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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
lowa's secondary road system. In the previous phases, lowa DOT projects HR-382 (Phase 1) and
TR-410 (Phase 2), aternative designs for replacing bridges on low volume roads (LVRs) were
investigated. Phase 1 investigated two replacement concepts, the first being the devel opment of
Steel Beam Pre-cast 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. Thisfinal phase of the investigation was
undertaken to develop a competitive aternative bridge replacement for longer spans (i.e. greater
than 50 ft). Building on the previous investigations, laboratory tests were undertaken to evaluate
the combined behavior of the ASC and the transverse arch.

Three laboratory specimens were designed, constructed and tested to determine the
strength, stiffness and constructability of the proposed MBISB design. The results from the
laboratory tests indicated that the proposed MBISB system met all applicable design requirements
for use on LVRs. Two demonstration bridges were designed and constructed; the construction
process was monitored and documented to aid in the implementation of future MBISB designs.
The demonstration bridges were field tested to quantify their behavior and to confirm design
assumptions. Results from the field tests were used to assist in the development of design criteria
for the MBISB system.

Thefinal report for this investigation consists of three volumes; this volume (Volume 2)
isadesign manual and construction guide. Volume 1 focuses on the design, evaluation and
interpretation of the results obtained from the laboratory and field tests which verified the
applicability of the MBISB system. Volume 3 isa Design Guide that contains background
information on the evaluation and results that lead to the development of the MBISB design
criteria

The Design Manual, (Volume 2) can be divided into two distinct parts; thefirstisa
design example which provides a designer with the necessary information to design a specific
MBISB. Using the design criteria devel oped, selected MBISB designs were produced. The
designs are organized by length, width and material strength and are presented in a tabular
format. Using the information presented in the tabular summary and the design example, the
designer can specify the remaining components necessary for the design and construction of the
desired MBISB.

The second portion of the Design Manual includes a PowerPoint slide show that
describes the construction of the second demonstration bridge. The slide show focuses on the
development of the desired cross dope, girder fabrication and placement, formwork construction,
reinforcement configuration and placing the concrete deck.
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1. INTRODUCTION

In lowa, county engineers are faced with the challenge of upgrading or replacing
deficient off system structures, a majority of which are found on low volume roads (LVR) with
an Average Daily Traffic (ADT) count significantly less than 400 vehicles. As reported by the
National Bridge Inventory, approximately 31% of the 19,659 bridge structures found on lowa's
county owned (off system) roads are either structurally deficient or functionally obsolete (1).
Dueto limited resources and the costs associated with maintaining and upgrading an aging bridge
population, county engineers have expressed interest in low cost alternative replacements for the
purpose of extending available replacement funds (2).

Through funding provided by the Highway Division of the lowa Department of
Transportation (lowa DOT) and the lowa Highway Research Board, the Bridge Engineering
Center (BEC) of lowa State University (1SU) has developed the Modified Beam-in-Slab Bridge
(MBISB) System as an alternative design. Based on the original Beam-in-Slab Bridge (BISB)
design, the MBISB system was developed to address the need for an alternative applicable for
spans up to 80 ft while still being constructed by in-house forces (3).

The MBISB systemis similar to both the BISB system and atypical composite dab/steel
girder bridge with two major differences. As opposed to the BISB system, composite action is
devel oped between the longitudinal girders and the concrete deck. However, composite action is
obtained through the use of an alternative shear connector (ASC) rather than by traditional shear
studs which require specialized equipment to install. The ASC, which was developed at |SU,
consists of 1 1/4 in. diameter holes fabricated in the girder web on 3 in. centers down the length
of the girder and positioned below the top flange of the steel W section. Reinforcement is
installed transverse to the path of traffic through every fifth hole to confine the concrete shear
dowelsthat form in the ASC holes when the deck is placed. Detailed information on the
development of the ASC can be found in the final reports for lowa DOT Projects HR-382 and

TR-410 (3, 4).



The second modification is the removal of structurally inefficient concrete from the
tension side of the cross section. This was accomplished by using a transverse arch between the
longitudina girders. The transverse arch has the added benefit of changing the mode of structural
resistance in the deck from transverse flexure to an arching action which alows for a
considerable reduction in the required deck reinforcement. A typical cross section of aMBISB
bridge is presented in Figure 1.1.

ASC Reinforcement
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Figure 1.1. Typical MBISB cross section.

1.1 Development and Verification of MBISB System

The MBISB system was developed by ISU BEC researchers and verified through a series
of laboratory tests, demonstration bridges and analytical modeling. Three laboratory specimens
were designed, constructed and tested to investigate the feasibility of the transverse arch and the
behavior of the combined modificationsin amodel bridge. Results from the laboratory testing
phase provided evidence that the MBISB system exceeded required levels of resistance leading to
the design and construction of two demonstration bridges.

The demonstration bridges were designed and constructed to establish the construction
processes as well asto verify the design assumptions and structural behavior through field testing.
The design of the first demonstration bridge (MBISB 1, L =50 ft, W = 31 ft) closely resembled a
BISB with the exception of the two previously described modifications. This demonstration
bridge was constructed at a cost of approximately $50 psf. The second demonstration bridge
(MBISB 2, L =70 ft, W = 32 ft) was designed to comply with American Association of State

Highway Transportation Officials (AASHTO) Load Resistance Factored Design (LRFD) Bridge



Specification and was constructed at a cost of approximately $52 psf (5). Both bridges were
constructed by in-house forces with standard construction equipment that Tama County, lowa
had. A more detailed explanation of the laboratory and field testing of the MBISB system and the
results of these evaluations are presented in Volume 1 of the final report for lowa DOT project
TR-467 (6).
1.2 Design M ethodol ogy

The laboratory and field testing results provided evidence that the MBISB system meets
the required performance specifications and is a cost competitive aternative that can be employed
on the LVR system. A design methodology for the MBISB system was then developed based on
the resulting test data and the AASHTO LRFD Bridge Specification for a concrete slab/steel
girder bridge. A more complete discussion of the assumptions made and criteria applied during
the development of the design methodology is presented in the Design Manual, “Investigation of
the Modified Beam-in-Slab Bridge System, Volume 3 of 3" of the final report for lowa DOT
project TR-467 (7). Thethird volumeis meant to be adirect supplement of the Design Manual
(Volume 2).
1.3 Design Variables

