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Apparatus and Instrumentation for

Creep and Shrinkage Studies
BERNARD L. MEYERS and ADRIAN PAUW, University of Missouri

With the rapid development of concrete technology during the
past two decades, longer concrete bridge spans have become
feasible asa result of increased permissible working stresses,
by developing structural continuity through composite con-
struction and by prestressing. As a result of these techno-
logical changes, new problems have arisen which previously
were of only minor consequence. Among the more important
are the volume changes resulting from creep and shrinkage of
concrete.

In September 1959, the University of Missouri Engineering
Experiment Station initiated a cooperative research project
with the Missouri State Highway Commission and the Bureau
of Public Roads to investigate the basic nature of creep and
shrinkage and the effects of these volume changes on deflection
and strength of reinforced concrete bridges. Eventually, it is
hoped that from analysis and test results, design criteria can
be developed which will enable the engineer topredict such de-
flections and thereby control them within reasonable limits.

SELECTION OF SPECIMENS

o THE initial stage of the experimental program was designed to obtain information
concerning the effect of variation of the concrete constituents, the intensity and dura-
tion of load, the environment, and the geometry of the specimens. The variables se-
lected for consideration were (a) size, (b) shape, (c) length, (d) stress intensity, (e)
curing conditions, (f) water-cement ratio, (g) type of aggregate, (h) mix proportions
(gradation, consistency, admixtures), (i) time of load application, (j) environmental
conditions (temperature, humidity), and (k) reinforcement (normal, prestressed).

To study all these variables in a reasonable period of time, specimens which could
be cast quickly and would be adaptable to instrumentation were needed. Other impor-
tant considerations were concerned with the placement of reinforcement. It was felt
that the effect of reinforcing should be studied using the same specimen as that used
for the other variables. Rectangular prisms were selected because they seemed to
fit these requirements better than standard 6-% 12-in.cylinders®. Such prisms can be
conveniently cast in large quantities on specially constructed casting beds. Other ad-
vantages of the prismatic specimen are: instrumentation can be readily affixed to the

flat surfaces, specimens need not be capped, and they can be easily stored.
Figure 1 shows a 40-specimen casting bed. The forms consist of slotted steel plate

sides into which the desired number of spacer plates are placed. The concrete is cast
and finished using a vibrating screed. The bed can make reinforced specimens by
using different forms (Fig. 2).

Paper sponsored by Committee on Bridges.
1 Cylinder-Prism Strength and Elastic Modulus Correlation Study, letter report submitted
to the Missouri State Highway Commission and the Bureau of Public Roads.
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Figure 1. Casting bed.

To determine the statistical reliability
of the prism specimen, modulus of elas-
ticity and strength tests were carried out
using nine sets of prisms and standard 6-
X 12-in. companion cylinders. The de-
cision to use the prism for all experimen-
tal work on this project was based on an
analysis of the data obtained in thesetests.

LOADING REQUIREMENTS

Because creep and shrinkage of con-
crete are time-dependent variables, it was
necessary to develop loading systems that
would apply and maintain a constant load
over a long period of time. These systems
must be similar to a testing machine dur-
ing the application of load, because data
must be obtained to determine the elastic
properties of the specimen while it is be-
ing placed under load. The loading sys-
tems should also permit the application of
a concentric load, because volume changes
are measured in terms of strain in both

Figure 2. Form for reinforced specimen. the longitudinal and the lateral directions.
In addition to the above requirements,
the system should permit loading or un-
loading of any number of individual spec-
imen groups without disturbing the other specimens under load. Finally, because it
is desirable to perform the tests in a controlled temperature and humidity environ-
ment, the loading system should be as compact as possible.




LOADING SYSTEMS

A hydraulic loading system and a spring loading system were developed to accom-
plish these objectives. In the hydraulic system, the load is applied by oil pressure,
and in the spring system, the load is applied by large nested springs. Each system
will be considered separately and described in detail.

The Hydraulic Loading System

The hydraulic system permits a large number of specimens to be loaded quickly.
The basic system consists of a motor, an oil-injection pump, an accumulator, a pres-
sure-control system, pressure cells and associated plumbing, and loading frames. A
schematic diagram of the system is shown in Figure 3.

A loading rack can accommodate a stack of three 16-in. long specimens or a single
specimen up to 60 in. in length. The load is applied at the lower end of the rack by the
floating circular plate of the pressure cell. A fully loaded frame consisting of sixracks
is shown in Figure 4. Castings machined to finished dimensions are used for the body
of the pressure cells as shown in Figure 5. Oil is pumped under pressure through
flexible hosing to each pressure cell and the loading pressure is transmitted to the
floating plate through a rubber piston cup. The reaction is provided by high-strength
steel tension rods and cold-rolled flat steel plates.

A fuel- in]ectxon pump, driven intermittently by a small /4 hp gear-head motor
(Fig. 6), is used to pump oil under pressure to the pressure cells. A 2%- gal hy-
draulic accumulator is used to maintain constant pressure between pumping cycles.

The pumping system is regulated to increase the pressure when leakage causes a 10-psi
drop in the load. The regulator is shown in Figure 7.

Minneapolis-Honeywell

vane-lype electronic

pressure regulator
Six Loading Cells

299995

Relief Valve
i/4 H.P. Ratio-Motor 1 l
(Drive 583 rpm) 120V AG.
Acpumulators Dmphm

Kair

M

oil [_F::::::: \\\
Oil Reservoir

Cam Housing / \Arnencan Bosch Diesel

fuel injection pump

Figure 3. Hydraulic loading system.



5

i

.
124

SRR

A

Ly

Figure 5. Pressure cell.

It is usually impractical to load a complete frame in a single operation. Therefore,
a series of shut-off valves have been provided to permit cutting individual racks off the
main pressure line while loading or unloading the other racks.

The system is equipped with a number of safety features designed to prevent over-
loads or pressure losses in case of specimen failure. A safety plate is provided above
the floating plate of the pressure cell and immediately below the lower specimen.
Three high-strength nuts, set with enough clearance above the safety plate, allow for
normal volume changes. In case of a specimen failure, the load is transferred to
these nuts. Thus, other loaded specimens are unaffected by the failure. A second
safety feature is a pressure-relief valve to shut off the system should the control
mechanism break down and the pressure become dangerously high. In over a year of
continuous operation, neither of the safety devices was needed.

In loading, the specimens are centered in the rack using scribe lines on the upper
and lower plates. The load-measuring device, which is placed on a floating plate



Figure 7. Control system.




above the specimens, contains a ball seat.
Therefore, when properly centered, the
upper plate applies a uniform load to the
surface of the specimen. As the load is
applied, a number of strain readings are
taken. If the strain-reading increments
are unequal, indicating eccentricity, the
specimens are re-centered and the pro-
cedure is repeated. The final load is ap-
plied in 50-psi increments using a dead-
weight gage tester (Fig. 8). Because the
specimens have been preloaded at least
twice, the stress-strain curve is almost
a straight line.

The Spring Loading System

The spring system was designed to load
specimens in the field. The nested springs
used were tested and calibrated. In cali-

Figure 8. Dead-weight gage tester. brating the springs, load was applied with
a mechanical testing machine and deflec-
tion of the springs was recorded using a
4-in. dial gage.

The load is applied to the specimen by placing a hydraulic jack between the two steel
plates at the upper end of the rack (Fig. 9). The load is measured with a load cell
placed between the floating plate above the specimen and the plate below the jack. The
preloading procedure is also used in this system. When the final load has been applied,
high-strength nuts are tightened down on the plate above the load cell and the hydraulic
jack is removed (Fig. 10). A safety plate similar to the one used with the pressure
cells is used above the springs.

The loading systems described are similar to the one recommended in an ASTM
publication (4). A comparison of the two systems is shown in Figure 11.

INSTRUMENTATION REQUIREMENTS

The volume changes caused by creep and shrinkage are measured in terms of lat-
eral and longitudinal strain. The requirements suggested by ASTM for measuring
such strains are summarized.

Suitable apparatus shall be provided for measurement of longitudinal

gtrain in the specilen to bvhe nearcot 10 micre-in. The apparatus may be
embedded, atbtached, or portable.... The gages may be instrumented so

that the average strain on all gage lines may be read directly.... The
prime requirement of the strain measuring device is that it shall be
capable of measuring straing for at least one year without c¢hange in
¢alibration. Systems in which the varying strains are compared with a
constant-length standard bar are considered most reliable, but unbonded
electrical strain gages are satisfactory.

In addition to measuring the strains, it is also desirable to monitor the load, espe-
cially for specimens in the spring-loaded frames. A special load-measuring device,
employing strain gages mounted on a prestressed sleeve, was developed for this pur-
pose.



THE CLIP-ON STRAIN METERS

The clip-on strain meter (Fig. 12) is
essentially a two-link mechanism joined
by thin flexure elements which simulate
hinges. Thus, the action of the instru-
ment may be considered to be that of a
three-hinged arch. The center hinge
(the reduced section) is the strain-
sensing element. The efiective gage
length is determined by the center-to-
center distance of the gage points on
which the instrument is mounted. The
relative movement of these points ro-
tates the center hinge by an amount pro-
portional to the strain in the specimen.
The bending strains induced by the rota-
tion are measured by SR-4 strain gages
attached to the upper and lower faces of
the center hinge.

Because most of the measured strains
are compressive and might cause buck-
ling of the strain-sensing element, a
pretensioning screw was incorporated
into the instrument. After the meter is
attached to the specimen, a screw is
tightened to pretension the instrument
and subject it to a tensile force through-
out the test.

Figure 10. Spring-loaded frane.

Figure 9. Hydraulic Jjack used in spring..
loading system.

The meter is constructed of 24S-T al-
uminum and requires the use of only two
machines — a milling machine and a drill
press. The SR-4 gages are cemented to
the strain-sensing element and alaminated
fiberglass terminal board with three cop-
per eyelets is provided to make electrical
connection between the strain gage lead
wires and the main lead wires.

The strain meter is attached to the
specimen by means of steel connecting
posts which serve as the gage points (Fig.
13). The posts are cemented to the spec-
imen using a strong adhesive and are po-
sitioned with a special mounting jig. The
meter is pushed down firmly on the con-
necting posts after the adhesive hashard-
ened. Clamp nuts are then threaded onto
the posts and run down against the ends of
the strain meter. The clamp nuts are
tapered slightly to fit into beveled holes
in the meter thereby preventing rotation
of the ends of the strain meter.

Some of the major advantages of the
instrument are derived from the fact that
the SR-4 gages are attached to both faces
of the strain-sensing element. Rotation
of this element produces tension on one
face and compression on the other. This
design feature automatically compensates
for changes in gage resistance due totem-
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perature variations, and because both gages are active, the sensitivity of the instru-
ment is doubled.

An additional advantage is obtained by wiring the two clip-on strain meters in a
bridge circuit on opposite faces of the specimen. In this way, ihe readings of the iwo
meters are automatically averaged, eliminating the bending strain component.

The strain meter is calibrated with the instrument shown in Figure 14. The mo-
tion of the tapered floating gage block relative to the fixed block is measured by means
of a dial gage. The calibration is performed by recording 20 strain-meter readings at
100 micro-in. displacement increments as measured by the dial gage. The strain-
meter output is linear to an accuracy of +2% within a range of 200 micro-in. per in.

THE LONGITUDINAL EXTENSOMETER

Because of the large number of variables studied in this program, it became nec-
essary to develop a strain-measuring device to supplement the clip-on strain meter.
It was felt that the reliability of the clip-on meter should be incorporated into a port-
able instrument.

In the instrument shown in Figure 15, one end of a clip-on strain meter is attached
to a fixed-end block and the other to a floating-end block. The gage points attached to
the specimen consist of small ball bearings swedged into small aluminum discs. Dur-
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Figure 13. Clip-on strain meter attached to specimen,

ing the use of the instrument, these balls fit into holes drilled into tapered studs
threaded into the end blocks. The apparatus used to swedge the steel balls into the
aluminum discs is shown in Figure 16. The swedging action creates excellent anchor-
age by causing the aluminum in the discs to flow around the steel ball,

The end blocks and base of the extensometer are made of the same material as the
clip-on strain meter and the entire instrument is enclosed in a plastic case to provide
a protective covering and thermal insulation.



Figure 15. Longitudinal extensometer.

The advantages of the instrument are
its economy, its flexibility, and its ease
of calibration. The only calibration re-
quired is that of the clip-on strain meter
encased in the instrument. Before and
after each set of measurements, the zero
stability of the instrument is checked ona
standardized gage bar. In this way, any
change in zero can be recorded and incor-
porated into the reduced data.

With the longitudinal extensometer, the
strain measurements on opposite faces of
the specimen cannot be automatically av-
eraged. Therefore, the strains measured
on each face of the specimen must be re-
corded and labeled so that average strains
can be calculated.

Figure 1li. Calibration device for clip-on
strain meter.

THE LATERAL EXTENSOMETER

To determine the volume changes due
to creep and shrinkage, it is necessary to
measure both the longitudinal and the lat-
eral strains. The lateral extensometer
shown in Figure 17 was designed to mea-
sure lateral strains using the tapered studs
shown at the left of the instrument. These
studs are similar to those used on the lon-

e2he s 32e e Tl Al mem s sam Ad~ e M A Svad s v At 3
glludliial EXLENSOINEIEr . 11id instrumcentis

Figure 16. Swedging jig used to make gage v A
joints., attached to the specimen by applying pres-

sure to the hand grip to increase the dis-
tance between the studs, permitting them to slide over the spherical gage points on the
specimen. The strain-sensing element consists of two SR-4 strain gages cemented on
each side of a flexural element at the center of the instrument. The strain gages are
connected in a full bridge circuit.

Aluminum is also used for the lateral extensometer to reduce its weight. Advan-
tages of the instrument are that it is removable and the same gage points used for the
longitudinal extensometer can be used.

A special jig was devised to insure uniform longitudinal and lateral gage point spac-
ing. This jig (Fig. 18) has two fixed points, an adjustable point and a grinding tool
with a fixed stop at the desired lateral gage length. The gage points are applied in the
following manner: points are cemented on two adjacent sides of the specimen; the
mounting jig is placed on the specimen with the fixed points over the gage pointsalready
in place; the adjustable point is tightened down; and the specimen is ground to the de-
sired depth. The grinding tool is then replaced by a special centering tool to hold the
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Figure 17. Lateral extensometer.

disc at the exact gage length until the cement has hardened. The procedure isrepeated
at the lower end, thereby creating the gage length required for the longitudinal exten-
someter.

Figure 19 shows the calibration device for the lateral extensometer. The exten-
someter is placed over the two gage points at the right end of the calibration device.
The distance between these points is varied by means of a thumb screw at the left end
of the device. These variations are indicated by a 0.0001-in. dial gage. Dial gage
readings must be divided by the lever ratio of the calibration device. The extensom-
eter has an accuracy equivalent to that of the read-out equipment.

THE MECHANICAL COMPRESSOMETER

In the early stages of the project, the instruments described were used in the fol-
lowing manner. In a test series consisting of three specimens, clip-on strain meters
were mounted on one, and spherical gage points were mounted on the other two. Using
this type of instrumentation, the elastic properties of the concrete were obtainedusing
the clip-on strain meters. Early in the load period, an independent check of the creep
and shrinkage strain rate was also obtained by using the clip-on strain meters as well
as the longitudinal extensometer. When the data indicated a satisfactory check, the
clip-on meters were removed for use on
other specimens.

It seemed desirable also to obtain an
independent check of the elastic properties
measured by the clip-on strain meters

Figure 18. Apparatus used to mount gage Figure 19. Calibration device for lateral
points. extensometer.
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during the initial loading. A mechanical ]
compressometer (Fig. 20) for direct
mounting on the spherical gage points was
developed for this purpose. The instru-
ment is designed so it can be removed

after the initial loading period.

The compressometer is constructed
with a pivot on one side of the specimen
to increase the mechanical advantage. §
By simulating the pivot with a bi-axial g
flexure hinge, it was possible to construct
an automatically-averaging instrument
with no moving parts.

The longitudinal extensometer, the
lateral extensometer, and the mechani- ¢
cal compressometer all use the same }
gage points. The system provides acheck |
of all longitudinal strain measurements, I
both elastic and creep, through duplica- { 2400
tion of specimen and the use of clip-on i 3500
strain meters, the longitudinal exten-
someter, and the mechanical compres- Figure 21. Load cell.
someter. The system is flexible, com-
plete and easy to operate.
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THE LOAD CELL

Figure 21 shows the special load-measuring instrument developed for use on this
project. This device performs two important functions: the ball seat at the top in-
sures a uniform load distribution to the specimen, and the instrument can be used to
monitor the load transmitted to the specimen.
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The transducer consists of four SR-4
strain gages attached to a strain-sensing
sleeve. The gages are connected in a
bridge circuit with two gages mounted
above and two mounted below the center
of the sleeve. The sleeve is prestressed
so that it is subjected to a tensile force
throughout the test. The load is applied
to the center of the sleeve by a plunger
located directly below the ball and istrans-
mitted to the case which serves as the re-
action. Thus, the external loadincreases
the strain in the top half of the sleeve and
decreases the strain in the bottom half.
Hence, all four of the gages are subjected
to a change in strain. By mounting the
gage pairs in opposite quadrants of the
sleeve, the average axial-strain compo-
nent is measured.

Figure 22. Read-out equipment. The load cells are calibrated in a hy-
draulic testing machine. Before used, all
load cells are placed under a sustained
load until all measurable creep has been

eliminated. The load cells used in this test series have a capacity of 35,000 1b with
an accuracy of +100 lb.

THE READ-OUT EQUIPMENT

All of the electrical instruments described in this paper have one important com-
mon feature: the strain-sensing elements are bridge circuits using SR-4 strain gages.
This makes it possible to read all the instruments with a single strain indicator. The
strain indicator is connected to a 20-channel switch-and-balance unit (Fig. 22). The
switch-and-balance unit is provided with 20 plug-type receptacles to connect the vari-
ous instruments required for measuring the load and strain for a given series of spec-
imens. With the four switch-and-balance units presently available connected in series,
the output from 80 channels can be read with a single strain indicator.

INSTRUMENT RELIABILITY

Each instrument was calibrated and tested before it was used in the tests. Cali-
bration data for the lateral extensometer, and for a typical clip-on strain meter and
load cell are given in Table 1. Calibration curves, plotted using these data, are shown
in Figures 23, 24, and 25. The mechanical compressometer does not require cali-
bration, because the multiplication ratio for the dial readings can be determined by
measuring the lever arms. Each instrument is re-calibrated every few months as a
check on instrument stability. In most cases, there has been no appreciable change
in the calibration.

Figure 26 shows a comparison of typical load-deflection curves using data obtained
with the mechanical compressometer and the clip-on strain meters. The calculated
moduli of elasticity seem to be in excellent agreement.

Figure 27 shows the average creep and shrinkage measured by four clip-on strain
meters during the first 14 days under load and the average creep and shrinkage meas-
ured on a specimen in the same series using the longitudinal extensometer. The
curves indicate sufficient agreement to warrant removal of the clip-on strain meters
at the end of 14 days.

Data obtained with the lateral extensometer indicate that lateral creep and shrinkage
strains are extremely small, the order of magnitude of the strains being about the
same as the accuracy of the read-out equipment. This result may be due to the fact
that lateral shrinkage and dilation due to creep tend to compensate each other.




TABLE 1
CALIBRATION DATA

Clip-on Electrical Strain Meter No. 601

4, in. x 1074

Load, kips

o~ PP WN = O

K-Box Rdg. 4, in. x 10°

0 0
50 117

100 235

150 353

200 471

250 588

295

320

Load Cell No. 3504

K-Box Rdg.

105
215
325
430
535
645
755
865
975
1085
1195
1300
1405
1515
1615

4

Lateral Extensometer
K-Box Rdg

0
350
700

1040
1390
1740

K-Box Rdg.

1725
1825
1935
2040
2145
2250
2355
2465
2565
2665
2775
2875
2980
3085
3185

14!
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Figure 23. Calibration curve for lateral extensometer.
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Figure 2. Creep and shrinkage.

CONCLUSIONS AND RECOMMENDATIONS

The loading frames used in this project are similar to the one recommended by
ASTM and have performed satisfactorily during the past year's operation.

The design of the pumping-and-control system was based on apparatus originally
developed at the University of California. Oil leakage past the piston cups has been
much smaller than anticipated and seems to decrease with continued operation as re-
flected by the frequency of the pumping cycle. This cycle has decreased from several
strokes every few minutes to several strokes every few hours. Therefore, it appears
that the capacity of the oil-injection system may have been somewhat overdesigned.

The strain- and load-measuring instruments described have produced consistent
data. The accuracy of all instruments meets the proposed ASTM requirements.
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Analysis of Continuous Skewed Slab Bridge Decks

ASIM YEGINOBALI, Ohio State University

In recent years, highway engineers have been making frequent
use of the continuous skewed slab bridges on modern highways.
Despite this fact, an adequate mathematical analysis of such
bridges has not been available for the bridge engineer.
Abridge slab can be analyzed by the principles of the theory
of plates. However, due to the complexity of the existing
boundary conditions in continuous skewedslabs, the application
of the high-order differential equations becomes extremely diffi-
cult and the use of finite difference equations for the mathe-
matical analysis of such slabs provides a more practical and yet
adequate approach. Utilizing such a finite differences method,
altogether 32 different bridge slabs, with unstiffened edges,
were analyzed. Twenty-three of these were three-span con-
tinuous slabs and had different angles of skew, width-center
span length and end span-center span ratios. The remaining
9 single-span slabs had also different geometric parameters.
The range of these parameters was determined such that the
slab group encompassed the most common types that are being
built in actual practice. The mathematical analysis of each
slab included the simultaneous solutions of groups of finite
difference deflection equations, computations of influence co-
efficients for deflections and moments at critical slab points,
together with uniform load deflections and moments. IBM 704
and IBM 709 electronic computers were used in connection with
the mathematical analysis, and results are presented in the
form of tables, influence surface diagrams for deflections and
moments, and contour diagrams for uniform load deflections
and moments. Alsoincluded in the paper are various diagrams
showing the effect of variation of each parameter on the maxi-
mum deflection and moment values. To verify the findings of
the mathematical analysis and to correlate the results to rein-
forced concrete structures, 6 continuous-spanand 2 single-span
laboratory test structures were designed by utilizing various
reinforcement patterns and tested under concentrated and uni-
form loads. Test results are indicated on corresponding de-
flection, moment diagrams and compared with the theoretical
values. Finally, comments are made on the significance of the
theoretical and experimental findings of the research.

e THIS PAPER is based on a research project sponsored by the Ohio Department of
Highways and the U.S. Bureau of Public Roads and conducted at the Transportation
Engineering Center of the Engineering Experiment Station at the Ohio State University.
The purpose of this research project was the development of reliable design criteria
for continuous skewed slab bridges through mathematical and experimental investiga-
tions. Altogether 32 different bridge slabs were analyzed using a finite differences
method and 8 reinforced concrete laboratory test structures were designed, constructed
and tested to verify the findings of the mathematical analysis and to correlate the re-

Paper sponsored by Committee on Bridges.
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sults to reinforced concrete structures. The results of the mathematical analysis were
presented in the form of some 300 tables and about 400 influence surface and contour
diagrams in the final report of the project. The final report also included detailed in-
formation on the design and testing of all the test structures. This paper will sum-
marize the theoretical and experimental phases of the research project and will in-
clude typical samples from the tables and diagrams of the final report.

APPLICATION OF THE FINITE DIFFERENCES METHOD

Finite differences methods have been successfully applied to several slab problems
by various investigators. Among the most significant work in this field is the applica-
tion of the elastic-web method to slabs of various shapes by Marcus (1) and the analysis
of single-span simply-supported skewed slabs by Jensen (2). A similar method, as il-
lustrated in a previous work (§), was used in this study for the analysis of continuous
skewed slabs with unstiffened edges. \

The finite differences method utilizes a series of deflection equations rather than
the high-order differential equations which usually appear in slab problems. The in-
finite number of points on the deflecting surface of a slab is reduced to a finite number
of points arranged to form a certain network. For each of the network points the fol-
lowing fourth-order differential equation is written in a linear form by making use of
the finite differences.

a'w g d'w 3w

b
>x*  axBy? syt D

(1)

In its linear form the equation contains expressions for the deflection of the slab at
the particular network point and for the deflections of the neighboring points on the left-
hand side. The right-hand side of the equation contains an expression showing the
loading and flexural rigidity of the slab at the particular network point. Similarly,
second-order differential equations for the moments are also written in terms of the
finite differences. A simultaneous solution of all the deflection equations for all the
network points over the slab surface yields the numerical values for the deflections at these
points. By substitution of these values of the deflections in the proper moment equa-
tions, numerical values of the moments are found. By such a procedure, the difficult
and sometimes impossible task of solving high-order differential equations with com-
plicated boundary conditions is simplified to the simultaneous solution of a finite number
of linear equations.

The deflection and moment equations pertaining to various positions of the network
points in different network systems are listed in the Appendix.

The major portion of the theoretical phase of this research project consisted of ap-
plication of the finite differences method to 32 different bridge slabs. Of these slabs
23 were continuous-span type with symmetrical end spans and 9 were single-span slabs.
All had unstiffened edges. For continuous-span slabs angle of skew, ¢ end span-center
span ratio, be/b and width-center span ratio, a/b were chosen as the geometric param-
eters. The numerical values assigned to these parameters were

¢: 0° 30° 45° be/b: 0.6, 0.8, 1.0 a/b: 0.5, 1.0, 2.0

The geometric parameters and their numerical values for the single-span slabs
¢: 0° 30° 45° a/b: 1.0, 2.5, 5.0

Continuous-span slabs were designated as ¢ - be/b-a/b and single-span slabs as
¢ - a/b, Thus, individual slabs were defined by the assigned numerical values of these
parameters: slab 30°-0.6-0. 5 indicating the continuous-span slab with 30° skew, hav-
ing an end span-center span ratio of 0.6 and width-center span ratio of 0.5 and slab
0°-1. 0 defining a single-span square slab.
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9 It was felt that by forming all

the possible combinations of these

parameters with their numerical
values as indicated, the geometric shapes of the majority of the bridge slabs being
constructed in actual practice would be encompassed. Due to uniform variations of
deflections and moments in the rectangular slab group, 5 rectangular continuous-span
slabs were omitted from the program and altogether 32 slabs were considered for the
analysis.
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Figure 3.

