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ABSTRACT

In their standard practice for the design of bridges for thermal

effects, the AASHTO Specifications call for expansion devices to be

taken into consideration in design. In recent years, the Tennessee

Department of Transportation has taken the lead in the omission or

reduction in the number of expansion joints in designing bridges for

temperature effects. This reduction in expansion devices decreases the

maintenance and construction costs as well as improves the riding

quality. The bridge which is the subject of this investigation is

2700 feet long and has no expansion joints except at the abutments.

Strains and movements will be induced due to the continuity and

restraint of the structure.

An understanding of bridge behavior due to thermal effects is

needed for the designer. Most of the existing codes have no direct

provisions which guide the designer on how to calculate the thermally

induced stresses and movements.

The purposes of this dissertation are manifold. Its primary

purpose was to develop and present a theoretical method for calculating

thermal stresses and movements in continuous bridge structures. Another

objective of this research was to collect and analyze experimental data

obtained from strain gages and thermocouples that have been placed in

the piers and deck. A third purpose was to compare the field data

obtained with those predicted from theory.

The nonlinear distribution of temperature throughout the depth

of superstructure, which was obtained from measurements, was divided

i i i
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into two parts: a linear temperature distribution which causes

deformation and another part which is nonlinear and results in self-

equilibrating stresses which do not cause any deformation of the

structure.

From the comparisons made between the data obtained from field

measurement and the method presented in this research, a good agreement

was achieved for stresses and movements.

It was also shown that the thermal stresses were typically

greater than dead load stresses, and that the movements of the deck

were proportional to mid-deck temperature.
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NOTATION

A  = total area of the cross section

At = area of the top slab

by = total width of the section, exclude voids, at distance y

from the origin

= distance from centroid of the composite section to the top of

the slab

e  = distance from centroid of the top slab to the top of the

section

E modulus of elasticity

^b = thermal stress in the bottom flange of the girder

^cl
= concrete stress in the top slab

^c2
= stress due to axial force

^c3
= stress due to moment at the top fiber

^c4
= stress due to moment at the bottom fiber

= eigenstress

h = depth of the section

I = moment of inertia of the section

k = stiffness of the member

L = solar radiation received on a horizontal surface

L = span length

n = constant depending on the section depth

P = total force at the top slab

R-j >R2 = resistances in Wheatstone bridge

R„ = calibration resistor

xn
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Sg = gage factor

= temperature which is uniform across the depth of the section

= average daily air temperature, in degrees Fahrenheit

= maximum surface temperature, in degrees Fahrenheit

= daily range in air temperature, in degrees Fahrenheit

= temperature difference between the top and bottom of the slab

1  = temperature at the top fiber of the section

2  = temperature at the bottom fiber of the section

= temperature at distance y from the bottom of the section

= vertical distance from bottom of the section to fiber in

question

= the vertical distance of the centroid from the bottom of the

section

= coefficient of thermal expansion

= coefficient of thermal expansion of gage material

6  = coefficient of thermal expansion of base material

Y  = temperature coefficient of resistivity of gage material

At = change in temperature at any section

AT = change in temperature between the top and bottom of the

section

Aim = maximum temperature differential between the top and bottom

of the deck

ar(-^)At = change in gage resistance due to temperature change At

= strains due to applied load

e  = apparent strain
® r r

= calibration strain
c
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Ej^ = indicated strain

= strain produced by stress

X  = lag factor

a  = stress

((» = curvature



CHAPTER I

INTRODUCTION

1.1. THE PROBLEM

Bridge structures are affected by daily and yearly temperature

changes. These temperature changes cause longitudinal movement, and

when these movements are restrained, they can produce large thermal

stresses.

The American Association of State Highway and Transportation

officials in their specifications state that "in continuous bridges

provision should be made in the design to resist thermal stresses

induced or means should be provided for movement caused by temperature

1 fi
changes". Expansion devices and joints used as standard practice in

bridge design frequently cause serious problems because of their high

construction and maintenance cost. Most of the existing codes do not

offer the designer any direct method or information on how to convert

22
temperatures to stresses upon which the design will then be used.

The use of prestressed concrete bridges has become more popular

for long span bridges. Because of more efficient distribution of

moments, it is preferable for long structures to be continuous over the

supports. A recent innovation in Tennessee has been the use of

expansion devices only at the two abutments, with the result being a

shallower construction depth, lower maintenance costs, and improved

riding quality due to the absence of expansion joints in the bridge

deck. Little information presently exists to provide guidance as to

1
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whether or not the omission of expansion devices will cause problems

in bridges longer than some particular value and, if so, what that

limiting length is.

1.2. DESCRIPTION OF THE PROJECT

The Department of Civil Engineering at The University of

Tennessee, Knoxville, under a research grant from the Tennessee

Department of Transportation, is currently investigating a prestressed

concrete bridge recently completed on State Route 137 over the Holston

River at Kingsport, Tennessee. This bridge was monitored to find the

magnitude of the stresses and strains induced by temperature changes.

What makes this bridge the subject of a research project is the fact

that even though it is a long structure which, under standard practice

procedures, calls for many expansion joints, none was provided except

at abutments. Some Tennessee bridges have been constructed without

expansion joints in recent years, but none of them is as long or as

important as the bridge now under investigation at Kingsport.

The bridge, approximately 2700 feet long, consists of 29 spans.

The cross section of the bridge for each of the two roadways consists

of four prestressed concrete box girders for most spans, and five box

girders for some spans. A typical cross section of the bridge with four

girders are shown in Figure 1.

In this research project both internal stresses (and strains)

and external deformations due to thermal load effects will be studied.

Test data were obtained by placing instrumentation in the bridge during

its construction.
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1.3. INSTRUMENTATION

Two types of instrumentation were used on this project. The

first includes electronic devices such as resistance strain gages,

Carlson stress meters, and thermocouples. The second type of instruments

used are mechanical measuring devices consisting of scales, levels, and

a Whittemore strain gage. These devices are placed at selected

locations in the piers and deck of the bridge. The uses and applica

tion of the measuring devices used on this project are explained in a

15
report by Terry Scholes and are explained later in this report.

1.4. PURPOSE

The purpose of the research reported in this dissertation is

threefold: The first objective is to develop and present a theoretical

method for calculating thermal stresses induced in continuous bridge

structures.

The second objective is to analyze experimental data obtained

from strain gages that have been placed in the piers and deck. The

measured results will then be compared with analytical and computer

results for different models devised. The model will then be modified

and improved, if need be, to achieve agreement with field data.

Finally, from the comparison of field and theoretical results, it

is hoped that useful information will be provided for designers of this

type of bridge.



1.5. BRIDGE TEMPERATURE

The fact that concrete has low heat conductivity creates a

difference of temperature between the upper and lower surfaces of the

structure. The temperature at the bottom elements of the bridge is

22
usually that of the surrounding atmosphere. The temperature of the

upper elements and the exterior beams will vary depending upon the

amount of solar radiation received, the wind, and the amount of
O

precipitation. When the sun shines on the deck of the bridge, the top

of the deck slab is warmer than the bottom of the bridge. The top of

the deck slab will cool faster than the girders when a rain or snow

storm first begins. Thus, a variety of temperature distributions across

19
the depth of a bridge are possible. The study of these temperature

gradients and their effects will be undertaken in this research through

the use of thermocouples located throughout the depth of the structure

to measure the temperatures.

1.6. THERMAL STRESS AND STRAIN

The vertical gradients through the depth of the structure can be

nonlinear and result in nonlinear stress distributions. The most

difficult problem in the study of thermal effects is that either strain

or stress, or both strain and stress, can result. If the material is

free to expand and the distribution of temperature varies linearly

across the depth of the structure, a thermal strain with no thermal

stress will exist. On the other hand, if the material is completely

restrained from movements at its ends, thermal stresses will exist



13
which result no thermal strains. Most structures are never completely

free to move nor are they completely restrained; therefore, a combination

of strain and stress is usually present. The presence of strain

resulting from creep, shrinkage, and humidity further complicates the

study of thermal strains. Thermal stresses have significant values

compared to the live and dead load stresses.^



CHAPTER II

REVIEW OF LITERATURE

2.1. IMPORTANCE OF THERMAL LOADING

CONSIDERATION IN BRIDGES

The use of prestressed concrete as a material for building large

bridges has increased because it has allowed the designer greater scope

in the choice of cross section, span lengths and structural articula-

9
tion. However, this added choice of alternatives is not problem-free

and introduces new problems not hitherto encountered. Thermal effects

become more apparent than ever before when long spans are being con

sidered. Bridge behavior under thermal loading needs further

20
investigation. This was expressed editorially in 1960. The following

points were especially emphasized: (1) Neglecting the thermal effects

in the design of structures has caused many damages previously;

(2) Thermal strains have values comparable to live and dead load strains

as obtained from measurements, and adequate provisions should be made

for them; (3) To keep thermal strains under control, close consideration

should be given to preventing structural damage; (4) In some cases, it

may prove to be more feasible and economical to design the structure

to resist the thermal strains rather than to make provisions for free

movement.



2.2.1. W. Zuk

2.2. REVIEW OF RELATED RESEARCHES

20

Since 1960, considerable work to calculate the thermal stresses

and strains of continuous structures has been done. Zuk recorded the

daily and yearly temperature distributions and found that thermal

stresses were affected by air temperature, wind, humidity, radiation,

and type of material. In a composite bridge structure, the upper

elements of the deck are heated by solar radiation from the top down

through the slab. The bottom elements are shaded most of the day and

maintain the same temperature as that of the air. Thus, nonlinear

temperature distributions are possible throughout the depth.

A sixty-six foot composite steel girder and concrete slab was

studied by Zuk for temperature effects. Twenty-four iron-constantan

thermocouples were placed at various points throughout the depth and

width of the bridge to record temperatures on an hourly basis. A

10-in Whittemore strain gage was used in obtaining strain readings.

All the thermally-induced strain readings were taken only under dead

load and constant slab moisture conditions in an attempt to isolate the

thermal strains from other strains. The temperatures in the composite

bridge were recorded for one year, then a 1-in thick coating of sprayed

foam urethane insulation was applied underneath the concrete deck and

the exposed portion of the steel beams in the middle portion of the

bridge. Temperature readings were taken for both cases, the gray-white

concrete and black-gray bituminous concrete. The color effects make the

darker surface to absorb more short-wave solar radiation, thus raising
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the bituminous temperature approximately 15°F higher than that of the

normal concrete on a sunny summer afternoon.

Barber^ developed an equation relating weather factors to a

maximum surface temperature of the bridge. Zuk developed coefficients

for use in Barber's equation for two conditions. One, for normal

concrete deck in the Middle Atlantic States, the maximum surface

temperature in degrees Fahrenheit is:

= T + 0.18L + 0.667 (0.50 T + 0.054L)
IM a I

where

= maximum surface temperature, in degrees Fahrenheit,

T  = average daily air temperature, in degrees Fahrenheit,
a

= daily range in air temperature, in degrees Fahrenheit, and

L  = solar radiation received on a horizontal surface, in gram-

calories per square centimeter per day (Langleys).

Two, the maximum surface temperature of a bridge deck covered with a

thin bitumen would be:

+ 0.027L + 0.65 (0.50 + 0.081L) .

For other regions, the constants would vary depending on the local

conditions. The value of L (Langleys of solar radiation) can be

determined from U.S. Weather Bureau maps.

