Thermal Behavior of Composite Bridges—

Insulated and Uninsulated

WILLIAM ZUK
Professor of Civil Engineering, University of Virginia, and Consultant to the
Virginia Council of Highway Investigation and Research

Reported are theories and experimental data pertaining to
various thermal aspects of composite bridge structures with
steel beams and concrete decks or prestressed concrete
beams and concrete decks, some of which are insulated on
the underside with urethane foam. Heat conduction behavior
as well as induced thermoelastic stresses and deformations
arediscussedinregard tothese bridgetypes. Certainlimited
conclusions are drawn as affecting current designprocedures.

eAL.THOUGH CURRENT bridge specifications in the United States, such as those of
AASHO, do recognize the existence of thermal expansion and thermal forces, they are
rather vague concerning values, particularly in regard to internally induced thermal
stresses. Even though a bridge may have adequate provision for overall expansion and
contraction, there could still exist large internal stresses due to non-uniformity in
temperatures and material properties. Such is particularly true in composite struc-
tures exposed to solar radiation. German engineers and specifications were perhaps
the first to deal with this subject. However, studies are now under way not only in the
United States but also in Canada, England, Japan and Israel.

This paper is limited primarily to research efforts at the Virginia Council of High-
way Investigation and Research located at the University of Virginia in Charlottesville.
Although extensive field data have been taken in connection with this study, principal
emphasis in the report is given the basic theoretical equations predicting bridge tem-
peratures and stresses due to atmospheric weather conditions. These equations pro-
vide the greatest generality of application and are not necessarily restricted to the
local conditions tested. However, as far as field conditions permit, the experimental
data are compared to the theoretical to ascertain the general validity of such theories,

UNINSULATED BRIDGES

Theory of Temperature Distribution

Of first concern is the prediction of temperatures at the surface of a bridge deck.
E. S. Barber (1) has developed a reasonably reliable equation to predict maximum
surface temperatures of slabs, either concrete or bitumen. Although many complex
factors such as solar radiation, ambient air temperature, wind velocity, insolation,
reradiation, conductivity, diffusivity, and evaporation come into play, a simple but
reasonable solution can be obtained on the basis of assuming average values of the
secondary parameters and by assuming a sinusoidal effective daily temperature cycle.

Thus, for a normal concrete deck in the Middle Atlantic States, the maximum sur-
face temperature in degrees Fahrenheit may be approximated by the formula

Ty = Ty + 0.018L + 0,667 (0.50T, + 0.054L) (1a)
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where

T, average daily air temperature (°F),
Ty daily range in air temperature (°F), and
L solar radiation received on a horizontal surface (cal/sq cm/day).

1nmn

The equation for the maximum surface temperature of a bridge deck surfaced with a
thin topping of bitumen would correspondingly be

Ty = Ty + 0.027L + 0.65(0.50T, + 0.081L) (1b)

For other regions and extreme conditions, the various constants may be appropriately
adjusted as shown by Barber (1), The value of L (langleys of solar radiation) may be

either determined from U. S. Weather Bureau maps or taken independently by a rela-
tively inexpensive pyrheliometer which can be purchased commercially.

The effect of blacktopping can easily raise the surface temperature of decks 15 F
or more above that of bare concrete decks. This factor is significant in relation to dif-
ferential temperatures between the top and bottom of bridges, which in turn affect the
induced internal thermal stresses.

The exact determination of the maximum differential temperature between the top of
the slab and bottom of the supporting beam is also a complex matter. However, again
with some simplifying assumptions, a rather simple but workable formula can be de-
viged_  In the case of steel heams, it is not too unreasonable to assume that the con-
duction of the steel is large enough that the lower outer fibers of the steel are at essen-
tially the same temperature as the ambient air. However, there is a phase lag of
several hours between the peak surface temperature (controlled primarily by solar
radiation) and the air temperature, with the surface temperature generally leading the
air temperature.

A simplified equation for predicting the maximum temperature differential between
the top and bottom of a normal steel-concrete composite highway bridge may be as-
sumed as

ATy = Ty = Tad T (2)

where A is the lag lactor, varying from about one-fourth in the summer to about one-
half in the winter. A value of three-eighths may be taken as an average for
mate analysis in Middle Atlantic States latitudes.