TABLE 1

NUMBER OF NETWORK POINTS AND
DEFLECTION EQUATIONS FOR
THE SLAB GROUP

Total No. of
Slab Network Deflection NeTtwogk
Points Eqgs. P
¢ - be/b - a/b
0°-0.6-0.5 115 48 Rectangular
0°-0.6-1.0 115 48 Rectangular
0°-0.6-2.0 115 48 Rectangular
0°-0.8-1.0 135 58 Rectangular
0°-1.0-1.0 155 68 Rectangular
30°-0.6-0.5 161 67 Skew
30°-0.6-1.0 161 67 Skew
30°-0.6-2.0 161 67 Skew
30°-0.8-0.5 189 81 Skew
30°-0.8-1.0 189 81 Skew
30°-0.8-2.0 189 81 Skew
30°-1,0-0.5 217 95 Skew
30°-1.0-1.0 217 95 Skew
30°-1.0-2.0 217 95 Skew
45°-0.6-0,5 84 28 Skew
45°-0.6-1.0 84 28 Skew
45°-0.6-2.0 132 44 Square
45°-0.83-0.5 85 33 Skew
45°-0.83-1,0 119 46 Square
45°-0.83-2.0 221 85 Square
45°-1.0-0.5 10 B4 41 Skew
45°-1.0-1.0 117 41 Skew
45°-1.0-2.0 117 41 Square
® - a/b

0°-1.0 81 32 Rectangular
0°-2.5 55 17 Rectangular
0°-5.0 105 32 Rectangular
30°-1.0 81 32 Skew
30°-2.5 55 17 Skew
45°-1.0 81 32 Square
45°-2.5 55 17 Square
45°-5.0 105 32 Square

After establishing such a representative
group of bridge slabs, the next step was to
assign a point network system to each in-
dividual slab for finite differences analy-
sis. Figures 1, 2, 3 and 4 show these
networks and the numbering systems of
the slab points on the surfaces of typical
slabs. For the 45° skewed continuous-
span group be/b ratio of 0. 8 is replaced
by 5/6 (or 0. 83) for betterfitting of the par-
ticular network systems. In all the slabs,
at least the minimum number of network
points required for an accurate analysis
are maintained.

The slab points are divided into two
symmetrical groups about an axis through
the middle of the slab. The points to the

left of this axis are numbered as 1, 2, etc., and the ones on the right side are num-
bered as 1, 2', etc. Under a symmetrical loading, points having the same number
with and without a prime have the same deflection and moment.

Table 1 gives the total number of network points, the number of deflection equations
for each slab and the type of network used. The number of deflection equations are



| 2 3 4q 5 41' 40" 39
6 |7 8 9 10 37 |36' |35' 34’
1|12 13 14 15 33 32 |31 30'
16 |17 18 19 20 |29 28 |27’ 26'
Simple 21 |22 |23 24 |25 |24 23' |22 21 Simple
Support Support
26 |27 |28 29 |20' |[19' 18" it 16'
o |31 |32 [33 |K 14" (13" |12 '
35 36 |37 (o} 9' 8’ T 6'
39 40 (4l 5' 4' 3 2' 1"
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Figure L. Network point numbers (slab L5°-1.0).
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(Deflections as Ei;,; moments as P; 8,

TABLE 2
INFLUENCE COEFFICIEN’IZ‘S FOR POINT 97, SLAB 30°-1.0-1.0

in degrees)

Eh
Lgtad w My My Mxy Mmax Mmin 6

2 -0.01402 -0.01039 -0.00500 -0.00343 -0.01205 -0.00334 25.9

3 -0.02824 -0.02129 -0.01005 -0.00644 -0.02422 -0.00712 24.4

4 -0.04094 -0.03148 -0.01445 -0.00870 -0.03514 -0.01079 22.8

5 -0.05100 -0.03999 -0.01760 -0.00998 -0.04380 -0.01379 20.9

6 -0.05708 -0.04591 -0.01890 -0.01020 -0.04933 -0.01548 18.5

U -0.05760 -0.04824 -0.01782 -0.00941 -0.05092 -0.01514 15.9

8 -0.05322 -0.04589 -0.01409 -0.00785 -0.04772 -0.01226 13.1

9 -0.04166 -0.03762 -0.00814 -0.00585 -0.03874 -0.00703 10.8
10 -0.02344 -0.02231 -0.00192 -0.00354 -0.02291 -0.00132 9.6
13 -0.00922 -0.00613 -0.00326 -0.00318 -0.00818 -0.00121 32.9
14 -0.01934 -0.01317 -0.00701 -0.00615 -0.01697 -0.00322 31.7
15 -0.02933 -0.02043 -0.01088 -0.00868 -0.02548 -0.00583 30,4
16 -0.03799 -0.02703 -0.01437 -0.01018 -0.03269 -0.00871 29.1
17 -0.04412 -0.03211 -0.,01696 -0.01073 -0.03767 -0.01140 27.4
18 -0.04661 -0.03479 -0.01806 -0.01009 -0.03953 -0.01331 25.2
19 -0.04434 -0.03415 -0.01704 -0.00831 -0.03752 -0.01367 22.1
20 -0.03627 -0.02912 -0.01339 -0.00563 -0.03093 -0.01158 17.8
21 -0.02057 -0.01835 -0.00717 -0.00262 -0.01893 -0.00659 12.5
24 -0.00685 -0.00414 -0.00197 -0.00316 -0.00639 0.00028 35.5
25 -0.01429 -0.00880 -0.00445 -0.00617 -0.01317 -0.00008 35.3
26 -0.02179 -0.01367 -0.00725 -0.00882 -0.01985 -0.00108 35.0
27 -0.02862 -0.01827 -0.01015 -0.01083 -0.02578 -0.00265 34.7
28 -0,03393 -0.02198 -0.01283 -0.01193 -0.03018 -0.00436 34.5
29 -0.03674 -0.02411 -0.01489 -0.01188 -0.03224 -0.00675 34.4
30 -0.03601 -0.02391 -0.01573 -0.01049 -0.03107 -0.00857 34.3
31 -0.03057 -0.02055 -0.01451 -0.00771 -0.02581 -0.00926 34.3
32 -0.01911 -0.01307 -0.00990 -0.00384 -0.01564 -0.00733 33.8
35 -0.00513 -0.00287 -0.00085 -0.00300 -0.00503 0.00130 35.7
36 ~-0.01070 -0.00608 -0.00211 -0.00596 -0.01038 0.00219 35.8
31 -0.01631 -0.00940 -0.00368 -0.00869 -0.01568 0.00261 35.9
38 -0.02148 -0.01252 -0.00543 -0.01095 -0.02049 0.00254 36.0
39 -0.02559 -0.01506 -0.00718 -0.01251 -0.02424 0.00200 36.3
% -0.027%4 -0,01851 0.00872 -0,01311 -0, 02830 0.00108 38,7
41 -0.02768 -0.01633 -0.00971 -0.01246 -0.02591 -0.00013 37.5
42 -0.02385 -0.01390 -0.00960 -0.01024 -0.02221 -0.00128 39.1
43 -0.01520 -0.00858 -0.00725 -0.00615 -0.01411 -0.00173 41.9
46 -0.00386 -0.00203 -0.00066 -0.00270 -0.00392 0.00183 35.0
47 -0.00803 -0.00428 -0.00040 -0.00543 -0.00810 0.00343 35.2
48 -0.01221 -0.00659 -0.00094 -0.00800 -0.01225 0.00472 35.3
49 -0.01604 -0.00875 -0.00162 -0.01023 -0.01602 0.00565 35.4
50 -0.01905 -0.01048 -0.00232 -0.01188 -0.00190 0.00616 35.5
51 -0.02072 -0.01147 -0.00289 -0.01271 -0.02060 0.00623 35.7
52 -0.02041 -0.01136 -0.00317 -0,01242 -0.02034 0.00581 35.9
53 -0.01744 -0.00973 -0.00295 -0.01064 -0.01751 0.00482 36.2
54 -0.01099 -0.00614 -0.00200 -0.00682 -0.01120 0.00305 36.5
57 -0.00297 -0.00148 0.00040 -0.00239 -0.00312 0.00203 34.3
58 -0.00615 -0.00309 0.00063 -0.00482 -0.00640 0.00394 34.4
59 -0.00932 -0.00474 0.00073 -0.00713 -0.00964 0.00563 34.5
60 -0.01220 -0.00627 0.00071 -0.00915 -0.01257 0.00701 34.6



TABLE 2
INFLUENCE COEFFICIENTS FOR POINT 97, SLAB 30°-1.0-1.0 (Cont'd.)

25

Load

st w My My, Mgy Mmax Mmin 6
61 -0.01442 -0.00747 0.00064 -0.01065 -0.01481 0.00798 34.6
62 -0.01556 -0.00812 0.00057 -0.01139 -0.01597 0.00842 34.5
63 -0.01516 -0.00796 0. 00057 -0.01107 -0.01556 0.00817 34.5
64 -0.01273 -0.00672 0.00060 -0.00937 -0.01312 0.00700 34.3
65 -0.00783 -0.00415 0.00055 -0.00587 -0.00812 0.00453 34.1
68 -0.00248 -0.00117 0. 00063 -0.00219 -0.00264 0.00210 33.8
69 -0.00504 -0.00240 0.00119 -0.00439 -0.00536 0.00414 33.9
70 -0.00754 -0.00363 0.00166 -0.00650 -0.00801 0.00603 33.9
71 -0.00982 -0.00475 0.00204 -0.00835 -0.01037 0.00766 33.9
72 -0.01156 -0.00562 0.00233 -0.00975 -0.01218 0.00888 33.9
73 -0.01242 -0.00607 0.00252 -0.01044 -0.01306 0.00852 33.8
74 -0.01202 -0.00589 0.00256 -0.01014 -0.01264 0.00933 33.7
5 -0.01002 -0.00489 0.00238 -0.00851 -0.01051 0.00800 33.4
76 -0.00604 -0.00294 0.00169 -0.00523 -0.00634 0.00509 33.1
78 0.02468 0.02464 -0.01086 0.00888 0.02673 -0.01296 13.3
79 0.04436 0.04308 -0.02266 0.02247 0. 05003 -0.02960 17.2
80 0.05556 0.04878 -0.02878 0.03733 0.06382 -0.04382 21.9
81 0.05764 0.04432 -0.02938 0. 04562 0. 06611 -0.05117 25.5
82 0. 05220 0.03493 -0.02646 0. 04541 0.05905 -0.05057 28.0
83 0.02734 0.02835 0.00309 0.00198 0. 02850 0.00293 4.5
84 0.05278 0.05915 -0.00050 0. 00856 0.06036 -0.00170 8.0
85 0.07026 0.08071 -0. 00655 0. 02243 0.08614 -0.01197 13.6
86 0.07631 0.07783 -0.00717 0.04144 0.09469 -0.02403 22.1
87 0.07162 0.06213 -0.00621 0.04821 0.08706 -0.03114 27.3
88 0.02870 0.02197 0.01661 0.00080 0.02208 0.01649 8.3
89 0.06015 0. 05656 0.03172 0. 00066 0. 05658 0.03170 1.5
90 0.08732 0.10350 0.03899 0. 00379 0.10373 0.03877 5 S
91 0.10289 0.14854 0. 03509 0.01778 0.15126 0.03237 8.7
92 0.10076 0.11485 0.03858 0. 05342 0.14235 0.01108 27.2
93 0.02454 0.01109 0.01907 0. 00779 0.02383 0.00633 -31.4
94 0.05524 0.02993 0. 04936 0.01411 0. 05677 0.02251 -27.7
95 0.08762 0.06398 0.09188 0.01887 0.10140 0.05446 -26.8
96 0.11602 0.13221 0.14882 0.02618 0.16798 0.11305 -36.2
97 0.13176 0.29445 0.21447 0. 05401 0.32167 0.18726 26.7
98 0.01692 0. 00961 0.00336 0.01171 0. 01861 -0.00563 37.5
99 0.03888 0.02350 0.01117 0.02567 0.04374 -0.00907 38.2
100 0.06312 0. 04427 0.02227 0.03978 0.07455 -0.00801 3.3
101 0. 08550 0.07472 0.03317 0. 05150 0.10948 -0.00158 34.0
102 0.01132 0.00619 -0.00213 0. 00935 0.01227 -0.00820 33.0
103 0. 02607 0.01528 -0, 00427 0.02142 0.02905 -0.01805 32.7
104 0. 04291 0.02778 -0.00539 0. 03406 0.04907 -0.02669 32.0
105 0. 05924 0.04385 -0,00573 0. 04426 0.06979 -0.03167 30.4
106 0.00774 0.00357 -0.00358 0.00716 -0.00801 0.00800 31.7
107 0.01778 0.00861 -0.00908 0.01684 -0.01926 0.01879 31.1
108 0.02968 0.01563 -0. 01543 0.02805 0.03216 -0.03196 30.5
109 0.04194 0.02466 -0.02151 0. 03855 0.04651 -0.04336 29.5
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UNIFORM LOAD DEFLECTIONS AND MOMENTS, SLAB 45°-0.6-1.0

TABLE 3

(AHquans Loaded)

(Deflections as Pa . oments as pa’ 9, in degrees)
Eh’

Point w My My Mxy Mmax Mmin ]
1 0 0 0 0.00412 0.00412 -0.00412 45.0
2 -0.00147 0.00311 0 -0.00411 0.00594 -0.00284 -34.6
3 -0.00444 -0.01543 0 -0.00906 -0.01962 0. 00419 24,8
4 0 -0. 04723 0 0.01256 -0.05036 0. 00313 -14.0

5 0 0.00073 -0.00073 0 0.00073 -0000073 0
6 0. 00041 0. 00458 0. 00365 0.00102 0.00524 0.00300 32.7
7 -0,00111 -0.00553 -0.00030 -0.00553 -0.00903 0. 00321 32.4
8 0 -0.02252 -0.01169 -0.01265 -0.03086 -0.00334 33.4

9 0 0.00079 -0.00079 0 0.00079 -0.00079 0
10 0. 00075 0. 00449 0. 00401 0.00318 0.00744 0. 00106 42.8
11 -0.00037 -0,00348 -0.00253 -0.00290 -0.00594 -0.00006 40.3
12 0 -0.02182 -0.01975 -0.01537 -0.03619 -0.00538 43.1

13 0 0.00193 -0.00193 0 0.00193 -0.00193 0
14 0.00111 0. 00554 0. 00394 0.00419 0. 00901 0. 00047 39.6
15 -0.00015 -0.00336 -0.00275 -0.00172 -0.00480 -0.00131 40.0
16 0 -0.02222 -0.02233 -0.01647 -0.03875 -0.00580 -45.1

17 0 0.00432 -0.00432 0 0.00432 -0.00432 0
18 0. 00200 0. 00797 0.00421 0. 00594 0.01232 -0.00014 36.2
19 0.00048 -0.00227 -0.00072 0.00003 -0.00227 -0,00716 - 1.3
20 0 -0.02385 -0.02063 -0.01645 -0.03877 -0.00571 42.2

21 0 0.00415 -0.00415 0 0.00415 -0.00415 0
22 0.00399 0.01296 0.00321 0.00588 0.01573 0. 00045 25.2
23 0. 00199 0. 00050 0.00352 0. 00539 0.00761 -0.00359 -37.2
24 0 -0.02407 -0.01293 -0.01368 -0.03327 -0.00373 33.9
25 0 0 0 -0.00496 0.00496 -0.00496 45.0
26 0. 00590 0.01107 0 0.00240 0.01156 -0.00050 11.7
27 0. 00649 0.01475 0 0.00718 0.01766 -0.00292 22.1
28 0 -0. 02397 0 -0.00108 -0.02402 0. 00005 2.6
29 0.01914 0.02735 0 0.01596 0.03469 -0.00734 24.17
30 0. 02515 0.02895 0 0. 00773 0.03089 -0.00193 14.1
31 0.01108 0. 00422 0.00916 0.01330 0.02022 -0.00684 -39.7
32 0. 02079 0. 02580 0.01082 0.01460 0.03472 0. 00191 31.4
33 0. 00942 0. 00411 0. 00509 0.00528 0.00991 -0.00070 -42.3
34 0.01724 0.01791 0. 01541 0.01599 0.03269 0. 00062 42.8
35 0. 00921 0.00425 0.00172 0.00284 0.00610 -0.00012 33.0
36 0. 01650 0.01737 0. 01451 0.01414 0.03015 0.00173 42.1
37 0. 00948 0. 00299 0.00059 -0.00013 0. 00300 0. 00059 - 3.1
38 0. 01757 0.01934 0.01210 0.01197 0.02822 0.00322 36.6
39 0.00863 -0.00314 0.00160 -0.00419 -0.00558 0. 00404 30.3
40 0.01889 0.01872 0.00869 0. 00629 0.02175 0. 00567 25.7
41 0.00520 -0.01508 0 -0.00903 -0.01930 0.00422 25.1
42 0.01727 0. 00911 0 -0. 00217 0.00960 -0.00049 -12.7
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one-half as many as the number of points on the deflecting slab surface. This is ac-
complished by resolving all the possible loading systems into symmetrical and anti-
symmetrical load systems (Appendix).

Most of the computational steps in the application of the finite differences method to
the slab group were performed by the electronic computer. These steps included in-
version of matrices having sizes as large as 95 by 95 vector multiplication of the in-
verse matrices with various column vectors and other operations in connection with
matrices. Earlier in the project the IBM 704 computer of the Numerical Computation
Laboratory and later the IBM 709 computer was used for the computations.

For each of the 32 slabs, deflection and moment influence coefficients have been
calculated for critical slab points, and deflections and moments at all the slab points
have been found under four different uniform loading systems. The complete results
of the mathematical analysis were compiled in some 300 tables. Tables 2 and 3 are
typical examples. The first column of Table 2 indicates the position of the moving
concentrated load by the numbers of the network points. The second column gives the
influence coefficients for the deflection, w. The remaining columns give the influence
coefficients for moments Mx, My, Mxy and the principal moments. The last column
indicates the values for angle 6 which gives the direction of the maximum moment
measured from the x-axis. Positive deflections are measured in a downward direction,
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Figure 6, Influence surface for moment (Myax) at point LL (slab 30°-1.0-1.0); contour
interval: 2.5 x 102 P.
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Figure 7. Uniform load deflection contours, all spans loaded; (slab 45°-0.6-1.0); con-

tour interval: 2.5 x 10-23 %%; e

Maximum Value: -0, 05036 pa?

Support

Figure 8. Uniform load moment (My,yx) contours, all spans loaded; (slab L5°-0.6-1.0)
contour interval: 5 x 1073pa2.

positive moments indicate compression in the top fibers of the slab and the positive
values of § are measured in a clockwise direction. Table 3 is one of the four uniform
load tables prepared for slab 45°-0. 6-1. 0 containing information on deflections and
moments at all the slab points when all the spans are uniformly loaded. In the tables,
figures smaller than 1 x 107° are indicated by a zero. Based on the information in
these tables, some 400 influence surface and contour diagrams were prepared for the
32 slabs analyzed. Figures 5 through 8 are samples for this group of diagrams.

EXPERIMENTS ON TEST STRUCTURES

The experimental phase of the research included the design construction and testing
of a group of laboratory test structures to correlate the results of the mathematical
analysis to reinforced concrete slabs and to provide an experimental basis of com-
parison for the theoretical analysis obtained through the finite differences method.

Altogether six continuous-span and two single-span slabs were designed and tested.
The test structures were 0°-0, 6-1.0, 30°-0, 6-1.0, 30°-0.8-0.5, 30°-1.0-0.5,
45°-0, 6-1.0, 45°-0.83-0.5, 0°-1.0, and 30°-2. 5.
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The center span lengths of the test structures were 10 ft and the thicknesses of the
slabs were either 4 or 6 in.

SR-4 electrical strain gages were used to measure the strains on concrete and on
reinforcing bars under various types of loads. Type A-9 electrical strain gages and
Type AR-1 rosette gages were mounted on the reinforcing bars. Deflections of the
slab were measured by dial indicators. Load cells made of Type A-1 strain gages
measured the reactions along the interior and end supports of the slabs. Aluminum
alloy (6061-T6) wide- flange beams were placed along each support under the slab.
These beams were cut 2% in. deep to the bottom flange every 6 in. to form a number
of segments along the support. Each segment was converted to a load cell by using
four strain gages connected in series. These load cells were calibrated by recording
increments of strain corresponding to direct load increments.

All the test structures were tested under concentrated and uniform loads. Concen-
trated loads on the slab surface were simulated by using hydraulic rams with capacities
up to 100 klpS In a majority of the cases, the load was transferred to the slab through
a 4/2- X 4/2-1n steel plate 1 in. thick. When the load was applied over a concrete
strain gage, a special plate with a groove was used to protect the gage from direct con-
tact. Loads were applied over the slab surface at strategic locations corresponding to
the theoretical network points at intensities within the working load range. The in-
tensity of the hydraulic pressure was controlled by an electronic load cell.

Uniformly distributed loading of the slabs was accomplished by exerting air pres-
sure to the slab surface through "air bags' made of polyethylene sheets. The air bags,
one for each span, were placed between the slab surface and a steel restraining frame.
By controlling the valves' opening to the individual air bags from a common air line,
the four different uniform loading systems could be simulated: center span uniformly
loaded, two end spans uniformly loaded, all spans uniformly loaded, and adjacent spans
uniformly loaded. The intensity of air pressure was measured by a mercury manometer.

The designs of the test structures were based on the mathematical analyses of the
corresponding slabs. Altogether four distinct desi ign types were utilized.

In the designs of test structures 0°-0.6-1.0, 30°-0.8-0.5, 45°-0.83-0.5 and 0°-1. 0,
the longitudinal and transverse steel bars were placed in the x- and y-directions,
respectively.

Test structures 30°-1.0-0.5, 45°-0.6-1.0 and 30°-2.5 were designed with longitudinal
steel placed in the x-direction and with transverse steel running in a direction parallel
to the supports, making the angle of skew ¢ with the y-axis.

Although it was not used in the actual construction of the test structure, a third type
of design was also applied to test structure 45°-0.6-1.0. The longitudinal and the
transverse steel are placed along the general directions of the maximum and the mini-
mum principal moments, respectively.

The fourth type of des1gn although not practical, was used in the construction of test
structure 30°-0. 6-1. 0 to provide uniform reinforced-concrete sections throughout the
slab for the purpose of comparing the allowable elastic and the ultimate strength loads.
The reinforcement patterns were identical for the top and the bottom of the slab, and
consisted of closely spaced reinforcing bars running along the x- and y-directions.

A detailed explanation of the four different design procedures is not included in
this paper. They were different from the conventional elastic design methods only in
the calculation of the effective reinforcing steel areas when the directions of the prin-
cipal moments and of the reinforcement did not coincide. After the tests with loads
in the working range, slabs were tested to failure. Figure 9 shows the reinforcement
layout for test structure 30°-1.0-0.5. This test structure was tested to failure under
concentrated loads (Fig. 10). The results of the concentrated- and uniform-load tests
on each of the eight test structures were tabulated and the experimental and the theo-
retical values of the strains, moments and deflections at various points along sections
of the slab were compared on diagrams (Figs. 11, 12 and 13). The numbers of the
network points along the longitudinal sections are also indicated in these diagrams.
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SUMMARY AND CONCLUSIONS

The results of the mathematical analyses of the 32 bridge slabs by a finite differences
method represent the most significant accomplishment of this research project. Al-
though in the past finite difference methods have been used in connection with the analy-
sis of slabs, this is the first attempt to apply the method to such a large variety of
continuous-span and single-span skewed slabs. The finite differences method is not an
exact mathematical method. However, when properly applied using reasonably large
numbers of network points, it is a sufficiently accurate tool for the analysis of bridge
slabs. The finite difference method provides a means of computing the influence coef-
ficients for deflections and moments at various slab points by simple matrix inversion
and column vector multiplication operations which can be handled easily by an elec-
tronic computer.

The complete results of the mathematical analyses of the slab group were compiled
in the form of influence coefficients and uniform load tables for deflections and moments,
For better visualization of the mathematical results and to put the data in a more useful
form, influence surface and uniform load contour diagrams were prepared for each slab.
These diagrams can be used to determine the maximum values of the deflections and
moments, their locations on the slab surface under moving concentrated loads, and
various systems of uniform loading. If desired, more accurate information can be ob-
tained from the corresponding tables.

The values of the deflection and moments can be interpolated for slabs having geo-
metric parameter values other than the ones used in this study. For instance, critical
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moments can be found for slab 35°-0.6-1.0
by using the results obtained for slabs
0°-0.6-1.0, 30°-0.6-1,0 and 45°-0. 6-1,0.
Similarly, information on slab 30°-1.0-0.7
can be obtained by referring to the data
pertaining to slabs 30°-1,0-0.5 and
30°-1.0-1.0 (Figs. 14, 15 and 16). Addi-
tional diagrams can be prepared for the
influence coefficients and various systems
of uniform loading systems by using the
information in the tables and varying
one of the geometric parameters at a time
while keeping the others constant. The
curves in these diagrams are Iitted through
only three points, and in some cases it be-
comes rather difficult to pinpoint the
vertex of the curve. Throughout the re-
search, the span lengths of the slabs are
designated as the distances between the
supports parallel to the roadway. It
should be remembered that to span a
crossing of length b, a ¢° skewed slab
with a span length b’ = b/Cos ¢ corresponds
to a rectangular slab of span length, b.
The application of the finite differences
method to the analysis of slabs under con-
centrated loads involves the replacement
of the term for the uniform load intensity
at the right-hand side of a deflection equa-
tion by an expression for the concentrated
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load using the relationship P = pAxAy. In other words, the concentrated load is as-
sumed to be distributed to the slab surface over an area AyAx. Although this assump-
tion does not alter the values of the moments at points away from the point of applica-
tion, it may not indicate the true moments directly under the load depending on the
number of network points used. Jensen (g) indicates that a more accurate concept of
the distribution of the concentrated load can be developed by using correction factors
based on his previous works on single-span slabs and on Westergaard's work on in-
finitely wide slabs. During the experimental phase of this project, concentrated loads
were applied through steel base plates varying in size between 4 by 4 in. and 6 by 6 in.
As the influence line diagrams indicate, the experimental and theoretical values of the
moments directly under the load are either approximately equal to each other or the
theoretical values are higher. Therefore, no corrections were made on the concen-
trated load distribution area Ay Ay to further increase the moments under the loads.

Due to the complex nature of the boundary conditions at the simple support corners,
the validity of the moment equations used for these points seems questionable. The
extremely high values of the twisting moments at the corners should be disregarded
whenever they do not seem to fit the moment-change pattern along the end supports
and along the free edges.