The design methodology developed was used to create a series of MBISB designs that

arelisted in Appendix A and are based on the following variables:

¢ Bridgelength o Sted yield strength
o Bridgewidth e Concrete compressive strength
e Girder spacing e Depth of cover

Following the information presented in this manual, the tabular design output provides
the information required to specify the member size, spacing, material quantities, etc. needed to

construct the desired MBISB. In addition to the tabular design output, a series of construction



drawings (Appendix B) and a PowerPoint dide show describing the techniques applied during the
construction process of MBISB 2 isincluded to aid in the design and construction process.
1.4 Design Limitations

Limitations on the bridge length, size of members considered, girder spacing and material
strengths were imposed upon the MBISB design methodology. The limitations result from
geometric constrains, strength and serviceability considerations and economic feasibility; these
limitations are described in detail in the following sections.
1.4.1 MBISB Length

The length of the MBISB system ranges from 40 ft to 80 ft with the design length taken
from the centerlines of the supports. The span length is limited for reasons of feasibility; at
lengths of less than 40 ft and in excess of 80 ft other bridge systems become more feasible. The
tabular design output islimited to 5 ft increments, thus nine individual lengths are presented in
Appendix A. For adesired length in this range that is between the lengths provided, one smply
uses the next length (i.e. if one desires a 62 ft long MBISB, use the design information for the
65 ft MBISB).
1.4.2 MBISB Width

The MBISB bridge design widths are limited to 26 ft and 32 ft and are in reference to the
overall bridge width. However, the MBISB design is compatible with the abutment design
widths, 24 ft and 30 ft, presented in lowa DOT final report TR-486 “Development of Abutment
Design Standards for Local Bridge Designs” (8). The 24 ft and 30 ft abutment design width
indicated in the TR-486 report isin reference to the distance between the centerlines of the
exterior girderswhich isthe case in the MBISB design. The additional 2 ft of deck width for the
MBISB design results from the 1 ft overhang on each exterior girder.
1.4.3 MBISB Girder Sze and Spacing

The girder spacing for the MBISB designsis limited by the specified bridge width, the

necessity of the number of girders used being an integer and the diameter of the arched formwork



system. The girder spacing is between 3 ft and 6 ft; the spacing used is based on the number of
girders and the selected bridge width. The arched formwork has not been evaluated for girder
spacing in excess of 6 ft, thus use of awider girder spacing is not recommended.

The W sections considered in the MBISB design criteria are restricted by section depth,
section properties and self weight. The allowable girder depth isrestricted to range from 12 in. to
30in. (nominal depth). Shallower girders are too inefficient for spanning the distances at the
girder spacing considered in the MBISB system while girders with a depth greater than 30 in. are
excluded due to limitations with the custom rolled arched formwork. To satisfy AASHTO LRFD
Bridge Specifications, all parts of the W sections must be at least 1/4 in. thick and meet flange
and web buckling criteria. Sections must also have a flange width equal to or greater than 8 in.
because the arched formwork resting upon the bottom flange requires aledge of at least 1in.

While girders with depths up to 30 in. (nominal) are considered in the MBISB design
criteria, girders with depths greater than the value presented in the second column of Table 1.1
are limited to a girder spacing greater than the spacing listed in the first column of Table 1.1. The
reason for the lower bound on the girder spacing for the deeper sections is due to the formwork; a
circular radius will not geometrically “fit” in agirder spacing that is smaller than the values listed
while maintaining the prescribed minimum slab depth. For girder spacing in excess of 4 ft, all
girder depths considered for the MBISB system are applicable.

The maximum weight/ft for asection is limited to 161 |b/ft; as heavier sections are

inefficient in the MBISB design.

Table 1.1. Maximum girder depth/size for agiven girder spacing.

Girder Spacing | Maximum Girder

(ft) Size
3 W21
3.75 W24

4 w27




1.4.4 Material Strengths

The concrete compressive strengths for the MBISB deck is conservatively specified as
4 ksi. Theremaining concrete materia properties are cal culated based upon the concrete
compressive strength using the relationships presented in the AASHTO LRFD Bridge
Specifications (5). Yield strengths of the longitudinal girders are specified as either 36 ksi or 50
ksi which are readily available structura steels. Theyield strength for the deformed reinforcing

bars used in the concrete deck is specified as 60 ksi.



2. DESIGN OUTPUT PARAMETERS

In this chapter, the procedure for interpreting the MBISB design output isillustrated
following the procedure presented in Chapters 4 and 5 of the Design Guide (Volume 3). The
design example illustrated here utilizes the tabulated design output for a 65 ft long, 32 ft wide
bridge which is presented in Table 2.1 aswell as Table A32.2.65.3 and Table A32.2.65.0in
Appendix A. The exampleis prepared assuming the user has reviewed the other two volumes
(Volumel and Volume 2) of thisfinal report.
2.1 Organization of the Design Output

The MBISB designs cataloged in Appendix A are organized in the following manner.
The designs are grouped by the two stated bridge widths of 26 ft and 32 ft and material strengths.
For each of the two bridge widths, a design was completed for the nine investigated lengths
ranging from 40 ft to 80 ft in 5 ft increments. For each given length and selected bridge width
(26 ft and 32 ft) designs considering two combinations of steel strength and a concrete
compressive strength of 4 ksi are presented. Two cases of cover over the girders, 3in. and 0in.,
are considered for each combination in conjunction with the predetermined girder spacing for a
selected bridge width.  The design output was created with the assumption that the designer
would evaluate numerous combinations for a given span, taking into account construction time,
material cost, and the formwork system to obtain the most efficient design.

More specifically, the presented design example has the following defining criteria:

e Length of the bridge = 65 ft e Sted yield strength = 50 ksi
o Width of the bridge = 32 ft o Concrete compressive strength = 4 ks

o Girder spacing = 6 ft o Depth of cover =3in.



Table 2.1. Design output example for a 65 ft long, 32 ft wide MBISB.

a Material and section properties: f, = 50 ks, f <= 4 ksi, Cover = 3iin.