For sunny summer afternoons, the maximum surface temperature of

a black-topped deck was found to be about 15°F higher than for the

normal gray-white concrete deck. A temperature differential between the
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top and bottom of the deck was found to occur, and its exact

calculation is a complex matter. The following simplified equation was

developed:

AT = T - T -XT
m  m a r

in which X = the lag factor indicating the phase lag between the maximum

surface temperature and the maximum ambient temperature, varying from

1/4 in the summer to 1/2 in the winter. The results obtained from the

above equation were compared with the measured temperatures and showed

a fair agreement.

From the one-year test data for the 66-ft composite bridge, it

was found for the uninsulated bridge that the high temperature was 123°F

on the top surface of the deck with an air temperature of 97°F, and the

low temperature was -6°F at the bottom of steel beam with air temperature

also of -6°F. For the uninsulated bridge, the maximum temperature

differential was 37°F for interior beams and 42°F for exterior beams.

For the insulated bridge the temperature differentials were 25% greater

than those of the uninsulated deck. On sunny days the temperature at

the top surface of the deck was 20°F to 30°F higher than the ambient air

temperature by mid-afternoon.

For the composite bridge, it was concluded that there was

interface slip between the steel and the concrete deck. This caused

several of the 1-in anchor bolts at supports to bend. A large

temperature differential would induce higher thermal stresses than a

large overall temperature change. So, it was concluded by Zuk that a

temperature differential of 40°F to 50°F was capable of stressing the
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members beyond the allowable when combined with dead load and live load

stresses.

Zuk derived two sets of equations to determine the stresses and

deflection for the composite steel beam bridge with concrete deck and

for the composite prestressed concrete beam with concrete deck.

Divergent results were obtained between the theoretical and the

measurement stress distribution.

In 1965, six simple span composite steel girder bridges ranging

22
in span from 47 ft 3 in to 71 ft 5 in were tested. A 10-in

Whittemore gage was used to measure the strain at the upper and lower

part of the girder flanges. Several strain and temperature readings

were recorded under dry, zero line-load conditions. A simple empirical

formula relating thermal stresses at the bottom of the flange to the

temperature difference between the top and bottom of the slab and the

depth of the bridge was obtained as follows:

fb = 2500 i

in which fj^ = the thermal stress in the bottom flange of the girder

(positive if tension, negative if compression), in psi;

Tg = the temperature difference between the top and bottom of

the slab (positive if the temperature at the top of the

slab is greater than at the bottom, and negative if the

temperature at the top is less than the temperature at the

bottom), in degrees Fahrenheit; and

h  = the total section depth of the bridge, in inches.
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The above equation must be tested for different climatic conditions.

For bridges in the region of Charlottesville, Va., where the tests

were made, it was found that maximum temperature differences of +40°F

and -10°F occur in summer and winter, respectively.

Three years later, the end movements of various types of

21
highway bridges were studied for a period of one year. Four types and

different span lengths of bridges were included in this investigation:

(l) simply supported composite bridge with steel girders and concrete

deck having a span of 62 ft-7 in; (2) simply supported composite bridge

of prestressed concrete beams and concrete deck having a span of

72 ft-1 in with a skew of 20 deg-12 min-16 sec; (3) simply supported

reinforced bridge of span 72 ft-1 in with a skew of 29 deg-30 min;

(4) a noncomposite, continuous, steel beam and concrete deck bridge, with

three spans of 170 ft-3 in long and a skew of 2 deg-15 min. (A zero

skew is a right angle crossing.)

The ambient air temperature, the movement at the top joint of the

girder, the movement at the bearing of the girder, and the rotation at

the end of the girder were recorded for each hour. It was found that an

inexact relationship existed between the air temperature and the move

ments and that the movement was subject to a lag time from one to seven

seven hours. It was also observed that the movements at the top and

bottom of the bridge were different, due to the rotation of the end of

the girder. Zuk recommended that in design it was practical to assume

that the end movements were equal to about twice the theoretical move

ment. The theoretical values of the movement were equal to the product
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of the span of the bridge, the ambient temperature change, and the

coefficient of expansion of the material.

2.2.2. Liu and Zuk^

In 1963, Liu and Zuk investigated thermoelastic effects in

prestressed flexural members. Four types of prestressed concrete

members were studied: (1) a simply supported prestressed beam with

straight tendons; (2) a simply supported prestressed beam with parabolic

tendons; (3) a simply supported prestressed beam with straight tendons,

composite with a concrete slab; and (4) a simply supported prestressed

beam with draped tendons, composite with a concrete slap. The

temperature was assumed to vary in any manner across the depth of the

member, nevertheless, it was assumed constant at any given horizontal

layer. Many simplifying assumptions such as neglecting the effects of

creep, shrinkage and the interface slip between the beam and the slab

were made. Theoretical concepts involved the separation of the flexural

members into their basic elements of beam, slab, and tendon, subjected

to their temperature. Then, proper restraining forces were applied to

these elements in order to make all strains compatible with actual

combined forms. The force in the tendon, the deflection, the moment,

and the interface shear force between the beam and the slab caused by

temperature changes were determined by solving four equations.

Liu and Zuk solved numerical examples for the four different cases

of prestressed members. It was found that a temperature differential of

25°F with a parabolic distribution across the depth induced thermal

stresses and deflection in the beam within the allowable design limit.

Nevertheless, two special observations were made relating to interface
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forces and transverse stresses. Large interface shearing forces and

moments up to 30434 lb and 122877 in-lb, respectively, for typical

simply supported beams used in highway bridges were found. High

transverse stresses in the slab where the slab spans many beams were

observed. In the examples solved by Zuk and Liu, values from 800 psi

in compression to about 1000 psi in tension were calculated as trans

verse stresses. Thus, some cracking may occur if no provisions are

made for temperature reinforcement. The deflections were about 0.04%

of the span length. Liu and Zuk concluded a good agreement between the

experimental data which were mentioned in Buyon's book and their

theoretical result for the deflection of prestressed beam for

temperatures up to 175°F at the bottom of the beam.

2.2.3. C. P. Worth^^

The Hammersmith Flyover is a four-lane viaduct that was built in

Britain in 1961. It is a precast, prestressed concrete, continuous

structure spanning 2043 ft. The Flyover consists of 16 spans, most of

which are 140 ft in length. The major structural element is a con

tinuous, hollow-spine beam 26 ft wide, with depth varying from 6 ft-6 in

to 9 ft and supported by central columns. The columns are supported on

roller bearings which allow for 10-in of longitudinal movement caused by

temperature change, creep, and shrinkage of the concrete. During the

construction of the Flyover, many problems occurred as a result of the

expansion and contraction of the bridge. These special problems were

solved by leaving the abutment end free to move on its bearing until the

completion of the conforming section of the structure. One expansion

joint was provided to take all the longitudinal movement of the
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superstructure. The designers provided a total allowance of 14-in

movement at the expansion joint. These 14 in included an 8.85-in

allowance for temperature movement due to an effective range of 60°F

and coefficient of expansion of 6x10"^ per °F and 1.85 in for humidity

movement, corresponding to a maximum strain of 25x10"^, and 2.75 in for

residual creep and shrinkage. Measurements of longitudinal movements

and the air temperature inside the structure were made, and it was

found that there was no time-lag between the two measurements. The

actual temperature range in the concrete was from 31.8°F to 81.5°F,

while the external air temperature had a range of 20°F to 92°F.

From the measured values, a set of linear relationships were

found between the internal air temperature of the deck and the move

ments at different periods. The effective coefficient of thermal

expansion was then evaluated by drawing an additional straight line

representing the means of the straight lines previously obtained. A

-6
value of effective coefficient of thermal expansion of 6.25x10" per °F

was obtained, compared to the assumed design value of 6x10~® per °F.

2.2.4. C. F. Steward^^

In 1969, a study of annual movement of 231 bridge deck expansion

joints in 80 bridges was conducted throughout California over a three-

year period. Bridge deck expansion joint movements were recorded on an

aluminum tube attached to the barrier rail by using a sharp pointed metal

scribe. The scribe was fixed to the rail on one side of the expansion

joint. When the joint moved, the metal scribe traced a mark on a

painted target on the other side. Then, a graduated scale with 0.01-in

divisions and a lOX magnifying glass were used to measure the scribe
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mark. The average movements per unit length for concrete bridges were

found to be: 0.00027 (Coast), 0.00034 (Valley), 0.00041 (Desert) and

0.00046 (Mountain). For steel structures, the average values were:

0.00041 (Coast), 0.00042 (Valley), 0.00048 (Desert) and 0.00060

(Mountain). California uses the movement per unit length criteria in

designing for thermal movement of highway structures. The type of

expansion bearing and joint skew had no significant effect on the joint

movements due to temperature changes. The movement of the reinforced

concrete box girder structures was found to be less than the movement of

the other concrete structures; this was due to insulating effects of the

air trapped inside the box section. The movements at the expansion

joints were found to vary even though the expansion joints were uniformly

spaced along the structure. Average apparent thermal coefficients of

expansion of 0.0000065/°F and 0.0000053/°F for steel and concrete super

structures, respectively, were found. These values for thermal

coefficient were determined based on using the highest movement and

temperature range at the bridge location.

From the study made in California, the following recommendations

were made in designing for thermal expansion movement: (1) for concrete

bridges, the movement per unit length should increase to 0.00032,

0.00026, 0.00021 for temperature range changes of 60°F, 50°F, and 40°F,

respectively, for different bridge sites from the values mentioned by

the Bridge Planning and Design Manual; (2) for steel structures, the

movement per unit length should be based on a coefficient of expansion

of 0.0000065; (3) for bridges with one or two expansion joints and

diaphragm type abutments, reduce the total length of the structure by



17

25% of the length between abutments and adjacent joints for designing

the expansion joint movement.

2.2.5. D. R. Maher^

In Australia, a study of the effects of temperature differential

on continuous prestressed concrete bridges was made. From the measure

ments of temperatures on bridges it was found that the daily maximum

temperature differential occurred in the early afternoon and that the

minimum gradient across the structure took place in the late evening

and in the early morning. Due to this differential in temperature, the

structure had a tendency to bend between the end supports with a

constant radius if the structure is unrestrained. For continuous

structures, moments and strains would exist due to fixity of internal

spans. These stresses and strains were dependent upon temperature

difference, coefficient of linear expansion, depth of cross section and

the degree of indeterminancy of the structure.

For hollow prestressed concrete box sections, a linear

temperature distribution across the top slab was assumed. This

assumption was consistent with previous measurements taken on the

Victoria and West Gate Bridge in Australia. The temperature on the

sides and bottom of the box was assumed to be constant. It was con

cluded from the study that in continuous bridge structures, a large

value of tensile stress is produced due to differential thermal effects.

The expansion movement along the hollow box section bridge was found to

be proportional to the internal air temperature.
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2.2.6. M. T. N. Priestley^^

An analytical study on thermal gradients in bridges was made.

In New Zealand, damage to bridges due to thermal stresses has forced

engineers to study the effect of temperature on prestressed box-girder

bridges. Bending and axial stresses can be induced due to a temperature

difference between the top and bottom of a box bridge.

The major objective in the study was to use the basic equilibrium

phenomenon to derive simple equations for determining thermal stresses

for any cross section under an arbitrary vertical temperature distribu

tion. Four assumptions were made: (1) plane section remains plane;

(2) the temperature varies through the depth of the bridge only; (3) the

principal of superposition holds; and (4) the material properties are

not altered by temperature.

Two equilibrium conditions for a simply supported beam were used

in the development of the equations for stresses. First, the total

axial force due to temperature variations through the depth of a beam

should equal to zero. Second, the moment on the section due to any

temperature induced stresses must be zero.

