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ABSTRACT

This project (Phase 3 of the Investigation of Two Bridge Alternatives for Low Volume
Roads) is a continuation of research which addresses some of the numerous bridge problems on
Iowa’s secondary road system. In the previous phases, lowa DOT projects HR-382 (Phase 1) and
TR-410 (Phase 2), alternative designs for replacing bridges on low volume roads (LVRs) were
investigated. Phase 1 investigated two replacement concepts, the first being the development of Steel
Beam Precast Units and the second the modification of the original Benton County Beam-in-Slab
Bridge (BISB) design. Phase 2 continued with the development of an alternative shear connector
(ASC) for obtaining composite action in the BISB system and an arch formwork between the girders
to reduce the self weight of the system.

Results from the first two phases of investigation supported the continued refinement of the
Modified Beam-in-Slab Bridge (MBISB) design. This final phase of the investigation was
undertaken to develop a competitive alternative bridge replacement for longer spans (i.e. greater than
50 ft) that is lower in cost than conventional systems and relatively easy to construct.

Volume 1, (this volume) of the three volume final report presents the development of the
MBISB system in the form of three technical papers beginning with a summary of previous research
and an overview of the laboratory testing. Three specimens were designed, constructed and tested to
determine the combined behavior of the ASC and the transverse arch. The purpose of the first two
specimens was to evaluate the failure mode of the transverse arch. The third specimen was a model
bridge constructed to evaluate the global behavior of the modifications when incorporated into a full
scale structure.

The results from the laboratory phase, presented in detail in the second technical paper,
indicated the modifications were applicable to full scale LVR structures; thus, two demonstration
bridges were designed and constructed. The first bridge, MBISB 1 (L = 50 ft, W = 31 ft), consists of
16-W12x79 girders on 2 ft centers; the second bridge, MBISB 2 (L. = 70 ft, W = 32 ft), consists 6-
W27x129 girders on 6 ft centers. The resulting structures, when compared to conventional designs,
cost approximately 20% less.

The demonstration bridges were field tested to determine the structural behavior;
instrumentation was installed at critical sections to measure strains and deflections. The resulting
data confirmed compliance with strength and serviceability requirements. Based on the field data and
subsequent analysis, the demonstration bridges were found to exceed design requirements and possess
considerable reserve capacity. The results of the field testing are presented in the third technical
paper.

A design methodology was then developed based on the test results and applicable American
Association of State Highway and Transportation Officials (AASHTO) Load Resistance Factored
Design (LRFD) Bridge Design Specification strength and serviceability requirements. Volumes 2
and 3 describe the design methodology developed and provide a design example and construction
guidance. Volume 2, the Design Manual, contains a detailed example listing the steps required to
design a MBISB. The Design Manual also includes a tabular summary of selected designs and a
PowerPoint slide show documenting the construction of MBISB 2.

The Design Guide, (Volume 3) is a complement to the Design Manual (Volume 2) and
provides background information on the development of the MBISB design criteria. The design
guide presents an overview of the laboratory and field tests that were completed. An explanation of
the resulting MBISB design methodology and criteria are also presented.
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1. INTRODUCTION AND PROBLEM DESCRIPTION

ORGANIZATION OF THE REPORT

This report is the first of three volumes of the final report for lowa Department of
Transportation (Iowa DOT) Project TR-467 “Investigation of the Modified Beam-in-Slab Bridge
System”, on the investigation of the Modified Beam-in-Slab Bridge (MBISB) system. This volume
deviates from the traditional report format in that it consists of a background chapter (Chapter 1) that
outlines the basic course of the research and three other chapters (Chapters 2-4) which are technical
journal papers that describe the research undertaken, results from the field testing of the two MBISB
demonstration bridges and the development of the final design methodology. The general
conclusions of the project are presented in Chapter 5 and future/continuing research is proposed in
Chapter 6.

The first paper (Chapter 2), “Beam-in-Slab Low Volume Road Bridge System”, details the
background of the MBISB system and provides a description of the laboratory testing conducted to
evaluate the two modifications that were applied to the original BISB design. The development and
implementation of the Alternative Shear Connector (ASC) and the transverse arch are discussed in
detail. Results from the previous laboratory testing required for the development of the final ASC
design are presented. Various methods of constructing the transverse arch were investigated resulting
in the custom rolled arched formwork system that is removable and reusable. An overview of results
from three single bay specimens which were constructed to investigate the mode of structural
resistance are presented along with a description of a three bay laboratory model bridge. This paper
was presented at the Eighth International Conference on Low Volume Roads held in Reno, Nevada in
June of 2003, sponsored by the Transportation Research Board (TRB).

The second paper (Chapter 3), “Laboratory Investigation of the Modified Beam-in-Slab

Bridge System, an Alternative Bridge Replacement for Low Volume Roads”, details the results from



the laboratory evaluation of the proposed modifications. The strength and failure modes of all the
tested specimens are presented. In addition, the lateral load distribution characteristics for the
laboratory model bridge are presented. This paper will be submitted for publication in the Canadian
Journal of Civil Engineering.

The design, construction and structural performance of the two demonstration bridges is
presented in the final paper (Chapter 4), “In-field Performance of the Modified Beam-in-Slab Bridge,
a Low Volume Bridge Replacement Option”. This paper is currently under peer review for
publication and has been accepted for presentation at the 6™ International TRB Bridge Engineering
Conference (to be held July, 2005 in Boston, Massachusetts). This paper focuses on the construction
of and the results from field testing two demonstration bridges; also the results of the field testing are
compared to design values and analytical results.

Two additional volumes (Volume 2 and 3) complete the final report for lowa DOT project
TR-467. These volumes provide an overview of the research conducted and focus more on the design
and construction of future MBISBs and are meant to supplement each other (7, 2). Volume 2 is
referred to as the ‘Design Manual’ and contains basic MBISB design information for a series of
selected design parameters, namely length, width, and steel yield strength. Design information for
bridges ranging from 40 ft to 80 ft in length with widths of 26 ft and 32 ft and steel yield strengths of
36 ksi and 50 ksi are presented for the designer. In addition to the three previously indicated
parameters, girder spacings and deck thicknesses are also evaluated. Basic design information for the
several variables is presented in a tabular format; these tables are based on the design methodology
developed which is described in detail in Volume 3. By applying the basic information presented in
Volume 2, an engineer can complete a specific MBISB design; for additional assistance, an example
design is included.

