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S everal bridge distresses have been
attributed to temperature varia-

tions within the structures."" Conse-
quently, bridge designers are utilizing
various design approaches for the eval-
uation of temperature variations in
bridge members and for the subsequent
determination of stresses and strains.

This article presents the findings
from field temperature measurements of
an experimental segmental bridge. A
comparison with some currently ac-
cepted design temperature distribu-
tions is performed. The current temper-
ature distributions for design were
modified to agree with actual measured
values in order to allow a direct com-

parison. Finally, from the numerical
comparisons, some disagreements with
current approaches are highlighted.

THE TEMPERATURE
PROBLEM

The temperature problem is caused
by the thermal environment (see Fig.
1). Surface temperatures of a cross sec-
tion result from numerous random in-
puts, namely, the surrounding air tem-
perature, the solar energy striking some
surfaces, convection caused by the
wind vector, and various forms of pre-
cipitation.
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Fig. 1. The thermal environment surrounding a box girder during the winter and
summer seasons.
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Fig. 2. Influence of thermal boundary conditions on a simply supported beam.

These inputs not only vary from sea-
son to season but also throughout any
given day (diurnal cycle). Such a ran-
dom and transient set of thermal pa-
rameters leads to an ever-changing set
of cross-sectional surface temperatures.
Since the boundary conditions are con-
tinually changing, the temperature dis-

tribution within a cross section must
also vary with time.

The significance of a transient heat
flow condition can best be described by
considering a simply-supported beam
initially at a constant temperature (T0)
(Fig. 2a). If both the top and bottom
surfaces are subjected to a temperature
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change (AT), then, over some period of
time, the cross section will be subjected
to a new uniform temperature (To +
AT). The physical response of the beam
will then be an elongation (AL) which
is a stress-free strain (Fig. 2b).

On the other hand, if only the top
surface is subjected to an increased
temperature (2AT), then, over some
time period, a linear temperature dis-
tribution will occur. Under the linear
temperature distribution, the beam will
elongate (AL) and bow upwards. Again,
strain will occur without the develop-
ment of stress (Fig. 2b).

In actuality, because surface temper-
atures vary with time, a nonlinear tem-
perature distribution will be present. In
other words, before a steady state heat
conduction condition can be reached,
the boundary conditions will have
changed. Since the physical response of
the beam requires that plane sections
remain plane, there can only be an
elongation and curvature (Fig. 2b).
Thus, a residual stress must develop,
which is given by the formula:.

.fr(y ) =E [4 y +Ease — at(Y)]	 (1)

where
f,(y) = residual stress y distance from

neutral axis
E = modulus of elasticity
0 = curvature
y = distance from neutral axis to

fiber where residual stress is
designated

Ea7e = average strain caused by mean
temperature change

a = coefficient of thermal expan-
sion

t (y) = temperature change y distance
from neutral axis

A more detailed explanation of Eq.
(1) is presented in the Appendix.

In order to find the residual stress
using Eq. (1), the curvature and average
strain due to the temperature distribu-
tion must be determined. Using the
Bernoulli-Navier principle, and as-

suming a one-dimensional temperature
distribution, Priestley3.4 used equilib-
rium conditions to develop the follow-
ing expression for curvature:

= j f t(y) • b(y) • y • dy	 (2)

where

I = second moment of area about
the neutral axis, and

b(y) = width of section y distance
from neutral axis

The uniform strain due to the mean
temperature differential is readily com-
puted as:

a = A f t(y) • b (y) • d y	 (3)

where A is the cross-sectional area.
Therefore, for a given temperature

distribution, curvature and the uniform
strain can be computed for Eqs. (2) and
(3), respectively, which, in turn, can be
used in Eq. (1) to determine the re-
sidual stress.

In summary, the response to the
nonlinear temperature distribution can
be broken into three parts as shown in
Fig, 3. The first part consists of the
uniform structural distortion due to the
uniform seasonal temperature input,
which is currently addressed in most
design specifications. The second part
occurs when the temperature change
(distribution), as referenced from the
seasonal value, is applied, causing an
incremental change to take place in the
uniform temperature to form an overall
uniform mean temperature. Finally, the
third part involves a nonlinear temper-.
ature distribution as measured about
the overall mean temperature.

