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Executive Summary
There are four primary objectives in the current study:

1. Investigate the performance of previously implemented fiber-reinforced polymer (FRP)
vehicle bridges and FRP bridge girders.

2. Identify three viable, non-proprietary, bridge girder alternatives for further analysis and
development for use in extremely aggressive environments.

3. Evaluate and apply existing design criteria as described in AASHTO LRFD-7 and LRFD-FRP for
each alternative for simply supported bridge spans ranging from 30 ft to 75 ft.

4. Perform a comprehensive alternatives analysis which considers cost, design methodology,
materials, manufacturing, constructability, maintenance, and service life.

A total of five vehicle bridges in the U.S. were identified that utilize all-FRP girders as the primary
flexural element to resist shear and bending along the span length. Two bridges in Virginia, constructed
in 1997 and 2001, rely on pultruded double-web I-beams (DWBs) produced by the Strongwell
Corporation to support a laminated timber deck with an asphalt overlay. The first bridge spans 18 ft and
uses 8-in-deep DWBs spaced at 12 in on center. The second bridge spans 39 ft and uses 36-in-deep
DWBs spaced at 42 in on center. The Texas DOT completed two demonstration bridges in 2005 and
2007 that utilize glass FRP U-girders with span lengths of 30 ft (x two spans) and 50 ft, respectively. Both
of these bridges incorporated a cast-in-place reinforced concrete deck with cast-in-place barriers.
Finally, the Kings Stormwater Channel bridge near the Salton Sea in California utilized concrete-filled FRP
tubes (CFFTs) to support a pultruded FRP bridge deck. This bridge was completed in 2001 and then
replaced in 2013 due to durability concerns with the FRP bridge deck. The CFFT girders did not present
any maintenance or durability concerns during 12 years of service.

Three different FRP manufacturing methods were identified as potentially viable for FRP bridge
girders in the current study: (1) vacuum-assisted resin transfer molding (VARTM)/vacuum infusion
processing (VIP), (2) pultrusion, and (3) filament winding. VARTM/VIP allows the greatest flexibility with
regards to U-shaped girder dimensions and laminate architecture (i.e., thickness and fiber orientation
angle). The primary disadvantage associated with VARTM/VIP is that producing an individual girder is
labor intensive. Pultrusion is a highly mechanized process that is capable of producing high volumes of
structural shapes, but a major disadvantage is the high cost of tooling required for a specific girder
geometry. Another disadvantage is that the fiber orientation angle is constrained to the primary axis
direction of the girder. Some off-axis strength can be obtained, but this is usually limited. Filament
winding can be used for the production of CFFT girders. The main advantages of this method are a
relatively high fiber volume fraction and a low percentage of voids in finished parts. Disadvantages
include the fact that fiber orientation angles typically limited to ~10 degrees by the winding angle
capabilities of the filament winder. Higher winding angles result in CFFTs capable of providing high
levels of confinement, but the strength and stiffness in the primary direction of the girder is relatively
low compared to pultruded or VIP/VARTM produced girders.

Three general girder geometries were chosen for further investigation and evaluation: (1) hybrid
FRP/concrete-filled U-girder, (2) hybrid FRP/concrete-filled tube, and a (3) pultruded double-web I-
beam. The objective of this phase of the study was to determine the required amount of FRP material
and associated costs for each alternative over a range of span lengths between 30 ft and 75 ft. All three
options were assumed to develop full composite action with an 8-in-thick cast-in-place reinforced
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concrete deck. A generic 32-ft clear-width (two 12-ft lanes with 4-ft shoulders) roadway cross-section
was adopted and simply-supported span lengths of 30 ft, 40 ft, 50 ft, 60 ft, and 75 ft were evaluated for
each alternative. The number of girders per span was varied from between four and 12.

For the FRP U-girders, two design methods were investigated. The first method relied on AASHTO
distribution factors to determine the single-girder structural demand. The second method involved
finite element analysis of the entire bridge, combined with structural optimization techniques to
determine the most efficient girder geometry. The CFFTs were evaluated exclusively using the AASHTO
distribution factor method, and the DWB alternative was evaluated using finite element analysis.
Results indicate that the hybrid FRP/concrete U-girder is the most efficient and cost-effective
alternative. The girder cost per square foot for the U-girder alternative ranges from just over $40 per
square foot of bridge deck for a 30-ft span to $140 per square foot for the 75-ft span. These estimates
include the costs for materials and manufacturing of the FRP U-girder and the cast-in-place concrete
required to fill the girder on-site. Additional costs associated with placing the girders and the cast-in-
place reinforced concrete deck are not included.

Existing AASHTO, ACI, and ASCE design guidelines ensure the long-term durability of FRP
components by requiring vinylester resins with a final glass transition temperature ranging between
180°F — 212°F. Strength reduction factors for glass FRP (GFRP) ranging from 0.5 for aggressive
environments to 0.65 for normal environments are also used to limit the maximum stress the material
can experience at the strength limit state. The long-term effects of fatigue and creep rupture of GFRP
are further mitigated by applying an additional strength reduction factor of 0.2. These two reduction
factors combine to effectively limit the maximum tensile stress experienced by GFRP under service load
conditions in an extremely aggressive environment to 10% of the manufacturer’s specified tensile
strength. A comprehensive review of previous research on the durability of FRP materials for civil
infrastructure completed by the Advanced Structures and Composites Center at the University of Maine
indicates that the actual strength reduction factor for a 100-year service life in a South Florida
environment ranges from 0.71 to 0.98. The primary long-term durability concerns for GFRP exposed to
ambient environmental conditions are related to fading and chalking of the outer surface. Aslongas a
sacrificial gelcoat or polyamide epoxy paint is applied to protect the underlying glass reinforcement, the
required service life of 75 years should be achieved with existing GFRP systems.
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1. Introduction

Fiber-reinforced polymers (FRP) have a well-established history in the bridge industry. The most
prominent applications of FRP to date have focused on pultruded bridge deck panels, internal
reinforcement for concrete elements (e.g., FRP rebar), and externally bonded FRP strengthening systems
for existing structures. Beginning in the mid 1990s, flat-panel FRP bridge systems were developed for
short-span applications (less than 20-ft span length). These units consisted of top and bottom panel
plates connected by a honeycomb core. Contact with several state and local transportation agencies
indicated that many of these bridges were still in service as of 2016. The primary concerns or
maintenance issues for these short-span FRP bridge systems involved minor damage due to guard rail
impact and the durability of the bond between the FRP top panel and the polymer concrete overlay that
serves as a friction course and wearing surface.

The objective of the current study was to investigate existing alternatives for FRP bridge girders in
extremely aggressive environments—essentially saltwater marine environments in coastal areas—
around the state of Florida. The span length of interest ranged from 30 ft to 75 ft (medium span
bridges), and the most common anticipated application includes bridges with limited freeboard that are
subject to high levels of saltwater spray. The low-rise relief bridge over the Halifax River (Intracoastal
Waterway) in Port Orange, Florida, is an excellent example of where FRP composite bridge girders are
potentially useful (Figure 1). This cast-in-place reinforced concrete slab bridge superstructure is
currently performing very well, but past experience suggests that as chlorides diffuse through the
concrete cover or flexural cracks begin to provide direct access for saltwater, the reinforcing steel will
begin to corrode. The likelihood of achieving the desired 75-year service life for bridge structures like
this one is generally low.

Figure 1. Low-rise relief bide on Dunlawton aueway in Port Oran'gh-e, FL.

The advantages of FRP composite materials in extremely aggressive environments are well-
documented. The primary motivation for incorporating these materials is their high resistance to
corrosion combined with a relatively high tensile strength compared to steel. Current FDOT FRP
guidelines[1] allow for the use of carbon and/or glass FRP (CFRP/GFRP) reinforcing bars in bridge decks,
flat-slab superstructures, and other bridge pier elements not in direct contact with water. Prestressed
CFRP strands can also be used in round and square piles. At present, however, the use of pultruded FRP
elements or vacuum infusion-processed (VIP) FRP elements is limited to pedestrian bridge applications
or bridge fender systems. The current study seeks to evaluate and extend existing AASHTO, ACI, and
ASCE guidelines to incorporate FRP structural shapes for use as bridge girders.
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Another major goal of the current study is to evaluate the short and long-term economic viability of
different FRP bridge girder alternatives. It is generally accepted that incorporating large quantities of
FRP in any bridge project will increase the initial cost of the structure, but there is currently little
information available on the expected initial costs of FRP bridge girder for 30-ft to 75-ft span lengths.
While this research stops short of a full life-cycle analysis that compares the total design, fabrication,
construction, operations, maintenance, and decommissioning costs for FRP bridge girders compared to
traditional materials (e.g. steel and reinforced concrete), it does seek to lay a solid foundation for
determining the materials and manufacturing costs associated with FRP bridge girders for medium-span
bridges.

Chapter 2 provides a comprehensive review of existing AASHTO design guidelines for the use of FRP
materials in bridge applications. The focus of this chapter is on establishing the relevant limit states and
evaluation criteria from LRFD-7 [2] and the AASHTO LRFD Design Specifications for Concrete-Filled FRP
Tubes for Flexural and Axial Members (LRFD-FRP [3]). Other relevant documents from ACI and ASCE are
also highlighted. Chapter 3 provides an overview of FRP materials characteristics and manufacturing
methods that are applicable to bridge girder applications.

Chapter 4 includes a survey of existing vehicle bridges in the US that have incorporated FRP
materials as the primary elements for resisting flexure and shear. This includes a number of short span
bridges (< 20 ft) that are 100% FRP as well as five medium span bridges that utilize FRP girders with
different deck materials (laminated timber, reinforced concrete, and FRP deck panels). A simple survey
was developed to assess the performance of these FRP bridges from the perspective of the entity that is
currently responsible for operations and maintenance. The only major problems identified for the short
span bridges related to impact damage resulting from vehicle collisions with the guardrail and
debonding of the polymer concrete overlay that serves as a wearing surface and friction course. Girders
on the medium span bridges have performed very well since construction. Four of the five bridges are
still in service after more than 10 years, and the one bridge that was removed from service was
experiencing maintenance and durability issues with the FRP deck. In spite of the problems with the FRP
deck, the concrete-filled FRP tube (CFFTs) girders were never a concern. Chapter 4 also includes a brief
discussion of the Hillman Composite Beam (HCB), the Concrete Arch Bridge System (CABS)—formerly
known as “Bridge-in-a-Backpack” —and several examples of FRP bridges from Europe.

Chapter 5 provides a brief glimpse into current research and development work related to
composites in the aerospace industry. The disadvantages associated with composites for bridge
applications (e.g. low modulus of elasticity, essentially non-ductile failure modes, interlaminar
delaminations, and high initial fabrication costs) are also concerns for aircraft structures. One of the
major goals in the aerospace industry is to transition from parts produced in an autoclave to parts
produced using vacuum infusion processing (VIP) or vacuum assisted resin transfer molding (VARTM).
To accommodate the reduction in material properties for VIP/VARTM parts compared to autoclaved
parts, researchers are investigating 3-D stitching and integrating pultruded rods into structural panels.

Chapter 6 summarizes the three alternatives chosen for further analysis and refinement based on
the findings from the literature review and survey of current FRP bridge owners. The three alternatives
selected include:
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e Hybrid FRP/concrete U-girder
e Concrete-filled FRP tube
e Pultruded double-web I-beam (Strongwell DWB 36)

Chapter 7 describes the design space variables included in the current study to determine the FRP
material requirements for medium span bridges. Chapter 8 takes a closer look at the four limit states
used to evaluate the suitability of a proposed FRP cross-section. The limit states investigated include
maximum concrete compressive stresses, maximum deflection criteria, fatigue and creep rupture, and
ultimate strength (flexural and shear). Several proposed models for evaluating the shear strength of a
hybrid FRP/concrete cross-section were evaluated to determine the influence of different laminate
architectures. A new model for determining the strength contribution of the FRP section that is based
on the ultimate shear strength of the FRP laminate is also proposed.

Chapter 8, Chapter 9, and Chapter 10 describe the structural analysis and optimization performed
for each alternative girder type. Two unique design methodologies were investigated for the FRP U-
girder. The first involves AASHTO distribution factors for determining the structural demands imposed
on a single girder. The second method involves developing a finite element model of the entire bridge
structure and relying on structural optimization techniques to determine the most efficient girder
geometry required to satisfy the limit state criteria. The CFFT option was evaluated exclusively using the
AASHTO distribution factor method. Finite element modeling was used to capture the effects of shear
deformations for the DWB alternative and determine the number of girders required to meet the
deflection criteria for a given span length.

Chapter 11 provides a side-by-side comparison and alternatives analysis for each of the three
options. Factors evaluated include: design methodology, materials and manufacturing methods,
constructability, maintenance, and service life. Finally, Chapter 12 provides conclusions and
recommendations for future research.
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2. Existing Standards, Specifications, and Guidelines

The literature review completed in Task 1 involved identifying existing standards, specifications, and
guidelines that are relevant to FRP in civil infrastructure. The objective of this review was to summarize
the general design philosophy, applicable limit states, and basic material strength requirements for each
organization. The primary focal point is the collection of guide specifications produced by AASHTO.
Existing documents from the American Concrete Institute (ACl) and the American Society of Civil
Engineers are also discussed. Finally, existing guidelines from the FRP pultrusion industry and the
aerospace industry are highlighted.

2.1 AASHTO
Five AASHTO documents were identified and reviewed during Task 1:

e AASHTO LRFD Bridge Design Specifications, 7" Edition, 2014

e AASHTO LRFD Guide Specifications for Design of Concrete-Filled FRP Tubes, 1°* Edition, 2012

e AASHTO LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete Bridge Decks
and Traffic Railings, 1°* Edition, 2009

e Guide Specifications for Design of FRP Pedestrian Bridges, 1°** Edition, 2008

e AASHTO Guide Specifications for Design of Bonded FRP Systems for Repair and Strengthening of
Concrete Bridge Elements, 1% Edition, 2012

2.1.1 LRFD Bridge Design Specifications

The general design philosophy, limit states, and loading requirements defined in the LRFD Bridge
Design Specifications (LRFD-7) provided the general framework for evaluating FRP bridge girder
alternatives in the current study. The governing design equation for the LRFD method ensures that the
factored force effects that develop in a structural element for specified limit states are less than or equal
to the factored resistance provided by the structural element:

Somi-7i-Qi<P-R,=R, (Eq. 2-1)

where
7; = load modifier to account for combined ductility, redundancy, and importance
factors (note: 77; varies between 0.95 and 1.0. For the current study, this value
will be taken as 1.0 (conservative) for all cases).
7; = load factor applied to different force effects

(); = force effect (e.g. shear, moment, or axial load that develops at a specified

location for the structural element)

& = resistance factor applied to nominal resistance (varies depending on force
effect type and material used in structural element)

R,, = fominal resistance of structural element

Rr = factored resistance of structural element
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2.1.1.1 Limit States
LRFD-7 identifies the following limit states that must be considered in design:

e Service Limit State: Restrictions or limitations imposed on stress, deflections, and crack widths
under regular service conditions.

e Fatigue and Fracture Limit State: Fatigue limit is a limit on stress range that results from a
standard design truck. The fracture limit state is defined for different materials in the AASHTO
Materials Specification.

e Strength Limit State: Ensures that adequate strength and stability are provided throughout the
service life of the structure.

e Extreme Event Limit State: Ensures the survival of a bridge during an extreme event (e.g.
earthquake, vessel or vehicle impact, or ice flows). This limit state will not be considered in the
current study.

Depending on the material under consideration for a particular structural element, different criteria
are established for each limit state. The differences are most pronounced in the Service and
Fatigue/Fracture Limit States. Different ® factors are also applied in Equation 1 for different limit states
depending on the material of the element being evaluated. The AASHTO LRFD Guide Specifications for
Design of Concrete-Filled FRP Tubes (LRFD-FRP) relies on LRFD-7 to establish the criteria for determining
force effects, Q;, and load factors, vi, in Equation 1.

2.1.1.2 Ductility
The AASHTO requirements on ductility for structural elements pose the greatest challenge for
incorporating FRP composite girders in highway bridges:

The structural system of a bridge shall be proportioned and detailed to ensure the development of
significant and visible inelastic deformations at the strength and extreme limit states before failure.

For FRP composite structures, the deformations experienced under service loads typically control
the design and proportioning of structural elements. The resulting stresses that develop at strength
limit states are considered to be sufficiently low and concerns of failure by sudden rupture of FRP
composites are minimized. The primary mechanism used to ensure that sudden, non-ductile failures do
not occur in FRP composite elements involves manipulating the strength reduction factor, @. For steel-
reinforced concrete beams that exhibit ductile behavior (i.e., tension-controlled), a strength reduction
factor of 0.9 is used. For tension-controlled prestressed concrete beams, the strength reduction factor
increases to 1.0. For FRP-reinforced sections, the strength reduction factor is reduced to between 0.55
and 0.65, depending on the degree to which concrete crushing occurs at the strength limit state.

2.1.1.3 Deflection Control

Section 2.5.2.6.2 of LRFD-7 establishes criteria for deflections due to live load. These criteria are
intended to limit undesirable psychological effects that occur when users experience vibrations or other
load-induced motion of the structure. The live load portion of the Service 1 Load Combination (including
the dynamic impact factor, IM) is used to calculate the live load deflection. LRFD provides the following
limitations on live load deflection if no additional criteria are provided by the owner:
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L/800 (vehicular traffic only)
L/1000 (vehicular and pedestrian traffic)

2.1.1.4 Other General Criteria
Additional factors from LRFD-7 that will be included in the current study include:

Durability — The ultimate goal is to achieve a 75-year design life in extremely aggressive marine
environments.

Inspectability — Any significant damage that occurs to structural elements due to overloading or
other durability-related issues should be visible to inspectors under typical bridge maintenance
operations.

Maintainability — FRP composites are susceptible to damage from UV radiation. This is typically
mitigated through external coatings. Careful consideration will be given to painting
requirements throughout the service-life for FRP elements depending on their level of exposure
to UV radiation. LRFD-7 also discusses the need to accommodate future deck overlays and/or
deck replacement. Depending on the level of composite action that is achieved between the
deck and the FRP girders, special consideration may be needed to prevent damage during deck
removal.

LRFD-7 also discusses vessel collisions, but impact forces due to vessel collisions were not
considered in the current design study.

2.1.1.5 Design Loads and Load Cases
Section 3.3.2 of LRFD-7 provides a comprehensive list of different load types that must be accounted
for in bridge design. In the current study, the load types under consideration will be limited to those

described in Table 1. The assumed unit weights for common bridge construction materials are
summarized in Table 2. In accordance with the FDOT Structural Design Guidelines, a future wearing
surface of 15 Ibf/in? is assumed.

Table 1. Load types from LRFD-7 considered in current study

Load Description Abbreviation
Permanent Loads

Dead load of structural components and non- DC

structural attachments

Dead load of wearing surfaces and utilities DW
Transient Loads

Vehicular live load LL

Vehicular dynamic live load IM

Table 2. Assumed unit weights for traditional bridge materials from LRFD-7

Material Unit Weight (kip/ft3)
Asphalt/bituminous wearing surfaces 0.140

Lightweight concrete 0.110

Normal weight concrete 0.145

High strength concrete 0.140 + .001 f*¢
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The AASHTO HL-93 design live load includes two fundamental sources:

e Design truck or design tandem load
e Design lane load

The design truck/tandem loading is provided in Figure 2. Only one design truck is required for each
lane on the bridge. The location of the truck must be varied in the longitudinal direction (direction of
traffic flow) and the rear axle spacing must also be allowed to vary between 14 feet and 30 feet to
produce the maximum effect. The design lane load is a uniform distributed load with a magnitude of
0.64 kips/ft in the longitudinal direction of the bridge. This lane load is assumed to act over a 10 foot
transverse width.

Design traffic lanes are 12 feet wide. The designer is required to investigate all possible
combinations of simultaneous loading in multiple lanes of the bridge to produce the maximum effects
due to vehicle live load. To account for the decreased probability that the bridge will experience
simultaneous loading of multiple lanes, a multiple presence factor is applied the force effects obtained
from a specific loading scenario that is dependent on the number of loaded lanes. These multiple
presence effects are not considered in the case of fatigue loading or when the approximate load
distribution factors specified in LRFD-7 Sections 4.6.2.2 and 4.6.2.3 are used to obtain the maximum
moments and shears for single girders.

Table 3. Multiple presence factors from LRFD-7
Number of Loaded Lanes Multiple Presence Factor

1 1.2
2 1.0
3 0.85
>3 0.65

25 kip 25 kip

8.0KIP 32.0 KIP 320 KIP ‘ ‘

| w0 | w0t w0 300" | |

41 _OH

[Tacall | |

6-0" | T |
6’-0

Design Truck (Figure 3.6.1.2.2-1) Design Tandem (Section 3.6.1.2.3)

Figure 2. AASHTO HL-93 design truck/tandem loading
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When evaluating the bridge to meet the deflection criteria specified in LRFD-7 Section 2.5.2.6.2, the
deflection should be calculated using the larger of the following:

e That resulting from the design truck alone
e That resulting from 25% of the design truck taken together with the design lane load

For fatigue loading, the force effects are calculated using one design truck with a constant rear axle
spacing of 30 feet.

Section 3.6.2 of LRFD-7 also establishes provisions for a dynamic load allowance (IM) that is applied
to the effects generated by a static analysis of the vehicular live loading. The dynamic load allowance is
computed as (1 + IM/100), where IM is obtained from the following table:

Table 4. Dynamic load allowance from LRFD-7.

Component M
Deck joints 75%
All other components:
e Fatigue and Fracture Limit State 15%
e All other limit states 33%

2.1.1.6 Load Cases
The primary load cases considered in the current study include:

e Strength | — Basic load combination relating to normal vehicular use of the bridge without wind

e Service | — Load combination related to normal use of the bridge with 55 MPH wind and all loads
taken at their nominal values.

e Fatigue | — Fatigue and fracture load combination related to infinite load-induced fatigue life.

The relevant load combination factors specified in LRFD-7 are summarized Table 5. Some additional
considerations that apply to the current study include the following:

e LRFD-7 provides recommended maximum and minimum values for certain permanent load
types acting in various load combination limit states. For the current study, the maximum
recommended load factors will be used (1.25 for DC and 1.5 for DW).

e  Only the live load portion of the Service | case is used to evaluate deflections.

o The fatigue limit state in LRFD-7 is based on the effects generated by a single design truck with a
constant rear axle spacing of 30 feet. The LRFD Guide Specifications for Design of Concrete-
Filled FRP Tubes for Flexural and Axial Members (LRFD-FRP) requires that a combined Fatigue
and Creep Rupture limit state must be considered. The load factors for this limit state are as
follows:

0 DCandDW=1.0
O Truck LL for fatigue vehicle + Impact = 0.75
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Table 5. Load combinations and load factors from LRFD-7
Load Factors
Load combination DC DW | LL

Strength | 125 15 | 1.75
Service | 1.0 1.0 1.0
Fatigue | 0 0 15

2.1.1.7 Structural Analysis
LRFD-7 provides guidance on acceptable methods for structural analysis in bridge design. The
following methodologies was utilized in the current study:

e Finite element method applied to the entire single-span bridge
e Finite element method applied to a single girder
e Approximate methods based on moment and shear distribution factors

For all-FRP girders, a linear-elastic material model was used for FRP materials based on assumed
properties for a proposed laminate architecture. For hybrid sections—all-FRP sections where composite
action is developed with the reinforced concrete deck—a linear-elastic model was used for concrete as
long as the concrete remained in compression. For cases where concrete was present in tension zones
of the girder, a strain compatibility method was used to generate the moment-curvature diagram for a
given FRP/concrete cross-section.

The moment and shear distribution factors outlined in Section 4.6.2 should be applicable to FRP
girder designs assuming that the members provide sufficient torsional stiffness and resistance to strong-
axis bending. Section 9.3 in the current study compares the AASHTO distribution factors for a 50-ft span
bridge with distribution factors obtained using a finite element model.

2.1.2 LRFD Guide Specifications for Design of Concrete-Filled FRP Tubes (LRFD-FRP)

The 2012 AASHTO LRFD Guide Specifications for Design of Concrete-Filled FRP Tubes (LRFD-FRP)
provides an excellent starting point for introducing FRP materials as primary structural elements in
bridges. The role of LRFD-FRP is to establish the appropriate @ factors and nominal resistances for FRP
materials under different limit state conditions. A major focal point of this document is the concrete
arch bridge system (CABS), formerly known as “Bridge-in-a-Backpack”, which utilizes concrete-filled FRP
as arches with transverse FRP corrugated panels. This document also describes the design of concrete-
filled FRP tubes as flexural beam/girder elements. This system was used in the King’s Stormwater
Channel bridge in California. The specific details surrounding the CABS and King’s Stormwater Channel
bridges will be discussed in Section 4.4 of this report. The main objectives of the current section are:

e Better understand the AASHTO code provisions for using FRP as a primary load-bearing material
in highway bridges

e Identify the significant limit states and design philosophy that govern FRP flexural elements and
how they might differ from the limit states specified in LRFD-7

o Identify appropriate resistance factors for FRP materials for different limit states
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2.1.2.1 Design Philosophy
LRFD-FRP is also based on a limit-state design philosophy. Specific limit states identified in LRFD-FRP
include:

e Service

e Fatigue and creep rupture (differs from LRFD-7, which is fatigue and fracture)
e Strength

e Extreme events

The document identifies serviceability (deflection control) and fatigue and creep rupture as limit
states that will frequently control the design.

2.1.2.2 Limitations
LRFD-FRP identifies the following limitations:

e Concrete-filled FRP tubes (CFFTs) are not to be used as ductile earthquake resisting elements

e The design provisions in LRFD-FRP should not be applied to FRP tubes with fibers running only in
the longitudinal direction

e The unconfined compressive strength, f’c, of concrete used in CFFTs should not exceed 10 ksi

e The document is intended to apply only to concrete-filled FRP tubes (CFFT) where composite
action is maintained between the FRP and the internal concrete.

To verify that composite action is maintained between the FRP and concrete for flexural members,
LRFD-FRP requires the following testing:

e Three full-scale static tests to failure.

e Fatigue tests to 2 x 10° cycles using anticipated service loads and appropriate load ratio. The
specimens are then loaded to failure after the fatigue tests.

e Specimens must not exhibit slip between FRP and concrete through specimen failure and the
fatigued specimens must retain 90% of the static strength.

2.1.2.3 Material Properties

The design strength of composite materials is based on the material strength provided by the
manufacturer and an environmental reduction factor that accounts for the specific fiber type and the
anticipated service environments. Distinctions are also made between the design strengths in tension
and compression as well as in the longitudinal and hoop directions. The following relationships are
provided in LRFD-FRP:

10
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fru=Cg-fo; Eq.2-2
Srun=Cg* Oy Eq.2-3
ffC‘h'- — CE -fﬁfm Eq. 2'4

where

fful = design tensile strength (longitudinal direction)

ffm = design tensile strength (hoop direction)

ffm = design compressive strength (longitudinal direction)
C = environmental knockdown factor

j’ﬂfm = manufacturers specified tensile strength (long.)
fhfﬂh= manufacturers specified tensile strength (hoop)

fnfcu= manufacturers specified compressive strength (long.)

The design ultimate strains are given as:

EfHI:OE.EuM Eq. 2-4
EfWI:CE.En_fWI Eq. 2-5
Efcu=CE'Enfcu Eq. 2-6

where

Efu = design tensile strength (longitudinal direction)

€ fun = design tensile strength (hoop direction)

Efeu = design compressive strength (longitudinal direction)
€xy,; = manufacturers specified tensile strength (long.)
€8p,, = manufacturers specified tensile strength (hoop)

€%, = manufacturers specified compressive strength (long.)

The moduli of elasticity of the material in the hoop and longitudinal directions are given as:

f

Ep=""" Eq.27
Frun

th’= Eq. 2-8
Erun

where

Eﬁ = modulus of elasticity in the longitudinal direction
th = modulus of elasticity in the hoop direction

The strength reduction factor, Cg, is only used to determine the baseline design strengths for a
specific FRP system. These design strengths are further reduced by the @-factor in the basic LRFD
design equation for a specific limit-state.

11
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Table 6. Environmental strength reduction factors from LRFD-FRP

Ce
Fiber Material Normal Environment Aggressive Environment
Carbon .85 .85
Glass .65 .5
Aramid .75 7

Section 3 of LRFD-FRP provides additional guidance related to material properties and testing for
FRP. Important considerations include:

Commercial grades of vinyl ester and epoxy resins are permitted

Styrene may be added during composite processing, but it must be less than 10% by mass.
Styrene is typically added to reduce viscosity and enhance wet-out of the fibers. It should also
be noted that vinylester resins already contain a considerable amount of styrene (typically ~40%
by mass). The material strength properties of vinylesters tend to degrade once the styrene
content exceeds 50%.

Certain inorganic fillers or other processing aids may be added to the resin, but these may not
exceed 20% by mass.

There are no limitations on the composite manufacturing method for the FRP tube.

The glass transition temperature of the resin must not be less than 212 °F.

The FRP material is required to have adequate resistance to moisture absorption and alkaline
environments. Details are provided in Section 3.7.1 and 3.7.2 of LRFD-FRP for moisture and
alkalinity, respectively.

2.1.2.4 Limit States for CFFT Flexural Members
Service Limit State: The service limit state identifies three basic criteria that must be satisfied:

Deformations
Cracking
Concrete compressive stresses

Deformation/deflection control criteria are based on the limitations outlined in LRFD-7. Control of
cracking is achieved by limiting the tensile stress in accordance with the fatigue and creep rupture limit
state. Finally, concrete compressive stresses must be less than 0.45 f’c under the Service | load
combination defined in LRFD-7.

Fatigue and Creep Rupture Limit State: This limit state defines the maximum longitudinal tensile
stress that is allowed to develop in the FRP due to all sustained loading plus fatigue loading, fis. For the
current study, this includes the dead loads DC and DW and the fatigue load from Section 3.6.1.4 (a single
design truck with rear axle spacing fixed at 30 feet). The load factors for this limit state are:

DCand DW =1.0
Truck LL for fatigue vehicle + Impact = 0.75

The stress limits, fs,.for different FRP material types are given as:

12
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e 0.55 fyy for carbon-based FRP
e 0.20 fy for glass-based FRP
e 0.30 fg for aramid-based FRP

The hoop stresses must also be checked if the FRP tube is required for confinement of concrete in
compression and the concrete compressive stress is greater than 0.65 f’c under sustained and fatigue
loading.

Strength Limit State: LRFD-FRP provides guidance on determining the nominal resistance of CFFTs
and corresponding @-factors for the strength limit state. The @-factor is based on the relative
proportion of FRP material in the tube to the concrete area, p. The balanced reinforcement ratio, py, is
defined as the reinforcement ratio at which the concrete fails in compression at the same time the FRP
material fails in tension (similar to the balanced reinforcement ratio in reinforced concrete where the
concrete fails in compression at the same time the reinforcing steel yields). The @-factor for flexural
elements is determined as follows:

¢=0.55 if p<p, Eq.2-9

®=0.65 if p>p, Eqg.2-10
p
Po

$=0.3+0.25-— if p,<p<1.48 p, Eq. 2-11

where

p = reinforcement ratio
Py = balanced reinforcement ratio resulting in simultaneous concrete

crushing and FRP rupture

The nominal flexural resistance, M, for the strength limit state may be computed using a “rigorous
cross-section analysis that satisfies equilibrium and strain compatibility” or a simplified method using
the following formula:

0.815

M, =0.0045-D,° -f’c-(l{ll]-[4 t]-(ff““]] Eq. 2-12

D, fe
where

M,, = nominal flexural resistance (kip-in)

D, = outer tube diameter (in)

t = wall thickness of FRP tube (in)
1. = unconfined compressive (ksi)

This relationship for flexural capacity only applies to the concrete filled FRP tube. In the current
study, the assumption is always made that the cast-in-place reinforced concrete deck develops full
composite action with the FRP bridge girder beneath it. Therefore, the relationship described in LRFD-
FRP is of limited use. A detailed description of how the moment capacity for an FRP U-girder is obtained

13
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using strain compatibility is provided in Section 9.1.3.1. A similar procedure is adopted for CFFTs that
develop full composite action with the deck.

2.1.3 LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete Bridge Decks and
Traffic Railings
The LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete Bridge Decks and Traffic
Railings (LRFD-GFRPD) addresses glass FRP bars that are used as an alternative to traditional steel
reinforcements for concrete. Bond between the bars and concrete is provided either through
deformations formed during bar manufacturing or a sand coating.

2.1.3.1 Design Philosophy

LRFD-GFRPD is also based on a limit-state design philosophy. The language describing design
philosophy is identical to what is provided in LRFD-FRP. Specific limit states identified by LRFD-GFRPD
include:

e Service

e Fatigue and creep rupture (differs from LRFD-7, which is fatigue and fracture)
e Strength

e Extreme events

The document identifies serviceability (deflection control) and fatigue and creep rupture as limit
states that will frequently control the design.

2.1.3.2 Limitations
The LRFD-GFRPD document does not address the following:
e Prestressed concrete is not addressed

e The use of GFRP in combination with steel is not addressed
e Bars made from carbon or aramid fibers

Other limitations include:

e The failure mechanism for GFRP reinforced flexural members is not based on the formation of a
plastic hinge (GFRP bars are non-ductile)

e The strength of GFRP bars in compression shall be ignored in design

o Lightweight concrete shall not be used with GFRP bars

e The empirical design process described in Section 9.7.2 of LRFD-7 is not applicable to GFRP
bridge decks

2.1.3.3 Material Properties

The design tensile strength, i, and design tensile strain, e, for GFRP bars is based on an
environmental reduction factor, Cg, that is applied to the tensile strength reported from the
manufacturer. The Cg value for GFRP bars embedded in concrete exposed to earth and weather is 0.7.
This is slightly higher than the Cg values prescribed for CFFT elements subjected to normal
environmental conditions, 0.65, and extreme environmental conditions, 0.5. The Cg value for GFRP bars
not exposed to earth and weather is 0.8.

14
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Section 4 of LRFD-GFRPD provides additional guidance related to material properties and testing for
GFRP bars. Many of the material requirements previously listed in the discussion on LRFD-FRP are
repeated. Items noted with an asterisk (*) indicate a divergence between the two documents:

*Fibers shall consist of unidirectional rovings.

Commercial grades of vinyl ester and epoxy resins are permitted. *The base polymer of the
resin shall not contain polyester.

Styrene may be added during composite processing, but it must be less than 10% by mass.
Styrene is typically added to reduce viscosity and enhance wet-out of the fibers.

Certain inorganic fillers or other processing aids may be added to the resin, but these may not
exceed 20% by mass.

*GFRP bars shall be manufactured using any variation of the pultrusion process.

The glass transition temperature of the resin must not be less than 212 °F.

*Only GFRP bars of round or elliptical cross-section are allowed

*Minimum tensile strength properties for different size GFRP bars are provided in Table 4.6.1-1
*The modulus of elasticity for a bar, regardless of size, shall not be less than 5.7x10° psi

*The transverse shear strength for a bar should not be less than 18,000 psi

*The tensile strain at rupture for GFRP bars shall be at least 1.2%

*The bond strength of GFRP bars, as determined by ACI 440.3R Test Method B.3 shall not be less
than 1,400 psi

The FRP material is required to have adequate resistance to moisture absorption and alkaline
environments. Moisture absorption, as determined by ASTM D570 at 122 °F shall be less than
1%. Details are provided in Section 4.7.1 and 4.7.2 of LRFD-GFRPD for moisture and alkalinity,
respectively. *Requirements for longitudinal wicking are provided in Section 4.7.3.
*Specifications related to GFRP bars with bends that form during curing of thermoset resins are
provided in Section 4.8.1.

2.1.3.4 Limit States for GFRP Bridge Decks
Service Limit State: The service limit state identifies three basic criteria that must be satisfied:

Cracking — If the aesthetics of the structure are a concern, the crack width should be limited to
0.02 in.

Deformations — A slightly more conservative limitation of L/1200 is imposed for bridge decks
subjected to a large volume of pedestrian loading

Concrete stresses — Under the Service | load combination from LRFD-7, the maximum allowable
stress in the concrete is 0.45 f'c.

Fatigue and Creep Rupture Limit State:

The stress range, fis, resulting from the Fatigue 1 load combination in LRFD-7 is limited to 20% of the
design tensile strength.

15
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Strength Limit State: LRFD-GFRPD provides guidance on determining the strength reduction factor,
®, and the nominal resistance of GFRP reinforced concrete bridge decks. The approach to determining
@ is identical to the approach described for LRFD-FRP (Section 2.1.2.4)

The nominal resistances for moment and shear are detailed extensively in Section 2.9 and 2.10,
respectively. ACI 440.1R15 provides guidance for GFRP reinforced concrete that is not necessarily
limited to bridge decks.

2.1.4 Guide Specifications for Design of FRP Pedestrian Bridges

The AASHTO Guide Specifications for Design of FRP Pedestrian Bridges is a much shorter document
(~16 pages) than LRFD-7, LRFD-FRP, and LRFD-GFRPD. This document describes the required design live
load for pedestrian traffic (85 Ibf/in?) as well as provisions for a single design vehicle that the pedestrian
bridge is required to accommodate.

Section 3 includes several relevant design details for FRP pedestrian bridges:

e Deflection due to the pedestrian live load shall not exceed L/500
e The fundamental frequencies in the vertical and horizontal directions shall be greater than 5 Hz
and 3 Hz, respectively
o Allowable stress values shall be limited to 25% of the ultimate stress values for the FRP material
(as determined by ASTM D7290 — Standard Practice for Evaluating Material Property
Characteristic Values for Polymeric Composites for Civil Engineering Structural Applications)
e The minimum thicknesses for different FRP element types are as follows:
0 0.25in for closed structural tubular members
0 0.375in for open structural members and plate connections

2.1.5 AASHTO Guide Specifications for Design of Bonded FRP Systems for Repair and
Strengthening of Concrete Bridge Elements

Repair of existing structures using FRP composites has been gaining popularity since the late 1990’s.
The design objectives for strengthening reinforced concrete structures with FRP composites are
significantly different from the current study. Nonetheless, a review of this document is included to
ensure that any assumptions made for the allowable and ultimate stress for FRP materials are within the
realm of standard practice. This review will also emphasize material properties and other durability
related concerns addressed in this guide specification (referred to as FRP-Repair).

2.1.5.1 Material Properties

One immediate difference in the material requirements for FRP strengthening relates to the glass
transition temperature, Ty, for the matrix material. The glass transition temperature is defined as the
temperature above which the matrix material (resin) begins to soften and lose its strength and stiffness
properties. As long as the temperature of the cured resin remains below the glass transition
temperature, the material is assumed to retain all of its strength and stiffness properties and exhibits
brittle, glass-like behavior at failure.

The FRP-Repair document specifies a minimum T4 of 40 °F above the maximum design temperature
for the bridge (Tmaxpesign from Section 3.12.2.2 of LRFD-7). For the case of bridges in Florida, where the
Twmaxpesign is on the order of 105 °F, the required Ty for the composite would be 145 °F. The Tyfo SCH—41
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is a common carbon-epoxy FRP repair system used to strengthen reinforced concrete structures. The Ty
for the epoxy associated with the system is 180 °F, which is considerably lower than the 212 °F required
by LRFD-FRP and LRFD-GFRPD.

The actual glass transition temperature that a resin achieves is a function of the temperature that is
obtained during the curing cycle. For example, the glass transition temperature of resins in composites
that are cured at elevated temperatures in an autoclave might exceed 500 °F. For composites that are
cured at room temperature, the amount of exothermic heat generated by the composite during curing
will affect the Ty of the cured composite. If the composite is relatively thick, there will be more
exothermic heat generated and the resulting Ty will be higher. If the laminate is relatively thin, the
exothermic heat generated will be low and result in a lower Tgy. For externally applied strengthening
systems, there is an added complication in that the large thermal mass of concrete can readily absorb
the small amount of exothermic heat generated by the relatively thin laminates during curing. This
explains why it is difficult to achieve high T4 values in externally applied strengthening systems. For
composites that are cured in a factory setting, the desired Ty value is obtained by carefully controlling
the amount of exothermic heat generated during curing. If there is not enough composite mass to
generate the required exothermic heat, the part can be post-cured in an oven to raise the final glass
transition temperature of the composite.

Additional limitations for FRP composite systems described in FRP-Repair include:

e The moisture equilibrium content, as determined by ASTM D5229, shall not be greater than 2%.
The limit established in LRFD-FRP and LRFD-GFRPD is 1%.

e Specifications are also provided for other durability-related material properties. LRFD-Repair
requires that specimens must retain 85% of their mechanical properties after being subjected to
the following environmental conditional protocols:

0 Water — Specimens shall be submersed in distilled water at 100 °F and tested after
1,000, 3,000, and 10,000 hours of exposure

0 Alternating UV and Humidity — Samples are conditioned under Cycle 1-UV conditions per
ASTM G154

0 Alkali — Similar to water conditioning, except samples are placed in a saturated calcium
hydroxide solution (pH~11) at 73 °F.

O Freeze-Thaw — Samples are subjected to 100 cycles of freeze-thaw

2.1.5.2 Limit States

The strength limit state described in FRP-Repair is not necessarily applicable to the current study
because the majority of the overall strength is derived from the element being strengthened. The
fatigue limit state described in FRP-Repair for flexural elements does place relevant limits on the strain
experienced by the FRP due to the fatigue load combination established in LRFD-7. For glass FRP, the
strain is limited to 20% of the manufacturer’s specified ultimate tensile strain. The limits for carbon and
aramid FRP are 55% and 30%, respectively. It should be noted that this strain limit does not include an
environmental reduction factor, Cg, like the limits prescribed for CFFTs and GFRP reinforced bridge
decks.
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Creep-rupture due to dead loads is not a concern for FRP strengthening systems because the
composite is normally applied while the dead loads are acting on the structure.

2.1.6 Summary of AASHTO Design Guidelines

The five AASHTO documents reviewed for this section establish critical design-space boundaries for
the current study. The loading demands for highway bridges, load combinations for predetermined limit
states, and guidelines for structural analysis are well-documented in LRFD-7. Specific considerations for
FRP materials are provided in LRFD-FRP and LRFD-GFRPD. These documents also provide modified limit-
states for different FRP materials to account for their unique properties related to durability, fatigue,
and creep-rupture.

While these AASHTO documents provide an important foundation for developing and evaluating
new concepts for FRP bridge girders, there are important issues not addressed by these specifications:

¢ Developing composite action between FRP girders and reinforced concrete bridge decks. A
particular concern involves the case where a reinforced concrete deck requires replacement.
Significant damage may occur to FRP elements during deck removal and reconstruction.

e Laminate architecture. The FRP-related design specifications provide allowable stress values
based on material properties obtained from testing by the manufacturer. Specific details
regarding laminate architecture and fiber orientation requirements for CFFTs are absent. This
may lead to concerns surrounding the overall system performance at different limit states.

Current FHWA sponsored research with the Virginia DOT is investigating Carbon FRP pre-stressing
strands for highway bridge girders. In addition to this work, NCHRP 12-97, Guide Specification for the
Design of Concrete Bridge Beams Prestressed with CFRP Systems, is nearing completion (expected
completion is December 2017) and will provide design guidelines in AASHTO LRFD format.

2.2 ACI

The American Concrete Institute (ACI) released their first guidelines for the design of structural
concrete reinforced with FRP bars in 2001. The focus of the current study is not directed towards
designing rectangular bridge girders that replace traditional steel reinforcement with FRP composite
reinforcement. In the future, there may be interest in open-top FRP-reinforced concrete box girders.
The ACI documents listed in Table 7 are relevant references for the current study.

Table 7. Relevant ACI publications related to FRP composites for bridges

440.1R-15: Guide for the Design and Construction of Structural Concrete Reinforced with
Fiber-Reinforced Polymer (FRP) Bars

440.2R-08: Guide for the Design and Construction of Externally Bonded FRP Systems for
Strengthening Concrete Structures

440.4R-04: Prestressing Concrete Structures with FRP Tendons (Reapproved 2011)

440.6-08: Specification for Carbon and Glass Fiber-Reinforced Polymer Bar Materials for
Concrete Reinforcement

SP-245: Case Histories and Use of FRP for Prestressing Applications

549.4R-13: Guide to Design and Construction of Externally Bonded Fabric-Reinforced
Cementitious Matrix (FRCM) Systems
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2.3 ASCE LRFD Pre-Standard

In 2010, an ASCE project team finalized a document for the American Composites Manufacturing
Association (ACMA) entitled Pre-Standard for Load and Resistance Factor Design (LRFD) of Pultruded
Fiber Reinforced Polymer Structures [4]. This pre-standard describes its intended use as supporting “the
design of new buildings and other structures,” but the document is clearly not intended to encompass
the design of bridge superstructure elements (i.e. FRP bridge girders). The commentary section on loads
and load combinations (C1.5) limits the applicability of the pre-standard to building construction and
excludes vehicle loads on bridges.

2.4 Florida Department of Transportation

The FDOT establishes criteria for the use of FRP composites through two primary documents. First,
the FDOT Structures Manual, Volume 4 [1], describes the types of FRP products and different
manufacturing methods that are suitable for specific structural applications. For example, Section 6.1A
permits the use of vacuum infusion processed (VIP) structural shapes for bridge fender systems as long
as they meet the criteria established in Section 3.14 of the FDOT structural design guidelines. Section
6.1B indicates that VIP shapes can will be considered for use in the following applications:

Stay-in-place formwork
Concrete-filled tubes used as arch beams for culverts

1. Decks for pedestrian bridges
2. Single sign support posts

3. Light poles

4. Sheet piles

5.

6.

Second, the current FDOT Standard Specifications for Road and Bridge Construction[5] (Section 973)
provides detailed requirements for FRP material properties that will be used in FDOT projects.
Requirements for pultruded shapes reference the ASCE Pre-Standard for Load and Resistance Factor
Design (LRFD) of Pultruded Fiber Reinforced Polymer Structures. Specific properties for vacuum infusion
processed (VIP) structural elements are listed directly in the FDOT Standard Specifications document.
The requirements for VIP structural shapes are identical to the ASCE Pre-Standard, but slightly lower
values are specified for VIP FRP plates. A sample of the requirements for pultruded and VIP shapes is
provided in Table 8.

Table 8. Minimum physical property requirements for pultruded and VIP structural shapes.

Physical Property Minimum Required Value Test Method
Long. tensile strength 30,000 psi ASTM D638 (pultruded)/
Transverse tensile strength 7,000 psi D3039 (VIP)

Long. tensile modulus 3 x 108 psi

Transverse tensile modulus 0.8 x 108 psi

Interlaminar shear strength 3,500 psi ASTM D2344

Glass transition temperature > 180 °F ASTM D4065
Coefficient of thermal expansion <7.5x10° ASTM D696

Note: Property requirements for pultruded shapes and VIP shapes are identical unless noted.

The FDOT currently permits the use of carbon FRP (CFRP) strands for prestressed piles. The size and
strength requirements are provided in Section 933-1.3 of the FDOT Standards and Specifications for
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Bridge Construction. Single strands range in size from 0.20 in diameter to 0.5 in diameter. Larger
diameters are achieved by combining 7, 19, or 37 strands together. Information on select cable sizes is
provided in

Table 9. Typical sizes and loads of FRP prestressing strands and bars [5]

Nominal Nominal x-section | Nominal ultimate | Nominal ultimate
Cable type diameter (in) | area (in?) load (kips) stress (ksi)
1- strand —5 mm 0.2 0.03 9 300
7-strand — 10.5 mm 0.41 0.09 32 356
1-strand —9.5 mm 0.38 0.11 35 318
19-strand — 25.5 mm 1.0 0.472 105 222
37-strand — 40 mm 1.57 1.24 270 218

2.5 Aerospace Industry

There are generally two types of standards and specifications used in the aerospace industry. The
first type are standards that are developed by specific institutions, such as the Society for Aerospace
Engineering’s (SAE) Aerospace Materials Specifications, the US Department of Defense Composite
Materials Handbook, and numerous standards developed by the American Society of Testing and
Materials (ASTM) Committee D30. The second major type are proprietary specifications that each
manufacturer has developed and owns. Common examples include DMS (McDonnell Douglas), BMS
(Boeing), STP (Lockheed Martin), CMMP (Cessna) [6], and GAMPS (Gulfstream). These specifications
typically are used to ensure that only approved materials from pre-approved suppliers are used in the
production of components for a particular aerospace structure. Requirements for manufacturing and
materials handling are also included in these proprietary specifications.

Due to the complexity of composites manufacturing and structural design, there is not a common
specification for fabrication in use by the entire aerospace industry. At each company, each individual
material system has its own processing specification. This has been a major concern for the airlines. For
instance, it is common to see DMS, BMS, and Rockwell specifications on the same drawings issued for
manufacturing. According to Alex Velicki from Boeing, there is incredible complexity surrounding the
specifications for their PRSEUS stitched composite panels (described in Chapter 5): “Each material has
its own spec that lays out the requirements for purchasing the material. Then, each process will have its
own spec that details how the material is to be handled and manufactured. There’s probably about a
dozen specs needed to buy the materials [and] process a PRSEUS panel” (A. Velicki, private
communication, October 29, 2015).
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3. Material Systems and Manufacturing Methods

The use of composite materials has grown steadily during the last 50 years. Numerous applications
can be found in aviation and aerospace engineering, the automotive industry, civil infrastructure, marine
engineering, sporting goods and electrical components [7,8,9,10]. Commonly cited advantages of
composites compared to conventional materials like aluminum and steel include:

e light weight

e high strength and stiffness to weight ratio

e tailorable strength and stiffness properties

e resistance to corrosion and fatigue

e tailorable thermal and electrical conductivity

At the same time, these materials also possess some inherent disadvantages:

e high cost of base materials and fabrication

e weak transverse properties that may lead to delamination and failure
e analysis and simulation can be complex

e difficult to detect internal damage

e matrix materials may be subject to environmental degradation

e reuse and disposal concerns

3.1 Properties of Composites

A composite material is broadly defined as a combination of two or more different materials. This
combination generally results in better mechanical properties than when the individual components are
used alone. The two constituents are typically a fiber and a matrix. Common types of fibers include
glass, aramid, and carbon, while matrices can be polymers, metals, or ceramics [11,12].

Composites offer several advantages over steel, which is often limited by its high weight and
susceptibility to corrosion that ultimately result in high transportation and maintenance costs. For
instance, while a cubic foot of steel could weigh around 500 pounds, replacing that volume of steel with
composites can save 60% to 80% in weight [13]. Composites also have high strength-to-weight and
stiffness-to-weight ratios, high corrosion and fatigue resistance, and low thermal expansion. Glass and
aramid fibers have the added advantage of being non-conductive. The properties of composites are
determined by fiber and matrix properties, which can be summarized as follows[14, 15]:

e High strength and stiffness: Individual carbon fibers (without matrix material) have strengths on
the order of 530 ksi to 800 ksi with a stiffness modulus of 80 Msi. The corresponding unit
weight of the fiber material is only 112 Ibf/ft3. The resulting strength-to-weight and stiffness-
to-weight ratios are fundamental to the primary advantages of composites [16].

e Corrosion and Chemical Resistance: Composites offer high corrosion and chemical resistance.
Steels and aluminums corrode in the presence of water and require surface coatings. Because
the outer surface is formed by plastic polymers, composites have very good corrosion and
chemical resistance [13].
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e Fatigue Resistance: While most metals have fatigue strengths of about 40% to 50% of their
tensile strength, composites can maintain 70% to 80% of their strength in fatigue loading. For
instance, unidirectional carbon/epoxy composites have their fatigue strength up to almost 90%
of their static strength.

o Design flexibility: Composites offer a great amount of design flexibility. Different composite
structures can be designed by employing different fibers with various properties and using
different matrix systems. For instance, a composite material having a zero coefficient of thermal
expansion can be fabricated by selecting suitable materials and the correct lay-up sequence.

e Impact Resistance and Anti-vibration: Composites offer good impact properties. Glass and
Kevlar composite fibers provide higher impact strength than steel and aluminum. In general,
long continuous fibers provide three to four times improved impact properties than short fiber
composites. In addition, vibration and noise characteristics for composites are better than
metals. Composites dampen vibrations an order of magnitude better than metals as used in a
variety of applications such as airplane structures and golf clubs.

3.2 Composite Constituents and Materials Selection

General properties for two different types of composite materials are provided in Table 10. There
are four steps involved in determining an appropriate material combination. The first step is to
understand and define the requirements. Based upon the requirements, possible materials systems and
manufacturing processes that meet the minimum or maximum requirements should be determined.
The next step is to determine the candidate materials for the application. More than one material
system and manufacturing method can be chosen to provide a wide choice of creative and innovative
designs. Lastly, composite parts must be prototyped and tested to validate the design.

Table 10. General properties of thermoset and thermoplastic composites [13].

Property Thermoset Composites Thermoplastic Composites
Fiber volume Medium to high Low to medium

Fiber length Continuous and discontinuous Continuous and discontinuous
Molding time Slow: 0.5 to 4 hours Fast: less than 5 min

Molding pressure Low: 1 to 7 bars High: greater than 14 bars
Material cost Low to high Low to medium

Safety / handling Good Excellent

Solvent resistance High Low

Heat resistance Low to high Low to medium

Storage life Good (6 to 24 months with Indefinite

refrigeration)

The composite materials are made up of at least two constituents. The structural constituent,
usually the fiber reinforcement, provides the internal structure of the composite. The body constituent,
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i.e. matrix, is used to enclose the structural constituent and provide its bulk form. The following
sections describe different types of structural and body constituents [11, 16,17].

3.2.1 Structural Constituents (Fibers) and Their Cost Per Pound

Fibers consist of thousands of individual filaments, where each filament has a diameter of 5 um to
15 um. One exception is thick boron fibers, which may have diameters on the order of 100 um. The
most widely used fiber materials are E-glass, S-Glass, carbon/graphite, boron, and aramid/Kevlar.
Properties are shown in Table 11. Note that the price per pound or area differs for different types,
properties, and manufacturing companies.

3.2.1.1 Glass Fibers

Due to their low (E-glass) to moderate (S-glass) costs with high mechanical properties, glass fibers
are used extensively in composite applications, accounting for more than 70% of the structural
constituents for thermosetting resins. E-glass was first developed for production of continuous fibers
and has become the most common glass fiber produced today. S-glass is a high-tensile strength glass
with a tensile strength that is 33% greater than E-glass. The modulus of elasticity of S-Glass is about 20%
greater than that of E-glass. S-glass is generally used for aerospace applications due to its higher
strength-to-weight ratio and fatigue limit; however, it costs much more than E-glass. In general, the cost
of E-glass is around $0.75 to $1.25 per pound (J. Gibson, Composites One, private communication, Jan.
12, 2016) while S-glass is around $5.00 to $7.00 per pound [13].

3.2.1.2 Carbon Fibers

Carbon or graphite fibers are the ideal structural constituent for lightweight, high-strength, and
high-stiffness structures. Carbon fibers are relatively expensive compared to other fibers. Continuous
tows contain several hundred to thousand filaments per strand and generally fall into either high
modulus (intermediate-strength) or high strength (intermediate-modulus) category. The high modulus
fibers are more expensive than the high strength fibers. The cost of carbon fiber varies from $8.00 to
$40.00 per pound [13].

3.2.1.3 Kevlar (Aramid) Fibers

Among all the fiber types, Kevlar has the highest tensile strength-to-weight ratio. Kevlar is
commonly used when the objective is to produce tough, impact-resistant structures. The fibers were
originally developed to replace steel in tires, but they have found more use in impact-resistant products.
Kevlar 29 is a low density, high strength fiber used for ballistic protection, whereas Kevlar 49, with a
higher modulus, is more commonly used as a reinforcement for plastic composites in aerospace, marine,
and sports equipment. One disadvantage of Kevlar is its difficulty to cut or machine. Kevlar fibers cost
approximately $15.00 to $20.00 per pound [13].
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Table 11. Properties of individual fibers and conventional bulk materials[13].