Volume 2 also contains a detailed description of the construction of the second demonstration

bridge (MBISB 2) in the form of a PowerPoint slide show. Each slide is accompanied by a



description explaining the activity depicted and the reasons for performing the activity. Also included
in Volume 2 is a set of generic drawing for use in constructing future MBISBs (7).

Volume 3, referred to as the ‘Design Guide’, contains a brief description of the
experimentation leading to the development of the MBISB design methodology. A more detailed
discussion of the strength and serviceability design parameters, the assumptions made, lateral load
distribution, specified camber, etc., are also included to support the developed design methodology
(2).

BACKGROUND

The State of Iowa ranks 5" in the nation for the total number of bridges with approximately
25,000 structures (3). A bridge structure, as defined by the Federal Highway Administration
(FHWA), is a permanent traffic carrying structure with a minimum total span of 20 ft (4). Based on
published National Bridge Inventory (NBI) data, approximately 78% (19,659) of the bridges in lowa
are owned by the 99 counties and are considered to be on off system roads (5). An off system road is
defined as a road and related structures whose maintenance is the responsibility of local county
governments. A majority of the off system roads can be considered low volume roads (LVR) with
Average Daily Traffic (ADT) counts less than 400 vehicles. Roads with such traffic counts are
defined as very low volume roads by the American Association of State and Highway Transportation
Officials (AASHTO) (6); however, in this project, they are referred to as LVRs.

Nationally, the health of bridges is a concern due to age and continued deterioration;
approximately 27% of bridge structures are classified as either structurally deficient, functionally
obsolete, or both (3). By definition, a structurally deficient bridge is one that has been “restricted to
light vehicles only, is closed, or requires immediate rehabilitation to remain open”. A functionally
obsolete bridge is one in which the “deck geometry, load carrying capacity (in comparison to the
original design to the current State legal loads), clearance, or approach roadway alignment no longer

meets the usual criteria for the system of which it is an integral part” (7, §).



The national trend of deteriorated bridges in need of repair or replacement is reflected in lowa
where 28% of the total bridge population is classified as either structurally deficient (21%),
functionally obsolete (7%) or both (4). The percentage increases to 31 for off system structures,
which is attributed to an aging bridge population (average lowa off system structure age = 44.5 years)
accompanied by limited funds for maintenance (9).

Maintaining the off system bridge population is a major task for county governments. The
challenge of remedying deficient bridge structures is one of scale; there are many more bridges that
are structurally deficient or functionally obsolete than funds available to repair or replace them. Due
to advanced levels of deterioration and antiquated designs, the replacement of deficient off system
bridges is frequently more economical than repairing them. Therefore, when polled in 1994, almost
70% of Iowa County Engineers expressed an interest in implementing alternative designs developed
specifically for use on LVR systems, especially if the designs were easy to design and construct (/0).

LVR bridges, while normally carrying a significantly smaller number of vehicles than on
system structures, must still be designed to carry legal loads plus wide, heavy agricultural and service
vehicles. However, some counties often lack sufficient resources to design and construct traditional
bridges.

Developing a lower cost structure, when compared to conventional designs, while still
meeting legal load requirements is the main reason for researching alternative designs. Many
counties have in-house forces for the construction and maintenance of LVR bridges and thus are
interested in such alternatives designs. The lowa State University (ISU) Bridge Engineering Center
(BEC), through research sponsored by the lowa Highway Research Board, has developed,
implemented and evaluated various alternative designs for the purpose of replacing some of lowa’s
deficient LVR bridges. One of the more successful alternatives for replacing deficient structures was

developed in Benton County, lowa, almost 30 years ago. Remarkable in its simplicity, the system,



referred to as the Beam-in-Slab Bridge (BISB), has proven, through both in-service use and
laboratory and field testing, to be an effective replacement alternative for spans of up to 50 ft (/7).
The original BISB system consists of longitudinal W12 sections spaced on 2 ft centers that
serve as the main structural elements. The girders are restrained during the construction phase by
steel straps welded to the bottom flanges of the beams. A plywood stay-in-place formwork ‘floor’
rests on the bottom flanges. A 3 in. gap is left between the plywood and the web to allow for contact
of the concrete with the bottom flange. To complete the structure, unreinforced concrete is placed

between the steel sections and struck off even with the top flanges. A cross section of the original

BISB design is presented in Figure 1.1.

/‘ Steel W Section

:i f‘ 'ol""/‘ ﬁ':;:" LY _\302;;:*.,:;/: o/‘;"::':" 52

o ov2 g;c::,‘/
127 AN AR P o9
LR o< IS S pE2A

(Typ) L "5'%”%:"’*:'5’5:"0 5, | TR T | e
5 s;‘,o/ 4;/ 4%‘, {[‘,;. S 4.,:;_ é; -w_.v“

y

s,
PERTA
>l %.—
2Ty \ 1 Plywood
27x1/4” Steel Strap

Figure 1.1. Typical Beam-in-Slab Bridge Cross Section.

The original BISB system has the advantages of simple design, ease of construction and excellent
structural performance, based upon the results from the laboratory and field testing. Two specimens,
a two beam and a four beam test specimen, simulating the in-field BISB were constructed in the
laboratory and subsequently tested at service and ultimate load levels. A field test was performed on
an in-service BISB located in Benton County, lowa in 1996 to evaluate the structural behavior of the
bridge under service loads. A photograph of the load vehicles on the tested BISB is presented in

Figure 1.2. Both the laboratory specimens and the in-service bridge exhibited excellent lateral load

distribution and significant reserve strength (/7).



Figure 1.2. Field testing of the original Beam-in-Slab Bridge System.