One other feature of interegt ig the character of the temperature distribution through
the thickness of the deck slab itself. If the temperature at the top of the slab is equal
to Tt = B + C sin (0.262t - ¢) and that at the bottom of the slab is Tp = G + H sin
(0.262t), by superimposing the steady-state heat transfer solutions developed by Carslaw
and Jaeger for periodic temperature states on an infinite plate (2), the following equa-

tion is obtained for the time-temperature-depth relation: -

T = CYsin(0.262t-¢ + InY) + HY sin (0.262t) + (B-G) % + G (3)

where
h = thickness of slab,
y = distance measured from bottom of slab,
t = time,
[cosh 2 my - cos 2 m /e
Y = Y T , and
cosh 2 mh - cos 2 mh_J .
Y = [cosh 2 m(h-y) - cos 2 m(h-y)! /z.

|(cosh 2 mh - cos 2 mh B
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0.262
2q
of m for concrete is 2.1 in units of feet, hours, pounds, British thermal units, and
degrees Fahrenheit).
Generally speaking, in normal bridge structures, a temperature extreme (either hot
or cold) at the top of the slab rapidly decays with depth, so that at approximately mid-
depth the temperature is virtually the same as at the bottom of the slab.

1
In the last two terms, m = ( )/2 where q is the diffusivity (an approximate value

Theory of Thermoelastic Stresses and Deformation— Composite Section with
Steel Beam and Concrete Deck

The following theory follows in essence the derivations in a previous paper (g),
except for the consideration of temperature varying as any function of depth in-
stead of a linear function. The theory in this paper, therefore, represents a more
generalized case. The slab and beam are assumed separated and free to deform
independently according to the imposed temperature conditions. From basic thermo-
elastic theory, these separated induced thermal stresses may be easily determined.
From these stresses, acting in conjunction with thermal expansion, the strains at any
depth of the beam or slab may be found. However, in the actual composite beam, addi-
tional unknown forces in the nature of shears and couples exist at the interface between
the slab and beam at the ends (3). These interface forces cause the two separated ele-
ments to join compositely, so that the strain of both the beam and the slab at the inter-
face must be equal (assuming a no-slip condition) and the radius of curvature at the in-
terface must be the same for the slab and the beam.

When the strain effects of the interface shears and couples are superimposed with
the original thermal strains and the compatibility conditions of equal strain and curva-
ture at the interface are met, the values of the interface shear and moment may be de-
termined. Once these are established, the actual stresses and deformations in the
composite section may be found by elementary beam theory.

Notations.—The symbols used in the following derivation are defined as follows:

A = cross-sectional area of beam,
a = half of depth of slab,
b (y) = width of beam at various depths,

E, = modulus of elasticity of concrete,

Ep = modulus of elasticity of steel beam,
€p = induced unit strain in beam,
€g = Induced unit strain in slab,
F = interface shear force,
f = induced stress in beam,

fs = induced stress in slab,

I = moment of inertia of beam section,
D = beam span,
u = Poisson's ratio,
p = width of slab,
Q = interface couple,
v = vertical deflection of beam at midspan,
ae = coefficient of thermal expansion of concrete,
op = coefficient of thermal expansion of steel beam,
T = temperature, and
Ty = initial temperature.

Derivation, — From elastic theory, the general thermal stress-strain equations are
as follows:
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1 - %
x = ¢ ‘,fx - plfy + fz)J +aA T
1
o = [fy - uy + fx):l + alA T
1
<z = 3 [fz = plE, + fy)] + @A T (4)

Referring to Figure 1 using a (X1, y1, Z1, Ti) coordinate system for the slab and
considering the slab restrained in the z: direction (e, = 0) by adjacent beams and free
in the y; direction, one may derive from Eq. 1 the following relations for slab stresses:

les - “fxls - o, Eg |__T1 (7] ~ To]

and
i = 0 (5)

When the slab is assumed to be separated from the beam but subjected to the actual
temperature distribution T:(yi), the following general equation may be used to deter-
mine fy ¢ in the slab (3):

S i
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Figure 1.
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The corresponding strain ex g may be found from Eq. 4 as:

-

1 i
‘xs E, [fxls ) “lesj % [Tl(yl) - To) M

1

Substituting Eq. 5 and 6 in Eq. 7, one may obtain the following expression to deter-
mine €y g in the slab.