For the temperature distributions, the following form was found:

t  = ^ (Varying from a maximum value at the top of the deck
y  h''

where:

slab to zero at the bottom of the beam.)

ty = temperature at distance y from the bottom of the section;

y  = vertical distance from bottom of section to fiber in question;



19

h  = depth of the section;

AT = temperature differential between the top and bottom of the

section;

n = 2,4,6, ... (depending on the section depth, n = 6 for a

section of 4 to 5 ft in depth, n > 6 for a greater depth,

n < 6 for a lesser depth).

A value of 60°F for the temperature differential was used to calculate

the thermal stresses. This value of temperature agreed with peak

5
temperatures recorded on Australian bituminous concrete surface.

For continuous structures the effect of thermal loading caused

major thermal stresses. The following steps were suggested:

1. Calculate the curvature induced by thermal loading.

2. Calculate the deflected shape of the bridge from the curvature

calculated in Part 1 by assuming the bridge supported only

at the extreme ends.

3. Calculate the reactions at the internal supports which are

required to reimpose compatibility at supports.

4. Calculate the bending moments and stresses due to these

reactions.

The above theoretical study was followed by a model study of a

simply supported prestressed box-girder bridge under thermal loading.

A quarter-scale model symbolizing a typical trapezoidal box-grider simply

supported beam of 30.5 m (100 ft) was selected. The model consisted of

six segments of 1.22 m (4.0 ft) and two solid 0.305 m (1.0 ft) end

diaphrams. These segments were prestressed by ten draped tendons, five

in each web. An epoxy mortar was used to bond the precast concrete
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segments. The mortar had a high compressive strength and a high

modulus of elasticity, it gained strength rapidly, and its color was

close to that of concrete. Electrical resistance strain gages, thermo

couples, and strain-gaged deflectometers were installed in the model to

determine strain, temperature, and deflection. One-quarter of the

model was gaged because of its symmetry. For the thermal load tests,

one hundred, 375 watt infrared light bulbs were fixed to the ceiling of

the box. From the test of the model bridge, the following results were

found for a temperature change of 60°F between the deck slab top and the

soffit: (1) upward deflection of 0.67 in at the center of the beam;

(2) a compressive stress of 725 psi in the deck slab; (c) a tensile

stress of 290 psi in the web; and (4) a compressive stress of 145 psi in

the soffit. A comparison between theoretical and experimental results

was made, and good agreement between theoretical stresses, deflections

and the test results was found.

2.2.7. Reynolds and Emanuel^^

The problem of thermal stresses and movements in bridges were

discussed in general terms, and it was concluded that considerable

research was needed to fully understand the actual bridge temperature

distributions and the thermally induced stresses.

Reynolds and Emanuel mentioned the German bridge specifications

(DIN 1078, 1958) for thermal stress effects in composite construction

which states as follows:

A. Indeterminate structure: A temperature difference
of ± 27°F (± 15°C) between the top of the concrete slab
and the bottom of steel beam with a straight linear
variation shall be considered for thermal effects.
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B. Statically determinate structures: The thermal
strain effect shall be considered by adding a shrinkage
of 10 X 10-15. These stresses shall be combined with
stresses from live load as follows: (a) Full live load
+ half temperature difference, (b) Full temperature
variation and live load reduced by 1% per meter of span
to 40 meters span, then constant 40% reduction.

C. Shearing forces due to thermal effects may be
distributed as maximum at the end of the girder to zero
at a distance equal to the effective width of the slab.

Some other countries such as Austria, Sweden, and Japan considered

the effects of thermal stresses in their specifications, but all their

14
provisions essentially based on the German Code.

2.2.8. Emanuel and Hulsey^

Emanuel and Flulsey, in 1978, described how the ambient air

temperature controlled the distribution of temperature in composite

bridges at Columbia, Mo. They found that on a hot day the maximum deck

top temperature was 150°F at 2:00 P.M., and the bottom of the bridge

deck was 120°F at 4:00 P.M., about 2 hours after the deck top reached its

maximum temperature. The maximum temperature differential in the deck

was 39°F which occurred at 2:00 P.M. on a hot day for a bridge total

depth of 50 in. For a cold day, the minimum temperatures were -8°F for

the top deck and -5°F for the bottom deck, and both were measured at

4:00 A.M. The maximum differential in temperature was 18°F and

occurred at 2:00 P.M. The study also showed that for a composite bridge,

the magnitude of the stresses was influenced by the temperature

variation through the depth, the internally induced forces due to

difference in coefficients of thermal expansion, and the boundary

conditions of the supports.
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2.3. POST-TENSIONING INSTITUTE AND PRECAST

CONCRETE INSTITUTE PROCEDUREIO

In 1978, the Post-Tensioning Institute (PTI) and the Prestressed

Concrete Institute (PCI) published a manual dealing with precast seg-

mental box girder bridges. The analysis for temperature effects on a

precast bridge superstructure was discussed. The temperature changes

cause the structure length to increase or decrease in the longitudinal

direction. Due to the temperature difference between the top slab and

bottom of the box girder, bending moments will result. For the changes

in the longitudinal direction of the structure, expansion joints, and/or

flexure of piers may be provided.

To study the effects of temperature differential, a simply

supported beam with a temperature difference aT between the top and

bottom of the cross section is shown in Figure 2.

For the purpose of the analysis, the total force P at the top

slab required to prevent the top slab from deforming is:

" = 'cl \

where f , = E a aT in which
c 1

a  = coefficient of thermal expansion,

aT = change in temperature,

A^ = area of the top slab, and

f^1 = concrete stress in the top slab.

External equilibrium was restored by applying a force P' which is

equal in magnitude to force P but opposite in direction. The force P'
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can be transmitted to the centroid of the full section by introducing a

moment (M) as shown in Figure 3.

P' = E a at

M  = P' (C^ - e)

where:

= distance from centroid of the composite section to the top

of the slab,

e  = distance from centroid of the top slab to the top.

The stress in the section due to P' and M will be:

p, EaAT
stress due to P': f n = nr = «—^

c2 A A

MC C.
stress due to M at the top fiber: f^^ ̂  A^(C^ - e) -p

MC. C,
stress due to M at the bottom fiber: f^^ = = EaAT A^(C^ - e) -p

where:

A = total area of the cross section,

I = moment of inertia of the section.

The resulting stresses and the final stress are shown in Figure 4.

For continuous bridges, the following steps were followed to

calculate the thermal stresses:

1. Cut the continuous structure over the supports into simply

supported beams. Then, calculate the thermal stresses and rotations at

supports for simple spans as described before.
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fc-

+ e

fc.

fc.

0

f  Z

fC;

0

0

Final Stress

Figure 4. Thermal stresses for the P.C.I, procedure.
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2. Calculate the restraint moments required to rejoin the ends

of the beams over the supports.

3. The final stresses due to temperature can be obtained by

adding the stresses from steps 1 and 2.

2.4. AASHTO CODE PROVISIONS^^

The 1977 Specifications of the American Association of State

Highway and Transportation officials state two sections concerning

thermal forces and expansion joints.^^

Thermal Forces

Provision shall be made for stresses or movements
resulting from variations in temperature. The rise and
fall in temperature shall be fixed for the locality in
which the structure is to be constructed and shall be
figured from an assumed temperature at the time of
erection. Due consideration shall be given to the lag
between air temperature and the interior temperature of
massive concrete members of structures. The range of
temperature shall generally be as follows:

Metal Structures

Moderate climate, from 0 to 12Q°F (-17.8 to 48.9°C)
Cold climate, from -30 to 12Q°F (-34.4 to 48.9°C)

Concrete Structures

Temperature rise Temperature fall
Moderate climate 30°F (16.7°C) 40°F (22.2°C)
Cold climate 35°F (19.4°C) 45°F (25.0°C)

Expansion and Contraction

1. In general, provision for temperature changes
shall be made in simple spans when the span length
exceeds 40 feet (12.192 m).

2. In continuous bridges, provision shall be made in
the design to resist thermal stresses induced or
means shall be provided for movement caused by
temperature changes.

3. Movements not otherwise provided for shall be
provided by rockers, sliding plates, elastometric
pads or other means.



CHAPTER III

METHOD OF CALCULATION OF THERMAL STRESSES

3.1. FUNDAMENTAL CONCEPTS AND ASSUMPTIONS

It is well known by structural engineers that temperature changes

can induce significant stresses in some types of structures. The

presence of temperature gradients across the depth of a structure makes

the problem relatively complex. The basic assumptions in beam theory

are assumed to be applicable. Those assumptions are:

1. Lateral contraction is small in comparison to the depth of

the member (i.e., Poisson's ratio may be taken equal to

zero).

2. Plane sections remain plane (i.e., strain is proportional to

the depth from the neutral axis).

The behavior of a structure due to thermal loading is different from its

behavior caused by strain accompanied by stress which results from load

application.^^

The stresses in a structure when thermal loads are present are
■3

given as follows:

a = E(e - aAt) (3.1)

where:

a = stress,

E = modulus of elasticity,

e = strains due to applied load,

28
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a = coefficient of thermal expansion,

t = change in temperature at any location.

The stresses induced by temperature change are affected by the

temperature gradients through the depth of the structure and by the

support conditions of the structure. As a general rule, as the order

of restraint on the structure increases, the stresses, induced by

temperature, also increase.

3.2. CASES OF BEAM END CONDITIONS WITH

VARIOUS TEMPERATURE GRADIENTS

3.2.1. Case A: Simply Supported Beam with
Constant Temperature

For the uniform temperature, T, through the depth of the beam, a

uniform strain, otT, results with no stress as shown in Figure 5.

Beam A

T
-e- —^

a T

Temperature Strain

Figure 5. Beam for Case A.

3.2.2. Case B: Simply Supported Beam with Linear
Temperature Distribution

Figure 6 shows the beam B will be used to illustrate the stresses

induced by a linear temperature differential across the beam depth.

Beam B is simply supported. Let us assume that a change of

temperature between the top and bottom of the section, aT, takes place

across the depth of beam B, with the top at a higher temperature than the
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Beam B

.T p ->:(.AT

7
/ /

n

Strai nTemperature

Figure 6. Beam for Case B.

bottom. The increase in the length of the top fiber of the beam will be

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

length of the beam, and aT is the change in temperature. By dividing

this change in length over the total length, the strain in the top fiber

is given by:

_ ciATL _ aATe  2L " 2 •

The curvature at any section is given by the gradient of the strain

diagram, and as shown in Figure 6, the curvature, <}), is as follows:

aAT

,  _ 2 aAT

(3.2)

(3.3)

where: h = depth of the section.The conjugate beam method to calculate

deflection is well known to structural engineers. In this method the

conjugate beam is loaded with the curvature induced by the applied

moment. In this case there are no applied moments, but the curvature

at all points along the beam is given by Eq. (3.3). The maximum
2

deflection which in this case occurs at mid-span is given by
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Therefore, the maximum deflection at the mid-span of the beam is

equal to

ATI 2
deflection at mid-span = ° (3.4)

For this beam there are no stresses induced but the deflection at mid-

span is given by Eq, (3.4).

3.2.3. Case C: Fixed End Beam with Linear

Temperature Distribution

Let us now consider the beam C with fixed supports and a linear

temperature variation Aj throughout its depth as illustrated in Figure 7.

Since this structure is indeterminate we must first define the primary

structure. If we select the end moments as redundants, the primary

structure is identical to the case analyzed in beam B. The slope at the

two ends can be calculated from the conjugate beam to be equal to ̂
(Figure 8).