Unit Tensile Tensile %
Diameter | weight Modulus | Strength | Melting Elongation | Relative
Material (mil) (Ibf/ft3) (Msi) (ksi) Point (°F) | at Break Cost
Fibers
E-glass 0.28 158 10 500 2800+ 4.8 Low
S-Glass 0.60 156 12.5 653 2800+ 5.7 Moderate
Carbon, 0.30 118 58 261 >6300 1.5 High
high modulus
Carbon, 0.30 106 35 378 >6300 0.8 High
high strength
Boron 5.1 162 58 507 4200 - High
Kevlar 29 0.47 90 11.6 406 930 35 Moderate
Kevlar 49 0.47 90 19 551 930 2.5 Moderate
Bulk materials
Steel 490 29 0.34-2.1 | 2700 5-25 <Low
Aluminum 168 10 0.14-0.62 | 1100 8-16 Low
alloys

3.2.2 Fiber Styles

The body constituents in composite materials can have either a non-specific fiber arrangement, such
as chopped fibers (nonwoven), or long fibers grouped together, called tows or yarns. Tows and yarns
may then be assembled into fabrics using either weaving or braiding methods. Different forms of fiber
reinforcements are summarized in Table 12.

3.2.2.1 Chopped Fibers

Chopped fibers are made by cutting continuous fibers during the fabrication processes. Continuous
fibers are chopped by a machine into small pieces in length ranging from 0.125 in to 3 in and blended
with various resin systems before their applications [12,28]. While the shorter chopped fibers are best
suited for blending with thermoplastic resin systems for injection molding, longer chopped fibers are
mixed with thermoset resin systems for compression and transfer molding processes. Note that the
mechanical properties of the formed product are much lower than continuous fiber composites due to
the presence of randomly oriented chopped fibers. One product example is the chopped strand mats,
which are made by depositing chopped fibers and resins on a conveyer belt. These mats are typically
used in non-structural composite parts with limited load carrying capability.

3.2.2.2 Unidirectional Fibers

There may be an application that 80% of structural loads occurs in one direction. In this case,
orienting 80% of structural fibers in the same direction can be efficient. Because of producing fabrics
with 80% of their fibers in one direction would not be stable for practical applications, the fibers are
coated together with resin systems in a sheet form. These materials are called pre-pregs (short for pre-
impregnated with the matrix resin). Pre-pregs with all fibers are oriented in the same direction are
called unidirectional pre-pregs or tapes. As the resin is already embedded in the fibers, and no
additional agents are needed, pre-pregs must be kept refrigerated to prevent them curing prematurely.
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Dry unidirectional fabrics are also available, but they will always require at least a small amount of
material running perpendicular to the primary fiber direction to maintain stability in the fabric.

Compared to a yarn with twisted continuous fibers (filaments), a tow is an untwisted bundle of
filaments that generally contains hundreds to tens of thousands of filaments [18]. Tow size is usually
expressed in terms of a “k” value where a 30k tow contains 30,000 filaments.

3.2.2.3 Multi-axial Fibers
Woven fabrics consist of at least two threads which are interlaced. Long tows are aligned parallel in
the warp direction while a second tow is passed back and forth in the weft direction. The amount of
fiber in different directions is controlled by the weave pattern. The weave style can be varied according
to crimp and drapability (ability to conform tool surface during preforming or lay-up stage). In general,
low crimp fabrics provide better mechanical performance because straighter fibers can carry large loads.
Drapable fabrics are designed to be easier to lay up over complex forms. Common weave styles are
illustrated in Figure 3.
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Figure 3. Fabric weave styles: (A) plain weave, (B) satin weave, and (C) twill weave. [19].

Stitched fabrics provide a mechanical connection between the fibers allowing the completed
preform to be handled without shifting. Stitching has been implemented for more than two decades to
provide many additional benefits, such as through-the-thickness reinforcement and improving damage
tolerance [11]. Non-crimp fabrics (NCF) are manufactured by stitching unidirectional yarns in a base
layer to additional layers of unidirectional yarns laid down at an angle to the primary direction. This
process allows for better handle-ability and enhances the out-of-plane properties of the composite.
With the advancement of composite fabrication methods, this non-crimp stitched fabric has been widely
adopted in the aerospace industry [20]. Different fiber materials can be used in NCFs including carbon,
glass, and aramid fibers. One challenge, however, relates to the potential for fabric damage during the
stitching process. As the needle passes from one side of the stack to other, yarns and fibers are easily
damaged. As a result, the density of the stitched portion should be low enough to limit damage but high
enough to achieve the desired properties of the composite [21]. The non-crimp stitched fabric
manufacturing process is illustrated in Figure 4.
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Table 12. Various forms of fiber reinforcements [12,19]

Reinforcement

Advantages

BDV22-977-01

Applications

Chopped Fibers

Unidirectional

Multi-axials

UD Prepreg

Single Tow

Slit Tape

Fabrics
(>80 % warp)

Woven
Fabrics

Non-Crimp
(stitched)
Fabrics

¢ High strength in compression and injection
molded parts

¢ High strength and stiffness in one direction
* Low fiber weights; approx. 100 g/m?

* High fiber weights; approx. 3000 g/m? for
glass fiber and 800 g/m? for carbon fiber

e Suitable for filament winding

¢ Very narrow width for accurate fiber
placement

(1 mm)

¢ High strength and stiffness in one direction
* Low fiber weights; approx. 134 g/m?

¢ |deally suited for high deposition of complex
parts

e For components requiring predominant
strength and stiffness in one direction

¢ Good handling characteristics

* Weights from 160 to 1000 g/m?

e Strength and stiffness in two directions

¢ Very good handling characteristics

¢ Good drape

¢ Choice of weave styles

e Possible to mix fibers

* Weights from 20 to 1000 g/m?

* Time-saving, cost-effective technology

¢ Strength and stiffness in multiple directions
¢ Unlimited ply orientation

¢ Ability to optimize weight distribution within
a fabric

e No crimp

e Less waste for complex lay-ups (cross plies)
¢ Reduced processing cost

¢ Heavy weights achievable

Injection molding

Sports goods

Aircraft

Primary structures
Wind energy

Load carrying structures
Pressure vessels

Drive shafts

Tubes

Aerospace primary
structures

Aerospace
Industrial
Sport and leisure

Aerospace
Industrial

Sport and leisure
Wind Energy

Aerospace
Automobile
Wind energy
(blades)

26



Embry Riddle Aeronautical University BDV22-977-01

0°Ply Feed-in

Support Bed
for Fabric Lay-in Devices

Figure 4. Non-crimp stitched fabric (NCF) manufacturing process [22]

3.2.3 Body Constituents (Matrices) and Their Cost per Pound

The matrix, usually a resin, accounts for 30 to 40 percent of a composite by volume. The matrix
properties influence the transverse mechanical properties, inter-laminar shear characteristics, and
operational temperature of the composite. The matrix serves two important functions: (1) by
surrounding the fibers, it holds the fibers in place and (2) under applied forces, it deforms and
distributes the internal stresses to the higher modulus structural constituent. Both of these factors
influence the materials selection, fabrication methods, and tool design. The matrix can be categorized
as either thermoset or thermoplastic based upon its polymer chain structures. The formation of
crosslinks for each matrix type are shown before and after processing in Figure 5.

Polymer Before Processing | Polymer After Processing
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I
Figure 5. Comparison of thermoset and thermoplastic polymer structures.
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During the curing process, thermosets are converted into three dimensional cross-linked structures
that are infusible and insoluble. As curing progresses, by either exothermic heat or externally supplied
heat, the chemical reactions accelerate resulting in less mobility of molecules and increased viscosity.
After the resin is cured, i.e. forms a rubbery solid, it cannot be re-melted. In contrast, thermoplastics
are not chemically cross-linked with heat and therefore do not require a long cure time. Unlike the
thermosets, they can be re-melted and then cooled to form a different shape. A major obstacle of
thermoplastics is that they are highly viscous and are difficult to combine with continuous fibers in a
viable production process [12,23]. The total market share for thermosets is about 60%-65% and the
market share for thermoplastics is about 35%-40%. For thermosets, unsaturated polyester is estimated
at about 85%, epoxy about 10%, and the remaining 5% for all the others. In thermoplastics, poly-
propylene is generally used with Nylon 6,6 and PEEK?,

The following sections describe different types of thermoset and thermoplastic matrices with
estimated cost for each resin system. The current resin costs were were obtained from the on-line
publication Plastic News [24].

3.2.3.1 Thermosets

Polyester (unsaturated)

Unsaturated thermoset polyesters, or simply polyesters hereafter, are the most commonly used
thermoset resin type for composites. Unsaturation is a term applied to organic molecules that contain
the carbon-carbon double bond. They are extensively used in commercial applications, such as boats,
corrugated sheets, and golf carts due to their mechanical and electric properties and resistance to
chemical attack. Their cost is also relatively low. Polyesters are priced about 30% - 50% less than epoxy
and 25% less than vinyl esters [28]. They are generally not recommended for use with carbon or Kevlar
fibers. This is due primarily to the relatively low mechanical properties of polyester resin as compared
to the relatively higher mechanical properties for carbon and Kevlar fibers. Also, the sizing agents that
are applied to carbon fibers to promote bond between the matrix and the fibers are typically formulated
to react with epoxies and vinyl ester resins. Polyester resin costs about $1.74 - $1.94 per pound with
very large volume?* but generally costs around $2.50 per pound [25].

Vinyl ester

Vinyl esters are a combination of polyester and epoxy resins that are primarily used with glass fibers.
Vinyl esters are commonly used in pultrusion, filament winding, compression molding, and resin transfer
molding manufacturing processes. Vinyl esters have similar mechanical properties to polyesters but are
tougher and have better moisture and chemical resistance. The resin costs around $4.50 per pound
[25].

Epoxy

Epoxy resin is almost exclusively used in high performance composite products. It is almost three
times stronger than the next strongest resin type and adheres very well to most composite fibers.
Although depending upon hardeners and curing processes, epoxies generally have very good mechanical
properties, good electrical and chemical resistance. They have better temperature performance than
polyesters and vinyl esters and can be used at temperatures up to 275 °F. Epoxies are relatively
expensive and cost around $7.50 per pound [25].
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Phenolic

Phenolic resins are used in public transport vehicles, oil rigs, and buildings because of their good
heat resistance. The resins are also extensively used for aircraft interiors. Similar to other thermoset
resins, phenolic resins have good mechanical properties, electrical, and chemical resistances. Phenolic
resins have limited flexibility though and can be difficult to process. Phenolic resins are generally less
expensive than polyesters.

Bismaleimide and polyimide

These resin types are used for high temperature composite applications. The glass transition
temperature of these resins are above 550 °F, which is considerably higher than aforementioned resins.
Polyimides are exclusively used in high performance composites, especially in the form of pre-pregs. The
lack of use of these resins is attributed to their processing difficulty. Bismaleimide resin starts at $50.00
per pound [26].

Table 13. Typical room temperature properties of thermoset polymers [13,27°28]

Coefficient
Glass of

Unit Tensile Tensile Compressive Transition Thermal

weight Modulus | Strength | Strength Elongation | Temperature | Expansion
Material (Ibf/ft3) | (ksi) (ksi) (ksi) (%) (°F) (10°°/°F)
Polyester 68-94 174-275 | 5.8-13 13-36 2-5 122-212 33-110
Vinyl ester 72 435-580 | 9.5-13 18.5 1-5 212-302 28-31
Epoxy 67-87 290-870 | 5-19 14.5-29 1-8.5 122-482 25-61
Phenolic 75-87 390-595 | 5-8.7 - 2-3 - 5.6
Bismaleimide | 82 520-595 | 7-11.3 29 1-6.6 482-572 28-44
Polyimide 89-118 | 450-710 | 10-17.4 | - 1.5-3 536-608 50

3.2.3.2 Thermoplastics

Thermoplastic resins are generally ductile and tougher than thermoset resins. They are resistant to
damage from low velocity impact and are widely used with and without reinforcements. They can be
melted by heating and solidified by cooling to allow for repeated reforming. As shown in Figure 5,
thermoplastic resins are not cross-linked and their strength as well as stiffness are based upon the
monomer properties and the degree of entanglement of the polymer chain. This is the reason why
thermoplastics show lower creep resistance than thermosets. Some typical materials properties of
selected thermoplastic resins are shown in Table 14.
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Table 14. Typical unfilled thermoplastic resin properties

Coefficient
Glass of

Unit Tensile Tensile | Compressive Transition Thermal

weight | Modulus | Strength | Strength Elongation | Temperature | Expansion
Material (Ibf/ft3) | (ksi) (ksi) (ksi) (%) (°C) (10¢/°C)
PP: 56 145-232 25-41 - 100-600 -4-23 81-100
Polypropylene
PEEK: 83 464-580 | 92-100 - 50-150 289 26
Polyether
ether ketone
PPS: 81-87 | 479-493 70-80 110 3 410 28-55.5
Polyphenylene
sulfide
Nylon 6 69-75 | 232-551 95 34 40-80 134 80.6
PS: 77 363 70-75 - 50-100 374 31-55.5
Polysulfone

Polypropylene (PP)

Polypropylene, the lightest thermoplastic resin, is one of the most widely used engineering matrix
materials. Polypropylene is often combined with fiber materials to obtain FRP composites[27,29]. PP
resins possess good mechanical properties at ambient temperature and have a high cost to performance
index. Although PP shows good electrical insulating properties, even in a wet environment, it is sensitive
to ultraviolet light and has poor creep behavior. PP resin generally costs around $S1 per pound [24].

Polyether ether ketone (PEEK)

PEEK resins are also one of the most widely used high-performance thermoplastics systems. Due to
their excellent mechanical, chemical, and electrical properties as well as good creep resistance and
fatigue behavior, PEEK resins have been well-suited for exterior applications in aerospace applications.
PEEK resins absorb water 10 times less than epoxy. One drawback is its cost; around $50.00 per pound
[13,24].

Polyphenylene sulfide (PPS)

PPS resins have very good resistance to heat and do not dissolve in any solvent under 392°F. The
resin also provides resistance to acids, alkalis, bleaches, and abrasions. PPS resin generally costs around
S5 per pound [24].

Nylon (polyamides)

Nylon is the brand name of an aliphatic polyamide plastic produced by DuPont. Nylon resins are
generally used for various pultruded and injection molding processes and provide a good surface
appearance once cured. Different types of Nylon include Nylon 6 and 6,6. Nylon 6,6 absorbs less
moisture and has a melting point around 500°F. Both cost around $1.60 per pound?.
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Polysulfone (PS)

Similar to PPS, PS resins have high toughness and stability under high temperature. They are
frequently used in warm water pumps and are insensitive to microwave radiation enabling its wide
application in the electronics industry. PS resin generally costs around $5.5 per pound?.

3.2.4 Material Selection Summary
The critical factors to be considered during the material selection phase include?:

e Anticipated service-life

e Temperature (both average and extremes)

e Environment (outdoor exposure, light, moisture, radiation, etc.)

e Physical properties (transparency, gas permeability, tribological properties etc.)
e Mechanical properties (cyclic stresses, impact etc.)

e Chemical exposure (risks of corrosion, environmental pollution, pollution etc.)

e Electrical properties (influence of moisture, temperature and aging)

e Dimensional tolerance

e Weight

e Lifecycle costs including the expenses of fabrication, assembly, and maintenance

Price per pound for the aforementioned composite fibers and matrix materials are listed in Table 15.
Note that all material costs depend upon quantity purchased and current market prices. For composite
bridge girder fabrication, multi-axial E-glass NCF fibers and vinylester resin are recommended due to
their high strength and stiffness, easier resin flow, good chemical resistance, and relatively inexpensive
material costs.

Table 15. Price per Pound for Matrix and Fiber Materials [13,24]

Matrices

Thermosets

Polyester Vinylester Epoxy Phenolic Bismaleimide
S/lb. 1.8-3.5 4.0-5.0 7.5-10.0 1.0-1.5 ~50.0
Thermoplastics

Polypropylene | PEEK PPS: Nylon 6 PS:
S/lb. 0.8-1.2 ~50.0 4.5-5.5 1.2-2.0 5.0-6.0
Fibers
Type E-glass* S-glass Carbon Kevlar
S/lb. 0.8-2.0 5.0-7.0 8.0-40.0 15.0-20.0

*(Vaar, J., Vectorply, private communication, Apr. 11, 2016)

3.3 Composite Manufacturing Processes

Most composite manufacturing processes can be described as liquid molding. This process involves
impregnating the matrix (resin) into a fiber network bed to saturate all the empty spaces between the
fibers with resin [30]. The resin from a reservoir is transferred into the mold under positive pressure or
drawn by subjecting the mold to a vacuum. Thermoplastic resins are not typically used due to their high
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viscosity, which requires very high injection pressure. Thermoset resins are preferred in the liquid
molding process due to their low viscosity. There are various liquid molding composite fabrication
methods, and selection of a method depends on materials, part design, application, cost, and the
available facilities. Some common methods are resin transfer molding (RTM), vacuum infusion process
(VIP) or vacuum assisted resin transfer molding (VARTM), Seemann’s composite resin infusion molding
process (SCRIMP), and autoclave manufacturing methods.

3.3.1 Resin Transfer Molding (RTM)

Resin transfer molding (RTM) is one of the most developed and widely used composite molding
process [11]. The basic RTM process (Figure 6) consists of the following steps: a dry composite preform
is first placed a rigid die mold and the mold is closed. Next, a low viscosity thermoset resin is injected to
the mold under pressure and the part in the closed mold is cured at elevated temperature. Finally, the
cured part is removed and cleaned up. Although RTM is an excellent process for fabricating large parts
with complex geometries, it has a several drawbacks. One major disadvantage is the cost of tooling. A
well-designed tool is a pre-requisite for fabricating a fine composite part. The other is related to fiber
content. If a high volume of continuous fibers are present in the dry preform, smooth resin flow is
hindered. This will prevent rapid manufacturing. The compression RTM, shown in Figure 6, was
developed as the result to fill the need enabling short mold filling times [18].

Part removal Closure to initial thickness

g 1/ 1111

\

1. Preform manufacturing 5. Demolding and final processing

Resin
—

@ I Closure to final thickness

2. Lay-up and draping 4. Resin injection and cure

="

3. Mold closure Vent Vent

Figure 6. Schematics of (left) typical RTM and (right) Compression RTM (CRTM) processes [18].

There have been several variations developed from RTM to fabricate near net molded composite
parts at a lower cost. Well-known methods include vacuum infusion or vacuum assisted resin transfer
molding (VIP/VARTM) and SCRIMP.

3.3.1.1 Vacuum-Assisted Resin Transfer Molding (VARTM)

VARTM, as also known as VIP (vacuum infusion process), offers numerous advantages over
traditional RTM in terms of tooling costs, room temperature processing, and scalability for large
structures [31]. VARTM uses a vacuum to draw the resin through the dry preform instead of injecting
positive pressure into the mold. Because only a single-sided mold is used along with a vacuum bag, the
tooling costs are reduced. The process also enables the fabrication of large parts because they can be
cured at room temperature, eliminating the requirement of autoclave curing. Although the autoclave is
not required, ovens or integrally heated tools are normally used with lightweight tools since the
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pressure applied is limited to one atmosphere. The resins used for VARTM processing should have even
a lower viscosity than those used for traditional RTM. Resin viscosities less than 100 centipoise are
desirable to give the flow needed to impregnate the preform at vacuum pressure [11]. Figure 7 provides
a schematic of the VARTM process. A single-sided rigid mold is used and the mold is sealed with a
flexible bag by drawing a vacuum to remove the air from the mold and compacting the preform placed
on the tool surface. The resin is drawn into the mold from a reservoir at atmospheric pressure. The
VARTM process results in very low void content and excellent mechanical properties due to the
relatively high glass content. The ultimate fiber content is determined by fiber architecture and
pressure [32].

Sealant tape

Resin drawn across and through
reinforcements by vacuum

\@ vacuum
pump

Vacuum bag

Peel ply and/or resin
distribution fabric

Reinforcement
/ stack
S

{XE

ResinC

Mould tool

Figure 7. Typical vacuum-assisted resin transfer molding process [33]

3.3.2 Seemann Composite Resin Infusion Molding Process (SCRIMP) and Controlled
Atmospheric Pressure Resin Infusion (CAPRI)

One major drawback of VARTM is its slow resin filling due to the low pressure differential between
the inlet and the exit. Bill Seemann invented SCRIMP™ (Seemann Composite Resin Infusion Molding
Process) technology in 1990 to overcome the slow filling by adding a resin distribution medium (a series
of flow channels) between the fiber preform and the vacuum bag. This distribution medium of high
porosity allows the resin to easily flow in the in-plane direction due to the high permeability of the
materials used [18]. Figure 8 (top) shows a typical SCRIMP™ schematic. Note that the resin flow
medium is placed underneath the vacuum bag, which enables faster feeding of resin through the fibers
and saturating the part faster than VARTM. This rapid resin filling is possible because it only needs to
penetrate across the thickness direction as compared to the in-plane directions that are generally
required for RTM process. The design of the distribution medium must ensure complete mold filling as
the resin could reach the vent before completely saturating the dry preform.

Another vacuum infusion process similar to VARTM is Boeing’s proprietary CAPRI (Controlled
Atmospheric Pressure Resin Infusion) process invented in 1999 [20]. The main feature of this process is
that the resin is infused into the preform at less than one atmospheric pressure (~7 psi) to maintain a
pressure differential between the outer and the inner sides of the mold. This not only promotes resin
flow but also creates a pressure differential normal to the vacuum bag surface. This outside normal
pressure compacts the preform and enables laminate fiber volumes of nearly 60% [34], which is a higher
fiber volume fraction than normal VARTM processes. This results in better mechanical properties that
could rival those of the state-of-the-art pre-pregs cured in autoclave environments. Figure 6 (bottom)
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shows that resin is fed through the dry preform by a vacuum-induced pressure differential as well as
distribution media.

Vacuum Bag

Resin Flow Me d’rum\:

\ B\ Laminate \\ /

i
Catalyzed Resin Typical SCRIMP® Schematic Vacuum Pump
PARTIAL
ATMOSPHERIC
PRESSURE
(=7 psi) DISTRIBUTION MEDIA
(Bl-planar mesh)
ﬂ VACUUM
25: INLET RUNMER DEAD ZONE (=0 psi)
[ (Spiral wrap) / (No media)
REGULATOR ﬂ
] e p— .
L]
VACUUM POT
DRY PREFORM

Figure 8. Schematics of (top) SCRIMP Process [31] and (bottom) CAPRI Process [22].

3.3.3 Autoclave Curing

Autoclave curing process has been the method of choice to fabricate continuous fiber reinforced
thermoset composite components for high-performance applications, such as primary aircraft
composite structures [18]. Fibers are pre-impregnated with resin (prepreg) then cut and stacked to form
desired composite components or shapes, which also can be combined with other materials, such as
honeycomb core, pre-cured composite stiffeners, and structural adhesives to promote bond. The
structural part is then covered with various cloth layers and sealed inside a vacuum bag (Figure 9). The
part is cured with vacuum under high pressure and temperature in a predetermined cure cycle. These
external sources enable high fiber volume fraction and remove any voids that may develop during the
resin cure [11]. Note that the vacuum bagging pressure should be less than the autoclave pressure to
ensure compaction of the cured components. Although the autoclave process produces higher strength
composite components with fewer trapped voids, there are disadvantages including the high cost
associated with initial investment and the part size limitation due to the size of the autoclave.
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Figure 9. Schematic of Autoclave Curing Principle [11]

3.3.4 Pultrusion

BDV22-977-01

In the pultrusion process, continuous yarns and tapes are saturated with resin and pulled through a
die that forms the desired shape. Pultruded shapes can range from simple round bars to complex I-
beams or other hollow-core structures. Additional discussion on the use of pultruded FRP sections for
bridge girder applications is provided in Section 4.2 and Chapter 11. The overall complexity of the
pultrusion process is illustrated in Figure 10. Glass FRP reinforcing bars and carbon FRP prestressing

cables are fabricated using the pultrusion process.

.

Figure 10. Pultrusion machine at Strongwell Corp.[35]
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4. Current Applications of FRP Bridge Girders

The use of FRP composite materials in highway bridges has a long history dating back to the early
1990’s. A 2013 FHWA project report on composite bridge decks [36] indicates that more than 100 FRP
bridge deck/structures projects had been implemented in the U.S. at the time of the report. A
comprehensive review of all FRP bridge deck projects is beyond the scope of the current study, but
there have been notable examples of FRP composite bridge girders and FRP flat slab bridges that serve
as valuable baseline data for the present work. This section provides examples of different FRP bridge
girder systems that have been implemented around the U.S. and in Europe. Each sub-section addresses
a different FRP technology. The following framework was used to organize each sub-section:

1. General Description of the Technology
a. Materials and manufacturing methods
b. Research and development effort
2. Example Bridges
a. Date of construction
b. Basic bridge geometry
c. Monitoring and evaluation
d. Current status

4.1 Flat-Slab FRP Composite Panel Bridges

4.1.1 General Description

The earliest examples of FRP composite bridges discovered in the literature were flat-slab FRP
composite panels. The motivation for developing this technology was a perceived market for the rapid
replacement of short-span bridges (< 30 ft) on existing piers. The overall concept was developed by
Kansas Structural Composites, Inc. (KSCI) with the support of an FHWA IDEA grant [37]. The concept
involved developing an inventory of standard-sized FRP panels that could be deployed anywhere within
a 500 mile radius in less than 24 hours. The desired on-site installation time was 4 to 8 hours [38].

Each FRP panel consists of two face laminates (one for the top and one for the bottom), a
honeycomb core, and two edge frames that allow for adjacent panels on the bridge to be joined
together in the field. All of the components were constructed using a wet lay-up method. The
honeycomb core consists of corrugated panels that are bonded to flat sheets and stacked on edge until
the required width of each panel is obtained (Figure 11). The honeycomb core is then bonded to the
bottom face laminate by setting the core in place before the resin on the bottom face laminate has
cured.

After the individual panels have cured and are delivered to the site, the desired bridge width is
obtained by joining panels together using a tongue and groove system. An adhesive bonding agent is
used to secure the panels together and a cast-in-place polymer concrete wearing surface is installed in
the field to increase friction on the driving surface (Figure 12).
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(A) (B)
Figure 11. Flat-slab FRP composite bridge panel: (A) Completed panel and (B) Detail of honeycomb
core (model based on verbal description provided in [38]).

EXTERIOR PANEL CENTER PANEL

IN-SITE FRP BOND AND
POLYMER CONCRETE OVERLAY

FRPH CORE

EXTERIOR PANEL CENTER PANEL

Figure 12. Schematic for joining panels in the field [38]

Preliminary testing of this design concept included tensile testing of samples representing the face
laminates as well as flexural testing of a small-scale beam. Details of the small-scale beam were not
provided, so interpreting results is difficult. The exact laminate architecture was also difficult to
characterize from the data provided in the final report, but the laminates were constructed using a
combination of 0/90 woven glass fabric and chopped strand mat with Owens-Corning 7RCP polyester
resin (no additional data was provided for the matrix material). Laminate tensile testing results are
provided in Table 16.
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Table 16. Laminate tensile properties for FRP Honeycomb flat-slab bridge.

BDV22-977-01

Tensile strength Thickness Yield stress Young’s modulus
Sample ID (ksi) (in) (1% offset) (ksi) (psi)
Face 1 - Long. 33.9 0.493 17.5 2.19 x 10°
Face 1 - Perp. 10.9 0.518 8.9 1.04 x 108
Face 2 — Long. 31.2 0.941 17.8 1.80 x 108
Face 2 — Perp. 6.7 0.813 Not Reported 0.49 x 10°

There were several key innovations supported by the IDEA grant:

AN AN S

4.1.2 Example Bridges

FRP railing system to prevent lateral egress

Manufacturing methods for the relatively large honeycomb structure

Anchorage system to connect the panels to the substructure

Simplified design methods for FRP Honeycomb structures

Connection geometry between adjacent panels to ensure load distribution (Figure 12)

Lifting system for moving panels from the transport vehicle to the substructure

Construction Still in
Name Location date Span (ft) | Width (ft) | Lanes service?
No-Name Creek Russell, KS | November 27 Yes
Bridge 1996
St. Francis St. St. James, November 27.33 Yes
Bridge MO 2000
FA-114-01.64 Huron August 2008 25.75 Yes

County, OH

4.1.2.1 No-Name Creek Bridge, Russell, Kansas
The first documented example of a Flat Slab FRP composite panel bridge is the No-Name Creek
Bridge outside of Russel, Kansas. The bridge consisted of three FRP honeycomb panels that were 23.25
ft long in the span direction and 9.25 ft wide. The bottom laminate thickness was 0.75 in, the top
laminate thickness was 0.5 in, and the depth of the honeycomb core was 20.5 in. A 0.75-in polymer
concrete wearing surface was applied to each panel in the factory. Once on-site, the bridge panels were
laid across the span and additional composite material was placed in the lap joint region between the
panels. The remaining void was filled with additional polymer concrete overlay material to create a
smooth roadway surface.
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Figure 13. Load testing of No-Name Creek bridge after installation in November 1996.

Monitoring and evaluation of the No-Name Creek Bridge has continued over the years. Immediately
after installation, several load tests were performed to validate the bridge’s performance and measure
deflections (Figure 13). The rear tandem-axles of two trucks were positioned at midspan (one in each
lane) for a total load on the bridge of 84.5 kips with a resulting deflection of 0.181 in (A/L = 1410).
Additional load testing was completed in February and March of 1997, but no significant differences in
deflection were reported.

Subsequent static and dynamic load testing was conducted by researchers from Kansas State
University in 2004 [39]. No significant differences in bridge stiffness were reported after eight years of
service. Results from a subsequent FHWA sponsored research project [40] were published in 2012 that
describe a long-term monitoring program for the No-Name Creek Bridge. The emphasis of this study
was on temperature-induced deformations that result from diurnal heating of the roadway surface.
During the initial load testing of the structure in 1996, it was observed that deformations resulting from
temperature effects were on the same order of magnitude as the deformations obtained from the truck
loading. The 2012 study reported a displacement range of 0.365 in due to diurnal temperature effects
over a 1-year period (max minus min) while the displacements measured during the 2004 study due to
truck loading were on the order of 0.157 in. One additional point to note about this particular bridge is
that though the performance has generally been good over the years and the bridge is still in service,
the average daily traffic (ADT) is very low (10 vehicles per day) [41].

Current Status: The Embry-Riddle Aeronautical University (ERAU) research team contacted the
Kansas DOT. Responses to question about the current status of the No-Name Creek Bridge are provided
below:

Is the bridge still in service?
Yes it is still in service.
Have there been any maintenance concerns over the years?
Only one that | am aware of, rail damage due to vehicle contact.
Are there any plans to replace the bridge in the near future?
Not aware of any, however you would have to contact Russell County as they are the
owners.
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Have any other bridges been built utilizing composite materials after this bridge?
Three other structures have been constructed in Kansas, all are still in service but two
will be replaced soon. These structures all had the same issues, the top structural
surface would debond from the core and required repair of the surface.

Are there any plans to use composite materials like this in any future bridge projects?
Not at this time. Cost preventative.

4.1.2.2 St. Francis Street Bridge, St. James, Missouri

In the late 1990’s and early 2000’s, the Missouri DOT investigated several different FRP technologies
for short-span bridges. The study was comprised of both experimental work and four demonstration
bridges. The FRP technologies deployed in the demonstration bridges included:

e St. Francis Street Bridge: flat-slab FRP honeycomb bridge (similar to the No Name Creek
bridge in Kansas)

e St. Johns Street and Jay Street Bridges: traditional steel stringers/girders with FRP
honeycomb deck panels

e  Walters Street Bridge: simply-supported precast concrete panels reinforced with FRP bars

A 2002 report [42] documents the construction of each bridge and several laboratory experiments.
The experimental work investigated the basic FRP material properties as well as the overall behavior of
small-scale beam/panel specimens. Load testing was performed for the FRP-reinforced concrete panels
and the flat-slab FRP honeycomb panels. Note that the laminate tensile properties (Table 17) exceed
the minimum requirements from the FDOT structures guidelines for tensile strength (30 ksi) but do not
meet the criteria for Young’s Modulus (3 x 108 psi). A detailed description of the laminate architecture
was not provided in the report. A weight fraction of 40% fiber was obtained and an isophthalic
polyester resin was used. All of the components were constructed using a hand lay-up method. Coupon
samples were also exposed to different environmental regimes (freeze-thaw, moisture, and saline
solution), but negligible deterioration was reported.

Table 17. Laminate tensile properties for FRP panels used in St. Francis St. bridge.
Tensile strength Young’s modulus

Sample ID (ksi) (psi)

C2 40.8 2.07 x 10°
c3 40.2 2.57 x 10°
C5 44.2 2.16 x 10°
C6 46.8 2.23 x 10°
Average 43.0 2.27 x 10°

Experimental results for the small-scale FRP honeycomb samples warrant some discussion. Two
beams were loaded to failure in four-point bending. The total span length was 13 ft (3-ft spacing
between load points at midspan) and the total depth of the panels was approximately 23.25 in.
Complete panel dimensions are provided in Figure 14. The equivalent web thickness of the honeycomb
was 1.9 in.
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Figure 14. Small-scale FRP honeycomb flat-slab bridge sample. Testing completed at the University of
Missouri — Rolla. [42]

The observed failure mode for both specimens was shear debonding at the honeycomb core/FRP
panel interface (Figure 15). These failures occurred when the tensile stress in the FRP panels was on the
order of 12.5 ksi for Beam 1 (roughly 30% of the ultimate tensile strength, which was 43 ksi) and 19.1 ksi
for Beam 2 (44% of the ultimate tensile strength). The manufacturer, KSCI, had specified an equivalent
tensile strength at failure of 9.8 ksi based on their previous experience with this type of honeycomb
panel.

(A) (B)
Figure 15. Failure modes for FRP honeycomb beam samples. Delamination of the (A) top plate for
Beam 2 and the (B) bottom plate for Beam 1.

Load vs. displacement data are provided in Figure 16. The ultimate failure load for Beams 1 and 2
were dramatically different with Beam 1 failing at 194 kips and Beam 2 failing at 288 kips. This was in
spite of a slightly thicker top plate on Beam 1. These results suggest that predicting the conditions
which result in shear failure between the honeycomb core and the FRP panels would be difficult. An
important qualification, however, is that the deformation experienced by the beam would ultimately
control the design. If L/1000 is used as the serviceability criteria for this structural element, the capacity
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of the section would be reached at a displacement of 0.156 in and a load of approximately 25 kips
(based on the slope of the load vs. displacement plot). This load would result in an equivalent normal
stress in the FRP panels of 1.6 ksi (3.7% of the ultimate tensile strength) at the service limit state.
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Figure 16. Load vs. displacement data for FRP honeycomb beam tests completed at University of
Missouri — Rolla [42].

The St. Francis Street bridge was constructed in November 2000. The bridge consisted of four FRP
honeycomb panels (6.83 ft wide x 26.25 ft long). Baseline load-testing data was collected using the
47.88 kip truck shown in Figure 17(B). Holdener and Myers (2007) [43] published a follow-up study that
included in-situ load testing after six years of service. Load test results from 2000 and 2007 are
compared in Figure 18. The researchers noted some apparent softening of the structure and estimated
that the equivalent modulus of elasticity had decreased by 18%. The information provided in the paper
was difficult to reconcile with previous information about the FRP panels provided in the original 2002
study [42]. The computed value for Modulus of Elasticity based on 2001 data averaged 7.47X106 psi
while the Modulus of Elasticity based on 2007 data averaged only 6.154x10° psi (an 18% decrease), but
the measured modulus of elasticity from the 2002 report averaged 2.27x10° psi based on the coupon
testing. In any case, Holdener and Myers expressed concern over the apparent softening of the
structure after six-years of service.

Current Status: The ERAU research team contacted the city engineer for St. James, MO. This
communication confirmed that the St. Francis Street Bridge is still in service and is maintained by the
city. The bridge was performing well and there have not been any maintenance concerns. It was also
reported that one of the other bridges that relied on the FRP panel deck with steel stringers had
experienced problems with the polymer concrete overlay and that several FRP deck panels had
separated over time and needed to be re-glued.
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Figure 17. St. Francis Street bridge, St. James, MO, November 2000 [42]. (A) Installation and (B) load
testing.
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Figure 18. Comparison of load-test results (midspan deflection) for St. Francis Street bridge after six
years of service [43].

4.1.2.3 FA-114-01.64, Huron County, Ohio

A third flat-slab FRP honeycomb bridge with significant documentation was identified in Huron
County, Ohio. A 2013 report by the University of Toledo documents laboratory testing of a small-scale
sample, bridge installation, and subsequent field monitoring [44]. The field monitoring component
included load testing immediately after the bridge was commissioned in 2008 and after the bridge had
been in-service for a two year period. The report also includes observations from bridge inspections
completed in 2011 (almost three years after the bridge was constructed).

The report documents one improvement to the fabrication process for the FRP honeycomb panels.
In an effort to improve the bond between the honeycomb core and the FRP face laminates, the
construction process was modified so the core was “pressed” into the face laminate before the matrix
had cured. Recall that the failure mode for the University of Missouri — Rolla study was debonding
between the core and the face laminates at significantly different load levels. A similar failure mode was
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encountered during the laboratory testing of the small-scale sample (Figure 19(A)). The specimen failed
at a total load of 270 kip, but the service limit of L/1000 was reached at a total load of only 30 kip.

The load testing that occurred after two-years of service did not reveal any significant loss of
stiffness of the overall bridge. Two concerns were noted during the bridge inspection that occurred
after three years of service. First, water was observed to be dripping from one of the panels. Second,
the polymer concrete wearing surface was showing signs of distress (Figure 19(B)).

(A) R (B)
Figure 19. Flat-slab FRP honeycomb bridge for Huron County, Ohio [44]. (A) Failure mode of sample
from laboratory experiment and (B) polymer concrete wearing surface showing
degradation after ~3 years of service.

Current Status: The ERAU research team contacted the county engineer for Huron County, Ohio,
and obtained the following responses to questions about the bridge:

Is the bridge still in service?
Bridge is still in service. 2015 BR 86 Rating of 9A (FRP Innovative Bridge) In service since
7/1/2008.

Have there been any maintenance concerns over the years?
No major maintenance work as of this date, Epoxy surface is showing some signs of wear... FRP
Slabs still great shape...Future deck maintenance, not sure if epoxy or asphalt ???

Are there any plans to replace the bridge in the near future?
No plans to replace... Still looks good, GR anchors still functioning as designed....Bridge Railing
have NOT been hit, repairs could be expensive, because of attachment to deck slabs..

Have any other bridges been built utilizing composite materials after this bridge?
No, because of cost, still more cost effective to use Concrete boxes or poured beams on short
spans...(ex. Clear Span 15’-5”)

Are there any plans to use composite materials like this in any future bridge projects?
Not currently.... Waiting on ODOT to approve and standardize plans and specification... Need
cost effective suppliers...
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4.1.3 Summary of Flat-Slab FRP Honeycomb Bridge Panels

The flat-slab FRP honeycomb bridge panels described in this section represent an important
benchmark when considering the use of FRP composites in bridge girder applications. When assessing
the FRP honeycomb panels, it is important to first acknowledge the overall objective driving the
development of the technology in the first place: rapid deployment and replacement of short-span
superstructures on existing substructures. It is also important to note that a short-span bridge
represents a unigue case where flat-slab reinforced concrete construction and beam-slabs with steel
stringers are in constant competition from an efficiency standpoint (at least in areas outside of the
Southeast where pre-cast concrete is not as competitive). Both of these bridge types, however, are
susceptible to corrosion from the use of de-icing salts in the winter. The fact that this market niche was
identified for superstructure replacement on existing piers also suggests that the source of the corrosion
damage is coming from the top of the bridge and not the bottom (as we expect for bridge girders in
extremely aggressive environments).

Composite materials offer significant advantages for this specific application due to their high
strength to weight ratios and corrosion resistance. The typical weight per unit area of an FRP
honeycomb panel that is capable of spanning 23 ft is around 28.4 Ibf/ft? (37.7 Ibf/ft? including the
polymer concrete wearing surface). The total weight of a 30-ft-wide bridge would be on the order of 26
kips. A similar flat-slab reinforced concrete bridge would be on the order of 12-in thick and have a
weight per unit area on the order of 150 Ibf/ft2. The same 30-ft-wide bridge would have a total weight
of 103.5 kips. The FRP honeycomb option could presumably reduce transportation costs by a factor of
4. The size of the equipment and associated costs required to place the panels once on-site could also
be reduced considerably.

Regarding material costs, none of the reports discovered on the FRP honeycomb panels provide any
details. Using the raw material costs described in Section 3, it is possible to estimate the cost of the raw
materials in the FRP honeycomb panels. Assuming a fiber weight fraction of 40%, E-glass fibers at $1.50
per pound, and vinylester resin at $4.50 per pound, the material costs for the FRP honeycomb panels
can be estimated at $94 per square foot (not including the polymer concrete overlay). A 2003 paper
[45] in the Journal of Management in Engineering compared the life cycle costs of short-span FRP
bridges and traditional materials. The authors used the St. Francis Street Bridge in a case study and
reported material costs for the bridge at only $45 per square foot. This can be compared to a material
cost of about $20 per square foot for a traditional steel-reinforced flat-slab bridge (assumed 23-ft span,
30-ft width, 20-in depth).

If other life-cycle costs, such as manufacturing, construction, maintenance, and disposal are
considered, the long-term economic advantages of FRP honeycomb panels for short-span bridges are
not obvious. The study by Nystrom et al. essentially concluded that FRP materials would never become
cost-competitive over traditional flat-slab reinforced concrete construction for short span bridges:

The original research question was: “Are the advanced composite materials
capable of supporting industrial production of short-span bridges that are cost
competitive with traditional RC bridges?” The answer is: “Probably not.”
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Table 4. Life-Cycle Costs

Description RC bridges Future bridge FRP premium

Construction costs $430/m” $740/m’ $310/m”

Impact of disposal $45/m’ $9/m> ($36/m?)

Total cost including $475/m* $749/m? $274/m*
disposal

Impact of replacements $119/m’ $67/m’ ($52/m?)

Total cost including $594/m” $816/m” $222/m’

disposal and longer life

(A)

UMR Bridge $3000/ m*
($275/ )

&€ St James Bridge $1150/ m’
($107/ %)

Future bridge

$750/ m* ($70/ )

Traditional RC Bridge $430/ m” ($40/ %)

Relative cost

Cumuiative number of bridges built

(B)
Figure 20. Comparison of lifecycle costs for FRP and RC short-span superstructures [45]. The “Future
Bridge” is an attempt to characterize future economies of scale and efficiency
improvements that were envisioned in 2003.

There are several other factors worth considering about the nature of the FRP honeycomb panels
described in this section. Most importantly, the design of these bridges is governed entirely by
deflection control. An FHWA report from 2011 [46] addresses serviceability limits and the economics of
steel girder bridges. The following quote is noteworthy:

For lower strength steel, the deflection limits have not encroached on bridge
economics. With the introduction of high performance steel (HPS) in bridge design,
the deflection limit has become more critical in design. HPS designs require less steel
that result in larger deflections and, thus deflection limits can impact the economy of
a bridge.

This concern appears to be magnified considerably for the case of glass FRP materials.
The ultimate tensile strength of glass FRP materials that would be considered suitable for
bridge applications, 30 ksi (Table 8), is at least comparable to the yield strength of A36 steel
(36 ksi). At first glance, the strength to weight ratio of the FRP would appear to provide a
significant advantage. If you compare the modulus of elasticity between the FRP and steel,
however, some major challenges emerge. The modulus of elasticity for the FRP honeycomb
bridge panels was on the order of 2.0x10° to 2.3x10° psi. The minimum allowable modulus
of elasticity for FRP materials in current standards is 3.0x10° psi (Table 8), which is less than
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the modulus of elasticity for steel by nearly a factor of 10. The end result is an FRP cross-
section that is highly overdesigned from a strength perspective to meet the required
deflection criteria.

4.2 Pultruded FRP Bridge Girders

Around the same time that KSCI was developing the flat-slab FRP honeycomb panels for short-span
bridges, researchers from Virginia Tech were in collaboration with Strongwell, Inc., a Virginia-based FRP
pultrusion manufacturer, to develop a pultruded FRP bridge girder. Two unique cross-sections were
developed and deployed in superstructure replacement projects during the Summer of 1997 and in
October 2001. Two Virginia Transportation Research Council reports [47,48] were identified that
document laboratory testing, bridge construction, in-situ load testing and subsequent field monitoring.
Detailed design guidelines that include section and material properties are also provided by Strongwell
[49].

The pultrusion process employed by Strongwell for these beams involves unidirectional carbon-fiber
tows in the flange area and four different E-glass reinforcements in the flanges and webs. Including the
carbon-fiber tows enhances the apparent modulus of elasticity of the beams significantly. For example,
an all-glass version of the 8x6 EXTREN DWB has an equivalent modulus of elasticity (measured through
flexural testing) of 4x10° psi while the hybrid glass-carbon version of the same section has an equivalent
modulus of 5.66x10° psi (a 42% increase). Another reason for the increased modulus of elasticity is the
higher fiber volume fraction that can be achieved with the pultrusion process. The EXTREN DWB
structural shapes achieve fiber volume fractions on the order of 55%, while the hand lay-up methods are
limited to ~40%.

The enhanced modulus of elasticity does increase the cost. The all-glass versions of the 8x6 and
36x18 EXTREN DWBs currently sell for approximately $80 and $300 per linear foot, respectively.
Including the unidirectional carbon-fiber tows increase the price to $140 for the 8x6 and S600 for the
36x18 (Browing, S. Strongwell Corp., private communication, August 2, 2015, and April 15, 2016).

The carbon-fiber tows also have implications for the behavior of the beams at their ultimate
capacity. Figure 22 illustrates an observed delamination that occurred in the compression flange during
a flexural test of a 36x18 EXTREN DWB section. The flexural capacity of the section was reached when
buckling occurred in the compression flange at midspan directly underneath load application point. It
isn’t clear if the buckling occurred before or after the delamination.
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Figure 21. Pultruded FRP bridge girders by Strongwell, Inc. [49] (A) 8”x6” EXTREN DWB and (B)

36"”x18”EXTREN DWB.
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Figure 22. Delamination between quasi-isotropic glass and carbon/CSM laminates during laboratory
beam test of 36x18 EXTREN DWB. Section was taken away from rupture zone at midspan
[48].

(A) ' (B)
Figure 23. Four-point bending test of 36x18 EXTREN DWB (Note 48, pg. 27). (A) Laboratory setup and
(B) failure in compression flange at loading point.

The EXTREN DWB design manual provides moment capacities for each cross-section along with an
equivalent modulus of elasticity measured through flexure. The ultimate tensile strength of the
pultruded material is not discussed, but it is possible to estimate the equivalent normal bending stresses
at rupture using the relationship between normal stress and internal bending moment. The results,
summarized in Table 18, once again highlight the challenges associated with the anisotropic nature of
composite materials. The ultimate tensile stress for a uni-directional carbon FRP laminate should be on
the order of 120 ksi [50]. This value cannot be realized in a flexural element due to the pultrusion’s
limited ability to transfer shear stress throughout the depth of the cross-section. This problem is
amplified as the span length increases. The shear capacity of the 36x18 section was shown to decrease
from 157 kips at a span of 15 ft to 67.4 kips at a span of 60 ft.
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It is important to note, however, that from a bridge design perspective, the deflection criteria are
going to control the design. Nonetheless, these properties of pultruded sections highlight the difficulties
that one would face in attempting to evaluate strength limit state criteria. These characteristics also
suggest that service limit states for fatigue and rupture would also require special attention and that the
tensile stress limits imposed by AASHTO for concrete-filled tubes may not transfer directly to sections
that fail in shear.

Table 18. Equivalent normal stress at failure for glass-carbon hybrid EXTREN DWB sections.

Ult. moment | E | Normal stress at
Section (k-ft) (psi) (in%) failure (ksi)
8x6 EXTREN DB 36.1 5.66x10° | 129 26.9
36x18 EXTREN DB — 30-ftspan 964 5.76x10° | 1529 13.6
36x18 EXTREN DB — 40-60-ft span | 635 5.76x10° | 1529 9.0
4.2.1 Example Bridges

Construction Still in
Name Location date Span (ft) | Width (ft) | Lanes service?
Tom’s Creek Blacksburg, | Summer 18 24 2 Yes
Bridge VA 1997
Rt. 601 Bridge Sugar October 39 30 2 Yes

over Dickey Creek | Grove, VA 2001

4.2.1.1 Tom’s Creek Bridge, Blacksburg, Virginia

The first bridge utilizing pultruded FRP bridge girders was identified as the Tom’s Creek bridge in
Blacksburg, VA. A 2003 report (Note 47) documents the bridge’s installation, laboratory load testing, in-
situ load testing, and field monitoring. The 18 ft simple span bridge utilized a laminated lumber deck
supported by 24-8"x6"” EXTREN DWB hybrid carbon-glass pultruded beams (Figure 24). The laminated
lumber deck was attached to the composites girders using through bolts at over 300 locations across the
bridge. A total of 6 inches of asphalt was applied on top of the laminated lumber to serve as a wearing
surface.

: E Endge Centerline a -

T
|2 18 13 |12 7 +
24 = et

1
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Figure 24. Cross-section of Tom’s Creek bridge in Blacksburg, VA. [47]

The bridge was designed to meet a deflection criteria of L/425, but actual service live-load
deflections were closer to L/800. The researchers attributed this increased performance on the
composite action that developed between the timber deck and the composite girders. Two of the
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bridge girders were removed and replaced after 15 months of service and laboratory fatigue testing was
conducted. No significant degradation in stiffness or strength was observed.

Using cost data provided by Strongwell, the total cost of the pultruded girders can be estimated as
$140 per square foot (20 ft x 24 beams x 140S/ft x (1/480ft?)).

Current Status: The ERAU research team contacted the city engineer for the Town of Blacksburg,
VA, who provided the following responses to questions about the bridge:

Is the bridge still in service?
Yes
Have there been any maintenance concerns over the years?
No, Virginia Tech students performed additional research on the bridge after installation and did
not find any issues and the Town has not observed any maintenance issues with the bridge.
Are there any plans to replace the bridge in the near future?
No
Have any other bridges been built utilizing composite materials after this bridge?
Not in the Town of Blacksburg. The Town’s street and transportation network has not required
the construction of any additional bridges.
Are there any plans to use composite materials like this in any future bridge projects?
As stated above, new transportation system construction in the Town does not typically require
the construction of a bridge. If the need for bridge construction would arise, the Town would
review the construction options and choose the best option for the conditions. If the use of
composite materials was a viable option, the Town would review its use along with any other
options.

4.2.1.2 Dickey Creek Bridge, Rt. 601, Sugar Grove, Virginia

A second bridge using the 36x18 EXTREN DWB was built in October 2001. The associated research,
once again, involved describing the bridge’s installation, laboratory load testing, in-situ load testing, and
field monitoring. The bridge included eight pultruded beams spaced at 36 in on center and spanning 39
ft. A laminated timber deck was used with an asphalt wearing surface. The report stated that the
bridge was designed assuming no composite action between the deck and the girders, but steel double-
angles were used to connect the deck to the webs of the EXTREN DWBs. The bridge was designhed to
meet a deflection criteria of L/800.

Using cost data provided by Strongwell, the total cost of the pultruded girders can be estimated as
$170 per square foot (39 ft x 8 beams x 6005/ft x 1/1092ft?).
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Figure 25. Cross-section of Dickey Creek bridge, Rt. 601, Sugar Grove, VA [48].

Subsequent monitoring over the first two years of service did not reveal any damage or
deterioration in the pultruded bridge girders. Inspections in the Fall of 2003 and Summer of 2004 did
reveal some splintering, blistering, and cracking of the girders. The researchers concluded that this
damage most likely occurred during construction. The location of the damage ruled out possible debris
strikes during flooding. And because the splintering did not occur near the midspan of the girders, the
researchers also ruled out damage due to overloading. Live load testing was completed after the
damage was discovered and there were no discernable effects caused by the damage. The researchers
ultimately concluded that the damage needed to be monitored for future growth.

Current Status: The ERAU research team contacted the Virginia DOT and received the following
responses to questions about the bridge:

Is the bridge still in service?
Yes

Have there been any maintenance concerns over the years?
All interior beams on bottom of bottom flange have longitudinal cracking, (Can feel with
fingernail) full width x full length. Exterior beam (Beam #1) has this same cracking for a length
of 8 at Abutment A. Note: Manufacture calls these cracks “crazes”. Beam #5: Bottom flange at
mid-span has small splinters on bottom upstream corner in a 5” long area and 1/16” deep.
Beam #6: Bottom flange on bottom downstream corner, 4’-5” from Abutment B end of beam,
has small splintersina 2 1/2” long area and 1/32” deep, (No significant change since last
inspection). Diaphragms at mid-span have chalking.

Are there any plans to replace the bridge in the near future?
No

Have any other bridges been built utilizing composite materials after this bridge?
No, but a similar bridge exists in Blacksburg [Tom’s Creek, described above].

Are there any plans to use composite materials like this in any future bridge projects?
Not at this time
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4.3 FRP U-Girders

Research conducted at the University of Texas at Austin in the early 2000s investigated numerous
FRP bridge girder options for short-span bridges [51]. In the mid 2000s, two FRP bridges were
constructed using FRP composite U-Girders. The general fabrication process using the hand lay-up
method is outlined in Figure 26. A major divergence from the previously described FRP systems is the
effort to develop composite action with the cast-in-place concrete deck. Steel pipes (1.5 in diameter @
16" on center) were passed through the webs near the top of the section and a polystyrene foam was
used to prevent concrete from completely filling the inside of the girder.

Figure 26. FRP U-Girders for FM 3284 bridge in San Patricio County, TX [52].

4.3.1 Example Bridges

Construction Still in
Name Location date Span (ft) | Width (ft) | Lanes service?
FM 3284 San Patricio 2005 30x2 32 2 Yes
County, TX
FM 1684 Refugio Fall 50 32 2 Yes
County, TX 2007
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4,3.1.1 FM 3284, San Patricio County, Texas

Details for the first FRP U-girder bridge were obtained from an internal Texas DOT presentation [52].
The bridge was fabricated using the hand lay-up method (Figure 26). A detailed study by Ramirez et al.
[53] describes an acoustic emissions testing program that was developed to certify the girders after
fabrication. The San Patricio Bridge consisted of two 30-foot simple spans (total length = 60 ft) and had
a width of 32 ft. Atotal of 12 girders spaced at 2'8” on center were used for each span.

The most detailed description of the specimens was located in a paper by Chen et al.[54] The lay-up
was described as 37 layers of 0/90 E-glass fibers and a vinylester resin. The total weight of FRP in a
single span (12 girders) was reported as 21.8 kips. Assuming a 50% fiber weight fraction and the middle
range values for E-glass (51.50/Ibf) and vinylester resin ($4.50/1bf) reported in Section 3, the
approximate girder cost per square foot of bridge is $68. Chen did report that a material cost savings of
up to 58% might be obtained if the depth of the section was increased from 22.25 to 27.25 in.

4.3.1.2 FM 1684, Refugio County, Texas

A second FRP U-girder bridge was built in Texas in 2007. This bridge spans 50 ft and is 32-feet wide.
Eight girders were spaced at 4 ft center-to-center, and the total weight of each beam was approximately
5,000 Ibf [55]. These beams were constructed using a VARTM method, and a report by the
manufacturer indicates that 3,300 Ibf of E-glass fiber and 1,700 Ibf of vinylester resin were used for each
beam [56]. This results in a relatively high fiber weight fraction of 66%. Using the material prices
described in Section 3, the cost per square foot of these FRP girders is approximately $63.

Current Status: Both the San Patricio and Refugio bridges are still in service. The Texas DOT Bridge
Division provided the NBI rating sheets for both bridges and the superstructures received a rating of 8
(VERY GOOD CONDITION — No problems noted).

4.4 Concrete-Filled FRP Tubes (CFFTs)

The AASHTO LRFD Guide Specifications for Concrete Filled FRP Tubes (CFFT) was described in
Section 2.1.2. The Concrete Arch Bridge System (CABS, formerly known as Bridge-in-a-Backpack) is the
most widely used version of the CFFT concept. A detailed review of the literature surrounding the
development of the CABS is beyond the scope of the current report, but there is a wealth of published
data from research sponsored by the Maine DOT [57]. The following section highlights some of the
main design features of CABS and includes a table of typical CABS bridges for reference. Section 4.4.2
highlights the King’s Stormwater Channel bridge that utilized CFFTs in pure flexure.