+a
1+ pa _
c
€xls - T \_Tl (vy) - Toj' dy, +
-a
+a
3(1 + wa_y -
— <10y - T0] v, dy, (8)
2a°
=d
aty, = 0, making,
+a
(@) f
wa =t [ [T6) - T, ®
-a
andaty, = a,
+a
(1 + p) @, .
g P | T, (v) - TOJ dy, +
-a
+a
3(1 + p) o
c
—— [ [T.6) - T lv, (10)
-a

The bottom slab strain (at y, = a) due to the interface shears and moments is
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2
€, = (1 - “‘) 3Q (11)
X5 ap E 2F - 2a

C

Thus, the sum of Egs. 10 and 11 gives the total interface strain of the slab:

+a
2 (1 +pa ‘
€ Vi :_(:l__L) ZF-E +.__c '_Tl(yl)-T_]dy1+
X8 ap E_ 2a 2a G
-a
+a

[T, ) - T, v, dy,  (12)

Considering the beam separated from the slab, using a (x,, y,, z,, T) coordinate
system as shown in Figure 2, the following equation may be used to determine fyj, in
the beam section due to the temperature change (§):

+d

2

o, By

t, = 0B [T@H)-To] + [ T() - To | by dy «

[TG) - T,] bydy  (13)

Since the beam is free in both y and z directions (fyb = fzp = 0), one may derive
from Eq. 4 the following stress-strain relation for the beam:

f
_ 'xb g
Coily —E—c- + oo |:T(y) - T, ] (14)

Substituting Eq. 13 into Eq. 14, one may obtain the corresponding strain as
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making, aty = d,,

+Cl2 +d2
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xb

-d

1

. _ o,y
b = % [T - TOJ b(y)dy + IL[[T(y) - T, | b(y)ydy
-d,

d
[T@) - T, | by - ?[[T(y) - T, ] d(y)yay
-d,

The stress and strain in the beam caused by the interface forces are

f,:.gy..;.FM_l
xb I I A

and at y = -d,,
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(17

(18)
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Therefore, the sum of Eqs. 16 and 19 gives the total interface strain of the beam

at y = -d; as follows:

+d,
Q, F /a* 1 a .
w =t g o fLITR - Tl -
b b
_d1
+d,
d, o

(20)

For compatibility of horizontal strains between slab and beam at the interface, Eq.

12 must equal Eq. 20, which gives

. a - :
ab< " [T(y) - TOJ b(y)dy - = I_T(Y) = TOJb(Y)Ydy

-d

1 1

Subtracting Eq. 9 from Eq. 10, one may obtain the strain difference between the

(21)

midplane and bottom of slab induced by temperature change in the concrete section:
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+a
3(1 + p) @,

€x1s (difference) = T [T(Y) - To] ydy (22)

The strain difference induced by the interface forces as the same positions is given
by:

¢_ ., (difference) = M (Fa - Q) (23)
X8 23.2 pEC

Therefore, the total strain differential is the sum of Egs. 22 and 23:

. 3(1 - yh
Ee i (total difference) = ~=——X~ (Fa - Q) +
v 2a® PE,

+a

3(1 + wao

222 ¢ [Tl ) - To:l v, dy, (24)

This differential strain may then be related to the radius of curvature of the slab at
the interface by simple geometry as follows:

221.3pEc
R = : +a (25

3(1- ) (Fa-Q +31+wpe B, | [T,00) - T,] v,

-a

Considering the beam alone, the total induced moment is
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+d

2
M, = Fd, + Q + o E, / [T(y) - To] b (y) ydy (26)
_dl

The radius of curvature of the beam at the interface may be found by elementary
flexure theory:

EbI

= - d (27)
Rb +d i

2

Fd, + Q + o B /[T(y) - TO:| b (y) ydy
-d

1

The second term in both Egs. 25 and 27 is so small in comparison to the first term
that it can be omitted without introducing significant error. Thus, the vertical com-
patibility is written by equating Eqs. 25 and 27, which may be rearranged as follows:

[Zpdl R E, - 3(1 - p)alE | F + [2pa3 E, +3(1 - u) IEb] Q =

+a
3(1 + p) pochEbEC /[Tl(yl) - TO] y,dy, -
-a
+d,
2pa’ o B, E_ / [TG) - T, | b ydy  (28)
_d

“

L

The unknown quantities F and Q@ may be obtained by solving Eqgs. 21 and 28 simulta-
neously. For practical purposes, these equations are best solved numerically for
particular problems.

With F and Q known, the stress fyx o in the slab is obtained by adding Eq. 6 to the
stresses induced by the interface forces, giving:

. F 3(Fa - Qy, o,E, [Tl(yl) . Toj
= e = +
X8 2ap 228 p 1-p
+a +a
acEc SQCEcyl

[Tl (v) - To} dy, + [T, () - To] y,dy, (29)

i
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Similarly, the stress fyp in the beam is the sum of Egs. 13 and 17. The stress in
the slab in the transverse or z, direction is obtained from Eq. 5.

The induced moment in Eq. 26 causes a deflection of the beam which may be obtained
from the elementary equation of flexure of a simply supported beam acted on by a con-
stant moment:

+d,
- Q2 e i
v = T WFdl+Q+abEb /'_T(y) - T, b()ydy (30)
L %

Composite Section with Precast-Prestressed Concrete Beam and Concrete Deck

The detailed theory involved in this case is presented in a recent paper (4), Inbroad
outline, the approach is similar to that explained in the steel-concrete composite sec-
tion, except for the added stress and strain effects of the prestressing tendon. Although
two cases of prestressing tendons were studied, one involving a straight tendon and the
other involving a parabolically draped tendon, for brevity only the summary equations
for the straight tendon are presented in this report. The pertinent equations are as

follows:

1 1 e’ e 1 (1 ed,
— 4+ — +—| F, - —Q+ — |—-—]| F =
IE, E

t
AE, AE IE, A 1
+d, +d,
O(c eOlc r
~a [T(e)- T ] + y / [T) - T, | dy + = /LT(Y) - T, ] b (y) ydy
'd1 _dl (31)
1 ed, d, 3(1-p? 1 d? 2(1-u)
— - — Ft+—— Q+ | — + — + =
A I I 22° p A I ap
+a +a
1+p 7 3(1 +p) 1
0 Eol - o [[Tl(y) - T, | dy, - o = [T,0) - T, |y,dy, +
-a -a

+d, +d,
: f[T(y) - To]b<y>dy-% f[T(y)- T, by)ydy (32)
-d, -d,
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and
2a° peF, - [2a3p +31(1 - uz)j Q + [3a1(1 -y - 22 pdl} F =

+d

2

+a
po, B, (¢-3(1+ u)I/[Tl (v) - T, ]y, dy, + 2a3/[T(y> - T | by)ydy) (33)

-d

1

where e is the distance of the tendon from the centroidal axis of the beam, and the sub-
script t refers to the tendon.

Egs. 31, 32, and 33 are solved simultaneously (best done numerically) for the fac-
tors F, Q, and ¥, where F; is the change in prestressing force due to the temperature
effects. The corresponding slab stresses are found by use of Eqs. 5 and 29,

The beam stresses are found as follows:

fxszt[—1+ﬂ)+&+F(ﬁdl—y—l)-aE T(y)-T ]

a I I I A

+d
2

y
/ [TOG) - T, | bG)ydy  (34)
-d

o R
i cf|T(y)— b(y)dy +

1

The maximum vertical deflection at the center of this simply supported prestressed
beam due to the temperature is

+d,
D* r
B e T Fd, + Q - Fte +ozcEc LT(y) - To] b (y) ydy (35)
c
-d

1

Field Tests

To obtain data on actual field conditions of temperature and thermal strains on a
bridge, a composite steel girder and concrete slab bridge over the Hardware River
near Charlottesville was instrumented (Fig. 3).