The redundant moments must induce a slope of equal magnitude to

those in the primary structure but opposite in direction as shown in

Figure 9. It is apparent that the slopes induced at the support by two

equal moments M are given by 9 = ^ Solving for M:

M = ̂ ^4.EI (3.5)

oAT

but
2  _ aAT
jl ~ h
2

substitute the value of (p into Eq. (3.5) get

M = ̂  El . (3.6)
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Figure 7. Beam for Case C.

Temperature

A
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Figure 8. Primary structure for Beam C.
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^ LjljlJljl iLi. Y f 1
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Figure 9. Structure with redundants for Beam C.
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Therefore the final moment in beam C due to temperature change

(at) will be equal to the value in Eq. (3.6). This moment is constant

all over the beam. The stress at any location throughout the depth of

the structure due to this moment is equal to:

Mya - -f

aATEIy
hi

But = At (temperature change at any section)

.'. the stress due to temperature = -EaAt.

In beam C, the deflection at the mid-span of the primary

structure is equal to the moment in the conjugate beam =

^ ̂ ~ ~ (downward). The deflection at the mid-span due to
M  I ^

the redundant = But, from Eq. (3.5)

M = (j)EI .

Thus, the deflection at mid-span due to the redundant is equal to

^ ̂ ̂  (upward).
We can see that the final deflection is equal to zero, since the

final deflection is the sum of the deflection of the primary structure

due to thermal loads and the deflection of the primary structure due to

the redundants.

As we can see, this beam has a moment which is proportional to AT

but has no deflection. This example demonstrates the importance of the

boundary conditions in the stresses induced. Beam B has no stresses but

has deflection, and beam C has stresses but no deflection.



34

3.2.4. Case D: Simply Supported Beam with Nonlinear
Temperature Distribution

The cross section of the simply supported beam is shown in

Figure 10(a) where:

h  = depth of the section,

by = total width of the section, excluding voids, at a distance

(y) from the origin,

y  = the vertical distance of the centroid from the origin.

The nonlinear temperature distribution is shown in Figure 10(b), where:

ty = temperature at distance (y) from the bottom of the section.

Since the beam is simply supported, two equilibrium conditions must be

satisfied:

1. The total axial force due to thermal load must be zero.

2. The final moment on the section due to this thermal load must

be zero.

The final strain diagram is shown in Figure 10(c). It satisfies

the Euler-Bernoulli condition (plane section remains plane). At any

point throughout the section, due to thermal load (ty) the section will

attempt to obtain a strain of («ty), however since the plane section

remains plane the final strain is (Sy). Therefore, a difference in
strain between the final strain {e^) and the free thermal strain will

induce stress, fy, which is:

fy = E (e^ - at^)

but from Figure 10(c) Cy = e-j + 62

.*. fy = E (e^ + e2 ̂  - aty) (3.7)

in which compressive strains are taken as positive. Apply the first
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condition for the force:

/'^ f b dy = 0qJ y y ^

^ ol'" '^1 ®2 h ■ ''y ''J' ° °

^  oJ' ̂  S ""y 'y ° °

But by dy = area of the cross section = A and

q/ y by dy = moment of the area about the bottom = y A
0

e^A + A = b t dy
y y

e,

'1 ' h A o-* "y ^y

j

+ if y = r J" t dy (3.8)

Apply the second condition for moment:

q/^ fy (y - y) by dy = 0

substitute fy from Eq. (3.7)

0

o/^ e^(y - 7)by dy + y(y - y)by dy - ty(y - 7)by dy = 0

®1 0^^ y by dy - e^ 7 o/^ b dy + -^ [ jh y2 b jy - 7 q/^ y b dy]

0^"^ ' -^^^y dy = 0

y by dy = y by dy (moment of the area about bottom)

e

•" • if 0^^ ^ dy - if y 0^^ y b dy = a t (y - y)b dyy  0'' y'-" ■" y
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But b dy = moment of inertia of the section about origin
_2

which is also equal to I + y A

where I is equal the moment of inertia of

the section about the centroidal axis.

• • • -ff (I + A) - y (y A) = a t^{y - y) b^ dy
or:

or:

-if = f o/" - y'l'y ■ <3-9'

Substitute the value of 02 from Eq. (3.9) into Eq. (3.8),

* V ol'' - y"'y ' i of'' \

= S 0/" "y 'y ''J' - ̂  0/"

Put the value of e-j from Eq. (3.10) and 02 from Eq. (3.9) into Eq. (3.7)

get

'y ° of'' ̂  'y ''i' - V of'' -y)i'y <ly*f of" tyfy - i'l^y "^y - -"ty^

0/'' 'v '^y '■y-y'i«/'' tv(y-y)''vfy = Ec.[-t^ + 5 JLJ + 9 J! L] (3.11)

or

f =- Ec, t " (3.12)
y  y A

where:
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P = E« „/•' by dy , H = Ec J*' ty(y - y)by dy
y - y = distance from neutral axis to fiber in question.

13
The above equation was derived also by Radolli and Green. The stresses

13in Eq. (3.11) are called eigenstresses since they are self-

equilibrating stresses as shown in Figure 10(c). Those stresses are

dependent on the gradient of temperature. For a linear temperature

distribution the eigenstresses are zero.

A computer program to evaluate the eigenstresses for any cross

section and temperature distribution is shown in Appendix B.

3.2.5. Case E: Fixed End Beam with Nonlinear

Temperature Distribution

When a fixed end beam is subjected to nonlinear temperature

distribution across its depth as illustrated in Figure 11, the following

13
stresses develop:

1. Axial stress due to the axial end restrained of the member.

2. Bending stress due to the rotational restrained of the member.

3. A self-equilibrating eigenstress due to the nonlinearity of

the temperature distribution.

From Cases D and E, it has been shown that eigenstresses are independent

of the support conditions of the structure.

Beam E Temperature Axial Bending Eigen-
Stress Stress Stress

Figure 11. Beam for Case E.
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3.3. METHOD FOR CALCULATING STRESSES INDUCED IN
CONTINUOUS BEAMS BY NONLINEAR

TEMPERATURE VARIATIONS

From Eq. (3.1) since the strain (E) is linear (plane sections

remain plane) and the change in temperature (At) is nonlinear, therefore

the final stress (a) will be nonlinear. The final stresses can be

divided into a linear and a nonlinear portion (for nonlinear tempera

tures). If the nonlinear portion of the stresses is chosen such that it

has a zero moment and a zero resultant force (i.e., eigenstresses), then

all deformations are the result of the linear portion.

The eigenstresses are independent of the boundary or support

1 1
conditions of a structure. Therefore, the temperature required to

produce these stresses is:

Temperature required to produce eigenstresses

b t dy (y - y) f^t (y - y)b dy
Ea[-t + 0^ y y % 0^ y

=  y- ^ ^ . (3.13)
ha

The linear portion of temperature which will induce the linear

stress is equal to: linear temperature = actual temperature-temperature

required to produce eigenstress, or:

o/^ - y^ o^^\^y ~linear temperature = — + j-' —
(3.14)

i.e., T = D + (y - y)E in which

f'^b t dy
n = o' y y
^  A

_ J\iy - y)b,dy
"  I
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where D and E depend on properties of the cross section of the beam and

on the temperature distribution at y = h; T = = temperature at the

top fiber of the section at y = 0; T = T2 = temperature at the bottom

fiber of the section. Therefore, T-j and T2 will be applied linear

temperature load. So, at least for a fixed beam with any nonlinear

temperature distribution, one can calculate the total stresses by

computing the eigenstresses from Eq. (3.11) and adding the thermal

stresses from the linear temperature distribution from Eq. (3.14).

Of course for the fixed beam, this is no advantage since we know

that these stresses are simply equal to (Eat^). However, for a more

general case, if the method is applicable and can be extrapolated, it

means that the structural analysis needs to be carried out only for

T = D + (y - y)E and then the eigenstresses from Eq. (3.11) added where

applicable.

To demonstrate the validity of this extrapolation, the following

examples were selected and the results compared with the worked examples

given in the precast segmental box girder bridge manual.

EXAMPLE 1.

A simply supported beam with a cross section as shown in

Figure 12 was chosen. The top slab temperature increased by 18°F,

-fi fi
a = 5.5 X 10" in/in/°F, E = 4 x 10 psi. Calculate the stresses due to

temperature changes.

2
Cross sectional area A = 3600 in.

4
Moment of inertia of the cross section = 55.1 ft.
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18.6"

r
240'

18°F

„ 8"

12" 120" 12"

Temperature
Change

Figure 12. Dimensions and temperature for beam of Example 1

Solution:

f  , E [-1 . ° 0
y  ■■ y A I

r

J :_2bytyd = 240(18 X 8) = 34560 °F in

.  3ty(y - n)bydy = 18(44-29.4)(240 x 8) = 504576 °F in

f^ = 4 X 10^ X 5.5 X 10"^[-t + + c-r- 1 1/,/, (v- 29 4)1
y  y 3600 55.1 x 144 x 144

= 22[-t^ + 9.6 + 0.4416 (y - 29.4)]

At top y = 48 ; t^ = 18°F
At flange bottom y = 40"; t = 18°F

y = 40"; t^ = 0

fy = -4.1 psi

fy = -81.8 psi

fy = 314.2 psi

At bottom

The final stresses are shown below in Figure 13. Those stresses

y = 0 ; ty = 0 fy = -74.4 psi

agree exactly with those given in the PCI precast segmental box girder

manual for the same beam.^®
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0.004

0.081

0.074

0.314

Stress (ksi)

Figure 13. The final stress for Example 1.

EXAMPLE 2.

A five-span continuous superstructure as shown in Figure 14 with

the same information in Example 1. Calculate the stresses in span 3-4

due to a temperature differential of 18°F between the top and the bottom

slabs.

Figure 14. Beam for Example 2.

The stresses in span 3-4 consist of two parts:

1. The eigenstresses which are the same as in Example 1.

2. The stresses due to linear temperature distribution which is

calculated by using Eq. (3.14).
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Applying Eq. (3.14),

34560 504576

3600 55.1 X 144 x 144 (y - 29.4)

T = 9.6 + 0.4416 (y - 29.4)

= 17.81

= -3.38

At top: y = 48

At bottom: y = 0

The linear temperature variation can be divided into two parts:

(1) which gives pure bending and (2) which gives pure axial load as

shown in Figure 15.

21.19

17.81

Z

12.98

8.21

+

9.6

zf
3.38

Linear Temperature (°F) Temperature
Temperature (Pure Bendinq) ("F)
(°F) (Axial)

Figure 15. Cross section with temperature distribution for
Example 2.

(1) FOR BENDING Applying Eq. (3.6)

F.E.M. =
ElaAt 4 X 10^ X 55.1 x 144 x 144 x 5.5 x 10"^ x 21.12

h  " 43 X 1000

= 11096 K in.
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Using Symmetry; K = 1
KR = .75

Where K = stiffness of

the member

.43

+11096

-11096

0

-11096

- 5548

+ 2386

+  227

+  21

-14008

K = 1

.571 .67

+11096 -11099

+ 3162 + 1581

-  527 + 1054

+  300 + 150

-  10050

29

5

3

14

9

+  1
14088 r 1

■10514

K = 0.5
.33

+11096

-  527

50

10514

The final moment diagram due to temperature is shown below in Figure 16.

yS ySTTTF /T77 /T7? /77/ 7/77
1  2 3 4 5 6

140

 /̂/ CO

lOE 14 lOE 14 14( 08

+ ■H

Figure 16. Moment diagram for Example 2 due to 18°F temperature
change.

