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1. INTRODUCTION
1.1 Background

Recent reports have indicated that 23.5 percent of the nation’s highway bridges are
structurally deficient and 17.7 percent are functionally obsolete (1). Unfortunately, a
significant number of these bridges are on the [owa county roads system. According to a
1989 report (2), 86.4 percent of rural bridge maintenance responsibilities are assigned to
counties. Some of the bridges can be strengthened and rehabilitated, but many are in need of
replacement. A recent questionnaire sent to all of the county engineers in fowa asked the
need and interest in a study to review and evaluate replacement bridges. Over 76 percent of
the respondents replied such a study would be beneficial or very beneficial.

Such a study was completed in project, HR-365 “Evaluation of Bridge Replacement
Alternatives for the County Bridge System” (3). In that investigation (HR-365), several
replacement bridges currently being used on the county road system in Iowa and surrounding
states were identified and evaluated. Investigation HR-365 documented several unique
replacement bridge types that are currently being used on low volume roads. It also
determined that a large number of counties (69 percent) have the ability and are interested in
using their own forces to design and construct short span bridges provided the construction
procedures are relatively simple. To minimize the initial cost of replacement and subsequent
maintenance costs, it is important to select the right type of replacement bridge for a
particular site. Cost can obviously be minimized by selecting bridges that can be designed

and constructed by local work forces.



From the evaluation of the questionnaire responses from the Iowa counties and
investigation of the various bridge replacement concepts currently in use, a “new” bridge
replacement concept and a modification of a replacement system currently being used were
identified. To determine if there is interest in these two concepts, the researchers recently
contacted several county and city engineers to obtain their input on the two bridge concepts.
Each county engineer contacted thought both concepts had merit and would be interested in
participating in a demonstration project involving the replacement systems if the research
went that far.

The concept discussed herein, steel beam precast units, involves the fabrication of
precast units (two steel beams connected by a concrete deck) by county work forces. Deck
thickness is limited so that the units can be fabricated at one site and then transported to the
bridge site. The number of units required is obviously a function of the width of bridge
desired. After connecting the precast units together, the remaining portion of the deck is
placed. The surface of the precast units is scarified so that the two layers of concrete are
bonded together thus providing the required deck thickness. Since the bridge is primarily
intended for use on low-volume roads, the precast units could be constructed with new or
used steel beams.

1.2 Objective and Scope

The overall objective of this investigation was to determine the structural behavior

and strength data on the two concepts through laboratory testings. The work completed on

this concept (steel beam precast units) is presented in the following paragraphs.




Basically, the investigation involved a literature review, laboratory testing, analytical
modeling of the bridge, and extrapolation of the analytical model to develop a design
methodology. Since the concept is “new”, no literature was found on it or similar systems.
Several references on precast construction, bonding layers of concrete, etc. were found that
are related to the concept.

Laboratory testing involved several different tests: small scale connector tests,
“handling strength” tests, and service and overload tests of a model bridge constructed using
the precast units developed.

Small scale connector tests were completed to determine the best method of
connecting the precast units. Tests were completed with and without cast-in-place concrete
(i.e., only the precast concrete). All small scale specimens were instrumented for strain and
deflection measurements.

Since the steel beam precast units have a relatively thin slab of composite concrete
connecting the two steel beams, there was concern that these units had sufficient strength for
transporting them from a fabrication site to the bridge site. “Handling strength” tests on an
individual unit were performed to determine the strength and behavior of the precast units in
this configuration.

The majority of the testing was completed on a model bridge which was fabricated
using the precast units developed. The model bridge was tested with and without the cast-in-
place concrete. Some of the variable investigated were:

« number of connectors required to connect adjacent precast units

« contribution of diaphragms to load distribution




» influence of position of diaphragms on bridge strength and load distribution

o effect of cast-in-place portion of deck on load distribution
In addition to some of the service load tests just described, the bridge was also subjected to
overload conditions.

In the analytical portion of the investigation, three finite element models were
developed to predict the behavior of the bridge in various states of construction. These
analytical models were validated using the data from the tests completed. Using the
analytical models developed, one can predict the behavior and strength of not only the
laboratory model bridge but also other similar bridges (i.e., different widths, lengths, deck
thicknesses, etc.) The finite element models may also be used to design this type of bridge.

The extrapolation of the finite element models to develop a design methodology was
completed by analyzing various configurations of bridges under critical loading conditions.
Over 2500 analyses were completed during this portion of the investigation. The results of
these analyses form the basis for the design methodology that was developed.

The results of this investigation are summarized herein. The literature review is
presented in chp. 2. Descriptions of the various test specimens are presented in chp. 3, while
instrumentation used as well as a description of the numerous tests performed are presented
in chp. 4. The three finite element models developed are presented in chp. 5. Results from
the numerous laboratory tests are summarized in chp. 6. The design methodology developed
is outlined in chp.7. The summary and conclusions of the investigation are presented in

chp. 8.



2. LITERATURE REVIEW

A literature search was conducted to collect available information on similar types of
bridge systems to determine the suitability of precast connection details currently being used.
Several methods of searching were used. Initially, the Transportation Research Information
Service through the Iowa Department of Transportation (Iowa DOT) was searched. A search
of the Geodex System-Structural Information Service in the ISU Bridge Engineering Center
Library as well as several computerized searches through the university library were also
made.

The literature reviewed in this report, is not intended to be all inclusive but focus on
issues that are pertinent to this phase of the investigation.

In the following sections, a number of pertinent bridge articles that were reviewed are
summarized. These are presented in two sections: structural concrete overlays in bridge deck
rehabilitation and precast concrete connection details.

2.1 Structural Concrete Overlays In Bridge Deck Rehabilitation

A popular rehabilitation technique to repair deteriorated bridge decks is to overlay the
existing concrete bridge deck with additional structural concrete. The main concern with this
type of rehabilitation is abtaining effective horizontal shear transfer between the existing
concrete and the overlay. Surface preparation and how much, if any, shear reinforcement is
needed at the interlayer have been two of the main concerns. Differential shrinkage of the
two concrete lifts and the long term performance under cyclic loading complicates the
problem. The placement of dowels in the existing concrete deck is time consuming and labor

intensive; the effectiveness of the dowel reinforcement in this method of deck rehabilitation



is also questionable. In 1988, Seible (4) investigated the shear transfer between existing
concrete decks and structural concrete overlays.
Current AASHTO (5) specifications require a minimum amount of reinforcement

across interlayer joints which may be determined using the following equations:

Ay=— (1)

where
Ay = reinforcement area crossing the interlayer, in”.
b, = width of contact section investigated for horizontal shear, in.

fay = yield strength of the shear reinforcement, psi.
s = spacing of the shear reinforcement, in.

With Grade 60 reinforcing steel, this translates to approximately a #3 reinforcing bar per
square foot of deck.

The objective of the study performed by Seible focused on three areas. First,
determination of performance differences for different surface preparations typically used in
overlay rehabilitation work. Second, development of an experimental database and
constitutive information on the interlayer slip for calibrating nonlinear analytical models.
Third, verification of proposed design recommendations derived from the analytical studies
and the experimental testing.

The first two criteria were established from block shear tests and tests of full scale
transverse deck slab panels. Various surface preparations typically found in bridge deck

overlay work were investigated.




From the block tests shown schematically in Fig 2.1, two major conclusions were
advanced. In specimens without dowels, the surface preparation had a distinct influence on
the load capacity at the beginning of interlayer delamination. After delamination, the load
capacity decreased dramatically and there was minimal strength remaining in the joint. In
specimens with dowel reinforcement, the strength was controlled by the amount of dowel

reinforcement; the type of surface preparation had little effect on the strength.
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Figure 2.1. Schematic of Seible’s block shear test.

From the slab panel tests shown in Fig. 2.2, the following conclusions were

reached:

1. The use of dowels helped to control interlayer cracking resulting from differential

shrinkage.




2. The behavior of specimens with wood troweled surfaces that were sand blasting
was almost identical to the monolithic condition with the exception of interlayer
cracking from differential shrinkage.

3. The behavior of specimens with the surface scarified (3 mm (1/8 in.) to 6 mm
(1/4 in.) deep grooves on 25 mm (! in.) centers) was virtually identical to the
monolithic condition.

4. The use of minimal amounts of dowel reinforcement proved to be ineffective in
increasing load capacity for all surface types tested, however even minimal

amounts of dowel reinforcement did reduce the amount of differential shrinkage

cracks.
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Figure 2.2. Schematic of Seible’s slab panel test.

From these two series of tests, two conclusions were reached. First, dowel
reinforcement is ineffective from a strength point of view unless actual relative displacement
takes place at the interface. Second, the use of dowels provided additional restraint that was

effective in reducing cracking due to interlayer shrinkage.




In addition to the laboratory tests, a full scale test of a deteriorated highway bridge
was completed in-situ. In this test, linear elastic behavior was observed and no interlayer
delamination occurred with the presence of minimal dowel reinforcement.

Based on the analytical and experimental results of this study, a set of design
recommendations, to ensure proper interlayer shear transfer with the reduction or elimination
of interlayer delamination due to differential shrinkage, was developed. The design
recommendations are summarized below as given by Seible (4).

To ensure horizontal shear strength at the overlay interface the following relationship
must be satisfied.

Vi SOV, @)
where
Vun= Ultimate shear to be resisted, kips.

Von= Nominal shear strength, kips.
¢ = Strength reduction factor.

Due to the in-plane stiffness of the structural concrete overlays, the horizontal interface shear
shall be determined as the average shear force acting over a segment interface length Ly,
defined as
L,=L/2 L<8h
3)

L,=4h L>8h
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where
h = Structural depth of section, in.
L = Span length, in.
If L < 4h, no horizontal interface shear design is required. The nominal shear strength, Vy, is
defined as
V,, =b,L,v, 4)
with
Vi =V, =204 )
where
by = Effective width of the overlay interface, in.
Ly = Segment interface length, in.

f’ = Nominal concrete compressive strength, psi.
V= Nominal horizontal interface shear, kips.

for intentionally roughened surfaces, and
Vi = Vg = A, (6)
where

Aq4= Area of interface dowel reinforcement, in>.

fay = nominal yield of dowel reinforcement, ksi.
for non-intentionally roughened surfaces with dowel reinforcement.

The factored horizontal shear stress, v, shall be determined for arbitrary cross

sections in the longitudinal bridge direction as

VuSO
Yu = Th

v

Q)




1

where

V. = Factored shear force, kips.

So= First moment of overlay with respect to neutral axis, in’.
I= Moment of inertia, in®.

b, = Effective width of overlay interface, in.

and in the transverse bridge direction as

\"
= —t 8
Vuh b h ( )

\

where
V. = Factored shear force, kips.

b, = Effective width of overlay interface, in.
h = Structural height of section, in.

For concentrated wheel loads, an effective width, by, can be determined based on a shear
force distribution angle of 2x30° at a distance 2h from the loaded area.
The factored horizontal segment shear is then defined as
Vuh =vuhvah (9)
where

vun= Factored ultimate interface shear stress, ksi.

by = Effective width of overlay interface, in.

Ly = Segment interface length, in.

If interface dowel reinforcement is required, the dowel area over the segment length

can be determined as




(10

where

Vun= Factored horizontal segment shear, kips.
¢ = Strength reduction factor.
fay = Nominal yield strength of dowel reinforcement, ksi.

A minimum interface dowel reinforcement ratio, p, of

024t

f,

p= (11)

Y
where
fc’ = Nominal concrete design strength. psi.

¢ = Strength reduction factor.
foy = Nominal yield strength of dowel reinforcement, ksi.

is implied by the above design approach for intentionally roughened contact surfaces which
require interface dowels. All dowels must be adequately anchored between interconnected
elements.

Perimeter dowel reinforcement is recommended along free edges of the bridge deck
where there is potential for overlay curl up due to environmental effects. The nominal curl

up length of the free concrete edges, L. shall be computed with h, as

L, =45\h, (12)

where

h, = Overlay thickness, in.
L= Curl up length, in.
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and the perimeter force per unit length as

hg

P, = 48007

2
- Zh,L, (13)
b

where

h, = Overlay thickness. in.
L.= Curl up length, in.

Perimeter dowel reinforcement shall be designed based on an allowable dowe] stress of
f, =04f, (14)
where

fs, = Nominal yield strength of dowel reinforcement, ksi.

and the area of dowels as

A PP 15

where

P,= Perimeter force, Ibs/ft.

fa. = Allowable dowel service level stress. psi.
The required perimeter force to prevent overlay curl up can be reduced in cases where
additional edge dead loads (curbs. parapets, eic.) are present.
2.2 Precast Concrete Comnection Details

The idea of transverse shear transfer in multi-beam bridges was discussed in a paper

by Bakht, et. al (6). Multi-beam bridges are defined as bridges that consist of precast beams

that are placed side by side and are connected by longitudinal shear keys. The majority of
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bridges of this type are constructed of prestressed concrete elements. The effective transfer
of shear across the common edges of beams placed side-by-side is essential to ensure that
load is effieiently distributed to all beams. Traditionally, the void between the beams (i.e.,
the shear key) has been filled with in-situ concrete. The design of these shear keys has
previously been based on empirical methods. Bakht presents a simplified method for
determining the magnitude of transverse shear between adjacent beams. The multi-beam
bridges have been successfully analyzed by idealizing them as articulated plates. An
articulated plate is a special case of an orthotropic plate, in which the transverse flexural
rigidity is taken to be zero. In an articulated plate, it is assumed that the distribution of loads
takes place through transverse shear.

The issue of load distribution and connection design for precast stemmed mutibeam
bridge superstructures has also been addressed by Stanton and Mattock (7). The objective of
their research was to develop information on the behavior of stemmed mutlibeam structures
with an emphasis on the load distribution characteristics and the methodology for designing
the connection details. With their design methodology, one can design the steel portion of the
steel connectors that are embedded in the flanges of the members. According to Stanton and
Mattock, the primary function of connections is to transfer shear forces between adjacent
precast members for lateral distribution of concentrated wheel loads. The connections also
serve to carry any in-plane tension forces that may occur due to the torsional stiffness of the
members. During construction, individual welded connectors are sometimes used to hold
adjacent members in alignment while the keyway between the members is grouted.

Currently, the AASHTO Standard Specifications for Highway Bridges (5) gives no design




recommendations for the transfer of forces across precast panel joints. In practice, it appears
that the grout key requirements as far as geometry and connector details, are based on “rule-
of-thumb” methods and past experience rather than on any rational methodologies. Stanton
and Mattock reported that it appears that “for fully precast bridges of the type under
consideration, the most widely used connection between adjacent precast concrete members
is a combination of a continuous grouted shear key and welded connectors at intervals from
4 ftto 8 ft.” Examples of these typical types of connection details are shown in Figs. 2.3 and
2.4 where four different keyway details are shown (Figs. 2.3a and b. Figs. 2.4a and b) and
four different welded connections are illustrated (Figs. 2.3c and d, Figs. 2.4c and d). Itis
noted that a less frequently used connection detail consists of continuously grouted post-
tension tendons which are tensioned to approximately 517 kpa (75 psi) to produce
compression along the joint. An alternate form of construction of the full depth precast
concrete stemmed beams is the combination of a thin flanged tee or double tee with a cast-in-
place slab to form a composite system. This system is quite similar to the one being
investigated in this study. In the precast concrete stemmed beam system, the precast flange is
typically on the order of 50 mm (2 in.) thick and the cast-in-place depth is typically 127 mm
(5in.) to 152 mm (6 in.) and is designed to carry the transverse moments.

To obtain information on details used in practice, Staton and Mattock developed a
survey which was sent to state DOTs as well as to several county engineers in the state of
Washington. Of particular interest are the responses to questions concerning the design of

the connection between fully precast members. Typical responses include: ‘not designed’,
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‘details used many years with reasonable success’, ‘standard details’, ‘industry suggested
connection’, ‘design by fabricator’, and so on. Thus, the connection details currently in use
today seem to be based on the “trial and error” method of design. Because of this, a wide
variety of joint geometries exists. In addition, the suggested shape, configuration, and
location of the shear key is highly debatable and has developed into a variety of *standard”
keyways.

Stanton and Mattock state that their search of currently available literature did not
yield any specifics for the design of the steel portion of the connection details. The only
quantitative recommendation that could be found was that the plate in the welded connectors
be 19 mm (3/4 in.) thick and located typically on 1829 mm (6 ft) to 2438 mm (8 ft) centers.
Dimensions are not usually specified but are similar to those shown in Figs. 2.3 and 2.4. One
referenced article suggested that the connection between adjacent precast members be
designed to resist half of the total weight of the bridge deck. This recommendation is
derived from the realization that temperature and shrinkage would cause the precast members
to shrink and therefore induce tensile forces. It is suggested that the welded connection must
be adequate to take these tensile forces.

There exist a few variations to the previously presented connection details with the
primary difference being that the some of the hardware is replaced by lighter weight
elements. Generally, these connection details have been used in prestressed concrete to
equalize deflections due to camber in addition to transferring the shear across the joint.

Stanton and Mattock also discuss the behavior of such connections in service. It is

noted that “In those very few cases where problems have occurred, they have mostly been
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associated with the grout key usually cracking at the grout/concrete interface; however in two
cases, failure of the grout key was reported. In one case, this was attributed to the low quality
of the grout; and in the other case, to rocking of the beam due to a problem with the beam
bearing details.” There were only three instances of problems with the welded connection
detail. In the first case, the problem was attributed to improper welding, in the second case,
to improper anchorage fabrication, and in the third case, to failure of the welds which caused
concrete spalling in the region.

Stanton and Mattock report only three investigations of connection details between
adjoining edges of precast concrete slabs. The first researchers drew the conclusion that "...a
properly grouted keyway in combination with either transverse tie rods or welded connectors
between adjacent member edges is a very effective way to transfer shear between adjacent
members." Stanton and Mattock discounted the work by another researcher due to the fact
that the laboratory testing was completed without realistic connection details. In the third
investigation, failure modes similar to those observed in the field were indicated. However,
the test apparatus did not correctly model field bridge conditions.

From their literature review, experimental investigation, and analytical work, Stanton
and Mattock have arrived at the following conclusions:

. Where a grout key and steel connectors are used to join members, forces from

wheel loads are transferred through the grout key. The steel connectors carry
shear forces induced before grouting, tension forces due to shrinkage, and tension

forces due to twisting under truck loading. They must also provide the clamping
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forces to mobilize the full shear resistance of the connection, while
simultaneously undergoing any imposed rotations.

The spacing and strength of steel flange connectors should be based on the shear
forces induced before grouting and tension and moments afterwards. Twisting of
the girders under live loads is shown to induce tension in the connectors along the
joint between the two outer members of a bridge. However, this tension arises
largely from compatibility, and not equilibrium requirements, and its value is
significantly reduced by small deformations of the connectors.

. The edge thickness of precast members should be 6{(5000)(f.)}° but not less
than 152 mm (6 in.).
. The spacing of welded connectors should be not more than the lesser of 1,520

mm (5 ft) and the width of the flange of the precast member.

. Welded connector anchors should be located within the middle third of the slab

thickness.

The tensile strength of each connector and of its anchor, T, should be not less

than
T, =T, +T, (16)
with:
and

T, =05W_N_p, (18)
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where

o = Maximum inclination of sloping faces of grout keys, deg.
w, = Coefficient of friction between key and concrete (0.5).
uz = Coefficient of friction between beams and bearings.
s = Longitudinal spacing of welded connector, ft.
Wn= Weight per foot of beams and topping, lbs/ft.
Nm = Number of members in width of bridge.

A variety of precast concrete connection details are outlined by Biswas (8) in a special
report on Precast Bridge Deck Design Systems. These are summarized in Figs. 2.5 through

2.9. Generally, these details are quite complicated and the wide variation in parameters leads

to the conclusion that their behavior is not well understood.
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Berger (9) discusses the advantages and disadvantages of butted, keyed, and grouted
joints, as well as giving examples of typical joint details. As for butt joints Berger states,
“The butt joint is simple to cast and erect but has the disadvantage of providing no inherent
shear transfer capacity. This can be developed through frictional resistance from
longitudinal postensioning.”

Keyed joints, although much more difficult to construct due to the tight tolerances
required to ensure proper behavior, offer the advantage of a positive shear transfer
mechanism. Typical keyed joints are shown in Fig. 2.10. Typically, these have been hard to

construct in a precise manner and, unless great care has been exercised, the final result is less

than desireable.

a. Detail 1

b. Detail 2

¢. Detail 3

Figure 2.10. Typical keyed joint details.




25

Grouted joints have been effectively used by a number of different agencies. The
advantage of the grouted joint over the keyed joint is the fact that the construction tolerances
are much wider while at the same time offering the positive shear transfer mechanism.

Hucklebridge, El-Esnawi, and Moses (10), based on their investigation of shear keys,
have formulated some conclusions on their performance in-situ. Every structure that was
investigated had some magnitude of relative displacement across precast panel joints. These
relative displacements are thus assumed to occur due to the fracture of the grouted joint. A
finite element investigation along with the field observations lead to the conclusion that “An
intact shear key should not permit more than 0.0254 mm (.001 in.) relative displacement
between adjacent girders...”.

Additionally, they noted that joints that were obviously distressed (evidence of water
leakage or reflective cracking in the cast-in-place deck) consistently gave the highest
magnitudes of relative displacements except when the load was applied far away from the
damaged joint. However, most of the structures (even those with obvious distress) still
exhibited reasonably good load distribution across the precast girders.

From their observations, it was concluded that tie bars basically had no effect on the
shear transfer or the performance of the joint in-situ. Generally, joints that showed distress
(i.e., leakage and/or reflective cracking) with or without tie bars basically had the same
effectiveness in transferring shear forces across the precast joints. They also noted that shear
key failure is the rule and not the exception. Failed shear keys resuits in degradation of the
concrete deck and reinforcing steel due to the introduction of water and deicing salts in the

failed joint.
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3. SPECIMEN DETAILS
3.1 Overview

The various specimens that were tested in this investigation are described in this
chapter. Where possible, full scale specimens were used. In some instances, as described in
the following sections, small scale specimens were used. These small scale specimens were
appropriately modeled to satisfy the principles of similitude and were fabricated using the
same materials as used in the prototype (i.e.. concrete and steel).

3.2 Small Scale Connector Specimens

One of the major concemns in the proposed bridge system was the connection of
adjacent Precast double-T units, henceforth, referred to as PCDT units. Connections used
between PC concrete units by others were reviewed in chp. 2. Since none of these
connections has been effective in eliminating reflective cracking in the cast-in-place (CIP)
portion of the deck, alternate connection details were investigated in this study. Although the
connections need to resist a number of different types of loads at various times during
construction, simplicity of construction was also of concern. Many of the connections
presented in chp. 2 required the use of multiple components and were therefore deemed
inappropriate for the proposed system.

When constructing a bridge using precast units, the transfer of forces from unit to unit
is critical to the bridge’s structural performance. Load transfer is accomplished by two
mechanisms. First, the CIP portion of the deck (reinforcement plus concrete) provides a
continuous shear transfer mechanism. Any degradation of the concrete or reinforcing steel

will obviously reduce the effectiveness of this transfer mechanism. Propagation of reflective
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cracking over the interface between PCDT units due to relative displacements between the
units can result in degradation of the CIP portion of the deck. To reduce the possibility of
this reflective cracking, two connections were developed to reduce relative deflections
between adjacent PCDT units.

After the PCDT units are placed, connections between the units have to resist various
types of construction loads. To ensure that construction loads can be distributed between the
PCDT units during construction, the connections have to resist shear forces, axial forces, as
well as moments. Of primary concern at this stage of construction is the transfer of moment.
With this in mind, the research team decided that a connection that was symmetric about the
mid-depth of the PC slab would be most efficient. On the other hand, the internal force
transferred through a connection after the CIP concrete deck is in place is primarily a shear
force; thus, the connection needs sufficient strength to resist these forces as well. Details of
the first connection investigated are shown in Figs 3.1 and 3.2. Shown in Fig. 3.1 are the
dimensions of the connection; note the reinforcement is on 102 mm (4 in.) centers so that
there is adequate clear distance to develop the full strength of the reinforcement. The
connection illustrated consists of a C4x7% channel with three Grade 60 #4 reinforcing bars
shop welded to the face of the channel. The reinforcing steel is embedded in the PC concrete
(see Fig. 3.2) thereby developing the connection’s moment resistance. The length of the
reinforcing steel was set at 640 mm (24 in.) to ensure that the full capacity of the reinforcing
steel could be developed, assuming the PC concrete has a 28 day compressive strength of
24,130 kPa (3,500 psi). Additionally, when the connection is used in bridges, this length of

reinforcement extends into the transverse negative moment region of the deck so that the
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Figure 3.1. Individual PC concrete connection details.
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Figure 3.2. Side view of connection after welding two units together.



29

steel is not terminated in a tension zone. The welds in all the PC connectors were performed
by an uncertified welder with minimal experience to simulate conditions one might find in
the field. All welds were performed with a stick welder and consist of two passes of a S mm
(3/16 in.) EE70 weld metal.

Shown in Fig. 3.2 is the connection detail when two adjacent units are connected.
Plates, 76 mm x 10 mm x 254 mm (3 in. x 3/8 in. x 10 in. long), are welded to the top and
bottom flanges of the channels as shown. Under normal construction conditions, the
channels most likely will be slightly misaligned. Thus, filler plates may be needed to fill any
“gaps” between the channels in two adjacent units. Welding of the plates was also completed
by an uncertified welder with minimal experience.