While the original BISB design is cost competitive (approximately $50 psf) and readily
constructible by county forces, spans are limited to approximately 50 ft due to the large deflections
and stresses that result from the self weight of the structure. Since the unreinforced concrete does not
develop composite action with the steel girders, it does not contribute to the flexural rigidity of a
section. The girder depth and spacing are also limited by the self weight, resulting in relative shallow
sections (typically W12’s) at small spacings (typically 2 ft). The section size and spacing are
generally held constant for various span lengths, placing an upper bound on the applicable length as
previously noted while resulting in an over designed structure for shorter spans, which further reduces
the overall efficiency of the BISB design.

OBJECTIVE

The objective of this project was to increase the applicability of the BISB concept as an

alternative bridge replacement on lowa’s LVRs by increasing the structural efficiency of the design

while maintaining the ease of construction found in the original system. Two modifications to the



original BISB system were proposed, implemented, and then evaluated to improve the structural
efficiency.
Moaodification 1. Composite Action

By developing composite action between the concrete deck and the steel girders, a reduction
of 20 to 30 percent in the steel required for the longitudinal flexural members is attainable (/2). For
traditional steel girder/concrete slab bridge designs, composite action is generally developed through
the use of shear studs which require special equipment for installation which most lowa counties do
not have. Therefore, an Alternative Shear Connector (ASC) that can be fabricated by in-house forces
was developed at ISU through a two phase laboratory study. The behavior of the ASC is similar to
the “Perfobond Rib” developed by German researchers (71, 13).

The final design of the ASC consists of 1 1/4 in. diameter holes that are either torched or
cored through the web of the longitudinal girder. The holes are spaced on 3 in. centers along the
length of the girder and centered one diameter below the top flange. Composite action is developed
when the plastic concrete flows through the holes, which after the concrete cures, becomes a
mechanical connection (i.e. shear dowels) between the deck concrete and the steel girders.
Reinforcement (#4 or #5 Grade 60) is placed through every fifth hole resulting in transverse
reinforcement on 15 in. centers. The purpose of the transverse reinforcement is to provide lateral
confinement to the concrete shear dowels (/3).

Based on the results of two investigations, the ASC was determined to be an effective method
of developing composite action that can be installed by county forces without the use of special
equipment. Implementing the ASC requires the concrete of the bridge deck to be below the bottom
flange of the longitudinal girder. This requirement is readily met when the ASC is combined with the

original BISB concept where the deck concrete encases the webs of the girders.



M aodification 2: Reducing the Self Weight

As previously noted, the applicable length of the original BISB design is limited due to the
self weight of the system. Since the concrete on the tension side of the neutral axis is structurally
ineffective, removing a majority of this concrete reduces the self weight of the system while causing
minimal change in the overall behavior. A large portion of the ineffective concrete can be removed
by forming an arch transverse to the longitudinal girders. The transverse arch maintains the concept
of the original BISB design were the deck concrete encases the webs which in turn readily
accommodates the ASCs for developing composite action. Like the plywood ‘floor’ formwork used
in the original BISB design, the transverse arch rests on the top surface of the bottom flanges of the
longitudinal girders.

In research conducted at ISU, a specimen that implemented both the ASC and the transverse
arch was constructed and evaluated. The results from this preliminary test indicated the combination
of the two modifications had potential as an alternative bridge design; however, more
experimentation and analyses were needed before the modifications could be implemented in the field
(13). Specimens and bridges that incorporate the proposed modifications to the original BISB design
are referred to as Modified Beam-in-Slab Bridge (MBISB) designs.

Additional Benefits of the M odifications
Increased Girder Depth and Spacing

The adaptation of the two modifications to the original BISB design results in a more
efficient system that can be used for longer spans. Due to the removal of a majority of the ineffective
concrete from the cross section by the transverse arch a reduction in self weight results. Transverse
arch formwork also permits larger girder spacing. Although the self weight has been reduced, the fact
that there are greater girder spacing and greater span lengths required larger girders to be used. The

wider girder spacing reduces the number of girders required and thus the number of ASC holes that



must be fabricated. Field construction time is also reduced (which improves the efficiency of the
system) since there are fewer girders to place.
Increased Composite Flexural Rigidity

Since the original BISB design did not have composite action, no benefit was gained by
placing concrete above the top flange. Rather, the top flanges of the longitudinal sections were used
as guides for striking off the deck concrete, thus simplifying the construction process. With the
implementation of the ASC, the flexural rigidity of the system is increased; placement of concrete
over the top flanges also increases the flexural rigidity a significant additional amount. However,
embedding the top flanges results in more complex construction, requiring the use of a power screed
rather than finishing the concrete even with the top flanges as was done in the BISB.
Reduced Corrosion/Skidding Potential

The susceptibility to corrosion is reduced by embedding the top flanges of the girders in the
deck. Some original BISB structures with the top flanges of the girders exposed have been in service
for almost 30 years with minimal corrosion. Covering the top flanges also reduces skidding on the
deck surface since there are no steel surfaces exposed. However, skidding has not been a reported
problem in BISB structures. This investigation, thus, considered two possibilities: finishing the deck
concrete even with the top flange to maintain the simplicity of construction and encasing the top
flanges in concrete (more protection and greater flexural rigidity, but more complex construction).
Reduction of Deck Reinforcement

Implementing the transverse arch between the longitudinal girders not only reduced the self
weight of the structure but introduced the possibility of the deck resisting wheel loads through arching
action rather than flexure. It was hypothesized that if internal arching action between the longitudinal
girders were developed, the reinforcement required for deck could be greatly reduced. The
hypothesis is based upon work performed by Canadian researchers who have successfully

demonstrated the presence of internal arch action in bridge decks that are adequately confined in both
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the transverse and longitudinal direction. When such confinement is present, the mode of resistance
within the deck is changed from flexure to internal arching (/4).