4.4.1 Concrete Arch Bridge System (CABS)

The basic geometry of a CABS bridge is illustrated in Figure 27. The first step in the construction
process involves excavation and casting the reinforced concrete bottom footings. Next, pre-cured FRP
arch tubes (without concrete) are secured to the footings and corrugated decking is attached
perpendicular to the tubes (Figure 28). The decking serves two primary functions: (1) to stabilize the
tubes, and (2) provide transverse load transfer from the compacted backfill and roadway to the tubes.
Once the tubes are in position, concrete is poured into each tube from a hole drilled in the center. This
results in the primary load-bearing arch. After the concrete cures, compacted soil is used to backfill the
bridge to the desired depth. This is followed by placing the roadway subbase and the final roadway
surface (Figure 29).
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The FRP tubes used in CABS bridges constructed between 2008 and 2012 were fabricated using
carbon fiber. Later bridges have typically been constructed with GFRP tubes. Tube diameters range
between 12 in and 15 in. One major advantage associated with the FRP tubes is that they are light
enough to be picked up and moved by several construction workers. A crane is required to place the
tubes across the river/stream, but the required crane capacity is minimized. Completed span lengths to
date range between 24 ft and 56 ft (Table 19). The estimated total cost per square foot of bridge deck is
currently $100 to $120, which is within the range of reinforced concrete flat-slab bridges in Florida (5115
to $160 per square foot according to 2018 FDOT Structures Guidelines, Section 9.2.3).
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Figure 27. Concrete-filled FRP tube arch bridge.

Figure 28. CABS construction and finished bridge.
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Table 19. Summary of existing CABS bridges

Span | Width | Rise # of Dia.

Name Location Date | (ft) (ft) (ft) Lanes | Tubes | (in) Mat.

Neal Bridge Pittsfield, 2008 | 28.8 45 7.5 2 23 12 CFRP
ME

McGee Bridge Anson, ME | 2009 | 27.6 25 4.4 2 9 12 CFRP

Perkins Bridge | Belfast, ME | 2010 | 47.6 45 11 2 16 15 CFRP

Royal River Auburn, 2010 38 38 9.5 2 13 12 CFRP

bridge ME

Jerkins Bridge Bradley, 2010 | 28.5 34 6 2 12 12 CFRP
ME

Tom Frost Hermon, 2010 | 445 12 6.8 Ped. 3 12 CFRP

bridge ME

Scott Reservoir | Fitchburg, 2011 | 37.6 36 5.8 2 15 12 CFRP

Outlet MA

NHDOT Lot 2011 | 23.8 26 6 2 6 12 CFRP

Maintenance Pinkham’s
Grant, NH

Farm Access Caribou, 2011 | 54.2 55 12 2 22 15 CFRP

Underpass Maine

C19 of 32092 Harbor 2012 | 37.6 52 7.1 2 16 12 CFRP
Beach, Ml

B&A Lagrange, 2012 | 36.1 58 12 2 13 12 GFRP

Overhead ME /13

Bridge

Greys Brook Ellsworth, 2012 | 34.3 50 14 2 11 12 GFRP
ME /13

B04 of 23052 Sunfield, 2013 | 37.7 48.4 8.7 2 24 12 GFRP
M

Wanzer Brook Fairfield, 2013 35 38 7 2 9 12 GFRP
VT /14

Route 53 & Weston, CT | 2015 | 40.3 40 6 2 10 15 GFRP

Route 57

Tide Mill 2 Edmunds, 2015 56 46 11 2 13 15 CFRP
ME

M-100 over Eaton 2015 32 47.7 11 2 12 15 GFRP

Thornapple County, Ml

Drain

JV 135-SR 1001 | Union 2016 43 30 6.5 2 10 15 GFRP

Section 004 County, PA

Over Spruce

Run

JV 136- 36 Union 2016 38 30 5.7 2 10 15 GFRP

1001 Section County, PA

019 Over

Spruce Run
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4.4.2 King’s Stormwater Channel Bridge

An earlier research/bridge construction project completed in 2001 by researchers at UC-San Diego
provides an interesting example of a CFFT bridge [58] where the girders are subjected to bending and
shear with no axial load. The King’s Stormwater Channel bridge consisted of two 30-foot spans
(continuous over the center support) and was 42.5-ft wide. A total of six filament wound CFFTs with a
diameter of 14.25 in and a wall thickness of 0.394 in. The CFFTs were filled with lightweight concrete.
Additional discussion of the laminate architecture for these girders is provided in Section 8.1.5.3. The
bridge deck included open-cell FRP panels with a polymer concrete wearing surface.

The King’s Stormwater Channel (KSC) bridge was originally constructed as a demonstration project
for a much larger undertaking known as the I-5/Gillman Advanced Technology Bridge project. The I-
5/Gillman bridge was planned to be a 450-ft long cable-stayed bridge that incorporated CFFT main
girders (Figure 30). The site of the KSC bridge was chosen as a rural location near the Salton Sea on
California SR 86 with a low ADT. Shortly after the bridge was constructed, the highway saw an uptick in
heavy truck traffic from Mexico. This ultimately led to problems with the polymer concrete wearing
surface. In 2013, the bridge was replaced due to maintenance concerns with the FRP deck. During a
phone conversation the California DOT, it was reported that the CFFT girders performed well during the
12 years they were in service and did not pose any maintenance concerns.
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Figure 29. Kings Stormwater Channel bridge near the Salton Sea on California S.R. 86 [58].
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Figure 31. King’s Stormwater Channel bridge. California State Highway 86 near the Salton Sea.

4.5 Hillman Composite Beams

The Hillman Composite Beam is a patented [60], hybrid composite beam (HCB) system. Research
has been published on the performance of this system based on installed bridges in the State of
Missouri [61]. The company’s website provides nine case studies for highway bridges, two railway
bridges, one military bridge, and one pier. The novelty of this hybrid system is that each bridge girder
contains a tied arch. A foam material is used to form the arch within the FRP composite shell, and steel
tendons tie the arch ends together. These tendons are bonded directly to the FRP composite, which
provides environmental protection for the entire system (Figure 33). A list of completed HCB bridges is
provided in Table 20. Span lengths for traditional girder bridges range from 32 ft to 70 ft. Two bridges
with span lengths of 106 ft were also constructed, but these were larger box-girder cross-sections.

Since the current study began in June 2015, construction has begun on the Halls River bridge project
in FDOT District 7 just outside of Homasassa Springs. The HCBs used in this project span approximately
37 ft and are spaced at approximately 7 ft, center to center. The estimated cost of the HCBs was $444
per foot. In addition to incorporating HCBs as the primary flexural members, the concrete deck, cast-in-
place barriers, and pile bents are reinforced entirely with GFRP bars. Both the rectangular piles and pre-
cast concrete sheet piles for the project are prestressed with CFRP.
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Table 20. Summary of existing HCB bridges

BDV22-977-01

Total Span
length | Width # of length

Name Location Date (ft) (ft) Lanes | girders | (ft)
High Road Lockport September 58 42 2 6 58
Bridge Township, | 2008

IL
NJ Rt. 23 over | Cedar November 32 66 4 5 32
Peckman’s Grove, NJ | 2009
Brook
Rt. 76 (B0439) | Douglas November 178 26 2 5 60
over Beaver County, 2010
Creek MO
Knickerbocker | Boothbay | June 2011 540 32 2 8 70
Bridge Harbor,

Maine
Rt. 49 (B0478) | Reynolds | August 101 26 2 6 50.5
over Ottery County, 2012
Creek Missouri
Rt. 97 (B0410) | Dade September 106 30 2 3 106
over Sons County, 2012
Creek Missouri
Rt. 205 over Colonial March 48 32 2 8 48
Tide Mill Beach, 2013
Stream Virginia
Dry Branch Charlesto | September 106 24 2 3 106
Bridge n, West 2013

Virginia
Potomac Barton, September 30 25 2 6 30
Hollow Rd. Maryland | 2014
Bridge
Halls River FDOT Est. 2018 186 58 2 9 37
Bridge Dist. 7
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Figure 32 Missouri DOT Brldge B0439, Douglas County, MO. Images obtained from HCB web5|te [62]
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Figure 33. Conceptual design for Hillman Composite Beam (derived from images in U.S. Patent

#7562499 B2)

4.6 European FRP Bridge Girder Demonstration Projects

A 2008 paper in the ASCE Journal of Bridge Engineering [63] describes experimental testing for a
full-scale carbon FRP bridge girder. A demonstration project (the Pumacon Bridge) using the same
configuration had been completed in Spain in 2004. A large foam core was wrapped with pre-
impregnated carbon fiber fabrics, which was then subjected to vacuum assisted low-temperature curing
cycle at 80 °C. Pultruded GFRP shapes were bonded to the top of the girder to serve as shear
connectors between the girder and the slab.
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Figure 34. Full scale carbon FRP bridge girder test (European demonstration project). Photo from
ASCE Journal of Bridge Engineering paper by Gutierrez et al. [25].

A 2012 conference paper by Carlo Paulotto et al. [64] describes the evolution of full-scale FRP bridge
girder demonstration projects across Europe. In addition to the Pumacon bridge that was completed in
2004, Paulotto discusses two identical FRP girder bridges that were erected in 2007 in Madrid, Spain.
These bridges each consisted of 3 simple spans (33 ft, 46 ft, and 33 ft). The girders were fabricated using
both carbon and glass pre-impregnated fabrics that were placed in an open, reusable, steel mold (no
foam core was utilized). The total weight of the 46-ft girder was ~4.7 kips. As an interesting point of
reference, a 46 ft long Florida I-beam that is 36 in deep (FIB 36) is estimated to weigh over 38 kips [65].

conference paper by Paulotto et al.- [64].

A third project discussed by Paulotto was a 78-ft simple span pedestrian bridge girder that was
constructed from glass FRP using a vacuum infusion process (VIP)—also commonly referred to as
vacuum assisted resin transfer molding (VARTM). In this method, dry glass fabric is placed in an open
steel mold to achieve the desired thickness and a vacuum bagging material is used to seal off the
surface. Once sealed, a vacuum is pulled between the bag and the mold and resin is allowed to infuse
the part. This process eliminates the need for large volumes of pre-impregnated fabrics and allows the
entire part to be saturated simultaneously.
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Figure 36. Glass FRP pedestrian bridge girder manufactured in 2010 using the VIP/VARTM method.
Photos from 2012 CICE conference paper by Paulotto et al. [26].

Current Status: The ERAU research team contacted the researchers who published the work in
2012 regarding the current status of FRP composite bridge girders in Europe. The group confirmed that
the bridges are all still in-service and have not had any major maintenance concerns. They did state,
however, that they are not aware of any on-going efforts to build any new vehicular bridges using FRP
composites.

More recent research that included the fabrication, full-scale load testing, and installation of an FRP
U-girder vehicle bridge in Poland was recently discovered [132]. A detailed description of this work and
how it was used to validate finite element models in the current study is provided in Section 9.2.1.1.
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5. Advances in Composites in the Aerospace Industry

To gain a competitive advantage in the marketplace, next-generation transport aircraft typically aim
to achieve a 20% higher operating efficiency than existing designs. New airframe architectures that
include lightweight composite materials are a significant factor in the overall efficiencies of these new
designs. FRP composites have also gained popularity due to the growing demand for reduced energy
consumption in the aviation/aerospace industry.

The advanced strength of composites is a result of the fiber reinforcement’s microstructure and
texture. A fiber may be described as a particle with a length-to-diameter ratio of greater than ten to one
[10]. A small fiber diameter compared to its length results in fewer flaws and voids. This leads to the
“size effect” where the strength of fibers is closer to the theoretical value compared to the bulk material
[66]. Moreover, if the fibers are made of graphite, carbon layers tend to lay up perpendicular to the
fiber axis hence the modulus of elasticity is higher at the longitudinal direction; however, special care
should be taken to establish an optimal bond between the fibers and the matrix since interlaminar shear
strength and bonding is one of the major issues for the integrity of the structure. Paradoxically,
matrix/fiber bond that is too strong can degrade the properties of some types of composites just as a
weak bond degrades the properties of others [7,67,68].

Interestingly, the high tensile modulus of composites does not show an accompanying increased
compression strength since the compressive failure mechanism is totally different from that of tension.
The compression strength of the composites is usually 50-60% lower than their tensile strength. Fibers
of low modulus tend to buckle and form kink bands normal to the longitudinal axis while fibers with high
modulus undergo shear deformation and form kink bands at an angle of 45° to the fiber axis [69].
Therefore, reinforcements of high tensile modulus have decreased compression strength, shear
modulus and flexural strength. Other parameters that can negatively affect the structural behavior of a
laminate are impact damage, misalignment of fibers during manufacturing, the presence of fully
damaged fibers or fibers with flaws and microcracks during production, weak matrix/fiber interface, and
poor elastic properties of the matrix that cannot adequately support the reinforcement and suppress
fiber microbuckling [70]. An ongoing issue for engineers is the lack of a commonly accepted method for
testing and validating the strength of composites in compression [71].

A typical composite system demonstrates low strain to failure and shear strains resulting from
compression, tension or combined loading. In contrast to metals or cases that metallic matrices are
applied, the composite systems show elastic deformation up to fracture with minimum plastic
deformation [66]. In every case, special care should be exercised for the interlaminar stresses that can
lead to delamination and matrix cracking as well as those stresses present at the free edge surfaces[66].
Delamination is one of the most common failure mechanisms in composites. Recent manufacturing
problems in the new 787 Dreamliner, which consists of 50% carbon fiber materials by weight, led to
delamination issues that were traced to the assembly of the aft fuselage section [72]. This phenomenon
can affect the stacking sequence of the final laminate.

Proper sequencing leads to compressive interlaminar stresses at the free edges, which are less likely
to cause delamination [73,74]. The optimum design of a laminate can also simplify the analysis of their
complex behavior. It can solve structural issues that arise due to the coupling phenomena by
implementing symmetrical stacking sequences and balanced arrangements, thus eliminating shear,
bending-torsion and stretching-bending coupling between different layers [66]. An alternative approach
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to improve the delamination resistance of a laminate is offered by stitching technology. Through-the-
thickness stitching with liquid-crystal fibers has been shown to suppress damage growth, eliminate the
use of bolts and fasteners and enable for cost-effective, fast and straightforward production [34,75,76].
The crack-stopping process offers superior strength and performance since stitched panels can operate
well in the post-damage regime [20].

The tailoring of composite properties depending on the unique requirements of each application is
considered as one of the most important advantages of these systems over the use of conventional
materials. This can be accomplished by selecting the appropriate matrix/reinforcement material and
type, applying more fibers in the direction of the maximum anticipated loads, using variable angle fibers
or by just altering the stacking sequence. The final properties found in a variety of modern applications
would not be possible to achieve with the use of conventional materials. The advanced tailoring
characteristic of composites is widely studied in the aerospace sector. Aeroelasticians gain great benefits
by tailoring laminates to increase divergence and flutter speed, increase crashworthiness and payload of
aircrafts, minimize the drag and reduce the gust loads [77,78,79,80,81]. Although these studies seem to
be very promising and can lead to potentially efficient and superior airframes, they are still not fully-
exploited by the aerospace industry due to fabrication and cost-related issues.

Another property that plays an important role during the service life of any structure is resistance to
static loading (creep) and cyclic loading (fatigue). Fatigue causes extensive damage throughout the
specimen volume, leading to failure from general degradation of the material instead of a predominant
single crack. A predominant single crack is the most common failure mechanism in static loading of
isotropic, brittle materials such as metals. There are four basic failure mechanisms in composite
materials as a result of fatigue: matrix cracking, delamination, fiber breakage and interfacial debonding.
The different failure modes, combined with the inherent anisotropies, complex stress fields, and overall
non-linear behavior of composites, severely limits our ability to understand the true nature of fatigue.
Moreover, fatigue resistance can be degraded by environmental factors like absorption of moisture,
corrosion, high temperature, impact damage, imperfect fiber alignment, and the presence of bolts and
rivets [82,83,84,85].

Detection of damage and defects in composites caused by fatigue stress or applied loads outside the
design level is not an easy task due to their complex structure and high anisotropy. Non-visible damage
is currently one of the main performance issues in composite structures. In 2014, “hairline cracks” on
the wings were reported during the manufacturing procedure of 40 Dreamliners raising new questions
about the repair cost and time of aircrafts that consist of composites [86]. Radiographic and microwave
methods, infrared thermography, acoustic emission methods and ultrasonic techniques are some of the
available inspection solutions depending on the current composite structure and needs [87,88,89].
Lately, optical fiber sensors have gained popularity among the available non-destructive testing
methods and in-service health monitoring of composites since temperature, pressure, strain, and
chemical characteristics values can be reliably measured [90,91].

The non-homogeneous nature and anisotropic mechanical properties of composites raise major
issues in the ongoing effort to fully exploit the advantages that these advanced materials are capable of
providing. Micromechanical and macromechanical analyses can be applied to predict the strength and
stiffness of the composite, but a number of assumptions are inevitably considered. The fibers are
assumed to be homogeneous, linearly elastic, isotropic, regularly spaced, perfectly aligned, and of
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uniform length, the matrix is assumed to be homogeneous, linearly elastic, and isotropic and the
fiber/matrix interface is assumed to be perfect, with no voids or disbands [10]. Idealization of the
structure is also considered to some degree in the Classical Plate Theory (CPT), First and Second order
Shear Deformation Theory (FSDT, SSDT) when they are implemented during the structural analysis to
determine the relationship between stresses/loads and strains/deformations or the vibrational behavior
of these systems [92,93]. Moreover, the prediction of failure in composites is still an open issue for the
engineers since the current methods seem to produce more reliable results for the fibers tension failure
than matrix failure and the delamination growth [10]. Except from the extended use of finite element
softwares, current trends with promising results and good correlation with experimental tests include
the utilization of probabilistic methods and computational analyses that takes into account inherent
voids and flaws [94,95,96].

Since their first implementation in high-performance applications in early 1960’s, the composites
market has been constantly expanding; however, their growth was not as high as it was initially
anticipated, especially in the aerospace sector, due to their elevated cost as well as design,
maintenance, repair and inspection requirements [10]. The superiority of composites over metallic
materials created visions of 50% weight savings for airframe structures, but today this is true only for
limited aircraft components [82]. In a recent aircraft crash during landing (Asiana Flight 214), the
investigation revealed that the 777’s tail, which is made of composites, broke off whereas the aluminum
alloy fuselage stayed intact resulting in saved lives [97]. This example suggests that more studies on the
crashworthiness of composite structures are required before aircraft designers are able to implement
composite materials efficiently.

In summary, although composites are lighter, the economic utility of composite primary structures is
often diluted by their higher fabrication costs due to (1) required large autoclaves (2) out-time
limitations for Pre-pregs, and (3) higher number of required fasteners and detail parts. Additionally,
there are several performance issues with the composite structures such as (1) poor damage tolerance,
(2) catastrophic failure due to damage, (3) non-visible damage, (4) weak out-of-plane bonds properties,
and (5) separation between skin and flanges with small out-of-plane deformations, which all lead to
heavier designs that can obtain certification and desired safety. To address the composite fabrication
and performance challenges, researchers at NASA’s Advanced Composite Technology Wing Program
started researching the feasibility of unitized stitched-composite concepts for use in aircraft airframe
applications [98].

Conventional manufacturing is achieved through the assembly of numerous small parts. Although
fabrication of each part is simple, the assembly process requires significant touch labor and tooling as
well as extensive use of fasteners that ultimately leads to structural discontinuities, corrosion and
fatigue. Stitching manufacturing techniques allow for structural unitization to be achieved, which results
in a reduction of parts in critical areas. This reduces the potential for corrosion around fasteners and
reduces overall fastener maintenance. Unitized structures enable an integral one-piece panel
construction that is capable of enhancing out-of-plane loads and local stress concentrations inherent in
built-up panel assemblies. Additionally, the z-direction reinforcement improves the damage tolerant
properties of composite structures, by which it would meet the conventional crack-growth and damage-
arrest methodologies [99]. This method forms the basis for the stitched approach; it uses through-
thickness stitching to increase the out-of-plane tension strength of the layered composite material
system which enables higher levels of structural integration.
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The fundamental premise of improving structural performance is to create a unitized composite
structure using stitching that has an equivalent level-of-safety and crashworthiness to that of proven
state-of-the-art aluminum structures. The overall goal is to achieve structures that are multi-load path,
redundant, damage tolerant, and capable of redistributing internal loads to the undamaged regions of a
damaged panel assembly while simultaneously reducing fabrication costs. Pursuing these objectives
resulted in a new concept for manufacturing unitized airframe structures: the Pultruded Rod Stitched
Efficient Unitized Structure (PRSEUS) system.

5.1 PRSEUS Structural Concept

5.1.1.1 Basic Design

The highly integrated PRSEUS structural concept is based on stitched-composite technologies, which
were first introduced 20 years ago, and uses dry warp-knit fabric materials to create a preform of the full
structural unitized panel that is fabricated outside the autoclave. Consequently, the damage-arrest
characteristics of stitched structures can be fully exploited, as well as the unique processing advantages
inherent in dry carbon fabrics. An illustration of the PRSEUS arrangement is shown in Figure 37.
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Figure 37. PRSEUS components and assembly [100]

The basic building blocks of the PRSEUS concept consists of five main components:

The stacks of the outer skin

Stringer support layers and stack material

A pultruded carbon fiber rod

Frame cap support stacks and layers wrapped over Rohacell foam
The frame cap

vk wN e

Each stack has a nine-layer core (¥45°/0°/0°/90°/0°/0°/+45°) of Hercules, Inc. AS4 carbon fiber,
stitched together with Vectran liquid-crystal fibers. The stringer stacks (yellow color) are positioned
perpendicular to the frame stacks (blue color) to achieve high stiffness in both directions and provide
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continuous load paths. A small opening in the frame web ensures load path continuity at the stringer-
frame intersection. The stringers consist of a 0-degree carbon-fiber dominated pultruded rod and a
carbon-epoxy overwrap. The rod offers two main advantages; it increases panel stiffness along the
longitudinal direction and improves panel’s bending capability because it is placed higher than the skin.
The frame elements feature a lightweight foam core and are stitched directly on the inner moldline
(IML) skin surface without metallic fasteners or bolts. The total weight of the structure is considerably
reduced. They also feature carbon-epoxy overwraps that increase the stiffness of the panel in the
spanwise direction.
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Figure 38. Structural advantages of PRSEUS panel construction [100].

5.1.2 PRSEUS Manufacturing

Preform assembly begins with the warp-knit fabric on a cutting table. This fabric is cut into small
pieces, which are intertwined with rods and foam-core details. These pieces are then positioned and
stitched in place. The stringer stacks are positioned perpendicular to the frame stacks and no
mechanical fasteners are needed in any step of the manufacturing process. Upon completion of the
preform net-molding, the preform is placed in a vacuum bag and sealed against the cure tool. At this
point, the Boeing-patented CAPRI out-of-autoclave process is used to infuse the preform with HEXFLOW
VRM34, a two-component epoxy resin. The resin is infused into the preform rapidly at 140°, and cured
at 200°. Once cured, the temperature is raised to 350°, and post-cured. After successful curing, the final
shaping takes place.
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Figure 39. Robot arm performing through-the-thickness stitching [100].

Using the PRSEUS concept, structural continuity is maintained by eliminating mechanical
attachments, gaps, and mouse holes to provide uninterrupted load paths between the skin, stringer,
and frame elements (Figure 37). Load paths at the stringer-to-frame intersection are maintained in both
directions by passing the rod-stiffened stringer through a small keyhole in the frame web while keeping
both frame caps continuous. The high-modulus rod embedded in the stringer cap increases the local
strength and stability of the stringer section while simultaneously shifting the neutral axis away from the
concentrated material near the skin. Frame members are stitched directly onto the skin to eliminate
shear tie details and are designed to take advantage of carbon fiber tailoring by placing bending and
shear-conducive layups where they are the most effective. Since all of the interfaces are stitched
together to provide through-thickness strength, a higher degree of fiber tailoring is possible even with
composite material systems which are known to be brittle, layered, and prone to delamination.

The highly integrated nature of the structure is attributed to the use of stitching technology which
enables this unique manufacturing process with dry material forms, self-supporting preform design, and
no out-time or autoclave limitations. Through-the-thickness stitching allows for easy handling of the dry
materials as well as cost-effective, fast, and straightforward production. Stitching is performed by a six-
axis robot arm (Figure 39) that features a fast one-sided sewing process. The net-molded preform is self-
supporting and ready for resin infusion with minimal labor. Experience gained during the last 10 years of
PRSEUS manufacturing procedures has demonstrated that it is feasible to easily construct highly
integrated, larger, and more complex panel geometries [100].

5.1.3 Advantages of PRSEUS

The use of fail-safe design methods enabled by the stitched-composite technology of PRSEUS makes
its weight competitive. Most importantly, these methods offer enhanced load-carrying capacity after
damage, up to a specified level, while still maintaining safety of flight. The ability of stitched composites
to contain damage growth within the stringer and frame elements is considered to be one of the major
advantages of PRSEUS concept. The whole crack-stopping process offers superior strength and
performance to PRSEUS panels since they can operate well in the post-damage regime. This
phenomenon has been demonstrated in many experiments regarding flat and curved PRSEUS panels
under tensile or combined loading [101,102,103]. In a damaged stiffened panel under tension,
experimental results showed that stress intensity is reduced in the vicinity of the crack tip, and if load
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levels exceed an upper limit, the damage is propagated until a stitching interface is reached. The
propagation of damage will then follow the stitching path until it reaches the frame-stringer intersection
(Figure 40). Similar studies on 3-stringer stiffened panels demonstrated the damage-arresting
capabilities of the PRSEUS structural concept, and it was shown that failure occurred at a level 32%
higher than the design load limit [100]. Under combined tension and internal pressure loading on a 7-
stringer 5-frame PRSEUS panel, the failure occurred at 85% higher than the design load limit. The
enhanced capacity was attributed to the stitching configuration [101,102]. Stitching arrested damage to
permit 3 times higher than initiation loading, and during pressure testing, flat PRSEUS panels achieved
3P loading (27.6 psi) without pressure loss after failure. Therefore, high levels of residual panel strength
can be achieved since PRSEUS panels are capable of withstanding additional loads after the initiation

and propagation of damage, and the remaining undamaged structure is able to operate at its full design
capability.
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Figure 40. Stitching blunts stress concentration at crack tip [39]

The damage-tolerant design and fail-safe approach applied to stitched composites is radically
different from the conventional laminate design which results in oversized and heavier structures.
Common composite design practice is to achieve Design Ultimate Loading (DUL) in the Barely-Visible
Impact Damage (BVID) condition without detrimental damage growth by employing a conservative no-
growth design criteria. On the other hand, designers are able to fully exploit the advanced property of
stitching technology like crack arrestment and turning capabilities by making highly-integrated, lighter
and stronger structures. The relationship between damage size and residual panel strength is shown in
Figure 41. The fail-safe panel design enables for 50% or more than the damage initiation load compared
to the ultimate design load used for conventional composites.
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PRSEUS'’s unique design offers weight savings compared to the other common panel concepts like a
blade-stiffened panel or an I-stiffener. A comparison between the bending and axial stiffness (El and EA
respectively) of the normalized section of these arrangements are shown in Figure 42. A blade-stiffened
panel needs approximately 2.5 times more material to match PRSEUS’s bending capabilities while the I-
stiffener is comparable to a PRSEUS panel due to the presence of flange material far from the neutral
axis; however, |-stiffener and blade-stiffened panels should be 20% heavier to match the axial stiffness
of the PRSEUS panel due to the presence of the unidirectional carbon-fiber rod.
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5.1.4 Previous Experimental Work (By Others)

Bergan et al. studied the improved damage-containment capabilities of the PRSEUS concept for a
curved fuselage panel [101]. The panel was subjected to axial tension, internal pressure, and combined
axial tension and internal pressure load conditions up to fracture and inspections were performed in the
vicinity of the notch tips where damage progression occurred. Critical strain values are also calculated
through simulations and experiment. The advantages of stitching technology are demonstrated and a
failure analysis is described.

In large scale experiments, Yovanof et al.[104] designed, tested and analyzed the structural behavior
of a PRSEUS pressure cube test article to assess three-dimensional effects. The pressure cubes achieved
2P (18.4 psi) loading without pressure loss or visible damage. Velicki tested three large pressure
subcomponent specimens to observe the structural responses for axial and pressure-type loadings.
Through experimental and computational methods, they were able to demonstrate that these
specimens exceeded preliminary load capacity limits. Jegley [105] showed that there is no evidence
fatigue cycling had any effect on the failure loads of single-rod-stiffened frame specimens and that the
fatigued and unfatigued specimens fail in the same manner.

The goal for improved buckling stability was also achieved since stringer and frame elements failed
at 75% higher loads than strength design allowable. Yovanof and Jegley [106] reported computational
and experimental results for a two frame panel under compression and demonstrated the benefit of
hybrid wing body configuration gains using a PRSEUS integral frame and stringer arrangement. A
damaged three-frame-panel, modeled by applying a central crack, sustained loading due to the stitching
arrangement of the frames and stringer’s web. A critical strain value in the vicinity of the notch tip was
determined.

A number of other important studies concerning the design and utilization of nondestructive testing
for PRSEUS configurations have been completed. Johnston [107] utilized ultrasonic methods to
demonstrate the damage-arrest properties of the stitching technology in PRSEUS. Johnson also
reported some of the technical difficulties that these methods face. Full ultrasonic inspection of some
critical areas, like the highly-stressed inner fillet of the integral caps, was not possible due to the
geometry of these arrangements. In another study, Bergan et al. [101] examined the damage
propagation of a curved PRSEUS panel utilizing nondestructive and destructive techniques such as visual
inspection, ultrasound, flash thermography, X-radiographic computed tomography, ply-by-ply teardown
and fractography. The analyses of the failed specimen revealed delamination in the skin region between
the notch tips and adjacent stringers, widespread stitch failures, skin/stiffener disbanding, extensive
matrix cracking along the surface-ply-fiber-direction and misaligned fiber distribution due to the warp-
knitting.

Due to the unique arrangement of PRSEUS, a critical issue arises regarding the testing of various
structural features. Boeing, proposed a rod push-out test-method and conducted preliminary tests to
assess the strength of the rod-wrap bondline [108]. The analysis of this computational and experimental
study evaluates the resistance of rod-wrap during a push-out test by modeling the interface as a
cohesive zone. There is agreement between numerical predictions and the average test failure of four
specimens, within 5%. The average maximum push-out force during the brittle fracture is considered
about 2,800 Ibs. Jegley showed also that the panel’s failure load can be increased if additional local
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reinforcement, made by the same stack material of the PRSEUS design, is applied to the frame/stringer
intersection [109].

5.2 PRSEUS Concept in Commercial Aircrafts

Applications of composites in commercial aircrafts and space shuttles are present since 1972 under
the NASA Aircraft Energy Efficiency Program and the NASA Advanced Composites Program [110].
However, conventional laminate composite technology seems unable to meet modern eco-friendly
requirements for even lower airframe weights, reduced manufacturing costs and decreased acoustic
emissions. NASA and The Boeing Company are working together to design, manufacture, and test
aircraft configurations that will incorporate all of the advanced properties of PRSEUS to meet future air
transportation needs under the Environmentally Responsible Aviation (ERA) Project. Toward this
direction, a novel airframe design was developed that features a non-circular pressure cabin, large
unitized wing/fuselage components and higher lift-to-drag ratios. The design is called a Hybrid Wing
Body (HWB) vehicle [106,104] (Figure 43).

Figure 43. Experimental HWB aircraft (NASA Dryden Flight Center Photo Collection) [10].

The HWB structural analysis reveals a radically different load case than that encountered by the
conventional tube-and-wing fuselage systems. The present aircraft arrangements face much higher
streamwise (Ny) than spanwise load magnitudes (N,) while the HWB structure is more susceptible to
equal loads in each direction due to the high-aspect-ratio wing-body configuration and flat geometry
[104]. In addition, the near-flat panel geometry must also transmit internal pressure loads (N,) and
withstand secondary bending forces. Additional bending moment is also induced by flexure of the wings
during maneuvers (Figure 44). Conventional aerostructure technology is unable to meet these
requirements since these structures mainly consist of stringers along the primary longitudinal direction.
Shear clips are used to attach these members to the frame, creating at the same time numerous
discontinuities and stress concentration areas along spanwise direction. This ultimately makes the
structure inefficient and incompatible with the loads experienced by HWB vehicles. Implementing
conventional composite systems, like traditional layered materials, would result in high weight penalties
because such systems are unable to suppress delamination and join adjacent structural elements
without utilizing a large number of fasteners. Moreover, the high manufacturing and repair cost of a
conventional composite structure makes it a non-viable option for HWB aircrafts [104].
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Figure 44. Applied loads in a HWB aircraft are almost equal in two directions (Nx = Ny). Stress
concentration areas in the outer shell are located between inner and outer wings section
[111].

Although PRSEUS was primarily optimized for the HWB design space, the PRSEUS concept is a
unique configuration which offers numerous advantages and can be also utilized in other applications in
the future. A large number of tests have already been conducted, both experimental and computational,
to verify theoretical structural advantages and weight-saving assumptions of the PRSEUS concept. One
of the first critical steps towards the design of PRSEUS configurations for aircrafts was the utilization of
optimization methods. Design, analysis, and sizing methods for PRSEUS configurations have been
developed and incorporated into the HyperSizer Structural Sizing Software; a computer aided
engineering (CAE) software used for stress analysis and sizing optimization of metallic and composite
structures. In the case of the HWB aircraft, the load criteria was based on the FAR-25 (Federal Aviation
Regulations Part 25 - Airworthiness Standards: Transport Category Aircraft) standards resulting in
thirteen critical cases that were applied in the optimization process [111].

5.3 PRSEUS in Civil Infrastructure?

Direct applications of the current PRSEUS concept to civil infrastructure may be cost prohibitive at
the present time. Nonetheless, many of the issues that concern bridge owners regarding the use of
composite materials (e.g. unpredictable delaminations and rapid loss of section capacity) are being
actively addressed with this technology. Incorporating 3-D stitching in critical areas may provide
opportunities for visible damage to manifest on the surface of the composite while still retaining an
adequate reserve capacity. Integrating pultruded carbon FRP rods may also provide much needed
improvements in girder stiffness. Again, incorporating 3-D stitching into this process will be critical to
ensure that the strength of these rods can be better-realized as opposed to simply debonding from the
surface once the shear capacity of the laminate has been exceeded.
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6. Alternatives for Further Development

After reviewing the relevant literature and investigating the performance of existing FRP bridge
girder systems in Task 1, three alternative FRP girder geometries were identified for additional analysis
and evaluation. Task 2 focused on developing an overall design framework for FRP composite bridge
girders and the comparison/evaluation of the three alternatives. Specific variables that were
investigated include:

e Girder geometry
0 U-shape FRP girder
0 Round concrete-filled FRP tube (CFFT)
0 Strongwell DWB-36
e Span length (30 ft, 40 ft, 50 ft, 60 ft, and 75 ft)
e Number of girders/girder spacing
e Laminate architecture and material properties

The following elements related to structural analysis and design methodology were also investigated:

e Applicable limit states from LRFD-7 and LRFD-FRP (applies to all alternatives)
e Optimization for least weight using FEA, quadratic programming and genetic algorithms
0 U-shape FRP girder
e AASHTO distribution factor method for single-girder design
0 U-shaped FRP girder
0 CFFT
e Comparison of distribution factor results for moment from AASHTO Table 4.6.2.2.2b-1, Type “e”,
with FEA results for optimized U-shaped girder cross-section (50-ft span only).
e Composite vs. non-composite action with cast-in-place deck
0 CFFT
¢ Influence of barriers on deflection calculations
0 U-shaped FRP girder (all span lengths)
= Effect on FEA optimization results
= Effect on deflection calculations per AASHTO LRFD-7 Section 2.5.2.6.2 and FDOT
SDG Section 2.8.2
0 Strongwell DWB 36 (30 ft span only)
e Shear strength provisions
0 U-shaped FRP girder
= Effect on FEA optimization results
= [nfluence of concrete and FRP strength on single girder design using AASHTO
distribution factors

= Evaluation of LRFD-FRP provisions for shear strength

= [nfluence of concrete and FRP strength on single girder design using AASHTO
distribution factors
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The following elements were considered in the evaluation phase of the study:

e Estimated manufacturing costs

e Construction
0 Establishing shear connection between FRP girder and concrete deck
0 Cast-in-place deck — formwork and casting sequence

e Maintenance

e Expected service life

Significant technological advancements have occurred in FRP composites manufacturing and design
since several FRP composite girder bridges were constructed in the late 1990s to mid 2000s:

e Material Properties — Glass fabrics used in the first generation of FRP bridge girders were either
multidirectional fiberglass matt or traditional woven fabrics. The use of stitched, non-crimp
fabrics has increased considerably in recent years. Composite laminates made using non-crimp
fabrics have considerably higher material strength properties than standard woven fabrics.

e Manufacturing Methods — Vacuum-assisted Resin Transfer Molding (VARTM) technology has
also advanced in the past decade. The hand-lay-up methods used in the first of two Texas FRP
U-girder Bridges failed to meet certain acceptance criteria based on acoustic-emissions testing
[55]. Parts manufactured using VARTM methods are generally considered to be of much higher
quality and achieve higher material strength properties. The infusion processes used to create
the FRP shell in the Hillman Composite Beam is another example of the versatility the VARTM
method affords.

e Design Methodology — A new AASHTO design standard related to the use of FRP materials in
vehicle bridges has been adopted since the Texas bridges were constructed [112]. Allowable
stress limits for different environmental exposure conditions (e.g. normal and aggressive) and
different loading conditions (e.g. strength and creep rupture) can now be used to evaluate
proposed cross-section dimensions. These allowable stress limits serve as the basis for a two-
pronged approach to design in the current study: (1) design based on AASHTO distribution
factors used to determine the demand imposed on a single bridge girder, and (2) design based
on finite element analysis and advanced structural optimization techniques that are currently
used in the design of aerospace structures.

The current study optimized the generic cross-section properties for FRP U-girders and concrete-
filled FRP tubes. An existing pultruded FRP bridge girder (Strongwell DWB36) was also investigated to
determine the number of girders for span lengths ranging from 30 ft to 75 ft.

6.1 U-Shaped FRP Girder

The U-shaped FRP girder is derived from the generic GFRP cross-section used in bridges in Refugio
County and San Patricio County, Texas. The overall conceptual design for an FRP U-girder bridge is
provided in Figure 45.

75



Embry Riddle Aeronautical University BDV22-977-01

Figure 45. Conceptual design for U-shaped composite girder bridge.

6.2 Concrete Filled FRP Tube (CFFT)

The Concrete Filled FRP Tube (CFFT) alternative was previously used in the King’s Stormwater
Channel bridge. While this bridge was ultimately removed from service due to maintenance and
durability concerns related to the FRP bridge deck, the CFFT girder elements were reported to have
performed well over their 13-year service life. CFFTs have also been used extensively in multiple
Concrete Arch Bridge System (CABS) bridges (formerly “Bridge-in-a-Backpack”) around the world. The
current AASHTO LRFD Design Specifications for CFFTs in pure flexure provides a closed form solution for
evaluating the moment capacity and shear capacity of the CFFT at the strength limit state. In the
current study, the CFFT will develop composite action with a standard 8” thick reinforced concrete deck.
The general concept is highlighted in Figure 46.

Figure 46. Conceptual design for concrete-filled FRP tube (CFFT) girder bridge.

6.3 DWB36

The Strongwell DWB is a pultruded glass-carbon hybrid FRP bridge girder. Two bridges have been
constructed in Virginia utilizing this girder following extensive research and development at Virginia
Tech in the late 1990’s and early 2000’s. The two pilot bridges utilized a laminated timber deck and very
little composite action between the girders and the deck was considered in the original design. The
current study investigates the use of the Strongwell DWB36 in conjunction with a cast-in-place
reinforced concrete deck in an effort to increase the overall stiffness of the bridge.
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Figure 47. Conceptual design for Strongwell DWB36 pultruded girder bridge.
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7. Design Space Variables

The working design space for the current study includes the following general parameters:

e Roadway/Geometry Cross-Section (fixed for current study)
e Span length (variable)

e Number of girders present in the superstructure (variable)
e Girder geometry (variable)

e FRP material properties (variable)

7.1 Roadway Geometry/Cross-Section

The roadway geometry and cross-section (Figure 48) was derived from the Florida Slab Beam (FSB)
Superstructure Package for a 32-ft clear roadway width (D30032). An 8-in-thick reinforced concrete slab
was used for all span length/number of girder combinations. The FDOT Structures Design Guidelines
(FDOT-SDG) requires a slab thickness of at least 8 inches for bridges less than 100 feet in length. The
slab was assumed to act as part of the composite section for both the U-Shaped FRP Girders and the
Strongwell DWB36 pultruded girders. For the CFFT option, separate analyses were performed to
investigate the impact of composite vs. non-composite action with the bridge deck.

A 36-in Single-Slope Barrier (D427) was assumed to act along the edge of the slab on both sides. The
dead load of the barrier was always accounted for, but the structural contribution of the barrier was
treated as a design variable. A simplified barrier geometry was adopted for finite element modelling
purposes. The dimensions of the simplified barrier were selected such that the area and moment of
inertia were similar to the standard detail.

There is significant disagreement between AASHTO LRFD-7 and the FDOT Structures Design
Guidelines regarding the treatment of barriers for meeting deflection criteria. LRFD-7 provides the
following guidance for situations where the bridge owner chooses to impose deformation criteria:

LRFD-7 (2.5.2.6.2): For composite design, the stiffness of the design cross-section used
for the determination of deflection should include the entire width of the roadway and
the structurally continuous portions of the railings, sidewalks, and median barriers.

LRFD-7 (2.5.2.6.2): When investigating the maximum absolute deflection for straight
girder systems, all design lanes should be loaded, and all supporting components should
be assumed to deflect equally.

LRFD-7 (4.6.3.1): [For refined methods of analysis,] a structurally continuous railing,
barrier, or median, acting compositely with the supporting components, may be
considered to be structurally active at service and fatigue limit states.

The relevant text from the FDOT Structures Design Guides reads as follows:

FDOT SDG (2.8.2): Traffic and pedestrian railings and raised sidewalks are not to be used
for the determination of deflections or for service or fatigue limit state checks.

Additional discussion regarding the influence of barriers on both the finite element analysis results
and the AASHTO distribution factor results are discussed in Section 9.1.
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Figure 48. Roadway geometry/cross-section used throughout current study.

7.2 Span Length

Span lengths of 30 ft, 40 ft, 50 ft, 60 ft, and 75 ft were evaluated for each of the three girder
alternatives. These span lengths have been identified as part of an effective “span range gap” [113].
Traditional prestressed Florida I-Beams are capable of achieving span lengths greater than 200 ft, but
span lengths less than 80 ft are generally considered inefficient for the FIB-36”. The prestressed Florida
Slab Beam (FSB) is a viable alternative for span lengths up to 65 ft [114], but the long-term performance
(i.e. 75 year design life) of this system in an “extremely aggressive” coastal environment has not been
demonstrated. A typical application for the proposed FRP bridge girder alternative would be short-span
relief bridges in coastal areas where the freeboard to saltwater bodies is on the order of several feet.

7.3 Number of Girders

The number of girders utilized in previous/existing FRP girder bridges varies significantly. The King’s
Stormwater Channel bridge in California used a total of six CFFTs for a two-span continuous bridge (30-ft
spans) with a clear roadway width of 39 ft (girder spacing = 7.5 ft). The first FRP U-girder bridge
constructed in Texas (San Patricio County), used 12 girders for a 30-ft, two-span simply-supported
bridge. The roadway width was 32 ft and the corresponding girder spacing was 32 in. Finally, the
second FRP U-girder bridge built in Texas (Refugio County) used eight girders (4 ft spacing c/c) for a 32-ft
roadway width spanning 50 ft.

For the majority of analysis cases in the current study, the outermost edge of each girder is always
positioned to align with the inside face of the 36-in traffic barrier. Any deviations from this practice will
be noted. The resulting center-to-center spacing varied slightly depending on the width of the girder.
Resulting girder spacing ranges for a 12-in girder width are summarized in Table 21.
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Table 21. Center-to-center beam spacing for different girder numbers in bridge cross-section (for 12-
in-deep girder base)

Number of Girders, Ny
4 5 6 7 8 9 10 11 12
Spacing, S (ft) | 10.33 7.75 6.2 5.17 4.43 3.89 3.44 3.1 2.82

7.4 Girder Geometry

Girder geometry parameters varied for each girder option. The U-shaped FRP girder option involved
two separate investigations with slightly different girder geometry parameters. Parameters used in the
FEA optimization study are shown in Figure 49a. The range of values investigated in the FEA
optimization study are provided in Table 22. Parameters used in the AASHTO distribution factor/stress-
strain compatibility method are shown in Figure 49b.

(a) (b)
Figure 49. U-Shaped FRP Girder cross-section geometry variables. Parameters considered for (A) FEA
optimization (slab not shown) and (B) AASHTO distribution factor/stress-strain
compatibility method.

Table 22. Design variable ranges for U-shaped FRP girder structural optimization

Variables Range
# girders 4-12
Height, h (0.04 — 0.07) x Span length
Ly, in. 210
t; (base thick.), in. 0.50-2.00
t, (sides thick.), in. 0.50-2.00

The geometry of the CFFT is defined by each girder’s diameter and FRP tube thickness (Figure 50a).
A cast-in-place shear key is also provided to develop a shear connection with the cast-in-place concrete
slab. The DWB36 had fixed dimensions based on the manufacturer’s specifications (Figure 50b).
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Figure 50. Design parameters for (A) concrete-filled FRP tube and (B) overall dimensions for
Strongwell DWB36.

7.5 FRP Material Properties

A primary advantage of FRP composites is that the direction of the fiber reinforcements can be
tailored to match the structural demands imposed by a given set of loading conditions. The basic
building block for FRP composites laminates is a single ply (lamina) of unidirectional fibers and matrix.
These lamina are then stacked at specified orientation angles to obtain a laminate. The material
properties of the fibers, matrix, and the relative proportion of each material (i.e., the fiber volume
fraction) affects the overall behavior of a given lamina. Micro-mechanics models can be used to predict
lamina stiffness and strength properties, but that level of detail is beyond the scope of the present
study. It is important, however, to have a clear understanding of the orthotropic nature of a given
lamina and how these lamina properties will interact to determine the overall strength and stiffness of a
specified laminate.

Typical single-ply lamina properties are provided in Table 23 (stiffness properties) and Table 24
(strength properties). The manufacturing method (pre-preg, VIP, or filament winding) and resulting
fiber volume fraction, vy, have a significant influence on the resulting lamina properties. The tables also
highlight the highly orthotropic nature of single-ply lamina. The 1 subscript refers to the primary fiber
direction (strong axis) while the 2 subscript refers to the transverse direction (weak axis). For carbon
fiber lamina, the modulus of elasticity in the primary fiber direction, Ej, is roughly 13 times greater than
the modulus of elasticity in the transverse direction, E2. This is caused by the relatively high tensile
modules of the carbon fibers. The ratio of E; to E; for glass fiber lamina is closer to 3. For the strength
properties provided in Table 24, the + and — superscripts refer to tension and compression, respectively.
The S12 value provided in Table 24 refers to the ultimate in-plane shear strength of the single-ply lamina.
The axis directions for the single-ply lamina coordinate system, as well as the strength parameters in
shear and tension, are illustrated in Figure 51. These single-ply strength and stiffness properties
ultimately combine to form the strength and stiffness properties of an FRP laminate.
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Primary axis directions for
single-ply lamina (1-2-3)
coordinate system

S2t) = ultimate tensile strength in
the transverse fiber direction

S1#) = ultimate tensile strength
in the primary fiber direction S12*) = ultimate in-plane
shear strength

Figure 51. Single-ply lamina coordinate system.

Table 23. Typical single-ply lamina properties (stiffness parameters)

Material ' Ei(ksi) | Ea(ksi) | Gia(ksi) | vi e
Carbon-fiber

AS3501 [115] (ep) 20,000 | 1,500 1,000 3 .65
“Typical” [116] (ep) 23,100 | 1,580 930 .38 .63
Filament wound [117] (ep) 17,500 | 1,000 700 3 --
Fyfe Tyfo SCH-41 [50] (ep) 13,900 | -- -- -- --
Glass-fiber

E-glass/vinylester [115] 3,540 1,000 420 .32 .30
“Typical” [116] (ep) 5,660 1,450 600 .25 .46
Vectorply E-T 2200 (vinyl.) 5,694 2,080 657 .25 .52
[118]

Fyfe Tyfo SEH-51A [119] 3,790 -- -- -- --

Single-ply laminae are used exclusively in pre-preg composite systems. Because the uni-directional
fibers are pre-impregnated with an activated matrix (a resin where the chemical hardener has already
been added), pre-preg materials must be stored at freezing temperatures to inhibit curing. Once they
are removed from the freezer, each product has a defined “out-life”, or time, that the single-ply
materials can be cut and placed in a mold to achieve the desired stacking sequence and laminate
thickness. Once in the mold, a vacuum bag used to ensure that the stacked lamina make solid contact
during the curing process. The composite must then be subjected to an elevated temperature schedule
to fully cure the matrix material.
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Table 24. Typical single-ply lamina properties (strength parameters)

S
Material S:) (ksi) | S1 (ksi) | S2* (ksi) @S2 (ksi) | (ksi)
Carbon-fiber
AS3501 [115] (ep*) 210 170 7 36 9
“Typical” [116] (ep) 250 198 6.1 33.4 13.8
Fyfe Tyfo SCH-41 (ep) 143 50 -- -- --
Glass-fiber
E-glass/vinylester [115] 85 116 6.2 27.1 9.3
“Typical” [116] (ep) 160 87 5.2 20 11.3
Vectorply E-T 2200 (vinyl) 106 106 16.0 16.0 9.9
[120]
Fyfe Tyfo SEH-51A** [119] 83.4 - 3.75 - -
(ep)

*ep = epoxy, vinyl = vinylester
** The Tyfo SEH-51A fabric does contain a small amount of woven transverse reinforcement

For larger structures, such as boat hulls, utility scale wind turbine blades, or FRP bridge girders,
obtaining the desired thickness using single-ply lamina would be extremely labor intensive. Typical
single-ply lamina thicknesses for pre-preg composite systems are on the order of 0.008 inches. Achieving
the required elevated temperature schedule to cure these large parts also requires very large ovens or
autoclaves. The solution is to place un-impregnated (i.e. dry) fabrics into a mold and saturate the fibers
with resin using a wet lay-up or vacuum assisted resin infusion process. The fabrics themselves consist
of well-defined yarns that are either woven or stitched together. The weaving/ stitching simply ensures
that the fibers remain dimensionally stable during cutting and placement in the mold.

There are three fundamental categories of fiber reinforcement fabrics:

e Multi-directional strand mat
e Woven fabrics
e Non-crimp fabrics (NCF)

Multi-directional strand mat consists of either chopped fibers or continuous strand fibers that are
oriented randomly and held together with a binding agent. These fabrics can be on the order of 0.04 to
0.06 in thick and are typically used for non-structural applications that require significant bulk. Multi-
directional chopped fiber composites can also be created using continuous strand roving that is fed
through a chopper gun, impregnated with resin and then sprayed on the surface of a mold. This method
has been used in a bridge repair application on the University Boulevard bridge in Jacksonville, Florida.

Woven fabrics (illustrated in Figure 52A) are commonly used in structural applications. There are
numerous weave patterns available that provide different levels of conformity to mold surfaces. All
woven fabrics include a series of parallel yarns that run in the warp direction and an additional set of
parallel yarns that run perpendicular in the weft direction. The weft yarns are woven from side to side
as the warp yarns are lifted and dropped to obtain the desired pattern. While weaving does achieve the
desired goal of maintaining dimensional stability for the fibers, one downside is that the crimping/
bending that occurs in each yarn will reduce the overall strength of the resulting laminate.
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Non-crimp fabrics attempt the provide the same dimensional stability and formability of woven
fabrics but also retain as much of the strength properties as possible in relation to uni-directional single-
ply lamina. This is achieved by keeping the warp and weft yarns straight and introducing a multiaxial
stitching fiber that serves to hold the two layers together (Figure 53). Strength properties are not as
high the laminates constructed by stacking single-ply lamina, but they are much improved over woven
fabrics.

PP ey
LA

AL TS

Weft yarn

Warp yarn

(A) | (8)
Figure 52. Fiber reinforcement fabrics. (A) Woven and (B) continuous strand mat [121].

Unbalanced 0/90 non-crimp fabric

Balanced 0/90 non-crimp fabric
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(A) (B)
Figure 53. Non-crimp stitched fabrics. (A) Balanced strength and stiffness properties in the 0/90
directions and (B) Unbalanced strength and stiffness properties with greater
strength/stiffness in the x-direction.

Material properties that were obtained from manufacturer’s data sheets are summarized in Table
25. Obtaining strength data for different reinforcement fabric types was extremely difficult. Only one
supplier that we identified, Vectorply, published typical composite strength data for their fabrics. The
oxx values and ayy values refer to the laminate strength properties in the warp and weft directions,
respectively. The in-plane shear strength of the laminate is given as 7y. Modulus of elasticity, Exx and
Eyy, values are also provided. Hexcel does provide fabric strength data (measured in Ibf/in) for their
woven reinforcements, but they do not provide anything similar for their non-crimp stitched fabrics.
Fabric strength is obtained by performing a tension test on the dry, un-impregnated fabric. The values
for oxx and ayy for the Hexforce fabric were obtained by dividing the fabric strength by the nominal fabric
thickness. Even though a direct comparison between laminate strength and fabric strength cannot be
made, there does appear to be a significant strength difference between Hexcel’s 0/90 woven fabric
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(HexForce 1597) and the 0/90 non-crimp fabric (E-LT-4400 from Vectorply—see Figure 53A). Both of
these alternatives are “balanced” with an equal proportion of the fibers running in the 0° and 90°
directions. Keeping the warp (0°) and weft (90°) yarns straight appears to double the tensile strength of
the laminate.

Another interesting comparison can be made between the E-LT-4400 laminate and the E-LT-5500
laminate. Both consist of NCF, but the E-LT-5500 has a much larger percentage of fibers running in the
0° direction (50.97 oz/yd?) versus the 90° direction (3.36 0z/yd?) while the E-LT-4400 is essentially
balanced (21.76 oz/ yd? in the 0° direction and 21.99 oz/yd? in the 90° direction). The resulting strength
increase in the 0° direction is significant (120.4 ksi vs. 73.8 ksi). There is not, however, a corresponding
strength gain for shear.

Table 25. FRP composite material properties
Oxx Oyy Txy Exx Eyy ThiCkn./

Fabric Type Manufact. ID (ksi) | (ksi) | (ksi) (Msi) @ (Msi) | layer (in.)
NCF 0/90 RI VectorPly E-LT-4400 73.8 | 74.2 | 13.1 3.9 3.92 0.044
NCF 0*/90" Rl VectorPly E-LT-5500 120.4 | 46.6 | 13.1 | 6.57 2.44 0.054
NCF Carbon O RI VectorPly C-L 1800 198.7 | 4.2 7.9 | 16.56 | 1.43 0.024
Woven 0/90* Hexcel HexForce 1597 | 34.4 | 37.0 -- -- -- 0.0378
Filament wound | WacoBoom n/a 52.0 | 50.0 113 | 3.9 3.1 n/a
Pultruded carbon/ | Strongwell n/a 5.76 1.69 n/a
glass hybrid

*Strength values refer to the fabric breaking strength and do not include the contribution of the resin.
Note: Rl = Resin Infused

Fiber orientation angle also requires consideration. The material properties described in Table 25
are based on a 0° orientation angle that aligns with the warp direction of the fabric. In the current
study, this is assumed to be in same direction as the primary axis of the bridge girder. The relatively low
shear strength for the balanced 0/90 laminates can be enhanced considerably by rotating the fibers 45
degrees—essentially creating a +/- 45 laminate. Consider the material properties for the E-LT-4400
provided in Table 26. A rotation angle of 45 degrees results in an ultimate shear strength of 26.9 ksi
(more than double the shear strength of the 0/90 laminate). The downside, however, is a 47 % decrease
in elastic modulus and a 73.5% decrease in tensile strength in the longitudinal direction. These
properties are illustrated in Figure 54.
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Balanced 0/90

x-dir (0%) E-LT-4400 x-dir E-LT-4400
Rotation angle = 0° Rotation angle = 45°
oxx(ksi) | 73.8 oxx(ksi) | 19.4
oy(ksi) | 74.2 op(ksi)  19.4
Ty(ksi) | 13.1 Ty(ksi) | 26.9
Exw(Msi) | 3.9 Exw(Msi)  2.04
Ey(Msi) | 3.92 Ey(Msi) 2.04

Figure 54. Comparison of non-crimp fabric laminate properties (0/90 vs. +/- 45).

