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1. INTRODUCTION

1.1. General Background

A significant number of Iowa's single-span, composite concrete
deck and steel beam bridges cannot be rated to carry today's design
loads. This problem was initially addressed in a research project,
HR-214, "Feasibility Study of Strengthening Existing Single Span Steel
Beam Concrete Deck Bridges" [17,18], henceforth referred to as Phase I.
The Phése I research analytically and experimentally indicated that
post~tensioning was a viable method for strengthening the composite
bridges under investigation. Phase I1 of this research study, which
was reported earlier in "Strengthening of Existing Single Span Steel
Beam and Concrete Deck Bridges, Final Report--Part I," [16] was a con-
tinuation of the feasibility study (Phase I). The primary emphasis of
Phase II involved the strengthening of two full-scale prototype bridges.
One of the bridges was a prototype of the model bridge tested during
Phase I; the other bridge was skewed and had a larger span.

In addition to the field work, Phase II also involved a consider-
able amount of laboratory work. As only minimal data were found on the
strength of angle-plus~bar shear connectors and on the strength of high-
strength bolts vtilized as shear connectors, two-slab push-out tests
were performed to obtaim such data {12,16]. To obtain additional shear
connector informétion, the bridge model of Phase I was sawed into four
composite concrete slab and steel beam specimens. High-strength bolt
shear connectors were added to one exterior slab~beam specimen and to

one interior slab-beam specimen. The other two specimens {one interior



and one exterior) were left as originally fabricated. All four speci=~

mens were then tested, thus determining the effectiveness of the addi- -

tional shear connectors.

As previocusly mentioned, one of the bridges to be strengthened was
skewed; To obtain data on a skewed bridge's behavior and thus verify
the analysis being used? a small plexiglas model was fabricated. This
model, when subjected to vertical load distribution tests and post~
tensioning force distribution tests, provided valuable data.

Phase II1I of this investigation involved the imspection of the
two bridges approximately every three months for approximately two
years. After being in service for roughly two years, the two strength-
ened bridges were retested to determine changes in their behavior, any
decrease in the post-tensioning force originally applied (1982), and
the existence of end restraint. To facilitate the collection of strain
and force data on the two bridges (as well as any other bridges tested
in the future) tranducers were developed. Another part of Phase III
of the research study involved the development of a design methodology
for the practicing engineer to use in the design of a post-tensioning
strengthening system.

The results of Phase III of the investigation are reported herein
as Part IT of the Final Report and in Ref. 15 as the conclusion to the
overall research study. Because portions of the work of Phase III are
a continuation of work initiated during Phase II, the writers do not
wish the reports on these phases to be completely independent. Rather
than duplicate figures which apply to both phases of the study, this

report will refer to figures in the report on Phase II [16]. To assist

et e



the reader in locating the various figures the following numbering
system will be used:

Final Report - Part 1 [16]  Figs. 1-69, A-1 and A-2

Final Report - Part 11 Figs, 2.1-2.38
There is ne relationship between the figures of the "Design Manual"

(Final Report - Part III) {15] and the other parts of the final report.

1.2. Objectives for Phase II] of Investigation

The unifying objective of Phases I and II of the stu&y was to
determine the feasibility of the post-tensioning strengthening method
and to implement the technique on twe composite bridges in Iowa. As a
result of the successful completion of the first two phases of this
study, Phase II] was undertaken with the basic objectives of further
monitoring bridge behavior (both during and after post-tensioning) and
developing a practical design methodology for designing the strengthening
system in question. In lipne with the overall cbjectives of Phase IIi of
this study, the following specific objectives were established:

e To develop strain and force trapsducers to facilitate the col-

lection of data in the field.

e To investigate further the existence and effects of the end

restraint on the post-tensioning process.

& To determine the amount of post-tensioning force loss that

occurred during the time between the initial testing and the

retesting of the existing bridges.



e To determine the significance of any temporary temperature-
induced post-tensioning force change.
¢ To develop a simplified design methodology that would incor-
porate various variables such as span length, angle-of-skew,
beam spacing, and concrete strength.
Experimental field results obtained during Phases II and III were‘com-

pared to the theoretical results and to each other.

1.3. Literature Review

The reports on Phases I and I1 of this study [16,17] inciude
literature reviews that covered the following six areas: prestressed
steel structures, prestressed composite structures, bridge strengthen-
ing, bridge deck analysis, mechanical shear connectors, and effect of
skew on bridge deck behavior. Although the majority of these ref-
erences pertain to the work in Phase III a review will not be repeated
herein because of their availability in the other reports [16,17].
Since the issuing of the two reports previously described, two studigs
have been conducted that involved strengthening by post-tenmsioning;
these will be briefly described in the following paragraphs. Pertinent
references on transducer design and finite element analysis, which were
used in the completion of Phase III of this study, are given in Chap-
ters 2 and 5 of this report, respectively.

During Summer 1984 a steel-beam composite concrete~deck bridge
located in Pasco County, Florida near the intersection of County Road

54 and 1 was repaired and strengthened. This bridge consists of three



simple spans end to end; each span had four beams the same size. Aé

the desire was to increase the rating of the bridge from an H 15 to an
HS 20, it was necessary to post-tension all twelve beams. The strength-
ening system was designed by the consulting firm of Howard Needlesg
Tammen and Bergendoff (Orlande, Florida office). As the bridge to be
strengthened was different in several aspects from those strengthened
by the authors, Iowa State University proposed a testing program and
was retained by HNTB to do the proposed testing. The results of this
field work, effect of end restraint, relieved stresses, contipuity
between spans, etc., may be found in Ref. 4.

California has strengthened seven steel bridges [20] by post-
tensioning in the period from 1979-1984 and is planning to strengthen
at least twelve more. As the bridges being strengthened have beams all
of the same size and thus are all being post-tensioned, lateral distri-
butien of post-tensioning force is not a major problem. To date, all
bridges have been strengthened using strandAthat is enclosed in gal-
vanized pipes and grouted after post-tensioning. All prestressing
systems and anchorage hardware must be tested and approved by the

Caltrans Transportation LaboratoryAprior to installation.

1.4. General Research Program

As previously stated, Phase I1I of the study consisted of both a
field investigation and the development of a design methodology to be
used by practicing engineers. Details on these two undertakings are

presented in the following sections.



1.4.1. Field Testing Program

The field investigation consisted of three major undertakings: One
involved the development of strain and force transducers to be used for
simplifying data collection procedures; the second involved retesting
the two post-tensioned existing bridges; the third involved determining
the effect of temperature on the post-tensioned bridges to determine
the extent of any change in post~tensioning force due to normal temper-
ature fluctuations.

Transducer design criteria were establishéé with respect to the
particular data to be measured and the specimen from which they were
to be obtained. Designs were completed for both the strain and force
transducers, and a calibration procedure was developed, Both trans-
ducers {(force and strain) could operate with either a data acquisition
system or a commercial strain indicator. Several possible sources of
error in both transducers were investigated. A total of 10 strain
transducers and 10 force transducers were fabricated and calibrated.

The two existing bridges post-tensioned as part of Phase Il were
retested. Rridge ! (a four-beam 50-ft X 30-ft I-beam right«angle
bridge) is located in Dickinson County, 2.2 miles north of Terril on
county road N14. Bridge 2 (a four-beam 70-ft X 30-ft I-beam 45° skewed
bridge} is located in Greene County a few yards south of the Greene-
Webster County line on Iowa Highway 144. Both bridges were instrumented
with strain gages (most of which were applied during Summer 1982),
transducers,  and direct current differential trapsformers to monitor
their behavior. After employing static truck loading tests similar

to the tests conducted during Phase II, the post-tensioning force was



released to determine the extent of any losses in post-tensioning
force. The bridges were then re-strengthened by applying a post-
tensioning force slightly greater than what had been applied during
Phase I1. End restraint was closely monitored during all field test-
ing of the éxisting bridges.

A tempevature transducer system was developed so that temperature
differences between the steel beams and the post-tensicning tendons
could be determined. Temperature fluctuations were measured for the
individual components of the beam flange-tendon combination. From
these measured values the magnitude of temporary temperature-induced
post-tensioning force loss or gain was determined.

1.4.2. Simplified Design Methodology

For preliminary analysis and design in Phases I and II, the authors
modified an existing computer program that was based on a series solu-
tion to orthotropic plate theory. The orthotropic plate program gave
approximately correct results but, for improved accuracy, the authors
decided to develop a design methodology specifically for distribution
of post-tensioning. |

After exploring the theoretical methodé-worthotropic plate theory,
grillage theory and finite element theory--finite element theory was
selected because it could be used to determine the distribution for
both the axial force portion and the moment portion of the post-
tensioning. Finite element analysis was also much mofe adaptable to
the specific construction of the Iowa composite bridges.

Several series of three- and four-beam bridges designed as standard

bridges by the Iowa DOT and several individually designed four-beam



composite bridges were analyzed with a finite element bridge model to
determine axial forée and moment distribution factors. By means of
multiple linear regression, the finite element results were utilized
to determine relatively simple distribution factor formulas. The
formulas make use of relatively few bridge parameters such as aspect
ratio of the post-tensioned region, relative beam stiffness and a deck
thickness-to~span ratio to determine the distribution factors, Skew
did not affect the post-tensioning distribution as much as expected
and generally can be neglected if the skew does not exceed 45°.

The regression formulas give the axial force and moment factors
at midspan. For other locations on the span a simple linear interpola-
tion will give a very good estimate of the post-tensioning diétribution.

The design methodology is based entirely on service load design.
Under service load design, post-tensioning can relieve a certain amount
of flexural tension overstress. Posti-tensioning must be carefully con-
trolled, however, or it can cause overstress at locations other than
the location where stress is being relieved.

Post-tensioning also will increase the strength of a composite
bridge, although not to the same extent as it will increase service
load capacity. Tﬁe increase in strength for an individual bridge beam
can be computed using a simple analytical model devgloped by the authors
and contained in Section 5.5 of this report. Distribution factors at
ultimate load are not available at the time of this writing, however.

Post~tensioning can increase the flexural, service load capacity as
well as the flexural strength of a bridge. It does not significantly

‘affect the live-load distribution or bending deflection behavior of a



composite bridge. Bridge deficiencies other than flexural overstress
must be corrected by strengthening or repairs in addition to post-

tensioning.
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2. DEVELOPMENT OF STRAIN AND FORCE TRANSDUCERS

2.1, Strain Transducer System

2.1.1., Literature Review

Numerous types of strain transducers have been developed for use
in a variety of applications [11]. Many of these, such as the Huggen-
berger tensometer, were of the mechanical type. With the advent of the
electrical resistance strain gage, the general use of mechanical strain
transducers has declined considerably. The electrical resistance
strain gage has been employed in strain transducer systems 1o measure
both axial and biaxial strain fields on homogeneous and composite
materials {10,19].

The Federal Highway Administration (FHWA) several years ago
sponsored research investigating the possibility of using bridges as
a means of weighing trucks. A weigh-in-motion concept was developed
that ﬁtilized portable reusable transducers to measure bridge beam
strains. Information obtained from the FHWA concerned application of
the transducer to a steel I-beam. During August 1983, Bridge Weighing
Systems, Inc., gave a demonstration of weighing trucks on a bridge
located near Iowa State University. In this particular applicatiom,
strain transducers similar to the FHWA model were used to measure
strains on the bottom surface of prestressed concrete bridge beams.
Data were processed at the site by representatives of Bridge Weighing
Systems, Inc.; results obtained were in excellent agreement with pre-

determined values.
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Past experience during Phase Il showed that conventional strain

gage techniques were time consuming and required temporarily closing the

bridge to traffic to permit proper curing of the adhesive used to hond
the strain gages to the beams [16]. An alternate approach to conven-
tional strain gage techniques was needed for measuring the strains in
the steel beams resulting from post-tensioning or other types of locad-
ing. Thus an objective of one phase of this research study was to
develop 2 strain transducer system that could be used to measure the
. $trains in the steel beams and thus the effectiveness of the post-
tensioning strengthening system or the effect of vertical loads. To
be considered a feasible alternative, the straim transducer system
would have to hold a certain degree of operational advantage over a
conventional strain gage system in the areas of ease éf use and dura~
bility. Also, the strain transducer system would consistently have to
give results that were within an acceptable tolerance of correct strain

values.

2,1.2. System BDesign Criteria

The strain transducer system would operate on the same principle
as a strain gage; under axial loading conditions the transducer would
experience the same tensile or compressive deformations as the material
to which it was attached. The change in output voltage from the strain
gages in the transducer, caused by the deformations, could be measured
and equated to a certain strain in the deformed specimen in which
strains were desired. Therefore, the governing criteria for use in the
design of strain transducers can be divided into two major areas: Those

related to structural design and method of attaching the transducer

——

.
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system to the material in which strains arxe desired, sand those concern-
ing the strain gage circuit aund electrical recording devices.

2.1.2.1, S8tructural

Since no clamping method or bonding technique can be guaranteed to
hold siip between the transducer and beam flange to an absolute zero
reading, determination of acceptable slip tolerances is required. The
transducer will be in contact with the beam flange at two points
separated by a distance, L, referred to as the gage length. If the
beam is stressed uniaxially, this distance L onlthe beam flange will

experience a deformation ALb which is equal to g L, where &y is the

b
average strain along the gage length. The transducer, being clamped
to the beam, would experience a deformation ALT. If the amount of
slip, "S"-~defined as (ALb - ALT)u-is zero, then there is no error
involved due to slip and the transducer cutput voltage could be related
to the exact strain in the beam.

The relationship between percent error of strain reading and slip
is

% Error = —= x 100 (2-1)
£ L

In order to understand the physical significance of slip with respect
to transducer performance, this equation is applied to the FWHA model
transducer which has & gage length of three inches. For post-tensioning

work related to this research, the maximum & experienced would be

b

approximately 300 microinches per inch [16]. 1If 5% is considered the

maximum tolerable error in the strain transducer system, the maximum
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tﬁtal slip that could occur would be 45 microinches for the 3-inch gage
length. Since this amount of slip is extremely small, control of this
error must be achieved either through the actual transducer design or
by adequate attachment of the transducer to the steel beam flange so
that acceptable transducer system performance can be obtained.

As shown‘in the above equation, one way of controlling the effect
of slip on transducer performance would be to increase the gage length
L. However, given the stiffness of any particular tramsducer sensing
or spring element, an increase in the gage length would increase the
total deformation the spring element would undergo and thus require a
larger clamping or bonding force development between the transducer
and the steel beam. Also, if the beam strain as measured by the trans-
ducer is considered to be the beam strain corresponding to the cente¥
of the gage length, an efror can be introduced since this measured
guantity is the average strain along the gage length and not the strain
at a particular point {11}. This error will be present when consider-
ing any strain distribution other than one that is linear. If the
strain gradient is small with respect to a practical gage length, as
would be expected in the post-tensioned beams, the error introduced
would be small. Keeping the gage length as short as possible would
minimize the effect of this strain-averaging error and require the
smallest possible clamping force,

Since minimizing slip between the transducer-beam interface is
crucial, the stiffness of the instrumented sensing element of the trans-
ducer is also critical. The larger this stiffness, the greater the

bonding force that must be developed at the transducer-beam interface

N
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if slip is to be kept at acceptable levels, However, the transducér must
have enough structural durability so that it is not damaged during the
insiallation process and its performance is not affected by advexrse field
conditions. Spring elements that are stressed only in an axial sense
have a relatively high stiffness. Spring elements that are stresséd
principally by flexure, while costing considerably more to machine, can
be designed to have a lower stiffness than an axially loaded element
when comparing practical designs.