Twenty-two iron-constantan thermocouples were embedded near the top of the slab,
at the mid-depth of slab, at the top of the steel beams, at the mid-depth of the beam,
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Figure 3. Plan of bridge.

and at the bottom of the beam at the positions shown in Figure 3, Two ambient air
temperature gages were also installed at Positions 2 and 3. The thermocouples were
all wired to a Minneapolis-Honeywell 24-point recorder which scanned and recorded all
the points automatically once an hour.

Periodic strain readings were taken manually in the beam and slab at Position 1 by
a 10-in. Whittemore strain gage, compensated by an invarient invar bar. A mechanical
device instead of an automatic electrical device was selected for strain readings to in-
sure greater long-term reliability. To isolate the temperature-induced strains, read-
ings were taken only under dead load and constant moisture conditions in the slab. Slab
moisture was detected by a nuclear moisture probe using a radium-beryllium source
manufactured by Nuclear-Chicago.

When the testing was initiated, the bridge structure was 2 years old, so essentially
all shrinkage had already taken place, Rod and level readings were taken at the same
time strains were measured. All data were thus read and recorded for the period from
September 1961 to August 1962, with the exception of June and July because of persistent
instrument malfunctions. However, from September 1962 to May 1963 only temperature
data were recorded (for reasons to be discussed later). As it is obviously impractical
to present all accumulated data, only those believed to be meaningful or typical are pre-
sented.

The extreme low temperature, -6 F, was recorded in January 1962 from midnight to
6A .M. at the bottom of the steel flanges. The air temperature at this time was also -6 F,
The highest temperature recorded, 123 F, was in May 1963 at 3 P.M. at the top of the
slab., The air temperature at this time was 97F,

The maximum temperature differential through the depth of the bridge at an interior
beam at any given time did not exceed 37 F, when the slab was warm and the beam was
cool. This situation typically occurred during sunny afternoons when the sun's radiations
coupled with high air temperatures warmed the top of the slab. Oddly enough, the re-
verse condition prevailed on outside beams exposed to the sun. A maximum differential
temperature of 42 F was observed on such an exterior beam in January on a sunny but
cold afternoon, The result was that the top of the slab remained relatively cool (although
warmed to some degree by the sun) while the exposed lower portion of the steel beam
with its high thermal conductivity was heated. Other than for these edge beams and
isolated regions shaded by railings or trees, the temperature at any given strata of the
bridge was practically constant.

Since it is the temperature gradient that contributed to high internal thermal stresses,
high thermal differentials are most important, Large temperature fluctuations from
winter to summer, although causing large overall expansion or contraction, do not nor-
mally play a large role in internal stresses,
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As an adjunct experiment, temperature readings were taken at the surface of normal
grey-white concrete and black-grey bituminous concrete. Due to color, the darker
surface absorbed more short-wave solar radiation, raising the bituminous temperature
approximately 15 F higher than that of the normal concrete on a sunny summer after-
noon. On a sunny winter afternoon, only a 5 F differential was noted.

These experimental data correlate well with the theory presented in Egs. 1la and 1b,
in which solar radiation was measured near the site with a portable Belfort recording
pyrheliometer.

A typical plot of temperatures on an interior region of the bridge for a day in March
1963 is shown in Figure 4, Based on the measured solar radiation for that day, L is
471.3. Using Eq. la, the maximum surface temperature is 102 F, compared to the true
measured value of 98 F. Similarly, the maximum differential temperature based on
Eq. 2 is 24 F, compared to the true measured temperature of 23 F. On sunny days, the
sun's radiation often heats the top of the deck 20 or 30 F higher than the air temperature
by mid-afternoon.

To illustrate the difference in thermal behavior between an interior and an exterior
beam on a cool sunny day in January 1962, the log of temperatures in Figure 5 is pre-
sented. The general trends and distributions of temperature are about the same for a
warm sunny day at any season of the year. There is a continuous variation due to con-
ductivity and radiation.