For the E-LT-5500 laminate, the issue is complicated even further due to the unbalanced laminate
strength properties. The maximum shear stress capacity is achieved at a fiber orientation angle of 135
degrees, which corresponds to aligning the principal tensile stresses in the primary fiber direction. Once
again, the corresponding decrease in elastic modulus (70%) and tensile strength (82.8%) in the
longitudinal direction is significant.

To avoid creating more variables than might reasonably be managed in the current study, a decision
was made to investigate different laminate architectures in a global sense and rely solely on the material
properties specified in the x-y direction with x corresponding to the longitudinal axis of the bridge
girder. This is conservative in the sense that structural analysis results are typically generated in the
primary axis directions and the oy, 7xy, and Ex properties will control for the relevant limit states. A
more detailed analysis that might consider failure criteria for an optimized laminate architecture is
beyond the scope of the current work.
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Table 26. Laminate strength properties as a function of rotation angle [118]

Rotation | &y« Gyy Tyy Ex Eyy

Laminate Type (°) (ksi) (ksi) (ksi) (Msi) | (Msi)
NCF 0/90 RI 0 731 | 743 | 131 387  3.94
(E-LT-4400) 15 782 | 793 | 152  3.16 | 3.20
30 334 | 221 | 264 231 232

45 19.4 | 194 | 269 204 | 2.04

60 164 | 218 264 232 231

75 793 | 782 | 129 320  3.16

90 743 | 731 | 131 394  3.88

NCF 0°/90"RI 0 1200 @ 467 | 131 657 @ 2.44
(E-LT-5500) 15 130.1 | 517 | 145 444 | 223
30 264 | 192 | 272 260 | 2.00

45 207 | 206 236 198 198

60 191 | 261 | 227 | 195 @ 2.60

75 517 | 130.1 144 223 444

90 467 | 1200 131 | 244 | 657

105 517 | 130.1 145 223  4.44

120 192 | 264 | 231 195 @ 2.60

135 206 = 207 390 198 198

150 261 | 191 | 31.0 260 195

165 | 130.1 @ 517 | 144 444 | 223

180 | 1200 @ 467 131 657 @ 2.44
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8. Limit States and General Analysis Framework
Three limit states were considered in the current study:

e |S-1: Concrete compressive stress (LRFD-FRP S2.9.8)

e |S-2: Displacements (LRFD-7 $2.5.2.6.2)

e |S-3: Fatigue and creep rupture (LRFD-FRP S2.7.2)

e LS-4: Strength limit for flexure (LS-4a) and shear (LS-4b) (LRFD-FRP S2.7.3)

8.1 Limit State Criteria

8.1.1 LS-1 Concrete Compressive Stress

The initial reference for this limit state comes from LRFD-FRP Section 2.9.8. This section states that
the concrete compressive stresses in FRP tubes subjected to pure flexure shall be limited to 0.45 f°¢
under Service | loading conditions. The commentary cites concerns about excessive creep deformations
over time if the concrete compressive stresses are too high. LRFD-7 also addresses concrete stresses
under service loads in Section 5.5.2 but refers specifically to Section 5.9.4. Table 5.9.4.2.2.1-1 provides a
compressive stress limit of 0.45 f°; for non-segmentally constructed bridges after all prestress losses. It
is unclear whether the requirement in LRFD-7 is limited to prestressed concrete or if the requirement in
LRFD-FRP Section 2.9.8 also applies to concrete in compression that is outside of a concrete-filled tube.

8.1.2 LS-2: Deflection Control

A deflection criteria of L/1000 was used to evaluate all FRP girder options in the current study. This
corresponds to the most conservative deflection criteria in LRFD-7 Section 2.5.2.6.2 for bridges that
include both pedestrian and vehicular loads. Previous research/experience with composite materials in
bridge applications suggests that excessive deflections is often a controlling limit state. This
phenomenon is attributed to the relatively low modulus of elasticity of composites (see Table 25)
compared to steel. In some cases, depending on the specific fiber orientation and weave style of the
composite, the modulus of elasticity of steel may be on the order of 10 times greater than GFRP. In
general, the modulus of elasticity of balanced 0/90 non-crimp fabric (NCF) laminates is roughly
equivalent to normal strength concrete (~4.3E3 ksi).

The low modulus of elasticity has significant implications if a non-load-bearing foam or other fill
material is placed inside the FRP girder. The GFRP U-girder bridge in San Patricio County, Texas, used
polystyrene foam in the bottom 2/3 ~ 3/4 of the girder. Even though composite action was achieved
with the cast-in-place concrete deck using stainless steel tubes, the very low-modulus GFRP (Ex=2.12 E3
ksi) was still required to provide a large portion of the overall bridge stiffness. This could explain the
high weight of FRP required for each 30-ft span of the San Patricio bridge (~21,800 pounds for 12 girders
at a cost of $320 per foot using current estimates).

Filling the girders with concrete would increase the overall stiffness of the bridge and require less
FRP to achieve the specified deflection criteria. The trade-off, however, is increased dead load that will
impact the creep and fatigue rupture limit state. Another important consideration is the effect of
concrete cracking on the moment of inertia of a concrete-filled FRP U-girder. LRFD-7 allows the gross
moment of inertia of concrete cross-sections to be used for deflection calculations for plain and
prestressed reinforced concrete (LRFD-7: 55.7.3.6.2). This assumes a much higher stiffness contribution
by the reinforcing steel, which is not accounted for in the gross moment of inertia of the cross-section.
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If the overall stiffness (El) of a girder is reduced due to concrete cracking in the tension zone, this effect
will be offset by the fact that the modulus of elasticity of reinforcing steel is ~ 8 times larger than the
modulus of elasticity of concrete. Furthermore, the cracked moment of inertia only applies to a limited
region of the beam where the moment exceeds the cracking moment. Depending on the actual
distribution of flexural cracks, cracked concrete in the tension zone still contributes to the overall
stiffness of the girder. Using the gross (non-transformed) moment of inertia for the uncracked section is
considered an acceptable compromise for steel-reinforced sections.

LRFD-7 provides guidance on computing an “effective” moment of inertia that can be applied over
the entire length of a cracked concrete girder:

Mo\ gy el 1- (M)
I=—| -L;+|1—|—| |-1;<I, Eq.8-1
M, \ M,) )

where

I, = effective moment of inertia

M, = cracking moment

M, = maximum moment at stage for which | is being computed
Ig = gross moment of inertia

I.. = moment of inertia of the cracked section, transformed to concrete

In the current study, a decision was made to use the gross moment of inertia, I, for the cross-
section with the FRP transformed to concrete. An additional design variable was added to include the
effect of concrete depth in the FRP U-girder. Deflection calculations were performed for concrete
depths within the FRP U-girder equal to 0%, 50%, and 100% of the overall U-girder depth.

Another important issue that was investigated regarding deflections is the influence of cast-in-place
reinforced concrete barriers. Six design scenarios were investigated for the FRP U-girders to determine
the impact of different assumptions about gross vs. cracked moment of inertia and the
presence/absence of cast-in-place barriers (Table 27). The most conservative case, LS-2a, assumes no
concrete is present in the FRP U-girder and the barriers are not included. The least conservative case,
LS-2f, assumes the entire FRP U-girder is filled with concrete and the traffic barriers are also present.
The section on the AASHTO Distribution Factor Method for FRP U-girders addresses all six of these
scenarios. The section on FEA optimization for FRP U-Girders only considers LS-2a and LS-2d. Only LS-2c
was investigated for the CFFT option.

Table 27. Design scenarios for displacement criteria (FRP U-girders).
Design Scenarios for LS-2 | Barriers | Concrete Depth in girder

LS-2a None 0%
LS-2b None 50%
LS-2c None 100%
LS-2d Present 0%
LS-2e Present 50%
LS-2f Present 100%
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8.1.3 LS-3: Fatigue and Creep Rupture

Criteria for LS-3 were derived from LRFD-FRP Section 2.7.2. To prevent failure due to long-term
creep rupture and fatigue loading, the maximum longitudinal stress that develops in the FRP material
should be limited to the following:

e For carbon-based FRP: 0.55 fiy
e For glass-based FRP: 0.20 fiy
e For aramid-based FRP: 0.30 fiy

where fr is the design tensile strength of the FRP laminate in the longitudinal direction including an
appropriate reduction factor. The design tensile strength is obtained by multiplying the manufacturer’s
specified tensile strength by an environmental reduction factor, Ce (Table 28). The AASHTO
specifications for concrete filled FRP tubes (LRFD-FRP) provide lower Cg values for GFRP than the values
prescribed by the AASHTO specification for GFRP reinforcement (LRFD-GFRP Reinforcement). The GFRP
reinforcement specification makes a distinction between concrete that is exposed to earth and weather
vs. concrete that is not exposed to earth and weather (as opposed to “normal environment” vs
“aggressive environment” in LRFD-FRP). The Cg value for concrete that is exposed to earth and weather
is 0.7 (vs. 0.5 for GFRP in an extremely aggressive environment). The reduced Cg values for GFRP girders
is likely due to the fact that the exterior surface is fully exposed to the environment while GFRP
reinforcing bars are afforded some protection by the surrounding concrete. It should also be noted that
the Cg values for GFRP reinforcing bars provided in the LRFD-GFRP Reinforcement specification are
identical to the values established in ACI 440.01R15.

Table 28. Environmental reduction factors, Cg, from LRFD-FRP S2.6.1.2

Ce
Fiber Type Normal environment | Aggressive environment
Glass 0.65 0.50
Carbon 0.85 0.85
Aramid 0.75 0.70

Table 29. Environmental reduction factors, Cg, from LRFD-GFRP Reinforcement $2.6.1.2

Ce
Concrete not exposed | Concrete exposed
Fiber Type to earth and weather | to earth and weather
Glass 0.8 0.7

The loading for this limit state is described in LRFD-FRP as all permanent loads (i.e. dead loads) with
a load factor of 1.0 along with the fatigue truck described in LRFD-7 S3.6.1.4 with a load factor of 0.75
applied to the fatigue vehicle (including impact). LRFD-7 S3.6.1.4 includes the provision that the rear
axle spacing for the design vehicle shall be fixed at 30 ft.

For glass-based FRP, these requirements effectively limit the maximum tensile stress in the FRP due
to dead loads and a fatigue vehicle in each lane to 10% of the manufacturer’s specified tensile strength.
For the case of concrete structures that are reinforced with GFRP bars, ACI 440.01R15 limits the
sustained tensile loading to 14% of the manufacturer’s specified tensile strength. This limit is achieved
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through an environmental reduction factor of 0.7 for GFRP bars in concrete exposed to earth and
weather and a creep/fatigue-rupture factor of 0.2.

8.1.4 LS 4a: Strength — Flexure

The strength limit state in flexure is based on provisions provided in LRFD-FRP S2.7.3. These
provisions are intended for CFFT elements, but the general concepts should translate to both the U-
girder and DWB-36 alternatives. The basic design equation used to evaluate LS 4(a) is:

M,<®-M, Eq.8-2
where

M,, = factored moment demand
M., = nominal resistance
b = resistance factor

The factored moment demand, M,, is obtained directly from Section 3 of AASHTO LRFD (Strength |
Load Combination). Discussion on lateral and transverse vehicle location to maximize the effects due to
live load are provided for each girder alternative in their respective sections.

The nominal resistance, My, is based on one of two possible failure modes in flexure: (1) concrete
crushing or (2) the maximum tensile stress in FRP exceeding the allowable limit (i.e. the manufacturer’s
specified tensile strength multiplied by the environmental reduction factor, Cg, from Table 28). Specific
details regarding the methods used to determine the flexural capacity of each girder type are provided
in their respective sections.

The resistance factor, @, is based on the anticipated failure mode of the section in flexure. The
balanced reinforcement ratio, py, is defined as the reinforcement ratio corresponding to simultaneous
concrete crushing and FRP tensile rupture. It is important to note that the FRP tensile rupture strength
is based on the reduced value for tensile strength after the environmental factor, Cg, is applied to the
manufacturer’s specified tensile strength. For the case of CFFTs that do not achieve composite action
with the RC deck, the balanced reinforcement ratio is significantly less than what would be required to
achieve a balanced failure in an FRP U-girder that does rely on composite action. The amount of
concrete that must be crushed in the non-composite CFFT is limited to the area of concrete above the
neutral axis of the tube. Furthermore, as the number of girders decreases and the effective flange width
of the RC deck increases, the amount of FRP reinforcement required to achieve a balanced failure mode
in the FRP U-girder will also increase.

LRFD-FRP provides detailed guidance for computing the balanced reinforcement ratio for non-
composite action CFFTs in Section 2.7.3.2. This methodology is of limited use in the current study. In an
effort to keep the preliminary designs conservative, it was assumed that the amount of GFRP provided
will be less than what is required to ensure concrete crushing. Unless otherwise noted, a resistance
factor of 0.55 was used for LS-4(a) throughout the entire design study.
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8.1.5 LS-4b: Shear
The general design equation used to evaluate LS-4(b) from LRFD-FRP is:

Vu<®-V, Eq.8-3
Vo=V +Vpy, Eq. 84

where

V, =factored shear demand

V,, = nominal resistance

V. = shear resistance provided by concrete
Vfrp = shear resistance provided by FRP

@ = resistance factor (0.75 for shear per LRFD-FRP $2,7.3.2)

Considerable research has been conducted on the shear behavior of CFFT structural elements over
the years, but there is a relative dearth of information on the shear behavior of FRP U-girders. The
literature review completed for the current study did not reveal a direct approach to evaluating the
nominal shear resistance provided by an FRP U-girder. Before proceeding with a proposed
methodology, the following sections briefly summarize how other projects involving FRP bridge girders
have addressed shear capacity and how various design guidelines determine the shear capacity for
CFFTs.

8.1.5.1 Texas U-Girders

The final design for the FRP U-girder bridge constructed in San Patricio County is summarized by
Ziehl et al. (2009) [122]. The specified material strength and stiffness requirements for this project were
extremely conservative to allow for hand lay-up fabrication of the girders. The modulus of elasticity, E,
for the FRP was only 2,120 ksi (one of the non-crimp fabrics we are evaluating in the current study has a
longitudinal modulus of 5,670 ksi), which resulted in a deflection controlled design. The design
methodology relied on a stress ratio criteria, and the large cross-sections that were required to meet the
deflection limits (L/800) resulted in a stress-ratio (allowable/developed) greater than 6. It is unclear if
this refers to stresses that developed under service loads or factored loads. This result does explain,
however, why there was so little emphasis given to stress calculations in the design process.

The FRP U-girder optimization study completed by Chen and Zeihl [54] did not consider the overall
shear strength of the section near the supports as a design variable. Oddly enough, the full-scale FRP U-
girder that was load-tested to failure as part of that study actually failed in shear near the base of girder
at the support. This girder did not contain concrete in the bottom 2/3™ of the cross-section. They were
only able to complete the test and verify the flexural capacity of the girder by reinforcing the end-zone
with wood blocks to establish support for the cast-in-place concrete portion of the girder. In the
subsequent optimization study, they only considered the bearing stress of the shear connectors at the
FRP/steel-tube interface, but the FRP wall thickness required to establish the shear connection never
controlled the design. The researchers concluded that by filling the end region of the girder with
concrete they could avoid the premature shear failure that was observed during the flexural test.
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8.1.5.2 Hillman Composite Beams

The design manual for the Hybrid-Composite Beam (HCB) [123] provides some discussion on shear
strength for HCBs but does not explicitly address designing a section for internal shear near the support
or evaluating the shear capacity of a proposed HCB configuration. The document points to three
primary mechanisms for shear transfer:

e The internal concrete arch directs shear forces into the support as a concrete compression
force.

e The quad-weave fabrics in the HCP shell provide high shear capacity by virtue of the +/- 45
degree fiber orientation of select FRP layers.

e Athin concrete web (~3 in wide) connects the concrete deck to the arch. This web provides
shear force transfer from the deck to the arch.

An earlier NCHRP IDEA Program report on HCBs [124] provides additional insight into determining
HCB shear strength. The principle relies on first determining the net internal shear force, Vne, after the
vertical component of the compression-arch force is subtracted from the total internal shear demand
(Figure 55).

dﬁ Brg.
i

Compression F,
Reinforcing

i e ¢ /
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Figure 55. Schematic illustrating net shear force calculations in HCBs (from Hillman (2003)[124])

Once Vnet is determined, the resulting shear stress that develops in the FRP webs can be determined.
Hillman proposes the following relationship for determining the shear stress in the FRP webs:
Vet

Twes =—— Eq. 8-5
web 2-h-tw q

where

Twep = Shear stress that develops in the FRP web
V et = portion of internal shear force not resisted compression arch

h = height of FRP web
t,, = thickness of FRP web

Once the shear stress in the FRP web has been determined, the resulting value can be compared to
an allowable shear stress value. In the report cited [124], a shear strength of 15 ksi (obtained through
experimentation of the quad-weave fabric) is used along with a strength reduction factor of 0.5 to
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obtain an allowable shear stress of 7.5 ksi. This translates into a factor of safety of 2 against the service
load demand.

The methodology described by Hillman does not translate directly to the FRP U-girder. There is no
compression arch to redirect the internal shear to the support through compression. Furthermore, the
treatment of the shear strength contribution of the FRP webs (something that needs to be established
for the current study) is potentially problematic for two reasons. First, the shear stress distribution in
the webs is non-uniform. For a rectangular cross-section subjected to transverse shear, the maximum
shear stress occurs at the neutral axis and is 1.5 times greater than the average shear stress. Second,
the strength reduction factor of 0.5 is consistent with what LRFD-FRP applies to the manufacturer’s
specified tensile strength of GFRP in an extremely aggressive environment. But this reduced FRP tensile
strength is used to verify that the section provides adequate capacity at the strength limit state—not the
Service | limit state. There is also an additional strength reduction factor of 0.75 that should be applied
to the section’s nominal strength.

8.1.5.3 CFFT Research by Burgueno

Dissertation research completed by Rigoberto Burgueno at the University of California-San Diego in
the late 90’s provides the most comprehensive treatment of concrete-filled FRP tubes for bridge girder
applications. This work served as the basis for the King’s Stormwater Channel bridge described in
Section 4.4. Burgueno relies on a model previously developed by Priestley et al. [125] to determine the
shear strength contribution from the FRP tube:

Nigyers 1
Vip= 22 —Dyeti»@+|—f +—-f -cot(0) Eq.8-6

o1 2 2 Tre), 2 T (+a),,

T

where

Vﬁp = Shear resistance provided by frp (kip)

D, = Outer tube diameter (in)

t; = FRP layer thickness (in)

& = Material strength reduction factor (use C,)

f = Lamina strength at specified angle (tension or compression)
o; = Lamina winding angle

0 = Angle of shear crack (assumed to be 45 deg.)

The off-axis lamina strength, f, can be determined for each ply angle using the following relationship
that is based on the Tsai-Hill failure criteria [115]:
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b | =

. 1
fe+a.-' y Eq. 8-7

cos(8) +(S1 ~ 12}_Sin(ﬁ)2,m3(ﬁ)2+M

2
LT SL T

where

f =lamina strength at specified angle

B=0+q

«; = lamina winding angle

0 = angle of shear crack (assumed to be 45 deg.)

S} =lamina strength in the primary fiber direction

S = lamina strength perpendicular to the primary fiber direction

S1r=lamina shear strength

Specific values for S; and Sr will depend on whether the lamina experiences tension or compression.
S.™ and St are used for tension while S. and St"are used for compression. There is some degree of
uncertainty surrounding the notation that Burgueno used in the original presentation of the formula:

T 1 1
V_,' =§EDI‘¢[§fmq. +Ef ﬂ”».](J(.'ﬂig

The -/+ superscripts (attached to the 0+0; subscripts) typically refer to the compressive and tensile
strength of the lamina, respectively.

Subsequent work completed by Burgueno and Bhide [117] resulted in a sophisticated model for
predicting the shear strains that develop in CFFTs due to transverse loading. The model accounts for the
state of stress in concrete and FRP due to combined axial load, bending, and shear. The model also
considers concrete cracking and adjusts the amount of shear transferred via concrete based on concrete
crack width and maximum aggregate size. Experimental results from Burgueno’s dissertation work were
used to validate the model, and there was generally good agreement between the analytical and
experimental results. Unfortunately, the model could not be validated at the ultimate strength in shear
because the experiments were designed to investigate the flexural capacity of the CFFTs. Nonetheless,
there are several results from this work worth highlighting that are relevant to the current study.

First, going back to the original dissertation, Burgueno reports shear strain data from two unfilled
FRP tubes loaded in 4-point bending. Shear strains were measured at the neutral axis of the cross-
section corresponding to the location of the maximum shear stress (Figure 57). The maximum shear
stress at the neutral axis of a thin tube can be determined with the following:
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2.V
Tm:T Eq. 8-8

where

V = internal shear force
A = total area of thin tube

The slope of the line, m, in Figure 57(B) can be used to determine the equivalent shear modulus,
Gv1, for the FRP tube laminate (note: The L subscript indicates the longitudinal direction the T subscript
indicates the transverse or hoop direction). The estimated shear modulus based on these experimental
data is approximately 1000 ksi. The estimated shear modulus using classical laminate theory was 1100
ksi for Design Lay-up 1 and 1000 for Design Lay-up 2. These results simply indicate that the strain
measurements recorded during the load test of the unfilled FRP tubes are in general agreement with the

relationships developed for maximum shear stress from classical mechanics and the equivalent laminate
behavior as predicted by classical laminate theory.
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Figure 56. Experimental setup for CFFT flexural testing [116].
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Figure 57. CFFT shear strain data for unfilled tube [117].

For FRP tubes filled with concrete, the shear strain distribution over the depth of the section
becomes quite complex (Figure 58B). The analytical model developed by Burgueno is reasonably close
to the experimental data, but the important question that these results fail to answer is this: at what
value of internal shear force, V, will the FRP tube laminate fail in shear? The CFFT beam utilizing Design
Lay-up 1 failed in flexure at an ultimate shear load, P, of 56.3 kips. Experimental shear strain data and
corresponding analytical model output are only provided up to this ultimate value.

The shear strain profile (Figure 58B) data indicates that the location of the maximum shear stress for
a concrete-filled FRP tube varies as the internal shear force increases. Figure 58C provides a plot of
maximum shear stress (derived from the model output for shear strain presented in Figure 58B) vs.
internal shear force. In an effort to estimate what level of internal shear force would result in a shear-
stress failure of the FRP tube laminate, a 2"-order polynomial curve-fit was applied to analytical model
output using Matlab’s curve-fit tool. The estimated maximum shear strength, based on classical
laminate theory, for the FRP laminate used in Design Lay-up 1 is 14.6 ksi. This corresponds to an internal
shear force of 128 kips.
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Figure 59. Maximum shear stress vs. shear force for Design lay-up 1

The extrapolated results from Burgueno’s analytical model should not be taken as conclusive.
Nonetheless, the ultimate shear force value of 128 kips provides a useful benchmark for comparing the
estimated shear capacity of CFFT cross-sections using the different models available in the literature.

8.1.5.4 CFFT research by Ahmad, Zhu, Mirmiran, and Fam
A slightly modified equation for predicting the shear strength contribution of an FRP tube is
proposed by Ahmad et al. [126]:

Niggers
™

me= E ?.Do.ti.f(g+ai)m Eq. 8-9

where

Vfrp
D, =outer tube diameter (in)
t; = FRP layer thickness (in)

f =lamina tensile strength at specified angle
o; = lamina winding angle

= shear resistance provided by frp (kip)

0 = angle of shear crack (assumed to be 45 deg.)

Again, there is uncertainty regarding the subscripts attached to the lamina ply strength at the
specified angle. The relationship seems to prefer ply angles that are perpendicular to the assumed crack
angle of 45 degrees. For example, if a ply is oriented at +45 degrees (parallel to the crack), the specified
angle for fwould be 90 degrees. This would correspond to the tensile strength of the ply perpendicular
to the primary fiber direction. If a ply is oriented at -45 degrees (perpendicular to the crack), the
specified angle for f would be 0 degrees. This would correspond to the tensile strength in the primary
fiber direction. The + symbol in the equation doesn’t appear to serve any purpose.
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8.1.5.5 Shear Capacity of CFFTs using Chinese Technical Code for Infrastructure Application of FRP
Composites
A 2011 paper by Yu and Teng [127] describes how the Chinese Technical Code for Infrastructure
Application of FRP Composites treats the shear strength contribution of an FRP tube as follows:

Nuagers D, + D;

Vip= > %.ti.Ei.gfa.M-(sin(a,-)+c03(a§))-sin(ai) Eq. 8-10
i=1

where

t; = FRP ply thickness

FE; = modulus of elasticity in primary fiber direction

Efg = design ultimate tensile strain (set to .004 per ACI 440)
D, = FRP tube outer diameter

D, = FRP tube inner diameter

a; = FRP winding angle for ith layer

This equation is similar in form to those utilized by Burgueno and Ahmad. The design tensile strain
in each lamina is set to 0.004 and then multiplied by the modulus of elasticity in the primary fiber
direction, E;, to obtain a design tensile strength. The ply orientation angle is accounted for by the
sin/cos terms involving the winding angle. Finally, (Do+Di)/2 is simply the average tube diameter.

8.1.5.6 Shear Capacity of CFFTs using AASHTO-LRFD
AASHTO-LRFD Section 2.12.2 provides specific guidance on computing the shear capacity of CFFT
beams. The shear strength contribution provided by the concrete, V,, is given as:

V,=0.158-4/f.+A, Eq.8-11
where

V', = shear resistance provided by concrete (kip)

T

A, = effective concrete area (in*2)

concrete compressive strength (ksi)

The effective concrete area is the area of the compression zone in the cracked section under the
axial load and bending moment at the section under consideration. The code permits calculating A for
a cracked section with no axial load using a neutral axis depth of 0.3 D,, where D, is the outer diameter
of the FRP tube.

This methodology for determining the shear strength provided by the concrete, V, is equivalent to
the methodology described in ACI 440.1R, Guide for the Design and Construction of Structural Concrete
Reinforced with FRP Bars. For a traditional steel-reinforced concrete section, the basic concrete
contribution to shear strength from ACI 318 is as follows (note that f’. is specified in ksi):
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V,.=0.063-4/f,+b,-d Eq.8-12
where

V', = whear resistance provided by concrete (kip)
b,, = width of the concrete web (in)
d = depth to the main longitudinal reinforcing steel (in)

ACI 440.1R modifies this equation for a rectangular cross-section to account for the fact that the
modulus of elasticity of an FRP bar is less than the modulus of elasticity of a traditional steel bar. This
results in a reduced compression zone depth for an equivalent area of FRP reinforcement. When shear
cracks develop in the concrete, the opportunity for continued shear transfer throughout the tension
zone of the section due to aggregate interlock is limited. Furthermore, the FRP bars are assumed to
provide less shear transfer via doweling action than steel bars. The ACI 440.1R version accounts for
these differences by limiting the depth of the section to the depth of compression zone in a cracked
concrete section, kd. The associated multiplier, 0.063, is also increased by a factor of 2.5. With f’¢
specified in ksi units, the ACI 440.1R version of the shear equation is as follows:

V,=0.158+1/f b, (kd) Eq.813
where
kd = depth of the compression zone in a cracked concrete section
The strength contribution of the FRP is given as:
Vip=2-t-d,-ff. Eq.8-14
where

t = FRP tube thickness (in)
d,, = Effective depth of FRP tube, taken as 80% of tube outer dia. (in)

ffe =tensile hoop stress in the tube laminate (ksi)
ffESO'004 'th

where E_fh is the modulus of elasticity in the hoop direction (ksi)

The tensile hoop strain limit of 0.004 is intended to capture the combined effects of hoop strain due
to confinement pressure generated by any axial force as well as strain from the shear force component
carried by the FRP. If no axial force is present in the CFFT, the entire strain (0.004) can be allocated to

shear resistance.

8.1.5.7 Proposed FRP Shear Strength Model
With the exception of the simple model proposed by Hillman, none of the aforementioned models
that predict the FRP contribution to ultimate shear capacity incorporates the actual shear strength of
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the FRP laminate. Preliminary calculations using the AASHTO model resulted in ultimate shear
capacities that might not be obtainable due to shear strength limitations. A simple model based on
mechanics of materials principles is proposed in an effort to address these potential shortcomings.

The shear strength contribution of concrete is taken as described in ACI 440.1R-15 for FRP U-girders
and as described in AASHTO LRFD-FRP for circular cross-sections. The shear strength provided by the
FRP is derived from basic mechanics of materials principles and is limited by the shear strength of the
FRP. For FRP U-girders, the strength of FRP is given as:

Tmam'Awebs

V,, =Mz Twebs poog 14
fre 1.5 d

where

Tmaz = design strength of FRP in shear (7,,,,, = Ty * C.)
T = shear strength of FRP reported by manufacturer
C, = environmental reduction factor

Aeps = Area of FRP webs

For CFFTs, the strength of FRP is given as:

Tmaz* A

Vimp=—""_— Eq.815

where

A =total area of FRP tube

8.1.5.8 Comparison of Shear Strength Models for CFFTs
Four different models for evaluating the shear strength of a CFFT were identified in the literature:

e Burgueno’s model (based on Priestley et al. (1996) [125]) - M1

e Ahmad et al. (modification of Priestley’s model) — M2

e Chinese Technical Code for Infrastructure Application of FRP Composites — M3
e AASHTO LRFD-FRP — M4

A new, simpler model (M5) was also proposed to in an effort to overcome some of the perceived
shortcomings in the models listed. The goal of this section is to compare the shear strength results
provided by each model for a series of laminate architectures that might be encountered in FRP bridge
girder applications. The discussion will be limited to CFFTs, but these results could also be extended to
FRP U-girders by modifying the equations. Specifically, the /2 term for circular cross-sections should be
replaced by 2 for rectangular U-girders.

The first step in evaluating these models was to establish a basic set of unidirectional lamina
properties for glass and carbon FRP (Table 30). The stiffness properties for the GFRP are rough averages
of the values provided in Table 23. The stiffness properties for the CFRP were taken directly from
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Burgueno [117] to validate the classical laminate theory calculator that was developed for the current
study (Burgueno also provides equivalent stiffness properties for the laminate architecture used in the
King’s Stormwater Channel bridge). Strength properties for both the GFRP and CFRP are also rough
averages of the values listed in Table 23.

Table 30. Unidirectional lamina properties for shear capacity evaluation

Properties Glass FRP Carbon FRP
E1 (Msi) 5.5 17.5

E2 (Msi) 1.5 1

Glz (MSi) 0.5 0.7

V12 .25 0.3

S (ksi) 120 200

S10 (ksi) 80 180

S (ksi) 5 6

So1 (ksi) 20 20

S12 (ksi) 10 11

Six different laminate architectures, shown in Table 31, were investigated. Laminate architecture 1
(LA-1) consisted of a unidirectional laminate with all fibers assumed to the be running on the
longitudinal direction of the CFFT girder. LA-2 assumes that all fibers are running in the transverse or
hoop direction. LA-3 is a 0/90° laminate while LA-4 contains plies oriented at +45°. LA-5 is the laminate
architecture used in the King’s Stormwater Channel Bridge, and LA-6 is identical to the laminate
architecture of Tube Type IV reported by Ahmad et al.[126]. LA-1 through LA-4 have 18 layers of
uniform ply thickness equal to 0.02 in and an inner tube diameter of 13.5 in. The ply thicknesses and
inner tube diameters for LA-5 and LA-6 were obtained from their respective sources.

Table 31. Laminate architectures and FRP tube properties for shear capacity evaluation

Ply Laminate FRP tube

Lay-up ID | Stacking Sequence thickness (in) | thickness (in) | D;(in)
LA-1 [015] 0.02 0.36 135
LA-2 [90:5] 0.02 0.36 135
LA-3 [(0/90)q] 0.02 0.36 135
LA-4 [£454] 0.02 0.36 135
LA-5* [90,/+10,/90,/+10,/90,/ | 90° = 0.01 0.35 135

+10/90,/+10/90s] 10°=0.02
LA-6** [-88/3/-88,/3./-88/3,/ -88°=0.022 0.25 12.0

-88/3,/-88] 3°=0.017

Note*: Laminate architecture used for King’s Stormwater Channel Bridge
Note**: Laminate architecture for Tube S-9 in Ahmad et al.

After establishing the single lamina properties and laminate architectures, the equivalent laminate
properties were determined for each laminate in the longitudinal and transverse (hoop) directions
(Table 32). Each of the five FRP shear strength models rely on different lamina/laminate properties. The
model used by Burgueno (M1) depends on the average of the tensile and compressive strength of each
individual ply with respect to an assumed crack angle of 45 degrees. The model used by Ahmad (M2)
relies only on the tensile strength of each individual ply (also measured with respect to a 45 degree
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crack angle). The Chinese Technical Code (M3) depends only on the lamina modulus of elasticity in the
primary fiber direction and the winding angle. All of these values can be obtained from Table 30 and
Table 31. The values provided in Table 32 are needed for the AASHTO LRFD-FRP model (M4) and the
proposed model (M5) based on laminate shear strength. The AASHTO LRFD model requires the modulus
of elasticity of the laminate in the hoop direction while the proposed model requires the ultimate
laminate shear strength, Sir.

One important note about Table 32 relates to LA-4 (£45°). By orienting the fibers at £45°, the shear
strength of the laminate is expected to increase because the primary fiber directions are aligned with
the principle stresses if the laminate is loaded in pure shear. For the GFRP version of LA-4, the
corresponding increase in shear strength from the 0/90 degree fiber orientations is 39% (10 ksi to 13.9
ksi). For the CFRP version, the increase in shear strength is more dramatic (597%, or from 11 ksi to 76.7
ksi). This difference is caused by the relatively high ratio of E1/E; for the CFRP (17.5 for CFRP vs. 3.67 for
GFRP). As this ratio increases, a higher percentage of the total load is resisted by the fibers aligned with
the principal stresses. First-ply failure occurs for both laminates when the transverse tensile strength,
S, is exceeded for the -45° plies (assuming the shear stress is positive). The value of S;*) is only 5 ksi
and 6 ksi for the GFRP and CFRP, respectively, but the higher stiffness ratio for the CFRP ensures that
more of the principle stresses in tension are carried by the +45° plies.

Table 32. Equivalent laminate properties in longitudinal (L) and hoop (T) direction

Property LA-1 (0°) LA-2(90°) | LA-3(0/90)  LA-4(+45°) | LA-5 LA-6
Glass FRP

EL (Msi) 5.5 1.5 3.52 1.6 4.07 3.38
Er (Msi) 1.5 5.5 3.52 1.6 2.75 3.60
Gt (Msi) 5 5 5 1.6 .587 .503
SL™ (ksi) 120 5 62.5 20 82.5 59.67
St (ksi) 5 120 62.5 20 9.5 65.56
Si(ksi) 10 10 10 13.9 11.75 10.03
Carbon FRP

EL (Msi) 17.5 1 9.3 2.44 11.7 8.61
Er (Msi) 1 17.5 9.3 2.44 6.22 9.58
Gt (Msi) 7 7 7 4.5 1.0 .705
SL™ (ksi) 200 6 103 22 135.8 98.2
St (ksi) 6 200 103 22 38.6 108.2
St (ksi) 11 11 11 76.7 15.8 11.04

The final FRP shear strength contribution values are summarized in Table 33. The first point to make
relates to the shear strength predicted for LA-1 through LA-3 for M1, M2, and M5 (all strength-based
models). The values between the models differ (M1 = 107.9 kips, M2 = 71.9 kips, and M5 = 78.4 kips),
but the values do not change as long as the fibers are oriented along the 0° or 90° direction. M3 and M4
(based on the modulus of elasticity at a specified strain of .004) produce very different results for LA-1
through LA-3. According to M3, fibers oriented in the 0° direction will offer no resistance to shear while
a maximum value is obtained when all of the fibers are aligned in the hoop direction (LA-2). For LA-3,
the shear resistance provided by the FRP is 50% of the value obtained for LA-2. A similar trend is
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observed for the AASHTO LRFD-FRP model (M4) with a maximum shear resistance predicted for LA-2
(90°).

Model predictions for LA-4 (+45°) also require some discussion. For the GFRP, the two strength
models that rely entirely on lamina tensile/compressive strength properties, M1 and M2, generate
extremely high shear resistance values (M1 = 452.4 kips and M2 = 502.6 kips). The value for M5 is a
more reasonable 108.9 kips. M1, M2, and M3 all predict very high values of shear resistance for the
+45° CFRP laminate. Models M3 and M4 both generate shear resistance values for the £45° laminate
that are less than the values predicted for the 90° laminate.

Key findings:

e Models M3 and M4 are somewhat erratic with regards to shear strength as a function of
fiber orientation angle. Furthermore, it isn’t clear if or how the environmental strength
reduction factor, Cg, should be incorporated into this model.

e Models M1 and M2 generate extremely high values for GRFP laminates oriented at £45°.

e Model M5, which is based on the ultimate shear strength of the FRP laminate, predicts
reasonable shear resistance values for GFRP laminates across all of the fiber orientation
angles investigated.

Table 33. Shear strength contribution of FRP Tube

Laminate M1 M2 M3 M4 M5
Architecture | Burgueno Ahmad Chinese Code | LRFD-FRP Proposed
Glass FRP

LA-1 (0°) 107.9 71.9 0 49.1 78.4
LA-2 (90°) 107.9 71.9 172.4 180.2 78.4
LA-3 (0/90°) | 107.9 71.9 86.2 115.3 78.4
LA-4 (£45°) | 452.4 502.6 86.2 52.4 108.9
LA-5 108.8 73.8 56.1 87.5 89.5
LA-6 66.0 43.8 56.6 72.3 48.4
Carbon FRP

LA-1 (0°) 119.9 84.7 0 32.8 86.2
LA-2 (90°) 119.9 84.7 548.6 573.4 86.2
LA-3 (0/90°) | 119.9 84.7 274.3 304.7 86.2
LA-4 (£45°) | 816.2 828.2 274.3 79.9 601.1
LA-5 120.8 86.7 178.5 197.8 120.3
LA-6 73.3 51.6 180.2 192.4 53.3

The current recommendation is to rely on M5 to determine the shear strength contribution of GFRP
laminates with any fiber orientation angle and CFRP laminates with fibers oriented in the 0/90 direction.
Additional research is needed for + 45° CFRP laminates to determine if the high shear resistance values
predicted by this model can actually be realized.

In summary, the shear strength contribution provided by FRP for U-girders is given in Equation 8-14
and the shear strength provided by FRP for CFFTs is given in Equation 8-15. The ultimate shear strength
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for the FRP material, zu, can either be the shear strength of the FRP laminate as reported by the system
manufacturer or the equivalent laminate shear strength, Sit, as determined by classical laminate theory.
Additional research may be necessary to investigate how different failure criteria might influence Sr.

8.2 Loading

8.2.1 Dead Load (DL)

Material self-weight is summarized in Table 34. The unit weight for concrete was taken as 150 pcf
(assuming a normal-weight, FDOT Class IV concrete for extremely aggressive environments with f’c =
5.5 ksi). Unit weight for the GFRP was obtained from the Vectorply data sheets for the specified
laminates.

Table 34. Self-weight for structural elements

Weight/area Weight/length
Element Material | Unit weight (pcf) (Ibf/in?) (Ibf/ft)
Cast-in-place deck (8”) Concrete 150 100 n/a
36" single-slope barrier | Concrete 150 324 (16" strip) 432
Future wearing surface! -- n/a 15 n/a
Girder (U-Shape/CFFT) GFRP 118 n/a varies
Pultruded DWB36 G/CFRP 105 n/a 70

Note 1: A 15 Ibf/in? future wearing surface is provided in accordance with the FDOT Structural
Design Guidelines (Section 2.2(A)).

8.2.2 HL-93 Live Load (LL)

Standard HL-93 live loading was used throughout the current study. General properties are
summarized in Table 35. For the finite element modeling, the truck was positioned in the longitudinal
direction based on the results from a shear and moment envelope study conducted for a simply-
supported beam. Tire patch surface areas of 10 in x 20 in were assumed, and single factored wheel
loads were applied to these areas as a uniform pressure. Lane loading was applied as a uniform
pressure (unfactored magnitude = .064 ksf) over a 10-ft-wide strip acting in the center of each lane.

Initial evaluation efforts using refined analysis (FEA) and optimization methods did not consider the
lateral positioning of vehicles and lane loads as a design variable. For the preliminary investigations,
lane loads and vehicles were located on the bridge according to the layout provided in Figure 60. For
limit states related to maximum shear, some effort was made to position the vehicles such that the
shear force developed near the support by aligning a line of the wheel loads along the centerline of a
girder. Subsequent analyses revealed that lateral positioning of vehicles and lane live loading does have
a significant influence on the maximum live load effects. After the initial analysis results were used to
identify the most efficient macro-level laminate architectures, additional design studies were completed
to investigate the influence of lateral vehicle positioning. These results were also compared to AASHTO
distribution factors.
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Table 35. Summary of HL-93 live load

Axlel | Axle2 | Axle3 Axle 1/2 Axle 2/3 Lane load
Load type (kip) (kip) (kip) @ spacing (ft) = spacing (ft)* (kip/ft)
Truck 8 32 32 14 14 --
Tandem 25 25 -- 4 -- --
Lane -- - -- -- - 0.64

BDV22-977-01

Note 1: 14 ft rear axle spacing controls for all limit states except fatigue/creep rupture. AASHTO LRFD-FRP calls for
30-ft rear axle spacing when evaluating fatigue/creep rupture.

Basic Loading Configurations

Clear Roadway Width = 32 it

Shoulder Width = 4 ft

[Lane width = 12 ft

Span Direction |
_

E--—mo"
E—- 120"

Uniform pressure over
10 ft wide strip centered
in each lane

|———————————————————
Lane Loading:

DETAIL D
SCALE 0.050
Standard pad for
wheel load

Design Tandem:

%-‘_SEE DETAIL D

|%:,‘-1'_—l—-_’
72"
.
144"
Design Truck:

32 Kip—_ | |

8 Kip
/ Axle Line

Axle Lines ~ H ¥
\‘“{ T T2
—

MNote: Rear axle—-E=
spacing varies for
fatigue/creep rupture
limit state

TH 1ser o= 168

I

Load Positions

All Spans

Figure 60. Basic geometry for transverse positioning of vehicle loads. Vehicle position in the
longitudinal direction varies by span length and limit state.

8.3 Load Combinations

The load combinations and their respective load factors are summarized in Table 36. Limit States 1,
2, and 4 were derived from AASHTO LRFD-7 while Limit State 3 is based on a provision in AASHTO LRFD-
FRP. Animpact factor (IM) of 1.33 was applied to all vehicle live loads (impact was not applied to live

lane loading).
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Table 36. Load combination factors

BDV22-977-01

Limit State Impact LL-Tr/Tan | LL-Lane DL DL-FWS
LS-1: Concrete comp. stress 1.33 1 1 1 1
LS-2: Displacements 1.33 1 0 0 0
LS-3: Fatigue and creep rupt. 1.33 .75 0 1 1
LS-4: Strength 1.33 1.75 1.75 1.25 1.5

108



Embry Riddle Aeronautical University BDV22-977-01

9. U-Shaped FRP Girders

Two unique analysis and design approaches were investigated for the FRP U-girder alternative:

e Single girder design using the AASHTO distribution factor method
e Comprehensive structural optimization using FEA, quadratic programming and genetic
algorithms

After completing an initial round of structural optimization using FEA, it was determined that lateral
positioning of the design vehicles has a significant influence on the required girder geometry.
Furthermore, there is little established history of using AASHTO distribution factors for designing FRP
bridge girders. Distribution factors for the San Patricio FRP U-girder bridge were obtained using a spring
model and compared to values obtained for timber beams supporting a reinforced concrete deck!??.
Research studies [128,129] for both of the pultruded FRP girder bridges built outside of Blacksburg,
Virginia, included live load testing aimed at determining distribution factors, but neither effort treated
span length as a variable. In the present study, AASHTO distribution factors that were obtained using
cross-section “e” from LRFD-7 are compared with results from a finite element model for a 50-ft span
length. These results are presented in Section 9.3.

9.1 AASHTO Distribution Factor Method

This section describes a methodology based on the AASHTO distribution factor method that will lead
to acceptable FRP U-girder designs for the limit states discussed in Section 8.1. After describing the
general analysis framework, structural analysis, and U-girder design/optimization process, this
methodology is used to estimate the materials and manufacturing costs associated with short-span FRP
U-girder bridges ranging from 30 ft to 75 ft.

9.1.1 General framework for analysis and design

The AASHTO distribution factor method is an approximate method for determining the demand
experienced by an individual structural element due to live load. The critical values that are required for
any girder design operation are the factored shear demand, V,, and the factored moment demand, M,.
Once the structural demands are determined for each limit state, a proposed cross-section configuration
can be evaluated to determine if the section’s strength is sufficient. The design challenge presented by
FRP U-girders is that the cross-section dimensions are initially unknown and the material strength
properties can vary depending on the laminate architecture. A major goal of this design study is to
establish basic size parameters for FRP U-girders as a function of span length and the number of girders
present for a given bridge geometry.

The overall analysis and design framework is illustrated in Figure 61. To determine the FRP U-girder
size requirements for a specific span length, the overall bridge geometry and loading parameters must
be specified. A graphical user interface was developed in Matlab to facilitate data exchange with a
larger piece of software that was developed to automate the analysis and design process. The required
inputs for bridge geometry and loading parameters are presented in the GUI format in Figure 62. The
exposure condition variable is used to determine the appropriate environmental knock-down factor, C,
that is applied to the FRP material strength.

Required material properties and girder size parameters are highlighted in Figure 63. Girder height
below the slab, hyen, and the thickness of the FRP U-girder, tr.n, were the two main cross-section design
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variables investigated in the current study. The amount of concrete placed inside the U-girder, heon, was
also investigated to determine its influence on a girder’s ability to meet the specified deflection criteria.
The total flange width, bqan, can be changed by adjusting the overall depth to width ratio. The web
thickness can also be defined separately by specifying the desired flange to web thickness ratio. For the
current study, the overall depth to width ratio was held constant at 1.5 and the flange to web thickness
ratio was held constant at 1.0. The material properties shown in Figure 63 are based on the E-LT 4400
(0/90) non-crimp fabric from Vectorply described in Table 25. There is still some uncertainty regarding
the ultimate shear strength of this specific resin-infused laminate, but the value of 10 ksi is conservative
relative to the value provided by the manufacturer (13.1 ksi). These material properties were held
constant in the current study. The FEA optimization method described in Section 9.2 does treat the FRP
material properties, overall girder width to depth ratio and flange to web thickness ratio as design
variables.

Required inputs:

Establish overall bridge geometry

Specify live load properties and
material self-weights

e
e e Perforn.1 stru.ctural analysis to
L b, determine girder demand,
. . . Vuand My, for each limit state
Specify material strength properties \_ . ! )
- - s 2
l Determine nominal capacities,
Vh and M, and maximum
Specify trial girder geometry deflection, Amax
I\ J \ /
/\
T
| 1
I : Fvaluate proposed cross-section:
| . .
oo Insufficient ___| _fa-v,<v, | [ev,2v,
b-M, <M, o.M, >M,
L L
C‘ <
maz = 1000 1000
‘ Acceptable design ’

Figure 61. General analysis and design framework for the AASHTO distribution factor method
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Bridge Geometry _

Span length (/) 20 Tandem Properties

Width between barriers (ft) 3z Axle 1ikip) 25 e —
Slab thickness (in) ] Axle 2(kipy |25

Distributed Loading Properties

Barrier DL (kip/ft) |432 Future W5 (psf} |15

Loading Parameters

Truck Properties
Lane LL (kipift) |64
Lode 1(kip) |8 _
Axle 1-2 spacing (ft) |14
Aode 2(kip) |32 _ .
_ s ] 14 Exposure Condition
Acxle 3(kip) |32 (~) Normal @) Extreme

Axle 2-3 spacing for Fatigue LS (ft) 30

Figure 62. Required inputs for bridge geometry and loading parameters

Material Properties
Concrete
Compressive Strength (psi)  |5500

Ult. Comp. Strain (in/in} 003

Unit weight (pcf) 150
FRP

Tensile Strength-Web (ksi) |73.8

Modulus-Web (ksi) 3963 T | O
Unit weight-Web (pcf) 118

Girder Size Parameters

Tensile Strength-Flange (ksi) |73.8 Number of Girders 13

Modulus-Flange (ksi) 3.9E3 Height of Web (in} 18

Unit weight-Flange (pcf) 118 Flange Thickness (in} 2 Bridge Cross Section
Utt. Shear Strength (ksi) 10 Flange/\WWeb Thick. Rat. |1

LED AR Depth Con./VWeb Depth Rat 0.5 0

@ Glass (") Carbon .
Depth to Width Rat. 15

Flange Fiber Type

@ Glass () Carbon

Figure 63. Required inputs for material properties and girder size parameters.

9.1.2 Structural analysis

The primary advantage of the AASHTO distribution factor method is that the structural analysis is
simplified to a one-dimensional simply-supported beam model. Live load analysis was completed
assuming one vehicle (truck or tandem) occupied a single lane and an unfactored uniform distributed
lane loading (0.64 kip/ft) was applied along the entire length of a simply supported beam. The resulting
shear and moment envelopes were then treated with the appropriate load factors for each limit state.
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Next, an AASHTO distribution factor was applied to the shear and moment envelopes to determine the
effect of the live load acting on a single girder.

Dead load analysis was completed on a per-girder basis with uniform distributed loads for the slab,
traffic barriers, self-weight of the concrete below the slab (in the FRP girder), and self-weight of the FRP
composite. The self-weight of the barriers was distributed uniformly amongst all of the girders present.
The weight of the slab attributed to each girder was modified depending on the number of girders
present and the width of the girder flange. The self-weight of the FRP and the self-weight of any
concrete placed inside the U-girder was also variable depending on the cross-section under
consideration.

The AASHTO distribution factor for moment was computed for a given bridge/girder geometry using
Table 4.6.2.2.2.b-1 in LRFD-7. Assuming that each of the FRP U-girders is filled with concrete, the bridge
cross-section geometry matches Section Type e in Table 4.6.2.2.2.1-1. The corresponding equation for
computing the distribution factor for moment for an interior girder is:

0.6 0.2 K .1
DF,;; . =0.075+ ST A e Eq. 9-1
- 9.5 L 12-L-t°
DFILL_m=U.DE+[ﬁ] [L] |7 ;3 Eq.9-2
*lg

where

DFyr; o, = moment distribution factor for two lanes loaded
DFILL_'m
S = girder spacing (ft)
L = span length (ft)

t, = slab thickness (in)

moment distribution factor for one lane loaded

Ky=n«(Igr+A-e,”)

g at
E .
rde
n= g T
Es!aﬁ

I jirger = moment of inertia of girder beneath the slab (in"4)

A = area of girder below the slab (in*2)
e4 = distance from centroid of slab to centroid of girder (in)
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This relationship is only applicable for Ky values ranging from 10,000 in* to 7,000,000 in®. The value
for Kg is highly dependent on the amount of concrete that is present in the FRP U-girder. For the girder
section dimensions illustrated in Figure 12 (assuming only 50% of the web is filled with concrete and
ignoring the contribution of the FRP) Ky was computed as 8,532 in*. If the entire web is filled with
concrete, Kg increases to 42,336 in*. For the half-filled girder, if the effects of the FRP webs and flange
were considered, the actual value should be somewhere in between. What is important to note,
however, is that an increasing Kq value leads to a larger distribution factor (i.e., more conservative). To
stay within the range of applicability for Kq and use a relatively conservative estimate at this point in the
study, a decision was made to compute Kq for each cross-section assuming that the girder was
completely filled with concrete. There are several unresolved issues related to computing deflections
that may provide some clarification on which way to proceed, but, for the current study, the Ky values
used to determine distribution factors for shear and moment are conservative.

The distribution factor for shear was computed in accordance with Table 4.6.2.2.3a-1:

S S \?
DF =024+ ——|— Eg. 9-3
2LL_s 12 (30) q

DF]LL_S = 0.36+% Eq. 9'4

where

DFyp; s = shear distribution factor for two lanes loaded

DF' 1} s = shear distribution factor for one lane loaded

Distribution factor and single-girder factored demand results for the bridge/girder geometry shown
in Figure 62 and Figure 63 are provided in Figure 64. Only the factored moment values, M,, are relevant
for Limit States 1 through 3. For Limit State 4, the tandem loading controls for the flexural design (M, =
7,753 kip-in) while the truck loading controls for the shear design (Vy = 109.3 kips). For the current
study, the critical section for shear was taken to be the face of the support. This is a conservative
assumption based on the remaining uncertainties surrounding the actual shear capacity of FRP U-
girders. Additional discussion and validation of the live load distribution factors computed using Table
4.6.2.2.2.b-1 in LRFD-7 are provided in Section 9.3.
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Single Girder Section LL Distribution Factors Single Girder Demand
74.4" 1 Span length = 30 ft (kip) (kip-in)
8' Number of girders = 6 Vu Mu
| DF LS1 - Tandem 642275 4.8016e+03
— Moment - 1 Lane 0.4515 151 - Truck 885727  4.3326e+03
I Moment - 2 Lane 0.5664 L53 - Truck 39.7883  3.0238e+03
127 | T tue =2 Shear - 1 Lane 0.6080 LS4 - Tandem 105.1654  7.7534e+03
S tian = 27 Shear - 2 Lane 0.6853 LS4 - Truck 109.3018  6.9496e+03
Bridge Cross Section Moment Envelope — LS-4, Tandem :  Shear Envelope — LS-4, Tandem

\ 4
U=
B
8

ﬂ< 32 ft
O

Figure 64. Factored demand results for smgle FRP U-glrder based on AASHTO dlstrlbutlon factor
method for live load.

9.1.3 Cross-section Capacity and Optimization

Once the structural demand for a single girder has been established using the AASHTO distribution
factor method, the analysis can proceed to determining the capacity of the girder for each limit state
based on the girder geometry and material properties. In this section, the general process for
evaluating the capacity of a fully-specified girder will be illustrated using the parameters provided in
Figure 62 and Figure 63 with one minor adjustment. For this example, the ratio of concrete depth to
FRP web height in the FRP U-girder will be set to 1. The ratio of FRP flange to web thickness will also be
setto 1.

First, the capacity will be evaluated for an FRP thickness value of 2 inches (assumed maximum value)
followed by an analysis for an FRP thickness 0.25 inches (assumed minimum). The thickness value of 2
inches results in a cross-section that far exceeds the criteria established in limit states 1 through 4. The
thickness value of 0.25 inches is insufficient to meet these criteria. Once that is established, the process
for determining the minimum FRP thickness required to satisfy all five limit states for a given girder
depth will be discussed. Finally, the method will be applied to a feasible range of girder depths (in this
case 12 in to 36 in) and a framework for identifying the optimal girder depth and FRP thickness
combination is presented. Hand calculations for a fully specified girder and bridge geometry for a 50-ft
span length are provided in Appendix A.

9.1.3.1 Capacity Analysis for Fully-Specified FRP U-Girder

The cross-section profiles and the corresponding factored demands for the two example sections
are highlighted in Figure 65. The depth of concrete below the slab is 18 in and the total girder width is
12 in for both girders. The total girder height varies based on the FRP flange thickness. The cross
section for the 2-in thickness is 1.75 in deeper than the 0.25-in section, which results in a slightly larger
dead load component. This is reflected in the minor increase in factored demand for each limit state for
the 2-in girder. The factored demand values in Figure 65 also illustrates how increasing the depth of
concrete from 50% (Figure 64) of the girder web height to 100% of the girder web height impacts the
overall demand. The factored moment demand for the strength limit state (LS-4) increases by 1.6% if
the girder is entirely filled. The factored shear demand at LS-4 increases by 1.3%.
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tflan = tweb = 2” tfian = tweb = 0.25”
Girder Demand Vu (kip) | Mu (kip-in) Girder Demand Vu (kip) | Mu (kip-in)
L51 - Tandem 653516  4.5027e+03 L51 - Tandem 653035  4.8984e+03
L51 - Truck 67.6929 4.4312e+03 LS1 - Truck 676449  4.4270e+03
LS3 - Truck 40.9069  3.1248e+03 L53 - Truck 408610  3.1205e+03
LS4 - Tandem 106.5703  7.8797e+03 L54 - Tandem 106.5102  7.8743e+03
L54 - Truck 110.7020 7.0724e+03 LS4 - Truck 1106421 7.0872e+02

Figure 65. Girder profiles and factored demand used to illustrate single-girder capacity analysis.