More researchis required for a better understanding of the distribution of reactions
along the supports under uniform and concentrated loads. This distribution is almost
even in rectangular slabs under uniform loading and can be approximated by assuming
the longitudinal strips of the slabs to be uniformly loaded beams. The distribution of
the reactions in skewed slabs is uneven, and for uniformly loaded single-span skewed
slabs the resultant of the reaction is located near the obtuse simple support corner
(Fig. 17).

In Figure 17, Mx indicates the total average of the moments Mx at the section of the
slab along points 1, 7, 13, 19, 25, 197, 13", 7" and 1’. The total reaction, pa®/2 at
the support is located at a distance 0. 38a from the obtuse corner. For continuous
skewed slabs, this concentration of the reaction at the end and at the interior supports
may be found by similar procedures. However, its location will vary according to the
uniform loading systems. For the all spans loaded case, for instance, a more uni-
form distribution of the reactions can be expected along the supports.

The experimental phase of the re-
search consisted of design, construc-
tion and testing of 6 continuous-span
and 2 single-span reinforced-concrete Free Edge
test structures. Altogether, 4 different = g e *1
design procedures were used according I
to the directions of transverse and longi-
tudinal reinforcement. Among these, the
alternate design method used for test
structure 45°-0. 6-1. 0 appears to be the
most efficient method theoretically. This
procedure calls for placing the reinforc-

Simple

ing bars in the general directions of the g P a
principal moments increasing the load- 3 N I
carrying capacity of the slab almost S My + Ez-t%)%‘ (038a)
twice as much as compared with the I9E.,<

other design method applied to the same
slab. However, placing the main rein-

forcement in the direction of the maxi- %91

mum principal moment creates the prob- —a/3

lem of anchoring the bars along the free ¥, N O I ) e I S S S A |
edges of the slab as well as requiring a £ 2
large variety of lengths of reinforcing 0380 — ‘T gut

bars. Therefore, this design procedure
may not be considered economical from Figure 17. Uniform load reaction (slab
a practical point of view. Design methods L5°-1,0).
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involving the placement of the transverse steel in the y-direction or in a direction
parallel to the supports while keeping the longitudinal steel in the x-direction seem
equally efficient as applied to continuous skewed slabs. For narrow slabs, placing
the transverse steel in the y-direction may be a better procedure. However, for
very wide slabs this method again necessitates the use of an increased number of bars
with uneven lengths, thus, placing the transverse steel parallel to the supports may
be preferred.

The experimental deflection values were usually found to be between the two theo-
retical values based on cracked and uncracked concrete sections confirming that, in
the working load range, the concrete is already cracked in the tension side. The agree-
ment between the experimental and the theoretical values of the moments was found to
be good considering the numerous possibilities for errors involved in such tests.

The ultimate load tests on the test structures indicate that the ultimate uniform load
is about twice as much as the allowable uniform load, whereas the intensity of the ulti-
mate concentrated load is found to be between four to six times its allowable value. Be-
cause the slabs were designed in strips of equal width under uniform load, these strips
begin to yield as independent uniformly loaded beams. However, under concentrated
loads, the yield pattern of the slab is very complex and can be compared to the plastic
moment analysis of multi-story, multi-bay steel frames.

The failure of the test structures under the ultimate concentrated load could be
termed ''shear-compression' failure. As the load intensity increased, tension cracks
appeared at the bottom of the slab. However, at the time of failure the usual diagonal
tension cracks were accompanied by localized cracks at the top surface. In several
instances, tension cracks also appeared over the interior supports. The failure of
the slab under the ultimate uniform loading was of the simple flexural type.

The experimental data on the reactions along the supports were inconclusive. Al-
though the values of the total reactions compared well with the total loads on the slab,
the distribution of the unit reactions as obtained from the load cells was rather ir-
regular. Reasons for this irregularity may have been (a) the load cells were not sensi-
tive enough to measure the reactions produced during the tests for certain positions and
types of loading; (b) a certain amount of yielding of the aluminum beams may have oc-
curred; (c¢) at certain spots the contact between the slab and the aluminum beams may
have been uneven; and (d) a very slight uplift of the slab corners could have produced
large errors in reaction readings.

It is believed that the lack of theoretical and experimental data on the distribution
of load along the supports does not alter the actual design of the slabs because the in-
tensity of the concentrated load is the primary design criterion in shear consideration.
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Appendix

Three types of network systems have been used in connection with the analysis: the
skew, the square, and the rectangular. Figure 18 shows the various possible positions
of a typical slab point in a skew network over the surface of a continuous slab with
simply-supported ends and free edges. The typical slab point is designed as 10. Points
1 through 9 and 1’ through 9’ indicate the neighboring slab points in their relative
positions. This type of network is applicable to most of the skewed slabs. Figure 19
shows different positions of a typical slab point in a square network over a 45° skewed
continuous slab. Figure 20 shows the same information for a rectangular network over
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Figure 18. Typical slab point in skew network.
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a 45° skewed continuous slab. Figure 20 shows the same information for a rectangular
network over a 0° skewed (or rectangular) continuous slab. The position of the typical
point 10 in Figure 18r represents a case where the slab point is away from the effects
of the boundaries. For such a point, Eq. 1 can be written in finite differences without
any modification as Eq. 2 (Fig. 21). For the other positions of point 10, however,
Eq. 2 is altered to satisfy the boundary conditions assuming imaginary extensions of
the surface of the slab beyond the actual boundaries. The fictitious slab points as-
sociated with such cases are joined with dotted network lines (Figs. 18, 19 and 20).
Egs. 2 through 36 in Figure 21 are the deflection equations to be used for various
positions of a typical slab point in skew, square and rectangular network systems.
Eqs. 37 through 69 are the corresponding expressions for the moments. Derivations
of all these equations have been previously reported (3). Referring to Figure 18r, the
constants A, B, C, and F in these equations are defined as follows:

i S
A s B et
Ay Ay
Az Ayz
¥
C= - AB F = y
a7 e e

in which
t=Aytanﬁands =Aytan ®.

Table 4 gives the applicable deflection and moment equations corresponding to typi-
cal slab point positions. The first column indicates the position of point 10 from Fig-
ures 18, 19 and 20. The second and third columns give the numbers of the deflection
and moment equations from Figure 21 to be used for that particular position of the
typical slab point.

Any given loading condition over the slab surface can be resolved into symmetrical
and anti-symmetrical load systems requiring the use of only one-half of the slab points
in writing the deflection equations (Fig, 22). In Figure 22a the slab is subjected to a
concentrated load of P at point 39 which requires the simultaneous solution of N de-
flection equations for N points on the deflecting slab surface. However, by resolving
this load as shown in Figures 22b and 22¢, the solution of two sets of only N/2 equa-
tions becomes sufficient because of the symmetry. For the loading shown in Figure
22c, deflections of the points on the right half of the slab will have negative deflections.
The rest of Figure 22 shows the resolution of the two anti-symmetrical uniform load-
ing systems.

After writing the deflection equations for the points on the left half of a slab, the
constants A, B, C, and F are evaluated and from these values the deflection equation
coefficients are found. Using the deflection egquation coefficients and the deflection
equations, two coefficient matrices are written. The first one S is for the condition
where the symmetrical points on the left and the right halves of the slab have equal
deflections in the positive direction (Fig. 22b). The second coefficient matrix, U is
for where deflections of the network points on the right half of the slab are assumed
to have negative directions (Fig. 22c). If S~'and U * denote the inverse matrices
corresponding to S and U, then by the law of reciprocal deflections, the elements of

i i1 -1 i1
the matrices > 2+U , and g év
at any of the slab points in the left and right halves of the slab, respectively.

Influence coefficients for moments My, My, Myy are found again by making the use
of the reciprocal relationship among the influence coefficients for deflections. From
Figure 21, all the moment equations in finite difference form (Eqs. 1-69) can be
simplified as

represent the influence coefficients for deflection

M: = Aw; + Bwa + Cws (70)
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in which A, B, C,...are the coefficients ap-
pearing in a particular moment equation and wi,
W2, Ws,...are the deflections of the slab at net-
work points 1, 2, 3,.... Maisthe momentat
point 2 and can be either My or My, or Mgy.
The influence coefficients across the slab for
moment, M, at point 2 will be the same as the
values of deflections across the slab when the
slab is loaded with A at point 1, B at point 2,

C at point 3, etc. Any loading condition for the
slab can be represented by a column vector con-
sisting of the right-hand sides of the deflection
equations. For the given loading condition, the
column vector will have loads of A, B, C in its
rows corresponding to deflection equations for
points 1, 2, 3, respectively. Suppose the coef-
ficients A, B, C are obtained from the My ex-
pression for point 2. If one forms a column
vector MX using these coefficients as the loads
on the slab, then the two solution matrices can
be obtained by the following vector multiplica-
tions:

S'MX + U 'MX | §T'MX - U 'MX
2 2
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TABLE 4

DEFLECTION AND MOMENT
EQUATIONS FOR VARIOUS
POSITIONS OF A TYPICAL

(71)

SLAB POINT
Position Deflection Moment
Fig. Eq. Eq.
(a) Skew Network
la 3 38
1b 4 37
le 5 38
1d 6 38
le 1 39
1f 8 40
1g 9 41
1h 10 42
1i 11 42
1j 12 38
1k 13 43
11 14 44
1m - 45
1n — 46
1o - 47
1p - 48
1q - 49
ir 2 37
(b) Square Network
2a 15 50
2b 16 51
2¢ 17 50
2d 18 51
2e 19 51
2f 20 52
2% 21 53
2h 22 54
2i 23 55
2j 24 55
2k 25 55
21 26 52
2m 27 52
2n —_ 56
20 - 57
2p - 58
2q - 59
2r — 60

(c) Rectangular Network

3a 29 62
3b 30 62
3c 31 62
3d 32 63
3e 33 64
3f 34 62
3g 35 82
3h 36 65
3i - 66
3j = 67
3k - 68
31 - 69
3m 28 61
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Figure 22, Symmetrical, anti-symmetrical load systems.

The elements of the first solution matrix represents the influence coefficients in the
left half of the slab for the moment Mx at point 2, and the second solution matrix con-
tains the influence coefficients in the right half of the slab. Forming column vectors
MY and MXY for the moments My and Mxy at point 2, in a similar way, influence
coefficients for those moments are also found.

Finally, combining these three sets of influence coefficients according to the fol-
lowing equations, influence coefficients for the principal moments at point 2 and their
direction 6 at point 2 can be calculated:

2
M, +M M, - M
M, .= X Yi\/< "2 y) + Myy” (72)
min
. 2Mxy
o =Ytant —— L (73)
z My - My

For the slab points close to the axis of symmetry, the moment equations may also
contain the deflections of the points on the right half of the slab, and Eq. 71 is re-
placed by

S 'MXL + U"*MXL S 'MXR - U~'MXR
5 4 5 (74a)

for the influence coefficients in the left half of the slab, and
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S~ 'MXL - U™ 'MXL +S"MXR + U 'MXR

3 5 ('74b)

for the influence coefficient in the right half of the slab. In these expressions, MXL

is the column vector containing the load coefficients for the points to the left of the axis

of symmetry and the column vector MXR contains the load coefficients for the points on

the right half of the slab. Computations of the influence coefficients for My, Mgy are

carried out in a similar way using column vectors MYL, MYR, MXYL and MXYR.
When a certain moment equation contains the deflection of a singular point such as

the midpoint of a center span, which is completely symmetrical, Eqs. 74 become

S 'MXL + U~ 'MXL +S‘1MXR - U 'MXR

5 — +S~'MXC (752)

and

S 'MXL - U~ 'MXL +S“MXR + U *MXR
3 2

+S 'MXC ('75b)

in which MXC is the column vector containing the coefficient of the singular point de-
flection in the particular moment equation.

Uniform load deflections are obtained by the multiplication of S~ and U~* matrices
by certain A and B column vectors. Column vector A contains unit load expressions
on its rows belonging to the points in the center span and column vector B has unit
load expressions for the points in the end span. Among these column vectors and the
inverse matrices, the following solution matrices are formed:

X =8"'A X;=8"'B X;s=U"'B X=Xy + X
('76)
X5=§£i2—x—3 Xe =Xz ~ Xs X: =X, + X5 Xg =X1 + Xs

Thus, elements of X, give the deflections of slab points when the center span is
uniformly loaded; Xz, the deflections when two end spans are uniformly loaded; and
X4, the deflections when all the spans are uniformly loaded. When left end and center
spans are loaded, deflections in the left half of the slabs are given by X7 and the ones
in the right half by Xas (Figs. 22d to 22h).

For the four different uniform loading systems using the moment equations in Fig-
ure 21 and the proper set of uniform loading equations, uniform load moments Mg,
My and Mxy can be calculated. For this purpose all the moment equations are ex-
pressed in one master equation

M =-Ki [Kz(W11-2W12+W13-W14) o Ka(W15-2W15+W17-W18) +

K4(W19- 2W20+W21-W22) + KS(W23‘2W24+W25‘W26)] (77)
in which w11, Wi2,...,Wss are uniform load deflections of the slab points as indicated
by each individual moment equation for a given position of a slab point. Ki,...,Ksare

the constants appearing in that particular equation. Finally, principal moments and
their directions are found using Eqs. 72 and 73.
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SYMBOLS

A = a constant in deflection equations (A = ——) an arbitrary constant;
column vector.

a = width of slab.

B = a constant in deflection equations (B = Aix); an arbitrary constant;
column vector.

b = center span length (span length in single-span slabs).

b

I

L “Cos ¢ °

be = end span length. A

C = a constant in deflection equations (C = 1—){: - AB); an arbitrary constant.
D = flexural rigidity of slab (D = ey 3 N

E = modulus of elasticity of the slab mater};ﬂé

F = a constant in deflection equations (F = —A—y? (1-p).

h = thickness of slab. x
I = moment of inertia.
Ki,...,Ks = constants in the general moment equation.

M = moment; moment of internal force couple C, T.
M = total average moment.
My = bending moment per unit length in the x-direction.
My = bending moment per unit length in the y-direction.
Myy = unit twisting moment.
Mmax, Mmin = maximum and minimum principal moments.
MX, MX ,... = column vectors.
T P = intensity of the concentrated load.

p = intensity of the uniformly distributed load.
p1o = uniform load intensity at typical slab point 10.
S, 8™ "= coefficient and inverse coefficient matrices for symmetrical loading.
s = segment of Ax
t = segment of Ax.
U, U ' = coefficient and inverse coefficient matrices for unsymmetrical loading.
w = deflection of the slab surface.
Wi, Wz, ...= deflection of slab at network points 1, 2,
X1, ..., Xe= solution for uniform load deflections.

A = finite distance between two slab points.
Ax, By, Ag, bt = finite distances along directions indicated by subscripts.
§ = angle between the y- and t-axes.
¢ = angle of skew.
u = Poisson's ratio for the slab material (y = 0. 15).
0 = angle between the x-axis and the maximum moment direction.

.. = network points on the left symmetrical half of a slab surface.
, .. . = network points on the right symmetrical half of a slab surface cor-
responding to points 1, 2, 3, ...under a symmetrical loading.



Dynamic Load Distribution in
Continuous I-Beam Highway Bridges

D. A. LINGER, Associate Professor of Civil Engineering, University of Arizona, and
C. L. HULSBOS, Research Professor of Civil Engineering, Lehigh University

The load distribution to the longitudinal beams is shown for
the outer and inner spans and at the interior supports for two
types of continuous four-span highway bridges. The load dis-
tribution was determined for static and moving loads and indi-
cates the effect of dynamic loading on lateral load distribu-
tion. The effective composite sections were determined exper-
imentally for the negative as well as the positive moment
regions.

From the results of the load distribution data, influence
lines are presented for the lateral distribution of loads and a
comparison is made with the AASHO specifications. The
effective composite section of the longitudinal stringers,
which was required for the load distribution study, is shown
and indicates that the distribution and amount of composite
action vary from that allowed by the AASHO specifications.

eTHE PROBLEM of load distribution in highway bridges made up of longitudinal string-
ers acting integrally with a roadway slab has been investigated by many researchers
(1,2,3,4,5,6,7,8). These investigations have added materially to the knowledge of

the response of highway bridges to vehicular loading. However, the expanded use of
this type of bridge has emphasized the need for a better understanding of the way in
which it responds to dynamic vehicular loading. Moreover, it is quite evident that the
problem of load distribution is not just a static problem, but a dynamic problem. It is
this dynamic problem that has been generally ignored by highway engineers and is
becoming increasingly important as larger and faster vehicles are used.

The research presented herein is a summary of a load distribution study conducted
by the authors in conjunction with a research project (4,5). To present and discuss
the additional data obtained in the experimental program for the impact study, the fol-
lowing report on static and dynamic load distribution and the effective section of the
longitudinal stringers is presented.

The investigation of dynamic load distribution was made by first studying how the
static live load is distributed to the stringers by the distribution of the bending moments.
After the static load distribution was obtained, the dynamic effect of the moving load
was studied for its effect on the whole bridge as well as on the individual stringers.
The load distribution studies also indicate that considerable longitudinal load distribu-
tion occurs in the type of structures studied. The effective section of the longitudinal
stringers was required for these studies, and the results of this experimental data add
to the understanding of the complex problem of the amount of composite action in a
continuous highway bridge.

OBJECTIVE

The objective of this research was to evaluate the response of full-size continuous
I-beam highway bridges to dynamic vehicle loadings. The objective of the portion of

Paper sponsored by Committee on Bridges.
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the research presented herein was to analyze the effect of dynamic loads on lateral live-
load distribution and to present the influence lines for the lateral live-load distribution
for the various longitudinal stringers. An additional objective, which is basic to the
design of this type of structure, was to determine the amount of effective composite
action between the reinforced concrete slab and the longitudinal stringers.

BRIDGE STRUCTURES

The bridges tested are part of the Interstate Highway System around Des Moines,
Iowa. Only two of the four bridges studied in this research program are reported in
this paper. The two bridge structures included are a continuous aluminum stringer
bridge, and a continuous steel stringer bridge (5). Both bridges carry two lanes of
traffic and were designed for an H20-S16 loading.

Continuous Aluminum Stringer Bridge

This structure is a 220-ft continuous four-span bridge with four aluminum stringers
which act compogitely with a reinforced concrete roadway. It has a 30-ft roadway with
a 3-ft safety curb on both sides (Fig. 1). It carries traffic on Clive Road over Interstate
35 northwest of Des Moines.

Continuous Steel Stringer Bridge

This 240-ft continuous four-span structure is very similar to the previous bridge
except for the longitudinal stringers. The four steel stringers act compositely with a
reinforced concrete roadway which is 28 ft wide with a 3-ft safety curb on both sides
(Fig. 2). This structure carries the traffic on Ashworth Road over Interstate 35 west
of Des Moines.

VEHICULAR LOADING

The vehicle used in the experimental study is a tandem-axle, International L-190
van type truck (Fig. 3). This truck, which is used to check the Iowa State Highway
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Figure 1. Detalls of continuous aluminum stringer bridge.
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Commission scales, has a wheel base of 14 ft, 8 in. and a tread of 6 ft. It weighs
40, 650 1b with 21,860 1b on the rear axle. This vehicle closely approximates a stand-
ard H-20 design load.

The static load distribution was determined by the test vehicle creeping across the
bridge with the motor idling. This loading was applied on all the experimental test
"anes" of the bridges (Figs. 4 and 5). Each of the experimental lanes was marked by
a painted stripe along which the left front tire of the truck was run. During the speed
runs which were used to evaluate the dynamic load distribution, the variation of the
position of the vehicle to one side or the other was never more than 1 Yo in, The
dynamic tests were performed along four different lanes on the bridge roadway, two
lanes for each direction of travel with one lane corresponding to the highway lane and
the other lane at the longitudinal center line of the bridge.

INSTRUMENTATION
Strain Recording Equipment

To determine the dynamic effect of the vehicles, the static and dynamic bridge
moments were computed from the strain measured at the extreme bottom fiber of each
stringer. To measure the strains, standard SR-4 strain gauges were used.

The strain readings were recorded by a Brush universal amplifier (BL-520) and a
Brush direct-writing recorder (BL-274). This equipment produces a continuous record
of strain for which the time base can be varied by the speed of the recording paper.

Location of Strain Gauges

The strains were measured in all the stringers in the outer and inner spans and at
the interior supports. This allowed the load distribution to be evaluated at all the sec-
tions of maximum bending moment for the entire length of the bridge structures. The
distribution of live load and the effect of dynamic loading were determined for negative
as well as positive moment sections.

Experimental Sections.—The experimental sections instrumented for the evaluation
of the bridge moments are described in the following and shown in Figures 1 and 2.

(1) Section 1 is located at a point four-tenths of the outer span from the end support.

(2) Section 2 is located at the middle of the interior span.

(3) Section 3 is located at the first interior support. To eliminate or reduce any
effect which the reaction diaphragms might have, section 3 was offset from the center

[ g e ™ T e s
sl I

DL ‘“JD IiESIHIES

ii“iwt.uu.“: n.I_ A tew ﬂ q r] _A" 'LI{H'I ‘r [Jﬂ_l x_}—-’ _}‘I
P —— | M PHl
L 1) ‘ | LI
| - 4 = = T
—dtim— =t it
T Symmelrical st € al et £
Figure l;. Cross-section showing test "lanes" Figure 5. Cross-section showing test "lanes"

for the aluminum stringer bridge. for the steel stringer bridge.
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line of the reaction toward the exterior span. This offset was 1 ft for the aluminum
stringer, and 6 in. for the steel stringer bridge.

(4) Section 4 is located at the center interior support. This section is offset from
the center line of the reaction a distance equal to the offset of section 3 for each
respective bridge structure.

All of the bridges were instrumented at each of the above sections with an SR-4
strain gauge at the center of the bottom flange.

Experimental Neutral Axes.~-To obtain the moments required to evaluate the dis-
tribution of load, the section moduli of the stringers were required at the sections
where the strains were measured. The effective composite section of the longitudinal
stringers varies considerably due to cover plates, variable flanges or the proximity of
the curb to the outer stringers. These variations in the cross-section result in large
changes in the moments of inertia and section moduli from one section to another. The
actual section moduli and moments of inertia of the longitudinal stringers were deter-
mined experimentally by obtaining the position of the neutral axis of the longitudinal
stringers. Five SR-4 strain gauges were positioned at each cross-section of the stringer
for which the location of the neutral axis was required. One gauge was located at the
center of gravity of the longitudinal stringer, and the other four gauges were at the
extreme fibers and the quarter points. The locations of the neutral axes were then
determined by plotting to scale the strains obtained from the gauges along each cross-
section for various static loadings on the bridge. The neutral axis could then be located
very accurately to the nearest 1/B in. Once the neutral axes were obtained, the amount
of slab necessary to balance the experimentally located neutral axes was determined
and the moments of inertia computed. The entire roadway slab thickness was used in
these calculations with a modular ratio of 10 for the steel stringer bridge and a ratio
of 3.33 for the aluminum stringer bridge. However, once the position of the neutral
axis is known, the moment of inertia is independent of the modular ratio used.

TEST RESULTS
The Composite Section

The neutral axes of the stringer cross-sections were determined at the four experi-
mental sections (Figs. 1 and 2) for the aluminum and steel stringer bridges. Only one
quadrant of each bridge was instrumented to determine the position of the neutral axes
because the bridges are symmetrical about their lateral and longitudinal center lines.
The cross-sections of the aluminum and steel stringer bridges at sections 1, 2, 3, and
4 are shown in Figures 6 and 7.

The neutral axes results are not intended for a complete analysis of the variations
in cross-section along the entire length of the bridges. They do show that the actual
composite cross-section varies greatly at different sections along the bridges as indi-
cated in previous research (3).

Aluminum Stringer Bridge.—The present AASHO specifications would allow 96.0 in.
of slab to be used with the interior stringers and 62.25 and 69.0 in. to be used with the
exterior stringers in the outer and inner spans, respectively. The experimental results
indicate that there is more slab acting compositely than the specifications would allow,
except at the interior stringer at section 1. This section of the interior stringer used
3 in. of slab less than that allowed by the specifications. In both positive moment sec-
tions, the resulting exterior composite sections are approximately 17 percent less
than their corresponding interior composite sections even though the aluminum sections
used in the exterior beams were considerably smaller. It is evident from Figure 6
that both the interior and exterior stringers exhibit considerable composite action at
sections 3 and 4. This negative moment region would not be allowed composite action
according to the specifications.

Steel Stringer Bridge.—The AASHO specifications would allow 87.0 and 67.5 in. of
slab to be used with the interior and exterior stringers in all spans. The experimental
slab width acting compositely with the interior stringer, is approximately 85 percent
of the slab width allowed by the AASHO specifications. Conversely, the experimental
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Figure 6. A cross-section of the aluminum Figure 7. A cross-section of the steel

stringer bridge at sections 1, 2, 3, and L stringer bridge at sections 1, 2, 3, and L

showing the composite moments of inertia, showing the composite moments of inertia,
section moduli, and the effective slab. section moduli, and the effective slab,

slab width acting compositely with the exterior stringer is considerably greater than
the amount allowed by the AASHO specifications (Fig. 7). The exact amount of slab is
questionable because the sidewalk curb acts integrally with the slab and must be con-
sidered in the composite action. It was decided arbitrarily that if more slab was
necessary than available, the acting width of slab would be limited to the distance from
the slab edge to the mid-point between the stringers, and the remaining amount of con-
crete necessary to balance the experimental neutiral axis would be obtained from the
sidewalk curb. This approach was used for both the aluminum and the steel stringer
bridges. The reduction in the composite action of the interior stringers over that
allowed by the specifications is more than offset by the increase in composite action
of the exterior stringers. This increase in composite action at the exterior stringer
is more evident in the steel stringer bridge than in the aluminum stringer bridge. The
individual composite moments of inertia of the steel stringers are within four percent
of their average, whereas the interior and exterior composite sections specified by
AASHO are considerably different. The similarity of the actual experimental com-
posite moments of inertia is also evident at experimental sections 3 and 4 which are

in negative moment regions. The specifications do not allow any composite action to
be used in these regions even though considerable composite action was found.

The composite action occurring in the negative moment regions of the aluminum and
steel stringer bridges may be partially due to the way in which the continuous bridges
are constructed in Iowa. The roadway slab of this type bridge is placed first in the
positive moment sections and then in the negative moment portion of the roadway. As
a result, the dead-load tensile stresses in the slab at the supports are minimized.
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Also, the shear connectors are extended over the entire length of the stringers, and in
some cases, additional reinforcement is placed in the slab over the bridge piers.