Ngmber of . Radius of Volume of |Weight of| Interior Exterior | Number of | Diaphragm | Service level | Optional defl.| Water sliding
girders @ Section X . R
spacing formwork concrete steel camber camber | diaphragms| spacing B deflection control force
(in.) (yd"3) (Kips) (in) (in) () (in) (Kips)
W30X116 235 91 45.94 4.25 3.75 2 21 0.642 Y 29.6
W30X124 235 91 49.1 4 3.5 2 21 0.615 Y 29.8
6@ 6 ft W27X129 20.5 86 51.08 4.25 3.75 2 21 0.752 Y 26.9
W24X131 17.5 79 51.88 4.5 4 1 0 0.964 Y 23.6
W30X132 23.5 92 52.27 3.75 3.25 2 21 0.594 Y 29.9
W30X108 235 97 49.9 4 35 2 21 0.61 Y 29.4
W27X114 20.5 90 52.67 4.25 3.75 2 21 0.737 Y 26.6
7T@5ft W30X116 235 98 53.59 3.75 3.25 2 21 0.582 Y 29.6
W24X117 17.5 83 54.05 4.5 4 1 0 0.935 Y 234
W30X124 23.5 98 57.29 3.5 3 2 21 0.557 Y 29.8
W27X102 20.5 95 53.86 4.25 3.75 2 21 0.718 Y 26.4
W27X114 20.5 95 60.19 4 35 2 21 0.676 Y 26.6
8@ 4.291t W24X117 17.5 87 61.78 4.25 3.75 1 0 0.855 Y 234
W21X122 15 80 64.42 4.5 4 1 0 1.09 N 20.7
W27X129 20.5 96 68.11 3.5 3 2 21 0.623 Y 26.9
W24X103 17.5 91 61.18 4.5 4 2 21 0.85 Y 23.6
W24X104 17.5 90 61.78 4.25 3.75 1 0 0.851 Y 23.2
9@3.75ft W21X111 15 82 65.93 4.5 4 1 0 1.073 N 20.5
W24X117 17.5 91 69.5 4 35 1 0 0.791 \% 23.4
W21X122 15 83 72.47 4.25 3.75 1 0 1.007 N 20.7
W21X93 15 89 67.52 5 45 2 19 1.06 N 20.6
W21X101 15 88 73.33 45 4 1 0 0.991 N 20.4
11 @3ft W18X106 12 80 76.96 5 4.5 1 0 1.33 N 17.7
W21X111 15 88 80.59 4.25 3.75 1 0 0.938 Y 205
W18X119 12 80 86.39 4.75 4.25 1 0 1.213 N 18
L/800 =0.975in.
b. Material and section properties: f, =50ksi, f c=4 ksi, Cover =0in.
Number of ) . . . . . . -
girders @ Section Radius of Volume of |Weight of| Interior Exterior Number of D|aph_ragm Service I_evel Optional defl. | Water sliding
spacing formwork concrete steel camber camber | diaphragms| spacing B deflection control force
(in.) (yd"3) (Kips) (in) (in) () (in) (Kips)
W30X116 235 73 45.94 3.5 3 2 21 0.822 Y 26.3
W30X124 235 73 49.1 3.25 2.75 2 21 0.783 Y 26.5
6@ 6 ft W27X129 20.5 68 51.08 3.5 3 2 21 0.964 Y 23.7
W30X132 235 74 52.27 3.25 2.75 2 21 0.753 Y 26.6
W27X146 20.5 67 57.82 3 2.5 1 0 0.884 Y 23.5
W30X108 235 79 49.9 35 3 2 21 0.78 Y 26.1
W27X114 20.5 72 52.67 3.75 3.25 2 21 0.948 Y 234
7@5ft W30X116 235 79 53.59 3.25 2.75 2 21 0.739 Y 26.3
W30X124 235 80 57.29 3.25 2.75 2 21 0.704 Y 26.5
W27X129 20.5 73 59.6 3.25 2.75 2 21 0.865 Y 23.7
W27X102 20.5 77 53.86 3.75 3.25 2 21 0.925 Y 23.2
W27X114 20.5 77 60.19 3.5 3 2 21 0.864 Y 234
8@4.291t W24X117 175 68 61.78 3.5 3 1 0 1.102 N 20.3
W21X122 15 62 64.42 4 35 1 0 1.422 N 17.7
W27X129 20.5 78 68.11 3 2.5 2 21 0.787 Y 23.7
W24X103 17.5 73 61.18 3.75 3.25 2 21 1.102 N 20.5
W24X104 17.5 72 61.78 3.75 3.25 1 0 1.099 N 20.1
9@3.75ft W21X111 15 64 65.93 4 35 1 0 1.401 N 17.6
W24X117 17.5 72 69.5 3.5 3 1 0 1.011 N 20.3
W21X122 15 65 72.47 3.75 3.25 1 0 1.303 N 17.7
W21X101 15 70 73.33 3.75 3.25 1 0 1.285 N 17.5
W21X111 15 70 80.59 3.5 3 1 0 1.206 N 17.6
11@3ft W18X119 12 62 86.39 4 35 1 0 1.583 N 15.2
W21X122 15 71 88.57 3.25 2.75 1 0 1.121 N 17.7
W18X130 12 62 94.38 3.75 3.25 1 0 1.446 N 15.5

L/800 = 0.975in.




2.2 Evaluating Design Output

Once the design parameters are selected and the specific design output is chosen from
Table 2.1, theindividual components, material quantities etc. are determined using information
presented in the following sections.
2.2.1 Girder Slection and Fabrication

The first components specified for the MBISB design are the longitudinal girders since
all of the remaining quantities are functions of the selected girder and girder spacing. The first
five sections (if applicable) that satisfy the design criteria are listed for a given girder spacingin
order of increasing weight with the lightest section listed first. For the design example, W27x129
girders set at a spacing of 6 ft are selected.

The girders selected for the design require the following fabrication: cambering (See
Section 2.2.3) and the coring/torching of holes, including the holes for the ASC, the diaphragm
connectors and the backwall reinforcement. The MBISB design criteria were devel oped with the
girders being cambered to counteract the deflection due to the self weight; such cambering will
most likely be preformed by a steel fabrication shop. If recycled girders without camber are
utilized, the designer may chose to ssmply allow the girdersto deflect, resulting in a concave
deck. However, if the deflection due to the self weight exceeds acceptable limits, temporary
shoring of the girders can significantly reduce the dead load deflection and stress. The design and
placement of such temporary shoring is the responsibility of the designer; in particular, the
compression flanges of the longitudinal girders must be adequately braced in both the positive
and negative moment regions.