As previously noted, the channels in adjacent units were not always “flush” when the
units were placed next to each other. Generally, the gap was less than 25 mm (1 in.) but was
as much as 51 mm (2 in.) in a couple of instances. The misalignment was due to a number of
things. First, during placement of the PC concrete, the channels had a tendency to
move due to the impact forces that occurred during pouring and screeding of the concrete.
Secondly, the formwork used to cast the small scale speciemns and PCDT units was not
“perfectly” straight.

The second detail developed was a bolted connection similar to the first one. The
connection consisted of casting voids (i.e., bolt holes) in the PC concrete to accommodate
through bolts. Adjacent PCDT units were then connected by top and bottom steel plates
which were bolted (using the bolt holes) to the PCDT units. Reinforcement bar hooks, that

wrapped around the bolt holes, were provided to transfer connection forces into the PC
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concrete. Even though the bolted connection was being employed on small-scale specimens
in the laboratory, there were misalignment problems. Under field conditions with full scale
PCDT bridge elements, it was envisioned that there would be even greater misalignment
problems. Thus, it was concluded that the bolted connection was not feasible.

Shown in Fig. 3.3 is a sketch of the PC slab elements used in the testing of the
connections; two of these units were connected (see Fig. 3.2) in the connection tests. As
shown, the length of the elements was 533 mm (21 in.) and the width was 457 mm (18 in.).
The depth of the concrete varied from 102 mm (4 in.) when there was only PC concrete (as
shown in Fig. 3.3) to 204 mm (8 in.) when there was 102 mm (4 in.) of PC concrete plus 102
mm (4 in.) of CIP concrete. Note the PC concrete was scarified to obtain bond with the CIP

concrete.

18

a. Plan view

PC concrete ——\

Channel connector:
(see Fig. 3.1)

b. Side view

Figure 3.3. PC slab elements used in small scale connector tests.
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3.3 PCDT Specimens

The bridge replacement alternative presented herein utilizes pre-fabricated PCDT
units composed of two steel beams and a composite concrete deck. The units may be
constructed off site and then transported to the field where multiple units can be connected
together to give the desired width of bridge. A CIP concrete deck is then constructed over the
connected PCDT units to obtain the required depth of bridge deck. It is envisioned in certain
situations that this type of bridge could be constructed using salvage steel bridge beams thus
reducing construction costs. The mode! bridge presented in the subsequent sections of this
report was constructed using salvage steel beams.

As shown in Fig. 3.4, the PCDT unit specimens that were constructed for the model
bridge were 2,137 mm (7 ft) wide. Three units were used to provide and overall bridge width
of 6,401 mm (21 ft). Although a 8,534 mm (28 ft) wide model bridge (4 PCDT units) was
desired, there was inadequate space in the Iowa State University (ISU) Structural Engineering
Laboratory (SEL).

The PCDT units used in the mode! bridge have a 102 mm (4 in.) thick deck and two
W21x62 steel beams with a center-to-center spacing of 1,077 mm (3.5 ft). This deck
thickness was selected to minimize the weight of the individual units yet provide sufficient
structural strength so that the units could be moved without damaging them. The span length
of the PCDT units was limited to 9,754 mm (32 ft) for two reasons - space limitation in the

SEL and the length of beams available for use in the project.
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Figure 3.4. Nominal cross sectional dimensions of PCDT units used in model bridge.

3.3.1 Reinforcing Steel in the PC Deck

Steel reinforcement used in the PC deck is shown in Fig. 3.5 As can be seen, the PC
deck has #3 reinforcement spaced transversely on 305 mm (12 in.) centers and #4
reinforcement spaced longitudinally on 165 mm (6.5 in.). The reinforcement is Grade 60
deformed bars. The reinforcement was designed according to AASHTO (5) LFD
requirements for bridge decks and serves as the bottom slab steel for the complete bridge
deck (PC concrete plus CIP concrete). Reinforcement used in the CIP portion of the deck
(which serves as the top steel reinforcing) is described in Sec. 3.5. In Fig 3.5b, one may
observe the 38 mm (1.5 in.) bar supports used and the welded shear studs (which are
discussed in Sec. 3.3.2). The Dywidag bars that are attached to the top flanges of the two
steel beams are for connecting the lift brackets shown in Fig. 3.6. There are four of these
brackets per unit. To control the differential shrinkage between the PC and CIP concrete due
to the age difference, # 4 reinforcement spaced at 1676 mm (5.5 ft) was extended from the
PC concrete into the CIP concrete. The placement of #4's at 1676 mm (5.5 ft) along the

edges follows the recommendations of Seible (4) for concrete overlays in bridge
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b. Photograph of reinforcement used in PC deck

Figure 3.5. Reinforcement details in the deck of the PCDT units.
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Figure 3.6. Photograph of lifting bracket.

rehabilitation (see chp. 2).
3.3.2 Welded Shear Studs

Composite action between the PC concrete deck and steel beams was obtained by
using S3L 34”x4” welded shear studs (16 per beam, 32 per unit). The location of the studs is
shown in Fig. 3.7. The number of shear connectors was determined using the design
strengths of the studs provided by the manufacturer for strength alone (i.e., fatigue
requirements were neglected as the laboratory bridge would be tested under static loads only).

As the length of the shear studs and the deck thickness are both 102 mm (4 in.), the top of the
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shear stud is at the top surface of the deck (i.e., no cover). This will not be a problem, as (02
mm (4 in.) of CIP concrete will be added in the field, which will provide adequate cover.
Prior to installing the shear studs, the top surface of the top beam flange was prepared by
removing the rust from the steel beams by grinding to a smooth surface. The shear stud
locations were then marked and the studs “shot” into place. To ensure that the stud welds
have achieved full penetration, the normal test of bending the stud at the beam level to a 45°

angle was employed. All welded studs tested in this manner passed this strength test.

6" 7 SPA @ 24" 36" 7 SPA @ 24" 6"

. - -—

l
I T T T T T 1 T T T T 7 ¥

S3L 3/4"x4" Welded Shear Stud —/ 1 W21x62

Figure 3.7. Location of shear studs.

3.4 Construction of PCDT Units

The individual PCDT units that comprise the model bridge were constructed over a
two month period. The units were fabricated and cast using normal construction procedures;
individual units were cast in a shored condition. Since they were available, surplus beams of
the same size were used to support the formwork. In situations where extra beams are not
available, one would use a system of deck hangers to support the formwork. As previously
noted, each PCDT unit consists of two steel beams. However during casting, an additional

seven beams were used to support the formwork as shown in Fig. 3.8.




36

4" x 4" lumber Top of PC con

crete
r 2 x 4 lumber ’//Ww ood

p p b p- o 3 . - P

W21 x 62
Beams in PCDT unit

PL 1"x12"x12"

Figure 3.8. Formwork used to cast individual PCDT units.

The beams that were part of the PC units were placed on 25 mm (1 in.) thick plates
placed continuously along the length of the beams so that the elevation of the top flange of
the two beams in the PC units was 25 mm (1 in.) higher than the top flange of the support
beams. The formwork consisted of 19 mm (3/4 in.) plywood which gave a nominal 6 mm
(174 in.) overlap between the steel flanges and the concrete. This 6 mm (1/4 in.) overlap will
provide sufficient lateral support to the top flange of the steel beams in the laboratory
specimens, however it is not recommended for use in actual practice. In the field, formwork
should be placed so that the entire top flange is supported (i.e., bottom surface of concrete
and bottom surface of top flange are at the same elevation). The 102 mm x 102 mm (4 in. x
4 in.) lumber and vertical 19 mm (3/4 in.) plywood provided the lateral containment for the
concrete and provided a guide for screeding the concrete to the desired depth. The cross-
section in Fig. 3.8 is near mid-span of the beams; the same formwork scheme was used to
form the ends of the specimens. A photograph of the formwork is shown in Fig. 3.9; the

shear studs previously described are also seen in this figure.
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Figure 3.9. Photograph of formwork for PC concrete deck.

To accommodate the forming of the 102 mm (4 in.) CIP deck, anchors for supporting the
formwork for the CIP deck were positioned in the PC portion of the deck. The anchors were
for 13 mm (1/2 in.) spiral bolts with a maximum depth of embedment of 38 mm (1.5 in.); an
example of these anchors is shown in Fig. 3.10. The anchors were tied to the reinforcing
steel to ensure that they would remain in the desired position during casting. Although some
of the anchors did move during placement of the concrete, they were easily located since the
formwork had been premarked with their approximate location. In some cases, the concrete

had to be chipped away as the anchor had moved.into the concrete. These anchors were
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Figure 3.10. Photograph of anchors for attaching the CIP concrete formwork.

placed on approximately 1219 mm (4 ft) centers. Rather than anchoring the spiral anchors to
the reinforcement, it is recommended that holes be drilled in the formwork and the spiral
anchors be “bolted” to the formwork. One of the channel connectors previously described is

shown in Fig. 3.11.

Figure 3.11. Photograph of PC portion of connection.
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Casting of the concrete in the individual PCDT units was completed in one
continuous pour. Before any concrete was placed, the ready-mixed concrete was tested for
air and slump requirements and cylinders were cast. Concrete was transported from the
ready-mix truck to the formwork using a concrete bucket and the SEL overhead crane. Using
this combination, the concrete was “dumped” into the formwork and spread accordingly.
After adequate spreading, the concrete was vibrated with an internal vibrator. The top
surface was then screeded to obtain the desired deck thickness. A light trowling was then
completed to ensure that no voids had been missed in screeding. Since composite action
between the two portions of the concrete deck was required, the top surface of the PC portion
of the deck was intentionally scarified in the transverse direction to provide a mechanism for
shear transfer across the interface between the PC concrete and the CIP concrete. “Grooves”
were scarified in the wet concrete to a depth of approximately 6 mm (1/4 in.) spaced at
25 mm (1 in.) intervals as shown in Fig. 3.12. The process of scarifying the deck is shown in
Fig. 3.12a while the final product is shown in Fig. 3.12b. As previously described, the two
Dywidag bars projecting from the concrete are for attaching lifting brackets .

To remove the units from the formwork, the end formwork was removed and the units
were lifted using the overhead crane in the SEL. Chains were connected to the units with the
lifting devices shown in Fig. 3.6. These devices were fabricated using 305 mm x 305 mm x
25mm (12 in. x 12 in. x | in.) steel plates with an 25 mm (1 in.) thick “eye” welded normal
to the plate. A clevice of adequate strength was placed in the eye to accommodate the lifting
chains. The lifting brackets (4 per unit) were attached to the PCDT units using 10 mm (3/8

in.) Dywidag bars (2 per bracket) that had been bolted to the upper flanges of the steel beams
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a. Scarification of PC concrete.

b. Scarified PC deck

Figure 3.12. Photographs of scarified PC deck.
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prior to casting (see Fig. 3.5). This arrangement transmits the majority of the load (i.e.,
approximately one-fourth the specimen weight to each bracket) to the steel beams rather than
to the “new” concrete. Figure 3.13 shows one of the PCDT units as it is being lifted from its

formwork.

Figure 3.13. Photograph of lifting PCDT unit from formwork.

3.5 Model Bridge Specimen
As previously discussed, the model bridge specimen was comprised of three
2,134 mm (7 ft) wide PC units. Overall dimensions of the model bridge are shown in Fig.

3.14 as well as the location of the diaphragms.
3.5.1 Reinforcing Steel
Steel reinforcement used in the CIP concrete is shown in Fig. 3.15. As can be seen,

the CIP deck has #3 reinforcement spaced transversely on 241 mm (9.5 in.) centers and #4
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Figure 3.14. Overall dimensions of model bridge.
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Figure 3.15. Reinforcement details in the CIP portion of the deck.
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reinforcement spaced longitudinally on 165 mm (6.5 in.) centers. The reinforcement is Grade
60 deformed bars. The reinforcement was designed according to AASHTO (5) LFD
specifications for bridge decks and serves as the top layer of steel in the complete bridge
deck.

The first PCDT unit was constructed for use in the “handling strength” tests which are
described in chp. 4. Since the specifics of the connection detail had not been finalized, no PC
connections were included in this unit. However, since this unit was not damaged in the
handling strength tests it was concluded that this unit could be used in the model bridge with
some type of retrofit connection. Although there was some concern with the strength and
stiffness of this connection, there were no problems with its performance in any of the tests.
A bolted connection was designed that could be retrofitted to the first cast unit. Details of
this retrofitted connection are illustrated in Fig. 3.16.. Shown in Fig. 3.17 is a photograph of
the retrofitted connection detail in the left PCDT unit aligning with the channel connection in
the right PCDT unit. The first cast PCDT unit needed to be modified to accept the retrofitted
connection. At the locations where it was desired to install the retrofit connections, the PC
concrete was ground on the top and bottom surfaces to the depth of the connection plates (see
Fig. 3.16). Holes were then drilled through the PC concrete and top and bottom plates.
Through bolts were installed and tightened thus connecting the steel plates to the deck.

3.5.2 Diaphragms

Determining the influence of interior diaphragms on load distribution was another

objective of this investigation. As shown in Fig. 3.14, diaphragms were installed at the 1/3

points of the span (3,251 mm (128 in.) from each end). The diaphragms consisted of
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Figure 3.16. Retrofitted PC connection.
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Figure 3.17. Photograph of retrofitted and channel connections.

MC8x20 channels bolted to 127 mm x 76 mm x 10 mm (5 in. x 3 in. x 3/8 in.) angles that
were in turn bolted to the webs of the beams as shown in Fig. 3.18. The diaphragm detail
consists of bolted connections that were tightened to slip critical conditions by the turn of the
nut method,; all bolts are 19 mm (3/4 in.) in diameter and are high strength A325 with
washers appropriately placed.

The details for the angles and the channels are shown in Figs. 3.19 and 3.20,
respectively. All holes were drilled to 3 mm (1/8 in.) in diameter larger than the bolt
diameter.

As shown in Fig. 3.21, the diaphragms were installed at two different positions on the

web to determine the influence of position on the behavior of the bridge. The channels were
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first placed at mid-height of the web (Fig. 3.21a) and then directly under the bottom surface
of the concrete deck (Fig. 3.21b). In each case, the diaphragms were positioned and leveled
in both directions prior to tightening the nuts.

3.6 Construction of Model Bridge

The construction of the model bridge was completed in three phases which are
described in the following sections. Note that although the phases are described separately,

many of the construction operations were undertaken simultaneously.
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b. Diaphragm directly under concrete deck

Figure 3.21. Positions of diaphragms tested.
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3.6.1 Phase I Construction

After fabricating and curing the three PCDT units required for constructing the
6,401 mm (21 ft) wide bridge, the three units were positioned side by side on abutments.
Figure 3.22 shows the bridge model after placement of the three PCDT units. The
scarification of the PC concrete is obvious and the connection details can be seen along the
two joint lines. The model was placed on ideal pin and roller supports consisting of steel
bars 25 mm (1 in.) in diameter and top and bottom 305 mm x 305 mm x 25 mm (12 in. x 12
in. x | in.) steel plates. For the pin supports, the steel bars were welded to the bottom plates;
for the roller supports, the steel bars were not connected to either plate, thus permitting
rotation and longitudinal movement. The pin and roller supports for the six steel beams in
the bridge were positioned so that the span length for each of the PCDT units was the same.
Note, in Fig. 3.22 the “patches” on the PC deck surface are for installation of strain gage

instrumentation.

Figure 3.22. Photograph of model bridge with PCDT units in place.
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3.6.2 Phase II Construction

With the three units of the bridge model in place, the next step was to weld the top
and bottom plates of the PC deck connectors. The plates that make the connection were
welded as indicated previously in Fig. 3.2. As will be explained in chp. 4, the model was
tested varying the number of connections. Once the number of connections required for
obtaining the desired load distribution was determined, all unneeded connections were
removed.
3.6.3 Phase III Construction

At this time, the bridge model was ready for the CIP concrete portion of the deck.
Formwork was attached to the PCDT units using the inserts in the PC deck previously
described. The formwork which consists of four components is schematically shown in
Fig. 3.23. First, 19 mm (3/4 in.) thick plywood was cut to a nominal 203 mm (8 in.) depth in
2,438 mm (8 ft) lengths. The plywood and connecting angles were then bolted to the PC
concrete using the inserts which had been positioned around the perimeter of the deck. To
ensure that the formwork was strong enough to resist the forces from screeding, 2x4 lumber
was attached to the plywood between the angles to provide additional strength. This
combination (angles, plywood, plus 2x4’s) gave a formwork system that was effective in
retaining the plastic concrete and resisting the screeding forces.

Once the formwork had been constructed, the next step was to place the reinforcing
steel. The steel was tied into a mat and positioned on high chairs to give the desired top

cover of 51 mm (2 in.) (see Fig. 3.15). With the reinforcement in place, the final step in
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Figure 3.23. Details of CIP concrete formwork.

constructing the CIP deck was to pour the concrete. As with the PC concrete, the deck was
poured using standard lowa DOT C-4 ready-mixed concrete. The concrete was placed and
vibrated similarly to the process used in placing the PC concrete. Initially, it was thought that
the CIP deck could be placed in the same manner as the PC deck using a very stiff screed and
then finish the top surface with a bullfloat. Attempts to use the 7,010 mm (23 ft) long screed
were unsuccessful for several reasons. First, the model was positioned very close to an
exterior wall in the SEL which limited work space on one side of the deck and secondly, the
concrete was very stiff (a slump of 89 mm (3.5 in.)) and was not easily “pushed” (see Fig.
3.24). Because of the lack of success with the screed, the next option was to finish the
surface with hand trowels. Five people finished the surface with hand trowels while kneeling

on
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Figure 3.24. Initial attempt to screed the CIP concrete.

platforms that had been laid across the bridge. This platform was on top of the formwork and
therefore provided a reference surface that resulted in a reasonably level surface (i.e.,
constant deck thickness). It should be noted at this time that this is definitely not a
recommended procedure to finish the CIP portion of the deck in this bridge system. The final
step in pouring the CIP deck was to finish the surface of the concrete with a bullfloat as
shown in Fig. 3.25. The bullfloat was used to remove voids and to reduce uneveness left by
using the hand trowels. Shown in Fig. 3.26 is a photograph of the PC and CIP portions of the
deck after the CIP formwork had been removed. Although there was some variation in the
total deck thickness, in general the deck was 204 mm (8 in.) thick - 102 mm (4 in.) PC and

102 mm (4 in.) CIP.
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Figure 3.26. Photograph showing PC and CIP portions of reinforced concrete deck.
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4. TESTING PROGRAM

4.1 Overview

A laboratory testing program was initiated to gain an understanding of the global as
well as local vertical loading response of the steel beam precast unit bridge system. The
testing program consisted of a series of small scale tests on different types of PC deck
connections, “handling strength” tests of a PCDT unit, four series of 16 tests each on the
model bridge with only the PC portion of the deck in place to determine load distribution,
and four series of 16 tests each on the fully constructed model under various configurations
of loading to determine load distribution as well as overload strength.

As previously noted, the full scale specimens were constructed of ready mix concrete
(Iowa DOT C-4 mix) and W21x62 used steel beams. The concrete was controlled during
placement to assure proper amounts of entrained air and slump. Cylinders cast during
placement were tested to monitor the concrete compressive strength and split cylinder
strength. The modulus of rupture strength was determined by testing standard modulus
beams (third point loading) which were also cast during pouring. Concrete testing was
completed following all applicable American Society of Testing and Materials specifications.
4.2 Small Scale Connector Tests

The small scale connector tests consisted of testing bridge deck specimens with the
different connection assemblies, described in chp 3. These tests were undertaken to
determine the type of connection that could be practically implemented, to investigate the
structural response and strength of the different connections, and to obtain behavior data of

the connection details for validation of a finite element model (FEM) of the connection.
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Three different connections were investigated. As was described in chp. 3, two of the
connections consisted of plates welded to channels that had been cast in the PC portion of the
specimen; one of the connections had plates welded to both the top and bottom flanges of the
channel while the other only had a plate welded to the bottom flange. The third detail
investigated was a bolted connection which was described in Sec. 3.2. As previously noted,
due to alignment problems with bolt holes, this connection was eliminated from future
consideration. The specimens, shown in Fig. 3.3, were 533 mm (21 in.) in length and
457 mm (18 in.) wide. The length of each panel specimen was half of the beam spacing used
in the model bridge while the 457 mm (18 in.) width provided adequate room for the full
scale connections.

As shown in Fig. 4.1, two different types of tests were completed: first, nominal 102
mm (4 in.) thick PC panels were subjected to flexural loading and second, panels consisting
of the PC portion of the deck plus the CIP portion of the deck were also subjected to flexural
loading. These latter specimens would therefore had a nominal total thickness of 204 mm (8
in.) - 102 mm (4 in.) PC and 102 mm (4 in.) CIP. The PC portion of all specimens tested
were from one batch of ready-mixed concrete and therefore had the same nominal concrete
strength. Concrete used in fabricating the CIP portion of the full depth specimens also came
from a single ready-mixed batch of concrete.

Each specimen was subjected to flexural loading as previously noted. In the
following discussion, failure load is taken to mean load that cause the behavior of the

specimen to change significantly (i.e., when the specimen continued to deflect without an
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increase in applied load). Tests were terminated when such a change in behavior was noted.
Photographs of the test setup are presented in Fig 4.2. The load on the specimens

(Specimens 1 and 2) with only the PC deck were tested with the load offset from midspan by
152 mm (6 in.) so that the load was not applied directly to the connection detail (see Fig.
4.2a). However, for tests with the CIP in place (Specimens 3 and 4), the load was applied
directly at midspan. The load was applied as a *“line load” using structural tubing, and 25 mm
(1 in.) thick neoprene pads for distribution; load was applied in increments of 445 N (100
Ibs). The specimens were simply supported with a pin and roller arrangement.

All instrumentation was monitored and recorded using a computer controlled data
acquisition system (DAS). Loads applied to the specimen were measured using load cells.
As illustrated in Fig. 4.3, longitudinal concrete strains were monitored along the bottom
surface of the specimens at the quarter points - (267 mm (10.5 in.)) from each support.
Longitudinal steel strains were measured on the bottom surface of the bottom connection
plate at midspan. Celescos (deflection transducers) were used to measure vertical deflection
at these same locations.

4.3 “Handling Strength” Tests of PCDT Unit

This type of testing was completed to determine: the “handling strength” of the PCDT
units during erection, the amount of composite action obtained between the PC concrete and
the steel beams, and the response of the PCDT units to load for verification of the FEM. In
this task, the first PCDT unit constructed was subjected to a two point load configuration

illustrated in Fig. 4.4. Loads were applied at the third points of the specimens
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b. Connector test with CIP concrete deck in place

Figure 4.2. Photographs of small scale connector tests.
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Figure 4.3. Instrumentation for small scale connector tests.

(3,251 mm (128 in.) from each end) in increments of 4,448 N (1,000 lbs) until a moment,
twice that which would occur in the unit under its own weight when it was lifted, was
obtained. This magnitude of moment was selected to simulate a dynamic load that might
occur when the specimen is moved. As shown in the photograph in Fig. 4.5, “line load” was
transmitted to the specimen using a load frame anchored to the SEL tie-down floor. To
ensure even distribution of the “line load” across the scarified concrete surface of the
specimen, sand was placed between the specimen and the distribution beam. This test was
repeated four times to ensure repeatability of the resuits.

All instrumentation was monitored and recorded using a computer controlled DAS.
Loads applied to the specimen were monitored at both load points using load cells.
Instrumentation on this PCDT was the same as used in the model bridge which is described

in Sec. 4.4.
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Figure 4.4. Schematic of “handling strength” test.

Figure 4.5. Photograph of “handling strength” test.

4.4 Model Bridge Tests
4.4.1 PCDT Units Only

As noted in chp. 3, the model bridge was constructed and initially tested with only the
PCDT units in place. Tests were completed in this configuration to determine the number of

connections between adjacent PCDT units required to obtain the desired lateral load
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distribution and to withstand construction loads. A total of 16 connectors were precast (see
Fig. 3.22) into one or both edges of the PCDT unit depending on its location in the model
bridge. The location of the connectors in the four series of tests is shown in Fig. 4.6. As
described in Chp. 3, the model bridge was simply supported with a pin and roller
arrangement. Testing started with three welded connections along each joint (Series 3 - Fig.
4.6a), two additional connectors were then welded along each joint (Series 5 - Fig. 4.6b) and
the model re-tested. Note in this configuration as well as those that follow, the connections
are not uniformly distributed along the interface between PCDT units being connected.
However, the arrangements of connectors are symmetrical about the midspan of the model
bridge. In the other two series of tests, there were seven (Series 7 - Fig. 4.6¢) and nine
(Series 9 - Fig. 4.6d) connectors. The same procedure was used in the testing of each of the
four connector arrangements. Load was applied at each of the 16 load points shown in Fig.
4.7a in increments of 4,450 N ( 1,000 lbs) until 71,170 N (16,000 Ibs) was reached.
Instrumentation used in the bridge model test is also shown in Fig. 4.7. As shown in Fig.
4.7a, a total of 12 sections in the model bridge were instrumented with both steel and
concrete strain gages; all gages were oriented to measure longitudinal strains. Each beam of
the PCDT units was instrumented at two sections, at mid-span and at the quarter span, with
five strain gages at each section. A concrete strain gage was located on the top surface of the
PC concrete directly above the steel beam (see Fig. 4.7b). Steel strain gages were mounted at

four locations: two on the bottom surface of the upper flange, one at mid-height of the web
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Figure 4.6. Location of connections in model bridge tests.
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Figure 4.7. Instrumentation used in model bridge.
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and one on the bottom surface of the bottom flange. Strains measured by the two strain gages
on the top flange were essentially the same, thus an average of these two strains is used in
reporting the data in chp. 6.