Currently, American design codes do
not specify the consideration of an in-
cremental uniform temperature change
(Part II) nor a nonlinear temperature
distribution (Part III). For example, the
Standard Specifications for Highway
Bridges of the American Association of
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Fig. 3. Three-part input to the thermal distribution problem.

State Highway and Transportation Offi-
cials permits stress increases of 25 to 40
percent for load combinations involving
temperature and shrinkage effects;s
however, the actual specification of a
critical temperature distribution and
the subsequent analysis of curvature
and residual stresses are not specified.

Contrary to such American code
practices, the New Zealand Specifica-
tion4 requires the consideration of a
fifth-power temperature distribution, as
shown in Fig. 4(a). For the web of a box
section and the cantilever flanges, the
temperature distribution is taken as
32°C (57.6°F) at the top surface without
blacktop, and it decreases with depth
according to the fifth power and be-

comes zero at 1200 mm (47.2 in.). After
1200 mm (47.2 in.), the member is con-
sidered too massive to be affected by
rapid temperature changes in the diur-
nal (daily) cycle.

In addition, a linear temperature dis-
tribution is assumed in the soffit, which
is 1.5°C (2.7°F) at the lower surface and
decreases to zero at 200 mm (7.9 in.).
The deck slabs above the cells are
subjected to a linear temperature dis-
tribution of 32°C (57.6°F) on the sur-
face, decreasing 0.05°C per mm (2.3°F
per in.).

In the Precast Segmental Box Girder
Bridge Manual s (published jointly by
the Prestressed Concrete Institute and
the Post-Tensioning Institute), a
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(b) The Prestressed Concrete Institute and
Post-Tensioning Institute Temperature Distribution

Fig. 4. Thermal distribution assumptions for design according to New Zealand
Specification and PCI-PTI method.

method is given which allows for tem-
perature distribution where the flange
is 18°F (10°C) warmer than the re-
maining cross section, as shown in Fig.
4(b). Although the New Zealand ap-
proach is much more sophisticated than
the PCI-PTI method, a question arises
concerning the relative accuracy of the

two approaches. Finding the answer to
this question was one of the primary
objectives of a year-long temperature
study on an experimental prestressed
segmental box bridge. 7 The findings,
with respect to the question of accuracy
versus complexity, are presented in the
numerical examples that follow.
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TEST BRIDGE
Field observations were recorded for

a segmental prestressed box girder
bridge located at the Pennsylvania
Transportation Research Facility. The
test bridge consisted of two curved, su-
perelevated, prestressed box girders,
each composed of 17 segments, as
shown in Fig. 5. The topography of the
site consisted of gentle rolling hills
with a complete lack of large obstacles.
Hence, maximum solar radiation was
incident on the bridge surface. Also, the
open terrain allowed the extremes of
the thermal conditions to be observed,
including wind-induced convection.

The instrumentation for measuring
temperatures consisted of an Esterline
Angus-Model E1124E multipoint re-
corder and 24 copper versus constantan
thermocouples which were located on
the cross section as shown in Fig. 6.
The thermocouple placement was per-
formed after bridge erection by drilling
and filling the void with an epoxy
which was specified by the manufac-
turer as thermally compatible with the
concrete.

Calibration was performed by com-
parison of the ambient air temperature
of the interior cavity, as determined by
a mercury thermometer, to a freely ex-
posed thermocouple within the cavity
of the girder. Overall expected optimal
precision of the temperature measure-
ments was approximately ±1.5°F
(+0.8° C).

The average critical deflections at
midspan were also measured using six
dial gages with two placed at each end
and two placed at midspan. The appro-
priate weather information was ob-
tained from the Meteorology Observa-
tory at The Pennsylvania State Univer-
sity, located approximately 5 miles (8
km) southeast of the test site. The sec-
ond source of meteorological informa-
tion was the University Park Airport,
located approximately 1 mile (1.6 km)
south of the bridge location.