The ASC holes (1 1/4 in. diameter on 3 in. centers for the length of the girder) can be
torched or cored with little difference in performance and may be installed by the steel fabricator
or county forces. Coring the holes for the diaphragm connections and the backwall reinforcement

may be performed by the steel fabricator aswell if the quality control of the substructure ensures
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proper aignment. The layout for the ASC and backwall reinforcement holes for atypical W27

section isillustrated in Figure 2.1.

tr+ dasc

#4 or #5 .
i [Future Backwall Reiforeement 15" Typ.
I?ri 00068600000 ®O00O0O0®
d/i2 ! !
1 1
d JT: ® @ !
ASC —1— h : Notes:
l v el @ ! All ASC holesare1 1/4 in.
3 ! | ' diameter, torched or cored at
f . - 3in. centers unless indicated
3 f 33 differently

tr = flange thickness
dasc = diameter of ASC hole

Figure 2.1. ASC and backwall hole layout for the selected W27x129 section.

2.2.2 Sectional Properties, Material Quantities

With the selection of the longitudinal girders, the following criteriaare listed in the
design output, al of which are directly related to the selected girders. The material quantities are
listed to provide aready comparison of costs for the various designs being considered.
2.2.2.1 Radius of formwork

The MBISB design program was created with the assumption that custom rolled arch
sections will be used for the interior formwork. The radius of the arch formwork section which is
equal to 20.5in. for aW27x129 section is calculated based on the depth of both the girder and the
deck. A more detailed discussion of the design, construction and specification of the formwork
system is presented in Section 3.2.
2.2.2.2 Volume of concrete

The concrete volume specified for the deck (85 yards for the 65 ft design example) is
calculated based on the approximated cross section used for all section property calculations. The

final volume of concrete is determined by rounding up to the nearest yard and adding an
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additional yard to account for losses attributed to construction. The concrete volume listed does
not include the concrete needed to complete the backwalls or perform quality control testing.
2.2.2.3 Weight of structural steel

The weight of the required structural steel is calculated based on the length of the span
(centerline to centerline of abutment) plus one additional foot (i.e. 6 in. past the centerline of the
supports). The 65 ft long example design, supported by six W27x129 girders, requires 25.54 tons
of Grade 50 structural steel.
2.2.3 Girder Camber

Cambering the girdersis necessary to counter act deflections due to self weight, future
overlay and barrier rail loads. Dueto alarger tributary area, the deflection of the interior girders
controls the camber. The expected interior girder deflection due to the self weight is calculated
and then rounded up to the nearest 1/4in.  The camber of the exterior girdersis then specified to
thisinterior girder value. An additional 1/2 in. of camber is added to al interior girdersto ensure
afinal convex transverse bridge profile. The interior and exterior camber for the design example
is specified as4.25in. and 3.75 in. respectively.

Asdiscussed in Section 2.2.1, if recycled girders are used, the designer can either allow
the girders to deflect or provide shoring during the construction phase.
2.2.4 Number of Diaphragms and Spacing

The number of diaphragms needed to adequately brace the compression flanges of the
girders during the placement of the deck concrete isafunction of the girder properties, the
unbraced length and the construction loading. The design methodology devel oped considers four
possible bracing configurations with either zero, one, two or three diaphragms; the required
number for a specific design islisted in the Number of Diaphragms column. The positioning of
the diaphragms for the four bracing conditions and the corresponding unbraced lengths are

presented in Figure 2.2.
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d. Three diaphragm case

Figure 2.2. Possible diaphragm layouts for the MBISB design.

For the design output, only the Ly length islisted and the other braced lengths are
calculated based on the information presented in Figure 2.2. Two diaphragms are required for the
design example, corresponding to the bracing configuration shown in Figure 2.2c with the Lg
length listed as 21 ft; the L, length, calculated using the relationship in Figure 2.2c is equal to

22 ft.
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2.2.5 Diaphragm and Diaphragm Connector Design

Channel diaphragm and angle connection sections listed in Table 2.2 are specified based
on the depth of the longitudinal girders. The diaphragm connectors are presented in Figure 2.3
and typical interior bolted connection is detailed in Figure 2.4. The bolt lengths are calculated by
Equation 1; the length and number of diaphragms and connectors needed for a given design are
calculated using Equation 2 and Equation 3, respectively. The design exampleis assumed to
have no skew so the diaphragm connectors can be bolted back to back to save bolts and holes; the
diaphragms are sloped to account for the elevation difference between the longitudinal girders
due to the cross slope and camber.

The design example will require 10 — 68 in. long C15x33.9 A36 diaphragm sections and
20 —-15in. long 5x3x7/16 A36 angle connector sections attached using 36 - 2.5in. x 7/8 in. and
12 -3in. x 7/8 in. A325 bolts assuming the connectors will be bolted back to back. A bridge
cross section showing the installed diaphragms for the design exampleis presented in Figure 2.5.
The designer has the option of specifying a structurally equivalent diaphragm system rather than
the one presented.
2.2.6 Optional Serviceability Deflection Control

AASHTO LRFD Bridge Specification suggests the maximum live load deflection be
limited to avalue equa to L/800, 0.975 in. for the design example. The estimated deflection
presented in the Service Level Deflection column for the design exampleis 0.752 in., which is

less than the required, meeting the serviceability criterion; thisis reflected by the“Y” responsein

Table 2.2. Specified diaphragm sections and connectors based on longitudinal girder depth.

Longitudinal Girders Diaphragm Sections | Diaphragm Connector Length (in.)
(5x3x7/16" angle)

W24 and Up C15x33.9 15
W18 and W21 C10x20 10
W12 and W14 C8x13.75 8

Note: Diaphragms and connectors are fabricated using A36 stedl.
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| | |

é é | 102 T
} 1
7/16"1 J

I I M T HE
212" ‘ 5" ‘ 5" ‘ 21/2" 114" —=— L
1-3" El
Notes:
All angles A36 stedl

All holes 15/16 in. diameter

a. Diaphragm connector for C15x33.9 section

® O— |
f 7 5 Connector A B
116" for (in) | (in)
—L C8x13.75 3 8
T T L C10x20 5 | 10
-

212" A 21/2" | 114
Notes:.
All angles A36 sted
All holes 15/16 in. diameter
b. Diaphragm connector for C10x20 and C8x13.75 sections
Figure 2.3. Diaphragm connection detail.
Egnl

7/8in. diameter A325 Structural Bolt Lengths (in.) =

Two connectors back to back = (2)(Angle leg thickness) + Web Thickness
+ (2)(Washer Thickness) + Nut Thickness =

=(2)(7/16 in.) + (5/8in.) + (2)(5/32 in.) +1 1/8in.=3in
(Round up to nearest 1/4in.)