Deflections were monitored at three locations on each of the six steel beams in the
model bridge. The Celescos (string potentiometers) were located at mid-span, quarter span,
and at the three-eighths span (see Fig. 4.7a). Additionally, at the three-eighths span section
(3,570 mm (12 ft) from the end) the deflection instrumentation was positioned so that
differential movement between adjacent PCDT units could be monitored. This location was
selected because it was thought this is where the greatest differential movement between
adjacent PCDT units would occur.

4.4.2 CIP Portion of Deck in Place

This phase of testing was completed for several reasons. First, to determine the
contribution of the CIP concrete and reinforcement on load distribution. Second, to
determine the effect that diaphragms and diaphragm position have on load distribution.
Third, to determine the behavior and strength of the bridge system.

As will be shown in chp. 6 (see Sec. 6.3.1), five connections (Series 5 - Fig. 4.6b)
between PCDT units provided the desired load distribution. Thus, the bridge model was
returned to this configuration prior to pouring the CIP portion of the deck. With the CIP
portion of the deck in place, the model bridge was tested using exactly the same procedure
(load applied at 16 different locations, in 4,450 N (1,000 Ibs) increments, etc.) that was used
in the testing of the model bridge with only the connected PCDT units (i.e., no CIP concrete).

Details of this testing procedure were presented in the previous section (Sec. 4.4.1). Since
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the strength of the model bridge with the CIP is greater than when only the PCDT’s were
present, the maximum applied load was increased to 142,340 N (32,000 Ibs). To determine
the effect of diaphragms on the behavior of the bridge and on load distribution, diaphragms
were installed as described in Chp. 3 at two positions: mid-height of the web (see Fig. 3.21a)
and directly under the concrete deck (see Fig. 3.21b). For each diaphragm position, load was
once again applied at the 16 load locations shown in Fig. 4.7a in 4,450 N (1,000 lbs)
increments up to a maximum of 142,340 N (32,000 Ibs).

At this time, the behavior of the bridge under overload conditions was investigated.
All diaphragms were removed and loads were applied to the model in two different
configurations. In Overload Test |, shown in Fig. 4.8a, load was applied at four points. Load
was applied to the model bridge in 1,110 N (250 Ibs) increments at each Point 1 and 4,450 N
(1,000 Ibs) at each Point 2 until a total load of 448,400 N (100,000 lbs) was on the bridge.
This magnitude of load is 2 1/2 times a legal H20 truck loading (177,920 N (40,000 Ibs)).
Note the ratio of load at Point | and Point 2 was selected to simulate the ratio of front axle
load to rear axle load (that is, 1:4). After each load increment, strains and deflections were
recorded using the computer controlled DAS.

In Overload Test 2 shown in Fig. 4.8b, load was applied at two points in the same
manner as described for the four point test. However, load was only applied to a maximum
magnitude of 177,920 N (40,000 Ibs).

To determine the contribution of the bottom plates in the connections between the
PCDT units, these ten plates were removed and the model bridge was re-tested using the

procedure previously described (load applied at 16 locations, 4,450 N (1,000 1bs) increments,
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etc.). In these tests, a maximum load of 142,340 N (32,000 Ibs) was applied at each location.

The final tests on the bridge were without the bottom cover plates with the bridge
being subjected to the two overload conditions previously described (see Fig. 4.8). A total
load of 756,000 N (170,000 lbs) was applied in Overload Test | and 659,150 N (147,000 Ibs)
was applied in Overload Test 2. Strain and deflection measurements were recorded

thoughout these tests also.

4'_3“
'
------------------------------------- 3"6“
10 125 |
nd Il |
a. Overload test 1
3I-6ll
10 25t |

b. Overload test 2

Figure 4.8. Location of loading points used in overload tests.
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5. FINITE ELEMENT MODELS

One of the primary objectives of this research was to determine the structural
behavior for this bridge system. To predict the structural behavior of this bridge system, a
finite element model (FEM) was developed and validated with the data from the
experimental portion of this investigation. There are a variety of finite element software
packages available at ISU, but due to the simplicity of its graphic user interface and the
relative ease in which results can be accessed, the ANSYS 5.1 (11) finite element package
was used. This package has a large number of different types of elements that allow many
different types of analyses to be completed. The three FEM’s that were developed, as well as
the various elements used, are presented in the following sections.
5.1 Element Types

The FEM’s utilize four different types of elements to model the components in the
bridge system. Many of the elements are utilized in a number of different situations to model
different parts of the bridge; these different applications are discussed in Sec. 5.2. The
element types are described in the ANSYS 5.1 Users Manual (11).
5.1.1 BEAM4 Element

From the ANSYS 5.1 Users Manual:

BEAM4 is a uniaxial element with tension, compression, torsion, and bending

capabilities. The element has six degrees of freedom at each node; translation in the

nodal x, y, and z directions and rotations about the nodal x, y, and z axes.

The geometry, node locations, and coordinate system are shown [see Fig 5.1]. The

element is defined by two or three nodes, the cross-sectional area, two area moments

of inertia (IZZ and IYY), two thicknesses (TKY and TKZ), an angle of rotation about
the element x-axis, the torsional moment of inertia, and the material properties.
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The beam must not have zero length or area. The moments of inertia, however, may
be zero if large deflections are not used. The beam can have any cross-sectional
shape for which the moments of inertia can be computed. The stresses, however, will
be determined as if the distance between the neutral axis and the extreme fiber is one-
half of the corresponding thickness.

Z
z
y
7d
e S N———— (G— Y
L4
X Note: The element has been iz

shown along the Y axis however
the element can be oriented in
any direction.

Figure 5.1. Geometry of BEAM4 element.

5.1.2 LINK8 3-D Spar Element
From the ANSYS 5.1 Users Manual:

LINKS is a spar which may be used in a variety of engineering applications.
Depending on the application, the element may be thought of as a truss element, a
cable element, a link element, a spring element, etc. The three-dimensional spar
element is a uniaxial tension-compression element with three degrees of freedom at
each node: translations in the nodal x, y, and z directions. As in a pin-jointed
structure, no bending of the element is considered.

The geometry, node locations, and the coordinate system for this element are shown
[see Fig. 5.2]. The element is defined by two nodes, the cross-sectional area, an
initial strain, and the material properties.

The spar element assumes a straight bar, axially loaded at its ends, and of uniform
properties from end to end. The length of the spar must be greater than zero so nodes
i and j must not be coincident. The area must be greater than zero. The displacement
function assumes a uniform stress in the spar.
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» Y

Note: The element has been
shown in the Y-Z ptane however

the element can be oreiented in
any direction.

Figure 5.2. Geometry of LINKS8 element.

5.1.3 BEAM44 3-D Tapered Unsymmetric Beam Element

From the ANSYS 5.1 Users manual:

BEAM44 is a uni-axial element with tension, compression, torsion, and bending
capabilities. The element has six degrees of freedom at each node: translations in the
nodal x, y, and z directions and rotations about the nodal x, y, and z axes [see

Fig. 5.3]. The element allows different unsymmetrical geometry at each end and

permits the end nodes to be offset from the centroidal axis of the beam.

There are options with ANSYS that allow element stiffness releases at the nodes in
the element coordinate system. Releases should not be such that that free-body

motion could occur.

N

j end released from rotation

in all directions
] Y

e

X

i|l.,”

P T T .

B ——

[0

Note: The element has been
shown along the Y axis howaver
the element can be onented in
any direction.

1zz

Figure 5.3. Geometry of BEAM44 element.
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5.1.4 SHELLG63 Elastic Shell Element

SHELLG63 has both bending and membrane capabilities. Both in-plane and normal
loads are permitted. The element has six degrees of freedom at each node:
translations in the nodal x, y, and z directions and rotations about the nodal x, y, and z
axes [see Fig. 5.4].

Zero area elements are not allowed. This occurs most often whenever the elements
are not numbered properly. Zero thickness elements or elements tapering down to
zero thickness at any corner are not allowed.

Figure 5.4. Geometry of SHELL63 element.

5.2 Description of FEM Geometry and Material Properties

Three finite element models were developed to model the structural response of three
different bridge systems. Model | was developed to model the bridge system described in
chp. 3 when only the PC concrete deck was in place; Model 2 of the bridge system described
in chp. 3 included the CIP deck. Model 3, with a continuous deck, was developed to simulate

a lateraily continuous deck bridge.




71

5.2.1 Element Properties

The major components of the basic finite element model for a portion of the bridge
structure is shown in Fig 5.5. Illustrated in Fig. 5.5a is an isometric view of the structure; a
FEM of this structure is shown in Fig. 5.5b. This model forms the basis for all the bridge
models that were developed. The properties used for each of the elements are the same for
all three bridge models. The reasons for selecting the various element types, as well as the
actual geometric and material properties used, are presented in the following sections.
5.2.1.1 Steel Beams

The steel beams were modeled with BEAM4 elements, which are prismatic 3-D
flexural members. The element was assigned an area of 11,810 mm?> (18.3 in.z) a moment of
inertia of 616 E6 mm* (1,480 in.*) and a depth of 530 mm (21 in.). These are the properties
of the W21x62 steel beams which were used in the model bridge. The shear deflection
constant was conservatively set at 2.3 (since the actual value is unknown) and is based on the
ratio of web area to total area.

The material properties for this element are those for steel. The Modulus of Elasticity
used was 200,000 Mpa (29,000,000 psi) with a Poisson’s ratio of 0.3.
5.2.1.2 Shear Connector Assembly

The modeling of the shear connector between steel beams and concrete decks has
been a point of discussion for a number of years. The first analytical models were based
simply on the idea that the shear connector acted like a rigid link between the steel and

concrete. These investigations were met with limited success. The first investigation to
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a. Isometric view of partial structure

SHELL 63 (1=8")

(8" thick porton of Reinforced
Concrete Deck)

LINK8
SHELL 63 {t=4") (4" thick portion
of Reinforced Concrete Deck)

BEAM 4 w/ stiffness = infinity
—

BEAM 4
| from web of beam
A from web of beam

BEAM 44 w/ release at J end
1 from web of beam BEAM 4
L A from web of beam (Steel Beams)

b. FEM of structure

Figure 5.5. Basic finite element model (Model 2).
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obtain good analytical results for shear connectors in the longitudinal bridge direction was
completed by Tumminelli and Kostem. The model developed in this study is shown in Fig.
5.6 with its accompanying stiffness matrix. This model was validated by Kostem and
Tumminelli to correctly model the behave of shear connectors between steel beams and
concrete slabs in pushout tests with the correct selection of A, E, and L.

The shear connector assembly used in this study is shown in detail in Fig. 5.7 with its
accompanying stiffness matrix. As is clear, the portion of the stiffness matrix in the brackets
is the same as the one presented in Fig. 5.6. Therefore, it is quite obvious that the two
assemblies will give the same result if the part of the stiffness matrix outside of the brackets
is the same. Therefore, as long as E and I are correctly selected, the assembly shown in
Fig. 5.6 should give the same result as the Kostem and Tumminelli assembly.

In the transverse direction, the stiffness of the beam-shear connector assembly is not
only dependent on the shear connector, but also on the beam. Therefore, as a conservative
approximation, the transverse moment of inertia is taken as the moment of inertia of the web
about the longitudinal direction of the beam.

For the laboratory bridge model, the material was designated as steel for the entire
shear connector assembly. The moment of inertia in the longitudinal direction was found to
be (from the results of Dedic (13)) to be 46.1 in.*. The area was 9.6 in.” with a transverse
inertia of 450 in.”.

At the initiation of the analytical study, a sensitivity study for the shear connector
assembly was completed since it was recognized that first composite action researchers

modeled shear connectors as rigid links between the beam and the concrete deck.
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Figure 5.6. Tumminelli and Kostem shear connector assembly.
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Figure 5.7. Shear connector assembly used in this investigation (Dunker (12)).
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Subsequently, "more sophisticated” analytical investigations were tried to more accurately
model the actual shear connector properties. The first successful shear connector assembly
was, as mentioned above, by Tumminelli and Kostem. Due to this significant change in
modeling techniques from a rigid assembly to a flexible assembly, the sensitivity study
completed in this investigation involved varying the moment of inertia value from 1/10 of the
above value to approximately infinity. A representative set of these results are shown in Figs.
5.8 through 5.11 for two different load points with and without the CIP concrete (note: these
tests will be described in more detail in chp. 6 with the base values (i.e., those analyses with
the previously given inertia value) compared to the experimental results). As can be seen in
these figures, the effect of the transverse stiffness of the shear connector assembly is basically
null. Similarly, the value of the longitudinal moment of inertia of the shear connector
assembly is only seen to have an effect an when approaching infinity. This indicates (for
practical values of shear connector stiffness) the analytical behavior is independent on the
shear connector stiffness.

At locations where the deck and beams each had nodes with the same x and y
coordinates (as a result of meshing of the elements), LINKS8 elements were used. The
properties for this element are the area used in the shear connector assembly (6,190 mm?

(9.6 in*)) with steel material properties. The purpose of using this element was to ensure that
the deck and the beams are acting as a unit (i.e., the deflection of the deck and the beams at

the same x and y coordinates are the same).
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5.2.1.3 Reinforced Concrete Deck Assembly

The concrete deck assembly for Model 1 consisted of three deck slab panels (one
panel per unit). Individual panels were separated by a 51 mm (2 in.) gap as mentioned in
chp. 3 to simulate extremely poor construction practice.

Modeling the reinforced concrete deck in Model 2 was difficult. In Model 2, there
were two deck thicknesses - 204 mm (8 in.) PC plus CIP concrete at all locations
except at the joints between the PCDT units where the depth was only 102 mm (4 in.) (i.e.,
the depth of CIP concrete). Modeling the variation in deck thickness required the use of three
types of elements. Obviously, the two portions of the deck are modeled with SHELL63
elements with the appropriate thickness of either 203 mm (8 in.) or {02 mm (4 in.) with the
element defined at the elevation of the neutral axis. The problem is making the two different
thickness decks act together. At the point where the thickness changes from 203 mm (8 in.)
to 102 mm (4 in.) (that is, the longitudinal joint between PCDT units) the rotation and
deflection compatibility needs to be enforced. To accomplish this, BEAM4 elements with an
area and moment of inertia of approximately infinity were used.

The material properties used for the concrete deck assembly are as follows. For the
actual deck (SHELLG63 elements), a weighted average of the Modulus of Elasticity of the

reinforcing steel and the concrete based on the percentage of each was used. In calculating
this weighted average E= 200,000 MPa (29,000,000 psi) andE, = 5,000 ,/f,
(57,000 ‘/E ) were used. The Poisson’s ratio of the deck was selected to be 0.15 based on

typical published material properties. The “infinite” stiffness BEAM4 element was assigned

the Modulus of Elasticity of steel.
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5.2.1.4 PC Connection Detail

The connection detail developed in the laboratory was modeled with BEAM4
elements with the moment of inertia and area of the connection detail (I = 56.8 E6 mm*
(131.6 in.*), A = 5,030 mm* (7.8 in.?)). The moment of inertia is calculated for the two
plates of the connection detail described in chp. 3 for transverse bending of the bridge about
the mid-depth of the PC deck. Area of this element is the area of the two plates in the
transverse direction of the bridge; material properties are that of steel. The FEM model was
developed so that any number of elements representing the PC connections could be inserted
at essentially any location.
5.2.2 Bridge Models Using Finite Elements

The finite element model of the PC concrete deck with connections (Model 1) that
was developed is shown schematically in Fig 5.12. It consists of the BEAM4, LINKS,
BEAM44, and SHELL63 elements previously described. The difference between this and the
basic model is that there is only one deck thickness (102 mm (4 in.)) as there is no CIP
concrete. The material and geometric properties are the same as the elements described as
the basic model. Model 2 utilizes the properties and conditions presented for the basic model
as shown in Fig. 5.5. The model used to simulate typical laterally continuous bridge decks
(Model 3) is shown in Fig. 5.13. The difference between this model and the PC concrete
only model (Model 1) is simply that the deck thickness is a constant 203 mm (8 in.)

throughout and there are no PC connectors.
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SHELL 63 (t=4")

LINK 8

BEAM 4
| from web of beam
A from web of beam

BEAM 44 w/ release at J end BEAM 4
| from web of beam
A from web of beam

Figure 5.12. Finite element model with PC deck only (Model 1).

SHELL 63 (t=8")

LINK 8

BEAM 4
| from web of beam
A from web of beam

BEAM 44 w/ release at J end BEAM 4
| from web of beam
A from web of beam

Figure 5.13. Finite element model of laterally continuous bridge system (Model 3).
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6. EXPERIMENTAL AND ANALYTICAL RESULTS
6.1 Experimental Results: Small Scale Connector Tests

Small scale connector tests consisted of testing reduced scale bridge deck specimens
with various connector assemblies, as described in chp. 4, to determine the type of connection
that could be practically implemented, to investigate the structural response and strength of
the different connections, and to obtain behavior data of the connection details for validation
of a FEM of the connection.

Constructing these small scale units provided insight into the feasibility of each of
these types of connections. The bolted connection detail was difficult to construct because
the conduits used for forming the holes were not stable enough to withstand loads imposed
during placement of the concrete; they tended to move laterally as well as rotate. Thus, this
connection was abandoned, if the desired bolt hole location and alignment could not be
obtained in the small scale specimens under laboratory conditions, it would be difficult to
obtain the required placement in the full scale PCDT units in the field. The construction of
the second connection (see Fig. 3.1) was significantly easier; this connection could be
fabricated in the field with minimal difficulty. It should be noted that in all of the specimens
tested the weld failed in only one specimen. This occurred in one of the specimens after the
ultimate load had been reached and excessive deformation had taken place. The compressive
strength of the PC concrete in Specimens 1 and 2 (see Fig. 4.1) during testing was 37,920 kPa
(5,500 psi). For Specimens 3 and 4, (see Fig. 4.1) the PC portion had a compressive strength
of 39,990 kPa (5,800 psi) and the CIP portion had a compressive strength of 36,540 kPa

(5,300 psi).
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The moment-deflection curves at the centerline for the two specimens with only the
PC portion of the deck in place are shown in Fig. 6.1. One specimen (Specimen 2) had top
and bottom connector plates while the other one (Specimen 1) only had a bottom plate
connector plate (see Fig. 4.1). Moments were calculated at mid-span from the specimen
geometry and the applied load. This was done since the load in Specimens | and 2 was
applied 152 mm (6 in.) off center and at the centerline in Specimens 3 and 4. To be able to
compare the capacity of the connections with and without the CIP it was necessary to
calculate the moment at the centerline rather than simply compare applied loads. As can be
seen in this figure, the specimen with only the bottom plate (Specimen 1) was significantly

less stiff than the specimen with top and bottom plates (Specimen 2).

25000
Specimen 2--Top and bottom plates weided
Rogion 2 Specimen 1--Only battom plate welded
20000 | ’
a Region 5
é 1 5000 N Ragion 3 Region 4
= Region 1
=
Q
§ 10000 f—
egion
s g
Region 1
5000
0 1 1 1
0 0.5 1 1.5 2 2.5

Deflection of connector, in.

Figure 6.1. Moment-deflection curve of small scale specimens without CIP deck.
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Of particular interest in Specimen 1 is the fact that there are three locations (Regions
[, 3, and 5) where the deflection continued to increase without an increase in load. The most
likely reason for this behavior is described in the following paragraph.

After welding the bottom plates to the flanges of the channels, there was a gap of
varying width from O mm (0 in.) (i.e., flush) to 51 mm (2 in.) along the adjoining faces of the
panels. It is obvious that during construction of the PC connection in the field the results
may be significantly different than those in the laboratory. Realizing this, the small scale
specimens were intentionally “poorly” constructed (i.e., an excessive gap between the
specimens was constructed). This gap and plus its non-uniformity explains the first two
horizontal regions (Regions | and 2) shown on the load-deflection curve. Region |
represents the initial deflection of the specimen due to bending of the welded plate. During
this phase of loading, the load was carried only by the plate which bent about its neutral axis.
After the plate had reached its flexural strength, the specimen began to deflect significantly
without an increase in the load due to yielding of the plate. During testing, it was observed
visually and by monitoring the load that when the specimen had sufficiently deflected so that
the faces of the adjoining panels were in contact, the specimen had additional strength (i.e.,
the concrete in adjoining panels which was in contact provided a compressive force and the
steel plate provided a tensile force; these two forces thus provided flexural resistance.). This
mechanism resulted in the second portion of increasing load with deflection (Region 2).
During this time of increasing moment capacity, it is hypothesized that some of the internal
forces in the plate (i.e., those near the top surface of the plate) changed from compression to

tension thereby increasing the specimen’s ability to carry moment. The second region of
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increasing deflection without an increase in load (Region 3) is explained by the fact that
when the units did come into contact, the contact was not continuous across the full
transverse width of the specimen. As previously noted, “poor” construction of the specimens
resulted in a gap of varying widths between the units. The second constant moment region
(Region 3) is thought to be the result of some additional extreme fiber yielding which began
after redistribution of the internal forces. This continued until the faces of the units were in
full contact whereby the stiffness of the system changed again. The moment on the specimen
again began to increase until yielding of the full specimen occurred (Region 5).

The moment-deflection curve for Specimen 2 is a typical load-deflection response.
The moment was resisted consistently until yielding of the specimen occurred whereby the
specimen failed. During loading (Region 1) the load is resisted by the compressive force
developed in the top plate and the tensile force developed in the bottom plate. The small
decrease in Region 1 is due to some movement of the channel relative to the concrete. In
Region 2, the top and bottom plates begin to yield and the ultimate moment is reached. In
Region 3, significant necking in the bottom plate has occurred and the area resisting the loads
is significantly reduced.

It is interesting to note that the ultimate strength of the two specimens is essentially
the same. However, Specimen 1 (with only the bottom connection plate) reached that load at
a deflection over twice that of Specimen 2. Connected PCDT units without the CIP concrete
will only be subjected to construction loads. Prior to subjecting the bridge to traffic loading,
the CIP concrete will be added. Thus, the small scale specimen tests just described (only PC

concrete) are temporary and only occur during construction of the bridge. Also, when the
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CIP concrete is added, the gap between units previous described will be essentially
eliminated by the CIP concrete which will fill these gaps.

Shown in Fig. 6.2 is the moment-deflection curve for the small scale specimens
(Specimens 3 and 4) with the CIP portion of the deck added. It was originally thought that
the connection detail would perform satisfactorily with only the welded bottom plate
(Specimen 3) because the CIP concrete would resist compression similar to the top plate. As
is evident in this figure, this is not the case. Specimen 3 did not perform nearly as
satisfactorily as the one with the top and bottom plates (Specimen 4). This is primarily due
to the fact that without the top plate, the connection was allowed to rotate much more freely.
It is thought that this additional rotation caused the reinforcement welded to the channel to

yield under large loads. The sudden drop in the load being carried in Specimen 3 is arttributed

Top and bottom piates weided-Specimen 4
80000 o

o 60000 [ ,
c
é 40000 -Only botiom plate weided--Specimen 3
Q
=
20000
o i | | i |

0 0.2 0.4 0.6 0.8 1 1.2
Detlection of connector, in.

Figure 6.2. Moment-deflection curve of small scale specimens with CIP deck.
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to the fact that one of the reinforcing bars welded to the channel broke free causing a sudden
change in the specimen’s properties.

For the Specimens 3 and 4, it was found that the controlling parameter for the
connection detail was strength rather than deflection. The strength Specimen 4 is over two
times that of Specimen 3. Based on this and the fact that construction of the two plate detail
required very little additional effort (the hardest part of installing the connection is the
overhead welding of the bottom plate), it was decided to proceed with the connection that had
top and bottom plates (Specimen 4).

Only the deflection data at midspan (Figs. 6.1 and 6.2) is presented in this report. The
strain data monitored in the bottom steel plates led to the same conclusions as those presented
previously. Deflection instrumentation and strain gages at the quarter points were installed
for detecting any asymmetrical behavior in the specimens. For specimens with only the PC
concrete, an asymmetric behavior was noted as one would expect due to the eccentricity of
the applied load. Symmetry was observed in both strain and deflection data obtained during
testing of the full-depth specimens (i.e., PC plus CIP).

The strength of Specimen 3 is approximately twice that of Specimen | whereas the
strength of Specimen 4 is approximately four times that of Specimen 2. This can be
attributed to the shift in the location of the neutral axis due to the additional steel on the
tension side.

6.2 Experimental Results: “Handling Strength’’ Test of a Single Unit
The “handling strength” tests of a single PCDT unit consisted of testing 29,750 mm

(32 ft) long full scale specimen; see chp. 3 for a description of the specimen and chp. 4 for
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details of the test setup and instrumentation employed. This type of testing was completed to
determine the “handling strength” of the PCDT units during erection, the amount of
composite action obtained between the PC concrete and the steel beams, and the response of
PCDT units to load for FEM verification.