Various possibilities exist for incorporating flexural elements
into the transducer design [22]. Decreasing the stiffness of a partic~
ular design by adjusting one of the dimensional stiffness parameters,
while decreasing the possibility of glip, has the detrimental effect of
reducing the spring element's strain and thus the output voltage
signal from the transducer. Although a signal amplifier could be used
in the circuit, this approach could complicate the system's operation
by introducing self-generating voltages due to thermocoupie effects or
conductors crossing magnetic fields [9]. Therefore, any practical
design would have to produce a signal strong enough to be easily
recorded by all commercial strain indicators or data acquisition
systems. Since achieving optimum transducer performance is so depen-
dent on controlling slip, transducer stiffness rather than the level
of signal outpﬁt voltage is to be reparded as the controlling design
_factor when comparing these two criteria.

The dimensions of the spring element of the transducer are dictated
to some extent by the size of available strain gages. Points of maximum

stress on the spring element would need to be wide enough and easily
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accessible tor strain gage placement and circuit wiring. The configu-
ration of the transducer design would have to be compact enough to be
attached to the area in which strains are desired--in this case, beam
flanges. Most steel beams used in bridge construction have a cover-
plate welded to the bottom of the beam approximately two inches narrower
than the beam flange. The set-back of the coverplate would require
placing the transducer near the center of the beam's bottom flange,
thus creating clearance problems between the clamping system and the
steel beam's web. Therefore it is necessary to place the transducer
on the top surface of the bottem {lange. Since the transducer-clamp
assembly must fit into the space available on the flange area next to
the beam web, the maximum width--dimension normal to the longitudinal
akis of the transducer--should be two inches. This would allow the
trapsducer to be eésily clamped onto most wide flange sections used

in bridge construction.

An aluminum alloy, 2024-T4, was chosen as the material most suit-
able from which to fabricate the transducers [22)}. It had excellent
machining properties, good thermal conductivity to dissipate thermal
energy from the strain gages, and a relatively low modulus of elasticity,
thus giving a low stiffness. While the rated yield stress of 2024-T4
aluminum is 42 ksi, its stress-strain curve displays a curved yielding
region with no well-defined yield point. Any transducer design should
keep the maximum stress well]l below this nonlinear region., Minimiza-
tion of hysteresis, the magnitude of the deviation from linearity of
the strain gage system during cyclic loading, will also be achieved if

the stress in the transducer is kept low [11,22}].
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In addition to tyransducer stiffness and gage length, attachment
of the transducer to steel beams became a critical factor in achieving
acceptable transducer performance. Strain gage manufacturers have
develobed epoxies and application techniques to keep slip between the
strain gages and specimens at near-~zero levels. The practicality of an
epoxy bond in a2 transducer system is questionable. Considerable time
would be involved in surface preparation. The epoxy bond would most
likely be inadequate in shear if, the transducer had some finite stiff-
ness. Therefore, some sort of mechanical means is needed to hold the
strain transducer in position on steel beams. The flat surface of a
steel beam flange offers a good surface for developing the frictional
force neceséary to maintain displacement compatibility between the
beam flange and the transducer. While surface conditions of the steel
beam flange could vary greatly between bridges, the transducer clamping
system should operate with a minimum amount of surface preparation.

2.1.2.2, Circuit

Commercial strain gages are readily available in various sizes,
with many options for specific applications, and with a common initial
resistance of either 120 or 350 ohms. The size of the strain gages
used on the transducer should be kept as small as possible while stay-
ing within the skill level of those doing the actual instrumentation
work. The smaller the strain gage, the larger the deformaticn it would
experience with respect to its gage length, thus creating a larger
signal to be picked up by the recording instrumentation. It is antici-
pated that data from the transducer will be recorded using either a

data acquisition system or a commercial strain indicator, both of which
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employ a constant voltage power supply. The ratio of output to input

voltage for a wheatstone bridge is given by the equation:

NS e W B Bl
VoS 2 \R, "®, "R, "k (2-2)
{1+ r) 1 2 3 4
where

AE = change in bridge output, voltage,
measured in volts

v = bridge excitation voltage measured in
volts

r = ratio of resistance of arm 1 of bridge
to resistance of arm 2 of bridge

AR}’ ARZ, AR3, AR& = change in resistance of respective arms
in bridge, measured in ohms

Rl’ RZ, R3, RA = imitial resistance of respective arms in

bridge, measured in ohms

Thus, the strongest output signal per volt of input will be obtained if
120-ohm resistance strain gages are used [11}]. Sﬂrain gages with resist-
ance of 350 ohms can be used to reduce bridge circuit current levels if
heat dissipation problems occur. Given the good thermal conductivity
of 2024~T4 aluminum and the expected physical dimensions of the trans-
ducer spring element, the 350-ohm gages were not required.

The output voltage from the strain gages mounted on the transducer
is related to the strain on the beam flange by a calibration constant,
k. Any slight resistance change in the interpal arms of the wheatstone

bridge, such as that incurred from changing interbridge lead wire
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lengths, alters this calibration constant. Thus, to avoid a change in
calibration between each field test, a full wheatstone bridge arrange-
ment was required on the transducer itself. Completion of the wheat-
stone bridge on the transducer would allow for the use of different
lead wire lengths, which would commonly occur during testing at various
bridge sites. Quick-coupling electrical connectors were uséd outside
the wheatstone bridge (between the recorder and the transducer) to
énhance the system's convenience.

The full-bridge circuit configuration and self-temperature compen-
sating strain gages eliminated all major errors due to temperature
changes in the transduéer spring element [11]. Although refinement of
the circuit through the installation of appropriate internal resistors
in the bridge arrangement would have resulted in increased system pér—
formance and accuracy, this degree of sophistication was not necessary
{13). Using internal resistors to achieve the conditijons of initial
bridge balance was not possible since the transducer was preloaded to
a certain level during the clamping process. Zero shift or deviation
from the calibration factor, k, due to a temperature change could be
further minimized with the internal resistors, but the resistors'
effectiveness would be reduced if a null-balance type strain indicatox
was used. Since the transducer would most likely be used with null-
balance commercial strain indicaters, no internal resistors were used
in the transducer circuit.

2.1.3. Transducer System Design

A literature review revealed that the FHWA had developed a strain

transducer as part of a weigh-in-motion project that used the strains
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in bridge beams as 2 method of determining truck weights. Although
several transducer spring element designs (such as a double fixed-end
beam concept) were analyzed, the FHWA model seemed the most promising
when judged against the criteria stated in Section 2.1.2. Therefore,
this existing transducer design was fabricated and tested to determine
its sunitability for measuring beam strains when using the post-
tensioning method of bridge strengthening. Possible modifications to
the transducer were investigated, and a simple clamping technique‘
compatible with this transducer design was developed.
Figure 2.1 gives details regarding the strain transducer's various

‘dimensions. These design dimensions are basically the same as those

of the FHWA strain transducer. The overall width of 1 1/4 inches wasg
narrow enough for it to fit on the flange of any steel beam used in
composite bridge construction. Actual physical dimensions of the
transducer are large enough for easy handling in the field. The sym-
metric ring design was ideal for a full bridge strain gage configura-
tion and was large enough to allow strain gage placement. Wiring and
soldering of the bridge circuit were simplified by the hollow section
located at one end of the transducér. The three-inch gage length was
short enough to aveoid any significant strain averaging errors while
still being long enough to allow for a practical clamping method.
Analyzing the transducer as a simple ring structure with a constant
cross section, we found the axial force required to displace the trans-
ducer the maximum amount anticipated during the post-tensionimng process
was less thap 15 pounds {25). This is a conservative analysis of trans-

ducer stiffness because the ring-shaped spring element has a varying
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a. Overall dimensions.

b. Photograph of transducer.

Fig. 2.1. Strain transducer details.
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cross section and the total anticipated deformation was applied only to
the ring structure and not along the entire transducer gage length. The

necked-down region adjacent to either side of the ring structure reduced

the transducer stiffmess. Using the previously described analysis, the

maximum stress in the ring element of the transducer was less than 3 ksi,

which is less than 10% of the yield stress of aluminum 2024-T4. Since
the transducer's spring element preload stress level caused by the
clamping procedure cannot be accurately predicted, this relatively low

- live-load stress on the spring element was advantageous in assuring that
the spring element's total stress remained small.

As can be seen in Fig. 2.1, three 3/32-inch~diameter holes were
drilled and tapped at each end of the transducer. A 3/16~inch-long
steel set-screw was threaded into each hole. These pointed screws were
adjusted to protrude through the bottom side of the transducer's flat
bearing surface area; therefore, the transducer itself was not in con-
tact with the beam flange. In this case the points were used alene for
displacement transfer. The system was also tested to determine the
effect of using only a frictional-type displacement transfer between
the beam flange and the flai bearing surface of the transducer.

Figure 2.2 describes the electrical ciréﬁit used in the strain
transducer. Four 120-ohm self-temperature compensating strain gages
were placed in a full bridge configuration on the transducer spring
element., These gages were mounted on the transducer with a heat-cured
epoxy. All strain gages and electrical wiring were covered with a pro-
tective coating using standard procedures. ‘A quick-coupling electrical

connector was attached to the end of the twelve inches of jacketed four-
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a. Gage location

CONNECTOR AND COLOR CODE

PIN COLOR DESIGNATION
R BLACK MINUS POWER (E-)
B GREEN PLUS SIGNAL (5+)
C RED - PLUS POWER (E+)
D WHITE MINUS SIGNAL (S-)
E SHIELD
S~
WHITE

b. Schematic of wheatstone bridge arrangement.

Fig. 2.2. Strain gage location and electrical circuit layout of strain
transducer,
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conductor lead wire running from the transducer, adding to the system's
convenience of operation. The ground in the lead wire was continuous
through the guick-coupling connector but was not in contact with the
transducer.

Two four-inch C-clamps were used to provide the clamping force to
secure the transducer to the beam flange. A 0.30~inchFdiameter stud
0.25 inches long, welded to the stationary bearing surface éf each
C-clamp, fit into the 5/16-inch-diameter hole at either end of the
transducer. This kept the clamping force centered on the transducer
and in the same position each time the system was used.

2.1.4, Transducer System Laboratory Testing

2.1.4.1. Preliminary

The initial testing of the strain transducer had a three-fold
purpose: (1) to determine £he best clamping techniques for controlling
displacement compatibility between beam flange and transducer, (2Z) to
check the accuracy and reliability of the transducer over a number of
identical tests, and (3) to produce a simple test procedure for cali-
brating the transducer. |

Testing and calibration of the transducer was accomplished using
an axial loaded tension specimen--a 1/2~inch X 2 1/2-inch flat steel
bar three feet long. Load was applied through the tension mode of a
Baldwin Universal testing machine. The bar was instrumented with five
strain gages along the mid-length cross section; three were mounted on
one side and two on the other side. A slight curvature initially
present in the bar was removed as tensile load was applied, thﬁs creat-

ing the possibility of an unwanted secondary loading effect on the
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transducer (in addition to the ideal pure tensile condition) if not con-
sidered in the testiag procedure. Strain readings from both sides of
the bar were compared to determine that a 14-kip tensile load reduced
this curvaturé effect to a negligible level. The bar was positioned in
the tension grips so that the three strain readingé across the common
cross section gave the same reading, thus eliminating any moment about
the bar's strong axis. The testing apparatus and the transducer clamped
onto the bar aré shown in Fig. 2.3.

After loading the bar to 14 kipg (to eliminate thé‘initial curva=
ture effect), the transducer was attaéﬁed directly over the bar's
instrumented cross section and zerﬁfreadings recorded. One test cycle
of the bar-transducer system consisted of 16ading the bar up to 32 kips
(18 kips apparent load on the tranéducer) and then releasing the load
back to 14 kips. This loading produced a strain in the bar of 495 micro-
inches per inch, approximately 1.5 time§ the strain expected in a typical
bridge post~tensioning application. Transdﬁéef output voltage and bar
strain readings were‘taken at 2-kip intervals throﬁghout the loading
cycle. Between tests the transduce# was unclémped and then remounted
on the bar. Bar strain was plotted againét the ratio of the transducer
output voltage to the transducer excitation voltage. The slope of the
line through the experimental data, calculated using a least-sgquares
linear regression analysis, is the transducer's calibration factor.

Slip between the transducer and the bar could be detected by a non-
linear data plot or a sudden change in the slope between two data

points.
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Close~up photograph of strain transducer clamped
on calibration bar. '
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Using the—testing procedure previously described, the first tests
of the strain transducer were made with the previously described steel
points in place. Although various depth settings of the points were
tried, a stable and repeatable calibration factoer could not be achieved
using this approach. With the transducer clamped to the bar, the studs
seemed to experience small seating displacements over a long period of
time. This caused a significant and continual zero shift in the trans-
ducer output voltage. Considerable scatter in the data points occurred
during the bar's loading cycle. The idea of using the points for con~
trolling displacement compatibility was considered ineffective and even
detrimental; therefore, the points were removed from the strain trans-
ducer,

The concept of transferring displacements by developing only fric-
tional force on the flat bearing surface between the transducer and the
instrumented test bar was investigated using the previously described
test procedures. The repeatability of this approach was excellent,
with the average calibration factor from several tests being within 3%
of the extreme values. The transducer assembly was easy to attach to
the bar and displayed a steady reading under comstant load. Each C-
c¢lamp was tightened as much as possible by hand. The €-clamps had to
be held with one hand while being tightened with the other; otherwise
a rotation of the tightened clamp might twist the end of the transducer
about the ring element, creating a permanent deformation.

The performance of the transducers was also checked in compression.
The test procedure was identical to the one previously described except

that the bar was loaded to 32 kips before attaching the transducer.
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Once the tramsducer was in place, force in the bar was reduced to 14
kips and then increased to 32 kips. This simulated a compression load
on the transducer. As expected, results from this compression test
were in excellent agreement with results from the tension tests.

The strain transducer could be used without being damaged to
measure strains anywhere in the elastic region of structural steel., At
the yield stress of A7 steel (the typical bridge steel) thé stress in
the transducer is approximately 9 ksi, orlonly about one-fourth of the
yield stress of the transducer. Preloading of the transducer during the
clamping procedure would be expected to produce only minor transducer

stress levels relating to the problem of yielding the transducer

material.

2.1.4.2. Calibration

Ten transducers were fabricated and isstrumented as described in
section 2.1.3. The transducers were individually numbered 1 through 10
for identification purposes. In additiom, 20 4~inch C-clamps (1 pair
per transducer) were modified as described in Section 2.1.3. Each pair
of C-~clamps was individually numbered 1 through 10 to indicate which
pair of C~clamps corresponded to a given transducer. This identifica-
tion system ensured that a given transducer C-clamp agsembly would always
be matched to insure greater accuracy. In addition, one C-clamp was
marked with the letter A, which indicated it was to be clamped into the
hole adjacent to the lead wire end of the transducer.