Generally speaking, for an interior beam, the lower flanges rapidly assume the sur-
rounding air temperature due to the steel's high conductivity. The conductivity of the
concrete slab is lower, with the bottom surface and especially the middle temperatures
generally lagging the air temperature. As is observed, the botiom siab temperature
affects the temperature at the top of the steel beam, mostly through conduction. At
night the temperature gradients are generally rather small, and it is occasionally ob-
served that the top of the slab is at a temperature a few degrees lower than that of the
air due to reverse long-wave radiation from the slab to the black sky. In the early
hours of the morning, the entire bridge is often at a constant temperature, that of the
air. This is also true during all the daylight hours on cloudy or rainy days.

The steep thermal gradients in the slab near the upper surface are characteristic.
Spot check comparisons of the experimental data with the theory (Eq. 3) show agree-

ment of about 10 percent. The most signi-
100 ’ T ficant source of error lies in the theoreti-
cal assumption that the boundary tempera-
\ tures vary as a sine wave, whereas a
* ,H.,//. A
‘ |
70,

glance at a typical temperature curve as
in Figure 4 shows this to be only approxi-
mately true.

In regard to strain and deformation
measurements, unexpected complications
arose. Strain readings were not compared
to theory until many months after the ini-
tiation of the testing program, at which
time it was observed that (a) there was
considerable interface slip between the
steel and the concrete and (b) there were
appreciable axial end restraints on the
bridge at the positions of the slab and the
bearing plate. The slip behavior was most
w erratic, precluding any easy explanation
or correction. (This bridge has stud-type
shear connectors,) As time progressed
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Figure 4, Plot of temperatures for March

18, 1963.

(particularly with the coming of warm
weather) it was noticed that the entire
bridge expanded to such an extent that
several of the 1-in, diameter anchor bolts
were bent and a 12-in. reinforced concrete
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“Hipsl 7218t 1= back wall was cracked from pressure
Stub '\ _ _ transmitted through a 1-in. thick expan-
AR 7 e T P sion filler at the slab level,
/ \ Because of these unexpected and unmea-
Beam P \ sured complications, attempts at reconcil-
\ ing the theory with experiments proved
/ \ futile. As a case in point, for a tempera-
~819 psi L -185 psi \_ ture state with the top of the slab at 104 F
@ ®) and the beam and the bottom of the slab at
93 F, Figure 6a shows the theoretical
Figure 6. Stress distributions. stress distribution in the longitudinal di-
rection, Figure 6b shows the actual
stresses from measured strains,

To adjust these divergent results, theoretically there must exist an axial compres-
sive stress at the end of the slab of 689 psi and a bearing force at the anchor bolts of
15,020 1b, Interface slip would tend to reduce these restraint values, but to an unknown
extent as no reliable slip theory is yet available. A complete theory would also have to
take into account creep and plasticity effects. For similar reasons, deformation mea-
surements also had to be discarded.

INSULATED BRIDGES
In September 1962, a 1-in. thick coating of sprayed foam urethane insulation was

applu,d t5 that pcrtlon of the Hardware River Dv-wlrra shown in Fi gure 2, The ingulation

was applied not only as is customary on the unders1de of the concrete deck, but also
completely around the exposed portion of the supporting steel beams, including the webs
and the lower flanges. As is seen in Figure 3, part of the bridge was left uninsulated
for comparison,
The normal use of bridge insulation is to reduce the number of freeze-thaw cycles
of the top surface of the deck and to delay or eliminate premature icing of the deck as
compared to the adjacent soil-based road surface. However, the primary object of
this experiment was to determine how insulation affects the induction of thermal stresses
and, therefore, the full beam was coated.
Figures 7 and 8 show the comparative temperatures at the top and bottom of the
bridge, insulated and uninsulated, for a cold sunny day in November 1962, with the air
temperature near freezing during the early
morning hours, The comparative behavior
T TTTT VT ITTT] TTT on a warm sunny day in April 1963 is shown
f ‘ ‘ ]| in Figures 9 and 10. The trends on both

|
‘ ‘ cold and warm sunny days are the same,

T TR L e ] The observed data indicate that the
(onipsinled) | T Ghedisdeq presence of full insulationincreases the max-
\ imum temperature differential between the
topandbottom of the bridge by approximately
25 percent over uninsulated bridges . Inbuild-
ing roof structures, the reverse is true (5).
Although the thermodynamic theory ex-
Hoftof b1 {m}m plaining this bridge behavior quantitatively
'I"'ﬁ""]"“.‘*".’ LA has not yet been fully worked out by the
'''''' j fuic tfmporupred ’ author, a qualitative explanation can be
| ‘ [ 1] f had from Figures 7 and 9. In regard to the

| |llbm of] I)Lmul
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‘ insulation serves to level out the ex-
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Figure 8, Temperature log, Hardware River Bridge.

