature gradients for box gir-
ders are required to account for this phenomenon. Although 
the temperatures in the cantilevered deck overhang and the 
center of the girder stems are not likely to be significantly altered 
by the presence of the enclosed air cavity, a uniform temperature 
gradient may be applied to the entire cross section of a box 
girder bridge for the sake of simplicity. This practice will lead 
to thermal stress distributions very similar to those obtained if 
unadjusted thermal gradients were used in the overhangs and 
the webs. 

3.2 Negative Temperature Gradients 

Negative temperature gradients may occur when a bridge 
superstructure that had obtained a high temperature during the 
day experiences a reduction in temperature caused by a cool 
night. For convenience, the design negative temperature gradient 
in these recommendations is related to the temperatures and 
distances used for the design positive gradient. The shape of the 
negative gradient is based on the negative gradient proposed in 
British Standard BS 5400. 

COEFFICIENT OF THERMAL EXPANSION 

Several researchers have investigated the effect of aggregate 
type on the coefficient of thermal expansion for concrete. The 
values given in Table B-3 are averages of values reported in the 
literature. 

ANALYSIS PROCEDURES 

Several techniques exist for determining the effects of tem-
perature-induced strains on a bridge structure. The following 
assumptions are made when performing thermal stress analyses 
using the one-dimensional beam theory. 

The material is homogeneous and exhibits isotropic be-
havior. 

Material properties are independent of temperature. 
The material has linear stress-strain and temperature-strain 

relations. Thus, thermal stresses can be considered indepen-
dently of stresses or strains imposed by other loading conditions, 
and the principle of superposition holds. 

The Navier-Bernoulli hypothesis that initially plane sec-
tions remain plane after bending is valid. 

The temperature varies only with depth, but is constant 
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at all points of equal depth (except those points over an enclosed 
cell). 

6. Longitudinal and transverse thermal responses of the 
bridge superstructure can be considered independently and the 
results superimposed; i.e., the longitudinal and transverse ther-
mal stress fields are assumed to be uncoupled. 

This final assumption simplifies the analysis, particularly for 
such complex section geometries as box girders. Because of this 
assumed uncoupling of the responses, the theory and analysis 
techniques for longitudinal and transverse thermal stresses are 
generally treated separately. 

Perhaps the most troublesome analysis most designers are 
likely to encounter is the analysis of the effects of temperature 
differentials on the longitudinal fiber stresses induced in pre-
stressed bridge superstructures. This analysis is typically ac-
complished by first assuming that the free ends of the bridge 
superstructure are restrained from both translation and rotation. 
Thermal stresses will be induced throughout the depth of the 
cross section according to the following equation: 

o-  (Y) = EcT(Y) 

where o-  (Y) = longitudinal stress at a fiber located a distance 
Y from the center of gravity of the cross section; E = elastic 
modulus; c = coefficient of thermal expansion; and T( Y) = 
temperature at a depth Y 

These stresses will result in axial forces and bending moments 
at the restrained ends of the superstructure. The response of an 
unrestrained bridge structure to a given temperature gradient 
may be obtained by superimposing on the stresses and defor-
mations in the restrained bridge the stresses and deformations  
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resulting from equal and opposite axial forces and bending mo-
ments applied at the free ends of the bridge. In some computer 
programs, this can be done by applying equivalent prestress 
forces to simulate the stresses induced at the restrained end of 
the bridge. 

Table B-3. Coefficients of thermal expansion based on aggregate base 
(thermal coefficient of concrete based on fine and coarse aggregates). 