Each limit state is controlled by specified stress criteria. For example, Limit State 1 is reached when
the concrete compressive stress equals 0.45 x f’c. Limit State 3 is reached when the maximum normal
stress in the FRP equals 0.5 x 0.2 x fur. The 0.5 is the environmental reduction factor, Cg, for glass FRP in
an extremely aggressive environment and the 0.2 is the creep and fatigue rupture for glass FRP specified
in LRFD-FRP S2.7.2 and fys is the ultimate tensile strength reported by the manufacturer. Limit State 4 is
reached when the maximum normal stress in the FRP achieves a value of Cg x fis or the ultimate
compressive strain in the concrete (0.003) is reached. The corresponding internal bending moments
resulting in these stress levels are then considered to be the nominal moment capacity, My, for that
specific limit state. For Limit State 4 (ultimate strength) an additional Phi-factor of 0.55 is applied to the
nominal moment capacity to obtain the factored resistance.

The nominal moment capacities for LS-1 and LS-3 can be obtained using a simple
cracked/transformed section analysis. Details and discussion on this matter are provided in the hand-
calculations located in the Appendix. Determining the moment capacity at the strength limit state,
however, requires a more sophisticated approach because the strength limit state is defined by two
different stress criteria (i.e., the maximum compressive stress in the concrete and the design tensile
strength of the FRP). The controlling mechanism depends on the cross-section dimensions and the
relative amount of FRP tension reinforcement provided. The so-called balanced reinforcement ratio, py,
occurs when the concrete reaches its ultimate compressive strength simultaneously as the FRP reaches
its design tensile strength. Section 7.2.1 in ACI 440.1 R-15 provides a detailed discussion on solution
process required for the flexural capacity of a concrete section with FRP rebars. A closed-form solution
is available for the case where the reinforcement ratio provided exceeds p,. However, a direct
application of this method to the current problem of FRP U-girders is complicated by the fact that the
FRP webs contribute to the overall flexural capacity. For the FRP rebar case where the provided
reinforcement ratio is less than py, there is no closed-form solution for the flexural strength of a cross-
section and numerical methods (e.g. moment-curvature diagrams) must be used.

In the current study related to the AASHTO distribution factor method, moment-curvature
relationships were used to determine the moment capacity of a specified cross-section for each limit
state. A non-linear stress-strain relationship was used for concrete in compression until the ultimate
compressive strain is achieved. A linear stress-strain relationship was used for concrete in tension up to
the point where the ultimate tensile strain is exceeded. Finally, the FRP materials in the webs and flange
were modeled using a linear stress vs. strain relationship. Complete details for the material stress vs.
strain relationships are provided in the hand calculations located in the Appendix.
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Moment-curvature (M-®) diagrams for the 2-in-thick and 0.25-in-thick cross-sections are provided
in Figure 66. The corresponding results for section capacity are provided in Table 37. The unfactored
moment capacity of the 2-in-thick cross-section is 40,953 kip-in. This value of moment results in
concrete crushing. For the 0.25-in FRP thickness, the nominal capacity, My, is only 6,525 kip-in and
occurs when the FRP in the flange reaches a maximum allowable stress of Cg x fuf (36.9 ksi). After
applying a strength reduction factor of 0.55 to the nominal moment capacities, factored resistances of
22,524 kip-in and 3,589 kip-in are obtained for the 2-in and 0.25-in FRP thicknesses, respectively.
Comparing these resistance values to the factored demand of 7,880 kip-in indicates that the 2-in FRP
thickness is overdesigned for flexure and the 0.25-in thickness is insufficient.
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Figure 66. Moment-curvature results for (A) 2-in-thick FRP cross-section and (B) 0.25-in-thick FRP
cross-section.

Table 37. Capacity analysis results for 2-in and 0.25-in-thick FRP cross-sections.

tilan = tweb = 2”

tfian = tweb = 0.25”

Factored Demand

My (kip-in)

My — LS-1 (kip-in)
My — LS-3 (kip-in)
DM, — LS-4a (kip-in)
Virp (Kip)

@V, — LS-4b (kip)
Elbridge (Kip-in?)
Amax — LS-2 (in)

40,953
10,796
9,578
22,524
36.9
240
207.7
1.078E9
0.11

6,525
4,273
1,428
3,589
22.2
30
39.1
0.91E9
0.132

4,902
3,125
7,898

110.7

L/1000 = 0.36

A similar conclusion can be drawn for the strength limit state in shear (LS-4b). The factored shear
resistances for the 2-in and 0.25-in thicknesses are 207.7 kip and 39.1 kip, respectively. The factored
demand, V,, for a single girder is 110.7 kip. One point of interest relates to the shear resistance
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provided by concrete, V, for each section. The V. for the 2-in thickness, 36.9 kip, is significantly larger
than the V. value obtained for the 0.25-in thickness (22.2 kip). This is somewhat counterintuitive
because the total concrete area for the 0.25-in cross section (11.5 in x 26 in) is larger than the 2-in
section (8 in x 26 in). The depth to the neutral axis for the 0.25-in-thick cracked section is 5.21 in while
the depth to the neutral axis for the 2-in-thick FRP section is 12.47 in. This ultimately results in a larger
concrete compression block for the cracked 2-in section that participates in shear resistance. Also note
that the width of the concrete section used in the area calculation does not include the entire flange
width of the concrete slab between girders. Only the width of the concrete in the FRP U-girder is
assumed to provide any shear resistance.

For Limit State 2 (deflections), both cross-sections are able to meet the live load deflection criteria
of L/1000 (0.36 in for a 30-ft span length). The total stiffness of the bridge cross-section was computed
using the gross moment of inertia for the 18-in-deep FRP U-girders and the 8-in-thin concrete slab.
Barriers were not included in the calculations for this section. If the U-girders are completely filled with
concrete, the resulting flexural stiffness of the entire bridge (Elbrigge) is relatively high (1.078 x 10°kip-in?
for the 2-in cross-section and 0.91E9 kip-in? for the 0.25-in section). The stiffness of the 2-in cross-
section is slightly larger because the FRP flange extends further below the 18-in web height.

The displacement demand for a 30-ft span length was determined by developing the displacement
envelope for the HL-93 truck load assuming that two lanes are loaded. The maximum deflection occurs
when the two rear, 32-kip axles are centered around the bridge midspan. The truck positioning for LS-2
for the 30-ft span is provided in Figure 67. Lateral positioning of the two vehicles is irrelevant because
all six girders are assumed to deflect uniformly. The live load impact factor of 1.33 was included in this
analysis. The resulting displacement demand for the 30-ft span is 1.198E8 kip-in®>. The maximum
deflection for the entire bridge, 4max, is then determined by dividing the displacement demand by the
bridge stiffness, Elpridge.

Limit State 2: Clear Roadway Width = 32 i
Deflections Shoulder Width = 4 fi

r% 00 -‘—7 168.00 4-‘

I I T~—Truck Wheel Load (typ.) = 16 kip * 1.33 (IM) = 21.28 kip
1
1l

32 kip axles are centered
around bridge midspan

Figure 67. Vehicle positioning for LS-2 (deflections). Span length = 30 ft.
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Displacement results are dramatically different if the concrete below the slab is not considered. The
resulting flexural stiffness based on the gross moment of inertia for the 2-in FRP thickness is reduced to
6.275E8 kip-in? (a 41.8% reduction from the concrete filled section). The corresponding maximum
deflection, 0.191 in, still meets the L/1000 deflection criteria. For the 0.25-in FRP thickness, the unfilled
FRP U-girder bridge stiffness is reduced to 1.49E8 kip-in? (83.6% reduction) for a resulting deflection of
0.80in. A complete summary of deflection calculations for LS-2 that considers all six barrier/concrete
depth combinations described in Section 8.1.2 is provided in Table 38. For a 30-ft span length, the gross
moment of inertia of the barriers alone is enough to satisfy the deflection criteria of L/1000. To remain
consistent with the FDOT Structures Design Guidelines, cases where barriers are included in the gross
moment of inertia calculations, LS-2(d,e,f), will not be addressed in the current study. If the FRP U-
girders are entirely filled with concrete, LS-2a may be overly conservative. Even though the concrete is
expected to crack inside the U-girder, it will still contribute to the overall stiffness of the bridge.
Nonetheless, it is potentially helpful to know what the required FRP thickness would be for a completely
unfilled U-girder and how other variables, such as number of girders and span length, affect this
required thickness.

Table 38. Deflection calculations for LS-2 (deflections). Span length = 30 ft.

Design Scenarios Concrete Amax — LS-2 (in)

for LS-2 Barriers Depth in girder | than = twen =2 thian = twen = 0.25”
LS-2a None 0% 0.191 0.804
LS-2b None 50% 0.170 0.379
LS-2c None 100% 0.111 0.132
LS-2d Present 0% 0.049 0.071
LS-2e Present 50% 0.046 0.058
LS-2f Present 100% 0.037 0.040

At this point, the main conclusion that we can draw from the previous analysis of the 2-in-thick and
0.25-in-thick FRP cross-sections is that one is too heavy and the other is too light. The next section will
describe the methodology used to optimize the cross section and determine the required FRP thickness
needed to satisfy all of the limit states.

9.1.3.2 Cross-section Optimization Using AASHTO Distribution Factors

An iterative solution process based on the analysis procedure described in Section 9.1.3.1 was
developed using Matlab to determine the minimum thickness of FRP required to satisfy each limit state.
It was shown that for the 18-in girder depth, the required FRP thickness lies somewhere between 0.25
and 2.0 inches. Converged solution results for the 18-in girder depth example are provided in Figure 68.
For this case (number of girders = 6, span length = 30 ft), the strength limit state for shear, LS-4b, would
control the design with a required minimum FRP thickness of 0.946 in. If the required FRP thickness for
any limit state exceeds 2 inches (the upper limit in the current study) the overall section depth must be
rejected. If the required FRP thickness is less than 0.25 in (the minimum allowable value) for all of the
limit states, the overall section depth would also be rejected in favor of a smaller depth with a thicker
FRP flange and webs.

For the current study, the minimum FRP thickness required to satisfy all limit states will be assumed
for the entire girder. Additional optimization may be possible by either tapering the FRP thickness along

118



Embry Riddle Aeronautical University BDV22-977-01

the length of the girder because the section is technically over-designed for flexure at the midspan. It
may also be possible to use a different laminate architecture with improved shear resistance in the high
shear regions. This may be pursued in future work, but the current results are intended to provide
conservative estimates of the amount of FRP required to achieve the established design criteria under
the simplest possible design and manufacturing conditions.

Nb=6
! Thickness
—#—L51 . . .
08 % s Limit state (in)
08| I LS-1 (concrete stress) 0.34
07F LS-2a (deflections) 0.91
08} LS-3 (fatigue/creep) 0.59

LS-4a (strength-flexure) | 0.57
LS-4b (strength-shear) 0.95

Minimum FRP thickness (in)
=1 =1 =
[} - w

=1
ha
T

=}
-

0 s L " L L s L s L
17 172 174 176 178 18 182 184 186 188 19
Girder depth (in)

Figure 68. Minimum FRP thickness for six-girder bridge (N, = 6), girder depth = 18 in,
span length = 30 ft.

After establishing the minimum FRP thickness for a specific girder depth, the process can be
repeated over a range of girder depths and number of girder combinations. Results for the 30-ft span
length are provided in Figure 69. The range of girders depths was established from 12 in to 36 in and
results were obtained at 2-in intervals. The number of girders varied from 6 to 12 with a 2-girder
interval. As the girder depth increases, the required FRP thickness decreases for all limit states. An
important point to note is that as girder depth increases, the controlling limit state for FRP thickness
also changes. For case of the six girder bridge (Np=6), depths less than 16 inches would be controlled by
the LS-2a limit state (deflections not accounting for concrete in the U-girder) whiles depths 18 inches or
larger would be controlled by LS-4b (shear strength). Again, these calculations were completed
assuming that the entire U-girder was filled with concrete. LS-2a does not account for any additional
stiffness provided by the concrete beneath the slab. If the full stiffness contribution of this concrete was
considered (LS-2c), the shear limit state would control for all girder depths.

Minimum FRP thickness results for all cases of LS-2 (deflections) are provided in Figure 70. Results
are generated for LS-2a and LS-2b for all cases (N, = 6, 8, 10, and 12). This indicates that when the FRP
U-girder is completely empty or only half-filled with concrete, some FRP is required to meet the
deflection criteria. If the entire girder is filled with concrete (LS-2c), only the six-girder bridge at a depth
of 12 inches requires any FRP to meet the deflection criteria. Cases LS-2d,e,f, which all include barriers,
do not appear because the stiffness of the slab, barriers, and any concrete beneath the slab provide
sufficient flexural stiffness when the gross moment of inertia is considered. This will not be the case for
longer span lengths.
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Figure 69. Minimum FRP thickness over a range of girder depths (12 in to 36 in) and number of girders
(6 to 12). Span length = 30 ft.

The final step in the optimization process is to identify the girder depth/number of girders
combination that results in the least cost. It is not possible to make this assessment on the weight of
FRP alone. For all combinations of number of bridge girders (N, = 6, 8, 10, and 12), the total weight of
FRP simply decreases as the section depth increases (Figure 71). It is also observed that as the number
of bridge girders increases, the total weight of FRP required also increases. These results were initially
troubling as the change in total FRP weight for the Ny = 6 and N;, = 8 case is much smaller than the
corresponding changes for the N, = 10 and N, = 12. For a specific girder depth, the self-weight portion
of the girder is relatively constant. The only variable that changes is the tributary area for the slab. In
order for an increase in the number of girders to provide any weight savings in FRP material, the
corresponding distribution factor would need to decrease at a higher rate. As noted in Figure 72, the
distribution factor for shear transitions from 2 lanes loaded to 1 lane loaded as the number of girders
increase from 8 to 10. The corresponding drop in distribution factor is much lower between 8 and 10
than it is between 6 and 8. Therefore, even though the required FRP thickness is reduced as the number
of girders increases, the fact that two more girders are required in the bridge eliminates any net
advantage from the reduced shear demand.
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Figure 70. Minimum FRP thickness for different concrete fill depths and presence/absence of barriers
(Span length = 30 ft.)

To determine the girder depth that results in the least cost, the cost of the concrete that is used to
fill the FRP U-girder must also be considered. In the current study, an FRP cost of $5.25 per pound and a
cast-in-place concrete cost of $0.21 per pound is assumed. After the total concrete and FRP costs are
considered for all of the girders in a specific configuration (not including the concrete in the slab), a
more traditional series of optimization curves is obtained (Figure 73). Unlike the curves representing
total FRP weight, the total cost curves now increase as the girder depth becomes large due to the
additional cost of the concrete required to fill the girders.

If the stiffness contribution of the concrete beneath the slab is included (LS-2c), the six-girder
configuration with a girder depth of 14 inches results in the lowest total girder cost (Figure 73A). For LS-
2a (Figure 73B), the six-girder combination with a girder depth of 18 inches results in the lowest total
girder cost. The optimal depth for the 8, 10, and 12 girder combinations would be less than 12 inches,
but at that point the deflection criteria for LS-2c would begin to control.
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FRP Weight vs. Girder Depth, Span = 30 ft (LS-2a)
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Figure 71. Total FRP weight vs. girder depth for span length = 30 ft. (A) Including stiffness

contribution of concrete under slab (LS-2c) and (B) excluding stiffness contribution of
concrete under slab (LS-2a).
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Figure 72. Distribution factor for shear as a function of girder spacing (1 and 2 lanes loaded).
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Figure 73. Total girder cost vs. girder depth for span length = 30 ft. (A) Including stiffness contribution
of concrete under slab (LS-2c) and (B) excluding stiffness contribution of concrete under
slab (LS-2a).

9.1.3.3 Results Summary for All Span Lengths

The procedure described in Section 9.1.3.2 was applied to 30-ft, 40-ft, 50-ft, 60-ft, and 75-ft span
lengths. The number of beams in the bridge was chosen as N, = 6 and Ny = 8. Results are summarized in
Table 39 and Table 40. The lowest total girder cost for each span length was always obtained for the six-
girder bridge, but the cost per foot for each girder was lower for the eight-girder bridge. An even lower
total girder cost would be obtained for a five-girder bridge configuration, but the six-girder option was
considered to be more conservative as a starting point for making these initial cost estimates.

The limit state for deflections (LS-2) was evaluated using two different assumptions:

e |S-2a— 0% stiffness contribution for concrete in U-girder below slab (Table 39)
e LS-2c - 100% stiffness contribution for concrete in U-girder below slab (Table 40)

The additional stiffness resulting from the cast-in-place concrete barriers was not considered. The
cost optimization curves and minimum FRP thicknesses required to meet the criteria of each limit state
are provided in Appendix A. The controlling limit state varies as a function of span length and whether
or not the stiffness contribution of the concrete below the slab was considered. For the 30-ft and 40-ft
span lengths in the 2-a case, the interaction between LS-2a (displacements) and LS-4b (shear strength)
control the optimized cross-section dimensions. For the 50-ft and 60-ft span lengths, the interaction
between LS-2a and LS-3 (fatigue and creep rupture) governs. For the 75-ft span length, the limit on
concrete compressive stresses (LS-1) controls the required section depth and FRP thickness.

Including the depth of concrete below the slab in the bridge stiffness calculations (LS-2c) effectively
removes LS-2 from consideration. Overall, the girder depths obtained using the LS-2c assumption are
less than those obtained using LS-2a. For the 30-ft and 40-ft span lengths, LS-4b (shear strength) is the
controlling limit state. For the 50-ft, 60-ft, and 75-ft span lengths, the interaction between LS-1 and LS-3
determines the required girder depth and FRP thickness.
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The controlling limit state results summarized in Table 39 and Table 40 provide useful guidance for
future optimization studies. For example, increasing the shear strength of the FRP laminate should help
to lower the cost for the 30-ft and 40-ft girders. Recall that the ultimate shear strength assumed for
these results is a conservative value of 10 ksi. Increasing the shear strength to 13.1 ksi (the value
provided in the manufacturer’s data sheet for EL-LT 4400) results in significant cost savings for the 30-ft
and 40-ft span lengths. Under the LS-2a criteria for deflections, the girder cost per foot decreases from
$235 to $209 (12.4% decrease) if the ultimate shear strength increases from 10 ksi to 13.1ksi (31%
increase). Under the LS-2c criteria for deflections, the girder cost per foot decreases from $230 to $181
(21% decrease). A summary of the data for 30-ft and 40-ft span lengths is provided in Table 41.

Table 39. Optimization results summary for all span lengths: LS-2a (0% concrete stiffness below slab)

FRP Total Girder Girder cost per
Controlling | hye, |ty | weight | girder cost per | SF of bridge
Span length | limitstate | (in) | (in) | (Ibf) cost (9) foot ($) | deck (S)
Np=5
30 ft (LS-2a) | LS-2a/4b 18 | 1.11 6,591 | 40,370 269 42
40 ft (LS-2a) | LS-2a/4b 28 | 0.81 9,962 73,174 365 57
Np=6
30 ft (LS-2a) | LS-2a/4b 18 | 095 6,698 | 42,330 235 44
40 ft (LS-2a) | LS-2a/4b 28 | 0.68 | 10,021 | 78,050 325 61
50 ft (LS-2a) | LS-2a/3 36 | 0.64 | 15,008 | 132,490 | 442 83
60 ft (LS-2a) | LS-2a/3 40 | 0.76 | 24,009 @ 205,240 | 570 107
75 ft (LS-2a) | LS-1 42 | 1.16 48,066 | 358,490 | 797 150
Np=8
30 ft (LS-2a) | LS-2a/4b 18 | 0.72 | 6,804 | 45,700 190 48
40 ft (LS-2a) | LS-2a/4b 28 | 0.51 | 10,050 @ 87,350 273 68
50 ft (LS-2a) | LS-2a/3 34 | 0.56 | 16,729 | 151,910 | 380 95
60 ft (LS-2a) | LS-2a/3 36 | 0.78 | 29,396 | 239,160 | 498 125
75 ft (LS-2a) | LS-1 40 | 1.25 65,678 471,660 | 786 197
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Table 40. Optimization results summary for all span lengths: LS-2¢ (100% concrete stiffness below

slab)
FRP Total Girder Girder cost per
Controlling | hwey | trp | weight | girder cost per | SF of bridge
Span Length | limit State | (in) | (in) | (Ibf) Cost($) | foot($) | deck ()
Np=5
30 ft (LS-2c) LS-4b 14 | 1.54 | 7,069 39,984 266 42
40 ft (LS-2c) LS-4b 18 | 1.36 | 10,715 | 63,560 318 50
Np =6
30 ft (LS-2c) LS-4b 14 1.31 | 7,195 41,480 230 43
40 ft (LS-2c) LS-4b 16 1.34 | 11,234 | 65,688 274 51
50 ft (LS-2c) LS-1/3 22 1.08 | 15,507 | 99,481 332 62
60 ft (LS-2c) LS-1/3 28 | 1.13 | 24,832 | 166,560 | 463 87
75 ft (LS-2c) LS-1/3 38 | 1.28 | 47,923 | 336,760 | 748 140
Np=8
30 ft (LS-2c) LS-4b 12 1.22 | 7,325 43,690 182 46
40 ft (LS-2c) LS-4b 16 | 1.02 | 11,447 | 69,751 218 54
50 ft (LS-2c) LS-1/3 24 | 0.81| 17,033 | 119,610 | 299 75
60 ft (LS-2c) LS-1/3 32 | 0.81 27,152 | 208,790 | 435 109
75 ft (LS-2c) LS-1/3 40 | 1.25 65,678 471,660 | 786 197

Table 41. Comparison of T, = 10 ksi and Ty = 13.1 ksi for 30-ft and 40-ft span lengths
FRP Total Girder Girder cost per
Controlling | hyey | twy | weight | girder cost per | SF of bridge
Span Length limit State | (in) | (in) | (Ibf) Cost($) | foot($) | deck ($)
LS-2a (0% concrete stiffness below slab)

30 ft LS-2a/4b 18 0.95 | 6,698 42,330 235 44
(Tun =10 kSi)

30 ft LS-2a/4b 20 | 0.68 | 5,383 37,686 209 39
(Tun =13.1 kSi)

40 ft LS-2a/4b 28 0.68 | 10,021 | 78,050 325 61
(Tun =10 kSi)

40 ft LS-2a/3 32 0.46 | 7,865 75,557 314 59

(tu|t = 13.1 kSi)
LS-2c (100% concrete stiffness below slab)

30 ft LS-4b 14 1.31 | 7,195 41,480 230 43
(Tun =10 kSi)

30 ft LS-4b 12 1.21 | 5,710 32,617 181 34
(Tun =13.1 kSi)

40 ft LS-4b 16 1.34 | 11,234 | 65,688 274 51
(Tun =10 kSi)

40 ft LS-1/3 16 1.10 | 9,218 55,506 231 43

(tu|t = 13.1 kSi)
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Figure 74. Results summary for all span lengths: AASHTO Distribution Factor Method
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9.2 Optimization Using FEA, Quadratic Programming and Genetic Algorithms

The optimization work completed using the AASHTO distribution factor method (described in
Section 9.1) involves what might be considered a “brute-force” approach. The required FRP thickness is
determined for a range of span lengths, number of girders present in the bridge, and girder depths at
each limit state. The results summarized in Table 39 and Table 40 required the analysis of 2970 unique
bridge configuration and limit-state combinations (Span length = 30, 40, 50, 60, 75; Ny = 5, 6; hyeb = 8,
10, 12 ..72; and 9 different limit states). Not all of these combinations resulted in a viable bridge girder
configuration. For example, the girder depth of 8 in has no chance of satisfying any of the limit states
for a span length of 75 ft. Fortunately, the required structural analysis for each proposed configuration
is relatively simple using the AASHTO distribution factor method (DFM). One area where the AASHTO
DFM does become computationally intensive, however, relates to modelling the flexural behavior of
each cross-section that incorporates a non-linear stress-vs. strain relationship for concrete that includes
concrete cracking and the potential for different materials (FRP or concrete) to fail first depending on
the cross-section geometry and material properties. Another potential downside to the AASHTO DFM is
that the distribution factors themselves are generally considered to be conservative. Conservative
distribution factors will translate directly into additional material costs, which might determine whether
or not FRP bridge girders are a viable alternative in the first place.

An alternative analysis procedure that relies on finite element modeling of the bridge and advanced
optimization techniques was also investigated in the current study. The overall analysis framework is
provided in Figure 75. First, the longitudinal vehicle positioning is determined for each limit state using
shear and moment envelopes for a simply supported beam. The transverse positioning was investigated
using three different scenarios (described in Sections 9.2.2, 9.2.3, and 9.2.4). Once the loading
conditions are established a finite element model of the bridge is developed with assumed FRP U-girder
dimensions. The resulting stresses are evaluated and compared to the allowable values for each limit
state. HEEDS optimization software was used to obtain the optimal shape and size of the girders.
Genetic Algorithms (GA) were utilized in the first stage, and the results were refined by applying a
Quadratic Programming (QP) method. The total number of iterations was approximately 300 for the
first step of the optimization and approximately 100 steps were required for the final converged
solution. The variables considered in the optimization process are illustrated in Figure 76.
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Figure 75. General framework for FEA and optimization using genetic algorithms/quadratic
programming
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Figure 76. FRP U-girder cross-section geometry variables for FEA optimization (slab not shown).

Three separate sub-studies were conducted to investigate the following general parameters:

e Laminate architecture
e Influence of cast-in-place RC barriers
e Transverse vehicle position
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The following sections describe the details of each sub-study and the finite element model
validation.

9.2.1 Model Validation Study

The finite element modeling procedure was verified using full-scale experimental data from the
Texas U-girder study by Chen et al. [54] and full-scale experimental data from the Polish FRP bridge
study by Siwowski et al.[130]

9.2.1.1 Polish FRP Road Bridge

A hybrid FRP/RC beam was designed, constructed and tested in Poland by the Rzeszow University of
Technology [130]. The deck consists of a RC slab attached to a U-shaped composite beam. The girder
was experimentally tested under static loads to evaluate its carrying capacity, and local failure was
reported. Computational analysis was also performed and the results are validated by the experimental
outcomes. In the current study, a FEA of the hybrid beam under static loads was carried out to validate
the simulation procedure. The results are in agreement with the conclusions reported in Siwowski et al.

The girder was loaded in 4-point bending with the load case depicted in Figure 77. Concrete was
placed throughout the depth of the girder at the support zone at a length equal to 1.64 ft. The girder
was loaded in five stages based on the standard service load according to the Polish code for road
bridges until the applied load reached the maximum capacity of the hydraulic actuators (283.26 kips).
Displacement transducers and strain gauges were applied on several points of the beam specimen to
measure strains and determine possible failure locations.

Support zone (concrete) 1 l Support zone (concrete)

Figure 77. Load test setup for Polish FRP bridge girder [130]

The total girder length was equal to 72.18 ft. Figure 78 illustrates the cross-section of the full bridge
with 4 girders and total width of 34.25 ft. Dimensions of the FRP for a single U-girder are provided in
Figure 79. Glass fiber laminate is used for the top flange and a combination of glass and carbon fiber
composites is applied on the base. The girder’s side wall consists of a sandwich panel with a foam layer
0.59 in thick between two glass fabric laminates. Six internal diaphragms are placed along the length of
the girder to increase the torsional stiffness of the structure. The concrete slab is connected to the FRP
girder through galvanized steel shear connectors. A more detailed description of the girder’s geometry
as well as the manufacturing process can be found in Siwowski et al. (2015).
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Figure 78. Cross-section of FRP U-girder bridge in Poland, dimensions in feet.
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Figure 79. Single U-girder dimension for FRP girder bridge in Poland. [130]

E-glass and carbon woven fabrics were utilized during the fabrication process of the hybrid beams
and vinyl ester was the matrix material. The fiber direction was different for every laminate; +45° was
utilized for the sides and a combination of 0° and +45° was selected for the base and top flanges. Table
42 provides the material properties of the laminates that were determined through tensile testing.

Table 42. Lamina properties for Polish FRP bridge

Fiber | Thickness Ey Ey Gy

angle | (in) (Msi) (Msi) Vyy Vyx (Msi)
E-Glass * 45° 0.031 1.75 1.75 0.49 0.49 0.44
E-Glass 0° 0.031 6.11 1.58 0.29 0.075 0.39
Carbon 0° 0.024 16.8 0.83 0.41 0.021 0.48

In the current study, a FEA model was developed using the material properties and girder geometry
described for the load test. A total of 11,000 4-node shell elements were implemented. The
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deformation pattern of the girder at the maximum load is illustrated in Figure 80. The FEA results
showed that the deflection at the top concrete surface, 40.94 in away from the centerline, was 7.72 in.
This numerical result is only 4.3% higher than the experimental result (~7.32 in) (Figure 81).

The experimental testing revealed that the girder remained in the linear elastic region even after the
maximum load of 283.26 kip was applied. The load vs. displacement diagram from the experiments
confirms that no residual deformation was observed after the unloading of the girder. Strains were also
measured at several points of the FRP/RC beam. Strain reported at 11.81 in away from the girder center
on the bottom flange was 0.521% (Fig. 8). The strain calculated by the FEA of the current study is only
3.1% higher (0.531%) (Figure 82).

11.65

Figure 80. Displacement results for FEA of Polish FRP bridge, dimensions in inches.
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Figure 81 Comparison of experimental and FEA results (displacements) for Polish FRP bridge,
dimensions in inches.
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Figure 82. Comparison of experimental and FEA results (strains) for Polish FRP bridge

9.2.1.2 Hybrid FRP/RC Bridge Superstructure System in Texas

The bridge consists of a reinforced concrete (RC) slab and U-shaped glass-fiber reinforced (GFR)
girders. Hollow tubes made of stainless steel play the role of shear connectors between the concrete
and the composite beam. The FRP/RC bridge was eventually constructed in San Patricio, Texas in 2004.
Experimental testing of the U-shaped FRP/RC beam is described in Chen et al. 2009 [54]. Prior to
ultimate failure, the hybrid structure was able to withstand transverse loads that were 16 times higher
than the design loads.

In the current study, computational results are compared with the experimental results of the FRP
U-girder used in the San Patricio, Texas, bridge. The failure analysis showed that the results are in very
good agreement with the experimental outcomes. A layout of the hybrid beam and the loading points
are depicted in Figure 83. The experimental testing was carried out in two phases. First, only the FRP
beam was subjected to static loading. Deflection, strains, and neutral axis location were determined.
This experiment verified the measurements obtained by strain gages and acoustic emissions (AE)
sensors. Then, reinforced concrete was added to the FRP beam to represent the actual hybrid FRP/RC
beam. The system was loaded at three stages: the design load, 17.1 kips, a second load of 92.4 kips and
a third one until failure (319.9 kips).

>

' 6.0 ft. '
applied load
1.84 ft. ‘ ‘ pp
/
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steel bars

bearing pads
""" | R 7
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i 28.77 ft. !

—
|

Figure 83. Load test setup for Texas FRP bridge girder
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The geometry of the U-shaped girder’s cross-section with and without the RC slab is presented in
Figure 84. All of the reported dimensions are in inches. Equal thickness was selected for the sides and
base of the hybrid girder (1.73 in) and part of the beam’s interior was filled with concrete. The material
properties of the E-glass laminate are provided in Table 43.

reinforced
concrete

9.06

FRP

(A) (B)
Figure 84. Cross-section of Texas FRP bridge.

Table 43. Laminate properties for Texas FRP bridge

Ex Ey ny Oult-Long. Oult-Transv.
(Msi) | (Msi) | (Msi) | (ksi) (MPa)
E-Glass/Vinylester 2.12 1.80 | 0.61 17.5 12.5

The experimental testing of the FRP/RC girder was conducted at the structural laboratory of the
University of South Carolina. Load was applied with two 300 kips hydraulic actuators (total load capacity
of both actuators = 600 kips). Strain gauges and linear variable resistance displacement transducers
(LVR) were applied throughout the girder’s surface to measure strains, deformations, and failure
locations.

The first phase of the testing was performed prior to casting the RC deck to validate the quality of
the girder’s materials and fabrication. Acoustic emissions testing was performed during loading as part
of the QA/QC process. Deflections, strain at midspan, and neutral axis (NA) location were determined.
In the present study, a FE model was initially designed with 4-node shell elements for the laminate
section and 1D bar elements for the hollow steel tubes (Figure 85). Static analysis was performed and
the results are compared with those obtained by the first phase of the experimental testing.
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Computational analysis results and those from the first phase of the experimental testing are in very
good agreement.

hollow steel
W tubes

Figure 85. Finite element model of single FRP U-girder with steel

Table 44. Comparison of FEA and experimental results before concrete placement for Texas FRP U-

Girder
Chen et al. 2009 [54] FEA | t%
Max. deflection, mm 12.0 12.2  +1.68
Max. Tensile Strain, p.€ 420 402 | -4.29
Neutral axis location, mm | 254 249 | -1.97

The second phase of testing was conducted to determine the load capacity of the FRP/RC structure,
and at the same time to measure strains at the onset of damage. Moreover, a failure analysis would be
useful to observe the damage mode and location. For the current study, a new FE Model was created to
include the RC slab at the top of the girder. For this case, 3D elements were utilized for the modeling of
the concrete deck, and no material was added at the interior of the beam where lightweight Styrofoam
was placed prior to concrete casting (Figure 88).

The hybrid beam was loaded in a similar fashion to the first phase of the experiment. However, this
time the load levels were increased in 4 stages, up to the ultimate failure of the specimen. A linear
behavior was observed until the 2" stage of the loading (99.37 kips), and no plastic deformations
occurred. However, when the load reached 272.02 kips, the authors reported the following:

“One end of the FRP specimen cracked near the web to bottom flange interface and delaminated at
this level of load. It is noted that the test specimen was constructed in a similar fashion to that of the

4

actual bridge...... The cracking was caused by the large reaction forces acting at the supports......

A separate finite element analysis study was completed to determine if this unexpected failure
mode could be characterized. The initial computational study completed using NASTRAN indicated that
a first-ply-failure occurred at a load level of 290 kips (total load) in the vicinity of the support reaction.
An independent FE model was developed using ProEngineer (Figure 86). Laminate strength and stiffness
properties reported by Chen et al. were used for FRP laminate in the longitudinal and transverse
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directions (Table 43). The authors did not report a compressive strength for the laminate, so a value of
15 ksi was assumed for both directions.

oncrete modeled as
3-D solid with fc = 5 ksi
9.1"
a.1"

313 /FRP modelled as 1.75" thick
|
|
|
|
[

\ laminate shell

| | _—Neoprene bearing pad
N <

fea— =

Structure : 30 ; Mlative Mode ; Default Bonded Intettacs

Figure 86. 3-D solid model used for failure analysis study.

The desired output for this study is the failure index. The finite element software uses classical
laminate theory to determine the stresses and strains that develop in each ply of the laminate. A
maximum stress criterion is then used to compute a failure index that indicates how close each ply is to
failure based on the strength properties provided for the laminate. A failure index was also computed
for the concrete material based on a compressive strength of 5 ksi. The failure index for concrete in
tension was ignored by specifying a tensile strength nearly equal to the compressive strength. A failure
index value greater than or equal to 1.0 simply indicates that the material has exceeded its specified
strength.

Failure index results for the Texas U-Girder subjected to a total force of 290 kips are provided in
Figure 87. The highest failure index is clearly in the vicinity of the bearing pads, which matches the
observed failure from the experimental testing performed by Chen. When the failure occurs in the FRP
near the support, the highest failure index related to the compressive stress in the concrete is between
0.8 and 0.85. To continue loading the beam to failure in the experimental study, wood blocking was
placed between the concrete and the FRP in the U-girder at the cracked support location. Once the
wood was used as supplementary support to transfer load directly from the cast-in-place RC deck to the
support, the load path within the FRP was changed dramatically. The specimen ultimately held a total
maximum force of 320 kips. No effort was made to capture this ultimate failure mechanism using the
finite element method.
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The overall load vs. deflection plot for the experimental results and the original computational
model completed in NASTRAN are provided in Figure 89. The neutral axis location at the end of every
load stage was also determined by the experimental data and the FEM model analysis. The results are
provided in Table 45. In summary, the finite element methods used in the current study have been
shown to accurately predict the behavior of full-scale FRP U-girders. The modeling techniques described
for the Polish FRP U-girder and the Texas FRP U-girder were extended in the current study to include an
entire FRP U-girder bridge.

136



Embry Riddle Aeronautical University BDV22-977-01

2.756e+00

ZLE e

- hybrid_ano

Figure 87. Failure index results for Texas U-girder.
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Figure 88. Finite element model of Texas FRP U-girder after concrete placement

Table 45. Comparison of FEA and experimental results: neutral axis location after concrete placement

Chenetal.2009[54] | FEA | t%
Stage1l | 566 573 |+1.2%
Stage2 | 558 568 | +1.9%
Stage3 | 486 499 | +2.7%
315 Damage at end
270 ’,""'
f”
225 ’/
S Stage 3
£ 180 /"
3
3 135 /, S‘tage 2
'
920 "I’ Stage 1
45 ” ——  Experimental date - (Chen, 2009)
= = = FEA - Current study

0
0 05 1.0 1.5 20 25 3.0 35

Midspan displacement, in.
Figure 89. Load vs. midspan displacement for Texas FRP U-girder (comparison of FEA and

experimental results)
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9.2.2 Sub-Study 1: General Laminate Architectures

The goal of the first optimization sub-study was to investigate different laminate architectures and
determine how laminate strength and stiffness properties influence the total amount of FRP required to
satisfy the five limit states. A total of four different fabrics plus a filament winding option were
investigated. Basic material properties for the fabrics are summarized in Table 46.

Table 46. FRP composite material properties for laminate architecture optimization study

O'xx Oyy Txy Exx Eyy ThiCkn./
Fabric Type Manufact. ID (ksi) | (ksi) | (ksi) | (Msi) | (Msi) @ layer (in.)
Woven 0/90 Rl Hexcel HexForce 1597 344 | 37.0 | 115 2.5 2.5 0.0378
NCF 0/90 RI VectorPly E-LT-4400 73.8 | 74.2 | 131 3.9 3.92 0.044
NCF 0*/90" RI VectorPly E-LT-5500 1204  46.6 | 13.1 | 6.57 2.44 0.054
NCF Carbon ORI VectorPly C-L 1800 198.7 | 4.2 79 | 1656 | 1.43 0.024
Filament wound | WacoBoom n/a 52.0 50.0 | 11.3 3.9 3.1 n/a

Note: Rl = Resin Infused
Six different laminate architectures were investigated:

e LA-1: The base material for the webs and flange is E-LT 4400 (balanced 0/90 non-crimp
fabric). To provide additional stiffness for the girder, additional layers of E-LT 5500 (highly
reinforced in O-direction with a small amount of fibers placed in the 90-direction) can be
added by the optimization routine in the flange area of the U-girder. The thickness of the
flange and webs derived from the E-LT 4400 must be equal, but the flange thickness can be
increased by the E-LT 5500 if the optimization routine determines that it will result in overall
material savings.

e LA-2: Identical to LA-1 except that additional stiffness is achieved by adding uni-directional
carbon fiber (C-L 1800) layers in the U-girder flange area. These are only added by the
optimization routine if it results in a net weight savings (cost will be analyzed separately).

e LA-3: E-LT 4400 is used for the webs and flange. The optimizer is allowed to treat the flange
thickness, t1, as a separate variable from the web thickness, t..

e LA-4: E-LT 5500 is used for the webs and flange. The optimizer is allowed to treat the web
thickness, t1, as a separate variable from the flange thickness, t,.

e LA-5: HexForce 1597 (0/90 woven fabric) is used for the webs and the flange. Flange
thickness and web thickness are treated as separate variables.

e LA-6: Filament wound material properties were used for the webs and flange. The thickness
of the webs and flange must be equal. The general idea for this laminate architecture is that
a rectangular tube can be manufactured using filament winding and then cut in half
(longitudinally) to obtain two girders.
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9.2.2.1 Modelling Assumptions for FEA

The general modelling assumptions used in this optimization sub-study were intended to reflect the
conditions observed by Ziehl et al. during the load testing of the U-girder bridge in San Patricio County,
Texas [122]. The design scenario for the Texas FRP U-girder bridge included the following key
assumptions:

e A reduced value for composite action between the FRP U-girders and the RC deck.
e Simply supported end conditions
e Alateral distribution factor of 0.73

Results from load testing, however, led to the following conclusions:

e The initial design assumptions were overly conservative
o The following changes could be made to the initial design assumptions to achieve better
agreement with field testing results:
0 Assume full composite action between the deck and U-girder
0 Include the beneficial stiffening effects of concrete in the tension zone
0 Provide full rotational end-restraint
0 Use a lateral distribution factor of 0.53

These conclusions led to the following critical assumptions in the bridge finite element model used
in the current optimization sub-study:

e The cast-in-place reinforced concrete barriers were present for all limit states (Note: this
would not be allowed in design scenarios for FRP U-girder bridges in Florida due to
limitations imposed by the FDOT Structures Guidelines. Sub-studies 2 and 3 do not include
the stiffness or strength contributions of the barriers.

e Additional end-restraint was provided by supporting the bottom of the girder a distance of
12 inches from the end. This does have the net effect of reducing the overall span length by
two feet.

e Full composite action was assumed between the cast-in-place RC deck and the FRP U-
girders.

e No concrete was placed inside the FRP U-girder.

e Two 12-foot-wide traffic lanes were centered in the bridge. Vehicles were positioned in the
center of the traffic lanes (Figure 90).
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Figure 90. Basic loading configurations for Sub-Study 1 (FEA optimization)

9.2.2.2 Optimization Results: Sub-Study 1 (Laminate Architecture)
Results from the first FEA optimization sub-study are summarized in Table 47 through Table 56. The
following critical observations were made from these results:

e The 30-ft and 40-ft span lengths are optimized with five bridge girders (Nb = 5)

e The 50-ft through 75-ft span lengths are optimized with six bridge girders (Nb = 6).
e For the 30-ft and 40-ft span lengths, the critical limit state is LS-4b (shear strength).
e For the 50-ft through 75-ft span lengths, the critical limit state is LS-2 (deflections)

Figure 91 provides a graphical summary of the FEA optimization results for Sub-Study 1. LA-2 (0/90
GFRP + unidirectional carbon) and LA-4 (0-degree GFRP with minimal reinforcement in the 90-degree
direction) produce the lowest total weight of FRP required for the entire bridge. The results are
generally equivalent for all of the laminate architectures when the controlling limit state is shear
strength (Span length = 30 ft and 40 ft). This results from the fact that the shear strengths of the
different laminate architectures are relatively similar. For longer spans, where deflections begin to
control the design, laminate architectures with a higher modulus of elasticity in the longitudinal
direction are preferred. LA-2 includes layers of CFRP in the U-girder flange, which increases the overall
stiffness of the girder. It should be noted that the cost of CFRP is considerably higher GFRP, so direct
comparison of FRP weight for LA-2 is potentially misleading with regards to overall girder cost. LA-4 also
consists entirely of GFRP where a much larger percentage of the fibers are oriented in the longitudinal
direction (E-LT 5500). The Ex value for this material is 6.57 Msi vs. only 3.9 Msi for the balanced 0/90
NCF laminate (E-LT 4400).

141



Embry Riddle Aeronautical University BDV22-977-01

Select results from the AASHTO distribution factor method (DFM) are also included in Figure 91. The
plotted results were obtained for the case where the concrete stiffness beneath the slab was not
included in the deflection calculations. Barriers were also excluded in this AASHTO DFM result. This is
the closest match to the FE model used for the current sub-study. These AASHTO DFM results are based
on five bridge girders for the 30-ft and 40-ft spans and six girders for 50-ft through 75-ft. Finally, the
assumed shear strength in the AASHTO DFM case was 10 ksi while 13.1 ksi was used for the FEA
optimization. This difference should be slightly offset, however, because the FEA optimization method
requires that all of the shear force must be transferred through the FRP webs while the AASHTO DFM
assumes that a portion of the shear force is carried by the concrete at the strength limit state.

FEA Optimization (Sub-Study 1): FRP weight vs. Span length
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— 40000
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Figure 91. Sub-Study 1 FEA optimization results. Total FRP weight vs. span length.
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Table 47. FEA optimization results: Sub-Study 1, Span length = 30 ft

BDV22-977-01

LA-1 LA-2
NCF0/90 ' NCFO0/90 LA-3 LA-4 LA-5 LA-6
+0-glass +0-carbon NCF0/90 @ 0-glass woven  filament
Total weight, Ibf 3,746 3,746 3,481 3,782 4,332 4,589
Weight / girder, 749 749 696 756 866 918
Ibf
# girders 5 5 5 5 5 5
Height, in. 14.4 14.4 14.4 14.7 14.4 14.4
d, in. 14.44 14.44 14.44 14.74 14.44 14.44
L1, in. 9.0 9.0 9.8 9.1 9.0 8.5
L2, in. 11.0 11.0 11.8 11.2 11.0 10.5
Angle, deg. 86 86 86 86 86 86
t1 thick., base 0.84 0.84 0.53 0.54 0.53 0.98
(# layers) (19+0) (19+0) (12) (10) (14)
t2 thick., sides 0.84 0.84 0.84 0.92 1.10
(# layers) (19) (19) (19) (27) (29)
Table 48. Critical limit state evaluation: Sub-Study 1, Span length = 30 ft
LA-1 LA-2
NCF0/90 NCF0/90 @ LA-3 LA-4 LA-5 LA-6
+0-glass +0-carbon | NCF 0/90 | 0-glass woven | filament
Limit State 1 0.787 0.787 0.795 0.753 | 0.819 0.780
(concrete)
Limit State 2 0.899 0.899 0.900 0.833 | 0.939 0.875
(deflections)
Limit State 3a 0.271 0.271 0.290 0.254 | 0.429 0.372
(fatigue — norm. stress)
Limit State 3b 0.715 0.715 0.712 0.702 | 0.712 0.713
(fatigue - shear)
Limit State 4a 0.276 0.276 0.286 0.255 | 0.433 0.379
(strength — norm. stress)
Limit State 4b 1.000 1.000 1.000 1.000 @ 1.000 1.000

(strength - shear)
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Table 49. FEA optimization results: Sub-Study 1, Span length = 40 ft

LA-1 LA-2

NCF0/90 ' NCFO0/90 LA-3 LA-4 LA-5 LA-6

+0-glass +0-carbon NCF0/90 @ 0-glass woven  filament
Total weight, Ibf 7,718 7,312 7,842 7,632 9,065 9,264
Weight / girder, 1,544 1,462 1,568 1,526 1,813 1,853
Ibf
# girders 5 5 5 5 5 5
Height, in. 19.8 19.8 19.9 19.7 24.3 19.8
d, in. 19.85 19.85 19.95 19.75 24.36 19.85
L1, in. 9.8 9.4 9.2 9.8 16.8 10.6
L2, in. 12.6 12.2 12.0 12.5 20.2 134
Angle, deg. 86 86 86 86 86 86
t1 thick., base 1.42 1.29 1.58 1.24 0.91 1.10
(# layers) (20+10) (20+17) (36) (23) (24)
t2 thick., sides 0.88 0.88 0.88 0.92 1.17
(# layers) (20) (20) (20) (27) (31)

Table 50. Critical limit state evaluation: Sub-Study 1, Span length = 40 ft

LA-1 LA-2
NCF0/90 NCF 0/90 LA-3 LA-4 LA-5 LA-6
+0-glass +0-carbon | NCF 0/90 | 0-glass woven | filament
Limit State 1 0.732 0.706 0.744 0.702 0.689 0.749
(concrete)
Limit State 2 0.979 0.929 0.998 0.915 @ 0.910 0.996
(deflections)
Limit State 3a 0.525 0.446 0.326 0.280 @ 0.516 0.468
(fatigue — norm. stress)
Limit State 3b 0.737 0.735 0.713 0.720 | 0.745 0.737
(fatigue - shear)
Limit State 4a 0.493 0.419 0.306 0.263 0.213 0.437
(strength — norm. stress)
Limit State 4b 1.000 1.000 1.000 1.000 @ 0.998 1.000

(strength - shear)
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Table 51. FEA optimization results: Sub-Study 1, Span length = 50 ft

LA-1 LA-2

NCF0/90 ' NCFO0/90 LA-3 LA-4 LA-5 LA-6

+0-glass +0-carbon NCF0/90 @ 0-glass woven  filament
Total weight, Ibf 14,601 12,958 15,670 11,682 19,456 18,833
Weight / girder, 2,434 2,160 2,612 1,947 3,243 2,434
Ibf
# girders 6 6 6 6 6 6
Height, in. 27.1 23.9 28.0 26.7 324 29.9
d, in. 27.17 23.96 28.07 26.77 32.48 27.17
L1,in. 9.4 9.7 9.8 11.1 10.2 9.4
L2, in. 13.2 13.0 13.7 14.8 14.7 14.0
Angle, deg. 86 86 86 86 86 86
t1 thick., base 1.47 1.38 1.72 1.24 1.06 1.13
(# layers) (20+11) (20+21) (39) (23) (28)
t2 thick., sides 0.88 0.88 0.88 0.92 1.10
(# layers) (20) (20) (20) (17) (29)

Table 52. Critical limit state evaluation: Sub-Study 1, Span length = 50 ft

LA-1 LA-2
NCF0/90 NCF 0/90 LA-3 LA-4 LA-5 LA-6
+0-glass +0-carbon | NCF 0/90 | 0-glass woven | filament
Limit State 1 0.694 0.701 0.722 0.625 0.693 0.732
(concrete)
Limit State 2 1.000 1.000 1.000 1.000 @ 1.000 0.999
(deflections)
Limit State 3a 0.606 0.494 0.354 0.318 | 0.632 0.542
(fatigue — norm. stress)
Limit State 3b 0.802 0.817 0.728 0.844 | 0.793 0.873
(fatigue - shear)
Limit State 4a 0.523 0.422 0.310 0.281 0.552 0.480
(strength — norm. stress)
Limit State 4b 0.910 0.917 0.998 0.771 | 0.949 0.964

(strength - shear)
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Table 53. FEA optimization results: Sub-Study 1, Span length = 60 ft

LA-1 LA-2

NCF0/90 ' NCFO0/90 LA-3 LA-4 LA-5 LA-6

+0-glass +0-carbon NCF0/90 @ 0-glass woven  filament
Total weight, Ibf 23,470 22,154 24,833 20,617 29,979 | 28,019
Weight / girder, 3912 3692 4139 3436 4997 4670
Ibf
# girders 6 6 6 6 6 6
Height, in. 33.6 33.4 30.6 32.0 35.8 315
d, in. 33.68 33.48 30.67 32.08 35.89 33.68
L1,in. 10.8 9.5 11.6 10.6 12.0 10.8
L2, in. 15.5 14.2 15.9 15.1 17.0 16.6
Angle, deg. 86 86 86 86 86 86
t1 thick., base 1.62 1.33 1.72 1.30 1.70 1.24
(# layers) (22+12) (22+15) (39) (24) (45)
t2 thick., sides 0.97 0.97 1.10 0.97 1.17
(# layers) (22) (22) (25) (18) (31)

Table 54. Critical limit state evaluation: Sub-Study 1, Span length = 60 ft

LA-1 LA-2
NCF0/90 NCF 0/90 LA-3 LA-4 LA-5 LA-6
+0-glass +0-carbon | NCF 0/90 | 0-glass woven | filament
Limit State 1 0.644 0.647 0.654 0.663 | 0.640 0.664
(concrete)
Limit State 2 1.000 1.000 0.999 1.000 | 0.999 1.000
(deflections)
Limit State 3a 0.675 0.620 0.690 0.377 @ 0.640 0.564
(fatigue — norm. stress)
Limit State 3b 0.935 0.943 0.863 0.941 @ 0.720 0.821
(fatigue - shear)
Limit State 4a 0.574 0.527 0.510 0.322 0.544 0.481
(strength — norm. stress)
Limit State 4b 0.868 0.889 0.816 0.952 | 0.532 0.596

(strength - shear)
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Table 55. FEA optimization results: Sub-Study 1, Span length = 75 ft

LA-1 LA-2

NCF0/90 ' NCFO0/90 LA-3 LA-4 LA-5 LA-6

+0-glass +0-carbon NCF0/90 @ 0-glass woven  filament
Total weight, Ibf 40,465 38,467 42,149 35,679 | 49,059 47,447
Weight / girder, 6,744 6,411 7,025 5,947 8,177 7,908
Ibf
# girders 6 6 6 6 6 6
Height, in. 38.9 37.6 38.5 35.0 41.1 39.7
d, in. 38.99 37.69 38.59 35.09 41.20 37.69
L1,in. 12.3 13.5 14.6 11.1 20.4 135
L2, in. 17.7 18.7 20.0 16.7 26.1 22.9
Angle, deg. 86 86 86 86 86 86
t1 thick., base 1.73 1.45 1.85 1.46 1.89 1.30
(# layers) (27+10) (27+11) (42) (27) (50)
t2 thick., sides 1.19 1.19 1.19 1.19 1.21
(# layers) (27) (27) (27) (22) (32)

Table 56. Critical limit state evaluation: Sub-Study 1, Span length = 75 ft

LA-1 LA-2
NCF0/90 NCF 0/90 LA-3 LA-4 LA-5 LA-6
+0-glass +0-carbon | NCF 0/90 | 0-glass woven | filament
Limit State 1 0.644 0.647 0.654 0.663 | 0.640 0.664
(concrete)
Limit State 2 1.000 1.000 0.999 1.000 | 0.999 1.000
(deflections)
Limit State 3a 0.675 0.620 0.690 0.377 @ 0.640 0.564
(fatigue — norm. stress)
Limit State 3b 0.935 0.943 0.863 0.941 @ 0.720 0.821
(fatigue - shear)
Limit State 4a 0.574 0.527 0.510 0.322 0.544 0.481
(strength — norm. stress)
Limit State 4b 0.868 0.889 0.816 0.952 | 0.532 0.596

(strength - shear)
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9.2.3 Sub-Study 2: Influence of Cast-in-Place RC Barriers and Support Conditions

Sub-Study 2 involved modifying the bridge geometry and the boundary conditions from Sub-Study 1.
For Sub-Study 2, the weight of the RC barriers was included as a dead load, but the geometry of the
barriers was not included in the model. The boundary conditions that were applied at the supports
were also modified for Sub-Study 2. Only the extreme bottom edge of the girder was modeled as either
a pin support or roller support. Recall that for Sub-Study 1, the bottom edges of each girder were
supported over 12 inches in the longitudinal direction to provide additional rotational resistance. The
boundary conditions for Sub-Study 2 represent a traditional pin and roller support. Only two of the six
laminate architectures were retained for Sub-Study 2 (LA-1 and LA-4). Even though LA-2 produced the
lowest total material weight, preliminary cost estimates suggested that incorporating the CFRP layers in
the girder flange would be prohibitively expensive (see additional discussion on cost in Section 12.1).

The total FRP weight increases for all span lengths when the cast-in-place RC barriers are removed
and full rotation is allowed to occur at the supports. LA-4 is able to obtain a lower total FRP weight for
span lengths because the flange thickness is allowed to be less than the web thickness and the modulus
of elasticity is larger in the longitudinal direction. A summary of the optimized girder cross-section
properties for Sub-Study 2 are provided in Table 58 through Table 62.

Results for total FRP weight vs. span length are provided in Figure 92. The percent change in total
FRP weight from Sub-Study 1 to Sub-Study 2 for each span length is provided in Table 57. Itis
interesting to note how the new results compare to the results obtained using the AASHTO DFM.
Compared to Sub-Study 1 (SS-1), the AASHTO DFM results were conservative for the 30-ft, 40-ft, and 75-
ft span lengths with regards to total FRP required. The total FRP required for the 50-ft and 60-ft span
lengths was nearly identical for the AASHTO DFM and SS-1. For Sub-Study 2 (SS-2), the AASHTO DFM
result for total FRP weight falls between the two results for SS-2 for the 30-ft and 75-ft span lengths but
is less conservative for the 40-ft, 50-ft, and 60-ft span lengths.

AASHTO DFM results for LS-2a are less conservative (i.e. results suggest that less FRP is required)
than LA-1 using SS-2 geometry and boundary conditions for all span lengths. The material properties
assumed for the AASHTO DFM and the FEA optimization for LA-1 are identical for the 30-ft span length
with the exception of the ultimate shear stress. A likely explanation for this result is that when
deflections are computed using the AASHTO DFM, all of the bridge girders are assumed to deflect
uniformly (equal distribution of the loading across all girders). The FEA optimization method uses the
maximum deflection for the entire bridge, but the girders in the middle of the bridge experience a larger
deflection based on the non-uniform lateral load distribution.