In the Canadian system, the in-plane arching action is developed in the deck by transversely
restraining the longitudinal girders with a series of transverse steel straps that are welded to the top
flanges of the girders prior to the placement of the concrete deck. Longitudinal restraint is provided
by the composite longitudinal girder. Since the resulting arching action resists the wheel loadings,
there is no need for traditional reinforcement in the deck slab itself, which greatly reduces the
potential for corrosion in the deck. A small amount of fiber reinforcement is added to the deck
concrete to control temperature and shrinkage cracking (/5). For the first bridge, extensive laboratory
testing was undertaken to provide evidence that the ‘steel free’ system was applicable; once in place,
the bridge was monitored with a variety of instrumentation to validate the design assumptions (76,
17). Several additional bridges have been constructed in Canada where no reinforcing steel is
included within the deck slab (/8).

The ‘steel free’ deck system developed by the Canadian researchers is very similar to a
traditional steel girder/composite concrete deck design with shear studs to develop composite action;
however, there is minimal deck reinforcement (/4). The MBISB system is unlike typical steel
girder/composite concrete deck designs since there is a transverse arched deck between the girders.
Transverse restraint of the longitudinal girders is provided by the ASC reinforcement and the
continuity of adjacent arched sections. Longitudinal confinement of the arched deck is provided by
the composite girders. To control temperature and shrinkage cracking, a minimal amount of Grade 60
steel reinforcement is used. By reducing the amount of reinforcement required in the deck, the cost
of the structure and the construction time are reduced, as well as the potential for deck deterioration

resulting from corrosion.
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RESEARCH TASKS

A research plan was developed to evaluate the applicability of the two modifications (adding
composite action and reducing the self weight) to the original BISB concept. As previously noted,
the reason for implementing the modifications is to increase the applicable span length of the original
BISB design. The research plan included an initial laboratory investigation phase and a field
demonstration phase where two demonstration bridges that included the modifications (i.e. MBISB)
were designed, constructed and evaluated.

Laboratory Tasks: Single Bay Specimens

Three single bay laboratory specimens were designed, constructed and evaluated for the
purpose of investigating the integrated behavior of the ASC and the transverse arch. Continuing the
research begun by Klaiber et al. (/3), two full scale single bay specimens were constructed and tested
to investigate the arching action that developed in the deck, which was confined by the transverse
ASC reinforcement and the transverse straps which were welded to the bottom flanges of the girders.
Both specimens (clear span = 14.5 ft) were constructed with two W21x62 girders spaced 6 ft apart;
the girders were embedded in the slab with 3 in. of concrete placed over the top flanges to increase
the flexural rigidity of the composite section and reduce the potential for corrosion and skidding. A
different formwork system was used on each specimen to evaluate the ease of construction.

A single concentrated static load, simulating the effect of a wheel load, was applied to the
center of each specimen. By observing the mode of failure, internal arching was determined to be the
main mode of resistance for the deck. The overall applicability of the modified system to an
alternative bridge design was also evaluated based upon the ultimate strength of the specimens.
Laboratory Tasks: Three Bay Specimen

A model bridge (L = 31 ft, W = 20 ft) consisting of 4-W21x62 girders on 6 ft centers, was
designed and constructed to investigate load distribution and strength characteristics of a bridge

system utilizing both modifications. The design was based upon analytical modeling and the data
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obtained from the laboratory evaluation of the previous single bay specimens. Concentrated static
loads, simulating a service level wheel load, were placed at numerous locations on the structure to
quantify lateral load distribution. The specimen was then tested to failure to observe the load
redistribution, mode of failure, and the ultimate strength of the specimen.
Field Demonstration Bridges

Incorporating the information obtained in the laboratory testing, two demonstration bridges
were designed, constructed and field tested to evaluate the performance of the modifications. The
performance and durability of the demonstration bridges will continue to be monitored to ensure the
resulting MBISB is a low maintenance, long lasting design.
MBISB 1

The first demonstration bridge (MBISB 1), constructed in Tama County, lowa by in-house
forces incorporated both previously discussed modifications. The purpose of this structure was to
demonstrate the ability of the ASC to develop composite action and the transverse arch, which
reduced the self-weight of the structure by approximately 20 percent. The transverse arch formwork
was constructed from a 24 in. diameter corrugated metal pipe (CMP); formwork in this bridge was
left in place. MBISB 1 (L =50 ft, W = 31 ft) which consists of 16-W12x79 girders on 2 ft centers
was field tested and found to have excellent lateral load distribution characteristics in addition to
satisfying stress and deflection limitations.
MBISB 2

The second demonstration bridge (MBISB 2) was also constructed in Tama County, lowa by
in-house forces resulting in a 70 ft long, 32 ft wide bridge structure that is supported by 6-W27x129
girders on 6 ft centers. The purpose of MBISB 2 was to demonstrate that with the implementation of
the two modifications, the system can be used in longer spans (i.e. > 50 ft) with an increased

efficiency. Composite action was developed through the use of the ASC and the transverse arch was
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constructed with a reusable custom rolled steel formwork. This bridge was also field tested, and
similar to MBISB 1, the structure was found to surpass limiting performance values.

Grillage models were developed for both demonstration bridges to validate the behavior and
determine the contribution of the guardrail to the total flexural resistance of the system. Through the
use of the grillage models the contribution of the guardrails to the total flexural resistance was
validated for both bridges.

Design M ethodology

A MBISB design methodology was developed by combining the data obtained from the
laboratory and field tests with the requirements of the American Association of State and Highway
Transportation Officials (AASHTO) Load Resistance Factored Design (LRFD) Bridge Specification
for a steel girder/composite concrete deck bridge (/9). The design methodology addresses the
applicable strength and serviceability limit states pertinent to a MBISB structure constructed on a
LVR.

The design methodology was applied to create a data base of MBISB design requirements for
a variety of geometries (i.e. bridge lengths and widths) and material strengths; this data base is
presented in Volume 2 of the final report for lowa DOT project TR-467 (2). In addition to the data
base, a PowerPoint slide show documenting the construction of MBISB 2 is included to provide a
guide for designers and construction managers. By applying the presented materials, additional
MBISBs similar to the completed demonstration bridges shown in Figure 1.3, can be designed and
constructed at a significant cost savings when compared to conventional designs.