Load Distribution

Static Live Load.—The distribution of load in a slab stringer bridge is not readily
analyzed by an exact method. Several theoretical methods which offer a convenient
means of determining the amount of the live load distributed to each longitudinal stringer
have been proposed (1,2,6). This report includes only the presentation of data and
does not attempt to correlate the data with any theoretical results.

In this experimental study, the load distribution was determined by using the indi-
vidual moment in each stringer as a percent of the total moment in the bridge cross-
section. This procedure gives the percentage of the total live load distributed into each
stringer, providing the moment diagrams for all the stringers are identical in shape.
This is the assumption used in the design of this type of bridge structure. The live-load
moments in the stringers were obtained by multiplying the measured live-load strains
by the modulus of elasticity of the stringers and the section moduli for the composite
cross-sections. The resulting percentage live-load distribution for the aluminum and
steel stringer bridges is shown in Figures 8 through 15. This percentage distribution
of load does not take into account the longitudinal load distribution because it is only a
percent of the total moment. It has been found in previous studies that the experimental
moment is considerably less than the theoretical moment which assumes no longitudinal
load distribution (3, p. 34).

The static load distribution diagrams, which show little variation from section to
section, have been further analyzed. The resulting influence diagrams are discussed
later. The form of the influence line lends itself to a direct discussion and application
of these results.

Dynamic Load Distribution. —The dynamic response of the bridges tested was
obtained by moving-load tests. These moving-load tests were performed on four test
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lanes, two for each direction of travel for vehicle speeds beginning at approximately
10 mph and increasing by inerements up to the maximum attainable speed. The data
from the continuous strain time records were reduced with the vehicle in the same
longitudinal position that yielded the maximum static moment.
From these data, the dynamic load distribution to the longitudinal stringers was
determined (Figs. 16-23). The dynamic load distribution results indicate a similarity
between the static and dynamic load distribution. The largest discrepancies between
the static and dynamic load distributions usually occurred at the lower speeds (Figs.
16-23). The largest variation that occurred is eight percent of the load, and the aver-
age variation is approximately two and one-half percent of the load. The percentage
distribution of moments does not indicate the impact because the percent load distribu-
tion is obtained on the basis of the total experimental moment at the section.
The similarity between the static and the dynamic load distribution curves indicates
that the vibratory motion of the bridge is superimposed on the static live-load deflection
curve for the longitudinal stringers on the other side of the bridge, as well as those
under the vehicle, Consequently, the vibration of the bridge did not alter the lateral
load distribution to any extent. The largest variation in the lateral load distribution
for a dynamic load could have resulted from the lateral "rocking' of the vehicle due to
wind and pavement irregularities. However, even this did not materially affect the
load distribution. Therefore, the following influence lines for lateral load distribution,
although constructed from the static load distribution data, are applicable to dynamic
loads as well as static loads.
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Influence Lines For The Stringers.—Theuse of load distribution curves is facilitated by
the construction of influence lines for the percentage of a unit vehicle distributed to each
stringer. To obtain these influence lines, the static load distributionvalues were averaged
for the symmetrical stringers which correspond with the loading of symmetrical lanes. For
example, the value from theone outside stringer withthe load in lane 2-S is averaged with
the value from the other outside stringer with the load in lane 2-N. These average values
were then plotted to correspond with the center line of the vehicle. The resulting influ-
ence lines (Figs. 24 and 25) indicate the percentage of a unit vehicle distributed to each
respective stringer by the ordinate corresponding to the center line of the vehicle. In
order to use these influence lines, it is only necessary to place the desired number of
standard vehicles on the bridge cross-section and sum the cumulative influence of each.

Aluminum Bridge Structure.—~When two vehicles are placed in their specified lanes
and the influence lines in Figure 24 are used, a maximum value of approximately 53
and 57 percent of a vehicle is found to be distributed to an exterior stringer at the posi-
tive and negative moment sections, respectively. These percentages of a unit vehicle
are equivalent to a wheel-load factor of 1,06 and 1.14, whereas the AASHO specifica-
tions yield a wheel-load factor of 1.49 for the exterior stringers in this bridge. Simi-
larly, the maximum percentage of a unit vehicle distributed to an interior stringer at
the positive and negative moment sections is approximately 70 and 67 percent, respec-
tively. The equivalent experimental wheel-load factors for these percentages are 1.40
and 1.34, whereas the wheel-load factor given by the AASHO specifications for an
interior stringer of this bridge is 1.728. It is interesting to note that the maximum
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Figure 2L. Influence lines for aluminum stringer bridge.
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Figure 25. Influence lines for steel stringer bridge.

experimental wheel-load distribution factors occurred at sections 2 and 3 for an exterior
stringer and at sections 1 and 4 for interior stringers. The largest wheel-load factors
for this bridge are approximately 74 and 79 percent of the wheel-load factors given in
the AASHO specifications for an exterior and an interior stringer.

Steel Stringer Bridge.—By placing two vehnicles in their respective lanes and by the
use of Figure 25, a maximuin value of approximately 56 percent of a unit vehicle is
found to be distributed to an exterior stringer in both the positive and negative moment
sections. This percentage is equivalent to a wheel-load factor of 1,12, The correspond-
ing wheel-load distribution factors for an interior stringer are found to be approxi-
mately 1.33 and 1.40 for the positive and negative moment sections. As in the case of
the previous bridge, the maximum experimental wheel-load factors are obtained at
sections 2 and 3 for the exterior stringers, and at sections 1 and 4 for the interior
stringers. These factors are approximately 78 and 83 percent of the values obtained
from the AASHO specifications of 1.44 and 1.638 for the exterior and interior stringers.

CONCLUSIONS

Considerable variation was found to exist in the amount of composite action. The
exterior stringers had a larger composite section than the specifications would allow,
whereas the interior stringers generally had less.

Composite action did occur at the interior supports even though negative live-load
moments cause tension in the concrete roadway slab.
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The same type of lateral load distribution occurred for both static and dynamic
loading conditions.

Influence lines obtained from the experimental load distribution data yield wheel-
load factors which are considerably less than the wheel-load factors obtained by the
AASHO gspecifications for the type of structures studied.
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Repeated Stresses in Highway Bridges
HENSON K. STEPHENSON, Professor of Civil Engineering, University of Alabama

This report presents an approach to certain problems associ-
ated with repeated stresses in highway bridges. This approach
includes a proposed method for predicting the frequencies of
various levels of stress to which various members of highway
bridges may be subjected as a result of individual or vehicle
group loads encountered in the various compositions and vol-
umes of traffic for given periods of time or throughout the life
of a given structure. For the investigation of varying numbers
of repetitions of various intensities of stress and how they may
be related to present design criteria for fatigue, it is highly
desirable that a reliable method be available for predicting the
[requencies of such stresses. It is believed that the method
presented accomplishes this objective by providing the means
for predicting the frequencies of various levels of stress pro-
duced by heavy vehicle loads in any particular part or mem-
ber of a given bridge corresponding with given traffic condi-
tions. The proposed method takes into account (a) the fre-
quency distribution of heavy truck loads measured in terms of
their H-equivalencies on various spans, (b) the lateral place-
ment of vehicles in highway traffic, and (c) the relative fre-
quencies of the stress-producing effects of these loadings at
any selected point in a given bridge.

® THIS PAPER presents a suggested procedure for estimating the number of repeated
stresses of varying intensities produced by heavy truck loads in highway bridges. The
proposed method is made possible by the following facts:

1. Vehicles by type (automobiles, buses, light trucks, heavy trucks, etc.) have
been found to occur at random in ordinary highway traffic. This provides the means
for estimating the frequencies of specified vehicle groups at a given location, such as
at a bridge, mathematically based on the elementary laws of chance.

2. The time and/or distance spacings of vehicles have been found to occur at ran-
dom in ordinary highway traffic. This randomness makes it possible for traftic engi-
neers and others to apply statistical methods and the theory of probability to traffic
problems that could not be solved satisfactorily on the basis of judgment alone (5).

3. The sizes and weights of heavy trucks and their H-equivalencies on various span
lengths also have been found to occur at random in ordinary highway traffic. This ran-
domness provides the means for describing the frequency distributions of gross vehicle
weights and H-equivalencies for various span lengths on a mathematical basis (1,5, 6, 9).
Once the H-equivalency of a given truck has been determined for a given span, its
stress-producing effects may be evaluated mathematically or from charts (see Figs.
7-9).

4. For any simple-span beam bridge of given length, design designation, and type
of construction, it has been found that the percent of total design moment per interior
beam caused by dead load remains about the same, irrespective of the lateral spacing
of beams or stringers (3, 6, 10). Similarly, for a given span the percent of total design
moment (or stress) per interior beam caused by live load plus impact also remains
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about the same, irrespective of the beam spacings (3, 6,10). These findings permit

the live- and dead-load moments per interior beam or per 10-ft lane to be generalized
for the interior beams of simple-span bridges of given construction type and design des-
ignation (Fig. 5).

In order to simplify the presentation of this proposed method, the discussion and
illustrative examples are based on maximum bending moments in simple-span beam
bridges of H15-44 design consisting of a concrete deck of minimum thickness supported
by unencased steel beams. It is also assumed that the steel beams in these bridges are
so spaced and the deck is of such rigidity that the maximum live-load bending stress
produced in an interior stringer by a single vehicle in one lane only will amount to C =
75 percent of that produced by identical vehicles in each lane simultaneously. A more
detailed discussion of this concept is given in Appendix A. The ratio of dead-load
stresses to total design stresses for such steel beam bridges is smaller than for any
of the heavier types of construction, such as reinforced concrete deck girder bridges.
This light type of construction is used as a basis of discussion because conclusions
concerning the stress-producing effects of a given truck or trucks will be on the con-
servative side.

EQUIVALENT H TRUCK LOADINGS

If a given heavy truck produced a maximum live-load moment of 445. 6 kip-ft, with
no impact, on a 50-ft span, it would be the same as that produced by an H20 truck on
that span. On a 50-ft span, therefore, this truck would be converted into or rated as
an equivalent H truck load weighing 20 tons, or simply an equivalent H20 truck loading.
Similarly, if a given truck would produce as much live-load moment on a given span
as an H26. 4 truck it would have an H-equivalency of 26. 4 tons, or 52. 8 kips on that
span. A more detailed discussion of equivalent H truck loadings is given in Appendix A,
and the relative frequencies of equivalent H truck loadings for various spans, as re-
ported by the national truck weight (loadometer) study of 1954, are given in Table 1.

Once the H-equivalency of a given truck has been determined for a given span, its
stress-producing effects can be found by Eq. 3, as explained in Appendix A. The same
procedure may be used for each heavy truck reported by a loadometer survey; that is,
determine the H-equivalency for each truck for each span length (Table 1).

DESIGN-STRESS RATIOS

Design-stress ratios, Q, define the ratios of total actual stresses to total design
stresses at any point in a bridge. For example, if design calculations for a 50-ft steel
beam bridge of H15 design show a maximum dead-load stress of 8. 28 ksi and a maxi-
mum live-load plus impact stress of 9. 72 ksi in one of the interior stringers, the total
design stress would be 8. 28 + 9.72 = 18, 00 ksi. If a given heavy truck would produce
a maximum live-load plus impact stress of 14. 56 ksi, the total actual stress in this
stringer would be 8. 28 + 14.56 = 22. 84 ksi. In this case, the design-stress ratio would
be Q = 22.84/18.00 = 1. 27. The truck under consideration would produce a total stress
of 1. 27 times the basic design stress of 18. 00 ksi, or an overstress of 27 percent.
Design-stress ratios resulting from various H-equivalences on 30-, 50-, and 100-ft
spans for one truck in one lane only and one truck in each lane simultaneously with
varying allowances for impact are shown in Figures 7-9,

Thus, with any given volume of traffic containing a known percentage of heavy trucks
(13 tons or more), whose H-equivalencies had been determined (or estimated) such as
those given by Table 1, it would be a simple matter to determine the numbers of stress
repetitions of various levels that would result from such traffic — taking the vehicles
one at a time and assuming that each one would be so positioned laterally to produce
maximum live-load stress. For a traffic volume of 500 vph for 50 years with 5 percent
heavy trucks and H-equivalencies as given by Table 1, there would be a total of 11 mil-
lion heavy trucks equally divided between the two directions. The numbers of design-
stress ratio that would result, taking the trucks one at a time, with and without impact
on a 50-ft and a 100-ft span, would be as given by Tables 2 and 3, respectively.



TABLE 1

RELATIVE FREQUENCIES OF EQUIVALENT H TRUCK LOADINGS® FOR 16, 888
HEAVY TRUCKS OF THE SIX MAJOR TYPES (9)

Equivalent Span (ft)
L Druck Infinite
Loadings 10 20 30 40 50 60 80 100 G.V.W.
5 0.04 — — — — — - - —
6 0.21 — — — — — — — —_
T 0.75 0.12 0.01 — — — — — —
8 2.01 0.15 0.15 0.07 0.01 — — — —_
9 2.87 1.55 0.49 0.26 0.16 0.05 — — —
10 7.16 4.14 3.32 1.87 0.67 0.14 0.01 0.01 0.01
11 15.02 9.74 5.51 5,19 2.75 1.40 0.82 0.76 0.75
12 27.30 10.92 11.43 8.36 4.90 3.8 2.04 1.74 1,53
13 26.83 11.55 10.51 8.94 17.14 4.24 2.58 1.90 1.19
14 11,03 10.57 9.27 7.40 6.90 6.07 3.22 2.05 1.12
15 3.61 12.59 10.56 9.56 17.59 5.94 4.99 3:36 077
16 1.84 19.87 10.51 10.18 8.59 7.52 5.42 4.29 0.60
17 0.69 9.28 18.41 15.81 11.17 6.89 5.90 5.91 1.15
18 0.31 5.90 11.95 14.19 12.99 9.53 6.96 6.09 2.90
19 0.12 2.08 3.60 9.06 14.08 11.23 6.85 7.10 4.00
20 0.06 0.69 2.19 5.03 11.85 11.62 7.08 5.91 5.48
21 0.09 0.52 1.01 1.73  4.97 17.31 10.04 7.40 5.55
22 0.02 0.15 0.55 1.04 3.39 6.45 11.20 8.98 4.51
23 0.02 0.07 0.25 0.63 1.13 3.41 14.16 13.21 4.52
24 0.01 0.02 0.09 0.31 0.72 2.14 8.69 12.01 4.58
25 0.01 0.01 0.04 0.15 0.52 0.92 4.45 9.54 6.18
26 — 0.02 0.04 0.05 0.20 0.60 2.59 3.15 8.72
27 — 0.02 0.03 0.05 0.08 0.30 1.48 2.80 9.77
28 — 0.01 0.01 0.02 0.05 0.16 0.69 1.65 8.71
29 — - 0.04 0.02 0.03 0.06 0.38 0.92 5.65
30 — 0.01 — 0.02 0.01 0.04 0.20 0.57 4.08
31 — 0.01 — 0.02 0.03 0.02 0.08 0.27 3.10
32 — 0.01 — 0.01 0.02 0.04 0.05 0.18 2.59
33 — —_ 0.01 — 0.01 0.01 0.02 0.05 2.91
34 — — 0.01 —_ - 0.01 0.01 0.05 2.79
35 — — 0.01 0.01 — 0.01 0.04 0.01 2.61
36 — — — 0.01 0.02 0.01 0.01 0.03 2.00
37 — - - 0.01 0.01 0.01 0.01 0.02 1.05
38 — — - — - — 0.01 0.02 0.59
39 — — —_ — 0.01 0.01 — — 0.29
40 — — — — — 0.01 — — 0.13
41 — — — — - — 0.01 0.01 0.07
42 — — — — —_ — 0.01 — 0.02
43 — — — — —_ — — - 0.02
44 — — — — — — - 0.01 0.03
45 o — — — — —_ — — 0.01
50 — — — — — — — — 0.01
51 — — — — — — — — 0.01
Total 100. 00 100. 00 100.00 100.00 100. 00 100.00 100,00 100. 00 100. 00
Max. H Truck 25 32 35 37 39 40 42 44 51
Avg. H Truck 12.24 14.37 15.16 15.93 17.15 18.41 20.25 21.17 25.60
Min. H Truck 5 7 7 8 8 9 10 10 10
Poisson's
Coeff., Z 7.2 7.4 8:2 7.9 9.2 9.4 10.3 11.2 15.6

aEquiValent H truck loadings based on moments produced by gross vehicle weights on
simple spans.
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TABLE 2

NUMBER OF STRESS REPETITIONS?® IN MOST HIGHLY STRESSED
STRINGER IN EACH DIRECTION OF A 50-FT SIMPLE-SPAN
BRIDGE OF H15-44 DESIGNb

Design-Stress Ratio®

Equivalent Poisson Number
H Truck Distribution of Full No
Loading for Z =9.2 Vehicles Allowance Allowance
for for
Impactd Impacte
8 0. 000101 556 0. 676 0. 628
9 0. 000930 5,115 0.703 0. 649
10 0.004276 23,518 0.730 0.670
11 0.013113 72,122 0. 757 0. 691
12 0.030160 165, 880 0.784 0.712
13 0. 055494 305, 217 0.811 0.733
14 0. 085091 468, 001 0. 838 0.754
15 0.111834 615, 087 0. 865 0.775
16 0.128609 707, 349 0. 892 0.796
17 0.131467 723, 069 0.919 0. 817
18 0.120950 665, 225 0.946 0. 838
19 0.100158 556, 369 0.973 0. 859
20 0. 077555 426, 553 1. 000 0. 880
21 0. 054885 301, 868 1.027 0.901
22 0. 036067 198, 369 1.054 0.922
23 0. 022121 121, 666 1.081 0. 943
24 0.012720 69, 960 1.108 0.964
25 0. 006884 317, 862 1.135 0.985
26 0.003518 19, 349 1.162 1. 006
27 0.001704 9,372 1.189 1.027
28 0. 000784 4,312 1.216 1.048
29 0. 000343 1,887 1.243 1. 069
30 0.000144 792 1. 270 1.090
31 0. 000057 314 1. 297 1.111
32 0. 000022 121 1.324 1.132
33 0. 000008 44 1. 351 1.153
34 0. 000003 17 1.378 1.174
35 0. 000001 6 1. 405 1.195
Total 1. 000000 5, 500, 000

#Stress effects based on continuous traffic volume of 500 vph (12,000 per day) contain-
ing 5% heavy vehicles (in excess of 13 tons gross weight).

Assumed useful life of 50 years; a total of 11 million heavy vehicles occur on this
Span one at a time, divided equally between the two directions.

dSee Figure 8 for dqsign-stress ratio equations,

od = 0.0270 H + 0.L60.

Q = 0.0210 H + 0.L60.
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TABLE 3

NUMBER OF STRESS REPETITIONS? IN MOST HIGHLY STRESSED
STRINGER IN EACH DIRECTION OF A 100-FT SIMPLE-SPAN
BRIDGE OF H15-44 DESIGND

Design Stress Ratio®

Equivalent Poisson Number Full No
H Truck Distribution of Allewsasics Allawancs
Loading for Z =11.2 Vehicles p
or for
Impactd Impact®

10 0. 000013 1 0. 755 0.728
11 0. 000153 842 0.770 0.740
12 0. 000858 4. 71¢ 0.785 0.1752
13 0.003202 17,611 0. 800 0.765
14 0. 008965 49,308 0. 815 0.777
15 0.020082 110, 452 0. 830 0.789
16 0.037487 206, 178 0. 844 0. 801
17 0. 059979 329, 884 0. 859 0.813
18 0.083970 461, 835 0. 874 0. 826
19 0.104496 574,728 0. 889 0.838
20 0.117035 643, 692 0. 904 0. 850
21 0.119163 655, 396 0.919 0. 862
22 0.111220 611,710 0.934 0.874
23 0. 095820 527,010 0.949 0. 887
24 0. 076656 421,608 0. 964 0.899
25 0. 057236 314,798 0.979 0.911
26 0. 040065 223, 058 0.993 0.923
27 0. 026396 145,178 1. 008 0.935
28 0.016424 90, 332 1. 023 0.948
29 0. 009682 53, 251 1. 038 0. 960
30 0. 005422 29, 821 1. 053 0.972
31 0. 002892 15, 906 1. 068 0.984
32 0.001472 8, 096 1. 083 0.996
33 0. 000717 3,944 1.098 1. 009
34 0. 000335 1, 842 1.113 1.021
35 0. 000150 825 1.128 1.033
36 0. 000065 358 1,142 1.045
37 0. 000027 148 1.157 1. 057
38 0. 000011 60 1.172 1.070
39 0. 000004 22 1.187 1.082
40 0. 000002 11 1. 202 1.094
41 0. 000001 6 1.:217 1.106

Total 1. 000000 5, 500, 000

#3tress effects based on continuous traffic volume of 500 vph (12,000 per day) contain-
ping 5% heavy vehicles (in excess of 13 tons gross weight)

Assumed life of 50 years; a total of 11 million heavy vehicles occur on this span one
.at a time, divided equally between the two directions.

“See Figure 9 for design-stress ratio equations.

¢Q = 0.01L9 H + 0.606.

Q = 0.0122 H + 0.606.
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FREQUENCIES OF SPECIFIED VEHICLE GROUPS

In a previous report (5) it was shown that Poisson's frequency distributions (2)
could be used to determine how often two or more specified vehicles, such as two or
more heavy trucks, could be expected to occur within a given length of bridge or a
specified distance near the midspan of a bridge. The results of this study are sum-
marized for 250 and 500 vph containing 5 percent heavy trucks in Figures 1 and 2, re-
spectively.

It has also been found that Poisson's Law provided a good estimate for the frequency
distribution of gross vehicle weights and H-equivalencies on various spans (Table 1).
Here the Poisson equation is

P(n) = Z%-Z/n! (1)

BASED ON 250 VEHICLES PER HOUR (6000 PER DAY)CONTAINING
5% HEAVY TRUCKS AT AVERAGE SPEED OF 39.5 MPH
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Figure 1. Time interval for typical specified vehicle groups occurring within specified
lengths.



. BASED ON 500 VEHICLES PER HOUR (12000 PER DAY) CONTAINING

5% HEAVY TRUCKS AT AVERAGE SPEED OF 39.5 MPH.
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Figure 2. Time interval for typical specified vehicle groups occurring within specified
lengths.

Each vehicle constitutes a sample whose H-equivalency is measured in tons. On a 60-
ft span, for example, if the H-equivalency fell between 18. 60 and 19. 49 tons, it would
be classified as an equivalent H19-ton truck loading. Table 1 gives the observed fre-
quencies of equivalent H truck loadings, on various spans, for 16, 888 heavy trucks
reported by the 1954 truck weight survey. For the 50-it span, the minimum H-equiv-
alency is 8 tons and the average is 17. 15 (or 17. 2), and the Poisson coefficient is 9. 2,
This means that the average is 9. 2 tons removed from the minimum, or the expected
average is 9. 2 cells removed from the zero cell. Eq. 1, therefore, would be read:
the probability that the H-equivalency of a given vehicle will be n-cells (or in this case
n-tons) larger than the smallest or zero cell, when the average is Z cells greater than
the zero cell, is equal to ZPe~Z/n!



TABLE 4

NUMBER OF STRESS REPETITIONS2 IN MOST HIGHLY STRESSED
STRINGER IN EACH DIRECTION OF A 50-FT SIMPLE-SPAN
BRIDGE OF H15-44 DESIGNP

Design-Stress RatioC
Equivalent Poisson Number Full

e No
H Truck Distribution of
Loadings for Z = 18.0 Occurrences Allof\z?nce Allo;rgnce
Tmpactd Impact
8 0. 000 — - -
9 0. 000 - - -

10 0. 001 2 0. 820 0. 740
11 0.003 6 0. 856 0.768
12 0.012 24 0. 892 0.796
13 0.039 78 0.928 0. 824
14 0.088 176 0.964 0. 852
15 0.144 288 1. 000 0. 880
16 0.182 364 1.036 0.908
17 0.183 366 1.072 0.936
18 0.148 296 1.108 0.964
19 0.099 198 1.144 0.992
20 0.056 112 1.180 1.020
21 0. 027 54 1.216 1.048
22 0.011 22 1. 2562 1.076
23 0.004 8 1.288 1.104
24 0. 002 4 1.324 1.132
25 v, 001 2 1.360 1.160

Total 1. 000 2,000

A5trans effecty based on contlnuous traffie volume of 500 vph (12,000 per day) contain-
ing 5% heavy vehicles (in excess of 13 tons gross weight).

Assumad 1ife of 50 years, resulting from 2,000 occurrences in each direction of one
chenvy truck kn each of two adjacant lanes similtanesusly.

See Figure 8 for design-stress ratio equations.

%= 0,0360 H + 0.1i0.

“Q = 0.0280 H + 0,60,

TABLE 5

NUMBER OF STRESS REPETITIONS® IN MOST HIGHLY STRESSED
STRINGER IN EACH DIRECTION OF A 100-FT SIMPLE-SPAN
BRIDGE OF H15-44 DESIGN

Design-Stress Ratio®

Equivalent Poisson Number Full No
H Truck Distribution of All AlL
Loadings for Z =22.0 Occurrences owance owance
for for
Impactd Impacte
14 0.001 3 0. 883 0. 833
15 0. 006 18 0.903 0. 849
16 0.019 57 0.923 0. 855
17 0.049 147 0.943 0. 881
18 0.092 276 0.962 0. 898
19 0.134 402 0.982 0.914
20 0.166 498 1.002 0.930
21 0,167 501 1.022 0. 946
22 0.141 423 1.042 0.962
23 0.100 300 1. 061 0.979
24 0. 062 186 1.081 0.995
25 0. 034 102 1.101 1.011
26 0.016 48 1.121 1.027
27 0. 007 21 1.141 1.043
28 0. 003 9 1.160 1. 060
29 0.002 6 1.180 1.076
30 0. 001 3 1. 200 1. 092
Total 1. 000 3,000

%5tress’ effects based on contlnuous traffic volume of 500 vph (12,000 per day) contain-
ping 5% heavy vehicles (in excess of 13 tons gross welght).
Assumed 1ife of 50 years, resulting from 3,000 occurrences in each direction of one
_heavy truck in each of two adjacent lanes simultaneously.

e Flgure 9 for design-stress ratio equations.
P Ve 0,0198 H + 0.606.
Q = 0.0162 H + 0,606,
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The distribution in Table 2 for the 50-ft span where Z = 9. 2 was taken from Molina's
tables for the Poisson equation (12). For example, in such a population of vehicles,
about 101 out of each million would be expected to fall in the 8-ton H-equivalency cell.
The other frequencies would be interpreted similarly. Tables 1 and 2 give the numbers
of repetitions of various levels of stress with and without impact that would result from
11 million heavy trucks in 50 years taken (one at a time) on 50- and 100-ft spans, re-
spectively.