AGGREGATE TYPE 
THERMAL COEFFICIENT 

OF CONCRETE* 
(0.000001 per 	F) 

Quartzite 7.1 

Quartz 6.4 

Sandstone 6.5 

Gravel 6.9 

Granite 5.3 

Dolerite 5.3 

Basalt 5.0 

Marble 2.4-4.1 

Limestone 4.0 

*Based on fine and coarse aggregates 

APPENDIX C 

WORKED EXAMPLE PROBLEMS 

EXAMPLE 1 

Problem 

A three-span pedestrian overcrossing, which is shown in Fig-
ure C-1, has been built in Albuquerque, New Mexico. The 
effective bridge temperature at which the bridge was restrained 
was approximated at 57F. The deck surface is plain. Determine 
the expansion up to the maximum effective bridge temperature, 
the contraction down to the minimum effective bridge temper-
ature, and the longitudinal stress distribution through the su-
perstructure due to the temperature gradients. 

Solution 

Determine the expansion up to the maximum effective bridge 
temperature. 

Step 1: Determine the normal daily maximum temperature 
at the given location from Figure C-2. 

Maximum Temperature = 90°F 

Step 2: Determine the maximum effective bridge temper-
ature from Table C- 1. 
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Table C-i. Correlation between normal daily maximum temperature 
and maximum effective bridge temperature. 

Normal Daily 
Maximum 

Temperature  

Maximum Effective Bridge Temperature 
Type of Superstructure 

Concrete Composite Steel Only 
at. 

55 66 70 91 
60 69 74 94 
65 73 79 97 
70 77 83 101 
75 80 88 104 
80 84 93 107 
85 88 96 110 
0 92 99 117 
95 95 102 115 
100 98 104 116 
105 101 105 118 
110 105 107 120 
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SUPERSTRUCTURE AND COLUMN CROSS SECTION 

Figure C-i. Elevation and superstructure cross section of Ex-
ample 1. 

Maximum Effective Bridge Temperature = 91.8°F 

(c) Step 3: Calculate the expansion up to the maximum effec- 
tive bridge temperature. 

Expansion = Lai T 
= (250 ft)(6.0 x 10_6  ft/ft/°F)(92°F - 57.0°F) 
= 0.0525 ft = 0.0630 in. 

2. Determine the contraction down to the minimum effective 
bridge temperature.- 

(a) 

emperature:

(a) Step 1: Determine the normal daily minimum temperature 
at the given location from Figure C-3. 

Minimum Temperature = 25°F 

Step 2: Determine the minimum effective bridge tempera- 
ture from Table C-2. 

Minimum Effective Bridge Temperature = 29°F 

Step 3: Calculate the contraction down to the minimum 
effective bridge temperature. 

Contraction = La4 T 
= (250 ft)(6.0 x 10 6  ft/ft/°F)(29°F - 57.0°F) 
= —0.0420 ft = —0.504 in. 

3. Determine the longitudinal stress distribution through the su-
perstructure due to the temperature gradients: 

(a) Positive Gradient Stress Distribution 
Step 1: Determine the maximum solar radiation zone at 
the bridge site from Figure C-4. 

Albuquerque, NM: Zone 1 (Plain concrete) 

Step 2: Determine the temperature gradient from Figure 
C-S. The temperature distribution is shown in Figure C-
6. Note that 5°F has been added to T2  and T3  for the 
box girder section. 
Step 3: Determine the thermally induced stresses assum-
ing a totally restrained structure. In general, the ther-
mally induced stresses are computed using Eq. 2 in 
Chapter Three: 

cr1 (Y) = EaT(Y) 

= (0.7 x 106  ksf)(6.0 X 10_6  ft/ft/°F) T (Y) 

= 4.20 T(Y) 

The thermally induced stress distribution is shown in 
Figure C-7. 
Step 4: Determine the restraining axial stress. Using Eq. 
3 in Chapter Three gives: 
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P=JEaT(Y)b(Y)dY=Jcr1(Y)b(Y)dY 

= 

f
-46

1,96 

[-31.84 (Y + 1.80)] (12') dY 
2. 

1.80 + 	[-31.84(Y+ 1.80)] (2') dY f 1.96 

r 

55 
+ 
	

[18.35 (Y + 1.74)] (2') dY 
-1.74 

J[+ 

f
087

+ [57.29 (Y -0.55) + 42.00] (2') dY 
55 

57.29 (Y - 0.55) + 42.00] (20') dY 
0.87 

+ 
f 1,14 

[445.45 (Y - 1.21) + 79.80] (20') dY 
2! 