Single connector = Angle leg thickness + Web Thickness
+ (2)(Washer Thickness) + Nut Thickness =

=(7/16in.) + (5/8in.) + (2)(5/32 in.) +11/8in.= 2.5in.
(Round up to nearest 1/4in.)
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Length of Diaphragms(in.)=S-t,, -3 Ean2
Where:

S=Girder Spacing (in.)

t,,= WebThickness(in.)

Length of Diaphragms(in.) =72in.-5/8in.-3in.=68in.

(Round to nearest inch)

Number of Diaphragms= (Number of Diaphragm Lines)(Number of Girders-1) Eqn3
=(2)(6-1) =10

Number of Diaphragm Connectors=(Number of Diaphragms)( 2)

=(10)(2)=20
" W 27x129
- 10 = Gr. 50 girder
Bolt Length
+ 2 JAJS"
7/8" A325 bolt 1" i
| L ? 212"
—{4»}7 i / 7 —{i}*

L1

\q\/{
11/2" E%N%i
- - 7/16" Notes:
} 5" All holes 15/16 in. diameter
5/8" —=i = All washers 5/32 in. thick

Figure 2.4. Bolted diaphragm connection detail for the design example.
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the Optional Deflection Control column. If aresponse of “N” islisted, the designer can compare
the estimated deflection to the limiting value and make an engineering judgment whether to reject
or accept the design.
2.2.7 Water Siding Force/Floating

An estimated lateral force (design example = 26.94 kips per abutment) due to 6 in. of
water flowing over the bridge at 10 mph is transferred to each abutment. While none of the
MBISB designs will float, there isthe uplift caused by the buoyant force which will reduce
frictional resistanceto sliding. Therefore, the designer is encouraged to take measures to prevent
the superstructure from sliding off the substructure if there is the possibility that such a high water
event could occur.

This completes the information presented in the tabular design output; however,
additional design calculations, such as specifying the cross slope blocks, formwork systems,
reinforcement quantities, etc. must be completed to finish aMBISB design. These additional

calculations are presented in Chapter 3, Design Parameters.
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3. DESIGN PARAMETERS

The information presented in the tabular design output addresses the global requirements
for specific designs but does not include the necessary details to construct aMBISB. This
chapter addresses the additional materials and quantities that are needed to complete a selected
design such as the required reinforcement. Demonstrative calculations are based on the design
example started in Chapter 2. The components not included in the design output are presented in
the following sections.

3.1 Cross Slope Spacer Blocks

AASHTO design specifications for LVRs require a minimum 2% cross slope, referred to
as crown, to ensure proper bridge deck drainage (9). Crown was obtained in the demonstration
bridges by welding a series of steel plates to the abutment caps at the girder support pointsto
obtain the el evation difference necessary for the required cross slope. The plates used must be
large enough to transfer the reaction forces to the abutment without exceeding maximum bearing
stresses. The plates used for MBISB 2 were 12 in. wide with the lengths varied to provide
adequate space for the fillet welds that joined the plates. The top section of the stack must be 2 in.
longer then the flange width of the longitudinal girder to allow for adjustment and the flange tip
weld connection that isinstalled on one end of the bridge. The other end of the bridgeisleftin a
free condition allowing for movement. An example of an installed cross slope spacer block is
shown in Figure 3.1.

The number and thickness of the respective crown spacer blocks is afunction of the
bridge width, the number of girders, and specified crown. Following AASHTO design standards,
the cross slope is set to 2%; the distance between the exterior girdersislimited to 24 ft and 30 ft
as previoudy discussed (9). Table 3.1 and Equations 4 and 5 are presented to calcul ate the
thickness of the crown spacer block under a given girder. The spacer blocks are calculated with
reference to the center line of the bridge and are rounded up to the nearest 1/4 in. with the exterior

girdersresting on the abutment cap. The cross section of the bridge design is considered to be



Figure 3.1. Stack of steel plates for introducing crown in the bridge deck.

Table 3.1. Height of crown spacer blocks for the design example.

Girder Number 6
Distance from Bridge 15
Centerline (ft)

Height of Spacer 0
Block (in.)

Note: The girder spacing is equal to 6 ft for the design example resulting in only 6 girders. If a
smaller girder spacing were selected, more girders would be required and there would be datain
the additional columnsin Table 3.1. The table is meant as atemplate for multiple design

combinations.

Distance from Centerline (ft) = (

Where:

Bridge Width -2

n = number of girder spacings from exterior

Distance from Centerline= (

j—(lx6)=9ft

)— (nx Girder Spacing)
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Egn 5
Bridge Width — 2
2

Height of Crown Spacer (in.) = [ [ j— Distance from Centerline} x0.24

{[&2_2) - 9} x0.24=1.44in.; Round up to =1.5in.

Symmetric about the
centerline of the bridge

Girder 1 Girder 2 Girder 3 Girder 4 Girder 5 Girder 6
- W Section

-‘_ ll u2 3 I | i ~ Stedd SpacerI I
n N Block
f |

Abutment Cap /

Girder Spacing
(6') Typical

<
r

_v

Figure 3.2. Profile of cross slope spacer blocks.

symmetric about the center line of the bridge and can be viewed in Figure 3.2.
3.2 Formwork Design

The MBISB system utilizes unique formwork that can be grouped into interior and
exterior systems the majority of which are modular, allowing for a considerable amount of the
formwork to be constructed and assembled offsite.
3.2.1 Interior Formwork System

As previoudly stated, the MBISB differs from more traditional dab/girder bridge designs
by including atransverse arch spanning between the longitudinal girders. Two different systems
were employed in the forming of the transverse arch for the demonstration bridges; the first
system was a stay-in-place system while the second was a removable/reusabl e system referred to

as the custom rolled arch formwork system.
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3.2.1.1 Stay-in-place formwork