The stresses in panel 3-4 due to bending moments are:

10514 X 18.6Stress at top

Stress at bottom

Stress at flange

55.1 X 144 X 144

10500 X 29,,4
55.1 X 144 X 144

10500 X 10,,6
55.1 X 144 X 144

-0.171 ksi

0.271 ksi

-0.097 ksi
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(2) Pure axial

By applying a constant temperature of 9.6°F on the continuous

beam, the axial force in the beam becomes zero since all supports are

free to move in the horizontal direction except support 1. The final

stress in panel 3-4 is equal to the sum of eigenstresses, bending

stress and axial stress, as shown in Figure 17.

U . 1 /o

0.200 / G

'L
0

0

.217

.196

Stress (ksi)

Figure 17. Final stress diagram in Panel 3-4 for Example 2.

The final stresses in Figure 17 for example (2) have exactly the

same values as those given in precast segmental Box girder bridge

manual. The method cited in Ref. 10 is applicable for linear tem

perature differential across the slab thickness and becomes cumbersome

and involved for nonlinear temperatures. However, the approach followed

in the aforementioned examples is applicable to any thermal gradient.



CHAPTER IV

INSTRUMENTATION AND TEST DATA

4.1. DESCRIPTION OF THE BRIDGE

The bridge consists of two separated, almost identical roadways

(right and left) a clear distance of 40 ft apart. Each roadway is

approximately 2700 ft long. The superstructure of the bridge is

supported by 28 piers and two abutments with the north abutment 60 ft

higher than the south abutment. The abutments and some of the piers

have skews from the longitudinal axis of the bridge. The elevation and

plan of the bridge are shown in Figure 18 with the numbering of the

piers progressing from south to north.

The bridge deck consists of prestressed concrete box girders

acting compositely with both precast and reinforced concrete slab as

shown in Figure 1 (p. 3). The deck slab has an asphalt topping 3 in in

thickness. The reinforced concrete piers are rectangular in plan and

vary in height from 15 ft to 46 ft. The elevation and side view for a

typical pier are shown in Figure 19. The prestressed beams in adjacent

spans are connected by casting 9 in diaphragms that are attached to the

piers through three, 1-in. diameter dowel bars as shown in Figure 20.

The unique aspect of this bridge is that there are no provisions for

expansion except at the abutments. Typical details for a diaphragm at

the abutment are shown in Figure 21.
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Asphalt

^///////^///////y/// 7777;
y •

^.

1 r
CO

<>
CO

-:J C■O TD

tJ !•Cl_ Q-

•-!J L:.

a a>

C\J1" Bituminous
Fiberboard

3-1"0 X 1 '-9" Dowel
Bars at Each Beam

A-
3'-0"

Figure 20. Support diaphragm detail.
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4.88" at 60°F

Vz/z////////////z
•9. • > ■

^  i

o

•  %

■  «

V

I

li

. >

^ 12'

03
dJ
C3

TD
<D
on

00

<U
S-

t

Q-

1/2" Plate

5"-3/4" 0 Studs

20 Ga. Stainless ^
Steel Plate

z
Z

/ 1" Galvanized
1-1/2" Prefomed Fabric Pad Steel Plate

z

Figure 21. Typical diaphragm at abutment.
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4.2. STRAIN GAGES

4.2.1. Basic Principle

Electrical-resistance strain gages have been used for the past

thirty years for static and dynamic testing in many fields. It is this

type of strain gage that was used in the testing of this bridge. The

use of the electrical-resistance strain gage is based on three vital

facts: (1) the resistance of the gage wire varies as a function of

strain; (2) different materials have different sensitivities; and

(3) the resistance changes due to strain can be measured by a Wheatstone

bridge.

4.2.2. Strain Gage Assembly

Weldable strain gages were used because of the need for stable

performance over a long period of testing, and ease of installation.

The strain sensitive strand of the gage is housed within a small

diameter stainless steel tube. The strand is insulated from the tube

with highly compacted ceramic insulation (magnesium oxide power) as

shown in Figure 22. The strain tube is provided with a thin flange.

This flange is subsequently spot welded to the specimen under test to

provide the bond required to transfer strain.

The strain gages were welded to the center of 5-ft long, number 6

bars in the laboratory. The development length of a number 6 bar is

approximately 18 in which is less than the 30 in of bar provided on each

side of the gage; thus, full stress and strain can be transmitted to the

gage.
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4.2.3. Theory of Operation for Weldable
Strain Gages

When the specimen to which the gage is welded is subjected to

tension or compression, the strain in the specimen is transferred

through the welds to the mounting flange, into the strain tube, and

through the magnesium oxide powder. The powder is so highly packed

together that the strain in the specimen is transmitted to the sensing

string all along its length with no slippage. These events can happen

in a gage which measures compressive as well as tensile strains. This

property of stable, reversible, strain transfer is due to the geometrical

fact that in wires having small diameter the ratio of unit surface area

to unit cross sectional area is a high value. So, only reasonable

values of shear stress in the magnesium oxide powder are required to

develop tensile stresses of large value in the sensing string.

4.2.4. Temperature Compensation of the Strain Gage

In many tests, the strain gage is subjected to changes in

temperature during the test period. These temperature changes affect

the gage-grid elongation, base material elongation, and resistance of

the gage. The changes of the gage resistance can be expressed by the

following equation:

A P

'x'it = '8 - "g'Sg At + yAt (4.1)

where:

AR

(-^)^t ~ change in gage resistance due to temperature change At,

3 = coefficient of thermal expansion of base material,

ttg = coefficient of thermal expansion of gage material.
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Sg = gage factor,

Y = temperature coefficient of resistivity of gage material

From Eq. (4.1)

(—)^ R ̂ At _
S  ~ ^ S '
9  g

(—)
But £ =

app. S
g

where e = apparent strain, therefore
app.

=app. ' '6 - «g'" ̂  ST

The apparent strain must be calculated or compensated. There are

two methods to compensate for temperature. First, compensate within the

gage itself by using B - a = - ■^. The second method involves using a
dummy gage in addition to the active gage. The connection of the active

and dummy gages in Wheatstone bridge are shown in Figure 23. The dummy

gage should be completely unrestrained and maintain the same temperature

as the active gage Eq. (4.2) becomes

"app. = • C-S)

So, if there is a difference between the coefficient of thermal

expansion of the grid material and the base material, the gage itself

will be subjected to a strain as given by Eq. (4.3) which does not occur

in the specimen. Therefore, the measured strain which is read by the

strain indicator should be corrected by subtracting the apparent strain.
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Gc ~ En ~ eS  R app.

or:

^  (4.4)

where

= strain produced by stress,

Ej^ = indicated strain.

4.2.5. Determination of the Coefficient of Thermal
Expansion Coefficient of the Weldable
Strain Gage

A strain gage was welded to a reinforcing bar, and a free gage

which served as the dummy gage was placed beside the active gage. Both

gages were maintained at the same temperature. The active and dummy

gages were connected on a half bridge in the Wheatstone bridge. For

temperature calibration both gages were exposed to various temperatures

by inserting them into a water bath control. The temperature and the

strain are recorded as shown below:

Temperature (°F) Indicated Strain (ej^)

50 13905

70 13880
80 13850
100 13800
110 13780
143 13715

The changes in strain readout between the different temperature

increments are:
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At (°F) AeR

+20 -25
+10 -30
+20 -50
+10 -20
+33 -85

apply Eq. (4.4). (Since the bar to which the active gage was welded

was free, the stress would be zero; that is, the strain produced by

stress (e) should be equal to zero.

0 = - (6 - ag)At

- Ejj + 3 At = a At
e  9
R

"g - ̂  - At •

But 6 = 6.5 X 10 ̂  (for reinforcing bar). Substitute the values into

above equation for each At,Aej^ the value of a is calculated.

At Ae^

+20 -25 7.75 X 10"^
+10 -30 9.5 X 10 c
+20 -50 9.0 X 10"^
+10 -20 8.5 X 10"^
+33 -85 9.08 X 10"°

Average value of a = 8.766 x 10"® in/in/°F.

4.2.6. Strain-Gage Calibration

The strain gages are connected on a half Wheatstone bridge to

Vishay units. These units are connected to a B and F Model 1C1613 Signal

Conditioner recorder. The calibration system is achieved by shunting

a fixed resistor (R^) across one arm of the Wheatstone bridge (R2) as

shown in Figure 23. When the calibration resistor is on, the calibration

strain (e ) can be calculated as:^
c

R
■

E_ =c -
2

Sg ■
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In the units which are used in the bridge testing we have the

following values:

R2 = 350j^

= 175000^

Sg = 2-0

" O" 350 + 175000 " 0-001000

= 1000 ME .

4.2.7. Locations of the Strain Gages in the Bridge

The strain gages which were welded on reinforcing bars have been

placed in both lanes (roadway), right and left, to provide verification

of the data or back-up data in case of premature failure of the gages.

Typical spans and piers were chosen for the installation of the gages.

The first priority was piers No. 1 and 28 which are next to the abutment

where movement due to expansion would be maximum. The next priority

was a pier close to the center of the bridge, pier No. 11. The third

set of piers are between the center of the bridge and the abutments,

piers 7 and 22. The location of the instrumented piers is shown in

Figure 24. The gaged bars were placed as vertical bars in the lower and

upper stem of the bent on both faces of the bents as shown in Figure 25.

Gages were also placed in the deck above bents 1, 7, 11, 22, and 28 at

each girder as illustrated in Figure 26. At mid-span between bents 10,

11 and 6, 7, gages also have been placed.
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North Side

South Side T

I3-^4.0"

1  M #

I  1 i

Strai n

Gage

i

L
,5'

r
i  I

2.5'
I  I

r[
Figure 25. Strain gage locations in a typical pier.
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-

-

-

)

Plan

3" I ̂  Strain Gage

View

22.25"

41.75'

Figure 26. Location of strain gages in a typical deck.
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4.3. THERMOCOUPLES

Iron-Constantan Type J thermocouples with a temperature range

(0 to 150°F) were used to determine the temperatures throughout the

bridge. These thermocouples were embedded in the deck of the bridge

between piers 6 and 7 in both the right and left lanes as shown in

Figure 27. The thermocouples were connected to a Speedomax 250 multi

point recorder (Leeds and Northrup) to obtain continuous measurements

of the temperature.

4.4. CARLSON INSTRUMENTS

Two types of Carlson meters were used in the bridge:

1. The R.C. (Reinforced Concrete) Meter.

2. Carlson Stress Meter for Concrete.

The R.C. (Reinforced Concrete) Meter

This meter is a rod-like device which stimulates a bar of

reinforcing steel. It has a length of 34.5 in and a diameter of 1.66 in

and is threaded externally near each end. The rod is hollow to maintain

the strain meter inside. The advantage of this meter is that readings

will always be obtained even in the presence of fine cracks which are

present in all reinforced concrete structure. The R.C. meter is also a

thermometer and the correction per degree is well known. Another

advantage of the R.C. meter is its ease of installation, since all the

sensing elements are inside the steel rod. The gage consists of two

resistances, R-j and R2, connected as shown below. Strain, or change in

length, is observed as a change in the ratio of resistance of the two

resistances.
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The properties of the two R.C. meters are shown below:

Meter
Calibration Calibration

Resistance Degrees Constant Constant
No. at 0(°F) per ohm (Strain) (Stress)

212 48.33 10.93 3.16 96.5
214 48.29 10.93 3.19 87.8

When

Shi pped

0.992

0.997

These meters were placed in the deck, right lane, near pier 26 a distance

of 3 in below the deck surface. A testing set (James G. Biddle Model

72-4010) designed especially for Carlson meters is used to measure the

resistance ratios to 0.01% and resistance (for temperature) to 0.01 ohms.