= 78.33 + 0.82 + 96.23 + 32.75 + 476.49 
+ 1011.80 

= 1696.41 k 

The restraining axial stress is found using Eq. 4 in Chap-
ter Three. Noting that the cross-sectional area of the 
member is given by 

4 = f b (Y)dY= 25.1 ft2 

where 

P 	1696.41 k 
o (Y)

25.1 ft2 	
67.6 ksf = 469,3 psi 

Step 5: Determine the restraining bending stress. The 
restraining end moment is evaluated from Eq. 5 in Chap-
ter Three: 

M = f~E, T(Y) b(Y) YdY = f o-,Q') b(Y) YdY 
1.96 f 

[-31.84 (Y + 1.80)] (12') YdY 
2.46 

+ 
 J

[-31.84 (Y + 1.80)] (2') YdY 
-1.96 

p.055 

± 
 J

[18.35 (Y + 1.74)] (2') YdY 
-1.74 

+ 
 .1

[57.29 (Y - 0.55) + 21.00] (2') YdY 
.55 
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+ 	[57.29 (Y - 0.55) + 42.00] (20') YdY 
f.87 

Table C-2. Correlation between normal daily minimum temperature 
and minimum effective bridge temperature. 

Normal Daily 
Minimum 

Temperature  

Minimum Effective Bridge Temperature 
Type of Superatructure 

Concrete Compoalte Steel Only 
"F 

-30 -3 -12 -43 
-25 0 -9 -36 
-20 3 -7 -30 
-15 5 -4 -24 
-10 8 -1 -17 
-5 11 2 -10 
0 13 4 -5 
5 16 9 0 
10 19 14 5 
15 22 17 11 
20 25 22 16 
25 29 26 22 
30 32 31 27 
35 35 36 33 
40 38 40 38 

+ 
f l.54 

[445.45 (Y -1.21) + 79.80] (20') YdY 
21 

= 
- 177.08 -1.55 - 20.53 + 23.56 + 499.30 
+ 1417.91 

= 1741.61 k-ft 

The bending moments in the superstructure are found 
by applying the end restraining moments and axial forces 
to the abutments and performing a structural analysis. 
Only moments and axial forces at the ends of the su-
perstructure are needed to restrain a prismatic super-
structure (i.e., constant cross section along the length). 
The moments and axial forces obtained from a structural 
analysis are hown in Figure C-8. 

The bending stresses due to the restraining moment 
are obtained from Eq. 5. Noting that the moment of 
inertia for the cross section is given by 

I 	f b(Y) YdY = 55.1 ft4 

which gives 

(Y) MY 

1742 k-ft r Abut 1: ,(fl"= 	Y = 31.6 Yksf 
55.1 ft4 

= 219.5 Ypsi 

Bent 2: cr,(Y) = 
98 k-ft 
 Y = 1.8 Yksf 

55.1 ft4 

= 12.4 Ypsi 

.674 k-ft 
= 55.1 ft4 

Y = 12.2 Yksf 

84.9 Ypsi 

Step 6: Determine the self-equilibrating stresses. The 
self-equilibrating stresses are obtained by adding the neg-
ative of the restraining axial and bending stresses to the 
thermally induced stresses determined assuming a fully 
restraining structure, as shown in Figure C-9. 
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Figure C-4. Maximum solar radiation zones for the United States. 