Stay-in-place formwork, consisting of a section cut from a corrugated metal pipe (CMP),
was used for the first demonstration bridge (MBISB 1); a more in depth description of the stay-in-
place formwork is presented in Volumes 1 and 3. The use of stay-in-place formwork is not an
lowa DOT standard practice and islimited in application. Based on the developed MBISB design
criteria, W21 sections spaced at 3 ft and W27 sections spaced at 4 ft readily accept a stay-in-place
formwork system constructed from 1/2 sections of 14 gage 30 in. and 42 in. diameter,
22/3in.x /2 in. CMP, respectively. Dueto the girder spacing used in the design example (6 ft),
the stay-in-place formwork system was not applicable.
3.2.1.2 Removable custom rolled formwork

A removable/reusable formwork system which maximized the amount of concrete
removed by the transverse arch was desired. The custom rolled formwork, constructed from the
same galvanized stedl (2 2/3 in. x /2 in. corrugation) normally used to construct CMP was
developed to efficiently form an arch between the girders. Anindividua arch formwork section
consisting of two 24 in. wide components (nomina width) rolled to the radius specified in the
design output establishes the depth of the concrete deck. There must be strict quality control
during the rolling process to ensure proper fit. The manufactures that rolled the arched sections
for this project arelisted in Appendix C. The dimensions of the individual components for the
design example are presented in Figures 3.3aand 3.3b; the patterns of 5—3/4in. x 1/4in. Grade 5
cap screws used to connect the sections are shown in Figure 3.3c.

The number of individual arched sections required for the demonstration bridge can be
calculated using the relationships in Equation 6. Assembly of the individual sections was aided

through the use of ajig; the assemble processisillustrated in Figure 3.4.
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c. Layout of cap screws for the
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Figure 3.3. Individual arched formwork section dimensions.

Number of arched sections required per bay :(

Where:

Length = Centerlineto centerlineof abutments

[

2

Length - 1ft
2

65ft -

Egn 6

)

1ftj = 32 Sections

Total number of sections = number of arched sections per bay x number of bays

= 32 Sections/bay x 5 bays=

160individual sections
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a. Jig for assembling individual components b. Jig with first component in position

c. Individual components clamped in d. Completed individual arched section
preparation of drilling the bolt holes

Figure 3.4. Assembly process of the individual arched sections.

To expedite the in-field construction process, the individual sections can be bolted
together in groups of 4 or 5, forming batteries that are then installed on the bridge. The individua
sections are joined together with 4 — 1 in. x 1/4 in. Grade 5 bolts per joint following the sequence
presented in Figure 3.5. Theindividual sectionsthat make up a battery are positioned in an
‘over/under’ configuration as shown in Figure 3.6 to prevent the entrapment of the individua
sections. Dueto the many different configurations that the batteries can take, the specific battery

layout is |eft to the designer.
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c. Bolting the individual sections together d. Moving completed battery to storage

Figure 3.5. Assembly of the formwork batteries.

Individual Formwork

Sections
\ l \ | \
| | I |
Linesof 1" x 1/4" Grade5 / \>\
Cap Screws Overlap One

Corrugation

Figure 3.6. Typical ‘over/under’ battery layout configuration.

When ingtalled between the longitudinal girders, the batteries and individual sections

were held in place with wooden spacer blocks spaced at 2 ft. intervals aong the length of the
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3/8" Plywood Shim (Required
Wooden spacer block 4 (Req

1 only on Exterior Girder)
W27x 129
Gr.50 Girder \ 23/4" ‘ 13/4"
L 4" | 234"
\ \ W A Lae

112" L

J 7/16" )\E

459
23/8"

10"

a. Wooden spacer block b. Installed wooden spacer block on atypical
exterior girder

Figure 3.7. Wooden spacer block for securing the custom rolled formwork.

girder. The design details of the wooden spacer blocks are presented in Figure 3.7 and the

number of blocks needed in the example design is calculated using Equation 7.

Number of spacer blocks= ((Length)+ 3) x number of bays Eqn 7
Where:
Length = Centerlineto centerlineof abutments

—((65ft)+3) x5= 355
(Round up to nearest integer) = 355

3.2.2 Exterior Formwork System

The developed design criteriarelies on composite action for all longitudinal girders,
therefore, the exterior girders must also have the ASC which requires the full development of the
transverse reinforcement. A deck extension (i.e. overhang) consisting of a12 in. x 12 in. block of
concrete cast on the exterior side of each exterior girder provides the necessary length. The

overhangs for MBISB 2 were formed using the system described in the following sections.
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3.2.2.1 Exterior formwork panels

The 8 ft modular exterior formwork panels are constructed with 2x4 studs and 3/4 in.
plywood. The exterior panels also establish the final deck elevation, in the case of the design
example 3 in. above the top flange of the W27x129 girders, which requires the height of the
formwork panel to be 30 5/8 in. Since the exterior formwork panels are designed to be reusable
with different height girders, the final 5/8 in. is obtained by placing a shim under the panels. Plans
for atypical exterior panel are shown in Figure 3.8; the number of 8 ft exterior panels required for

the design can be calculated using Equation 8.

12
12"

73/4" Plywood Facia|

&)

2 x 4 Studs and Plates

Figure 3.8. Typical exterior formwork panel.

3.2.2.2 Exterior formwork supports

The exterior formwork panels are supported by the exterior formwork supports
which are constructed from 3x3x1/4 A36 angles that are clamped to the bottom flange of the
exterior girders at a maximum spacing of 36in. An “exploded” view of an exterior formwork

support and the individual components which make up the exterior supports are presented in
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) Eqgn 8
Length 1ft)>< 5

Number of 8ft formwork panels= ( St

Where:
Length = Centerlineto centerlineof abutments

[ 65ft-1ft
8ft
(Round up to nearest eveninteger)

Jx 2=16panels

Figure 3.9. The number of exterior formwork supports required for the design exampleis
calculated using Equation 9.  Figure 3.10 illustrates a fully installed exterior formwork panel,

including the wire ties that hold the exterior panelsin place, asused in MBISB 2.