FIELD STUDY
The initial portion of the thermal

study considered the possibility of a
longitudinal temperature variation.
This investigation compared ten ther-
mocouple readings at hourly intervals
for three different diurnal (daily) cycles
between Segments 2A and 5A, and 2A
and 9A (see Fig. 5). The field readings
consisted of readings at Segments 2A
and 5A on June 30, 1978, and at Seg-
ment 2A and Segment 9A on July 11,
1978, and August 22, 1978, for ten
thermocouple locations in each cross
section.

The collected ordered pairs of read-
ings for like thermocuple positions
were then analyzed by simple linear
regression. From the regression
analysis, it was concluded that there
was no significant longitudinal temper-
ature variation. Therefore, since the
temperature distribution was found to
be constant in the longitudinal direc-
tion, it was concluded that curvature
due to temperature was also constant
along the length of the beam. The lon-
gitudinal study reduced the heat flow
problem from a three-dimensional
analysis to one with no more complex-
ity than two dimensions.

The second portion of the study ob-
served the midspan vertical deflections
and transverse temperature distribu-
tions of the bridge for 18 diurnal (daily)
cycles during the period starting on
October 25, 1978, and ending on Oc-
tober 16, 1979. The set of 18 diurnal
observations was designed to indicate
seasonal extremes as best as could be
predicted by the researchers prior to
the measurements.

Each transverse temperature distri-
bution was compiled from the 24 ther-
mocouple readings, and the corre-
sponding midspan vertical deflections
were determined for every hour starting
at midnight and ending at midnight, 24
hours later. The deflection readings
were then referenced to the equilib-
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Fig. 7. Vertical deflections (uniform temperature distribution used as reference).

rium position of the experimental box eluded a maximum air temperature of
girder bridge under prestressed load- 86°F (30.0°C), a minimum temperature
ing, dead loading, and a uniform tem- of 64°F (17.8°C), a 24-hour wind move-
perature distribution. 	 ment of 60 miles (97 km) with no pre-

vailing direction, a clear to hazy sky
condition, and a cumulative solar radi-
ation of 660.2 Langleys. The 3 days

OBSERVATIONS AND	 prior to July 7, 1979, had similar

	

FINDINGS	 weather conditions.
On January 4, 1979, the weather was

The effect of the seasonal variation is completely the opposite, with a tem-
shown in Fig. 7. The observations perature range of+12 to –2°F (-11.1 to
showed that the maximum upward de- –25.1°C), a 24-hour wind movement of
flection, 0.72 in. (18.29 mm), occurred 208 miles (1098 km) from the west, the
on July 7, 1979, and the maximum presence of snow flurries, and a
downward deflection, 0.11 in. (2.79 cumulative solar radiation of 122.9
mm), occurred on January 4, 1979. The Langleys. For several days prior to
thermal conditions on July 7, 1979, in- January 4, the weather was consider-
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Fig. 8. Vertical temperature distribution on July 7, 1979.

ably warmer with wider air temperature
ranging from +38 to –2°F (3.3. to
–18.9°C).

The thermocouple readings (Loca-
tions 1, 2, 3, 5, 9, 8, and 7) for various
hours on July 7, 1979, are shown in Fig.
8. The maximum upward deflection,
0.72 in. (18.3 mm), occurred at 4:00
p.m., resulting in a maximum surface
temperature differential equalling 51°F
(28.3°C) (difference between readings
for Thermocouples 1 and 5).

Note that throughout the study, tem-

perature differentials were taken rela-
tive to Thermocouple 5 since this loca-
tion showed very little temperature
fluctuation during the diurnal cycle.
The relatively small temperature range
of Thermocouple Location 5 (shown in
Fig. 8) was characteristic, of every diur-
nal set of observations; hence, Ther-
mocouple Location 5 was taken as the
seasonal temperature of the cross sec-
tion.

A comparison of the 4:00 p.m. tem-
perature distribution on July 7, 1979
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Fig. 9. Simplified cross section of box girder.

(see Fig. 8) with the New Zealand
Specification [see Fig. 4(a)] shows
rather good agreement. The observed
maximum surface temperature differ-
ential, 51°F (28.3°C), is reasonably close
to the New Zealand recommendation of
32°C (57.6°F).