Carlson Stress Meter for Concrete

This meter consists of a 7-in diameter plate with a strain-meter

sensing element mounted on one face. The plate has a mercury film at

its mid-thickness and a flexible rim, so that any pressure applied to the

plate will be transferred to the mercury film. A thick walled steel tube

is attached to the main diaphragm in such a way as to surround the

sensing element without touching it. The calibration is in terms of

compressive stress per 0.01% reduction in the resistance ratio of the

sensing element. The properties of the stress meter are:

Resistance Temp. Changes Calibration Approx.
Meter in Ohms at per Resistance Constant PSI Ratio at Mercury
^0- zero °F Change °F/Ohms per 0.01% Zero Stress Thickness

C32 55.07 9.45 8.38 101.6 0.010
C33 55.58 9.36 8.82 101.4 0.012
C34 55.28 9.41 8.29 101.5 0.011

Three stress meters were placed in the diaphragm between two adjacent

beams, one at pier 7 and two at pier 13 right lane. The temperature
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correction can be neglected because it is relatively small. Also, a

strain gage bridge made by Biddle was used to get the reading for

temperature and ratios.

4.5. STEVENS' WATER LEVEL RECORDERS

This recorder is an instrument designed to measure water level.

Stevens' Type F recorders Model 68 were used in the bridge. It consists

of a horizontal chart drum which is turned through float action

proportional to changes in water levels. There is a pen which moves to

the right across the width of the chart at a constant speed controlled

by the clock. The combined movement of the chart drum and the pen

produces a graphic record of water levels against time.

The Stevens' water level recorders were adapted to provide

continuous measurements of the longitudinal movement of the bridge deck

versus time. An 8-day clock was used with a gear ratio 1:1 to give a

movement of 0.01 ft per division on a chart.

There are five recorders, one for each abutment and one at bent

No. 1, right lane, to record the relative movement between the deck and

the pier.

4.6. FIELD DATA

Continuous measurements of strains, temperatures and movements

were recorded in situ. A typical plot of change in strains for

December 3, 1980, is shown in Figure 28. The temperature throughout the

deck and the ambient temperature are shown in Figure 29. The location

of thermocouples and the strain gages were shown previously in
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Figures 27 and 25, pp. 68 and 65. It can be seen from Figure 29 that as

the ambient temperature rises the deck temperature also increases with

different values than the ambient. The top deck temperature (Thermo

couple 1) increases more than the mid-girder temperature (Thermocouple 6).

The change in the inside-girder temperature (Thermocouple 11) is

relatively small compared to the ambient since the box section tries to

maintain its temperature. The peak ambient temperature occurred that

day at 3:00 P.M. while the top deck temperature reached its highest value

at 4:00 P.M.

As the temperature of the deck increases, the superstructure of

the bridge tries to expand away from the center, thus pushing the piers.

The strain at the north side of piers number 1 and 11 increases as

illustrated in Figure 28. Due to the increase in deck temperature the

strain in the deck decreases. The maximum change in strain for the

piers is at the bottom of pier number 1, because pier 1 moves more as it

is farther away from the center of the bridge.

The measurements of movement at the abutments were recorded and

are shown in Figure 30. Figure 31 illustrates the inside-girder and

mid-deck temperature for the same day. By looking at Figures 30 and 31,

th.e movement and the mid-deck temperature vary in a similar manner (have

same shape). The maximum movement of the right lane of the south

abutment is 0.028 ft while the maximum change in mid-deck temperature is

7°F with an ambient temperature change of 10°F.

The change in strain for a cold day, February 11, 1981, is shown

in Figure 32, while its temperature versus time are shown in Figure 33.

The maximum change in ambient temperature is 41°F. Figures 34 and 35
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show the movement of the south abutment and temperature for mid-deck and

its girder. The maximum movement of the south abutment, right lane, is

0.093 ft while the maximum change in mid-deck temperature is 8.4°F.

The ambient temperature continued dropping for February 12, 1981.

The change in micro-strain and temperature for the same day are shown in

Figures 36 and 37. Figures 38 and 39 show the change in micro-strain

and inside girder and mid-deck temperature for February 12, 1981.

The analysis of vertical temperature distribution throughout a

concrete section is a complex problem because the temperature is a time

dependent phenomenon, and the distribution depends on the properties of

concrete. A nonlinear temperature distribution throughout the deck was

recorded. Figure 40 shows the temperature distribution in the deck for

every hour for February 12, 1981.

As mentioned before, the temperature was recorded by installing

thermocouples in the deck. The maximum temperature and its change at

different locations for a typical period of time are shown in Table 1.*

Also the maximum movement of the north and south abutments for both

lanes are given in the same table. The maximum daily changes in micro-

strain for different strain gages in the bridge are shown in Table 2

(for a period of January 16 to February 7, 1981). Also, the maximum

and minimum temperature for different locations of thermocouple in the

bridge are illustrated in Table 3 for a period of time between

October 22, 1980, and April 9. 1981.

*A11 tables are in Appendix A.
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4.7. FIELD OBSERVATIONS

Cracks in the diaphragm at bent 28, right lane, were observed.

There are four girders coming from bent 27 to bent 28 and five girders

going to the north abutment from bent 28. A thorough inspection of

the bent led to the conclusion that this type of cracking was caused

by an offset in the alignment of the girders at bent 28. Both lanes

appeared to have slightly rotated about a vertical axis at first and

last spans. The transverse sliding of the girders away from the center

line of the bridge, especially at the right lane of the north abutment,

produced this rotation. At the abutments only, structural angles were

used on both sides of the girders. These angles were bolted to the

abutments. The vertical legs of those angles only touched the girders.

Due to the movement of the bridge described above, the angles located

at the south abutment were bent westward and those at the north abutment

eastward, with,a maximum horizontal displacement of approximately 3/4-in

for the outside girders at north abutment, right lane. The angles on

the sides of the girders towards the centerline remained in situ, since

no angle to girder connections were provided as mentioned above.



CHAPTER V

THERMAL STRESSES IN A CONCRETE BRIDGE:

CALCULATIONS AND COMPARISONS

5.1. DEFINING A MODEL

The superstructure of the bridge consists of pretensioned,

prestressed, concrete spreadbox beams supporting a deck slab which is

continuous over the length of the bridge as shown previously in Figure 1,

p. 3. In order to obtain an analytical solution, a model for the bridge

is needed. Since there are dowel bars at the top surface of the girders,

the girders and the slab deck are assumed to act compositely as a beam.

The modeling for the bridge is shown in Figure 41. One special con

sideration is the connection between piers and the girders. The girder

rests on the pier with three dowels of 1-in diameter, r-9" length, and

no reinforcement that goes from the pier to the girder (see Figure 20,

p. 54). Thus, very little moment will be transmitted from girder to

pier. The resulting connection is considered as a hinge which will

transmit shear and no moment.

Another special consideration is the fact that the girders and

the deck are considered as a composite beam. The neutral axis of the

cross section of the composite section is located at some distance above

from the connection with the pier. This portion of the girder, which is

practically rigid, is modeled as having a moment of inertia 10 to 20

times the moment of inertia of the beam. Another consideration in the

modeling of the bridge is the flexibility of the support at the bottom

83
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of the footing. Since the footing rests on rock or on piles, the pier

is essentially fixed.

The concrete compressive strength for the girder is different

from that of the slab deck; thus, a reduction in the effective width of

the slab deck is considered.

5.2. APPLICATION OF THE METHOD OF CALCULATING

THE THERMAL STRESS IN BRIDGES

From the temperature measurements throughout the deck, it was

found that a nonlinear temperature gradient exists. The procedure which

was developed in Chapter III is applied for different cases of tem

perature on different days, and the results of stresses and movements

are compared with the field data.

The following steps are followed:

STEP 1. The temperature distribution throughout the superstructure

depth of the bridge is plotted for any given period of time where the

change in stresses and movement are of interest.

STEP 2. The difference between the two temperature variations

is considered as the thermal load on the bridge.

STEP 3. For the nonlinear thermal load found in step 2 and for

the properties of the cross section of the bridge, Eq. (3.11) is applied

to find the eigenstresses.

STEP 4. Equation (3.13) is applied to find the temperature

required to produce eigenstresses. A computer program was developed by

the author to evaluate Eqs. (3.11), (3.13) and (3.14).
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STEP 5. The temperature found in step 4 is subtracted from the

applied thermal load in step 2. (The same temperature can be obtained

by applying Eq. (3.14).)

STEP 6. The temperature found in step 5 is the linear

temperature which causes the deformation of the structure. The nonlinear

part of the temperature which gives the eigenstress does not cause any

deformation because the resulting forces are self-equilibrating as dis

cussed in Chapter III.

STEP 7. The linear temperature is applied as a load on the

structure by dividing into two parts: the first, which causes pure

bending stresses, and the second, which results in a pure axial stress

state.

STEP 8. The STRUDL program is implemented by assuming one-

dimensional beam elements (see Figure 42) for the bridge and calculating

the stresses and movements at the abutments.

STEP 9. The results obtained in the preceding step are compared

with the measured values. The actual stress in the deck is the stress

calculated or measured in step 8 plus the eigenstress.

To demonstrate the above procedure, the following three

comparisons were made. A summary of the calculated and measured values

is given in Table 4.

5.2.1. Comparison No. 1

The temperature and change in micro-strain for December 3, 1980,

were shown previously in Figures 28 and 29, p. 71. Two different time

periods were chosen to calculate the change in strain and the movement

of the bridge at the abutments. Those two time periods were 7:30 A.M.
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and 5:30 P.M. The temperature distribution throughout the deck at those

two selected times are shown in Figure 43. The change in deck tem

perature between those periods is shown in the same figure.

To use the program for calculating the eigenstresses, the change

of temperature throughout the deck depth is divided in layers across

which the change in temperature is linear. The width and the depth of

the section at each layer must be given.

Since the strength of the concrete and, in turn, the modulus of

elasticity of the concrete in the precast girders, are different from

those in the slab, a reduction in the slab width is needed. The applied

thermal load, width and depth of each layer of the section, eigenstress

and linear temperature are shown in Table 5.

The following values for the constants were used:

Compressive strength of concrete for girders = 6000 psi,

Compressive strength of concrete for slab deck = 3000 psi.

The reduction factor for width of deck = .^1950—30M _ fTT _ q
57000 /60M ^ 2

Coefficient of thermal expansion for concrete = 5.0 x 10~^ in/in/°F. The

linear temperature across the depth of the deck was decomposed into two

parts, one pure axial and the other pure bending. Both are shown in

Figure 44. The resulting forces, displacements and rotation caused by

linear thermal load in Figure 44 are given in STRUOL output (Appendix C).