Small differences in strain gage placement on each individual trans-
ducer's spriné element resulted in the need to calibrate each transducer

individually. Determining each strain transducer's calibration factor

R
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consisted of performing a least-squares linear regression analysis on
the déta from three separate calibration test cycles, conducted as pre-
viously described in Section 2.1.4.1. Figure 2.4 show typical results
of a calibration test cycle. Data points were recorded during both the
increasing and decreasing load cycles. The slope and y-intercept of
this set of data are as shown. The correlation of the data {that is,
its degree of deviation from an expected straight-line relationship)

is excellent. Transducer output voltage was plotted as a dimension-
less quantity (output voltage per unit excitation voltage). This
allowed the calibration factor to be applied to all types of instrumen-
tation using any level of direct-current constant excitation voltage.
if the recording equipment consisted of a power supply and a digital
voltmeter, the beam's indicated strain from the transducer would be

given by the equation
o (2-3)

where

AE = change in transducer's output voltage, measured in volts

V = transducer's excitation voltage, measured in volts
€ = indicated strain in beam, measured in inches per inch
® = transducer's calibration factor

In the previous expression, & simply relates the ratio of transducer
output voltage per unit input voitage to the strain in the beam flange.
A more common form of instrumentation for field use would be a

commercial strain indicator. With the indicator set to the gage fac-

tor of the transducer’'s strain gages, the indicator's reading will be
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CALIBRATION OF TRANSDUCER #9
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Typical calibration curve for strain transducer.
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the sum of the strain from the transducer's four strain gages. The
ratio of the transducer's output voltage per unit input voltage is

related to the transducer's actual strain by the expression [11]

AE _ 1

T T3 Sg (Zg) (2~4)
where

Sg = the gage factor of the transducer's strain gages

{Ze)} = the sum of the strain readings from the transducer's

four strain gages, measured in inches per inch
in order to relate the voltage ratio to the beam strain, each side of
the above equation is multiplied by the calibratioen constant, o, result-
ing in the expression

AE _ 1 -
¥ 5= = ag Sg (Z&) (2-5)

The left-hand side of the equation is now equal to the beam strain as
defined by Eq. (2~3). Therefore B, the calibration factor used with

readings obtained from a commercial strain indicator, is

B = u% S (2-6)
and the measured strain in the beam would be

e =B (Ze) (2-7)

where 8 relates the sum of the strains from the transducers to the
strain in the beam. The calibration factors, o and B, and the gage

factors for the ten strain transducers, are presented in Table 1. In



Table 1. Calibration constants for strain transducers:
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gage factor,

Sg = 2.115.
Transducer No. o B
1 0.621 0.328
2 0.619 0.327
3 0.582 0.308
4 0.616 0.326
5 0.574 0.304
6 0.609 0.322
7 0.637 0.337
8 0.622 0.329
9 0.606 0.320
10 0.595 0.315

PR —
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all instances these calibration constants were derived from data that
displayed excellent linearity, with the correlation of the data points
being very near one.

2.1.4.3. Curvature

During the calibration tests, steps were taken to eliminate any
curvature effect and tﬁus produce a pure tensile loading. However,
curvature would be present in the flexural behavior of the steel beams
during post-tensioning. This section describes tests conducted to
determine the effects of curvature on transducer performance. Figure
2.5a shows a transducer mounted onto the top side of the bottom flange
of a steel beam. The distance from the beam's neutral axis to the

transducer-steel beam interface is given as C This surface of the

1°
steel beam undergoes a strain, s when the steel beam is loaded in

flexure. Likewise, the distance from the steel beam's neutral axis to
the mid-depth of the transducer spring element is given
responding flexural strain at this locatiom is €y- The herizon&al mid-~
plane of the transducer spring element is 0.237 ihches (see Fig. 2.1)

above the top surface of the bottom beam flange; thus, C2 = Cl - 0.237.

The relationship between the true strain of the flange‘sutface and

the transducer's indicated strain, assuming no slip, is given as

£ (2.8)
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a&. Transducer clamped to beam flange.
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Fig. 2.5. Curvature effect on transducer performance.
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The percentage error due to flexural curvature is defined as

% Error = E = 1 2 X 100
£
1
C
- -
= & ¢, &
c x 100 (2-9)
1

Further manipulation of the above expression reduces the percentage

error term to

9 Error = °‘§37 x 100 (2-10)
1

As this expression shows, the percent error due to flexural curvature
is a function of the distance C}. Figure 2.5b plots the relationship
between % Error and the distance Cl' If this distance C1 is known, the
curvature error can be eliminated by dividing the measured strain &,y by
the factor 1 - % Error/100 (as shown in Eq. 2-8)., For practical bridge
beam sections, this error will be 2% or less.

To simulate bridge field testing conditions, a testing frameAand
beam specimen as shown in Fig. 2.6 was fabricated. A simply supported
W24 % 94-inch-wide flange beam spanning 13 feet was instrumented at
'midspan with a strain gage placed on the top surface of the bottom
flange two inches in from the edge. A strain transducer was then
clamped directly over the gage. To be consistent with proposed field
testing plans, no surface preparation was given to the areas where the

transducer was in contact with the unpainted beam flange. Using a



36

W-SHAPE CONNECTED
TO TEST FRAME

HYDRAULIC

CYLINDER
LOAD CELL

W24X94
=
STRAIN GAGE AND ) ‘ :
TRANSDUCER !
¢ OF SPAN | |
7177777777 : 77 ///./ 77
o 13'0" -

Fig. 2.6. Loading apparatus utllized in determining effect of
curvature on transducer performance.



37

hydraulic cylinder, the beam was loaded at midspan to 16 kips and then

released back to zero load; readings were taken at 2-kip intervals.

The maximum strain in the beam flange due to this loading was 140 micro-
inch per inch; this was approximately equal to the maximum strain values
recorded during bridge field testing in 1982.

The purpose of this test was to compare transducer indicated
strain, arrived at using a calibration factor developed as Section
2.1.4.2, with that strain measured by the corresponding strain gage.

Six tests were conducted in total, all under identical test conditions
using the same transducer. The transducer was unclamped and remounted
between tests. The results of a typical test are presented in Table 2;
as may be seen, the correlation between transducer and strain gage
readings was excellent. Transducer strain readings wefe within 3 micro-

inches per inch of strain-gage strain values. No slip between the

no significant errors in the transducer readings. On the basis of
results from the calibration tests and the beam test, the strain trans-
ducers were expected to give excellent results when employed in the
field.

2.1.4.4. Temperature

While the strain gages used on the transducers were self~
temperature compensating, a temperature-induced apparent strain could
still occcur during strain transducer system use. Alumipum has a
linear coefficient of thermal expansion approximately twice that of
steel: 13 X 10“6 inches per inch per © F compared to 6.5 X 10-6 inches

per inch per ® ¥. With the transducer clamped in a fixed position, an
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Table 2. Comparison of strain gage and transducer strain values for a
typical curvature effect test.
Load Strains {(Microinches Per Inch)
(kips) Strain Gage Transducer Difference
0 0 0 o
2 17 16 1
4 36 33 3
6 51 49 2
8 68 66 2
10 85 84 1l
12 163 100 3
14 121 118 3
16 138 137 1
14 119 117 2
12 102 100 2
10 84 82 2
8 67 65 2
6 50 48 2
4 33 31 2
2 18 15 3
0 2 0 2
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increase in temperature would cause the transducer to expand a greater
amount than the beam. The transducer, clamped in place on the steel
beam flange, would be placed in compression, and a temperature-induced
compressive strain would be included in any strain measurement recorded
from the transducer. If a temperature decrease occurred, the result
would be a temperature-induced tensile strain introduced into any strain
value measured with the transducer system. This temperature-induced
apparent strain value ap would therefore be the differential change in
length-per-unit length between the two materials based on their respec-
tive temperature changes and linear coefficients of thermal expansion.
Several tests were conducted in the laboratory to determine the

temperature-induced apparent strain characteristics of the traunsducer
system. TFor more details on these tests the reader is referred to

'''''' Ref. 3. As a result of the laboratory tests, various methods of mini-
mizing the apﬁarent strain effects were determined. After initially
clamping the transducer to the beam flange, a 15~ to 30-minute perxiod
should be allowed for the temperature of the beam flange-transducer
system to reach equilibrium. Once this has occurred, a temperature-
induced apparent strain of approximately seven microinches per inch
{the difference between the linear coefficients of thermal expansion
of steel and aluminum) will occur for a 1° F temperature change in the
beam flange-transducer system. To minimize the magnitude of any pos-
sible temperature change, the transducer should not he clamped in an
area exposed to direct sunlight. However, if field conditions should
ever require this, the transducer should be shaded by an appropriate

material. Also, the time interval between zero readings and ény load~
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point readings taken during the field test should be kept as short as

possible to minimize any error in strain measurements due to tempera-

ture fluctuations-

2.2. Force Transducers

One aspect of any post~tensioning work is measuring the fdrce
applied to the post~tensioﬁing tendons or strands. Standard practice
in the industry has been to measure tendon elongation and relate this
change in length to tendon force [23]. During the implementation of
the post—teﬁsioning strengthening method an error of 5% or more could
occur because of the possible margin of error involved in reading the
various measurements required. Jacking pressures can also bermeasured
and calibrated to tendon force; however, this method does not measure
the seating losses that occur when the jacking pressure is released.
Therefore, the feasibility of developing a transducer to measure the
post-tensioning force was investigated. Potential advantages of such
a system would be simplifying data collection by the use of electrical
equipment and being able to monitor the change in the post-tensioning
force due to truck loads on the bridge.

2.2.1, System Design Criteria

The design criteria stated in Sectiom 2.1.2 also apply to
force transducers. However, several problems unique to the approach
of applying a portable force transducer to tendon force measurement
had to be considered. If the high-strength post-tensioning tendons

were stressed to 60% of their ultimate strength, the typical strain
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would be approximately 3000 microincﬁes per inch. While this large
strain would decrease the error due to a given amount of slip, it would
algso increase the total deformation~per~unit gage length a transducer
would experience. Depending upon the stiffness of the transducer, a
secure clamping system involving relatively large clamping forces could
be required to control slippage. Due to the tendon's irregular surface,
the force transducer's clamping system would be more complicated than

the clamping technique used in the strain transducer system. Both Ii-inch
and 1 1/4-inch-diameter Dywidag threadbars were used in this post-tension-
ing project. These tendons were oval shaped with threads running down
two sides; therefore a smooth, flat surface for a frictiomal-type dis-
placement transfer between tendon and transducer was not present. To

be applicable to all possible field conditions, any force transducer

and its corresponding clamping technique would have to fit both tendon
sizes and be independent of thread orientation. For clearance reasons,
the force transducer would have to operate within a 2 1/2-inch radius
around the tendon.

Due to its long unbraced length, the unstressed tendon, when
placed in position in the post-tensioning brackets, would sag until it
hit the top surface of the lower beam flange along the beam midspan
region; this curvature is obviously removed when the tendon is stressed.
The curvature effect in the strain transducer system was negligible
since the ratio of the distance between the beam’s neutral axis and
the transducer to the distance between the beam's neutral axis and the
monitored surface was close to unity. With the tendons, this same

ratio will be significantly greater than one. Therefore, any change
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in curvature along the transducer's gage length could have an effect on
the axial load reading. To minimize this curvature influence in the
force transducer's signal, the transducer system was mounted so the
tongitudinal axis of the force transducer is in the same horizontal
plane as the post—tensioning tendon. Ideally, any flexure of the ten-
don would have a self-cancelling effect on the symmetrical spring ele-
ment of the force transducer.

2.2.2. Transducer System Design

Two completely different design approaches were initially con-
sidered for the force transducer; one involved a transducer with a
very small or "zero" stiffness while the other design required some
finite amount of stiffness in the system. The zero stiffness concept
is found in commercial tensiometers such as a Huggenberger tenscmeter.
The transducer can be displaced by a very small amount of.force; hence
clamping forces are minimal, and typically rubber bands or small springs
are used to hold the transducer in place. The finite stiffness design
would be similar to the strain transducer design; the clamping force
would have to be great enough so slip was controlled as the transducer
was displaced. The zero stiffness concept was considered to be too
fragile for practical field use. Therefore, because of the success of
the strain transducer system, the finite stiffpness design concept was
chosen for the force transducer.

As previously stated, the transducer itself was designed according
to the design parameters stated in Section 2.1.2. Figure 2.7 gives
the force transducer's configuration and dimensions. Analyzing this

force transducer, which was fabricated out of 2024~T4 aluminum alloy,
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Fig. 2.7. Force transducer details.
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as a simple ring structure.with a constant cross section, reyeals that
the axial force required.to_displace the transducer the maximum amount
anticipated during the post-tensioning process was 534 pounds [25].

Using the same analysis approach, the maximum stress in'the ring element
of the transducer was 14.6 ksi. This stress was slightly moré than one-
third of of the yield stress of 2024-T4 aluminum.

Strain gage location and the electriéal wiring for the force trans-
ducer are the same as that utilized on the strain transducer (see Fig.
2.2). Actual strain gage placement and wiring techniques are similar
to those stated in'Section 2.1.2.2.

As with the strain transducer system, the critical part of the
force trangducer system was the clamping mechanism. The design of the
clamp used to attach the force transducer to the ppst"tensioning tendon
is shown ip Fig. 2.8. This configuration would be versatile while pro-

viding a secure clamping syétéﬁ, The five heat~treated points could
be adjusted so that the U~clamp would fit onto either size tendon and
could be mounted independently of the tendon thread orientation. The
1/2-inch-diameter stud of the U-clamp was fit into the hole (slightly
greater than 1/2 inch'in.diameter) at each end of the force transducér
and locked into a poéition perﬁcn&icular to the longitudinal axis of
the transducer by tightening ﬁhe small set-screws placed in the ends

of the transducer. The entire one-piece assembly could then be posi-

tioned on the tendon, the 3/8-inch bolts in both U-clamps secured, and

the five set-screws in each U-clamp tightened with an allen wrench.
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2.2.3. Laboratory Testing

2.2.3.1. Preliminary

A loading system was devised that served both as a2 comparative
testing procedure and a calibration method for the force transducer
design. Two test specimens, a l-inch-diameter Dywidag threadbar and a
1 1/4-inch Dywidag threadbar each 3 1/2 feet long, were loaded using
the tension mode of the Baldwin universal testing machine. After the
force transducer assembly had been clamped onto the test specimen, the
load was cycled from zero to a load equivalent to 60G% of the tendon's
ultimate strength. Tensile load in kips was plotted against transducer
output voltage in terms of microvolts of signal voltage per volt of
excitation voltage. The slope of this line is the force transducer's
calibration factor. The force transducer syétem was removed and reclamped
between all tests.

Comparison of results between tests showed that a repeatability of
15% was obtainable, with most of the variation occurring daring the
very first part of the loading cycle. Testing of the force transducer
system showed its calibration factor to be independent of small posi-
tion changes with respect to the tendon that would naturally result
from removing and reclamping the force transducer on the tendon in
between tests. A more significant variation in the data was present
if the system was cycled through two or more load cycles without removing
and reclamping the system. Temperature-induced apparent force similar
to the apparent strain that could occur in the strain transducer could
also occur in the force transducer and could be minimized as stated in

Section 2.1.4.4.
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Stressing the post-tensioning tendons to 60% of their ultimate
strength produced a stress in the force transducer of approximately
18 ksi or 43% of the transducer's yield stress. Since a preload streés
could exist in the force transducer because‘of the c¢lamping procedure,
this tendon force level should be considered the upper limit for safe
operation of the force tramsducers.