Pre-cast M odified Beam-in-Slab Bridge

A derivative of the MBISB design has been developed by county engineers in Blackhawk
County, Iowa that utilizes both the MBISB design concepts combined with pre-cast concrete
technologies. The design consists of four pre-cast panels which incorporate the ASC to develop

composite action and the transverse arch to reduce the self weight of the system. The four panels
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which make up the deck are constructed in the off-season and then transported to the construction site
at a later date and connected by an in-field concrete pour. The resulting structure has a total cost
savings of approximately 15% when compared to conventional designs for similar application. The
ISU BEC field tested a pre-cast MBISB and determined it to exceed design requirements (20). A

more detailed description of the design and the field test results are presented in Appendix A.

a. MBISB 1

b. MBISB 2

Figure 1.3. Completed MBISB demonstration bridges.
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ABSTRACT

Funding for the repair and replacement of structurally deficient and functionally obsolete
bridges is a nationwide problem. This problem is magnified for the managers of low volume road
(LVR) systems with limited budgets; thus innovative replacement alternatives are always being
sought. The beam-in-slab-bridge (BISB) is an alternative replacement bridge developed in lowa.
The bridge consists of W sections spaced 24 in. (610 mm) on center, with concrete filling the void
space between them. Spans of up to 50 ft (15.24 m) can be constructed using this low cost
alternative. Field and laboratory testing confirmed the system is capable of handling legal loads.
Modifications to the BISB are being investigated in this study to improve its structural efficiency,
making it possible to use the system in longer spans. An alternative shear connector (ASC) has been
developed to provide composite action in the BISB. The ASC consists of holes, either torched or
drilled, through the web of the girder forming concrete dowels that provide for composite action.

Ongoing research promises more structural efficiency with the development of an arched
formwork system which makes possible wider girder spacing and reduced self weight. Combining

the ASC with the arched formwork should result in an essentially steel free system that is relatively
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easy to construct. Based on initial results it should be possible to construct spans of up to 75 ft

(22.86 m) to carry legal loads in lowa with these modifications.

INTRODUCTION

It is a well known fact that America’s transportation infrastructure is in constant need of
maintenance and modernization to meet expected levels of service. The 2001 Infrastructure Report
Card, published by the American Society of Civil Engineers (ASCE), rated 29% of the bridges in the
United States as either structurally deficient or functionally obsolete (/). ASCE defines a structurally
deficient bridge as one that “is closed or restricted to light vehicles because of its deteriorated
structural components, these bridges must be posted for limits of speed and weight.” Functionally
obsolete bridges have older design features that make them unsafe for some vehicles and unable to
handle current traffic volumes (/).

The numbers presented by ASCE represents all bridges, however, since agencies responsible
for low volume road (LVR) bridges have very limited budgets, more than likely a greater percentage
of low volume bridges (LVB) are either structurally deficient or functionally obsolete. The definition
of a LVR is a matter of perception, but gravel roads in rural agricultural areas are what come to mind
when LVRs are mentioned. While these systems don’t have large volumes of traffic, they are
subjected to heavy loads due to agricultural and off road equipment (2). LVBs on the LVR systems
are often older, deteriorating structures that were not designed for current loads or vehicle widths.
Repair and replacement of these inadequate structures is a costly proposition, leaving the managers of
LVRs searching for alternatives. This is a national problem which is especially acute in the state of
Iowa, which ranks 5" in the nation for the number of road structures (3) but only 30" in total
population (4).

Iowa is a rural agricultural state with 89,200 miles of secondary roads and 20,855 off system

structures. Approximately 82% of lowa’s bridges are on the secondary road system (3). Bridges on
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secondary roads are considered to be off-system; referring to those roads and structures not cared for

by state or federal forces, leaving the maintenance and replacement costs to the county governments.

Need for Bridge Alternativesin the Rural Sector

Most lowa counties have full time bridge crews with the capability to repair and construct short span
bridges of 100 ft (30.48 m) or less. However, they lack the resources to design and construct
traditional bridge systems. Thus, there is a need for a simple to construct, standard design, lower cost
bridge replacement alternative for off system roads.

The Iowa Highway Research Board in conjunction with lowa State University’s Bridge
Engineering Center joined resources to develop a LVB alternative. Alternative designs need to fulfill
the following criteria:

o Support legal loads

e Be constructible by county forces

e Span a minimum of 50 ft (15.24 m) with the possibility of obtaining spans of at least 75 ft

(21.34 m)
e Have a service life of at least 50 years

e Have the option of using recycled girders

ORIGINAL BEAM-IN-SLAB-BRIDGE CONCEPT

The beam-in-slab-bridge (BISB) system, developed in Benton County, lowa more than twenty years
ago, is a successful LVB alternative. The original BISB system consists of W sections set on 24 in.
(610 mm) center-to-center spacing. Plywood is placed on the top surface of the bottom flange to
form a “floor” between the beams. The edges of the plywood are positioned approximately 3 in.
(76 mm) from the beam webs to allow direct contact of the concrete with the bottom flange

(Figure 1(a)). Transverse steel straps are welded to the bottom flanges to support the steel members

during the concrete placement. Forms are placed at the ends of the steel sections; the void between
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the steel beams is filled with unreinforced concrete and struck off at the top flange of the steel beams
leaving their top flanges exposed. The largest BISB in service is 30 ft (9.14 m) wide and 50 ft
(15.24 m) long.

Performance of the Beam-in-Slab-Bridge

To the authors’ knowledge, the BISB is unique to lowa; several extensive literature searches were
conducted yielding no addition information on the BISB concept. The original design was in service
in rural lowa with minimal engineering analysis for over 15 years before the behavior of the
structures was investigated. A majority of the 80 + BISBs in Iowa are in Benton County; they have
excellent performance records and have required minimal maintenance (Lyle Brehm, former
Assistant Benton County Engineer, unpublished data). Although the structures were extremely stiff,
the BISB system was not field tested until 1996.