Table 2 gives 8 tons for the smallest H-equivalency on a 50-ft span. If these vehicles
are taken two at a time, one in each direction simultaneously, the smallest total H-
equivalency would be 2 X 8 = 16 tons. Likewise, the average for all pairs would be
twice the average or 2 X 17. 2 = 34.4. In this case, the value of Poisson's coefficient
Z =34.4 - 16.0 = 18.4. The distribution in Table 4, however, is based on Z = 18.0
beause this is the nearest value given in Molina's tables (12). Table 5 gives the dis-
tribution for Z = 22. 0 for the 100-ft span and is interpreted similarly.

LATERAL PLACEMENT OF VEHICLES IN TRAFFIC

If each of the trucks referred to in Tables 2 and 3 were to pass over the 50- and
100-1t spans and were so positioned laterally to produce maximum stress in an interior
stringer, the numbers of repetitions of various levels of stress would be as given in
these tables.

If, however, these vehicles are assumed to be positioned laterally according to
some logical pattern, then the numbers of repetitions of various intensities of stress
would be altered accordingly.

ESTIMATED NUMBERS OF VARIOUS INTENSITIES OF STRESS IN
SIMPLE-SPAN BEAM BRIDGES

Table 2 indicates that for the truck population given by the 1954 truck weight survey
(Table 1), about one truck in each million heavy trucks would be expected to produce a
design-stress ratio of Q = 1. 405 with impact or @ = 1. 195 without impact. In other
words, on a 50-ft steel stringer bridge of H15-44 design, about one truck in a million
would produce an overstress of 40. 5 percent with impact and 19. 5 percent overstress
without impact.

Table 4 gives the numbers of repeated stresses in 50 years resulting from one heavy
truck in each lane simultaneously on this 50-ft span. The numbers of repeated stresses
resulting from a truck in each lane are quite small; the largest overstress given is
36. 0 percent with impact and 16. 0 percent without impact. The heavier individual
trucks will produce higher overstresses than those that would ordinarily occur on the
span at the same time.

The combined numbers of repeated stresses indicated by Tables 2 and 4 for the 50-
ft span {no latcral placement) are shown in Figures 3 a and b. In these figures the
numbers of repeated stresses given by Table 4 (one in each direction simultaneously)
do not change the appearance of these histograms,

For this same 50-ft span, if it is assumed that the lateral placement of trucks is
such that % of them produce maximum live-load stress, Y produce 90 percent, and
the remaining Yy produce 80 percent, the resulting numbers of repetitions would be as
shown in Figure 3 c and 3 d.

In a similar manner, the histograms in Figure 4 for the 100-ft span show the num-
bers of repeated stresses without and with lateral placement of the trucks and without
and with impact.

For the 50-ft span of H15-44 design, Figure 3 shows that very heavy traffic with a
high percent of heavy trucks would rarely result in overstresses in excess of about 25
percent. For the 100-ft span ol H15-44 design, Figure 4 shows that similar heavy traf-
fic would rarely resull in overstresses of about 20 percent.
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Appendix A
MAXIMUM BENDING STRESSES IN SIMPLE-SPAN BEAM BRIDGES

Appendix A presents a brief review of a method for estimating maximum combined
bending stresses in simple-span beam bridges produced by dead load, live load, and
impact. The maximum live-load and impact stresses are those resulting from any
heavy vehicle type or loading found on the highway.

The procedure for estimating the total maximum stress in simple-span bridges of
given construction type and design designation is accomplished in two simple steps:

(a) convert any particular vehicle under consideration into its equivalent H truck load-
ing on any span by use of the conversion coefficients given in Table 6; and (b) determine
the stress-producing effects from charts similar to those in Figures 7 to 9 inclusive

The method for estimating the maximum combined bending stresses produced by
dead load, vehicle loads and impact in simple-span beam bridges results from three
simple observations.

i. It has been shown that any heavy vehicie may be converted into an equivalent H
truck loading that will produce the same maximum bending moment on a given span as
the particular vehicle under consideration (1, 3, 4, §). Equivalent H truck loadings,
therefore, provide a convenient means for describing or evaluating the stress-producing
effects of any particular vehicle on a given span. Heavy vehicles may also be converted
into any other equivalent design loading on the basis of moments, shears or any other
stress function desired (1, 2).

2. It has been found, for any simple-span beam bridge of given length, that the
percent of total design moment per beam caused by dead load remains about the same,
irrespective of the lateral spacing of the beams (3, 6). Similarly for a given span, the
percent of total design moment per beam caused by live load plus impact also remains

90
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Figure 5. Estimated percent of total design stresses represented by live-load plus impact
and dead-load stresses for simple-span beam bridges of H15 design.
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about the same, irrespective of the beam spacing (3,6). For a given span, therefore,
it follows that the percent of total design moment caused by live and dead loads, respec-
tively, is about the same per foot width of bridge or per 10-ft lane as it is per beam,
irrespective of the beam spacing. These findings permit the live- and dead-load design
moments per beam or per 10-ft lane to be generalized for simple-span beam bridges of
given construction type and design designation (Fig. 5).

3. For a given bridge, the maximum dead-load stress is a fixed and definite percent
of the total design stress. Also, the maximum live-load plus impact stress caused by
a given vehicle will vary directly with the weight or H-equivalency of that particular
vehicle. From these and preceding observations it has been shown that the total maxi-
mum stress caused by dead load, vehicle load, and impact in a given bridge may be
expressed by a simple straight-line equation in which the total maximum stress is a
function of the H-equivalency of the vehicle under consideration (3, 6). It is usually
imore convenient, though, to convert this total maximum stress into the ratio that it
bears to the allowable stress for which the bridge was designed. This ratio is referred
to herein as the design-stress ratio (Figs. 7 to 9).

Method for Estimating Maximum Bending Stresses

The bridges are of H15 design and consist of a non-composite deck of minimum
thickness supported by unencased steel beams. It is also assumed that the supporting
steel beams are so spaced that the maximum live-load bending stress produced in an
interior stringer by a single vehicle in one lane only will amount to C = 75 percent of
that produced by identical vehicles in each lane simultaneously. This means that if the
given bridge were loaded with vehicles having identical H-equivalencies, one in each
lane, the maximum live-load stress produced in a typical interior stringer would be
133 percent of that produced by only one of these vehicles in one lane only.

The reason for selecting this light type of construction is that the ratio of dead-load
stresses to total design stresses is smaller than would be the case for any of the heavier
types of construction, such as reinforced concrete deck girder spans. Consequently,
any conclusions concerning the stress-producing effect of a given vehicle or vehicles
on any particular bridge are on the conservative side. Although the discussion and
examples are confined to bending moments and bending stresses in simple-span steel
beam bridges of H15 design, the method is equally applicable to bridges of other con-
struction types and design designation.

Once the percent of total design stresses caused by live load plus impact and dead
load have been determined for bridges of a given type and design designation similar
to those shown in Figure 5, it is convenient to consider the method for estimating total
maximum bending stress in a given bridge in two parts.

1. Determination of equivalent H truck loadings.
2. Evaluation of total maximum stress caused by a given equivalent H truck loading
on a given span corresponding with specified loading conditions.

Equivalent H Truck Loadings

Any heavy vehicle may be converted into an equivalent H truck loading that will pro-
duce the same maximum bending moment on a given span as the particular vehicle un-
der consideration. Heavy vehicles also may be converted into any other equivalent
design loading on the basis of moments, shears or other stress functions on various
span lengths as may be desired (1, 2, 10).

The H-equivalency of a given vehicle on a given span may be determined on an exact
basis by finding the maximum moment caused by this particular vehicle on the given
span and selecting the standard H truck designation in tons that would produce the same
maximum moment. The procedure for any other stress function would be similar.

However, it has been found from numerous investigations of actual vehicles irre-
spective of the number of spacing of axles, that any normal distribution of load among
the axles of a given vehicle will produce slightly less moment on a given span than the
same load would produce if it were uniformly distributed over a length L equal to the
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wheel base length of the vehicle under consideration (4, 6). This means that the maxi-
mum moment caused by any given vehicle on a given svpi—n can be estimated quite easily
and accurately, but a little on the safe side, by the moment formula resulting from the
uniform load of length L and weight W on a span S (Fig. 6). This loading results in the

following formula:

w L
M= (8~3) (2)
Eq. 2 provided the basis for calculating the coefficients given in Table 6 for converting
heavy vehicles of given weight and wheel base length into equivalent H truck loadings

on various span lengths.

The determination and use of the coefficients given in Table 6 can be illustrated by
comparing the maximum moment caused by a heavy vehicle weighing 20 tons and having
a total wheel base length of 28 ft with that caused by an H 20 truck on a 50-ft simple
span. According to Eq. 2, the moment caused by the heavy vehicle would be 360. 0
kip-ft. This compares with a moment of 445. 6 kip-ft caused by an H 20 truck on a 50-ft
span, Therefore, the 20-ton heavy vehicle with 28-ft wheel base causes 80. 79 percent
as much moment as the H 20 truck on this 50-ft span.

This means that a vehicle, with a 28-ft wheel base, will cause 0. 8079 times as
much moment on a 50-ft span as a standard H truck of equal weight. It also means
that a vehicle of given weight with a 28-ft wheel base will cause as much moment on a
50-ft span as a standard H truck weighing 80. 79 percent as much. Therefore, this 20-
ton vehicle, with a 28-ft wheel base on a 50-ft span would have an H-equivalency of
20.0 X 0.8079 = 16. 16 tons or correspond with an equivalent H 16. 16 truck on that span.

Design-Stress Relationships

As stated previously, for any simple-span beam bridge of given length, the percent
of total design stress (or moment) per beam caused by dead load remains about the
same, irrespective of the lateral spacing of the beams (3, 6). Similarly, for a given
span the percent of total design stress per beam caused by live load plus impact also
remains about the same, irrespective of the beam spacing. Therefore, for a given
span it follows that the percent of total design stress caused by live and dead loads,
respectively, is about the same per foot width of bridge or per 10-ft lane as it is per
beam, irrespective of beam spacing. These findings permit the live- and dead-load
design stresses per beam or per 10-ft lane to be generalized for simple-span bridges,
or given construction type and design designation similar to those in Figure 5.

With design-stress information for simple-span bridges of given construction type
and design designation, similar to that in Figure 5, it has been shown that the total
maximum stresses caused by dead load, vehicle load and impact for a given bridge may
be expressed by a simple straight-line equation in which the total maximum stress or
design-stress ratio is a function of the H-equivaiency of the vehicle under considera-
tion (3, 6). Design-stress ratio for a given member is defined as the ratio of actual
total maximum stress caused by dead load, vehicle load and impact in the member, to
the total stress used for the design of that member.

The straight-line equation (3, 6) for
determining the total maximum bending
stress or design-stress ratio produced by

L trucks of given H-equivalency on a given
i Wl =W ! span for various loading conditions is

HCK'MH(I)

Q=R_+R_ |l
SPAN = § D L
KM (3)

Figure 6., Maximum moment caused by a gross . .
weight of W uniformly distributed over a The dead- and live-load ratios, RD and

length L on a span length of S.
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TABLE 6

COEFFICIENTS FOR CONVERTING HEAVY VEHICLE OF GIVEN WEIGHT
AND WHEEL BASE LENGTH INTO EQUIVALENT H TRUCK
LOADINGS ON SIMPLE SPANS

Wheel Span (ft)
Base
(f1) 20 30 40 50 60 70 80 90 100
4 1.1250 1.1354 1.0984 1.0636 1.0541 1.0541 1.0470 1.0416 11,0373
6 1.0625 1.0948 1,0695 1.0548 1.0453 1.0386 1,0336 1.0297 1.0277
8 1.0000 1.0543 1.0406 1.0324 1.0269 1.0231 1.0202 1.0179 11,0161
10 0.9375 1.0137 1.0117 1.0099 1.0086 1.0076 1.0067 1.0061 1,0055
12 0.8750 0.9732 0.9828 0.9875 0.9903 0.9921 0.9933 0.9942 0.9949
14 0.8125 0.9326 0.9539 0.9651 0.9719 0.9766 0.9799 0.9824 0.9844
16 0.7500 0.8921 0.9250 0.9426 0.9536 0.9611 0.9665 0.9706 0.9738
18 0.6875 0.8515 0.8960 0.9202 0.9352 0.9456 0.9530 0.9587 0.9632
20 0.6250 0.8110 0.8671 0.8977 0.9169 0.9301 0.9396 0.9463 0.9526
22 - 0.7704 0.8332 0.8753 0.8986 0.9146 0.9262 0.9351 0.9420
24 - 0.7299 0.8093 0.8528 0.8802 0.8991 0.9128 0.9232 0.9314
26 - 0.6893 0.7804 0.8304 0.8619 0.8836 0.8993 0.9114 0.9208
28 - 0.6488 0.7515 0.8079 0.8436 0.8681 0.8859 0.8995 0.9103
30 - 0.8082 0.7226 0.7855 0.8252 0.8526 0.8725 0,8877 0.8997
32 - - 0.6937 0.7631 0.8069 0.8371 0.8591 0.8759 0.8891
34 - - 0.6648 0.7406 0.7885 0.8216 0.8456 0.8640 0.8785
36 - - 0.6359 0.7182 0.7702 0.8061 0.8322 0.8522 0.8679
38 — - 0.6070 0.6957 0.7519 0.7906 0.8188 0.8404 0.8573
40 - - 0.5781 0.6733 0.7335 0.7751 0.8054 0.8285 0.8468
42 — - - 0.6508 0.7152 0.7596 0.7919 0.8167 0.8362
44 - - - 0.6284 0.6969 0.7441 0.7785 0.8049 0.8526
46 - - - 0.6059 0.6785 0.7286 0.7651 0.7930 0.8150
48 - - — 0.5835 0.6602 0.7131 0.7517 0.7812 0.8044
50 — - - 0.5611 0.6418 0.6976 0.7383 0.7694 0.7938
52 - - - - 0.6235 0.6821 0.7248 0.7575 0.7833
54 — - - - 0.6052 0.6666 0.7114 0.7457 0.7727
56 — - - - 0.5868 0.6511 0.6980 0.7338 0.7621
58 - — - - 0.5685 0.6356 0.6846 0.7220 0.7515
60 — - - - 0.5503 0.6201 0.6711 0.7102 0.7409
NO_lIE: The H-eqalvalemy of any vehicle of given weight and wheel base length on a

given span, is equal to the weight of the vehicle times the conversion coef-
ficient for that span corresponding to the given e's wheel base length,

For example, a 20-ton vehicle with a 28-ft wheel bam on a 50-ft span would have
an H-equivalency of 20,0 x 0,8079 = 16,16 tons or correspond with an equivalent
H 16.16 truck loading.

Rj,, respectively, are given by charts similar to Figure 5. For any particular span,
design-stress ratios for a given situation are equal to the dead-load ratio plus some
straight-line function of the live-load ratio. The numerator of the fraction in the brack-
et represents the actual moment plus impact (if any) produced by the vehicle under con-
sideration, and the denominator represents the live-load plus impact moment used for
design. If the actual moment for a given situation is greater than the design moment,
then the design-stress ratio Q will be greater than 1.000. Conversely, if it is less,
then Q will be less than 1. 000.
Incidentally, the equations for Q at the bottom of Figures 7 to 9 are based on sub-
stituting values of Ry and RRp, from Figure 5 into Eq. 3.
To find the H-equivalency required for a given situation to produce a specified value
of Q,
KM, (Q-R.)
i1z _'L__R (4)
i E

Estimating Maximum Bending Stresses Caused by Equivalent H Trucks

In Eq. 3, the design-stress ratio Q is a linear equation. For any given member of
a bridge the change in Q varies directly with the values of H, C, and K' in Eq. 3 (Figs.
7to 9).

On a 50-ft span, for example, Figure 8 shows that one equivalent H30 truck in each
lane simultaneously (C = 1. 00) with full allowance for impact would result in a maxi-
mum design-stress ratio, Q = 1.50. The maximum stress produced in one of the
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C = .75 or 1.00 K' = Varies Span Length = 30!

One veh?cle in one lane (C = ,75) with varying allowance for impact
One vehicle in each lane (C = 1,00) with varying allowance for impact —-—-
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Figure 7. Design-stress ratio produced by equivalent H trucks on simple-span bridges of
H15 design consisting of non-composite concrete deck supported by steel stringers.,



C = 475 or 1.00

Kt

= Varies

85

Span Length = 50!
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K = 1.00 + Impact as specified (actual)
Figure 8., Design-stress ratio produced by equivalent H trucks on simple-span bridges of

H15 design consisting of non-composite concrete deck supported by steel stringers.,
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Figure 9. Design-stress ratio producedby equivalent H trucks on simple-span bridges on
H15 design consisting of non-composite concrete deck supported by steel stringers.
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interior steel stringers by such a loading would be 150 percent of the basic allowable
design stress, or an overstress of 50 percent. However, if the speed of these equiva-
lent H30 trucks were reduced to about 5 mph, which would result in little or no impact,
the maximum amount of overstress in an interior stringer would be reduced to about
27T percent.

Similarly, on a 50-ft span, Figure 8 shows that one equivalent H30 truck in one lane
only (C = 0.75) with full allowance for impact would result in 2 maximum design-stress
ratio, Q = 1.28, or an overstress of about 28 percent. However, if the speed of this
equivalent H30 truck were reduced so as to result in little or no impact, the maximum
amount of overstress in an interior stringer would amount to less than 8 percent.

Summary

The preceding discussion shows ‘that the maximum combined bending stresses (de-
sign-stress ratios) caused by dead load, live load and impact in simple-span beam
bridges may be estimated rather quickly in two simple steps.

1. Convert the heavy vehicle (or axle group load within the vehicle) into its equiva-
lent H truck loading on a given span by use of the appropriate coefficient in Table 6.

2. With the H-equivalency found in the first step, an estimate of the bend stresses
caused by it on the given span (steel stringer bridges of H15-44 design) may be read
directly from the appropriate chart (Figs. 7 to 9) depending on the span length and load-
ing conditions.

Appendix B

NOTATION

A = average number of vehicles per hour in any one designated direction,
or total traffic in both directions, as specified.

C = coefficient representing the fractional part of the total live-load stress
in a given member produced by one or more lanes loaded. C =1.00
if a stringer bridge is loaded with identical vehicles, one in each lane
and so placed as to produce maximum stress. For a steel stringer
bridge, if one vehicle in one lane only would produce 75 percent as
much stress in an interior stringer as identical vehicles in each lane,
it would mean that C = 0. 75.

D = average speed of traffic in designated direction.

E = number of events or trials between occurrences of vehicle groups as
defined.

G = group of vehicles as defined.

H = equivalent H truck in tons. For example, if a given vehicle produces

the same maximum moment (or other stress function) in a given mem-
ber as a standard H truck weighing 23. 6 tons, it would be rated as an
equivalent H 23. 6 truck loading, in which case H = 23. 6 tons. H also
represents one heavy freight vehicle.

I = impact fraction (maximum 0. 30 or 30%) as determined by the AASHO
Formula I = 50/(S + 125) in which S = length in feet of the portion of the
span which is loaded to produce the maximum stress in the member.

I' = impact fraction assumed in connection with the determination of the
stress-producing effects of any given vehicle under consideration.
For example, if the speed of a given vehicle were limited to 5 mph,
this impact fraction might be considered so small as to be negligible,
in which case I' might be assumed equal to zero. Depending on traffic
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and conditions, therefore, the impact fraction could be assumed at any
reasonable value between zero and the full impact allowance, I, as de-
fined by the AASHO design specifications.

(1. 00 + I) = coefficient by which the design live-load moment (shear,

or other stress function) is multiplied to obtain the live-load plus im-
pact moment (shear, or other stress function)used for design. Thus,

K M, would be equal to the live-load plus impact moment used for
design. Similarly, K Vp, would be equal to the live-load plus impact
shear used for design.

(1.00 + I') = coelficient by which the live-load moment (shear, or other
stress function) produced by a given vehicle is multiplied to obtain the
live-load plus impact moment (shear, or other stress function) pro-
duced on a given span or in a given member by the vehicle under con-
sideration. Thus, K'Mpg would be equal to the live-load plus impact
moment produced on a given span by any particular vehicle having an
H-equivalency of H tons.

dead-load moment as included in total design moment.

live-load moment as included in total design moment.

moment used for design or total design moment.

moment in an interior stringer (or other member) resulting from equiv-
alent H trucks weighing H tons each. Likewise, My represents the
moment for one lane produced by equivalent H truck weighing H tons.
moment for lane produced by a standard H truck weighing 1 ton.
general term indicating probability that an event will occur as specified.
design-stress ratio — ratio of total actual stress to total design stress
in any particular member or part of a given highway bridge.

(Mp/MrT) = ratio of dead-load moment My (shear, or other stress
function) to total moment My used for design. In terms of shear this
ratio would be Rp = (Vp/Vq), and for other stress functions it would
be similar.

(K My,/Mp) = ratio of live-load plus impact moment, K My (shear, or
other stress function), used for design to the total design moment,

MT, or total moment (shear, or other stress function) used for design.
In terms of shear, this ratio would be Ry, = (K V,/VT), and for other
stress functions it would be similar.

span length or that portion of span which is loaded to produce maxi-
mum stress in the member under consideration in feet.

time interval between occurrences of certain specified events.

vehicle interval between occurrences of certain specified events. V
may also be used to describe shear as a stress function.

length of section or distance along highway (distance interval), in feet,
within which the grouping of vehicles is to occur.

average number of vehicles expected within a specified length of X feet
or a specified time of t seconds, based on total traffic in both directions.
For a specified length of X feet, Z = AX/5280D; for a specified time

of t seconds, Z = At/3600.

probability of the group, 2H, occurring within X feet in each of the

two directions.

probability of the group, G, occurring within X feet in any manner in
either or both directions.

number of events between occurrences of n vehicles in each of two
directions within X feet.

vehicle interval between occurrences of the group, G, in any manner
in either or both directions within X feet.

time interval between occurrences of the group, G, within X feet in
either or both directions.

exponential base, 2.718,281....
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f = unit stress in psi or as may be defined. fp = unit stress resulting
from dead load; f1, = unit stress resulting from live load; fT = maximum
total design stress; and fy = stress resulting from vehicle or vehicles
weighing H tons each.

n = number of vehicles in a group or sequence but unassigned as to class
or type.

t = time interval in seconds within which the grouping of vehicles is to
occur.

z = average number of vehicles expected within a length of X feet or a time
of t seconds in one designated lane, based on the number of vehicles
per hour, (R1), and average speed of vehicles, D, in that lane.
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Load-Deformation Characteristics of
Elastomeric Bridge Bearing Pads

EARL V. CLARK, Enjay Laboratories, Linden, N. J., and
KENDALL MOULTROP, Associate Professor of Civil Engineering, University of
Rhode Island

In 1958, a tentative specification for elastomeric pads as ex-
pansion bearings was adopted by AASHO. This specification
was based largely on the results of a cooperative program un-
dertaken by the Rhode Island Department of Public Works and
the engineering firm of Charles A. Maguire and Associates.
Their work was based on the load-bearing properties of neo-
prene measured at room temperature. The adequacy of neo-
prene as a bearing material has been proved by the success of
elastomeric bearing pads. Other elastomersare equally suited,
however. A cooperative program by the Enjay Laboratories
and the University of Rhode Island was undertaken to extend
the work to two such materials, butyl rubber and chlorinated
butyl rubber (chlorobutyl), and as a further extension of the
previous work, to investigate the effects of accelerated aging
and load-bearing properties at low temperatures. The results
of these evaluations demonstrated that butyl, chlorobutyl, and
neoprene bearing pads were equivalent in compressive and
shear load-deformation properties when evaluated at room
temperature. Furthermore, these materials displayed excel-
lent resistance to the effects of accelerated aging. All three
bearings displayed the same dynamic and static creep proper-
ties.

The one significant difference observed was in low-tempera-
ture load-bearing properties. The butyl and chlorobutyl bear-
ing pads were two to three times more flexible than the neo-
prene pad and retained their low~temperature flexibility advan-
tage even after accelerated aging conditions.

o]N RECENT YEARS, elastomeric pads have been widely used as bridge bearings be-
cause of their low cosi, freedoin from maintenance, and effectiveness under compres-
sive and shear loads. The pads take very little space compared to steel rollers or
rocker arms, distribute the load evenly at all times, and compensate for mechanical
and thermal stress in all directions. In Great Britain and France, elastomeric pads
have been used as bearings for railroad bridges. In the United States, California,
Florida, North Dakota, Rhode Island, and Texas have used these bearings for high-
way bridges.

In 1958, the Rhode Island Department of Public Works, Division of Roads and
Bridges, in cooperation with the engineering firm of Charles A. Maguire and Associ~
ates of Providence, conducted an evaluation of the load-deformation characteristics
of elastomeric bearings (1, g). This work served as the basis for a tentative specifi-
cation for expansion bearings adopted in 1958 by the Operating Committee on Bridges
and Structures of the American Association of State Highway Officials (Appendix A).

Paper sponsored by Committee on Bridges.
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Available information on elastomeric bearings is confined to the load-deformation
properties of neoprene measured at room temperature. In 1959, a cooperative pro-
gram was undertaken by the Enjay Laboratories of Linden, N. J., and the University
of Rhode Island to extend this work to other selected elastomers and to investigate the
effects of simulated aging and load deformation at low temperatures. Because elas-
tomeric properties can be markedly affected by temperature, this information should
be particularly useful to design engineers in specifying elastomeric bearings for appli-
cations where low temperatures persist during winter months. The main problem that
might be encountered at low temperatures is excessive slippage caused by an increase
in stiffness of the pads. Elastomeric materials characteristically become stiffer as
temperature is lowered.