2.2.3.2. <Calibration

Ten force transducers were fabricated and instrumented as per-
Section 2.2.2. Determination of the calibration factors for the force
transducers and the use of recording equipment is the same as that
described in Section 2.1.4.2 with one exception; only data from the
increasing loading cycle of the tests were used in the actual calcula-
tions for the calibration factors. The force transducers would not be
used in cyclic loading conditions, so this approach was reasonable and
resulted in a more accurate calibration factor. A plot of tendon force
vs. transducer output voltage for a typical loading cycle is shown in
Fig. 2.9. The slope and y-interce?t (or zero shift) of the data are as
sﬁown. The correlation of the data points for this loading cycle was
excellent. For reasons previously stated, transducer output voltage
was plotted as a dimensionless quantity (output veoltage per unit input
voltage). The calibration constants for application of the force
transducers on 1 inch and 1 1/4 inch-diameter tenden and gage factors
are given in Table 3. 8Similarly to the strain transducers, these cali-
bration constants were derived ffom data that displayed excellent

linearity with the correlation of the data points being very near one.
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Table 3. Calibration constants for force transducers mounted on 1I-
inch and 1 1/4-inch~diameter tendons: gage factor, Sg = 2.09.

1~Inch Diameter Tendon 1 1/4-Inch Diameter Tendon

Transducer No. o B o 8
11 0.0285 0.0149 0.0343 0.0179
12 ~ 0.0263 0.0136 0.0341 0.0178
13 0.0262 0.0137 ' 0.0321 0.0168
14 0.0259 0.0135 0.0331 0.0173
15 6.0257 0.0134 0.0338 0.0177
16 0.0246 0.0150 0.0330 0.0172
17 0.0288 0.0150 0.0356 0.0186
18 0.0242 0.0126 0.0339 0.0177
19 0.0259 0.0135 0.0316 0.0165

20 0.0263 0.0137 0.0334 G.01L75
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2.3. Force Transducer Field Tests

The following sectien describes the performance of the strain and
force transducers during the field testing conducted during Summer 1984
on the two previously mentioned post~tensioned bridges in Iowa. These
results are limited for reasons explained later in this section. For a
detailed report regarding the strain transducer's performance during
actual bridge testing, the reader is referred to Ref. 3,

During the rvetesting of the two post-tensioned bridges, the strain
and force transducers were used in conjunction Qith the strain gages to
monitor both bridges' behavior. Transducer readings were compared with
strain gage readings to evaluate both transﬁucer systems' performance
under actual field conditions. On both bridges, strain transducers were
placed next to the strain gages at ﬁidspan and néxt to the strain gages
at the endspan point. All strain transducers were mounted on tﬁe top
side of the bottom beam flange. A force transducer was mounted at the
guarterspan point of each post-tensicning tendon. All post-tensioning
tendons were blocked to reduce sag and thus minimize any possible cﬁrvau
ture effect on the measured force. All data from the transducers and
strain gages were recorded with the data acquisition system. Numerous
zero readings were taken throughout the testing program of both bridges
to reduce the pessibilities of zero shift in the transducer data.

Although both bridges were instrumented with strain and force
transducers, a grounding problem with the data acquisition system

resulted in the loss of useful transducer data from the testing of
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Bridge 1. Thus, the gnly data available on transducer performance.were
obtained during the testing of Bridge 2. The strain transducer system
was easily and quickly implemented in the field. No beam flange sur-
face preparation was required other than scraping the area free of any
loose paint or dirt. Correlations between strain gage and strain trans-
ducer readings at midspan were excellent for both the post-tensioning
tests and the static truck loading tests. The maximum variance between
any corresponding measured strains was 3%. However, correlations between
strain gage and strain tramnsducer readings at the endspan points (15
inches from the supports) were poor. No pattern could be detected be-.
tween the bridge loading and the endspan strain transducer's response.
The steel beam's behavior and response to bridge post-tensioning and
loading in the vicinity of the supports is more complicated than at
midspan. This may have contributed to the strain transducer's loss of
éccuracy in measuring endspan strains.

Correlation between force transducer data and the tendon force
values calculated from strain gage readings was not as close as that
which had been achieved during laboratory tests. While some force
transducer values were within the 5% accuracy range that was experi-
enced in previous iaboratory work, other force transducer performance
was only fair. A greater error was observed in the force transducer
readings taken during the initial step of loading or releasing the
tendon force than had been observed in calibration tests.

Although it provided a relatively secure clamping arrangement,
the clamping mechanism itself proved to be more tedious to operate

than had been expected. The close proximity of the steel beam to the
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tendons restricted the available working area needed to attach the U-
clamps. While still achieving some success, the problems encountered
with the force transducer clamping mechanism detracted from the overall
efficiency of the system when the mechanism was used to measure the
initial appiication or release of the post-temsioning force.

Considering all factors, the force transducer's performance was
less than satisfactory. For practical applications, such as strengthen-
ing other bridges by post-tensioning, the force transducers would provide
force measurements {force in tendons, seating losses; etc.) within +5%
accuracy. However, if more accurate results are desired, which is
usually the case in research, the transducers should not be utilized.
For research, strain gages sﬁould be applied directly to the tendons

for determination of the force in the tendons.
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3. RETESTING OF BRIDGES 1 AND 2

3.1. General Background

As previously stated, the testing portion of Phase III of the study
consisted of retesting both Bridpes 1 and 2. Bridges 1 and 2 were
strengthened during the summer of 1982, At that time each bridge was
tested to determine the response of the bridge

® to an overloaded truck before post-tensioning

® to post-tensioning

® to the overleoaded truck after post-tensioning
Each bridge has been visually inspected essentially every three months
since the post-tensioning force was applied.

During these quarterly inspections, no variation in behavior was
noted in Bridge 1. The only physical difference observed was a slight
increase in the size of the cracks in the wing walls; the change was
considered minor. |

Inspections of Bridge 2 were also not noteworthy until Summer
1983. Inspection of Bridge 2 during the Summer 1983 revealed that the
bridge deck was being rehabilitated. Most of the concrete deck had
been removed down tc a level slightly below the top layer of deck re-
inforcement. In addition to this, major portions of the curb section
had been removed. Over the east exterioy beam, at approximately the
quarterspan point, a portion of the deck roughly four feet square had
been completely removed. As the post-tensioning force was still in
place on the bridge, large upward displacements were visible because

of the removal of dead load and the veduction in the effective section.
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As the rehabilitation activity was nearly completed before we were
aware of it, no instrumentation was in place, and thus no measurements
of deflections, strains, etc.; were obtained. When the curbs and deck
were cast on the bridge later in Summer 1983 and the bridge reopened
to traffic, large upward displacements~-larger than those measured
during Summer 1982--were still observed. More details on this upward
displacement will be provided in Section 3.3.2.

During Summer 1984, roughly two years after the initial strength-
ening, both bridges were retested. The employed test program, which
was essentially the same for both bridges, consisted of determining
each bridge's response, strains, and deflections to the following five
loading conditions:

1. An overloaded truck was placed at the positions used in
earlier tests (Phase II, 1982) with post-tensioning force
stili applied.

2. Post-tensioning force was removed from the bridges.

3. The same overloaded truck was placed at the same positions
after post-tensioning force was removed. |

4., Post~tensioning force was reapplied to the bridges.

5. The same overloaded truck was placed at the same locations
after post-tensioning of the bridge has been completed.

Detailed descriptions of the two bridges in question were presented in
the Final Report--Part I [16]. In the Final Report, photographs of the
two bridges--with the postwtensioning strengthening system in place--

are shown in Fig. 14.‘ The framing plans and midspan cross sections for

Bridge 1 and Bridge 2 are presented in Figs. 15 and 16, respectively.
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Post-tensioning tendon location and brackets utilized on Bridge 1 are
shown in Fig. 19; similar information for Bridge 2 ma& be found in
Fig. 20. Detailed drawings for the brackets used on Bridge 1 and
Bridge 2 may be found in Figs. A~1 and A-2, respectively.

In the following sections, details on the instrumentation, test

procedures, and test results will be presented.

3.2. Instrumentation and Test Procedure

The instrumentation for the tests consisted of electrical-
resistance strain gages (mounted during Phase II of the study), strain
and force transducers {developed during this phase of the investigation
as mentioned in Sections 2.1 and 2.2}, and direct current displacement
transducers‘(DCDT's).

In addition to strain gages already in place on the bridges, a few
additional gages were mounted for the purpose of detecting end restraint.
An automatic data acquisition system was used to read and record the
output from the strain gages, strain and force transducers, and DCDT's.

Because of the similarities in the two bridges, the instrumentation

layout, testing program, location of loading, etc., will be discussed

together for both bridges. Figure 2.10 indicates the location of the

strain gages, strain transducers and DCDT's utilized on Bridge 1. At
each of the eight sections instrumented for strain detection, two strain
gages were placed vn the upper surface of the bottom flanges (1 1/2
inches in from the flange edge) with their axes parallel to the axis of

the beam. This position of the strain gages (upper surface of lower
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Bridge 1. The strain instrumentation 15 inches from the centerline of
bearing on the north end of the four beams was used--as was the case

on Bridge 1--to estimate end restraint. The telescoping pipe arrange-
ment used on Bridge 1 was also used on Bridge 2 to support the DCDT's.

The field testing program on each bridge consisted of determining
each bridge's response, strains, and deflection to the five loading
conditions previously described.

The trucks (configuration and weights) used to load the bridges
are shown in Fig. 2.12. The same truck was used to load Bridge 1 during
the 1982 and 1984 testing. However, because of the amount of sand being
carried, the truck was approximately 3440 pounds (60.5hk Vs, 63.98k)
heavier during the 1984 testing. Although the vehicle used to load
Bridge 2 was slightly longer and heavier than the one used during the
testing of Phase 1I (Fig. 33a vs. Fig. 2.12), for all practical pur-
poses it provided the same loading.

The load points shown in Figs. 2.13 and 2.14 indicate where the
center of gravity of trucks (see Fig. 2.13b for Bridge 1 and Fig. 2.14b
for Bridge 2) used in the loading of Eridges 1 and 2, respectively,
were positioned. Figure 34 vs, Fig. 2.13 (Bridge 1} and Fig. 35 vs.
Fig. 2.14 (Bridge 2) show that the positioning of loading used on each
of the two bridges this past summer was essentially the same as that
used during Summer 1982, Trucks were positioned at these 1ocatioﬁs
with 1982 post~tensioning force in place (load condition 1), with 1982
post-tensioning force removed (load condition 3) and with post-tensioning

force reapplied (load condition 5).



60

C.11W

3 1/2"

CG_¢_ N __. 6' 7"

11' 6.92"
14] 85!

AXLE LOADS: 13.48° 50.50
TOTAL . 63,985
a. Vehicle used on Bridge 1.

i emimin g.lgw.,_______j_

_ n N e | e
3t 4 1727 . f0.19W}[0. 194

6I 9” 61 1"
| I c6

b 10. 124 E:(').lgw ﬁ).ww
12' 10.94"
15! _
! 4[ 3"
. K K K
AXLE LOADS: 14.94 23,125 23.12
TOTAL . g1.18"

b. Vehicle used on Bridge 2.

Fig. 2.12. Wheel configuration and weight distribution of test
vehicles.



G1

; 30! Ou A—i
o 15' 11 1/4"————-‘J
I

¢ BRIDGE
a. Cross-section.

51' 3' ¢ -G BRG >
1/4 SPAN ;i 1/4 SPAN
!
—& & & G LANE 1
I I
-2 # - § LANE 2
|
~®§s- Bmen  ang 3!; G LANE 3
| |
~—& @ & G LANE 4
—N .

b, Plan view.

Fig. 2.13. Location of test vehicle-~Bridge 1.



62

LANE 3

LANE 4 LANE 2

2&

= v s |22 e 1
ligall ligmll

- Y .

Wlﬁi 11*!!_,_______*

BRIDGE ¢

a. Cross-section.

| 71' 3" g-§ BRG e

A _
LANESQ_/'_ .} —%- ad

LANE 4 ¢ z - — . 4
- - - § LANE 3

- — ¢ LANE 2
Pt i

- ¢ LANE 1
> > A ./

¥ SPAN ¢ ¥ SPAN NORTH

b. Plan view.

Fig. 2.14. Location of test vehicle~~Bridge 2.



63

On Bridge 1, the truck was positioned over the 12 loading points
shown in Fig. 2.13b by having the truck head south in Lanes 1, 2 and 3
and north in Lane 4. The iocations of the various lines are shown in
Fig. 2.13a. Because of symmetry, the results from the truck in Lanes 1
and 4 should be essentially the same.

The second truck (see Fig. 2.12b} was positioned on Bridge 2 (see
Fig. 2.14b) by having the truck cross the bridge in five different lanes
and stop so that the truck's center of gravity was at the 15 different
predetermined locations. Five crossings (three with the truck headed
north and two with the truck headed south) were necessary because of the
skew of the bridge. The location of the lanes used by the truck when
it crossed the bridge is shown in Fig. 2.14.

Post~tensioning was removed and applied to the exterior beams of

the two bridges utilizing 120-kip capacity, é~inch-stroke hollow~core~-

cylinders controlled the position of the tendons onr each bridge relative
to the bottom flange. Only two of the previocusly described cylinders
were available during the Phase II testing {1982). With the purchase
of two additional cylinders (for a total of four) the post-tensioning
scheme utilized during Summer 1984 was different from that of Phase II.
Since the stebs in post-tenéioning were significantly different for the
two bridges, they will be presented separately in the following para-
graphs.

As Bridge 1 had four post~tensioning tendons (two per exterior
beam) and there were four hydraulic cylinders available, it was pos-

sible to remove the post-tensioning force from the bridge in one oper-
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ation. The post-tensioning force was removed in three approximately
equal increments. After the post-tensioning force was completely off
the bridge, deflections and strains were recorded. After a 10-minute
period, deflections and strains were again recorded to detect any

change in the end restraint. The test vehicle was then driven across
the bridge three times; after each crossing strains and deflections

were recorded to determine if the truck loading had changed the end
restraint. After the previously described vertical loading tests were
completed, the post-tensioning force was reapplied to the bridges.
Because of end restraint, the post-tensioning force applied to the bridge
in Phase II (average 182.01 kip per exterior beam) did not produce the
desired strain reduction. Thus it was decided to increase the post-
tensioning force applied in 1984 to 200 kips per beam (a 9.9% increase).
This force was applied to the bridge in three approximately equal
increments, and data were taken after each increment. After seating
losses, Beams 1 and 4 had 197.49 kips and 196.10 kips of post-tensioning
force respectively. Based on the average of these two values, 196.79
kips, there was 1.6% less post-tensioning force than desired (200 kips
per exterior beam). However, the 196.79 kips constitute a 8.1% increase
over that applied to the bridge (182.01 kips per exterior beam) in

Phase II.