The movement and the strains at four different locations are checked as

follows.
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7.629°F

64.0"

22.25

41.75"

i_Z
0.013°F

4.973°F 2.656"F

Axial 4.986'°F
Bendi ng

Figure 44. Linear temperature for comparison No. 1
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(1) Movement of South Abutment-Right Lane

Calculated From output results (STRDUL) 0.0265 feet

Measured From Figure 30 (p. 73) 0.0250 feet

(2) Stress at Top of Pier No. 1 (North Side)

Calculated 11.34"^

O  k-
522.or

A = 71.50 ft

I = 53.625 ft^

A^1655.91'

Stress =

522.91(1.5 -

+

11

it)

34'

11.34

53.625 71.50

1000

144
= +77.90 psi

Measured From Figure 28 (p. 71). Strain change = +24 pe

Stress = 24 X 10"® x 3.1 x 10® = 74.40 psi

(3) Stress at Bottom of Pier No. 1 (South Side)

Calculated Stress =
1655.91 X 1.167 11.341

53.625 71.50,

Measured From Figure 28. Strain change = - 74 ue

1000 ,r1^^ = -251.35 psi

Stress = -74 x 10'® x 3.1 x lO"*"® = -229.4 psi
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(4) Stress at Bottom of Pier No. 11 (North Side)

Calculated

^74.55^'

A = 54.0 ft^
I = 33.75 ft^

^240.21"^'
f

0.49"^

1000
Stress =

^ ̂ 0.21 X 1.167 0.491
33.75 54.0 144

= + 57.62 psi

Measured From Figure 28 (p. 71). Strain change = +18 ye

Stress = +18 x 10"^ x 3.1 x 10"^ = 55.8 psi
(5) Stress in the Deck at Pier No. 7

y  802.00'^' 840.19"^'
Calculated 222.97 222.91

A = 51.45 ft^.
I = 176.64 ft^

Stress =
r  840.19(22.25-3) 222.97

176.64 X 12 " 51.45
1000 o,
IW "

Measured From Figure 28. Strain change = - 68
ye

Apply Eq. (4.4) and use g = 5.0 x 10 ̂  (for concrete
since the gaged bar confined in the concrete).

Stress = ep - (e - ag)At E

From Figure 43. Change of temperature in the deck at

3 in from the top equal to ITF. E for the concrete girder = 4400 ksi

Stress = [- 68 - (5.0 - 8.766) x 10"^ x 11] x 4.4 x 10^ = - 116.93 psi

Stress = "llMl = _ 32.70 psi
/2

Note: The final actual stress in the deck is -82.70 plus the

eigenstress.
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5.2.2. Comparison No. 2

The method used in comparing measured strains and movements with

the corresponding analytical results was checked for a second time, this

time under inclement weather conditions. A cold day, February 11, 1981,

was chosen to obtain field data. On this day, the ambient temperature

dropped 45°F. Both the change in micro-strain and the change in

temperature for this day were previously shown in Figures 32 and 33,

p. 74.

The temperature change throughout the depth for February 11,

1981, at two different periods of time, 2:00 A.fl. and midnight, are

shown in Figure 45. Following the same approach outlined before and

used in comparison 1, the following results were obtained:

(1) riovement of South Abutment-Right Lane

Calculated From STRUDL output 0.0804 ft

Measured From Figure 34 (p. 75). 0.085 ft

(2) Stress at Top of Pier No. 1 (South Side)

Calculated 41.SO*^
^  I

K~^l 550.81"^

A = 71.50 ft^
I = 53.625 ft^

t

41.60"^

Stress =
53.625

41.60]1000
71.50 144

= - 239.92 psi

Measured From Figure 32. Strain change = - 86 ye

Stress = - 86 X 10'^ x 3.1 x 10® = - 266.6 osi
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(3) Stress at Bottom of Pier No. 11 (North Side)

Calculated 1.49

4-

225.

A = 45.0 ft'

I 33.75 ft

k'

Stress =

Measured

>^ 725.43

^  k1.49'^

.  725.43 X 1.167 1.4911000 _ , .
+  45:0)144" "33.75

From Figure 32 (p. 74). Strain change = 56 ye

Stress = 56 X 10"® x 3.1 x 10® = 173.6 psi

(4) Stress at Bottom of Pier No. 7 (South Side)

>k
Calculated 0.43'

543.96
k'

A = 45.0 ft

I = 33.75 ft^

1692.34^

Stress =

Measured

0.43^

1692.34 X 1.1_^ ̂  0.43
33 45.75 .0

1000

144
406.30 psi

From Figure 32. Strain change = - 116 ye

Stress = - 116 X 10"® X 3.1 X 10® = - 359.60 psi

5.2.3. Comparison No. 3

The change in micro-strain at different locations in the bridge

for February 12, 1981, was shown in Figure 36, p. 77. Two different

time periods, 8:00 A.M. and 8:00 P.M., were chosen to find the strain

change and movement of abutments. The temperature distribution in the
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deck and its changes are shown in Figure 46. For this temperature

change, used as a load on the bridge, the eigenstresses and linear

temperature were found. Applying the linear temperature as the thermal

load and using STRUDL, the following results were obtained and compared

with the measured values.

(1) Movement of South Abutment-Right Lane

Calculated From STRUDL output to movement is 0.0381 ft

Measured From Figure 38 (p. 79). The movement is 0.034 ft

(2) Stress at Top of Pier No. 1 (South Side)

-k'

2

Calculated 2.26'
'i'

746.46'

A = 71.50 ft

I = 53.625 ft^
k'

Ky 2363.79

Stress =

2.26"

746.46 X 1.167 2.25 1 1000

144
113.03 psi53.625 71.50J

Measured From Figure 36 (p. 77). Strain change = - 30 ue

Stress = - 30 X 10"^ x 3.1 x 10^ = - 93 psi

(3) Stress at Bottom of Pier No. 7 (South Side)

Calculated 0.21""

258.20*

A = 45.0 ft^

I = 33.75 ft^
k'

803.27

^  k
o.2r

Stress
803.27 X 1.167 , 0.21] 1000

33.75 45.0 144
-  192.25 psi
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Measured From Figure 36 (p. 77). Strain change = - 62 ue

Stress = - 62 X 1G~® x 3.1 x 10^ = - 192.2 psi

(4) Stress at Bottom of Pier No. 11 (North Side)

k
Calculated 0.7V

+  I
^107.00^

A = 45.0 ft

I = 33.75 ft^
k'

344.78

Stress =

0.71'

344.78 X 1.167 0.711
33.75 45.0

1000

144
= + 82.68 psi

Measured From Figure 36. Strain change = 20 pe

Stress = 20 X 10"^

(5) Stress in the Deck at Pier No. 7

Stress = 20 X 10"^ x 3.1 x 10^ = 63.0 psi

12.25' 42.41'

Calculated 320.33' ■c- ■320.33'

Stress = f  42.41 X (22.25-3) 320.33
176.64 X 12 " 51.45

A = 51.45 ftS
I = 176.64 ft^

1000 A = 51.45 ft^,
144 I = 176.64 ft

= - 53.94 psi

Measured From Figure 36. Strain change = - 52 ye

From Figure 46. The change of temperature at 3 in

from the deck surface is 10°F.

Stress = [- 52 - (5-8.766)10] x 10"® x 4.4 x 10®
= - 63.10 psi

Final stress = = _ 44.52 osi
n  —~
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(6) Stress in the Span 7-6

Calculated Stress =
320.331 1000
51.45 144

■ = -44.01 psi

Measured

5.3.

175.64 X 12

From Figure 36, p. 77. Strain change = - 54 ye

Stress = [- 54 -(5-8.766)10]xl0'^ x4.4 x 10^ = - 71.90 psi

Final stress = = _ 50.85 psi.

COMPARISON WITH DEAD LOAD STRESSES

The dead load of the bridge deck was applied as a uniform load

over the entire length of the bridge. The following stresses in the

deck and piers were obtained.

5.3.1. Dead Load Stresses in the Deck

Span between Abutment and Pier 1

0.27'^^

6397.82"

-c-

9220.82
k'

->0.27'

A = 51.45 ft^
I = 176.64 ft

Stress at pier 1 (top fiber) =

Note:

176.64 X 12

= 672.19 psi

E deck

0.27r 1000

51.451 144

E beams
= /2

final stress = = 475.31 psi
/2

Stress at the center of the span (top fiber)

6397.82 X 22.25^0.271
176

1000

final stress

.64 X 12 51.45j

466.33 psi

= 329.79 psi.

144

/2
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Span between piers 6 and 7

2654.81
k'

6537.13
k'

99.43' (- 99.43'

Stress at pier 7 (top fiber)

final stress

+ 6537.13 x 22.25 , 99.4311000
176.64 x 12 61.45 144

= 489.94 psi

_ 489.94

/2
- 346.49 psi

Stress at the center of the span (top fiber)

99.43]1000
51.45 144

final stress

Span between piers 10 and 11

-  180.10 psi

-180.10

/2
= - 127.37 psi

3658.31
k'

7365.97

148.19'^-e (-

k'

-^148.19'

Stress at pier 11 (top fiber) = + +
[  176.64 x 12

= + 556.94 psi

final stress = 556_^ ̂  393.82 osi
/2

Stress at the center of the span (top fiber)

148.191 1000
51.45 144

148.19]1000
51.45 144

final stress

= - 247.58 psi

_ -247.58
= - 175.09 psi
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Span between piers 14 and 15

7308.34'^' 3667.39'^'

171.86^^5 ^ >171.86"^
Stress at pier 14 (top fiber) = [+ VJ

^  ' ( 176.64 X 12 51.45 ,

= + 555.94 psi

final stress = = 393.16 psi
/2

Stress at the center of the span (top fiber)

171.8611000
51.45 J 144

O
C 00
01

51.
45

14
4

176.64 X 12

= - 244.14 psi

final stress = = 172.66 psi.
/2

From the above calculation for stresses, the dead load of the

superstructure of the bridge creates tensile stresses in the top fiber of

the deck at the span ends (or deck-pier connection). Also a compressive

stress in the top fiber of the deck at the center of the span was

developed by the same loads.

An increase in temperature of the bridge caused a compressive

stress at the top surface of the deck over the whole length of the

bridge. Thus, the dead load stresses reduce the compressive stresses in

the deck at the span ends, and increase the compressive stresses in the

deck at center of the span. (Of course a decrease in bridge temperature

has an opposite effect.)

The actual maximum thermal stress at the top of the deck at center

of the span between pier 14 and 15 was 325.58 psi in compression

(206.46 psi plus the eigenstress, both of which are compressive) as can



105

be shown earlier in the previous section (Compression No. 2). The

stress due to the dead load of the bridge at the same location was

172.66 psi in compression. Therefore, the thermal stress has a com

parable value to the dead load stresses.

5.3.2. Dead Load Stresses in the Piers

Pier No. 1 978.3'

235.52'

A = 71.50 ft^

I = 53.625 ft^

'^745.82'^'
I  k978.3'^

Stress at the bottom of pier No. 1 (north side)

f  745.82 X 1.167 978.3] 1000
53.625 " 71.50j 144

= - 207.70 psi

Stress at the bottom of pier No. 1 (south side)

745.82 X 1.167 978.3 1000

53.625

+ 17.73 psi

71.50 144

Pier No. 7 817.51

135.26'

A = 45.0 ft^

I = 33.75 ft^
V—y k'
A  420.82'^

817.51"^
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Stress at the bottom of pier No. 7 (north side)

420.82 X 1.167 817.51
33.75 45.0

= - 227.2 psi.

Stress at the bottom of pier No. 7 (south side)

(420.82 X 1.167 817.51"

1000

144

33.75

25.11 psi.

45.0

1000

144

Pier No. 11 868.6r

I  151.39"^'
A = 45.0 ft^
I  = 33.75 ft'^

k'I  487.80*^
868.61*^

Stress at the bottom of pier No. 11 (north side)

487.80x1.167 868.61 10

33.75 45.0

= - 251.18 psi

Stress at the bottom of pier No. 11 (south side)

487.80x1.167 868.61

00

144

45.0

1000

14433.75

= - 16.91 psi.