Shown in Fig. 6.3 is the strain and deflection response of the specimen during one of
the four “handling strength” tests. Note that the loads plotted are the loads at one load point
(i.e., the total load on the specimen is twice this amount). Strains are shown (Fig. 6.3a) at the
centerline as well as at the quarter point (Fig. 6.3b). Shown in each graph is the strain at four
locations on the cross section: top of PC concrete, bottom surface of the top beamn flange,
mid-height of the web, and on the bottom surface of the bottom beam flange. The data, in all
cases, shows a linearly increase in strain with load. A maximum strain of -30 MII and 76 MII
was measured in the concrete and steel, respectively. In Fig 6.3c, the linear load-deflection
curve indicates that the PCDT unit underwent elastic deformation as shown in Figs 6.3a and
6.3b. It should be noted that although the data are not presented here, the deflections at the
quarter points exhibited the same response. Deflections measured at the edges of the cross-
section indicated that no “tilting” of the PCDT unit occured.

Shown in Figs. 6.3 d and e is the strain responses which occured at various
increments of load at the centerline (Fig. 6.3d) and quarter point (Fig. 6.3e). Note that the
loads in these figures are also for one load point. The linear strain distribution at the two
section for the three load levels shown in these figures clearly indicates the composite action
between the concrete and steel. The theoretical location of the neutral axis (determined using

the geometry and modulus of elasticity of each material) and the experimental location are
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Figure 6.3. Results from “handling strength” tests.
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nearly the same. This indicates that the welded shear studs are effectively transmitting the
shear forces between the steel beams and the concrete deck. The compressive strength of the
concrete used in this PCDT unit during testing was 37,920 kPa (5,500 psi). The level of
strain in the steel and concrete clearly shows that the PCDT units have sufficient strength to
resist the dynamic loads that will occur during placement of the units. Additionally, it should
be noted that prior to testing, the PCDT unit was moved in the SEL using the overhead crane
without damaging the PCDT unit. However, since the gearing in the SEL crane is low, the
dynamic forces did not approach those a typical crane would impart during movement of the
units.
6.3 Full Scale Model Bridge Tests

A tota] of 132 tests were performed on the model bridge. The breakdown of these
tests is as follows: 64 on the bridge without the CIP deck, 68 on the bridge with the CIP
deck, 128 service load tests, and 4 ultimate load tests. The full scale model bridge tests
consisted of testing a 9750 mm (32 ft) simple span bridge specimen with a 6400 mm (21 ft)
wide deck (see Chp. 4). This testing was completed for several reasons: (1) to determine the
contribution of the CIP concrete in distributing live loads, (2) to determine the effect that
diaphragms and diaphragm positioning have on load distribution, and (3) to determine the
behavior and strength of the bridge system.

The location of the load points used in testing the model under the various conditions
is shown in Fig. 6.4. These load points were selected so that load could be applied at various

longitudinal sections (Sec. 1, Sec. 2, etc. in Fig. 6.4) and at various transverse sections (Sec.
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A, Sec. B, etc. in Fig. 6.4). These load points made it possible to apply load at various

distances from the PC deck connectors. In the following discussion, load points are given a

letter/number designation. For example, Load point B3 indicates that load was applied at

transverse Sec. B and longitudinal Sec. 3. Load point D3 indicates load was applied at

transverse Sec. D and longitudinal Sec. 3, etc. The only load points used in the service load

tests are Al through A4, B1 through B4, C1 through C4, and D1 through D4. The load

points El and E3 were only utilized in the overload tests. Note that the six steel beams in the

bridge model have been identified as BM 1, BM2, etc. in Fig. 6.4. These beam numbers are

used in subsequent figures to identify the beam being referenced. In some of the subsequent
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figures, data are referenced to the distance from the north edge of the bridge model. In these
figures, data at the joints between adjacent PCDT units is presented that was not at a steel
beam location. These distances are also given in Fig. 6.4.

6.3.1 Model Bridge Results: PC Deck Only

6.3.1.1 Experimental Results

As was previously noted, the model bridge was tested with only the connected PCDT
units in place. Load was applied at the four locations on Sec. A- Sec. D (16 total load points)
and varied from O N (O lbs) to a maximum of 71,170 N (16,000 lbs). Strains and deflections
(see Fig. 4.7 for locations) were recorded during each of these load cycles. As was described
in chp. 4 (see Fig. 4.6), the mode! bridge was tested with three, five, seven, and nine
connectors in place. Representative results from these numerous tests are presented in the
following figures.

Comparison of strains and deflections in the bridge with the various connector
arrangements is presented with load being applied at two different load points (Points Bl and
C3) are presented in Figs. 6.5 - 6.8. As is evident in these figures, the strain data and
deflection data curves have very nearly the same shape and infer similar behavior. Based on
this fact, the only data presented in the remainder of this report will be the deflection data at
three locations: centerline, quarter point, and the 3/8 point.

The influence of the four arrangements of connectors (three, five, seven, and nine
connectors) is illustrated in Figs. 6.9 - 6.11 (see Fig. 4.6 for the location of the connectors).

Although there is some variation in the load applied (actual load applied is given in each
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figure), a nominal magnitude of 71,170 N (16,000 Ibs) was applied. In these figures, three
representative load points (Points A1, D2, and B4) are presented.

As was previously noted, load was applied at the 16 load points identified in Fig. 6.4
for each of the four connector arrangements. Data in these three figures are representative of
the data that were collected. Note the three load points selected for presentation are at
different distances from the individual connectors in the four connector arrangements as one
would have in an actual bridge.

Deflections in these three figures indicate, as one would expect, the more connectors
the better the lateral load distribution. As illustrated in Fig. 6.9, the connector arrangement
has minimal influence on the deflections at the centerline (Fig. 6.9a) and quarter point
sections (Fig. 6.9c). Greater differences are observed at the 3/8 point (Fig. 6.9b) section as a
result of this section being further from the connectors. Thus, there is more differential
deflection between the two PCDT units causing the difference in response.

This same general behavior is exhibited in Fig. 6.10. In Fig. 6.10a, one observes
atypical deflections for Beam 3 with the five connector scheme. The cause of this
abnormality is not known and can most likely be attributed to a deflection transducer that was
not properly vertically aligned.

In Fig. 6.11, one observes the same behavior for the three, five, and seven connector
schemes but a markedly different response for the nine connector scheme. The atypical
deflection pattern is due to the fact that the nine connector spacing adds a connector very

close to Load point B4 whereas the other connector arrangements did not. Thus, the
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arrangement of PC connectors influences the global as well as local behavior of the bridge
system.

Review of the deflections in these figures indicates that, in general, the number of
connectors has minimal effect on the resulting deflections and thus minimal effect on the
lateral load distribution. An exception to this observation is illustrated in Fig. 6.9a where the
9 connector arrangement is seen to provide significantly better lateral load distribution.

Reflective cracking in the CIP deck is dependent on controlling of differential
deflection between the adjacent PCDT units. There are three ways to control this reflective
cracking. First, providing a substantial number of PC deck connectors which would provide
more lateral continuity between adjacent PCDT units therefore reducing the amount of
differential deflection. Second, provide adequate reinforcement in the slab. This would add
strength to the CIP concrete and therefore be more resistant to reflective cracking. The third
possibility is a combination of these two, PC deck connectors and CIP deck reinforcement.
Data referenced in Figs. 6.9 - 6.11 indicated that connectors can provide the desired lateral
load distribution. Reinforcement in the CIP portion of the deck will also provide lateral load
distribution and provide resistance to reflective cracking. It appears the best connection
arrangement is a combination of the two; data verifying this statement is presented in the
following sections.

The results from these series of connector tests indicate that the five connector
arrangement did improve the distribution relative to the three connector scheme. However,
there was minimal improvement in lateral load distribution when the seven and nine

connector arrangements were used. The small improvement with seven and nine connectors
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suggests it is not worth the extra cost and labor required to install them. Thus, it was
determined that five connectors would provide the desired lateral load distribution for this
model. Note the number of connectors required is a function of bridge length. Although five
connectors provided the desired lateral load distribution in the laboratory model bridge, the
number of connectors required in longer bridges has yet to be determined (see chp 7).
6.3.1.2 Verification of Analytical Results

Representative samples of the analytical and experimental deflections in the PCDT
units with various connector arrangements are presented in Figs. 6.12 - 6.18. In Fig. 6.12 -
6.14, the nominal service load of 71,170 N (16,000 Ibs) is applied at Load Point C1. Results
are presented in Figs. 6.12, 6.13, and 6.14 for three connectors, five connectors, and seven
connectors, respectively. Similar results are presented in Figs. 6.15 - 6.18 where the nominal
71,170 N (16,000 Ibs) load is applied at Load Point C2. In this group of figures, four
connector arrangements are given; three connectors (Fig. 6.15), five connectors (Fig. 6.16),
seven connectors (Fig. 6.17), and nine connectors (Fig. 6.18). In these figures, since loading
is at Section C ( Load points CI and C2), one would expect more significant displacement at
the 3/8 point section (part b in each of these figures) since it is closer to the applied load. In
reviewing these figures, one observes very good agreement between the analytical and
experimental results. The exception to this statement is at the 3/8 point section (part b in
these figures) at the edge between PCDT Unit 1 and PCDT Unit 2, 2,130 mm (7 ft) from the
north edge of the model bridge (see Fig. 6.4). At this location, one observes a differential

displacement which decreases as the number of connectors increases. The decrease
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in differential deflection with increase in number of connectors differs in the analytical and
experimental results. The analytical model predicts that with load at C1 and seven
connectors (Fig. 6.14) and with load at C2 and nine connectors (Fig. 6.18) the differential
deflection is minimal. The experimental results in each of these cases however indicates the
presence of differential displacement. This difference between the analytical and
experimental results can be explained by the fact that in the analytical model, the PC
connectors are idealized with fixed end conditions which in reality is not the case. They are
somewhere between fixed and pinned - closer to fixed than pinned. This continuity
difference can also explain why the analytical and experimental beam deflections nearest the
joint differ by 15%.

The fewer the connectors, the more apparent this modeling “error” (see Figs. 6.12 and
6.15). Thus, the difference between experimental results and analytical results is seen to
decrease as the number of connectors increase.

In general, the analytical and experimental results are within 5 - 10% of each other; at
a few locations, there is a 15% difference. The largest difference occurs at the interface
between adjacent units. This difference is most likely the result connector fixity which was
previously described and the fact that although the FEM assumes that the PCDT units are
only connected at connector locations, there is some interaction at points where the common
edges of the PCDT units are in contact. This contact is not constant along the common edges
and is a function of variations in the construction of the units (i.e., small variations in the
widths of the PC units). Due to the randomness of the contact points, it is not possible to

model this interaction.
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The results of these series of tests also lead to the conclusion that five connectors are
appropriate in the model bridge. As previously noted, of the significant amount of data
collected, only a very small representative amount has been presented here. The primary use
of the remaining data was to validate the FEM that was developed. [n general, this FEM
gives excellent results. In a few isolated locations, the analytical and experimental results
differ by approximately 15%. This difference was deemed acceptable since it is not possible
to model the actual connector fixity and variable gaps (width and location) between adjacent
PCDT units. The FEM for the bridge with only the PCDT units in place can be used to
predict the behavior of the bridge system to construction loads and to various connector
arrangements as well as for verification of the FEM for predicting the behavior in the
complete bridge.

To ensure that the modeling of the PC connector was appropriate a strain gage was
attached to the bottom plate of one of the PC connectors and compared with the results of the
finite element analyses. Sixteen tests were compared and are summarized in Table 6.1. Note
that the test designation refers to the designation shown in Fig. 6.4.

As can be seen from Table 5.1, there is very good agreement between the
experimental and analytical results. This indicates that modeling the PC connector with
BEAM4 elements as previously described is valid.

6.3.2 Experimental and Analytical Verification of Model Bridge with CIP Concrete
6.3.2.1 Model Bridge Without Diaphragms
After construction of the model bridge (i.e., CIP portion of deck added), - 203

mm (8 in.) total deck thickness and five connectors in place - six series of tests were




114

Table 6.1. Comparison of analytical and experimental results for PC connector.

Test Experimental strain, MII Analytical strain, MII
Al 57 45
A2 129 114
A3 115 94
A4 43 39
B! 121 11s
B2 234 214
B3 219 205
B4 109 93
Cl 305 275
C2 459 412
C3 423 397
C4 275 254
Dl 425 415
D2 659 645
D3 631 601
D4 395 373

completed. In the first series, there were no diaphragms; this configuration is referred to as
ND in the following figures. To investigate the effectiveness of the CIP deck in transferring
lateral loads, the model bridge was tested with the bottom plates of the connectors removed;
this bridge configuration is referred to as NBP in subsequent figures. As was previously
noted, a FEM was developed to predict the behavior of the ND bridge, that is the CIP
concrete is continuous across the joints between adjacent PCDT units and the PCDT units are
only connected at the connector locations (5 in this case). Analytical results from this FEM

shall be designated as ANSYS in the following figures. In each of the service load tests, a
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nominal load of 142, 340 N (32,000 Ibs) was applied to the bridge at the previously described
locations (see Fig. 6.4). Although there is some variation from this value indicated in the
following figures, this value was used in all the analyses. This magnitude of load was
selected to simulate the design wheel load normally used in the design of highway bridges.
Shown in Figs. 6.19 - 6.22 are the results of the testing of the bridge without
diaphragms (ND) and without bottom plate (NBP) as well as the results from the finite
element analysis for the bridge system under consideration. As is evident in these figures,
when loading is along Sec. | - Load Point B1 (Fig. 6.19) and Load Point D1 (Fig. 6.20) and
Sec. 3 - Load Point A3 (Fig. 6.22) there is excellent agreement between the analytical and
experimental results. Also, removal of the bottom connector plate is seen to have minimal
effect when the CIP concrete is in place. When loading is applied at Load Point D4 (Fig.
6.22), the contribution of the bottom plate is readily apparent. In this figure, there is good
agreement between the analytical and experimental results with the bottom connector plates
present. The fact that the deflections without the bottom connector plate (NBP) are almost
twice those with the bottom connector plate (ND) indicates the importance of the bottom
connector plate in this bridge system. The magnitude of the deflection with no diaphragms
(ND) and without the bottom connector plate (NBP)is very small - less than 3 mm (0.1 in.) in
most cases. Note the symmetrical response of the bridge illustrated in Fig. 6.22, which is for
loading applied at D4 (see Fig. 6.4). This indicates that the retrofitted connection detail (see

Sec. 3.5) used on the initially fabricated PCDT unit was structurally effective.
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6.3.2.2 Model Bridge with Diaphragms

Shown in Figs. 6.23 - 6.26 are the results of testing the model bridge with and without
diaphragms. Note that during the diaphragms tests, the bottom plate of the connectors was in
place. As shown in Fig. 3.14 the diaphragms are located at the 1/3 points of the span. When
the diaphragms are at mid-web height of the beam webs (see Fig. 3.21a) the tests are
designated as D1, and when the diaphragms are just below the concrete deck (see Fig. 3.21b)
the tests are designated D2. In each of these figures, a nominal load of 71,170 N (32,000 Ibs)
has been applied to the model bridge. As in previous tests, only representative data are
presented. Deflection data in these figures are from load being applied at four different load
points B4 (Fig. 6.23), Al (Fig. 6.24), A2 (Fig. 6.25), and D4 (Fig. 6.26). These point were
selected for presentation as they are at different locations and distances from the diaphragms
in the model bridge. As is evident in these figures, the diaphragms have minimal effect on
the bridge’s behavior. Deflection curves for the two cases with diaphragms (D1 and D2) are
essentially the same as the case without diaphragms (ND). The only time the diaphragms
reduced the deflections was when the load was applied close to the location of the
diaphragms. This slight improvement is due to the fact that the diaphragms add a degree of
transverse continuity to the two PCDT units. It should however be noted that less than a 10%
improvement occurred in the most critical case. Therefore, it seems apparent that diaphragms
are ineffective for load distribution. Typically, installation of diaphragms is very labor
intensive - especially when placing them directly below the PC units (position D2). The

added benefit of diaphragms has long been a point of discussion. From these resulits, it is
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obvious that the small improvement in lateral load distribution obtained from including
diaphragms does not warrant the added costs of materials and labor required to install them.

In a previous Iowa DOT research project (HR-319) (14) interior diaphragms were
determined to be ineffective in distributing vertical loads. In that investigation, the
effectiveness of interior diaphragms in distributing vertical and horizontal loads in pre-
stressed concrete stringer bridges was investigated. One of the conclusions of that study was
that vertical load distribution is essentially independent of the type and location of
intermediate diaphragms. Although the model bridge in this study contains steel stringers,
the same ineffectiveness of the diaphragms in distributing vertical loads was determined.
6.3.2.3 Overload Tests of Model Bridge

Shown in Figs. 6.27 - 6.29 are the results of the overload tests where two load points
were used (see Fig. 4.8b); note in these figures the sum of the two applied loads have been
plotted. As before ND means no diaphragms, and NBP means no bottom plate. As is
evident, there is no difference in the deflection of the bridge under the applied load with and
without the bottom connector plates. This is obvious by the fact that the curves basically
overlap at all load increments. This is consistent with the results previously presented. From
the previous data, it was found that the only time this condition influenced the behavior of the
model bridge was when load was applied at the center of the bridge. Since the four point
load test (Fig. 4.8a) did not have a load at the center of the bridge, omitting the bottom
connector plate was found to have no influence. These results have thus not been included in
this report. As was previously noted, an attempt was made to load the bridge model to failure

by applying load at the two overload points (see Fig. 4.8b). However, the capacity of the load
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frame was reached without damaging the model bridge (i.e. Overload test 1 - 756,000 N
(170,000 lbs), Overload test 2 - 659,150 N (147,000 Ibs)) - see Sec. 4.4.2 for more details.
6.3.2.4 Laterally Continuous FEM Bridge Model vs. FEM of Laboratory Bridge

As was noted previously, a FEM was developed that predicted the behavior of a
continuous transverse bridge deck with the same geometric properties as the one under
investigation (Note; these results are designated “continuous”). The results of these analyses
are shown in Figs. 6.30 - 6.32 with the analytical results from the bridge under investigation.
Deflections are presented for the load being applied at three points: Load Point D3 (Fig.
6.30), Load Point A2 (Fig. 6.31), and Load Point C1 (Fig. 6.32). The graphs indicate that
there is very little difference between the bridge under investigation and a continuous deck
bridge. This indicates that with sufficient connectors in place, the bridge system can be

designed by conventional bridge design procedures using current AASHTO specifications.
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7. PéDT BRIDGE DESIGN

7.1 Overview

After calibration and validation of the finite element model presented earlier, the
model was extrapolated to various bridge configurations. Application of the original finite
element model to 22 different bridge configurations is the basis for the work presented in this
chapter. As was mentioned previously, the behavior of the PCDT unit bridge is, when
sufficient PC connectors are provided, the same as typical continuous deck bridges.
Therefore, the design of the beams, shear connectors, and reinforced concrete deck are based
on typical design methods. The arrangement of the PC connectors was determined from
finite element analyses as will be discussed.
7.2 Steel Beam Design

The following sections detail the design of the steel stringers for the PCDT bridge.
Two different methods are presented. First, a hand design is presented and secondly, the
computer program Beam.exe is utilized (see Appendix A and B). Also note that a set of pre-
prepared for the PCDT bridge is given in Appendix C that can be used to construct the PCDT
bridge superstructure.
7.2.1 Steps for design of steel beams by Allowable Stress Design (ASD) methods

The preferred method for "designing" steel beams for the PCDT unit bridge is by
ASD. The ASD method allows the designer to take into account all of the different stages of
loadings and section properties. It must be pointed out that this design methodology requires
the beams to be "fully” shored during casting of the PC concrete. The procedure for checking

a trial beam will be outlined in the following pages in an example problem format. The
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bridge to be designed is a 65 ft (19,810 mm) span bridge with a stringer spacing of 3.75 ft
(1,145 mm). The shape to be checked is a W30x 124 (Area = 36.5 in.? (23,550 mm?), [ =
5,360 in.* (2,231 E6 mm*), d=30.17 in. (765 mm)). To estimate the size of stringer required,
one may apply the design loads to a non-composite beam to determine the required moment
of inertia. Note that the calculations are only shown in English units since a standard

American shape is being designed.

Step 1.1 Determine the live load moment

There are two ways to determine the live load moment. The first is to select the
moment up for the particular span from the appendix of the AASHTO (5) bridge design
Specifications. If the span or the design load is not in this reference (as in this case - 65 ft
(19,815 mm) span is not included), the moment needs to be calculated by hand if computer
software is not available. Note that for this span it is known that the truck loading will
control since the span is less than 120 ft (36,757 mm) (see AASHTO) and therefore the lane

loading calculations will not be shown.

The following hand calculations illustrate the determination of the maximum moment for
truck loadings. Locate the center of gravity of the design load (HS-20 in this case - see Fig.

7.1):

- 32(14) + 32 (14 + 14)
- (32 + 32 + 8)

= 18.67 ft
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Figure 7.1. Design load for example design.

Next, determine the load closest to the center of gravity of the loads just calculated. In this
case that is the middle load (32 k). Place the design load such that the bridge centerline is a/2

from the load closest to the center of gravity of the loads (see Fig. 7.1 and 7.2a).

Summing moments about the left support gives the right reaction:
Ry (65 = 8 (1617) + 32(30.17) + 32 (4417) = R, = 3858k T
Summing forces vertically gives the left reaction:

R, =32+ 32 +8-3858 = 3342k T

Therefore, the shear diagram is as given in Fig. 7.2b. The maximum moment is the area
under the shear diagram from the left support to 30.17 ft:

M. = 3342 (16.71) + 2542 (3017 - 16.17) = 896.28 ft - kip
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a. Location of loads

33.42k

12.71k

-6.58 k

-38.58 k
b. Shear diagram

Figure 7.2. Position of design load for maximum moment.
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Step 1.2 Determine the dead loads

Dead load -- dead loads on the composite section with only PC concrete effective:

4
PCslab = T (375) (0.150) = 0.1875klf

4
CIPslab = -1—2- (3.75) (0.150) = 0.I875klIf

Stringer = 0.124 kIf
5% miscellaneous steel = 0.05 (0.124) = 0.0062 kif
Total DL #1 = 0.1875 + 0.1875 + 0.124 + 0.0062 = 0.5052 klIf

Superimposed dead load -- dead loads on the composite section with CIP concrete effective:
Assumed to have a future wearing surface (FWS) of 20 psf and two parapets that are

each 0.35 kif distributed over the total number of beams.

FWS = 002 (3.75) = 0075 klf

2(0.35
(8 ) = 0.0875 kIf

Total superimposed dead load = 0.075 + 0.0875 = 0.1625 klIf

Parapet =

Step 1.3 Determine the dead load moments in the beam

DL moment:

05052 (65)°
M, = ——8—(2- = 2668 ft - kip

Superimposed dead load moment:

01625 (65)°

oL 3 = 858 ft - kip
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Step 1.4 Determine appropriate AASHTO factors

Distribution factor:

D.F. = ESS = %? = 06818 (see AASHTO Section 3.23.2.3.1.5)
where

S = beam spacing, ft
Impact factor:

50 50
= = =0263 <0 SHT ion 3.8.2.1
I Span + 125) 55 + 125 0263 .30 (see AASHTO Section 3.8.2.1)

where:

Span = length of bridge that is loaded to produce the maximum stress, ft

Step 1.5 Apply AASHTO factors to live load moment

Determine live load plus impact moment per beam:

896.28
5 (0.6818) (1 + 0263) = 3859 ft-kip

My, =

Step 1.6 Determine section properties

Effective flange width is the smaller of (see AASHTO Section 8.10.1.1):

span
4

= 1625 ft

e 12 (slab thickness) = 12(8) = 96 in.

» beam spacing = 3.75fi
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Transformed width of slab:
For live loads and DL

b,, = 38ﬂ = 0469 ft

tr,l

For superimposed dead loads:

0.
b,, = 463875 = 0.156 ft (see AASHTO Section 3.10.5)

Section properties for DL (see Fig. 7.3):

@7 a
i K ]
L ZZ_

L L]

Ysiab N
.

ybleam j
L Y 7z 77

|
%
|
v

Figure 7.3. Definition of terms used in calculating section properties.

Beam:
Area=A=36.5in"
y = distance from bottom of section to center of gravity = d (0.5) = 15.09 in.
A (y) =550.6 in?
A (y)*=8,305.8 in.*

I, = 5,360 in.*
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Slab:
Area= A =4 [0.46875 (12)} =22.5in.?
y=d+2=32.17in.
A(y)=723.8in?
A (y)*=23,285.5in.}
L= 1/12(bh*) = 1/12 {0.46875(12)} (4)*=30.0in.*
Summing the two elements:
Y Area = 365 + 225 = 590in.’
S{A(y)} = 5506025 + 723825 = 1,2745in.’

T{A(y)*} = 8,305839 + 23,28545 = 31591 in.}

YI, = 5360 + 30 = 5390 in.}

Therefore,
U= 3L, + Z(A(Y)*} = 5390 + 31,591 = 36981 in.*
— A 1274428
v - 2AW} = 2160 in.