Removing the post-tensioning force from Bridge 2 had to be done in
steps as there were eight tendons post-tensioned and only four hydraulic
cylinders available. Force was first removed from the four top tendons
{1-inch~diameter--see Fig. 20b) in three approximately equal increments

with strain and deflection data being recorded after each increment.
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Hydraulic cylinders were then repositioned to remove the force from

the lower tendons {1 1/4~inch diameter). Similar to the procedure fol-
lowed on the upper tendons, force was removed in three stages with

data taken after each stage. As was done on Bridge 1, data were taken
10 minutes after releasing the post-tensioning force and after having
the test vehicle pass over the bridge three times in an effort to detect
change in the end restraint. As a result of the end restraint present,
the post*tenéioning force applied during Phase II (average 305.58 kips
per exterior beam} did not produce the desired strain reduction. Thus
it was decided to stress each bar to the manufacturer's prescribed
working prestress level (76.5 kips for l-inch-diameter tendons) and
112.5 kips for 1 1/4-inch-diameter tendons (378 kips per exterior beam).
Force was applied to the lower tendons first, since they were larger
than the upper tendons and thus carried more of the total post-tensioning
force. When force was then applied to the upper tendons there were
smaller elaétiC‘shortening losses to be accounted for because they were
smaller and thus carried less force. Force was first applied to the
bottom tendons (1 1/4~inch~diameter) in three increments. After seat-
ing losses, Beams 1 and 4 had post-tensioning forces of 223.6 kips and
229.6 kips respectively., The hydraulic cylinders were then repositioned,
and force was applied to the upper tendons in three approximately equal
increments. After seating losses in the upper tendons and elastic
shortening of the bridge causing a loss of force in the lower tendons
were accounted for, the force on Beams 1 and 4 was 372.4 kips and 370.0¢
kips respectively. Based on the average of these two values, for 371.7

kips there was 1.7% less post-tensioning force than desired (378 kips
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per exterior beam). The 371.7 kips of force, however, are 21.6% greater
than those applied to the bridge in Phase II. When the upper tendons
were tensioned, there was a 2.7% loss in force in the lower tendons due
to elastic shortening of the bridge.

The procedure used to obtain data on both bridgeé for the trucks
in the various locations as well as for the various stages of post-~
tensioning follows:

1. To record zéro strain readings for all strain gages, strain

and force transducers, and DCDT's

2. To apply loading (truck, post-tensioning, or truck plus post-

tensioning) at desired locations

3. To record strain, force, and deflection readings as in Step 1

to note any changes in bridge behavior

4. To remove truck loading from bridge and check initial zero

reading. Obviously this could not be done when the post-
tensioning forces were involved

5. To repeat steps 1 through 4 for all loading conditions (see

Section 3.1)

3.3. Test Results and Analysis

Experimental results of the various field tests performed will be
presented in this section. Detailed descriptions of the bridges and
the various tests performed on them have been presented in the preced-
ing sections. In most instances the experimental results will be

compared with theoretical results,

N
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In Phases 1 [17) and I1 [16] of this investigation, orthotropic
plate theory was used in the theoretical analysis. In this phase
{Phase III} finite element analysis has been used to determine theoreti-
cal results. Thus in this section, experimental results are compared
with theoretical values that have been determined wvwtilizing finite
element analysis.

Temperature effects are not presented in this section but may be
found in Section 4. The effectiveness and reliability of the strain
and force transducers have been presented in Section 2.3. Throughout
the course of this study questions have arisen as to what effect the
post-tensioning forces have on the ultimate flexural strength of the
bridge. A discussion of the increase in ultimate flexural strength
provided by the post-temsioning is presented in Sections 5.4 and 5.5.

3.3.1. Bridge 1

As stated in Section 3.2, the post-tensioning force was applied to
Bridge 1 in three steps. Strains occurring in the bottom flange after
each step of post-tensioning are shown in Fig. 2.15. A comparison
between the measured post-tensioning strains (post-tensioning force
= 196.8 kips per exterior beam) and the theoretical strains assuming
both simple supports and fixed ends is shown in Fig. 2.16. Midspan
and end bottom flange beam strains are shown in Fig. 2.16a and Fig.
2.16b respectively. As is shown, the measured strains are essentially
midway between the two theoretical curves. The significant magnitude
of strains measured nine inches from the "simple supports" verifies the
existence of end restraint and the resulting effect at midspan. This

same end restraint was noted during the testing of Phase Il and is
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believed to be caused primarily by reinfercing steel extending from
the bridge deck and curbs into the abutments. A mare detai]ad.explana—
tion ¢of this behavior may be found in Ref. 16.

A comparison between deflection and strain data resulting from
post-tensioning during Phases II and III is presented in Table &4,
Several observations may be made in reviewiﬁéfthis data. A post-
tensioning force of 182.0 kips was applied to the exterior beam of the
bridge in Phase 1I; however, when this force was removed in Phase 111
a2 magnitude of only 172.0 kips was measured. This 5.5% decrease is
thought to be primarily the result of reduction in the amount of end
restraint preéent. Although a larger post-tensioning force was applied
during Phase II[ than in Phase I1 (196.8 kips vs 182.0 kips), the
resulting deflecéions and strains in the exterioy beams were smaller,
although not by a significant amount. The deflection and strains
measured in the interior beams during the three cases of post-tensioning
were essentially equal. The only explanation for this behavior is the
previously noted end restraint. Table 5 presents strains and deflec-
tions resulting from the truck Ioéding being applied in Lane 1 (see
Fig. 2.13) with and without post-tensioning forces being present during
Phases Il and I1I. Values given in this table‘are only due to the ver-
tical loading and do not include strains and deflections resulting from
pest~tensioning. Note the excellent agreement in magnitudes of strains
and deflections found in the interior beams in the five loading cases.
There is also very good agreement in the magnitude of étrain and deflec~
tion found in the exterior beams. Some of the variations seen are the

result of a slight difference in truck weights in Phases Il and TI1



Table 4.

Comparison of experimental post-tensioning force data: Bridge 1.

Post~tensioning

Force: Kips/

Deflection at

Midspan of Beam-Inches

Bottom Flange Strains--Microinch per Inch

at Midspan of Beam at 9" from End of Beam

Exterior Beam 1 2 3 4 1 2 3 4 1 2 3 4

1 PS = 182.0 ‘82 0.206 0.086 0.087 0.198 -144 -59 -60 ~-149 a a a a

2 PS5 =-172.0 'B4 -0.145 -0.071 -0.079 -0.162 137 52 55 1é6 -108 +17 b -131
3 PS = 196.8 ‘84 0.181 0.087 0.087 0.175 -129 -58 -58 ~-135 136 -21 b 152
a = No instrumentation in 1982

b = channel not working on DAS

I/



Table 5. Comparison of experimental truck loading data (truck in lane 1): Bridge 1.

Post-tensioning Deflection at Bottom Flange Strains--Microinch per Inch
Force: Kips/ Midspan of Beam-Inches at Midspan of Beam at 9" from End of Beam
Exterior Beam 1 2 3 4 1 2 3 4 1 2 3 4
1 PS=0 ‘82 -0.206 -0.161 -0.048 0.001 127 90 24 0 a a a a
Z PS5 = 182.0 182 -0.187 -0.149 ~0.046 0.003 129 93 21 ‘ -1 a a a a
3 PS=172.0 '84 -0.211 -0.152 -0.043 0.003 153 9% 22 -2 -64 -41 22 11
4 PS =0 ‘84 -0.22% -0.159 -0.047 0.008 162 100 24 3 -42  -40 27 21
5 PS = 196.8 '84 -0.201 -0.153 -0.045 0.003 147 97 21 -5 -73  -43 25 12

a = No instrumentation in 1982

7L
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(60.54 kips vs. 63.98 kips). The maximum increase in post-tensioning
force, 4.87 kips, as a result of vertical leading was determined when
the truck was in Lane 1. This was just slightly less than the increase
measured during Phase 11 of the study. Considering all the variables
invelved, essentially no difference in behavior was found in the bridge
between the testing of Phases IT and III.

3.3.2. Bridge 2

The post-tensioning force was applied to Bridge 2 in six steps--
three approximately equal increments of force on the lower tendons
followed by three approximately equal increments on the upper tendons.
Figure 2.17 illustrates the bottom flange strains measured after each
of the six steps. Although the force applied to each beam was essen-
tially equal (average of the two values is listed on the graph), the
resulting strain pattern is not symmetrical (with respect to the longi-
tudinal centerline.of the bridge}. Quite possibly the deck and curb
repairs created asymmetrical conditions within the bridge. Theoreti~
cal values of mid;pan and end bottom flange beams strains along with
the experimental ?alues are bresented in Fig. 2.18. As was the case
on Bridge 1, Bridge 2 also had considerable end restraint. In the
exterior beams the experimental data are closer to the fixed-end theo-
retical curves than to the simple-span theoretical curves. This
implies the bridge is behaving closer to the fixed-end condition than
to the simple spam condition. Thus there is a greater degree of end
restraint present in Bridge 2 than in Bridge 1. This is the result of
the skew plus the end details; Ref. 16 contains a detailed discussion

of this. The negative theoretical strains associated with Beam 1,
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shown in Fig. 2.18b, are thé result of the section of interest being
15 inches from the end of the support and thus in the immediate vicinity
of the pqst-tensioning bracﬁet (sée Fig. 20 of Part I)}. |

Deflection and strain data resulting from post-tensioning during
Phases II and II1 are presented in Table 6. The difference seen between
the 1982 and 1984 data is mostly the result of the resurfacing of the
bridge during Summer 1983. A brief description of this resurfacing was
presented.in.Section 3.1. In Phase II, a post-tensioning force of
305.6 kips was applied to the exterior beams of the bridge. In Phase
I¥1 when the post-tensioning force was released, a magnitude of 271.5
kips per exterior beam was measured--a decrease of 11.2%. Most of this
decrease was the result of the resurfacing! When the bridge was post-
tensioned in Phase III with a force of 371.2 kips per exterior beam
(21.5% greater than applied in Phase II), larger strains and deflections
resulted, as one would expect; however, the increase was not as large
as expected because of the increase in deck thickness as a result of
resurfacing.

Strains and deflections resulting from the truck loadirg in Lane 1,
{see Fig. 2.14) are given in Table 7. These data are from both Phases II
and 11 with and without the post-tensioning forces being appiied. Also
to be noted is that the data are only due to vertical loading and do not
include the effectg of post-tensinning.. There is very good agreement
between the deflections and strains from the five loading cases. Al-
though the values measured ip case 3 are slightly less than the other
four cases, it is not a significant difference. A review of the end

strains (15 inches from the beam ends) in this table and Table 5



Table 6. Comparison of experimental post-tensioning force data: Bridge 2.

Post~tensioning

Deflection at

Bottom Flange Strains--Microinch per Inch

Force: Kips/ Midspan of Beam-Inch at Midspan of Beam at 9" from End of Beam
Exterior Beam 1 2 3 4 1 2 3 4 1 2 3 4

1 PS = 305.6 '82 b 0.120 0.128 0.318 -95 -59 -56 ~109 a a 0 99
2 PS = -271.5 '84 -0.176 -0.090 -0.097 -0.212 125 51 52 98 b 11 b =205

3 PS = 371.2 '84 0.337 b 0.200 0.323 -~122 -81 ~80 -136 b 9 3 257
a = No ipstrumentation in 1982

o
(LI

instrumentation not working

LL



Table 7.

Comparison of experimental truck loading data (truck in lane 1):

Bridge 2.

Post-tensioning
Force: Kips/

Deflection at

Midspan of Beam-inches

Bottom Flange Strains--Microinch per Inch

at Midspan of Beam

at 9" from End of Beam

Exterior Beam 1 2 3 & 1 2 3 4 1 2 3 &
1 PS5 =20 '82 -0.223 ~0.130 -0.044 ~0.009 111 51 20 g a a =54 -60
2 PS = 305.6 '82 -0.222 -0.127 -0.041 ~0.002 108 47 4 © a a -32 -56
3 PS = 271.5 '84 -0.184 -0.106 -0.019 0.024 98 54 i8 6 b -3 ~116 -71
4 PS =0 ‘84 -0.192 " -0.131 -0.063 -0.016 105 59 206 8 b 0 ~-80 -82
5 PS =371.2 ‘B4 ~0.204 b -0.047 -0.003 96 56 15 3 b e c ¢
a = No instrumentatjon in 1982

b = instrumentation mot working

¢ = no data taken

8L
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indicates that end restraint is present for both vertical loading and
post-tensioning loading. Iun the interior beams, the data indicate there
is more end restraint associated with vertical loading than with post-~
tensioning. The truck weights in the testing of Phases II and TII
(60.50 kips vs. 61.18 kips) were essentially the same. The wheel spac-
ing on the two trucks was slightly different {see Fig. 33 and Fig. 2.12b);
however, since the center of gravity on each truck was used to position
it on the bridge this difference would have little or no effect. Thus
essentially none of the variation between the various cases in Table 7
can be the result of differences in the two trucks. Vertical loading
(truck in Lane 1) caused a maximum increase in the post-tensioning

force of 3.8 kips. No increase in post-tensioning force was measured

in Phase Il because of strain indicator problems. Although the deck and
a major portion of the curbs on Bridge 2 had been replaced during Summer
1583, no cracks were observed as a result of the post-tensidning. As
was the case with Bridge 1, essentially no change in behavior was found
in Bridge 2 (Phase Il vs. Phase III)} except for effects of resurfacing
the deck and replacing the curbs during Summer 1983. However, the

resulting bridge behaved essentially the same as in Phase TI1.
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4. THERMAL EXPANSION CONSIDERATIONS

The loss of post-tensioning force due to a pessible temporary
temperature differential between post-tensioning tendons and beams was
addressed in Phase Il of this project [16]. It was shown that if the
maximum temperature difference that occurred between tendons andlbeams
was 20° F, a temporary temperature-caused loss of 3.9 kips per tendon
could occur. This size of loss was considered small enough to be off-
set by an increase in tendon temnsion due to a truck passing over the
bridge. Therefore, no further investigation into the thermal expansion
effects on the post-tensioning force was conducted during Phase II,

In order to check the accuracy of the assumption that 20° F was
the maximum temperature differential between the tendons and beams,
some sort of verification was required. A thorough analytical inves-
tigation of the bridge could be accomplished with the use of a finite
element program capable of analyzing three-dimensional, nonlinear
températyre gradients through two different materials (steel and con-
crete). A time surface-temperature response history averaged over
several days would be needed to provide program input of member temp-
eratures related to time. This experimental data collection would
require.extensive instrumentation and either an automatic data recording
and storage system or a continuously manned field station. Although
this type of analysis is possible, a review of similar investigations
found the procedures to be relatively complicated and time consuming
[7,8]. Before undertaking the more involved teﬁperature analysis, we

decided to conduct simpler experimental tests on the two post-tensioned
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bridges to establish a general trend of tendon and beam temperature
response relating to the time of day. Depending upon the data obtained
in the simpler tests, a decision would be made as to the necessity of

a more sophisticated test and analysis.

4.1, Temperature Transducer System

Since this investigation wzs to provide only a general thermal
behavior pattern of the beam flange-tendon system, high-accuracy data
collection techniques were not required., Experimental data measured
to within a tolerance of approximately *2° F would satisfy the require-
ments of this analysis. Therefore, a temperature transducer system
was developed. Although this system would not be as accurate as if
the temperature were measured directly on any beam member itself, the
accuracy would be satisfactory to establish conclusions regarding any
temporary temperature-induced change in post-tensioning force. This
system offered the advantage of being more reliable over long periods
of time since permanently attached instrumentation risked loss result-
ing from weather conditio;s or vandalism. The versatility of the temp-~
erature transducers would also enable temperature data to be collected
on either post~tensioned bridge (or other structures) at different
testing dates. In the remainder of this section, the temperature
transducers will simply be referred to as transducers.