curring in the early afternoon. The maximum differential temperature observed in
these tests was 41 F in May 1963. Such a condition, therefore, appreciably increases
the maximum induced internal thermal stresses in the structure, and is thus undesirable
from a stress point of view.

During the colder non-daylight hours, the top of the insulated deck is a few degrees
warmer than the uninsulated deck. For atmospheric conditions just below freezing,
these few degrees could indeed make the difference between an iced or a non-iced deck.
During the sunny daylight hours, the slab temperature conditions are reversed, with
the uninsulated slab being warmer than the insulated one. Again, a qualitative explana-
tion serves to explain this reversal. During the night, the warm stored heat flux in the
insulated lower beam flows to the cooler surface where the heat warms the surface and
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Figure 9. Plot of temperatures for April 8, 1963.

the boundary layer of air above it. However, during the day, the solar warmed bound-
ary layer of air and the insulated slab surface are considerably hotter than the bottom

of the beam, causing the heat flux to flow downward. This downward flow drains some
heat energy from the surface of the slab, thereby slightly cooling it.

As a simple side experiment to test bounding characteristics, urethane foam was
sprayed on test samples of bare aluminum, bare steel, and steel coated with aluminum
paint, It is parenthetically noted that the insulation peeled off the aluminum in about 5
weeks, and off the bare steel in about 5 months of semi-protected outside exposure.
The bond on the painted steel sample is still holding well as of this date, although
some edge peeling is observed on the actual bridge.
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Figure 10. Temperature log, Hardware River Bridge.

EXAMPLES AND GENERAL CONCLUSIONS

It has been seen in earlier sections of this paper that the theoretical heat transfer
equations have generally been supported by experiment. However, no confirmation or
repudiation of the theoretical stress equations by experiment has been possible in this
study. Therefore, a few typical numerical examples will be presented to obtain a
"feel" for the thermoelastic stresses and deformations.

Consider a reasonable temperature distribution as shown in Figure 11la applied to
the Hardware River Bridge. By use of the stress equations derived in this paper, as-
suming T, = 60 F and typical material properties, the resulting longitudinal stresses,
fx, developed will appear as in Figure 11b.
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stan [ X lL P The maximum transverse stress in the
i \( ‘ { S slab, fz g, will be 109.6 psi (), and the
‘ / maximum thermal deflection, v, will be
Hoam P 0.26 in. up. Of equal, if not more impor-
/T tance, is the development of theoretical
1 % large interface shears and couples con-
L e centrated within inches of the end. In this
Tympprature Stressod o psi example the shear, F, equals 32, 042 Ib,
L & and the couple, Q, equals 396,861 in,-1b.
Q is physically manifested by the existence
of normal pressures of compression and
tension acting side by side on the interface
surfaces or connectors within inches of the
_— . end of the beam. Since these large forces
S0 F B3O 4 obviously cause slip and local yielding of
M the material, in actuality these interface
stresses must be, to some unknown de-
Beam gree, less than predicted. This would
then be followed by a decrease in all other

Figure 11.

1 \ thermal stresses and deflections.
L S sis (D For the temperature distribution in
Tempetaturc Stresses i it Figure 11a the stresses in the beam are
of reverse sign to that of dead or live loads.
Figure 12. Consequently, they would generally not be
detrimental. However, should the tem-
perature pattern be as shown in Figure 12a,
the resulting stresses in Figure 12b would be additive to the dead and live load stresses.
In this second example, F = 43,273 1b, Q = 430,563 in.-1b, v = 0.32 in, down, and the
maximum fz g = 980 psi (T). Larger differential temperatures would obviously induce
even higher stresses (although not proportionally) so that thermal differentials of 40 or
50 F could conceivably cause overstress of design allowables when coupled with dead
loads, live loads and shrinkage.