SA 59
[=1- TAY?) = 36981 - 59 (21.6)* = 9,453 in.*

Similarly for live load:

and for superimposed dead load:

Y = 2064 in.
I =9312in}
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Step 1.7 Determine stress in bottom fiber of bottom flange

Stress due to DL:

_ (2668) (12) (21.60)

oL = 945306 = 732 ks
Stress due to LL+I;
385.9) (12) (25.623
—( 59) (12) ( )=9.17ksi

Oun = 12.940.61

Stress due to superimposed dead load:

(85.8) (12) (20.644)
OpLsurer = 931223

= 2.28 ksi

Total stress:
6 =732 + 9.7 + 228 = 1877 ksi
Since this is 36 ksi steel, the limiting stress is 20 ksi. For other grades of steel, the limiting

stress is .6 (fy). As 18.77 ksi is less than 20 ksi, the section meets the stress limit.

Step 1.8 Determine stress in top fiber of PC concrete

Stress due to DL:

_ (26638) (12) (3017 + 4 — 21.60)
bL — 9453.06 (8)

= 03532 ksi (C)

Stress due to LL+I:

5 = (3859) (12) (30.17 + 4 — 25623)
L+t 12,94061 (8)

= 0.382 ksi (C)
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Stress due to superimposed dead load:

| (858) (12) (3017 + 4 — 20644)
Covsueer = 931223 (8)

= 0.062 ksi (C)

Total stress:

6 = 0532 + 0382 + 0062 = 0976 ksi (C)

The limiting stress is 0.4 (f'¢) = 0.4 (3.5) = 1.4 ksi. Since the stress is lower than the

limiting stress, the PC concrete meets the stress limit.

Step 1.9 Stress in top fiber of CIP concrete

Stress due to LL+I:
(3859) (12) (30.17 + 8 - 25.623) i
Oua = 12.94061 (8) = 0561 ksi (C)
Stress due to superimposed dead load:
(85.8) (12) (3017 + 8 ~ 20.644) )

Total stress:

o = 0561 + 0.08 = 0.641ksi (C)

The limiting stress is 0.4 (f'.) = 0.4 (3.5) = 1.4 ksi. Since the stress is lower than the
limiting stress the PC concrete meets stress limits.
7.2.2 Use of the software BEAM.exe to design the steel stringers

The software BEAM.exe is a program that designs stingers for use in the PCDT

bridge. To begin the program, the user must enter the software name at a DOS prompt. The
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user is then prompted with some introductory material and is asked if they accept the terms
for the use of the program (i.e., that all designs obtained through the use of the program must
be verified by a registered engineer and that the author of the program accepts no liability).
The user must then enter a filename where the output data will be stored. Note: this
filename must be an original filename or the program will be terminated (this is a safety
measure to ensure that previous designs are not overwritten and lost). Also note that the
filename must be a DOS compatible filename with eight or less characters and no periods or
spaces. The user is then given a brief summary of the limitations of the software and is then
prompted to enter their last name. Entering the users last name identifies the user in the
output for record keeping.

The actual stringer design begins with the next prompt. The user is prompted to enter
the span of the bridge in feet. If the span is less than 30 ft or greater than 80 ft, the user is
given an error statement as the program has not been validated for those spans. The user is
then asked to enter the stringer spacing in feet. Once again, if the value entered is less than
3 ft or greater than 3.75 ft the user is given an error statement as the program has not been
validated for those spacings. Additionally, the user is asked to enter the number of stringers
in the bridge. The combination of the number of stringers and the stringer spacing
determines the total width of bridge.

The user is then asked to enter two values which are at this stage of design most likely
unknown. First, the user must enter a value for the expected future wearing surface. The
program indicates that a typical value is 0.02 ksf but the user is allowed to enter a different

value if desired. Secondly, the user is asked to enter a value for the weight of the parapet.
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Again, the user is given a typical value of 0.35 kIf but is again allowed to enter a different
value if desired. Please note that the values entered here will also be used in designing the
slab later in the program.

Entering the live load moment for the span is the next step in running the program.
There are two methods for determining the live load moment as described by the program.
The first requires the user to read the moment from the AASHTO (5) manual and enter the
value. However, not all spans (and truck configurations) are given in the AASHTO (5)
manual. Therefore, for these cases the user must determine the maximum moment by hand.
The procedure for accomplishing this is outlined by the program and is explained in detail in
Step 1.1 (Section 7.2.1).

The parameters entered to this point are dependent only on the bridge geometry and
not on the stringer that is to be designed. The remainder of the program requires the user to
enter various trial stringer properties. First, the user is required to enter a designation for the
trial stringer. This is typically of the form "W30x124". This allows the user to keep track of
the trial shapes in the output file. The next series of prompts asks the user to enter the
following important stringer properties:

¢ actual stringer depth in inches

e area of stringer in square inches

¢ moment of inertia of the stringer in inches to the fourth power

¢ weight of the stringer in pounds per foot

e yield strength of the stringer in kips per square inch
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The user is also required to enter the compressive strength of the concrete in kips per square
inch.

At this point, the program checks the trial section and determines if the stringer and
slab satisfy all stress requirements and informs the user of the results. The user is then asked
if they would like to try a different stringer for the same bridge geometry. If so, the user is
asked to enter the properties for the new section. It should be noted that if the user wishes to
design the shear studs and/or slab (discussed later) the design will be based on the geometric
properties of the last stringer entered.

7.3 Shear stud design

The following sections outline the design of the welded shear stud for the PCDT
bridge. Once again the design is completed by two different methods. First, a hand solution
and secondly, completed with the program Beam.exe. It should be pointed out that the design

is completed assuming a 3/4 in. diameter shear stud.

7.3.1 Steps for designing shear studs by AASHTO procedures

Step 2.1 Determine the distribution factors

Calculate the distribution factor for wheels at the support by assuming the flooring to
act as a simple span between the stringers. For wheels in other positions on the span, the
distribution factor is calculated the same as the method described for moment.

Therefore, for loads at the support, two loading conditions are possible as shown in

Fig. 7.4 (designated as | and 2).
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For case 1:
375
DF = 375 10
For case 2:
1.75 1.75
DF = 377-5 + 3—7-5 = 093

Therefore, the distribution factor is 1.0 for loads at the ends. For loads away from the end the

distribution factor is the same as that calculated for moment as shown previously (DF = .68).

6' 4
I | o
™ | i
|P P ’P
\ ] ' 1] N
| E E |
I 3.75' l 3.75'
| | 7
a. Case |
"
i +
P lP
\{ I \?‘
1.75' l 1.75'
3.75' [ 375’
I
b. Case 2

Figure 7.4. Positions of loads for determining distribution factors for loads at the end.
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Step 2.2 Calculate the range of shear at the tenth points of the span

The influence line for shear at the support is shown in Fig. 7.5a and the positioning of

the truck for maximum positive shear and maximum negative shear in Fig. 7.5 a and b.

Maximum positive shear plus impact:

+ Vg = (1 + 026) ((1.0) (16) (—) + 0.68 (16) (——) + 0.68 (4) (—)) 3295k

Maximum negative shear plus impact is equal to zero since the influence line is positive at all
locations.

Maximum shear range V. =32.95-0.0 =32.95k

1.0

a. Influence line

16 k

i
jE

37" 5

51'

65'

b. Position of truck for maximum positive shear

Figure 7.5. Diagrams for calculating maximum shear range at the support.
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The influence line for shear at the 0.1 point is shown in Fig. 7.6a and the positioning
of the truck for maximum positive shear and maximum negative shear is presented in Figs.

7.6 b and c, respectively.

Maximum positive shear plus impact:

+ Vi, = (1 + 026) ((0.68) (16) (%852) + 0.68 (16) (%—5-) + 0.68 (4) (%é)) = 2333k

.01

a. Influence line

16k 16k

1 4 Kk
i

o | ] 30,5 J

|

| 44.5'

l 58.5'

b. Position of truck for maximum positive shear
16k 16k
4k l l

|
| 58.5' ;
]

¢. Position of truck for maximum negative shear

Figure 7.6. Diagrams for calculating maximum shear range at the 0.1 point.
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Maximum negative shear plus impact:
65
= Vg = -(1+26) (0.68) (16) (6—5) = -137k

Maximum shear range V. =23.33 - (-1.37) =24.7k

The influence line for shear at the 0.2 point is shown in Fig. 7.7a and the positioning
of the truck for maximum positive shear and maximum negative shear is presented in Figs.
7.7 b and c, respectively.

Maximum positive shear plus impact:
+ V., = (I +026) (68 (16) (2) + 0.68 (16) (3—8-) + 0.68 (4) (2—4) = 2025k
Wt B 65 T es ' 65)) = 207
Maximum negative shear plus impact:
13
-V = -(1+.26) (0.68) (16) (BE) = -274k

Maximum shear range V. =20.25 - (-2.74) =22.99 k

The influence line for shear at the 0.3 point is shown in Fig. 7.8a and the positioning
of the truck for maximum positive shear and maximum negative shear is presented in Figs.
7.8 b and c, respectively.

Maximum positive shear plus impact:
455 315 175

+ Vi = (I + 026) (068 (16) (—=) + 0.68 (16) (—) + 0.68 (4) (—)) = 1716k
65 65 65

Maximum negative shear plus impact:

~ V., = -(1 + 0.26) ((068 (16) (2—';) + 068 (16) (1—253)) = -527k
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T~]-02

a. Influence line

24
38’
52'

b. Position of truck for maximum positive shear

16 k 16 k

b

52'

c. Position of truck for maximum negative shear

Figure 7.7. Diagrams for calculating maximum shear range at the 0.2 point.
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\l -0.3

a. Influence line

16k 16k

LY
|
|

17.5
L 315 |
| 45.5 |

i
i
i
{
i
i
I
i

b. Position of truck for maximum positive shear

4k 16k 16k

%ll

| 45.5' P
’ 59.5'

!
{
I
i
{
|

c. Position of truck for maximum negative shear

Figure 7.8. Diagrams for calculating maximum shear range at the 0.3 point.

Maximum shear range V.= 17.16 - (-5.27) =22.43 k

The influence line for shear at the 0.4 point is shown in Fig. 7.9a and the positioning
of the truck for maximum positive shear and maximum negative shear is presented in Figs.

7.9 b and c, respectively.
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0.6 l\
s

a. Influence line

16 k

B

l‘ 11
y

1
=

b. Position of truck for maximum positive shear

4K 16k 16k

L
A%»LL 39' 5

53’

c. Position of truck for maximum negative shear

Figure 7.9. Diagrams for calculating maximum shear range at the 0.4 point.

Maximum positive shear plus impact:
+ Vi, = (1 + 026) ((0.68 (16) (-—-) + 0.68 (16) (—) + 0.68 (4) (—)) 14.08 k
Maximum negative shear plus impact:
12 26
= Vg = -(1+.26) (068 (16) (E) + 0.68 (16) (—6§)) = -801k

Maximum shear range V.= 14.08 - (-8.01) =22.09 k
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The influence line for shear at the 0.5 point is shown in Fig. 7.10a and the positioning
of the truck for maximum positive shear and maximum negative shear is presented in Figs.

7.10b and c, respectively.

o.5’\
\l -0.5

a. Influence line

16k 16K

> 4.5' i

I
18.5'
32.5'

b. Position of truck for maximum positive shear

L
L | 32.5' 7

' 46.5'
60.5

k

7

‘

c. Position of truck for maximum negative shear

Figure 7.10. Diagrams for calculating maximum shear range at the 0.5 point.
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Maximum positive shear plus impact:
+ V. = (1 + 026) (0.68 (16) (%—) + 0.68 (16) (168—55) + 0.68 (4) (g)) = 1099 k
Maximum negative shear plus impact:
-Via = -(1 + 026) (0.68 (16) (%?) + 0.68 (16) (%Ssé) + 0.68 (4) (%?)) = -1099 k

Maximum shear range V; = 10.99 - (-10.99) = 21.98 k

Step 2.3 Calculate required spacing of welded shear studs based on fatigue

From step 1.6 of the beam design, the required section properties are:
A=81.5in?
y=30.18 +8-25.63 = 12.55 in.
I=12,940in.}
Therefore, the first statical moment of the slab about the neutral axis of the section is:
Q=8 (5.625) (12.55 - 4) = 384.75 in.?
Also,

V. Q
S, =—%

(see AASHTO Section 10.38.5.1.1)

where:

V: =range of shear due to live load and impact, k

Q = first statical moment of the slab about the neutral axis, in.’

[ = moment of inertia of transformed section, in.*

S¢ = range of horizontal shear at junction of the slab and stringer, k/in.
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Therefore at each tenth point:

Location

0.0
0.1
0.2
0.3
0.4
0.5

For example at the 0.1 point: S, =

Additionally,

Spacing =

with

S,
0.98
0.73
0.68
0.67
0.66
0.65

12,940

number of studs per row (Z,)

S

r

24.7 (384.75)

= 098 k/in.

Z, =o0.d* (see AASHTO Section 10.38.5.1.1)

For 500,000 cycles o = 10,600 and Z,= 10,600 (0.75)*= 5,963 lb

The minimum spacing between studs is 4d = 4 (3/4) = 3 in.

The minimum edge distance is 1.375 in.

Therefore, the maximum transverse spacing with 2 studs per row is:

Transverse spacing =

b, —2 (edge distance) _1051-2 (1.375)

number of spaces

] =776 in.>3in.

Therefore, set transverse spacing to a practical value of 5.25 in.
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Thus, the longitudinal spacing at each location is as follows:

Location

0
0.1
0.2
03
0.4
0.5

For example at the 0.1 point: Spacing = —

Spacing
12.2 in.
16.34 in.
17.54 in.
17.80 in.
18.07 in.
18.30 in.

2(5.963)
0.73

= 16.34 in.

These maximum spacing values are plotted in Fig. 7.11 (dashed line) along with the practical

arrangement (solid line). As can be seen based on fatigue, 54 shear connectors are required

per half stringer (108 per stringer).

20

-
(&)

Spacing, in.
m —h
S5y O

5}

N

-
-

-
-

“La SPA@ 121n.

18 SPA@ 18in.

i

!

| |

Y

0 0.1

0.2

0.3 0.4

Location, fraction of span

Figure 7.11. Spacing of shear connectors.

0.5
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Step 2.4 Calculate the required number of shear connectors for strength

Force in the slab based on the ultimate tensile strength of stringer:

P, = A;F, = 365(36) = 1,314 k (see AASHTO Section 10.38.5.1.2)

where;
A, = total area of the steel section, in.>
F, = specified minimum yield point of the steel being used

P; = maximum compressive force in slab, k

Force in slab based on the ultimate compressive strength of slab:
P, = 085f_ b t = 085(35) (3.75) (12) (8) = 1,071 k (see AASHTO
Section 10.38.5.1.2)

where:
f. = compressive strength of concrete at age of 28 days, ksi
ber = effective flange width given in Article 10.38.3, in.

t = thickness of the concrete slab, in.
P, = maximum compressive force in slab, k

Strength requirements are based on the smaller of P, and P, and is 1,071 k.

The ultimate strength of a single shear connector:

S, = 04d* {Jf.E, = 04 (0.75)% /3500 (57,000 ¥3500) = 24,444 Ib (sec AASHTO

Section 10.38.5.1.2)

where:
d = diameter of stud, in.
fc= compressive strength of the concrete at 28 days, psi
E. = modulus of elasticity of concrete, psi
Sy = ultimate strength of a single shear connector, 1b
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The total number of shear connectors required for strength is:

P 1,071 .
N, = %S, = 35 (24.442) = 515 = 52 (see AASHTO Section10.38.5.1.2)

Therefore the 54 studs provided for fatigue satisfies strength requirements.
7.3.2 Using the computer program to design the shear studs

The design of the shear studs can be completed using the program BEAM.exe that
was used to design the beams presented in section 7.2.2. After designing the beams, the user
is given the option to design the shear studs. If the shear stud design is desired, the user is
informed that the design will be based on the last beam entered and gives the user the option
to enter a different beam size. The design of the shear studs is based on some of the same
information that was entered for the beam design and therefore, very little new input is
required. The user must, however, enter the width of the beam top flange and the diameter
of the shear studs, as this information was not previously required. Consequently, the user is
asked to enter the alpha value defined in AASHTO. The values range from 13,000 to 5,500
depending on the anticipated number of cycles and are displayed in the program.

Based on the geometric information given previously, the user is prompted with the
maximum number of studs per row that could be used and asked to enter the desired number
of shear connectors per row which must be a whole number less than the displayed value
(i.e., a maximum value of 2.54 may be shown and the user can enter either | or 2) . With this
information, the program calculates the required spacing at every 5% of the span based on
fatigue as well as the total number of shear connectors required based on strength. This

information is displayed in the output file. At this point, the user must complete the design
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by hand by determining the spacing (to satisfy both fatigue and strength requirements) as
shown in steps 3 and 4 in Section 7.3.1.
7.4 Concrete deck design

The following sections outline the design of the reinforced concrete deck. As before,
hand calculations and application of the program are both illustrated.
7.4.1 Steps for designing concrete deck

As a conservative approximation, the center-to-center spacing has been used as the

effective span for calculating the design loads.

Step 3.1 Determine design loads

For slab between beams (i.e., not overhang portion)

Live load plus impact moment:

Spacing + 2 375 + 2
M., =13 (E%—) (16) (08) = 13 (__3"—] (16) (08) = 299 ft-k (see

AASHTO Section 3.24.3.1)
where:

Spacing = center to center spacing of beams, ft

Dead load moment (for a one ft strip):

8
Weight of slab = T (0.15) (1) = 0.100 kIf

Weight of FWS = 0.02 (1) = 0.020 kif
Total DL = 0.100 + 0.020 = 0.120 kif
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Conservatively, compute the dead load moment as (the 10" factor has been used to reflect

the end fixity conditions on the slab spanning between the stringers):

Y

w,* 0123757
TRRT = 0.69 ft-k

M, =

where:

wg = total dead load, kif

Design moments:

M,yoog = 299 + 0169 = 316 ft-k
MU

5 5
= 13 (M 3 M) = 13(0169 + (299) = 670 ft-k

Check slab overhang (see Fig. 7.12):

8" assumed — ~— P
T
X
&
//
7
1'-6"
1'-10.5"

Figure 7.12. Forces on slab overhang.
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1875 1875°

> )y + 002 ( 3

) = 0634 ft-k

8 8
Mp = 035 (1875 ~ ) + = (015)(

Live load plus impact moment:

P
My, = 13E X withE=0.8 X +3.75=0.8 (0.375) + 3.75 = 4.05 (see AASHTO

Section 3.24.5.1.1)

13 (16
My, = ——4%5—) (0375) = 193ft-k

Since both of these are smaller than the moment calculated for the previous case, the slab

overhang will not control.

Step 3.2 Design slab by LFD

The geometry of the slab is shown in Fig. 7.13.

Assuming a #6 reinforcing bar,d =8 -2-0.5-0.75(0.5) = 5.125 in.

AL, A, 60
®T85t.b 85035 (12)

= L6807 A, (see AASHTO Section 8.16.3.2.1)

where:

A, = area of reinforcing steel, in’
f, = yield strength of reinforcing steel, ksi
f. = compressive strength of concrete at 28 days, ksi
b = width of one foot section, in.
a = depth of Whitney stress block, in.
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0.5" ignored for grooves, wear, etc. —

\W

5“2 =

| S
| i |
} 3

1 5 ]
#6 bar assumed —

Figure 7.13. Cross-section of slab.

0
oM, =¢[A, f, d - %] = 6.70(12) = 09 (A, (60) (5125 — 137—7 A))]

Solving gives: A, = 0306 in/ft
Selecting #4's @ 7 in. gives:
A, povigea = 034 in*/ft

actual d=8-2.-0.5-0.5(0.5)=5.25in.

=8 100 = —2_ 100 = 054%
“bd 12(s25) "
0858, f. 87 (oss (0825) (35) 87
= 075 100 = 075 = 187%
P ( £, 8 + f_vJ 60 8 + 60) 100 = 187%

Pmx 2P - 0k, steel yields.

Step 3.3 Check cracking moment

1.2Mo) <OM, ?
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75 +/3500 12 (8)> 1

I2M, = 12¢6,S =12 = 568 ft-k < ®M_

1000 6 12
where:
o, = tensile strength of concrete at 28 days, ksi
S = section modulus, in.?

M = cracking moment, ft-k

Step 3.4 Check serviceability criteria

Calculate depth to neutral axis of slab from top of slab:

nA, 2bd 8 (0.34) 2 (12) (5.25)
N.A. depth = | + -1 = l+ — -

P b ' T na, Y 12 (\/ 8 (034)
where:

n = modular ratio for reinforcing steel and concrete

A = area of reinforcing steel per foot, in.%/ft

b = width of one foot strip, in.

d = depth of reinforcing steel, in.

Calculate the effective moment of inertia;

12 (1.33)3 )
I = % + 8(0.34) (525 - 133)* = 5121in.*

Calculate the stress in the reinforcing steel:

_ Myn _ 3.16(12)
T 1 7T 5121

where:

M = working moment, in. - k
y = distance from nuetral axis to reinforcing steel, in.
I = moment of inertia of section, in.*

os = bending stress in reinforcing steel, ksi

n = modular ratio

(525 - 133) (8) = 232 ksi < 36ksi ..

. ok

1) = 133in.

ok
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Step 3.5 Check flexural reinforcement distribution (see AASHTO Section 8.16.8.4)

A = Number of bars as shown in Fig. 7.14

d.=2.5+0.5(0.5)=2.75 in. (see Fig. 7.14)

A =2 (2.75) (12) = 66 in.” (see Fig. 7.14)

66
A= 1—2/7 385 in.’

= 232 ((2.75) (385)% = 109.75k/in. < 170k /in. .. ok

See AASHTO Section 8.16.8.4 for limits.

12"

Ac

(e aRat
/ / 4\ de
I Y —

Figure 7.14. Schematic of A. for flexural reinforcement distribution check.
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Step 3.6 Determine the required distribution steel (see AASHTO Section 3.24.10.2)

220 220

% of main steel = =

’ \/beam spacing v3.75
Precast Deck distribution steel = 0.67 (0.34) (0.5) = 0.115in* = Select#3 @ 11 in.
For cast - in - place deck = 0.115(1.25) = 0.144 in* = Select #3 @9 in.

= [136% > 67% .. use67%

Step 3.7 Dowel reinforcement

In addition to the reinforcement designed previously, #4 reinforcement on
approximately 5 ft centers must be extended from the PC concrete into the CIP concrete
along all longitudinal edges to control differential shrinkage between the PC and CIP
concretes.

7.4.2 Using the program to design the slab

To design the slab, the user must first enter the yield strength of the reinforcing steel
in ksi. The program then calculates the theoretical bar spacings and the user must select one
of the possible configurations. It must be noted that the spacing that is selected must be a
practical value less than the theoretical value that has been calculated. The program then
checks all design criteria and informs the user if the slab must be redesigned. After an
acceptable design is completed, the user is then prompted to select the distribution
reinforcement for the PC and CIP concretes. Again, the user must select appropriate
spacings. At this point the program will terminate with ail results written to the output file

that was created after initially executing the program.
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7.5 PC connector arrangement

The following sections outline how the required PC connector arrangement was
determined. Additionally, a brief discussion concerning the output of this information from
the program is also presented.

7.5.1 Process for determining the PC connector arrangement

The PC connector arrangement design was completed using the FEM that was
presented previously. The FEM was extrapolated to various bridge configurations so that the
number of PC connectors required could be determined (i.e., various bridge width and span
combinations were analyzed). To determine the number of connectors required, a large
number of analyses were completed. In all, over 4,500 analyses were completed. The results
of these analyses are summarized in this section.

The process of determining the required PC connector arrangement was, basically, an
attempt to minimize the “differential deflection” between adjacent PC units. The controlling
parameter was a corrected differential deflection that took the rotation of two adjacent units
into account (see Appendix D). To determine the required number of connectors, an iterative
process was used. The number of connectors was varied from a minimum of three until there
was minimal corrected differential deflection between PC units (i.e., when the corrected
differential deflection was not reduced by increasing the number of PC connectors). To
complete this iterative process, the FEM that was presented previously was used with a slight
modification. The CIP concrete that extended over the joint between the units was assumed
to be ineffective in transmitting loads (i.e., the concrete plus reinforcement over the joint

provided no continuity between PC units). This represented a worst case scenario and the
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presence of any uncracked CIP concrete and reinforcing steel would obviously further reduce
the differential deflection between PC units. To determine the maximum differential
deflection, loads were placed on the bridge at various locations. It became obvious that the
placement of a single line of HS-20 wheel loads along the joint between PC units was the
critical condition. Thus, this became the critical load case. The design load was placed at
various locations (basically, simulating the truck driving the span) and the critical corrected
differential deflection determined.

The process of determining the required number of PC connectors will be illustrated
in the following paragraphs. The results of this process of analyzing the bridge with the
design load along the joint is illustrated in Figs. 7.15 and 7.16. Figures 7.15 and 7.16 give the
results of the analyses for the three and nine connector arrangements for the 65 ft span and 30
ft width bridge. As can been seen, 20 load cases were analyzed for this bridge. Each load
case represents the analysis of the PCDT bridge with the design load at a single location.
Subsequent load cases represent the design load being moved 2 ft longitudinally for each load
case and the bridge re-analyzed. The largest corrected differential deflection from these 20
analyses (for each PC connector arrangement) is termed the critical corrected differential
deflection. These critical corrected differential deflections are then plotted versus the number
of PC connectors as shown in Fig. 7.17. The point where there was no improvement in the
corrected differential deflection with an increase in the number of connectors is the required

PC connector arrangement (13 connectors in this case).
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Figure 7.15. Differential displacement FEM results for 65 ft bridge with 3 connectors.
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Figure 7.16. Differential displacement FEM results for 65 ft bridge with 9 connectors
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Figure 7.16. Continued.
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Figure 7.17. Maximum corrected differential displacement vs. number of connectors for
65 ft bridge.
This process of determining the required connector arrangement was completed for all
bridge configurations, the results were grouped into ranges of similar configurations and are
summarized in Table 7.1. Note that the number of PC connectors shown in the following

table are only valid for beam spacings of 3.0 ft to 3.75 ft.