4.1.1. Description of Temperature Transducers

Two types of transducers were fabricated; one for measuring temp-

eratures on the beam flanges and one for measuring temperatures on the

[N
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tendons. Both operated on the principle of thermal conduction. If a
thin piece of matérial with good thermal conductivity properties was
placed in contact with a bridge member, the predominant temperature
gradient acting on the piece of material would come from the bridge
member rather than from any other part of the surrounding environment.
The piece of material, in this case the transducer, would quickly

reach equilibrium with the bridge member's temperature. Temperatures
recorded from the transducer would correspond to the member temperature
at that location.

Assembly of both the beam and tendon transducers is shown in

" Figs. 2.19a and 2.19b respectively. Each was fabricated out of 1/16-

inch-thick aluminum sheet. Prior to anmy surface preparation, the tendon
transducer was curved in the short direction to allow for more surface
contact when placed on the oval-shaped tendon. A Micro-Measurements
brand WIG-50C resistance temperature sensor, which resembles a electric
resistant strain gage, was Bonded to the aluminum using a heat-cured
epoxy. After attaching approximately eight inches of two-conductor lead
wire to the sensor, the installation area was covered with a protective
coating using standard procedures.

A small piece of 3/16-inch-thick polystyrene plastic was bonded to
each transducer over the sensor location to provide thermal insulation
on the top surface. A small piece of plywood was placed over the insu-
lation and bonded to the aluminum of the beam transducers. This ply-
wood provided a rigid surface for clamping the transducer onto the beam
flanges with small C-clamps. The tendon transducers were held in posi~-
tion on the tendons by springs placed over each end of the.transducers

and hooked around the tendons.
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Fig. 2.19. Description of temperature transducers.
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4,1.2. (Calibration and Testing of Transducers

The Micro~Measuremenis WTG-50C temperature sensor is designed such
that a resistance of 50 ohms corresponds to a temperature of 75° F.
This temperature sensor, which was the aétual measuring device_of the
transducer, was used in conjunction with a:Micro—Measurements LST net-
work and a digital strain indicator to read the output signal from
the transducer [21]. At the designated gage factor setting, the LST
network linearized the electrical output signal from the sensor to a
ratio of 100 microinches per inch of apparent strain per 1° F tempera-
ture increase. A reference reading was established in the circuit by
replacing the transducer with a 50-ohm precisjon resistor. The digitél
strain indicator was then set to a strain reading of zero, which corre-~
sponded to 73° F. After calibration, the transducer replaced the 50-ohm
resistor in the circuit. Thus a bridge member's surface temperature
was determined by dividing the indicated strain reading by the ratio of
100 microinches per inch per 1° F and adding this calculated temperature
difference to the zero strain reading temperature of 75° F.

Calibyration of the resistance temperature sensor-LST network
system was accomplished by using the previously described procedure

1

each time the transducers were used, Therefore, testing of the trans-
ducer system concentrated on time response and degree of accuracy. The
tendon transducer was used in all tests because its curved shape pro-
vided less surface contact between tendon and transducer. The beam
transducer, with its flat contact surface, provides results at least

as accurate as those of the tendon transducer.
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A seven-inch-long piece of 1 1/4-inch~diameter post-tensioning
tendon was instrumented with a Micro-Measurements WIG-50C temperature
sensor. The tendon, with two springs attached around it, was then
placed in a pan of continuously heated water and monitored until the
tendon temperature stabilized. After its initial temperature was re-
corded, the transducer was clamped onto the tendon. The transducer-

tendon assembly was then placed back into the water. Temperature

response of the transducer related to time was monitored. A representa-

tive example from this test series is shown in Fig. 2.20a. A similar
test was conducted by placing the tendon in a refrigerator and moni-

toring the transducer response to a temperature decrease. Results of

this test are shown in Fig. 2.20b. By analyzing this time-temperature

response data as a first order system with step input, an average
accuracy of 99% could be obtained in 2.5 minutes [5]. For practical
field applications, the time response of the transducers presented no
problem.

Although response time and accuracy were acceptable in the pre~
viously described tests, the possibility of the transducer's tempera-
ture rising faster than that of the tendon in the presence of solar
radiation was still unknown. Three transducers were clamped onto a
1 1/4~inch~diameter tendon; two were mounted six inches apart on one
side of the tendon, and the other one was placed 180° opposite the
first two. Of the two transducers mounted six inches apart, one was

covered with cardboard to shade it from the sunlight while the other

one was left exposed. When the tendon was placed in the sunlight, two

of the transducers were shaded-~-one by the cardboard and the underneath
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one by the tendon itself. Although temperature of the tendon was not
recorded, the two transducers not exposed to direct sunlight gave read-
ings that were in excellent agreement with thé one that was. The
resulté, shown in Fig. 2.21, indicate that the transducers responded

to the temperatire of the material they were mounted on rather than to

thefmal inputs from the surrounding envirohment.

4.2.  Field Testing

The transducers previously described were used for data collection

during the retesting of both bridges. At a later date in Summer 1984,

the two bridges were again instrumentéd for temperature data collection.

Because of cloud cover and mild temperaturés thektests of Bridge 1 pto-
vided data only for small air-temperature rises. uThe temperature data
taken during the post-tensioning of Bridge 2 did not.Span the entire
day as the post-tensioning tests restricted the time available for the
recording of temperature data. The second test of Bridge 2 occurred
during ideal weather conditions and produced experimental test results
needed to éx;mine the thermal expansion of the bridge due to sun. The
transducer location, test procedures, and the recorded data for the

testing are presented in the following section.

4.2.1. Test Procedures

Figure 2.22, denoting a cross section six feet from the north end
of Bridge 2--Beams 1 and 4 being on the west and east side of the
bridge, respectively--shows the location of tendon and beam transducers

along with the numbering system employed. As may be seen, there were
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eight transducers on the beams and nine transducers on the tendons.
Beam temperatures were measured on the bottom flange and did not con-
sider the temperature at the top of the beam. This is reasonable since
the post~tensioning brackets are mounted on the bottom flange, and the
thermal expansion in this region of the beam is of mest concern. The
instrumentation and calibration system described in Section 4.1.2 was
used. All transducers except 11, 17, and 18 were placed on bare metal,
Transducers 17 and 18 were placed on a painted surface six inches from
Transducers 9 and 10, respectively, to determine the effect of the
painted surface on transducer sensitivity. Transducer 11 was mounted
on a painted section of the outer bottom tendon on Beam 1 at a location
180° opposite Tramsducer number 1. This was done to again verify that
the recorded temperature was not affected by the positioning of the
transducer on the tendon. Air temperatures were recorded by shaded
thermometers above the bridge near the beginning of the guard rail.
Temperature data were taken at half-hour intervals beginning at 9:30 a.m.
and continuing until 6:30 p.m. Clear skies were present throughout the
entire test.

4.2.2. Test Results

The variation of surface temperature in relation to time of day
for the four tendons mounted on Beam 4~-the east side of the bridge--is
shown in Fig. 2.23. The inéide tendons remained at a relatively constant
temperature throughout the day. During the morning hours, whiie Beam 4
was exposed to the sunlight, the inside tendons were approximately 10° F
warmer than the air temperature. The outside tendons experienced temp-

eratures of between 30° F and 40° F above air temperature during the
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morning hours. The peak temperature on the cutside tendons was recorded
at 11:00 a.m. after which the tendon temperature decreased rapidly until
equilibrium with the air temperature occurred at 1:30 p.m. From this
time on, all four tendons were basically in an equilibrium state with
the air temperature. The temperature differential between the inside
and outside tendons was first recorded at 25° F and reached a peak
differential of approximately 30° F at 11:00 a.m. As the exposure to
direct sunlight decreased, the temperature differentials between tendons
decreased until by 1:30 p.m., very small temperature differentials were
noted.

The wvariation of the surface temperature relating to time of day
for the tendons mounted on Beam l--the west side of the bridge--is shown
in Fig. 2.24. The temperature variation trend is, as expected, similar

to what was experienced by the tendons on Beam 4, except for the tendon

the afternoon. The overhanging deck restricted exposure of the tendon
to direct sunlight until about 2:30 p.m. After this time, the inside
tendon temperature increased to a value of 5° ¥ above the air tempera-
ture. The outer tendons displayed a peak temperature of approximately
40° F above the air temperature. The temperature differential between
inner and outer tendons was the same as that recorded for Beam 4 (30° F).
However, the peak temperatures in the tendons on Beam 1 were approxi-~
mately 5° F higher than those temperatures for corresponding tendons on
Beam 4. A slight decreasing trend in the surface temperatures for the

tendons on Beam 1 was observed by 6:30 p.m.
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Figure 2.25 compares the inner and outer bottom beam flange temp-
eratures of Beam 4 to the temperatures of the inner and outer tendons
on Beam 4. Because the two tendons on either side of the beam had
almost identical temperatures at any given time, only the average of
the inner and outer tendon temperature is plotted. As can be seen from
the graph, exposure to the morning sunlight created a maximum 10° F
temperature differvential between the inner and ocuter bottom beam flaﬁges.
As Beam 4 became shaded, the temperature differential between the two
flanges decreased to zero and the beam basically displayed one temp-
erature throughout the rest of the day. The average outer tendon
temperature was only 5° F greater than the outer bottom beam flange
temperature and varied from 10° F to 15° F greater than the inner bot-
tom beam flange temperature. The average inner tendon temperature was
159 F less than the inner bottom beam flange temperature and was 20° F
to 25° F less than the outer bottom beam flange temperature. While the
outer tendons and both bottom beam flanges reached an equilibrium
temperature at noon, the inner tendons were still 10° F below this
equilibrium value. The temperature differential between the innerx
tendons and the other members of the beam-tendon system gradually
decreased until equilibrium was essen;ially reached at 4:30 p.m.

Data similar to that shown in Fig. 2.25, but for the beam-tendon
system of Beam 1, are presented in Fig. 2.26. Little temperature dif-
ferential existed between the instrumented members until 2:30 p.m.
Subsequent readings revealed a sharp temperature increase in the outer
tendons and both bottom beam flanges. All temperature gradients leveled

off and displayed a trend toward decrease when the final readings were
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taken. The maximum temperature differential between inner and outer
bottom beam flanges was 10® F. The outer tendons had a temperature
reading 10° F greater than the outer bottom beam flange, while the
inner bottom beam flange had a temperature differential of 12° F when
compared with the inner tendons.

Calculations for the expansion and change in post-tensioning
force of the beam flange-tendon system of Beam 1 are based on these
asgumptions: (1) a linear coefficient of thermal expansion of 6.5
X {10m6) inches per inch for °F for both tendon and beam flange; (2) a
modulus of elasticity of all members equal to 29,000 ksi; (3) measured
temperatures constant along the entirg beam flange and tendon length, and
{4) a simply supported structure. Since inner and outer tendon force
losses will be based on differential movement between the tendons and
the brackets (which are belted to the imner and outer bottom beam
flange), these losses are determined by considering only the correspond-
ing inner and outer beam flange temperatures and the distance between
the brackets. For the 10° F temperature differential between the outer
tendon and the outer beam flange, the expansion differential was 0.05
inches. Multiplying this term by the axial stiffness of the two outer

tendons, a post-tensioning for loss of 3.89 kips occurred on the ocuter

tendons. For the 12° F temperéture differential between the inner tendon

and the inner beam flange, the length between the brackets expanded 0.061
inches more than the tendons. Therefore a post-tensioning force increase
of 4.74 kips occurred in the inner section of the beam flange-tendon
system. An overall increase in the post-tensioning force of 0.85 kips

occurred in Beam 1. Similar calculations could be applied to Beam 4.
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The temperature data recorded from the two interior beams of
Bridge 2 indicated their temperatures were influenced by two factors;
the trend of the air temperature throughout the day and the conductive
temperature gradient coming from the thermal energy stored in the con-
crete slab. It was determined that the positioping of the temperature
transducers on painted or bare metal surfaces, or the orientation of a
temperature transducer on a tendon, had no significant effect on temp-
erature readings.

4.2.3, Analysis and Conclusions

As would be expected, the surface temperatvre of any member of
the beam-tendon system increased whenever that member was exposed to
direct sunlight. The two tendons on any one side of a given beam dis~
played little difference in temperature when compared to each other.
Whenever one of the steel beams was exposed to direct sunlight, the
inner b
conduction of the solar energy from the outer flange to the inner
flange; therefore its temperature lagged behind that of the outer beam
flange. Beam flange temperatures were always between the values
recorded for the average inner and outer tendon temperatures. From the
computations in the previous section it appears that sun~inducéd temp-
erature differentials increase rather than decrease the post-tensioning
on the sunlit beam. The sun, then, should not cause any significant
loss for a north-south bridge.

For an east-west bridge, the tendon and beam temperatures for the
shaded, north exterior beam would generally follow the temperature

fluctuation found in the instrumented interior beams of Bridges 1 and
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2. The sunlit south exterior beam would be affected by temperature
similarly to the way the east and west exterior beams were in the
instrumented bridges. For a post-tensioned exterior beam in a bridge
with any orientation, the sun should cause no detrimental temperature
effect.

The data collected for Bridges 1 and 2 in all three cases are for
situations during which there was only a gradual sir temperature rise
of approximately 10° F or less over three to five hours. S$ince the
tendons are more exposed to air and not tied directly with the mass of
the bridge, they are more affected by changes in air temperature and,
if warmed at a faster rate than the bridge beams, will lose post~
tensioning force. Higher temperatures for tendons than for beaﬁs are
shown in the lower right corner of Fig. 2.27. At 11:00 a.m., during
the gradual air temperature increase to which Bridge 2 was subjected,
the tendons on the shaded exterior beam were warming faster than the
beam by an average of 1° I to 2° F, during which time the air tempera-
ture was increasing 2° F to 3° F per hour. A similar condition oc-
curred during the air temperature rise on the cloudy days when Bridge 1
was tested.

Because the air temperature increases during the tests conducted
on Bridges 1 and 2 were quite mild, those tests cannot be expected to
give extreme results for the temperature differentials and losses of
post-tensicning. With a sharper air temperature rise, the test results
could be extrapolated to give a 10° F temperature differential between
tendons and beams. Without further testing, the 10° F adverse tempera-

ture differential does give some indication of the potential post-

A
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tensioning loss due to air temperature rise, Because of the limited

temperature-transducer accuracy, however, this extrapolation should only

be taken as the expected trend of the tendon~beam temperature differ-
ential with respect to increasing air temperatures.