This agreement is further reinforced
by the fact that Thermocouple Location
5 did indicate some small increasing
temperature during the day. If these in-
creasing temperatures were accounted
for in the temperature distributions, a
somewhat higher value of surface tem-
perature differential would result.

Another strong agreement between
the observations and the New Zealand
Specification is that at the maximum
upward deflection, the temperature in
Thermocouple Locations 1, 2, and 3 in-
dicates a pattern which is in close
agreement with the linear distribution
specified by the New Zealand Code.

In summary, the field observations
appear to indicate that the critical tem-
perature distribution that causes maxi-

mum upward bowing can be approxi-
mated by a fifth-order polynomial. In
addition, the slab above the box cell
showed a linear temperature distribu-
tion. The question of accuracy versus
complexity, however, still remains.

In order to answer this question, the
observed curvature, which was calcu-
lated from measured vertical deflec-
tions, was compared with theoretical
curvatures which were calculated from
both the modified New Zealand Speci-
fications and the modified PCI-PTI
temperature distribution method.

NUMERICAL COMPARISONS

The temperature distributions given
in Fig. 4 were modified to conform with
field observations. The resulting cur-
vatures were determined from Eq. (2)
and the resulting average strains were
determined from Eq. (3) using the gen-
eralized cross section shown in Fig. 9.
The corresponding stresses were also
determined using Eq. (1).
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Fig. 10. Modified New Zealand temperature distribution.

EXAMPLE 1	 the box section, with the triangular
temperature distribution at the bottom

A fifth-power temperature distribu- neglected. This distribution is shown in
tion was assumed across the entire Fig. 10, and it is used in determining
cross section, including the deck above the curvature and strain.

A. Curvature

a r+Yt

I j — Yi

	

r	 -21.31

=-.-1	 (0°F)•b(y)'y'dy

	

L	 -40.07,

f
+17.93

	

+	 (2.168x10-7)(21.31+ y) 5 (2) (15.5) (y)dy
 -21.31

	

f

+25.93
+ 	 (2.168 x 10-7 ) (21.31 + y)5 (240) (y) dyl

+17.93	 J

=	 (6.72 x 10-s ) [(1/7) (21.31 + y)7 —	 +17.93
I	 (21.31/6) (21.31 + y)s] -21.31

+25.93
+ (5.20 x 10-5 )[(1/7) (21.31 + y)7 — (21.31/6) (21.31 + y)6]

(a/I) [1,508,0001	
+17.93

(6 x 10-8/2,462,000) [1,508,000]

( = 3.68 x 10-6.1/in. (0.145 x 10`8 1/mm)

(2)
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B. Elongation Strain Due to Mean Temperature Distribution

cave = « f +y: t(y) • b(y) • dy	 (3)A - yb

	

21.31	 f +17.93
= A	 (0°F)•b(y)•dy+	 (2.168x10-7)a

	

-40.07	 J -21.31
+25.93

x (21.31 + y)5 (2) (15.5)dy + f(2.168x10-7)(21.31+y)5(240)dy
 +17.93 	+17.93

= a 6.72 x 10-6 (1/6) (21.31 + y)2
A	 I -21.31

+25.93
+ (5.20 x 10-s ) (1/6) (21.31 + y )6

+17.93

_ (a/A) (68,770)

= (6x10/4330)[68,770]

Ea7e = 9.53 x 10 -5 in./in.

C. Stress Development

f(y ) =E [0 •y+Eave- a t(y )]	 (1)

= 5x106 [3.68x10 • y+ 9.53 x 10-5 - (6x10-s)

x (2.168 x 10-7 ) (21.31 + y)5]

f(y) = 18.4y + 476.5 - 6.50x10-6(21.31 +y )2

The stresses predicted from the fifth power temperature distribution are shown
in Fig. 11.