— 4 3x3xuaxe’

—

W 27 x 129
Exterior formwork panel \ / 3.1/2" -1/2" Grade5 bolts

\ ! e 1/2" washers
= 3x3/8x6" PL
& 1xaxuaxa’ ‘:f:' ‘:f:/ X
ﬁ \ ‘ Wooden Clamping Blocks
5/8" plywood shi m\m m/
2|
— 3x3x1/4x30"
i i ‘ / é
||
b e
== 3/4 Washer | | Note:
DJ]] Aﬂ\m Washefﬁ T All angle and plate
| 1/2" Nuts Di]] sections A36 stedl

a. Exploded view of the exterior formwork support

Figure 3.9. Exterior formwork support and its corresponding components.
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Figure 3.9. Continued.
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Number of exterior formwork supports= H( 3t

(Length-lft)ijlﬂ><2 Eqn 9

Where:
Length = Centerlineto centerlineof abutments

= (—GSft'lft)J+1 x 2= 44.67
- 3ft S

(Round up to nearest even integer) = 48 supports
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Figure 3.10. Installed exterior support and formwork used in MBISB 2.

3.3 Backwall Formwork
Concrete backwalls at each end of the MBISB are designed to retain the approach soil
and “tie” the end of the bridge together. The backwall design presented here is a suggestion

based on prior implementation; the designer may chose to design a structurally equivalent
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backwall if desired. The design has been revised; the backwall used in MBISB 2 was too
conservative. In the revised backwall, the amount of reinforcement is reduced and the backwall

is positioned to provide adequate cover at the ends of the girders. The 12 in. thick backwall is
cast between the longitudinal girders and rests atop the abutment cap. Required reinforcement for
the backwall is presented in Section 3.4.1.1. Typical wooden formwork panels and standard 12
in. snap ties are used to form the backwall. The formwork panels on the soil side of the backwall
are constructed to match the final deck elevation.

During construction of the deck, the interior side of the backwall serves asavertical
surface to retain the interior arched formwork. Thus, the backwall is placed in two stages, the
first placement raises the backwall elevation to approximately 1 in. above the bottom of the future
deck. The remaining portion (second placement) of the backwall is completed when the deck
concreteis placed. After adequate curing, the interior backwall formwork is removed and the
interior arched formwork is matched to the backwall. Calculating the volume of concrete for the
backwallsis|eft to the designer. Theinstalled backwall formwork for future MBISBs and the
abutted custom rolled formwork, as used in MBISB 2, are shown in Figure 3.11.

3.4 Reinfor cement

The tabular design output does not provide information on the reinforcement required for
the desired MBISB due to the large number of design combinations. Once a specific design is
selected, the reinforcement required, including temperature and shrinkage reinforcement
(T &9), can be calculated using the following criteria.

3.4.1 Transver se Reinforcement

The transverse reinforcement needed for a MBISB design consists of the reinforcement
for the backwalls and deck. Due to the arched deck, the only reinforcement required in the deck
isthe transverse ASC reinforcement; therefore, al the transverse reinforcement in the deck slab is
#5 Grade 60 reinforcing bars. The layout and dimensions of the reinforcement are presented in

Figure 3.12; the reinforcement lengths presented are prior to the bending of the 180 degree hook.
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b. Custom rolled arched formwork abutted to the backwall as used in MBISB 2

Figure 3.11. Backwall construction.
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Figure 3.12. Transverse ASC and backwall reinforcement.

3.4.1.1 Backwall reinforcement

The amount of reinforcement required for the presented backwall design is afunction of
the depth of the selected longitudinal girders. The placement of the lines of reinforcement
required to complete a single backwall based on the selected sectionisillustrated in Figure 3.13
and listed in Table 3.2. Therefore, 6 lines of reinforcement are needed for each backwall for the
design example. Closed loop stirrups, consisting of #3 Grade 60 reinforcing bars, are spaced on
12 in. centers within the bays to provide confinement and shear reinforcement and to satisfy
maximum spacing criteria. A total of four additiona stirrups (two per exterior overhang) are
provided for the portions of the backwall outside of the exterior girders to confine the hooked
ends of the transverse reinforcement. The dimensions of the stirrups needed for the design
example are presented in Figure 3.14; based on the bridge width and girder spacing, atotal of 58

stirrups are required (see Table 3.3).
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l [ Future Backwall #5 Reinforcement
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Notes:

All holes=1 /4 in. diameter, torched or
- : cored on 3 in. centers unless otherwise
indicated.

d = Depth of section, in.

tr = Hange thickness, in.

a W14 and W18 Sections

e T

dr2 i ’ i

e

ASC i |
s

b. W21, W24, W27 and W30 Sections

Figure 3.13. Layout of backwall reinforcement.

Table 3.2. Lines of backwall reinforcement required per backwall.

S(_alected W14 | W18 | W21 | W24 | W27 | W30
Girder

Lines of 4 | 2| 6| 6| 6 | 6
Reinforcement

3.4.1.2 End stiffening reinforcement
The arched deck requires the ends of the bridge deck to be stiffened, confining the arches

in the longitudina direction; thisis accomplished by placing 5 lines of reinforcement inside each
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Figure 3.14. Typical closed loop stirrup.

Table 3.3. Number of closed loop stirrups required per backwall.

Girder Spacing Closed Loop Stirrups

(ft) 32 ft Wide Bridge 26 ft Wide Bridge
6 29 24
5 28 -

4.8 - 24

4.29 25 -
4 - 22

3.75 28 -
3 28 20

backwall (See Figure 2.1 and 3.13). Thefivelines of reinforcement are run through the ASC
holes, similar to the backwall reinforcement and the remaining deck reinforcement. When
calculating quantities of reinforcement, the fifth line of reinforcement on each end is considered

thefirst line of ASC reinforcement spaced on 15 in. centers. Therefore, atotal of 8 lines of
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reinforcement are considered for the end stiffening when calculating the total transverse
reinforcement.
3.4.1.3 Tota transverse reinforcement

Through the implementation of the arched deck, the require reinforcement is reduced to
only that which is required in the ASC, resulting in lines of #5 Grade 60 reinforcement spaced on
15in. centers. Thetotal amount of reinforcement for aMBISB design is calculated by summing
the reinforcement required for the backwall, the end stiffening, and the deck reinforcement by
using Equation 10. Seventy lines of transverse reinforcement, meeting the requirements
presented in Figure 3.12, are needed in the 65 ft design example. The length in Equation 10 isthe
out to out length of the bridge, 66 ft, assuming the bridge extends 6 in. past the centerline of

supports.