This analysis was completed on the assumption that the initial
temperatures of the inner and outer tendons and the beam were equal
before the post—ﬁensioning force was applied. This is reasonable if
the post-tensioning occurred in a season or on a day when the solar
radiation effects were minimal. If the post-tensioning was completed
with temperature differentials existing between bridge members as were
measured in the field tests, a loss of post-tensioning force could
occur in the inner tendons as the bridge members contracted to a lower
uniform temperature. However, a stress increase would occur in the
outer tendons so any loss in total post-tensioning force would be
minimal. Within the limits of any reasonable initial bridge member
temperature, the experimental results support a conclusion that little,
if any, temperature-~induced loss in post-tensioning force occurs due

to sun. Some loss in post-tensioning may occur because of alr temper-

ature rise, but the loss should not be as large as estimated in Phase II.
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5. DEVELOPMENT OF POST-TENSIONING DESIGN MANUAL

5.1. Finite Element Model

The typical lowa composite bridge in need of strengthening is a
variably stiffened orthotropic plate and, therefore, structurally quite
complex. ¥For that reason, in examining the feasibility and in develop-
ing a design methodology for strengthening by post-tensioning, the
authors have pursued a program of constructing and testing a half-size
model of a composite bridge {17}, developing a preliminary theoretical
model {17}, using the preliminary theoretical model for post-tensioning
design [16], post-tensioning and monitoring two composite bridges in
the field {161 and developing a final theoretical model verified by
both laboratory and field data {14,15]. 1In developing the final model,
several theories were selected and examined in detail: orthotropic plate

LLLLL theory, grillage theory, and finite element theory. All three theories
can provide information on the flexural behavior of a composite bridge,
but only finite element theory can provide information on both flexural
and axial behavior of a composite bridge. In order to obtain informa-
tion on the axial behavior of a bridge as well as to account for varia-
tions in construction such as coverplates, diaphragms and curbs,
finite element theory was chosen for the final theoretical model.

SAP IV (2], a well-known finite element program available to the
authors through the Iows State University Computation Center provided
the means by which the bridge medel could be assembled and analyzed.
Because of the complexity of the bridge model, twe preprocessing pro-

grams were written--one for a post-tensioned bridge utilizing quarter
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symmetry and one for a more general, complete bridge. Several post-
processing programs also were written to provide graphical verification
of the finite element model and SAP IV analyses.

The basic finite element assembly for a composite bridge is given
in Fig. 2.28. Experiments with mesh size indicated that reasonable
accuracy could be achieved by dividing the concrete bridge deck into
approximately 30-inch-square shell elements for right angle bridges
or apﬁroximately 30~inch parallelogram shell elements for skew bridges.
Deck nodes were located to coincide with steel bridge beam locations.
Between the exterior beam and curb, 2 row of shell elements, usually
long and narrow, was placed to complete the deck. Deck shell elements
were given elastic properties for concrete with a 28-day strength of
3000 psi, except for verification of field or laboratory data when
specific concrete properties were known. In order to avoid numerical
problems with crowned decks, boundary elements with a small and arbi-
trary rotational stiffness were placed at deck nodes as reguired.

Curbs integral with the bridge deck were modeled as beam elements,
approximately 30 inches long, with elastic properties based on a 28-
day concrete strength of 3000 psi or a known strength. Since there is
no sigoificant slip between integral curbs and the bridge deck, curb
beam nodes were linked as slave nodes to deck nodes directly below.

fach steel beam and coverplated steel beam was modeled by beam
elements having elastic properties as computed for noncomposite beams.
Where section properties changed becausé of presence or absence of a
coverplate, beam elements shorter than the 30-inch deck node spacing

were linked together. Elevations of the beam elements were changed to
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reflect the changes in centroid elevation of the steel beam with or
without a coverplate.

Rather than link the steel beam elements directly to the concrete
deck shell elements by means of slave nodes, flexible beam elements
were inserted for the connection in order to mod¢¥ shear connector
slip and to obtain information regarding the forces on shear connectors.
The flexible beam elements were given stiffnesses to match the load-
slip characteristics of the actual shear connectorﬁ. When the shear
connector 16cati0n did not match the 30~inch mesh, the flexible beam
link was placed at the neareést set of beam-deck ﬂodes” “The modeling
error caused by the moved connector link generally had very little
effect on the overall model behavior, Because a change of connector
stiffness generally had little effect. If no flexible beam link
occurred at a set of beam-~deck nodes, a spacer link without load-slip
characteristics was inserted.

Initially, torsional and transverse stiffnesses of the shear
connector links were made arbitrarily 1arge,'és the stiffnesses would
be if slave node conpections weré.used. The a;bitrarily large stiff-
nesses, however, gave'poor results for finite element analyses compar-
able to laboratory or field tests. As a vesult, torsiomal and trans-
verse flexural stiffnesses of the steel beam web were given to the
flexible and spacer beam links. Experimental and finite element
results then were in excellent agreement.

In order to éimp]ify the finite element model, beam elements used
to model bridge diaphragms were attached directly to the steel bridge

beam elements. The change in elevation of the diaphragm beam elements
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generally was only a few inches, and the modeling error, therefore,
was minimal.

For post~tensioning brackets or arbitrary elevations of force
application, vertical beam elements with an arbitrarily large stiff-
nesg were attached to the steel beam‘aleménts. Except for a few exper-
iments, the post-tensioning tendons were not included in the finite
element model, since inclusion of the tendons adversely affected band-
width, solution time, and cost.

Right angle bridges symmetrically post-tensioned can be modeled
using quarter symmetry and, to reduce cost, the data for post-~
tensioning distribution factors were generated using the reduced model.
Figure 2.29 shows a typical quarter symmetry model. The model in the
figure was generated by a preprocessing program written in FORTRAN,

{ ..... which accepts actual bridge data and assembles the SAP IV model. The
authors wrote and used a more complex but similar program to generate

a full bridge model for skew bridges and asymmetrical loads,

5.2. Distribution Parameters

The experimentally verified SAP IV bridge mode] provided the means
for studying the various parameters that could affect post-tensioning
distribution. The balf-size laboratory bridge model constructed by the
authors was supported so as to eliminate any significant beam rotational
restraint at supports. A simply supported finite element model gave
stresses and deflections that were in excellent agreement with the

laboratory bridge model data. Similar, simply supported finite element



Fig. 2.29. Quarter symmetry composite bridge model,
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models did not correlate as well with the composite bridges post-
tensioned in the field. Stresses and deflections from simply supported
and fixed beam end, finite element models did, however, bracket the

field data. Furthermore, when reasonable estimates of support restraints
and other restraints present in the field were included in the finite
element model, the results from the finite element analysis correlated
well with the field data.

Figure 2.30 illustrates the variation in post-tensioning distribu-
tion depending on end restraint for a typical composite bridge. Each
exterior beam retains approximately 29% of the total post-tensioning
effect under simple span conditions, approximately 31% of the effect
under field conditions, and approximately 34% of the effect under fixed
beam end conditions. It can be noted that the simple span distribution
is conservative for the exterior beams with reference to the actual
condition.

The partial beam end restraints caused by field support conditions
are difficult to gquaptify and vary from bridge to bridge. The field
end restraints generally affect both post-tensioning and live load,
although not necessarily to the same degree. Since the simple span
end candition is easy to apply, matches usual design practice, and is
conservative with respect to the post-tensioning applied to the
exterior beams, the authors chose to base all distribution factors on
simple.span conditions.

Experiments with the SAP IV model showed that shear connector
stiffness and coverplate length had little effect on the post~

tensioning distribution. Two separate finite element analyses, one
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utilizing the test load-slip value for shear connectors and one with
an arbitrarily large value, gave almost identical beam stresses and
deflections. Two separate analyses, one with actual-length cover
plates and one with full-length coverplates, differed very little in
terms of post-tensioning distribution at midspan.

In the laboratory and field tests conducted by the authors, the
post-tensioning tendons were placed above the bottom flanges of the
exterior beams with clearance for the hydraulic cylinders. The tendons
located in this position cause an eccentric force, which can be
resolved into an axial force and a moment. The position of the tendons
relative to the neutral axis of each bridge caused the axial compression
étresscs to be approximately one-third of the flexural compression
stresses in the bottom flange coverplate. The ratio of axial to
flexural compression stresses was quite consistent in the laboratory
and field tests.

It became apparent, however, through experimentation with the
SAP IV model, that post-tensioning forces were distributed differently
from post-tensioning moments. Figure 2.31 shows the considerable
difference in distribution facters depending on whether axial forces or
pure moments were applied to exterior beams. The figure also shows
that the force fractions and moment fractions bracket thg eccentric
force fractions.

Thus, in order to give the designer flexibility in choosing the
elevation of the post-tensioning tendons, the authers chose to develop
two sets of distribution factors: one for axial force and one for

moment. Definition of an axial force for purposes of determining dis-
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tribution was subject to judgment. Because of varying, partial-length
coverplates and other factors, no elevation of post-tensioning force
would give a purely undeflected deck surface or purely axial forces

in the bridge beams at midspan. For development cof the force distri-
butien factors, the authors defined an axial force as a force placed
at the elevation of the midspan bridge centroid and based the distri-
bution factors on the forces in the steel beam elements at midspan.

Several other parameters were examined through use of the SAP IV
model, Figure 2.32 shows the effects on moment distribution due to
change in bridge span, change in bracket location on a given spaﬁ,
change in relative beam stiffness for approximately equal span§ and
change in skew for a given span. The greatest change in post-
tensioning moment distribution occurs because of change in span length.
As Fig. 2.32a shows, the greater the bridge span {for proportionally
constant bracket locations), the more the applied moments are distri-
buted away from the exterior beams. Given a constant span as in
Fig. 2.32b, as the brackets are moved toward the supports, more moment
is distributed away from the exterioyx beams. The distribution, then,
appears to be highly dependent on the length of the post-tensioned
region or the distance between anchorages.

Relative beam stiffness has the expected effect. Stiffer beams
retain more post-tensioning as shown in Fig. 2.32c. The bridge with
all steel beams of equal stiffness [4] retained more of the post-
tensioning moment on the exterior beams than the bridge with exterior
beams of smaller stiffness. Moment distribution is, therefore, depen-

dent on relative beam stiffnesses.
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Skew had an unexpectedly small effect on mement distyribution at
midspan. Skew tends to add end restraint to bridge beams, and the
effect shown in Fig. 2.30 for simple span vs. fixed end conditions is
shown aggin in Fig. 2.32d for the end restraint caused by skew. The
maximum effect of skew on moment distribution occurs for short spans,
such as the 23.75 ft span in Fig. 2.32d. Because the effect of skew
is relatively small at the usual spans for the Iowa composiée bridges
in need of strengthening, and because neglecting the skew gives conser~
vative moment distribution factors for exterior beams, the authors

recommend neglecting the effects of skew for skews of 45° or less,

5.3. Force and Moment Distribution Fractions

The SAP IV model described im Section 5.1 is a general, theoreti-
cal model adaptable to a wide variety of composite bridges. However,
because of complexity, cost, and lack of availability the model gen-
erally would have little practical application. For that reason the
authors have developed a simplified design methodology based on midspan
distribution fraction formulas derived from a multiple linear regres-
sion analysis of the finite element results.

In order for the regression formulas to be applicable to a range
of Iowa composite bridges, the authors applied the SAP IV model to
several Jowa DOT standard bridge series and several individually
designed lowa composite bridges. The V9, V11, V13, and V15 series for
one-lane, three-beam bridges and two-lane, four-beam bridges were

included in the data on which the distribution fractions are based.
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The SAP IV model experiments reviewed in Section 5.2 provided the
basis for choosing potential regression variables. The length of the
post-tensioned region, known to be significant, was included in ﬁhe
regression variables as SPANB, the length of the tendoﬁs between
brackets, and also in AR, an aspect ratié computed from the deck
width and SPANB. Relative stiffness of the exterior beams, also
known to be gignificant, was included as IET, the ratic of the total
exterior beam stiffness to the total stiffness of the bridge. Because
axial stress is dependent on cross-sectign area, a similar variable,
AET, the ratio of the total exterior beam area to the total bridge
cross section area, was added te the regression variables,

The transverse stiffness of the bridge deck could be expected to
affect the post-tensioning distribution.: Therefore, DECKT, the deck
thickness, and DECKS, the deck span, were identified as potentislly
significant and were used in the regression analysis individually and
in various ratios. Preliminary distribution factors, for design of
the field bridge strengthening [16], were computed from orthotropic
plate theory. Hence, the orthotropic plate parameter THETA, the
flexural parameter and ALPHA, the torsional parameter, were added Lo
the list of potential regression variables. In the event that exterior
beam coverplate length had a secondary effect, it was included in a
ratio, CPRAT.

All of the potential regréssion variables listed above were com-
puted for the Towa DOT standard and individually-designed composite
bridges. TFrom those values and the distribution factors computed from

the SAP IV model analyses-~FF, the midspan force fraction and MF, the
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midspan moment fraction-~complete data sets for three-beam and four-
beam bridges were assembled.

The actual regression analyses was performed by means of 8SAS,
Statistical Analysis System [25], available through the Iowa State
University Computation Center. Because the form of an appropriate
regression equation was unknown, many experiments with linear, product,
logarithmic, and exponential terms were tried. The most effective
technigue for developing the form of a suitable regression equation
proved to be the transformation of variazbles with a ladder of powers
as described in Ref. 6. Variables with the better coefficients of
determination were reexpressed in different power forms to linearize
the variable in relation to a distribution fraction. Then, sufficient
reexpressed variables were included to obtain regression eguations with
coefficients of determination of 0.95 or greater. A certain amount of
engineering judgment was applied im order to keep the formulas as con-
sistent as possible.

The final regression variables are given im Fig. 2.33, and the
final regression formulas for distribution factors are given in Fig.
2.34. The variables most related to the distribution factors proved
to be the aspect ratio accounting for the post-tensioned region length,
relative beam stiffness, deck thickness and span, and the orthotropic
plate flexural parameter. The coefficients of determination for the
formulas indicate that the moment fraction‘farmulas are more accurate.
In most.instances, the stresses due to post-tensioning moment will be

larger, and thus the better accuracy for the moment fraction equations

is desirable.
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The force and moment fractions computed by the regression formulas
apply at midspan but not at other locations on the span. At midspan,
the minimum amount of post-tensioping is retained by the post-tensioned
exterior beams, but almost all of the post-tensioning is retained by
the exterior beams at the anchorages.

The general distribution of moment (which is similar to the dis-
tribution of axial force) is illustrated in Fig. 2.35. The moment
applied to the idealized exterior beam in Fig. 2.35a does not remain
constant on the span. The mohent varies for two reasons: the cover
plate on the exterior beam causes a downward shift in neutral axis,
thereby reducing the eccentricity of the applied post~tensioning force,
and the stiffness of the remainder of tﬁe bridge causes moment to be
gradually shifted away from the exterior beam to the interior beam.
Thus, the moment diagram in Fig. 2.35b shows maximum moments at the
anchorages of the exterior beam and gradually reduced moments toward
midspan.

In order to account for the change in force and moment distribu-~
tion fractions for design purposes, the linear interpolation illustrated
in Fig. 2.35¢ is recommended. Because the beam supports are used for
known distribution fractions, the anchorage locations are independent
of the interpolation, which is an advantage during the design process.
Using the supports for the known points also partially accounts for
the small positive moments between anchorages and supports.