(b) Negative Gradient Stress Distribution 
Step 1: Determine the solar radiation zone at the bridge 0.33 ft 
site from Figure C-4. 2 

O.66ft / 
Albuquerque, NM: Zone 1 (Plain concrete) d 	___ / fT3  

Step 2: Determine the temperature gradient from Figure 
C-iO. The temperature distribution is shown in Figure D3 

C-li. d 	cJ 
Step 3: Determine the thermally induced stresses assum- 
ing a totally restrained structure. The thermally induced 
stresses are computed identically to those of the positive 
gradient: 

o,(Y) = 4.20 T(Y) 
0.66 ft 

This stress distribution is shown in Figure C-12. 	 5°F 

Steps 4 through 6 are identical to those presented in the 	NOT TO SCALE 

positive gradient section. 	 (Note: For Superstructure depths 
greater than 2 feet) 
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Figures C-13 and C-14 show the top fiber stress and bottom 
fiber stress along the superstructure. These results are compared 
to another method which applied fictitious prestress forces to 
simulate the stresses induced at the restrained end of the bridge. 
The two methods give close comparison. This method of ap-
plying fictitious prestress forces will be presented in Example 
2. 

Plain Concrete Surface 

T1 (CF) 	T2  (c.F) 	T3 (<r) 

54 	14 	5 
46 	12 	4 
41 	11 	4 
38 	9 	3 

2 in. Blacktop 

EXAMPLE 2 

Problem 

The West Silver Eagle Bridge, which was analyzed in Chapter 
Five, will be used for this example, This structure, shown in 
Figure C-15, is a six-span 745-ft long bridge. The bridge is 
located in Zone 1 and assumed to have a plain concrete surface. 
Young's modulus is 3,350 ksi and the coefficient of thermal 
expansion is 6.0 >< 10_6  in./in./°F. Determine the amount of 
reinforcement needed to resist the thermal stresses. The method 
used to calculate the self-equilibrating stresses was the equivalent 
prestress method. 

Solution 

1. Positive Gradient Stress Distribution 
Step 1: Determine the temperature gradient from Chapter 
Three. The temperature distribution is shown in Figure 
C- 16. 
Step 2: Determine the thermally induced stresses assuming 
a totally restrained structure. The thermally induced stresses 
are computed using Eq. 2. 

T1 (°F) 	T2 (°F) 	T3 (CF) 

43 	14 	4 
36 	12 	4 
33 	11 	3 
29 	9 	2 

4 in. Blacktop 

T1 (°F) 	T2 ('F) 	T3 (F) 

31 	9 	 3 
25 	10 	3 
23 	11 	2 
22 	11 	2 

Figure C-S. Positive temperature gradient for a concrete bridge 
superstructure. 
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T1 
	 Plain Concrete Surface 

0.33ft 	I 	I 

0.66ff 
T3 

I 

03 

/03 7 
T3 / 
/ 	

066ff 0 
T2/ 

/ 	0.33ft 
T4 	

I 
/ _____ 

NOT TO SCALE 

Note: For Superstructure depths 
greoter than 2 feet 

T1 (°F) T2 	('F) T3 	('F) T4 ("F) 

27 7 2 14 
23 6 2 10 
21 6 2 8 
19 5 2 6 

2 in. Blacktop 

T1 ("F) T2 (rF)  T3 (cF)  T4 (r.F) 

22 7 2 15 
18 6 2 11 
17 6 2 10 
15 5 1 8 

4 in. Blacktop 

T1 ("F) T2 (F) T3 (F) T4 ('F) 

16 5 1 12 
13 5 1 9 
12 6 1 8 
11 6 1 8 

Figure C-lU. Negative temperature gradient for a concrete bridge superstructure. 
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Figure C-13. Top fiber stress. 
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POSITIVE TEMPERATURE GRADIENT 

METHOD I 	(Relaxation) 	-  

METHOD 2 (Equivalent Prestressing) 

CL  
NEGATIVE TEMPERATURE GRADIENT 

METHOD 	I (Relaxation) 

2 600 METHOD 2 (Equivalent Prestressing) ----- 

Ui 	400 
Cr 

2OO\ 

Abut I Bent 2 	 Bent 3 

EErST/ 
BOTTOM FIBER STRESS 

Figure C-14. Bottom fiber stress. 