Table 7.1 Required number of PC connectors for various spans.

Span, ft. Regquired number of PC connectors
3010 34.9 7
3510449 9
45t0 54.9 Il
5510649 13
65t074.9 15

75 10 80 17
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7.5.2 Using the program to design the PC connector arrangement

The data entered previously for the beam design portion of the program provides the
required information for determining the PC connector arrangement. The required number of
connectors (at uniform spacings) is output to the output file as part of the design based on the
information determined from the FEM analyses (see Sec 7.5.2).

7.6 PC connector detail

The PC connector detail is similar to the one used in the model bridge previously
described. The only difference is the length of the reinforcing steel welded to the inside face
of the channel. Increasing the length of reinforcement from 24 in. to 31 in. ensures that the
reinforcement will not be terminated in a tension zone when highly stressed. The PC
connector detail is presented in Fig. 7.18.

The design of the PC connector is shown in the following calculations. Since a
nominal 4 in. PC deck was desired, a 4 in. deep channel was selected for the PC connector. It
is recognized that the total thickness of the PC deck is greater than 4 in. (i.e., 4 in plus the
thickness of the top flange) and therefore the PC connector can not be flush with the top and
bottom surface of the PC concrete. Therefore, the PC connectors are placed flush with the
bottom of the PC concrete and the top flange of the channel placed below the top of the PC
concrete. To ensure that one can weld to the top flange, the top flange of the channel is
simply "cleaned” off during casting of the PC concrete. The 4 in. channel that is used is
what is commonly called the "heavy" type (i.e., the C4x7.25 as opposed to the C4x5.4).
Some assumptions had to be made in the design of the plates connecting two adjacent PC

connectors. The highest stress condition that these plates can be subjected to occurs
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Figure 7.18. PC connector details.
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during construction when the PC units are in place without the CIP concrete. In this state, the
maximum stress that the flanges would be subject to is, obviously, the yield stress. Therefore
the maximum force that can occur in each channel flange is:
Pow = F, Aqpee = 36(12) (0296) = 1279k

where:

F, = yield strength of channel, ksiq
Afange = area of flange of channel, in.”
Pmax = maximum possible force in the channel flange, k

To ensure that adjacent PC connectors could be connected, a 10 in. welded plate will
be used to allow for some longitudinal misalignment of the PC connectors in adjacent PCDT
units. Therefore, the required thickness of this plate needed to transmit the maximum force

that can occur in each channel flange is:

P 12787 3
boied = — 0 = = 0355in. = < in.
required Fy LplmC 36 (10) 8

where:

F, = yield strength of plate, ksi
Loiaie = length of plate, in.
trequied = required plate thickness, in.
To determine the number of reinforcing bars that are required to be welded to the PC
connector, it is assumed that the worst case will be when the CIP concrete is in place and the

PC connectors must, in essence, act as the bottom layer of steel. Therefore, complete a

flexural design. The required reinforcing steel is determined as shown below.
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Af,  A,60
T 085f. b ~ 085(35) (12)

a = 1.6807A,

16807 A,
—)]

oM, = DA, f, (d - %)] = 670(12) = 09(A, (60) (525 - ——

(see AASHTO Section 8.16.3.2.1)

where:
®M , = required design strength, in. - k
A, = area of reinforcing steel, in.2
d = depth of reinforcing steel

Solving, gives Aggeq = 0.298 in.%/ft or equivalently 1.49 #4 bars per foot. However, since
these connectors are placed at discrete locations and not continuously along the length,
multiply the required number of bars by a "safety factor" of 2 to give a total of 3 #4
reinforcing bars per PC connector.

The length of these reinforcing bars must be sufficient to develop the full capacity of
the bar and ensure that the bar does not terminate in a tension zone. The minimum length to

develop the full capacity is determined as follows.

3t aBh 5 3(60000) (1 (h) (1

l, = d, —— = = 304 = 3lin.
C s04E 50 V3500 "
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where:

d, = diameter of reinforcing bar, in.

fy = yield strength of reinforcing bar, psi

o. = reinforcement location factor

B = coating factor

A = lightweight aggregate factor

fo = compressive strength of concrete at 28 days, psi

development length, in.

The minimum length to ensure that the reinforcement does not terminate in a tension zone is

22.5in. (i.e., 1/2 the maximum allowable beam spacing). Therefore, one should use a bar at

least 31 in. in length.
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8. SUMMARY AND CONCLUSIONS

In this investigation the steel beam precast unit bridge was investigated. The study
consisted of several different tasks. In the literature review that was completed, various
means of connecting precast units were reviewed as well as procedures for bonding layers of
concrete cast at different times. Since the steel beam precast unit bridge is a “new” concept,
no literature was located on it or similar systems. In the experimental part of the
investigation, there were three types of static load tests: small scale connector tests,
“handling strength” tests, service ’and overload tests of a model bridge. In the analytical part
of the study, three FEM’s were developed which were verified using data from the
experimental portion of the investigatibn. These FEM’s were used to predict the behavior of
the PCDT units with various connector arrangements, for determining the behavior with the
CIP concrete in place, and for determining the behavior of a continuous deck bridge.

The small scale connector tests were completed to determine the best method of
connecting the PCDT units. In these tests, specimens were tested with different connector
arrangements and with and without the CIP concrete.

“Handling strength” tests were undertaken to determine if the PCDT units had
sufficient strength to withstand transportation from a fabrication site to a given bridge site.
This testing was obviously completed without the CIP concrete.

In the testing of the model bridge ( L = 9,750 mm (32 ft); W = 6,410 mm (21 ft)), a
total of 128 service load tests and four overload tests were completed. In the service tests, the
following items were investigated: number of connectors required between PCDT units,

influence of diaphragms and their vertical positions, load distribution in model bridge with
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and without CIP concrete in place, and contribution of bottom connector plates to load
distribution when CIP concrete is in place. In the four overload tests, load distribution and
behavioral data was obtained.

Based on the laboratory tests (small scale connector tests, “handling strength” tests,
and model bridge tests) completed in this part of the investigation the following observations
and conclusions can be made. As has been documented in chp. 6, the majority of these
conclusions have also been verified using the FEM's developed which are the basis for the

design methodology presented in chp7.

1. Used in combination, the PCDT units developed and tested resulted in a simple-
span bridge alternative for low-volume roads that is relatively easy to construct.

2. The connector developed - plates (top and bottom) welded channels embedded in
concrete - provides a connection with adequate strength to resist highway loads.
This connector is also relatively easy to install.

3. The PCDT units (with their relatively thin concrete PC deck) are strong enough to
resist the handling loads imposed on them during construction and transportation.
Occasional “rough” handling is expected; if sufficient time is given for the PC
concrete to cure, no distress should occur in the PCDT units from lifting,
transporting, or placement.

4. No interlayer delamination occurred between the PC and CIP concretes during any
of the tests when the recommendations outlined in the literature review were

followed.
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Five PC connectors between adjacent PCDT units gave the desired lateral load
distribution. The use of seven or nine connectors did not change the behavior of
the bridge system significantly.

The addition of the CIP deck significantly improved the load distribution
characteristics of the bridge system.

The combination of connectors between the PCDT and reinforcement properly
placed in the CIP portion of the deck should prevent reflective cracking in the
system.

During the two overload tests, the bridge was subjected to 756,000 N (170,000 lb)
(over 4 times H-20 loading) without any visible signs of distress.

The use of diaphragms did not significantly change the behavior of the bridge
system. Based on this and the fact that the installation of diaphragms is very
costly, and labor intensive, the resulting small improvement in the behavior does
not warrant their installation.

To investigate the relative contribution of the CIP deck to the lateral load
distribution, the model! bridge was tested with and without the bottom plate of the
connector. In most instances there was no difference in behavior; the only time
there was a noticeable difference in behavior was when load was placed on the
transverse centerline of the bridge. Thus, it was concluded, under static loading
with the CIP concrete in place, in most instances the bottom plates have minimal

influence.
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11. The FEM’s developed in this investigation can accurately predict the behavior of
this bridge system with various connector arrangements, with and without the CIP
concrete in place, and with a continuous transverse deck (i.e., deck placed in one
pour). Thus, these programs can be used to design this type of bridge.

[2. A design methodology has been developed that allows easy design of the PCDT
bridge superstructure through the use of a computer program, standard design

tables, and a set of pre-prepared plans (see Appendix A, B, and C).
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9. RECOMMENDED RESEARCH

On the basis of the work completed in this phase of the investigation, the following

two tasks would be logical for bringing this concept to a successful conclusion:

L.

1o

Using the analysis developed in this phase of the study, a full scale demonstration
bridge should be designed and constructed. This bridge would be instrumented
and service load tested upon completion and periodically re-tested during the first
two years. All phases of construction would be videotaped and photographed.
Using this documentation and the FEM’s that have been developed, a combination
design/construction manual would be developed so that county engineers could
design this type of bridge and train their crews to construct the bridge.

The connection developed in this study needs to be subjected to cyclic loading,
such as it would experience in the field. Although the connections have
performed more than satisfactorily during all the tests in this phase of the
investigation, all applied loads were static. Thus, a limited number of small scale
connections needs to be subjected to cyclic loading to determine if the
connection/CIP concrete combination is adequate to prevent reflective cracking in
the CIP deck. If such cracking does develop, appropriate modifications to the

connection will be made and tested.
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APPENDIX A

FORTRAN CODE FOR COMPUTER PROGRAM
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PROGRAM COMPOSITE

REAL SPAN, SPACE, ABM, IBM, DBM, ANS, MLL,DLONE,DLTWO,DLSUPER

REAL WGTBM,BMNO,FWS,PARA,MDLONEMDLTWO MDLSUPER,DF,IMPACT
REAL MLLI,BTRONE,BTRTWOQO,ADLONE, YBARBM, YBARSL,AY. AYY INOT,IPRIME
REAL IONE,ADLTWO,ITWO,ADLSUPER,YBARSUPER,ISUPER,STRESSBM,STRESSPC
REAL STRESSCIP,YIELD FC,MAXSTEEL.MAXCONC

REAL PONE,PTWO,PTHREE,PFOUR , XONEONE XONETWO,XTWOONE, XTWOTWO
REAL DFSONE,DFSTWO,DFS,DFA, XPONE, XPTWO,XPTHREE,DFONE,DFTWO

REAL DFTHREE,XNONE,XNTWO,XNTHREE,POSV(11), NEGV(11).RNG(l1)

REAL Q, SR(11),BF,DIAM.ALPHA,ZR MAXSTUD,LOCATION, PITCH(11)

REAL FORCEONE,FORCETWO,FORCE,SU,NUMBER, CONNECT,PCSPACE

REAL MSLLIONE,MSDLONEMSWONEMSUONEMSDLTWO MSLLITWOMSWTWOMSUTWO
REAL MSUMSW, RSY, DTRIAL, A, ASTRIAL, NOTHREE, NOFOUR

REAL NOFIVE, NOSIX, BARDIAM, BARSPACE, DACT, ASPROV, RHO, BETA

REAL RHOMAX, ASMAX, MCR, ONETWOMCR, NAD, IEFF, STRESSRS, DC

REAL AC, AE, Z, DISTSTEEL, PCDECKAS, CIPDECKAS

INTEGER STUDNO
INTEGER BARSIZE

CHARACTER FILENM*10,BEAMNM*10,NAMO=*30

PRIN'P"!‘!III!I'!"t‘lllt!ltltt‘tlt"‘!t:tt!l"
PRINT*,* >
PRINT*,”* THIS PROGRAM IS FOR USE AS AN AID *
PRINT*,* FOR THE DESIGN OF THE PCDT UNIT *

PRINT*,™* BRIDGE ONLY -
PRINT*,* *
PRINT*,'* BY *
PRINT** BRENT M. PHARES *
PRINT*,* =
PRINT** [OWA STATE UNIVERSTIY *
PRINT*,* "
PRINT=** 12-30-97 *
PRINT*,* *
PRINT*, »x *
PRINT®*,”’

PRINT*/NOTE: ALL DESIGNS OBTAINED THROUGH'
,» THE USE OF THIS PROGRAM MUST
PRINT*’  BE VERIFIED BY A REGISTERED'
PRINT*’  ENGINEER.

PRINT*,  THE AUTHOR ACCEPTS NO LIABILITY'
PRINT*’  FORITS USE.

PRINT*/ENTER | [F YOU DONT AGREE TO THESE TERMS'
PRINT*/ENTER 2 [F YOU AGREE TO THESE TERMS'
READ*, ANS

[F (ANS.EQ.1) GOTO 1000

PRINT*, ENTER THE NAME OF THE OUTPUT FILE'
PRINT*, 'YOU WOULD LIKE TO USE.’

PRINT*, 'NOTE: THIS MUST BE AN ORIGINAL FILE NAME.'
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PRINT*, "’

READ*, FILENM

OPEN (UNIT=!1, FILE=FILENM, STATUS='NEW")
WRITE(] [ %) ###sssnssanssssssssnssesseresssanssasas
WRITE(11,*)* »
WRITE(11,*)* THIS PROGRAM IS FOR USE AS AN AID *'
WRITE(11,*)* FOR THE DESIGN OF THE PCDT UNIT *

WRITE(1,*)* BRIDGE ONLY *
WRITE(11,*)™ ha
WRITE(11,*)* BY *
WRITE(L [ ,*)* BRENT M. PHARES ¥
WRITE(11,*)* *
WRITE(11,*)* [OWA STATE UNIVERSTLY *
WRITE(11,*)™* *
WRITE(11,*)™* 12-30-97 ®
WRITE(11,*)* »
WR[TE(I l't) ERER ko ok ok XRERRE
WRITE(11,*)"

WRITE(11,*YNOTE: ALL DESIGNS OBTAINED THROUGH'
WRITE(t1,*y  THE USE OF THIS PROGRAM MUST
WRITE(11,*)  BE VERIFIED BY A REGISTERED'
WRITE(11,*)  ENGINEER.

WRITE(11,*)""

WRITE(11,*)  THE AUTHOR ACCEPTS NO LIABILITY"
WRITE(11,*)  FORITS USE.

PRINT*,"*

PRINT*, THIS PROGRAM IS INTENDED FOR USE IN DESIGNING THE PCDT'
PRINT*/BRIDGE. THEREFORE A PRECAST DECK THICKNESS OF 4 INCHES'
PRINT*,/AND A CAST-IN-PLACE DECK THICKNESS OF 4 INCHES S’
PRINT*/'IS ASSUMED.'

PRINT*,USE OF THIS PROGRAM FOR OTHER BRIDGE CONFIGURATIONS'
PRINT*'IS NOT ALLOWED.

PRINT*,TTS USE IS LIMITED TO BEAM SPACINGS OF 3.0 FT"

PRINT*,TO 3.75 FT. USE OF THIS PROGRAM FOR OTHER SPACINGS'
PRINT*,'WILL NOT BE ALLOWED.'

PRINT™*,"*

DO 1 N=1,10
PRINT*,"
CONTINUE
WRITE(11,%) "’

WRITE(11,*) THIS DESIGN COMPLETED BY:'
PRINT*,ENTER YOUR LAST NAME'
PRINT*,"

READ*, NAMO

WRITE(11,*) NAMO

WRITE(1L,%)""

WRITE(11,*) "

PRINT*,”’
PRINT*,""
PRINT*,’ENTER THE SPAN OF THE BRIDGE TO BE DESIGNED (FT)'
PRINT®*,"
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READ*, SPAN

PRINT*,'YOU ENTERED ', SPAN

PRINT*,IS THIS CORRECT? (1=NO, 0=YES)'
PRINT=*,"

READ*, ANS

IF (ANS.EQ.1) GOTO 10

DO 15 N=1,50

PRINT*, "’

CONTINUE

WRITE(11,*) 'BRIDGE SPAN=",SPAN
WRITE(11,*)**

IF(SPAN .LT. 30.0) PRINT*, THIS IS NOT A VALID BRIDGE SPAN'
IF(SPAN .GT. 80.0) PRINT*, THIS IS NOT A VALID BRIDGE SPAN'
IF((SPAN .GE. 30.0) .AND. (SPAN .LE. 35.0)) CONNECT=7.0
IF((SPAN .GT. 35.0) .AND. (SPAN .LE. 45.0)) CONNECT=9.0
IF((SPAN .GT. 45.0) .AND. (SPAN .LE. 55.0)) CONNECT=11.0
[F((SPAN .GT. 55.0) .AND. (SPAN .LE. 65.0)) CONNECT=13.0
IF((SPAN .GT. 65.0) .AND. (SPAN .LE. 75.0)) CONNECT=15.0
IF((SPAN .GT. 75.0) .AND. (SPAN .LE. 85.0)) CONNECT=17.0

WRITE(11,*) 'NUMBER OF PC CONNECTORS ALONG EACH JOINT=", CONNECT
PCSPACE=(SPAN-1)/(CONNECT-1)
WRITE(11,*) 'SPACED AT, PCSPACE

WRITE(I1,*)""

PRINT* /ENTER THE BEAM SPACING (FT)'
PRINT*, "

READ*, SPACE

PRINT*,'YOU ENTERED ', SPACE

PRINT*,'IS THIS CORRECT? (1=NO, 0=YES)'
PRINT*,""

READ*, ANS

IF (ANS.EQ.1) GOTO 20

DO 25 N=1,50

PRINT®*,"*

CONTINUE

IF((SPACE.GT. 3.75) .OR. (SPACE .LT. 3.0)) THEN
PRINT*, 'THIS IS NOT A VALID BEAM SPACING.'
GOTO 20

ELSE

WRITE(! 1,*) 'BEAM SPACING=", SPACE

ENDIF

PRINT* 'ENTER THE NUMBER OF BEAMS'
PRINT*,*

READ*, BMNO

PRINT*,'YOU ENTERED ’, BMNO
PRINT* IS THIS CORRECT? (1=NO, 0=YES)
PRINT*,"’

READ*, ANS

[F (ANS.EQ.1) GOTO 26

DO 27 N=1,50
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29

31

32
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PRINT*,"*
CONTINUE

WRITE(11,*) "
WRITE(11,*)""
WRITE(11,*) ' NUMBER OF BEAMS=", BMNO

PRINT* 'ENTER THE VALUE OF THE EXPECTED FUTURE'
PRINT*'WEARING SURFACE (TYPICALLY .02 KSF) IN KSF
PRINT*,"

READ*, FWS

PRINT*,'YOU ENTERED ', FWS

PRINT*'[S THIS CORRECT? (1=NQ, 0=YES)'

PRINT*,""

READ*, ANS

IF (ANS.EQ.1) GOTO 28

DO 29 N=1,50

PRINT™*,**

CONTINUE

WRITE(11,*)""
WRITE(11,%) "
WRITE(11,*) 'EXPECTED FUTURE WEARING SURFACE=", FWS

PRINT*,ENTER THE EXPECTED PARAPIT WEIGHT IN KLF'
PRINT*, TYPICALLY .35 KLF

PRINT*,’

READ*, PARA

PRINT*,'YOU ENTERED ', PARA

PRINT*,'IS THIS CORRECT? (1=NO, 0=YES)'
PRINT*,""

READ*, ANS

IF (ANS.EQ.1) GOTO 31

DO 32 N=1,50

PRINT*, "’

CONTINUE

WRITE(IL,*)"’
WRITE(11,%)"’
WRITE(!1,*) ' EXPECTED PARAPIT WEIGHT=", PARA

PRINT*'ENTER THE LIVE LOAD MOMENT FOR THE SPAN'

PRINT*,"”

PRINT*, THIS CAN BE FOUND BY TWO METHODS'

PRINT*,'FOR AASHTO TYPE LOADINGS, THE LIVE LOAD MOMENT'
PRINT*,'CAN BE FOUND IN THE AASHTO APPENDIX'

PRINT*,'FOR OTHER TYPES OF LOADINGS, THE MAXIMUM LIVE'

PRINT* /’LOAD MOMENT MUST BE CALCULATED BY THE FOLLOWING METHOD'
PRINT*,*

PRINT*,'I. LOCATE THE CENTER OF GRAVITY OF THE LOAD.'

PRINT*,"’

PRINT*,2. LOCATE THE NEAREST LARGE POINT LOAD AND'

PRINT*, PLACE THE POINT HALFWAY BETWEEN THAT LOAD AND THE'
PRINT*, CENTER OF GRAVITY AT MIDSPAN OF THE BRIDGE'
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PRINT*,""

PRINT*,3, CALCULATE THE MAXIMUM MOMENT UNDER THIS'
PRINT*' LOAD CONFIGURATION'

PRINT*,’*

PRINT*,'ENTER THE VALUE OF THE LIVE LOAD MOMENT(FT-KIPS)'
PRINT*,"’

READ*, MLL

PRINT*,'YOU ENTERED ', MLL

PRINT*,'IS THIS CORRECT? (1=NO, 0=YES)'

PRINT*,"’

READ*, ANS

IF (ANS.EQ.1) GOTO 40

DO 45 N=1,50

PRINT*,"’

CONTINUE

WRITE(I1,*)""

WRITE(11,*)""

WRITE(! 1,*) 'LIVE LOAD MOMENT=", MLL

PRINT*'ENTER A DESIGNATION FOR THE TRIAL BEAM (i.c. W30X124).'
PRINT*, "'

READ*,BEAMNM

WRITE(11,%) "

WRITE(L 1,*) TRIAL BEAM'

WRITE(11,*)"’

WRITE(11,*) BEAMNM

PRINT*,'ENTER THE ACTUAL DEPTH OF THE TRIAL BEAM SIZE (IN.)
PRINT*,"

READ*,DBM

PRINT*,'ENTER THE AREA OF THE TRIAL BEAM (IN.2)'

PRINT*,"*

READ*, ABM

PRINT*,/ENTER THE MOMENT OF INERTIA OF THE TRIAL BEAM (IN.4)
PRINT*,""

READ*, IBM

PRINT*,ENTER THE WEIGHT OF THE BEAM(PLF)’

PRINT*,""

READ*, WGTBM

PRINT*,/ENTER THE YIELD STRENGTH OF THE BEAM (KS!y
PRINT*,"*

READ*, YIELD

PRINT*,’ENTER THE COMPRESSIVE STRENGTH OF THE CONCRETE (KSI)’
PRINT*,"*

READ*, FC

DO 52 N=1,50

PRINT*,"’

CONTINUE

PRINT*,'YOU ENTERED:

PRINT*'DEPTH=", DBM

PRINT*,/’AREA= ', ABM

PRINT*'MOMENT OF INERTIA=", IBM

PRINT*'BEAM WEIGHT=', WGTBM

PRINT*,'YIELD STRENGTH OF BEAM=", YIELD
PRINT*,/COMPRESSIVE STRENGTH OF CONCRETE=", FC

PRINT*,IS THIS CORRECT? (1=NO, 0=YES)'

PRINT*,""
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READ*, ANS

IF (ANS.EQ.1) GOTO 50
DO 55 N=1,50
PRINT*,""

CONTINUE

WRITE(11,*) 'DEPTH="DBM

WRITE(11,*) 'AREA=", ABM

WRITE(! I,*) MOMENT OF INERTIA=", IBM

WRITE(11,*) 'BEAM WEIGHT=", WGTBM

WRITE(11,*) 'YIELD STRENGTH OF BEAM=", YIELD
WRITE(11,*) 'COMPRESSIVE STRENGTH OF CONCRETE=", FC

DLONE=4.0/12.0*SPACE*0.15+WGTBM/1000*1.05
DLTWO=4.0/12.0*SPACE*0.15
DLSUPER=FWS§*SPACE+2*PARA/BMNO
MDLONE=DLONE*SPAN**2/8.0
MDLTWO=DLTWO*SPAN**2/8.0
MDLSUPER=DLSUPER*SPAN**2/8.0
DF=SPACE/5.5

IMPACT=50/(SPAN+125)

IF (IMPACT .GT. 0.3) IMPACT=0.3
MLLI=MLL/2*DF*(1+IMPACT)

PRINT*,'MDLONE=", MDLONE
PRINT

BTRONE=SPACE/8.0
BTRTWO=BTRONE/3.0

ADLONE=ABM+BTRONE*4.0*12.0

YBARBM=DBM/2.0

YBARSL=DBM+2.0
AY=ABM*YBARBM+BTRONE*4.0*12.0*YBARSL
AYY=ABM*YBARBM**2+BTRONE*4.0*12.0*YBARSL**2
INOT=[BM+1.0/12.0*BTRONE*12.0*4.0**3
IPRIME=INOT+AYY

YBARONE=AY/ADLONE
IONE=IPRIME-ADLONE*YBARONE**2

ADLTWO=ABM+BTRONE*8.0*12.0

YBARBM=DBM/2.0

YBARSL=DBM+4.0
AY=ABM*YBARBM+BTRONE*8.0*12.0*YBARSL
AYY=ABM*YBARBM**2+BTRONE*8.0*12.0*YBARSL**2
INOT=IBM+1.0/12.0*BTRONE*12.0*8.0**3
[PRIME=INOT+AYY
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YBARTWO=AY/ADLTWO
ITWO=IPRIME-ADLTWO*YBARTWO**2

ADLSUPER=ABM+BTRTWO*8.0*12.0

YBARBM=DBM/2.0

YBARSL=DBM+4.0
AY=ABM*YBARBM+BTRTWO*8.0*12.0* YBARSL
AYY=ABM*YBARBM**2+BTRTWO*8.0*12.0*YBARSL**2
INOT=IBM+1.0/12.0*BTRTWO*12.0*8.0**3
IPRIME=INOT+AYY

YBARSUPER=AY/ADLSUPER
ISUPER=IPRIME-ADLSUPER*YBARSUPER**2

DO 500 N=1,50
PRINT*,""
CONTINUE

PRINT* /RESULTS FOR PCDT BRIDGE WITH:'
PRINT*/'DEPTH=", DBM

PRINT*'AREA= ', ABM

PRINT*'MOMENT OF INERTIA=", IBM

PRINT*/BEAM WEIGHT=", WGTBM

PRINT*,'YIELD STRENGTH OF BEAM=", YIELD
PRINT*,'COMPRESSIVE STRENGTH OF CONCRETE=", FC
PRINT*/SPAN=", SPAN

PRINT*'BEAM SPACING=", SPACE

PRINT*,"*

STRESSBM=(MDLONE+MDLTWOQ)*12.0*YBARONE/IONE+MLLI*12.0*YBARTWO/ITWO
STRESSBM=STRESSBM+MDLSUPER*12.0*YBARSUPER/ISUPER
PRINT*/'STRESS IN LOWER FLANGE=", STRESSBM

MAXSTEEL=.6*YIELD

IF(YIELD.EQ.36.0) MAXSTEEL=20.0

PRINT*, THE MAXIMUM ALLOWABLE STRESS IN STEEL BEAM=", MAXSTEEL
IF(STRESSBM.LE.MAXSTEEL) THEN

PRINT*,'STRESS IN STEEL BEAM IS OK'

WRITE (11,%) "'

WRITE (11,*) 'STRESS IN STEEL BEAM IS OK'

ELSE

PRINT*'STRESS IN STEEL BEAM IS NO GOOD'

WRITE(11,*)""

WRITE (11,*) 'STRESS IN STEEL BEAM IS NO GOOD!