The elastomer used in bearings should possess mechanical stability under compres-
sive and shear loads and should be resistant to atmospheric aging. The adequacy of
neoprene in this respect is one of the reasons for its choice as a bearing material.
However, other elastomeric materials are equally suited. Two such materials are
covered in this study—a copolymer of isobutylene and isoprene called butyl rubber,
and a chlorinated modification of this basic structure called chlorobutyl. Chlorination
improves the heat-aging characteristics and low-temperature properties of the basic
butyl polymer. Both polymers are characterized by low chemical unsaturation and
hence are inherently resistant to degradation by aging (combination of heat, oxygen,
ozone) and most chemicals. Also, butyl's unique molecular structure is responsible
for high hysteresis (mechanical damping), impermeability to gases and liquids, and
excellent low-temperature flexibility. Therefore, butyl polymers should be admirably
suited to serve the primary function of elastomeric-bearing pads, particularly in those
areas where low temperatures are experienced.

This report describes the load-deformation studies conducted by the University of
Rhode Island and the Enjay Laboratories on bearing pads made from neoprene, butyl,
and chlorinated butyl rubber. The studies are similar to those of Maguire and Asso-
ciates (_1_, 2), except provisions were made to conduct tests at low temperatures (-45 F).

MATERIALS

The materials selected for testing consisted of 6~ X 12- x 1-in. molded pads of bu-
tyl, chlorobutyl, and neoprene. The neoprene was a commercially produced bearing
pad. Pads of this size have a shape factor of 2, which is well above the minimum of
1. 25 specified by AASHO. Shape factor indicates the relative compressive stiffness
of a pad and is the ratio of loaded area to the total area free to bulge. The formula
for computing shape factor is given in Appendix A. When pads having the same com-
pression area and same hardness are subjected to the same load, the pad having the
greatest free bulging area, hence lowest shape factor, will have the greatest vertical
deformation.

Pads of both hardness levels listed in the AASHO tentative specification were test-
ed (60 + 5 and 70 + 5 Shore "A" hardness). The properties of the pads are compared
to the specification in Appendix B. The butyl and neoprene pads were well within the
specification limits. The chlorobutyl pad was below the tensile strength specification,
but it gave load-bearing properties equivalent to the higher tensile strength butyl and
neoprene pads. The inadequacy of tensile strength in predicting the general perform-
ance of elastomeric materials is well known (1).

TEST EQUIPMENT

The equipment used at the University of Rhode Island simulated a typical bridge
beam pier interface. Compressive loads simulating bridge loads were applied by
means of a 300, 000-1b Tinius-Olsen universal testing machine. Shear loads simu-
lating expansion and contraction effects were applied by means of a 40, 000-1b hydraulic
jack.

The apparatus consisted of two concrete blocks cast between two pairs of structural
steel angles. Vertical loads were applied through the concrete blocks to the bearing
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assembly. The steel angles formed a
frame which allowed horizontal loads to
be applied to the bearing unit without sub-
jecting the test apparatus to external lat-
eral stresses. The pads were placed two
at a time between the concrete blocks,
and a steel plate was then placed between
them (Figs. 1 and 2).

Compressive loads were applied ver-
tically by means of the testing machine,
and shearing loads were applied horizon- ® vear:
tally by the hydraulic jack. Two dial in- T
dicators, one on each side and calibrated
in 0.001-in. graduations, were used to
measure vertical deformation. One dial,
centrally located, was used to measure
horizontal deformation.

Low temperatures were obtained by . .
pumping methylene chloride, cooled by Flgure 1. Tepting apparatus.
dry ice, through copper tubes to cylin-
ders embedded in the concrete compres-
sion blocks. The steel plate placed be-
tween the pads was also cooled by the methylene chloride. The temperature was meas-
ured by means of thermocouples placed between the pad and the concrete blocks, and
between the steel plate and one of the pads. The detailed test procedures are described
in Appendix C.

RESULTS

The following information was obtained on butyl, chlorobutyl, and neoprene bearing
pads of 60 + 5 and 70 + 5 Shore "A" hardness:

1. Compression and shear load deformation at room temperature (75 + 5 F) and at
low temperature (-45 + 5 F);

Figure 2. Testing apparatus.



2. Compression and shear load de-
formation at the previous conditions after
accelerated aging at 250 F for 5 days and
after additional 5-day aging of the same
pads (referred to in the text as 5- + 5-day
aging);

3. Simulated fatigue at room tempera-
ture by cyclic horizontal deformation un-
der compressive load;

4, Compression set at room temper-
ature and under conditions of outdoor ex-
posure; and

5, Water absorption measured by
volume increase of the bearing pads at
room temperature.

Information was obtained on both 60
and 70 Shore "A'" hardness pads. The
data on the 70 hardness pads will be dis-
cussed in detail, but that obtained on the
60 hardness pads will only be summa-
rized. All data are included for refer-
ence.

Before discussing the results of this
investigation, a comparison with the ear-
lier data reported by Maguire and Asso-
ciates seems worthwhile. Compressive
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load-deformation data in this study on the neoprene pad are shown in Figure 3 in com-
parison to similar data reported by Maguire and Associates (l). The agreement be-
tween these two sets of data is excellent, indicating good reproducibility of the test

in spite of the normal variations expected in rubber compounding. A similar compar-
ison of shear loading data is shown in Figure 4. Again, the agreement between the two
sets of data is quite good. In this study the maximum horizontal and vertical loads
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were maintained for 5 minutes resulting ™ T I J L

in an increase in horizontal deformation. wor—eurv -
However, in the Maguire work on these 0] __ NEOPRERE | -

particular tests, the load was released
immediately after the maximum values
were obtained. Hence, no increase in ne
horizontal deformation was reported. 100
The excellent agreement between these
two sets of data is gratifying and lends
considerable substance to the compari-
son of the elastomeric materials.

NO LOAD
RECOVERY
VS, TIME

VERTICAL LOAD LBS/M

—_— 1
e e s s s i i )

Room Temperature Evaluations 50 z
The compressive load-deformation | (500 ! ‘;'
characteristics of the butyl and neoprene % / F

bearing pads were found to be identical
(Fig. 5). The chlorobutyl pad showed

greater deflection under the same load
conditions. However, this pad was seven o e T
Shore "A'" points softer than the butyl or DEFORMATION (NCHES)

neoprene pad (Appendix B) and hence

would he expected to give Slighﬂy greater Figure 5 Vertical tests at room temper-

deflection. The pad could also be made ature, Shore & 70 5.

stiffer by an increase in shape factor

(1, 3). After the load was removed, the

pads showed equal recovery for all practical purposes.

During the time the vertical load was held constant, both butyl bearings showed a
slightly larger increase in deformation than the neoprene bearing (Fig. 5). This
phenomenon of increased deflection with time is termed creep. Although the differ-
ence between the butyl and the neoprene pads is small, it was observed consistently
throughout this work during the 5-min constant load conditions. However, it will be
subsequently shown that the long-term creep properties of butyl and chlorobutyl are
not substantially different from neoprene.

The shear load-deformation (combined horizontal and vertical load) characteristics
of the butyl, chlorobutyl, and neoprene bearings are shown in Figures 6, 7, and 8,
respectively. For each polymer, the data are plotted for vertical loads up to 1, 200
psi. For convenience, the polymers are compared at 600- and 800-psi vertical loads
in Figure 9. As was the case with compressive load, the butyl and neoprene pads are
nearly identical in load deflection, but the softer chlorobutyl bearing showed greater
deflection. The ne-lead recovery and creep properties of the polymers were similar
in shear as in compression.

Low-Temperature Evaluation (-45 F)

Elastomeric materials will all tend to stiffen as the temperature is decreased.
Stiffening can be controlled to some extent by the choice of compounding ingredients,
for example, plasticizer and filler type. However, the inherent temperature sensitivi-
ty of the polymer itself is by far the most important variable. The differences in
compressive deformation among the three pads are shown in Figure 10. At the same
hardness level, the butyl bearing was over twice as flexible as the neoprene bearing
as measured by percent deformation at 800-psi vertical load. As would be expected,
the softer chlorobutyl pad was approximately 1% times more flexible than the butyl
and over 3 times more flexible than the neoprene bearings. The no-load recovery was
a further demonstration of the good low-temperature flexibility of the two butyl ma-
terials. The rate of recovery was almost identical to that at room temperature.
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Under shear loading conditions (com-
bined horizontal and vertical load) the
difference between the two butyls and
the neoprene pads was even greater.

The shear deformation properties of the
three bearings are shown in Figures 11,
12, and 13. The rate of no-load recov-
ery was again an indication of the good
low-temperature flexibility of the two
butyl pads. For convenience, a compari-
son of the three bearings at 600- and
800-psi vertical load is shown in Figure
14. The difference in flexibility between
the elastomeric materials is further
demonstrated in Table 1.

A temperature of -40 to -45 F is com-
monly used when testing elastomeric ma-
terials. In fact, the AASHO tentative
specification for bearing pads requires a
Young's modulus determination at -40 F.

VERTICAL LOAD LBS/M
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Although the load-deformation studies o ‘:ﬂ oo u':':'m
were conducted only at -45 F, similar
results would be expected over a range Figure 10. Vertical tests at -45F,

of temperatures as indicated by the hard-
ness data shown in Table 2.

It must be recognized that hardness is
only a rough measure of stiffness.

Shore A 70 £ 5.

However, it is well known that hardness correlates

with compressive modulus (g). Hence, the differences shown are a reasonable indi-
cation of the relative load-deformation properties of the bearings at the various tem-

peratures indicated. It is clear that over the entire temperature range shown, neo-
prene was substantially stiffer than the two butyl bearings.

Accelerated Aging Evaluations

When subjected to the effects of atmospheric aging, elastomeric materials will
slowly undergo changes in physical properties. Neoprene characteristically becomes
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Figure 14. Horizontal tests, Shore A 70 £ 5.
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TABLE 1 TABLE 2
SHEAR DEFORMATION AT ROOM TEMPERATURE AND POINT INCREASE IN SHORE "A" HARDNESS
AT -45°F COMPARED TO R.T.*
VERTICAL LOAD: 800 PSI BASE ELASTOMER 0°F | -10°F | -20°F | -40°F
HORIZONTAL LOAD: 11,500 POUNDS
H0R|20NTm_CHDEEgLECT|0N, BUTVL 6 g 5 1B
BASE ELASTOMER
L . CHLOROBUTYL 4 4 5 8
BUTYL 0.82 0.28
NEOPRENE 11 11 15 19
CHLOROBUTYL 1.04 0.28
NEOPRENE 0.77 0.01 *70 SHORE "A" HARDNESS PADS STORED 48 HOURS
AT TEMPERATURE INDICATED.

hard and brittle, but butyl tends to become more flexible. However, when properly
compounded, both polymers are exceptionally resistant to atmospheric degradation.
In fact, retention of physical properties after 15 to 20 years of atmospheric exposure
can be demonstrated for both polymers in certain types of applications. These prop-
erties were substantiated in this study by subjecting the bearing pads, after testing at
room temperature and -45 F, to accelerated aging under severe conditions of 5 days
at 250 F, retesting, and again aging for 5 days at 250 F (5- + 5-day aging). These
conditions would be comparable to many years of normal temperature exposure.
Table 3 summarizes the compressive deflection data taken from Figures 5, 15,
and 16, and shows the characteristic effect of aging on the butyl, chlorobutyl, and neo-
prene bearings. Although there was a slight increase in compressive deflection at
room temperature with the butyl pads and a slight stiffening with -the neoprene pad,
all three materials displayed excellent stability under the severe conditions chosen.
Similar effects were noted when the aged pads were subjected to shear loading at
room temperature. This is given in Table 4 which summarizes the data in Figures

6 to 8 and 17 to 22.

Accelerated aging did not greatly af- &6 ; : : .
fect the low-temperature compressive- 9
load-bearing properties of the three Gy - { }
bearings. This is demonstrated by data Bt NEOPRENE i ,' } ]
from Figures 10, 23, 24, and Table 4. ok -"l 1
Shear loading studies at -45 F after aging el ! | }
also showed that butyl pads retain their fJ |
3™ / i
§ 90|~ .'l' 1 .
< ool ! 'l
TABLE 3 9 | ” I NO LOAD
2 ot ] P
Q
COMPRESSIVE LOAD-DEFORMATION AT ROOM E col- g} | ETTT T 4
TEMPERATURE o W L. N H ot 1
50| eV I 1! a F\l !
% DEFLECTION AT 800 PSI / o I ; Zof- \ ¥
BASE 40 (800! // z! | = I* \ il
AGED AGeD | T|i2eee 1) ! s \\ V]
ELASTOMER | oRIGINAL | 5 DAYS | 5+5 DAYS - /1 H 1 FF W
AT 250°F | AT 250°F A ; 2} v
20 ' ! - R
7/ i ,/ / bt
] ]
BUTYL 14 14 17 10 ! > DEF. (NCHES) |
4 am—4~;zo’ 555 55
CHLOROBUTYL 18 18 20 DEFORNATION (INCHES)
Figure 15. Vertical +tests at room tem-
MERERSSE 3 42 2 perature (aged 5 days at 250 F), Shore
A 70 £ 5.
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SHEAR LOAD-DEFORMATION AT ROOM TEMPERATURE

E HORIZONTAL DEFLECTION,
INCHES
1w |
ELAsTOMER | LOAD- AGED AGED
- ORIG. | 5DAYS | 5+5 DAYS
| AT 250°F | AT 250°F
) 600 [0.63| 0.65 0.75
BUTYL 800 [0.82 | 0.79 0.91
] 600 |0.92 | 0.86 0.94
i CHLOROBUTYL | g05 |1704 | 1.00 1.20
3 600 |0.56 | 0.50 0.43
4 NEOPRENE 800 |0.77 | 0.60 0,57

/I o COMPRESSIVE LOAD-DEFORMATION AT -45°F
DEF. (INCHES) |
i % DEFORMATION AT 800 PSI
[} BASE
AGED AGED
DEFORMATION (INCHES) ELASTOMER ORIGINAL 5 DAYS 545 DAYS
Figure 16. Vertical tests at room tem- AT 250°F ]I AT 250°F
perature (aged 5 + 5 days at 250 F),
Shore A 70 + 5. BUTYL 5.5 6.5 7.0
CHLOROBUTYL 8.0 8.0 7.0
NEOPRENE 2.5 3.5 2.0
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Figure 21.
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Figure 22. Horizontal test of commercial neoprene at room temperature (aged 5 + 5 days
at 250 F), Shore A 70 % 5,

good low-temperature flexibility. Interestingly, it was not possible to obtain accurate
horizontal deformation on the neoprene pad until a vertical load of 1, 200 psi was
achieved. At the lower vertical loads the pad consistently slipped, hence the data re-

corded are not a true measure of horizontal deflection.

It might be interpreted from

these observations that slippage could be a problem if the bearing pads become too

stiff.

The low-temperature shear loading data are summarized in Table 5 from data

taken from Figures 11 to 13 and 25 to 30. One notable point is the effect that the test
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Figure 23. Vertical tests at -45 F (aged Figure 24. Vertical tests at -45 F (aged
5+ 5 days at 250 F), Shore A 70 + 5.
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condition used for aging has on the prop-

erties of butyl and neoprene compounds. TABLE 5

The compressive and shear load data on

pads aged at 2560 F showed a tendency SHEAR LOAD-DEFORMATION AT ~45°F

toward neoprene's stiffening and butyl's ‘
softening. This is consistent with the vERT, JoOMZONTAL, OEFLECTION, INCHES

known properties of these polymers on eiacrouch ||iLoAvy - AGED AGED ‘
aging. However, at less severe condi- RSl | ORI S ONIS |l Sto Dave

tions, for example 70 hours at 212 F as

required in the AASHO specification, BUTYL 600 | 0.17 0.17 0.23 ‘
butyl polymer will show no change or a Bon i 0.2 Y 0.20 827

slight stiffening (Appendix B). As the chiorosorve || 990 [ 0.2 § .88 0.26

test time is prolonged or the temperature foa i 0.28 || w38 SR

raised, most butyl compounds will show NEOPRENE 600 | 0,008 | 0.035% 0.016%

the characteristic softening. Actually, e | sz o el

the exact opposite will occur with neo- *PAD SLIPPED

prene, initial softening followed by stiff-
ening, if the appropriate test conditions
are chosen (4). The main point, how-
ever, is that both polymer types are ex-
tremely resistant to aging.

Fatigue Tests

Maguire and Associates (1) point out that bearing pads are subjected to dynamic
loading under actual service conditions and the resulting deflections result in dynamic
creep. To determine whether the three elastomeric bearing pads would show any
gross differences in dynamic creep, similar tests were performed; that is, alternating
horizontal loadings over a 3-hr period. Table 6 compares the horizontal deflections
obtained on the three pads.

Although the butyl and chlorobutyl bearings were slightly more flexible than neo-
prene and showed greater horizontal deflection, the change in deflection during the
test period was virtually the same for all three pads. Comparison of the data obtained
on the neoprene pad with those reported by Maguire showed approximately the same
horizontal deflection.

BOPIZONTAL LOAD (LBS.)

0.10 0.20 0.30 0.40 0.50

DEFORMATION (INCHES)

Figure 25. Horizontal test of butyl at —45 F (aged 5 days at 250 F), Shore A 70 ¥ 5.
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Figure 26.
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Figure 27. Horizontal test of chlorobutyl at —45 F(aged 5 days at 250 F),Shore A 70 L 5.
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Figure 29. Horizontal test of commercial neoprene at —45 F (aged 5 days at 250 F),
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Figure 30. Horizontal test of commercial neoprene at -45 F (aged 5 + 5 days at 250 F),
Shore A 70 £ 5.

Creep, as measured by the change in vertical deformation with time, is shown in
Figures 31, 32, and 33 for the three polymers. Although the butyl pads showed slight-
ly greater initial vertical deformation as compared to neoprene, the increase in de-
formation (creep) was essentially the same for all three bearings (Table 7). A true
measure of dynamic creep would require much longer term testing (l).

Compression Set

Compression set, run at constant deflection and constant load, is defined in ASTM
D-395 as a measure of the resistance of an elastomeric material to long-term defor-
mation under load. Although not an abso-
lute measure, materials that show high
set when run at constant deflection would
probably be poor in load-bearing applica- TABLE 6

tione. Again  although not absolute, ma- .
o . DEFLECTIUN (INCHES)
terials that show the same compression
set at constant deflection might be ex- CYCLES BuTyL JJ CHLOROBUTYL ] NEOPRENE
pected to give reasonably equivalentlong- LEFT | RIGHT | LEFT| RIGHT | LEFT | RIGHT
term compressive and shear load-bearing 1 1.20 1.18 1.08
properties. When run under constant ; .96 i .89 6 .79 =
load conditions, compression set gives 4 .90 .88 .70
a rough measure of creep. High com- . a6l "0 st ¥ sl
pression set at constant load would be 1 15 9 - 1.03 . .86
indicative of poor creep properties. 9 ’ 88| 1.00 | 84
Also, similar constant load set proper- o L LU - .62 5
ties of different materials would be an 12 .86 .88 .62
indication of similar creep properties.. 2 Ml P Rl P R
Compression set at constant deflection ig - 84 o .96 » .80
was run on samples of the three polymers 17 ’ 8| 9 | .79
using the procedure outlined in Appendix 16 -8 -84 .62
C. The evaluation was carried out over ACYCLE 1-18 (0.12 | 0.36 | 0.05| 0.22 | 0.17| 0.29

a 14-month period with the samples
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TABLE 7 TABLE 8
DYNAMIC CREEP COMPRESSION SET AT CONSTANT DEFLECTION
VERTICAL LOAD: 800 PSI % SET AT MONTHS INDICATED
HORIZONTAL LOAD: 11,500 POUNDS BASE ELASTOMER
4 6 8 10 | 14
BASE % VERT. DEFORMATION |
ELASTOMER omGINAL | FinaL | - CREEP*
BUTYL 14,2 | 21.0 | 25.4 | 26.6 | 26.6
BUTYL 19.2 37.0 93
CHLOROBUTYL 18.5 37.0 100 CHLOROBUTYL 15.1 | 21.1 [ 26.4 | 28.1 | 28.4
NEOPRENE 16.7 33,3 |~ 100
* 9 CREEP = FINAL DEFLECTION MINUS INITIAL NEOPRENE 14.3 | 19.1 | 25.8 | 26.3 | 26.6
DEFLECTION DIVIDED BY INITIAL
DEFLECTION x 100.

exposed to ambient conditions beginning January 9, 1961, in New Jersey. The three
polymers are equivalent in set at constant deflection (Table 8).

As mentioned previously, compression set at constant load is a rough indication of
the creep properties of an elastomeric material. Tests run for 6 months at room
temperature, according to the procedure outlined in Appendix C, showed that a butyl,
chlorobutyl, and neoprene pad are identical in this respect (Table 9).

Water Absorption

Bridge-bearing pads will be subjected to water contact from rain and water runoff
from the deck span. Depending on the location of the pad and the construction of the
bridge, they may be in contact with water for reasonably long periods of time. The
water absorption properties of the butyl, chlorobutyl, and neoprene bearing pads were
evaluated by immersing the materials in water at room temperature for one year.
Figure 34 shows that all three polymers are excellent with respect to water absorp-
tion. The butyl shows virtually no increase in volume, the chlorobutyl only 1%, per-
cent, and the neoprene pad approximately 4%, percent.

The most important aspect of water absorption (not evaluated in this study) is the
effect it might have on the load-bearing properties of the polymers. This might be
particularly important at subfreezing temperatures. Generally speaking, however, at nor-
mal temperatures the properties of elastomeric materials are little affected by water.

Evaluation of 60 + 5 Shore "A" Hardness Bearing Pads

A similar series of evaluations was made with neoprene, butyl, and chlorobutyl

bearings in the 60 + 5 hardness range. Data from room temperature tests follow the

Adp T e  asauis aaUadd wwais

TABLE 9
COMPRESSION SET AT CONSTANT
LOAD " —
T 1 ] 1 T
o/o SET AT (PADS SHORE A T0%S)
ELABSAFSE)EM - DAYS INDICATED E‘ of —@—comencia. weorncne
14 | 60 | 180 g L J—
" il
BUTYL 5.2 7.0 8.2 P —
CHLOROBUTYL | 5.4 | 7.1 | 8.3 s
NEOPRENE 5.1 7.5 8.9 Figure 34. Water immersion at room tem-
perature.
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same trends as those noted with 70 hard pads, i.e., all three bearing pads are about
equivalent in compressive and shear load-bearing properties both before and after
accelerated aging. Although the differences are slight, the characteristic increase in
flexibility with butyl and chlorobutyl and stiffening with neoprene was observed on
aging.

Generally, the low-temperature data on pads at the two hardness levels agree fair-
ly well. This was particularly true with chlorobutyl. The data on the pads aged 5 days
were all somewhat inconsistent with the 70 Shore "A" data and with the 5 + 5 day aged
60 Shore "A' pads. No logical explanation is apparent unless temperature control
was poor or bearing slippage occurred.
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Appendix A

T.1 (59) Art. 1.6.47, Expansion Bearings. Tentative Specification
T.2 (58), Expansion Bearings, is repealed and the following substituted:

Amend this article by adding the following:

In lieu of the above requirements elastomeric bearing pads may be used for spans of
80 feet or less, subject to the following:

(a) The relationship between the loaded face and the side areas expressed
as a "Shape Factor.” For rectangular-shaped bearings with parallel
(not over approximately 5 slope) loading surfaces

g s ab
2t (a + b)

where
S = shape factor;
a and b = length and width; and
t = thickness.

(b) The total of the positive and negative movements caused by anticipated tempera-
ture change shall not exceed one-half the thickness of the pad.

(c) Unit pressure on elastomeric bearing pads shall not exceed 500 psi under dead
load nor 800 psi under a combination of dead load plus live load plus impact.
The initial deflection under dead, live, and impact loads shall not exceed 15 per-
cent of the thickness of the pad. Elastomeric bearing pads shall be cast in a
single integral layer except that multiple-layer pads, separated by nonelastic
sheets to restrain deformation in thick pads, may be permitted. The variation
in thickness in the longitudinal direction (taper) shall not exceed five percent
of the length of the pad. The least horizontal dimension of the pad shall not
be less than five times the thickness (shape factor 1.25 minimum).

(d) The physical properties of the pads shall conform to the following specifications:

The pads shall be of the compound known as Neoprene, shall
be cast in molds under pressure and heat. Compositions
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for pads shall meet the requirements listed. Test
specimens shall be in accordance with ASTM Method

D 15, Part B.

TABLE 10

Physical Properties

Grade (Durometer)

60 70
Orlginal Physlical Properties
Hardness ASTM D 676 60+5 70t5
Tensile Strength, Minimum psi, ASTM D-412 2,500 2,500
Elongation at Break, Minimum Per Cent 350 300
Accelerated Tests to Determine Long-
Term Aging Characteristics
Oven Aged, 70 Hours/212°F., ASTM D-573
Hardness, Points Change, Maximum 0to+15 0to+15
Tensile Strength, % Change, Maximum 15 +15
Elengation at Break, % Change, Maximum ~40 ~40
Ozone, 1 ppm In Air by Yolume,
20% Straln, 100 + 2°F., ASTM D-1149*
100 Hours No Crocks No Cracks
Compression Set, 22 Hours/158°F,,
ASTM D-395, Method **B"*
% Maximum 25 25
Low Temperature Stiffness, ASTM D-797
At =40°F., Young's Modulus, Maximum psi 10,000 10,000
Tear Test, ASTM D-624, Die *'C"
Pounde/lin, in., Minimum 250 250

*Samples to be solvent wiped before test to remove any traces of surface impurities.
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Appendix B

TABLE 11
ELASTOMERIC BEARING PADS
60 Durometer 70 Durometer
Commercial Commercial

AASHO Spec|Neoprenel(l) | Butyl [ Chlorobutyl | AASHO Spec | Neoprene(1)| Butyl | Chlorobutyl

Orlginal Physical Properties

Tensile Strength, pai 2500 min 2650 2710 2330 2500 min 2900 2650 2200
Elongation, % 350 min 575 680 530 300 min 340 480 430
Hardness, Shore '"A"’ 605 60 64 61 70+5 75 75 68

Oven Aged 70 Hours at 212°F

Tensile Change, % %15 max =10 -8 -4 %15 mox +5 -8 =19
Elongation Change, % — 40 max -27 -23 -15 — 40 max -25 -27 -9
Hardness Change, Pts Otot 15 +7 +1 +6 Oto+ 15 +5 +6 +4

Ozone Resistance, After
100 Hours at | ppm

100°F, 20% Strain No No No No Neo No No No
Cracks Cracks Cracks Cracks Cracks Crocks Cracks Cracks

Tear Strength

ASTM D-624, Die ''C"’

Pounds Per Linear Inch 250 min 270 290 275 225 min 270 305 275

Low Temperature Stiffness,
Young's Modulus, psl

At ~40°C (-40°F) 10,000 max 8500 5000 7800 10,000 max 7600 9200 5400
Compression Set,

Method B, %

22 Hours at 158°F 25 max 18 21 19 25 max 12 22 19

(1) Information obtained from Supplier

Appendix C

TEST PROCEDURE
Compressive Load Tests

The pads, two at a time with the steel plate between them, were subjected to the
full vertical compressive load of 144,000 1b (2,000 psi on 6- X 12-in. area) to "set"
the pads. This load was removed immediately after application. The full load was
then applied again with vertical deformation recorded every 10,000 1b. The full load
was then held for 10 minutes with vertical deformation being recorded after 5, 6, T,
8, 9, and 10 minutes. The load was applied at such a rate that the full load was applied
in approximately 4 minutes. The load was then released with deformation readings
being made every 10, 000 1b. After the load was removed, deformation readings were
made every minute for 10 minutes to indicate '""recovery."