Abut 4 

ojY) = EaT(Y) 

= (3350 ksi) (6.0 x 10_6  in. / in. /°F) T(Y) 

= 0.02010 T(Y) 

Table C-3 gives the thermally induced stresses for the rel-
evant temperatures shown in Figure C-16. 
Step 3: Determine the equivalent prestress forces. The 
equivalent prestress forces, Pf, are shown schematically in 
Figure C-17 and the P-jack forces, P. which were used in 
a plane frame prestress program, are given in Table C-4. 
Step 4: Apply the equivalent prestress forces to the super-
structure and calculate the self-equilibrating stresses by add-
ing the negative of the results from the equivalent prestress 
method to the thermally induced stresses assuming a fully 
restrained structure. Table C-S gives the self-equilibrating 
stresses at selected points along the superstructure. For il-
lustrative purposes a selected self-equilibrating stress dis-
tribution at 0.9 point of span 1 is shown in Figure C-18. 

2. Negative Gradient Stress Distribution 
Step 1: Determine the temperature gradient from Chapter 
Three. The temperature distribution is shown in Figure C-
19. 
Step 2: Determine the thermally induced stresses assuming 
a totally restrained surface. The thermally induced stresses 
are computed using Eq. 2: 

o,(Y) = EaT(Y) 

= (3350 ksi) (6.0 x 10-6  in./in./°F) T(Y) 

= 0.02010 T(Y) 

Table C-6 gives the thermally induced stresses for the rel-
evant temperatures shown in Figure C-19. 
Step 3: Determine the equivalent prestress forces. The 
equivalent prestress forces, F, are shown schematically in 
Figure C-20 and the P-jack forces, which were used in a 
plane frame prestress program, are given in Table C-7. 
Step 4: Apply the equivalent prestress forces to the super-
structure and calculate the self-equilibrating stresses by add-
ing the negative of the results from the equivalent prestress 
method to the thermally induced stresses assuming a fully 
restrained structure. Table C-8 gives the self-equilibrating 
stresses at selected points along the superstructure. 
Step 5: Evaluate the amount of reinforcement required. 

Top Fiber Stresses 
The top fiber stresses along the superstructure are shown 
in Figure C-21. The point of control, which is found by 
inspection, is at 0.0 point of span 4. The final stress 
distribution at this location (shown in Figure C-22) is 
determined by adding the temperature effects to the dead, 
prestress, and live load effects. The amount of reinforce-
ment is calculated as follows: 

+ 0.190' 	/0.190 + 
0.043)1 ksi T=( °719 

2 	
)+( 	

2 

X 0.33' X 52' x 144 in.2 /ft 2  

= 1.411 kips 

1411k 
A= 	=39.2in.2 	 / 

36 ksi 

Existing Reinforcement (for M) = 0.00 in. 
Existing Long. Reinforcement = # 5  (total 39) + #4 

(total 63) 
= 24.7 in 2. 

Need 14.5 in.2  more reinforcement. 
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I • 289.81 f1 4  

FLARED SECTION 	b • 2.62 ft 
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SUPERSTRUCTURE a COLUMN SECTION 

Figure C-15. Case 2L— West Silver Eagle Bridge and overhead superstructure and substructure details used for analysis. 
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Bottom Fiber Stresses 
The bottom fiber stresses along the superstructure are 
shown in Figure C-23. The point of control is from the 
positive gradient curve at 0.5 point of span 4. The final 
stress distribution at this location (shown in Figure 
C-24) is determined by adding the temperature effects 
to the dead, prestress, and live load effects. The amount 
of reinforcement is calculated as follows: 

T 
= [

0.267 + 022 

	

2 	
ksi X 0.49' x 41.8' 

X 144 in.2 /ft 2  

= 718 kips 

718 
k = 19.9 in.' A, 	

36 k/in.2  

Existing Reinforcement = # 5  (total 28) = 8.7 in .2 

Need 11.2 in.' more reinforcement. 

2.30' 

Figure C-16. Temperature distribution for a positive temperature 
gradient. 