Field Testing

To quantify the behavior of the BISB system, an existing BISB [L =47.5 ft (14.48 m), W = 30 ft
(9.14 m), beams = 16 - W12x79, no guardrails] was field load tested. The bridge was instrumented
with strain gages and displacement transducers. Two loaded rear tandem axle trucks with a combined
gross weight of 102 kips (454 kN) were used as test vehicles. They were positioned on the bridge to
produce maximum loading effects at critical locations and other various locations to determine load
distribution.

The field test results indicated an extremely stiff structure in both the longitudinal and
transverse directions. While numerous tests were run, only the maximum results are presented (J).
The maximum resulting vertical deflection at the centerline was approximately 0.275 in. (7.0 mm);
corresponding to a 1:2,180 deflection ratio, well within the recommended American Association of
State Highway and Traffic Officials (AASHTO) Load Factored Resistance Design (LRFD)

Bridge Design Specification (6) limit of 1:800 indicating the bridge is significantly over designed

from a serviceability aspect.
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Bridge Rating

The tested BISB was rated using the 1994 AASHTO Manual for Condition Evaluation of Bridges (7)
and the 1992 AASHTO Standard Specifications for Highway Bridges (8). Based on an arbitrary
interior beam loaded with an HS-20-44 truck and AASHTO load distribution factors, the inventory
rating for the field tested bridge was slightly over 40 tons (356 kN) (9).

Laboratory Testing

To better understand the strength and load distribution behavior of the BISB, two representative
specimens were constructed using W12x79 steel sections and tested in the laboratory; details of the
specimens are presented below.

Specimen #1 — Two Beam Specimen Specimen #1, [L = 28.5 ft (8.69 m), W =24 in. (61 mm)] was
constructed following field procedures and was tested in four point bending to evaluate the amount of
composite action and overall strength of a two beam section. The load was applied directly to the
concrete portion of the cross section in an effort to punch through the unreinforced concrete

(Figure 1 (b), (c)).

No composite action was developed; this was confirmed by measuring the slip between the
concrete and the steel girders. The beams yielded at a total load of 120 kips (533 kN), and a punching
failure did not occur in the concrete (5).

Specimen #2 — Four Beam Specimen The four beam specimen [Specimen #2: L = 28.5 ft (8.69 m),
W =72 in. (1830 mm)] was constructed and tested to determine the lateral load distribution
characteristics of the BISB system (Figure 1 (d)). A nearly linear deflection distribution was found
regardless of the load position indicating excellent lateral distribution.

The specimen was tested to failure by applying four point loading similar to Specimen #1. A
total load of 300 kips (1,334 kN) was applied before yielding began. A maximum load of 370 kips
(1,644.5 kN) with a corresponding deflection of 4.06 in. (103 mm) was reached before the test was

terminated. Similar to the first specimen, the concrete between the girders did not fail (5).
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Conclusions From Testing the BI SB
Based on the field and laboratory test results, the BISB was determined to be an effective, though not
highly efficient, system for replacing deficient and obsolete bridges. Advantages of the BISB include
simple design, speed and ease of construction and cost competitiveness. When compared to two
traditional replacement systems, a pre-stressed, pre-cast quad tee product and a cast-in-place slab
deck bridge, the BISB system reduced costs by up to 24%. This comparison is based on 2001 and
2002 construction data from Tama County, lowa and Blackhawk County, lowa. The above
comparison includes the removal the existing structure and the construction of the new substructure
and superstructure. This makes the BISB system a highly attractive replacement option for LVB
with spans of up to 50 ft (15.24 m).

The main drawback of the original BISB system is structural inefficiency, which limits the
span length. Also, the girder spacing is based primarily on constructability and not load demand,

resulting in an over designed structure.

MODIFICATIONSTO THE BISB TO INCREASE EFFICIENCY

Two modifications were proposed to improve the structural efficiency of the BISB. The first
modification was the development of an Alternative Shear Connector (ASC) to create composite
action in the section. The second modification involved using an arched formwork between the
girders to removing a majority of the ineffective concrete on the tension side of the section. Removal
of this concrete reduces self weight while facilitating wider girder spacing and longer spans.
Alternative Shear Connector

Since most counties lack the equipment for attaching shear studs to a girder, a simpler system was
desired to obtain composite action. Although usually not a problem on LVRs, traditional shear studs
are susceptible to fatigue failures. In hopes of overcoming potential fatigue problems, Leonhardt et

al. developed the Perfobond Rib (5), consisting of a steel plate (typically 15 in. (380 mm) long)
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perforated with holes welded on edge to the top flange of a girder. The concrete dowels that are
formed in the holes develop composite action by resisting the horizontal shear and prevent material
separation. Transverse reinforcement is necessary to prevent the concrete dowels from “popping out”
at high loads (5).

Roberts and Heywood modified the Perfobond concept by removing the top flange of the
steel section and drilled holes directly through the web of the resulting T section (5). This
modification was evaluated in both shear box tests and push out tests; in addition, a full-scale bridge
was designed and constructed. The bridge was subjected to both cyclic and ultimate static loading to
quantify the behavior of the ASC in an actual bridge. No measurable deterioration or slip was
recorded in either test providing evidence that the ASC could be used as an inexpensive method of
obtaining composite action.

At approximately the same time as Roberts and Heywood’s work, lowa State University
researchers were conducting similar research to develop an ASC. The objective was to develop an
ASC that involved either drilling or torching holes through the web of a rolled section with the top
flange either removed or intact.

Push Out Specimens

To ensure the proposed ASC was applicable, a series of push out tests were performed. The testing
program was divided into a static testing and a cyclic testing portion.

Static Push Out Specimens Thirty six push-out specimens (11 series), were statically tested in an
effort to evaluate the following variables:

e Size of shear holes

Spacing of shear holes

Alignment of shear holes

Inclusion of steel reinforcement through a shear hole

Size of steel reinforcement through shear hole
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o Effects of “sloppy” hole craftsmanship
A typical push out specimen is shown in Figure 2 (5).