Shear Load Tests

The pads, two at a time with the steel plate between them, were subjected to a ver-
tical compressive load of 43,200 1b (600 psi). The plate was then pushed horizontally
with increasing horizontal loads to a maximum of 40 percent of the vertical load; in
this case the maximum was 17,280 lb. The horizontal movement of the plate was re-
corded every 5,000 1b. The maximum horizontal load was maintained for 5 minutes
with horizontal deformation readings recorded every minute. The corresponding
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vertical deformations were recorded. As the horizontal load was released, both hori-
zontal and vertical deformation readings were made every 5,000 lb. After the hori-
zontal load was removed, deformation readings were made every minute for 5 minutes
to indicate recovery. The vertical load was then released and horizontal and vertical
deformations recorded. Additional readings were made of vertical and horizontal de-
formation after 2% minutes. This procedure was repeated for vertical loads equiva-
lent to 800 psi, 1,000 psi, and 1, 200 psi. By removing the vertical load as well as the
horizontal, it was possible to determine the indicated movement of the plate beyond
the pads. If necessary, the pads were recentered on the steel plate between horizontal
tests.

Fatigue Tests

The fatigue tests were a repetition of the horizontal tests. Two 6- X 12- X 1-in,
pads with a steel plate between them were placed in the test apparatus and subjected
to a sustained vertical load of 57, 600 1b (800 psi). A horizontal force of 23,000 lb
(assumed to be divided 11, 500 on each pad) was alternately applied against the oppo-
site 6-in. faces. The horizontal movement of the steel plate was recorded every
5,000 1b. The maximum horizontal load was maintained for 5 minutes and then re-
leased. The jack was then moved to the opposite side and the procedure repeated in
the opposite direction. This reversal was repeated 9 times (9 forward and 9 back) and
took place in a total elapsed time of approximately 3 hours. The vertical load was
maintained throughout the test with vertical deformation being recorded.

Constant Deflection Tests

The sample specimen, 2 X 2 X 1 in., was compressed between steel plates with
spacer bars on each side of it. The spacer bars were 0.75 + 0.001 in. thick so that
a 25 percent deflection resulted when the plates were drawn together in contact with
the spacers. Duplicate 70 Shore "A'" hardness samples were evaluated.

All test samples were cut from 9- x 12- X 1-in. bridge pads, placed inthe testdevice
and exposed to outdoor weathering beginning January 9, 1961. All data are the result
of gaging the samples after they had remained at room temperature for 2 hours.

Constant Load Tests

The sample specimen, 1 X 1 x 0.5 in., was placed between the plates of a calibrated
spring loading device (Method A ASTM D-395) under a 400-1b load (the limit of the
apparatus). The duplicate samples evaluated were cut from the same bridge pads as
used in the constant deflection tests. Testing conditions were indoors at room temper-
ature. Observations were recorded at 14, 60, and 180 days.

Discussion

S. W. SCHMITT, Elastomers Laboratory, E. I. du Pont de Nemours and Co. —The
University of Rhode Island Report, carried out in cooperation with the Enjay Labora-
tories, is an excellent effort and the authors are to be complimented. A number of
test conditions do not simulate actual use, however, and any conclusions which are
drawn should be interpreted with a few additional thoughts in mind. These specific
comments are offered:

1. Low-temperature load-deformation tests, to be meaningful, should be run to
simulate the actual bridge conditions when ambient temperatures change. A bridge
span will contract slowly and an elastomeric pad will gradually stiffen as the tempera-
ture goes down. The deflection tests in this report were carried out on pads that were
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conditioned at a temperature of -45 F. The forces were applied and deflections meas-
ured entirely at this temperature. The actual load deflection curve for a bridge pad
should be obtained by varying the two factors of temperature and deflection in small
increments. A variation over the entire seasonal temperature range should be run.

2. Appendix B gives data on the pads tested to determine conformance to AASHO
specification. Data on the neoprene pads were obtained from the supplier of the pads,
but the others were presumably tested at the Enjay Laboratory. For comparability it
would have been preferable for one laboratory to obtain all the data.

3. It is interesting to note that both butyl and chlorobutyl pads soften and lose load-
bearing capacity as a result of aging at 250 F, but neoprene pads increase in load-
bearing capacity.

4. Dynamic creep is shown as percentage creep rather than as actual increase in
deformation. When this increase is shown in mils, neoprene is 166 as compared with
178 for butyl and 185 for chlorobutyl for the 70 hardness pads. More important, the
creep values for the 60 hardness pads were 100 mils for neoprene, 167 for butyl and
190 for chlorobutyl (appended data). This data would indicate that neoprene compares
most favorably even for the short test period involved. Longer test evaluations of ten
years by the Elastomers Laboratory indicate that neoprene vulcanizates can be de-
signed with creep-resistant properties equal to or superior to those of natural rubber,
which has excellent creep-resistant properties.

5. Water absorption is largely controlled by the ratio of surface exposure to
volume. Obviously, in a bridge pad installation, the edge surface only would be ex-
posed and the pads would absorb negligible amounts of water.

6. The methods used for testing compression set are not very clear. The attempt
to correlate compression set with creep and load-bearing performance is believed to
be speculative.

EARL V. CLARK and KENDALL MOULTROP, Closure—The authors wish to thank
their friends from DuPont for their comments. In reviewing these, however, it is
feared that Mr. Schmitt has interpreted the presentation of these data as unjustly
favoring one product compared to another. This was not intended. The authors have
tried to present the results of an extensive study comparing three elastomers as
bridge-bearing pads. It is only by such continued exploration in this relatively new
application for rubber that the ultimate utility of elastomeric bridge-bearing pads will
be defined. Continued work will uncover advantages that were not realized when
elastomeric bearings were first introduced to the bridge engineer. Evidence of this
can be found in work published by Zuk, HRB Bull. 315, 27-34 (1962), showing that
elastomeric bearings reduce impact stresses, hence could lead to structural economy
and/or improved fatigue life. This could be a significant advantage for elastomers,
particularly the high hysteresis type which display high mechanical damping.

Of course, research invariably suggests areas for further work. For example,
the need for information at low temperatures was emphasized by Fairbanks, Jour.
of Structural Division Proceedings, ASCE, 73-85 (Dec. 1961). Reservations in this
same area have also been expressed in private communications with bridge engineers
from state highway departments and private enterprise.

In view of this, data at low temperatures seemed to be a needed and significant
contribution to the growing information on elastomeric bearing pads. Similarly, data
demonstrating the longevity of these materials might alleviate reservations in this
area and contribute to the expanded use of elastomeric bearings. Finally, a variety
of elastomers can be compounded to meet the basic specifications for bridge-bearing
pads, although at present only neoprene can be used. Data are needed to demonstrate
the load-bearing properties of other elastomers and thus assist the bridge engineer
in selecting and designing an elastomeric bearing that will best suit the service con-
dition to be encountered.

With this as background, it is hoped that the following will answer Mr. Schmitt's
specific comments:



116

1. Although Mr. Schmitt's suggested test procedure perhaps more closely simulates
actual service conditions, it is felt that the results could not be easily interpreted and
would be very difficult to reproduce. To obtain reliable engineering data, it is essen-
tial that rubber specimens be tested at some equilibrium temperature. This insures
that the temperature recorded is indeed the temperature of the specimen under test.
Preconditioning is a common and necessary technique to insure temperature equilib-
rium. Moreover, it is seriously doubted that the performance of the elastomers tested
would have been very different using the suggested technique. Of course, the reporting
of additional data in this area would be most useful to bridge engineers.

2. The commercial neoprene pads were available only from the rubber manufac-
turer, a reputable organization where ability to run the standard ASTM tests was not
questioned.

3. The authors indeed agree and stated that the neoprene pad showed a slight stif-
fening, while the other pads tested showed a slight increase in compressive deflection.
However, the basic contention is that the very severe aging conditions chosen demon-
strate that all three bearing pads will display excellent retention of load-bearing prop-
erties with age. Stiffening under load, however, does not indicate superior load-
bearing properties. Stiffening under load usually contributes to increased creep.

4. Although creep is normally expressed as percentage, the authors take no ex-
ception to recording the actual increase in deformation, provided the original deflec-
tion is also noted. The comment regarding creep with the 60 Shore "A'" hardness pads
is well taken. However, in expressing creep in conventional terms, namely percent,
one observes the 60 hard neoprene pad showed only half the creep of the 70 hard pad.
Although creep generally increases with hardness, this magnitude of difference is
totally unexpected. The data on the other two polymers tested were consistent with
experience. No ready explanation for this can be offered.

5. Water absorption tests were run according to the standard ASTM methods. The
results are completely relative, and it was stated that all three elastomers were ex-
cellent in this respect.

6. The compression set method used was ASTM D-395, which was modified as ex-
plained in Appendix C. No attempt was made to directly correlate compression set
with creep or load-bearing properties. The reader is referred to the section on test
equipment.



Suggestions for Reducing Costs in
Prestressed Concrete Bridges

NORMAN L. SCOTT, Executive Secretary, Prestressed Concrete Institute,
Chicago, Il.

The objective of this report is to offer a number of ideas for
decreasing the cost of prestressed concrete bridges. With the
exception of the proposal for increased tensile stresses, all
of the ways can be incorporated within the existing 1961
AASHO Standard Specifications for Highway Bridges or the
1961 Interim Specifications. The primary theme here is'keep
it simple." About one-half of the suggestions must be incor-
porated during the initial conception of the bridge design, but
the other one-half deals with details. Several of the schemes
advanced are especially worthwhile where headroom is criti-
cal. If headroom is not critical, a design using large sections
with wide spacing is suggested.

¢ PRESTRESSED CONCRETE has now been established as economical and practical for
bridges ranging from 40 to 100 ft in all parts of the country. With the exception of a
half dozen states, prestressed concrete is almost always considered at some phase of
the planning for bridges in the medium-span range.

Bridge engineers are generally not considering prestressed concrete for short-span
bridges (below 40 ft) and long spans (120 to 500 ft). Bridge engineers might also inves-
tigate the material for these span ranges because experience both here and abroad indi-
cates that prestressed concrete is often competitive. With the existing AASHO-PCI
standards, prestressed concrete is not generally competitive with reinforced concrete
on spans below 30 ft. However, the solid and cored flat slabs have often been an eco-
nomical solution for spans of 30 to 40 ft (Fig., 1). The slabs can be designed with either
a composite concrete topping left exposed with grouted joints or covered with an asphal-
tic wearing surface.

Prestressed concrete should also be seriously considered for long-span bridges.
There are numerous examples of long-span structures designed within alternate mate-
rials that have resulted in awards to prestressed concrete. An outstanding example is
the Lake Maracaibo Bridge in Venezuela (Fig. 2) with five 771-ft spans of stayed girder
construction that are 148 ft above the shipping channels; reinforced concrete towers 300
ft high; 620-ft post-tensioned cantilever girders for the long span; a prestressed drop-
in span 151 ft connecting the cantilevers; and staying elements for the cantilever girders
also of prestressed concrete. Another example is the Medway Bridge in England (Fig.
3) which will have a 500-ft center span and 312-ft side spans when completed. The ap-
proach spans are of precast post-tensioned I-girders; the center span consists of two
200-1t box-section cantilevers with a 100-ft drop-in span; and the bridge is approxi-
mately 144 ft wide and about 107 ft above high water.

The United States has the materials and the design and construction know-how, but
is lagging far behind European countries in this area. So much for short- and long-
span bridges. Because the main objective of this report is to suggest ways for saving
money on medium-span bridges, the following will apply to designs in this range.

Paper sponsored by Committee on Construction Practices —~ Structures.
gk
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Figure 1. Prestressed flat slab bridge at Eureka, Calif. Spans are 30 ft except for
navigation span which is 105 ft composed of post-tensioned I-girders. The piers are of
20-1n. square pretensioned square piles.

Figure 2. Lake Maracaibo Bridge.
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Figure 3.
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Suggestions one through seven deal with ideas
that would usually be considered in the initial plan-
ning of the bridge. Suggestions eight through six-
teen pertain to schemes for simplifying details to
cut production and construction costs. Almost all
of the suggestions proposed herein have one com-
mon principle: the design should be so made that
production and construction operations will be as
simple as possible.

1. Use standard sections. —The use of stand-
ard bridge sections has become such a common
practice that this suggestion is hardly worth men-
tioning. But departments that do not now have a
set of practical and economical standards for pre-
stressed concrete girders would be well advised
to settle on the proven AASHO-PCI standards rather
than trying non-standard sections. Single purpose
steel forms are the only acceptable answer for
casting prestressed concrete beams. These forms
are expensive, and in order to reduce write-off
costs they should be used over and over. States
that have used standard sections for a period of
years are now paying almost nothing for form
write-off. For example, Florida has been using
standard AASHO-PCI sections since 1957. Former
Assistant State Highway Engineer William E. Dean
told a Purdue University Conference that bid prices
on type II beams came down four percent, type III
beams more than six percent, and type IV beams
almost ten percent between 1959 and 1961. This
drop in prices occurred even though Florida was
buying fewer beams in 1961 than in 1959.

2. Wherever practical make parts in bridge
identical, —Naturally it is not often possible to
make a bridge composed of identical spans and
girder sizes with the same pier design, etc., but
this should still be considered as the most desir-
able solution. If the principle of repetition is held
to be of utmost importance, it is often possible to
rework the design in such a way that many aspects
of the bridge design are identical. For example,
on overpass structures it is often possible to use
the same girder section throughout by expanding
the spacing onthe short spans (Fig. 4). Prestressed
concrete manufacturers and bridge contractors
offer better bids on work that allows repetitive
operations. Labor costs are always much higher
during the early stages of an operation involving
repetitive work than after the team gets coordinated
and into a routine. Experience has shown that pro-
ducers and contractors attach a great deal of im-
portance to this consideration and for good reason.

3. Use as few girders as possible in each
span. — This means that if there is a choice of us-
ing four type IV girders or six type III girders,
choose the four-girder design. This, of course,
assumes that headroom is not a problem. The
wider spacing of girders may require a thicker or
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a more heavily reinforced deck slab,
but the savings in girder costs will
usually more than offset higher slab
costs. It is also often possible to
use fewer girders per span without
going to larger sections by prestres-
sing them higher (Figs. 6 and 7).

4, Prestress sections higher. —
The AASHO-PCI standards can be pre-
stressed to the upper limits allowed
by the AASHO specitications with-
out ill effects. A review of present
practice shows that many States could
prestress their sections considerably
higher and either get longer spans or
reduce the number of girders in each
span. An AASHO-PCI type III girder
will span up to 80 it with a 5-ft spac-
ing (H 20-S16-44 loading), and a type
IV girder will span 100 ft on 6-ft cen-
ters. To aid the designer in choosing
the most economical beam size and
spacing, it is often helpful to prepare
a set of beam-spacing charts for
standard sections. This task is made
easier with the use of a computer.
Figure 8 shows a simplified version
of a design chart prepared for this
purpose by the Office of Bridge En-
gineer, State Highway Commission
of Wisconsin.

5. Consider possibility of speci-
fying higher release strength to pre-
stress sections higher. —The AASHO
specifications allow a net prestress
of 60 percent of the strength of the
concrete at release. Almost all
States are now releasing at a concrete
strength of 4, 000 psi. This means
that the maximum permissible pre-
stress in the bottom of the girder is
2,400 psi. Lf the release strength
was set at 5, 000 psi, one could pre-
compress the same section to 3, 000
psi. With 6, 000-psi release, the pre-
stress could be increased to 3, 600
psi. Figure 8 shows the influence of
release strength on the girder design.

Higher release strengths may re-
quire (or at least induce) higher 28-
day strengths, but concrete technology
has now advanced to the point where
7, 000-8, 000 psi concretes are prac-
tical for routine production in many
areas. This idea is especially useful
where headroom is critical, because
it may allow the use of a smaller sec-
tion. The approach could also save




Figure 5. On larger bridges it is easier to get good repetition. This bridge over the

Platte River near Ashland, Nebr., used 168 identical beams 110 ft long. The pilings for

the pierswere also of one size (1L-in. octagonal) although the lengths necessarily varied
(65 to 95 ft).
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money even when headroom is not critical if the increase in prestress would allow step-
ping down to a smaller standard. For example, if a design calls for four type III
girders per span but they are only lightly prestressed, it may be possible to put more
prestress into a type II girder by calling for a higher concrete release strength and thus
save money on each girder.

The bridge for the elevated roadway at Chicago's O'Hare Field was designed with a
very low depth-to-span ratio by using pretensioned I-sections released at strengths as
high as 6, 600 psi. The 28-day strength for the concrete exceeded 8, 000 psi (Fig. 9).
The prestressed concrete fabricator carefully prepared for these requirements and was
completely satisfied with the project.
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Figure 9. FElevated roadway structure at Chicago's O'Hare Field.

6. Use mild steel continuity in composite deck. —Due to the many considerations in
continuous design, it is not possible to say that mild steel continuity will always make
a more economical design than simple spans. But the idea is worth investigating, be-
cause aside from the possible immediate savings, continuity offers several fringe bene-
fits. Perhaps one of the best benefits is the elimination of the costly and troublesome
joints in a bridge. Continuity also improves the appearance of overpass structures by
closing the gaps between the girder ends. Mild steel will also increase the rigidity and
ultimate strength capacity of the bridge, although under the existing specifications there
is certainly no need for this. The Portland Cement Association conducted some rather
extensive research on this type of bridge (1) (Fig. 10).

Prestressed concrete box beams and cored slabs which have a low depth-to-span
ratio to start with can be designed for even longer spans with the use of continuity. In
urban interchange structures where headroom is important, this could be an economical
solution.

7. Use prestressed piles to double as foundations and piers. —If the L/D ratio is not
greater than 25, it is entirely practical to use prestressed piles to double as columns
for the piers. This can be considerably more economical than using a separate founda-
tion and pier (Figs. 1 and 11). When more than four square prestressed piles are re-
quired for each pier, the structure may not present the most pleasing appearance from
below; however, this is not an important factor in many river crossings. Cylindrical
prestressed piles can even solve the appearance problem, making an acceptable design
for urban and freeway structures.

Washington has had good success with the pretensioned cylindrical pile pier (Fig. 12).
Bridge Engineer Winfred T. Robertson told the Seattle ACI fall convention that its
bridges built with prestressed pile piers average about $11 psf, whereas structures
resting on piles, conventional footings, and piers cost between $15 and $18 psf. He
also reported that for stream and lake crossings, the cost difference between bridges
supported by pile piers and those of more conventional design equals or exceeds the cost
of cofferdams, seals and footings.

The details in a prestressed bridge can also make the difference between an expen-
sive design and an economical one. Following are some ideas for paring costs in the
bridge details.

8. Eliminate end blocks in pretensioned girders. —The 1961 Interim Specifications
now allow use of pretensioned I-girders without end blocks. Laboratory research and
field tests have proven that they are not necessary. The end block has always been a
problem for prestressed concrete producers. End block forms cost more money than
straight forms but the big cost has been in production setup time. Side forms for every




124
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Figure 10. Typical section at pier of precast prestressed concrete bridge made contin-
uous by use of mild steel in deck.

Figure 11. Four 24-in. square prestressed piles extend to provide pier columns for
typical Florida crossing.



Figure 12. Driving pretensioned cylinder piles for a bridge in Tacoma, Wash.; L8-in.
piles driven plumb to act as columns for piers.

end block type girder have to be individually assembled. Without end blocks the forms
can be assembled into one continuous line with end bulkheads set in where required
(Fig. 13). States making the change to girders without end blocks will notice a decrease
in prices reflecting the reduction of labor costs for assembling and dismantling forms.

9. Eliminate projections from sides of girders whenever possible. —When steel
bearing plates must project beyond the sides of the girder, it is better to add this plate
after the girder is cast by welding or other fastening methods. Projecting plates and
bars that are to be cast in the beams require that the side forms be cut to receive the
projecting items. Of course, the location of these holes changes with each different
girder. These cutting and plugging operations are not only time-consuming, but they
ruin the forms prematurely (Fig. 14).

10. Eliminate shear keys.—Depending on how they are designed, shear keys can
be a nuisance at best or a significant cost item at worst. In any event they do not con-
tribute to improving composite action as has been shown by laboratory and full-scale
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tests. This is just one more cost item that can be eliminated without sacrificing struc-
tural behavior. Portland Cement Association Bulletin D35 reports on horizontal shear
research and includes references to several other studies.

11. Hold down amount of mild steel in prestressed girders. —There are many bridge
offices designing prestressed girders on a "don't skimp on the reinforcing'" policy.
Although this sounds commendable, such practice can easily lead to uneconomical de-
signs. The extra steel usually serves a very limited purpose and simply makes an
important contribution to high costs. Shear reinforcing should be computed as recom-
mended in the AASHO specifications. The amount of steel required at the quarter point
is carried back to the end. End zone steel should be designed according to provision
19 in the 1961 Interim Specifications. When mild steel in a girder starts to exceed 8
1b/1ft for a type II, 10 b for a type III, or 12 1b for a type IV, the designer should take
a careful look at each piece to see if it is really necessary.

Figure 13. A line of finished girders with end blocks (left), and a line of forms for

similar girders (right). Due to presence of end block, each beam must be formed up in-

dividually. Without end blocks forms are set up in one continuous line with sections
permanently assembled in easily handled lengths.
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12. Design stirrups so that fabrication is simple. —It is very helpful to the producer
if the stirrups are detailed in such a way that he can make prefabricated cages of the
reinforcement. If the stirrups cannot be made into cages, then they should be designed
so that they can be easily tied into place after the strands are tensioned. It is not neces-
sary to have the stirrups surround the strands, and such a procedure greatly increases
fabrication costs. If the designer feels that he must have stirrups surrounding the
strands, he should place just a few at close intervals at the ends of the beam. An even
simpler practice is to use metal strapping (Fig. 15). Beyond the bond transfer zone of
the strand (about 50 strand diameters) there are no significant lateral stresses in the
beam, and wrap-around stirrups or metal straps serve no useful purpose. Notice that
the second beam line from the right in Figure 13 shows the strands tensioned and the
end bulkheads set, but the mild steel reinforcing has not yet been placed. This is the
normal sequence of operations. It can be seen here that surrounding stirrups would
either have to be bent in place or threaded on the strands prior to tensioning and then
spaced out. Either way the operation is expensive and time-consuming. Of course,
metal strapping can be placed on the strands after tensioning with no difficulty. Notice
that a prefabricated cage similar to that in Figure 16 C can be placed over the tensioned
strands whether they be straight or deflected. The AASHO specifications require a
transverse bar in the bottom of pretensioned girders. This can be easily handled by
tying in a small straight bar. An alternate to the prefabricated cage is a design employ-
ing two bars (Fig. 16 B). This bar provides a tie for the composite slab, vertical shear
reinforcement and the bottom transverse tie all in one piece.

13. Use largest and strongest strand available. —Use of large diameter strand and
strand with higher ultimate strength will reduce costs. The material cost is lower in
the first place, but labor costs are reduced also. As an example, consider a beam
designed with 65 strands (%-in. diameter) with an ultimate strength of 250, 000 psi.
The same net prestressing force can be provided by 31 strands (Y5-in. diameter) with
an ultimate strength of 270, 000 psi, but the material cost will be 14 percent lower.

The larger diameter strand will often provide an added bonus because of the opportunity
to increase the eccentricity of the smaller strand pattern.

14. Use elastomeric pads instead of metal bearing assemblies. —Laboratory tests
and field experiences indicate that synthetic rubber pads are perfectly satisfactory for
bridge bearings. The use of these pads in place of metal bearing assemblies can mean
large savings in the cost of prestressed bridges. Metal bearing assemblies often repre-
sent a sizeable proportion of the cost of a bridge superstructure. Elastomers can
reduce bearing costs as much as 95 percent and may even do a better job.
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Figure 15. Use of metal strapping.
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Figure 17. Typical structure on Illinois Toll Highway incorporated many of the cost-
saving ideas listed herein.

15. Eliminate steel base plates for elastomeric pads. —This may not be practical
if the bridge is on a skew or on a superelevated curve because there must be some posi-
tive method of keeping the bearings in place. But for a straight bridge, the steel base
plates can be safely eliminated. When the plate is eliminated the bottom of the girder
must be true and smooth in the bearing area.

16. Eliminate or reduce diaphragms. —Casting concrete diaphragms on prestressed
bridges is a costly problem for bridge contractors. If the diaphragms are cast prior
to casting the deck, the contractor must make elaborate preparations for a very small
amount of concrete. If they are cast with the deck, his formwork is complicated con-
siderably over a straight deck-forming job. From a design standpoint, the deck will
provide at least as much distribution as assumed in the 1961 AASHO Interim Specifica-
tions. (S/5.5for I-girders.) The diaphragms add little or nothing to the distribution of
live loads depending on how they are designed. The often used design which consists
of a concrete rib with a tie bolt running through the middle adds almost nothing to the
distribution of live loads because of its inadequate ability to transmit transverse bend-
ing moment (2).

All of the previous suggestions for reducing costs have been tried in actual field
experience and have proven satisfactory. As a point in fact, suggestions 1, 2, 6, 7, 8,
9, 10, 12, 14, 15 and 16 were incorporated in prestressed concrete structures on the
Nllinois Tollroad, completed in 1958 (Fig. 17). As a result of these measures, the
Northern Illinois Toll Highway Commission was able to get an unusual value for its
money in these structures which have performed almost flawlessly. George Jackson,
Chief Engineer of the Commission, says that inthese four years they have had no main-
tenance expense for the prestressed girders.