In an effort to further investigate the effects of non-uniform lateral load distribution, FEA
optimization results for the 30-ft span length using LA-1 (Table 58) were used to develop an
independent finite element model outside of the FEA optimization framework. This investigation was
also intended to serve as an independent validation study for the FEA optimization results. The loading
conditions for the independent FE model were identical to the loading conditions used for Limit State 2
(deflections) and the boundary conditions at the supports matched SS-2.

The deflected shape results obtained from the independent FE model are provided in Figure 93. The
solid lines represent the deflected shape results when barriers were not included in the model while the
dashed lines represent the deflected shape when barriers were included. Displacement profiles running
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in the longitudinal direction of the bridge (in the direction of traffic flow) are provided for both the
centerline of the bridge as well and the exterior girder. The maximum deflection obtained along the
centerline of the bridge (no barriers) was 0.358 inches (L/1000 = 0.36 in). This result validates the FEA
optimization framework because the cross-section generated in SS-2 for laminate architecture LA-1
experiences a maximum deflection of L/1000 when subjected to the loading conditions of Limit State 2
(deflections).

For both the AASHTO DFM and the FEA optimization frameworks, the interaction of the LS-2
(deflections) and LS-4b (shear strength) limit states controlled the design for the 30-ft span length. The
displacement profile obtained for the exterior girder explains why the AASHTO DFM is less conservative
than the FEA optimization framework. The maximum deflection for the exterior girder is only 0.24
inches, or 33% less than the central girder. As a result, all of the girders based on the FEA optimization
framework would need to be larger to meet the deflection criteria. To make an identical comparison of
the FEA optimization framework to the AASHTO DFM, the truck loading in the FE model would need to
be changed from pressure loads acting over the specified wheel contact areas to uniformly distributed
line loads acting across the entire bridge width and parallel to the truck axles.

FEA Optimization (Sub-Study 2): FRP weight vs. Span length SS-2 = FEA Optimization with no barriers and simply-

70000 supported boundary conditions.

e SS-1 = FEA Optimization including barriers and some

<0000 rotational restraint provided at end supports.

LA-1 = 0/90 Non-crimp fabric with additional 0-

40000 = o R 55-2, LA-1 .
: degree layers in bottom flange.

§5-2, LA-4
30000 et +-S5-1, LA-1
X o551, LA-d LA-4 = 0-degree Non-crimp fabric. Flange and web

20000 - 4= AASHTO DFM thicknesses may be different.

FRP weight (Ibf)

10000 e - AASHTO DFM = Distribution factor method result for
no barriers, no stiffness contribution made by

0 . .
w I w w0 o concrete in U-girder beneath the slab. 0/90 Non-

Span length (ft) crimp fabric.

Figure 92. Sub-Study 2 FEA optimization results. Total FRP weight vs. span length.

Table 57. Impact of RC barriers and support boundary conditions on total FRP weight
% Increase in total FRP weight (Sub-Study 1 to Sub-Study -2)

Span LA-1 LA-4

length (ft) | NCF 0/90 +0-glass 0-glass

30 47.5% 35.5%
40 42.5% 34.1%
50 27.3% 35.0%
60 29.0% 28.1%
75 32.0% 20.4%
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Figure 93. Deflected shape from FE model comparing deflection along bridge centerline and edge of
bridge for Limit State 2 loading conditions (deflection criteria). Span length = 30 ft, cross-

section/material properties for LA-1. Boundary conditions from Sub-Study 2.

Table 58. FEA optimization results: Sub-Study 2, Span length = 30 ft

LA-1 LA-4

NCF 0/90 +0-glass = 0-glass
Total weight, Ibf 7,139 5,863
Weight / girder, Ibf 1,428 1,173
# girders 5 5
Height, in. 21.5 19.4
d,in. 21.55 19.45
L1,in. 16.81 16.31
L2,in. 13.8 13.6
Angle, deg. 86 86
t1 thick., base (# layers) 1.056 (24+0) 0.540 (10)
t2 thick., sides(# layers) 1.056 (24) 1.080(20)
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Table 59. FEA optimization results: Sub-Study 2, Span length = 40 ft

LA-1 LA-4
NCF 0/90 +0-glass = 0-glass
Total weight, Ibf 13,431 11,573
Weight / girder, Ibf 2,686 2,315
# girders 5 5
Height, in. 26.4 25.2
d, in. 26.46 25.26
L1, in. 23.09 22.62
L2,in. 194 19.1
Angle, deg. 86 86
t1 thick., base (# layers) 1.370 (25+5) 0.540 (10)
t2 thick., sides(# layers) 1.100 (25) 1.242 (23)

Table 60. FEA optimization results: Sub-Study 2, Span length = 50 ft

LA-1 LA-4
NCF 0/90 +0-glass = 0-glass
Total weight, Ibf 20,088 17,980
Weight / girder, Ibf 3,348 2,997
# girders 6 6
Height, in. 32.9 31.5
d, in. 32.98 31.58
L1, in. 24.00 22.71
L2,in. 19.4 18.3
Angle, deg. 86 86
t1 thick., base (# layers) 1.366 (20+9) 0.590 (11)
t2 thick., sides(# layers) 0.880 (20) 1.030 (19)

Table 61. FEA optimization results: Sub-Study 2, Span length = 60 ft

LA-1 LA-4
NCF 0/90 +0-glass = 0-glass
Total weight, Ibf 33,052 28,685
Weight / girder, |bf 5,509 4,781
# girders 6 6
Height, in. 35.9 32.9
d, in. 35.99 32.98
L1,in. 25.62 25.20
L2,in. 20.6 20.6
Angle, deg. 86 86
t1 thick., base (# layers) 1.63 (26+9) 1.080 (20)
t2 thick., sides(# layers) 1.14 (26) 1.188 (22)

BDV22-977-01
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Table 62. FEA optimization results: Sub-Study 2, Span length = 75 ft

LA-1 LA-4
NCF 0/90 +0-glass = 0-glass
Total weight, Ibf 59,546 44,806
Weight / girder, Ibf 9,924 7,468
# girders 6 6
Height, in. 39.2 38.7
d, in. 39.30 38.79
L1, in. 24.98 27.61
L2,in. 24.0 22.2
Angle, deg. 86 86
t1 thick., base (# layers) = 1.918 (35+7) 1.134 (21)
t2 thick., sides(# layers) | 1.540 (35) 1.296 (24)

9.2.4 Sub-Study 3: Lateral Truck Positioning

One final sub-study was conducted for the FEA optimization framework to investigate the influence
of lateral truck positioning. The loading conditions were modified such that the 0.064 kip/sf pressure
loads for each lane were placed adjacent to the centerline of the bridge. The centerline of the interior
truck/tandem tire pad loads were located 24 in from the edge of centerline. This is consistent with the
transverse load placement as described in LRFD-7 S3.6.1.3.1. Only one laminate architecture, LA-4, was
evaluated in Sub-Study 3.

The FEA optimization framework used in Sub-Studies 1 and 2 did attempt to maximize the shear
stress near the support by ensuring that at least one truck was aligned near the centerline of the girder
when evaluating LS-4b. This requires special coding when the FE model is created because every time
the optimization routine changes the number of beams required, the lateral position of the truck must
also be adjusted. Unfortunately, this special coding was not included when the FEA optimization was
completed for the final Sub-Study. The implications of this omission are highlighted in Figure 94. For
the five-beam girder configuration, two wheel loads are positioned directly over the center beam. This
configuration results in an increase in total FRP weight of 12.5% for the 30-ft span and 4.4% for the 40-ft
span (Table 63). The impact on total FRP weight continues to decrease for the longer spans because the
two adjacent wheel pads are no longer directly above a single girder and the deflection limit state (LS-2)
begins to drive the design.

The modified loading conditions do push the optimization results towards a more conservative
design. Furthermore, there are additional loading positions that were not investigated using the FEA
optimization framework that could lead to even higher total FRP material requirements. There are,
however, several issues that cast at least some doubt on using the FEA optimization framework to
evaluate the effects of lateral vehicle positioning. Additional discussion on the applicability and validity
of the FEA optimization framework is provided in Section 9.2.5.
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Table 63. FEA optimization results: Sub-Study 3, LA-4 (0-degree) glass, all span lengths

LA-4 Span length (ft)
E-LT 5500 30 40
Total weight, Ibf 6,593 12,087
(+12.5%)* | (+4.4%)
Weight / girder, |bf 1,319 2,417
# girders 5 5
Height, in. 19.4 25.4
d, in. 19.45 25.46
L1, in. 16.01 22.64
L2,in. 13.3 19.1
Angle, deg. 86 86
t1 thick., base (# layers) | 0.540 0.540
(10) (10)
t2 thick., sides(# layers) | 1.242 1.296
(23) (24)

*All % changes are relative to SS-2
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(+2.5%)
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31.8
31.88
22.84
18.4
86
0.648
(12)
1.030
(19)

60
29,003
(+1.1%)
4,834
6

32.9
32.98
25.20
20.6
86
1.080
(20)
1.134
(23)

75
44,979
(+0.4%)
8,330

6

38.8
38.89
27.81
22.4

86
1.134
(21)
44,979
(+0.4%)
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Figure 94. Revised loading conditions for Sub-Study 3 to investigate lateral positioning. Barriers
shown but not included in FE model.

9.2.5 Results Summary for all Span Lengths
The FEA optimization framework described in Figure 75 was used to determine the FRP U-girder
geometry configuration with the least weight of FRP material that meets all of the limit state criteria
established in Section 8.1. The method was first used to evaluate six different laminate architectures
over all five span lengths (30 ft, 40 ft, 50 ft, 60 ft, and 75 ft). Next, the effect of different boundary
conditions and the presence/absence of barriers was investigated for the two laminate architectures
that appeared most promising. To make a valid comparison with the results obtained using the AASHTO
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distribution factor method (summarized in Section 9.1.3.3), overall U-girder parameters will be
presented for the following cases:

e LA-1 (E-LT 4400 balanced 0/90) using boundary conditions for Sub-Study 1:
Barriers present
Additional rotational restraint provided at support boundary conditions
Tmax = 13.1 ksi
Number of girders = 5 for 30-ft and 40-ft span lengths. Number of girders = 6 for 50-
ft, 60-ft, and 75-ft span lengths
e LA-1 using boundary conditions for Sub-Study 2:
Barriers not included in model geometry (barrier self-weight was included)
Simple pin/roller support boundary conditions
Tmax = 13.1 ksi
Number of girders = 5 for 30-ft and 40-ft span lengths. Number of girders = 6 for 50-
ft, 60-ft, and 75-ft span lengths
e AASHTO DFM results for E-LT 4400 using deflection criteria LS-2a (0% stiffness contribution
for concrete beneath slab)
O Barriers not included in stiffness calculations
O  Tmax =10 ksi
0 Number of girders = 5 for 30-ft and 40-ft span lengths. Number of girders = 6 for 50-
ft, 60-ft, and 75-ft span lengths

©O 0 o0 O

O O OO

Results for average FRP thickness, girder depth, and total weight of FRP for all span lengths are
summarized in Figure 95. Two important conclusions can be made at this point. First, the required FRP
thicknesses are in the realm of what would be considered technically feasible from a manufacturing
standpoint using the vacuum assisted resin transfusion method (VARTM). Second, the girder depths are
also consistent with traditional reinforced concrete girders for this range of span lengths. AASHTO
LRFD-7 Table 2.5.6.2.3-1 provides typical section depths, including the slab, for reinforced concrete T-
beams as 0.07xL and for steel I-beams as 0.04xL.
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Results Summary: FRP thickness vs. Span length
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Figure 95. Results summary for FEA optimization framework. (A) Average FRP thickness, (B) Girder
depth below slab, and (C) Total FRP weight.

When relying on the finite element method to solve any type of modeling problem, the results are
only as reliable as the assumptions made when building the model. The results from SS-1 and SS-2 for
the FEA optimization framework represent relative bookends of what might be considered aggressive
and conservative modeling assumptions. Arguments can certainly be made in support of each set of
assumptions, and the difference in results will ultimately have a large impact on the overall cost of a

specific design. When trying to assess which methodology should be used to make an overall

assessment of the cost of different U-girder options, the following points need to be considered:

1. For the shear strength limit state (LS-4b), the FE model assumes a simple support along the
extreme edge of each girder. The wheel pads were located a longitudinal distance of 12 in to
maximize shear effects. In the actual FRP U-girder bridge, the girders would certainly be filled
with concrete near the supports (and likely throughout the entire length), so the shear stresses
computed by the FE model should be considered extremely conservative.
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2. Incorporating the influence of the concrete into a finite element model at the strength limit
state for shear is an extremely complex process that is beyond the scope of the current study. If
the concrete were simply added to the linear finite element model, the shear stresses that
develop in the FRP would drop significantly because the concrete would bear a majority of the
load. This is not realistic, however, because once the concrete cracks, which it ultimately would
under any loading conditions for a strength limit state, the FRP will assume a larger portion (still
not all) of the internal shear force. In other words, including concrete in the linear FEA model
will lead to the erroneous conclusion that no FRP is required. Excluding the concrete and relying
entirely on the FRP for shear transfer is overly conservative and will lead to an extremely
expensive FRP U-girder. This effect is magnified if the cross-section required for this unrealistic
shear condition is then applied to all girders over the entire span length. In this case, relying on
the AASHTO distribution factor method along with one of the models for FRP shear strength
contribution described in Section 8.1.5 appears to be a more reasonable approach.

3. The FEA optimization framework is numerically intensive. If lateral vehicle positioning was
incorporated into the framework as an additional design variable that needs to be established
for each limit state and number of girder combinations, the process may break down and
require too much time. Of course, pointing the optimization routine in the right direction from
the start could reduce much of the required computational effort (the total number of girders
required should probably not exceed six for the span lengths under consideration).

4. Figure 93 illustrates that using the FE method with discrete tire locations will result in non-
uniform deflections with respect to lateral vehicle positioning. This contradicts a fundamental
principle that is established by AASHTO for deflection criteria:

a. “When investigating the maximum absolute deflection for straight girder systems, all
design lanes should be loaded, and all supporting components should be loaded
equally.”

b. Additional commentary states “For a straight girder system bridge, this is equivalent to
saying that the distribution factor for deflection is equal to the number of lanes divided
by the number of beams.”

5. If afinite element model is going to be used to evaluate deflection criteria, the only way to
ensure that all girders deflect equally is to apply the axle loads for each truck as uniformly
distributed line loads across the entire width of the bridge parallel to the truck axles. This was
not done in the current study. Furthermore, for the type of bridge systems under investigation
(simply supported, short span, straight slab on beam systems), a sophisticated finite element
model is not needed to evaluate deflections if the vehicle loads are distributed uniformly across
the bridge.

Unfortunately, the two limit states that the FE model is the least well-suited to evaluate, LS-2 and
LS-4b, end up controlling the design for the span lengths under consideration. Nonetheless, the FEA
optimization framework still provides a useful validation procedure for the AASHTO distribution factor
method and provides both upper and lower bounds on the amount of FRP material that is required for a
range of modelling assumptions.
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9.3 Distribution Factor Validation Using FEA

A final assessment was made for the FRP U-girders that involved validating the distribution factors
computed according to LRFD-7 Table 4.6.2.2.2.b-1 (using section type “e” in Table 4.6.2.2.2.1-1). Section
type “c”, the steel box girder, was also considered. For section type “c”, the range of applicability for
girder spacing, S, and girder depth, d, fall on the extremely low end for the shorter span lengths
investigated in the current study. The spacing, S, for the 5 and 6 girder bridges is 7.75 ft and 6.2 ft,
respectively. The applicable range for girder type "c" is from 7 to 13 feet. For the concrete deck on
multiple steel girders option, the ratio N/N, must be greater than 0.5 or less than 1.5. N/Ny for the FRP
U-girder bridges in the current study ranges from 0.2 to 0.33. To increase the overall stiffness of the
bridge (and minimize deflections) it may ultimately make more sense to fill the entire FRP U-girder with
concrete. Due to the relatively low "E" value for the FRP, a concrete filled U-girder would behave more
like a traditional reinforced concrete T-beam.

A comprehensive evaluation of AASHTO distribution factors for all span lengths and all girder
spacing combinations is beyond the scope of the current study. Nonetheless, some validation work is
necessary to provide more confidence in the AASHTO DFM for FRP U-girders. The bridge configuration
and cross-section geometry chosen for validation purposes was based on the results obtained for the
50-ft span length using the FEA optimization framework (SS-2).

AASHTO distribution factors were computed for interior and exterior girders using the relationships
from LRFD-7 Table 4.6.2.2.2.b-1 and Table 4.6.2.2.2.d-1, respectively. No concrete was present in the U-
girder under the slab. The Kg term for the unfilled U-girder was 56,890 in*, which is within the
acceptable range for interior girders assuming a type “e” cross-section in Table 4.6.2.2.2.b-1. For the
exterior girders, the lever rule was used to compute the distribution factor for the one-lane-loaded (1LL)
case (0.526). The AASHTO distribution factor computed for the exterior girder with two-lanes-loaded
(2LL) was less than the value obtained for the interior girder, so the interior girder value was used for
both cases (0.493). The distribution factor for the interior girder, 1LL, was 0.378.

AASHTO distribution factors are compared with results from FE modelling in Figure 98. The FEM
results were obtained by running a series of models where the lateral position of the truck and lane
loading were repositioned at 6 inch intervals from the centerline of the bridge until the lane reaches the
traffic barrier Figure 96(A and B). Barriers were not included in the FE modeling and stress results that
obtained for the one-lane-loaded case were multiplied by 1.2 to account for multiple presence effects.
This allows for a direct comparison with the AASHTO distribution factor for one-lane-loaded, which
already contains the effects of multiple presence. For each load case, the maximum stress was
extracted along the extreme tension fiber of each girder. The corresponding single-girder bending
moment required to generate this stress was determined using the moment of inertia and distance to
the neutral axis for a single girder acting in composite action with the cast-in-place RC slab. The
distribution factor was then determined for each girder by dividing this bending moment result by the
maximum bending moment that would generated in a simply supported beam subjected to the uniform
distributed lane loading and a single truck positioned as shown in Figure 97. For the interior girders, the
value reported in the graph reflects the maximum value for all interior girders. The change in slope
around X = 40 inches occurs when the interior girder that experiences the maximum bending moment
changes from the girder centered at X=34.7 inches to the girder centered at X = 104.1 inches.
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Figure 96. Lateral vehicle and lane pressure positioning for AASHTO distribution factor validation. (A)
Two lanes loaded, (B) One lane loaded, and (C) Cross-section dimensions. Barriers are
shown for reference only and were not considered in the FE model.

/ | Truck Wheel Load (32 kip Axle Lines)
";Efr_= 16 kip * 1.33 (IM) *1.75 = 37.24kip

———Truck Wheel Load (32 kip Axle Lines)
=4 kip * 1.33 (IM) *1.75 = 9.31 kip

Lane Live Loading
=0.064 ksf* 1.75=0.112 ksf

Figure 97. Longitudinal vehicle positioning for 50-ft span length, Limit State 4a (flexural strength)
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Figure 98. Distribution factor results comparing FEM to AASHTO distribution factors

Overall, the AASHTO distribution factor method generates results for the unfilled girders that are
still conservative. Repeating the process for concrete-filled FRP U-girders could be done, but the
behavior should be very similar to traditional reinforced concrete T-beams.
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10.Concrete-Filled FRP Tubes (CFFT)

Evaluation of the CFFTs followed a procedure that was very similar to what was described for the
FRP U-girders using the AASHTO distribution factor method (Section 9.1). The AASHTO LRFD-FRP
document does contain provisions for evaluating the moment and shear capacity of a CFFT that assumes
no composite action with any surrounding structural elements. For the case of flexure, this is likely to
result in CFFT elements with very high material costs. The methodology used in the current study for
evaluating the flexural capacity of CFFTs assumes composite action with the cast-in-place RC deck and
follows a procedure that is similar to that used by Burgueno in the design of the King’s Stormwater
Channel CFFT girder bridge in California. The limit state criteria established for the FRP U-girders also
applies directly to this alternative. Shear strength evaluation was performed using the proposed FRP
shear strength methodology described in Section 8.1.5.7.

10.1 Cross-section Design and Optimization

The general bridge geometry and loading parameters required to begin the design and optimization
process are provided in Figure 99. Girder size parameters and FRP material properties are provided in
Figure 100. For the current study, the width of the cast-in-place shear key was assumed as 75% of the
outer FRP tube diameter and the distance to the center of the FRP tube from the bottom of the RC slab
will be taken as 1.25 times the outer FRP tube radius. The FRP material properties are the same as those
used for the FRP U-girder designed using the AASHTO distribution factor method (E-LT 4400, balanced
0/90 with properties described in Table 25).

The number of CFFT girders present in the bridge for the current study was limited to N,=6 and
Np=8. Preliminary results that included more girders (up to 12) displayed a similar trend to what was
observed for the FRP U-girder option. As the number of girders increases, the overall cost of the girders
also increases. Np=6 and N,=8 provides a reasonable girder spacing for the 32-ft-wide clear roadway
width that should be accommodated with an 8 inch thick RC slab.

Bridge Geomet
g Y Tandem Properties

Span length (ft) 30
Width between barriers (ft) 32 Axle 1(kip) |25 Ade 1.2 spacing () [4
Slab thickness (in) 8 Axle 2(kip) (25

Distributed Loading Properties
Barrier DL (kip/ft) |.432 Future WS (psf} 15

Loading Parameters

Truck Properties
Axle 1(kipy |8

Lane LL (kip/ft) 64

Axle 1-2 spacing (ft) |14
Axle 2(kip) |32 . .
ey 14 Exposure Condition

Axle 3(kipy |32
MNormal @ Extreme

Axle 2-3 zpacing for Fatigue LS (ft) |30

Figure 99. Required inputs for bridge geometry and loading parameters

For each span length and each specified number of girders present in the bridge cross-section, the
FRP tube diameter was increased from 10 inches to 60 inches in 2 inch increments. For each tube
diameter that was considered, the required FRP thickness was determined for each limit state.
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Deflections were calculated assuming that all girders experience the same deflection. The concrete
inside the tube was considered when determining the overall stiffness of the bridge. In the current
study, the presence/absence of barriers was not considered and all deflection calculations were made
assuming that the barriers did not contribute to the overall stiffness of the bridge. This scenario most
closely resembles Limit State 2-c (Section 8.1.2) comparison to the FRP U-girders designed using the
AASHTO distribution factor method.

Material Properties

Concrete y=0
Compressive Strength (psi)  |5500 +y" L
Uk. Comp. Strain (in/in} 003 Y e
4 .l. shear
Unit weight (pcf) 150 key
Stirrup/shear
i Concrete — connector
. . core ™

Tensile Strength-Web (ksi) |73.8 FRP tube
Modulus-Web (ksi) 3.9E3

Unit weight-Web (pcf) 118

Tensile Sirengih-Flangs (k<i) [ra 2 Girder Size Parameters

Number of Girders 13
Modulus-Flange (ksi) 38E3

Tube Diameter (in} 16
Unit weight-Flange (pcf) 118

FRP Thickness (in} 1

Ul. Shear Strength (ksi) 10
Shear Key Width Ratio 75

Web Fiber Type

_ _ Depth BS to Radius Rat.  [1.25

@ Glass () Carbon

Bridge Cross Section
Flange Fiber Type

@ Glass () Carbon |_| H

o (o] o o] o] o]

Figure 100. Required inputs for material properties and girder size parameters.

10.2 Results Summary for all Span Lengths

The required FRP thickness and total girder cost as a function of FRP tube diameter is provided for
all span lengths in Appendix A. A summary of the optimal values for the N,=6 and N,=8 girder
configurations is provided in Table 64. Quantities shown in Table 64 are presented graphically in Figure
101.
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Table 64. CFFT optimization results summary for all span lengths. No barriers, stiffness of concrete

inside FRP tube included in deflection criteria.

FRP Total Girder Girder cost per
Controlling | D tep | weight | girder cost per | SF of bridge
Span length | limitstate | (in) | (in) | (Ibf) cost (9) foot ($) | deck ($)
Np=6
30 ft LS-4b 12 1.74 | 8,288 | 45,753 254 48
40 ft LS-1/4b 16 1.41 | 12,672 | 73,701 307 58
50 ft LS-1/3 24 | 1.01 | 18,000 | 119,380 | 398 75
60 ft LS-1/3 30 | 1.14 | 30,612 | 208,200 | 578 108
75 ft LS-1/3 42 1.35 | 63,404 | 452,320 | 1005 188
Np=8
30 ft LS-4b 12 1.31 | 8,670 | 49,141 204 51
40 ft LS-1/4b 18 | 091 | 12,780 | 81,494 255 64
50 ft LS-1/3 26 | 0.78 | 20,278 | 147,500 | 369 92
60 ft LS-1/3 32 | .98 | 37,380 | 270,710 | 564 141
75 ft LS-1 46 | 1.35 93,400 683,540 | 1139 285
Total girder cost vs. Span length Girder cost per SF vs. Span length
. /
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Figure 101. Optimization results for CFFT bridge girders using the AASHTO distribution factor method.
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11. Strongwell DWB-36

Evaluation of the Strongwell DWB-36 was intended to serve as a representative case study for
pultruded FRP bridge girders. Extensive research was completed for this alternative in the late 1990’s
and early 2000’s at Virginia Tech. This research culminated in the installation of two Strongwell DWB
bridges in Virginia. The Tom’s Creek bridge used the shorter DWB-8 (8-inch depth) sections for a span
length of 18 ft while the Dickey Creek bridge used the DWB-36 to span 39 ft (Figure 102). Both bridges
utilized a laminated timber deck. The goal of the current evaluation is to investigate the impact of
incorporating a reinforced concrete deck with full composite action. The per foot cost of these girders is
relatively high compared to other FRP options (140S$/ft for the DWB-8 and 600S/ft for the DWB-36). If
the total number of girders for a given span length can be reduced, a significant cost savings might be
achieved.
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Figure 102. Previous applications of Strongwell DWB pultruded bridge girders. (A) Tom’s Creek bridge
and (B) Dickey Creek bridge, Rt. 601, Sugar Grove, VA.

11.1 General Analysis Framework

The strategy for evaluating this alternative focused on determining the minimum number of DWB-
36 girders that are required to meet the L/1000 deflection criteria described by Limit State 2. Span
lengths of 30 ft, 40 ft, 50 ft, 60 ft, and 75 ft were investigated. The finite element software ANSYS was
used to model the girders and bridge deck geometry. Cast-in-place reinforced concrete barriers were
included in the current study. This was intended to represent a “best-case scenario” under which the
DWB-36 girders might be able to meet the deflection requirements.
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If the equal deflection for all girders assumption of LRFD-7 S2.5.2.6.2 is adopted, a simple cross-
section analysis of the bridge using the published values for moment-of-inertia for each girder and the
geometric properties of the slab could be used to determine the number of girders required to achieve
the desired global stiffness. One issue that this would not address, however, are the shear deformations
that the DWB-36 girders will experience. For traditional materials, like concrete and steel, the shear
modulus is typically high enough to neglect the deformations due to shear (Gstel = 10.9 Msi, and Geoncrete
= 3.0 Mssi). For FRP composites, however, the shear modulus tends to be much lower (~ 0.6 Msi). The FE
model will also incorporate the torsional rigidity of each girder, which is also affected by the shear
modulus. Complete orthotropic material properties for FRP used to model the DWB-36 girders are
provided in Table 65. Concrete material properties for the RC deck are provided in Table 66.

A mesh convergence study was completed to ensure that enough elements were used to accurately
model the behavior of the bridge. Results from the convergence study (Table 67) indicated that a
maximum element size of four inches would be sufficient. The RC deck was modeled using 3-D solid
brick elements and the DWB-36 bridge girders were modeled using 2-D plate elements.

Figure 103. Finite element mesh for DWB-36 bridge girder study.

Table 65. Orthotropic Material Properties for DWB-36 bridge girders
Properties Value Unit
Unit weight 105 Ibf/ft3
Young's Modulus X Direction | 5.76E+06 psi
Young's Modulus Y Direction | 1.69E+06 psi
Young's Modulus Z Direction | 1.00E+06 psi

Poisson's Ratio XY 0.3
Poisson's Ratio YZ 0.3
Poisson's Ratio XZ 0.3
Shear Modulus XY 6.00E+05 psi
Shear Modulus YZ 6.00E+05 psi
Shear Modulus XZ 6.00E+05 psi
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Table 66. Concrete Material Properties.

Properties Value Unit
Unit weight 150 Ibf-ft3
Young's modulus 4.51E+06 psi
Poisson's ratio 0.3

Table 67. Convergence study results.

Max. Deflection

Max. Compressive

Max. Element Size (in) | # of Elements (in) Stress (psi)
Default 22752 0.814 -575.3
12 22576 0.814 -585.43
10 28558 0.815 -587.93
8 37692 0.816 -586.26
6 67946 0.820 -589.06
4 155092 0.821 -589.28

11.2 Results Summary for all Span Lengths

A separate FE model was generated for each span length. The number of girders included in the
model for each span length was also varied (4, 6, 8, and 10) and the maximum deflection due to the
design truck (including impact) was extracted. The entire process was repeated using isotropic and
orthotropic material properties for the DWB-36 girder. A typical deflected shape result for the 40-ft

span length is provided in Figure 105.

Deflection results for the orthotropic material case are provided in Table 68. For the 30-ft span

BDV22-977-01

length, the four girder bridge results in a deflection of 0.24 in. During subsequent analysis of the FRP U-
girders, it was determined that for a 30-ft span length the barriers alone are almost capable of providing
enough stiffness to meet the L/1000 deflection criteria assuming that all girders deflect equally. As long

as the barriers are included, it isn’t surprising that four girders are sufficient for the 30-ft span length.

Four girders are also sufficient for the 40-ft span length. For the 50-ft span length, the four girder option
no longer satisfies the L/1000 deflection criteria. The five-girder alternative was not explicitly evaluated

in the current study, but it would likely be sufficient for the 50-ft span. At 60 ft, six girders are required,

and at 75 ft, a total of 9 girders are required. It is possible to use the curves provided in Figure 104 to

approximate the number of girders required for any span length between 30 ft and 75 ft. To remain
conservative for the current initial evaluation, the number of girders corresponding to the results
highlighted in green in Table 68 were used to evaluate the remaining limit state criteria.
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Table 68. Deflection results using orthotropic material properties

BDV22-977-01

Span Allowable # of Girders
Material Properties (ft) L/1000 (in) @ 10 8 6 4
G=0.6x10° psi 30 0.36 0.10 0.12 0.16 0.24
Ex=5.76x10° psi 40 0.48 0.19 0.23 0.29 0.41
Ey=1.69x10° psi 50 0.6 0.33 0.39 0.48 0.65
E,=1.00x10° psi 60 0.72 0.50 0.58 0.70 0.92
Poisson's Ratio=0.3 75 0.9 0.82 0.94 1.12 1.42
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Figure 104. Maximum deflection results for orthotropic material properties.
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Figure 105. Deflected shape result for 40-ft span, N, = 4, Limit State 2 (deflections).
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Results using the isotropic material property assumption are provided in Table 69. It should be
noted that for the isotropic material formulation, the shear modulus is determined by the specified
value of modulus of elasticity, E, and Poisson’s ratio. The resulting shear modulus, 2.22 Msi, is
significantly larger than the typical value of 0.6 Msi for FRP composites. As expected, the resulting
maximum deflections are less than the orthotropic case.

Table 69. Deflection results using isotropic material properties

Span | Allowable # of Girders
Material Properties (ft) L/1000 (in) | 10 8 6 4
G=2.215E+6 psi 30 0.36 0.07 0.08 0.10 0.15
E=5.76x10° psi 40 0.48 0.15 0.18 0.22 0.31
/ 50 0.6 0.27 0.32 0.40 0.54
/ 60 0.72 0.43 0.51 0.61 0.81
Poisson's Ratio=0.3 75 0.9 0.75 0.86 1.03 1.31

Once the number of girders needed to meet the deflection limit state requirements was determined
for each span length, a new round of FE modeling was completed to ensure that the proposed girder
configurations also satisfy the remaining limit state criteria. Barriers were not included in these models.

Critical stress results for each limit state are provided in Table 70 through Table 73. One remaining
challenge is to determine an appropriate stress criteria for each limit state. The DWB-36 is a hybrid
GFRP/CFRP cross-section with carbon fiber present in the flanges (and presumably experiencing the
maximum tensile stress for Limit States 3 and 4a) and glass fiber present in the webs. The unidirectional
tensile strength of the these pultruded CFRP tows could easily exceed 120 ksi. Even after applying the
environmental reduction factor, Cg, and strength resistance factor, ¢, the stress values obtained for LS-
3 and LS-4a are still extremely conservative. The challenge, however, is determining what stress levels
might be realized in the tension flange before some other failure occurs on the cross-section. Flexural
testing of full-scale DWB-36 specimens revealed that the compression flange was susceptible to buckling
and delamination at the CFRP and GFRP interface (Figure 106). For the current study, we are assuming
that the RC deck and FRP bridge girder are perfectly bonded. This would minimize the tendency for
flange buckling to occur on the actual bridge. Nonetheless, it seems unlikely that the GFRP will be
capable of fully developing the CFRP tensile strength without experiencing some type of delamination
failure on the cross-section (Figure 107).

At this point, the stress results obtained for the remaining limit states can be considered low enough
to proceed with a preliminary cost evaluation of this alternative. But significant research would still be
needed to establish the shear connection between the RC deck and the girder and then fully
characterize the behavior of the composite section. It should also be noted that if composite action
between the DWB-36 and the RC deck is desired, the large flange area at the top of the beam should
probably be reconfigured. Additional discussion on establishing a shear connection with FRP bridge
girders is provided in Section 12.2.
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(A) (B)
Figure 106. Four-point bending test of DWB 36. (A) Laboratory setup and (B) failure in compression
flange at loading point.

Figure 107. Delamination between quasi-isotropic glass and carbon/CSM laminates during laboratory
beam test of 36x18 EXTREN DWB. Section was taken away from rupture zone at
midspan.

Table 70. DBW-36 stress results for Limit State 1 (concrete compressive stress)

Span(ft) Number of girders Stress result (psi) Allowable stress (psi)
30 4 -920.79 -2475
40 4 -1207.6 -2475
50 6 -1144 -2475
60 8 -1303.8 -2475
75 10 -1620.7 -2475
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Table 71. DBW-36 stress results for Limit State 3 (fatigue and creep rupture)

Span(ft) Number of girders Stress result (psi)
30 4 21135
40 4 3347.5
50 6 3322.2
60 8 3484.2
75 10 4396.7

Table 72. DBW-36 stress results for Limit State 4a (flexural strength)

Span(ft) Number of girders Stress result (psi)
30 4 5465.8
40 4 8189.5
50 6 7910.2
60 8 8152.6
75 10 9401.9

Table 73. DBW-36 stress results for Limit State 4b (shear strength)

Span(ft) Number of girders Stress result (psi)
30 4 24144
40 4 2248.9
50 6 2042
60 8 1433.6
75 10 1900

BDV22-977-01
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12. Alternatives Analysis

After reviewing the literature and investigating the status of existing FRP bridges that meet the span
length requirements for the current study (30 ft to 75 ft), three viable alternatives were chosen for
further exploration and validation in Task 2:

e FRP U-girder
e Concrete-filled FRP tube (CFFT)
e Strongwell DWB (pultruded FRP bridge girder)

The FRP materials used to construct each girder type are similar for the different alternatives.
However, each alternative represents a unique fabrication process that is subject to specific limitations.
Furthermore, placing each girder at the bridge site and forming the reinforced concrete deck in such a
way that composite action can be achieved also presents specific challenges. The goal of the current
section is to compare the alternatives with respect to these issues as well as offer some general
guidance regarding expected maintenance requirements and overall expected service life

12.1 Materials and Manufacturing Costs

12.1.1 FRP U-girder

Two FRP composite parts manufacturers with experience in VARTM/VIP parts production were
consulted for the current study. Each manufacturer was provided with the cross-section dimensions and
material requirements for a 30-ft and 75-ft bridge girder (details in Table 47 and Table 55). After
discussing the general requirements and overall objectives of the current study, the following
information was obtained:

1. Thickness requirements of 1.5 inch to 2 inch do not pose a major concern for modern
vacuum infused composite parts.

2. The girder length requirements from 30 ft to 75 ft could be accommodated in the current
facilities of both manufacturers.

3. Tooling costs would depend on the number of parts that would be needed from each mold.
One manufacturer estimated about $100 per foot for a durable, metal tool that would
support multiple bridge projects. If only five or six girders were being fabricated for a single
job, the cost could be reduced considerably by using a wood mold. The specific cost of
tooling was not determined.

4. Material costs (non-crimp fabric fiber and vinylester resin) were quoted between $3.00 and
$3.50 per pound.

5. Labor and facilities costs were typically 50% of the total material costs.

6. The price per pound of finished FRP U-girder ranged from $5.25 to S5.75.

12.1.2 CFFT

The CFFT tubes used in the King’s Stormwater Channel bridge in California were fabricated using a
filament winding method. Current fabrication techniques for the Concrete Arch Bridge System (CABS,
formerly known as “Bridge-in-a-Backpack”) relies on vacuum infusion (Figure 108). The tube is first
inflated and then placed in a frame to achieve the desired arch. Next, a vacuum is drawn around the
outside of the tube and resin is infused through the fibers. Once the resin cures (less than 24 hours
later), the plastic peel ply is removed and the tube is ready for placement at the bridge site.
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(C) (D)

Figure 108. Fabrication process for CFFT using vacuum-assisted resin infusion (VIP). (A) Tube inflation,
(B) Arch formation, (C) Resin infusion, and (D) Peel ply removal.

One filament winding manufacturer was contacted for a quote. This was relatively early in the
process and the overall CFFT geometry had not been finalized. The following conclusions were made
from the exchange:

1. Thicknesses up to two inches can be accommodated.

2. This manufacturer was currently limited to 40-ft parts, but the custom filament wound FRP
piping community could likely accommodate longer parts. Additional research is needed to
determine if 75 ft is a feasible length for filament wound tubes with diameters up to 48 in.

3. The quoted price was highly dependent on the desired surface finish. The advantage of FRP
bridge girder components is that the surface quality can generally be very low.

4. The quoted price for a 30-ft trial girder was approximately $4.00 per pound.

The primary advantage of filament winding is to create a tubular structure that consists of
continuous fibers. The most common applications of filament wound tubes are thin-walled pressure
vessels and other pipes which are often subjected to internal pressure. In these cases, the principal
stresses in the hoop direction dominate and the overall winding angle sequence would tend to prefer
fibers in the 90-degree or hoop direction. This is not necessarily the case for CFFT bridge girders. The
longitudinal normal stresses and shear stresses tend to control the design, which would favor winding
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angles between 0 and 45 degrees. From a mechanical winding standpoint, these angles would seem to
be more difficult to achieve.

The possibility of using non-crimp fabric sheets that are rolled around a tube or other inflatable
mold and then infused with resin would likely perform better in a flexural application than a filament
wound tube. The fabric could be rolled out the entire length of the girder and then rolled onto a tube.
Sheets can be added until the desired thickness is obtained. The fibers in the warp direction will remain
continuous and then the fibers in the hoop direction can overlap to form shear splices. The
discontinuities in the hoop direction should have minimal effect on the flexural performance. Some
consideration would need to be given to the shear strength of an FRP tube fabricated in this manner,
but there will be greater flexibility in the overall laminate stacking sequence.

12.1.3 Pultruded FRP Girder

The Strongwell DWB36 is a proprietary design. Strongwell quoted approximately $600 per foot for
the carbon fiber flange version of the DWB36. The price was reduced considerably if only GFRP was
used (~$350 to $400 per foot, or between $5 and $5.75 per pound). The per pound cost of the
pultruded FRP bridge girder that contains carbon in the flanges is approximately $8.57. A quote was
also obtained from another FRP pultruder for smaller angle sections (3”x3”x3/8”) using a vinylester
resin. The cost per pound for these shapes was $5.24.

Another important consideration regarding manufacturing for pultruded FRP composites is that the
DWB-36 represents the upper limit for the overall amount of material that can be pulled through a
pultrusion die and formed into a usable cross-section. The pultrusion machine used to manufacture the
DWB-36 was reported to be one of the largest in the country. Development of the tooling for the
pultrusion die was also supported by a federally funded project. Costs for pultrusion dies of this
magnitude were reported to be close to $500,000.

12.1.4 Direct Comparison: Materials and Manufacturing Costs

There are still several unresolved issues related to structural analysis and strength assessment that
may result in modified material quantities. Variables that have been investigated in the current study
but still require additional research and validation include:

e Deflection calculations and the stiffness contribution of concrete in the tension zone

e Shear strength of concrete-filled FRP U-girders and CFFTs

e Appropriate values for laminate shear strength for laminates that included +/- 45-degree
plies

The assumptions made surrounding these unresolved issues were generally conservative. It may
also be possible to reduce the total material requirements by optimizing the girder cross-section along
each girder’s length. The results obtained thus far do provide a basis for comparison and decision-
making about the most appropriate alternative for future research and development.

The final cost comparison for the three alternatives is provided in Figure 109. The FRP U-girder
results were obtained using the AASHTO distribution factor method assuming a 100% stiffness
contribution by the concrete beneath the slab. Both the CFFT and U-girder alternatives are based on a
six-girder bridge. The number of girders for the DWB-36 varies. For all span lengths, the FRP U-girder
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requires the least materials cost. As the span length increases, the difference between the U-girder and
the other alternatives becomes more pronounced.

Total girder cost vs. Span length Girder cost per 5F vs. Span length
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Figure 109. Final cost comparison for FRP U-girder, CFFT, and DWB-36.

12.2 Constructability
The following factors related to constructability were considered in the current study:

e Preparations for establishing shear connection
e Construction sequencing
0 Girder placement
Reinforcement for diaphragms and U-girders
Casting diaphragms and filling concrete in U-girders
Rebar placement for cast-in-place deck
Deck casting
Cast barriers and complete stem wall

©O OO0 0O

Preparations for establishing the shear connection between the cast-in-place RC deck and FRP
bridge girder refers to any work or extra consideration that must be given to the girder before it leaves
the fabrication shop. This might include drilling holes or modifying the interior surface of the girder to
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promote mechanical interlock between any cast-in-place concrete and the FRP. Only the most basic
elements of construction sequencing are addressed in the current study.

One outstanding issue that needs to be resolved is whether or not traditional steel reinforcement
will be used for the RC deck. With all of the experience that the FDOT is gaining with GFRP rebar, it
might make sense to stay away from anything with the potential to corrode. Another option would be
to use traditional plain reinforcing steel in the deck but also use stay-in-place formwork made of either
FRP composite or galvanized metal that has been treated with a polymer coating on the soffit face
(Figure 110) as described in FDOT Standard Specification 400-5.7 (2018).

If corrosion does occur in the reinforced concrete deck or the cast-in-place barriers, long-term
durability of the entire bridge FRP-girder bridge could be jeopardized. In a traditional reinforced
concrete structure, corrosion damage is repaired using the following general procedure:

1. The cracked and damaged concrete is removed to expose the corroded reinforcing steel.
This typically requires minimal effort because the corrosion byproducts create a well-
defined delaminated area that will detach easily from the structure.

2. Once the corroding bars are exposed, additional concrete must be removed from around
the reinforcing bars to clean them thoroughly and to provide clearance for aggregates in the
patching material. Removal of concrete around the circumference of the corroded rebar is
considered critical to ensuring proper bond between the damaged bar and the repair patch
concrete. This process requires jack-hammering or a high pressure water jet that may
damage the surrounding structure if it is not done with care. Extra precautions would be
needed if the underlying structure contained FRP composite materials, which are generally
considered to be susceptible to impact damage.

3. After the bars are exposed and cleaned, formwork is attached to the structure and a
patching concrete is poured to restore the original cross-section.

Figure 110. Rhino Dek stay-in-place formwork [131_]._

12.2.1 FRP U-Girder
12.2.1.1Preparations for Shear Connection
A traditional girder to slab shear connection relies on metal studs that are either cast into a concrete

structure or bolted/spot-welded onto the flanges of steel U-girders or I-beams. The FRP U-girder
bridges in Texas utilized a horizontal stainless steel tube that was later surrounded by concrete when
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the bridge deck was cast. One option that hasn’t been thoroughly investigated involves creating a
texture on the FRP surface that will enhance direct mechanical interlock between the FRP and the
concrete. This concept is analogous to the rolled-on deformations in traditional reinforcing bars that
enhance bond between the steel and concrete. A sample GFRP laminate was fabricated to validate the
concept and the result is illustrated in Figure 111. A more aggressive textured profile was also created
using leveling grout. If these deformations could be formed around the interior surface of the girder
during the vacuum infusion process, the shear transfer would occur through the concrete over a large
surface area along the entire length of the U-girder. Some experimental work is anticipated to validate
the concept and also to determine the optimal profile of the textured surface.

In previous implementations of the FRP U-girder bridge, the top flange of the U-girder contains a 90-
degree bend. In the Polish FRP bridge, holes were drilled through this top flange and metal bolts were
used to establish the shear connection between the U-girder and the cast-in-place bridge deck. In the
Texas bridges, the shear connection was established with stainless steel tubes. The current concept for
the FRP U-girder involves projecting the U-girder approximately three inches into the cast-in-place deck
and providing holes for the bottom layer of transverse deck reinforcement to pass through. These bars
could either be grouted in using a supplementary adhesive or simply allowed to fill with concrete to aid
in shear transfer. Additional holes will also be required on the ends of each girder to accommodate the
reinforcement for the cast-in-place diaphragm at the bridge supports (Figure 112). These holes are
intended to be pre-drilled as part of the fabrication process in the FRP manufacturing facility.

(A) (B)
Figure 111. Textured surface to enhance mechanical bond between FRP and concrete. (A) GFRP
laminate and (B) levelling grout. AA battery included for size reference.
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Figure 112. Pre-drilled holes for shear transfer, transverse deck reinforcement, and diaphragm
reinforcement.

12.2.1.2Construction Sequencing

The proposed construction sequencing for the FRP U-girders is illustrated in Figure 113 through
Figure 119. These drawings assume that some type of stay-in-place formwork will be used for the cast-
in-place deck. It may be desirable to include some type of integrated ledge that runs the length of the
girder to support the stay-in-place forms during construction. A quote was obtained for 3”x3"”x3/8”
pultruded FRP angle, which could be bonded to the outside of the U-girder using a supplementary
adhesive. The cost of this angle was approximately $10 per linear foot. This would add a total cost of
roughly $20 per linear foot to the base cost of the girders. It may possible, however, to form this ledge
using a dimensional lumber product and incorporate it into the girder during the infusion process.
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Figure 113. Girder placement
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Stage 3:

depth of slab bottom
- Place stay-in-place deck forms

- Cast diaphragm
- Fill U-girder to

Figure 115. Casting diaphragms, filling U-girders, and placing formwork for cast-in-place deck.
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- Place deck reinfocement

Stage 4.

Figure 116. Placing deck reinforcement
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Stage 5:
- Cast deck

Figure 117. Cast deck
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Stage 6:

- Cast barriers

- Cast stem wall

- Install expansion joint

SCALE 0.010

Figure 118. Cast-in-place barriers, complete stem wall, and install expansion joint
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Figure 119. Final cross-section for 30-ft span length bridge designed using AASHTO distribution factor method
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12.2.2 CFFT

Construction sequencing for the CFFT is similar to what is provided for the FRP U-girder. In the
traditional Concrete Arch Bridge System (CABS), the stay-in-place FRP forms span the CFFTs
continuously. This may not be possible if a fully developed shear connection is desired between the
CFFT and the cast-in-place concrete deck. The King’s Stormwater Channel bridge included an
uninterrupted polymer concrete shear key that was formed on top of the CFFT and connected the FRP
bridge deck to the girders (Figure 120).

If an infusion process is used to manufacture the CFFTs, it may be possible to form an additional
integrated ledge that would facilitate establishing the connection between the girder and the deck.
Nonetheless, establishing the shear connection for the CFFT will be a more difficult than what is
required for the FRP U-girder. The cast-in-place diaphragm would also require a more sophisticated
formwork system than the FRP U-girder due to the curved ends in each formwork section. It should
be noted that the King’s Stormwater Channel bridge originally omitted the cast-in-place diaphragm,
which ultimately lead to premature damage issues in the FRP deck.

Polymer

|l
/i 213

No.19 Dowels
@ 610mm
Lightweight
Concrete

362

Carbon
Shel

MNote: all dimensions in mm
Figure 120. Kings Stormwater Channel bridge near the Salton Sea on California S.R. 86 [58]

12.2.3 Pultruded FRP Girder

Construction sequencing for the pultruded FRP sections is similar to what might be encountered in
steel I-beams. One major difference, however, is that steel shear studs cannot be welded to the FRP
flanges. The FRP bridge girders used in Poland relied on galvanized steel shear connectors that passed
through drilled holes in the flanges and then anchored in the concrete slab above. The pultruded
girder bridges in Virginia relied on a sophisticated clipping system to connect the FRP girders to the
laminated timber deck. This bridge was designed assuming no composite action between the timber
deck and the pultruded girder, which results in compression in the top flange. Because
buckling/shear delamination in the top flange was cited as a primary failure mode for these beams in
flexure (see Figure 106), there was likely some hesitancy to drill through the top flange to make the
deck connection (Figure 122A).

As long as a positive shear connection can be maintained between the FRP flanges and the cast-in-
place deck, concerns over compression flange buckling should be minimized. Proper detailing of these
shear connectors would require additional design work and would also need to be validated through
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full-scale testing before deployment in the field. One final issue that would need to be addressed
during construction is the installation of cross-bracing (Figure 122B).
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Figure 121. Shear connection for FRP bridge in Poland [132]

Figure 122. Photos of Dickey Creek bridge, Route 601, Sugar Grove, VA. (A) Deck connectors for
pultruded FRP bridge girders. (B) Galvanized steel cross-bracing. Photos courtesy of Dr.
Brandon Ross, Clemson University.
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12.3 Maintenance

Long-term maintenance requirements for FRP bridge girders are not well defined. There are,
however, several general durability concerns for FRP materials that have been identified as relevant to
FRP composites in bridge applications [133]:

e Chalking
e Cracking
e Blistering
e Flaking

e Discoloration
e Damage from exposure to the following:
0 UV radiation
0 Chemicals
0 Fire
e Fatigue damage due to normal loading conditions
e Impact damage due to vehicle strikes
e Damage during routine or non-routine maintenance operations (e.g., deck replacement or
repair of corrosion damage)

Discussions with one prominent resin manufacturer indicated that the application of a protective
gelcoat during manufacturing would be critical to the long-term durability of the FRP composite. Over
time, the gelcoat is expected to discolor and eventually begin to exhibit signs of oxidation/chalking.
Most of the concerns associated with this behavior are aesthetic and should not affect the structural
performance of the composite. Once discoloration and chalking have exceeded some acceptable
threshold, the surface can be refinished to provide additional gelcoat thickness and to restore the
original color and shine. If the surface is left without refinishing, the gelcoat will continue to erode
until the fibers are exposed.

Researchers in Japan completed a life-cycle analysis (LCA) study that compared the total lifecycle
costs for an FRP pedestrian bridge to steel and prestressed concrete alternatives in an extremely
aggressive coastal environment [134,135]. The author draws the now-typical conclusion that FRP
composite structures can be cost-competitive with traditional materials if the overall lifecycle costs
are properly accounted for. This is especially true for extremely corrosive environments. Repainting
was cited as the primary maintenance cost associated with FRP bridges. The repair interval used in
the LCA for the repainting operation was 120 years based on a 75um thick fluorine resin paint.

One important point identified in the Japanese study is that the assumed maintenance costs for
FRP structures (generally very low) may not always be accurate. One specific area noted by the author
relates to corrosion in metallic fasteners and their need for replacement. One pedestrian bridge cited
in the study required new stainless steel bolts after five years of service in an extremely aggressive
environment.

These observations related to metal fasteners are confirmed based on recent images obtained for
the pultruded FRP girder bridge in Sugar Grove, VA (4.2.1.2). Photos taken on December 26, 2016—15
years after the bridge was constructed—indicate that many of the metallic fasteners used to secure
the FRP girders to the laminated timber bridge deck have started to corrode (Figure 123). Itis
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unknown if this corrosion resulted from the use of deicing salts in the winter months or if it was
caused by ambient environmental conditions. In any case, the use of such fasteners in an extremely
aggressive marine environment would likely yield similar results and should be avoided.

Another study investigating the long-term durability of an FRP pedestrian bridge in Switzerland
[136] found that the pultruded FRP material itself performed well and did not pose any significant
durability concerns. Nonetheless, considerable damage was noted after eight years of service due to
mishandling of the bridge structure during installation and subsequent removals (Figure 124). This
bridge was only used during the winter months and moved to higher ground every year during the
summer to avoid high water levels in the stream. Some fiber blooming—locations where glass fibers
are exposed—was also observed, but these areas coincided with locations where the surface veil
intended to protect the composite had been misplaced.

Figure 123. Corrosion of metallic components on pultruded FRP girder bridge (Dickey Creek bridge,
Route 601, Sugar Grove, VA) Photos taken December 26, 2016. Photos courtesy of Dr.
Brandon Ross, Clemson University.
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Figure 124. Observed damage in FRP pedestrian bridge in Switzerland [136].

12.4 Service Life

The University of Maine and Advanced Infrastructure Technologies published a report in January
2016 that evaluated the 100-year service life criteria for the CFFTs used in the concrete arch bridge
system (CABS). The CFFT tubes they were attempting to validate for the 100-year service life were
described as consisting of “braided glass fiber material within a vinylester resin.” The report
summarized research from several sources and used an Arrhenius relationship to estimate the actual
environmental reduction factor, Cg, at a 100-year service life for cities around the US. The ultimate
conclusion drawn by these researchers was that the Cg value of 0.65 (GFRP in a normal environment)
is overly conservative for a 100 year design life (Figure 125).

Table 25: Summary of C; environmental degradation factors at 100-year design life

. Ce
Source Conditioning M;Z:Z‘:It;al (I::') (Iél Portland, Saint Louis, San Diego, Brownsville, Miami. EL
ME MO CA TX !
VE35 Transverse 23 50 0.93 0.92 0.92 0.91 0.91
Shear 23 60 0.93 0.92 0.92 0.91 0.91
Montaigu et Alkaline VE38 Transverse 23 50 1.00 0.99 0.99 0.98 0.98
al [3] Solution Shear 23 60 1.00 0.99 0.99 0.98 0.98
VE35 Flexural 23 50 0.96 0.95 0.95 0.95 0.95
VE38 Flexural 50 60 0.98 0.97 0.97 0.96 0.96
5 23 0.75 0.75 0.76 0.76 0.76
CM-Warp Shear 23 40 0.79 0.78 0.77 0.76 0.76
Karbahari Deionized 5 40 0.74 0.73 0.73 0.72 0.72
[46] Water 5 23 0.75 0.75 0.75 0.75 0.75
CM-Fill Shear 23 40 0.78 0.77 0.76 0.75 0.75
5 40 0.74 0.73 0.73 0.71 0.71
Robert and i 23 40 0.97 0.92 0.94 0.89 0.89
Benmokrane Alkaline Tensile 40 50 0.72 071 0.71 0.70 0.70
Solution
(8] 23 50 0.95 0.93 0.93 0.90 0.90

Figure 125. Environmental knockdown factors for GFRP at 100-year service. From AIT Composite
Arch Durability Report 137.

These results suggest that the GFRP composites evaluated in the current study are capable of
achieving the 75-year required design. A major difference that must be kept in mind, however, is that
the CABS bridges are not subjected to any long-term tensile stress due to bending. The research cited
in the AIT study relied primarily on exposure to chemical weathering followed by assessment of the
test specimens’ mechanical properties. Some studies applied load before exposure to the chemical
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weathering, but none of the studies explicitly state that loading was maintained during the

weathering.

Dr. El-Safty’s (University of North Florida) ongoing work related to FRP durability under sustained
loading(BDV34 977-05) should provide additional insight into the anticipated service life of FRP bridge
girders. It must also be noted, however, that the girders designed for the present study assume a
maximum tensile stress under service loads of only 10% of the manufacturer’s specified strength.

12.5 Overall Summary and Side-by-Side Comparison

Table 74. Pros and cons associated with each alternative: Design

Design

General FRP

Pros

e Assumed linear relationship
between stress and strain to failure

e Fiber orientation can be tailored to
meet strength demands in different
regions of the girder.

e Classical laminate theory (CLT) can
be used to determine the strength
and stiffness properties of FRP
laminates.

e AASHTO LRFD codes for internal
reinforcement and CFFT bridge
elements (along with ACI 440) have
established a fundamental
framework for characterizing the
FRP material properties needed for
bridge design applications.