Each specimen consisted of a stiffened steel plate partially encased in two concrete slabs.
The thickness of the steel plate was selected to simulate the least beam web thickness encountered in
the field. The specimens were cured and then statically loaded until the shear connectors failed. Test
results indicated that the ASC has both excellent strength and ductile failure characteristics. The
holes that were torched had slightly better performance than drilled holes, probably due to being
slightly oversized. Results from the static testing indicated the strength of the ASC is primarily
influenced by the following four factors (5):

e Concrete compressive strength

o Size of the shear holes

e Number of shear holes

e The amount of transverse slab reinforcement
Using regression analysis techniques, a design equation was developed to predict the strength of the
ASC by accounting for the effects of the four listed variables (5).
Cyclic Loaded Push Out Specimens Once the static portion of the testing was completed, an
additional 27 push-out specimens were constructed and subjected to 500,000 to 1,500,000 load cycles
at varying percentages of the ultimate load to quantify the fatigue effect of both the load magnitude
and the number of load repetitions. Results confirmed that while strength degradation of the ASC
does occur under cyclic loading, the capacity is not reduced to an unacceptable level. Using a
regression analysis model developed from the fatigue test data, the ASC was determined to have 69%
of the ultimate static strength at 500,000 load cycles, 16% higher than the horizontal shear in assumed

design conditions (/0).

Composite Section Beam Tests

Push out tests, while providing information on the ultimate strength and slip characteristics of a shear
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connector, only simulate the behavior that occurs within a composite beam. Seven full scale
composite beam specimens were constructed in the laboratory from recycled W21x62 sections and

subsequently tested to further quantify the behavior of the ASC.

Static Beam Tests Six beam specimens were tested under service level and ultimate static load
conditions. Three of the six specimens had the top flange of the rolled steel section removed, while
the other three specimens had the top flange intact. Four different ASC configurations were tested
and compared with a specimen using traditional shear studs. Figure 3 (a), (b) illustrates a typical
cross section and profile view of a specimen with the top flange intact.

All the specimens maintained full composite action at service level loads. The specimens
with the top flange intact experienced less slip and had higher ultimate capacities than the specimens
with the top flange removed. The increased capacity of the specimens with the top flange in place is
due to the better confinement of the concrete dowels forming the shear connection (5), (10).

Cyclic Loaded Beam Tests One beam specimen with the top flange removed was subjected to
cyclic loading to investigate the effects of fatigue on the ASC. The specimen failed at 464,000 cycles
when the recycled steel beam failed due to fatigue. The failure occurred through a series of holes in
the beam web where diaphragms had been bolted. The ASC was providing composite action at this
level and had given no indication of deteriorating. It’s likely the ASC would have performed
adequately beyond the 500,000 load cycles recommended by AASHTO (/0).

Final ASC Design

The final shear connector design is presented in Figure 3 (b). The ASC design consists of 1-1/4 in.
(32 mm) diameter holes spaced 3 in. (76 mm) center to center with either a #4 or #5 reinforcement
bar, depending on strength requirements, placed transversely in every fifth hole. The holes can be
either torched or drilled with minimal difference in performance.

Three demonstration bridges have been constructed utilizing the ASC system and are
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scheduled for field load testing during the spring of 2003. Results will be compared to the
performance of the original BISB that does not have composite action.
Reducing the Concrete Area With Arch Formwork
To improve the efficiency of the BISB, the girder spacing was increased to a maximum of 72 in.
(1,830 mm) and the depth of the steel sections was also increased. The 72 in. (1,830 mm) girder
spacing was based on geometric constraints. These modifications reduced the number of steel
members required.

The main drawback of the original BISB design is the large dead load of the concrete. In
order to improve the structural efficiency, a majority of the concrete on the tension side of the neutral
axis needed to be removed. Therefore, the new formwork system needed to span at least 66 in. (1,676

mm), to allow for a significant reduction in concrete below the neutral axis.
Arched Formwork

The most logical solution to the previously stated problem was an arched formwork scheme that
removed most of the unwanted concrete while remaining self-supporting and allowing for the use of

the ASC. Several different materials and geometric configurations were investigated.

Polyethylene Pipe Polyethylene drainage pipe was used as the formwork for the first arched
laboratory test specimen (Figure 4 (a)). Since the girder spacing was 45 in. (1,143 mm), the
formwork was made from a section of 42 in. (1,067 mm) diameter pipe. The circular section reduced
the amount of concrete needed by 36% and was freestanding. Similar to the plywood in the original
BISB, the polyethylene pipe was a single use, stay in place formwork system. For larger girder
spacings, polyethylene pipe is not an effective option due to increased material costs and limited

geometries.

Arched Plywood Arching plywood between the girders was investigated as a possible formwork

solution. This was attempted with W21x62 girders spaced 72 in. (1,830 mm) apart with minimal
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success (Figure 4 (b)). Two layers of plywood with a thickness of 1/4 in. (6.4 mm) each were tested
to see if a structurally adequate arch shape could be obtained.

In spite of previous testing and analytical modeling, when filled with concrete, reverse
curvature snap through buckling began to develop. This required the formwork to be shored ruling
out the arched plywood as a possible formwork solution.

Culverts Corrugated Metal Pipe (CMP) was used successfully as the arched formwork for one
demonstration bridge, but the girders were only spaced 24 in. (610 mm) on center requiring a minimal
span of 18 in. (457 mm). A 24 in. (610 mm) diameter, 16 gage CMP was cut into thirds and placed
between the girders (Figure 4 (c)), removing 17% of the concrete needed between the girders.
Custom Rolled Stedl Sections Circular sections, while readily available, are not the most efficient
shape especially at larger girder spacings; they are also limited to standard sizes. Thus, an alternative
to the circular section was sought.

CMP is rolled from 25 1/2 in. (648 mm) wide steel sections and then riveted together
forming the pipe. Based this procedure, the concept of custom rolled arched steel formwork sections
was developed. Two designs were chosen (small radius specimen and large radius specimen) and test
specimens of each configuration were constructed to confirm the analytical analysis of the sections.