In order to give some indicaticn of the accuracy of the distri-
bution factors computed from the regression formulas and the interpola-

tion procedure, the stresses computed from the SAP IV model and the
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formulas and interpolation are compared in Fig. 2.36.  The exterior heam
stresses in Fig. 2.36a and interior beam stresses in Fig. 2.36b are for
a2 51.25~foot-span, four-beam bridge post-tensioned with an arbitrary
force of 100 kips at 3 1/4 inches above the bottom flanges of éach
exterior beam. The jagged nature of the SAP IV stress lines is due to
the nature of finite element analysis and gives some indication of the
acéuracy of the analysis. As the graphs for the exterior and interior
beams indicate, the stresses from the SAP IV model and the regression
formulas are in excellent agreement at midspan. There is good agree-
ment at coverplate cutoffs but, for exterior beams; the interpolation
procedure gives stresses unconservative by about 10%. At the brackets,
the SAP IV model and interpolated stresses again are in excellent
agreement. In general, the regression formula distribution factors and

interpolation procedure give stresses that agree very well at critical

points on the bridge span.

5.4. Ultimate Strength Tests

As demonstrated in Section 5.3, post-tensioning can induce com-
pression stresses in the tension stress region of the steel beams in a
composite bridge. The final result is to increase the capacify of a
bridge according to allowable stress design criteria. The gquestion
remains, however, as to whether post-tensioning will increase the unlti-
mate strength of a bridge significantlﬁ.

To the authors' knowledge, there have been no tests to failure of

complete bridges strengthened by post-tensioning. There have been
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several tests to failure of post-temsioned composite beams, however.
At Rice University, Stras [27] constructed and tested three beams of
the configuration shown in Fig. 2.37. The post-~tensioning cable for
each beam was placed below the bottom flange and restrained to remain
in position with respect to the bottom flange. Shear connectors were
overdesigned but provided stiffening for the top flange of the beam,
which was a noncompact section. All failures occurred because of crush-
ing of the concrete slab. The test results raised the question of
whether the post-tensioning force in the cable existed at the beginning
of the test or whether the beam simply was restrained by the cable.
Recently, at Iowa State University, Dedic tested four post-
tensioned composite beams cut from the half-size bridge model con-
structed in the ISU Structural Research Laboratory {(Figures 8-10,
23-26, 40-46 and Tables 2-6 and 13 of Ref. 16). Each beam was post-
teﬁsioned with threaded bars of a length less than the span and placed
above the bottom flange of the beam. Each beam was coverplated over
a region in the central portion of the beam. Two of the beanms,
modeling exterior beams of the type in the understrength Iowa bridges,
had curbs. One exterior beam, Beam I, and one interior beam, Beam 2,
had inadequate shear conpnectors to simulate the existing bridge con-
ditions. The remaining two beams, the second interior beam, Beam 3,
and the second exterior beam, Beam 4, had additional double-nutted,
high~strength, steel-bolt shear connectors to simulate a strengthened
condition. Although the additional connectors were intended to simu-
late a full shear connection for a bridge design condition, the con~

nection would be defined as a partial connection because of the place-
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ment of the test loads 40 inches each side of midspan. Failure modes
included shear connection and apparent yielding for Beams 1 and 2,
respeétively, and concrete slab crushing for Beams 3 and 4.

Both Stras [27] and Reagan [24] developed analytical, computerized
models for elastic and inelastic performance of the three beams tested
at Rice. Reagan extended his analysis to typical bridge and building
beams. Neither analysis method is convenient to use for determining
the strength of a post-tensioned beam during design; therefore, a rela~-
tively simple analytical model that can be used with hand computations,
refined from the analytical model used by Dedic (Table 13, Ref. 16)

has been developed.

5.5, Analytical Strength Model

A flexural strength model for a post-tensioned composite beam

composite action, partial shear connection, partial prestress, and
unbonded tendons. Some of the behavior can be included in a correct
model of the failure mechanism foyr the beam; the remaining behavior is
covered by the AASHTO load factor design rules [1].

The analytical model proposed is based on the following principles

and assumptions:

1. Except for beams with a partial shear connection, the failure
mode for beams tested to failure has been crushing of the
concrete slab at or near midspan. Therefore, it is reasonable
to consider the post~-tensioned composite beam behavior to be

similar to a beam with a plastic hinge at midspan.
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The average midspan deflection of the seven Stras and Dedic
beams at failure was L/79, and the average midspan deflection
for the nine beams including two Reagan analytical beams was
also L/79. For purposes of the deflection at the plastic
hinge, the deflection can be taken as approximately L/80.

The effective beam flange width can be determined according
to Ref. 1, Section 10.38.3 (the AASHTO rules for load factor
design).

The compressive force in the slab can be determined according
to Ref. 1, Section 10.50. The AASHTO rules account for slab
reinforcing (unlike service load design), relative capacity
of concrete slab vs. steel beam, and partial or full shear
connection.

Tendon strain can be determined from an idealized beam con-
figuration as illustrated in Fig. 2.38. 1In Fig. 2.38a, in
the idealized beam which represents the beams tested by Dedic,
the tendon is permitted to rise, and the change in elevation
is included in the computations for flexural styrength. In
the Stras and Reagan beams, the tendon was not permitted to
rise, and the tendon strain can be computed from the idealized
beam in Fig. 2.38b.

Tendon force can be computed from an idealized stress-strain
curve for the tendon steel.

Shear connector capacities can be computed from the formulas
given in Ref. 1, Section 10.38. (For the Dedic beams, phe
angle plus bar shear connector capacity was based on tests

and a modified AASHTO channel connector formula {1i6}.)
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The principles and assumptions given above were applied to the
average of the Stras beams, two Reagan analytical beams (one of ﬂhich
was a Stras beam) and the four Dedic beams. Results and comparisons
for the midspan deflection at failure, change in tendon force, and
flexural strengths are given in Table 8. Also given are the moments
computed for the beams without post-tensioning.

The largest difference between experimental and computed values
in the table is for the midspan deflection values. The actual deflec~
tion at failure is often difficult to determine accurately and, in the
table, the actual deflection is being compared with an average deflec-
tion; therefore, some difference can be expected.

The computed change in tendon force agrees within 12%, and the
computed flexural strength agrees within 7% of experimental values or
Reagan computed values. In general, the proposed analytical model for
computing the flexural strength underestimates the change in tendon
force and slightly overestimates the flexural strength. The model is
quite accurate considering the variation in tendon type and placement,
the variation in beam cross section and the variation in shear connec-
tion.

The last column in Table 8 gives the comparison of flexural
strength between the post-tensicned and non-post-tensioned conditions.
The increase in strength due to post-tensioning varies from 8% to 34%.

For exterior beams~~Beams 1 and 4, similar to these to be post-tensioned
on the Iowa composite bridges--the increase averages 10%. This increase
is less than the capacity increase based on service load design, yet

still is significant.
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The analytical model described above is accurate for isolated
post~tensioned composite beams but does not account for the restraints
and load redistribution mechanisms that affect the beam when it is
part of a bridge. The authors have done no studies of the post-
tensioning distributien at ultimate load and know of no published
studies on the subject. The distribution at ultimate load must either
be inferred from studies of load distribution at ultimate load or left
to the judgment of the designer if the analytical model is to be

used with load factor design for a bridge.



133

6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1. Summary

This report summarizes the work that has been done in Phase III of
this study. The work completed during Phases I and iI of this investi-
gation has been presented in Refs. 17 and 16. The design manual that
was completed during this phase of the investigation (and is briefly
discussed later in this section) is Ref. 15. This phase of the stady
had several ;peéific tasks; the accomplishment of these is presented
in the following paragraphs.

For measurement of forces in the tendons used for applying the
post-tensioning forces and for measurement of strains in the beams,
transducers were designed and fabricated. Ten transducers weyre fabri-
cated and calibrated for strain measurement, and ten were fabricated
for force meésurement. The strain transducers were easy to apply in
the fieid and had accuracy of approximately
the force transducers were somewhat difficult to attach and had
accuracy of #5%. Both types of transducers--force and strain--can
be utilized with either conventional portable strain indicators or
data acquisition systems.

Both bridges strengthened during Phase II of the study were
inspected every three months; no noticeable changes in appearance or
behavior were noted except for some cracks in the abutments of Bridge 1
and the resurfacing of Bridge 2 during Summer 1983. Both bridges were
retested during this phase of the study. End restraint was measured

on both bridges and found to be of significant magnitude. The end
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restraint affected both post-tensioning loading and vertical loading;
thus, the effect on both essentially compensated each other. No signi-
ficant differences in behavior were noted when the bridges were retested
from behavior determined during their initial testing in Phase I1I.
Releasing the post-tensioning forces on the bridges revealed that
Bridges 1 and 2 had 5.5% and 11.2% less force respectively than that
initially applied. The loss on Bridge 1 is thought to be primarily
the result of relaxation of some of the end restraint present. The
loss in Bridge 2 is thought to be primarily due to the resurfacing
during Summer 1983: dead load was removed and net section reduced
without removing post-tensioning force.

The question as to loss of post-tensioning force because of dif-
ferences in temperature due to sun and shading (and thus differences
in expansion) between the tendons and beams was resolved. Temperature
data was collected on Bridge 2. Although the exterior tendons (those
located on the outside of the exterior beams) did increase in tempera-~
ture more than the beams, the interior tendons (those located on the
inside of the exterior beams) were always shaded from the sun and thus
were always coolér than the beams. The net effect was a slight increase
in the post~tensioning force due to the temperature differential between
the tendons and the beams.

A SA? IV finite element model in either quarter symmetry or
complete form Correlaﬁed well with the half-scale laboratory bridge
data previously obtained by the authors. Due to guard rails and end
restraint in Bridges | and 2, the SAP 1V model in a simplified form

gdve results that differed from field data. When the SAP IV model
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was used to analyze the bridges assuming fixed beam ends, the finite
element analyses fell above and below the field dara, thereby indi-
cating that Bridges 1 and 2 were subject to a certain amount of
restraint.

Because post-tensioning tendons typically are located eccentrically
with respect to the bridge neutral axis, the post-tensioning produces
both axial force and moment. In order to determine the post-teusioning
distribution most accurately, both axial force and moment distribution
fractions are required. Those fractions were determined for typical
Towa three-beam and four-beam composite bridges from a series of SAP IV
analyses. By means of multiple linear regression, simple formulas for
the fractions were obtained for the typical bridges. Parameters that
proved to be the most significant for post-tensioning distribution are
an aspect ratio computed from the deck width and distance between ten-
don anchorages, deck thickness and span between beams, relative stiff-
ness of exterior, post-tensioned beams, and the orthotropic plate
flexural parameter for the bridge. Skew had an unexpectedly small
effect and therefore may be neglected if it is 45° or less. The axial
force and moment fractions at midspan can be used with linear interpo-
lation to determine the approximate post-tensioning distribution at any
location on the bridge span.

Post-tensioning does add to the flexural strength of a composite
bridge but adds less to ultimate strength than to service load capacity.
The increase in ultimate strength for an isolated composite beam can be
computed easily from a simple beam with a plastic hinge at midspan, if

AASHTO rules for flange width and compression force under load factor
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design are followed. The analytical ultimate strength model accurately
predicts the strength of the isolated beam but not the strength of a
beam in a bridge when not all beams are post-tensioned. The post-
tensioning distribution at ultimate load was not determined as part of
this project and is not available in the literature to the authors'

knowledge.

6.2. Conclusions and Recommendations

The following conclusions and recommendations were developed as a

result of this study:

Strengthening of single-span composite concrete deck steel
beam bridges by post-tensioning has been found (during more
than four vears of research) to be a viable, economical
strengthening technique. Utilizing the design methodology
presented in Ref. 15, the required force can be determined
relatively easily. Assuming the use of bolted connections,
the system can be installed by normal maintenance crews.
Behavior of both bridges was similar to the behavior observed
from the bridges during field tests conducted under Phase II.
The strain transducers were very accurate at measuring mid~
span strain. The system was easily attached to‘the steel beam
flange. Associated recording equipment was simple to operate.
The force transducers gave excellent results when tested
under laboratory conditions but were found to be less effec-

tive when used. in actual bridge tests.
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Loss of post-tensioning force due to temperature effects in
any particular steel beam~post-tensioning tendon system were
found to be smaell. For sunlit beams a loss of force in a
tendon on one side of the beam was offset by a gain in force
by the tendon on the other side of the beam; thus, the net
effect was 2 small increase in the post-tensioning force.

Air temperature rises do cause loss of post-tensioning force,
but based on several tests, the losses should be small.

Loss of post-tensioning force over a two~year period was
minimal. Any major bridge deck repair {(such as that con-
ducted on Bridge 2 during Summer 1983) does adversely affect
the total post-tensioning force. Post-tensioning force should
be removed and then reapplied after repairs are completed.

Significant end restraint was measured in both bridges; this
restyaint is caused primarily by reinforcing steel bheing con-~
tinuous from the deck into the abutments. This end restraint
reduced the effectiveness of the post-tensioning but also
reduced midspan strains due to truck loadings.

The SAP 1V finite element model is capable of accurately
modeling the behavior of a post~tensioned bridge, if guard
rails and end vestraints are included in the model. If

restraints are neglected, as in usual practice, the finite

element model gives approximately correct results.



10.

11.

12.

138

Post~tensioning distribution should be separated idte dis-
tributions for the axial force and moment components of an
eccentric post~tensioning force.

Skews of 45° or less have a minor influence on post-
ﬁensioning distribution. Skews greater than 45° require
further study. Parameters which have major influence are

the aspect ratio of the post-tensioned region, the deck
thickness and span between beams, relative stiffness of the
post~tensioned exterior beams, and the orthotropic plate
flexural parameter for the bridge.

For typical Iowa three-beam and four-beam composite bridges,
simple regression-derived formulas for force and moment frac-
tions can be used to estimate post-tensioning distribution

at midspan. At locations other than midspan, a simple linear
interpolation gives approximately correct results,

A simple analytical model can accurately estimate the
flexural strength of an isolated post-tepnsioned composite
beam. The distribution of the post-tensioning among the
bridge beams at ultimate load remains to be determined,

however.
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7. RECOMMENDED CONTINUED STUDIES

On the basis of the literature reviewed and the work completed in

the three phases of this study the following areas would be logical for

continuation of the strengthening work:

1.

The concept of utilizing the post-tensioning tendons in a
"king-post"” arrangement rather than straight should be
investigated. The "king-post" arrangement has the advantage
of providing a vertical lift component as well as making
possible the required jacking operation from the top of the
bridge rather than under it.

Post-tensioning strengthening has successfully been applied
to single-span bridges and a design methodology developed
for its implementation. As there are several continuous

bridges that also require strengthening, the problems

VP S R | PR [T
dahhouldLeud Webkll Us1

ng post-tensioning for strengthening in

the positive and negative moment regions should be investi-
gated.

As there are no data available on the effects of dynamic load-
ing on the post-tension strengthened beams or on the fatigue
strength of these beams, a laboratory study should be under-
taken. The same specimens could be used to determine both of
these properties.

There have been several methods recently published on how to

repair damaged prestressed concrete beams. However, little
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or no data are available on the strength of these beams assum-
ing no repair was undertaken. Also, no data or information

is available on the lateral distribution of the post-
tensioning force used in the repair of the damaged bridge.

A study should be undertaken tolobtain the information and
data previously described.

Although in the authors' opinion there should be no fatigue
problems with the proposed high-strength bolt shear connectors
(HSBSC), a relatively small study should be undertaken to
verify this opinion and also to determine if there are any
problems with the HSBSC in combination with the two different

strengths of concretes [16].
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