Cons

Material strength and stiffness
properties are dependent on
laminate architecture. Changes in
the fiber orientation angle for a
specific fiber ply will impact the
overall laminate strength and
stiffness.

Variability in available matrix
materials can lead to variations in
strength and stiffness.

Bridge designers are familiar with
non-homogeneous materials (e.g.
concrete), but the transition to
composites design with five
required lamina strength
parameters, four stiffness
properties, and an array of failure
criteria (e.g. maximum stress,
maximum strain, Tsai-Hill/Wu) will
be challenging.

For GFRP in an extremely
aggressive environment, the
strength resistance factor, @,
combined with the environmental
reduction factor, Cg, limits the
allowable stress in the FRP at the
strength limit state to 27.5% of the
ultimate tensile strength. The
allowable stress for the fatigue and
creep rupture limit state is only
10% of the ultimate tensile
strength. These values may be
overly conservative.
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Table 74. Pros and cons associated with each alternative: Design (continued)
Design (continued)

General FRP

(continued)

Alternatives
FRP U-Girder

CFFT

Pros

AASHTO distribution factors appear
to be suitable for determining
girder demand based on single lane
loading

AASHTO LRFD-FRP provides a
closed-form solution for evaluating
the moment capacity of a proposed
cross-section. The method does
not incorporate the strength

contribution of a cast-in-place deck.

Cons
e Actual failure modes in FRP bridge

girders at the strength limit state
are difficult to predict.

The modulus of elasticity of GFRP
ranges from 10% to 20% of the
modulus for steel.

No accepted standards for
evaluating shear strength and
flexural strength at limit state

No accepted details for establishing
shear connection between FRP and
cast-in-place RC deck

Development of moment-curvature
diagrams for a proposed cross-
section requires an iterative/trial
and error approach

The shear-strength model proposed
in AASHTO LRFD-FRP favors
laminates with fibers running
primarily in the hoop direction.

The shear-strength predicted for
CFFT girders with +/- 45-degree
laminates is considerably lower
than predictions made for 0/90
laminates. See section 8.1.5.8.

A circular tube is not the most
efficient structural shape for
resisting bending moment or shear.
If composite action with a RC deck
is desired, much of the composite
will be close to the neutral axis and
will not experience large stresses.

190



Embry Riddle Aeronautical University

BDV22-977-01

Table 74. Pros and cons associated with each alternative: Design (continued)
Design (continued)

Pros

Alternatives (continued)

Pultruded Shape

e Considerable research was
completed in the late 1990’s
through early 2000’s on bridge
girder design for the DWB8 and
DWB36.

Strongwell has produced a design
manual for these shapes.

Cons

e The DWB shape geometry and

laminate architecture are
considered proprietary.

Standard FRP pultruded shapes are
typically too small to be considered
for bridge girder applications. For
steel bridge girders, designers
typically have access to a wide
variety of W-shapes or the ability to
specify custom plate girder cross-
sections to meet the requirements
of a specific bridge. It may be
possible to join smaller pultruded
shapes together using glue or other
shear connectors.

Table 75. Pros and cons associated with each alternative: Manufacturing and fabrication
Manufacturing and Fabrication

General FRP

Pros

e Complete curing of the FRP
composite can be achieved in 24
hours at room temperature and as
little as 2 hours at 250 °F (120 °C).

e Components are relatively light

compared to reinforced concrete or

steel.
e Manufacturing of large-scale
composite parts using resin

infusion has increased considerably

in the past decade. Utility scale
wind turbine blades can approach
250 feet in length and possess
complex geometries.

Cons
e Manufacturing involves hazardous

materials

e Composites production facilities

typically operate in an indoor
environment.
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Table 75. Pros and cons associated with each alternative: Manufacturing and fabrication (cont.)
Manufacturing and Fabrication (continued)

Alternatives
FRP U-Girder —
resin infusion

CFFT -
filament
wound

CFFT -
resin infused

Pros

e Fiber orientation can be tailored to
match localized structural demands

e Male or female mold can be used

e Minimal capital investment needed
for tooling and molds.

e Rapid production once winding
begins

e Standardized shape and repeatable
material properties

e Continuous fiber for entire part (no
overlap splices needed)

e Higher fiber-volume fraction than
other alternatives

e Fiber tows are the least expensive
form of fiber material

e Aninflatable tube can be used as
the mold

e Fiber orientation can be tailored to
match localized structural demands

Cons

e Some degree of standardization

regarding section depth and width
is needed to reuse molds.

Fabrics must be woven or stitched
to maintain their shape and
directionality during laminate
stacking (increased cost compared
to basic tows). This adds cost to
the fiber material.

Each fabric layer must be cut to
specified length

Depending on the size of the fabric
roll, there may be considerable
waste

Overlap shear splices may be
necessary depending on the size of
the girder

Lower fiber volume fraction than
other alternatives

The winding angle for a given ply is
limited to ~10 degrees. For CFFT
bridge girders subjected to flexure,
it is advantageous to have true O-
degree plies to increase stiffness
and strength in the longitudinal
direction.

Overall winding speed is reduced
for low-angle plies (e.g. 10°).

The total length of filament wound
tubes may be limited. Larger
mandrels become more expensive
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Table 75. Pros and cons associated with each alternative: Manufacturing and fabrication (cont.)
Manufacturing and Fabrication (continued)

Pros

Alternatives (continued)

Pultruded Shape

e Fibers are predominantly oriented
in the longitudinal direction.

e Rapid production

e Standardized shape and repeatable
material properties

Cons

e Obtaining off-axis fiber orientation

is more difficult. This limits the
shear strength of pultrusions—
especially near flange/web
interfaces.

Large capital costs for pultruding
equipment

High cost of pultrusion dies that are
unique for each cross-section

Table 76. Pros and cons associated with each alternative: Construction
Construction

General FRP

Alternatives
FRP U-Girder

CFFT

Pultruded Shape

Pros

e Lightweight compared to steel and
concrete components

e Smaller cranes required on site

e More girders can be delivered on a
single truck

e Girder will act as stay-in-place form
to support deck formwork and
reinforcement for deck casting

Cons
e FRP components are easily

damaged during movement and
placing

Additional care is needed to avoid
damaging girder when placing
reinforcement for cast-in-place
deck

Formwork for cast-in-place shear
key is complex

Difficult to establish shear
connection with RC deck without
using metal fasteners
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Table 77. Pros and cons associated with each alternative: Maintenance
Maintenance

Pros Cons
General FRP e Highly corrosion resistant e Gel coat may require
e Thermal imaging is an effective painting/refurbishing
NDE technique for identifying e Internal damage to the composite >
delaminations/voids within ~0.02 in 0.02 in (5mm) from the surface is
(5 mm) of the surface. This could more difficult to detect with
help to identify environmentally thermal imaging. Large
induced damage delaminations might be detected
(temperature/moisture, etc...) through sounding methods (e.g.
before it becomes a serious coin tap)
problem.
FRP U-Girder
CFFT
Pultruded Shape o |f metallic fasteners are used, they

will eventually corrode in an
extremely aggressive environment.

Table 78. Cost comparison (including traditional girder options)

Cost
Material Cost Girder cost per SF of deck (50ft Span)
FRP U-Girder ~$5.25 per pound for resin infused $62
GFRP
CFFT ~$4.00 per pound for filament wound | $75
GFRP
Pultruded Shape | ~$5.25 per pound for GFRP $112
~$8.50 per pound GFRP/CFRP hybrid
Florida Slab Beam (12”x60")** S52*
Florida Slab Beam (15”x60")** S54*
Florida Slab Beam (18”x60")** $62*
AASHTO Type 2*** S21*
FL I-Beam 36" *** S41*

*Per foot costs obtained from 2017 FDOT Structures Guidelines Section 9.2.2.
**Cost does not include topping concrete
**Assumes six girders are required for 32-ft-wide bridge deck to span 50 ft.

A summary ranking matrix for the three alternatives evaluated in the current study is provided in
Table 79. A distinction is made for the CFFT option between resin infusion and filament winding due
to some variability in performance regarding fiber orientation flexibility and other manufacturing
costs. The ranking process involved assigning a numeric value between one and four for each criteria,
with one being the best and four being the worst. If two or more alternatives are considered to be
roughly equivalent, the total points available for the tied rankings are split evenly amongst the
contenders for those positions. For example, the manufacturing facility capital costs for the resin
infused U-girder and the resin infused CFFT are considered to be equivalent (and the lowest), followed
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by the filament wound CFFT (the next lowest), and the pultruded DWB. The two resin infused options
split evenly a total of three points that are available for first and second place and the filament wound
tube and the pultruded DWB are awarded three and four points, respectively.

The FRP U-girder received the lowest total points (best ranking). It should be noted, however,
that this ranking system applies equal weight to each criterion. There may be circumstances for a
specific bridge application where the influence of one criterion could be magnified (or diminished)
that will lead to a different ranking outcome. Nonetheless, the ranking matrix in Table 79 does
provide a reasonable snapshot of the relative strengths and weaknesses for each alternative.

Table 79. Alternatives ranking

FRP U-Girder CFFT CFFT Pultruded
(resin infused) | (resin infused) | (filament wound) | DWB
Design Analysis 3 3 3 1
X-section 1 2.5 2.5 4
shape
flexibility
Fiber- 1 2 3 4
orientation
flexibility
Manufacturing | Facility 1.5 1.5 3 4
capital costs
Labor 3.5 35 2 1
intensive
Economy of 3.5 35 2 1
scale
Construction Girder 2 3 3 2
placement
Diaphragm/ 1 3.5 3.5 2
bracing
Deck forming 1 3 3 3
Maintenance 2 2 2 4
Service life 2 2 2 4
Cost 1 2 3 4
Total 22.5 31.5 32 34
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13. Recommendations for Future Research

The primary objective of this research was to evaluate different, non-proprietary, bridge girder
alternatives for extremely aggressive environments that are suitable for span lengths between 30 ft
and 75 ft. During the literature review phase, four bridges in the U.S. meeting the span length criteria
were identified that utilized all FRP or hybrid FRP/concrete bridge girders. Once it was determined
that the girders for these bridges have performed well with no required maintenance since their
construction between 2001 and 2007 (three of the four bridges are still in service—one of the bridges
was removed due to maintenance concerns with the FRP bridge deck), the question that naturally
followed was “why haven’t more FRP bridge girders been implemented since the initial flurry of
interest in the late 1990’s and early 2000’s?”

The answer that we received from officials responsible for maintaining these FRP girder bridges
focused primarily on cost. With the long-term durability (i.e. > 75 years) of these materials still
unproven in vehicle bridge applications, anticipated savings resulting from reduced maintenance costs
or an extended service-life are difficult to justify. On the one hand, two existing proprietary FRP
bridge systems (Advanced Infrastructure Technology’s “Bridge-in-a-Backpack” and Hillman Composite
Beams) are claiming that a 100-year service life is possible for bridges incorporating FRP materials. On
the other hand, some negative experiences with FRP bridge decks have left certain DOTs leery of
utilizing FRP in primary load-bearing members. If these structural elements fail to perform as
intended for 75+ years, the early replacement costs would be difficult to bear.

Another challenge facing the broader adoption of FRP materials for bridge girder applications is
that design criteria for all-FRP or hybrid FRP/concrete bridge girders in pure shear/flexure are still in
the early phases of development. AASHTO’s LRFD Guide Specifications for Design of Concrete-Filled
FRP Tubes provides guidance for the CFFT option, but the FRP U-girder and pultruded DWB options
evaluated in this study would still be considered experimental. This research identified four basic limit
states that can be used to evaluate the suitability of a proposed FRP cross-section:

e LS-1: Concrete compressive stresses
e |S-2: Displacements

e |S-3: Fatigue and creep rupture

e |S-4: Strength

With the exception of LS-1 (concrete compressive stresses), there are still unanswered questions
related to the application of each limit state. The following sections describe additional research work
that would support the broader application of FRP bridge girders in extremely aggressive
environments.

13.1 Questions Related to Limit States

13.1.1 LS-2: Displacements

The current research evaluated the impacts that different assumptions about boundary
conditions, the presence/absence of barriers, and the stiffness contribution of concrete placed inside
an FRP U-girder have on the overall FRP material requirements for a specific span length. Specific
guestions that need to be addressed include:
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e Isthe increased stiffness that results from filling the U-girder with concrete realized
throughout the entire range of typical service loads? In other words, if service loads result
in concrete cracking, how should the stiffness of the cracked/transformed cross-section be
applied in deflection calculations?

e  When using refined methods of analysis (i.e. finite element modeling) for the entire bridge
structure, the specified boundary conditions have significant influence on the resulting
deformations and the amount of FRP required for a specific application. Previous research
by Chen et al (2009) indicates that basic simply-supported end conditions may be overly
conservative for hybrid FRP/concrete U-girders with a cast-in-place RC deck, end
diaphragms, and cast-in-place concrete barriers. Furthermore, this type of modeling also
violates the “all girders deform equally” principle outlined in AASHTO LRFD-7 S2.5.2.6.2. If
finite element models are used to evaluate deflection criteria, should the loads be applied
such that the resulting deformations are uniform for all bridge girders?

13.1.2 LS-3: Fatigue and Creep Rupture

In the current study, the tensile stress limit for GFRP in an extreme environment was limited to
10% of the manufacturer’s specified tensile strength. This may be overly conservative. While marine
environments in Florida are certainly extreme from the perspective of corrosion damage in reinforcing
steel, the harsh chemical environments that GFRP materials are subjected to in the chemical
processing industry are far more demanding. For example, GFRP tanks (with an appropriate resin-rich
liner) are commonly used to store sodium hydroxide (pH=13). The study by AIT suggests that an
environmental knockdown factor of 0.7 through 0.98 is appropriate for a 100-year service life in
Florida environments. The value used in the current study was 0.5. Unfortunately, none of the
literature cited in the AIT study appears to have investigated the synergistic effects of load,
temperature, and alkalinity on the creep rupture process for GFRP. It is also unclear how this
combined degradation mechanism will affect GFRP laminates with thicknesses on the order of 0.75 to
1.5in.

Another potential modification to this limit state would be the decoupling of fatigue and creep
rupture. It is not clear that these mechanisms are interdependent for the load durations associated
with vehicle live load reversals. This is further complicated by the fact that creep rupture behavior is
based on extrapolated test data obtained from relatively short duration experiments.

13.1.3 LS-4a: Strength — Flexure

The flexural strength limit state was never a controlling factor for the span lengths investigated in
the current study. Nonetheless, this was all based on the assumption of perfect composite action with
the reinforced concrete deck. Previous work by others that included full-scale load testing of FRP U-
girders concluded that an adequate shear connection can be established using metal shear
connectors. Due to the high cost of stainless steel and the ultimate susceptibility to corrosion of these
metal connectors, the conceptual design for the proposed hybrid FRP/concrete U-girder involves
grouted GFRP bars that pass through holes in the U-girder. These holes are drilled through a flange
that protrudes several inches vertically into the cast-in-place deck. It is also recommended that
concrete should be cast throughout the depth of the U-girder. With appropriate surface treatment of
the girder’s interior surface, it should be possible to provide a strong mechanical interlock between
the FRP and the cast-in-place concrete. Some degree of experimental testing will be needed to
validate this proposed shear transfer mechanism.
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Another outstanding issue relates to the computation of the strength reduction factor, ®, when
evaluating the flexural strength of hybrid FRP/concrete girders. The relationships provided in LRFD-
FRP for CFFT bridge girders are based on a “balanced” reinforcement ratio, py, that results in
simultaneous concrete crushing and FRP rupture. For traditional reinforced concrete sections, limits
on the reinforcement ratio serve to ensure that if the flexural capacity of a member is ever exceeded,
the failure will be ductile. For the case of CFFTs, preference (i.e. a higher ®—factor) is given to over-
reinforced sections that will result in concrete crushing before the FRP ruptures. When sections
include the cast-in-place RC deck as part of the compression flange, the amount of FRP needed to
ensure a balanced failure mode will be high. In the current study, the FRP was assumed to have
“ruptured” when the maximum tensile stress in the cross-section reaches the design tensile strength
of the FRP. This design tensile strength is determined by multiplying the manufacturer’s specified
tensile strength by the appropriate environmental knockdown factor, Ce. For GFRP in an aggressive
environment, the Cg value is 0.5. For the purposes of determining whether or not a section is
“balanced”, it might be more appropriate to assume that the entire manufacturer’s specified tensile
strength is available.

13.1.4 LS-4b Strength: — Shear

There is significant divergence between proposed models for determining the shear strength
contribution of FRP tubes. We were not able to locate any proposed models for evaluating the shear
strength of a hybrid FRP/concrete U-girder. The model proposed in the current study is based on the
ultimate shear strength of the GFRP laminate. How this GFRP laminate strength might combine with
the shear strength contribution of concrete at the strength limit state is not well defined. Additional
experimental testing to validate the proposed model is warranted.

13.2 Advancing Design Practice

The preliminary design work completed in this study establishes a basic framework for the analysis
and design of hybrid FRP/concrete U-girders. Different laminate architectures were evaluated over
the range of desired span lengths, but further optimization could be achieved by tailoring the laminate
architectures over specific regions of the girder. For example, regions of high shear near the supports
could contain layers of +/- 45 degree fibers while the tension flange consists of additional
unidirectional fibers oriented in the primary direction of the girder. Adding additional unidirectional
layers in the tension flange was shown to result in a reduction in total FRP weight for spans longer
than 50 ft. For shorter span lengths, where shear strength is a controlling limit state, a decision was
made to rely on conservative shear strength values for 0-90 biaxial laminates. Additional research is
needed to establish a reliable method for detailing the laminate architecture in high shear regions.
Further research into appropriate detailing for transition regions would also help to ensure that the
GFRP material is being utilized efficiently throughout the bridge girder.

To make the design process more accessible to current bridge designers, it might be beneficial to
establish pre-defined laminate architectures for use in specific regions of a bridge girder. As long as
the percentage of fibers specified in each direction is held constant, the strength and stiffness
properties for the laminate would be known. The overall girder dimensions (i.e. width, depth, web
thickness, and flange thickness) would still be variable and could be tailored for a particular design
scenario. A library of standard laminate architectures that have been validated through laboratory
testing would work to keep the number of unknowns to a manageable level for the designers and also
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provide DOTs with confidence that a specified laminate architecture will meet some minimum
performance standard. One practical approach for establishing this laminate architecture database
and identifying specific regions of a girder where each laminate type is applicable would be to
complete a detailed design and optimization study for a fixed-length bridge.

Finally, additional research is needed to develop laminate architectures that provide some
indication that a certain load threshold has been exceeded. The general concept involves strategic
placement of unidirectional carbon fiber tows in the tension flange and webs of high shear regions.
These high stiffness fibers would rupture first in the case of overloading and provide a visual cue that
the girder may have been damaged. Other ideas include the strategic placement of 90-degree lamina
in regions experiencing high tension. These off-axis can be designed to fail and delaminate at a
specified load threshold. This layer could be located close to the surface such that the resulting
delamination could be detected with acoustic sounding methods (e.g. coin tap), infrared
thermography, or acoustic emissions during load testing.
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Appendix A — Optimization Curves for AASHTO Distribution Factor Method

The graphs provided in this appendix summarize two basic results that were determined using the
AASHTO distribution factor method for FRP U-Girders and concrete-filled FRP tubes (CFFTs):

1.

Total girder cost vs. girder depth for span lengths = 30 ft, 40 ft, 50 ft, 60 ft, and 75 ft. These
are referred to as “cost optimization curves”. For the FRP U-girders, two graphs are
provided for each span length. The first graph is based on the LS-2a displacement criteria
and the second graph is based on the LS-2c displacement criteria. For LS-2a, the concrete
below the slab does not contribute to the overall flexural stiffness of the bridge. For LS-2c,
100% of the concrete below the slab is assumed to contribute to the overall flexural
stiffness. For the CFFTs, only results for LS-2c are provided. For both of these cases, the
stiffness contribution of the cast-in-place barriers are ignored. Finally, each graph contains
the curve for a six-girder bridge (N, = 6) and an eight-girder bridge (N, = 8). These results
are summarized in Figure A-1 through Figure A-5 for the FRP U-girders and Figure A-16
through Figure A-20 for the CFFTs.

Minimum required FRP thickness vs. girder depth for each limit state (also for span lengths
=30 ft, 40 ft, 50 ft, 60 ft, and 75 ft). These are referred to as “required thickness curves”.
For the FRP U-girders, a total of four graphs are provided for each span length. Results
based on LS-2a (0% concrete stiffness below slab) are provided in Figure A-6 through Figure
A-10. Results based on LS-2c (100% concrete stiffness below slab) are provided in Figure A-
11 through Figure A-15. Two graphs are provided for each span length (one for Ny, = 6 and
one for Ny = 8) and each graph contains a required thickness curve corresponding to each of
the following five limit states:

i. LS-1: Concrete compressive stresses
ii. LS-2: Displacements
a. LS-2a=0% concrete stiffness below the slab
b. LS-2c =100% concrete stiffness below the slab
iii. LS-3: Fatigue and creep rupture
iv. LS-4a: Strength in flexure
v. LS-4b: Strength in shear

For the CFFTs, only two graphs are provided for each span length (one for Ny, = 6 and one for
Np = 8). These graphs are provided in Figure A-21 through Figure A-25. All results for the
CFFTs assume a 100% stiffness contribution for the concrete below the slab.

A reference guide that summarizes the location for each result is provided in Table A- 1.
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Table A- 1. Quick reference guide for AASHTO distribution factor optimization and required thickness

curves

Span length | Girder Displacement limit

(ft) type Result type state criteria Figure ID
30 U Optimization curve 2a & 2c Figure A-1
40 U Optimization curve 2a & 2c Figure A-2
50 U Optimization curve 2a & 2c Figure A-3
60 U Optimization curve 2a & 2c Figure A-4
75 U Optimization curve 2a & 2c Figure A-5
30 U Required thickness 2a Figure A-6
40 U Required thickness 2a Figure A-7
50 U Required thickness 2a Figure A-8
60 U Required thickness 2a Figure A-9
75 U Required thickness 2a Figure A-10
30 U Required thickness 2c Figure A-11
40 U Required thickness 2c Figure A-12
50 U Required thickness 2c Figure A-13
60 U Required thickness 2c Figure A-14
75 U Required thickness 2c Figure A-15
30 CFFT | Optimization curve 2c Figure A-16
40 CFFT | Optimization curve 2c Figure A-17
50 CFFT | Optimization curve 2c Figure A-18
60 CFFT | Optimization curve 2c Figure A-19
75 CFFT | Optimization curve 2c Figure A-20
30 CFFT | Required thickness 2c Figure A-21
40 CFFT | Required thickness 2c Figure A-22
50 CFFT | Required thickness 2c Figure A-23
60 CFFT | Required thickness 2c Figure A-24
75 CFFT | Required thickness 2c Figure A-25
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Cost vs. Girder Depth, Span = 30 ft, LS-2a

10 10%

Total girder cost ($)
-

5k
4 i i i i i 1 Il J
10 15 20 25 30 a5 40 45 50
Girder depth (in)
<104 Cost vs. Girder Depth, Span = 30 ft, LS-2¢
10
NI’:E
N =8
L]
9k

Total girder cost ($)
-

10 15 20 25 30 35 40 45 50
Girder depth (in)

Figure A-1. FRP U-girder cost optimization curves for span length = 30 ft (return to Table A- 1)
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Cost vs. Girder Depth, Span = 40 ft, LS-2a
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Figure A-2. FRP U-girder cost optimization curves for span length = 40 ft (return to Table A- 1)
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Figure A-3. FRP U-girder cost optimization curves for span length = 50 ft (return to Table A- 1)
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Figure A-5. FRP U-girder cost optimization curves for span length = 75 ft (return to Table A- 1)
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Figure A-6. FRP U-girder required thickness curves for span length = 30 ft, LS-2a (return to Table A- 1)
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Figure A-7. FRP U-girder required thickness curves for span length = 40 ft, LS-2a (return to Table A- 1)
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Figure A-8. FRP U-girder required thickness curves for span length = 50 ft, LS-2a (return to Table A- 1)
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Figure A-9. FRP U-girder required thickness curves for span length = 60 ft, LS-2a (return to Table A- 1)
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Figure A-10. FRP U-girder required thickness curves for span length = 75 ft, LS-2a (return to Table A- 1)
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Figure A-11. FRP U-girder required thickness curves for span length = 30 ft, LS-2c (return to Table A- 1)
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Figure A-12. FRP U-girder required thickness curves for span length = 40 ft, LS-2c (return to Table A- 1)
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Figure A-13. FRP U-girder required thickness curves for span length = 50 ft, LS-2 (return to Table A- 1)
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Figure A-14. FRP U-girder required thickness curves for span length = 60 ft, LS-2c (return to Table A- 1)
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Figure A-15. FRP U-girder required thickness curves for span length = 75 ft, LS-2c (return to Table A- 1)
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Figure A-16. CFFT cost optimization curves for span length = 30 ft (return to Table A- 1)

Total girder cost ($)

%105 Cost vs. Tube Dia., Span = 40 ft, LS-2¢
e
Nb=6
Nb=8
25}
2k
15}
1L
ﬂ_ﬁ i A 1 i 'l i J

10 15 20 25 30 35 40 45 50 55 60
Girder diameter (in)

Figure A-17. CFFT cost optimization curves for span length = 40 ft (return to Table A- 1)
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Figure A-18. CFFT cost optimization curves for span length = 50 ft (return to Table A- 1)
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Figure A-19. CFFT cost optimization curves for span length = 60 ft (return to Table A- 1)
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Figure A-20. CFFT cost optimization curves for span length = 75 ft (return to Table A- 1)
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Figure A-21. CFFT required thickness curves for span length = 30 ft, LS-2c
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Figure A-22. CFFT required thickness curves for span length = 40 ft, LS-2c
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Figure A-23. CFFT required thickness curves for span length = 50 ft, LS-2c
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Figure A-24. CFFT required thickness curves for span length = 60 ft, LS-2c
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Figure A-25. CFFT required thickness curves for span length = 75 ft, LS-2c

233



Appendix B

Bridge Girder Alternatives for Extremely Aggressive Environments (BDV22-977-01)

Hand Calculations for 50' Span Length

Objective: The purpose of these hand calculations is to validate the results generated by the software
"FRP_BGAT" that was developed for the present study. This software determines the required FRP
thickness to satisfy the four limit states over a range of girder depths. The resulting total girder cost for
the bridge is determined assuming a material cost for FRP of $5.25 per pound and cast-in-place concrete
cost to fill the U-girders of $0.21 per pound. The resulting series of cost curves can be used to
determine the girder depth corresponding to the least cost. Once the girder depth is known, the
required FRP thickness can be determined.

Summary of Results from FRP_BGAT described in Section 9.1.3.3 for 50' span
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These results were obtained for a bridge with six girders (Nb = 6) and 100% of the girder
was filled with concrete. For deflection calculations, the concrete inside the U-girder
contributed to the overall stiffness and the cast-in-place barriers were not included in the
stiffness of the bridge (LS-2c in Table 25 in Section 8.1.2).

The minimum girder cost is obtained at a girder depth of 22". The corresponding FRP
thickness required to satisfy all limit states at this girder depth is 1.075".

The MathCAD worksheet contained in this appendix requires that the overall
bridge geometry, girder dimensions, and material properties are fully specified.
The input values used in the worksheet are described in Section 9.1 of the
report.
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Basic Bridge Geometry

(Inputs)
L:=50 ft Bridge span length [+ 4160° | —sEEDETAL ©
e A
Wigne:i=12 ft Lane width | L I/.‘
Nignei=2 Number of lanes Roadway/deck cross-section S _ﬁ b—s0
i I
W ahoutderi=4 ft Shoulder width | e
|
-
Nouder:=2  Number of shoulders %0
o f— 15
Wparrier =16 in Traffic barrier width at base
L]

Q

Nygrrieri=2  Number of barriers T
Type "F" traffic barrier/railing

Basic Bridge Geometry

(Calculated)
W=Wine * Nigne + Wahoutder * Nshoutder = 32 ft Clear distance between barriers
Waab =W+ W rrier * Nparrier = 34.667 ft Total slab width

Bridge Cross-section
(Inputs)

N,:=6 Number of Girders 0 0 0 0 O O
t,:=8 in  Reinforced concrete slab thickness

Girder Cross-section
(Inputs)

| s

Ry =22 in Height of web beneath slab '~ ;r

W
Ratloweb_height_to _flange_width =1.5

tra,=1.08 in  FRP flange thickness

Ratio 1.0

web_thickness_to_flange_thickness = b,

Ratlodepth_of_concrete_below_slab_to_web_height :=1.0
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Girder Cross-section
(Calculated)

h

web

=14.667 in Width of flange

b flan =
lan .
lzatzoweb_height_to flange_width

tweb = tflan * Ratioweb_thick:ness_to_flange_thick:ness =1.08 in FRP Web thiCkneSS

Depth of concrete below
slab

h‘con =Nyyep Ra’tzodepth_o f_concrete_below_slab_to_web_height =221

beon = bian— 2+ Ly, =12.507 in Width of concrete below slab
Girder Spacing
W— bflan
Si=———— =6.156 ft
N,—1

Material Properties

(Inputs)
Concrete:
f'.:=5500 psi Concrete Compressive Strength

Yeon =150 pcf
£,,:=0.003 22
m

FRP:
f/fu_flan :=73.8 ksi

Ef14n=3.9-10° ksi
I pu_wep=T3.8 ksi
E,.,:=3.9.10° ksi
Virp:=118 pcf

=10 ksi

Unit weight of concrete

Ultimate compressive strain of concrete

Manufacturer's specified FRP tensile strength (flange)
Manufacturer's specified FRP tensile modulus (flange)
Manufacturer's specified FRP tensile strength (web)
Manufacturer's specified FRP tensile modulus (web)
Unit weight of FRP

Manufacturer's specified FRP shear strength

Material knock-down factors
Cg:=0.5 Environmental knock-down factor (0.5 for GFRP in aggressive environment)

0.2 Strength reduction for fatigue and creep rupture

C fatigue_rupture =
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Material Properties

(Calculated)
E,,,:=1820- If; -ksi=(4.268-10%) ksi  Modulus of elasticity of concrete
fr=0.2 ":;CZ «ksi=0.469 ksi Modulus of rupture of concrete
Fru_fian=Cg*f'fu_fian=36.9 ksi Design tensile strength of FRP (flange)
Fruweb =Cr*ffu_wer=36.9 kst Design tensile strength of FRP (web)
T4 =Cp+T'p, =5 ksi Design shear strength of FRP

Loading Parameters

Dead Loads:
Wy =15 psf Allowance for future wearing surface
Wygrrier :=0.432 klf Uniform distributed load for single barrier

Live Loads:
Wiyne :=0.64 KIf
[ 8 kip

Ptruck:: 32 k’Lp
| 32 kip

Axle loads for HL-93 design truck

[14 ft

St ruck = 14 f t] Axle spacing for LS-1, LS-2, and LS-4

14 ft

Struck._fatigue = [30 ft] Axle spacing for LS-3 (fatigue and creep rupture)

25 kip ] Axle loads for design tandem

Ptandem = [25 k'Lp

Siandem =4 ft Axle spacing for design tandem
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Structural Analysis
Interior Girder using AASHTO Distribution Factors

Distribution Factor Calculations: General process is to transform girder below slab into equivalent
concrete cross-section and then compute moment of inertia of girder around its own centroid.

web

Nyeh = =0.914  Modulus ratio for FRP in web to concrete
ECOTL
Eflan . .
Mfian ::E—:O.914 Modulus ratio for FRP in flange to concrete
con

Transformed Section Dimensions

tuweb tr = tuweb * Thwep = 0.987 n Girder dimensions below slab —

transformed to concrete

| Pen |

J— y= 0
twe b_tr

bflan_tr = bflan * nflan =13.401 in

Build arrays with "b" and "h" for:

1. Concrete below slab

2. FRP webs
3. FRP flange
hCOTL
beon 12.507 heon | |22 9
bi=| 2ty 4 |=| 1.974] in hi=|hy,|=[22 |in h 11
biran o | | 13-401 than | L 1.08 Yiar = ;e” =|11 |in
22.54
h o+ tfl(m
Locate centroid of transformed section
3
.Z bi ) hi ) yb‘”i
Y pari= = - =11.502 in Distance to centroid of transformed girder
b -h measured from the bottom of the slab.
im1 % %

Note: array origin ==

Determine moment of inertia of transformed section
about its own centroid

3 bi'hf

2
Igirder = Z 12 + bz ° h’z ° (ybari - Ybar) =14694 in’
=1
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Determine Kg
n:=1 (already transformed girder to concrete)

3
A:=>b-h =333.04 in”>  Area of girder below slab

i=1 "

t
e, ::ES+Y,W: 15.502 #n Distance between centroid of slab and centroid of girder

K =n-(I

g girder

+A-e92> =94722 in* AASHTO distribution factors are valid for
10000 in' <K,< 7000000 in'

Compute distribution factor for bending moment:

S 0.6
rn 0.2 K 1
DF,;;:=0.075+ SVt ) o506 Two lanes loaded
9.5 L L,
12 in-——-t,
t
S 0.4
rn 0.3 K 1
DF,;;:=0.06+ L2 A I < =0.401 One lane loaded
14 L L,
12 in.—-t,
ft
DF yfon, :=max (DFyy 1, DFy 1) =0.526 Select maximum of 1-lane

and 2-lanes loaded

Compute distribution factor for shear:
S

t
DFshear_lLL :=0.36 +£_5: 0.606

s (8Y
fto| 7t
DF,,. o1 =02+ — || =0.671
hear 2LL 12 |30

DF gp,eqp=max (DF g0, 111 DF speqr or) =0.671 Select maximum of 1-lane
and 2-lanes loaded
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Uniform Distributed Loading for single girder (Dead Loads)

wDL_slab =5 ts *Yeon= 0.616 k;_f

kip
wDL_frp =2 h’web * tweb '7frp + bflan * tflan '7frp =0.052 F
kip
wDL_con_bs = h’con * <bflan -2 tweb> *Yeon= 0.287 —
2wy, ki
wDL_barrier = % =0.144 L‘f
b
. Total DL
kip

Wpr, = wDL_slab + Wpy, _frp + wDL_con_bs + wDL_barrier =1.098 n

kip
wDijS = Wf’ws «5=0.092 W

Live Loads w/ Distribution Factors

kip

Wrr_Moment *= Wiane * DFMom =0.336 _t

kip

Wrr_Shear ‘= Wiane * DFShear =0.429 _t

4.206
P ek vom=Piruck * DFyjom = 16.822 | kip
16.822

5.367
Ptruck_Shear::Ptruck:'DFShear: 21.468 kZp
21.468

13.143
Ptandem_Mom::Ptandem'DFMom: |: 13.143

P tandem_Shear =P tandem * DF Shear — [

Load Factors

16.772
16.772

] kip

] kip

surface)

These values will later be
multiplied by the appropriate
load factor for each limit
state. The results will then
serve as input for a separate
shear and moment envelope
generator.

(excluding future wearing

L5-1: Concrete Compressive Stresses

L5-2: Displacements

L5-3: Fatigue/Creep Rupture

L5-4: Strength

1%
1.3300
1.3300
1.3300
1.3300

LL-Trk/Tan LL-Lane DL
1 1 1
1 0 0
0.7500 0 1
1.7500 1.7500 1.2500

DL-FW5

1.5000
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Limit State 1 - Concrete Compressive Stresses - Need factored design moment, M,

Define Load Factors:

IM:=1.33 Impact

LL,cpic1e=1 Live load for truck/tandem
LL,,. =1 Live load for lane loading

DL:=1 Dead load

DLy,=1 Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip
wu_LSl = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas =1.527 ——

ki
w, 151=0.127 %
5.593
Pu_truck_LSl::Ptruck:_Mom'LLvehicle'IM: 22.374 knp
22.374

17.48 ] ,.
P = P . LL . . IM = k
u_tandem_LS1 tandem_Mom vehicle |: 17.48 :| ¢

Shear and Moment Envelope Results:

My, i, 151:=10953 kip-in=912.75 kip-ft M, sungem 151 := 10543 kip-in=878.583 kip- ft

U,

M _LS1:=1max <Mu_truck:_L51 3Mu_tandem_LSl> =10953 klp -in

U,

V_M_Envelopes Program Output for LS-1, Concrete Compressive Stresses
Truck Loading

4] V_M_Envelopes

Shear Envelope A“ Unlts are
Structure Properties Number of Points Desired
; . ol kips & inches
5 500 e al
Calculate
b 0 P 20t
0
Load Properties w 0127 =20
P1 -5.593 -40
X1 188
£ 22374 B
o X2 168 ! 1 1 1 X 1
22374 -200 0 200 400 600 800
Moment Envelope
Results
Max Location 18t wheel 0000 [
Shear 78.90 048 336.96
Moment 4095330 3657 wam || 2000
Min Location tstwheel | gngp |
Shear -76.31 599.52 76521
Moment 000 39521 a7 ||4000F
Disp. -401700775.] 28873 52814
2000 [
ot
-200 800




Tandem Loading

{4 V_M_Envelopes

Structure Properties
a 0 500
L 800

b 0

Number of Points Desired

20t
40
60l

Load Properties w 0127
P1 -17.48
X1 48
= 1748
1
P3 0
Results
Max Location 1st wheel
Shear 71.35 1.36 50.31
Moment 10543.48 306.28 306.29
Min Location 1st wheel
Shear 7133 598.64 587.24
Moment -0.00 640.61 54.51
Disp. 370158821 « 30070 324.48

Limit State 2 - Displacements

60 -
40
201

S All units are
kips & inches

0000 -

8000

6000 -

4000 -

2000

L L L L L
1] 100 200 300 400 500 600

Moment Envelope

Generate displacement envelope for simply supported beam with EI = 1. Truck load

includes impact and the number of trucks applied equals the number of lanes in the bridge.

Define Load Factors:

IM:=1.33
LLvehicle =
LLlane =0
DL:=0

DLy,s:=0

1

Impact

Live load for truck/tandem

Live load for lane loading

Dead load

Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip
wu_LSQ = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas = W
kip
Wy, 152=0 ——
n
Multiple Presence Factor:  m:=||if N, =1 m=1
return 1.2
elseif N;,,.=2
return 1.0

elseif N;,,.=3

return 0.85
else 14 ft=168 in
return 0.65

r T
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Pu_truck_LSQ ::Ptruck: * LLvehicle -IM ‘Nlane -m=|85.12 k'lp

Displacement envelope results:

_ —712923596 - kip-in®

A

mar =

EItotal

21.28

85.12 distribution factor

EI,,,, = total bridge flexural stiffness in kip.in’

assuming that all elements of the bridge deflect
uniformly. EI,,,, should not include cast-in-place

barriers or sidewalks-- only the bridge deck and

note: P,,,.. does notinclude

supporting girders.

V_M_Envelopes Program Output for LS-2, Displacements

Truck Loading (for deflection calculations)

Displacement Envelope

Number of Points Desired
Structure Properties umoer o Foints Lesire
a 0 500
L 600 ]
Calculate
b 0
Load Properties W 0
M -21.28
X1 168
P2 -85.12
Xz 188
P3 -85.12
Rezults
Max Location 18t wheel
Shear 15548 0.48 336,96
Moment [ 5p035 55 32677 495.01
Min Location 18t wheel
Shear 14561 599 52 765.21
Moment -0.00 913.06 365.00
Disp. ¢~ | 7129235964 | 39873 528.14

A
2+
= -3r
4+
5
B
7L 1 1 1 1 1 1
-200 0 200 400 600 800
Modulus of Elasticity 1
Moment of Inertia 1

y-axis units are kip-in® -10°
X-axis units are in

Vehicle positioning to generate maximum displacement:

'
|Clear Roadway Width = 32 it

Limit State 2:
Deflections EnoulderWidlh =41t |LaneWidth =121t
r— 192,00 —Tf 168.00 ﬂ
_—Truck Wneel Load (iyp.)
I I = 16 kip * 1.33 (IM) = 21.28 kip
i -
__—Truck Wheel Load (8 kip axle line)
=4Kp* 1.33 (IM) = 5.32 kip
i i -
1 i
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Require moment envelope for fatigue truck with 1.33 factor for impact and 0.75 factor for
fatigue and creep rupture limit state. Also includes dead load and future wearing surface.

Define Load Factors:

IM:=1.33
LLvehicle =
LLlane =0
DL:=1

0.75

Limit State 3 - Fatigue and Creep Rupture

Impact

Live load for truck/tandem

Live load for lane loading

Dead load

DLf’wS =
Factored loads (includes distribution factors for live loads):

wu_LS3 = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas

1

Dead load - future wearing surface

kip

wu_L53 = 0.099 e

S truck_fatigue — |:

168
360

m

m

Shear and Moment Envelope Results:

M

U,

a

I

b

Structure Properties

0

600
0

Number of Points Desired _

1000

P1

P2

P3

Load Properties

-4.185

-16.78

-16.78

Results

Shear

Moment

Shear
Moment

Dizp.

53.52
724815
Min
-53.04
-0.00

-255251018.5

Location
0.7%

292.54

Location

599.21

1078.27
299.17

1st wheel
529.59

459.96

1st wheel

766.63

166.22

440.07

4.195

Pu_truck_LS3 ::Ptruck:_Mom * LLvehicle -IM=|16.78
16.78

153:= 7249 kip-in=604.083 kip- ft

Shear Envelope

30

-50 b

=1.19 —
ft

note: Py...i. arom iNCludes
distribution factor

Axle spacing for LS-3 (fatigue and creep rupture)

-600

Moment Envelope
7000 |

6000 -
5000
4000 -
3000
2000

1000 -

1000

1000
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Limit State 4a - Flexural Strength

Require moment envelope for standard truck and tandem, lane loading, and dead loads.

Define Load Factors: S=173.867 in

IM:=1.33 Impact

LL,;;..:=1.75 Live load for truck/tandem
LL,,. :=1.75 Live load for lane loading
DL:=1.25 Dead load

DLy,=1.5 Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip
wu_LS4a = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas =2.1 _t

v
W, 1510=0.175 L

m 18.6-DF,,,, =9.778

9.789
Pu_truck_LS4a ::Ptruck_Mom'LLvehicle'IM: 39.154 kZp note: Ptruck_Mom and

39.154 Pndem_mom iNCludes distribution

30.5891 . factor
ki
30.589

P u_tandem_LS4a =P tandem_Mom * LLvehicle «IM = [

Shear and Moment Envelope Results:
M, ek 1.51a°= 17048.5 kip-in=1421 kip- ft
M, tandem._L51a*= 16325 kip+in=1360 kip- ft
M,

u_LS4a =Imax <Mu_truck_LS4a 7M u_tandem_LS4a> =17049 k’tp 20

V and M Envelopes for truck: V and M Envelopes for Tandem:

Shear Envelope

Shear Envelope
Structure Properties B e Deed S Number of Points Desired
. B 500 100 - a B s00 100 -
L 600 L 600 7 |
Calculate 50 i sol
b 0 b 0 _
0 0 -
Load Properties £ 175 & Load Properties w 175
50 ol
P 9789 P -30.589
x1 168 X1 48
B -39.154 -100 - F2 -30.589 -100 -
o x2 188 L L L L L X2 1 L L s ' L '
9154 200 0 200 400 600 800 B o 0 100 200 300 400 500
Moment Envelope Moment Envelope
Results
. Results
Max tocation  stwhesl | oo | Max Location  1stwheel | ool
Shear 12393 048 3369 Shear 1076 1.3 50.31
Moment 17048.48 318,57 484.81 Homent 16325.46 306.29 306.29
Min Location 1stwheel 10000 1 Min Location 1stwheel (10000 1
Shear 11940 s99.52 765.21 Shear 11071 596.64 59724
Homent -0.00 90541 20441 5000 Woment -0.00 609.83 57.31 5000
Disp. 6232416099 | 20873 528.14 Disp. -568036916.1 | 30070 32448
0 0k
-200 800 0 100 200 300 400 500



Limit State 4b - Shear Strength

Require shear envelope for standard truck and tandem, lane loading, and dead loads.

Define Load Factors:

IM:=1.33 Impact

LL,.1iq.=1.75 Live load for truck/tandem
LL,,. =1.75 Live load for lane loading
DL:=1.25 Dead load

DLyg,=1.5 Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip

wu_LS4b = wLL_Shear * LLlane + Wpr,* DL+ wDL_fws * Dwas =2.262

kip wu_L54b‘ 2 :56.562 kip
wu LS4I):O'189 e
_ n [168] :
Struck:: m
168
12.491
Pu_truck_LS4b::Ptruck:_Shear'LLvehicle'IM: 49.966 klp note: Ptruck_Shear and
49.966

Ptandem_Shear includes

39.036 distribution factor

Pu_tcmdem_LS4b ::Ptandem_Shear * LLvehicle «IM = |: 39.036 ] kZp

Shear and Moment Envelope Results:

Vu_truck:_LS4b :=147.9 klp

Vu_tandem_LS4b :=131.04 kZp

Vu_LS4b =Imax <Vu_truck_LS4b ’ Vu_tandem_LS4b> =148 k'lp

V and M Envelopes for truck: V and M Envelopes for Tandem:

Shear Envelope

: shear Envelope
I Number of Points Desired S e e
" = 500 500
100 a o 100
L 600 L 600 |
Calculate l:
b 0 50 . s 50
0§ = 0
w w
Load Properties 139 sl Load Properties. 189 s
P1 1249 Pl -30.04
X1 168 -100 28 A8 -100 +
F2 4997 P2 3804 100
X2 168 : 3 . " \ % X2 1 L L L L L L |
3 -49.97 200 0 200 200 600 800 0 0 100 200 300 400 500 600
e Moment Envelope
o Results
Results : Max Location  1st wheel
Max Location  1st wheel
Shear 13110 136 50.31
Shear 147 87 0.48 336.96 5000 [
15 Moment [ 1790 30 306.29 306.29
Woment [ 20218.10 319.12 487.36
i Min Locaon  stwhesl |
Min Location  1st wheel | e =73704 s5.64 50724
Shear 14208 599.52 785.21 1
Ioment -0.00 614.03 134.24
Woment 000 933 45 L
o Disp. | sevo0s4srs | 30070 soaa || 5000
Disp. 7374508764 | 288.73 52814 05r
04
o0& 0 100 200 300 400 500 600
-200 0 200 400 600 800




Summary of Factored Structural Demands and Limit State Criteria:

LS-1: Concrete Compressive Stresses

M, 15=10953 kip-in Criteria:
Maximum concrete compressive stress less than 45% of
M, ;5,=912.8 kip- ft concrete compressive strength
J.<0.45 f',
LS-2: Displacements
712923596 kip-in® In the section on Capacity Analysis for LS-2, the

A EI, .. for the entire bridge will be calculated. This

value will then be used to compute the maximum
displacement assuming the that all girders deflect

mar =

EItotal

uniformly.
Criteria: I
maws—
1000
LS-3: Fatigue and Creep Rupture
M, 153="7249 kip-in Criteria:

Maximum tensile stress in FRP is limited by the following:

f frp_max Sf /fu _flan * C’E * Cfatigue_rupture

where:
ftrp mae = Maximum FRP stress that develops under LS-3

loading conditions
f'tu_pian = Manufacturer's specified tensile strength

Cy = enviromental knockdown factor

Ctatigue rupture = KNoCkdown factor for fatigue and creep

rupture
LS-4a: Flexural Strength
Criteria:
M’LL_LS4CL: 17048-5 kip‘in Mu_LS4aS¢‘Mn
M, 1540=1420.708 kip- ft
LS-4b: Shear Strength
Criteria:
Vu LS4b = 147.9 k?;p Vu LS4b < &b. Vn
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Capacity Analysis

Establish function for concrete stress as a function of strain using Thorenfeldt,
Tomaszewicz, and Jensen Model. (pg. 71 of Wight text on Reinforced Concrete)

Summary of input material properties:
f,=0.469 ksi  Max tensile stress

f.=5.5 kst Max compressive stress

€+ =0.003 Max compressive strain of concrete

E,,, =4268 ksi Modulus of elasticity of concrete in linear region

Other factors needed to develop function:

Eult_tension ::__fT: —1.099-107* Ultimate tensile strain
Econ
fe _
cf=0.84+——=3 Curve fitting factor
2.5-ksi

01 Te ( of ):0.002 compressive strain corresponding to
Ecpn \cf-1 maximum tensile stress

Define concrete stress, f. , as a function of concrete strain, e,

fe(€e) =1f €.<Eut_tension Concrete cracked
return 0-ksi

elseif £,<0

Concrete in tension
returne, - E,,,
elseif e.<¢, Concrete in compression with ,<e,
k—1
€
cf —
/ 80
return f’, - p
e\
cf—1+|—
EO

elseif €. <€y Concrete in compression with €.<e,;,

k:<—max(1,0.67+ fe )
9.kst

max|1,0.67+ fc, =1.281
. 9.ksi
cf-
80
return f’, . p
e\
cf—1+|—
EO
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Plot of stress vs. strain for concrete

5.4
4.8
4.2
3.6

2.4

Te(ec) (ksi) "

1.2

0.6

v

o
—0.0004 0 0.0004 0.0007 0.0011 0.0014 0.0018 0.0021 0.0025 0.0028 0.0032
-0.6
m
56 .
m

Two methods for computing the moment capacity for LS-1 will be investigated:

LS-1: Concrete Compressive Stress

Method 1: Moment-curvature analysis that incorporates non-linear stress-vs-strain
relationship for concrete.

Method 2: Simplified cracked-section analysis that assumes linear stress-vs-strain
relationship for concrete and transformed width properties for FRP.

Method 1 - Moment-curvature analysis

1. Find concrete strain corresponding to 0.45- f",

€ :=0.45-¢, initial guess required by solver

c_mazx"

5

fc <Ec_maa:> =0.45 f,c

€ ==find (€, nq) € =5.88.10"" max concrete strain

c_mazx" c_mazx

SolverConstraints Guess Values
——

-

Fe(€e maz) =2-475 ksi

0.45 f,=2.475 ksi
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2. Establish strain profile as a function of known strain and depth to NA

Eknown

€ <€k:nown » Yknown » YNA > y> =lme— y y
known — INA

I return m- <y - yNA>

ffrp_flan <Efrp> = Eflan ° Efrp
ffrp_web <€frp> = Eweb ° Efrp

For Limit State 1, €4,0un =€c mas

where
€. mae 1S the strain in concrete corresponding to 0.45 f’. (determined in Step 1)
Yinown = 0 bDecause this strain occurs at the top of the slab

2. Determine the depth of the neutral axis through force equilibrium. The stress profile is integrated
over the depth of the section. The neutral axis occurs where the sum of the forces is equal to zero.
The "solve block" feature in MathCAD is used to determine the depth of the neutral axis.

" _ Yna=4in
i Ff’w =1 k?;p
§ Fcbs =1 k’tp
©l F=1 kip
| ts + hweb + tflan
Fyp= J Ftepfian (€ (Ec.maz»0>Yna»Y)) * (Dpian) Ay F; = force in FRP flange
to+ ey
to+ Ryep
Ffw = Jffrp_web <E <€c_mam ’ 0 yYNA > y)) * (2 * tweb) dy Ffw = force in FRP web
1%] ts
£ bt s
‘% F .= J fe(€(Ecmazr05Yna»Y)) s (Prian—2tuwes) dy  Fo, = force in concrete below slab
O t,
tS
F,= ch (€ (€c.maz»0,Yna»Y)) + (S) dy F, = force in slab
0in
Fi+Fpy+Fop+Fy=0 The sum of the forces = 0 when the correct depth
1 to the neutral axis has been identified.
Yna
. Fiy
2 Fpp |=find (Yna, Frp, Fpys Fops s Fs) "find" is MathCAD's solve function that determines the
v F.. depth to the neutral axis numerically.
L FS
250

r_. 1 r N Ao 4 L2 1



[ynal [ 0.434 ft

Fyy —1.765-10" Ibf
Fy, |=| —2.883- 10° Ibf Note: Compression is positive, Tension is negative
Fu.| | (4.704.107) lbf
F, | | (4.649-10%) Ibf |
Yna=5.211 in F,=464.877 kip Fy;=—176.547 kip F.=0 kip

Fy,=—288.33 kip

3. Determine the moment generated by each component using the depth to the neutral axis obtained
in Step 2.

s+ Puen + Epian
Mff:: fffrp_flan <€ <5c_maw ,0, Ynas y)) ° <bflan> ° (yNA - y> dy = <4472 ° 103> knp -in

ts + hweb

ts+ hyep
Mfw = Jffrp_web <E <Ec_maw 0, Ynas y>> ° <2 ° tweb) ° (yNA _y> dy= <4819 ° 103) kip-in

ts

ty+ Py
Mcbs = jfc <€ <5c_maw ’ 0 yUNA y>> * (bflan_ 2. tweb) * (yNA _y> dy: 0 kll’p -in

ts

ts
M,:= j Fo (€ (6c_mazs 05 Unas¥)) + (S) - (Yna—y) dy=(1.676-10%) kip-in

0in

4, Determine the total moment capacity of the cross-section for Limit State 1 by summing the moment
contributions from each component

M, pg1:=Mp+Mj,+Mg,+M,=(1.097-10") kip-in

n

5. Compare the moment capacity with the factored demand for the current limit state

M, 15 =(1.095-10") kip-in

U,

M, 1s1=2M, 151=1 "ok"

n
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Method 2 - Simplified cracked-section analysis

Step 1: Determine transformed section properties

Modulus ratio for FRP in

web to concrete

web
n

web *
con

Modulus ratio for FRP in Y

=0.914 | \ s

flange to concrete

Eflan et

nflan =
con

=0.914

Transformed Section Dimensions:

t

web_tr = tweb * Mpeb

=0.987 in

bflan_tr = bflan * nflan =13.401 in

Step 2: Determine location of neutral axis

weh

“.Cracked

" Cracked
concrete

concrete

First moment of area for regions above the Neutral Axis must equal first moment of area for
regions below the Neutral Axis. Use solve block to solve for yy,:

Solver Constr&ntss Values

Yna=4in

YUna

Seyna-

t
fl
= bflan_tr * tflan * ((ts + h’web + ;n) —Yna

initial guess value required by solver

+ 2. tweb_tr * h’web *

Yna=find <yNA>

web

o

Yna=5.125

in Distance to neutral axis for cracked concrete section measured from the top
of slab. Note this value must be less than the slab thickness in order for the

constraint equation defined above to be valid.

Yna er tri=Yna  Use this value below for LS-3.