EXAMPLE 2
A uniform temperature distribution

of 35.8°F (19.9°C) in ',the flange gives
the same average cross-sectional tem-

A. Curvature

_ (6 x 10/2,462,000) [35.8 • 240 • 21.9

= 3.67 x 10 1/in. (0.144 x 10- 6 1/mm)

perature (same Ea}e) as the fifth-power
temperature distribution used in Ex-
ample 1, and is shown in Fig. 12. This
uniform temperature is used below:

3 • 8]	 (2)

B. Effect of Mean Temperature Distribution

Ear _ (6 x 10-/4330) [35.8 •240.8]

= 9.53 x 10-1 in./in.	 (3)

C. Stress Development

f(y)= 5x106 [3.67x10_6• y+9.53x10-5 - 6x10-6. t(y)]	 (1)

= 18.35y+476.5-30•t(y)

PCI JOURNALJMarch-April 1983 	 91



Tension	 Compression

-575.6 psi

Bin.
yt=2593 in.	 + 01.7	 _T20in.

+
+447.9

Note: I in. = 25.4 mm
6 in.	 I psi = 0.006895 N/mm2

-113.6	 8 in
-26Q8psi

Fig. 11. Stresses predicted from modified New Zealand temperature distribution.
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Fig. 12. Modified PCI-PTI temperature distribution.
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Fig. 13. Stresses predicted from modified PCI-PTI temperature distribution.

The stresses predicted from the uni-
form temperature distribution in the
flange are shown in Fig.. 13.

From Examples 1 and 2, it is evident
that the basic assumptions lead to ap-
proximately the same, curvature but
markedly different stress patterns.

COMPARISON OF
OBSERVED VALUES

The observed critical curvature was
determined from the vertical deflection
measurements. With the presence of
51°F (28.3°C) temperature difference
between flange surface and the temper-
ature at Thermocouple 5, the test
bridge bowed upward 0.72 in. (18.29
mm) from the dead load prestressed
equilibrium position. In addition, since
it was concluded that temperature was
constant longitudinally, then curvature
must be constant also.

Therefore, with the application of

PCI JOURNAL/March-April 1983

both the first and second moment-area
principles, the midspan deflection
multiplied by 8/L 2 results in curvature,
where L is taken as the beam length.
Hence, for a midspan deflection equal-
ling 0.72 in. (18.3 mm) and a beam
length equalling 118.08 ft (35.99 m), an
experimental curvature equalling 2.87 x
10-6 1/in. (0.113 x 10-6 1/mm) was com-
puted.

The experimental curvature com-
puted above was based upon the as-
sumption that the upward deflection of
0.72 in. (18.3 mm) was associated with
an ideal simply-supported beam. How-
ever, there was evidence that there
were some end restraints that inhibited
the structure from functioning in the
ideal fashion. If these restraints had not
been present, the upward deflection
would have been greater, and the ex-
perimental curvature would have been
correspondingly greater.

In fact, load tests on the experimental
bridge8 indicated that the experimental
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curvature for standard truck load was 22
percent less than the theoretical cur-
vature as determined from moment-area
principles. If a similar discrepancy is
accounted for in the present case, the
experimental curvature would be 3.68 x
10-6 1/in. (0.145 x 10-6 1/mm), which
agrees closely with the computed value
of 3.67 x 10-6 1/in. (0.144 x 10-6 1/mm).

Therefore, from an overall compari-
son, the field observations seemed to
substantiate curvature predictions from
the computation using a fifth-order
temperature distribution or a uniform
flange temperature distribution. How-
ever, for the uniform flange tempera-
ture, a flange temperature equalling
about twice the currently proposed
PCI-PTI value had to be used.

A commonly used method for com-
puting curvature is to assume a linear
temperature distribution from the mid-
dle of the top slab to the middle of the
bottom slab. It should be pointed out,
however, that this temperature distri-
bution produces no thermal stresses in
a statically determinate structure. It was
determined by calculations that a
35.6°F (19.8°C) temperature difference
between the top and bottom slab with a
linear variation in between produces
the same theoretical curvature, 3.67 x
10-6 1/in. (0.0145 x 10 1/mm), as the
temperature distribution in Examples 1
and 2.

CONCLUSIONS FOR DESIGN
There was no significant longitudinal

temperature variation in the experi-
mental segmental bridge. Therefore,
curvature due to temperature was con-
stant along the length of the girder, and
the heat flow problem was reduced
from a -three-dimensional to a two-di-
mensional state. Further, it was found
that there was very little transverse
temperature variation in the horizontal
direction.