Consideration too must be given to the eventuality of a concrete bridge deck being
surfaced with blacktopping; this would generally increase the maximum thermal differ-
ential. Studies (5) show that a 2-in. topping is necessary before the insulating effect of
the bu.l.iak,uxg uchns to offset the increase in terﬂpﬂratuvﬂ due to the darker color. At-
mospheric conditions, such as air temperature, solar radiation, humidity, and w1nd
velocity, at the time of construction also play a role in the induction of thermal stresses,
complicated by complex relations of shrinkage and time-dependent changes in concrete
properties during hardening.

German bridge specifications (6) do require provisions for temperature stresses in
composite members, In particular, they specify for design (a) a temperature difference
of + 15C (+ 27 F) between the concrete slab and the steel beam, (b) special heavy end
anchorages tieing the slab and the beam together at their interface, and (c) in the ab-
sence of more exact analysis, a distribution of end interface shear which is maximum
at the end and linearly decreases to zero at a distance from the equal to the effective
width of the slab, Sattler (7) has performed quantitative thermal analysis where the
slab is at one uniform temperature and the beam at another uniform temperature. This
condition only roughly approximates the actual nonlinear distribution of temperature
considered in this paper.

An example of a prestressed-composite beam is a typical AASHO-PCI Type IV
precast-prestressed beam shown in Figure 13 with a 100-ft span. Assuming a tempera-
ture distribution as shown in Figure 14a, the resulting longitudinal stresses (derived
from the previous theoretical equations) are shown in Figure 14b. The initial tempera-
ture Ty is taken as 60 F. For this case, the interface shear is 19, 600 1b, the interface
moment is 80, 300 in.-1b, the maximum transverse stress in the slab is 302 psi (c¢), the
loss of prestress in the tendon is 0.86 percent, and the maximum center deflection is
0.36 in. down,
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For a different temperature distribution
as shown in Figure 15a, the resulting lon-
gitudinal stresses are shown in Figure 15b.
The interface shear is 16,290 1b, the in-
terface moment is 38,890 in.-1lb, the max-
imum transverse stress in the slab is 970-
psi tension, the gain of prestress in the
tendon is 0.70 percent, and the maximum
center deflection is 0,53 in, down.

A review of the numerical examples (4)
indicates that for conditions of moderate
temperature variation (25 F) through the
depth of prestressed beams, the induced
thermal stresses and deflections in the
concrete are generally within tolerable de-
sign limits.

Stresses in the concrete do not normally
exceed the magnitude of about 200 psi in
compression and about 100 psi in tension.
The induced stress effects in the prestress-
ing tendons range approximately from a
5,000- (3 percent of initial prestress) to
about a 8,000-psi (5 percent of initial pre-
stress) loss in stress. The deflections
generally lie below 0.04 percent of the
span length., Thus, for prestressed con-
crete beams which are used in bridge
structures in moderate climates and are
subject only to normal cyclic solar and
atmospheric fluctuations, these thermally
induced stresses appear to be absorbed
by current design procedures and safety
factors.

However, note is again made of the high
theoretical values of interface shears and
moments concentrated at the ends. The
extent that these interface stresses are
reduced by plasticity, slip, and creep is
still an unsettled question. In Guyon's
book on prestressed concrete (8), some
experimental data are given for deflections
of prestressed beams subject to the heat
of fire. With the theory presented in this
paper, agreement is excellent between
theory and test for temperatures up to
about 175 F, Since such a limit tempera-
ture encompasses normal conditions, it is
believed that for those conditions as out-
lined, the theory set forth is adequate and
reliable.

Because of the many complexities in-
volved in the problem of predicting thermal

stresses—including creep, slip, and plasticity—no specific recommendations for a
simple design specification can be made at this time beyond what has been said. More
studies must first be made. However, it is felt that the theories presented in this
paper, although complex, can safely be applied, because the unknown effects mentioned
will tend to reduce the severity of the induced stresses. Deflections, of course, are

an exception, as they will tend to increase.
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