Step 3: Determine moment of inertia of cracked/transformed section about the neutral axis

S b1 = width of concrete slab
b:=|2-t
. web_tr b = transformed width of FRP web
flan_tr

b3 = transformed width of FRP flange
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Yna h1 = height of concrete slab in compression

h:=
web h_= height of FRP web
tflan 2
h3 = height of FRP flange
Yna . . . .
> d1 = distance from NA to centroid of concrete slab in compression
web) d = distance from NA to centroid of FRP webs
ts+ 9 —Yna 2
. cl3 = distance from NA to centroid FRP flange
ts + hweb + f;m) —Yna

3 b.‘h.3
Ioy=3 T +(b,-h,)-d? =(2.277-10") in*
i:l K K 3

1

cr_tr

= cracked/transformed moment of inertia
Step 4: Determine moment that results in concrete compressive stress equal to 0.45 f,

Basic relationship for normal stress due to bending:

— M-y or M= o1
I Yy
0.45 ' o1
M, 151 simplified Z%: (1.0997-10") kip-in
NA

This result is almost identical to the value obtained using the complete moment-curvature
formulation. This makes sense because the stress-vs-strain curve for concrete is effectively
linear up to the value of f.=0.45 f..
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LS-2: Displacements

For L=50 ft, the displacement envelope for N,,,.=2 results in the following
relationship for A,

—712923596 - kip-in®
EItotal

A

mar =

To determine the maximum displacment due to live loading, assuming that all elements
deflect equally, the total flexural stiffness of the bridge, EI,,,,, is needed. Moment of

intertia calculations do not include the cast-in-place concrete barriers. The modulus of
elasticity used in these calculations will be the modulus of concrete. Therefore, the FRP
material needs to be transformed to concrete.

web

Nyeh = =0.914  Modulus ratio for FRP in web to concrete
ECOTL
Eﬂan . .
Nan=——=0.914  Modulus ratio for FRP in flange to concrete
E

con

Transformed Section Dimensions:

tuwed.tr = tuwed * Twep = 0-987 iny
Y1an_tr*=Djian * Nfian = 13.401 in

Width of concrete in compression zone:
b= bpign —2 * Lypep=12.507 in

Define vectors for each component in bridge: Array indices:

S"‘b 416 1. Concrete deck
75.04 2. Concrete below slab
TN b 2 tweb tr 11.842 3. FRP webs (transformed to concrete)
Ny bgian o 80.407 4. FRP bottom flanges (transformed to
concrete)
t, ]
h 22 :
hi= con | __
hyow| 22 | L
tfran 1.08 2h
Location of centroid with t+— 4
respect to top of slab: Yoar = 2 —|19 in
Royen 19
ts+ 30.54
t +hweb+ flan
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Locate centroid of transformed section

4
Z bi ) hi " Ybar,
Ybar::m4—:9.816 in Distance to centroid of transformed girder measured
Sb -k from the top of the slab. Note: array origin ==
i—1 i1

Determine moment of inertia of transformed section
about its own centroid

4 b.‘h.3
Ibm'dge = Z

i=1

2

+b+h- (ybar,—me) =405938 in*

Multiply by modulus of concrete to obtain the flexural stiffness of the bridge:

Bl = E o Iypigge = (1.733+10°) kip +in’

Determine the maximum deflection using results from displacement
envelope generated for FI,,,,,=1:

712923596 - kip - in® .
Amaw:: p-in =0.411 =n
EItotal
L .
Amaw_LS2::W:0'6 m
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LS-3: Fatigue and Creep Rupture

Similar to the calculations provided for LS-1, two methods for evaluating LS-3 will be explored:

Method 1 - Moment-curvature analysis

1. Find FRP strain corresponding to stress at fatigue and creep rupture limit.

f/fu_flan: 73.8 kst
f fer_limit ‘= _f ,fu _flan * C’E * Cfatigue_rupture =—7.38 kst

2. Determine the depth of the neutral axis through force equilibrium. The stress profile is integrated
over the depth of the section. The neutral axis occurs where the sum of the forces is equal to zero.
The "solve block" feature in MathCAD is used to determine the depth of the neutral axis.

o f f_er_limit _
€ frp_mazx*—

=—-0.002
Eflan

For Limit State 3, €40un =€ frp max

where

€ frp_max

Ysknown = s Puen + Liian, DECAUSE this strain occurs at the bottom of the flange

Guess Values

Constraints

Solver

Yna=4in
Ff’w =1 k?;p
Fcbs =1 k"'p
F.:=1 kip

ts + hweb + tflan

Fff = Jffrp_flan <€ <Efrp_ma;v ’ ts + h’web + tflan yYNA > y>> * <bflan> dy
ts + hweb
ts + h’web

Fru= [ S e (€ (i et Bt by s 9)) - 2+ )
ts
ts+ hyep

Fcbs = ch <€ <€frp_ma;v ’ ts + h’web + tflan »YNA > y>> : <bflan -2 tweb) dy
t
tS
Fs = ch <€ <Efrp_ma;v ’ ts+ h’web + tflan »YNA y>> : (S) dy
0in

Fff+Ffw+FCbS+FS=O

Ffw ::find<yNA7Fff>Ffw7Fcbs’Fs>

is the strain in FRP corresponding to stress at fatigue and creep rupture limit (determined in Step 1)
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[ynva|l [ 0.442 ft

5
Fip| | —1.144.10" Ibf
Fp, |=| —1.863-10° Ibf
F,.| |—3.565.107 Ibf
F, | | (3.008-10%) Ibf |
Yna="5.309 in

3. Determine the moment generated by each component using the depth to the neutral axis obtained
in Step 2.

s+ s + Eian
Mff:: fffrp_flan <€ <€frp_maa: ’ ts+ h’web+ tflan »YNA y)) ° <bflan> ° <yNA - y) dy = <2888 ° 103> k’Lp -in

ts + hwub

ts+ hyep
Mfw = Jffrp_web <E <Efrp_maw b+ h’web+ tflan » YNA > y)) ° (2 ° tweb) ° (yNA - y) dy= <31 ° 103> k’Lp -in

ts

ts + h’web

Mcbs = jfc <€ <€frp_maw ’ ts + h’web + tflan yYNA > y>> * <bflan -2 tweb) * (yNA - y) dy =0 k’bp -in

ts

ts
M,:= J Fo (€ (€pnp maa ts Puses+ Epian s Yna s ¥)) + () (Yna—y) dy = (1.174-10%) kip-in

0in

4, Determine the total moment capacity of the cross-section for Limit State 1 by summing the moment
contributions from each component

M, pg3:=Mp+Mj,+Mgy,+M,=(7.162-10%) kip-in

n

5. Compare the moment capacity with the factored demand for the current limit state

u.

M, 1;=(7.249.10°) kip-in

Discussion: The moment capacity, M,, ;¢; , iS 1.2% less than the factored demand for LS-3. This

is due to the fact that the moment-curvature routine used to determine the required thickness of
1.08 in for LS-3 assumes that the stress at the centroid of the FRP flange equals the stress at the
fatigue and creep rupture limit. The value computed in the hand calculations above assumes that
LS-3 is reached when the stress at the bottom of the FRP flange equals the stress at the fatigue
and creep rupture limit. If the hand calculations are modified such that the FRP stress is evaluated
at the centroid of the flange, the resulting M,, ; 4, is 7.315-10° kip-in, which exceeds the

required moment demand of 7.249-10° kip-in. 257



Method 2 - Simplified cracked-section analysis

The transformed section properties determined for LS-1 are applicable to LS-3 as long as the
concrete has cracked and the stress-vs-strain response of the concrete is still approximately
linear.

YNA cr tr= 5.125 in

I, ,=(2.277-10") in’

cr_tr—

The equivalent stress in the transformed FRP flange is:

ffrp_tr::M:&()W ksi negative sign has been neglected

nflan

The moment required to generate this level of stress at the bottom of the FRP flange is:

M f frp_tr® I cr_tr

3 . .
_LS3_simplified_1°= = <7.087~10 > kip-in
" e <ts + hweb + tflan> —YNA_cr_tr

The moment required to generate this level of stress at the centroid of the FRP flange is:

oI
M, 153 simplified 2= ffrp_ttr it = <7-238 : 103> kip-in
fl
(ts + hweb + 2‘1” ) - yNA_cr_tr

Discussion: Both values for the moment capacity at Limit State 3 that were computed using
the simplified method of cracked/transformed sections are in reasonable agreement with the
result obtained from a complete moment-curvature analysis.
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LS-4a: Flexural Strength

There is no appropriate/simplified closed-form solution for determining the flexural capacity at
the strength limit state. The moment-curvature approach adopted below assumes that the
section's capacity is reached when the stress in the FRP flange reaches the design tensile
strength. This needs to be verified for each cross-section.

1. Find FRP strain corresponding to design tensile strength
f/fu_flan:73'8 ks

ff_strength_limit = _f/fu_flan ° C’E =—36.9 kst

Epr_mam — f f_st?gth_limit —_0.009
flan
2. Find depth to the neutral axis. Assume maximum strain in FRP is achieved at

the bottom of the FRP flange.

ol Ynai= 4 in
(_Z; Fff:: 1 k'lp
; Fy,:=1 kip
s Fcbs =1 kll’p
Ol Fy=1 kip
| ts + hweb + tflan
Fff = JffTPJlan <€ <Efrp_ma;v ’ ts + h’web + tfla" 1Ynas y>> ' <bﬂa”> dy
to+ hweb
ts+ h’web
Ffw = Jfpr_web <E <€f7"p_ma;v stet Pyep+ tfla,n »Ynas y>> ’ <2 ’ tweb> dy
1%] ts
% ts+ hweb
% Fcbs = ch <€ <€frp_ma;v ’ ts + h’web + tflan »YNA > y>> : <bflan -2 tweb) dy
o £,
tS
Fs = ch <€ <Efrp_ma;v ’ ts + h’web + tflan »YNA > y>> * (S) dy
0in
Fff+Ffw+Fcbs+Fs =0
Yna
| e
% Ffw :Iflnd<yNA,Fff>FfwaFcbs’Fs>
%)
Fcbs
Fs
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[ynval [ 0.467 ft

Fyy —5.721-10 Ibf
Fp, |=| —9.222-10° Ibf Yna=5.599 in
Fa.| |(1.116-107) Ibf

| (1.494-10°) Ibf |
Determine if concrete crushes in compression:
€ (€ rp_mazs ts T Pruwet + tpian s Yna » 0) = 0.002 strain in concrete at top of slab (y = 0)

€ frp max = Maximum strain in FRP corresponding to design tensile strength of FRP
ts+ Ryep +tp,, = Distance from top of slab to extreme FRP fiber in flange

yna = depth to neutral axis from the top of the slab

0 = location on cross section where strain is desired

Result:

Strain in concrete is less than .003 when FRP reaches design tensile strength, therefore
FRP fails before concrete crushes. This is a tension controlled section. The strength
reduction factor, &, is given as follows:

$:=0.55
3. Compute factored moment capacity at strength limit state:

ts + h’web + tfl(m

Mff:: fffrp_flan <€ <€frp_maa: ’ ts+ h’web+ tflan »YNA y)) ° <bflan> ° <yNA - y) dy = <1427 ° 104> k’Lp -in

ts + hwub

ts + hweb

Mfw:: Jffrp_web <E <Ef7’p_maw7ts+ hweb+tflan »YNA > y)) ° (2 ° tweb) ° (yNA_y> dy= <1513 ° 104> k’tp -in

ts

ts + h’web

cbs*= ffc <€ <€frp_maw ’ ts + h’web + tflan »YNA> y>> : <bflan -2 tweb) ° (yNA - y) dy=0 k’bp -in

ts

tS
M,:= ch (€ (€ frp.maz> Lo+ Puset+ Etan > Yna s ¥)) () + (yna—y) dy= (5.31610°) kip-in

0in
M, rguq'=Mp+ M, +My,+M,=(3.472.10") kip-in
@M, 151,=(1.91-10") kip-in

4. Compare factored resistance to factored demand

M., 1s4a= <1-705 . 104) kip-in DM, 151a>M, 151,=1 "OK"

u.
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LS-4b: Shear Strength

1. Determine depth to neutral axis for cracked concrete section

Yna

Concrete included in V,

Slab concrete between
girders is not included in V,

Cracked
concrete
E
M i=—r-=0.914  Modulus ratio for FRP in web to concrete
ECOTL
Eflan . .
Mg =——=0.914  Modulus ratio for FRP in flange to concrete
E

con

Transformed Section Dimensions:

t tweb‘n,web:O.987 in

web_tr =
bflan_tr = bflan * nflan =13.401 in
Width of concrete in compression zone:

boy = D ram — 2 Loy = 12.507 in

web —
First moment of area for regions above the Neutral Axis must
equal first moment of area for regions below the Neutral Axis.
Use solve block to solve for yy4:

ynai=4 tn  initial guess value required
1 by solver

tflan

YUna _y
5 INA

ts + h’web +

bw *Una-

h’web
= bflan_tr * tflan * +2-. tweb_tr * h’web ° ts + 2 —Yna

Yna=find (yna)

Solver Constraint&uess Values

Yna=10.339 in Distance to neutral axis for cracked concrete section
measured from the top of slab
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2. Determine area of concrete that participates in shear transfer

A =b,, - Yna=129.305 in’

con_V*

3. Determine shear resistance provided by concrete

/

V,:=0.158- I kst A, v=47.913 kip

ksi

4. Determine shear resistance provided by FRP

Basic relationship for shear stress in FRP webs:

- = 3 Verp
" 2 Awebs
Awebs =2 tweb * h’web =47.52 in’

Tfu = CE . T,fu =5 kst

C = Environmental knockdown factor
7', = Manufacturer's specified shear strength for FRP in webs
71, = Design shear strength for FRP in webs

Rearranging and solving for Vpp
2 .
VFRP::E‘ Tfu‘Awebs: 158.4 kip
4, Determine factored shear resistance
V, =V, 4+ Vppp=206.313 kip
@V:: 0-75
&y, -V, =154.735 kip

Vu LS4b— 147.9 kip

5. Compare factored resistance to factored demand

Py V2V, psp=1 "ok
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Summary of Results
Limit State 1: Concrete compressive stress

Limit State 2: Displacements

712923596 « kip - in® .
Amaw:: ,Lp m =0.411 =n
EItotal
L .
Amaw_LS2::W:O'6 mn

Limit State 3: Fatigue and creep rupture

M, ;¢3=596.8 kip- ft Note: Discussion on why factored resistance is less than

B factored demand is provided on page 24.

Limit State 4a: Flexural strength
é ‘Mn_LS4a: 1591-4 kip ‘ft

Limit State 4b: Shear strength
&y, -V, =154.735 kip

Vu LS4b — 147.9 kip
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Appendix B

Bridge Girder Alternatives for Extremely Aggressive Environments (BDV22-977-01)

Hand Calculations for 50' Span Length

Objective: The purpose of these hand calculations is to validate the results generated by the software
"FRP_BGAT" that was developed for the present study. This software determines the required FRP
thickness to satisfy the four limit states over a range of girder depths. The resulting total girder cost for
the bridge is determined assuming a material cost for FRP of $5.25 per pound and cast-in-place concrete
cost to fill the U-girders of $0.21 per pound. The resulting series of cost curves can be used to
determine the girder depth corresponding to the least cost. Once the girder depth is known, the
required FRP thickness can be determined.

Summary of Results from FRP_BGAT described in Section 9.1.3.3 for 50' span

Nn =6 <105 Cost vs. Girder Depth, Span = 50 ft, LS-2c
2r 4.5
» & #— LSt ———N_=6
RN ==
16} F \ | —e— L84p
z A | 351
@ 14+ A% =
8 &'-\ \ x:22 e, J’/C
3 1.2 B\ Y:1.075 2 V-2
é ] S /
1 " D25
& & e &
w k =] &
g 08 \u T 5 Pl
=1 %, By k=] A
£ \h Ty = 2
£ 06} % “—k'gh_ LA
= *_ g v VN 151 o4
04f " ioo8882g000. il
ey =SS5 5 Y . _._:;,:.— '
Hoge 2 1] L
0.2
o — L . . L . " 05 . . . . L )
10 20 30 40 50 60 70 10 20 30 40 50 60 70 80
Girder depth (in) Girder depth (in)

These results were obtained for a bridge with six girders (Nb = 6) and 100% of the girder
was filled with concrete. For deflection calculations, the concrete inside the U-girder
contributed to the overall stiffness and the cast-in-place barriers were not included in the
stiffness of the bridge (LS-2c in Table 25 in Section 8.1.2).

The minimum girder cost is obtained at a girder depth of 22". The corresponding FRP
thickness required to satisfy all limit states at this girder depth is 1.075".

The MathCAD worksheet contained in this appendix requires that the overall
bridge geometry, girder dimensions, and material properties are fully specified.
The input values used in the worksheet are described in Section 9.1 of the
report.
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Basic Bridge Geometry

(Inputs)
L:=50 ft Bridge span length [+ 4160° | —sEEDETAL ©
e A
Wigne:i=12 ft Lane width | L I/.‘
Nignei=2 Number of lanes Roadway/deck cross-section S _ﬁ b—s0
i I
W ahoutderi=4 ft Shoulder width | e
|
-
Nouder:=2  Number of shoulders %0
o f— 15
Wparrier =16 in Traffic barrier width at base
L]

Q

Nygrrieri=2  Number of barriers T
Type "F" traffic barrier/railing

Basic Bridge Geometry

(Calculated)
W=Wine * Nigne + Wahoutder * Nshoutder = 32 ft Clear distance between barriers
Waab =W+ W rrier * Nparrier = 34.667 ft Total slab width

Bridge Cross-section
(Inputs)

N,:=6 Number of Girders 0 0 0 0 O O
t,:=8 in  Reinforced concrete slab thickness

Girder Cross-section
(Inputs)

| s

Ry =22 in Height of web beneath slab '~ ;r

W
Ratloweb_height_to _flange_width =1.5

tra,=1.08 in  FRP flange thickness

Ratio 1.0

web_thickness_to_flange_thickness = b,

Ratlodepth_of_concrete_below_slab_to_web_height :=1.0
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Girder Cross-section
(Calculated)

h

web

=14.667 in Width of flange

b flan =
lan .
lzatzoweb_height_to flange_width

tweb = tflan * Ratioweb_thick:ness_to_flange_thick:ness =1.08 in FRP Web thiCkneSS

Depth of concrete below
slab

h‘con =Nyyep Ra’tzodepth_o f_concrete_below_slab_to_web_height =221

beon = bian— 2+ Ly, =12.507 in Width of concrete below slab
Girder Spacing
W— bflan
Si=———— =6.156 ft
N,—1

Material Properties

(Inputs)
Concrete:
f'.:=5500 psi Concrete Compressive Strength

Yeon =150 pcf
£,,:=0.003 22
m

FRP:
f/fu_flan :=73.8 ksi

Ef14n=3.9-10° ksi
I pu_wep=T3.8 ksi
E,.,:=3.9.10° ksi
Virp:=118 pcf

=10 ksi

Unit weight of concrete

Ultimate compressive strain of concrete

Manufacturer's specified FRP tensile strength (flange)
Manufacturer's specified FRP tensile modulus (flange)
Manufacturer's specified FRP tensile strength (web)
Manufacturer's specified FRP tensile modulus (web)
Unit weight of FRP

Manufacturer's specified FRP shear strength

Material knock-down factors
Cg:=0.5 Environmental knock-down factor (0.5 for GFRP in aggressive environment)

0.2 Strength reduction for fatigue and creep rupture

C fatigue_rupture =
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Material Properties

(Calculated)
E,,,:=1820- If; -ksi=(4.268-10%) ksi  Modulus of elasticity of concrete
fr=0.2 ":;CZ «ksi=0.469 ksi Modulus of rupture of concrete
Fru_fian=Cg*f'fu_fian=36.9 ksi Design tensile strength of FRP (flange)
Fruweb =Cr*ffu_wer=36.9 kst Design tensile strength of FRP (web)
T4 =Cp+T'p, =5 ksi Design shear strength of FRP

Loading Parameters

Dead Loads:
Wy =15 psf Allowance for future wearing surface
Wygrrier :=0.432 klf Uniform distributed load for single barrier

Live Loads:
Wiyne :=0.64 KIf
[ 8 kip

Ptruck:: 32 k’Lp
| 32 kip

Axle loads for HL-93 design truck

[14 ft

St ruck = 14 f t] Axle spacing for LS-1, LS-2, and LS-4

14 ft

Struck._fatigue = [30 ft] Axle spacing for LS-3 (fatigue and creep rupture)

25 kip ] Axle loads for design tandem

Ptandem = [25 k'Lp

Siandem =4 ft Axle spacing for design tandem
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Structural Analysis
Interior Girder using AASHTO Distribution Factors

Distribution Factor Calculations: General process is to transform girder below slab into equivalent
concrete cross-section and then compute moment of inertia of girder around its own centroid.

web

Nyeh = =0.914  Modulus ratio for FRP in web to concrete
ECOTL
Eflan . .
Mfian ::E—:O.914 Modulus ratio for FRP in flange to concrete
con

Transformed Section Dimensions

tuweb tr = tuweb * Thwep = 0.987 n Girder dimensions below slab —

transformed to concrete

| Pen |

J— y= 0
twe b_tr

bflan_tr = bflan * nflan =13.401 in

Build arrays with "b" and "h" for:

1. Concrete below slab

2. FRP webs
3. FRP flange
hCOTL
beon 12.507 heon | |22 9
bi=| 2ty 4 |=| 1.974] in hi=|hy,|=[22 |in h 11
biran o | | 13-401 than | L 1.08 Yiar = ;e” =|11 |in
22.54
h o+ tfl(m
Locate centroid of transformed section
3
.Z bi ) hi ) yb‘”i
Y pari= = - =11.502 in Distance to centroid of transformed girder
b -h measured from the bottom of the slab.
im1 % %

Note: array origin ==

Determine moment of inertia of transformed section
about its own centroid

3 bi'hf

2
Igirder = Z 12 + bz ° h’z ° (ybari - Ybar) =14694 in’
=1
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Determine Kg
n:=1 (already transformed girder to concrete)

3
A:=>b-h =333.04 in”>  Area of girder below slab

i=1 "

t
e, ::ES+Y,W: 15.502 #n Distance between centroid of slab and centroid of girder

K =n-(I

g girder

+A-e92> =94722 in* AASHTO distribution factors are valid for
10000 in' <K,< 7000000 in'

Compute distribution factor for bending moment:

S 0.6
rn 0.2 K 1
DF,;;:=0.075+ SVt ) o506 Two lanes loaded
9.5 L L,
12 in-——-t,
t
S 0.4
rn 0.3 K 1
DF,;;:=0.06+ L2 A I < =0.401 One lane loaded
14 L L,
12 in.—-t,
ft
DF yfon, :=max (DFyy 1, DFy 1) =0.526 Select maximum of 1-lane

and 2-lanes loaded

Compute distribution factor for shear:
S

t
DFshear_lLL :=0.36 +£_5: 0.606

s (8Y
fto| 7t
DF,,. o1 =02+ — || =0.671
hear 2LL 12 |30

DF gp,eqp=max (DF g0, 111 DF speqr or) =0.671 Select maximum of 1-lane
and 2-lanes loaded

239



Uniform Distributed Loading for single girder (Dead Loads)

wDL_slab =5 ts *Yeon= 0.616 k;_f

kip
wDL_frp =2 h’web * tweb '7frp + bflan * tflan '7frp =0.052 F
kip
wDL_con_bs = h’con * <bflan -2 tweb> *Yeon= 0.287 —
2wy, ki
wDL_barrier = % =0.144 L‘f
b
. Total DL
kip

Wpr, = wDL_slab + Wpy, _frp + wDL_con_bs + wDL_barrier =1.098 n

kip
wDijS = Wf’ws «5=0.092 W

Live Loads w/ Distribution Factors

kip

Wrr_Moment *= Wiane * DFMom =0.336 _t

kip

Wrr_Shear ‘= Wiane * DFShear =0.429 _t

4.206
P ek vom=Piruck * DFyjom = 16.822 | kip
16.822

5.367
Ptruck_Shear::Ptruck:'DFShear: 21.468 kZp
21.468

13.143
Ptandem_Mom::Ptandem'DFMom: |: 13.143

P tandem_Shear =P tandem * DF Shear — [

Load Factors

16.772
16.772

] kip

] kip

surface)

These values will later be
multiplied by the appropriate
load factor for each limit
state. The results will then
serve as input for a separate
shear and moment envelope
generator.

(excluding future wearing

L5-1: Concrete Compressive Stresses

L5-2: Displacements

L5-3: Fatigue/Creep Rupture

L5-4: Strength

1%
1.3300
1.3300
1.3300
1.3300

LL-Trk/Tan LL-Lane DL
1 1 1
1 0 0
0.7500 0 1
1.7500 1.7500 1.2500

DL-FW5

1.5000
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Limit State 1 - Concrete Compressive Stresses - Need factored design moment, M,

Define Load Factors:

IM:=1.33 Impact

LL,cpic1e=1 Live load for truck/tandem
LL,,. =1 Live load for lane loading

DL:=1 Dead load

DLy,=1 Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip
wu_LSl = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas =1.527 ——

ki
w, 151=0.127 %
5.593
Pu_truck_LSl::Ptruck:_Mom'LLvehicle'IM: 22.374 knp
22.374

17.48 ] ,.
P = P . LL . . IM = k
u_tandem_LS1 tandem_Mom vehicle |: 17.48 :| ¢

Shear and Moment Envelope Results:

My, i, 151:=10953 kip-in=912.75 kip-ft M, sungem 151 := 10543 kip-in=878.583 kip- ft

U,

M _LS1:=1max <Mu_truck:_L51 3Mu_tandem_LSl> =10953 klp -in

U,

V_M_Envelopes Program Output for LS-1, Concrete Compressive Stresses
Truck Loading

4] V_M_Envelopes

Shear Envelope A“ Unlts are
Structure Properties Number of Points Desired
; . ol kips & inches
5 500 e al
Calculate
b 0 P 20t
0
Load Properties w 0127 =20
P1 -5.593 -40
X1 188
£ 22374 B
o X2 168 ! 1 1 1 X 1
22374 -200 0 200 400 600 800
Moment Envelope
Results
Max Location 18t wheel 0000 [
Shear 78.90 048 336.96
Moment 4095330 3657 wam || 2000
Min Location tstwheel | gngp |
Shear -76.31 599.52 76521
Moment 000 39521 a7 ||4000F
Disp. -401700775.] 28873 52814
2000 [
ot
-200 800




Tandem Loading

{4 V_M_Envelopes

Structure Properties
a 0 500
L 800

b 0

Number of Points Desired

20t
40
60l

Load Properties w 0127
P1 -17.48
X1 48
= 1748
1
P3 0
Results
Max Location 1st wheel
Shear 71.35 1.36 50.31
Moment 10543.48 306.28 306.29
Min Location 1st wheel
Shear 7133 598.64 587.24
Moment -0.00 640.61 54.51
Disp. 370158821 « 30070 324.48

Limit State 2 - Displacements

60 -
40
201

S All units are
kips & inches

0000 -

8000

6000 -

4000 -

2000

L L L L L
1] 100 200 300 400 500 600

Moment Envelope

Generate displacement envelope for simply supported beam with EI = 1. Truck load

includes impact and the number of trucks applied equals the number of lanes in the bridge.

Define Load Factors:

IM:=1.33
LLvehicle =
LLlane =0
DL:=0

DLy,s:=0

1

Impact

Live load for truck/tandem

Live load for lane loading

Dead load

Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip
wu_LSQ = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas = W
kip
Wy, 152=0 ——
n
Multiple Presence Factor:  m:=||if N, =1 m=1
return 1.2
elseif N;,,.=2
return 1.0

elseif N;,,.=3

return 0.85
else 14 ft=168 in
return 0.65

r T
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Pu_truck_LSQ ::Ptruck: * LLvehicle -IM ‘Nlane -m=|85.12 k'lp

Displacement envelope results:

_ —712923596 - kip-in®

A

mar =

EItotal

21.28

85.12 distribution factor

EI,,,, = total bridge flexural stiffness in kip.in’

assuming that all elements of the bridge deflect
uniformly. EI,,,, should not include cast-in-place

barriers or sidewalks-- only the bridge deck and

note: P,,,.. does notinclude

supporting girders.

V_M_Envelopes Program Output for LS-2, Displacements

Truck Loading (for deflection calculations)

Displacement Envelope

Number of Points Desired
Structure Properties umoer o Foints Lesire
a 0 500
L 600 ]
Calculate
b 0
Load Properties W 0
M -21.28
X1 168
P2 -85.12
Xz 188
P3 -85.12
Rezults
Max Location 18t wheel
Shear 15548 0.48 336,96
Moment [ 5p035 55 32677 495.01
Min Location 18t wheel
Shear 14561 599 52 765.21
Moment -0.00 913.06 365.00
Disp. ¢~ | 7129235964 | 39873 528.14

A
2+
= -3r
4+
5
B
7L 1 1 1 1 1 1
-200 0 200 400 600 800
Modulus of Elasticity 1
Moment of Inertia 1

y-axis units are kip-in® -10°
X-axis units are in

Vehicle positioning to generate maximum displacement:

'
|Clear Roadway Width = 32 it

Limit State 2:
Deflections EnoulderWidlh =41t |LaneWidth =121t
r— 192,00 —Tf 168.00 ﬂ
_—Truck Wneel Load (iyp.)
I I = 16 kip * 1.33 (IM) = 21.28 kip
i -
__—Truck Wheel Load (8 kip axle line)
=4Kp* 1.33 (IM) = 5.32 kip
i i -
1 i
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Require moment envelope for fatigue truck with 1.33 factor for impact and 0.75 factor for
fatigue and creep rupture limit state. Also includes dead load and future wearing surface.

Define Load Factors:

IM:=1.33
LLvehicle =
LLlane =0
DL:=1

0.75

Limit State 3 - Fatigue and Creep Rupture

Impact

Live load for truck/tandem

Live load for lane loading

Dead load

DLf’wS =
Factored loads (includes distribution factors for live loads):

wu_LS3 = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas

1

Dead load - future wearing surface

kip

wu_L53 = 0.099 e

S truck_fatigue — |:

168
360

m

m

Shear and Moment Envelope Results:

M

U,

a

I

b

Structure Properties

0

600
0

Number of Points Desired _

1000

P1

P2

P3

Load Properties

-4.185

-16.78

-16.78

Results

Shear

Moment

Shear
Moment

Dizp.

53.52
724815
Min
-53.04
-0.00

-255251018.5

Location
0.7%

292.54

Location

599.21

1078.27
299.17

1st wheel
529.59

459.96

1st wheel

766.63

166.22

440.07

4.195

Pu_truck_LS3 ::Ptruck:_Mom * LLvehicle -IM=|16.78
16.78

153:= 7249 kip-in=604.083 kip- ft

Shear Envelope

30

-50 b

=1.19 —
ft

note: Py...i. arom iNCludes
distribution factor

Axle spacing for LS-3 (fatigue and creep rupture)

-600

Moment Envelope
7000 |

6000 -
5000
4000 -
3000
2000

1000 -

1000

1000
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Limit State 4a - Flexural Strength

Require moment envelope for standard truck and tandem, lane loading, and dead loads.

Define Load Factors: S=173.867 in

IM:=1.33 Impact

LL,;;..:=1.75 Live load for truck/tandem
LL,,. :=1.75 Live load for lane loading
DL:=1.25 Dead load

DLy,=1.5 Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip
wu_LS4a = wLL_Moment * LLlane + Wpr,* DL+ wDL_fws * Dwas =2.1 _t

v
W, 1510=0.175 L

m 18.6-DF,,,, =9.778

9.789
Pu_truck_LS4a ::Ptruck_Mom'LLvehicle'IM: 39.154 kZp note: Ptruck_Mom and

39.154 Pndem_mom iNCludes distribution

30.5891 . factor
ki
30.589

P u_tandem_LS4a =P tandem_Mom * LLvehicle «IM = [

Shear and Moment Envelope Results:
M, ek 1.51a°= 17048.5 kip-in=1421 kip- ft
M, tandem._L51a*= 16325 kip+in=1360 kip- ft
M,

u_LS4a =Imax <Mu_truck_LS4a 7M u_tandem_LS4a> =17049 k’tp 20

V and M Envelopes for truck: V and M Envelopes for Tandem:

Shear Envelope

Shear Envelope
Structure Properties B e Deed S Number of Points Desired
. B 500 100 - a B s00 100 -
L 600 L 600 7 |
Calculate 50 i sol
b 0 b 0 _
0 0 -
Load Properties £ 175 & Load Properties w 175
50 ol
P 9789 P -30.589
x1 168 X1 48
B -39.154 -100 - F2 -30.589 -100 -
o x2 188 L L L L L X2 1 L L s ' L '
9154 200 0 200 400 600 800 B o 0 100 200 300 400 500
Moment Envelope Moment Envelope
Results
. Results
Max tocation  stwhesl | oo | Max Location  1stwheel | ool
Shear 12393 048 3369 Shear 1076 1.3 50.31
Moment 17048.48 318,57 484.81 Homent 16325.46 306.29 306.29
Min Location 1stwheel 10000 1 Min Location 1stwheel (10000 1
Shear 11940 s99.52 765.21 Shear 11071 596.64 59724
Homent -0.00 90541 20441 5000 Woment -0.00 609.83 57.31 5000
Disp. 6232416099 | 20873 528.14 Disp. -568036916.1 | 30070 32448
0 0k
-200 800 0 100 200 300 400 500



Limit State 4b - Shear Strength

Require shear envelope for standard truck and tandem, lane loading, and dead loads.

Define Load Factors:

IM:=1.33 Impact

LL,.1iq.=1.75 Live load for truck/tandem
LL,,. =1.75 Live load for lane loading
DL:=1.25 Dead load

DLyg,=1.5 Dead load - future wearing surface

Factored loads (includes distribution factors for live loads):

kip

wu_LS4b = wLL_Shear * LLlane + Wpr,* DL+ wDL_fws * Dwas =2.262

kip wu_L54b‘ 2 :56.562 kip
wu LS4I):O'189 e
_ n [168] :
Struck:: m
168
12.491
Pu_truck_LS4b::Ptruck:_Shear'LLvehicle'IM: 49.966 klp note: Ptruck_Shear and
49.966

Ptandem_Shear includes

39.036 distribution factor

Pu_tcmdem_LS4b ::Ptandem_Shear * LLvehicle «IM = |: 39.036 ] kZp

Shear and Moment Envelope Results:

Vu_truck:_LS4b :=147.9 klp

Vu_tandem_LS4b :=131.04 kZp

Vu_LS4b =Imax <Vu_truck_LS4b ’ Vu_tandem_LS4b> =148 k'lp

V and M Envelopes for truck: V and M Envelopes for Tandem:

Shear Envelope

: shear Envelope
I Number of Points Desired S e e
" = 500 500
100 a o 100
L 600 L 600 |
Calculate l:
b 0 50 . s 50
0§ = 0
w w
Load Properties 139 sl Load Properties. 189 s
P1 1249 Pl -30.04
X1 168 -100 28 A8 -100 +
F2 4997 P2 3804 100
X2 168 : 3 . " \ % X2 1 L L L L L L |
3 -49.97 200 0 200 200 600 800 0 0 100 200 300 400 500 600
e Moment Envelope
o Results
Results : Max Location  1st wheel
Max Location  1st wheel
Shear 13110 136 50.31
Shear 147 87 0.48 336.96 5000 [
15 Moment [ 1790 30 306.29 306.29
Woment [ 20218.10 319.12 487.36
i Min Locaon  stwhesl |
Min Location  1st wheel | e =73704 s5.64 50724
Shear 14208 599.52 785.21 1
Ioment -0.00 614.03 134.24
Woment 000 933 45 L
o Disp. | sevo0s4srs | 30070 soaa || 5000
Disp. 7374508764 | 288.73 52814 05r
04
o0& 0 100 200 300 400 500 600
-200 0 200 400 600 800




Summary of Factored Structural Demands and Limit State Criteria:

LS-1: Concrete Compressive Stresses

M, 15=10953 kip-in Criteria:
Maximum concrete compressive stress less than 45% of
M, ;5,=912.8 kip- ft concrete compressive strength
J.<0.45 f',
LS-2: Displacements
712923596 kip-in® In the section on Capacity Analysis for LS-2, the

A EI, .. for the entire bridge will be calculated. This

value will then be used to compute the maximum
displacement assuming the that all girders deflect

mar =

EItotal

uniformly.
Criteria: I
maws—
1000
LS-3: Fatigue and Creep Rupture
M, 153="7249 kip-in Criteria:

Maximum tensile stress in FRP is limited by the following:

f frp_max Sf /fu _flan * C’E * Cfatigue_rupture

where:
ftrp mae = Maximum FRP stress that develops under LS-3

loading conditions
f'tu_pian = Manufacturer's specified tensile strength

Cy = enviromental knockdown factor

Ctatigue rupture = KNoCkdown factor for fatigue and creep

rupture
LS-4a: Flexural Strength
Criteria:
M’LL_LS4CL: 17048-5 kip‘in Mu_LS4aS¢‘Mn
M, 1540=1420.708 kip- ft
LS-4b: Shear Strength
Criteria:
Vu LS4b = 147.9 k?;p Vu LS4b < &b. Vn
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Capacity Analysis

Establish function for concrete stress as a function of strain using Thorenfeldt,
Tomaszewicz, and Jensen Model. (pg. 71 of Wight text on Reinforced Concrete)

Summary of input material properties:
f,=0.469 ksi  Max tensile stress

f.=5.5 kst Max compressive stress

€+ =0.003 Max compressive strain of concrete

E,,, =4268 ksi Modulus of elasticity of concrete in linear region

Other factors needed to develop function:

Eult_tension ::__fT: —1.099-107* Ultimate tensile strain
Econ
fe _
cf=0.84+——=3 Curve fitting factor
2.5-ksi

01 Te ( of ):0.002 compressive strain corresponding to
Ecpn \cf-1 maximum tensile stress

Define concrete stress, f. , as a function of concrete strain, e,

fe(€e) =1f €.<Eut_tension Concrete cracked
return 0-ksi

elseif £,<0

Concrete in tension
returne, - E,,,
elseif e.<¢, Concrete in compression with ,<e,
k—1
€
cf —
/ 80
return f’, - p
e\
cf—1+|—
EO

elseif €. <€y Concrete in compression with €.<e,;,

k:<—max(1,0.67+ fe )
9.kst

max|1,0.67+ fc, =1.281
. 9.ksi
cf-
80
return f’, . p
e\
cf—1+|—
EO
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Plot of stress vs. strain for concrete

5.4
4.8
4.2
3.6

2.4

Te(ec) (ksi) "

1.2

0.6

v

o
—0.0004 0 0.0004 0.0007 0.0011 0.0014 0.0018 0.0021 0.0025 0.0028 0.0032
-0.6
m
56 .
m

Two methods for computing the moment capacity for LS-1 will be investigated:

LS-1: Concrete Compressive Stress

Method 1: Moment-curvature analysis that incorporates non-linear stress-vs-strain
relationship for concrete.

Method 2: Simplified cracked-section analysis that assumes linear stress-vs-strain
relationship for concrete and transformed width properties for FRP.

Method 1 - Moment-curvature analysis

1. Find concrete strain corresponding to 0.45- f",

€ :=0.45-¢, initial guess required by solver

c_mazx"

5

fc <Ec_maa:> =0.45 f,c

€ ==find (€, nq) € =5.88.10"" max concrete strain

c_mazx" c_mazx

SolverConstraints Guess Values
——

-

Fe(€e maz) =2-475 ksi

0.45 f,=2.475 ksi
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2. Establish strain profile as a function of known strain and depth to NA

Eknown

€ <€k:nown » Yknown » YNA > y> =lme— y y
known — INA

I return m- <y - yNA>

ffrp_flan <Efrp> = Eflan ° Efrp
ffrp_web <€frp> = Eweb ° Efrp

For Limit State 1, €4,0un =€c mas

where
€. mae 1S the strain in concrete corresponding to 0.45 f’. (determined in Step 1)
Yinown = 0 bDecause this strain occurs at the top of the slab

2. Determine the depth of the neutral axis through force equilibrium. The stress profile is integrated
over the depth of the section. The neutral axis occurs where the sum of the forces is equal to zero.
The "solve block" feature in MathCAD is used to determine the depth of the neutral axis.

" _ Yna=4in
i Ff’w =1 k?;p
§ Fcbs =1 k’tp
©l F=1 kip
| ts + hweb + tflan
Fyp= J Ftepfian (€ (Ec.maz»0>Yna»Y)) * (Dpian) Ay F; = force in FRP flange
to+ ey
to+ Ryep
Ffw = Jffrp_web <E <€c_mam ’ 0 yYNA > y)) * (2 * tweb) dy Ffw = force in FRP web
1%] ts
£ bt s
‘% F .= J fe(€(Ecmazr05Yna»Y)) s (Prian—2tuwes) dy  Fo, = force in concrete below slab
O t,
tS
F,= ch (€ (€c.maz»0,Yna»Y)) + (S) dy F, = force in slab
0in
Fi+Fpy+Fop+Fy=0 The sum of the forces = 0 when the correct depth
1 to the neutral axis has been identified.
Yna
. Fiy
2 Fpp |=find (Yna, Frp, Fpys Fops s Fs) "find" is MathCAD's solve function that determines the
v F.. depth to the neutral axis numerically.
L FS
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[ynal [ 0.434 ft

Fyy —1.765-10" Ibf
Fy, |=| —2.883- 10° Ibf Note: Compression is positive, Tension is negative
Fu.| | (4.704.107) lbf
F, | | (4.649-10%) Ibf |
Yna=5.211 in F,=464.877 kip Fy;=—176.547 kip F.=0 kip

Fy,=—288.33 kip

3. Determine the moment generated by each component using the depth to the neutral axis obtained
in Step 2.

s+ Puen + Epian
Mff:: fffrp_flan <€ <5c_maw ,0, Ynas y)) ° <bflan> ° (yNA - y> dy = <4472 ° 103> knp -in

ts + hweb

ts+ hyep
Mfw = Jffrp_web <E <Ec_maw 0, Ynas y>> ° <2 ° tweb) ° (yNA _y> dy= <4819 ° 103) kip-in

ts

ty+ Py
Mcbs = jfc <€ <5c_maw ’ 0 yUNA y>> * (bflan_ 2. tweb) * (yNA _y> dy: 0 kll’p -in

ts

ts
M,:= j Fo (€ (6c_mazs 05 Unas¥)) + (S) - (Yna—y) dy=(1.676-10%) kip-in

0in

4, Determine the total moment capacity of the cross-section for Limit State 1 by summing the moment
contributions from each component

M, pg1:=Mp+Mj,+Mg,+M,=(1.097-10") kip-in

n

5. Compare the moment capacity with the factored demand for the current limit state

M, 15 =(1.095-10") kip-in

U,

M, 1s1=2M, 151=1 "ok"

n
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Method 2 - Simplified cracked-section analysis

Step 1: Determine transformed section properties

Modulus ratio for FRP in

web to concrete

web
n

web *
con

Modulus ratio for FRP in Y

=0.914 | \ s

flange to concrete

Eflan et

nflan =
con

=0.914

Transformed Section Dimensions:

t

web_tr = tweb * Mpeb

=0.987 in

bflan_tr = bflan * nflan =13.401 in

Step 2: Determine location of neutral axis

weh

“.Cracked

" Cracked
concrete

concrete

First moment of area for regions above the Neutral Axis must equal first moment of area for
regions below the Neutral Axis. Use solve block to solve for yy,:

Solver Constr&ntss Values

Yna=4in

YUna

Seyna-

t
fl
= bflan_tr * tflan * ((ts + h’web + ;n) —Yna

initial guess value required by solver

+ 2. tweb_tr * h’web *

Yna=find <yNA>

web

o

Yna=5.125

in Distance to neutral axis for cracked concrete section measured from the top
of slab. Note this value must be less than the slab thickness in order for the

constraint equation defined above to be valid.

Yna er tri=Yna  Use this value below for LS-3.

Step 3: Determine moment of inertia of cracked/transformed section about the neutral axis

S b1 = width of concrete slab
b:=|2-t
. web_tr b = transformed width of FRP web
flan_tr

b3 = transformed width of FRP flange
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Yna h1 = height of concrete slab in compression

h:=
web h_= height of FRP web
tflan 2
h3 = height of FRP flange
Yna . . . .
> d1 = distance from NA to centroid of concrete slab in compression
web) d = distance from NA to centroid of FRP webs
ts+ 9 —Yna 2
. cl3 = distance from NA to centroid FRP flange
ts + hweb + f;m) —Yna

3 b.‘h.3
Ioy=3 T +(b,-h,)-d? =(2.277-10") in*
i:l K K 3

1

cr_tr

= cracked/transformed moment of inertia
Step 4: Determine moment that results in concrete compressive stress equal to 0.45 f,

Basic relationship for normal stress due to bending:

— M-y or M= o1
I Yy
0.45 ' o1
M, 151 simplified Z%: (1.0997-10") kip-in
NA

This result is almost identical to the value obtained using the complete moment-curvature
formulation. This makes sense because the stress-vs-strain curve for concrete is effectively
linear up to the value of f.=0.45 f..
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LS-2: Displacements

For L=50 ft, the displacement envelope for N,,,.=2 results in the following
relationship for A,

—712923596 - kip-in®
EItotal

A

mar =

To determine the maximum displacment due to live loading, assuming that all elements
deflect equally, the total flexural stiffness of the bridge, EI,,,,, is needed. Moment of

intertia calculations do not include the cast-in-place concrete barriers. The modulus of
elasticity used in these calculations will be the modulus of concrete. Therefore, the FRP
material needs to be transformed to concrete.

web

Nyeh = =0.914  Modulus ratio for FRP in web to concrete
ECOTL
Eﬂan . .
Nan=——=0.914  Modulus ratio for FRP in flange to concrete
E

con

Transformed Section Dimensions:

tuwed.tr = tuwed * Twep = 0-987 iny
Y1an_tr*=Djian * Nfian = 13.401 in

Width of concrete in compression zone:
b= bpign —2 * Lypep=12.507 in

Define vectors for each component in bridge: Array indices:

S"‘b 416 1. Concrete deck
75.04 2. Concrete below slab
TN b 2 tweb tr 11.842 3. FRP webs (transformed to concrete)
Ny bgian o 80.407 4. FRP bottom flanges (transformed to
concrete)
t, ]
h 22 :
hi= con | __
hyow| 22 | L
tfran 1.08 2h
Location of centroid with t+— 4
respect to top of slab: Yoar = 2 —|19 in
Royen 19
ts+ 30.54
t +hweb+ flan
2 254




Locate centroid of transformed section

4
Z bi ) hi " Ybar,
Ybar::m4—:9.816 in Distance to centroid of transformed girder measured
Sb -k from the top of the slab. Note: array origin ==
i—1 i1

Determine moment of inertia of transformed section
about its own centroid

4 b.‘h.3
Ibm'dge = Z

i=1

2

+b+h- (ybar,—me) =405938 in*

Multiply by modulus of concrete to obtain the flexural stiffness of the bridge:

Bl = E o Iypigge = (1.733+10°) kip +in’

Determine the maximum deflection using results from displacement
envelope generated for FI,,,,,=1:

712923596 - kip - in® .
Amaw:: p-in =0.411 =n
EItotal
L .
Amaw_LS2::W:0'6 m
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LS-3: Fatigue and Creep Rupture

Similar to the calculations provided for LS-1, two methods for evaluating LS-3 will be explored:

Method 1 - Moment-curvature analysis

1. Find FRP strain corresponding to stress at fatigue and creep rupture limit.

f/fu_flan: 73.8 kst
f fer_limit ‘= _f ,fu _flan * C’E * Cfatigue_rupture =—7.38 kst

2. Determine the depth of the neutral axis through force equilibrium. The stress profile is integrated
over the depth of the section. The neutral axis occurs where the sum of the forces is equal to zero.
The "solve block" feature in MathCAD is used to determine the depth of the neutral axis.

o f f_er_limit _
€ frp_mazx*—

=—-0.002
Eflan

For Limit State 3, €40un =€ frp max

where

€ frp_max

Ysknown = s Puen + Liian, DECAUSE this strain occurs at the bottom of the flange

Guess Values

Constraints

Solver

Yna=4in
Ff’w =1 k?;p
Fcbs =1 k"'p
F.:=1 kip

ts + hweb + tflan

Fff = Jffrp_flan <€ <Efrp_ma;v ’ ts + h’web + tflan yYNA > y>> * <bflan> dy
ts + hweb
ts + h’web

Fru= [ S e (€ (i et Bt by s 9)) - 2+ )
ts
ts+ hyep

Fcbs = ch <€ <€frp_ma;v ’ ts + h’web + tflan »YNA > y>> : <bflan -2 tweb) dy
t
tS
Fs = ch <€ <Efrp_ma;v ’ ts+ h’web + tflan »YNA y>> : (S) dy
0in

Fff+Ffw+FCbS+FS=O

Ffw ::find<yNA7Fff>Ffw7Fcbs’Fs>

is the strain in FRP corresponding to stress at fatigue and creep rupture limit (determined in Step 1)
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[ynva|l [ 0.442 ft

5
Fip| | —1.144.10" Ibf
Fp, |=| —1.863-10° Ibf
F,.| |—3.565.107 Ibf
F, | | (3.008-10%) Ibf |
Yna="5.309 in

3. Determine the moment generated by each component using the depth to the neutral axis obtained
in Step 2.

s+ s + Eian
Mff:: fffrp_flan <€ <€frp_maa: ’ ts+ h’web+ tflan »YNA y)) ° <bflan> ° <yNA - y) dy = <2888 ° 103> k’Lp -in

ts + hwub

ts+ hyep
Mfw = Jffrp_web <E <Efrp_maw b+ h’web+ tflan » YNA > y)) ° (2 ° tweb) ° (yNA - y) dy= <31 ° 103> k’Lp -in

ts

ts + h’web

Mcbs = jfc <€ <€frp_maw ’ ts + h’web + tflan yYNA > y>> * <bflan -2 tweb) * (yNA - y) dy =0 k’bp -in

ts

ts
M,:= J Fo (€ (€pnp maa ts Puses+ Epian s Yna s ¥)) + () (Yna—y) dy = (1.174-10%) kip-in

0in

4, Determine the total moment capacity of the cross-section for Limit State 1 by summing the moment
contributions from each component

M, pg3:=Mp+Mj,+Mgy,+M,=(7.162-10%) kip-in

n

5. Compare the moment capacity with the factored demand for the current limit state

u.

M, 1;=(7.249.10°) kip-in

Discussion: The moment capacity, M,, ;¢; , iS 1.2% less than the factored demand for LS-3. This

is due to the fact that the moment-curvature routine used to determine the required thickness of
1.08 in for LS-3 assumes that the stress at the centroid of the FRP flange equals the stress at the
fatigue and creep rupture limit. The value computed in the hand calculations above assumes that
LS-3 is reached when the stress at the bottom of the FRP flange equals the stress at the fatigue
and creep rupture limit. If the hand calculations are modified such that the FRP stress is evaluated
at the centroid of the flange, the resulting M,, ; 4, is 7.315-10° kip-in, which exceeds the

required moment demand of 7.249-10° kip-in. 257



Method 2 - Simplified cracked-section analysis

The transformed section properties determined for LS-1 are applicable to LS-3 as long as the
concrete has cracked and the stress-vs-strain response of the concrete is still approximately
linear.

YNA cr tr= 5.125 in

I, ,=(2.277-10") in’

cr_tr—

The equivalent stress in the transformed FRP flange is:

ffrp_tr::M:&()W ksi negative sign has been neglected

nflan

The moment required to generate this level of stress at the bottom of the FRP flange is:

M f frp_tr® I cr_tr

3 . .
_LS3_simplified_1°= = <7.087~10 > kip-in
" e <ts + hweb + tflan> —YNA_cr_tr

The moment required to generate this level of stress at the centroid of the FRP flange is:

oI
M, 153 simplified 2= ffrp_ttr it = <7-238 : 103> kip-in
fl
(ts + hweb + 2‘1” ) - yNA_cr_tr

Discussion: Both values for the moment capacity at Limit State 3 that were computed using
the simplified method of cracked/transformed sections are in reasonable agreement with the
result obtained from a complete moment-curvature analysis.

258



LS-4a: Flexural Strength

There is no appropriate/simplified closed-form solution for determining the flexural capacity at
the strength limit state. The moment-curvature approach adopted below assumes that the
section's capacity is reached when the stress in the FRP flange reaches the design tensile
strength. This needs to be verified for each cross-section.

1. Find FRP strain corresponding to design tensile strength
f/fu_flan:73'8 ks

ff_strength_limit = _f/fu_flan ° C’E =—36.9 kst

Epr_mam — f f_st?gth_limit —_0.009
flan
2. Find depth to the neutral axis. Assume maximum strain in FRP is achieved at

the bottom of the FRP flange.

ol Ynai= 4 in
(_Z; Fff:: 1 k'lp
; Fy,:=1 kip
s Fcbs =1 kll’p
Ol Fy=1 kip
| ts + hweb + tflan
Fff = JffTPJlan <€ <Efrp_ma;v ’ ts + h’web + tfla" 1Ynas y>> ' <bﬂa”> dy
to+ hweb
ts+ h’web
Ffw = Jfpr_web <E <€f7"p_ma;v stet Pyep+ tfla,n »Ynas y>> ’ <2 ’ tweb> dy
1%] ts
% ts+ hweb
% Fcbs = ch <€ <€frp_ma;v ’ ts + h’web + tflan »YNA > y>> : <bflan -2 tweb) dy
o £,
tS
Fs = ch <€ <Efrp_ma;v ’ ts + h’web + tflan »YNA > y>> * (S) dy
0in
Fff+Ffw+Fcbs+Fs =0
Yna
| e
% Ffw :Iflnd<yNA,Fff>FfwaFcbs’Fs>
%)
Fcbs
Fs
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[ynval [ 0.467 ft

Fyy —5.721-10 Ibf
Fp, |=| —9.222-10° Ibf Yna=5.599 in
Fa.| |(1.116-107) Ibf

| (1.494-10°) Ibf |
Determine if concrete crushes in compression:
€ (€ rp_mazs ts T Pruwet + tpian s Yna » 0) = 0.002 strain in concrete at top of slab (y = 0)

€ frp max = Maximum strain in FRP corresponding to design tensile strength of FRP
ts+ Ryep +tp,, = Distance from top of slab to extreme FRP fiber in flange

yna = depth to neutral axis from the top of the slab

0 = location on cross section where strain is desired

Result:

Strain in concrete is less than .003 when FRP reaches design tensile strength, therefore
FRP fails before concrete crushes. This is a tension controlled section. The strength
reduction factor, &, is given as follows:

$:=0.55
3. Compute factored moment capacity at strength limit state:

ts + h’web + tfl(m

Mff:: fffrp_flan <€ <€frp_maa: ’ ts+ h’web+ tflan »YNA y)) ° <bflan> ° <yNA - y) dy = <1427 ° 104> k’Lp -in

ts + hwub

ts + hweb

Mfw:: Jffrp_web <E <Ef7’p_maw7ts+ hweb+tflan »YNA > y)) ° (2 ° tweb) ° (yNA_y> dy= <1513 ° 104> k’tp -in

ts

ts + h’web

cbs*= ffc <€ <€frp_maw ’ ts + h’web + tflan »YNA> y>> : <bflan -2 tweb) ° (yNA - y) dy=0 k’bp -in

ts

tS
M,:= ch (€ (€ frp.maz> Lo+ Puset+ Etan > Yna s ¥)) () + (yna—y) dy= (5.31610°) kip-in

0in
M, rguq'=Mp+ M, +My,+M,=(3.472.10") kip-in
@M, 151,=(1.91-10") kip-in

4. Compare factored resistance to factored demand

M., 1s4a= <1-705 . 104) kip-in DM, 151a>M, 151,=1 "OK"

u.
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LS-4b: Shear Strength

1. Determine depth to neutral axis for cracked concrete section

Yna

Concrete included in V,

Slab concrete between
girders is not included in V,

Cracked
concrete
E
M i=—r-=0.914  Modulus ratio for FRP in web to concrete
ECOTL
Eflan . .
Mg =——=0.914  Modulus ratio for FRP in flange to concrete
E

con

Transformed Section Dimensions:

t tweb‘n,web:O.987 in

web_tr =
bflan_tr = bflan * nflan =13.401 in
Width of concrete in compression zone:

boy = D ram — 2 Loy = 12.507 in

web —
First moment of area for regions above the Neutral Axis must
equal first moment of area for regions below the Neutral Axis.
Use solve block to solve for yy4:

ynai=4 tn  initial guess value required
1 by solver

tflan

YUna _y
5 INA

ts + h’web +

bw *Una-

h’web
= bflan_tr * tflan * +2-. tweb_tr * h’web ° ts + 2 —Yna

Yna=find (yna)

Solver Constraint&uess Values

Yna=10.339 in Distance to neutral axis for cracked concrete section
measured from the top of slab
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2. Determine area of concrete that participates in shear transfer

A =b,, - Yna=129.305 in’

con_V*

3. Determine shear resistance provided by concrete

/

V,:=0.158- I kst A, v=47.913 kip

ksi

4. Determine shear resistance provided by FRP

Basic relationship for shear stress in FRP webs:

- = 3 Verp
" 2 Awebs
Awebs =2 tweb * h’web =47.52 in’

Tfu = CE . T,fu =5 kst

C = Environmental knockdown factor
7', = Manufacturer's specified shear strength for FRP in webs
71, = Design shear strength for FRP in webs

Rearranging and solving for Vpp
2 .
VFRP::E‘ Tfu‘Awebs: 158.4 kip
4, Determine factored shear resistance
V, =V, 4+ Vppp=206.313 kip
@V:: 0-75
&y, -V, =154.735 kip

Vu LS4b— 147.9 kip

5. Compare factored resistance to factored demand

Py V2V, psp=1 "ok
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Summary of Results
Limit State 1: Concrete compressive stress

Limit State 2: Displacements

712923596 « kip - in® .
Amaw:: ,Lp m =0.411 =n
EItotal
L .
Amaw_LS2::W:O'6 mn

Limit State 3: Fatigue and creep rupture

M, ;¢3=596.8 kip- ft Note: Discussion on why factored resistance is less than

B factored demand is provided on page 24.

Limit State 4a: Flexural strength
é ‘Mn_LS4a: 1591-4 kip ‘ft

Limit State 4b: Shear strength
&y, -V, =154.735 kip

Vu LS4b — 147.9 kip
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