ENDIF

PRINT*,"’

STRESSPC=(MDLONE+MDLTWO)*12.0*(DBM+4.0-YBARONE)/IONE/8.0
STRESSPC=STRESSPC+MLLI*12.0*(DBM+4-YBARTWO)ITWO/8.0
STRESSPC=STRESSPC+MDLSUPER*12.0*(DBM+4-YBARSUPER)/ISUPER/24.0
PRINT*'STRESS IN PRECAST CONCRETE=", STRESSPC

MAXCONC=4*FC

IF(STRESSPC.LE.MAXCONC) THEN

PRINT*,'STRESS IN PRECAST CONCRETE IS OK’

WRITE(1L,*)"’
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WRITE(! 1,*) 'STRESS IN PRECAST CONCRETE IS OK'

ELSE

PRINT*,'STRESS IN PRECAST CONCRETE IS NO GOOD'
WRITE(11,%)""

WRITE(L1,*) 'STRESS [N PRECAST CONCRETE {S NO GOOD’
ENDIF

PRINT*,"’

STRESSCIP=MLLI*12.0*(DBM+8.0-YBARTWO)ITWOQ/8.0
STRESSCIP=STRESSCIP+MDLSUPER*12.0*(DBM+8.0-YBARSUPER)/ISUPER/24.0

PRINT*,STRESS IN CAST IN PLACE CONCRETE=",STRESSCIP
IF(STRESSCIP.LE MAXCONC) THEN

PRINT*,/STRESS IN CAST IN PLACE CONCRETE IS OK'
WRITE(11,*)"’

WRITE(11,*) 'STRESS IN CAST IN PLACE CONCRETE IS OK'

ELSE

PRINT*,STRESS IN CAST IN PLACE CONCRETE IS NO GOOD'
WRITE(11,%)"’

WRITE(L1,*) 'STRESS IN CAST IN PLACE CONCRETE IS NO GOOD'

ENDIF

PRINT*,""

PRINT*'WOULD YQU LIKE TO TRY ANOTHER BEAM SIZE FOR THIS SPAN?'
PRINT*,'I=NO, 0=YES'

READ*, ANS

IF (ANS.EQ.0) GOTO 49

PRINT*,"

PRINT*,""

E'T ] ARRKARRKR ®

PRINT*'WOULD YOU LIKE TO DESIGN THE SHEAR STUDS FOR'
PRINT* , THE BRIDGE NOW? (1=NO,0=YES)

PRINT*,""

READ*, ANS

IF (ANS.EQ.1) GOTO 690

PRINT*,""

PRINT*,'PLEASE NOTE THAT THE SHEAR STUDS WILL BE DESIGNED FOR'
PRINT* THE LAST BEAM SIZE THAT YOU ENTERED. IS THE LAST BEAM'
PRINT*,'SIZE THAT YOU ENTERED THE ONE THAT YOU WOULD LIKE?
PRINT*'(1=NO, 0=YESY'

PRINT*,"’

READ*, ANS

IF (ANS.EQ.1) GOTO 50

WRITE(11,*)""

WRITE(11,*)""

WRITE(11,*) 'SHEAR STUD DESIGN FOR THE BEAM:'
WRITE(11,*) BEAMNM

DO 600 N=1,50
PRINT*,"”
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CONTINUE

PONE=1.0
PTWO=1.0
PTHREE=1.0
PFOUR=1.0

XONEONE=SPACE-2.0

IF (XONEONE .LT. 0.0) PONE=0.0
XONETWO=SPACE-8.0

IF (XONETWO .LT. 0.0) PTWO=0.0
XTWOONE=SPACE-2.0

IF (XTWOONE .LT. 0.0) PTHREE=0.0
XTWOTWO=SPACE-8.0

IF (XTWOTWO .LT. 0.0) PFOUR=0.0

DFSONE=(PONE*XONEONE+PTWO*XONETWO+PTHREE*XTWOONE+PFOUR*XTWOTWO)
DFSONE=DFSONE/SPACE

PRINT*,/'DFSONE=', DFSONE

PONE=1.0

PTWO=1.0

PTHREE=1.0

PFOUR=1.0

XONEONE=SPACE-4.0

IF (XONEONE .LT. 0.0) PONE=0.0
XONETWO=SPACE-10.0

IF (XONETWO .LT. 0.0) PTWO=0.0
XTWOONE=SPACE

IF (XTWOONE .LT. 0.0) PTHREE=0.0
XTWOTWO=SPACE-6.0

IF (XTWOTWO .LT. 0.0) PFOUR=0.0

DFSTWO=(PONE*XONEONE+PTWQ*XONETWO+PTHREE*XTWOONE+PFOUR*XTWOTWO)
DFSTWO=DFSTWO/SPACE

PRINT* /DFSTWO="DFSTWO

[F (DFSONE .GT. DFSTWO) THEN

DFS=DFSONE

ELSE

DFS=DFSTWO

ENDIF

DFA=SPACE/S.5

COUNT=0.0

DO 6ION=1,11

COUNT=COUNT+1
XPONE=(1.0-(COUNT-1.0)/20.0)*SPAN
XPTWO=XPONE-14.0
XPTHREE=XPTWO-14.0

PRINT*'X VALUES'

PRINT* XPONE, XPTWO,XPTHREE

[F (XPONE .EQ. 0.0) .OR. (XPONE .EQ.SPAN)) THEN
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DFONE=DFS

ELSE

DFONE=DFA

ENDIF
PRINT*,'DFONE=",DFONE

IF ((XPTWO .EQ. 0.0) .OR. (XPTWO .EQ.SPAN)) THEN
DFTWO=DFS

ELSE

DFTWO=DFA

ENDIF

PRINT*/'DFTWO="DFTWO

IF (XPTHREE .EQ. 0.0) .OR. (XPTHREE .EQ.SPAN)) THEN
DFTHREE=DFS

ELSE

DFTHREE=DFA

ENDIF

PRINT*,'DFTHREE="\DFTHREE

[F(XPONE .LT. 0.0) THEN
PONE=0.0

ELSE

PONE=16.0

ENDIF
PRINT*,PONE="PONE

[F(XPTWO .LT. 0.0) THEN
PTWO=0.0

ELSE

PTWO=16.0

ENDIF
PRINT*'PTWO="PTWO

IF(XPTHREE .LT. 0.0) THEN
PTHREE=0.0

ELSE

PTHREE=4.0

ENDIF
PRINT*,PTHREE='PTHREE

POSV(N)=DFONE*PONE*XPONE+DFTWO*PTWO* XPTWO+DFTHREE*PTHREE*XPTHREE
POSV(N)=POSV(N)/SPAN*(1.0+IMPACT)

PRINT*,POSV(N)=", POSV(N)

READ*,ANS

XNONE=(COUNT-1.0)/20.0*SPAN
XNTWO=XNONE-14.0
XNTHREE=XNTWO-14.0

[F (XNONE .EQ. 0.0) .OR. (XNONE .EQ.SPAN)) THEN
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DFONE=DFS
ELSE
DFONE=DFA
ENDIF

IF (XNTWO .EQ. 0.0) .OR. (XNTWO .EQ.SPAN)) THEN
DFTWO=DFS

ELSE

DFTWO=DFA

ENDIF

IF ((XNTHREE .EQ. 0.0) .OR. (XNTHREE .EQ.SPAN)) THEN
DFTHREE=DFS

ELSE

DFTHREE=DFA

ENDIF

IF(XNONE .LT. 0.0) THEN
PONE=0.0

ELSE

PONE=16.0

ENDIF

[F(XNTWOQ .LT. 0.0) THEN
PTWO=0.0

ELSE

PTWO=16.0

ENDIF

IF(XNTHREE .LT. 0.0) THEN
PTHREE=0.0

ELSE

PTHREE=4.0

ENDIF

NEGV(N)=DFONE*PONE*XNONE+DFTWO*PTWO*XNTWQ+DFTHREE*PTHREE*XNTHREE

NEGV(N)=NEGV(N)/SPAN*(1.0+IMPACT)

RNG(N)=POSV(N)+NEGV(N)
PRINT*,RNG(N)="RNG(N}
CONTINUE

Q=8.0*SPACE*12.0/8.0(DBM+8.0-YBARTWO-4.0)
PRINT*,/Q="Q
DO 620 N=1,11

SR(N)=RNG(N)*Q/ITWO
PRINT*, 'SR(N)=".SR(N)
CONTINUE
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PRINT* /ENTER THE WIDTH OF THE TOP FLANGE (IN.y
PRINT=>,"

READ* BF

PRINT*,'YOU ENTERED '.BF

PRINT=,1S THIS CORRECT? (0=YES,1=NOY

PRINT®,"”

READ*, ANS

IF (ANS.EQ.1) GOTO 630

WRITE(11,*)""
WRITE(11.*)""
WRITE(11,*) WIDTH OF TOP FLANGE=", BF

DO 635 N=1.50
PRINT®,”"
CONTINUE

PRINT* ENTER THE DIAMETER OF SHEAR STUD(IN.)
PRINT®,"”

READ*.DIAM

PRINT*,'YOU ENTERED ' DIAM

PRINT*,'IS THIS CORRECT? (0=YES.1=NO)

PRINT*,"”

READ® . ANS

IF (ANS.EQ.1) GOTO 640

WRITE(11,*) "
WRITE(11,*) DIAMETER OF SHEAR STUD',.DIAM

DO 645 N=1,50

PRINT®,*

CONTINUE

PRINT*,ENTER THE VALUE OF ALPHA FROM AASHTO.
PRINT*. 4~ -+ —'

PRINT®,JALPHA | NUMBER OF CYCLESI'

PRINT®*,} + r

PRINT=,113000 | 100,000 T
PRINT=®,110600 | S00,000 I
PRINT*17850 | 2,000,000 T
PRINT*,15500 | OVER 2,000.000 I
PRINT™, 4+ + +'
PRINT®,’

READ* ALPHA

PRINT*,"YOU ENTERED' . ALPHA
PRINT*,1S THIS CORRECT? (0=YES,1=NO)'
PRINT=®,*

READ*, ANS

[F (ANS.EQ.1) GOTO 650

DO 655 N=1.50
PRINT™, "’
CONTINUE

ZR=ALPHA*DIAM*DIAM
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MAXSTUD=(BF-2.0*1.375)/(4.0*DIAM)

660 PRINT*, THE MAXIMUM NUMBER OF STUDS PER ROW=", MAXSTUD
PRINT*,/’ENTER THE ACTUAL NUMBER OF STUDS YOU WOULD LIKE'
PRINT*, TO USE--NOTE THIS MUST BE A WHOLE NUMBER LESS THAN'
PRINT* ' THAT PRINTED ABOVE'

PRINT*,"
READ*,STUDNO
PRINT*,YOU ENTERED STUDNO
PRINT*,1S THIS CORRECT? (0=YES, 1=NOY
PRINT*,"”
READ*, ANS
IF (ANS.EQ.1) GOTO 660
DO 665 N=1,50
PRINT*,’
665 CONTINUE

WRITE(1L,%) "
WRITE(11,*) NUMBER OF STUDS PER ROW=", STUDNO

* WRITE (11,%)""
WRITE (11,*)'*
WRITE(11,*) 'REQUIRED PITCH OF SHEAR STUDS AT
WRITE(11,*) EACH PERCENT OF THE SPAN.’
WRITE(11,*)""

COUNT=0.0
DO 670 N=1,11
COUNT=COUNT+1.0
LOCATION=(COUNT-1.0)/20.0
PITCH(N)=STUDNO*ZR/(SR(N)*1000.0)
WRITE(11,*) LOCATION,PITCH(N)
670 CONTINUE
WRITE(11,*)""
WRITE(11,*) 'PLEASE NOTE THAT THIS PITCH'
WRITE(11,*) IS SYMMETRIC ABOUT THE CENTERLINE'

FORCEONE=ABM*YIELD
FORCETWO=.85*FC*SPACE*12.0*8.0
IF (FORCEONE.LT.FORCETWOQ) THEN
FORCE=FORCEONE

ELSE

FORCE=FORCETWO

ENDIF

SU=4*DIAM*DIAM*(FC*1000.0*57000.0*(FC*1000.0)**.5)**.5
SU=SU/1000.0
NUMBER=FORCE/(.85*SU)

* WRITE(11,%)""
WRITE(11,*)""
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WRITE(11,*) THE MINIMUM NUMBER OF STUDS FOR’

WRITE(11,*) 'STRENGTH PER HALF BEAM=", NUMBER

WRITE(11,*)""

WRITE(11,*) PLACE THE STUDS TO SATISFY BOTH FATIGUE SPACING’
WRITE(11,*)'AND STRENGTH REQUIREMENTS AS ILLUSTRATED IN’
WRITE(11,*) THE DESIGN EXAMPLE'

EEERAXZBEXEREEXEEXRLESBEXLLEAREXASBASEERREALELEREZARENZEEIREEXIATSRXLRNARANARREINERES

690 PRINT*,‘'WOULD YOU LIKE TO DESIGN THE SLAB FOR THIS BRIDGE”
PRINT*'(0=YES,1=NO)'
PRINT*,”
READ*,ANS
IF (ANS.EQ.1) GOTO 1000

MSLLIONE=1.3*(SPACE+2.0)/32.016.0=.8
* PRINT* 'MSLLIONE="MSLLIONE

MSDLONE=(8.0/12.0*.15+FWS)*SPACE*SPACE/10.0
. PRINT* MSDLONE=", MSDLONE

MSWONE=MSLLIONE+MSDLONE
* PRINT*'MSWONE=", MSWONE

MSUONE=1.3*(MSDLONE+5.0/3.0*MSLLIONE)
* PRINT* 'MSUONE="MSUONE

MSDLTWO=PARA*(SPACEN2.0-8.0/12.0)
MSDLTWO=MSDLTWO+(8.0/12.0~.15+FWS)*(SPACE/2.0)**2*.5

* PRINT*'MSDLTWO="MSDLTWO
MSLLITWO=1.3*16.0(SPACE/2.0-1.5)/(.8*(SPACE/2.0-1.5)+3.75)

. PRINT* MSLLITWO= "', MSLLITWO
MSWTWO=MSDLTWO+MSLLITWO

* PRINT* MSWTWO="MSWTWO
MSUTWO=1.3*MSDLTWO+1.3*5.0/3.0*MSLLITWO

* PRINT* MSUTWO=", MSUTWO

[F (MSUONE.LTMSUTWO) THEN
MSU=MSUTWO
ELSE
MSU=MSUONE
ENDIF
= PRINT* 'MSU="MSU

[F (MSWONELTMSWTWO) THEN
MSW=MSWTWO
ELSE
MSW=MSWONE
ENDIF
* PRINT* MSW="MSW
READ*, ANS

DO 795 N=150
795 CONTINUE
797 PRINT*ENTER THE YIELD STRENGTH OF THE REINFORCING STEEL (KSIy'




800

802

801

200

PRINT*,"”

READ*RSY

PRINT*,'YOU ENTERED 'RSY

PRINT*,'IS THIS CORRECT? (0=YES,1=NOY'
PRINT*,*

READ*,ANS

[F (ANS.EQ.1) GOTO 797

WRITE(11,*)""
WRITE(11,%)""
WRITE(11,*) 'YIELD STRENGTH OF REINFORCING STEEL=", RSY

DTRIAL=5.125
A=RSY/.85/FC/12.0

ASTRIAL=RSY*DTRIAL-(RSY**2*DTRIAL**2-4.0*. 5*RSY*A*MSU*12.0/.9)**.5
ASTRIAL=ASTRIAL/(2.0*.5*RSY*A)

PRINT* /’ASREQUIRED=", ASTRIAL

READ* ANS

DO 800 N=1,50
PRINT*,"’
CONTINUE

PRINT*,/PLEASE SELECT FROM THE FOLLOWING LIST
PRINT*, THE MOST ECONOMICAL FOR YOU.'

NOTHREE=12.0/(ASTRIAL/.11)
PRINT* /NUMBER THREE AT ', NOTHREE

NOFOUR=12.0/(ASTRIAL/.2)
PRINT*'NUMBER FOUR AT, NOFOUR

NOFIVE=12.0/(ASTRIAL/.31)
PRINT*/;NUMBER FIVE AT ', NOFIVE

NOSIX=12.0/(ASTRIAL/.44)
PRINT*/'NUMBER SIX AT ', NOSIX
PRINT*,"*

PRINT*, ENTER THE BAR SIZE DESIGNATION YOU WOULD LIKE'
PRINT*/(BAR NUMBER)'

PRINT=*, **

READ* BARSIZE

PRINT*,'YOU ENTERED ',BARSIZE

PRINT*,'IS THIS CORRECT? (0=YES, 1=NQ)'

READ*,ANS

[F(ANS.EQ.1) GOTO 801

IF(BARSIZE.EQ.3) BARDIAM=.375
[F(BARSIZE.EQ.4) BARDIAM=.5
[F(BARSIZE.EQ.5) BARDIAM=.625
[F(BARSIZE.EQ.6) BARDIAM=.75
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DO 805 N=1,50
PRINT*,""
CONTINUE

PRINT* 'ENTER THE BAR SPACING YOU WOULD LIKE TO USE.
PRINT*/NOTE: THIS MUST BE A PRACTICAL VALUE SMALLER THAN'
IF(BARSIZE.EQ.3) PRINT* NOTHREE

IF(BARSIZE.EQ.4) PRINT* NOFOUR

IF(BARSIZE.EQ.5) PRINT* NOFIVE

IF(BARSIZE.EQ.6) PRINT* NOSIX

PRINT*,"

READ* BARSPACE

PRINT*,'YOU ENTERED ', BARSPACE

PRINT*,'IS THIS CORRECT? (0=YES, 1=NOY'

PRINT*,""

READ* ,ANS

IF (ANS.EQ.1) GOTO 810

DACT=8.0-2.0-.5-BARDIAM/2.0
ASPROV=3.14159/4.0*BARDIAM**2/BARSPACE*12.0

RHO=ASPROV/12.0/DACT*100.0
PRINT*'DACT=", DACT

PRINT* ASPROV=", ASPRQV
PRINT*/RHO=", RHO

IF(FC.LE.4.0) BETA=.85
[F(FC.GE.8.0) BETA=.65
IF((FC.GT.4.0) .AND. (FC.L.T.8.0)) BETA=.85-.05*(FC-4.0)

RHOMAX=.75*.85*BETA*FC/RSY*87.0/(87.0+RSY)

ASMAX=RHOMAX*DACT*12.0
PRINT*,/,RHOMAX=", RHOMAX
PRINT*'ASMAX=", ASMAX
READ*,ANS

[F(ASPROV.GT.ASMAX) THEN

PRINT*, THIS IS AN ILLEGAL STEEL SELECTION'

PRINT*,'SELECT AGAIN'

GQTO 802

ELSE

PRINT*, THIS BAR SELECTION SATISFIES MAXIMUM REINFORCEMENT RATIO'
ENDIF

MCR=T7.5*(FC*1000.0)**.5/1000.0* 12.0*8.0**2/6.0*1.0/12.0
ONETWOMCR=1.2*MCR
PRINT*,'1.2*MCR=", ONETWOMCR
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IF(ONETWOMCR.GT.MSU) THEN

PRINT*, THIS DOES NOT SATSIFY CRACKING MOMENT CRITERIA'
PRINT*,'SELECT AGAIN'

GOTO 802

ELSE

PRINT*, THIS BAR SELECTION SATISFIES CRACKING MOMENT CRITERIA'
ENDIF

NAD=8.0*ASPROV/12.0*((1.0+2.0*12.0*DACT/8.0/ASPROV)** .5-1.0)
IEFF=12.0*NAD**3/3.0+8.0*ASPROV*(DACT-NAD)**2
STRESSRS=MSW*[2.0/IEFF*(DACT-NAD)*8.0
PRINT*/'NAD="NAD

PRINT*,/'IEFF="IEFF

PRINT* /STRESS IN STEEL=", STRESSRS

READ* ANS

* % % #

IF (STRESSRS.LT. .6*RSY) THEN
PRINT*/'STEEL STRESS IS OK'
ELSE

PRINT*/STEEL STRESS IS NOT OK'
PRINT*,SELECT AGAIN'

GOTO 802

ENDIF

DC=2.5+BARDIAM*.5
AC=2.0*DC*12.0
AE=AC/(12.0/BARSPACE)
Z=STRESSRS*(DC*AE)**.333333333333
PRINT*'Z=", Z
READ*,ANS

IF(Z.L'T. 170.0) THEN
PRINT*,Z CHECK IS OK'
ELSE

PRINT*,’Z CHECK NOT OK'
PRINT*,SELECT AGAIN'
GOTO 802

ENDIF

* WRITE(11,%) "
WRITE(!1,*) "
WRITE(11,*) THE TRANSVERSE REINFORCEMENT IN THE PRECAST'
WRITE(11,*) 'AND CAST IN PLACE CONCRETES IS:'
WRITE(11,*) BARSIZE,' @', BARSPACE

DISTSTEEL=220.0/(SPACE)**.5
IF (DISTSTEEL.GT. 67.0) DISTSTEEL=67.0

PCDECKAS=DISTSTEEL*ASPROV*.5/100.0

DO 825 N=1,50
PRINT*,*
825 CONTINUE
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PRINT* /'PLEASE SELECT THE MOST ECONOMICAL BAR SIZE'
PRINT* 'FROM THE FOLLOWING LIST FOR THE DISTRIBUTION.'
PRINT*'STEEL IN THE PRECAST DECK'

NOTHREE=12.0/(PCDECKAS/.11)
PRINT*/NUMBER THREE AT 'NOTHREE

NOFOUR=12.0/(PCDECKAS/.2)
PRINT*/NUMBER FOUR AT, NOFOUR

NOFIVE=12.0/(PCDECKAS/.31)
PRINT* 'NUMBER FIVE AT ', NOFIVE

NOSIX=12.0/(PCDECKAS/.44)
PRINT* /NUMBER SIX AT ', NOSIX
PRINT*,""

830 PRINT*, 'ENTER THE BAR DESIGATION YOU WOULD LIKE (NUMBER)'
PRINT*, "'
READ*,BARSIZE
PRINT*,YOU ENTERED ',BARSIZE
PRINT*,1S THIS CORRECT? (0=YES,!=NO)'
READ* ,ANS
IF(ANS.EQ.1) GOTO 830

IF(BARSIZE.EQ.3) BARDIAM=.375
IF(BARSIZE.EQ.4) BARDIAM=.5
IF(BARSIZE.EQ.5) BARDIAM=.625
IF(BARSIZE.EQ.6) BARDIAM=.75

DO 835 N=1,50
PRINT*,""
835 CONTINUE

840 PRINT*,/ENTER THE BAR SPACING YOU WOULD LIKE TO USE FOR THE'
PRINT*,'DISTRIBUTION STEEL IN THE PRECAST DECK.'
PRINT*,'NOTE: THIS MUST BE A PRACTICAL VALUE SMALLER THAN'

IF(BARSIZE.EQ.3) PRINT*,NOTHREE
IF(BARSIZE.EQ.4) PRINT*,NOFOUR
IF(BARSIZE.EQ.5) PRINT* NOFIVE
[F(BARSIZE.EQ.6) PRINT* NOSIX
PRINT*,""

READ*,BARSPACE

PRINT*,'YOU ENTERED ', BARSPACE
PRINT*,IS THIS CORRECT? (0=YES, [=NOY
PRINT™*,"”

READ* ANS

IF (ANS.EQ.1) GOTO 840

* WRITE(11,%) "
WRITE(LL,*)"*
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WRITE(11,*) THE LONGITUDINAL REINFORCEMENT IN THE PRECAST
WRITE(11,*) 'CONCRETE [S:'
WRITE(11,*) BARSIZE,' @',BARSPACE

CIPDECKAS=DISTSTEEL*ASPROV*.5*1.25/100.0

PRINT*,PLEASE SELECT FROM THE FOLLOWING LIST'
PRINT*, THE MOST ECONOMICAL DISTRIBTUTION STEEL IN THE'
PRINT*/CAST IN PLACE DECK FOR YOU.'