The proposals suggested in this paper are all possible within the existing AASHO
Specifications for Highway Bridges. Another design procedure that would greatly re-
duce the cost of prestressed bridges is to allow tensile stresses in the bottom of the
beams under full live load. The AASHO test road has shown that with 300-psi tension
under design load, a prestressed bridge will perform perfectly even under 1% million
loading repetitions. For a fully prestressed section (i.e., maximum precompression)
the allowance of 300-psi tension would reduce strand requirements 15 percent. For
sections not prestressed so heavily the reduction would be even greater. It is under-
stood that the HRB Bridge Advisory Committee has recommended that tensile stresses
be allowed in pretensioned beams. Bridge engineers may wish to note this future speci-
fication change so that they may take advantage of it as soon as it goes into effect.
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An Investigation of Physical Properties of an
Epoxy Bonding Compound for Composite

Beam Bridge Construction

H.A. MIKLOFSKY and M.J. GONSIOR, Respectively, Professor of Civil Engineering,
University of South Carolina; and Graduate Research Assistant in Civil Engineering,
Rensselaer Polytechnic Institute

This paper presents information on the basic properties of an
epoxy resin bonding compound which is being studied for use as a
structural connection for highway construction, including com-
posite beam bridges. Several important physical properties of
this resin have been determined, such as the tensile, compressive,
shear, flexural fatigue, and torsional fatigue strength of the resin
as a plastic, and also its modulus of elasticity and coefficient of
expansion, Additional tests on the resin as an adhesive included
the single shear strength and tensile strength between steel and
concrete, effect of freeze-thaw cycling, eifect of concrete curing
on adhesive bond, consistency of adhesive, strength development
of adhesive, storage life of adhesive, working life of liquid ad-
hesive, and other related properties.

The results show that an epoxy resin formulation satisfying the
strength demands of a composite beam bridge can be achieved,
subject to the restrictions imposed by the testing program. How-
ever, further studies of performance and characteristics are
necessary before the selected epoxy resin formulation can be ap-
proved for use as a connector; such as creep, fatigue on glued
joints, impact, strength gain under various temperature condi~
tions, and durability.

*THE WIDESPREAD industrial and commercial applications of epoxy bonding com-
pounds have demonstrated that these materials are extremely durable and possess
such properties as hardness and an ability for adhering to metal and other materials.
Although these same properties would appear to qualify epoxy resins as a means of
effecting structural connections, this field of application has remained relatively un-
explored. The subject of this report is concerned with the investigation of physical
properties of an epoxy resin bonding compound for use as a connection device for high-
way construction, including composite beam bridges. The work was performed at
Rensselaer Polytechnic Institute for the Bureau of Physical Research, Department of
Public Works, State of New York, in cooperation with the U.S. Department of Com-
merce, Bureau of Public Roads.

Because a large number of compounds can be formulated using the epoxy resins in
combination with different catalysts, curing agents, fillers, flexibilizers, etc., the
first problem was the selection of a suitable formulation for detailed study. This was
accomplished by requesting recommendations in consultation with representatives of
several producers of epoxy resins. With the recommended formulations as a starting
point, a series of physical tests was conducted to classify the various formulations
on a comparative basis, and also as a means for revising the formulations to serve the
intended applications best. Several basic tests were conducted.

Paper sponsored by Materials and Construction Department and Committee on Bridges.
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Figure 1. Specimen dimensions: (a) tension, (b) bending fatigue, (c) compression, (d)
torsion fatigue, (e) single shear adhesion, (f) tension adhesion, (g) shear.
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Figure 2. Mold types for casting specimens: (a) molds for tension and shear plastic

specimens, (b) open-end view of tension specimen mold assembly, (c) silicone rubber

mold for torsion specimen, (d) steel strap inserted in silicone rubber mold before

casting single shear adhesion specimen, (e) steel bar inserted in silicone rubber mold
before casting tension adhesion specimen,
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TEST SPECIMENS

Figure 1 shows seven types of test specimens, their dimensions, and the manner of
loading. The method of testing was similar in detail to the 1961 Standards of the Amer-
ican Society for Testing Materials, as identified in Table 1, but were modified or ex-
tended whenever necessary or convenient to do so (_1_). These tests were essentially
intended to provide a means of classifying the various compounds, as well as to serve
as a basis for control and comparison with other research results.

The tension, bending fatigue, and shear specimens were cast in aluminum molds
which were coated with a thin film of silicone rubber; the silicone rubber acted as a
release agent for the epoxy resin (Fig. 2a). Each mold was prepared by sandwiching
the sheet of aluminum (with a cut-out the shape of the specimen) between two sheets of
glass. On assembly of the mold, the inside surfaces of the glass were lined with
heavy waxed paper to prevent the epoxy sticking to the glass. After the poured epoxy
specimen had cured for approximately 24 hr, the molds were disassembled and the
specimens were removed and placed in conditioning according to the schedule shown in
Table 1. Table 1 gives the combinations of conditioning times and conditioning tem-
peratures studied.

The compression and torsion fatigue specimens were cast in silicone rubber molds
(Fig. 2c). Before testing, the ends of the compression specimen were machined
square with the specimen axis.

To simulate the single shear condition in adhesive bond which would exist in a com-
posite beam, mortar blocks glued to steel straps were tested in single shear. These
specimens were cast in silicone rubber molds (Fig. 2d). Each mold consisted of two
pieces which could be disassembled, one of which previously had been sandblasted.
After the steel strap was inserted into the mold, the surface was coated with a thin
layer of epoxy using a small paint brush. The thickness of the layer was approximate-
ly 0.015 in. The two pieces of the mold were held together by means of rubber bands.
A 2-in. mortar cube was then cast on top of the epoxy in three layers, each of which
was densified by tamping with fingers. The top of the mortar cube was struck off even
with the top of the mold, and a sheet of waxed paper and a sheet of glass placed on top
to prevent evaporation of the mortar moisture.

TABLE 1
CONDITIONING SCHEDULE FOR SEVEN TYPES OF TEST SPECIMENS

Conditioning Time Conditioning Temperature
. ofd of
Test Equivalent
ASTM 3 7 21 90 -40 20 77 120 180
Days Days Days Days F F F F F
Tension D 638-60T X X X X X X X X X
Flexural
fatigue D 671-51T X X
Compression D 695-54 X X X b:¢ X X X X X
Shear D 732-46 X X x X X X X X X
Torsional
fatigue D 671-51T X X
Single shear
adhesionP -——— X X X X X X X X X
Tension
adhesionP C 321-57 X X X xC X X X X X

§Add two days at room temperature: one before conditioning, one after conditioning.
CCured three days in water at room temperature before conditioning.
90~day tests not conducted for -LO and 20 F.
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Figure 3. Specimens in testing ma-

chines: (a) tension test, (b)

bending fatigue test, (c) compres-

sion test, (d) torsion fatigue

test, (e) single shear adhesion

test, (f) tension adhesion test,
(g) shear test.
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The single shear specimens were al-
lowed to cure in their molds for one day;
after which the molds were disassembled, ’ 1
and the specimens placed in a water tank =
for three days to insure adequate mortar
curing. The specimens were then placed
in conditioning according to Table 1.

.\

& .

The tension adhesion specimens were \‘16[ 7 - 15/9 )
prepared in the same manner as the single
shear adhesion specimens. Figure 2e Figure l. Gompression faflures by buck-

shows the type of silicone rubber mold ling (left) and bulging (right).
used for casting.

Figure 3 shows the various specimens
being tested. A Riehle Model P-3 preci-
sion hydraulic universal testing machine
was used for static tests, with a deforma-
tion rate of 0.05 in. per min. Sonntag uni-
versal testing machines were used for con-
ducting the fatigue tests, operating at a
rate of 1,800 cycles per minute,

The fOl].OWing criteria for failure were Figure S. Shear failures by punching shear

established: (left) and brittle shattering (right).
Test Criterion
Tension Fracture load
Bending fatigue Number of cycles for
fracture
Compression Maximum load or load
at 25 percent defor-
mation
Torsion fatigue Number of cycles for
fracture

Single shear
adhesion
Shear Maximum load
Tension adhesion Fracture load (b)

Fracture load

In the cases of the compression test,
single shear adhesion test, shear test,
and tension adhesion test different modes
of failure were noted (Figs. 4, 5 and 6).

Tension adhesion failures were similar to ()
Figure 6.
Figure 6. Single shear adhesion failures
FORMULATION at (a) bond, (b) mortar, (c) bond and mor-
tar.

The preceding series of tests was con-
ducted on most of the recommended for-
mulations, and the formulations were revised as experience and test results indicated
the necessity to do so. The results of the strength tests alone were not the critical fac-
tor in determining formulation revision. Other pertinent properties were viscosity,
sprayability, brittleness, and flexibility. After a series of tests and observations had
been made on all the recommended formulations and their revisions, enough informa-
tion was accumulated to select a single formulation for detailed study. It is this for-
mulation that is herein reported.

This formulation is given in Table 2.

Once this formulation had been selected, a production series of testing was carried
out to determine the physical properties of this formulation both as a plastic and as an
adhesive. In accordance with ASTM recommendations, a sufficient number of speci-
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TABLE 2
STUDY FORMULATION

Component Parts by Weight

A:

Resin2 100

Silica flour No. 219 12.5
B

Liquid polymer, LP-3 50

Silica flour No. 219 47.3

DMP-10 6. 25

DMP-30 3.5

Bentone 38 2.5

Anti-foam 24° 2.5

aEquivalent epoxide weight 175-200, viscosity 10,000-15,000 cps.
General Electric product or equivalent.

mens for each conditioning time and temperature and type of test were made so that
the results would represent adequate sampling. In general, between three and five
specimens undergoing the same test were made from different batches so that the var-
iation in mixing from batch to batch would be included in arriving at an average test
result for each conditioning situtation. About 1,200 specimens were involved.

Figure 7 shows the strength of the tension specimens vs the ages of the specimens
at the time of testing for 180 F conditioning, with scattering of test data. A large
number of specimens were rejected for one reason or another: warpage, air holes,
fractures at other than the critical section, damage during handling, conditioning time
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Figure 7. Strength of tension specimen vs specimen age for 180 F.
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Figure 8. Strength of tension specimen vs specimen age for all conditioning

temperatures.
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Figure 9. Strength of shear specimen vs specimen age for all conditioning temperatures.
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Figure 10. Strength of compression specimen vs specimen age for &ll conditioning
temperatures.

not within an arbitrary 5 percent tolerance, or Chauvenet's criteria (2). After the
test results were plotted on the graph, a least squares adjustment was made to deter-
mine a straightline relationship between strength and age of specimen., A least
squares adjustment was also made using a second-order (parabolic) curve on some of
the data, but the differences between straightline and parabola curves were insignifi-
cant; hence the straight line was chosen. Figures 8 through 12 show these linear re-
lationships for the various types of tests represented by the conditioning combinations
of Table 1.

A study of these figures, which are the over-all compilations for each test, shows
no intelligible correlation between the types of tests; except that of the five curing
temperatures used, 120 F appears consistently to be the most favorable curing tem-
perature for the epoxy resin as a plastic in the early phases of curing. It is concluded,
therefore, that each formulation must be evaluated by experiment for each test type in
order to obtain reliable information. Further, tension adhesion and single shear ad-
hesion specimens failed primarily in the mortar; therefore, these test results reflect
the mortar strength only.

Figures 13 and 14 give the fatigue data for the bending fatigue and torsion fatigue
specimens, respectively, in the form of S-N plots. Because numerous specimens
were involved, and the process was time consuming, arbitrarily the bending fatigue
S-N data was obtained for seven days conditioning at 77 F and the torsion fatigue data
was obtained for 21 days conditioning at 77 F. Circles with arrows on the graphs indi-
cate non-failure of specimen, and discontinuance of the test at the number of cycles
plotted. The investigators feel that the plotted points indicate the general trend and
are reluctant to define the limits of the scatter-band accurately or to write the equation
of the S-N curve from the available information.
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Figure 14. S-N data for torsion fatigue tests.
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Figure 15. Compression load-deflection curves for (a) 3 days at 5 temperatures, (b) 3
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TABLE 3
INITIAL TANGENT MODULUS OF ELASTICITY
Conditioning Tangent Modulus of Elasticity
Temperature 3-Day 3-Month T-Month
(°F) Conditioning Conditioning Conditioning
180 360, 000 341,000
120 540, 000 456, 000
7 442,000 490, 000
20 323,000 315,000
-40 357,000 262,000
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(a)

Sample Calculation—Specimen No. 1822

Indicated Gage Factor for Variable Span Setting of 2.90 = 2. 41
Indicated Gage Factor for Variable Span Setting of 2. 18 = 2, 07
Actual Gage Factor = 2,09

Indicated Gage Factor
Actual Gage Factor

Actual Strain = Indicated Strain X

2.41

= (1490 +80) m = 1810
_ P 125(10% _ .
E_B = 5.192 (1810) - 360,000 p. s. i.
(b)

Figure 16. Initial tangent modulus of elasticity for tension specimen: (a) load strain
data for 3 days conditioning at 180 F, (b) sample calculation for modulus of elasticity
for Fig. 16a.
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Figure 17. Coefficient of expansion data for 3days conditioning (a) at 180 F, (b) at 77F.
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Figures 15a through 15c show load-deflection diagrams for compression specimens
conditioned for three days, three months, and seven months, respectively. Only a
single selected load-deflection diagram is shown for each conditioning temperature.
These diagrams are merely indicated to show the general shape of the load-deflection
curve, and were traced from the load-deflection indicator graph on the testing machine,
These graphs show the relative displacement between the heads of the testing machine,
and thereby indicate the deformation of the 2-in. long specimen for various loads.
Figure 15d shows a set of load-deflection curves for compression specimens condi-
tioned for three days at 180 F.

Modulus of elasticity tests were performed on a limited number of tension speci~
mens, using SR-4 strain gages. Figure 16a shows the load-strain data for a tension
specimen conditioned for three days at 180 F. The calculation of the initial tangent
modulus of elasticity from these data is shown in Figure 16b. Table 3 summarizes the
modulus of elasticity results for several conditioning situations. The purpose of these
tests was only to obtain an approximate scale on the stiffness of the material and to
develop the general shape of the stress-strain diagrams.

Tests for the coeificient of expansion of ihe epoxy resin were also conducted. In
these tests, a quartz tube dilatometer, as described in ASTM D 696-44, was used to
measure the elongation of 3/8-in. diameter by 3-in. long epoxy resin specimens, as
they were heated in a Marshall testing furnace., A thermocouple attached to the speci-
men was used to measure the temperature.

Figures 17a and 17b show the coefficient of expansion data for specimens cured for
three days at 180 and 77 F, respectively. Because the ambient temperature of the
room could not be lowered at various times of the day, it became necessary in plotting
the data to relate all strains to an arbitrary zero-strain reference temperature, which
was the highest initial temperature of any set of specimens plotted on one graph. This
is the reason negative initial strains appear on these graphs.

In testing, direct elongation readings for the 3-in. long specimens were recorded.
These readings were converted to strains, prorated by comparison to a steel specimen
of the same dimensions which was tested in the same way, and reduced to the zero
reading at the base temperature before plotting on the graphs.

For each specimen tested, a transition point was observed. That is, the coefficient
of linear thermal expansion changed when a certain temperature was reached. For
those specimens cured at 180 F, two coefficients were calculated for the ranges of
temperature indicated, both before and after the transition point. Also, for most
specimens cured at temperatures below 180 F, this transition point manifested itself
by complete softening of the material. On each graph a straight line is drawn over a
range of temperatures which can conveniently represent an average of the data pre-
sented. This straight line has been used to compute the coefficient of thermal expan-

TABLE 4

COEFFICIENTS OF EXPANSION FOR TEMPERATURE
RANGES INDICATED

3-Day Conditioning 7-Day Conditioning
Conditioning Coeff. of Temp. Coeff. of Temp.
Temperature Expansion Range Expansion Range
(°F) (in./in. /°F) (°F) (in. /in, /°F) (°F)
180 0.0000125 53-113 0.0000114 70-120
0.0000714 113-200 0. 0000750 120-200
120 0.0000438 70-150 0. 0000388 60-150
77 0. 0000396 65-120 0. 00004 65-140
20 0.0000225 70-110 0.0000213 60-100

-40 0.00004 60-100 0.000035 60-100
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TABLE 5
EFFECT OF STORAGE LIFE OF COMPONENTS ON CONSISTENCY

Viscosity (cps)

Batch Time Storage Room Humidity Room Temp. C 1 c )

No. Tested Time? (%) (°F) omp. omp.
73 At mixing 1 mo 39 73 23, 250 20, 000
After storage 34 m 14,950 17,750

84 At mixing 3 mo 58 73 18, 350 28, 450
After storage 42 72 4,000 22,750

95 After storage 19 days 33 75 12, 400 25,050
98 After storage 33 days — 78 17,500 24,500
100 After storage 61 days 32 75 14, 600 22,750

%t 77 F, 50 percent relative humidity.

sion, which is applicable only within the range of temperatures indicated. Table 4
gives additional data for other curing schedules.

ADDITIONAL TEST DATA

In addition to the previous series of physical tests, several other tests were con-
ducted which were considered pertinent to the problem of bonding composite concrete-
to-steel beams. Some of these included the following:

1. Test for determining proper steel surface preparation. In this test, using sin-
gle shear adhesion specimens, different methods for preparing the steel surface were
investigated. Several solvents were tried for cleaning the steel surfaces. These were
ineffective because it was found that the steel also had to be roughened in addition to
being clean in order to insure adequate bonding. From the standpoint of field construc-
tion feasibility, one of the best surface preparations yielding consistent results was
sandblasting.

2. Test for effect of freeze-thaw cycling on adhesive bond. Single shear specimens
were prepared in the usual manner, wet cured for three days and conditioned for seven
days at 77 F. They were then subjected to 53 cycles of freezing in air and thawing in
water at a rate of 8 cycles per day in a Conrad machine. From the results of these
tests it was concluded that freeze-thaw cycling had an adverse effect on the failure
strength of the specimens. However, because all failures were mortar failures,
these tests indicated the deterioration of strength occurring in the mortar, and it has
not been proven whether the epoxy resin is affected by freeze-thaw cycling.

3. Effect of storage life of components on consistency. Table 5 gives information
concerning the effect of storage life of formulation components on consistency.

Batches 73 and 84 were hand-mixed using small wooden tongue-blades. After a one-
month storage period of each component, it was discovered that much of the silica
flour filler material had settled out of each component, and could not be satisfactorily
remixed into the components by means of hand mixing. This phenomenon was even
more pronounced in the case of a three-month storage after initial mixing. In this
case, even the liquid ingredients in the components tended to separate because of dif-
ferences in their specific gravities. This separation of components during storage,
and resulting difficulty in remixing after storage, caused a large drop in viscosity,
which once again was due mainly to the settling of the silica flour.

Batches 95, 98, and 100 were made from components mixed with an electric drill.
The viscosities of the components of these batches did not vary widely after their re-
spective storage times. This indicates that, when properly mixed, neither component
undergoes a serious change in viscosity over a lengthy storage period. Visual obser-
vation also demonstrated that there was much less tendency for the filler to settle out
after machine mixing, because this mix looked fairly homogeneous throughout. This
was not the case with hand mixing.
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TABLE 6

EFFECT OF STORAGE LIFE OF FORMULATION COMPONENTS ON
STRENGTH OF CURED SPECIMENS

No. of Conditioning Average
Batch No. Spec. Type Stress Cycles Time? Strength (or cycles
No. (psi)  (x 1,000) (days) to failure)
680 842 TE 3,380 7
843 TE 3,440 7 3,530
844 TE 3,770 7
845 BE 1,237 133 7
846 BE 1, 250 63 7 106, 000
847 BE 1, 250 122 7
848 S 5,230 21
849 S 4,810 21 5,027
850 S 5,040 21
851 SS-A 773 7
852 SS-A 734 7 745
853 SS-A 728 7
854 T 1, 200 93 21
855 g 1, 200 75 21 84, 000
856 T 1, 200 84 21
808 C 11, 200 21
816 C 11, 310 21 11,317
817 (64 11, 440 21
73¢ 925 TE 3,780 i
926 TE 3,490 7 3,580
927 TE 3,470 7
928 BE 1,125 171 7
929 BE 1,125 131 7 732,000
930 BE 1,125 1,894 R
931 S 3,340 7
932 S 4,320 7 3,970
933 § 4, 250 7
934 SS-A 596 7
935 SS-A 721 7 655
936 SS-A 648 7
937 T 1, 200 90 21
938 T 1, 200 110 21 100, 000
939 T 1,200 -d 21
940 c 9,900 7
941 C 10, 900 7 10, 427
942 c 10, 480 7
84¢e 1,163 TE 3,190 7
1,164 TE N.G. g 3,190
1,165 TE N.G. "
1,166  BE 1, 250 10 7
1,167 BE 1,250 12 7 15, 000
1,168 BE 1, 250 23 7
1,169 S 5,750 7
1,170 S 5,725 7 5,508
1,171 S 5,050 7
1,172 SS-A 848 4
1,173 SS-A 833 7 845
1,174 SS-A 853 7
1,175 T 1, 200 51 21
1,176 g% 1, 200 93 21 72,000
1,178 C 14, 250 7
1,179 c 10,510 7 12, 380

{:M, conditioning temperature of 77F.

Stored 7 days at T7F, 50 percent relative humidity.
“Stored 1 mo at 77F, 50 percent relative humidity.
:}Jaﬂection failure,

“Stored 3 mo at 77F, 50 percent relative humidity.
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TABLE 7

TEST RESULTS OF SINGLE SHEAR ADHESION SPECIMENS FOR VARIOUS TIME
LAPSES BETWEEN APPLICATION OF EPOXY AND MORTAR?2

Batch No. Spec. No. T"’zilﬁspse Str(g‘s‘%ﬂ‘

56 630 10 644
631 20 687

632 30 --b

633 40 665

634 50 718

635 60 600

62 809 50 768
810 60 630

811 70 660

812 80 680

813 90 460

814 100 653

73 1,790 90 640
1,791 120 615

1,792 150 648

1,793 180 562

1,794 210 716

1,795 240 805

934 5-15 596

935 5-15 721

936 5-15 648

a. P -
For conditioning of 7 days at 77F. All specimens suffered mortar failure.

bBroke in hendling.

4. Effect of storage life of formulation components on strength of cured specimens.
Table 6 shows the effect of storage life of the formulation components on the strength
of cured specimens. A comparison of these test results with the over-all series of
test results given in Figures 7 through 12 shows that the storage life of the components
has no significant effect on the strength of the cured system.

5. Test for interchangeability of different brands of epoxy resins in the same for-
mulation. A series of specimens was cast from batches of this formulation using dif-
ferent brands of epoxy resin. These test results, when compared with the general
series of test results of Figures 7 through 12, show that there is no significant differ-
ence between different brands of epoxy resin as long as they meet the specifications of
an equivalent epoxide weight 175 to 200, and viscosity between 10, 000 and 15, 000 cps.

6. Working life of epoxy resin formulation. Table 7 shows the results of tests that
were conducted to determine the effect of a time lag between the application of epoxy
to a steel strap, and the further application of mortar on top of the epoxy. These
strengths are comparable with those in Figure 12, and all failures occurred in the
mortar, indicating adequate bonding. Thus it can be concluded that time lapses of up
to four hours, and possibly more, may safely be allowed between the application of
epoxy to the steel and the further application of mortar to the epoxy.

7. Tests of single shear adhesion specimens without epoxy shear connectors. In
these tests the steel was sandblasted only, and the mortar was placed wet on top of the
sandblasted area. In all cases the shear strengths of these specimens were less than
one-fourth the values given by Figure 12, and bond failures were observed. These
tests proved the definite increase in shear strength due to the epoxy resin.
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CONCLUSIONS

Several important conclusions have been drawn from the results of this investigation.

General (Applying to All Epoxy Formulations)

1. Several factors other than strength alone govern the choice of a suitable formu-
lation. Examples are sprayability, viscosity, brittleness, ability to set in the pres-
ence of water, pot life, and resilience. A single epoxy formulation has been developed
as described in this report, which satisfies all of these considerations for the applica-
tions investigated.

2. A non-standard shear test (the Single Shear Adhesion Test) has been developed
which is considered reliable for predicting the shear strength of a metal-to-concrete
adhesive system.

3. A viscosity of 20, 000 centipoises for each component of a two-component epoxy
formulation will allow for proper spraying applications. To facilitate spraying, heat-
ing the components as part of the spraying operation is desirable.

4. There appears to be no definite correlation between the different types of physi-
cal tests; therefore, each formulation should be evaluated in all types of tests for each
specific application.

5. Power mixing is superior to hand mixing for preparation of the components and
for mixing the components together. The use of power mixing for preparing the com-
ponents provides for a longer storage life without settling of filler materials.

6. Silica flour filler is abrasive with spray equipment; nevertheless, some equip-
ment manufacturers make allowance for this with easily replaceable parts.

7. Sandblasting is the most satisfactory method for preparing a steel surface, and
is recommended for composite beam construction in the field.

Specific (Applying Primarily to Particular Epoxy Formulation Studied and Presented
Herein)

1. In properly prepared adhesion specimens of steel-to-mortar, with an epoxy ad-
hesive, the mortar is the weakest component of the cured system.

2. Epoxy resins from different manufacturers are interchangeable in the formula-
tion described in this report, provided that they are within the limits of epoxide equiv-
alent weight and viscosity specifications.

3. The epoxy formulation described in this report does not hinder proper concrete
curing and vice versa.

4, In using the recommended formulation, the concrete should be applied within
four hours after application of epoxy to the steel.

5. Freeze-thaw cycling of steel-to-mortar adhesion specimens did not noticeably
affect the epoxy, but did cause considerable mortar strength loss.

Culminating this study a series of quarter-scale composite beams, using the epbxy
resin as a shear connector, were statically loaded to failure and their behavior studied
by means of strain gages and other deformation indicators. The performance of these
beams was compared with that of monolithic concrete T-beams and stud shear con-
nected concrete to steel composite beams which were loaded to failure under identical
conditions. The results of these tests are reported elsewhere (3).

The results of this investigation show that an epoxy resin formulation satisfying the
strength demands of a composite beam bridge can be achieved, subject to the restric-
tions imposed by the testing program. However, further studies of performance and
characteristics are necessary before the selected epoxy resin formulation can be ap-
proved for use as a connector; such as creep, fatigue on glued joints, impact, strength
gain under various temperature conditions, and durability. These studies are now
being made in an extension to the research project.
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