5 
0.33 

I 
0,33 

0.33 

2.30 

Table C-3. Thermally induced stresses for the positive gradient. 

T(F) 	CY t(psi) 

54 1085 
19 382 
10 201 

5 101 

Table C-4. P-Jack used in the prestress program. 

Average 
Stress 	 Area 	 Pf 	 Pj 

Path 	(psi) 	 (in2 ) 	 (k) 	 (I) 

1 	 352 2,471 870 879 
2 	 382 2,471 944 954 
3 	 45 2,471 111 112 
4 	 292 2,471 722 729 
5 	 45 285 13 14 
6 	 201 285' 57 58 
7 	 100 1,987 199 201 
8 	 13 147 2 2 
9 	 26 2,936 76 77 

10 	 38 2,936 112 113 

1085 psi 

ioi Psi 

Figure C-i Z Equivalent prestress forces. 
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Figure C-18. Self-equilibrating stresses at 0. 9. point of span 1. 

890 ___________  

96 

Table C-5. Self-equilibrating stresses. 

WP FIBER __________ __________ BarI*1 FIBER  

I I 	 I Self- I I 	 I Self- 

I 	Fully I Negative I 	Axial 	I Equil. I 	Fully I 	Negative I 	Axial Equil. 

I Restrained I Prestress Correction I Stresses I Restrained I 	Prestress I Correction Stresses 

InI Point I 	(psi) I 	(psi) (psi) 	I (psi) I 	(psi) I 	(psi) I 	(psi) (psi) 
0.0 1 	1085 -487 0 598 1 	101 1 	54 1 	0 	I 155 

I 	1 1 	0.9 1 	1085 -195 0 890 1 	101 1 	-336 1 	0 -235 
1.0 1 	1085 -172 - 1 	0 	1 913 1 	101 1 	-290 1 	0 	1 -189 - 
0.0 1085 I 	-232 4 857 1 	101 -224 4 -119 

2 0.1 1085 I 	-227 4 862 I 	101 -293 4 -188 
0.9 1085 -254 4 	I 835 I 	101 -258 4 -153 
1.0 1085 1 	-265 1 	4 	1 824 1 	101 1 	-189 .1 	4 	I. - 84 
0.0 1085 -272 1 	4 	I 817 I 	101 -181 I 	4 	1 - 76 

3 0.1 1085 -263 1 	4 	1 826 1 	101 -246 4 	I -141 
0.9 1085 -249 1 	4 	1 840 1 	101 -266 4 	I -161 

- 1.0 1 	1085 1 	-254 14 	1 -  835 1 	101 -201 1 	4 - 96 
0.0 I 	1085 1 	-250 1 	4 	1 839 1 	101 -206 1 	4 -101 

4 0.1 1 	1085 -245 1 	4 844 1 	101 -270 4 -165 
0.9 1 	1085 -269 1 	4 820 1 	101 -238 4 -133 

1&J 1085 1 	-279_ 1 	4 	1 810 1 	101 1 	-173 1 	4 -68 
0.0 I 	1085 1 	-258 3 	1 830 101 -196 3 - 92 

5 1 	0.1 1 	1085 1 	-248 3 	1 840 101 -266 3 -162 
0.9 I 	1085 1 	-225 3 	1 863 101 -295 3 -191 
1.0 1 	1085 1 	-231 3 	1 857 1 	101 1 	-225 1 	3 	1 -121 

0.0 1 	1085 -178 1 	0 	1 907 101 -284 I 	0 	1 -183 
I 	6 1 	0.1 1 	1085 -200 1 	0 	1 885 101 -330 I 	0 	1 -229 
I_ 1 	10 1 	1085 1 	-487 1 	0 	1 598 1 	101 1 	54 0 	1 155 

Figure C-19. Temperature distribution for a negative tempera-
ture gradient. 

Table C-6. Thermally induced stresses for the positive gradient. 

T(cF) 	 Y(psi) 

27 —543 
7 —141 
2 —40 

14 —289 



Table C-7. P-Jack forces used in the prestress program. 