As can be seen from the preceding calculations, the dead load of

the bridge superstructure caused stresses that are compressive in nature

at the bottom of the north side of piers 1, 7, and 11. Those compressive

stresses vary between 200 psi and 260 psi.

The stresses due to a 45 degree change in ambient temperature

were most pronounced near the ends of the bridge. Tensile stresses of
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740 psi, 360 psi, and 173 psi were developed by the 45 degree

differential in ambient temperature at the bottom of piers 1, 7, and 11,

respectively.



CHAPTER VI

SUMMARY AND CONCLUSIONS

6.1. SUMMARY

Changes in ambient temperature have definite and measurable

effects on concrete structures such as bridges. Expansion bridges

are used as standard practice in the design of bridges to provide for

thermal effects; however, these devices can cause serious problems. In

this regard, the Tennessee Department of Transportation has been

motivated in the direction of minimizing or omitting expansion bearings

and joints during the last few years. This Department's bridge

engineers have designed longer and longer bridges with no provisions

made for expansion joints over the entire bridge span except at the

abutments. The bridge currently under investigation and which is the

subject of this research has a 2700 foot span, the longest yet built

without internal expansion devices.

Due to the continuity of the superstructure and the restraint

of the superstructure against movement relative to the piers, tem

perature changes induce strains as well as movements. Strain measure

ments were obtained by installing weldable strain gages in the bridge

deck and in selected piers along the bridge span. Thermocouples were

placed at various depths throughout the depth of the superstructure to

monitor the temperature at various locations. The ambient air

temperature as well as inside girder temperature were also recorded by

installing thermocouples on the outer surface of the bridge as well as

108
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the inner surface of the box girders. Continuous measurements of the

movement of the superstructure at both abutments were recorded.

The purpose of this dissertation is threefold: first, to develop

and present a theoretical method for calculating thermal stresses

induced in continuous bridge structures; second, to collect and analyze

field data obtained from strain gages and thermocouples that have been

placed in the bridge; and finally, from the comparison of measured

results with analytical and computer results for different models, to

make recommendations for design of this type of bridge.

The procedure which was developed in this research to calculate

the thermal stresses and movements in continuous bridge states is as

follows:

1. From the thermocouple measurements, a nonlinear temperature

distribution throughout the depth of the superstructure was applied as

a thermal load on the bridge.

2. This nonlinear temperature was divided into two parts:

first, a linear temperature distribution which causes deformation in

the bridge (given by Eq. (3.14)); and second, a nonlinear distribution

which causes no deformation in the bridge. The nonlinear part of the

temperature distribution results in a nonlinear-self-equilibrating

stress called the "eigenstress."

3. A mathematical model of the bridge was made as shown in

Figure 42, p. 87. The linear part of the temperature distribution which

was found from the previous step (using STRUDL) is applied.

4. The stresses from STRUDL output are calculated and compared

with the measured values.
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5. The eigenstresses due to nonlinear temperature distribution

are added to the stresses found due to linear temperature.

A computer program was developed by the author to calculate the

eigenstresses as well as the corresponding linear temperature distribu

tion for any given cross section. Its listing is given in Appendix B.

Three different days were selected to compare the field data

obtained from measurements with the results obtained from theoretical

procedure that was developed in this work. The comparisons were made

and presented in Chapter V.

The maximum change in daily temperature at various locations in

the bridge and their maximum movement at abutments for a given period

of time were shown in Table 1 (Appendix A). The maximum changes in

strains at piers 1, 7, 11 and in the deck are presented in Table 2

(Appendix A).

6.2. CONCLUSIONS

From the comparisons made between the data collected from site

measurements and the method that was developed in this dissertation,

the following comparison can be made between field measurements and the

corresponding theoretical results:

1. The percent difference in stress obtained from analytical

considerations and those obtained from strain measurements was on the

order of 5 to 15%.

2. The percent difference between the movements of the bridge

deck at the abutment as measured to the movement as estimated from

equations was about 7%.
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The above calculations for deformation and stresses in the model

were obtained from STRUDL by loading the model with a linear temperature

distribution. This distribution was obtained by applying the analytical

method described previously for the actual field measurement of

temperature across the depth of the superstructure.

It can be concluded that the analytical model developed for the

bridge predicts behavior which is in good agreement with observed

behavior based on the comparisons carried out for stresses (obtained

from strains) and deformations at the abutments. The analytical model

used one-dimensional beam elements which greatly simplified the com

plexity and dimension of the problem. Also, this agreement lends

support to the statement made earlier that the nonlinear part of the

temperature gradient across the thickness of the bridge superstructure

provided no contribution to movement as predicted in theory.

At certain locations in the bridge, the stresses due to thermal

loads are greater than the dead load stresses. For example, this

occurs at the bottom of pier No. 1. Maximum values for stress at pier

No. 1 is 207 psi at its bottom due to dead load and 740 psi due to

thermal change. In the deck, however, the stresses induced by

temperature change at pier 1 were less than the dead load stresses.

The temperature stresses at pier 14, on the other hand, were somewhat

greater than the dead load stresses. From Figures 30, 31, 34, 35, 38

and 39 (pp. 73, 75, 79) it can be seen that the movements of the deck are

proportional to mid-deck temperature (thermocouple No. 3). This movement

was about 0.08 in per Fahrenheit degree. From Table 3 (Appendix A),

the maximum change in ambient temperature was 76°F while the maximum
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change for the mid-deck temperature was 56°F. So the maximum

expansion of the bridge at the south abutment was approximately 4.48 in

for the given period.

6.3. DESIGN RECOMMENDATIONS

The following recommendations can be made regarding the

erection of future long span bridges with no provisions made for

expansion joints except at the bridge ends.

1. Thermal stresses which were most pronounced at the end piers

were of significant magnitude when compared to dead load stresses. At

the bottom of pier No. 1, thermal stress due to a thermal differential

in ambient temperature of 45°F on one day were almost three times the

stress produced by dead load. Thus, these stresses must be considered

in design.

2. The change from 4 to 5 box girder beam sections near the ends

for the right lane of the bridge was done by an offset in the alignment

of the girders. This alignment offset appeared to be the cause of

cracks in the diaphram at bent 28 and a transverse movement of the

bridge deck of 3/4 in at the abutment. To avoid this situation, it is

believed that if the same number of girders is used throughout the

entire length of the bridge or if the offset of the girders is

minimized, this potential problem can be avoided in the future.

3. It is also recommended that erection of the deck and

diaphragms be carried from midspan to the ends of the bridge instead of

otherwise. This allows the full maximum expansion to be achieved

equally in both directions, resulting in more uniform movements at the

expansion joints at the abutments.
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Table 4. The Calculated and Measured Values for the Three Comparisons

Calculated Measured

r-* Movement of south abutment 0.0265 ft 0.0250 ft

O
z Stress at top of pier No. 1 77.90 psi 74.40 psi

o

Stress at bottom of pier No. 1 -251.35 psi -229.4 psi

a.

E
Stress at bottom of pier No. 11 57.62 psi 55.8 psi

o

Stress in the deck at pier No. 7 -83.08 psi -82.70 psi

C\J
Movement of south abutment 0.080 ft 0.085 ft

z

c

o

Stress at top of pier No. 1 -239.92 psi -266.60 psi
</)

S- Stress at bottom of pier No. 11 173.96 psi 173.60 psi
CX

E
O
o

Stress at bottom of pier No. 7 -406.30 psi -359.60 psi

Movement of south abutment 0.0331 ft 0.034 ft

CO

Stress at top of pier No. 1 -113.03 psi -93.0 psi

z:

c
Stress at bottom of pier No. 7 -192.25 psi -192.20 psi

(/)

s.

<0
a.

E
O
o

Stress at bottom of pier No. 11 82.68 psi 53.0 psi

Stress in the deck at pier No. 7 -53.94 psi -44.62 psi

Stress in the span 7-6 -44.01 psi -50.85 psi



Table 5. Eigenstresses for Comparison No. 1

122

X(I)
(in)

Y(I)
(in)

Temp.(I)
(°F)

Eigenstress
(ksi)

Linear Temp.
(°F)

192.0 0.0 2.5 -0.0553 -0.013

192.0 6.5 2.0 -0.0272 0.763

40.0 6.5 2.0 -0.0272 0.763

40.0 50.5 1.0 0.1104 6.017

192.0 50.5 1.0 0.1104 6.016

192.0 54.0 1.0 0.1196 6.435

373.0 54.0 1.0 0.1196 6.435

373.0 57.0 4.5 0.0504 6.793

373.0 57.0 4.5 0.0504 6.793

373.0 62.5 14.0 -0.1441 7.450

373.0 62.5 14.0 -0.1441 7.450

373.0 64.0 17.0 -0.2062 7.629
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YY(1 ) = YECT

DC 3C L»1.N

TT(L«-l)=ieCT»DT»L

TAPA (L) = ABS((TT(L)+TT(L*Xn*CY«0.5»

C

C

YYtL«l) = YECT + CY*L

Dyr8(L)-(Yy(L)«-YY(L + l))/2.

DCYFf (L I'CVFna )-CGY

DDYTAFIL)=CDYF3(L1»TARA(L1

tooyta=t:cyta+odytar(lI

TARF< = TAFEA4-TARA(L)

30 CENT DUE

ARTOT=TAFEAtARTOT

xeAR=(X(K'-l)+X(MMn/2.

PTXD-I ) = >BAR»TAREA

PTXTCT«PTXTOT+PTX(MI)

70
71

72

73

74

75

75

77

78

79

80

81

82

83

84

85

85

87

88

39

90

91

92

93

94

95

TTOOYTIM11»XeAR«TCCYTA

TTTOCY=TTTDOY+TTOOYT<Mn
70 CCNTIFUE
C

C CALCULATICN FCR EIGEN STRESSES
C

NNCL'2»KL
C«E*ALPF/

B=PTXTCT/AT

C=7TTCDY/RCT

DC 80 LL=1,NFCL
DCG(IL)=Y(LL)-CGY

SIGHAZ(IL)=D»(-1.PTILL)+CCG<IL1»C*8I
C-

C- CALCULATICN FCR LINEAR TEMPERATLPE
C-

ELT(LL)-CCGILL)*C*E
CCNT INUE

WRITE(6,<00)ART0T
NPITF(t,;oc)PTXTCT

kiPIT£(6,<001TiTOOY
V.PITE (5 ,« 50)
URITElAtTOO) (XII ) , Y (I ), T (I ) , SIGMAZ (1) , Dl.NNCLI
UPITE (6,750)

WRITE(6,tOO)(X(I),Y(I),ELT(I ),I-1,NN0L)
50 FCRMAT(2fl0.5)

FCPMATCl' ,30X,>NUNBEP CF LAYER. '.IZ.lOl.'E. ', F15.2,1 OX, < ALPHA
»= SFIO.T)

100 FCFmzt(3CX,'THE TCTAL area is = '.FIO.S)
200 FCPMiT(3CX,>THE LCCATICN CF CG IS « '.FIC.S)
300 FCFMAT(3CX,*THE TOTAL MCMENT CF INERTIA ABCUT N.A. IS "tfZQ.5i

400 FCRMAT(3CX ,• THE TCTAL AREA CF TEMP - '.FIA-S)
500 FCRMAT(2(X,«THE PPCOUCT CF TEPP AND XBAP • •,F20.5)

BO
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APPENDIX C

STRUDL OUTPUT FOR COMPARISON NO. 1
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