TR = ((Linesof backwall reinforcement) x 2) + ES+ (Length — (3 1/2))x Bs  Edn 10

Where:

TR = Total number of linesof transversereinforcement
ES=Linesof End Stiffening reinforcement =8

Length = Out to out bridge length, ft

BS= Bar spacing coefficient =12"/15" = 0.8

=((6)* 2) +8+ (66ft — 3.5ft)* 0.8=70 lines
(Round up to nearest integer)

3.4.2 Longitudinal Temperature and Shrinkage Reinforcement

While the reinforcement required for the MBISB system is reduced to the transverse steel
completing the ASC, additional longitudinal reinforcement is needed to control cracking due to
temperature and shrinkage effects. The number of lines of #4 reinforcing bars specified for this
purpose is afunction of the number of bays and the bridge width. The reinforcement is

distributed within abay in the following manner: A lineof T & Sreinforcement is placed 18 in.



37

from each girder web, the resulting distance between the reinforcing bars is divided into equal
spaces for placement of theremaining T & Sreinforcement. The maximum spacing between the
remaining longitudinal reinforcement is12 in.

Three additiona “lines’ of T & Sreinforcement are placed in each overhang to provide
both crack control and continuity, adding six lines of reinforcement. A typical layout of the
longitudina reinforcement for the design example is shown in Figure 3.15. Thetotal number of
lines of reinforcement required, including the overhang reinforcement, (26 lines of #4 Grade 60

reinforcement for the design example) arelisted in Table 3.4. The longitudinal layout and the

3—4al, 4a2 1y |12 12| 12| 18
Exterior Rel nforcernent1 T T T T
—ﬂ 4a1,42T & S
Reinforcement
Bay #1
L]
12" Girder Spacing =6 Abutment Cap

Figure 3.15. Typical layout of the longitudinal T & S reinforcement.

Table 3.4. Longitudina T &S reinforcement quantities.

Girder Spacing Lines of Reinforcement
(ft) 32 ft Wide Bridge 26 ft Wide Bridge
6 26 22
5 24 -
4.8 - 21
4.29 27 -
4 - 18
3.75 22 -
3 16 14
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Figure 3.16. Typical longitudinal layout of the T & S reinforcement.

Table 3.5. Number and lengths of the longitudinal T & S reinforcement.

B Bridge Length (ft)
ar
Marks | 40 45 50 55 60 65 70 75 80

Number and length of T & S reinforcement

4al 2-200 | 2-200 | 2-200 | 2-200 | 3-200 | 3-20' | 3-20° | 4-20' | 4-20
4a2 1-4 1-9 1-14 | 1-19 | 1-6 1-11 | 116 | 1-3 1-8
Note: Bridge length = centerline to centerline of abutments

needed lengths of the T & S reinforcement needed for the given bridge span are presented in
Figure 3.16 and Table 3.5. For the design example, atotal of 78 - 20 ft #4 bars (4al) and
26 - 11 ft #4 bars (4a2) are required to complete the 26 individual “lines” of T & S reinforcement.
3.4.3 Transver se Temperature and Shrinkage Reinforcement

For designs that include the 3 in. cover, such asthe design example, transverse T & S
stedl (#3 Grade 60 deformed reinforcing bar) is required to control cracking and confine the
concrete above the girders. Thetransverse T & Sreinforcement rests on 3/4 in. chairs set on top
thelongitudinal girdersand is spaced at 15 in. centers, in between the spacing of the transverse
ASC reinforcement. Figure 3.17 illustrates the positioning of the transverse reinforcement and
the lengths of the individual bars based on the bridge width. The number of lines of transverse

reinforcement for a given bridge span (centerline to centerline of the abutments) islisted in
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Figure 3.17. Layout of transverse T & S reinforcement.

Table 3.6. Lines of transverse T & S reinforcement based on bridge length.

Bridge Length (ft)
40 | 45 | 50 | 55 | 60 | 65 | 70 | 75 | 80
Linesof #3 Grade60 T & S reinforcement
32 | 3 | 40 | 4 | 48 | 52 | 56 | 60 | 64
Note: Bridge length = centerline to centerline of abutments

Table 3.6. For the design example, 52 lines of #3 Grade 60 reinforcement consisting of a 20 ft
section (3al) and a 13 ft section (3a2) per line are required.
3.5 Tension Rodsand Clips

Threaded tension rods are installed to stabilize the bottom flanges of the longitudinal
girders and maintain constant girder spacing during construction. Clips that attach to the bottom
flange are used to connect the tension rods to the bottom flanges to avoid welding on a fracture

criticd member. The tension rods can also be used to remove sweep that may be present in the
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girders. A schematic of the tension clip for the W27x129 girders used in the design exampleis
shown in Figure 3.18.

A minimum of two lines of tension rods must be installed prior to the placement of the
concrete for designs with zero or one line of diaphragms. For designs with a greater number of
diaphragms (two or three), aline of tension rodsis placed at the midspan of each longitudinal
section defined by the diaphragms and the abutments. The length of an individual tensionrodisa
function of the girder spacing; a schematic of atypical installed tension rod is shown in
Figure 3.19. After adequate curing of the deck concrete, the tension rods and clips can be
removed and stored for future use.

Threelines of 3/4 in. diameter A36 threaded tension rods are needed for the design
example with five 94 in. rods per ling; thus atotal of 15 rods are required. Two tension clips are

required per rod; therefore 30 clips are needed.

v :
38" i i
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1 ! ! 1
{ Lo b Notes:
o - Vo Both 2x2x3/8" angles must be
278 - Vo welded
- b All angle sections A36 stedl
J - ; .
] ]
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] ]
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Figure 3.18. Tension clip for restraining the bottom flanges of the W27x129 girders.
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Figure 3.19. Typical layout of the tension rods and clips.

3.6 Guardrails

The guardrail for the MBISB system is left to the designer to specify; however, the
design methodology assumes the selected system will have aweight of less than 100 plf. If the
chosen system has a larger self weight, additional analysis should be performed by the designer.
Examples of previously used guardrail systems are presented in the PowerPoint dide show
contained in Chapter 4 of this document aswell asin Volumes 1 and 3.
3.7 Summary of Design Example

Chapters 2 and 3 have provided information on the members, materials, and quantities
required for the construction of the desired MBISB. In this design example, the following design

criteriawere used:

¢ Bridge length = 65