7O Average 

) L ox 
Path 

Stress 
(psi) 

Area 
(in2) 

Pf 
(k) 

P 
() 

1 201 2,471 497 502 
2 141 2,471 348 352 
3 25 2,471 62 63 

10 4 91 2,471 225 227 
5 25 285 7 7 
6 40 285 11 11 
7 20 1.089 22 22 

- 8 20 1,089 22 22 
O 9 40 432 17 17 

10 38 432 16 16 
11 115 963 111 112 
12 13 963 13 13 
13 141 1,986 280 283 
14 74 1,986 147 148 

5 3. Pc l 

a 

97 

63 

-Jsfl __J4 	8flOn) 

P~ P 	P, 
2S 

Figure C-20. Equivalent prestress forces. 

Table C-8. Self-equilibrating stresses. 

TOP 	FIBLII  BOTTO/ 	FIDER  

Sell - Sel'- 
Fully Pegative Axial Equll. FulLy Negative Axial Equil. 

Restrained 
(psi) 

Prestress 
(psi) 

Correction 
(psi) 

Stresses 
(psi) 

Restrained 
(nss) 

PrestresS 
(nsi) 

Correction 
(psi) 

Si-esse 
(ps:) Spitnt Point 

1 0.0 -543 190 0 -353 -239 111 0 -178 
1 0.9 -543 137 0 -406 -289 192 0 -137 
1 1.0 -543 137 0 -406 -289 144 . 	0 -145 
2 0.0 -5.3 166 -2 -379 -289 112 . 	-2 -170 
2 0.1 -543 160 -2 -385 -289 152 -2 -133 
2 0.9 -543 151 -2 -304 -280 164 -2 -127 
2 1,0 -543 155 -2 -390 -290 1 24 -2 -167 

0.0 -543 161 -2 -384 -289 - 17 -2 774 
3 I 	0.1 -543 156 -2 -380 -289 157 -2 -134 
3 0.9 -543 154 -2 -391 -289 169 -2 -131 
3 1.0 -543 159 -2 -386 -289 I 	120 -2 -171 
4 0.0 -543 157 -2 -358 -280 - 22 -2 -159 
4 0.1 -543 153 -2 -392 -289 162 -2 -129 
4 0.9 -543 160 -2 -385 -289 153 -2 -138 
4 1.0 -543 165 -2 -380 -289 113 -2 -173 

0.0 -543 152 -1 -302 -289 	128 
-1 

-162 
5 0.1 -543 148 -1 -306 -299 	168 -1 -122 
5 0.9 -543 159 -1 -385 -289 	153 -1 -137 
5 1.0 -543 165 -1 -370 -289 	113 -1 -177 

0.0 -543 130 0 -404 -289 	141 0 -118 
6 0.1 -543 149 0 -403 -289 	. 	 179 0 -110 
6 1 	1.0 -543 190 0 -353 -289 	111 0 -17S 
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Figure C-21. Top fiber stresses for Example 2. 
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Figure C-22. Final stress distribution. 

(I) 

300  
POSITIVE TEMPERATURE GRADIENT 

z 
0 

	

200 	 NEGATIVE TEMPERATURE GRADIENT - - — 
(I) 
uJ 

100 
0 

AbFtI 	Bent 2 	Bent 3  	_

-IOO 

-2OO 

-300f 
I.- 

BOTTOM FIBER STRESS 

Figure C-23. Bottom fiber stresses for Example 2. 
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Figure C-24. Final stress distribution. 

APPENDIX D AND APPENDIX E 

Appendix D, "Summary of Bridge Design Codes of Different 
Countries," and Appendix E, "Alternative Analysis Procedures 
for Calculating Thermally Induced Longitudinal Stresses," are 
not published herewith but are contained in the agency final 
report as submitted to the sponsors, and are available on a loan 
basis on request to the Director, Cooperative Research Pro-
grams. 
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