The small radius (15 in. (380mm)) formwork for W21x62 girders spaced at 72 in. (1,830
mm) was constructed from 14 gage galvanized steel with a 2 2/3 in. (67.5 mm) x 1/2 in. (12.7 mm)
corrugation pattern. The large radius (27 in. (661 mm)) formwork specimen for W21x62 girders
spaced at 72 in. (1,830 mm) were also made from 14 gage galvanized steel with the same corrugation
pattern.

The large radius formwork removed 45% of the concrete needed to fill the section while the
small radius formwork removed over 52% of the concrete volume resulting in a significant reduction
of concrete. Since metal stay in place formwork is not a standard practice in lowa, the sections are

recoverable and available for use in other bridges.
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Arching Action and the “ Stedl Free” Deck

The original BISB had no steel reinforcement, relying solely on the punching shear strength of the
concrete between the girders. This works well for girders spaced 24 in. (610 mm) on center where
the concrete is significantly confined between the girder flanges. However, when the girder spacing
is increased and the deck thickness is reduced by the arched formwork, a different mechanism is
needed to resist the wheel loads on the deck.

Internal Arching

It is well researched and documented that internal arching occurs in a bridge deck slab when properly
restrained. The AASHTO LRFD Bridge Design Specification (6) allows for the empirical design of
deck slabs utilizing the internal arching action in the deck to resist the wheel loads. Failures in this
system are not flexural in nature but rather are punching shear failures.

Canadian researchers have taken this concept a step further and constructed a steel free bridge
deck. The steel free deck consists of steel girders with shear studs to provide composite action. A
steel tie strap restrains the top flanges of the girders; research has shown the need to confine the top
flange to prevent a premature flexural failure (/7).

Iowa State University researchers are currently investigating the applicability of combining
the ASC and the internal arching with an essentially steel free deck concept. The only reinforcing
steel that will be present in the section is the transverse steel needed for the ASC and the necessary
temperature and shrinkage steel to prevent excessive cracking. This portion of the research is
currently underway; thus results will be available upon the completion of the project.

Arched Specimens
Four arched specimens have been constructed and tested to date. The following main objective of

testing the specimens was to investigate and quantify the following:

o Ultimate strength of the section

e Failure mode of the section
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e Ease and applicability of construction techniques

¢ [oad distribution
All the specimens were constructed using recycled W21x62 girders and the ASC. The transverse
ASC reinforcement serves a dual purpose in all cases, confining both the concrete dowels and
allowing for the development of the internal arching action. The transverse steel was the only
reinforcement present in the first three specimens. The fourth specimen had #3 reinforcing steel
placed transversely across the girders to prevent possible spalling over the girders. Transverse steel
straps were welded to the bottom flanges of the girders in all the specimens to restrain the girders
during concrete placement and loading.

First Arch Specimen A cross section of the first specimen is presented in Figure 4 (a). Following
the original BISB design, the top flanges of the girder were exposed and used as guides to strike off
the concrete. The first specimen had the following properties: 2 girders set on 45 in. (1,143 mm)
centers, a length of 33.5 ft (10.21 m), and polyethylene pipe formwork.

At service level loads, the specimen showed no signs of distress. The steel girders began to
yield at a load of 126 kips (560 kN), indicating that the arched deck had a higher capacity than the
girders in flexure. In order to investigate the punching shear capacity of the arched deck, the girders
were blocked up and the specimen was reloaded. After blocking, the specimen failed in a splitting
mode when the bottom flange straps failed at a load of 177 kips (787 kN).

Second Arch Specimen A cross section of the second specimen is presented in Figure 4 (b). The
girders were fully embedded with 3 in. (76 mm) of cover over the top flanges of the girder. This
modification was made to reduce the transverse steel, increase the moment of inertia of the section
and provide for a more skid resistant deck. The second specimen had the following properties 2
girders set on 72 in. (1,830 mm) centers, a length of 14.5 ft (4.42 m), and arched plywood formwork.

The clear span was selected so the arched deck would fail in a punching mode before the

girders would fail in flexure. The second specimen was tested similarly to the first specimen and no
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distress was present under service level loads. At an ultimate load of 155 kips (690 kN) a
splitting/punching shear failure occurred in the deck when a bottom flange strap failed.

Third Arch Specimen The third specimen was constructed to investigate possible improvements to
the second specimen. The large radius custom rolled corrugated steel sections were used as the
formwork since the arched plywood did not perform adequately. A photograph of the third specimen
set up for testing is presented in Figure 5 (a). The third specimen had the following properties: 2
girders set on 72 in. (1,830 mm) centers, and a length of 14.5 ft (4.42 m).

The corrugated steel formwork, which was removed prior to testing, performed flawlessly
and became the preferred formwork system. As with the second specimen the selected clear span
forced a punching failure in the deck. Larger confining straps were used on the third specimen and an
ultimate load of 260 kips (1,157 kN) was reached. This test provided the assurance that the arch had
sufficient strength to handle AASHTO HS-20 loadings.

Fourth Arch Specimen A fourth specimen, consisting of three monolithic bays was constructed to
quantify the load distribution characteristics of the arch system. A photograph of the fourth specimen
is presented in Figure 5 (b). The fourth specimen had the following properties: 4 girders set on 72 in.
(1,830 mm) centers, a length of 30.5 ft (9.3 m), and small radius custom rolled steel sections were
used for the formwork.

The specimen exhibited excellent load distribution under both service and ultimate loading
conditions indicating that the transverse arch could be used in a demonstration bridge.

Demonstration Bridge

A 70 ft (21.34 m) long, 32 ft (9.75 m) wide, simply supported demonstration bridge utilizing
the ASC and arched section has been constructed by county forces in Tama County, lowa. The
bridge deck was cast on November 7, 2002 and is not completely finished at this time. A photo of the
construction of the bridge is presented in Figure 6. The bridge consists of 6 - W27X129 Grade 50

girders with 5 arched bays formed by custom rolled corrugated steel formwork sections. A side
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mounted thrie-beam bridge railing was chosen for the guardrail system. The bridge will be load
tested in the spring of 2003. Initial estimates suggest a total bridge cost savings of approximatel