NOTHREE=12.0/(CIPDECKAS/.11)
PRINT*/'NUMBER THREE AT 'NOTHREE

NOFOUR=12.0/(CIPDECKAS/.2)
PRINT*'NUMBER FOUR AT ', NOFOUR

NOFIVE=12.0/(CIPDECKAS/.31)
PRINT*/NUMBER FIVE AT ', NOFIVE

NOSIX=12.0/(CIPDECKAS/.44)
PRINT*/NUMBER SIX AT ', NOSIX

PRINT™*,""

PRINT*, 'ENTER THE BAR DESIGNATION YOU WOULD LIKE (NUMBER)'
PRINT*, "’

READ* BARSIZE

PRINT*,'YOU ENTERED ', BARSIZE

PRINT*,1S THIS CORRECT? (0=YES, |=NOY'

READ*,ANS

[F(ANS.EQ.1) GOTO 845

IF(BARSIZE.EQ.3) BARDIAM=.375
[F(BARSIZE.EQ.4) BARDIAM=.5
IF(BARSIZE.EQ.5) BARDIAM=.625
IF(BARSIZE.EQ.6) BARDIAM=.75

DO 850 N=1,50
PRINT*,"
CONTINUE

PRINT* 'ENTER THE BAR SPACING YOU WOQULD LIKE TO USE FOR THE'
PRINT*,DISTRIBUTION STEEL IN THE CIP DECK.'

PRINT*,NOTE: THIS MUST BE A PRACTICAL VALUE SMALLER THAN'
IF(BARSIZE.EQ.3) PRINT*,NOTHREE

IF(BARSIZE.EQ.4) PRINT* NOFOUR

IF(BARSIZE.EQ.5) PRINT* ,NOFIVE

IF(BARSIZE.EQ.6) PRINT*,NOSIX

PRINT*,'*

READ* BARSPACE

PRINT*,"'YOU ENTERED ', BARSPACE

PRINT*,'IS THIS CORRECT? (0=YES, 1=NO)’

PRINT*,"*

READ*,ANS

IF (ANS.EQ.1) GOTO 860
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WRITE(11,%)""

WRITE(I1,%) "’

WRITE(11,*) THE LONGITUDINAL REINFORCEMENT IN THE CAST IN PLACE'
WRITE(I1,*) 'CONCRETE IS:'

WRITE(11,*) BARSIZE,' @', BARSPACE

PRINT*, THIS CONCLUDES THE PROGRAM'

END
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APPENDIX B

EXAMPLE COMPUTER PROGRAM OUTPUT
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* *

* THIS PROGRAM IS FOR USE AS AN AID *
* FOR THE DESIGN OF THE PCDT UNIT *

* BRIDGE ONLY *
* *
* BY *
* BRENT M, PHARES *
* *
* [OWA STATE UNIVERSTIY *

* *x
* 12-30-97 *
* =

ok R Hhrk

NOTE: ALL DESIGNS OBTAINED THROUGH
THE USE OF THIS PROGRAM MUST
BE VERIFIED BY A REGISTERED
ENGINEER.

THE AUTHOR ACCEPTS NO LIABILITY
FOR ITS USE.

THIS DESIGN COMPLETED BY:
PHARES

BRIDGE SPAN= 65.0000

NUMBER OF PC CONNECTORS ALONG EACH JOINT=  13.0000
SPACED AT 5.33333

BEAM SPACING=  3.75000

NUMBER OF BEAMS=  8.00000

EXPECTED FUTURE WEARING SURFACE= 0.200000E-01
EXPECTED PARAPIT WEIGHT= 0.350000
LIVELOAD MOMENT=  869.280

TRIAL BEAM

W30X124

DEPTH= 30.1700

AREA= 36.5000

MOMENT OF INERTIA= 5360.00

BEAM WEIGHT= 124.000

YIELD STRENGTH OF BEAM=  36.0000
COMPRESSIVE STRENGTH OF CONCRETE=  4.50000
STRESS IN STEEL BEAM IS OK

STRESS IN PRECAST CONCRETE IS OK

STRESS IN CAST IN PLACE CONCRETE IS OK

SHEAR STUD DESIGN FOR THE BEAM:
Ww30X124




WIDTH OF TOP FLANGE=  10.5100
DIAMETER OF SHEAR STUD 0.750000
NUMBER OF STUDS PER ROW= 2

REQUIRED PITCH OF SHEAR STUDS AT
EACH PERCENT OF THE SPAN.

0.000000 12.1640
0.500000E-01 15.6164
0.100000 16.1581
0.150000 16.7387
0.200000 17.3625
0.250000 17.6561
0.300000 17.7910
0.350000 17.9279
0.400000 18.0670
0.450000 18.1536
0.500000 18.1536

PLEASE NOTE THAT THIS PITCH
IS SYMMETRIC ABOUT THE CENTERLINE

THE MINIMUM NUMBER OF STUDS FOR
STRENGTH PER HALF BEAM= 523778

PLACE THE STUDS TO SATISFY BOTH FATIGUE SPACING
AND STRENGTH REQUIREMENTS AS ILLUSTRATED IN
THE DESIGN EXAMPLE

YIELD STRENGTH OF REINFORCING STEEL=  60.0000

THE TRANSVERSE REINFORCEMENT IN THE PRECAST
AND CAST IN PLACE CONCRETES IS:
4 @ 7.00000

THE LONGITUDINAL REINFORCEMENT IN THE PRECAST
CONCRETE IS:
3@ 11.0000

THE LONGITUDINAL REINFORCEMENT IN THE CAST IN PLACE
CONCRETEIS:

3 @ 9.00000
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APPENDIX C

DESIGN METHODOLOGY FOR THE PCDT BRIDGE
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The following pages are a complete set of plans and design aids for the PCDT bridge.
As a group, they represent a final product of this investigation and can be used by county

engineers to produce a set of complete contract plans. Note that these are half size versions.
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GENERAL INEO

Thase genanc plons were developed Lo pravide (he uaer with a ropid
meana ol praducing 0 ael of design drawings for o single span precost
double -1 (PCNT) bridge in the 3011 to BO 1 range wilh o 24 11 to 30 N

4 witih with no or small skaw ongles By using the soliwore heom eae or tha

?} dusign toblea fur standard bridge figurations and inserting bosic yeometry

t and fob informatiun, the designer can generate o plate 20l of drawings lor

2 comtruction  These plans me intanded ta sorve as 0 guide to county

= anid local hghway deportmants in (he developmanl of suilobie, econamical

H brige designa for low volume roads

[ As aHort hos been made 1o give sulliciertly complela informnation amd

'()‘ 1o allow for adaplation to specific sites on all plons so thot they will

a opproach contract dramings ox nearly as practical.  bor any given bridge
location, however, requl Wa impored by sile conditions may necewsitate

&
N
%
q
~
R
R,

ul \
modihication al Ihese drawings.
The superstructure in this sel of pluna v comprised of PCDI unily
with a casl-in- place (CW') emintarced Concesta deck  The PCDT unita wio
canstructad fram (wo Maal | beoms with o 4 in. Lhick reinforced roncrels deck
The CIP portion of tha deck comslats of a 4 in (hick reintorced concrale deck
Abatmant delods are not inclnted in (e sal of plana and musl he
davigned and chechnd for all applicable lomds by o Registered Profassiona)
Fngineer  One abultment musl provide a pinned typa support ond the
olher a rollar typa support
Thess drawings inchide ane paasible quardrall uttachment which hos
bean crash tested and opproved  However, other suitoble quurdrail designs
muy be sutniituled
Composite action betwoan 1he stringers and the concrels dack
accomplished by two mechani Firat, the use of shoar atuds
ensuren thol the atringers ond precast (1) concrete act togalher,  Secondly,
scarificotlon of the P conciele ensures that the CIF r.om:veta will 0c) composilety
with the slringer and P’C concrole

assible 1 tiqurations are prowided  However, olther suitabie
fotinwatk designe inoy be subatituted

Ihe lated sel of drawing: leg from theae lamplatas shatt
be toviewed and opy ) by u Hog froteasionul Engineer prioe to

the beginning of camlruction It is imparlont 1hal 1 subsuttace
investigalion ba perfarmed priot to complalion ol the foundation desgn ond
drowings 1l must be verilied that the proposed foundation beoning stratum
hos sufficlent capacily ta support the struclure ond thal srosion, scour,
subsidence a1 Host heave will not couse fulure foundation distress

Facopt for the quurdral system, the concepls, desgna, delais, ond
notes shown in these plans hava been daveloped by the Bridge ln*muunu
Center (1EC) of lowa Siule University using the mos) current MSHIO
specibiotions (1086) and proven design praclices  While 1he biidge syatermn shown hos
hesn carefully designed, detaded, and chechaif, ony user shauld independenily
ovaute themaelvea of tha sthrachured odequucy, appropri , und p !
adoplobibty of this brufge 1o specibic bridge wites he BIC of lowa Slale
Universily cannel be responaible for any errars, ommsions, or discreponcies
in theas diawings  lhe user ol ponsibikly for
adequacy, and sofely of these concepla when used on specilic brndges

CINERAL INFORMANON .
[ IXU'PRECASE DOUBLE T UNIT BRIDGE
o . LOCAON | o
Pent tridge F COUNTY Project Number . | i Dt 2 Shaal A?




PCDT BRIDGE

COUNTY

Project Number:

INSTRUCTIONS FOR USING
THESE DESIGN DRAWINGS

Prior to utilizing these design drawings, the designer must obtain basic
survey und ?'eoml:lnc dala tor \hc proposed construction site. [nformation
\ \

! ond the elevation of the potenticl
foundation bearing arecs must also be oblumed Belore nleclmg the tinal
span length and ab , the designer shou'd ider the use
of longer span tures with low cbut instead of short-span

superslructures with high cbulments to decresse cbutment design loods
The design of the superstructure shall be completed following the

design flowcharl shown on this sheet, On:: the design hos been completed

and all y. bearing finished ground elevalions,
elc. have been delermlned the designer is ready to produce the final

controct drowings,  The 'ollo-mq steps should be followed in the preparation

process:
A. Complete the substructure design (not included hetein) including:
1. Control stolions ond elevolions
2. Substructure froming condition as reiated to the bridge
B. Complete the obutment design including:
1. Control dimension
C. Fill in all intarmation pertinent lo the bridge ond construction site
in indicoted locations {ie, fill in all of the blank boxes)
including:
1. Bosic survey information
2. Design delails provided by Ine sofiware or design tables
0 Add drawing titles and odd miscelaneous informolion including:

1. Customizing the standard drawings by adding necessary
location and route information to the title block of each
sheel,

2. Add necessary information pertaining to ulilities, hydraulic
data

3. Add subsurface exploration information as required

Compleled sheels shoutd be included with the final set of contract
documents. It the struclure crosses o woterway, the designer must obtain
necessory permits fram cppropriote opprava! ogencies.  Perlinent hydroulic
dato should be ablained ond checked for appropriateness.

PCDT bridge design flowchart

Is the bridge:
*24 ft or 30 ft in width
*Between 30 ft ond BO ft in spon

«Concrete strength of 3.5 ksi
*3/4 in. welded sheor studs

Are the following design criterio met:
*Fotigue life of 500,000 cycles or less

*Guardrail of 0.35 Wit or less

Are the following maoteria) properties being used.
«Beom yield strength of 36 ksi or 50 ksi

*Expected future wearing surfoce of 20 pst or less

id you answer
offirmative to gll of the
bove gquestions?

Yes

See Table Of1 for the

. : Use the program beam.exe
required beam size. to design the bridge.

|

See table DI2.1 and DI2.2 for the
required sheor stud placing for 24 1t
and 30 ft width bridges respectively.

I

See Table 013 for the required
reinforcing steel.

i

See Toble DT4 for the required
number of precast connectors.

INSTRUCTIONS

L IX{ __PRECAST DOUBLE - T UNIT BRIDGE

LOCATION: L..

PCDT RBridge

| COUNTY

Project Number:|

Sheet D1
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PCDT BRIDGE

COUNTY

Project Number:

INSTRUCTIONS FOR USING
THE DESIGN TABLES

Generol

Table DI1. Required stringers for standard bridge configurations.

It the tridge to be designed meets the following criterio, the stringer Bridge Width
moy be completed using Design Tables DIV through DI4.
* Bridge genmc!%‘ 24 30 it
©«24 ft or tin width
« Span between 30 1t and 80 1t Yield Strength of Steel Yield Strength of Steel
® Moterial properties: - " N X
* Stringer yield strength of 36 ksi or 50 ksi Spon, 1t 36 ksi 50 ksi 36 ksi 50 ksi
* Concrete compressive strength ot 28 doys of 3.5 ksi
 Destgy ciomiiaed shear studs 30 W16x36 W16x26 W18x40 W16x31
®Faligue life of 500,000 cycles or less
e Expected future weoring sy‘uﬂuu of 20 pst or tess 35 W21x44 Wigx3s W21x30 WiBa40
® Guardrail of 035 kif or less 40 W21x57 W21x44 W21x62 W21x50
Restrictions
y Iablss’ DI2.1 ang D12.2 are only volid it the stringer size listed 45 W24x62 W21x50 W24x76 w2455
in Table D11 is used. A stringer with o larger moment of inertic gngd he 4
some or greoler depth thon those listed in Table DIY moy be substituted. 50 W24476 w2435 W27x84 W24x68
Hawever, the sheor stud arrang | must be designed using the soft 55 W27x84 W24x62 W30x90 W27x76
beom.exe.
it the design co'mpr:sls)i,ve steength of the concrete is greater than 35 ksi,
the beams listed in Toble DI1 aond the shear stud orrangements given 4
in Tables C2.1 and C2.2 cre valid, However, the concrele deck must be 60 W30x30 W24x76 W30x108 Ww27x8
checked to ensure that al) servicobili quil ts are salishi 4 116 W30x80
If the bridge span is not listed in Table D1} {i.e., the spon does not 63 W30x33 w278 W30 x9
fall on an even 5 I increment) an adequale stringer con be determined by 70 W30x116 W27x94 Ww33x130 w30x399
using the oppropricle stringer for the next longer spon. Using this span length,
one con use Tables DI2.1 ar D12.2 ta determine the required numbes of sheor
studs. Dimension "Y" in thesc tobles will hove to be opproprigtely modified. 75 W33x118 w30x380 Vi36x135 W30x116
Design criteria_used 80 W33x130 W30x108 W36x150 W33x118
The provisions of the 1992 AASHIO Stondard Specitications far Highway
Bridges hove been used for the development of Design Tables DT1 through
D74 o3 outlined belaw.
Note: Live lood for all designs is HS20 loading with impocl ond continuity
factors where appropricte.
1. Cancrete dech
Materials - 3.5 ksi normal weight reinforced concrete
Deod lood - Concrete ot 150 pel and tuture weoring surtace of 20 pst
2. Stee) rolied stringer
Materials ~ 36 ksi or 50 ksi steel
Dead lood - W:ight of stringer, concrete dech, future wearing surtace,
0.35 Wt poropit, ond 5X miscellaneous steel (to occount
for diaphrogms, etc.}
3. Welded shear stud
Mateiials - Standord 3/4 in welded shear stud
Dead load - not opplicoble
Fatigue lite - 500,000 cycles
INSTRUCTIONS
TTIX(TIPRECAST DOUBLE - T UNNT BRIDGE
- LOCATION: { ]
PCDT Bridge [ 7 """l COUNTY Project Number:| | date S F Tsheet D2
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PCDT BRIDGE

COUNTY

Project Number:

_x_.i ;._’~.;.__’__i_l__.;._l_.4 |_1

X = Distance to first rom of studs
Y = First constont spocing region
2 = Second constont spacing region
N = Number of studs per rom
NS = Totol number of studs requirea
Table DT2.1. Required sheor studs for standord 24 ft width Table D12.2. quuived shear studs for stondord 30 it width
bridges. bridges.
Yield Strength of Steet Yield Strength of Steel
36 ksi 50 ksi 36 ksi 50 ksi
Spon, | %, | Yo 2o I NINS|X ] Y 2 | N|Ns Spon, | X, | Y. Z- P NNS X ] Y Z+ | NINS
i |in, in. ft|in. in
30 | 4| 244 | 1078 | v [552] 6 | 1274 [ 1877 | 1 [488 30 | 4] va/4 | 20/6 | ) 455216 | 21/4 | 15/6 | ) | 584
35 [45]19/45( 15/8 | 1 [ss2] 3| 1574 | 2177 | v | 584 35 [ 6] 9/4 | 28/6 | 1 600 21/4 | 20/6 | 1 | 664
40 | 6 {20745 18/8 | 1 |616(55]29/45| 13/8 | 1 | 680 40 | 6 ¢ 12/4 | 31/6 | 1 1696 b | 18/4 | 27/6 | 1 | 728
45 [ 5] 26/5 | 1579 | v [e64[25] 31745 1678 | 1 | 760 45 | 4] 26/4 | 27/6 | 1 1865145(31/45] 18/7 | 1 | 792
50 [4.5[11/105] 10718 | 2 [eee|ss]| 30/5 [17/85[ 1 [760 50 | 6 [15/10 | 9/16 | 2 [784| 3 | 19/9 | 9/14 | 2 |912
5% 3113/ 9219 2 172035 33/5 {19/85| 1 |840 55 6 | 12/1y 11216 | 2 [784] 5 19/9 | 11 /14 | 2 | 976
60 | 4 | 8/12 | 13720 | 2 |68 | 5 | 10710 | 15,17 | 2 | @16 60 | 3| 17/11 10717 | 2 [8so| 5 | 19/10 | 11715 { 2 [976
65 | 6 |12/12 [ 13720 | 2 |816[45]17/11.5] 10719 | 2 | 880 65 [ 6 [ 8/12 118/16 | 2 |84B| 6 | 16/11 | 13/16 | 2 | 944
80 | 6 | 14/15 | 11/24 | 2 |816]| 4 | 14712 | 14/21 | 2 |a12 80 [ 4 [14/14 [13/20 | 2 [912] 6 | 20/12 [ 13/18 | 2 o072
« Nole: 24/4 = 24 spaces ot 4 in, » Note: 24/4 = 24 spaces at 4 in.
DETALS
[IXISPRECAST DOUBLE - T UNIT BRIDGE
LOCATION: { |
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PCDT BRIDGE

COUNTY

Project Number:

Table DT3. Required reinforcement for standord
bridge widths,

DESIGN_EXAMPLE

The fol g design le 1s pr ted to illustrate the
T y use of the nesgn tables to getermine design m’ormatlon
R Bridge Width Only the superstruciure is gned, and no cor nas
Reinforcement been given to the substructure, geotechnical, or survey
24 ft 30 it requirements.
Tronsverse in #4 @ 9 in. #4 ® 7.5 in. A replocement bridge is regquired on @ low volume road
where a posled sireom crossing currenlly custs. A waterwoy
PC and CIP concretes permit has been oblained which indicotes that o 7 ft x 52 fi
opening is required to pass the design flood. It is decided to
use a 30 N1 wide x 55 it spon PCOT bridge. A review of the
Longitudina! #3 @ 15 in, #3 0125 in. stondards disclosed that the required vertico) clearance caon be
obtained using the PCDT unit brigge. R is ossumed that
in PC concrete 80 ksi Steel is used.
Tne following informotion from the design tables will be
needed to cc:‘mplem the design av;om;gs(r ' i1y
itudil n. in. e Required stringer:  W30» tom Toble
Longitudinal #3 @ 12in #3 @10 in « Shear stud :thuvahnn (From Toble D12.2):
in CIP concrete oX = 6
Y = 12 SPA Q@ 31 in
'Z = 12 SPA @ 16 in
» See Sheets U3 and U4, = 2 studs per row
-Rem'orcmg Steel {From Tadle D13)
® Precast concrete
e Transverse reinforcement = §4 @ 2.5 in.
« Longitudinat seinforcement = §3 @ 12.5 in
i e Cost in place concrete
Table DT4, Required number of PC connectors. « Transverse reinfarcement = §4 @ 7.5 in.
® Longitugina) reinforcement = §3 © 10 in
@ Required number of PC connectors: 13 per stringer (From Taple DT4)
Span, Required number of uniformiy
ft spaced PC connectors
30 to 349
35 to 44.9 9
45 to 54.9 "
55 to 64.9 13
65 to 74.9 15
75 to 80 17
+ See Sheet US.
DETALS
i JXL_PRECAST DOUBLE - T UNI BRIDGE
LOCATION: L _
PCOT Bridge [ ] COUNTY Project Number:| ] ume /.7 |SheetD4

91¢



PCDT BRIDGE

|COUNTY

Project Number:

1\ /
S0
ﬂi__'_]

G BRGS. € BRGS.

PLAN

A\

nee -

ELEVATION

® Noteriols ond workmonship shol be in oteordonte with o) applicable Jowo Deportment

® Structural steel shall conform to ASIN _ _lgesignation eacept where noted otherwise.
¢ Contrete cover on reinforcement shall be os noted

| cement concrete shall be used

Al reinforcement steel shall meet appliccble requirements for Grade | 1.

GENERAL_NOTES

of Transportation standards.

Class |

K| dimensions ore honzonta).

Superstructure dimensions ore based an o nominal temperature of 68°F.

Al bolt diameters gre os noled.

The

sholl nolify oWt involved uliity componies prior to starting work
Utilities shall not de disturbed of endangered dufing construction operations.

SUMMARY OF ESTIMATED QUANTITIES

SIEM N0

[1§1')

-
{=4
=

UNIT | ABUT. ) SUPERSTR

GENERAL PLAN

__JXL_:PRECAST DOUBLE - T UNIT BRIDGE
ocanoN: L}
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|
TYPICAL PC UNI . in , 3 .
I -
g 4 3/8 in. -
oy 2.00 % l | 2.00%
A== 2 - — < T 7= - =
=~ PCOT Unit 1 PCOT Unit 2 PCDT Wnit 3 PCDT uUnit 4
] v
7SPA@I =T |
2l 2 e R
TYPICAL _CROSS SECITION
Note: The surlace ot the PC concrete
deck is to be scanfied in the transverse
direction 1 in. wide © 1 in. SPA
o a depth of approximately 1/4 in.
. l | .
L" A ? 4 “r-r ] i ¢ s ‘4 4', a o 2p0 &) _ qli’in.
A
re———Wi_1x1__(TYP)
zrtrn ==
[ | L | £
TYPICAL SECTIONS
TYPICAL PCDT _UNIT I IXI PRECAST DOUBLE - T UNIT BRIDGE
WOCATON: L.
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PCDT BRIDGE
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TRANSVERSE REINFORCEMENT PC_UNIT WIDTH = 7

#ryer 1 , Ind |
2 in.
\ 4 Z
) TRANSVERSE REINFORCEMENT — 12
. I
X7 7 X T7TZ — f flietl. |
N § X ,/
g \ 2 in. MIN,, 1/2 SPA. MAX. o
N LONGITUDINAL REINFORCEMENT
\ \ irer 1
N .
[D\lL[jIIIIIK SPAN =[]
N
y 4
3 1 ya
\ BARS A (SEE DEJANL) —I7
(Z A\ 27 2 7 7 7 7
‘\_\\‘NV .
T
)\\
H _\/\// ==~ LONGITUDINAL REINFORCEMENI
H—/.’/ #llel | PLAN VIEW OF PC CONCRETE REINFORCEMENT
JIES
o |2 in. MIN,_ _l
172 SPA. NAX. #4051 1/ J} .
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DEVELOPMENT OF EQUATIONS FOR CALCULATING CORRECTED
DIFFERENTIAL DEFLECTION
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The following shows the development of the equation used to calculate the corrected

differential displacement mentioned previously (see chp 7).

Figure D1 shows a simple representation of two adjacent nodes in a finite element
model. These nodes are on adjacent PCDT units at a location where the corrected differential

displacement is desired. The nodes are separated transversely by 2 in. and the important

output from the FEM analysis is shown.

i._—i Undeflected position
I /
]

/
/
4

Deflected position

Corrected differential deflection

-

| /\/

@ = Elemental nodes

Figure D1. Corrected differential deflection equation parameters.

From Fig. D1 it can be seen that the corrected differential deflection is:

corrected differential deflection = [d, - d, - 2 tanf] cosB
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