The maximum transverse tempera-

ture differential in the vertical direction
was measured as 51°F (28.3°C) and oc-
curred at the same time as the maximum
upward deflection. This showed a
rather good agreement with the New
Zealand Specification which recom-
mends 57.6°F (32°C). The field obser-
vations also indicated that the critical
temperature distribution can be approx-
imated by a fifth-order polynomial in
the webs, and that a linear temperature
distribution exists in the slab above the
box section, as recommended in the
New Zealand Specification.

Either a fifth-order temperature dis-
tribution across the entire cross section
(New Zealand gradient) or a uniform
temperature distribution in the top slab
(PCI-PTI gradient) produces a curva-
ture which agrees with experimental
values; however, temperature stresses
produced by the two temperature dis-
tributions differ markedly. The uniform
temperature distribution in the slab of
35.8°F (19.9°C) which agrees with ex-
perimental curvatures is approximately
twice the PCI-PTI recommended value
of 18°F (10°C).

The consideration of curvature due to
temperature is important in design,
especially in indeterminate structures
where temperature stresses due to con-
tinuity will superimpose on the tem-
perature stresses due to the tempera-
ture distribution. If the temperature
stresses due to the temperature distri-
bution_and/or continuity induced
stresses exceed the ultimate tensile
stress of the concrete, reinforcing steel
must be provided to carry the total ten-
sile load.
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APPENDIX

For the purposes of illustration, con-
sider an externally statically determi-
nate truss structure and a temperature
differential, as shown in Fig. Al (a).
Since the truss is internally statically
determinate, heating the top and mid-
dle members by 4AT' and OT causes
them to elongate 4aiTL and azTL, re-
spectively, where a is the coefficient of
thermal expansion and L is the member
length. This in turn causes the truss
members to rotate in order to accom-
modate the increases in member
lengths. Note that this reconfiguration

PCI JOURNAL/March-April 1983

only changes the interior triangular
configuration without introducing
stress.

In contrast, if the truss is made inter-
nally statically indeterminate and is
subjected to the same member temper-
ature differential, a stress-free condition
does not exist [see Fig. Al (b)]. Since
there are internal redundancies, a
geometrical reconfiguration causes
some truss members to contract and
others to elongate beyond that required
by member temperature equilibrium;
hence, stresses are developed.
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4AT

^	 I	 i

i

(a) Internally Statically Determinate Truss and Chord
Temperature Differential

4AT

DT/
/

_ /7

(b) Internally Statically Indeterminate Truss and Chord
Temperature Differential

Fig. Al. Determinate and indeterminate trusses and chord temperature differentials.

For example, because of the diagonal
redundancies, the top member expands
a length, AL, which is smaller than
4aATL. This results in a compressive
strain:

^L – 4aAT
E° =  L

which causes a compressive stress

f =E I LL —4aiTI

where E equals the modulus of elastici-
ty.

This residual stress concept can be
generalized for an externally statically
determinate beam and a nonuniform
temperature differential, as shown in
Fig. A2. In this case, the beam can be
viewed as an internally indeterminate
truss to an infinite degree. The only
possible physical response of the beam
to a temperature differential is a bow-
ing upwards or sagging downward,
giving a linear strain distribution ac-
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inancy

a) Simple Beam and Temperature Differential

OT(y)= t(y)

?+

b) Curvature (k and
Curvature Strain

^.y

	

+	 -a©T(y) =- at(y)
E

aATave

	

c) Elongation	 d) Fully-Restrained
Due To Mean	 Temperature
Temperature	 Strain

Fig. A2. Simple beam and temperature differential.

cording to the Bernoulli-Navier princi-
ple [see Fig. A2 (b)].

In addition, elongation or contraction
strain develops due to the mean tem-
perature effect [see Fig. A2 (c)]. Each
longitudinal fiber, however, has a tem-
perature strain requirement of atT (y )
associated with full restraint, as shown

in Fig. A2 (d). Hence, as in the simple
truss example, a residual stress problem
exists, as follows:

.fr (y) = E [0 y + Ea,, — at(y)]

where
t(y)-= temperature change, AT, at a

distance y from the neutral axis

NOTE: Discussion of this paper is invited. Please submit
your discussion to PCI Headquarters by Nov. 1, 1983.
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